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Preface

I am not a specialist in studies on carbon-related materials. I attended the International 
Conference on Composites/Nano Engineering (ICCE), 23 July 2015, in Chengdu, 
China, on the invitation of Professor David Hui, University of New Orleans. I delivered 
a Nobel Lecture on “Cross-Coupling Reactions of Organoboranes: An Easy Way for 
Carbon-Carbon Bonding.” There I made many friends, including Professor Tamio 
Endo, Sagamihara Surface Lab, and he asked me to write the preface for this book.

In 1963 I joined the research group of Professor Herbert C. Brown, who received 
the Nobel Prize in Chemistry 1997, at Purdue University, Indiana, US, as a postdoc-
toral associate, fascinated by the interesting new reaction of hydroboration. After a 
2-year stay at Purdue, I returned to Hokkaido University, where I began studying 
organic synthesis using organoboron compounds. We recognized the potential of 
organoboranes as intermediates in organic synthesis. Our discoveries of halobora-
tion and cross-coupling reactions are fundamental contributions to the organic 
chemistry of boron and synthetic methodology.

The cross-coupling reaction is widely used for the stereodefined construction of 
carbon–carbon bonding in multifunctional systems. I have retired from the univer-
sity, but I am very happy to have a chance to meet many young researchers at inter-
national meetings to discuss this chemistry. I hope this book is useful for such young 
chemists.

Hokkaido University� Akira Suzuki
Sapporo, Japan
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Introduction

This book is published in recognition of Nobel Lectures delivered by Akira Suzuki 
(Emeritus Professor of Hokkaido University, Nobel Prize in Chemistry 2010) and the 
Special Symposia on Carbon-Related Materials in ICCE-23 (2015) and 24 (2016).

The International Conference on Composites/Nano Engineering (ICCE) <http://
www.icce-nano.org/> was established by David Hui (University of New Orleans) in 
1994 in New Orleans (USA). Subsequently, this Conference has been held every 
year, initially in the US but latterly all over the world. A few tens of participants 
attended at the beginning, but recently their numbers have increased to 400-600. 
In this way, ICCE has been greatly developed and extended throughout the world 
because of the great efforts of David Hui and major committees. This year (2017) 
we celebrated the silver jubilee of ICCE, ICCE-25 (2017), in Rome.

The Special Symposium “Oxide Nanocomposites and Heterostructures” was 
founded in New Orleans for ICCE-10 (2003) by Tamio Endo (Mie University, 
Japan), Kazuhiro Endo (AIST, Japan), and Team Harmonized Oxides (THO) 
<http://www.nims.go.jp/nqe/sa/tho/>. THO is a Japanese non-profit association, set 
up by T. Endo and K. Endo to organize various international activities. We had only 
one THO Special Symposium in ICCE-10, but the numbers increased to around 
20 in the subsequent 14 years. In the last 4 years THO have organized a few Special 
Symposia in ICCE such as “Materials Chemistry” and “Materials for Sustainable 
Energy.” This is also a feature of the progress of ICCE.

In this development of ICCE, we (THO) invited Prof. Akira Suzuki to ICCE-
23 (2015) in Chengdu (China) to deliver the Nobel Lecture in Organic Chemistry 
on “Cross-Coupling Reactions of Organoboranes: An Easy Way for Carbon-
Carbon Bonding.” The lecture was very interesting and instructive, inspiring all 
the participants. Most of them working in the field of inorganic materials were 
inspired to make use of C–C bonding approaches in their work on inorganic mate-
rials. This strong impact induced us to invite him again in ICCE-24 (2016) in 
Haikou (China), and he kindly accepted our invitation. He presented the second 
Nobel Lecture in the same field, and we again spent very valuable time together. 
These two Nobel Lectures by Prof. Suzuki drove THO to arrange the “Suzuki 
Special Symposium on Carbon-Related Materials” in ICCE-23 (2015) and 

http://www.icce-nano.org/
http://www.icce-nano.org/
http://www.nims.go.jp/nqe/sa/tho/
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ICCE-24 (2016). Many outstanding presentations were given during these two 
Special Symposia. The symposium organizers (T.  Endo, S.  Kaneko, P.  Mele, 
K. Tanaka, T. Tsuchiya, M. Yoshimura, and K. Yasui) were pleased by the disclo-
sure of such excellent papers to such a wide scientific community. This is why we 
invited our distinguished colleagues to share their results, and why we publish this 
book entitled “Carbon-Related Materials in Recognition of Nobel Lectures by 
Prof. Akira Suzuki in ICCE.”

Commemorative photographs taken during ICCE-23(2015) in Chengdu, China 
and ICCE-25 (2016) in Haikou (China) are shown here. Figure 1 shows Prof. Akira 
Suzuki giving his Nobel Lecture. Figure 2 shows THO organizers, some of the edi-
tors of this book, and Prof. Suzuki after his Nobel Lecture. Figure 3 shows a dinner 
scene during the Conference, with THO organizers, editors of this book, and Ms. 
Shun Ying Hui (wife of Prof. David Hui, a Manager of ICCE). At every ICCE 
Conference we have had very enjoyable mealtimes with representative guests. 
Figure 4 shows a typical scene at the Conference banquet. On every occasion the 
singing of the traditional Japanese song “Sakura Sakura” took place, led by Japanese 
delegates but warmly including foreign delegates. We consider these events of 
singalongs, dinners, and banquets with the participants of ICCE as very important 
in the acquisition of international friendship and world peace. This is another purpose 
and policy of the THO team and ICCE Conferences.

We are planning to publish books relating to the best Special Symposia held in 
ICCE and aspire to the further development of ICCE.

May 1st, 2017

Tamio Endo (Sagamihara Surface Lab., Japan/ICCE Co-Technical Chair)
Satoru Kaneko (Kanagawa Inst. Indus. Sci. Tech. Japan/ICCE Editorial Board)
Paolo Mele (Muroran Inst. Tech., Japan/ICCE Co-Technical Chair)
David Hui (University of New Orleans, USA/ICCE Chair)

Introduction
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Fig. 1  Prof. Akira Suzuki giving his Nobel Lecture at ICCE-24 (2016) in Haikou, Hainan Island, 
China

Fig. 2  Team Harmonized Oxides (THO) organizers, some of the editors of this book, and Prof. 
Suzuki after his Nobel Lecture at ICCE-23 (2015, Chengdu, China)

Introduction
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Fig. 4  Singalong during the Conference banquet of ICCE-24, Haikou (2016, China)

Fig. 3  Dinner scene during ICCE-23 (2015, Chengdu, China), with THO organizers, editors of 
this book, and Ms. Shun Ying Hui (wife of Prof. David Hui, a Manager of ICCE)

Introduction
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Graphene and Nanocarbon Materials
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The Synthesis and the Catalytic Properties 
of Graphene-Based Composite Materials    

Baojiang Jiang and Chaoyang Li

1  �Introduction

Graphene, as an attractive material, catches more and more attention from global 
scientists. Graphene is one kind of allotrope of carbons with two-dimensional struc-
tures and carbon atoms with the p-stacking of graphene holding the lamellar graph-
ite structure strongly in place with an interlayer spacing of 3.34  Å [1, 2]. The 
comparison of properties of carbon nanotube and graphite is shown in Table 1. The 
most attractive aspect of graphene might be its electronic properties. Graphene has 
high mobility of 10,000 cm2 V−1 s−1 to 50,000 cm2 V−1 s−1 at room temperature with 
an intrinsic mobility limit of 4,200,000 cm2 V−1  s−1 [3]. Despite being one atom 
thick, graphene is the strongest material ever measured, with a Young’s modulus of 
E = 1.0 TPa and intrinsic strength of 130 GPa in its pristine, atomically perfect form 
[4]. Graphene possesses a very large nonlinear Kerr coefficient of 10−7 cm2·W−1, 
almost nine orders of magnitude larger than that of bulk dielectrics [5]. Graphene 
also possesses the highest specific surface area of all materials with a theoretical 
value of 2630 m2 g−1 [6], which makes it an ideal candidate for the processes involv-
ing adsorption or surface reactions.

According to the promising properties, graphene can be potentially applied for 
the lightweight, thin, and flexible display screens. Moreover, graphene-based com-
posites fabricated with inorganic nanostructures, organic crystals, polymers, and 
metal-organic frameworks (MOFs) [7–9] also can be applied in energy-related areas 

B. Jiang, Ph.D (*) 
Key Laboratory of Functional Inorganic Material Chemistry, Ministry of Education of the 
People’s Republic of China, Heilongjiang University, Harbin 150080, China
e-mail: jiangbaojiang@163.com 
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including superior supercapacitors, solar cells, catalytic systems, and chemical 
sensors.

Up to date, the graphene can be obtained by different preparation methods such 
as micromechanical exfoliation of graphite, chemical vapor deposition (CVD), 
reduction of graphene oxide (GO), and sonication exfoliation [10, 11]. The single 
layers of graphene can be generated by exfoliating the graphite using adhesive tape 
[12]. However, the quantity of graphite from micromechanical cleavage is very lim-
ited; therefore, the advanced techniques to obtain large production of graphene are 
critically needed.

The high-quality graphenes with a well-defined atomic structure are usually pre-
pared by the CVD method [13]. However, the low quantities of graphenes still are a 
bottleneck for using CVD method to produce large amount of graphenes for wide 
applications in different industry field. The sonication method has been used for the 
exfoliation of bulk graphite to the single and multilayer graphene in the presence of 
polyvinylpyrrolidone (PVP), diazaperopyrenium dications, ionic liquids, etc. [14]. 
Recent years, the direct exfoliation of graphite has been achieved by surface func-
tionalization of graphene sheets with aromatic carboxylic acids in aqueous solution. 
However, the ratio of the high-quality single graphene within final products by the 
sonication technology is worse than that by CVD or chemical reduction of graphene 
oxide.

In addition, the chemical reduction of GO sheets usually possesses rich oxygen-
containing groups, such as carboxylic, hydroxyl, and epoxide functional groups [15, 
16]. Figure 1 shows the typical GO structure from Hummer’s method [17]. The 
presence of oxygen functionalities in GO allows interaction with the different pre-
cursor cations and provides reactive sites for the nucleation and growth of nanopar-
ticles, which usually results in the rapid growth of various graphene-based 
composites [18–20]. Unfortunately, production process of GO disrupts the elec-
tronic structure of graphene. Although the modified groups can be removed by 
reduction later, it still remains a large number of defects which will affect the elec-
tronic properties of graphene.

Therefore, it is urgently a requirement to develop much efficient methods to 
produce high-quality and large-yield graphene and graphene-based composites. In 
this chapter, the novel synthetic methods of graphene and graphene-based compos-
ites are discussed, particularly, emphasizing their special fabrication as well as anti-
bacterial and catalytic field application.

Table 1  The properties of graphene comparing with other form of carbon material

Entry

Young’s 
modulus 
(TPa)

Intrinsic 
strength 
(GPa)

Nonlinear 
Kerr 
coefficient 
(cm2 W−1)

Specific 
surface area 
(m2 g−1)

Mobility limit 
(cm2 V−1 s−1)

Graphene 1.0 130 10−7 2630 200,000
Carbon 
nanotube

1.28 50 ~ 200 10−8 400 ~ 1315 100,000

Graphite 11.5 ± 0.9 8 ~ 12 2.6 × 10−4 1 ~ 20 ---------

B. Jiang and C. Li
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2  �Quenching Technology for the Production of High-Quality 
Graphene

Quenching technology is usually one kind of important techniques as the final fab-
rication process in steel industry or engineering component, which can make the 
steel better suited, structurally and physically for the specific applications [21]. 
However, one of the critical issues is quenching crack because of different quench-
ing stress between the surface and interior of metal, resulting in the deformation and 
destroys of final products.

However, the quenching technique can be made good use of preparing graphene. 
Fortunately, we have succeeded to use quenching stress to exfoliate graphite layers 
for the preparation of high-quality graphene [22]. In this method, the quenching 
stress can conquer the van der Waals forces between the interlayers of graphite for 
the formation of graphene sheets. Moreover, the expanded graphite (EG) possesses 
rich oxygen groups in the interlayer, which is conducive to the rapidly exfoliation. 
In addition, EG is much less oxidative than Hummer’s GO, which contributes to the 
formation of high-quality graphene sheets. Therefore, we can make full use of the 
quenching stress to exfoliate expandable graphite for the production of high-quality 
graphene sheets.

The following process is an experiment to prepare graphene using quenching 
technique.

The high-quality graphene was prepared from the expandable graphite using 
quenching technique; the experimental process is shown as Scheme 1 (named as 
one cycle). During this experiment procedure, the graphene sheets were prepared 
from inexpensive EG using the quenching method in the pure water, hydrazine 
hydrate (20%), or concentrated ammonia (28%).

Fig. 1  Representative 
TEM image of GO from 
Hummer’s method. The 
circular-shaped objects 
seen on the background of 
the picture are the 
carbon-coated copper grids 
which were used to support 
sample [17] (Reproduced 
from J. Phys. Chem. C, 
2011, 115, 23718–23725)

The Synthesis and the Catalytic Properties of Graphene-Based Composite Materials
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Firstly, EG (0.1 g) was heated to 800 °C in the nitrogen atmosphere, resulting in 
the formation of wormlike structure. Secondly, the hot samples were quickly 
quenched to low temperature by the cool quenching media such as pure water, 
hydrazine hydrate, or concentrated ammonia. After transient quenching, the sam-
ples were separated by centrifugation and filtration and washed with large amount 
of water several times. Finally, the final products were dried at 80 °C for 24 h. The 
large-scale and high-quality graphene sheets were obtained. The sample obtained 
from EG using quenching liquid hydrazine hydrate or concentrated ammonia was 
named as Graphene-1 and Graphene-2, respectively.

The structural property of obtained graphene is characterized by the transmission 
electron microscope (TEM) measurement (JEM-2100 electron microscope with an 
acceleration voltage of 200 kV (JEOL, Japan)), as shown in Fig. 2 [23]. TEM images 
of products including Graphene-1 (using quenching liquid hydrazine hydrate) and 
Graphene-2 (using quenching liquid concentrated ammonia) show that graphenes 
from EG are a few micrometers in width and slightly scroll on sheet edges (Fig. 2). 
Furthermore, we can identify the monolayer or bilayer grapheme for Graphene-1 
from samples via HRTEM (inset image in Fig. 2a, b) on the folded edges because 
the folded graphene sheets are located parallel to the electron beam. Inset image of 
Fig. 2b, d shows that the interlayer separation in the bilayer graphene is 0.34 nm, 
corresponding to the expected value (0.335 nm) of crystal plane (002) of graphite 
[22]. The EG has been effectively exfoliated to monolayer or multilayer graphenes.

Atomic force microscopy (AFM) (AFM, Digital Instruments NanoScope IIIa, 
operating in tapping mode) is also used to investigate the surface property of the 
obtained graphene. As shown in Fig. 3, the thicknesses of obtained graphenes are 

Expandable graphite 

Worm-like structure

800o C under nitrogen atmosphere

Quickly quenching

Hydrazine hydrate,
or concentrated ammonia

High quality graphene sheets

Centrifugation, filtration, washing

Scheme 1  The 
experimental process (one 
cycle) for preparing 
high-quality graphene from 
the expandable graphite
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confirmed by AFM (Fig. 3a, b), which shows thin graphene sheets with the height 
of 0.476 nm (Graphene-1) and 0.610 nm (Graphene-2), consistent with previous 
reports of the monolayer graphene [22].

Through five cycles quenching technology treatment, the eventual yield of gra-
phene obtained is about 70 ~ 80 wt % of raw materials. Furthermore, the percentage 
of monolayer graphene in the final products is about 10 wt %, based on the analysis 
for a lot of AFM and TEM images. The quenching technology is appropriate for 
large-scale process. We have succeeded to use quenching stress to simultaneously 
exfoliate and reduce graphite layers for the preparation of high-quality graphene. In 
this method, the quenching stress can conquer the van der Waals forces between the 
interlayers of graphite for the formation of graphene sheets. Moreover, the expanded 
graphite (EG) possesses rich oxygen groups in the interlayer, which is conducive to 

Fig. 2  TEM images of (a) monolayer Graphene-1 (inset: selected HRTEM image and ED pat-
tern). (b) Bilayer Graphene-1 (inset: selected HRTEM image). TEM images of (c) monolayer 
Graphene-2 (inset: selected HRTEM image and ED pattern). (d) Tri-layer Graphene-2 (inset: 
selected HRTEM image) (Reproduced from Chem. Commun. [22], 2010, 46, 4920–4922)

The Synthesis and the Catalytic Properties of Graphene-Based Composite Materials



8

the rapid exfoliation. We can make full use of the quenching stress to exfoliate 
expandable graphite for the production of high-quality graphene sheets in large scale.

In order to investigate the conductivity of graphenes, the I-V curves are tested by the 
mean of conductive AFM at the room temperature. The results are shown in Figs. 4 and 
5. In Fig. 4, the graphene sheet structure is observed clearly, similar to Fig. 3.

Fig. 3  AFM images of (a) Graphene-1 and (b) Graphene-2, the corresponding height of sheets are 
0.476  nm and 0.610  nm, respectively [22] (Reproduced from Chem. Commun., 2010, 46, 
4920–4922)

Fig. 4  AFM images of (a) Graphene-1 and (b) Graphene-2 by conductive AFM at ambient condi-
tions [22] (Reproduced from Chem. Commun., 2010, 46, 4920–4922)

B. Jiang and C. Li
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In Fig. 5, the high-quality graphene sheet exhibits good conductivity under dif-
ferent bias voltages (−2 V ~ +2 V for Graphene-1 and -4 V ~ +4 V for Graphene-2), 
which makes the obtained graphene to be the promising candidate for further appli-
cation in nanoelectronics.

In summary, the high-quality graphenes are prepared by hydrazine hydrate or 
concentrated ammonia-assisted quenching route. The key point for the experimental 
process is the strong quenching and the presence of quenching liquid hydrazine 
hydrate or concentrated ammonia. After many cycles quenching treatment, there are 
about 70 ~ 80 wt % from the starting material are obtained to produce single- or 
few-layer graphene sheets with high quality and large scale.

3  �Synthesis and Antibacterial Application of Ag/Graphene 
Composite

Many methods have been developed to prepare graphene-based nanocomposites, 
including non-covalent interaction [23], covalent reaction [24], chemical electroless 
deposition [25], hydrothermal and solvothermal growth [26], etc.

A great number of inorganic nanostructures have been composited with gra-
phene, for instance, Au [27], Ag [28], oxides like TiO2 [29] and ZnO [30], and 
chalcogenides like CdS [31] and CdSe [32].

Among them, the silver nanoparticles (NPs) are noticed to be able to incorporate 
into graphene-based composites because of their unique optical, electrical, and thermal 
properties, being able to apply for biological and chemical sensors and photovoltaics. 
A common application is the use of silver nanoparticles for antibacterial agents that 
could release many silver ions to provide protection against bacteria [33]. For this 
application purpose, the good stability of silver nanoparticle is very important.
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Fig. 5  The room temperature I-V curves of Graphene-1 (a) and Graphene-2 (b) by conductive 
AFM under ambient conditions. Bias voltage: -2 V ~ +2 V for Graphene-1 and -4 V ~ +4 V for 
Graphene-2 [22] (Reproduced from Chem. Commun., 2010, 46, 4920–4922)
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Considering as a new allotrope of carbon materials, the graphenes are easily to 
form composite with silver particles. To date, there are few reports on the Ag/gra-
phene composites for the antibacterial application [34]. Especially, the effect of 
interaction between Ag and graphene with high electron conductivity probably on 
antibacterial properties of Ag is still needed to be further investigated.

Herein, we report the synthesis of Ag/graphene composite antibacterial agent 
through a facile method which is a simple to handle, low-cost, and environmentally 
friendly process. The high-quality graphene nanosheets are selected from the low-
cost expandable graphite (EG) as substrate materials. In this study, the antibacterial 
property of Ag/graphene composite is evaluated against E. coli.

The experimental process for fabricating high-quality graphene from the expand-
able graphite is shown as Scheme 2. Firstly, the high-quality graphene was prepared 
from expandable graphite. Silver nanoparticles (NPs) were then supported on the 
graphene sheets by a facile chemical reduction. During the experimental procedure, 
20 mg of graphenes was added into the 200 mL of AgNO3 aqueous solution with 
36 mg AgNO3. Sequentially, 0.4 g sodium citrate and 0.1442 g sodium dodecyl sul-
fate (SDS) were added into the above suspension. Following violent stirring for 
15 min, the temperature was raised to 80 °C and kept for 150 min. Finally, the solids 
were obtained after filtrating, centrifuging, and drying at 40 °C for 12 h.

The final products are denoted as the AGC-1 (the graphene is obtained from EG 
using the hydrazine hydrate-assisted quenching process).

The morphology and quality of substrate material graphene sheet from the 
expanded graphite could be investigated by the SEM and TEM measurement. For 
example, we can observe clearly the complete surface morphology of graphene 
sheet using the SEM measurement, as shown in Fig. 6 [35]. The thin sheet has a 
typical graphene structure with serial micron in dimension.

Figure 7 is the Raman spectra from graphenes obtained from EG indicating few 
structural defects in the graphene sheet. In Fig. 7, it is observed that the peaks include 
a D-band (1372  cm−1), a G-band (1580  cm−1), and a 2D-band (2751  cm−1). The 

Expandable graphite 

Quickly quenching

High quality graphene sheets

Sodium citrate 
sodium dodecyl sulfate

Centrifugation, filtration, washing

AgNO3 solution

Ag/graphene composites

Scheme 2  The experimental process of Ag/graphene composite synthesis for antibacterial 
agent
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D-band is associated with disorder-induced scattering resulting from imperfections or 
loss of hexagonal symmetry of disordered graphite. But the G-band corresponds to an 
E2g mode of graphite and is related to vibration of sp2-bonded carbon atoms in a two-
dimensional hexagonal lattice [36]. It is noteworthy that the disorder-induced D peak 
(1372 cm−1) is not clearly observed in the Raman spectra of graphene sheets.

Moreover, the structure and composition of the Ag/graphene composite are also 
investigated by TEM techniques. Figure 8 shows typical TEM images of the as-
prepared product (AGC-1). The low-magnification TEM image (Fig. 8a) shows a 
crumpled sheet with several micrometers in size, which is covered with Ag NPs.

The results show that the high-quality graphene sheets from EG can be selected 
as the substrate material for supporting Ag NPs. Moreover, the nanoparticles are 

Fig. 6  SEM image of 
high-quality multilayer 
graphenes as substrate 
material for AGC-1 [35] 
(Reproduced from J Mater 
Sci, 2013, 48, 1980–1985)

Fig. 7  Raman spectra of 
high-quality multilayer 
graphenes [35] 
(Reproduced from J Mater 
Sci, 2013, 48, 1980–1985)
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uniform in size, and the average diameter of Ag NPs is about 45  nm. A typical 
HRTEM image of the Ag nanoparticle is given in Fig. 8b. The lattice fringe spacing 
is 0.24 nm, indexing the (111) plane of face-centered cubic silver [37].

The antibacterial activities of Ag/graphene composites are assessed by determining 
the presence of inhibition zones against E. coli. Antibacterial effects in the form of 
inhibition zones, evaluated by the disk diffusion assay of the composites, are shown in 
Fig. 9. The control experiments using pure water possess almost no antibacterial activ-
ity, suggesting that the effect of water can be ignored. Figure 9 displays the pictures of 
inhibition zones for E. coli of AGC-1 including two parallel samples. The diameters of 
the inhibition zones are 18.7 mm and 18.6 mm, respectively. The results indicate that 
AGC-1 has an excellent inhibitory effect on E. coli, which is due to the good dispers-
ibility of Ag NPs and the introduction of high-quality graphene.

In summary, small-size Ag nanoparticles are loaded onto high-quality graphene 
as antibacterial agent via a simple chemical reduction route. The results demon-
strate that the as-prepared Ag/graphene composite exhibited excellent antibacterial 
activity against E. coli. One of the most important features is that the high-quality 
graphene is selected as the substrate material for Ag particles. The excellent antibac-
terial activity against E. coli of this composite can be attributed to the favorable 
dispersibility of Ag NPs and the introduction of high-quality graphene.

4  �Synthesis and Catalytic Application of Nitrogen-Doped 
Graphene/Pd@PdO

Metal Pd-catalyzed coupling reaction is one of the most important methods for the 
C-C bond forming in organic chemistry [38]. However, to realize the practical appli-
cation of Pd catalysts in C-C cross coupling reaction, the synthesis method for 

Fig. 8  (a) Low-magnification TEM image of AGC-1, (b) HRTEM image of the single Ag nanopar-
ticle in composite [35] (Reproduced from J Mater Sci, 2013, 48, 1980–1985)

B. Jiang and C. Li
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small-size Pd particle is still needed to be developed. Especially, Pd clusters, which 
require that the sizes range from sub-nanometer to about 2  nm, could greatly 
improve their catalytic properties because of their unique electrical structure, large 
surface area, and high proportion of surface atoms. However, the surface energy will 
lead to serious aggregation for Pd clusters, which will decrease the catalytic perfor-
mance. To avoid these problems, the introduction of support materials can effec-
tively stabilize the Pd clusters to enhance catalytic property.

Recently, many research works suggest that carbon-based support materials can 
be doped with heteroatoms such as nitrogen and boron to create strong catalyst-carbon 
support interactions [39]. It is reported that the nitrogen is doped in Vulcan carbon; 
the nitrogen atoms significantly mediate the Pd adsorption enhancement on its sur-
face based on the density functional theory study [40]. Similarly, graphene can be 
also used as an ideal support material for growing and anchoring Pd clusters for 
Suzuki-Miyaura reaction. The nitrogen in graphene also plays a significant role in 
determining nucleation rate and growth process of Pd clusters. However, it is still 
difficult to have the direct observation of the spatial relationship between the Pd 
catalyst and N-doped graphene support; the mechanism for the interaction between 
the nitrogen and metal Pd particle is still needed to be further investigated.

In this experiment, we firstly use density functional theory (DFT) to calculate 
the binding energy between nitrogen-doped graphene (NDG) and the Pd@PdO 
clusters. Then Pd@PdO clusters supported on NDG are prepared for the fabrica-
tion of composites, as shown in Fig. 10 [41]. In this synthesis process, the high-
quality and smooth graphene sheets are obtained from expanded graphite by 
quenching method. This smooth support material is beneficial for the uniform 
distribution of small-size metal clusters. Moreover, the function of the nitrogen 
element in NDG is not only to stabilize the embedded Pd@PdO clusters and 
decrease metal Pd@PdO particle size but also to prompt the catalytic activity for 
Suzuki-Miyaura reaction.

Fig. 9  Inhibition test for 
E. coli of AGC-1 
antibacterial agent with 
two parallel samples. Pure 
water is used as the control 
sample [35] (Reproduced 
from J Mater Sci, 2013, 48, 
1980–1985)
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In this work, the Pd@PdO-NDG was produced by a simple reduction reaction of 
palladium acetate as follows, as shown in Scheme 3. To produce a homogeneous solu-
tion, 150 mL of a methanol solution including 0.05 g of NDG and 2.5 g of PVP was 
sonicated for 15 min. Then, the solution was transferred to a three-necked flask for the 
subsequent reflux procedure. Meanwhile, 20 mL of a methanol solution of palladium 
acetate (0.22 mmol of Pd (C2H3O2)2) was added into the above solution with continu-
ous stirring and refluxing at 65 °C for 2 h. After the reduction reaction, the black sam-
ples (Pd@PdO-NDG) were separated by high-speed centrifugation, washed several 
times with ethanol and distilled water, and dried at below than 60 °C.

The density functional theory (DFT) calculation is applied to evaluate the bind-
ing strength between Pd or PdO clusters and NDG. For comparison, the adsorption 

Fig. 10  Structural image of Pd@PdO clusters on nitrogen-doped graphene [41] (Reproduced 
from Nano Res. 2014, 7(9): 1280–1290)

Palladium acetate

Stirring and refluxing

Methanol solution including NDG and PVP

Centrifugation, filtration, washing

Pd@PdO-NDG

Scheme 3  The 
experimental process of 
synthesizing Pd@
PdO-NDG composite

B. Jiang and C. Li
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energy between Pd or PdO clusters and the intrinsic graphene sheet is also exam-
ined. Due to the possible physical adsorptions, it is found that the adsorption ener-
gies between Pd or PdO clusters and graphene are about −2.21 eV and −2.29 eV, 
respectively.

However, when the PdO clusters approach NDG, the adsorption energy of the 
system decreases remarkably to −3.61 eV, suggesting the existence of strong cova-
lent chemical adsorption between them. The similar results are found for the 
Pd-NDG system.

Figure 11a, b shows the density of states (DOSs) for Pd@PdO-NDG and Pd@
PdO-graphene systems, respectively. The black line in Fig. 11a represents the total 
density of states (TDOSs) of each element before contact of the Pd@PdO clusters 
with NDG, while the red line indicates the TDOSs of each element after contact 
with NDG. The calculated results indicate that the TDOSs of Pd elements, which 
are mainly composed of Pd 4d states, shifted to a lower energy position. Moreover, 
the TDOSs for C atoms and N atoms are also changed significantly.

In contrast, the relevant TDOS of each element remains almost unchanged when 
Pd@PdO clusters are adsorbed onto the graphene, as shown in Fig. 11b. Therefore, 
the interaction between Pd@PdO and NDG is expected to be much stronger than 
that between Pd@PdO and graphene, and nitrogen element facilitates the surface 
chemical adsorption of Pd onto the graphene sheets to control the Pd nanoparticle 
size and dispersion.

Figure 12a, b depicts the electron density differences (EDD) diagrams for Pd@
PdO-NDG and Pd@PdO-graphene, respectively. The positive (in blue) or negative 
(in red) regions indicate where the electron density is enriched or depleted. For the 
Pd@PdO-NDG (Fig. 12a, the electron density around nitrogen atoms is enhanced, 
while that around C atoms in N-C bonds is weakened. Meanwhile, the Mulliken 
population for Pd in isolated Pd@PdO clusters is about 0.46, and the corresponding 
values for N and C in the isolated NDG are calculated to be −0.30 and 0.12, respec-
tively. After Pd@PdO cluster contacts with NDG, the Mulliken population of the 
contacting Pd in Pd@PdO cluster changes from 0.46 to 0.86, and those of N and C 
atoms change to −0.27 and 0.03, which means considerable electron transfer 
between Pd and NDG occurs.

The electron transfer process possibly implies the formation of a chemical bond 
between Pd@PdO and NDG in the Pd@PdO-NDG system. However, observing the 
Pd@PdO on graphene, as shown in Fig. 12b, the Mulliken change of contacting C 
atoms varies slightly from 0.00 to −0.05, and the Pd atoms still remain positive as 
0.46. Therefore, the dopant nitrogen atoms serve as a mediator to activate nearby 
carbon atoms, leading to the enhancement of Pd adsorption. The electron affinity of 
nitrogen contributes to the nucleation and the growth of Pd@PdO clusters resulting 
in small-sized, well-dispersed, high-stability Pd@PdO clusters on graphene.

Then the morphology and structure of as-prepared composite catalysts are char-
acterized using TEM. The results are shown in Fig. 13. Figure 13a shows that gra-
phene within the composite is an ultrathin sheet with few folds and crinkles, 
indicating that graphenes obtained from expanded graphite have a more stable and 
flat structure than that of graphenes from graphite oxide.

The Synthesis and the Catalytic Properties of Graphene-Based Composite Materials
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Fig. 11  Density of states (DOSs) for samples (a) Pd@PdO-NDG and (b) Pd@PdO-graphene [41] 
(Reproduced from Nano Res. 2014, 7(9): 1280–1290)
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It is interesting to notice that these very small clusters exhibit excellent distribu-
tion on the graphene sheets. From the measured particle size distributions, it is clear 
that the average particle size is about 1.8 ± 0.6 nm. Moreover, the high-resolution 
TEM (HRTEM) images (Fig. 13b) show anointer planar spacing of particle lattice 
of 0.226  nm, which has good agreement with the (111) lattice spacing of face-
centered cubic Pd [42]. Interestingly, the Pd cluster also exhibits irregular external 
structure which is possibly due to the part surface oxidation of the Pd clusters form-
ing PdO (Table 2).

 

The practical application of Pd@PdO-NDG catalysts in C-C cross coupling 
reaction such as Suzuki-Miyaura reaction is tested using phenylboronic acid and 

Fig. 12  Electron-density difference diagrams for (a) Pd@PdO-NDG and (b) Pd@PdO-graphene 
[41] (Reproduced from Nano Res. 2014, 7(9): 1280–1290)

Fig. 13  TEM images of Pd@PdO-NDG catalyst (a, b), particle size distribution and HRTEM 
images of Pd@PdO clusters are shown as insets in (a) and (b), respectively [41] (Reproduced from 
Nano Res. 2014, 7(9): 1280–1290)
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different substrates in the presence of stabilized Pd@PdO-NDG catalyst. Table 1 
gives the reaction conditions and results for the different substrates. As shown in 
Table  1, both these reactions are successfully performed under these conditions, 
providing a complete conversion of 100% and high yields of 96% of the corre-
sponding Suzuki reactions products after 1 h at 80 °C, respectively. Among them, 
No.3 shows a slightly lower yield rate, which is still higher than that of other Pd 
catalysts for the same period, as given in previous reports, due to the small-size 
Pd@PdO clusters with high ratio surface atoms.

In summary, the N-doping graphene can modify nucleation and growth of Pd@
PdO catalyst, resulting in smaller Pd@PdO particles, uniform dispersion, and 
enhanced catalyst durability. Furthermore, the Pd@PdO-NDG catalysts exhibit 
high yields for the C-C cross coupling reaction.

5  �The Synthesis of (001) Facets TiO2/Graphene Composites

TiO2 has been extensively investigated in the photocatalytic field due to its peculiar 
chemical and physical behaviors [43]. However, the high charge recombination rate in 
TiO2 significantly restricting its photocatalytic application. Recently, researchers find 
that the introduction of carbon materials can enhance its charge separation rate [44].

Among them, graphene is considered as a good candidate to composite TiO2 
because of excellent electronic property and unique two-dimensional structure of 
graphene [45]. It has been reported that TiO2 (P25)-graphene nanocomposite prefers 
the degradation of methylene blue rather than the bare P25 [46]. The graphene/TiO2 
nanocrystals hybrid structure is also prepared by directly growing TiO2 nanocrystals 
on GO sheets [18]. However, the convictive research for the interaction and the 
electron transfer process within composites is still needed to be improved.

Additionally, photocatalytic efficiency of TiO2 also depends on the surface atomic 
structure and the crystallinity. In particular, the highly reactive facets are expected to 
effectively enhance photocatalytic property [47]. Since the successful synthesis of 
anatase TiO2 sheets with exposed {001} facets by Lu and Qiao et al., the research 

Table 2  The Suzuki coupling reactions with the catalyst Pd@PdO-NDG

Entry R1 X
Reaction 
time

1st cycle 
yielda 
(%)

2nd cycle 
yielda (%)

3rd cycle 
yielda 
(%)

4th cycle 
yielda 
(%)

5th cycle 
yielda (%)

No.1 NO2 Br 60 min 96 94 93 93 92
No.2 CN Br 60 min 95 94 90 89 85
No.3 OCH3 Br 60 min 90 86 84 82 80

Reproduced from Nano Res. 2014, 7(9): 1280–1290
aExperiment conditions: phenylboronic acid (0.75 mmol), K2CO3 (1.25 mmol), different substrate 
(0.5 mmol), ethanol solution of Pd@PdO-NDG catalyst (4 ml, 5 mg/ml), ethanol (4 ml), 80 °C, 
60  min. The yield is determined by high-performance liquid chromatography (HPLC) and 1H 
NMR
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interest is increased to focus on the exposed highly reactive facets [48]. However, 
there is few report about the novel TiO2/graphene composites consisting of high-
quality graphene and highly reactive anatase TiO2 with exposed {001} facets.

In this part, we present a feasible strategy to synthesize the novel anatase TiO2/
graphene composites (TGCS) with exposed TiO2 {001} facets by the hydrofluoric 
acid (HF) and methanol joint-assisted solvothermal reactions. The results reveal 
that graphene is uniformly covered with a large number of anatase TiO2 nanoparti-
cles, exposing the {001} facets. The TGCS exhibit high photocatalytic activity 
compared with the P25 under UV light, likely due to the effective separation of 
photoinduced charge and exposure of highly reactive {001} facets. It is expected 
that these detailed studies on novel TiO2/graphene can help to gain deeper insights 
into the electron transfer process of TiO2 and carbon.

The typical experimental procedure is listed as Scheme 4. 0.3 mg of GO was dis-
solved in 11 mL of methanol and sonicated for 30 min to produce solution of gra-
phene oxide sheets. 1.7 mL of Ti(OBu)4 was added to the above graphene oxide 
solution. Then, 0.5 mL of hydrofluoric acid (HF) was added into the suspension 
with low speed (4000 ~ 5000 r/min). Finally, the mixed solution was placed in a 
dried Teflon autoclave with a capacity of 14 mL and then kept at 180 °C for 24 h. 
After being cooled to room temperature, the gray powder (TGCS-1) was separated 
by high-speed (12,000 ~ 13,000 r/min) centrifugation, washed with ethanol and dis-
tilled water for several times, and dried at 80  °C.  A series of TiO2/graphene 
composites including TGCS-1, TGCS-2, and TGCS-3 were synthesized by varying 
the volume of GO.

The TEM measurement is carried out to analyze the morphology and structure of 
a typical sample, observing that GO has a crumpled layered structure with thin 
thickness. After solvothermal synthesis for 24 h at 180 °C, graphene is covered with 
TiO2 nanoparticles, as shown in Fig. 14a. Fig. 14b is an enlarged image, showing 
clearly that TiO2 nanoparticles (about 20 ~ 25 nm in diameter) uniformly cover the 

0.3 mg of GO

Sonicated for 30 min

11 mL of methanol1.7 mL of Ti(OBu)4
0.5 mL hydrofluoric acid

Centrifugation, filtration, washing

Teflon autoclave

Ag/graphene composites

Scheme 4  The experimental process of preparing (001) facets TiO2/graphene composites
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surface of graphene without obvious aggregation. These results demonstrate that 
graphenes inhibit the aggregation of TiO2 nanoparticles.

In addition, in the HRTEM image of TiO2 nanoparticle, as shown in Fig. 14c, the 
visible lattice fringes and its corresponding FFT image indicate that the top facets of 
TiO2 nanoparticle exhibit the {001} facet. The HRTEM in Fig. 14d shows that the 
lattice spacing parallel to the top facets of TiO2 is 0.235  nm, corresponding to 
the{001} planes of anatase TiO2 [49], which further confirms the above assignment.

We note that the thickness of the grapheme is easily observed at the edge of gra-
phene, as shown in Fig. 14e. Therefore, HF plays a key role in the formation of the 

Fig. 14  (a) TEM images of the TGCS-1, showing the thin graphene sheet and uniform distribution 
of highly reactive TiO2. (b) Part of enlarged TEM images of TGCS-1 corresponding to the black 
circle part in (a). HRTEM images of TiO2 (inset: the corresponding FFT image). (c) HRTEM 
image taken from the side face of TiO2 nanoparticle, (d) from the thin edge of graphene, and (e) in 
TGCS-1 corresponding to the black circle parts in (b), respectively [17] (Reproduced from J. Phys. 
Chem. C, 2011, 115, 23,718–23,725)
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highly reactive TiO2 by F− bounding the {001} surface. Finally, the fine graphene/
highly reactive TiO2 with exposed {001} facets are prepared successfully.

X-ray diffraction (XRD) (Rigaku D/max-IIIB with Cu Kα-radiation) is employed 
for further analyzing the crystalline phase of obtained composites. The XRD pattern 
from GO, TiO2, and TiO2/graphene composites is shown in Fig. 15. In Fig. 15a, there 
is only the diffraction peak of GO (2θ = 10°) observed. Notably, the XRD data for the 
TGCS-1 exhibit clear peaks of anatase TiO2 (JCPDS No. 21-1272), which are similar 
to the diffraction pattern of pure TiO2 (Fig. 15b. Furthermore, by observing the dif-
fraction pattern of TGCS-1 in Fig. 15c, the sharp peak of GO is lacking, suggesting 
that the disruption of the GO layers leads to the formation of graphene. TiO2 nanopar-
ticles uniformly grow on the surface of graphene sheets, which not only promotes the 
segregation of graphene sheets but also enhances the surface area of composites.

In order to investigate the surface composition and the TiO2-graphene interaction 
in the composites, X-ray photoelectron spectroscopy (XPS) (PHI 5700) measure-
ment is carried out for obtained different samples. The results are shown in Fig. 16. 
In Fig. 16a, the main C1s peak for GO shows that the presence of abundant C-O, 
and C (O) O chemical binding states, corresponding to the peak at 287.3 eV. The 
peaks of C-O and C (O) O of TGCS-1 become visibly weakened.

In Fig. 16b, two peaks of HR-TiO2 at 458.8 and 464.7 eV are assigned to the Ti 
(2p3/2) and Ti (2p1/2) spin-orbital splitting photoelectrons in the Ti4+ chemical state, 
respectively [50]. Interestingly, for TGCS-1, Ti2p slightly shifts toward higher bind-
ing energy compared to that of the HR-TiO2. Normally, this kind of shift is attrib-
uted to the presence of strong interactions at the interfaces between Ti and graphene. 

Fig. 15  X-ray diffraction patterns of (a) GO, (b) highly reactive TiO2, and (c) TiO2/graphene 
composites (TGCS-1) [17] (Reproduced from J. Phys. Chem. C, 2011, 115, 23,718–23,725)
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The intense interaction may result in the formation of an electron transfer channel, 
which facilitates improvement of photoinduced charge separation rate during the 
photocatalytic process.

In addition, the O1s XPS spectra exhibit different peak shapes. For GO, the O1s 
peak at 531.9  eV is related to the significant hydroxyl groups on the surface of 
GO. The O1s peak at 529.9 eV in HR-TiO2 is mainly attributed to the oxygen of 
TiO2 crystal lattice, agreeing with previous reports [51]. However, the crystal lattice 
oxygen and hydroxyl oxygen are all present in TGCS-1. These results further con-
firm the successful incorporation of titania and graphene.

The soft X-ray absorption spectroscopy (soft-XAS) (beamline BL14W1 of the 
Shanghai Synchrotron Radiation Facility (SSRF), China) is carried out to further 
investigate the electronical and structural information of surface and interfaces, which 
has higher probing depth than XPS. Compared with Ti K-edge XAS, the Ti L-edge 
XAS mainly gives rise to complementary electronic properties of Ti compounds, 
reflecting the transition from Ti2p orbitals into Ti3d, 4s orbitals in the conduction band.

The results are shown in Fig. 17; the Ti L-edge XAS spectra in the energy range 
of 454 ~ 470 eV consist of two sets of peaks (L3 and L2), due to spin-orbit coupling 
splitting of the initial 2p states into 2p3/2p2 and 2p1/2p2. Both of the L3 and L2 

Fig. 16  XPS spectra of C1s (a), Ti2p (b), and O1s (c) of different samples including GO, HR-TiO2, 
and TGCS-1 [17] (Reproduced from J. Phys. Chem. C, 2011, 115, 23,718–23,725)
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features are further split into t2 g (formed by dxy, dxz, dyz orbitals) and eg (formed 
by Dx2-y2 and dz2 orbitals) features because of the low symmetry of the Oh ligand 
field compared to the spherical field. The L3-eg feature splits further into a double-
peaked structure centered at 461 eV, which is attributed to the distortions from octa-
hedral symmetry [52].

It is observed that the first two peaks (L3-t2 g and L3-eg) shift to high energy in the 
presence of graphene (Fig. 17a), which is in accordance with the results from XPS 
measurements. This kind of shift is normally induced by a change of the metal’s 
chemical state or oxygen vacancies. However, there is no corresponding change in O 
K edge for TGCS-1 (Fig. 17b). This shows the presence of electron transfer from Ti3d 
orbitals in the conduction band of TiO2 to the C2s orbitals (graphene). Additionally, 
the O K-edge XAS spectra reflect the O2p orbitals coupled with the Ti2p, 3d, 4s, and 
Ti4p orbitals; the O K edge is almost identical for HR-TiO2 and TGCS-1.

We choose methylene blue (MB) as a representative of organic substances to 
evaluate photocatalytic activity of the samples. As a reference, the photocatalytic 
behavior of Degussa P25 is also measured. Prior to photocatalysis, the solution 
including MB and catalyst is stirred in the dark for 1 h for adsorption equilibrium. 
In Fig.  18a, under the UV light, the results of photocatalytic evaluation of as-
prepared samples and P25 show that TGCS-1 exhibits the highest photocatalytic 
activity; the average degradation rate of MB is 85.2% within 60 min. In contrast, the 
photocatalytic activity of Degussa P25 is low with almost 59.2% MB remaining in 
solution within the same 60 min period. The degradation yield of HR-TiO2 is about 
65.5%.

In addition, the photodegradation of MB is monitored for six cycles. The photo-
degradation rate remains constant during the six consecutive cycles, as shown in 
Fig.  18b, indicating as-prepared photocatalyst TGCS-1 is stable under UV light 
irradiation.

In summary, a high-activity TiO2/graphene with exposed {001} facets composite 
photocatalyst is synthesized. The TiO2/graphene composites exhibit high photocata-
lytic activity compared with the P25 under the UV light. The high photocatalytic 

Fig. 17  (a) Ti L-edge XAS spectra and (b) O K-edge XAS spectra for HR-TiO2 and TGCS-1 [17] 
(Reproduced from J. Phys. Chem. C, 2011, 115, 23,718–23,725)
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activity can be attributed to two crucial factors, the high charge separation rate 
based on the electron transfer and the effective exposure of highly reactive {001} 
facts of TiO2. This work provides a facile approach to synthesize novel graphene-
based photocatalyst and give more direct evidences for the intensified electronic 
interaction between graphene and TiO2 nanoparticles.
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1  �Introduction

Prof. Suzuki’s arguably biggest contribution to scientific progress is a powerful 
method to assemble carbon atoms into extended and complex molecules. Despite the 
limited chemical variety, a large range of chemical properties, electronic structure, 
and reactivity were observed for thus produced molecules [1]. In addition to the myr-
iad of applications, the ability to produce complex organic molecules has answered 
fundamental questions of the relation between a molecule’s geometry and its proper-
ties and has advanced fields ranging from biology to chemical engineering.

The inverse problem, i.e. structure determination from a set of measured proper-
ties represents an important challenge for the metrology of produced species and the 
characterization of novel materials. This is especially taxing considering the rich-
ness of carbon chemistry as explored by Prof. Suzuki where that the substitution of 
a single atom can completely transform the properties of a molecule.

To enhance our understanding of the structure-property relation in complex 
organic molecules, a model system is needed. Ideally, such a model system would 
only contain carbon atoms and allow the easy addition of other species. The resulting 
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modification of characteristics would then allow inference to a heteroatom’s impact 
on the fundamental behavior of the molecule. Furthermore, an extended molecule 
would be preferable to neglect effects of edges and corners. Finally, avoiding steric 
hindrance in the heteroatom addition implies the use of a planar structure.

Fortunately, such a model system exists in the form of graphene. The material 
consists of an infinite sp2 network that contains a single atomic layer of carbon atoms. 
Confining the dimension of graphene in one or two directions would then lead to 
carbon ribbons or planar carbon molecules. The two-dimensional nature of graphene 
furthermore permits the formation of carbon nanotubes, fullerenes, or more complex 
structures by out-of-plane bending (Fig. 1). Furthermore, facile addition of heteroat-
oms through a large variety of functionalization methods can be achieved [2].

Thus, characterization methods that are applicable to graphene will be suitable 
for other forms of carbon, and trends that are observed in the modification of gra-
phene can allow extrapolation toward unknown and complex molecules.

In this contribution, we explore the characterization of graphene and its deriva-
tives and highlight the changes that are observed upon modifications of their geom-
etry and chemistry. We will limit ourselves to optical characterization methods 
since they provide fast, nondestructive, and readily available tools to the research 
community.

1.1  �Outline of This Chapter

This contribution is trying to set itself apart from the large amount of available litera-
ture on the topic of optical characterization of graphene by providing practical 
guidelines. Many times an experimentalist will try to extract specific information 
from a sample and needs to decide which experiments to conduct. We will here 

Fig. 1  Depiction of 
graphene and several 
materials that can be 
considered a geometric 
derivative of graphene

D.-T. Nguyen et al.



29

provide an overview of techniques available to elucidate certain graphene properties. 
Intuitive explanations are favored over details in order to facilitate understanding, 
and the interested reader is referred to in-depth descriptions in the form of review 
articles, where available.

To accommodate our result-oriented approach, this contribution is organized in 
the following sequence: First, a short overview of widely available optical tech-
niques will be provided that summarizes the working principle and the requirements 
for sample preparation. Then, we will illustrate relevant properties of graphene and 
identify characterization techniques that can elucidate changes of each property.

Finally, examples of complementary experimental characterization approaches 
will be presented that help distinguishing competing effects.

2  �Methods

2.1  �Absorbance Spectroscopy

Optical absorption is among the oldest and arguably simplest characterization meth-
ods, but one that can provide important information on structure and electronic 
properties of materials. Also known as UV-Vis spectroscopy, the method in fact 
encompasses the spectrum in the ultraviolet, visible, and IR regions. Interaction of 
graphene over this wide excitation energy range is quite diverse. At low energies, 
the electronic response can follow the electric field, and absorption can be described 
by classical electrodynamics. At higher energies, graphene photon absorption 
causes electronic excitation akin to molecular transitions that allow inference to 
graphene’s unique properties.

A modern double-beam UV-Vis spectrometer contains a monochromator 
transmitting a narrow beam of selectable wavelength from a broadband light 
source; an optical arrangement separating that beam into two, one of which passes 
through the sample while the other is used as reference; and two detectors (or one 
with a chopper) collecting both beams and calculating the absorbance from the 
intensity of the reference beam (I0) and the signal from sample (I). Alternatively, 
in a single-beam setup, I0 is acquired by running a background scan prior to sam-
ple measurement.

Absorption spectroscopy is most conveniently carried out with liquid samples, as 
in liquid medium the effects of diffraction, reflection, as well as bulk scattering are 
minimal. Solid materials can be characterized by being suspended or dissolved in 
solvents and placed in a transparent cuvette. Note that solvents absorb light at 
different degrees, which leads to a limit of operating wavelength range called cutoff 
wavelength (for instance, 240 nm for ethanol). Also, appropriate concentration is a 
crucial practical factor in obtaining a good-quality spectrum: too low concentration 
risks signal not being detected by the photodetector, but too high concentration may 
lead to saturated spectra with peaks buried in the background.

Optical Characterization of Graphene and Its Derivatives…
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Much effort has been made to study graphene’s optical conductivity in part to 
realize its application in optoelectronics. It was theoretically calculated [3] and 
later experimentally verified [4] that monolayer graphene has a constant value of 
absorbance of around 2.3% which is strikingly large considering its thickness. 
Moreover, this value is mostly independent of wavelength and solely defined by its 
fine structure constant and is a direct consequence of graphene’s 2D nature and 
gapless electronic structure. Significant deviations from that universal value occur 
in two regions (Fig. 2). In the UV range, where a prominent peak is observed at 
around 4.6 eV due to an excitonic resonance [5], and the far IR range, where the 
scattering of free carriers dominates. For multilayer graphene, the experimental 
result still adheres well to predictions due to weak van der Waals interactions 
between layers. This, in combination with the fact that graphene reflects very little 
(0.1% incident light for monolayer, around 2% for ten layers), paves the way for 
the use of absorption measurement as a reliable method to determine the thickness 
and the number of layer [6].

Moreover, structural modification, either by electrostatic [8] or by chemical 
interactions [9], can result in band formation and band shift in absorption spectra. 
Absorption spectrometry therefore has been used to monitor graphene hydroge-
nation/dehydrogenation [10] and especially graphene oxidation/reduction. The 
absorption spectrum of fully oxidized graphene in visible range is dominated by 
a peak at around 230 nm which corresponds to π→π* transition of C–C aromatic 
bonds and a less visible shoulder at about 300 nm assigned to n→π∗ transitions of 
C=O bonds. From the absorption intensity, one can evaluate the level of disper-
sion of graphene oxide in different solvents [11]. The reduction of graphene oxide 
will leave a characteristic red shift (atom rearrangement) and gradual decay of 
these features and an overall increase in absorption intensity across the spectral 
range [12, 13].

Fig. 2  Absorbance 
spectrum of epitaxial 
graphene in the infrared 
region and calculated 
results (red curves) [7]. 
Green arrow (inset) shows 
the absorption peak 
characteristic of 
AB-stacking bilayer 
graphene in the mid-IR 
region (Reproduced with 
permission from [7])
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2.2  �Infrared Spectroscopy

Similar to optical absorption, infrared spectroscopy explores the material structure 
through the light absorption at certain wavelengths, in this case limited to the IR 
region. When investigating this region at high-frequency resolution, peaks occur in 
the absorbance. These are not caused by electronic transitions as described in absor-
bance spectroscopy but occur when there is resonance between incident radiation and 
molecular vibration which causes a change in dipole moment. Graphene and its deriv-
atives are largely IR-inactive [14] due to their symmetric sp2 bonds, but the method is 
sensitive to the presence of functional groups (especially oxygen) in the lattice.

Early infrared spectrometers used a dispersive element to scan sequentially over 
the wavelength range, which was very time-consuming and limited in resolution. 
This setup has been superseded in the last two decades by a much more robust 
Fourier transform IR (FTIR). In FTIR, a broadband light source is modulated by a 
Michelson interferometer with a moving mirror generating an IR excitation in the 
form of an interferogram. The interferogram is then deconstructed by fast Fourier 
transform into relevant transmittance information (hence its name).

Since the IR signal is weak, appropriate sample preparation is generally needed 
to ensure high-quality spectra. Because bulk absorption will result in saturated spec-
tra, it is desirable for the sample to be made into a homogenous thin film and con-
tained in a cell made of some IR transparent material (most often KBr, albeit NaCl, 
CaF2, ZnSe, and diamond are also used). Crystalline samples are first ground into 
fine particles with diameters well below IR wavelengths to minimize light scattering. 
Then the powder is mixed with a heavy oil (Nujol) or dried KBr and pressed at high 
pressure into a paste or pellet. Nujol has its own absorption spectra which may inter-
fere with a sample’s spectrum, a disadvantage KBr does not have. The latter is highly 
hygroscopic, though, and humidity will introduce –OH group, a very strong IR 
absorber. One of the absorption bands of –OH lies at 1630 cm−1 [15] which is close 
to that of C=C bond, which complicates the interpretation of carbon (and organic) 
samples. Such difficulties can be avoided by using attenuated total reflection (ATR- 
FTIR) which exploits the evanescent wave near the interface of a sample with an IR 
sensing element upon which incident IR light is reflected. The signal only probes the 
sample surface, and therefore little to no sample preparation is necessary.

FTIR has been used to determine functional groups on carbon materials, such as 
carbon black, for more than three decades [17]. For graphene, as mentioned earlier, 
this technique is particularly sensitive in detecting oxygen-containing groups. As 
shown in Fig. 3, characteristic IR spectrum of graphene oxide contains absorption 
bands at 1720  cm−1 (related to C=O stretching vibrations), 1230  cm−1 (C–OH 
stretching), and 1070 cm−1 (C–O stretching), in addition to a band around 1620 cm−1 
attributed to C=C stretching of the carbon lattice [18]. The reduction of graphene 
oxide, for example, would be manifested in FTIR by the decrease in intensity of all 
those bands except the C=C stretching, along with a blueshift in –OH stretching 
band [19]. Information obtained from FTIR can help evaluate the quality of reduced 
graphene oxide [16], the types, and even the orientation of various chemical groups 
and elements like OH, COOH [20], C–O–C [21], F [22], S [23], and H [24].
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2.3  �Raman Spectroscopy

Raman spectroscopy is a measurement technique that analyzes the energy loss of the 
incident light. This approach is different from absorption techniques that characterize 
the loss in intensity. Energy loss occurs through interaction of incident photons with lat-
tice vibrations or phonons in the sample. Phonons can be thought of as a harmonic oscil-
lation of carbon atoms that exhibits a characteristic resonance frequency which depends 
on the coupling strength to other atoms in the crystal. While graphene and its derivatives 
manifest many possible vibration types, only certain “phonon modes” can couple with 
a photon. These “Raman-active” modes are characterized by a change in the crystal’s 
response to an electric field upon atomic displacement around the equilibrium position.

Graphene exhibits several such Raman-active modes that are identified by their 
symmetry according to group theory notation (Fig. 4). A1g represents a breathing-
like radial displacement of all carbon atoms within one hexagon and is termed the 
D-band by spectroscopists [25].

An E2g-type out-of-phase transverse displacement of neighboring carbon atoms 
along the zigzag direction produces phonons with a higher energy, termed optical 
phonon, which creates the G-band [26]. Weaker Raman features include the D’-band 
which originates from a similar symmetry as the G-band but exhibits a longitudinal 
displacement of neighboring carbon atoms [27].

Each phonon will cause reemission of the incident light with a distinct energy 
loss that is centered at its resonance frequency. Thus, the intensity distribution of the 
scattered outgoing light represents a measure of the concentration and availability 
of phonons and their resonance frequency. Traditionally, the unit of energy loss in 
such Raman spectra is in wavenumbers (cm−1) which represents the reciprocal 
wavelength and can be related to energy loss by

	

D
l l

E = -
æ

è
ç

ö

ø
÷hc

incident scattered

1 1

	

where h is the Planck constant and c is the speed of light.

Fig. 3  FTIR transmittance 
spectra of pristine graphite 
(a), exfoliated graphene 
oxide (b), electrochemically 
reduced graphene oxide, (c) 
and chemically reduced 
graphene oxide 
(Reproduced with 
permission from [16])
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Figure 5 shows a representative Raman spectrum that exhibits distinctive energy 
losses to the described D-band, G-band, and G’-band phonons at 1350 cm−1, 1600 cm−1, 
and 1620  cm−1, respectively. Additionally, second-order Raman features can be 
observed where simultaneous loss to two phonons occurs. The most prominent of these 
modes is the 2D-band around 2700 cm−1 which creates two D-band phonons.

In this description, we have only considered the creation of phonons by incident 
light which is termed the Stokes condition. Phonon annihilation, on the other hand, 
would impart additional energy to the outgoing light, and a negative value for the 
energy loss would occur. This “anti-Stokes condition” follows the same principle as 
Stokes scattering and can be treated equivalently. It has to be noted, however, that 
many Raman measurement systems will only allow access to the Stokes portion of 
the spectrum to reduce the setup’s complexity.

Fig. 4  Representation of symmetry of (a) G-band and (b) D-band phonon modes (Reproduced 
with permission from [25])

Fig. 5  Representative 
Raman spectra of pristine 
graphene (top) and 
defected graphene (bottom) 
(Reproduced with 
permission from [28])

Optical Characterization of Graphene and Its Derivatives…



34

Lasers are used as light sources due to their frequency stability and high spectral 
power, and several approaches exist to introduce them. For high-resolution mea-
surements, the incident light will be tightly focused through a microscope objective 
whose resolution can be further enhanced through confocal illumination methods. 
To collect the outgoing light, a second objective can be employed in a transmission 
arrangement which requires transparent samples. Alternatively, the outgoing light 
can be collected with the same objective which, means the incident and outgoing 
light is sharing the same beam path. To separate them, a half-reflective mirror can 
be employed which reduces the intensity of the signal. If resolution is not a concern, 
fiber and free-space coupling in either reflection or transmission geometry can be 
employed which affords very compact and robust devices for mobile use. [28].

Due to the inherently weak interaction, the Raman signal is approximately 109 
times weaker than the incident light, and high-quality filters and detectors have to 
be employed to overcome noise limits from sources and electronics.

Despite these challenges, Raman spectroscopy is a commonly used metrology 
tool due to its ability to characterize graphene in a variety of environments including 
in liquids and powders.

The detection efficiency can be significantly enhanced by proper sample prepara-
tion. The Raman intensity scales with the fourth power of the incident electric field, 
and several schemes exist to enhance it. First, improvements in Raman intensity can 
be achieved by tightly focusing the light. Second, suitable substrates can be employed 
that enhance the reflected light intensity by producing standing waves and position-
ing the sample at a maximum of this standing wave. Such an enhancement can be 
achieved in Si samples when an oxide of suitable thickness, such as 90  nm or 
300 nm, is deposited. In contrast, conductive substrates will decrease the Raman 
intensity because they produce nodes in electrical field close to the surface. Lastly, 
electric field enhancement can be accomplished by producing standing waves or 
plasmons in the vicinity of the sample. This process is called “surface-enhanced 
Raman scattering” and can be introduced through suitable nanoparticles or sharp 
features, such as tips or gratings [29].

2.4  �Rayleigh Imaging

When light interacts with the carbon lattice, most of the resulting scattering events 
are of elastic nature (Rayleigh scattering). Though the elastically scattered signal 
carries less information on a material’s structure compared to Raman scattering, its 
intensity is several orders higher than the latter and therefore more favorable for 
imaging applications.

To do this, however, one has to find ways to minimize the background effect of 
substrate scattering. A common setup to enhance the contrast and spatial resolution 
is confocal microscopy in which the scattered light from an observed spot is spa-
tially filtered by a pinhole in the beam path, but even then the substrate’s signal can 
still be stronger than sample’s. This can be solved by suspending graphene to 
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separate it from substrate, which has been realized before on carbon nanotubes, but 
such delicate and expensive process is often impractical [30]. Alternatively, an inter-
ferometric configuration can be employed to exploit the background signal as a 
reference and to increase the signal-to-noise ratio. Here the contrast is defined as 
δ = (ISi − I)/ISi and depends on the thickness and refractive index of the oxide layer 
playing the role of a spacer between Si substrate and graphene. The light source can 
be monochromatic like in the case of Raman spectroscopy or broadband, thanks to 
the recent availability of supercontinuum light sources.

Rayleigh imaging has been demonstrated [31] to quickly map graphene on a 
substrate and provide guidance for the optimization of the spacer thickness used to 
distinguish graphene layers. To make the evaluation quantitative, a contrast spec-
trum can be obtained much in the same way as absorbance spectroscopy (Fig. 6). 
From the result, one can estimate the number of layers by comparing it with standard 
data either directly [32] or through transforming to total color difference values [33].

2.5  �Photoluminescence

Similar to Raman spectroscopy, photoluminescence measurements rely on the 
inelastic scattering of incident light. Differently from Raman scattering, however, 
this process is not instantaneous, and there is a characteristic delay between illumi-
nation of a sample with a light source and reemission of light from the sample. 
The emission energy is determined by the electronic structure (most commonly the 
HOMO-LUMO gap) of the sample rather than the energy of the excitation source 
which allows distinction from Raman effects. Furthermore, photoluminescence is 
usually significantly stronger than Raman which relaxes requirements on the 
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Fig. 6  A monochromatic confocal Rayleigh mapping of graphene (a) and contrast value as a func-
tion of number of layer (b) (Reproduced with permission from [31])
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measurement setup. Common measurement setups will have similar layouts as for 
Raman measurements but allow investigation over a larger range of energy losses. 
Photoluminescence measurements can be conducted on solid substrates and in liq-
uids, which makes it suitable for many different material types.

Graphene’s high electron mobility and semimetallic nature usually impede photo-
luminescence measurements since photoexcited carriers would relax and recombine 
before emission takes place. This behavior is exploited in photoluminescence 
quenching microscopy where the presence of graphene is inferred from the suppres-
sion of photoluminescence from neighboring fluorophores (Fig. 7) [34].

Conversely, occurrence of photoluminescence from graphene suggests changes 
to its electronic structure, and chemical conversion of graphene can be traced by 
photoluminescence measurements as described later on.

2.6  �Ultrafast Optics

The characteristic time scales for optical processes reveal important aspects of pho-
toexcitation and carrier relaxation processes. Many of the time-resolved spectros-
copy techniques rely on a pump-probe scheme that uses two laser pulses. First, a 
pulse from a high-intensity laser excites photocarriers or phonons, and then a weaker 
pulse from a second laser is used to characterize optical properties such as absorp-
tion, Raman scattering, or reflection. A variable delay between these two pulses can 
be used to map out the material’s response on the sub-ps time scale. Slower responses 
can be directly characterized by employing fast detectors.

Ultrafast characterization of liquids, powders, and gasified carbon molecules has 
been reported [35, 36].

Fig. 7  Optical micrograph 
showing the suppression of 
fluorescence from defected 
graphene oxide (GO) and 
higher-quality graphene 
oxide (rGO) (Reproduced 
with permission from [34])
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3  �Properties

3.1  �Thermal Properties

The combination of strong intralayer sp2 bonds and weak interlayer bonds dictates 
not only the electrical properties of graphene and related materials but their thermal 
properties as well. Graphene is predicted to have phenomenal thermal conductivity 
and heat capacity, giving rise to potential applications such as heat spreaders in 
nanoelectronics [37]. It is challenging, however, to measure precisely these proper-
ties for microscopic objects where defects, boundaries, and substrate interaction can 
greatly influence the phonon dispersion. Optical techniques have been an enabling 
tool for nanoscale measurements of thermal properties in graphene.

3.1.1  �Raman Spectroscopy

A higher temperature will give rise to a changed average distance between neigh-
boring carbon atoms due to anharmonic terms in the bonding potential. This effect 
will cause strain in the graphene lattice and can thus be analyzed by Raman spec-
troscopy as explained later on. The peak position of the G-band was found to blue-
shift with increasing temperatures according to [38]:

	
DPos G T T T( ) = - ´ - ´ + ´- - -4 23 10 3 03 10 1 15 104 5 2 8 3. . .

	

A more general approach to determining the temperature of a sample by Raman 
spectroscopy is to analyze the Stokes and anti-Stokes portion of the Raman spec-
trum. Since the anti-Stokes Raman requires a phonon for the scattering process to 
occur, its chance of occurring depends on the amount of present phonons which 
changes with temperature. Therefore, the ratio of Stokes/anti-Stokes band intensity 
can be correlated with the temperature according to:
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where νl is the laser frequency (in cm−1) and νV is the phonon mode frequency.
Raman spectroscopy proves itself a valuable tool to infer graphene’s thermal 

conductivity. Researchers have advanced an optothermal technique [39] where the 
strong temperature dependence of G-peak in Raman spectra is used to calculate 
thermal conductivity. During measurement, a graphene sample of length L and width 
W is suspended between two heat sinks, and the shifted position of G-peak δω is 
monitored with power variation δP. The thermal conductivity is then determined as:

	
K L PG= ( )( )-c dw d/ /2

1
hW

	

where χG =  − 1.6 × 10−2cm−1/K is the linear temperature coefficient of the G-band shift.
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It is noted, however, that many theoretical aspects are not well understood yet, and 
various experimental factors (sample preparation, laser heating setup) can affect the 
measurement result. The G-band position is also subject to strain and doping as well, 
and the interplay between these parameters cannot be neglected (e.g., it is argued that 
introducing strain can cause irregular change in thermal conductivity) [40].

3.2  �Doping

The charge transfer between graphene and its surrounding is a powerful indicator of 
adsorbates, reactions, charge accumulation, etc. Graphene can act as a charge donor 
or acceptor which is termed p-doping and n-doping, respectively.

Raman spectroscopy is a useful technique for the characterization of such trans-
fer processes. Intuitively, it is understandable that addition of positive or negative 
charges will affect the bonding strength of carbon atoms in the lattice and result in a 
stiffening of the bonds. The resulting blueshift in the resonance frequency can be 
seen for the G-band of graphene (Fig. 8). The dissimilar trend of the 2D-band posi-
tion, however, shows the limit of this simple explanation, and more complex interac-
tions between electronic and phononic processes have to be taken into account [41].

In the linear regime of low doping concentrations, the shift can be used to extract 
the carrier density using the formula [42]:

	
DPos G n n( ) = - +0 274 14 252. .

	

Time-dependent perturbation theory at zero temperature was used to arrive at [43]:

	
DwG FE= ´ -4 39 10 3. ,

	

where E v nF =  Fermi p .
Importantly, the 2D-band position follows a similar trend with doping for small 

dopant concentrations, and the two peak shifts are related by [44]:
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The coupling between electronic and phononic states can also be seen when 
analyzing the intensity of the Raman features. At high doping, all Raman features 
decrease in intensity, but the decrease with carrier concentration depends on the dif-
ference between carrier energy distribution (Fermi energy EF) and the phonon 
energy due to Pauli blocking [45].

Therefore, each Raman peak has a distinct intensity variation with doping which 
depends on its energy, the laser excitation energy, and details of sample stacking and 
strain. Therefore, intensity ratios, such as the commonly employed 2D/G intensity 
ratio, should only be compared between similar samples [46].
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3.2.1  �Absorbance Spectroscopy

An alternative to Raman for extracting the carrier properties of graphene by optical 
methods is the use of absorbance techniques [47]. Infrared spectroscopy is 
dominated by two processes. In the far-infrared region (<500 cm−1), absorption is 
mainly due to free carriers. The absorption of a material at low (angular) frequen-
cies is then determined by the Drude conductivity of graphene according to:

Fig. 8  Impact of doping on the Raman G- and 2D-band [41]. Regions of G-band (left) and 
2D-band (right) are measured across the top gating voltage range -2.2 Volts to 4 Volts, with red line 
undoped condition where the Fermi level intersects the representing the Dirac point (Reproduced 
with permission from [41])
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where σ0 is the DC conductivity of graphene and τ is the electron scattering time [47]. 

From these two parameters, the Drude weight D can be determined D =
ps
t

0  which 

yields the carrier concentration of graphene n via the relation D e v nf= 2 p , where 
vf is the Fermi velocity (1.09 × 106 m/s).

At higher photon energies (>0.1 eV), the absorption is controlled by interband 
transitions of electrons. The efficiency of this process is determined by the avail-
ability of states and can be affected by Pauli blocking of states due to doping. In this 
situation, the absorptivity takes the form [47]:

	

A
e E

k T

E

k T
F

B

F

B

w
p w w( ) = +æ

è
ç

ö

ø
÷ +

-æ

è
ç

ö

ø
÷

é

ë
ê
ê

ù

û

2 2 2

4

2

4hc
tanh tanh

 

úú
ú 	

where EF is the Fermi energy that yields the doping concentration n E vF F= 2 2 2/p .

3.2.2  �Fast Optics

Another way to probe the carrier concentration of graphene is by characterizing the 
transient response of electrons to a short pulse (Fig. 9). After excitation, the occupa-
tion of the HOMO is smaller than before, while the LUMO occupation is lower 

Fig. 9  Time response of transmittance for varying photon energies (Reproduced with permission 
from [48])
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which gives rise to peaks with different signs in the transient spectra. The energy 
difference between the peaks and the zero-crossing represents the Fermi-level shift 
relative to the Dirac point and can be used to extract the carrier concentration [48].

Additionally, the time required for photoexcited electrons to decay depends on 
the efficiency of coupling with phonons. Close to the Fermi level, this effect is 
smallest and longer decay times are observed. As the probe’s excitation energy is 
increasing beyond the Fermi-level shift, the coupling strength is becoming larger 
and the decay time shortens. Thus, the decay time’s energy dependence can be 
employed to estimate graphene’s carrier occupation [48].

3.3  �Strain

The displacement of individual atoms from their equilibrium bond position is an 
important parameter to evaluate the stability of molecules and crystals. Surprisingly, 
despite these variations only being in the sub-angstrom range, optical techniques 
can be employed to analyze even minute changes.

The resonance frequency of phonons as probed by Raman spectroscopy was 
found to sensitively depend on the strain within a bond, and all Raman features 
exhibit characteristic shifts in their peak position. The shifts of D-band, G-band, and 
2D-band for 1% strain are listed in Table 1 [49, 50].

In the case of uniaxial strain, the G-band splits into two components (G+ and G−) 
whose relative ratio depends on the angle of the laser polarization and the strain axis 
with respect to the lattice [51]. This ability allows inference to the orientation of the 
graphene lattice from optical measurements.

The reader is reminded that other factors can affect the position of the Raman 
features as well, such as temperature and doping.

3.3.1  �Infrared Spectroscopy

Infrared spectroscopy is expected to be sensitive to bond deformation, and experi-
mental results on graphene oxide paper indeed show a clear trend of infrared-active 
phonon mode position with applied strain [52]. Figure 10 shows a negative shift in 
IR features assigned to C=C and C=O bonds, which maintains linearity up to 1% 
strain. Challenges in this approach include the low spatial resolution of FTIR and 
the small peak shift (~2 cm−1 per 1% strain) compared to Raman spectroscopy.

Table 1  Overview of Raman shift upon strain in uniaxial and biaxial direction

G-band 2D-band D-band

Uniaxial −36 cm−1/% strain for G− −100 cm−1/% strain −50 cm−1/% strain
−18 cm−1/% strain for G+

Biaxial −63 cm−1/% strain −200 cm−1/% strain −100 cm−1/% strain
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3.4  �Thickness and Stacking

Due to different preparation methods and different design purposes, researchers 
often encounter graphene samples with different thickness and even flakes of vari-
ous numbers of layers in the same sample. Van-der-Waals interaction between lay-
ers, though weak, leads to deviations from the ideal model of graphene as an 
atomic-thin, two-dimensional crystal and with the number of layers (n) increasing 
the material properties approaches those of bulk graphite. It is evaluated that only 
the materials constituted of less than ten layers [53] retain some properties from 
monolayer graphene and have been qualified as “few-layer graphene.” Thus, it is 
important to determine the thickness of prepared graphene.

While the thickness of graphene can be observed through electron and scanning 
probe microscopy techniques, they are usually slow and potentially damaging to the 
sample. Similar information can be conveniently obtained by nondestructive optical 
methods. The decrease of optical transmittance is a powerful indicator of a thick-
ness increase. It is found that [6] at 550 nm wavelength, the transmittance is mostly 

Fig. 10  FTIR spectra of unstrained of graphene oxide (a) and peak positions for different amounts 
of applied strain for C=C (b) and C=O (c) bonds (Reproduced with permission from [52])
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independent of stacking order and correlated with the number of layer by a rela-
tively simple equation:

	
T f nw w pa( ) = + ( ) ´( )-1 2

2
/

	

where α is the fine structure constant and f(ω) is a correction coefficient, which can 
be used to determine the thickness up to tens of layers.

Optical microscopy can determine the thickness as well, by exploiting the contrast 
difference in Rayleigh scattering image [31] or fluorescent quenching image [54] 
(Fig. 11). Compared with spectroscopy methods, these techniques are more versatile 
in evaluating sample in larger scale (up to cm size), but not without flaws. Contrast 
in fluorescence was found to saturate for samples with n ≥ 3, while reflectance is 
strongly influenced by background, and therefore Rayleigh imaging can be realized 
only with appropriate substrate of precise thickness (300 nm SiO2 layer, with anti-
reflectance coating). Recently, interference reflection microscopy – a derivative of 
fluorescence microscopy – proved able to image graphene layers with outstanding 
contrast [55] even on transparent substrates typically challenging for the other 
techniques.

The perpendicular arrangement of graphene layers forms weakly bonded van der 
Van-der-Waals solids that are akin to pi-stacking in organic chemistry. This stacking 
will change the electronic structure and limit interaction of inner-lying layers with the 
environment. Furthermore, the effect of the stack size in the transition between gra-
phenic and graphitic properties enhances our understanding of nanoscale confinement 
effects.

Fig. 11  Layer identification by fluorescence quenching microscopy (left) [54] and interference 
reflection microscopy (right) (Reproduced with permission from [55])
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Both the phononic and electronic interaction of stacked graphene layers are sen-
sitive to the number and alignment of adjacent layers that can be detected by optical 
means.

Since Raman spectroscopy allows characterization of both interactions, it is 
expected that Raman will be a powerful method to analyze stacks.

As will be discussed later on, graphene’s 2D-band is enhanced by resonance 
effects. This process will selectively enhance phonons with energy and momentum 
values that can match graphene’s band structure. Thus, small changes in graphene’s 
band structure will result in the selection of different phonons. For single-layer gra-
phene, only one phonon can satisfy the scattering conditions, and the 2D-band only 
consists of one peak. As the graphene stack becomes thicker, more electronic states 
occur and more phonons can contribute to the scattering. Thus, the 2D-band is com-
posed of more peaks, and deconvolution will allow inference to the thickness [56]. 
We have to note, however, that changes in graphene’s defectiveness will also affect 
the 2D peak width (as discussed later on), and care has to be taken to account for 
such modifications, e.g., by comparing stacks of graphene of similar defectiveness.

The interaction of more graphene layers in a stack will produce new bonds and 
thus new phonons that create additional bands in the Raman spectrum.

The shear mode (or C mode) has very weak bond strengths and thus occurs at 
low energies (around 40  cm−1) that are not easily accessible by Raman setups. 
However, its position change with the number of layers is a good indicator of the 
graphene stack size for a wide range of layer numbers N:
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where α = 12.8 × 1018N m−3 is the interlayer coupling and μ = 7.6 × 10−7kg m−2is the 
graphene mass per unit area [28].

Additionally, weak higher energy bands between 1650 and 2300 cm−1, called “com-
bination modes,” show interaction between adjacent layers. These bands include the M 
band around 1750 cm−1 which only occurs for strongly coupled layers and is activated 
by scattering with two out-of-plane optical phonons [57]. Other phonon modes repre-
sent combinations between in-plane and out-of-plane modes, and their intensity reveals 
information on the coupling between atoms in neighboring layers [58] (Fig. 12).

When adjacent graphene layers do not perfectly align with each other, the result 
is twisted bilayer graphene that forms a Moiré pattern (Fig.  13). The electronic 
structure of twisted bilayer graphene is more complicated than that of the more 
well-known AB-stacked graphene, with a Fermi velocity slower than in the latter 
(and much slower than in single-layer graphene) and an electronic structure depend-
ing on the angle θ between two layers [59].

The most prominent feature of Raman spectra in twisted bilayer graphene is a 
G-band enhancement that is dependent on the twist angle θ and the laser energy. The 
G-band intensity will increase with increasing rotation angle until it reaches a peak at 
a critical angle θc related to the excitation energy Elaser by the resonance condition [60]:
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Fig. 12  Representative 
Raman spectra showing 
combination modes (top) 
and their relative strength 
for different carbon 
systems, i.e. from bottom 
to top: Single layer 
graphene, bilayer 
graphene, few layer 
graphene, and highly 
oriented pyrolytic graphite 
(Reproduced with 
permission from [57])

Fig. 13  (a) Moiré pattern of graphene superlattice (Reproduced with permission from [61]) (b) 
G- and 2D-Raman features as a function of twisting angle (Reproduced with permission from [62])
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where a is the lattice parameter (2.46 Å) and υf is the Fermi velocity of monolayer 
graphene (106m/s).

Therefore, energy-tunable Raman spectroscopy can be used to determine the 
rotation angle [62].

The lattice mismatch is also reflected in the complex evolution in the 2D-band 
intensity, the occurrence of new rotation-induced R- and R′-bands [61], and the 
splitting of the C mode [63] which, as mentioned above, is often difficult to observe 
experimentally. Similarly, twisting is predicted to change graphene’s optical absorp-
tion significantly [64], but aside from the contrast spectra that can be used to locate 
folded graphene layer, little quantitative work has been carried in this aspect.

When a third layer is added to an AB bilayer graphene, the result can be ABA 
(Bernal stacking) or ABC (rhombohedral stacking) configurations. The former retains 
semimetallic characteristics, while the latter resembles a semiconductor with tunable 
bandgap [65]. There are subtle differences between Raman spectra of the two stack-
ing order, most notably a broader and more asymmetric 2D-band in ABC stacking. 
By fitting the 2D-band to Lorentzian function for each pixel, it is possible to map the 
regions with different stacking orders [66]. To rule out the effects of other factors like 
strain and disorder on the 2D bandwidth, the evaluation can be reinforced by supple-
mentary information from G-band (narrower in ABC) and intermediate frequency 
modes (1690–2150 cm−1) [67]. Differences between the two types of stacking are 
also observed in infrared optical conductivity [68], but the measurement requires 
specialized equipment working in low temperature and provides lower resolution.

3.5  �Defectiveness

Deviations from the perfect sp2 lattice of graphene are the source of increased reac-
tivity, changes in fundamental properties, and exciting applications. From the here 
employed simple description, however, they are considered defects, and several 
techniques exist to identify and quantify them.

Raman spectroscopy of defective graphene shows additional peaks compared to 
its pristine counterpart. As previously mentioned, the D-band is a Raman active 
phonon mode of A1g symmetry. However, this mode requires an external momentum 
to be excited. Since light does not have an appreciable momentum, the D-band can 
only be excited if momentum originates from another source. One such source is a 
discontinuity in the graphene lattice where some bonds to neighboring carbon atoms 
are broken. In such a situation, the defect reverses the direction of phonon propaga-
tion, and no overall momentum is required to excite the phonon.

Therefore, the D-band will only occur in the presence of defects, and its intensity 
will change with their concentration. Unfortunately, this dependence is not direct. 
Instead, the D-band intensity will first increase with defectiveness at low defect 
concentrations and then decrease with defectiveness at high defect concentrations. 
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One can understand this behavior by considering the origin of the D-band peak. At 
low defect concentration, the D-band reflects the concentration of defects because a 
large population of A1g phonons is available. However, as more and more defects 
occur, the D-band intensity becomes limited by the number of phonons that origi-
nate from the motion of undefected carbon hexagons. Thus, the D-band is an indica-
tor of disorder at low defect concentration but becomes a measure of order for high 
defect concentrations.

Lucchese et  al. [69] have quantitatively described the complete trend of the 
D-band intensity as normalized by the G-band intensity (ID/IG), which follows the 
formula:
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where LD is the average size of a defect cluster. The parameters CA, CS, rA, and rS 
were obtained from a fit of experimental data and were found to be CA = 4.2, 
CS = 0.87, rA = 3nm, and rS = 1nm.

This description was further improved by extracting a quantitative relation 
between the ID/IG ratio and the defect concentration as a function of laser excitation 
wavelength λL in the region of low defect concentration [70] (see Fig. 14):
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where λL is the wavelength in nm.
At low defect concentrations, an additional Raman band will occur. This feature 

is termed the D′-band and originates from an out-of-phase longitudinal displace-
ment with small momentum [27]. While the D′ intensity increases with defect den-

Fig. 14  Raman ID/IG ratio 
for different laser 
wavelengths as a function 
of defect cluster size 
(Reproduced with 
permission from [70])
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sity as well, it requires defects that produce little momentum to satisfy the momentum 
conservation upon interaction with light. Therefore, it is activated by defects with 
different properties than the D-band, and the comparison of D′- and D-band inten-
sity allows inference to the types of defects (Fig. 15). It was observed that sp3-type 
defects show a significantly higher ID/ID′ ratio (~13) than vacancies (~7) and bound-
aries (~3.5) [71].

Raman spectroscopy can provide additional information on the type of boundary-
type defects due to their relatively long-range order. It was found that armchair 
edges produce a lower D-band intensity than boundaries formed from zigzag edges 
[72]. Furthermore, a polarization perpendicular to an edge produces a low D-band 
intensity than parallel to an edge [72].

One further feature that is normally overlooked in the analysis of graphene’s 
defectiveness is the width of the Raman feature. Intuitively, the increasing heteroge-
neity in the bonding character around defects can be thought to produce a variability 
in a bond resonance frequency. This simple explanation does not consider the short-
ened lifetime of electrons or different coupling strengths of electrons and phonons 
in the presence of defects, but in general a larger peak width is associated with a 
higher defectiveness [73].

3.5.1  �Infrared Spectroscopy

In spite of the rise of other techniques like NMR, mass spectroscopy, and XRD in 
chemical analysis, FTIR is still favored as a low-cost, versatile tool to elucidate the 
chemical nature of defects. The identification of functional groups can be conve-
niently done by looking up the bands of FTIR spectra in well-established correla-
tion tables. If a polarized light source is employed, one can determine the orientation 
of the functional group and then infer its local distribution [74]. More quantitative 

Fig. 15  Difference in 
D′-band intensity for two 
different types of defected 
graphene (Reproduced 
with permission from [71])
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analysis will require a comprehensive understanding of graphene’s IR spectra. As of 
now, attempts at such model using DFT calculations are still inadequate, generating 
uncertainty of tens of cm−1 at best [19].

3.5.2  �Photoluminescence

As mentioned earlier, pristine graphene does not exhibit photoluminescence due to 
the fast non-radiative relaxation of photoexcited carriers. Therefore, the occurrence 
of photoluminescence is a strong indication for increased graphene defectiveness. 
Several mechanisms for PL emission have been identified [75].

Localized modifications of the graphene basal plane, for example, could result in 
domains that emit light due to changes in the band structure (Fig. 13). Their emis-
sion properties could be further modified through geometric confinement effects. 
Ab initio simulations suggest a clear trend between apparent bandgap and emissive 
domain size with 20 aromatic rings exhibiting a bandgap of approximately 2 eV and 
100 aromatic rings having 0.5 eV [76].

Alternatively, interaction with chemical groups can produce luminescent centers. 
These types of defects were reported to produce the strongest emission [77]. Indeed, 
as demonstrated in Fig. 16, strong quenching of emission has been observed after 
processing was conducted that aimed at decreasing graphene’s defect concentration 
[78]. Moreover, pH dependence of graphene’s fluorescence suggests that these 
luminescent centers are quasi-molecular in nature [79].

3.6  �Electronic Structure

3.6.1  �Raman

Surprisingly, Raman spectroscopy has proven a very useful tool for the identifica-
tion of the band structure of one of graphene’s derivatives – carbon nanotubes [81]. 
A resonance effect was observed to dramatically increase the Raman intensity when 
the laser excitation source matches the electronic band structure. This effect was 
explained by the increased chance of transitioning between two electronic states in 
the band structure compared to the chance of transitioning to a mixture of states 
called “virtual” where momentum conservation has to be satisfied for each contrib-
uting state. Consequently, Raman scattering mainly originates from nanotubes with 
suitable band structure that allows access to the Raman response of different con-
stituents of a distribution using different excitation [82].

The same resonance effect can be found in graphene, whose accessible elec-
tronic band structure does not span as large of an energy range as in semiconductors 
that possess large bandgaps.

The 2D-band is a second-order scattering effect where two phonons of equal 
magnitude and opposite propagation direction have to be created simultaneously to 
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satisfy the momentum conservation condition mentioned above. Such a coincidence 
of steps is commonly very unlikely, and second-order effects are significantly 
weaker than first-order Raman features. Instead, the 2D-band is usually the largest 
feature of the graphene Raman spectrum (Fig. 5). This difference is due to a double 
resonance effect between electronic and phononic interaction. Light excitation will 
generate electrons in real states that are usually scattered by a phonon to a virtual 
state. In the case of the 2D-band, however, two A1g phonons connect the initial state 
to two more real states. This resonance enhancement increases the scattering effi-
ciency so much that even a second-order process is discernable. Consequently, gra-
phene’s band structure can be analyzed by the 2D-band intensity and position.

The 2D-band intensity is affected by the availability of electronic states that 
allow scattering. Therefore, the absence of a 2D-band is an indication of disruptions 
of graphene’s band structure. Such changes can be produced by opening a significant 
bandgap due to confinement into nano-ribbons or quantum dots [83, 84]. Indeed Raman 
spectroscopy shows marked variations in their 2D-band intensity, and the polarization 
dependence can be employed to infer the geometry of the confinement [72].

Unfortunately, the 2D-band intensity is related only to scattering that occur far 
away from the equilibrium energy levels and is not indicative of more subtle changes 
to graphene’s band structure, such as the opening of mini-gaps or the modification 
of the bands in multilayer graphene.

Fig. 16  (a) Photoluminescence spectra of defected graphene after varying reduction time, (b) 
photograph of luminescence color for varying graphene oxide reduction. (Reproduced with per-
mission from [80]) and (c) Simulated band gaps for graphenic regions with different dimensions, 
(d-f) schematic of distribution of defects and (g) corresponding energy diagrams (Reproduced with 
permission from [76])
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Here, the analysis of the position and components of the 2D-band can help. Since 
resonance can occur between different parts of the band structure, different phonon 
energies are required to connect those states. Consequently, changes in the phonon 
energy are an indication of different resonance conditions occurring. One important 
example of such a process is the change in graphene’s thickness and stacking as 
discussed earlier.

Energy-tunable Raman scattering where the position of Raman features is char-
acterized for different excitation energies can reveal changes to graphene’s elec-
tronic structure with high sensitivity. For example, hydrogen absorption was found 
to produce changes in the electronic structure that cause an excitation energy depen-
dent red shift of D- and 2D-bands [85].

Confinement effects for ultra-narrow graphene nanoribbons (<2 nm) not only 
produce new Raman features associated with the collective displacement of the 
crystal in a breathing-like pattern but also changes its energy dispersive behavior 
[86] (Fig. 17). The D-band of such nanoribbons was found to exhibit a different 
dispersion for low and high excitation energies neither of which agrees with the 
slope of infinite graphene. This behavior was related to the formation of bandgaps 
and the relaxation of momentum conservation rules [86].

3.6.2  �Photoluminescence

Photoluminescence measurements are commonly employed to elucidate the 
electronic structure of molecules and nanostructures. In the case of graphene, 
photoluminescence is caused by defects (see above) as well as global modifica-
tion of the graphene structure. For example, the oxidation of graphene will pro-
duce new localized states in its band structure. Due to momentum selection, 
decay from those states will proceed by emission rather than non-radiative relax-
ation as is the case for pristine graphene [87]. Theoretical calculations are aiming 
at quantifying the relation between oxygen concentration and the thus opened 
energy gap [88].

3.6.3  �Infrared Spectroscopy

Infrared spectroscopy provides a direct way to identify small changes in the band 
structure since the excitation energy is low enough to probe even small energy gaps. 
A common method to identify such changes in graphene’s band structure is by 
detecting deviations from the ideal model. Electrons in ideal graphene behave like 
massless Dirac fermions, and pristine graphene’s IR response can be approximated 
by the Drude model, with its time constant corresponds to the infrared frequency 
range. In this range, the Drude conductivity [7] is related to free-carrier scattering 
rate Γ and Drude weight D:
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where Z0 = (μ0/ϵ0)1/2 is vacuum impedance and nsis the substrate’s refractive index.
When analyzing the Drude conductivity of a bilayer graphene sample in a strong 

perpendicular electric field, characteristic peaks were found (Fig. 18), [89]. These 
peaks around 0.4  eV and 0.3  eV indicated transition across the bandgap or two 
states in the conduction band, respectively. A clear dependence on the strength of 
the applied perpendicular field confirmed the electric field-induced bandgap in 
bilayer graphene.

3.6.4  �Ultrafast Optics

For an understanding of carrier relaxation processes that happen in transient time 
scales, time-resolved spectroscopy is needed. With optical excitation in the infrared 
range, two distinct decay times are observed in the differential transmission spectra: 
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Fig. 17  Raman spectra of atomically precise nanoribbons with different structures and their 
energy dispersion (Reproduced with permission from [86])
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the first, at femtosecond scale, is characteristic of carrier thermalization, and the 
second, at sub-picosecond scale, is caused by carrier cooling, though the measured 
time constants are varied slightly between studies [90]. Ultrafast infrared spectros-
copy has been used to extract Fermi level and other carrier properties in doped lay-
ers and deduce the effect of screening by these layers [91].

3.7  �Distinction of Effects and Combination of Techniques

The presented examples show the power of optical spectroscopy but also reveal 
shortcomings. Several effects can simultaneously affect an optical process and can-
not be distinguished from single measurements.

A common approach to clarifying the origin of changes to one optical process is 
the combination of several techniques on one sample. Since several techniques can 
provide complementary information on one property, clearer information on this 
aspect can be obtained.

For example, a combination of FTIR spectroscopy and Raman ID/IG ratio is rou-
tinely used to elucidate the quality of graphene [92]. Furthermore, graphene thick-
ness can be assessed using optical contrast measurements which are relatively 
quick, while accurate calibration is only carried out on a few samples using Raman 
spectroscopy [93].
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A more sophisticated variant of combining multiple optical techniques is hyper-
spectral imaging. This approach allows investigation of several optical features at 
the same location. Combination of UV and visible spectroscopy techniques, for 
example, revealed the mapping of twist angle and chemical makeup in stacks of 
bilayer graphene and boron nitride monolayers with high spatial resolution [94].

Alternatively, combination of optical techniques at the same time can reveal subtle 
changes during processing. Simultaneous analysis of the Raman D/G ratio and the 
2D-band position during UV exposure allowed investigation of the charge transfer in 
graphene due to oxidation while accounting for defect-induced property changes [95].

While the combination of spectroscopic techniques is a powerful approach, suit-
able experimental setups are not widely available. One elegant approach to extract 
meaningful data from one measurement is through scaling analysis. Lee et al. [44], 
for example, could distinguish the effects of temperature-induced strain and doping 
on graphene Raman spectra (Fig. 19). Since both processes affect the position of the 
G-band and the 2D-band in a different way, they analyzed the trends in position for 
a large number of Raman spectra. As explained earlier, the 2D-band position should 
2.2 times as much as the G-band position for changes in strain, whereas it should 
only shift 0.7 times when the doping changes. It was found that the observed change 
was a mixture of both effects, and an eigenvalue decomposition was used to infer 
the contribution of strain and doping to each spectrum [96].

Fig. 19  Scaling analysis of 2D-band and G-band position for graphene after different heat treat-
ments (Reproduced with permission from [44])
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4  �Conclusion

In this contribution, we attempted to give an overview of the wealth of complemen-
tary information about graphene that can be revealed by optical spectroscopy tech-
niques. Atomic processes and subtle changes in properties provide clear signatures 
that allow destruction-free and facile characterization using widely available 
methods. The relatively simple structure and high quality of graphene makes this 
material ideally suitable to investigate the complex relation between geometry, elec-
tronic properties, and optical characteristics. Many lessons that were learned from 
graphene can be applied to the characterization of complex molecules. Moreover, 
compatibility of optical characterization techniques with high reaction temperature 
and pressures commonly observed in Suzuki reactions enables in situ measurements 
of bond formation [97]. Obtained Raman spectra show characteristic peaks that 
originate from similar phonon modes as in graphene, and analysis of their intensity 
can reveal the mechanism and reaction kinetics of chemical reactions [98].

While these results establish a similarity between complex molecules and 
graphene, we hope that these research areas can provide new impulses to each other 
in the future.
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of Nanostructured Carbon
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1  �Introduction

Plasma is one of the main constituents of the universe, though the existence of natu-
ral plasma is not so common in the troposphere of the Earth’s surface [26]. Plasmas 
generated from the ionization of neutral gases contain an electron, positive and neu-
tral ions, excited atoms or molecules, radicals, ultraviolet (UV) light, and a strong 
electric field [14]. Irving Langmuir first introduced the term plasma in 1928 [54]. In 
general, plasma is classified as thermal or non-thermal based on the temperature 
generated in the system. In thermal plasma, electrons and the ions or heavy particles 
are in thermal equilibrium (gas molecules are completely ionized; Te ≈ Tion) at the 
same temperature [26]. However, the plasma in these discharges has always been 
hot or thermal. Non-thermal plasmas can be generated either at low pressures or low 
power levels, and/or in different kinds of pulsed discharge systems [25, 26]. In non-
thermal plasma, electron temperatures are much higher than those of ions or heavy 
particles, and only a marginal portion of the gas molecules are ionized (Te >> Tion) 
[24]. Under such conditions, the electron temperature is much higher than the ion 
temperature. The temperature in plasma is determined by the average energies of 
the plasma particles and their relevant degrees of freedom, such as translational, 
rotational, and vibrational. Furthermore, plasma can exhibit a range of temperatures 
depending on the nature of the composition and conditions used.

The temperature generated during a plasma process is measured in terms of 
the electron volt (eV) or Kelvin (K). Cold (non-thermal) plasmas in the gas phase 
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require a macroscopic volume to provide enough mean free paths for electron 
multiplication. Microwave plasma is a type of plasma with high-frequency electro-
magnetic radiation and capable of exciting electrode-less gas discharges with high 
plasma density [22, 123]. The application areas are quite different for thermal (more 
powerful) and non-thermal plasmas (highly selective) [25, 26]. Extensive studies 
have been carried out on the generation of different forms of cold or non-thermal 
plasma in liquids by liquid bubbles and/or small vapor channels [14]. Plasma dis-
charges in water have recently become a promising technology for a wide range of 
applications. Different approaches such as direct current power sources, high-
frequency power sources, pulsed high-voltage power supplies, and other methods 
have been developed to generate micro-plasmas in liquid [63]. The liquid phase 
micro-plasma can be achieved in two different ways: (1) plasma is formed in the gas 
phase above the solution surface and (2) plasma is formed inside the aqueous and 
non-aqueous solution [63].

Discharges of plasma in organic liquids are considered as partial discharges 
because of the low conductive nature of non-polar solvents when compared to gases 
or aqueous solutions. Furthermore, denser organic liquid media could create 
nanoscale transient sparks and streamer corona discharges, which are typically 
initiated by the rapid application of a high electric field or potential between 
macroscopic electrodes [106]. Whereas in water, fast-moving electrons accelerated 
by the applied high electric potential at the electrode interface dissociate or split the 
water molecule and produce   ̇H,  ȮH, and  ̇O radicals, such a dissociation or radical 
generation is not possible in organic solvents [11, 12, 65]. The short-lived radicals 
generated in the water by plasma process have higher oxidative potentials.

Radicals generated in plasma processes can be used for various fields of applica-
tion that include dielectric insulation material synthesis, disinfection, medicine, 
analytical tools, metal ions reduction, wastewater treatment, hydrogen peroxide 
generation, liquid analysis, hydrogen production, nanomaterial synthesis, formation 
of carbon nanomaterials, and tissue ablation [10–12, 15, 17–19, 21, 28, 36, 44, 47, 
51, 55, 56, 65, 66, 69, 70, 72, 74, 108, 114]. Furthermore, plasma reactions in liquids 
have been used for microelectronic applications such as etching, ashing, deposition, 
oxidation, sputtering, polymerization, and implantation [65]. Radicals generated in 
the plasma condition used for the different applications are given in Fig. 1.

2  �Formation of Nanostructured Carbon in Aqueous 
and Nonaqueous Solutions

The formation of functionalized graphene is complicated by the high temperature 
and toxic chemicals used in microwave plasma deposition, thermal annealing, 
chemical vapor deposition, gas plasma or glow discharge plasma deposition, 
segregation growth, solvothermal synthesis, arc discharge, and thermal exfoliation 
[97–99, 101]. A comparison of different temperatures involved in the formation of 
nanostructured carbon by the above techniques with submerged liquid plasma 
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processes is shown in Fig.  2. Formation of nanocarbon from gaseous organic 
precursors in glow discharge processes has been widely studied by various research 
groups. However, the glow discharge carbonization/polymerizations with gaseous 
precursor have major shortcoming such as (1) high operation cost, (2) complexity of 
the process, (3) lesser contact time, which reduces the complete carbonization or 
polymerization, (4) material loss, and (5) uncertainty and inconsistency in the end 

Fig. 1  Submerged liquid 
plasma for various fields of 
application

Fig. 2  Comparison of high-temperature synthesis methods of nitrogen-doped graphene 
(Reproduced from Senthilnathan et al. [98], with permission from The Royal Society of Chemistry)
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product [97–99, 101, 102]. Different forms of nanocarbon materials have been syn-
thesized using submerged liquid plasma in aqueous and non-aqueous solution with 
graphite electrode and these are shown in Table 1.

Recently, pulse and arc discharge plasmas in organic and aqueous liquids have 
earned considerable attention because of their simplicity of use in the formation of 
nanostructured carbon and hybrids structure [3, 9, 40, 53, 61, 87, 93, 111, 113]. 
Development of plasmas in liquid has been accepted as a capable suitable technol-
ogy to synthesize carbon materials due to because of its intrinsic merits, such as 
simple implementation, low capital cost, and potential for high yield [40, 93–95, 
112, 119]. Hsin et  al. [32] reported that the low-temperature and solution-phase 
production of carbon CNTs in water [32]. Sano et al. [95] reported the large-scale 
formation of carbon nanoonions by applying low discharge currents (30 A) using a 
graphite electrode submerged in deionized water [95]. In addition, differences in 
sizes of reactors, electrode materials, and aqueous or organic solvents have also 
been extensively studied [6–8].

Use of plasma processes for the formation of nanocarbon in aqueous and 
non-aqueous solutions with different electrodes and electrolytes are listed in 
Table 1. Microwave plasma discharges in non-aqueous liquids such as n-dodecane, 
benzene, cooking oil, lubricating oil, waste oils, water with trichloroethylene, hexa-
fluoroethylene, and n-heptane have been used for the formation of nanocarbon [41, 
42, 81–84, 103, 104]. Nomura and Toyota [81] generated microwave plasma in 
n-dodecane by applying ultrasonic (19 kHz) and microwaves (2.5 GHz) for the for-
mation of amorphous/graphitic carbon. In addition, MWCNTs, carbon nanoonions, 
SWNHs, and carbon nanoparticles have been successfully fabricated by this 
technology [94, 95, 112, 119]. The decomposition of organic solvents such as tolu-
ene, ethanol, and butanol has been used for syntheses of nanostuctured carbon. 
Yoshimura and his research group first reported the formation of diamond-like car-
bon and the direct patterning of nanocarbon on silica wafer by a submerged liquid 
plasma process [111, 113]. Direct patterning of diamond-like carbon films on sili-
con substrate was performed using a thin tungsten anode under high electrical 
potential in ethanol [111, 113]. The uniqueness of this study was that the carbon 
film was deposited on the surface of the Si wafer. This method has the potential to 
enable the production of adhesives with high thermal stability, chemical stability, 
and sufficient strength to adhere hard particles such as diamond particles onto 
conductive surfaces (Fig. 3).

2.1  �Formation of Unconventional Polymers or Oligomers 
in Submerged Liquid Plasma Processes

Gas phase plasma polymerization of various organic compounds, including 
naphthalene, styrene, benzonitrile, fluorocarbon, acrylonitrile, ethylene, 
1,2-dicyanoethylene, and tetracyanoethylene, have been extensively studied by 
various research groups [31, 38, 39, 78, 86]. Recently, Masaru Hori and his research 
groups have extensively studied gas plasma for the formation of different 
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nanomaterials, including graphene, carbon nanowalls, and flower-like nanographene, 
etc. [15, 29, 103, 104]).

Formation of organic polymers from organic compounds in plasma conditions 
is an emerging soft solution technique at ambient conditions [111, 113]. 
Formation of unconventional polymer by a submerged liquid plasma process 
poses great advantages over conventional polymers available on the market. In 
addition, the properties of polymers produced by plasma conditions differ 
greatly from those of conventional polymers [102]. An unconventional polymer 
produced by a plasma process does not contain regular or repeating units and is 
enriched with radicalized functional groups [122]. Furthermore, submerged liq-
uid plasma provides a number of advantages over other techniques, which 
includes (1) periodic collection of samples to give clear information about the 
mechanism and products, (2) reaction at ambient conditions, (3) simple reaction 
set-up, (4) simple procedure, and (5) lower operating cost. Formation of highly 
functionalized and non-oriented polymers or oligomers in a soft solution pro-
cess is one of the most attractive materials for various fields of applications  
[102, 111]. The reaction of plasma in submerged conditions in an organic solution 
is not well understood because of the complexity of the role played by the 
organic compounds and their functional groups [58]. At the interface of plasma 
and organic solvent, polymerizations are induced by a radical approach rather 
than an ionic approach [39].

Yoshimura and his research groups developed carbon and polymerized products 
from different organic solvents [102, 111]. In this study, ethanol was used as the 
carbon precursor for the formation of conventional polymer in submerged liquid 
plasma conditions. In addition, it was found that the W needle and Si electrodes 
distance also plays a significant role in the formation of nanostructured carbons. 
Hence, W needle and Si electrodes distance was adjusted to get the maximum plasma 
width (Fig.  3b). When the W needle touched the silicon electrode, there was no 
plasma observed in the solution. Under plasma conditions, organic solvents such as 
methanol, ethanol [13, 111, 113], and propanol form less stable radical species and 
polymerization is not favored in this condition (C—C, C—H, C—O, and O—H) 
(Fig.  4). However, unsaturated organic solvents or compounds, which have high 

Fig. 3  (a) Direct patterning of diamond-like carbon on Si wafer. (b) Image of plasma torch gener-
ated in acetonitrile solvent (Reproduced from Senthilnathan et al. [102], with permission from the 
Nature Publishing Group)
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bond energy (e.g., C=C, C=N, and C≡N) form stable free radical monomers and 
initiate polymerization reactions [39, 62, 102, 121]. The nature of the unconven-
tional polymers formed at the end of the plasma reaction purely depends on the 
nature of plasma formed and the chemical structure and stability of the precursor 
monomer used [50]. The development of plasma polymers or oligomers in 
submerged liquid plasma condition can be the potential alternative for the polymers 
or oligomers currently used for light harvesting, solar cell, and light emitting diode 
applications.

2.2  �Formation of Functionalized Graphene in Submerged 
Liquid Plasma Processes

2.2.1  �Direct Insertion of Nitrogen Functional Group in sp2 Carbon 
Domain of Graphene

Formation of graphene/few layer graphene to produce a stable suspension in aque-
ous or organic solvents is one of the important concerns for the fabrication of vari-
ous graphene-based devices, such as electrode material, capacitor, hydrogen storage, 
bipolar plates in fuel cells, and solar cell applications [59, 105]. Large scale synthe-
sis of single or few layers graphene is being constrained by strong van der Waals 
force of attraction between the layers (π–π interactions) and causes an irreversible 
agglomeration in most of the aqueous and organic solvents [27]. Functionalization 
of graphene is an important route to increase its stability and dispersibility [115]. 
GO and r-GO are important functionalized products of graphene. However, high 
content of sp3 carbon restricts electron mobility and leads to poor electrical proper-
ties [115]. Similarly, chemically modified graphene/organic moieties are more 

Fig. 4  (a–c) Formation of nanocarbon and polymeric materials from ethanol and acetonitrile. (d) 
Structure of nitrogen polymer obtained. (e) Raman spectrum of nanocarbon synthesized from etha-
nol solvent

Submerged Liquid Plasma for the Formation of Nanostructured Carbon



68

susceptible to reacting with external impurities and their long-term association with 
graphene is thus highly questionable. Furthermore, organic polymer/graphene com-
posites have low electrical conductivity and poor cycling stability, limiting their 
practical applications. The most important aspect of graphene functionalization is to 
retain its aromaticity and enhance its dispersibility in solvents. To overcome any 
difficulties, surface functionalization of graphene has been extensively carried out 
with organic moieties such as pyrrole, porphyrin, polyaniline, conjugative polymers, 
nafion, and o-phenylenediamine [23, 52, 64, 68, 116, 120]. The chemically adsorbed 
or covalently bonded organic moieties are more susceptible to reacting with exter-
nal impurities and their long-term stability with graphene is thus highly question-
able. Recently, Yoshimura and his research groups have successfully demonstrated 
the direct insertion of highly dispersive pyridinic and pyrrolic functionalized 
graphene by a submerged liquid plasma process at ambient conditions [97–99, 
101]. A schematic representation of micro-plasma discharge, graphene and acetoni-
trile radical reaction, and formation of nitrogen-functionalized graphene is given in 
Fig. 5. The micro-plasma discharge from the graphite electrode forms radicalized 
graphene sheets, which are instantly exfoliated into the acetonitrile solvent. 

Fig. 5  Proposed mechanism for the formation of nitrogen-functionalized graphene in submerged 
liquid plasma process (i) micro plasma discharge facilitates the exfoliation of radicalized graphene 
layer in the acetonitrile solution (ii) electron generated in micro plasma discharge collision with 
acetonitrile and forms nascent hydrogen and acetonitrile radicals (iii) formation of nitrogen func-
tionalized graphene (Reproduced from Senthilnathan et al. [98], with permission from The Royal 
Society of Chemistry)

M. Yoshimura and J. Senthilnathan



69

Similarly, micro-plasma collides with acetonitrile and initiates hydrogen detachment, 
which results in highly reactive free radical monomers such as ·H and ·CH2–CN [37, 
43]. Highly reactive nascent ·H and ·CH2–CN generated in the acetonitrile solvent 
effectively react with radicalized graphene and partially restore the sp2 network by 
forming pyridinic (−N=CH–) and pyrrolic (−NH) nitrogen. The pyridinic nitrogen 
is well inserted into the sp2 network and partially restores the aromaticity and 
conjugation of the graphene layers.

HR-TEM images and XPS spectra of nitrogen-functionalized graphene are given 
in Fig.  6. Figure  6a–d shows the presence of single to few-layers of nitrogen-
functionalized graphene. The defects caused by micro-plasma discharge can be 
clearly seen in Fig. 6c. The formation of single-layer nitrogen-functionalized gra-
phene in the submerged liquid plasma process is confirmed by selected-area elec-
tron diffraction (SAED) as given in Fig.  6d. Similarly, the XPS spectrum of 
nitrogen-functionalized graphene shows a 4.2% insertion of nitrogen in the gra-
phene domain. The C 1 s region of nitrogen-functionalized graphene (Fig. 6f) has 
two well-resolved binding energy configurations, namely at 284.3 and 285.0 eV, 
attributed to sp2 carbon, and a new peak at 285.0 eV produced by the presence of 
distorted sp3 carbon (−CH2 and C–N) present in the nitrogen-functionalized 
graphene [20, 71]. The N 1 s region of nitrogen-functionalized graphene (Fig. 6g) 
has two broad peaks at 398.1 and 399.3 eV, which can be attributed to the –C–NH 
and –C=N– bonds, respectively [20, 45, 71].

Fig. 6  (a–c) HR-TEM images of nitrogen functionalized graphene and XPS spectra of (d) SAED 
pattern of nitrogen functionalized graphene (e) graphite C 1s region, (f) nitrogen functionalized 
graphene C 1s region, and (g) nitrogen functionalized graphene N 1s region (Reproduced from 
Senthilnathan et al. [98], with permission from The Royal Society of Chemistry)
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2.3  �Formation of Nitrogen Functionalized Graphene 
and Nanometal 	Hybrid by a Submerged Liquid  
Plasma Process

Graphene-based nanometal such as Pt, Au, Ag, Pd, and Ru composites have been 
extensively used in the areas of electronics, catalysis, sensors, light emitting 
diodes, solar cells, medicine and catalysts [4, 11, 12, 16, 30, 34, 35, 46, 75, 90, 
91]. Among various graphene–metal hybrids, graphene-supported Au hybrids 
show a greater advantage because of their higher chemical stability, low-cost, 
and high surface area [33, 118]. Formation of Au-functionalized graphene com-
posite has been achieved by various method of synthesis such as photochemical 
reduction, sonolytic reduction, microwave-assisted reduction, thermal evapora-
tion, reduction by hydroxylamine, NaBH4, amino terminated ionic liquid, sodium 
citrate, ascorbic acid, etc. [11, 12, 34, 49, 60, 76, 90, 110, 124]. Eco-friendly and 
low-temperature synthesis of Au-functionalized graphene composites still 
remains a challenge [48]. Yoshimura and his research groups have synthesized a 
nitrogen polymer-stabilized Au nanoparticle (NPs-Au) and NPs-Au-stabilized 
nitrogen functionalized graphene (NPs-Au-NFG) by a two-step process. First, 
nitrogen doped graphene and NPs are synthesized by submerged liquid plasma 
process. Second, the radical-rich nitrogen-doped graphene/NPs reduces tetra-
choloroauric acid under UV light (254  nm) and forms nitrogen NPs-Au-NFG 
composites [97–99, 101]. The pyridinic and pyrrolic nitrogen present in the 
nitrogen-doped graphene effectively binds with nitrogen polymer through π–π or 
σ–π interactions. The NPs provide excellent control over the size and shape of 
the Au nanoparticles by acting as reducing as well as templating agents under 
UV light (Fig. 7).

The structural morphology of Au-NPs-NFG composite was studied by 
HR-TEM analysis and is shown in Fig. 8. Figure 8a, b shows that HR-TEM images 
of NPs and NPs-NFG composite. Figure 8c shows that the particle size of Au pres-
ent in Au-NPs-NFG is around ~5  nm and evenly distributed on the NPs-NFG 
surface. The NPs act as a bridge between Au and NFG and effectively controls the 
size of the Au particles, and hence uniform particle size (~5 nm) was observed 
throughout the Au-NPs-NFG surface. The HR-TEM image of Au-NPs-NFG 
shows that the d spacing of Au nanoparticles was 0.24 nm which corresponds to 
the 111 plane of face centered cubic (Fig. 8f). The selected area electron diffrac-
tion pattern (SAED) (Fig. 8f) indicated that the Au nanoparticles present in the 
Au-NPs-NFG was nanocrystalline in nature. Furthermore, Fig. 8f shows the ring 
structure of the SAED pattern which has the distinctive nature of polycrystalline 
gold showing 111, 200, 220, and 311 reflections, corresponding to face centered 
cubic Au present in Au-NPs-NFG.
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2.4  �Formation of Nitrogen Functionalized Graphene 
and Nanoclay Hybrid by Submerged Liquid Plasma 
Processes

Graphene nanocomposites with different inorganic moieties are one of the most 
attractive composites and can be used for many different fields of applications, 
including photovoltaics, supercapacitors, and fuel cells [88, 97–99, 101, 107]. 
Among the various nanometal composites, silicon has the highest theoretical energy 
density, and is a non-toxic, cheap, and environmentally friendly material [57]. 
Furthermore, clay-supported graphene materials can be used for fire resistance [1], 
hydrogen storage [89], reducing agent (at 300–600  °C) [79, 80], surface energy 
modification [67], and elastomeric composites [109]. The major drawbacks in the 

Fig. 7  Proposed reaction mechanism of reduction of Au+3 with nitrogen polymers under UV light 
(Reproduced from Senthilnathan et al. [100] with permission from The Royal Society of Chemistry)

Submerged Liquid Plasma for the Formation of Nanostructured Carbon



72

formation of silicon/clay graphene nanocomposites are (1) getting uniform nano-
sized silicon on graphene layers is still challenging, (2) starting with graphene oxide 
precursor followed by thermal reduction further increases the operation cost, (3) 
high temperature synthesis leads to the agglomeration of silicon nanoparticles, and 
(4) graphene/nanoclay composite is highly unstable in aqueous solution because the 
hydrophilic nature of clay material facilitates the formation of coarse particles [97–
99, 101, 117, 125]. Submerged liquid plasma has been used for the direct formation 
of highly dispersed nanoclay/nitrogen-doped graphene hybrid using hard black 
(HB) and 4 black (4B) rod pencil in acetonitrile solution at ambient conditions 
[97–99, 101]. In the plasma experiments, HB (74% carbon; 26% clay) and 4B (84% 
carbon; 16% clay) pencil rod was used as a point high-voltage electrode and a Pt 
sheet was used as a planar ground electrode (Fig. 9). A discharge voltage of 3.1 kV 
was applied between the two electrodes using a pulse generator, with a repetition 
rate of 10 kHz, a pulse delay of 500 μs, and a pulse width of 5 ms. The SEM images 
of 4B and HB-nanoclay-NFG are given in Fig. 10a, e.

The SEM image shows that 4B-clay-NFG has a uniform sheet-like structure, 
whereas HB-nanoclay-NFG displays a shiny surface because of the presence of 
high clay content, which reduces the conductivity of the materials [97–99, 101]. 
HR-TEM images show the presence of a few layers of graphene embedded with 
clay particles of size less than 3 nm in both HB (Fig 10b–d) and 4B-nanoclay-NFG 
(Fig  10f–h). The presence of nanosized clay particles was clearly observed in 
HR-TEM analysis and proved the formation of nanostructured composite.

Fig. 8  (a) HR-TEM image of unconventional NPs. (b) Image of NPs and NFG. (c–e) Images of 
NPs-Au-NFG nanoparticles. (f) SAED pattern of NPs-Au-NFG nanoparticles (Reproduced from 
Senthilnathan et al. [100] with permission from The Royal Society of Chemistry)
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Fig. 9  Proposed mechanisms for the formation of NFG/nanoclay composite in submerged liquid 
plasma processes; micro plasma discharge facilitates the exfoliation of radicalized graphene layer 
in the acetonitrile solution and plasma electron collision with acetonitrile forms nascent hydrogen 
and acetonitrile radicals. Both radicalized graphene and acetonitrile and nascent hydrogen react to 
form nanoclay/NFG (Reproduced from Senthilnathan et al. [97] with permission from Elsevier)

Fig. 10  SEM and HR-TEM images of clay-NFG from HB and 4B pencils. (a) SEM image of 
clay-NFG from 4B pencil. (b–d) HR-TEM image of clay-NFG from 4B pencil. (e) SEM image of 
clay-NFG from HB pencil. (f–h) HR-TEM image of clay-NFG from HB pencil (Reproduced from 
Senthilnathan et al. [97] with permission from Elsevier)
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3  �Applications of Nanostructured Carbon and Hybrids 
Synthesized by Submerged Liquid Plasma Processes

Carbon materials have been playing a significant role in the development of 
alternative clean and sustainable energy technologies. The production of nano-
structured carbon materials by submerged liquid plasma processes from organic 
solvents is one of the most attractive subjects in material science today. The 
catalytic activity of the Au–NPs–NFG synthesized by a submerged liquid plasma 
process was used for the selective oxidation of benzyl alcohol to benzaldehyde 
in both suspended and immobilized forms [97–99, 101]. The Au–ANPs–NFG 
immobilized on Pyrex glass resulted in 69% conversion of benzyl alcohol to 
benzaldehyde. In addition, the reuse of immobilized Au–ANPs–NFG led to 
69%, 64%, and 61% successive conversions with a reaction time of 330 min. 
Similarly, the nitrogen-functionalized graphene nanoclay composite displayed 
distinct redox peaks in a cyclic voltammogram, with high specific capacitances 
of 40 and 111 F/g, respectively, obtained at a scan rate of 5 mV/s [97–99, 101]. 
Carbon onion produced by arc discharge showed a very high specific surface 
area (984.3 m2/g), indicating that the material is a promising candidate for gas 
storage [94]. Nitrogen-functionalized r-GO synthesized by a submerged liquid 
plasma process shows high cyclic stability with a specific capacitance value of 
349 F/g at a scan rate of 10 mV/s [97–99, 101].

4  �Future Prospects

The submerged liquid plasma technique has emerged as a most powerful tool for the 
formation of nanostructured carbon/hybrids because of its environmentally friendly 
approach. Nanostructured carbon synthesized by the submerged liquid plasma pro-
cess has been applied in various fields of research, including electronics, nanotech-
nology, mechanics, biotechnology, and biomedicine. Furthermore, the submerged 
liquid plasma technique for the conversion of organic biomass and organic waste 
materials into alternative useful products or energy sources opens up new potentials 
for future research. A considerable amount of research is still required to understand 
fully the plasma reaction in liquids.
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Lab-on-a-Graphene: Functionalized Graphene 
Transistors and Their Application 
for Biosensing

Takao Ono, Yasushi Kanai, Yasuhide Ohno, Kenzo Maehashi,  
Koichi Inoue, and Kazuhiko Matsumoto

1  �Introduction

Graphene is a two-dimensional material consisting of a hexagonal network of car-
bon atoms (Fig. 1) and was first isolated in 2004 by simple exfoliation from gra-
phitic carbon using adhesive tape [1]. Research on graphene has progressed rapidly 
because of graphene’s unique electrical and mechanical characteristics and has 
opened the new research field of two-dimensional materials, such as graphene and 
transition metal dichalcogenide monolayers [2]. It is noteworthy that several impor-
tant theoretical studies on graphene and related materials were conducted before 
their initial isolation [3].

Graphene has the highest theoretical electrical mobility of any known material, 
at 2,000,000 cm2/(V s) [4]. An experimentally determined mobility of 230,000 cm2/
(V s) was reported [5], which is more than 100 times that of silicon, the prototypical 
semiconductor material. The high electrical mobility of graphene makes it attractive 
for use in next-generation semiconductors. However, graphene lacks a band gap, 
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and thus graphene transistors cannot realize a high on/off ratio. Although several 
significant progresses have been made toward opening the band gap such as bilayer 
graphene [6], graphene nanoribbon [7], and graphene under strain [8], the opened 
band gap was still insufficient for use in logic circuit. There are a variety of other 
applications of graphene from transparent electrodes to implant materials [9–11], 
but there are few cases of practical use and commercialization. Some sort of “killer 
application” of graphene has been long awaited.

We have investigated biosensing applications of graphene, avoiding the zero-gap 
issue while fully utilizing the advantages of graphene [12]. Our research uses a 
graphene field-effect transistor (G-FET) as a sensing platform combined with vari-
ous device structures and surface functionalization. We named this device “lab-on-
a-graphene,” after “lab-on-a-chip,” a general term for microfabricated biochemical 
sensing platforms. This article reviews the basic principles behind lab-on-a-graphene 
and recent research results.

2  �How Does a G-FET Detect Biomolecules?

A schematic of our G-FET platform is shown in Fig.  2a. Graphene sheets were 
mechanically exfoliated from kish graphite and transferred onto Si substrate with a 
290-nm-thick SiO2 layer. Graphene sheets were then connected with Au (30 nm)/Ni 
(10 nm) electrodes as source and drain electrodes through electron-beam lithogra-
phy, electron-beam deposition, and lift-off processes. Silicone rubber frame was 
placed on the device chip to store aqueous solution on graphene channel. Ag/AgCl 
reference electrode was inserted to the solution and applied top-gate voltage to the 
G-FET through electric double layer between the graphene channel and bulk solu-
tion. When the top-gate voltage is applied through a Ag/AgCl reference electrode, 
the G-FET shows ambipolar characteristics, where the hole current switches to an 
electron current above the voltage at the minimum current point, called the charge 
neutrality point or Dirac point. Nucleotides, proteins, and other biomolecules hold 
surface electrical charges when dissolved in aqueous solution. When these mole-
cules are fixed onto the graphene channel, their surface charges induce carriers of 

Fig. 1  Molecular structure 
of graphene
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opposite sign to the graphene channel, i.e., negatively charged molecules induce 
holes and positively charged ones induce electrons to graphene. It changes Fermi 
level of the graphene, and the I-V curve consequently shifts horizontally in the posi-
tive or negative direction (Fig. 2b, c). The shift width corresponds to the amount of 
the attached molecules’ charge. Under fixed gate voltage, attachment of the biomol-
ecule is detected as a change in the drain current of the G-FET. The amount of the 
drain current change is expressed in terms of the product of the horizontal shift 
width and the slope of the I-V curve, i.e., transconductance of the G-FET. The trans-
conductance is proportional to the graphene mobility. Therefore, G-FET is the 
effective transducer for converting attachment of charged biomolecules into large 
drain current change. This application does not require an on/off ratio for the tran-
sistors and takes advantage of graphene’s high electrical mobility. Moreover, gra-
phene is a two-dimensional material that is  stable when immersed in aqueous 
solution. Biomolecules can directly attach to the graphene surface and effectively 
change the transfer characteristics of the G-FET.

Fig. 2  Schematics illustrating G-FET biosensing. (a) Schematic of the measurement setup. The 
sample solution on the graphene channel is surrounded by a silicone rubber barrier (Cited from 
[19]. Copyright 2011 The Japan Society of Applied Physics). (b) Carriers induced by the surface 
charges of the attached biomolecules. (c) I-V characteristics of the G-FET. Following hole induc-
tion in the graphene, the I-V curve shifts horizontally in the positive direction, and the hole current 
increases at a fixed gate voltage (dotted line)
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3  �Ion Sensing Using a G-FET

An ideal graphene surface has no surface groups, and an aqueous solution maintains 
the balance between positive and negative charges. Therefore, it seems to be diffi-
cult for a G-FET to sense ionic species in the solution. Nevertheless, we succeeded 
in measuring protons and other ions in the solution. An early study demonstrated 
that the charge neutrality point shifts in the positive direction as pH increases (the 
proton concentration decreases), and the hole current increased at the fixed gate 
voltage (Fig.  3a) [13]. Although the mechanism underlying these measurements 
remains unclear, we suppose that site-binding model can be expanded to the G-FET 
sensing [14, 15]. Graphene made by exfoliation and chemical vapor deposition con-
tains crystal defects that form surface groups, such as hydroxyl groups, through 
oxidization [16, 17]. These oxygen-containing groups exhibit affinity toward posi-
tive ions. The attachment of positive ions to the oxidized groups leads to a local 
charge imbalance, induces negative carriers in the graphene, and shifts the I-V curve 
in the negative direction. We demonstrated continuous changes in the hole current 
between pH 4.0 and pH 8.2 (Fig. 3b).

The above scheme does not impart ion selectivity to the G-FETs. We fabricated 
a potassium-selective G-FET sensor by spin-coating valinomycin, a potassium ion-
ophore [18]. Valinomycin has a doughnut-shaped structure and effectively and 
selectively captures potassium ions. Figure 4 shows that the charge neutrality point 
remained unchanged following the addition of sodium ions but shifted upon the 
addition of potassium ions.

Proteins have surface charges due to surface groups such as amino and carboxyl 
groups, and the surface charges vary according to the protein and the pH of the 

Fig. 3  pH sensing by G-FET. (a) I-V characteristics at pH 4.0, 4.8, 5.8, and 7.8. (b) Linear correla-
tion between pH and top-gate voltage at the Dirac point (Reprinted with permission from [13]. 
Copyright 2009 American Chemical Society)
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environment. Figure 5 shows the changes in drain current induced by the addition 
of various proteins to the G-FET [19]. Bovine serum albumin (BSA), which was 
negatively charged under the experimental condition used, was detected as an 
increase in hole current, whereas streptavidin (SA) and immunoglobulin E (IgE), 
which were positively charged, were detected as a hole current decrease. Physical 
adsorption of the proteins induced local imbalances in the charges on the graphene 
surface. This result shows the considerable promise of the G-FET for detecting 
biomolecules, but specific biomolecules in a mixture of biomolecules cannot be 
sensed using this configuration. In the next section, we describe how we achieved 
selectivity for various biomolecules.

Fig. 4  Ion-selective response of G-FET. Dirac point of valinomycin-coated G-FET decreased 
with increasing potassium-ion concentration (a) but was barely affected by changes in sodium 
concentration (b) (Reprinted from [18], Copyright 2013, with permission from Elsevier)

Fig. 5  Time course of the 
normalized drain currents 
of G-FETs and the effect 
of introducing various 
proteins in phosphate-
buffered saline (PBS, pH 
6.8). Positively charged 
IgE (30 nM) and SA 
(100 nM) decreased the 
hole current, whereas 
negatively charged BSA 
(30 nM) increased the 
current (Cited from [19]. 
Copyright 2011 The Japan 
Society of Applied 
Physics)
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4  �Functionalization of G-FET

Practical biosensing requires that the G-FET respond selectively to the target bio-
molecule. Receptor molecules have specific affinity for their targets and are thus 
useful for this purpose. Modification of the G-FET with receptor molecules pro-
vides the G-FET with biosensor functionality but requires the use of a chemical 
linker between the graphene and receptor. We chose 1-pyrenebutyric acid 
N-hydroxysuccinimide ester (PBASE, Fig. 6), a pyrene compound that noncova-
lently binds to hexagonal carbon networks by π-stacking. Various pyrene com-
pounds are commonly used to disperse carbon nanotubes [20]. PBASE also has a 
succinimidyl group that covalently binds to an amino group on the receptor. 
Therefore, PBASE immobilizes receptors onto the graphene surface without caus-
ing defects in the graphene structure. Experimental results demonstrating selec-
tive biosensing using functionalized G-FETs are reviewed below.

4.1  �DNA Detection Using a Complementary Strand

DNA forms a double helix through the hybridization of complementary base pairs 
and has a strong negative charge due to its phosphate groups. Therefore, G-FET 
functionalized with single-strand DNA should function as a biosensor for the com-
plementary DNA sequence. As shown in Fig.  7, modification of graphene with 
single-strand DNA results in the I-V curve shifting in the positive direction due to 
the negatively charged DNA inducing hole carriers in the graphene. Addition of the 
complementary DNA sequence further shifts the curve in the same direction, 
whereas the addition of noncomplementary DNA has little effect. These results 
show that the G-FET worked as a DNA sensor for the specific sequence [21].

4.2  �IgE Detection Using a DNA Aptamer

DNA aptamers are small single-strand DNA molecules that specifically bind to a 
target molecule. DNA aptamers are synthesized by conventional methods, and their 
specific affinities can be improved by selection from a library of small-DNA 

Fig. 6  Structural formula 
of PBASE
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candidates. It makes production of aptamer easier than that of other receptor mole-
cules such as antibodies. DNA aptamers are therefore attractive for use in biochemi-
cal and medical research. In this study, a sensor was constructed by immobilizing an 
IgE-specific aptamer onto the G-FET via the PBASE linker, followed by surface 
blocking to prevent nonspecific adsorption. IgE detection is important in allergy 
testing. Only IgE caused a change in G-FET drain current when the G-FET was 
sequentially exposed to BSA, SA, and IgE (Fig.  8). The observed hole current 
decrease is consistent with the binding of positively charged IgE to the graphene 
surface. A concentration of 290 pM IgE could be detected, demonstrating the high 
specificity of this aptamer-functionalized G-FET [19, 22].

4.3  �Heat-Shock Protein Detection Using an Antibody 
Fragment

Despite the advantages of aptamers, antibodies are preferable for specific detec-
tion due to their general versatility and high affinity, but their use for G-FET 
functionalization is complicated by Debye screening. Debye screening is the neu-
tralization of surface charges on the target biomolecule by ionic species in the 
surrounding aqueous environment. Complete screening prevents target detection 
by the G-FET. The thickness of the screening layer is called the Debye length, and 
it is less than 1 nm under physiological conditions. The Debye length was extended 
to several nanometers by conducting our experiments in 10 mM salt, which is less 
than 10% of the physiological concentration of salt. Salt concentrations lower 
than 10 mM can adversely affect protein activity. Hence, the receptor molecules 
should be smaller than several nanometers. However, an IgG antibody, the most 
common isotype, is approximately 10 nm in length, which is significantly larger 
than the Debye length. We therefore used a Fab antibody fragment, which is the 
part of the antibody containing the target binding site [23]. Fab-functionalized 

Fig. 7  The detection of complementary DNA. (a) Transfer characteristics before (PBASE) and 
after (probe DNA) functionalization with single-strand DNA. (b) Transfer characteristics before 
(probe DNA) and after (FC DNA) introduction of the complementary DNA strand. (c) Transfer 
characteristics before (probe DNA) and after (NC DNA) introduction of the noncomplementary 
(NC) DNA strand (Cited from [21]. Copyright 2013 The Japan Society of Applied Physics)
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G-FET successfully detected its target, heat-shock protein (HSP), at 100 pM HSP 
(Fig. 9a). Moreover, the correlation between HSP concentration and change in the 
drain current could be fit well by the Langmuir adsorption isotherm, indicating 
that Fab binds HSP in a 1:1 ratio and the binding reaction reaches equilibrium as 
determined by the dissociation constant KD. KD was estimated by curve fitting to 
be 2.3 nM (Fig. 9b). These results demonstrate that G-FET can monitor a binding 
reaction in the equilibrium state. We expect to demonstrate the real-time monitor-
ing of binding kinetics in future work.

Fig. 8  Selective detection 
of IgE using aptamer-
functionalized G-FET. The 
G-FET did not respond to 
the introduction of PBS, 
BSA, or SA (inset). In 
contrast, the hole current 
rapidly decreased after the 
introduction of IgE (Cited 
from [19]. Copyright 2011 
The Japan Society of 
Applied Physics)

Fig. 9  HSP detection using Fab-functionalized G-FET. (a) Time course of the drain current upon 
sequential increases in HSP concentration. (b) Correlation between HSP concentration and the 
change in drain current. Inset shows the Langmuir adsorption isotherm, where ΔID, ΔID,max, and KD 
are the drain current change, the maximum value of ΔID, and the dissociation constant, respec-
tively. KD was estimated as 2.3 nM by fitting the data with the Langmuir adsorption isotherm (dot-
ted line) (Cited from [23]. Copyright 2012 The Japan Society of Applied Physics)
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5  �Combination with a Surface-Acoustic Wave Sensor

Wireless operation is important for the practical use of lab-on-a-graphene, since the 
drain voltage should be applied outside the sample solution to avoid disturbing the 
measurement. We demonstrated measurements by a G-FET driven by an acoustic 
current induced by a surface-acoustic wave (SAW) [24].

Single-crystal LiTaO3 provided the device substrate to propagate an SH-type 
SAW.  A pair of interdigital transducers (IDTs) was fabricated outside the water 
reservoir, and a megahertz RF signal was applied. The injected SAW propagated 
into the G-FET through the solution (Fig. 10a) and induced a current between the 
source and drain electrodes. This G-FET did not exhibit typical ambipolar transfer 
characteristics (Fig. 10b, c) because the acoustic current is proportional to the car-
rier mobility in graphene. Since the SAW moved both holes and electrons in the 
same direction of propagation, the current direction was reversed at the charge neu-
trality point of 172 mV where the acoustic current was almost zero. Moreover, the 
gate voltage at the charge neutrality point was different for G-FETs driven by drain 
voltage or by SAW because the drain voltage created an extra potential gradient on 
the graphene. In contrast, the potential gradient created by SAW was small and 
barely affected the charge neutrality point. SAW transducers were separated from 
the sample solution and G-FET and provided more precise measurements. We are 
currently developing this novel device for biosensing.

6  �Flexible Graphene Sensor

Graphene is a particularly attractive material for the flexible components of wear-
able sensors, and we reported the fabrication of graphene devices directly on a flex-
ible polymer using a simple new laser irradiation method [25].

Samples were prepared by electron-beam deposition of nickel as a ribbon-
shaped thin film on polyethylene naphthalate (PEN) substrates. The middle point 
of the ribbon was irradiated under vacuum conditions with a focused argon-ion 
laser. Strong laser irradiation removed the nickel from the surface leaving behind 
a graphene sheet made from the decomposed PEN surface (Fig. 11a). Two sepa-
rated nickel ribbons outside the irradiated area were used as the source and drain 
electrodes. The estimated electric-field-effect mobility of the sample was as low 
as 37 cm2/(V s), due to the severe defects in graphene, but ambipolar transfer 
characteristics of the G-FET were clearly observed when the gate voltage was 
applied through an ionic liquid and a side-gate electrode (Fig. 11b). Furthermore, 
a graphene-based strain sensor was demonstrated (Fig.  11c). A concave bend 
under 0.61% strain resulted in a 35% decrease in the graphene channel resis-
tance, likely due to reduction of the distance between graphene grains. The sen-
sor responded to repeated bending (Fig.  11d), thus showing the promise of 
flexible graphene devices for applications.
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7  �Conclusion

This article reviewed our research on lab-on-a-graphene and demonstrated attrac-
tive applications of graphene. Surface functionalization provides G-FETs that act as 
highly sensitive biosensors for various biomolecules, such as DNAs and proteins. 
Also, graphene devices show unique properties when combined with SAW or flex-
ible films. These research results demonstrate the promise of G-FETs for practical 
use.

8  �Outlook

For the practical use of G-FETs, several issues still need to be addressed. For exam-
ple, synthesis for uniform and high-quality graphene is crucial for the conventional 
application, because exfoliated graphene is randomly transferred on the substrate 
and the throughput of device fabrication is not sufficient. We are investigating fab-
rication process of G-FET which uses chemical vapor deposition and achieve the 
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high-performance G-FET comparable to G-FET made by exfoliation method. The 
other issue is miniaturization of the measurement systems including G-FET device, 
electrical measurement system, and handling system for biological samples. It is 
important especially for the clinical use. Microfluidic system is suitable for this 
purpose. We are now combining our lab-on-a-graphene and the microfluidics.
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Production of Single- and Few-Layer Graphene 
from Graphite   

Shinya Yamanaka, Mai Takase, and Yoshikazu Kuga

1  �Electrically Conductive Filler-Polymer Composite

Electrically conductive filler-polymer composites have attracted much interest 
because of their excellent mechanical and chemical properties. They are promising 
materials for many applications such as antistatic devices, electromagnetic shield-
ing materials, sensors, and transparent conductive films. The combination of a con-
ductive filler and a nonconductive polymer provides a two-phase system of 
conductive and nonconductive states. Graphite [1], carbon black [2], tin oxide [3], 
and titanium black [4] are often used as the conductive filler. When an appropriate 
amount of graphite particles is mixed with an adhesive resin, heating plywood 
which provides constant heat by applying a voltage to the conductive bonding layer 
between wood sheets can be produced [2]. The mass fraction of the conductive 
graphite plays an essential role in conductivity of the composite resin and its coef-
ficient of variation. A composite resin that included at least ca. 30 mass% of graph-
ite particles yielded a relatively low coefficient of variation for electrical conductivity. 
Additionally, the composition of the adhesive resin had superior conductivity when 
the graphite particles were 22.9 μm or less in diameter. Figure 1 shows the influence 
of graphite particle size on the coefficient of variation (standard deviation divided 
by the average) of resistance [2]. When the resin contained particles of the largest 
size of particle (52.5 μm in diameter), the coefficient of variation was high. On the 
other hand, the coefficient of variation decreased with decrease in the particle size, 
indicating that the density of particles affected the percolation threshold.

Many researchers have investigated the effects of filler properties (e.g., parti-
cle size, shape, and interaction between the filler and polymer) on system trans-
fer from a nonconductive state to a conductive state, called percolation threshold. 
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Figure 2 shows the relationships between filler properties and percolation thresh-
old. According to Fig. 2, we give a brief outline of electrically conductive filler-
polymer composites.

Nagata et al. reported the relation between particle size of the filler and percola-
tion threshold [5]. They used graphite particles with particle sizes of 2.1–82.6 μm as 
the filler and low-density polyethylene as the polymer. The minimum value of 
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percolation threshold was observed when the polymer was filled with graphite 
particles of 2.1 μm in size. The threshold value was increased from 13.5 to 25.5 
mass% with increase in particle size.

The particle shape [6–12], mainly focusing on the aspect ratio, had a direct 
impact on percolation behavior. When the aspect ratio was 1 (meaning a spherical 
particle), the percolation threshold was over 25 mass%, whereas when the ratio was 
over 10, the threshold was below 10 mass%. The viscosity of the composite poly-
mer was dramatically changed to reflect the dispersion state (network structure) of 
the filler in a polymeric matrix. The fillers of high aspect ratio were preferred for the 
reason that electrically conductive filler-polymer composites were obtained with 
low mass fraction of the filler. From this point of view, carbon nanotubes (CNTs) 
are most commonly used as the filler because a CNT has high aspect ratio. More 
than 1000 articles have been published every year over the past decade [13]. The 
development of a dispersion process for CNTs has been extensively studied [13]. A 
CNT-polymer composite shows high electrical conductivity (10−2 S/cm = 102 Ω·cm) 
when CNTs of 1 mass% or less are added [14–19].

As well as filler particle size and shape, dispersion state in which the filler par-
ticles form a network structure in the polymer can be controlled by wettability 
between filler particles and the polymer [20]. Wu et al. prepared a composite resin 
composed of vapor-grown carbon fiber (aspect ratio of 50) and polymethyl methac-
rylate [21]. When high-density polyethylene was added to the composite resin, elec-
trical conductivity was remarkably increased; for instance, with 1–5 mass% 
inclusion in the composite resin, the percolation threshold was reduced from 8 to 
4 phr (per hundred parts of the matrix). Wu et al. proposed that the high-density 
polyethylene selectively adsorbed on the edge of carbon fiber, and the fiber could 
form a network structure into the resin.

2  �Graphite Nanosheets as an Electrical Conductive Filler

As mentioned above, the introduction of particles with a high aspect ratio into the 
polymer matrix is one of the common approaches to obtain an electrically conduc-
tive polymer with the smallest possible amount of filler particles. Vapor-grown car-
bon fibers, carbon nanotubes, and thin graphite nanosheets have often been used as 
high-aspect fillers. Recently, significant improvements in the mechanical and elec-
trical properties of polymer composite materials have been achieved with the use of 
a small amount of carbon fillers [22–24]. Highly crystalline natural graphite shows 
excellent electrical and lubricant properties, and grinding has often been used to 
obtain graphite sheets with high crystallinity. Graphite is a fascinating substance 
because the grinding atmosphere has a great impact on its reduction ratio [25–27]. 
Ong et al. demonstrated that the reduction ratio of graphite was decreased under an 
oxygen atmosphere [44]. Kim et al. carried out grinding under reduced pressure in 
which partial pressure of oxygen and water vapor was suppressed, and they obtained 
fine graphite particles with maintenance of crystallinity [28]. With these properties 
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in mind, we have produced fine graphite sheets, which exhibit high electrical con-
ductivity, by grinding natural graphite particles under well-controlled milling atmo-
spheres such as alcoholic vapor [26], nitrogen, hydrogen, oxygen, and vacuum [25]. 
Both a flaky shape of the graphite sheets and size reduction of the ground products 
with high crystallinity could be obtained in the milling process.

Intensive research has been carried out to find new methods for preparation of 
graphite sheets and mono- and few-layer graphene sheets. However, large-scale, eco-
nomical production of thin graphite sheets with high crystallinity remains challenging. 
Graphene is a single-atom-thick sheet of carbon with favorable properties, such as the 
ability to conduct light and electrons, making it potentially suitable for a variety of 
devices and applications, including electronics, sensors, and photonics. In 2004, 
Novoselov and coworkers discovered single-layer graphene by peeling graphene from 
a graphite body [29]. Although their method is not suitable for large-scale production 
of graphene, their work did spur globally increasing interest in graphene materials. For 
progress from the laboratory to commercial applications, it is necessary to develop 
scalable production methods to obtain large quantities of defect-free graphene. Up to 
now, there have been two main processes for producing thin graphite sheets (including 
graphene). One is epitaxial growth on the substrate [30] and the other is large-scale 
exfoliation [31–34]. Liquid phase exfoliation is the most economical owing to low 
costs of manufacturing equipment and raw materials. Table 1 summarizes the leading 
exfoliation techniques for the production of single- and few-layer graphene.

Paton et al. showed that high-shear mixing of graphite in suitable stabilizing liq-
uids results in large-scale exfoliation to give dispersions of graphene nanosheets 
[34]. By fully characterizing the scaling behavior of the graphene production rate, 
they achieved liquid volumes from hundreds of milliliters up to hundreds of liter 
and more. Hernandez et al. reported exfoliation of graphite by means of sonication 
in the organic solvent N-methyl-pyrrolidone [31]. They achieved a yield of mono-
layer graphene of up to 1 mass%. In addition, thin graphite nanosheets have been 
produced by mechanical shearing in a comminuting mill. In this case, a surfactant 
or a dispersion agent is usually administered to prevent agglomeration and restack-
ing of the delaminated sheets. Knieke et al. reported a scalable production scheme 
for ultrathin graphite sheets and graphene monolayers [32]. Mono- and multilayer 
graphene sheets assisted with a surfactant of sodium dodecyl sulfate have been 
prepared in a stirred-media mill in mild milling conditions, yielding about 2.5 
mass% at peeling times of 3 h [32].

Table 1  Production of single- and few-layer graphene dispersion, liquid phase exfoliation 
techniques

Technique Solvent Sheet conc. (mg/mL)
Processing  
time (min) Refs.

High-shear mixer Water ~0.1 30 [34]
Sonication N-methyl-pyrrolidone ~0.01 30 [31]
Sonication Water ~0.05 30 [33]
Ball milling Water ~25 180 [32]

S. Yamanaka et al.



95

3  �Production of Graphite Nanosheets from Graphite 
Intercalation Compounds

Graphite intercalation compounds (GICs) are well-known complex materials in 
which guest molecules can be intercalated between the carbon layers. This specific 
characteristic of the interlayer space is based on the most famous application of a 
hydrogen storage material [35] and an anode material for a lithium ion battery [36]. 
The interlayer distances are 0.335  nm for the interlayer separation of intrinsic 
graphite and 0.88  nm [45] for potassium (K), tetrahydrofuran (THF), and GICs 
(K–THF–GICs). This expanded interlayer is superior delamination, that is, GICs 
could be raw material for single- and few-layer graphene. When the intercalate lay-
ers are arranged periodically, the stage index, n (n = I, II, III,…), is defined as the 
number of graphene layers between two adjacent intercalate layers, e.g., a stage II 
GIC has each two adjacent graphene layers sandwiched by two intercalant layers. 
Shih et al. demonstrated a solution-phase technique for the production of bilayer or 
trilayer graphene from the stage II or III GICs [37].

We have reported potentially scalable production of highly crystalline graphite 
sheets by mechanical grinding of graphite intercalation compounds (GICs) without 
a surfactant [1]. Natural graphite (found in Brazil) with a mean particle size of 
19.6 μm was used as a starting material. The feed natural graphite, K, THF, and 
naphthalene were used for synthesis of GICs. A graphite sheet was used as the start-
ing material for graphite sheet-based phenolic composites. We added 10.0 mass% of 
graphite sheets to 1.0 g phenolic resin and ground the mixture for 5 min in an agate 
mortar with a pestle. The resulting composite resin was coated onto a commercial 
glass slide, dried at 60 °C for 1 h, and heated to 130 °C for 5 min in order to polym-
erize the resin.

To explain the interlayer stability of the present graphite sheets, it is useful to 
calculate the van der Waals interaction energy between the graphite sheets [32]. 
Because electrostatic interactions are negligible in a relatively low dielectric con-
stant medium of THF [38], we calculated the van der Waals interlayer interactions 
per unit contact area as a function of the thickness of the delaminated sheet. The 
distances between the two sheets were chosen to be 0.335 nm for the interlayer 
separation of intrinsic graphite and 0.88 nm [45] for K–THF–GICs. The required 
delamination energies for the intrinsic graphite interlayer and that for the expanded 
one are ca. 15 × 10−3 and 2.2 × 10−3 J/m2, respectively (Fig. 3, [1]). The calculated 
results indicated that the required energy for delamination of K–THF–GIC takes 
more than 85% less energy than that of feed natural graphite. This result clearly 
indicates that the expanded interlayer is energetically favorable for delamination, 
i.e., the thickness of the graphite sheets in the milling pot is significantly affected by 
the stage structure of ternary GICs.

The production of thin graphite sheets is schematically shown in Fig. 4. K–THF–
GICs were used as the starting material for thin graphite sheets. Planetary-ball mill-
ing was carried out to apply a shear stress that leads to delamination of the thin 
graphite sheets from GICs. The thickness of the graphite sheets was roughly 
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controlled by the stage structure of K–THF–GICs. Delamination may occur in the 
intercalated layer because of the weaker van der Waals interaction between expanded 
graphene sheets (0.88 nm, [45])than between intrinsic graphene sheets (0.335 nm) 
as mentioned above.

We also investigated the influence of multistage GICs on the conductive proper-
ties of the composite resin. Figure 5 shows typical SEM micrographs of the feed 
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Fig. 4  Scheme of thin graphite sheet production. This figure is reprinted from Carbon 50, 5027–
5033, production of thin graphite sheets for a high electrical conductivity film by the mechanical 
delamination of ternary graphite intercalation compounds (Copyright (2012), with permission 
from Elsevier)
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natural graphite particles and several representative pictures of ground products. 
The initial graphite particles had a thick stacking structure (Fig. 5a). When the feed 
natural graphite particles were ground into the THF solution, the particles were very 
similar in thickness as shown in Fig. 5b. On the other hand, as shown in Fig. 5c, the 
ground product prepared by stage IV K–THF–GIC had some exfoliated graphite 
interlayers and delamination of the graphite sheets.

The specific resistance of the composite films was measured for several weight 
fractions of the filling graphite products. Figure 6 shows the influence of stage struc-
tures on specific resistance of the films. In Fig. 6, the horizontal axis denotes the 
inverse of stage structure, representing the composite film using stage ∞ in the same 
figure. By infinity, we denote the ground products of the feed natural graphite being 
milled into the THF solvent. Specific resistances were measured when 10 mass% of 

Fig. 5  SEM images of feed graphite particles and their ground products. (a) Feed natural graphite 
particles, (b) ground products of the feed graphite into THF, and (c) exfoliated products of grinding 
stage IV K–THF–GIC. The scale bar is 20 μm. This figure is reproduce from Carbon 50, 5027–
5033, production of thin graphite sheets for a high electrical conductivity film by the mechanical 
delamination of ternary graphite intercalation compounds (Copyright (2012), with permission 
from Elsevier)
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the conductive material was added. Note that the specific resistance for the composite 
film including the feed graphite was 107 Ω•cm. The composite film made from 
graphite ground into THF had 102–106 higher resistances than those of the film filled 
with natural graphite at every weight fraction. It should be noted that there is an 
optimal stage structure for obtaining a highly conductive film. This is due to the 
combined effects of the aspect ratio and crystallinity. When the number of perco-
lated graphite sheets was increased, the specific resistance decreased, reaching ca. 
101 Ω•cm for the composite filled with exfoliated products of grinding stage III or 
IV K–THF–GIC. A slight increase in specific resistance of 103 Ω•cm was observed 
for the composite of stage I K–THF–GIC.

Now we discuss the redispersibility of prepared graphite sheets during the col-
lection and film preparation process. Agglomeration or restacking of the peeling 
sheets reduces the apparent particle number density, which has an enormous impact 
on the film resistance. A surfactant is needed to prevent agglomeration and restack-
ing of delaminated sheets. Sodium dodecyl sulfate [32, 39], sodium deoxycholate 
[40, 41], and TritonX [42, 43] have been commonly used as surfactants that adsorb 
onto the carbon-based particles, resulting in strong repulsive forces. The effect of a 
surfactant on the dispersibility of the flaky graphite into phenolic resin is shown in 
Fig. 7. We used TritonX as the surfactant, which was added in the wet grinding 
process. It should be emphasized that a surfactant is needed to avoid restacking or 
agglomeration of the peeling sheets during the grinding process. We believe that 
many comminuting processes using small beads should be applicable to the delami-
nation of expanded layered materials.
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4  �Summary and Future Perspectives

In this chapter, research on several techniques for production of single- and few-
layer graphene is summarized. We report our production technique for graphite 
nanosheets via GICs. Crystalline graphite nanosheets were successfully produced 
from natural graphite powder. Composite films prepared by mixing phenolic resin 
and graphite nanosheets showed much higher electrical conductivities than those of 
films from natural graphite particles. We also found that the stage structure of syn-
thetic graphite intercalation compounds affected film conductivity. There is an opti-
mal stage structure of GICs for obtaining highly conductive films. The composite 
filled with the exfoliated products of grinding stages III and IV K–THF–GIC dis-
played the lowest resistance at 10 mass% of the weight fraction. The scheme pro-
posed in this study is scalable production of thin graphite sheets as the starting 
material for composite resins with high conductivity. In our research, we did not 
show the dispersion state of graphite sheets in the composite films in detail. The 
effect of a surfactant on the dispersibility of the graphite sheets into the resin is now 
investigated.

Both now and in the future, it will be necessary to develop mass production tech-
niques for single- and few-layer of defect-free graphene. The liquid phase exfolia-
tion of graphite into single-layer or few-layer graphene is promising approach 
because of low costs of manufacturing equipment and raw materials. However, the 
main drawback of using the liquid exfoliation is that the obtained graphene disper-
sion is at relatively low concentrations, typically <0.1  mg/mL.  Improvements to 
produce concentrated graphene dispersion will be continued.
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Graphene-Based Coatings for Dental Implant 
Surface Modification

Alina Pruna, Daniele Pullini, and Andrada Soanca

1  �Introduction

Considering the increase in the median age of population, the design, development 
and commercialisation of synthetic materials for bone repair/replacement have 
attracted significant concerns. In this respect, tissue engineering addresses previ-
ously irreparable tissues/organs and has the goal of replacing diseased/damaged 
tissue with biologic-like substitutes that are able to restore and maintain normal 
functions. The strategies adopted in tissue engineering involve the cells, signalling 
molecules, and natural or artificial scaffolds. The scaffolds in regenerative medicine 
serve for the repopulation and specialisation of stem cells, blood vessels and extra-
cellular matrices [1].

The most important criteria under the aspect of designing artificial biomaterial 
grafts highlights the high degree of compatibility with natural bone tissues, with 
special attention on the structure, morphology, topography, chemistry, mechani-
cal properties and biological functionalities [2]. Since surface morphology of a 
scaffold is known to strongly affect the attachment of cells and tissues from the 
environment after implantation [3], the degree of osteointegration becomes 
highly dependent on the surface properties of implant materials, indicating the 
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modification of implant surface as a viable approach for providing with increased 
surface area for the cellular attachment.

On the other hand, the nanomaterial design, synthesis, characterisation and 
application faced a tremendous advance as biomaterials in the last decades which 
led to the discovery of novel materials-based therapies and devices for disease treat-
ments and diagnostics [4]. Carbon-based nanomaterials have been widely explored 
as implant and device alternatives for various biomedical applications and for stem 
cell therapies and tissue engineering platforms thanks to their tunable chemistry and 
excellent mechanical, tribological and corrosion properties [5–7].

Among these, graphene nanomaterials have emerged as promising nanoplat-
forms with huge potential for biomedical applications thanks to their excellent 
physical, chemical and mechanical properties and have been indicated to accelerate 
the growth, proliferation and differentiation of stem cells [8]. However, due to the 
short time span since discovery, the reports on the biomedical applications of gra-
phene nanomaterials have appeared only in the last several years. In this chapter, the 
current state of the art on biomedical applications of graphene for tissue engineering 
is summarised with focus on graphene application for surface modification of bio-
material surface in dental implantology.

2  �Surface Modification in Dental Implantology

Dental implants first appeared in the early 1930s, but their clinical use is wide-
spread since about 30 years. Because of the high predictability of success, they 
represent a reliable treatment for replacing missing teeth. The implant surfaces are 
expected to both enhance the growth of living cells and simultaneously inhibit 
bacteria. Although the regeneration of periodontium is usually disregarded in a 
direct insertion of the implant into the alveolar bone in order to achieve osseointe-
gration, the biological properties of bone substitutes are essential for the osteocon-
ductive function [9], because they affect the development of the cellular events 
towards successful periodontal regeneration. The regenerative potential is thus 
dependent on genetic determinants, physiological and systemic conditions and 
local disease state infection or scars.

The gold standard in implant dentistry is titanium (Ti) which has the longest 
traceable record of predictable clinical performance. The high success rates of Ti 
implants are mainly attributed to a native oxide layer (3 to 10 nm thick) formed 
at the surface that is remarkably resistant to corrosion and is biocompatible. 
Other materials, such as bioactive ceramics showed high potential for bone fixa-
tion as they can promote a faster attachment to bone tissue and a mechanically 
stable interface between implant and bone can be established. Recently full-
ceramic implants such as ZrO2 have been developed with comparable biological 
responses to Ti [10, 11], ZrO2 ceramic surface being shown to greatly minimise 
biocorrosion. However, ZrO2 is brittle and more expensive than metallic dental 
implants.
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Although the design of dental materials advanced much lately, failures still occur 
mainly due to biological inertness exhibited by Ti and its alloys which leads to poor 
cell adhesion, proliferation and poor integration at the tissue/implant interface after 
implantation [12]. Such materials usually cease to function in the long term because 
of insufficient biocompatibility, wear, disease or injury.

As the protective oxide layer could fail in the long term and, thus, expose the 
substrate to accelerated corrosion in oral cavity, the biocompatibility of a dental 
implant needs to consider its corrosion properties, as well. These properties repre-
sent a pertinent clinical issue, since the implant faces a severe corrosion environ-
ment not only at implant/bone interface (at the radicular portion of the implant) but 
also at the gingival/implant one. Moreover, the oral cavity is known to be subjected 
to wide changes in pH and fluctuation in temperature. Saliva is a complex secretion 
that regulates the pH in the oral cavity, mostly via bicarbonate and some calcium 
phosphate buffering [13]. The saliva also has a rinsing effect on teeth, contributes to 
bacteria clearance and contains antibacterial proteins (e.g. lysozyme, lactoferrin) 
and components of the immune system (e.g. immunoglobulins). Many factors 
including age, diseases and medication can affect the quantity (and quality) of 
saliva. Its flow rate controls the solute concentrations in the oral cavity, and its 
decrease or absence usually leads to higher food retention or enamel demineralisa-
tion due to the acid environment formed when the salivary buffering capacity is lost. 
Therefore, the corrosion can weaken the restoration and inevitably results in the 
release of metal ions. In this respect, increasing evidence was found that Ti is 
released into adjacent tissue [14] and it might even be an allergen [15], despite its 
high general corrosion resistance. In order to inhibit the corrosion process, protec-
tive coatings can be used to isolate the metal from the environment, such as body 
fluids. Current techniques in bone tissue engineering based on Ti or ceramics can 
involve also weakness of osteointegration in the long term, inflammation at the 
implantation site or biomechanical mismatch. There are reports on implant failure 
highlighting the implant-related infections which can result in higher economic and 
social associated cost. In order to prevent such infections and improve interactions 
with the surrounding tissues, antimicrobials could be added to implants in order to 
reduce bacterial colonisation.

The interaction of implant surface with the proteins can result in a strong immu-
nological response and the induced biochemical reactions may affect negatively the 
device functionality. These clinical problems determined further research in this 
field, including interventions on implants characteristics in terms of biocompatibil-
ity (physicochemical properties and surface bioactivity) and behaviour of cellular 
environment involved in osteointegration process.

Advanced new surfaces to control the implant osteointegration and the interac-
tions between biomedical implants and the surrounding biological environment in 
order to improve their biocompatibility and bioactivity and enhance their corrosion 
resistance represent the focus of many researches. These designs are aimed to keep 
intact the bulk mechanical properties while inducing changes in the surface proper-
ties  – surface composition, structure, morphology, hydrophilicity and roughness 
since as these affect the protein absorption, cell attachment, protection from 
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chemical corrosion exerted by body fluids and the reduction of bacterial adhesion 
hydrophilicity of the surface [16].

One of the most widely used methods for modification of the implant surface 
properties is represented by the increasing of surface roughness (by techniques 
including mechanical (grit blasting), chemical (acid or alkaline etch), electrochemi-
cal (anodisation) and physical methods (plasma spray)) [17–19] that leads to an 
increase in the surface area finally resulting in osteoblast differentiation. The pos-
sible role of roughened surfaces for the development or at least the maintenance of 
peri-implantitis [20] has, however, recently raised questions about this approach 
and suggested the use of different surfaces. Other techniques could be the introduc-
tion of specific functional groups in order to increase the wettability, thus, to improve 
cell attachment in vitro or the deposition of biomaterials that can mimic the chemi-
cal composition of natural bone on the surface [21].

On the other hand, the surface modification with a coating became a popular 
approach to enhance the formation of new bone and hinder adverse inflammatory 
reactions. Moreover, a bioactive coating on the implant surface is generally pre-
ferred over possible systemic administration of additional bone healing agents or 
drugs due to the local effect a coating has on bone healing directly at the implanta-
tion site and the significantly decreased amount of the active agent required. Various 
physical and chemical methods have been applied for biomedical coatings. However, 
most of them present drawbacks: they cannot coat homogeneously porous surfaces 
or complicated substrates, are not cost-effective and require high vacuum, high volt-
ages, harmful chemicals or time-consuming transfer steps [22]. In this respect, elec-
trochemical approaches received increased interest for manipulation of the surface 
chemistry and topography of dental implant as they provide a versatile toolbox of 
approaches for fabrication of nanostructured coatings [23]. Such approach has some 
other considerable benefits for fabrication of biological coatings including a low-
temperature, fast fabrication process, controlled chemical composition, controlled 
film thickness, ease of operation, deposition of crystalline and homogeneous and 
adherent films, and more importantly, it allows the coating of complex geometries 
such as that of an endosseous dental implant.

3  �Graphene-Based Coatings for Surface Modification 
of Dental Implants

From the graphene family, the graphene oxide (GO) – a graphene-derivative deco-
rated with oxygen functional groups and reduced graphene oxide (rGO)  – have 
received extensive attention for a variety of applications, while the biomedical 
applicability was triggered specially because of its exotic properties such as bio-
compatibility, electric conductivity, and transparency, excellent aqueous process-
ability, amphiphilicity and surface functionalisability [24].
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The tunable chemistry and the excellent mechanical, tribological as well as cor-
rosion properties of graphene-based materials have indicated their potential appli-
cations in implant material. The outstanding surface activity of GO-based 
nanomaterials, caused by the many functional groups on its surface, can exhibit 
adsorptive capability to drugs [25], growth factors [26] and other biomolecules via 
π–π stacking or covalent grafting, while the high specific surface area could enable 
them as platforms for various biological interactions to bring important benefits 
related to tissue engineering therapy.

The hydrophilic surface of GO materials was indicated to provide a biocompat-
ible environment compared to its hydrophobic surface [27, 28]. This is consistent 
with the case of carbon nanotubes, which are usually functionalised before biomedi-
cal applications and show a functionalisation-dependent biological performance 
[29]. As a partially reduced GO, the biocompatibility of rGO is expected to be lower 
than GO but higher than pristine graphene. Rapid adsorption of serum protein on 
rGO materials was indicated to make them a biocompatible and hydrophilic envi-
ronment for cell adhesion and proliferation [27]. Protein adsorption to implant sur-
faces is influenced by various factors, including the protein properties, surface 
properties and the external parameters such as temperature, pH, ionic strength, etc. 
The biocompatibility of rGO is, therefore, dependent on the oxygen content. Indeed, 
it has been reported by Liao et al. [30] that particle size, surface charge and oxygen 
content of graphene have a high impact on the biological responses of red blood 
cells, although GO is generally considered to be haemocompatible [31]. It was 
found that aggregated graphene sheets show the lowest haemolytic activity, i.e. few-
est broken cells, while smaller GO size show higher haemolytic activity, which can 
be attributed to the strong electrostatic interactions between the negatively charged 
GO surface and positively charged lipids on the outer membrane of red blood cells.

The surface functionalisation approach of a bioactive material in order to achieve 
a coating presents an important potential for advances in nanomaterial applications 
due to not only synergistic effects but also to improved biocompatibility and corro-
sion resistance [32, 33]. Several in vivo and in vitro studies have suggested that 
nanomaterial-based coatings may render dental implants more biocompatible while 
facilitating the formation of new bone and reducing healing time. Currently, coating 
approaches are being investigated for the application of GO films at the surface of 
metallic dental implant which would consider the tailoring of the process parame-
ters to ensure the best corrosion barrier properties and biocompatible properties. 
The promotion of cell behaviour including attachment, growth, proliferation and 
differentiation exhibited by GO materials can be employed to enhance the local 
concentration of extracellular matrix by non-covalent binding [34].

The existing strategies of application of carbon-based nanomaterials to tissue 
engineering and cell differentiation are based on the suspending of nanomaterials 
into cell culture media or coating nanomaterials for in vitro stem cell culture. The 
second strategy is widely accepted to tailor the stem cell behaviour given that a 
unique physical framework is provided for stem cells by the nanomaterial-coated 
substrates. Most of the approaches regarding the use of graphene for coating sur-
faces are mainly based on chemical vapour deposition (CVD) growth due to superior 
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anticorrosion properties [35] and further transfer by using a “poly(methyl 
methacrylate)-mediated” method. For example, a hybrid CVD coating based on 
graphene and Nb2O5 [36] resulted in improved mechanical properties of substrate 
(i.e. surface hardness and wear resistance) and protection of the Ti surface from the 
abrasion process and the release of toxic products of corrosion to the environment, 
which could cause allergies and metallosis. However, despite some evidences, it has 
also been demonstrated that CVD-graphene coating cannot be used as a long-term 
anticorrosion barrier because it is able to promote the metal corrosion [37, 38]. 
Moreover, the transfer of CVD-graphene on complicated 3D structures, especially 
screw-shaped dental implants, poses much difficulty; thus, it calls for easier alterna-
tives of coating on the surface of 3D structures with reasonable durability and stabil-
ity after implantation.

Other more economic approaches proved their potential in surface modification 
with GO nanomaterials: drop-casted GO coatings were shown to exhibit good bio-
compatibility and improve the osteoblast cell functions, while effectively killing 
bacteria [39]; a GO coating obtained by immersion of the substrate in a GO disper-
sion 5 mg/mL for 12 h resulted not cytotoxic to MC3T3-E1 cells after several days 
of incubation [40]; the spin-coating of GO onto oxidised Ti and subsequent reduc-
tion by exposure to hydrasine resulted in higher pre-osteoblast cell viability and cell 
attachment with respect to uncoated surface [41].

Modified GO coatings were also demonstrated beneficial: following the confir-
mation of the drug loading capability of rGO-coated Ti, osteogenic dexamethasone 
(Dex)-loaded rGO coating resulted in more effective bone regeneration than 
uncoated surface [27]; good compatibility and corrosion resistance were shown also 
for GO composites with hydroxyapatite (HAp) [42] which were also found to sig-
nificantly enhance new bone formation in full-thickness calvarial defects without 
inflammatory responses [43]. Kang Y.S. et  al. had demonstrated the sodium-
functionalised GO (NaGO) is an excellent candidate for increasing the life time of 
Ti implants [44], by exploiting the requirements for elemental Na as an essential 
macronutrient for regulation of physiological and based on the claims that sodium 
ion is an essential factor to accelerate in vitro hepatocyte cell proliferation [45]. An 
aqueous dispersion of NaGO was used to coat the pure Ti plates by heat-controlled 
spin-coating. The obtained NaGO coating was observed to protect against corrosion 
by acting as a geometric blocking layer and to exhibit also biocompatibility for cell 
viability. The immunofluorescence and cell proliferation studies performed on 
human dermal fibroblast cells showed that NaGO coatings exhibited enhanced cel-
lular viability for in vitro culture than GO and uncoated Ti.

While the above-mentioned techniques require high temperature, high vacuum, 
high voltages or time-consuming transfer steps and cannot be applied on compli-
cated structures, the electrochemical deposition of GO materials has been demon-
strated as highly attractive for coating surfaces and showed benefits with respect to 
using reducing agents for tailoring the GO surface chemistry [46–48]. During coat-
ing of a sample via electrodeposition, many parameters can change the composition 
and performance of the coating. The in vivo behaviour of a bioactive coating can be 
greatly affected by its structure. In order to assemble various graphene-based 
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coatings on metal surfaces, electrophoretic deposition (EPD) can be applied, based 
on the electrochemical properties of colloidal solutions from which the depositions 
are done. EPD has many advantages, e.g. high deposition rate, control of deposition 
parameters affecting the coating thickness, crystallinity, possibility of deposition on 
complex-shaped substrates and factors that are favourable for the purpose of implant 
applications with improved, bioactivity, biocompatibility and corrosion resistance 
[49, 50]. The toughening property of graphene on HAp was exploited in an EPD-
deposited composite which showed reduced surface cracks, better mechanical resis-
tance and enhanced thermal stability [51]. By modifying the graphene-reinforced 
HAp coating with antimicrobial Ag, the bioactivity property was evidenced by the 
formation of the apatite layer in simulated body fluid with enhanced corrosion sta-
bility, and the antibacterial activity against Staphylococcus aureus and E. coli and 
non-cytotoxicity against healthy peripheral blood mononuclear cells confirmed its 
high potential for implant surface modification. Other graphene/HAp coating pro-
duced by spark plasma sintering showed improved in vitro osteoblast adhesion and 
apatite mineralisation [52].

It was shown that many complex factors such as high loads, complicated sur-
face conditions, contaminations and quality and continuity of graphene in large 
scale affect the tribological properties of graphene at macroscale in contrast to 
those in nano-/microscale. While graphene-based coatings have shown great 
lubricity, efforts are still needed to improve the reliability and durability of gra-
phene-based coatings.

An important clinical challenge is represented by the development of implant 
surfaces with good integration with the surrounding tissues and simultaneous ability 
to inhibit bacterial colonisation, thus, preventing infection. J. Liu et al. developed 
surface coatings on NiTi substrates by drop-casting GO-functionalised gelatine 
(Gel) in order to exploit its cell-binding properties. Their results indicated the cell 
functions were significantly enhanced on both GO- and GO-Gel-coated NiTi com-
pared with uncoated substrate [53]. The GO-Gel-coated NiTi surface exhibited the 
best performance for cell adhesion, proliferation and differentiation and resulted in 
inhibited growth of E. coli.

The adhesion of the graphene-based coating to the substrate can affect its 
tribological performance. Therefore, either the graphene coating or the sub-
strate needs to be engineered to enhance the adhesion between them. Introducing 
bonding/transition layers is an important method that has been adapted in litera-
ture. A (3-aminopropyl)triethoxysilane (APTES) bonding layer applied on Ti 
surfaces [54–56] was shown to exhibit improved tribological properties. Thus, 
by designing the structure of a graphene-based coating and tuning the chemistry 
of the coating surface, an improved and reliable performance could be expected 
from GO.

The following table summarises the approaches employed to obtain the main 
graphene-based coatings for surface modification in tissue engineering till present. 
As already mentioned, the materials span a large family of graphene derivatives, 
from pristine graphene to GO and GO composites, while the most used techniques 
are solution-based (Table 1).
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4  �Interaction of Graphene Coatings with Biological 
Environment

Mesenchymal stem cells (MSCs) are adult stromal multipotent progenitor cells with 
the ability to differentiate into cells of mesenchymal lineage, including the bone, fat 
and cartilage [57]. Dental stem cells (SCs) are multipotent MSCs which attracted 
new interest as the oral cavity proved to be a valuable source of MSCs due to the 
accessibility, high quality and less ethical concerns [58]. The recent progress in the 
stem cell-based field has provided interesting opportunities to develop innovative 
cell-based therapies for regenerative medicine [59]. It is required to use and recruit 
progenitor cells able to differentiate into specialised cells with a regenerative capac-
ity, followed by the proliferation of these cells and synthesis of the target-specialised 
connective tissues [60]. The materials selected for dental implants need to be bio-
compatible with lost tissue and to allow the recruitment of endogenous stem cells 
[61]. Despite the intensive progress in human stem cell research till present, only 
few attempts of use of graphene-based nanomaterials in the stem cell field have 
been reported. The effect of graphene-based materials on biological systems is still 
not clear due to their intrinsic properties and the degree of interaction of the tested 
nanomaterials with the cells during the assay that is challenging to understand due 
to the complexity of cellular responses. Most of the recent in vitro studies indicate 
that graphene-based nanomaterials (i.e. mainly graphene, GO and carbon nano-
tubes) promote stem cell adhesion, growth, expansion and differentiation. GO tests 
on human dental follicle SCs showed high potential for GO use in dental 

Table 1  The main approaches and graphene-based coatings for surface modification in tissue 
engineering

Approach Coating material References

Chemical vapour deposition Graphene [36]
Graphene composites [37]

[38]
Drop-casting GO [39]
Spin-coating [40]
Dip-coating [41]
Electrophoretic deposition Hydroxyapatite-GO [42]
Spark plasma sintering [51]

[52]
Spin-coating Functionalised GO [27]

Drug-loaded GO [43]
Na functionalised GO [44]
Gelatine functionalised GO [53]
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nanocomposites [62]. A recent study demonstrated that a GO composite film could 
enhance cell adhesion, proliferation and mesenchymal phenotype expression of 
human periodontal ligament stem cells (PDLSCs) [63]. The exact reason why GO 
promotes cell adhesion, proliferation and differentiation still remains unknown. A 
combination of several factors including nanoscale structure, mechanical strength, 
roughness, interactions with proteins through hydrophobic and electrostatic inter-
actions and large dosage of loading capacity may contribute to the effects of GO on 
the behaviour of PDLSCs [26, 64].

Although nano-toxic effects of graphene materials on multiple cell types were 
indicated to significantly hinder their applicability, appropriate surface designs, i.e. 
surface physical or chemical functionalisations, could minimise them [65, 66]. 
Some studies on in vitro toxicity have demonstrated the compatibility of graphene 
nanomaterials with some cells – e.g. it was shown to effectively kill bacteria [28, 
67–72]. Graphene was indicated to even inhibit the growth of dental pathogens such 
as S. mutans, P. gingivalis and F. nucleatum which could be helpful in reducing the 
abuse of antibiotics in dentistry [41, 42, 53, 73]. There are also multiple conflicting 
works indicating GO toxicity and damages to the cell membrane leading ultimately 
to apoptosis [113]. Similar controversy exists regarding the effect of GO on E.coli 
bacteria, being reported as bactericidal and as supporting bacterial growth [74, 75]. 
For long-term toxicology of graphene in living systems, only one study showed that 
PEGylated graphene sheets did not cause appreciable toxicity to treated mice over 
a period of 3 months [26].

As an explanation for these discrepancies, it has generally been suggested that 
the surface characteristics of graphene nanomaterials such as nanotopography, 
surface chemistry and large adsorption capacity influence the molecular pathways 
that control the fate of stem cells [76]. For example, the toxicity of GO was found 
dosage-dependent, as in the case of on A549 human epithelial cells [77], while con-
tent of functional groups and surface area of GO can affect binding with proteins 
and cell attachment [78]. Interestingly it was also observed that the toxicity occurred 
mainly at the initial stage and was not time-dependent. The toxicity mechanism was 
believed to be due to the physical damage caused by sharp GO sheets. In their recent 
article, Horvath et al. [79] reported that GO showed lower toxicity on epithelial cells 
compared with carbon nanotubes. The mechanism of toxicity in this case, however, 
was associated with the reactive oxygen species generated by the interaction 
between GO and the cell surface. On the other hand, Akhavan et al. [80] found that 
a size-dependency for cytotoxicity of GO nanoplatelets in the case of mesenchymal 
stem cells (MSCs).

It should be noted that the available data with regard to the toxicity and biocom-
patibility of graphene was mainly obtained from works on potential use as drug 
delivery vehicle. Conversely, when graphene materials are applied as scaffold mate-
rials in bone tissue engineering, thus, confined in a specific location, the inflamma-
tion or toxic reaction may be different from systemic administration as different 
graphene materials will have a different toxicological profile.
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5  �Conclusions and Future Perspective

Many potential benefits to patient may stem from using nanotechnology in den-
tistry. Even though the research regarding biomedical applications of graphene-
based nanomaterials is expanding rapidly, relatively little is known about their 
influence on biological systems or intrinsic toxicity, oral stem cell behaviour, etc. 
being a relatively new research direction that deserves special attention. Rigorous 
internationally standardised clinical studies in humans that would aim to assess 
their nanotoxicology are requested.

The current research in the field of endosseous dental implants focuses at present 
towards creating a bioactive surface; yet, despite the recent innovative advance-
ments in the design of dental materials, failures still occur, and limitations still 
exists with respect to potential pathogenic infections, low availability and high costs 
besides inconclusive evidence for long-term success. Unfortunately, till present 
there is no general solution to satisfy the requirements for an ideal implant surface. 
Thus, it is imperative to integrate several coating strategies with complementary 
strengths to build smarter next-generation biomaterial-based medical implants. 
Moreover, the controlled modulation of surface topography and alteration to some 
extent of the surface chemistry, independently of the microscale, could trigger 
research to new and sophisticated proofs of concepts. Understanding the effect of 
graphene substrate on graphene–cell interaction is an important issue for consider-
ing graphene as a potential candidate for biomedical applications.
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1  �Introduction

Enhancement of mechanical properties of composite materials by introduction of 
carbon nanotubes (CNT) to the matrix has been the focus of many research pro-
grams, both academic and industrial, in order to either enhance properties or reduce 
weight at comparable performance [1, 2]. Fiber-dominated properties such as ten-
sile strength in the fiber direction are hardly improved by addition of fillers. 
However, matrix-dominated properties such as shear strength and toughness can be 
largely improved by addition of very low levels of CNT. The interlaminar shear 
strength (ILSS) of carbon/epoxy composites was increased by up to 50% when 
0.25–0.5  wt% multi-walled CNT (MWCNT) was dispersed in the epoxy [3]. 
Homogenous dispersions are important for achieving high values of 
ILSS. Chandrasekaran et al. [4] concluded that the manufacturing process may play 
a critical role in MWCNT distribution. When 5.0 wt% MWCNT and control sam-
ples were manufactured using flow flooding chamber (FFC), ILSS was improved by 
21%. Bekyarova et al. [5] used functionalized MWCNT and SWCNT for selective 
deposition on carbon fiber surface by electrophoresis. The introduction of 5.0 wt% 
of MWCNT in the carbon fiber/epoxy composites resulted in an enhancement of the 
interlaminar shear strength of 27%. Fan et al. dispersed oxidized 2 wt% MWCNT 
using acetone and an ultrasonic bath and achieved 33% increase in ILSS [6]. Fang 
et al. recently reported that deposition of CNT onto carbon fibers by immersion in 
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an aqueous suspension of CNT and a sizing agent, ultrasonication, and drying at 
120 °C led to 67% increase in ILSS of a carbon/epoxy composite [7]. Other tech-
niques have also been reported, showing improvements in ILSS [8–11].

Few efforts have addressed the effect of CNT on the mechanical behavior of a 
full-scale, large composite part. In particular, we address the potential increase in 
burst pressure of a composite filament wound pressure vessel by adding CNT or 
other nanofillers to the epoxy matrix. Improvements in static strength are not 
expected, since the strength is dictated by the fiber strength and fiber volume frac-
tion for constant composite volume. Applied Nanotech Inc. made a thorough study 
of the effect of amino- or carboxyl-modified CNT on epoxy nanocomposites and 
then prepared unidirectional carbon fiber-reinforced composites using 1.5  wt% 
carboxyl-modified MWCNT [12]. The flexural strength was improved by over 30%. 
Later, they prepared several pressure vessels with low levels of NH2-functionalized 
CNT in the matrix [13]. The burst pressure of the CNT reinforced tanks was signifi-
cantly lower compared to baseline values. Furthermore, CNT-modified vessels 
showed poor endurance to pressure cycles (less than 1000 compared to 15,000 
cycles achieved in standard vessels). These results were attributed to increased vis-
cosity which impaired wetting and impregnation of the fibers, in spite of the good 
dispersion that was shown in SEM micrographs. A higher resin viscosity may have 
also led to lower fiber volume fraction at higher composite volume (since the fiber 
content is constant), thus supporting the low burst results. On the other hand, 
dynamic behavior was improved, and this may be related to the introduction of 
crack arrest and energy dissipation mechanisms related to the CNT.  Similarly, 
Thunhorst et al. studied type III pressure vessels with Al metal liner and found that 
33.5% nanosilica in the epoxy led to an increase of 55% in fatigue resistance (cycles 
to failure) [14]. 3M claim to have improved the fatigue resistance of LNG type IV 
(plastic-lined) pressure vessels by introducing 40–50% spherical nanosilica to the 
thermosetting resin [15].

The following work addresses the manufacturing and static characterization of neat 
and CNT-modified carbon/epoxy pressure vessels and discusses the effect of CNT on 
vessel properties, failure mode, strains, and displacements in proof and burst tests.

2  �Materials

A commercial epoxy/CNT master batch, NC R128-02, was purchased from 
Nanocyl. This composition comprises a DGEBA epoxy and MWCNT of undis-
closed concentration.

Filament wound standard samples and pressure vessels were produced with 
T800-12 k carbon fiber from Toray, and LY556 DGEBA epoxy resin from Huntsman. 
Bosses in the vessels were made of PH steel, to which an EPDM shear ply was 
bonded.

Acoustic emission sensors were bonded to the vessels with a commercial cyanoac-
rylate adhesive. This allowed appropriate sensitivity and repeatability of installation.

N. Naveh et al.



121

3  �Experimental

The commercial master batch was diluted to 1/3 of the original CNT concentration 
with LY556 epoxy to adapt viscosity to the filament winding range. Thorough mix-
ing was accomplished with a three-roll mill (Ross 4 × 8″) at 40 Hz rotational speed; 
two cycles of 5 min were used. By measuring the electrical conductivity of samples 
[3] and comparing to control samples, we estimate the CNT concentration in the 
master batch to be 0.8 wt%. The average CNT concentration of the filament winding 
resin was 0.25 wt%.

NOL rings were wound on a filament winding machine (J. Baer) with water-
heated impregnation bath and cured in an air-circulating oven to 160 °C. Mechanical 
testing was according to ASTM D-2290.

6-mm-thick, 12-mm-wide rings were filament wound and cut into short beams. 
The specimens were three-point-bent with an appropriate jig according to ASTM 
D-2344. The sample arc length was 28.4 mm, and the span was set at four times the 
thickness. Specimens were deflected at 1.0 mm/min. Each set of specimens com-
prises 30 samples cut from three different rings (10 specimens/ring).

Six pressure vessels, three with CNT in the epoxy and three without, were wound 
on a computer-controlled filament winding machine (J. Baer, Siemens 840C) with 
T800-12 k carbon fiber (Toray) at 15 N tension. Cost-effective stainless steel bosses 
were chosen for this work. EPDM rubber shear plies were bonded to the forward 
(FWD) and rear (AFT) metal bosses. All pressure vessels were made without dome 
wafers.

First a hydro proof test was performed to a pressure of 7.4 MPa, by means of a sili-
cone rubber bladder. The pressure was released and immediately raised till burst. The 
setup included 24 strain gauges, 7 acoustic emission sensors, and several displacement 
transducers during proof test. Figures 1, 2, 3, and 4 depict the test setup and gauges 
position. Strain gauges (SG) covered the domes, the transition zone at the edge of the 
65° layer (see layup), and the cylinder (“equator” zone at equal distance from the 
bosses). All strain values reported are tensile strains in the fiber direction. Displacements 

Fig. 1  Strain gauges on 
the FWD dome
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Fig. 2  Strain gauges on 
the AFT dome

Fig. 3  Displacement gauges in the proof test

Fig. 4  Typical setup of a 
proof test, vessel #1, FWD 
boss view
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of the flanges and at the equator were recorded only during the proof test; gauges in 
Fig. 3 were removed after the proof test. Two high-speed cameras at 3000 frames/sec 
were instrumental to locate the burst onset location.

The acoustic emission (AE) hardware and setup comprises 9 AE channels (16 
bit, 10 Msamples/sec, 20–400 kHz band width), AE piezo-electric sensors (useful 
frequency range 50–400  kHz), preamplifiers with 60  dB amplification gain, and 
50 Ω RG 58 coax cables. Signal detection was performed using fixed threshold at 
all channels. For each detected signal, a corresponding waveform has been recorded.

Sensitivity of the system, velocity of AE wave propagation, and their attenuation 
characteristics in the vessel were assessed by artificially generating AE waves by 
breaking 2H pencil leads of 0.5 mm diameter at sensor positions. All sensors main-
tained required level of sensitivity and can detect AE activity originated in any part 
of a vessel.

Detection of AE activity was done by application of fixed amplitude threshold, 
equal for all measurement channels. Flaw suspected activity was selected based on 
signal’s rise time, duration, peak amplitude, and energy values after source-to-
sensor distance correction. Frictional and other mechanical noises not related to AE 
activity were filtered out. 2D time difference of wave arrival locations was per-
formed to evaluate source location whenever was practical. In other cases zone loca-
tion was performed. Analysis of total number of AE hits per load stage, their energy, 
amplitude and frequency characteristics, and AE activity vs. location vs. pressure 
was performed to assess revealed indications.

Acoustic emission parameters (see Terminology Section) of detected and mea-
sured signals during the test included time of AE wave arrival, peak amplitude, 
energy, signal strength, duration, average frequency, RMS (root-mean-square), and 
ASL (average signal level), a similar parameter to RMS measured in dBAE.

4  �Results

4.1  �Process Optimization

Addition of CNT to a carbon/epoxy composite material is not expected to increase 
the tensile strength or strain to break in the fiber direction. These properties are 
dominated by the continuous carbon fibers. Nevertheless, a decrease in tensile prop-
erties would be detrimental to the pressure vessel performance. Insufficient wetting 
leading to a weak interface or lower fiber content can result from the higher viscos-
ity of the CNT-modified resin.

As a preliminary work before winding of the pressure vessels with CNT, the 
effect of bath temperature on the tensile and shear properties of epoxy/CNT samples 
was learned. Samples with CNT from the diluted MB were prepared at nominal 
process conditions (50 °C in the resin bath) and at a raised resin bath temperature of 
70 °C. The tensile strength of the composite decreased by 9% relative to the neat 
composite, when prepared at nominal conditions (resin temperature of 50 °C), but 
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was unaffected when wound at the higher temperature. This result confirmed the 
need to increase the resin temperature. Results in Fig. 5 show the ILSS increase 
when raising the temperature set point, up to 90 °C, reflecting a resin temperature of 
70 °C. The bath is water-heated so a higher temperature is neither practical nor safe 
and would also shorten the gel time of the resin. A typical winding process of a part 
can last 1–3 days, thus shortening of the gel time is unfavorable.

The temperature of the resin bath in the filament winding machine was adjusted, 
in order to achieve low viscosity, which in turn allows for good wetting and good 
impregnation of the carbon bundles.

4.2  �Finite Element Analysis

One of the purposes of this work was to study the burst mechanism at the domes and 
see if the CNT-modified vessels behave differently. The geometry of the pressure 
vessels consists of a very short cylindrical section and two domes with nonsym-
metrical flanges. This configuration allows focusing on the domes with ease. The 
vessels have ±30° angular and hoop layers, and an intermediate ±65° layer is added 
to strengthen the transition from the domes to the cylindrical part. Fiber layup is 
[±30°, 90°, ±30°, ±65°, ±30°, 90° ×3]. The angular layer winding pattern is polar, a 
recommended winding pattern for low L/D vessels.

FEA axisymmetric analysis was done with ANSYS on a 7.5° slice. The predicted 
thicknesses were calculated based on a geodesic winding path model and the known 
geometry of the mandrel.

The layup predicts burst at the domes. Finite element analysis of the stresses is 
shown in Figs. 6 and 7. Maximum stresses at the domes are 20% higher than in hoop 
layers.

A positive contribution of CNT to burst pressure would be explained by the increase 
in shear strength, in case a mechanism of shear due to bending of the domes and failure 
by delamination occurs. A negative effect could be caused by impaired interfacial adhe-
sion and poor wetting coupled with lower fiber volume fraction.
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Fig. 5  Effect of impregnation bath temperature on the ILSS in short beam samples
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4.3  �Pressure Vessel Winding

Pressure vessel winding with a CNT-modified resin is demonstrated in Fig. 8. CNT 
have shown good dispersion in epoxy, and the spotted pattern on the mandrel is due to 
poor wetting of the mandrel. After curing, the CNT-modified vessel in Fig. 9 exhibits 
smooth surface finish, on both outer and inner surfaces, similarly to the neat vessels. 
The vessels were weighed to estimate the average fiber volume fraction. After deduc-
tion of the flanges and shear ply weights, composite weights in Table 1 indicate a 
decrease in average fiber volume fraction of CNT-modified vessels by ca. 3.5%.

4.4  �Pressure Vessel Testing

4.4.1  �Proof Tests

Strains in a proof test are demonstrated in Figs. 10, 11, and 12. Displacements are 
shown in Fig. 13. Maximum strains were achieved in the hoop layers, as expected, 
whereas both domes are balanced, showing similar strains of 7300–7500 μst (1000 
μst = 0.1%), either on top of the boss or at the edge of the 65° layer.

Fig. 6  Tensile stresses in the fiber direction. Maximum stress (MX) is located in the FWD 
dome
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Fig. 7  Tensile stresses in the hoop layers

Fig. 8  Winding of the first 
angular layer
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Fig. 9  Side view of the 
vessel. Angular and hoop 
layers are displayed

Table 1  Weights of the pressure vessels and composite material comprising the vessels

Vessel nr. Contains CNT Weight (g) Composite weight, est. (g)

1 NO 4.685 1.18
2 NO 4.670 1.17
5 NO 4.700 1.20
3 YES 4.765 1.26
4 YES 4.745 1.24
6 YES 4.735 1.23
Avg. w/o CNT NO 4.685 1.18
Avg. with CNT YES 4.748 1.24
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Proof test results of CNT-modified vessels are shown in Figs. 14, 15, 16, and 17. 
Linear behavior with slight hysteresis is seen in all areas. Sporadic jumps are due to 
local matrix cracking, and the largest strains are displayed in the hoop layers.

Maximum displacements are viewed in Table  2. Results in the CNT/epoxy 
vessels are somewhat higher in the FWD dome and lower in the AFT dome. This 
may result from differences in dome thickness which in turn depend on resin 
content. Displacements in the cylindrical zone are very similar, and variance 
among neat vessels is larger than between neat and CNT-modified vessels. There 
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is no significant difference among all vessels in terms of elastic compliance to 
pressure, and we conclude that CNT does not affect the elastic behavior of the 
pressure vessel.
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4.4.2  �Burst Tests

Burst pressures of the neat vessels were very similar, reaching 13.8 MPa, 12.9 MPa, 
and 13.5 MPa for vessels #1, #2, and #5 accordingly.

Similar stress-strain linear behaviors and matching burst pressures indicate that 
the winding process and fiber orientation were robust and well controlled. The low 
rate of pressurization did not affect linearity, meaning there is no short-term 
relaxation and the behavior is elastic. Typical strains in the neat vessels are shown 
in Figs. 18, 19, and 20. All three vessels showed similar behavior, and all bursts 
originated at the AFT dome, similarly to the neat vessels.
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Fig. 17  Displacements in a proof test, vessel #3

Table 2  Comparison of displacements in a proof test in vessels with and without CNT

Displacements (mm) Displacement gauge #
Vessels w/o NT Vessels with CNT
1 2 5 3 4

FWD Dome 3 4.92 4.22 5.00 5.36
4 4.77 4.10 5.25 –
5 5.00 4.40 5.02 4.78

Cylinder 1 1.89 0.92 2.03 1.37 1.28
2 1.20 2.01 0.89 1.37 1.29

AFT Dome 6 3.23 3.69 3.04 3.35
7 3.01 4.05 2.97 2.66
8 3.23 3.82 3.16 2.51
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Fig. 19  Tensile strains in the AFT Dome, vessel #1 during burst test
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Vessel #1 burst originated in the AFT dome, see Fig. 21. This failure mode was 
followed by extensive damage in the dome and then ripping and breaking of hoop 
fibers as well as detachment of the boss. A mixed mode cohesive/adhesive failure 
mechanism can be seen in the boss, between the rubber shear ply and the steel 
although failure did not begin in this interface.
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Fig. 20  Tensile strains in the hoop layers, vessel #1 during burst test

Fig. 21  Vessel #1 after 
burst
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Vessel #2 burst initiated at the AFT dome, closer to the equator, as shown in 
Fig. 22. The 30° layer broke in pure tensile mode, followed by ripping of the hoop 
layers.

Vessel #5 burst is in the AFT dome, and the boss was pulled out from place by 
the bladder as shown in Fig. 23. This vessel also shows mixed (cohesive/adhesive) 
failure at the metal/rubber interface. The distinct failure onset location of vessel #2 
is explained by small differences in dome thickness which in turn affect fiber volume 
fraction. Nevertheless, it seems that the domes were well balanced and burst pres-
sures in all three vessels are very close. Figure 24 shows major damage in vessel #5 
domes and hoop layers, as expected for a well-balanced vessel.

Effective burst pressures were higher than predicted. This is due to an underesti-
mation of the domes thicknesses. Thicker domes lead to more rigid behavior and 
higher strength.

Fig. 22  Vessel #2 after 
burst

Fig. 23  Burst of vessel #5. 
AFT boss is being pulled 
out by the rubber bladder
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4.4.3  �Burst of Pressure Vessels with CNT

Two pressure vessels containing CNT in the epoxy matrix were tested similarly to 
the neat vessels. They burst at 12.5 MPa and 12.7 MPa in the AFT dome. In view of 
the homogeneity in pressures and failure mode, the third vessel was not tested.

Tensile strains in the fiber direction are exhibited in Figs.  25, 26, and 27. 
Maximum tensile strains in Fig.  27 developed in the hoop layers, approaching 
15,000 μst which is a typical strain to failure for the materials in use. For instance, 

Fig. 24  Vessel #5 after 
burst
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Fig. 25  Tensile strains in the FWD Dome, vessel #3 during burst test
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Fig. 26  Tensile strains in the AFT Dome, vessel #3 during burst test

0

2000

4000

6000

8000

10000

12000

14000

16000

0 2 4 6 8 10 12 14

St
ra

in
 (m

st
)

Pressure (MPa)

Vessel #3, HOOP Layers

SG#4

SG#12

SG#20

Fig. 27  Tensile strains in the hoop layers, vessel #3 during burst test

N. Naveh et al.



137

standard composite tensile specimens are reported to exhibit a tensile strain to fail-
ure of 16,000 μst [16]. The failure characteristics are very similar to the neat vessels 
in terms of damaged zone, i.e., major damage of the AFT dome first, followed by 
ripping of the hoop layers and detachment of the boss. Strains in the domes are 
clearly below 12,000 μst, as opposed to the neat vessels where higher strains were 
shown. But strains at the cylinder are higher, with a maximum measured value of 
14,500 μst in vessel #3, and strains in the AFT dome close to the cylinder, where the 
vessel failed, were probably in this range.

Based on the classical approach for calculation of composite strength [17], the effect 
of reduced fiber volume fraction on composite strength is minor, especially given the 
fact that fiber content (quantity) is constant. Since the effect of lower average fiber 
content in CNT containing vessels is marginal and the resulting burst pressures are 
equivalent to those of the neat vessels, we conclude that good impregnation was 
achieved. Close inspection of the fiber breakage shows no difference among all vessels, 
thus supporting this conclusion. Figure 28 (vessel #3) and Fig. 29 (vessel #4) depict 
failure of the CNT-modified vessels.

Fig. 28  Burst of vessel #3

Fig. 29  Burst of vessel #4. 
AFT boss is being pulled 
out by the rubber bladder
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Table 3 summarizes measured burst pressures and maximum tensile strains. 
Strain values were rounded to the nearest 100 μst (gauges are very precise but vari-
ance is several hundred μst). Some scatter of measurements is typical and derives 
from local detachment of the gauge, from resin cracking, and to a lesser degree from 
misalignment of the SG. For instance, SG #6 in vessel #2 and SG #18 in vessel #4 
are clearly low-biased readouts. But the integral result shows that both average and 
maximum strains in the domes and in the cylinder are very similar in all vessels. 
This indicates that CNT have neither beneficial nor detrimental effect on the behav-
ior of the pressure vessels.

The mechanism of failure due to interlaminar shear and delamination is not evident 
in this work. Analysis of the acoustic emissions reveals matrix and fiber localized 
cracking but no extensive delaminations which would develop during interlaminar 
shear. Well-balanced domes and cylindrical zone and good control of processing prop-
erties seem to support a typical mode of failure by fiber tensile breakage, and the high 
tensile strains attained in all vessels are indicative of this failure mechanism.

Table 3  Comparison of burst pressures and maximum strains in vessel with and without CNT

Vessels w/o CNT Vessels with CNT
Vessel # 1 2 5 3 4
Burst pressure (MPa) 13.8 12.9 13.5 12.5 12.7

Location Transducer Strain (μst)

FWD dome 5 10,300 12,700 11,800 10,500 11,100
6 11,700 5,500 10,100 9,000 8,100
7 – – 10,600 10,400 7,100
8 11,900 9,500 9,400 9,500 9,000
13 10,600 10,400 10,800 10,400 10,300
14 10,500 10,900 11,400 9,700 12,500
15 11,100 9,400 11,900 9,300 11,600
16 10,300 13,200 11,100 – 12,800
21 12,400 8,700 11,800 9,400 11,400
22 11,900 10,400 10,200 8,600 11,400
23 11,500 8,100 10,000 8,700 10,600
24 11,700 10,600 10,800 12,600 –

Cylinder 4 15,200 14,800 13,600 13,100 –
12 14,000 15,200 12,100 14,500 –
20 – 13,800 13,900 13,800 –

AFT dome 1 – – 11,100 11,000 –
2 11,900 11,600 12,100 11,600 10,700
3 8,600 9,300 11,100 – 10,800
9 12,700 12,100 10,800 – 11,300
10 11,700 12,800 – – –
11 13,900 14,100 10,700 9,400 10,700
17 13,300 10,900 11,800 11,300 –
18 13,800 11,800 11,300 11,300 6,600
19 – 12,200 9,100 9,400 9,900
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4.5  �Acoustic Emission, Failure Modes, and Failure Prediction

Standard short beam samples exhibited higher shear strengths when including CNT 
in the epoxy resin. In case a mechanism of shear due to bending of the domes and 
failure by delamination occurs, we would expect the CNT-modified vessels to burst 
at a higher pressure, compared to the neat vessels. Failure in tensile mode should not 
be affected by the presence of CNT, and burst pressures should remain unaffected. 
Nevertheless, other mechanisms developed during  testing of the  vessels, as evi-
denced by the acoustic emission recorded during pressurization.

Initiation of significant type II AE activity was detected in all five vessels at a 
pressure level of around 7 MPa. AE hit rate almost constantly increased during the 
entire duration of the test. A “felicity ratio” (FR) is calculated as the ratio of pres-
sure level at the start of intensive type II activity during the burst cycle (PSignificant Type 

II activity) to the proof pressure. Lower FR value in Table 4 indicates more significant 
damage accumulation in a pressure vessel. And since PSignificant Type II activity is lower 
than proof pressure, damage accumulation during the proof test was greater in ves-
sels with lower burst pressure. FR correlates well and linearly with burst pressures, 
as shown in Fig. 30. This prediction is at about 50% of the burst pressure and below 
proof pressure.

Previous work with filament wound standard samples and various adhesive joints 
exhibited improved strengths [18]. Fracture surfaces showed that CNT toughen the 
epoxy resin by crack bridging, thus leading to crack arrest. In this work, acoustic 
emission was analyzed in terms of signal duration to check for crack length. After 
high amplitude signals were filtered out, average matrix AE parameters in Table 5 
indicate the formation of shorter cracks, along with stronger, more energetic signals 
of larger amplitude. The shorter duration is in fact indicative of crack arrest, and the 
higher signal strength and amplitude may be related to additional energy-consuming 
mechanisms, such as nanofiber pullout and nanofiber breakage.

Bonding of the rubber to the composite resulted in much higher cohesive failure 
in CNT-modified vessels. Scanning electron micrographs of fracture surfaces, 
Fig. 31, show the debonding of the rubber from the carbon/epoxy composite mate-
rial. Apart from the carbon fiber debris that result from the catastrophic failure, a 
rougher pattern can be observed in the rubber surface for the CNT-modified vessel, 

Table 4  Burst pressures, maximum strains, and AE results in vessels with and without CNT

Vessels w/o CNT Vessels with CNT
Vessel # 1 2 5 3 4

Burst pressure (MPa) 8.13 9.12 5.13 5.12 7.12
Strain (%) @ FWD dome 1.24 27.1 19.1 26.1 28.1
Strain (%) @ cylinder 52.1 52.1 39.1 38.1 –
Strain (%) @ AFT dome 39.1 41.1 21.1 16.1 13.1
P Significant type II activity (MPa) (% of burst 
pressure)

7.5 6.8 7.0 6.0 6.1
(52%) (51%) (50%) (46%) (46%)

FR 0.986 0.893 0.92 0.787 0.800
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along with multiple cracks and mixed mode epoxy/rubber cohesive/adhesive inter-
face. The unmodified vessel exhibits a smoother rubber surface with mostly adhe-
sive failure. This is indicative of the contribution of CNT to epoxy/rubber bonding 
by physical bridging.

5  �Conclusions

A series of neat and CNT-modified carbon/epoxy pressure vessels were tested under 
proof pressure and then burst. The failure mode of the vessels was indistinctive of 
the CNT presence. Failure onset was at the AFT dome followed by breakage and 

Fig. 30  Onset of significant type II activity in a burst test

Table 5  Averaged AE signal characteristics from the composite matrix

Vessels w/o CNT Vessels with CNT
Vessel # 1 2 5 3 4

Avg. duration (μs) 67.9 64.9 62.8 49.2 58.4
Avg. amplitude (dB) 40.0 41.7 41.4 52.2 47.3
Avg. energy (r.u.) 0.91 1.20 1.08 2.96 2.06
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ripping of the hoop layers. This work supports the failure criterion of fiber breakage 
in tension alone. Very high strains were recorded, at least 15,000 μst, comparable to 
the strain at break of the carbon/epoxy composite in a standard sample. Interlaminar 
shear failure and delaminations at the domes were neither observed nor recorded by 
acoustic emission, despite the lack of wafers or doilies. Therefore the improved 
ILSS of CNT containing resin was not operative.

Fig. 31  SEM of the rubber-carbon/epoxy composite interface after burst: (a) vessel #1; (b) vessel 
#3
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Visual inspection after burst indicates an improvement of the boss/composite 
interface adhesion. Bonding of the rubber to the composite resulted in much higher 
cohesive failure in CNT-modified vessels. Burst pressures are very even, both with 
or without CNT. This indicates a good degree of dispersion of the CNT, good fiber 
impregnation, and good control over winding parameters. Further reduction in the 
viscosity of the resin may lead to improvements. This could be achieved by further 
adjustment of process parameters or addition of a diluent to the resin.

A mechanism of crack arrest is shown by the shorter average duration of AE 
signals. The larger amplitude of matrix-related AE events may be related to mecha-
nisms of energy dissipation such as nanofiber pullout and nanofiber breakage. A 
felicity ratio based on acoustic emission readouts may help predict burst pressures 
at pressures lower than the proof pressure, thus allowing some sort of nondestruc-
tive structural health monitoring.

The improved ILSS shown in short beam specimens may express in engineering 
parts where shear stresses are dominant or more significant, for example, wings, 
ailerons, and other flat surfaces.

Acknowledgments  This work was partly funded by NES MAGNET Program of the Israel 
Ministry of Industry and Trade.

�Appendix 1: Terminology

AE parameters used in this study follow ASTM E1316 Terminology for nondestruc-
tive examinations [19]:

	1.	 P significant type II activity – pressure level at which significant type II activity 
starts. Lower P significant type II activity indicates lower strength pressure 
vessels.

	2.	 FR (felicity ratio) – ratio of pressure at initiation of significant damage develop-
ment during the second cycle to the proof test pressure. Lower FR value indi-
cates more significant damage accumulation in pressure vessels.

	3.	 AE amplitude – the peak voltage of the largest excursion attained by the signal 
waveform from an emission event. AE amplitude is normally reported in dBAE – 
a logarithmic measure of acoustic emission signal amplitude, referenced to 1 μV 
at the sensor, before amplification. Signal peak amplitude (dBAE) = 20 log10(A1/
A0), where A0 = 1 μV at the sensor (before amplification) and A1 = peak voltage 
of the measured acoustic emission signal (also before amplification).

	4.	 Energy and acoustic emission signal – the energy contained in an acoustic emission 
signal, which is evaluated as the integral of the volt-squared function over time.

	5.	 AE signal duration – the time between AE signal start and AE signal end.
	6.	 AE signal start – the beginning of an AE signal as recognized by the system 

processor, usually defined by an amplitude excursion exceeding threshold.
	7.	 AE signal end – the recognized termination of an AE signal, usually defined as 

the last crossing of the threshold by that signal.
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Energy Absorption Capability of Hybrid 
Fibers Reinforced Composite Tubes

Yuqiu Yang, Yan Ma, Jing Xu, and Hiroyuki Hamada

1  �Introduction

Extensive research and development has been carried out in the past few decades to 
explore an efficient way to improve the safety  – especially crashworthiness and 
crash compatibility – of automobiles [5, 6, 15, 23, 10, 24, 25]. Crashworthiness has 
attracted significant attention because of its multiple functions, which are to (1) 
absorb energy, (2) keep the occupant compartments intact, and (3) ensure tolerable 
deceleration levels for drivers and passengers during a crash [1, 19]. To achieve the 
above functions, various materials and structures are designed by the automobile 
industry.

Lightweight carbon fiber-reinforced composites (CFRPs) do not exhibit the duc-
tile failure mechanism found in metals [11–13, 21, 22]. That is to say, unlike metals, 
which absorb energy through deformation (as shown in Fig. 1a), CFRPs absorb lots 
of energy through progressive crushing modes by a combination of micro-cracking, 
splitting, bending, delamination, and friction (as shown in Fig. 1b). It is a well-
known fact that one can achieve higher energy absorption, compared to metal alloys, 
with proper construction and architecture of composite structures.

According to previous studies, the energy absorption capability of composite 
tubes could be affected by a variety of factors such as raw materials (fiber material 
[20, 23], resin material [4, 20], and their combination [3, 4]), fiber orientation [14] 
and lay-up [18], specimen geometry (inside diameter–to–wall thickness ratio [8, 
15], collapse trigger mechanism [2, 19], cross-sectional geometry [7]), experimen-
tal conditions (strain rate [7, 20], frictional effect [17]), and so on. Most of the static 
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crushing studies had been carried out to investigate the energy absorption capability 
and crushing characteristics of composite tubes. With this method, the slow speed 
of the crushing process helps to effectively capture the crushing behavior of the 
composite tubes. However, most of the practical conditions are dynamic in nature. 
Hence, investigations of the crushing process under dynamic condition are 
necessary.

Fiber-reinforced composites (FRPs) with the above advantages are not being 
widely used as energy absorption components at present; the most important rea-
sons for this are their high manufacturing cost and their complicated energy absorp-
tion mechanism. Yan Ma et al. [10] investigated the static crushing behavior, energy 
absorption capability, and temperature treatment effect of carbon fiber (CF)/
CF-epoxy and CF/aramid fiber (AF)–epoxy composite tubes manufactured by the 
filament winding method. By optimizing different hybrid methods, ratios, and rea-
sonable geometric shapes of composites, low-cost and high–energy absorption 
components with specific energy absorption (Es) close to 96 kJ/kg could be manu-
factured for use on vehicles. However, the investigated aspects were relatively lim-
ited, and more practical dynamic methods were not tested. In addition, the effects of 
temperature on energy absorption components are commonly investigated in the 
automobile industry because the level of heat release results in a temperature 
increase when the engine runs. Yan Ma et al. [10] also investigated the temperature 
treatment effect. However, further investigation needs to be conducted and a more 
detailed mechanism of temperature treatment effect has to be introduced.

To investigate the energy absorption capability of CF hybrid FRP tubes further, 
CF, AF, and glass fiber (GF) were chosen as reinforcements and the same epoxy 
resin was chosen as a matrix to manufacture five new different structures and raw 

Fig. 1  Comparison of metal and CFRP tubes (a) Metal tube (b) FRP tube
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materials of FRP composite tubes through a highly productive and low-cost winding 
method. Except for static tests, the effects of material, temperature treatment, and 
hybrid ratio on the energy absorption capability under dynamic crushing tests were 
also investigated experimentally.

2  �Experimental Procedure

2.1  �Materials and Design

Three kinds of fibers – T700SC-12k carbon fiber provided by Toray, Kevlar 29 pro-
vided by Toray, and GF provided by Nittbo – were used as reinforcements in this 
study. Epoxy resin 308A3801 from Mitsubishi Chemical was chosen as the matrix. 
The filament winding method was used to manufacture the nine types of specimens. 
The specifications of the raw materials are shown in Table 1.

Nine types of tubes with different raw materials, fiber orientation, and ratio 
were designed and manufactured in this study. A 50 mm diameter mandrel was 
used in this experiment. Each tube consisted of three layers – inner (88°), inter-
mediate (10°or 17.6°), and outer (88°). Two kinds of structures including type A 
(three layers) and type B (five layers) were investigated as shown in Fig.  2. 
Specimens were named based on the thickness and material of each layer. For 
example, G/C2 composite tube consisted of GF(88°)/CF(17.6°)/GF(88°) layers 
with thicknesses of 0.15 mm, 2 mm, and 0.5 mm, respectively. A/C1.6′ compos-
ite tube consisted of AF(88°)/CF(10°)/AF(88°) layers with thicknesses of 
0.15 mm, 1.6 mm, and 0.83 mm, respectively. In particular, A/C1.5-F composite 
tube consisted of AF(88°)/CF(10°)/AF(88°)/CF(10°)/AF(88°) fiber layers with 
thicknesses of 0.15 mm, 0.75 mm, 0.188 mm, 0.75 mm, and 0.188 mm, respec-
tively. Schematic diagrams and the parameters of design of FRPs tubes and fiber 
volume fractions (Vf) measured are shown in Fig. 3 and Table 2, respectively. 
Thickness measured is about 1 mm thicker than designed thickness, and ratio 
measured is in line with Table 2. Vf in Table 2 represents the sum fraction of all 
hybrid reinforcements. Three replicate specimens were tested in quasi-static test 
and two used in drop tests in this chapter.

Table 1  Specification of raw material

Materials Manufacturers Type
E 

(GPa) σ (MPa) ρ (g/cm3) ε (%)

CF Toray T700SC-12k 230 4900 1.8 2.1
AF Dupount-Toray Kevlar 29 70.4 2920 1.44 3.6
GF Nittbo T-glass 84.3 4650 2.49 2.49
Epoxy Mitsubishi chemical 308A3801 4 64 – 1.9

E modulus, σ strength, ρ density, ε elongation
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Fig. 2  Schematic diagram of two types of carbon/aramid CFRPs structures (Reproduced with 
permission from Ref. [10])

Fig. 3  Realistic appearance (a) and schematic diagram (b) of typical A/C2 specimen (Reproduced 
with permission from Ref. [24])
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2.2  �Manufacturing and Temperature Treatment

All the specimens were manufactured by the filament winding method. The fabri-
cated specimens were tapered in a 45° chamfer at the compressed head after cutting 
into approximately 50-mm lengths. This trigger initiated a stable, progressive, high 
energy crushing rather than a sudden catastrophic type of failure of the FRPs com-
posite tubes. Then specimens were heat treated at 100  °C for 100 h, 200 h, and 
400 h, respectively, according to the treatment design for investigating the effect of 
temperature treatment on crashworthiness, which is shown in Table 3. Specimens 
treated at 100 °C for 200 h are named TT-type (TT-A/C2 for example). After tem-
perature treatment, specimens did not show any difference in appearance. A repre-
sentative specimen with marked size ready for compression is shown in Fig. 3.

2.3  �Compression Tests

2.3.1  �Quasi-static Tests

All composite tubes were tested in axial compression using a WDW-100KN univer-
sal testing machine. Tubes were compressed by 30 mm at a constant cross-head 
speed of 5 mm/min. The load and crush displacement were recorded by the standard 
coordinate system (x-y coordinates). According to the load-displacement curves, 
crashworthiness characteristics were calculated as follows

Peak load (Pmax or PInitial in kN) is the initial peak force (commonly the maximum 
force) of the curve in the progressive compression. Total energy absorption (Ae in 
kJ) is the integral of the load-displacement curve and it is calculated with (1), where 
P is the force value at each compression distance. The area under load-displacement 
curve is equal to Ae:

	

A P l dle

l

= ( )ò
max

0

	

(1)

Pmean (kN) is the mean load, which is calculated as the total absorbed energy per 
crushed tube length (lmax, m); see (2):

	
Pmean =

( )ò0
l

P l dl

l

max

max 	
(2)

Specific energy absorption (Es, kJ/kg) is the most important parameter to evalu-
ate crashworthiness in vehicles. It is the energy absorbed per unit of crushed speci-
men mass (mcrush, kg), calculated in (3):
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Table 2  Parameters of designed CFRPs tubes with measured volume fraction

Type Parameters
Structure Vf

(%)Inner Middle Outer

A/C1.5 Fiber distribution AF CF AF –
Ratio 1.0 10.0 2.5
Thickness/ mm 0.15 1.50 0.39

A/C/A:1/10/2.5 Fiber orientation 88° 17.6° 88°
A/C1.6′ Fiber distribution AF CF AF 38.3

Ratio 1.0 11.0 5.5
Thickness/ mm 0.15 1.66 0.830

A/C/A:1/11/5.5 Fiber orientation 88° 10° 88°
A/C1.6 Fiber distribution AF CF AF –

Ratio 1.0 11.0 5.5
Thickness/ mm 0.15 1.66 0.830

A/C/A:1/11/5.5 Fiber orientation 88° 17.6° 88°
A/C2 Fiber distribution AF CF AF 39.6

Ratio 1.0 13.3 3.3
Thickness/mm 0.15 2.00 0.50

A/C/A:1/13.3/3.3 Fiber orientation 88° 17.6° 88°
A/C2.2 Fiber distribution AF CF AF 41.1

Ratio 1.0 14.7 2.0
Thickness/ mm 0.15 2.20 0.30

A/C/A: 11/14.7/2 Fiber orientation 88° 17.6° 88°
C/C1.6 Fiber distribution CF CF CF –

Ratio 1.0 11.0 5.5
Thickness/mm 0.15 1.66 0.83

C/C/C:1/11/5.5 Fiber orientation 88° 17.6° 88°
C/C2 Fiber distribution CF CF CF 43.9

Ratio 1.0 13.3 3.3
Thickness/mm 0.15 2.00 0.50

C/C/C:1/13.3/3.3 Fiber orientation 88° 17.6° 88°
G/C2 Fiber distribution GF CF GF 42.9

Ratio 1.0 13.3 3.3
Thickness/mm 0.15 2.00 0.50

C/C/C:1/13.3/3.3 Fiber orientation 88° 17.6° 88°
A/C1.5-F Fiber distribution AF CF AF CF AF –

Ratio 1.00 5.00 1.25 5.00 1.25
Thickness/mm 0.150 0.750 0.188 0.750 0.188

A/C/A/
C/A:1/5/1.25/5/1.25

Fiber orientation 88° 17.6° 88° 17.6° 88°

Reproduced with permission from Ref. [10, 24]
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E

P l dl

ms

l

=
( )ò0

max

crush 	
(3)

Crush efficiency (ηc, %) is a characteristic to evaluate the stability of the crushing 
process, which is the percentage ratio of Pmean to Pmax, calculated in (4):

	
hc

P

P
= mean

max 	
(4)

2.3.2  �Dynamic Tests

Dynamic tests (or drop tests) were carried out on a free flight drop tower facility LC36-
225H6600-III as shown in Fig. 4. A hammer with a weight of 120 kg was mounted at 
a height of 5 m to achieve the velocity of 10 m/s (Fig. 4a) to ensure the velocity did not 
decrease intensely during collapse. A high-speed camera Photron SA1.1 (Fig. 4c) was 
used to record the pictures at the high speed of 400,00 frames per second. Blocks were 
used to prevent specimens from totally collapsing. Force and displacement were 
recorded by a computer (Fig. 4d) connected to a force sensor and displacement sensor. 
Every evaluation index was calculated as shown in the equations above.

2.4  �Microscopic Observation

Post-crush specimens were cast in resin to retain the crush morphology and were 
then cut, polished, and finally observed by optical microscope to observe the post-
crush cross section and analyze the energy absorption mechanism. The size of the 
crush zone was too small to be photographed using a camera and too large to be 

Table 3  Treatment design of CFRPs tubes at 100 °C

Type Structure (Material: thickness (orientation)) Treating time (h)

A/C1.5 A/C/A:1(88°)/10(17.6°)/2.5(88°) 0 200 400
A/C1.6′ A/C/A:1(88°)/11(10°)/5.5(88°) 0 – 200
A/C1.6 A/C/A:1(88°)/11(17.6°)/5.5(88°) 0 100 200
A/C2 A/C/A:1(88°)/13.3(17.6°)/3.3(88°) 0 100 200
A/C2.2 A/C/A: 11(88°)/14.7(17.6°)/2(88°) 0 – 200
C/C1.6 C/C/C:1(88°)/11(17.6°)/5.5(88°) 0 100 200
C/C2 C/C/C:1(88°)/13.3(17.6°)/3.3(88°) 0 – 200
G/C2 C/C/C:1(88°)/13.3(17.6°)/3.3(88°) 0 – 200
A/C1.5-F A/C/A/C/A:1(88°)/5(17.6°)/1.25(88°)/5(17.6°)/1.25(88°) 0 200 400

0 in the “Treating time” represent the specimens without heat temperature treatment
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observed using a microscope. This problem could be overcome by using photomon-
tage of the sections from whole frames.

3  �Results 

3.1  �Quasi-static and Dynamic Compression Test Results

Representative top views of post-crushed tubes after quasi-static tests and drop tests are 
shown in Fig. 5a, b respectively. Most of the tubes exhibited typical splaying crushing 
mode [6]. The axial fibers splayed in a series of fronds to the outside and inside of the 
tubes, and a crack propagated along the center of the wall of the tube, known as a  
central crack. A wedge of debris formed at the top side of central crack  [10, 24].

Fig. 4  Dynamic test system comprising the drop test facility (a), test bench (b), high-speed cam-
era (c), and electronic recorder system (d) (Reproduced with permission from Ref. [24])

Fig. 5  Top view of post-crushed tubes after quasi-static test (a) and dynamic test (b) (Reproduced 
with permission from Ref. [24])

Y. Yang et al.
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Representative load-displacement curves of all the specimens and testing results, 
including average crushing efficiency (ηc) and average specific energy absorption (Es), 
both tested in quasi-static and dynamic tests, are shown in Fig. 6 and Table 4, respec-
tively. According to the displacement-load curves of A/C2.2-Dynamic and G/C2- 
Dynamic under dynamic tests shown in Fig. 6f, i respectively, the crushing process was 
found to enter the crushing compaction area at a distance less than 30  mm (about 
25 mm). The Es of both tubes were calculated from 0 mm to 25 mm [10, 24].

Fig. 6  Typical load-displacement curves of CFRPs under both quasi-static and dynamic tests 
(Reproduced with permission from Ref. [10, 24])
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3.2  �Microscopic Observation

Optical photographs of cross sections through the crush zones of various hybrid 
FRPs composite tubes with or without temperature treatment are shown in Figs. 10, 
11, 12 and 13 and in Figs. 18, 19, 20, 21, 22, 23, 24, 25, 26 and 27. The fracture 
cross sections are introduced in detail in the following sections.

4  �Discussion

4.1  �Effect of Structure on Energy Absorption

Composite tubes A/C1.5 (A88°/C17.6°/A88°:0.15 mm/1.5 mm/0.39 mm) and A/
C1.5-F (AF88°/CF10°/AF88°/CF10°/AF88°:0.15 mm/0.75 mm/1.88 mm/0.75 mm 
/0.188 mm) have the same fiber content and orientation but different structure, as 
shown in Table 2. From Fig. 7, it is easy to see that a three-layer (A/C1.5) structure 
exhibited better energy absorption capability than a five-layer (A/C1.5-F) structure 
of carbon/aramid FRPs, even with same fiber content and orientation. The A/C1.5-F 
type of tube with five layers has more thin layers than the A/C1.5 type of tube. 

Fig. 6  (continued)

Y. Yang et al.
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The thinner the layer, the easier the layer buckles according to traditional mechanics 
of materials. On the other hand, the A/C1.5-F type of tube, with five layers and four 
carbon-aramid fiber interlayer interfaces, showed poorer mechanical properties. 
Therefore, the three-layer (A/C1.5) structure with two interfaces only exhibited bet-
ter energy absorption capability than the five-layer (A/C1.5-F) structure of carbon/
aramid FRPs, even with same fiber content and orientation. The interfaces dictate 
the behavior of these composites [10, 24].

Another effect of structure, including hybrid ratios and fiber orientation of tube 
walls of carbon fiber, is shown in Fig. 8a, b, respectively. VCF is the volume content 
ratio of the intermediate carbon layer.

According to Fig.  8a, it is clear that the Es of the CF/AF FRP tube under 
quasi-static test increased with increased VCF. The axial fiber layer could effec-
tively carry the axial load, which is closely related to the peak load of the com-
posite tube (PPeak-0: A/C1.6  =  47.1kN, A/C2  =  70.1kN, A/C2.2  =  83.7kN; 
PPeak-TT: A/C1.6  =  59.3kN, A/C2  =  75.1kN, A/C2.2  =  97.2kN). Specimens 
treated at 100 °C for 200 h are named TT-type (TT-A/C2 for example) through-
out the whole text. Outer circumferential fibers could effectively hoop the inner 
CF layers and constrain the propagation of the central crack, which has an impor-
tant effect on the crushing efficiency (ηc-0: A/C1.6  =  62.3%, A/C2  =  89.4%,  
A/C2.2  =  83.3%; ηc-TT: A/C1.6  =  60.1%, A/C2  =  89.1%, A/C2.2  =  80.8%). 
Either too much or too little hoop fiber can be detrimental for energy absorption. 
Composite tubes with proper content ratios of hoop fiber to axial fiber (H:A) 
could largely control the propagation of the crack, even at a lighter weight,  
compared to other designs [10, 24].

Fig. 7  Variation of specific energy with treatment time (Reproduced with permission from 
Ref. [10])
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According to Fig.  8b, A/C1.6′ and A/C1.6 composite tubes have the same 
material composition and ratio, but different fiber orientation of the inner carbon 
layer. A/C1.6 composite tube with a 10°inner carbon layer, which is closer to the 
axial direction, has a higher capability to carry the axial load than A/C1.6′ tube 
with a 17.6°inner CF layer (PPeak-0: A/C1.6 = 47.1kN, A/C1.6′ = 68.7kN; PPeak-TT: 
A/C1.6 = 59.3kN, A/C1.6′ = 79.4kN). Nevertheless, the outer AFs have enough 
capability to hoop the inner CF layer (ηc-0: A/C1.6 = 62.3%, A/C1.6′ = 79.6%; 
ηc-TT: A/C1.6 = 60.1%, A/C1.6′ = 74.8%) [10, 24].

4.2  �Effect of Hybrid Material on Energy Absorption

A/C1.6 and C/C1.6 have the same fiber content, orientation, and structure but differ-
ent raw materials as shown in Table 2. From Fig. 7, it is clear that both are three-
layer structures. Carbon/carbon FRPs (C/C1.6) composites showed better 
performance in terms of energy absorption than carbon/aramid FRPs (A/C1.6) com-
posites without temperature treatment, but carbon/aramid FRPs composites with 
temperature treatment had a tendency to overpass carbon/carbon FRPs composites. 
Carbon/carbon FRPs composite C/C1.6 exhibited higher energy absorption than 
carbon/aramid FRPs composite A/C1.6, having the same fiber content, orientation, 
and structure but different raw materials. On the one hand, aramid fiber is not suit-
able for compression; on the other hand, carbon/carbon FRPs composites have bet-
ter inter-layer properties than carbon/aramid composites [10, 24].

The displacement-load curves of A/C2, C/C2, and G/C2 composite tubes with 
the same thickness distribution ratio but different raw materials are shown in Fig. 6e, 
h, i, respectively. Es values of every composite tube without temperature treatment 
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are shown in Fig. 9. It is obvious that C/C2 exhibited higher Es than G/C2 and A/C2 
composite tubes under both static and dynamic tests. C/C2 composite tubes showed 
8.9% and 7.7% higher Es values than G/C2 composite tubes, which in turn were 
10.7% and 8.3% higher than A/C2 under static and dynamic tests, respectively. 
Meanwhile, the above-mentioned tubes with the same structure under dynamic tests 
showed 15–18% decrease in Es compared to under static tests [10, 24].

Optical photographs of cross sections through the crush zones of C/C2, A/C2, 
and G/C2 tubes without temperature treatment under quasi-static tests are shown 
in Figs. 10a, 12a, and 13a, respectively. For C/C2 tubes, the tube wall is split into 
internal and external fronds typical of the splaying mode of crushing. A well-
defined debris wedge was observed. Below the debris wedge a short crack was 
observed in the longitudinal direction of the tube wall. Lots of fiber fracture and 
inter-laminar delamination were observed in both fronds, especially external 
fronds with small bending curvature. G/C2 tubes showed a similar splaying 
crushing mode. Compared with C/C2, a relatively longer central crack and larger 
frond bending curvature could be observed. For A/C2 tubes, only splaying 
crushing mode could be observed in the top and obvious transversal cracking 
occurred on the bottom because of the non-ideal constraints of hoop AFs. A high-
level axial load could not be sustained because of transversal cracking through 
the whole tube wall [10, 24].

The mechanical properties of fibers as shown in Table 1 may contribute to the 
difference between the crushing behavior and the energy absorption capability of 
CFRP tubes. CF and GF have better mechanical properties as the outside hoop fiber 
controlled the central crack propagation more effectively. A short central crack led 
to fronds bending with small curvature; more fibers in fronds could break under 
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higher stresses because they absorb a large amount of energy during the process of 
compression [10, 24].

4.3  �Effect of Crushing Speed on Energy Absorption

Results show that every specimen tested in quasi-static tests exhibited progressive 
and stable crushing. At the initial crushing stage of quasi-static tests, the load rises 
quickly to a peak value, then drops off slightly and stays relatively constant. It can 
be seen that the load fluctuates in a quasi-random fashion with serrations of small 
amplitude. However, about two to five much larger fluctuations in load-displacement 
curves after the load reaching peak load could be seen in a drop test. Accordingly, 
lower ηc and Es compared to the quasi-static test could be observed as shown in 
Fig. 14a, b), respectively [10, 24].

Fig. 10  Representative micro observation (left) and schematic diagrams (right) of crush zone for 
post-crushed C/C2-Static (a) and TT-C/C2-Static (b) after quasi-static test (Reproduced with per-
mission from Ref. [24])
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According to Hull [6], the serrations are produced by the stick-slip nature of the 
brittle fracture mechanism in which the stresses required to initiate crack growth are 
higher than those for propagation. Mamalis et al. [16] attribute the differences in 
energy absorption under static and dynamic conditions to changes in the crushing 
mechanisms. In particular, the resin was found to become increasingly brittle under 
elevated strain rates [9]. Meanwhile, higher fracture toughness of composites makes 
positive contributions to control the propagation of longitudinal cracks [4, 5], which 
should be controlled for getting higher energy absorption by making the fronds 
bend to the inner and outer sides with small curvature [10, 24].

Optical photographs of cross sections through the crush zones of C/C2 with and 
without temperature treatment under static and dynamic tests are shown in Figs. 12 
and 13, respectively. It is clear that composite tubes with large bending curvature 
under dynamic tests developed longer central cracks than those with small bending 
curvature under static tests. Moreover, multiple fiber fractures could be observed in 
the fronds of composite tubes under static tests, which could absorb a great deal of 
energy [10, 24].

Fig. 11  Representative micro observation (left) and schematic diagrams (right) of crush zone for 
post-crushed C/C2-Dynamic (a) and TT-C/C2-Dynamic (b) after dynamic test (Reproduced with 
permission from Ref. [24])
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4.4  �Effect of Temperature Treatment

Polished sections of uncompressed tube walls before and after temperature treatment 
are shown in Fig.  15. It is apparent that carbon and aramid layers are set apart in 
untreated specimens but tighten up in treated specimens. The shrinkage of the hoop 
aramid fiber after temperature treatment is considered to be the main reason for dis-
tance change. Shrinkage of the aramid fiber may hoop the inner carbon fibers more 
effectively. If the distance between layers is large enough, the whole tube wall buckles 
during the process of compression. A schematic diagram of carbon/aramid FRPs com-
posites crushing mode before and after temperature treatment is shown in Fig. 16. If the 
distance between layers is not large without treatment, the tube wall splits into internal 
and external fronds through a blunt radius of curvature typical of splaying mode 

Fig. 12  Representative micro-observation (left) and schematic diagrams (right) of crush zone for 
post-crushed A/C2-Static (a) and TT-A/C2-Static (b) after quasi-static tests (Reproduced with  
permission from Ref. [24])
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crushing. After treatment, the distance reduction following the shrinkage of the aramid 
fibers could restrain the propagation of the central crack effectively to make the fronds 
split into internal and external fronds through a sharp radius of curvature typical of 
bending mode crushing because of the existence of internal stress [10, 24].

The crushing results including ηc and Es are shown in Table 4. The Es values of 
composite tubes with or without temperature treatment are shown in Fig. 16. For 
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Fig. 13  Representative micro observation (left) and schematic diagrams (right) of crush zone for 
post-crushed G/C2-Static (a) and TT-G/C2-Static (b) after quasi-static test (Reproduced with per-
mission from Ref. [24])
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static tests, the load-displacement curves and Es of CF/AF CFRPs (A/C1.6′, A/C2, 
A/C2.2) increased by 18.4%, 11.7%, and 19.2%, after 200 h temperature treatment 
at 100 °C, respectively. There is no large obvious differences for CF/CF CFRPs (C/
C2) and GF/CF GFRPs (G/C2) after temperature treatment when compared to the 
original results [10, 24].

The Es values of composite tubes under dynamic tests are shown in Fig. 17b. 
Temperature treatment has a negative effect on the Es of CF/CF tubes under dynamic 

Fig. 16  Schematic diagram of carbon/aramid FRPs composites crushing mode before and after 
temperature treatment (Reproduced with permission from Ref. [10])

Fig. 15  Polished section of tube (A/C1.5) wall before and after (100  °C, 200  h) temperature 
treatment (Reproduced with permission from Ref. [10])
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Fig. 17  Variation of Es after temperature treatment. (a) Static tests. (b) Dynamic tests (Reproduced 
with permission from Ref. [24])

Fig. 18  Representative micro-observation (left) and schematic diagrams (right) of crush zone for 
post-crushed A/C1.6′-Static (a) and TT-A/C1.6′-Static (b) after quasi-static test (Reproduced with 
permission from Ref. [24])

tests, whereas for GF/CF FRP tubes it exhibited a relatively positive effect. At the 
same time, the Es of CF/AF FRP tubes didn’t increase proportionally to that in a 
static test. However, the cause of this behavior is still unclear and further studies are 
underway [10, 24].
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Optical photographs of cross sections through the crush zones of A/C2 and A/
C1.6′ tubes with and without temperature treatment under quasi-static tests are 
shown in Figs. 12 and 18, respectively. For A/C2 composite tube, the crushing mode 
transformed from bulking crushing mode into splaying crushing mode. For A/C1.6′ 
composite tube, the crushing mode transformed from splaying crushing mode with 
longer central crack and large bending curvature into splaying crushing mode with 
shorter central crack and small bending curvature [10, 24].

To investigate the reason for Es improvement in CF/AF CFRPs tubes, thermal 
aging properties for AFs, resin and composite, after temperature treatment were 

Fig. 20  Polished section of crush zone of carbon/aramid FRPs composite A/C1.50 (Reproduced 
with permission from Ref. [10])

Fig. 19  Three types of failure modes according to microscope observation of cross section 
(Reproduced with permission from Ref. [10])
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Fig. 22  Polished section of crush zone of carbon/aramid FRPs composite A/C1.5400 (Reproduced 
with permission from Ref. [10])

Fig. 21  Polished section of crush zone of carbon/aramid FRPs composite A/C1.5200 (Reproduced 
with permission from Ref. [10])
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Fig. 23  Polished section of crush zone of carbon/aramid FRPs composite A/C1.5-F 0 (Reproduced 
with permission from Ref. [10])

Fig. 24  Polished section of crush zone of carbon/aramid FRPs composite A/C1.5-F 200 (Reproduced 
with permission from Ref. [10])
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Fig. 25  Polished section of crush zone of carbon/aramid FRPs composite A/C1.5-F 400 (Reproduced 
with permission from Ref. [10])

Fig. 26  Polished section of crush zone of carbon/aramid FRPs composite C/C1.6100 (Reproduced 
with permission from Ref. [10])
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examined. Yue et al. [27] showed that Kevlar 29 fibers did not show evident changes 
in tensile strength but tensile strain decreased at 100, 200, and 300 °C after 2–8 h in 
vacuum. AFs with an epoxy coating were exposed to a similar vacuum treatment. 
Yongming [26] showed that thermal aging of the epoxy apparently reduced the 
strain to break, the flexural strength was slightly affected, and the modulus increased. 
Thus thermal treatment of the AF composite tubes at 100 °C for 200 h, was expected 
to affect strength and increase modulus slightly. As a result, the integral tube is more 
effectively controlled during deformation in compression and tubes under 
compression show more progressive failure mechanism, leading to higher energy 
absorption values [10, 24].

Fig. 27  The crushing mode variation of high and low specific energy absorption composites 
(Reproduced with permission from Ref. [10])
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4.5  �Modes of Crushed Specimens

4.5.1  �Three Crushing Modes

Three types of failure modes – bending mode, splaying mode, and buckling mode – 
are classified in Fig. 19. In the case of bending mode, a short central crack and 
bending fronds with small radius of bending curvature can be found in the cross 
section through the crush zones. Multiple broken fibers in the fronds absorb a large 
number of energy in the process of compression. For the splaying mode, a long 
central crack and bending fronds with large radius of bending curvature can be 
observed in the cross section through the crush zones. Extensive delamination and 
some broken fibers occurred, thus absorbing some energy during the compression 
process. With regard to buckling mode, buckle deformation is observed in the whole 
tube, resulting in significant delamination in both intra-layers and inter-layers. 
These kinds of tubes absorb limited energy, this depending mainly on deformation 
of materials [10, 24].

4.5.2  �Effect of Temperature Treatment on Crushing Mode

Optical photographs of cross sections through the crush zones of carbon/aramid 
FRPs composite tubes (A/C1.5 and A/C1.5-F) with or without temperature treat-
ment are shown in Figs. 20, 21, 22, 23, 24 and 25. In the case of A/C1.5 tubes with-
out temperature treatment (Fig. 20), the tube wall collapsed and could not bear the 
axial load. Delamination and transversal cracking was evident through the whole 
tube wall. After 200 h treatment (Fig. 21), the bottom of the tube wall exhibited 
firmer behavior, and the whole frond fracture happened in the process of compres-
sion. After 400 h treatment (Fig. 22), the tube wall split into internal and external 
fronds typical of splaying mode crushing. A well-defined debris wedge was 
observed. Below the debris wedge short cracks were observed in the longitudinal 
direction of the tube wall. The two fronds both underwent some degree of deforma-
tion but were bent through a blunt radius of curvature. Many inter-laminar delami-
nations were observed in both internal and external fronds. In the case of A/C1.5-F 
(A88°/C17.6°/A88°/C17.6°/A88°:1/5/1.25/5/1.25) without temperature treatment 
(Fig. 23), the whole tube wall buckled and a large number of inter-laminations and 
intra-laminations could be observed. After 200 h temperature treatment (Fig. 24), 
the whole tube wall buckled and lots of laminations were also observed. After 400 h 
temperature treatment (Fig. 25), the whole tube wall did not buckle, unlike the for-
mer two specimens. The tube wall split into internal and external fronds in which 
fiber fracture could be observed. It could be inferred that the crushing mode could 
be changed from buckling mode to splaying mode through temperature treatment 
according to Figs. 20 and 21 [10, 24].
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4.5.3  �Crushing Mode Variation of High and Low Specific Energy 
Absorption Composites

Figures 22, 23, 24, 25 and 26 show the crushing modes of high specific energy 
absorption FRP composites. It is clear that the tube walls split into internal and 
external fronds although the length of central crack is a little different. At the same 
time, the bending fronds bend inside with small radii of curvature.

The comparison of crushing mode between high and low energy absorption tubes is 
shown in Fig. 27. It is obvious that tubes with high energy absorption ability fractured in 
splaying mode and even in bending mode, whereas the tubes with low energy absorption 
ability crushed in buckling mode. In the case of splaying mode and bending mode, the 
obvious difference between them was the radius of curvature of bending fronds, which 
was related to the length of initial central crack. The shorter the central crack, the smaller 
the radius of curvature, the result of larger specific energy absorption [10, 24].

5  �Conclusions

	1.	 Composite tubes under quasi-static tests exhibited higher crushing efficiency (ηc) 
and specific energy absorption (Es) than those under dynamic tests.

	2.	 CF/CF composite tubes exhibited higher Es than GF/CF and AF/CF composite 
tubes with the same structure in both static and dynamic tests.

	3.	 The energy absorption capability of aramid/carbon FRPs hybrid tubes could be 
improved through temperature treatment. This can be attributed to the slightly 
affected strength and increased modulus of AF composite FRPs as more effec-
tive control of tubes during compression could be achieved in this way. However, 
there is little difference for CF/CF CFRPs after temperature treatment when 
compared to the original ones. Temperature treatment has a negative effect on the 
Es of CF/CF tubes under dynamic tests, whereas for GF/CF FRP tubes it exhib-
ited a relatively positive effect. At the same time, the Es of CF/AF FRP tubes 
didn’t increase proportionally to that in static test.

	4.	 A decrease in fiber angle along the axial direction and a reasonable hybrid ratio 
between inner carbon and outer aramid layer are helpful in obtaining higher Es.

	5.	 A/C1.6 composite tubes after temperature treatment (named “TT-A/C1.6”) 
exhibited the highest Es in quasi-static tests (98 kJ/kg on average) and dynamic 
tests (82 kJ/kg on average), with excellent energy absorption management.

	6.	 FRPs failure modes were divided into three – bending mode, splaying mode, and 
buckling mode  – which ranked from highest to lowest in energy absorption. 
However, in common, the failure mode of FRPs is not necessarily a single failure 
mode but a combination of several failure modes, and the failure mode is closely 
related to the length of the central crack. Under the premise of avoiding buckling 
deformation, best efforts should be made to control the propagation of the central 
crack for making the fronds bend to the inner side and outer side with small 
curving curvature. In this case, more fibers in the bending fronds could break 
(one of the most important ways to absorb energy).
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Graphene-Rubber Nanocomposites: 
Preparation, Structure, and Properties

Jian Wang, Kaiye Zhang, Qiang Bu, Marino Lavorgna, and Hesheng Xia

1  �Introduction

Graphene is a two-dimensional atomically thick carbon material with a honeycomb 
lattice structure, composed of sp2 hybridized carbon atoms. In 2004, Geim and 
Novoselov theoretically predicted the existence of a single crystal of graphene and 
experimentally isolated the graphene sheets by peeling-off graphite using scotch tape 
and thus won the 2010 Nobel Prize in physics. Graphene possesses ultrahigh mechan-
ical strength, high Young’s modulus, structural flexibility, large specific surface area, 
excellent thermal and electrical conductivity, and optical transmittance, which out-
perform other ever-reported materials [1–4]. Due to the specific properties, graphene 
may bring about a new technological revolution in the twenty-first century [5, 6].

Graphene is currently produced by a variety of approaches, such as chemical vapor 
deposition (CVD), epitaxial growth, micromechanical exfoliation, liquid exfoliation, 
and oxidation-reduction (i.e., oxidation of graphite to graphene oxide and then reduc-
tion to graphene by chemicals or heat). The large-scale production of graphene by 
using the former three approaches remains a challenge due to their high cost, whereas 
both the liquid exfoliation and the oxidation-reduction methods exhibit high versatil-
ity and industrial scalability, which possibly are the most promising methods for the 
graphene production. It is noted that the several production approaches allow to obtain 
graphene with different quality expressed as aspect ratio and amount of defects on the 
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graphene nanoplatelets. In particular the quality of graphene nanoplatelets is rela-
tively lower due to more defect declines when graphene is produced by oxidation-
reduction method. It is widely accepted that graphene produced by liquid exfoliation 
or by oxidation-reduction methods is suitable to be used as filler for the production of 
polymer composites. For oxidation-reduction method, except for the low cost and 
easily scale-up, the most important advantage is its capability to obtain the water-
dispersive graphene oxide, which can be easily modified to obtain the range of gra-
phene derivatives compatible with different polymer matrix from nonpolar to polar.

In recent years, there have been growing interests toward elastomeric materials 
to be used in a multitude of different applications, from automotive to energy sector, 
from aerospace to the manufacturing of daily goods sector. The conventional rubber 
material could not meet the ever-increasing demand of applications; thus it is very 
important to develop innovative multifunctional rubber-based composites. In the 
last 10 years, graphene/thermal plastic polymer composites were extensively inves-
tigated; however, surprisingly, almost no studies involved the preparation and 
characterization of rubber/graphene composites until 2011, probably due to the dis-
persion and exfoliation problem of graphene in the cross-linked rubber matrix. 
Since 2013, the modification of rubber by using graphene nanofillers has become 
one of the hot topics in the area of graphene, aiming to the automobile or bicycle tire 
application. Graphene combines the conductivity of carbonaceous materials with 
the structural characteristics of clay sheets (widely used in the field of elastomeric 
materials), thus providing new strategies in the development of high-performance 
multifunctional rubber nanocomposites. Graphene rubber materials can be widely 
used in tire, high barrier conductive seal, electromagnetic shielding seals, and shock 
absorber. Graphene, as a prospective filler in rubber materials, possesses many 
advantages: (1) extraordinary modulus of ~1TPa with flexibility and light weight 
and thus better mechanical reinforcement effect compared to conventional filler; (2) 
high electrical and thermal conductivity; (3) gas barrier properties higher than clay; 
(4) higher specific area, leading more interfacial contact and larger effect on molec-
ular chain, and crystallization such as strain-induced crystallization ability com-
pared with clay and carbon nanotubes; and (5) good heat resistance. (6) For graphene 
oxide or reduced graphene oxide, there are some polar groups like hydroxyl, car-
boxyl, and epoxide, which make graphene easily functionalized by grafting small 
molecules or polymer. Therefore, graphene, as the most powerful 2D materials, may 
provide a good opportunity for the revolution of traditional rubber technology.

This chapter will review the state of the art on graphene/rubber nanocomposites 
with specific focus on the preparation approaches, structure and properties, and also 
the application.

2  �Preparation of Graphene/Rubber Nanocomposites

In general, three main approaches were adopted for the preparation of graphene-
rubber composites, i.e., melt mixing, solution mixing, and latex mixing. In order to 
produce the valuable composites, or the truly 2D graphene-rubber hybrid, the 
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methods should solve three important challenges, i.e., the exfoliation and dispersion 
of graphene nanoplatelets, the construction of well-defined graphene structures 
(i.e., random dispersion, layered structure, or segregated structure), and the improved 
interfacial interaction between the 2D graphene and macromolecular chain.

2.1  �Latex Mixing Method

Graphene (GE)-filled natural rubber (NR) nanocomposites prepared by latex mix-
ing approach have attracted increasing attention [7, 8]. Latex mixing is the most 
popular and recognized method to make the rubber-graphene nanocomposites. The 
general process is mixing the aqueous dispersion of graphene or graphene oxide 
with rubber latex to get a uniform dispersion. Afterward the mixture is subjected to 
coagulation, drying, and vulcanization to obtain the GE/NR composites. When 
using the graphene oxide dispersion, the in situ reduction in the latex can be con-
ducted before coagulation to obtain the graphene-rubber nanocomposites. The final 
properties of GE/NR composites prepared by latex mixing approach depend on the 
compatibility of graphene or its derivatives with polymer and the graphene mor-
phology in the matrix. The latex mixing has two advantages: (1) the well dispersion 
of graphene can be realized and (2) the process is relatively easy, low cost, and 
environment-friendly without using the organic solvent. There are also some disad-
vantages for latex mixing: (1) due to a low concentration of graphene in aqueous 
dispersion, too much water will be used for dispersion and washing and (2) the 
graphene dispersion is highly energy consuming, normally using ultrasound equip-
ment. The machine cost is high when production is in a ton scale.

Zhan et al. firstly prepared GE/NR composites by an ultrasonically assisted latex 
mixing and in situ reduction (ULMR) method [7]. The innovative method was sche-
matically illustrated as follows: the graphene oxide (GO) prepared from natural 
flake graphite according to the Hummers’ method is well dispersed into water by 
ultrasonic irradiation due to the presence of oxygen-containing groups in the sur-
face and mixed with NR latex. Then the GO in the latex was in situ reduced by 
hydrazine hydrate to reduced graphene oxide (rGO) and followed by latex coagula-
tion to get the well-dispersed and exfoliated rGO/NR masterbatch. Through further 
dilution of the masterbatch with normal NR by a twin-roll mixing process, rGO/NR 
composites with different GE contents were obtained. This process can make the 
graphene nanosheets disperse uniformly with a thickness of 1–3 nm. For the GE/NR 
composites prepared by conventional two-roll milling without using latex mixing, 
the graphene nanosheets agglomerated in particles with a size ranging from 300 to 
800 nm. The results suggested the higher dispersion efficiency of latex mixing com-
pared to the simple two-roll milling of conventional polymeric material. The ULMR 
method includes two key steps: latex mixing with sonicated GO dispersion and in 
situ reduction of GO to rGO. Two reasons for using GO dispersion not rGO disper-
sion in ULMR process are (1) GO aqueous dispersion with single layer graphene 
nanoplatelets can be obtained by sonication without using the surfactant. (2) The 
rGO powder is difficult to be dispersed into water down to single layer or few layers 
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with a layer thickness of less than 10 nm by sonication with the assistance of surfac-
tant, which is also very difficult to be removed by posttreatment. The in situ reduc-
tion is another core step to change polar GO to nonpolar rGO, which improves the 
compatibility with the nonpolar rubber matrix and obtains the good mechanical 
properties for the rubber composites.

In order to improve the conductivity of rubber materials, Zhan et al. also pre-
pared vulcanized rGO/NR composites with a conductive segregated network by 
self-assembly in latex, coagulation, and static hot-pressing [8]. The Go and the rGO 
platelets were self-assembled to form an encapsulated graphene layer on the surface 
of the latex particles (Fig. 1a, b). Subsequently, the cross-linked agent sulfur and 
other additives were added into the rGO/NR latex (Fig. 1c) and then the latex was 
coagulated and filtrated. In the presence of rGO, the NR latex is easily coagulated 
with the addition of those additives. The filtrated solids fraction was dried and then 
was directly hot-pressed under static pressure and in situ vulcanized to obtain the 
cross-linked rGO/NR nanocomposites. During this process, the solid polymer par-
ticles create excluded volume and essentially push the graphene nanoplatelets into 
the interstitial space between them to form the conductive networks (Fig. 1d). Due 
to the high viscosity of molten rubber particles, the conductive fillers have difficulties 
to diffuse inside the rubber, and the segregated network structure along the bound-
ary region will be kept when cooling (Fig. 1e). If the coagulated and dried rubber 
mixture is subjected to twin-roll mixing, the segregated network will be destroyed, 
and thus the well-dispersed GE/NR composite can be obtained (Fig. 1f).

By using the latex mixing approach, Kim et al. [9] prepared multilayered gra-
phene (MLG)/styrene-butadiene rubber (SBR) composites, which show significant 
improved thermal stability and electric conductivity. The authors used the surfactant 

Fig. 1  The preparation of GE/NR composites with a conductive segregated network of graphene 
by self-assembly in latex and static hot-press. (a) GO layers were uniformly dispersed in NR latex; 
(b) graphene nanoplatelets obtained by in situ reduction were self-assembled onto the surface of 
the NR latex particle; (c) sulfur and other additives were uniformly dispersed in the graphene/NR 
latex; (d) solid mixture of graphene and NR after latex coagulation and drying; (e) graphene/NR 
composites with the conductive segregated network; (f) graphene/NR composites with uniform 
graphene dispersion (Reproduced with permission [8], 2012, Royal Society of Chemistry)
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hexadecyltrimethylammonium bromide (CTAB) to promote the graphene disper-
sion; however the graphene aggregation is obvious, suggesting the dispersion of 
thermally reduced graphene in aqueous solution is indeed a big challenge. The 
mechanical properties of the SBR/GE were not reported; probably the existence of 
remained CTAB after repeated washing will significantly degrade the mechanical 
properties. The conductivity of the CTAB-stabilized MLG/SBR composite is not so 
ideal, ~8 × 10−6 S/cm at a 5 wt% graphene content.

Potts et al. [10] prepared rGO/NR composites using latex mixing with a kineti-
cally stable suspension of rGO in water. The composites were processed by two 
different routes: (1) two-roll milling with dicumyl peroxide (DCP) as the curing 
agent; (2) “solution treatment” procedure, the solids (in the form of small pellets) 
were firstly soaked into a solution of DCP in toluene to swell the rubber and implant 
DCP into the matrix and then were subject to hot-pressing to form and cure the 
samples. The two processes were similar as Zhan’s post-processing routes [7, 8]. 
Very interestingly, the authors independently observed the similar phenomenon 
reported by Zhan et al.: the processing approach had a tremendous impact on the 
composite morphology and thus properties. Solution treatment preserved the segre-
gated filler network morphology produced by the co-coagulation procedure, whereas 
the milling process destroyed this network and generated a homogeneous dispersion 
of rGO platelets in the NR matrix. The segregated network morphology was shown 
to be advantageous for conductivity properties and greatly increased the stiffness but 
also significantly reduced the elongation to break. The milled nanocomposites exhib-
ited enhanced stiffness and strength while maintaining a high elongation to break.

Direct latex mixing using graphene oxide and rubber latex is also used to obtain 
the GO reinforced rubber nanocomposites. One good example is graphene oxide/
butadiene-styrene-vinyl pyridine rubber (VPR) nanocomposites by Tang et al. [11]. 
Two interactions can be formed through different flocculants during latex coagula-
tion process. The hydrogen bonding interaction is formed between the hydroxyls of 
GO and nitrogen of VPR by using CaCl2 as the flocculant, while the ionic bonding 
interface, namely, negatively charged groups in GO sheets strongly attached onto 
the protonated N of the VPR chain, is constructed via electrostatic interaction by 
using HCl as the flocculant. The mechanical properties and gas permeability of 
these hybrids with an ionic bonding interface are obviously superior to those of the 
composites with a hydrogen bonding interface. With the ionic interfacial bonding, 
inclusion of 3.6 vol% of GO in VPR generates a 21-fold increase in glassy modulus, 
7.5-fold increase in rubbery modulus, and 3.5-fold increase in tensile strength. The 
very fine dispersion of GO and the strong ionic interface in the hybrids are 
responsible for such unprecedented reinforcing efficiency of GO toward VPR. This 
work contributes new insights on the preparation of high-performance GO/rubber 
composites [11].

Yang et  al. [12] synthesized high-performance SBR/graphene nanocomposites 
through latex mixing and post in situ reduction by rhodanine during thermal process-
ing. During the in situ reduction, rhodanine was converted into polyrhodanine via 
oxidative polymerization initiated by GO, and the rGO was subsequently decorated 
with polyrhodanine. Because of the substantially improved interfacial adhesion, 
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combined with the improved dispersion state, the elastomer/rGO composites exhib-
ited significantly improved mechanical properties compared with the elastomer/GO 
composites. Compared with neat SBR, the modulus of GO is increased by 2.8-fold, 
while that for rGO is drastically increased by 7.7-fold. This indeed provides a new 
way to obtain the high-performance elastomer/graphene composites by combining 
interfacial chemistry and curing chemistry.

Wu et al. prepared graphene/natural rubber and graphene/styrene-butadiene rub-
ber (SBR) composites by latex mixing method, respectively, and investigated the 
vulcanization mechanism [13]. Schopp et al. [14] prepared SBR composites by using 
the conventional carbon black and novel carbonaceous fillers (carbon nanotubes and 
graphene) and compared the different reinforcing effect. Graphene brings about sig-
nificant improvement in mechanical, electrical, and gas barrier properties of SBR 
composites, unrivaled by other carbonaceous counterparts. Cui et al. [15] reported 
the preparation of graphene oxide/SBR composites through an emulsion intercala-
tion method and used the composites in tire applications. Results show that both the 
storage modulus G’ and Payne effect increase with the increasing amount of gra-
phene, which is due to the cross-link structures originating from the high specific 
surface area and high aspect ratio of graphene oxide. Liu et al. [16] prepared the 
graphene/carboxylated nitrile rubber (XNBR) composites by using the sodium 
hamate-modified graphene oxide. The addition of 1 wt% graphene doubled the frac-
ture energy of the composites, while their modulus remains unchanged. She et al. 
[17] introduced hydroxyl groups in NR in order to improve the dispersion of gra-
phene oxide. Compared with pristine deoxidized NR, the incorporation of 0.7 phr of 
GO increases the tensile strength by 87%; in particular, the tensile strength at the 
strain of 200% increases 8.7-folds. Huang et  al. [18] construct sacrificial metal-
ligand bonds elastomer/graphene composites. This interface is composed of pyridine-
Zn2+-catechol coordination motifs, which is strong enough to ensure uniform 
graphene dispersion and efficient stress transfer from matrix to fillers. The mechani-
cal properties of the composite are simultaneously and remarkably improved.

2.2  �Solution Mixing Method

For solution mixing method, rubber material was initially dissolved in solvent and 
then the graphene or surface-modified graphene was dispersed in the rubber solution, 
followed by the removal of solvent and vulcanization to get the rubber nanocompos-
ites. This method enables the uniform dispersion of graphene to some degree, and 
surface modification can further improve the dispersion quality. Compared to the 
latex mixing approach, there are two disadvantages: (1) the dispersion of graphene 
down to single layer or a few layers in organic solvent is difficult to realize and (2) 
the organic solvents need to be recycled which will increase the production cost.

Bai et al. [19] dispersed graphene oxide in dimethyl formamide (DMF) by using 
an ultrasonically assisted solution mixing. The as-received graphene oxide suspen-
sion was added into nitrile-butadiene rubber (NBR), pre-dissolved in tetrahydrofuran, 
and then the mixture was subjected to ultrasonic dispersion, drying, two-roll milling, 
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hot-pressing, and vulcanization to obtain the GO/NBR composites. Ozbas et al. [20] 
investigated the strain-induced crystallization of GE/NR composites prepared by 
solution mixing method. Lian et al. [21] prepared graphene/butyl rubber (IIR) com-
posites by solution mixing method. Butyl rubber with 10 wt% of graphene exhibits 
significant increase in mechanical properties, for example, the modulus of GE/IIR 
increases 16-folds compared with pristine IIR. Sadasivuni et al. [22] prepared maleic 
anhydride grafted butyl rubber (MA-g-IIR) and produced graphene/MA-g-IIR nano-
composites by solution mixing method. The functional groups on the basal plane of 
GO allow strong interactions with the carboxyl groups on NBR and lead to a rise in 
the glass transmission temperature. Mensah et al. [23] prepared the reduced graphene 
oxide/nitrile rubber through solution mixing. By adding 0.1 phr of rGO, the tensile 
modulus of nitrile rubber at 50%, 100%, and 200% strains increases by 83%, 114%, 
and 116%, respectively, which is attributed to the uniform dispersion of rGO and 
improved interfacial interaction between rGO and rubber matrix. Gan et  al. [24] 
developed graphene nanoribbons, originating from unwrapping multiwalled carbon 
nanotubes (CNTs), and used the graphene nanoribbons as fillers in silicone rubber. 
The strong oxidants (potassium permanganate, sulfuric acid) allow the decomposi-
tion of CNTs to form graphene nanoribbons, which are dispersed in silicon rubber by 
a facile solution mixing method. Thermal gravimetric analysis revealed that silicone 
rubber reinforced by graphene nanoribbons exhibits significant improvement of ther-
mal stability. Chen et al. [25] revealed that the use of melt mixing method cannot 
achieve the uniform dispersion of graphene in silicon rubber. Instead, they used solu-
tion mixing method to produce silicone rubber/graphene composites, with graphene 
content varying from 0 to 2.96%.

2.3  �Mechanical Mixing

For mechanical mixing method, graphene nanoplatelets were directly mixed with 
polar or nonpolar rubber matrix either in twin-roll mill or alternatively in a batch 
mixer (i.e., preblender). The mechanical mixing method has some advantages such 
as solvent-free, low cost, and simple technical process. However, the challenge in the 
preparation of graphene-rubber composites through mechanical mixing is the diffi-
culty to obtain a uniform dispersion of graphene nanoplatelets in the rubber matrix.

Yaragalla et al. [26] dispersed the thermal reduced graphene oxide (TRGO) in 
NR by using a mechanical melt mixing. The modulus of NR filled by 3 phr of TRGO 
increases by 182%, while the oxygen barrier properties increase by 175% compared 
with neat rubber. Das et al. [27] prepared SBR nanocomposites containing graphene, 
expanded graphene (EG), graphene nanoplatelets (GnPs), and multiwalled carbon 
nanotubes (MWCNTs) by melt mixing and made a comparative study in their elec-
trical and mechanical properties. At a particular filler loading, the MWCNT and the 
GnP showed the better improving performance. Mahmoud et al. [28] prepared gra-
phene/NBR composites by mechanical mixing and investigated the effect of gra-
phene on the fatigue properties of NBR materials. Al-solamy et al. [29] proposed 
the microstructure model for the piezoresistive effect of conductive NBR/graphite 
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nanoplatelets (10  nm thickness) nanocomposites. The rubber was initially mixed 
with graphene in twin-roll milling and pressed into cylinder with a height of 1 cm 
and basal area of 1 cm2. The result shows that the percolation concentration of the 
investigated nanocomposites was ~0.5  phr. Of all the composites examined, the 
sample, in the region of the percolation transition, was found most sensitive to com-
pressive strain. The electrical conductivity was changed by more than five orders of 
magnitude upon a 60% compression. Araby et al. [30] prepared highly filled gra-
phene/ethylene propylene diene monomer (EPDM) nanocomposites by mechanical 
mixing with 3.56 nm thick graphene platelets. Most GnPs can be dispersed uni-
formly in EPDM matrix. A high percolation threshold of electrical conductivity of 
18  vol% GnPs was observed. The tensile strength, Young’s modulus, and tear 
strength of EPDM material increased by 404%, 710%, and 270%, respectively, at a 
GE content of 26.7%. Yaragalla et al. [31] prepare epoxidized natural rubber (ENR) 
nanocomposites containing the thermally reduced graphene oxide (GR) by conven-
tional mechanical mixing. At a low loadings (2 wt%) of graphene, the barrier and 
dielectric properties are significantly enhanced. Song et al. [32] prepared the gra-
phene/silicone rubber composites by mechanical mixing using the Flacktek Speed 
Mixer (Fig. 2) and found the mechanical properties and thermal stability of silicone 
rubber composites were enhanced.

Fig. 2  Preparation process of the graphene/silicone rubber composites (Reproduced with permis-
sion [32], 2015, Elsevier)
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For mechanical mixing, the modification is necessary to improve the compatibil-
ity between graphene and rubber matrix. Lin et al. [33] studied the static and dynamic 
mechanical properties of NR filled with zinc oxide-doped graphene (Nano-ZnO-GE) 
obtained by twin-roll milling. The presence of nano-ZnO on the surface of graphene 
sheets not only suppresses the aggregation of graphene sheets but also acts as a more 
efficient cure activator in vulcanization process, with the formation of excellent 
cross-linked network at a low nano-ZnO-GE content because the GE sheets in nano-
ZnO-GE composites act as the physical cross-link points. Compared with NR con-
taining 5  phr of ZnO, Nano-ZnO-GE-modified NR shows remarkably enhanced 
mechanical properties, due to the inhibitive effect of ZnO on agglomeration of gra-
phene nanoplatelets that promotes the formation of cross-linking network. Suriani 
et al. [34] used the sodium 1,4-bis(neopentyloxy)-3-(neopentyloxycarbonyl)-1,4-di-
oxobutane-2-sulfonate (TC14) to assist the dispersion of GO in the NR. TC14 could 
adsorb and give triple interactions between the GO and NR. Malas et al. [35] intro-
duced the isocyanate-modified graphene nanosheets and carbon black into butadiene 
rubber (BR), styrene-butadiene rubber (SBR), and SBR/BR blends by mechanical 
mixing. Because of the higher basal spacing and exfoliated structure of isocyanate-
modified graphene (i-MG) nanosheets than expanded graphite (EG), i-MG sheets 
were uniformly dispersed in the different rubber matrices in the presence of CB, 
resulting in an improved storage modulus, lower rolling resistance, and better anti-
skid properties compared to the EG-filled rubber vulcanizates. Song et al. [36] pre-
pared SBR-based nanocomposites with 50  phr carbon black and 5  phr natural 
graphite (NG) or acid-graphite (AG) platelets or modified graphite fabricated by the 
processes of thermal shock (NGT and AGT), sonication (NGS and AGS), and soni-
cation after thermal shock (NGTS and AGTS). The modulus of the AG composites 
increased ~32%, and the tensile strength increased ~18% compared with that of 
control. Using acid-graphite platelets, the fatigue crack growth of composites is 
decreased, and the thermal and electrical properties of nanocomposites were 
enhanced. This is because the acid-graphite is uniformly dispersed in SBR due to the 
functional groups and improved both physical and chemical interactions between 
graphite and polymer by the coupling agent. Zhang et al. [37] investigated the func-
tional graphene nanoplatelets modified by silane coupling agents and surfactant on 
the mechanical and thermal properties of silicone rubber composites. The results 
show that functional graphene nanoplatelets improved the mechanical and thermal 
stability of silicone rubber. Yin et al. [38] found that polyvinylpyrrolidone (PVP) 
molecules have strong interaction with GO via hydrogen bond; meanwhile, PVP 
molecules have a better compatibility with SBR, and as a result, the functional GO 
enhances the mechanical and thermal conductivity properties significantly. Tang 
et  al. [11] investigated the difficulties in compounding styrene-butadiene rubber 
(SBR) and reduced graphene oxide and revealed that the optimal compatibility and 
interfacial interaction occur for GO filler with O/C ratio equal to 0.2, which allows a 
significant improvement on mechanical properties. Wang et al. [39] represented an 
improved compatibility between graphene and SBR when graphene oxide was 
modified by octadecylamine, as a result, greatly improving the properties of the 
composites.
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Lin et  al. [40] prepared the SiO2/rGO mixture by electrostatic assembly 
between  3-glycidoxypropyltrimethoxysilane (GPTMS)-modified graphene oxide 
and 3-aminopropyltriethoxysilane (APES)-modified silica and combined a reduc-
tion process with hydrazine hydrate. The SBR composites were fabricated by sim-
ple mechanical blending with the SiO2/rGO mixture in an open two-roll mill. The 
SiO2/rGO has a higher reinforcing effect for SBR than the individual SiO2 or rGO 
due to the better dispersion and stronger interfacial interaction with the rubber 
matrix. The tensile strength, modulus at 300% strain, and tear strength for SBR/
SG30 (SiO2/rGO) are dramatically increased by about 1204%, 170%, and 274% as 
compared with those of neat SBR, respectively. The DMA loss factor (tanδ) at 0 °C 
and 60 °C, was adopted as measures of wet grip property and rolling resistance. 
Compared with SBR/S29.7 (individual SiO2), the wet grip property of SBR/SG30 
(SiO2/rGO) is improved by 10.2%, and the rolling resistance is reduced by 10.3%.

3  �Performance of Rubber/Graphene Composites

3.1  �Mechanical Properties

Mechanical properties of GE/NR nanocomposites could be affected by various fac-
tors, such as the dispersion of graphene, the interfacial interaction between rubber 
and graphene, orientation and network structure of graphene, and cross-link density 
of composites. Graphene is more effective in improving mechanical properties of 
rubber composites compared to other carbonaceous fillers. The reasons are:

	1.	 Graphene, as a flexible and ultrathin two-dimensional nanosheet, possesses 
wrinkle structured topologies [41], which allows the higher absorption and adhe-
sion compared to CNTs and CB.

	2.	 Exceptional mechanical properties: graphene is regarded as the strongest mate-
rial yet disclosed [4]. Graphene has theoretical Young’s modulus of 1.05 TPa 
[42], while the modulus of CNTs is 450 GPa [41, 43, 44].

	3.	 Graphene has a large specific surface area, ~2600 m2/g, leading to the generation 
of physical cross-linking and entanglements in rubber matrix.

	4.	 Cross-link density increases with increasing GE content, resulting in the 
enhanced mechanical properties.

	5.	 Graphene facilitates strain-induced crystallization, which plays a key role on 
mechanical enhancement of NR.

	6.	 Graphene as a 2D filler is more flexible than a 3D material due to the spatial 
degree of freedom. Graphene can be stretched or bent or compressed in-plane to 
some degree. Graphene actually forms with ripples/corrugations on a length 
scale of tens of nanometers. Therefore, if graphene is dispersed in a single layer 
or very few layer, it is possible to improve the modulus and toughness simultane-
ously, or improve the modulus without degrading the materials flexibility, and 
also to exhibit excellent dynamic properties, different from the normal rigid 3D 
fillers like carbon nanotubes.
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Zhan et al. [7] compared the mechanical properties of NR composites with different 
nanofillers. The tensile strength of NR/GE composites containing 2  wt% GE 
increased by 47% compared with pristine NR. In contrast, the tensile strength of 
NR/CB and NR/MWCNT composites was increased by only 6% and 9%, respec-
tively. The stress at 300% strain for NR/(2 wt%) GE composites is two times that of 
NR/(2 wt%) MWCNT composites and 2.5 times that of NR/(2 wt%) CB compos-
ites. Compared to pure NR, the incorporation of 2  wt% GE enhanced the tear 
strength by 50%. With increasing GE content, the tensile strength of composite 
increases, while the elongation at break decreases. This is ascribed to the strong 
interfacial interaction between graphene and rubber matrix which immobilizes the 
molecule chains [45]. She et al. [17] added epoxy and hydroxyl groups into the NR 
that enhance the interfacial interaction between GO and rubber. The results showed 
that compared with those of pure ENR, the composite with 0.7 wt% GO loading 
shows a 87% increase in tensile strength and a 8.7-fold increase in modulus at 200% 
elongation after static in situ vulcanization. Yaragalla et al. [26] reported that with 
3 phr of reduced graphene oxide in epoxidized nature rubber composites, the modu-
lus of composite increased by 282% with respect to that of pristine materials.

Schopp et al. [14] investigated the effect of graphene layers on the mechanical 
properties of the composites and confirmed the graphene is the ideal fillers of SBR 
by comparison. They found that the mechanical properties of SBR/TRGO, SBR/
CRGO, and SBR/MLG350 with graphene layers less than 10 were far superior to 
those containing graphene layers more than 60 (EG40) and conventional carbon 
fillers such as carbon black and CNTs. The stress at 50% strain for SBR/MLG350 
and SBR/TRGO at a filler content of 25 wt% is 8 and 14 times higher than that of 
pristine SBR, respectively. The chemical reduced system SBR/CRGO shows simul-
taneously increase in both tensile strength and elongation at break. Mensah et al. 
[23] revealed the tensile modulus of NBR at strains of 50%, 100%, and 200% 
increased by 83%, 114%, and 116%, respectively, with the addition of 0.1 phr rGO. 
The NBR-rGO nanocomposite obtained by solution mixing demonstrated a higher 
hardness and higher modulus compared to the NBR gum and NBR-GO compounds. 
Gan et  al. [24] found that the elongation at break of silicone rubber containing 
0.4  wt% of graphene increased by 64%. With increasing graphene content to 
2.0  wt%, the tensile strength and Young’s modulus increase by 67% and 93%, 
respectively. Bai et al. [46] studied the influence of thermal treatment temperature 
of GO. Compared with neat silicone rubber, the tensile strength for the composites 
containing the rGO obtained at different treatment temperature 350, 700, and 
1050 °C is improved from 0.32 MPa to 0.85, 0.86, and 0.94 MPa, respectively. After 
aging, the tensile strength of neat silicone rubber is down to 0.17 MPa, while the 
tensile strength of silicone rubber/GE (GO after thermal treatment under 1050 °C) 
remained at 0.63 MPa. Luo et al. [47] prepared the graphene/solution-polymerized 
styrene-butadiene rubber (SSBR) composites using three types of SSBR with dif-
ferent vinyl contents. The composites were investigated through experimental and 
molecular dynamics (MD) simulation approach. The authors found that as the vinyl 
content increases in the SSBR matrix, the graphene/SSBR interfacial interaction 
increases, and as a consequence, the mechanical properties of SSBR/GE were 
improved.
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Lin et  al. [33] substituted conventional ZnO by nano-ZnO to prepare nano-
ZnO-GE/NR composites. NR composite containing 1.5  phr of nano-ZnO-GE 
shows a tensile strength of ~31 MPa and tear strength of ~109 kN/m, respectively, 
which are increased by 12.7% and 32.3%, respectively, compared to the pristine 
NR.  Graphene showed a higher reinforcing efficiency than CB and CNTs. Yin 
et al. [38] used the polyvinylpyrrolidone to modify GO and found that after adding 
5 phr functional GO, the tensile strength and tear strength are enhanced to 517% 
and 387%, respectively.

Yan et al. [48] observed two opposite effects of GE on the crack growth resis-
tance of NR: at lower strains, the inclusion of GE accelerates the crack growth; at 
higher strains, the crack growth is retarded with the addition of GE. Strain-induced 
crystallization at crack tip has been investigated. The GE/NR composite starts to 
crystallize near the crack tip at the strain of 30%, while unfilled NR does not. Also 
GE/NR has a much higher crystallinity and larger crystalline zone than unfilled NR 
at the same strains, which allows the crack branching and more energy dissipation 
and prevents the crack growth.

Li et al. [49] found that tensile strength and elongation at break for GE/NR com-
posite increase by about 9% and 3%, respectively, with the addition of 0.07 wt% of 
GE. Wang et al. [50] revealed a remarkable mechanical enhancement of SBR with 
the addition of CB and rGO. Wu et al. [51] modified graphene oxide with silane 
coupling agent, which was used to reinforce the NR. Figure 3 shows that tensile 
strength and tensile modulus of NR were increased by 100% and 66%, respectively, 

Fig. 3  Representative stress-strain curves of unfilled NR and graphene/NR nanocomposites. The 
numbers in the figure indicate the weight fractions of graphene in the nanocomposites. The upper 
inset shows the linear fitting to the data below 10% strain (Reproduced with permission [51], 2013, 
Elsevier)
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with the incorporation of 0.3  wt% graphene, while the ultimate strain remains 
unchanged. Sadasivuni et al. [22] reported the Young’s modulus of butyl rubber-
graphene composite was improved from 0.9 to 1.9 MPa, the tensile strength was 
enhanced from 0.8 to 2.7 MPa, and the elongation at break was increased from 106 
to 220% at a graphene content of 2 wt%. Liu et al. [52] prepared the carboxylated 
nitrile-butadiene rubber (XNBR)/graphene hybrid nanocomposites (PEI/XNBR/
PEI/GO)30 (30 is referred to the number of deposition cycles) via layer-by-layer 
(LBL) method and showed that the tensile strength was increased by 192% and 
elastic modulus was increased by 215%.

There are more reports showing the improved mechanical properties of rubber 
composites with graphene [27, 53–55].

3.2  �Electrical Properties

The stretchable conductive rubber is one of the most important materials in the 
manufacturing of flexible electronic devices [56]. The conductivity of composite 
depends on the filler content with a power law relationship (see Eq. 1). When filler 
content reaches the percolation threshold, the composite converts to an electrical 
conductor. According to the theory of percolation threshold, the conductivity of 
composite (σ) is represented as [57, 58]

	
s s j j j j= -( ) >( )0 c

s

c 	
(1)

where φ is the volume fraction of filler, φc is percolation threshold value, and σ0 is 
a constant, determined from the conductivity of filler. Exponent s represents the cor-
relation between φ and φc. Table 1 summarized the threshold values for various GE/
NR composites.

Zhan et al. [8] constructed graphene-segregated network in NR matrix, so as to 
enhance the conductivity as well as to decrease the percolation threshold value. The 
conductivity for the composite prepared by ultrasonic assisted latex mixing and in 
situ reduction followed by a static heat press and vulcanization reached ~0.03 S/m, 
due to the construction of conductive network in the polymer matrix, while for GE/
NR composite prepared by Haake mixing or by twin-roll milling, it is only 
5.7 × 10−7 S/m. The percolation threshold value of GE/NR composite with segre-
gated network is 0.62 vol%, while for the NR composite with well-dispersed gra-
phene, it is 4.62 vol% (Fig. 4). Potts et al. [10] found that the electric conductivity of 
GE/NR composites prepared by latex mixing was higher than that of composites 
prepared by mechanical mixing. Araby et  al. [59] reported that the percolation 
threshold of GE/SBR composites prepared by solution mixing is 5.3 vol%, while for 
the GE/SBR composites prepared by mechanical blending, the percolation threshold 
is 6.5 vol% [60].

He et  al. [61] showed that the percolation threshold for ENR-GE compos-
ites  depends on the evolution of the GE networks in the composites. At low GE 
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Table 1  Electrical percolation threshold of GE/NR nanocomposites

Elastomer Processing Electrical percolation threshold

NR [8] Emulsion blending 0.62 vol%
Mechanical blending 4.62 vol%

EPDM [30] Mechanical blending 18 vol%
SBR [62] Emulsion blending 0.5–1.0 wt%
NR [64] Mechanical blending 0.1–0.5 wt%
SBR [59] Solution blending 5.3 vol%
SBR [60] Mechanical blending 16.5 vol%
NBR [29] Mechanical blending 0.5 wt%
SR [70] Solution blending 2 wt%
SR [25] Solution blending 0.9 vol%
PDMS [71] Solution blending 3 wt%
SBR [14] Emulsion blending 0.5 wt%
NBR [28] Mechanical blending 0.5 wt
PDMS [63] Solution blending 0.8 wt% (650 m2/g graphene)

1.6 wt% (400 m2/g graphene)

Fig. 4  The electrical conductivity as a function of the graphene content for graphene/NR compos-
ites prepared by the different methods. NRLGES: the cross-linked graphene/NR composites with 
the segregated network prepared by self-assembly in latex and direct hot-pressing. NRLGES-TR: 
the cross-linked graphene/NR composites without the segregated network prepared by latex mix-
ing and twin-roll mixing. NRLGE: the uncross-linked graphene/NR composites with the segre-
gated network prepared by self-assembly in latex and direct hot-pressing. NRLGE-TR: the 
uncross-linked graphene/NR composites without the segregated network prepared by latex mixing 
and twin-roll mixing. NRGE-TR: the composites prepared by direct twin-roll mixing of graphene 
powders and rubber. NRGE-HM: the composites prepared by direct Haake mixing of graphene 
powders and rubber (Reproduced with permission [8], 2012, Royal Society of Chemistry)
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concentrations (0.17 vol%), GE existed as individual units, while a “polymer-bridged 
GE network” was constructed in the composites when GE concentrations exceeded 
0.17 vol%. Finally, a “three-dimensional GE network” with percolation conductive 
paths was formed with a GE concentration of 0.23 vol%, where a remarkable increase 
in the conductivity of ENR-GE composites was observed.

Graphene has high electrical conductivity, large aspect ratio, and specific area 
compared to other conductive filler (i.e., CNTs or carbon black powder). Thus to 
attain the same conductivity, the required concentration of graphene is much lower 
than that of traditional carbonaceous fillers [14]. Kim et al. [62] evaluated the per-
colation threshold of graphene/SBR composites ranging from 0.5 to 1.0 wt%. The 
conductivity of composites increases from 4.52 × 10−13 to 4.56 × 10−7 S/cm as the 
graphene concentration increases from 0.5 to 5.0 wt%. Ozbas et al. [63] studied the 
effect of graphene with varied specific surface area on the electrical conductivity of 
polydimethylsiloxane (PDMS) and showed that PDMS filled by graphene with spe-
cific surface area of 650 m2/g has a percolation threshold of 0.8 wt%, while for the 
PDMS containing graphene with a specific area of 400 m2/g, the percolation thresh-
old value is 1.6 wt%. The electrical conductivity of graphene/EPDM prepared by 
mechanical mixing was examined by Araby et al. [30]. They showed that the perco-
lation threshold of graphene/EPDM composite is 18 vol%. After vulcanization, the 
volume resistivity of graphene/EPDM composite was increased by seven orders of 
magnitude compared to that of the composite before vulcanization. This result indi-
cates that cross-linking rubber promotes the construction of graphene network.

Hernández et  al. [64] prepared GE/NR composites with percolation threshold 
ranging from 0.1 to 0.5 wt%. The conductivity of composites as a function of fre-
quency of alternate current was also examined. Results showed that conductivity of 
composite increases with increasing frequency. Wang et al. [50] studied the conduc-
tivity of SBR/GE composite as a function of graphene content. The conductivity 
increases with the increasing concentration of graphene. Specifically, SBR/GE 
composite converts into conductor with the addition of 7 phr of graphene. For gra-
phene, the ease of dispersion and construction of the three-dimensional conductive 
network of graphene in polymer matrices are the key points for the preparation of 
conductive polymer composites (CPCs) and flexible electronic devices. Polyaniline/
graphene nanohybrids were prepared by in situ reduction of graphene oxide using 
aniline as both reducing and stabilizing agents. The as-prepared CPCs with 3D con-
ductive network exhibited a very low percolation threshold (threefold lower than 
that of the conventional NR/graphene blends), reported by Zhou et al. [65]. Suriani 
et al. [39] enhanced the dispersion of GO in NR latex by using 1,4-bis(neopentyloxy)-
3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-sulfonate (TC14), the tri-chain of the 
hyper-branched TC14 surfactant that successfully improved the dispersions and the 
conductivity of the composites.

Researchers further studied the effect of pressure and temperature on the electri-
cal conductivity of GE/NR composites. The piezoresistance of graphene/NBR com-
posites shows strong dependence on the compressive strain when the content 
of  conductive filler reaches the percolation threshold. In detail, the resistance of 
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graphene/NBR composite reduces by five orders of magnitude at the compressive 
strain of 60%. On the other side, the resistance increases by two orders of magnitude 
under the pressure of 6  MPa. Chen et  al. [25] and Hou et  al. [66] also studied 
the piezoresistance of graphene/polydimethylsilicone composites and showed that 
the graphene nanosheets were homogeneously dispersed in the PDMS matrix and an 
ultralow percolation threshold (0.63  vol%) of the composites was obtained. The 
octadecylamine-modified graphene oxide (G-ODA)/styrene-butadiene rubber com-
posites with 1.19 vol% content of G-ODA show a remarkable positive piezoresistiv-
ity of high sensitivity higher than 400 under the pressure of 1.2  MPa, excellent 
repeatability, small hysteresis, and long-term durability. The effect of temperature on 
the conductivity of graphene/NBR was reported by Mahmoud et  al. [67]. They 
showed electrical conductivity increases with increasing temperature. Tian [68] used 
the combined strategy of encapsulating of graphene oxide nanosheets (GONS) on 
carboxylated nitrile rubber (XNBR) latex particles and the in situ thermal reduction 
in GONS at a moderate temperature. The dielectric constant at 100 Hz obviously 
increased from 23 for pure XNBR to 2211 and 5542 for the composite with 0.5 vol% 
and 0.75 vol% of TRGO, respectively, and it also had the dielectric loss. Araby et al. 
[69] prepared a MWCNTs/graphene/EPDM rubber composites in which MWCNTs 
worked supplementally with GnPs by forming conductive networks, where 
MWCNTs acted as long nanocables to transport electrons and stress, while GnPs 
served as interconnection sites between the tubes forming local conductive. As a 
result, it produced a percolation threshold of electrical conductivity at 2.3 vol% for 
three-phase composites, 88% lower than that of two-phase composites.

There are more reports on electrical percolation threshold of rubber/graphene 
nanocomposites as shown in Table 1.

3.3  �Gas Barrier Properties

Rubber materials have a variety of applications, such as automobile tire, outdoor, and 
aerospace sealing products. Many rubber products require extremely high standards 
in terms of gas barrier properties. There are mainly two kinds of high gas barrier rub-
ber materials, one consists of the special rubber such as butyl rubber, chloroprene 
rubber, and functionalized NR, which intrinsically exhibits high barrier properties, 
and the other one is the nanofiller-modified rubber or rubber-based composites. 
Compared to CNTs, two-dimensional graphene filler exhibits much higher efficiency 
in improving the gas barrier properties of rubber composite due to the tortuous path-
ways for the gas molecules diffusing through graphene layers in the rubber matrix.

Zhan et al. [8] reported a more significant enhancement in water vapor barrier 
properties of GE/NR composites than that of the clay-based rubber materials [72, 
73]. Interestingly, GE/NR composites with segregated network show higher gas bar-
rier properties than that of NR containing uniformly dispersed graphene. For instance, 
natural rubber including segregated graphene network has a water transmission rate 
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(WTR) coefficient of 1.00 × 10−16 g/m.s.Pa at 25 °C at a filler content of 1.78 vol%, 
while NR with homogeneously dispersed graphene at the same content has a higher 
WTR coefficient of 1.31 × 10−16 g/m.s.Pa. This was ascribed to the graphene-segre-
gated network which makes the diffusion of water vapor more difficult. Wang et al. 
[50] found that graphene nanoplatelets dispersed in rubber matrix either in molecular 
level and orientated along the surface contributes to increase the tortuosity of gas 
diffusing pathway. In particular the gas transmission rate of SBR composites con-
taining 3 and 7 phr of graphene decreases by ~67% and ~88%, respectively, com-
pared with that of pristine SBR. Yaragalla et al. [26] showed that oxygen transmission 
rate (OTR) of NR containing 3 phr of graphene decreases by ~75% compared to that 
of pristine NR.

Sadasivuni et  al. [74] showed graphene-filled butyl rubber has a lower OTR 
value than clay-filled rubber composites. The aspect ratios of graphene and clay 
determined from experiments are 130 and 108, respectively. The higher aspect ratio 
of graphene mainly results in the lower OTR value of IIR composites. Moreover, the 
larger specific area and the uniform dispersion of graphene also contribute to the 
lower OTR of graphene/IIR composites compared to that of clay/IIR composites. 
The oxygen barrier properties of SBR modified by varied carbonaceous fillers have 
been investigated by Schopp et al. [14]. Results show that rubber material filled with 
TRGO has a lower OTR value than multilayered graphene-filled rubber, while the 
rubber material filled by CNTs or CB exhibits a higher OTR value compared to the 
graphene-filled rubber materials. The uniform dispersion and the large lateral 
dimension of graphene in rubber matrix decrease the area available for the diffusion 
of gases and meanwhile lead to the increase of the tortuous pathway for gas and thus 
a consequent improvement of the barrier properties.

Graphene, treated by different methods, differs in improving gas barrier proper-
ties of rubber. Wu et al. [51] studied the barrier properties of bis(triethoxysilylpropyl)
tetrasulfide functionalized graphene oxide (SGO)/natural rubber composites and 
showed that gas transmission rate decreases by about 48% compared to that of pris-
tine NR with the only 0.3 wt% graphene content. The remarkable improvement in 
the gas barrier properties of the composites is attributed to the strong interfacial 
interaction and the molecular-level dispersion of SGO in the NR matrix. It is note-
worthy that for clay/NR composite, the same barrier properties can be reached only 
at the clay content of 16.7 wt% [5].

Modification of the rubber molecular chain also has an effect on the gas barrier 
properties of the material. Yaragalla et al. [31] used the thermal reduced graphene 
oxide to mix with epoxidized natural rubber. The composites with high epoxidation 
level (50%) showed good impermeability to O2 gas. At 2 wt% graphene, the oxygen 
shielding rate is increased by 62% compare to the pure rubber. This is owing to the 
homogeneous distribution and the platelet-like morphology of the GR layers in the 
ENR matrix and also due to the hydrogen bonds between ENR and GR layers. Guo 
et al. [75] prepared the graphene oxide/carboxylated acrylonitrile butadiene rubber 
(GO/XNBR) nanocomposites with latex mixing method and found that the gas per-
meability of the nanocomposite is much lower than that of the matrix.
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3.4  �Thermal Properties

Thermal conductive rubber composites have been used in a wide range of applica-
tions, including engines, electric generator, and heat exchanger, as prospective alter-
natives to the metal products. Graphene, with a theoretical thermal conductivity of 
5300 W/ (m·K) [76–78], is one of best choices to be used as fillers to improve the 
thermal conductivity of rubber composites. Zhan et al. [7] showed that the thermal 
conductivity of NR increases by about 12%, i.e., from 0.174 to 0.196 W/(m K), with 
the graphene content of 5 wt%. Song et al. [32] revealed that the thermal conductiv-
ity of SBR composites at the graphene content of 5 wt% increases by about 20% 
compared to pristine SBR, whereas, for the conventional CB or graphite-filled SBR 
at comparable concentration, the thermal conductivity increases by only 2.4% and 
10%, respectively. This might be ascribed to the higher specific surface area of gra-
phene which facilitates both more contact possibility and interfacial interaction with 
rubber matrix. Potts et al. [79] studied the thermal conductivity of GE/NR prepared 
in different methods and showed that composites produced by latex mixing exhibit 
higher thermal conductivity than those prepared by mechanical mixing. In detail, 
GE/NR composites prepared by latex mixing show thermal conductivity of 
0.219 W/m·K, while for the composite prepared by mechanical mixing, the thermal 
conductivity is 0.188 W/m·K, which is improved by ~40% and 20%, respectively, 
than that of pristine NR. Zhang et al. [37] showed that functional graphene nano-
platelets (GnPs) modified by silane coupling agents and surfactant can improve the 
thermal conductivity of silicone rubber (SR) significantly. The neat silicone rubber 
has low thermal conductivity of ~0.171 W/m·K; when the graphene loading is 2 phr, 
the thermal conductivity for three different kinds of graphene/silicone composites 
(aminopropyltriethoxysilane) APTES-GnP/SR, (vinyltrimethoxysilane) VTMS 
VTMS-GnP/SR, and Triton-GnP/SR enhanced by ~46.2%, 54.4%, and 57.3%, 
respectively.

Thermal stability is a key parameter for rubber material. Rubber material in the 
thermal oxygen aging process generally contains three kinds of reactions: pendant 
oxidation and scission, main chain scission, and the formation of new cross-links. 
The effect of GO and thermal reduced graphene on the thermal stability of silicone 
rubber is reported by Li et al. [78]. They showed that the decomposition temperature 
of silicone rubber increase with the increasing concentration of graphene. In par-
ticular, the decomposition temperature increased from 356 °C to 417 °C with the 
addition of 1 wt% of graphene oxide, and the decomposition temperature can fur-
ther increase up to 489 °C by using TRGO as the filler. Malas et al. [35] showed the 
decomposition temperature of BR, SBR, and SBR/BR composites increases with 
the addition of graphene. The uniform dispersion of graphene facilitates heat trans-
fer in the rubber matrix, thus preventing the partial oxidative decomposition of the 
rubber material. Kim et al. [62] studied the thermal stability of multilayered gra-
phene/SBR composites and revealed the existence of π-π interaction between gra-
phene and phenyl groups, resulting in the improved thermal stability. Wang et al. 
[80] found that the incorporation of GO could increase the thermal stability of 
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XNBR, because of the strong interaction arising from function oxygen-containing 
group of GO. They found the addition of 40 phr of CB cannot affect the thermal 
stability of XNBR, whereas the simultaneous presence of 40 phr of CB and 1 phr 
graphene raised the decomposition temperature of SBR from 318 to 350 °C. This is 
because the π-π conjugation between graphene and SBR and the large specific sur-
face area of graphene sheet could inhibit the emission of gaseous small molecule, 
resulting in the improved thermal stability. Nevertheless further increasing the 
amount of GE does not change the decomposition temperature. On the contrary, 
Schopp et al. [14] reported the unaltered thermal stability and glass transition tem-
perature (retaining at −44 °C) of SBR with the addition of 25 phr of thermal reduced 
graphene oxide (TRGO). Also, Zhang et al. [81] found that there is not any differ-
ence in the thermal stability of pristine SBR and CB or CB/rGO filled SBR compos-
ites. Therefore, the effect of graphene on thermal stability remains uncertain, and 
further studies are needed to gain in-depth understanding. Araby et al. [59] intro-
duced the graphene platelets (GnPs) of 3 nm in thickness to SBR by solution mix-
ing, and as a result, thermal conductivity for graphene/SBR composite enhanced by 
300% at a GnPs content of 24 vol%.

Recently, it is found that the graphene has the capability to quench the free radi-
cals and thus improve the antiaging behavior. Qiu et al. [82] reported that multilayer 
oxidized graphene has a better the effect of quenching free radicals than single 
graphene. Liu et al. [83] showed that after γ irradiation, the rGO/NR composites 
have a better tensile strength compared with blank NR, indicating that the graphene 
had the effect of quenching free radicals.

3.5  �Other Property

There are many other properties for the GE/NR composites. Dong et al. produced 
high-concentration rGO solution using gelatin (Gel) as the stabilizer and subreduc-
tant and hydrazine hydrate (HHA) as the main reductant [84]. The Gel-HHA-rGO 
nanosheets exhibited excellent colloidal disposability and stability in alkaline con-
dition. Then Gel-HHA-rGO-filled natural rubber composites were prepared by 
water-based solution casting. Well-organized interconnected rGO networks were 
constructed throughout the NR matrix. The strain-sensing tests revealed that the 
rGO/NR composites exhibited outstanding strain sensitivity and repeatability, 
which could be used to detect the cyclic movements of human joints. The results are 
promising in the rubber industry to guide the fabrication of highly sensitive and 
stretchable strain sensors for engineering application. They also fabricate electri-
cally conductive NR-rGO hybrid films for solvent-sensing application [85]. The 
materials can exhibit different stimuli-sensing responses for different organic 
solvents.

Lin et al. [86] made the binary rubber blend/graphene composites which can be 
used for strain sensor. The conductive percolation threshold of this material is 
0.3 vol%, 12-fold lower than that of the conventional graphene-based composites 
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with a homogeneously dispersed morphology (4.0  vol%). Near the percolation 
threshold, the sensors could be stretched in excess of 100% applied strain with a 
gauge factor of ~82.5 and good reproducibility with ~300 cycles.

Mao et al. [87] made the graphene oxide/silica/styrene-butadiene rubber (GO-silica/
SBR) composites using SBR latex and a small loading of butadiene-styrene-vinyl 
pyridine rubber (VPR) latex, followed by latex co-coagulation. The results showed 
that GO-silica/SBR composite exhibited outstanding wear resistance and low-rolling 
resistance which make it very competitive for the green tire application and also open 
up enormous opportunities to prepare high-performance rubber composites for future 
engineering applications. Figure 5c, d showed that a large amount of debris and deep 
wear patterns were found on the worn surface of silica/SBR composite (Fig. 5c), indi-
cating a poor wear resistance (Akron wear 0.27 cm3/1.61 km). For GO-silica/SBR 
composite, the worn surface became smoother and showed much narrower wear pat-
terns (Fig. 5d), indicating an improved wear resistance (Akron wear 0.19 cm3/1.61 km) 
and low-rolling resistance.

Lin et al. [33] measured the dynamic mechanical properties for the nature rubber 
composites containing ZnO nanoparticle-doped graphene (Nano-ZnO-GE). The 
results showed that NR/Nano-ZnO-GE nanocomposites exhibited higher wet grip 

Fig. 5  Properties of silica/SBR composite and GO-silica/SBR composite at total filler loading of 
20.1 vol%. (a) Stress-strain curves for silica/SBR composite (0 vol.% GO, 20.1 vol.% silica) and 
GO-silica/SBR composite (0.6 vol.% GO, 19.5 vol.% silica). (b) Mechanical loss factor (tand) as 
a function of temperature for silica/SBR composite and GO-silica/SBR composite. (c–d) Optical 
images (403 magnification) of Akron abrasion surface of silica/SBR composite (c) and GO-silica/
SBR composite (d) (Reproduced with permission [87], 2013, Nature Publishing Group)
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property and lower rolling resistance compared with NR. Boland et al. [88] used the 
liquid-exfoliated graphene to prepare the super conducting rubber composites 
which have potential application in strain sensors. The strain sensitivity for the com-
posites is reasonably high, with gauge factors of up to 35. Moreover, these sensors 
can effectively track dynamic strain, working well at vibration frequencies of at 
least 160 Hz. These GE/NR composites can use as bodily motion sensors, especially 
in monitoring joint and muscle motion and breathing and pulse.

4  �Understanding for Graphene Effects  
as a 2D Filler for Rubber

4.1  �Reinforcing Mechanism

The mechanical properties are significantly improved even with a low addition of GE 
which is not achieved for other conventional fillers. It is necessary to gain insight into 
the reinforcing mechanism of NR/GE nanocomposites. Generally, for rubber the most 
important factors to affect the mechanical properties are strain-induced crystallization 
and vulcanization. Strain-induced crystallization plays a key role in the mechanical 
properties of nature rubber. When stretching to a critical strain, rubber molecular 
chain starts to crystallize and becomes “self-reinforcing,” and the mechanical proper-
ties increase. The mechanical properties of rubber also depend strongly on the cross-
link density which relates to the vulcanization process and mechanism.

Ozbas et al. [20] firstly investigated the effects of graphene sheets on the strain-
induced crystallization of NR. Through Synchrotron X-ray scattering experiment, 
they observed that the onset of crystallization occurs at significantly lower strains 
for graphene-filled NR samples compared with carbon black-filled NR. The unfilled 
NR exhibits strain-induced crystallization at a strain of ~2.25, while incorporation 
of 1 wt% graphene shifts the crystallization to a strain of ~1.25 (Fig. 6). In contrast, 
loadings of 16 wt% CB do not significantly shift the critical strain for crystalliza-
tion. Small angle X-ray scattering shows that graphene is aligned in the stretching 
direction, whereas carbon black does not show alignment or anisotropy.

Li and Fu et al. [89, 90] investigated the reinforcing mechanism of graphene, 
graphene oxide, and carbon nanotubes in rubber through experimental synchrotron 
WAXD and theoretical entanglement bound rubber tube (EBT) model. The influ-
ences of GE, GO, and CNTs on the crystallinity of NR during stretching were deter-
mined by synchrotron WAXD. It was found that the incorporation of GE produces 
a faster strain-induced crystallization (SIC) rate and a higher crystallinity compared 
with GO and CNTs, as shown in Fig. 7. The same change trend in tensile modulus 
and crystallinity suggests that SIC plays a crucial role in the NR reinforcement.

To gain insight into the reinforcing effect of graphene on NR on the molecular 
level, the EBT model was used to analyze the microstructure of the rubber network. 
The EBT model allows a proper separation of cross-links and constraint contribu-
tion to the stress-strain behavior and a reliable determination of cross-link densities. 
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The topological constraint was assumed to act on the entire network chains to 
restrict them from fluctuating within small length scale by packing effects that result 
from the inability of the chains to pass through their neighbors. According to the 
EBT model, it is assumed that a number of entanglements are formed in the transi-
tion zones between the tightly adsorbed bound and bulk rubbers far from the filler 
surface phases, which are believed to dominate the rubber property. The molecular 
network parameters can be calculated according to the equations as summarized in 
Table 2. With the addition of the filler, the tube dimension d0 decreases; also the 
mean number of Kuhn’s statistic chain segments between two successive entangle-
ments (ne), and the average molecular mass of the chain (Mc) decrease. The EBT 
model is schematically represented in Fig. 8 to visualize the effect of the filler on the 
rubber chain network structure.

To understand the basic physics for graphene-reinforced rubber nanocomposites, 
especially the interfacial bonding characteristics at the molecular level, Luo et al. [47] 
investigated the thermodynamics, dynamics, interfacial bonding characteristics, and 

Fig. 6  Coupled WAXD and tensile tests for neat NR and NR filled with 1 and 4 wt% FGS and 
16 wt% CB. (a) Engineering stress versus strain. (b) 2D WAXD patterns at strain = 2 (air scattering 
is subtracted as background). Stretch direction is vertical. (c) Integrated intensity (open symbols, 
left axis) and azimuthal breadth (FWHM, filled symbols, right axis) for the NR 200 reflection 
versus strain. Asterisks represent the onset of crystallization, as detected by a visible 200 arc on the 
equator. (d) 1D WAXD patterns for unstretched neat NR and all samples shortly before failure in 
the tensile test. Small peaks from 22 to 26 nm−1 are from ZnO in the base rubber formulations 
(Reproduced with permission [20], 2012, John Wiley and Sons)
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fractional free volume (FFV) of graphene/solution-polymerized styrene-butadiene 
rubber (SSBR) composites through a combined experimental and molecular dynam-
ics (MD) simulation approach. The surface energies of SSBR and the work of adhe-
sion between SSBR and graphene were calculated. MD simulations of the pullout of 
the graphene from SSBR matrix were carried out to explore the interfacial bonding 
characteristics at the molecular level, which show that the interaction energy, pullout 
energy, and shear stress between graphene and SSBR increase with the increase of 
the vinyl content in the SSBR molecular structure. The modeling results were in good 
agreement with the experimental results. The snapshots of the pullout process are 
shown in Fig. 9. ∆Z represents the displacement of graphene during pullout. The 
graphene sheets were first fully embedded in the SSBR matrix and then gradually 

Fig. 7  Sequential changes of WAXD patterns from a NR, b 0.7 GO/NR, and c 0.7 GE/
NR. Corresponding strain (α) values are indicated at the left top in each pattern (Reproduced with 
permission [89], 2013, John Wiley and Sons)

Table 2  Network molecular parameters of unfilled and filled rubbers

Gc
*a (Mpa) Ge

*b (MPa) d0 (nm) ne Mc (g/mol) Rc (nm)

NR 0.38 0.51 1.54 3.1 4822 7.43
GO/NR 0.37 0.58 1.46 2.8 4340 7.05
GE/NR 0.45 0.61 1.42 2.6 4089 6.84

Reproduced with permission [89], 2013, John Wiley and Sons
Gc

*a and Ge
*b can be determined from the slope and y-axis interception of the linear part of the 

intermediate deformation in the modified Mooney plot σ* vs ƒ(α), respectively
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pulled out in the pullout simulation. The energies related to the graphene/SSBR inter-
face during pullout were calculated.

For in-depth understanding of material behavior, Heinrich [91] exploited the 
three-dimensional transmission electron microscopy (3D-TEM) to characterize the 
complex filler morphology of CB/graphene/SSBR rubber matrix in a qualitative 
way. The 3D tomography can provide a useful method to detect and recognize indi-
vidual objects, i.e., to distinguish different filler platelets from each other (Fig. 10). 
It was found that the dispersion/exfoliation of the stacked graphene sheets into indi-
vidual single sheets was facilitated by the presence of carbon black in the system. 
The existence of oligo-layer graphene sheets was detected by this 3D-TEM, espe-
cially when the rubber matrix exists in a complex morphology arisen from filler-
filler networks in all spatial dimensions.

B
ulk rubber

B
ulk rubber

T
ransition zone

T
ransition zone
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Graphene oxideGraphene

Physical entanglement Chemical crosslink Random molecular chain

Loosely bound rubber

Tightly bound rubber

Fig. 8  Schematic representation of the EBT model, (a) GE/NR, (b) GO/NR, and (c) NR 
(Reproduced with permission [89], 2013, John Wiley and Sons)

Fig. 9  (Left) Simulated snapshots of pullout of graphene (DZ is defined as the displacement of 
graphene during pullout); (right) pullout energy during pullout (Reproduced with permission [47], 
2016, Royal Society of Chemistry)
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Yan et  al. [48] observed an interesting phenomenon, i.e., GE has an opposite 
effect on crack growth resistance of NR, and at lower fatigue strains, the inclusion 
of GE accelerates the crack growth, whereas at higher strains, the crack growth is 
retarded. This is attributed to a competition between strain-induced crystallization 
and cavitation at crack tip. The microfocus hard X-ray diffraction (MF-XRD) 

Fig. 10  (a) Visualization of the 3D reconstruction of SSBR filled with 35 phr CB and 5 phr GnP; 
yellow and green regions represent CB and GnP, respectively, (b and c) present the resultant vol-
ume on the left side and a slice in z-direction on the right side (Reproduced with permission [91], 
2014, Royal Society of Chemistry)
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beamline was utilized for the investigation of strain-induced crystallization at the 
crack tip, and the correlation of strain-induced crystallization at the crack tip and 
fatigue crack growth resistance was investigated. Figure  11 shows that near the 
crack tip, the crystallization at different strains is strong and far from the crack tip it 
becomes weak. At the strain of 50%, the r values (the distance along the crack 
propagation direction) at which crystallization disappears for NR and GE/NR are 
0.04 and 0.08 mm, respectively, suggesting that GE/NR has a larger crystalline zone 
around the crack tip, approximately twice than that for NR at the same strain. The 
MF-XRD experimental data supports the assumption, i.e., GE/NR composite has a 
higher crystallinity, a larger crystallization zone, and a smaller lateral crystallite size 
at higher strains, and thus it has a more pronounced effect of preventing the crack 
growth and initiating the crack bifurcation which allows much more energy dissipa-
tion and improves the crack growth resistance compared to unfilled NR. The result 
provides a new insight into the mechanism of fatigue crack growth that was pro-
posed, which will be useful for the design of the advanced anti-fatigue material.

4.2  �Vulcanization Mechanism

The mechanical properties of rubbers strongly depend on the cross-link of rubber 
molecular chain. The effect of filler on the vulcanization is complicated, and some 
conclusions are not consistent [9, 21, 27, 44]. Zhan et al. observed a reduction of 

Fig. 11  (a) Contour maps of the crack tip for blank NR and GE/NR composite at various stretch 
strains (b) Crystallinity χ of NR and GE/NR composite near the crack tip as a function of the dis-
tance r along the crack propagation direction for various stretch strains. (c) Lateral crystallite size 
(L200) versus r along y-axis for the samples NR and GE/NR at various stretch strains (Reproduced 
with permission [48], 2012, John Wiley and Sons)
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the vulcanization time of rubber with the addition of graphene [7], and later a lot of 
work reported the accelerating effect of vulcanization with graphene in rubber [13, 
92–94]. Wu et al. investigated the vulcanization kinetics and mechanism of NR and 
SBR nanocomposites with graphene [13]. They found that on adding graphene, the 
induction period of the vulcanization process is depressed, whereas the vulcaniza-
tion rate is enhanced at low graphene loading and then suppressed. Interestingly 
they found that the observed single exothermal peak by DSC during the vulcaniza-
tion process for unfilled nature rubber was split into two peaks at higher graphene-
filled rubber. This is interpreted in terms of two reaction stages, i.e., chemical 
reaction controlling stage and diffusion controlling stage. The activation energy of 
the former stage decreases with increasing graphene loading, while that of the latter 
stage is higher than the former one and increases with graphene loading. For the 
mechanism of accelerating effect of graphene, the authors proposed a hypothesis: 
the graphene takes part in the vulcanization process as shown in Scheme 1. However, 
the authors didn’t provide any evidence about the reaction between graphene and 
sulfur.

Wu et al. [92] also found that graphene accelerates the vulcanization process of 
SBR with dicumyl peroxide as the curing agent. With increasing graphene content, 
the optimum cure time shows a monotonous decrease, and the induction period of 
the vulcanization process of SBR decreases and then levels off. As a result, the vul-
canization rate is decreased in the beginning and improved later. The corresponding 
activation energy increases slightly at first and then decreases. The cross-linking 
density of the nanocomposites remarkably increases, owing to the fact that gra-
phene is involved in the vulcanization process.

Scheme 1  Reaction scheme for CZ-accelerated sulfur vulcanization of GE/NR nanocomposites 
(Reproduced with permission [13], 2013, Elsevier)
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By X-ray photoelectron spectroscopy (XPS), X-ray-induced Auger spectra 
(XAES), small angle X-ray scattering (SAXS), and solid-state 13C NMR analysis, 
Yan and Kaciulis et al. found several evidences that graphene took part in the vul-
canization process of NR [93, 94]. XPS results showed that the chemical bond of 
sulfur is different in pristine NR and rGO/NR composites: two chemical species of 
sulfur at BE = 161.7, S1, and at 163.8 eV, S2, are identified in pristine NR, whereas 
only the chemical state of sulfur S2 at 163.8 eV is identified for rGO/NR compos-
ites. The first chemical state is attributed to polysulfide or clusters of sulfur, while 
the second one is characteristic for thiolic C-S bond. For the rGO/NR composites, 
the polysulfide species disappear with the addition of rGO, and the percentage of 
S2 atoms assigned to thiolic C-S bond decreases with increasing rGO content. This 
confirms that the rGO interferes with the pathways of vulcanization reaction. 
Moreover, there is a greater percentage of S2 atoms assigned to C-S bond in the 
segregated sample with graphene network, compared to the ones in not-segregated 
sample. This suggests that mainly in the rGO-segregated network, the sulfur spe-
cies react with carbon atoms of rGO platelets, resulting preferentially in the forma-
tion of monosulfidic C-S species connecting graphene platelets and rubber 
macromolecules.

Small angle X-ray scattering (SAXS) and nuclear magnetic resonance were also 
used to investigate the cross-link structure of the graphene-NR composites. A 
remarkable difference in scattering signals over the q range of 0.1–2.0 nm−1 in the 
SAXS curve was observed between the unfilled NR and graphene/NR. The cross-
link sites, where NR macromolecular chains are attached each other through poly-
sulfidic species (−C-Sx-C-), give rise to a bump in the SAXS curve as shown in 
Fig. 12a, b. The higher the number of sulfur atoms involved in the cross-linking 
species, the higher becomes the local increase of electron density, and consequently 
the higher is the intensity of the scattering peak in the SAXS spectrum. The posi-
tion of the maximum scattering intensity, qmax, systematically shifts to higher val-
ues as the rGO content increases, while maximum scattering intensity I(qmax)qmax 2 
exhibits a decreasing trend for the composites both with segregated morphology 
and not-segregated morphology. The segregated rGO/NR composites have higher 
qmax values than those of the not-segregated samples at the same rGO content. That 
is to say, the segregated rGO morphology affords to decrease the distance, d, 
between scattering sulfur centers.

The 13C NMR peaks centered at 37 and 51 ppm, assigned to A1 cis polysulfidic 
species, show significant differences among the selected pristine NR, segregated, 
and not-segregated samples When rGO is added in the composite, the polysulfidic 
clusters mainly present in pristine NR split into smaller polysulfidic species with a 
limited number of sulfur atoms, i.e., −C-Sx-C- with x≤8. In this case, more sulfide 
linkages are formed with a consequent increase of the peak intensity related to poly-
sulfidic linkages, −C-S- as detected in NMR.

These results indicate that rGO platelets both in the segregated and not-segregated 
morphology affect the vulcanization process, promoting the formation of sulfur 
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cross-linking species with a limited number of sulfur atoms in place of polysulfidic 
clusters with a large number of sulfur atoms.

Kaciulis et al. characterized the diamond-like Auger spectrum of C KVV together 
with the standard XPS analysis of composite samples prepared by using two meth-
ods of vulcanization: roll mixing and hot-pressing [94]. The diamond-like feature is 
observed only in the spectra excited by X-rays, whereas the Auger spectra excited 
by electron beam present a graphitic shape. It was found that the shape of Auger line 
C KVV is different in the reference rubber and the samples with graphene. The 
values of the D parameter, which is the distance between the most positive maxi-
mum and the most negative minimum of the first derivative, are very low in the case 
of the samples with graphene; they are even lower than the typical value for dia-
mond Dx = 13.7 but are characteristic for graphene. The authors concluded that the 
thiolic sulfur bonds, which are connecting graphene platelets and rubber macromol-
ecules, were present in the rubber composites.

Fig. 12  Small angle X-ray scattering profiles of the uncured NR without curatives, rGO/NR com-
posites with segregated morphologies (a) and rGO/NR composites with not-segregated morpholo-
gies (b), and the insets are the corresponding Lorentz plots of NR-vulcanized composites. (c) 
Schematic representation of the networks of pristine natural rubber (left) and rGO/NR composite 
with not-segregated morphology (right). (d) Selected 13C NMR spectra of pristine NR and rGO/
NR composites (Reproduced with permission [93], 2013, Elsevier)
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4.3  �Barrier Mechanism

Adding graphene into the rubber matrix can greatly increase the barrier proper-
ties of graphene due to the construction of graphene network in rubber matrix 
that bring about an increment of tortuous pathways for the gas molecules diffus-
ing through the rubber matrix, with consequent improvement of the barrier 
properties.

Scherillo et  al. [95] investigated the effect of both the segregated and not-
segregated graphene morphology on the gas permeability of NR/rGO nanocompos-
ites. The gas permeability of NR/rGO nanocomposites with graphene-segregated 
structure was compared with those with homogeneously dispersed graphene in a 
not-segregated morphology. The significant qualitative and quantitative differences 
in the dependence of the relative permeability on the volume fraction of filler were 
found for the two morphologies. Samples with uniformly oriented platelets show a 
smooth decrease of gas permeability with volume fraction of graphene. To interpret 
the results, the permeability data for the GE/NR composites with different 
morphologies were fitted by different models (Fig.13). For the not-segregated mor-
phology, it was used an expression for the relative permeability provided by the 
theory developed by Bharadwaj, which accounts for the orientation of impermeable 
disk platelike particles dispersed in a matrix
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where Pnc and Pm represent, respectively, the permeability of the nanocomposite 
and that of the neat matrix, ϕ represents the volumetric fraction of the filler, and 

Fig. 13  (a) Experimental relative permeability of investigated gases for nanocomposite with not-
segregated morphology along with fitting by Bharadwaj model. (b) Experimental relative perme-
ability of investigated gases for nanocomposite with segregated morphology and prediction of 
modified Moosavi model (Reproduced with permission [95], 2014, American Society Chemistry)
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L/W represents the aspect ratio of the platelike filler, L being the main dimension 
of the particles and W their thickness. The order parameter, s, accounts for the ori-
entation of the particles with respect to the normal to the surfaces of the nanocom-
posite sheet.

The samples characterized by a “segregated” morphology display a steeper 
decrease of permeability at low graphene concentration, the filler arrangement 
being more effective in decreasing the overall permeability of the sample due to 
confinement of graphene on the surface of the rubber latex spheres. For the case of 
segregated morphology, permeability data were interpreted by a modified model 
proposed by Moosavi et al. This model was extended to mass transport under the 
following hypothesis: (i) spheres are coated by a single layer of rGO particles and 
(ii) simple ideal Fickian constitutive expression for mass flux holds.

He et al. [96] investigated the differences between nanocomposites with a “seg-
regated” structure and those with a “not-segregated” structure for graphene oxide 
(GO) nanoplatelets filled bromobutyl rubber (BBR) composites. The significant 
quantitative and qualitative differences in the dependence of oxygen and carbon 
dioxide permeability were detected comparing the case of such “segregated” nano-
filler structure to the case of a rubber where the nanofiller is homogeneously dis-
persed with a “not-segregated” morphology. It has been found that the segregated 
morphology enables a significant enhancement of the barrier properties of pristine 
rubber already at low levels of nanofiller loading. The results of mass transport 
analysis are confirmed by dielectric measurements that have evidenced how the 
electrical percolation threshold, in “segregated” samples, is reached at an exception-
ally small volume fraction of nanofiller.

5  �Application of Graphene-Rubber Nanocomposites

For the application of GE/NR materials, the Vorbeck Materials did a pioneering 
work in developing the graphene/nitrile rubber conductive rubber plates (Vor-flex™ 
50). In 2015, Italian company Vittoria developed a graphene-modified mountain 
bicycle tire in cooperation with Directa Plus. The tire containing graphene exhibits 
numerous advantages such as the improved abrasion resistance, the decreased roll-
ing resistance of tire, etc. In 2015, Chengdu Trustwell Company, in cooperation 
with Sichuan University, conducted the pioneering scale-up fabrication of GE/NR 
masterbatch and graphene-based NR composites with high barrier and high electri-
cal conductive performances. The as-prepared materials have been used in wide 
range of applications including tire, seals, vibration absorbents, and plastic-rubber 
composite. In March 2016, Double Star Company in Qingdao developed the gra-
phene tire in cooperation with Chengdu Trustwell Company. In addition, National 
Institute of Graphene in University of Manchester is developing the next generation 
of condom based on the rubber/graphene nanocomposites under the support of Bill 
and Melinda Gates Foundation.
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6  �Summary

The graphene-rubber composites have been extensively investigated recently. 
Graphene incorporation in the NR has many advantages as follows: (1) the enhance-
ment of the mechanical properties is better than other fillers, (2) excellent electrical 
conductivity, (3) the gas barrier properties are better than the other additives such as 
clay, (4) the stronger strain-induced crystallization capability compared with carbon 
black, clay, and carbon nanotubes, and (5) good thermal conductivity. The disper-
sion of graphene in the rubber and the formation of the network structure can be 
controlled by an environment-friendly water-based latex mixing method and post-
processing. Therefore, it is no doubt that the graphene is an ideal filler for high-
performance and multifunctional rubber.

But there are still some challenges in the research and development of rubber/
graphene composites. (1) The defect-free graphene and monolayer-dispersed gra-
phene/NR composites are difficult to prepare in a high efficient way. (2) The 
precisely control of the highly ordered structure of graphene such as the formation 
of liquid crystal ordered phase structure of graphene, as well as the uniform, con-
trollable network structure of graphene, is still a challenge. (3) The understanding 
for the interaction between graphene and rubber in the molecular scale, especially 
the modeling on the segregated network of graphene. Presently a lot of work 
reported the approaches to form the segregated network of graphene; however it 
remains unclear how the segregated network parameters such as the network edge 
layer thickness; the graphene arrangement such as dispersion, aggregation, or align-
ment in the network edge; and the stability of the graphene network affect the prop-
erties of rubber materials. (4) The realization of reinforcing effect in a highly filled 
rubber composite system. Most research presently focused on the lowly filled rub-
ber system. However in most cases, for industrial engineering rubber articles such 
as tire, damper, etc., the carbon black or silica contents are much higher, even more 
than 50 wt%. In such cases, how small can graphene content realize the reinforcing 
effect to the greatest extent? The process to prepare a high-quality graphene segre-
gation network will affect the interaction between the graphene and rubber molecu-
lar chain. (5) The main problem of graphene-rubber composites in the process of 
industrialization is the high cost of graphene. However, we believe that with more 
in-depth theoretical study and technology advance, these problems will eventually 
be resolved in the future.
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Effects of Graphene and Graphite 
on Properties of Highly Filled Polybenzoxazine 
Bipolar Plate for Proton Exchange Membrane 
Fuel Cell: A Comparative Study

Manunya Okhawilai, Anucha Pengdam, Ratcha Plengudomkit, 
and Sarawut Rimdusit

1  �Introduction

Fuel cells are the key enabling technologies for the transition to a hydrogen-based 
economy. Fuel cells are devices for conversion of chemical energy of a fuel to elec-
tricity by electrochemistry. Among various types of fuel cells, proton exchange 
membrane fuel cells (PEMFCs) have gained much attention due to the increasing 
awareness of environmental factors and high efficiency to energy conversion. 
Bipolar plate acts an essential key multifunctional component in PEMFC. Its func-
tionality includes separating the individual fuel cells, connecting the cathode side of 
one cell to anode side of the other one, feeding hydrogen gas on anode side and 
oxygen gas on cathode side via flow channel, and removing by-products, i.e., heat 
and water. Consequently, bipolar plate materials should provide high electrical 
conductivity, high gas impermeability, good mechanical performance, good corro-
sion resistance, and low cost [1]. Department of Energy (DOE), USA, proposed the 
targets for bipolar plate applications. Major requirements according to DOE include 
thermal conductivity >10 W/mK, electrical conductivity >100 S/cm, flexural modu-
lus >10 GPa, flexural strength >25 MPa, and water uptake at 24 h <0.3%, etc. [2]. 
Materials for bipolar plates have been traditionally produced from pure high-density 
graphite with superior corrosion resistance, chemical stability, and high thermal 
conductivity. Due to its poor mechanical properties and high manufacturing cost, 
the use of pure graphite bipolar plate has been limited. Metallic is another choice for 
bipolar plate production due to their high mechanical strength over pure graphite. 
They also provide high electrical conductivity, high gas impermeability, low cost, 
and ease of fabrication [3–5]. However, the main drawbacks of metal plates are their 
susceptibility to corrosion and dissolution in the fuel cell. Conductive filler-filled 
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polymer composite bipolar plates have been intensively investigated due to their 
lower cost, less weight, higher corrosion resistivity, and ease of manufacturing in 
comparison with available bipolar plate materials, for example, graphite- and 
graphene-based bipolar plates.

Recently, polybenzoxazine (PBA) resins which are a novel type of phenolic res-
ins have been widely used as polymer matrix for variety of applications because 
they provide such many outstanding properties including no requirement of addi-
tion curing agent, no by-product formation during polymerization, long shelf life, 
high thermal stability, excellent mechanical properties, and ability to alloy with 
various types of resins to provide fine-tuned properties. Particularly, bisphenol 
A-based benzoxazine monomer exhibits a very low melt viscosity for about 
<1000 cP at 120 °C [6] which facilitates filler wetting and mixing during prepara-
tion of molding compound, thus providing its outstanding characteristic as compos-
ite with high filler loading such as those reported in highly filled graphite/PBA 
composite [7], highly filled graphene/PBA composite [8], highly filled graphite/
graphene/PBA composite [9], highly filled nanosilica/PBA [10], and highly filled 
alumina/PBA composite [11]. In this chapter, we have reviewed the development of 
bipolar plate based on highly filled graphite PBA composite and highly filled 
graphene-PBA composite as well as the combination of graphite- and graphene-
filled PBA composite. The properties of those highly filled composites are inten-
sively compared.

2  �Fuel Cell Fundamentals

Fuel cells are electrochemical galvanic cell device that converts chemical energy, 
from typically hydrogen, directly into electrical energy [12]. Fuel cells are expected 
to play a major role in the economy of this century and for the foreseeable future. It 
is anticipated that the development and deployment of economical and reliable fuel 
cells would guide in the sustainable hydrogen age [13]. Nowadays, there are six 
major types of fuel cells including polymer electrolyte membrane (also called pro-
ton exchange membrane) fuel cell (PEMFC), alkaline fuel cell (AFC), phosphoric 
acid fuel cell (PAFC), direct methanol fuel cell (DMFC), solid oxide fuel cell 
(SOFC), and molten carbonate fuel cell (MCFC). The first four types of fuel cells 
operate at low to medium temperature (50–220 °C), and the last two types of fuel 
cells are high temperature fuel cells (600–1000 °C). Their main features are sum-
marized in Table 1 [13, 14].

The development on fuel cell aimed at achieving high efficiency and durability 
along with manufacturing costs for the fuel cell stack. An operation of each type of 
fuel cells is shown in Fig. 1 [14]. AFCs are the oldest type of fuel cell which has 
long been used in space applications where pure hydrogen and oxygen are needed 
in order to avoid the production of CO2. AFCs require alkaline solution, for exam-
ple, potassium hydroxide (KOH) solution as electrolyte. PAFCs use phosphoric acid 
as electrolyte which provides adequate properties, i.e., high thermal and chemical 
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stability including low volatility to withstand a higher operating temperature at 
200 °C. The use of phosphoric acid as electrolyte overcomes the use of alkaline 
solution on no formation of carbonate substance from the reaction of impurity CO2 
and alkaline group. The efficiency of DMFC is quite low compared to other fuel 
cells. DMFCs are well suited for portable power applications in consumer elec-
tronic devices where the power requirements are low. A higher energy density alter-
native is required to fill the gap between energy demand and energy storage capacity 
in these applications. SOFCs use a thin ceramic membrane as an electrolyte. SOFCs 
are more applicable where system may run for extended periods without frequent 
start and stop cycles. MCFCs operate at a high temperature of about 600–
700 °C. This type of fuel cell used molten mixture of alkaline metal carbonate as 
electrolyte and simple catalyst. It is typically used for stationary distributed power 
generation applications. Apart from hydrogen, MCFCs can also run on hydrocar-
bons (e.g., natural gas, methane, or alcohol) as fuel. PEMFCs are considered for an 
application that requires faster start-up times and frequent starts and stops such as 
automotive applications, material handling equipment, and backup power [14]. The 
work on PEMFC will be thoroughly described in Sect. 4.

For all these systems, improved fuel processing and cleanup, especially for fuel-
flexible operation and operation on biofuels, are needed to improve durability and 
reduce system costs. Table 2 summarizes the use of these fuel cell types in three 
main applications [15].

3  �Proton Exchange Membrane Fuel Cell (PEMFC)

PEMFCs have been known as the most promising alternative source of energy due 
to their high efficiency and zero emission as well as low weight and volume com-
pared with other fuel cells [16]. PEMFCs use a solid polymer as an electrolyte and 
porous carbon electrodes containing platinum as catalyst. The requirement on 
PEMFC operation is only hydrogen and oxygen. They do not require corrosive 
fluids like other fuel cells. They are typically fueled with pure hydrogen supplied 

Table 1  Types of fuel cells and their features [13, 14]

Fuel cell
Operating 
temp. (°C) Electrolyte (charge carrier)

Power density 
(mW/cm2)

Lifetime 
(h)

Capital cost 
($/kW)

PEMFC 50–80 Perfluorosulfonic acid (H+) 350 >10,000 >200
AFC 60–90 Alkaline polymer, KOH 

(OH−)
100–200 >10,000 >200

PAFC 160–220 H3PO4, polymer (H3PO4, 
H+)

200 >40,000 3000

DMFC 50–100 Perfluorosulfonic acid (H+) – – –
SOFC 800–1000 Yttria-stabilized zirconia 

(O2−)
240 >40,000 1500

MCFC 600–700 (Li, K, Na)2CO3 (O2−) 100 >40,000 1000
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Fig. 1  Operation of each types of fuel cells (Adapted from Ref. [14])
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from storage tanks or on-board reformers. PEMFCs operate at relatively low 
temperature around 80 °C which allows them to start quickly (less warm-up time). 
PEMFCs are used primarily for stationary applications and transportation applica-
tions such as passenger vehicles due to their fast start-up time, low sensitivity to 
orientation, and favorable power-to-weight ratio.

3.1  �Operation of a PEMFC

Nowadays, hydrogen is the fuel of choice for high performance of fuel cell applica-
tions. Hydrogen-powered fuel cells are also the “greenest” fuel cells since their 
products are only heat and water. One advantage of hydrogen is that it easily under-
goes catalyzed reactions under mild conditions [17]. The electrochemical reactions 
in fuel cells happen simultaneously on both sides of a membrane (the anode and the 
cathode). The basic PEM fuel cell reactions are shown as follows [13]. Figure 2 
shows a schematic of a PEMFC operation to gain a fundamental understanding of 
the polymer electrolyte membrane fuel cell technology.

At the anode, hydrogen is oxidized to liberate two electrons and two protons, 
producing the reaction (1) in Table 3. The protons are conducted from the catalyst 
layer through the proton exchange membrane, and the electrons travel through the 
external electronic circuit. At the cathode, oxygen permeates to the catalyst sites 
where it reacts with the protons and electrons when properly hydrated, producing 
the reaction (2). The overall cell reaction is shown in (3). Consequently, the prod-
ucts of the PEMFC reactions are electricity, water, and heat.

Table 2  The use of fuel cell in three main applications [15]

Application Portable Stationary Transport

Definition Units that are built into, or 
charge up, products that 
are designed to be moved, 
including auxiliary power 
units (APU)

Units that provide 
electricity (and sometimes 
heat) but are not designed 
to be moved

Units that provide 
propulsive power or 
range extension to a 
vehicle

Typical power 
range

5 W–20 kW 0.5–400 kW 1–100 kW

Typical 
technology

PEMFC MCFC – SOFC PEMFC, DMFC
DMFC PAFC – PEMFC

Examples Non-motive APU 
(campervans, boats, 
lighting)

Large stationary 
combined heat and power 
(CHP)

Materials handling 
vehicles

Military applications 
(portable solider-borne 
power, skid-mounted 
generators)

Small stationary 
micro-CHP

Fuel cell electric 
vehicles (FCEV)

Portable products (torches, 
battery chargers),

Uninterruptible power 
supplies (UPS)

Trucks and buses
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3.2  �PEMFC Components

About 1 V is produced in a single fuel cell. As a consequence, typical fuel cell designs 
link many individual cells together to form a stack to produce a more useful voltage. 
A fuel cell stack can be configured with many groups of cells in series and parallel 
connections to further tailor the voltage, current, and power. The number of individ-
ual cells contained within one stack is typically greater than 50 cells and varies sig-
nificantly with stack design. The basic components of the fuel cell stack include the 
electrodes and electrolyte with additional components required for electrical connec-
tions and/or insulation and the flow of fuel and oxidant. These key components 
include current collectors and separator plates. The current collectors conduct elec-
trons from the anode to the separator plate. The separator plates provide the electrical 
series connections between cells and physically separate the oxidant flow of one cell 
from the fuel flow of the adjacent cell. The channels in the current collectors serve as 

Fig. 2  Diagram of PEMFC

Table 3  Chemical reaction 
occurred on each side in 
PEMFC

Reaction
Amount of energy 
production

1. Anode side H2 → 2H+ + 2e− –

2. Cathode side 1

2
2 22 2O H e H O+ + ®+ - 286

kJ

mol

3. Overall H O H O2 2 2

1

2
+ ® 286

kJ

mol
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the distribution pathways for the fuel and oxidant. Typically, the current collectors 
and the separator plate are combined into a single unit called a bipolar plate. The 
basic components of the fuel cell stack are as follows:

3.2.1  �Membrane Electrode Assembly (MEA)

MEA is the heart of a PEMFC. MEA normally consists of three main components, 
i.e., a membrane, a gas diffusion layer (GDL), and a dispersed catalyst layer.

Polymer electrolyte membrane is the key to the fuel cell technology. It must 
permit only the necessary ions to pass between the anode and cathode. Other sub-
stances passing through the electrolyte would disrupt the chemical reaction. Material 
for membrane should be durable, robust, and resistant to chemical attack. Sulfonated 
polymer such as sulfonated tetrafluoroethylene such as Nafion® is the most suitable 
membrane with operating temperature below 100 °C. Chemical structure of Nafion 
is shown in Fig. 3. Nafion is highly selective in the removal of water. There are two 
major advantages of using perfluorosulfonic acid as membrane material for 
PEMFCs. First, the membranes are relatively strong and stable in both oxidative and 
reductive environment due to the structure based on polytetrafluoroethylene back-
bone. Second, the protonic conductivities achieved in a well-humidified perfluoro-
sulfonic acid membrane can be as high as 0.2 S/cm at PEMFC operating temperature. 
This translates to a cell resistance as low as 0.05 Ω cm2 for a 100 μ thick membrane 
with voltage loss of only 50 mV at 1 A/cm2 [18, 19].

Two GDLs further improve the efficiency of the system by allowing direct and 
uniform mass transfer access of the fuel and oxidant to the catalyst layer and 
mechanical support to the membrane. In addition to distributing the gases, the anode 
GDL also conducts the electrons away from the anode. Then the electrons go back 
to the anode bipolar plate and current collector. The cathode GDL conducts the 
electrons to the cathode catalyst layer from the cathode bipolar plate and the current 
collector, ensuring the complete flow of electrons. Typically, porous carbon paper or 
cloth is the material used for GDLs.

All electrochemical reactions in a fuel cell consist of two separate reactions: an 
oxidation half reaction at the anode and a reduction half reaction at the cathode. 

Fig. 3  Chemical structure 
of Nafion

Effects of Graphene and Graphite on Properties of Highly Filled Polybenzoxazine…



218

Normally, the two half reactions would occur very slowly at the low operating tem-
perature of the PEM fuel cell. Each of the electrodes is impregnated on one side 
with a catalyst layer that accelerates the reaction of oxygen and hydrogen. It is usu-
ally made of platinum powder very thinly coated onto carbon paper or cloth. The 
catalyst is rough and porous so the maximum surface area of the platinum can be 
exposed to the hydrogen or oxygen.

3.2.2  �Electrode

An electric conductor through which an electric current enters or leaves a medium, 
whether it be an electrolytic solution, solid, molten mass, gas, or vacuum.

3.2.3  �Anode and Cathode

The anode is the negative side of the fuel cell. It conducts the electrons that are freed 
from the hydrogen molecules so they can be used in an external circuit. Channels 
etched into the anode disperse the hydrogen gas over the surface of the catalyst. The 
cathode, the positive side of the fuel cell, also contains channels in the same manner 
as anode and distributes the oxygen to the surface of the catalyst. Moreover, it con-
ducts the electrons back from the external circuit to the catalyst, where they can 
recombine with the hydrogen ions and oxygen to produce water, a by-product. The 
last and most important component in PEMFCs is bipolar plate (see Sect. 4).

4  �Bipolar Plate for PEMFCs

Bipolar plates represent one of the most important of the stack with about 80% of 
total weight and 45% of stack cost [20]. As a consequence, the major targets for all 
developers are to focus on the bipolar plate cost reduction, decrease the weight, 
increase the electrical conductivity, and improve corrosion resistance [21]. The 
bipolar plate performs a variety of functions within the PEMFC including [20, 22]:

–– Connecting individual fuel cells in series to form a fuel cell stack of the required 
voltage

–– Collecting and transporting electrons from the anode and cathode
–– Providing a flow path for gas transport to distribute the gases over the entire 

electrode area uniformly
–– Separating oxidant and fuel gases and feeding H2 to the anode and O2 to the 

cathode while removing product water and unreacted gases
–– Providing thermal conduction to help regulate fuel cell temperature and remov-

ing heat from the electrode to the cooling channels
–– Providing mechanical strength and rigidity to support the thin membrane and 

electrodes and clamping forces for the stack assembly
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–– Sealing fluids with port seals and MEA seals to avoid fluid leakage

The materials of the bipolar plate must have particular properties because of its 
responsibilities and the challenging environment in which the fuel cell operates. 
Properties of material must be considered for achievable design for a fuel cell appli-
cation, specifically, electrical and thermal conductivity, gas permeability, mechani-
cal strength, corrosion resistance, and low weight. An ideal material should combine 
the following characteristics that are defined by Department of Energy (DOE) of the 
USA as seen in Table 4 which are the value requirements to meet DOE target in year 
2020 [2].

4.1  �Materials for Bipolar Plate

Challenges facing the commercialization of PEMFCs are large-scale manufacturing 
and material costs, material durability, material reliability, and hydrogen storage 
and distribution issues [23]. Currently, efforts to improve the PEMFC cost and reli-
ability for the industry, including the automotive industry, are comprised of reduc-
ing the cost and weight of the fuel cell stack, the goal being a 50 kW system of $35/
kW and <133  kg in mass [2]. The bipolar plates in the stack require significant 
improvement, since bipolar plates account for approximately 55% of the PEMFC 
weight and 37% of the stack manufacturing and material cost [2, 22] as shown in 
Fig. 4. Accordingly, the development of bipolar plates may present opportunities for 
cost and weight reductions in PEMFCs.

Bipolar plate characteristic requirements are a challenge for any class of materi-
als. Therefore, many researchers have focused on development of materials and 
designs and fabrications of bipolar plates for PEMFC applications. Currently, there 
are three major classes of materials used to produce bipolar plate including metal, 
nonmetal (as nonporous graphite), and composite as illustrated in Fig. 5 [24].

Table 4  US DOE technical targets for composite bipolar plates as transportation fuel cells [2]

Properties Units 2010 target 2020 target

Electrical conductivity 
(bulk)

S/cm >100 >100

Thermal conductivity W/mK >10 –
Flexural strength MPa >25 >25
Flexural flexibility Percent (deflection at midspan) 3–5 3–5
Hydrogen permeation rate Std. cm3/s cm2 Pa at 80 °C, 3 atm 

100% RH
<2 × 10−6 <2 × 10−14

Water absorption % <0.3 <0.3
Weight kg/kW <0.4 –
Cost $/kW 5 3
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4.1.1  �Metallic Bipolar Plates

Metals are potential candidates for bipolar plate material since they have good 
mechanical stability, electrical and thermal conductivity, and gas impermeability. 
The most important benefit of metal bipolar plate is that the resultant stack can be 
smaller and lighter than graphite bipolar plates. However, the main disadvantage of 
metal plates is their susceptibility to corrosion and dissolution in the fuel cell. A 
simple metallic bipolar plate is shown in Fig. 6 [25, 26].

Aluminum, titanium, and nickel are considered to be possible alternative materi-
als for bipolar plates in PEMFCs [22, 27] due to their corrosion resistance, low 
density, low manufacturing cost, and high strength. Certain higher grades of stain-
less steel have also been shown to be effective. However, their corrosion resistance 
results from a passive oxide film that reduces surface conductivity or increases con-
tact resistance in which the bipolar plate performance is significantly related to the 
thickness of the passive layer and surface contact resistance [28]. The increase in 
thickness and contact resistance of bipolar plate results in more thermal energy to 
be generated, causing a decrease in output electrical energy.

In addition to the contact resistance issues, metallic plates are also quite heavy. 
Therefore, plates are made as thin as can be out of these materials, allowing for 
smaller and lighter fuel cells. In the case of nickel, because it does not form a pro-
tective oxide layer, it will undergo corrosion in the harsh fuel cell environment. 

Fig. 4  Relative cost and weight components from a PEMFC using graphite bipolar plate (Adapted 
from Ref. [2])
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Nickel has to be subjected to surface treatment or alloyed with chromium to make it 
a feasible choice. Stainless steel alloys are considered to be good candidates for 
bipolar plate materials because of their low cost and high strength and corrosion 
resistance. Despite this, the environment within fuel cells still proves a challenge for 
these materials, and corrosion is still a problem for some types of stainless steel 
such as low-chromium stainless steel [28].

Besides, metallic bipolar plates with protective coating layers have been devel-
oped to improve their corrosion resistance. Coating materials should be conductive 
and adhere to the base metal. Furthermore, the coefficient of thermal expansion 
of the base metal and the coating should be as close as possible to eliminate the 
formation of micropores and micro-cracks in coatings due to unequal expansion. 
Two types of coatings, carbon-based and metal-based, have been used. Carbon-based 

Fig. 5  Classification of materials for bipolar plates used in PEM fuel cells (Reproduce with per-
mission from Ref. [24])

Fig. 6  Metallic bipolar plate (Reproduced with permission from Refs. [25, 26])
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coatings include graphite, conductive polymer, e.g., polyaniline, polypyrrole, 
and diamond-like carbon. Noble metals, metal nitrides, and metal carbides are some 
of the metal-based coatings. The early transition metal elements, for example, 
molybdenum, vanadium, and niobium, which form a thin oxide layer to against 
corrosion, have also been used [29].

4.1.2  �Nonmetal (Nonporous Graphite Bipolar Plates)

Apart from metallic, bipolar plates in the PEMFC have traditionally been made 
from graphite, one of the most well-established materials for bipolar plate, since 
graphite has excellent chemical stability to survive the fuel cell environment. Other 
advantages of graphite are low bulk resistivity, low specific density, and low electri-
cal contact resistance with electrode backing materials which results in high electro-
chemical power output. However, graphite still provides major shortcomings, 
i.e., high cost, difficulty of machining, porosity, and brittleness leading several 
millimeters thick of graphite plates to add to the volume and weight of the stack 
[20]. An appearance of graphite bipolar plate is shown in Fig. 7 [30].

Commercially, bipolar plates have been created from graphitic carbon impreg-
nated with a resin. This type of bipolar plate is available in the fuel cell market from 
the likes of POCO Graphite and SGL Carbon. Moreover, flexible graphite is consid-
ered as the material of choice for bipolar plates in PEMFC to solve their brittleness. 
The graphite principally used for the composite is expanded graphite (EG). The 
flakes can be expanded up to a few hundred times their initial volume [31]. The 
expansion leads to a separation of the graphite sheets into nanoplatelets with a very 
high aspect ratio. This layered structure gives higher electrical and thermal conduc-
tivity. In comparison to conventional graphite bipolar plates, the bipolar plates pro-
duced from EG were found to be thinner [20]. Chao Du and coworkers manufactured 
a compressed-expanded graphite bipolar plate with a thickness of only 1 mm [32]. 
Thinner EG plates, for example, the EG/phenol, showed an increase in flexural 
strength up to 40 MPa [33]. In the current market, flexible graphite bipolar plates are 

Fig. 7  Graphite bipolar 
plate [30]
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manufactured mainly by GRAFCELL from GraphTech (Ohio, USA) for the auto-
motive industry.

4.1.3  �Composite Bipolar Plate

The composite as a unique material normally refers to hybrid or mixed materials 
between dispersed filler or reinforcement in the form of fiber, powder, flake, etc. and 
the continuous matrix [34]. Polymer composite bipolar plates including thermoplas-
tic and thermosetting composites are beneficial over metallic and traditional graph-
ite materials with regard to corrosion resistance, flexibility, and low weight. In 
addition, polymer composites may be produced in economical processes, such as 
compression, transfer, or injection molding processes, depending on the number of 
units to be manufactured. The main drawback to polymer composite is the lack of 
electrical conductivity. To enhance the electrical conductivity of the bipolar plates, 
electrically conductive polymeric materials have been used as bipolar plate materi-
als. Electrically conductive polymeric materials are organic-based materials that 
permit electron transfer. Bipolar plate made from composite material is shown in 
Fig. 8 [35].

Composite bipolar plate. Metal-based bipolar plates are made of multiple materi-
als, such as stainless steel, plastic, or porous graphite, so that the benefits of differ-
ent materials can be harvested in a single bipolar plate.

Carbon-based bipolar plates can be classified as either carbon-carbon or carbon-
polymer composites. Carbon-carbon composites are almost entirely made of a car-
bon matrix reinforced with carbon fibers. The preparation of the composite plate 
involves an initial slurry-molding process followed by chemical vapor infiltration 
(CVI). During the former process, carbon fibers and phenolic resin were formed 
into a plaque by means of a vacuum-molding process. After that, the surface of the 
plaque is sealed by the CVI technique which deposits carbon near the surface of the 
material, making the plate impermeable to reactant gases and greatly increasing 
surface electrical conductivity. Another type of carbon-based bipolar plate is carbon-
polymer composite which is extensively reviewed in Sect. 6.

Fig. 8  Composite bipolar 
plates [35]
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5  �Carbon-Polymer Composite Bipolar Plate

Polymers are commonly electrical insulators; thus, the conductivity is enhanced by 
incorporating with conductive filler. There are two types of potential conductive 
filler to be considered including metallic conductors and the derivatives of carbon. 
However, the electrical conductivity of metallic is very high, but most of the 
researchers focus on the use of carbon fillers because of its lower weight. Carbon-
polymer composites are created by incorporating a carbonaceous material as a con-
ductive filler into a polymer matrix. The carbonaceous fillers include graphene, 
graphite, carbon black, carbon fiber, and carbon nanotube. The preference for the 
polymer binder is governed by the chemical compatibility with the fuel cell environ-
ment, mechanical and thermal stability, and processability when loaded with con-
ductive filler. Two different main types of resins are used to fabricate composite 
plates: thermoplastic and thermosetting.

5.1  �Carbon Fillers

5.1.1  �Graphite

Graphite is one of four forms of crystalline carbon apart from carbon nanotubes, 
diamonds, and fullerenes. Graphite occurs naturally in metamorphic rocks, such as 
gneiss, marble, and schist. Graphite exhibits the properties both of a metal such as 
thermal and electrical conductivity and of a nonmetal such as inertness, high ther-
mal resistance, and lubricity. Typical properties of graphite fillers are presented in 
Table 5 [36]. In comparison with carbon fillers, electrical conductivity of graphite is 
rather high. Conductivity is also dependent on crystallographic direction, with a 
high in-plane conductivity arising from the presence of delocalized electrons. 
Figure 9 shows metallic appearance of graphite [37].

The unique properties of graphite resulting from its distinctive layered structure 
and chemical inertness make it the material of choice in many applications:

•	 Good electrical conductivity: the temperature coefficient of electrical resistance 
of graphite is negative in a certain range of temperature, unlike that of metals. 
Near absolute zero, graphite has only a few free electrons and acts as an insula-
tor. As temperature rises, electrical conductivity increases.

•	 Good thermal conductivity.
•	 Unique mechanical strength: the tensile, compressive, and flexural strength of 

graphite increases as temperature increases to 2700 K. At 2700 K graphite has 
about double the strength it has when at room temperature. Above this tempera-
ture, its strength falls.

•	 Low coefficient of thermal expansion.
•	 High thermal shock resistance: low coefficient for friction.
•	 High chemical resistance.
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Table 5  Properties of graphite [36]

Properties Units Test Value

Physical properties

Chemical formula – – C
Density, ρ g/cm3 ASTM C20 2.25
Color – – Black
Crystal structure – – Hexagonal
Water absorption % ASTM C373 0.5–3.0
Hardness Moh’s – 1.0–1.5
Mechanical properties

Compressive strength MPa ASTM C773 96
Tensile strength MPa ACMA Test 4.8
Modulus of elasticity GPa ASTM C848 4.8
Flexural strength MPa ASTM F417 50
Thermal properties

Max. use temperature °C No load cond. 3650
Thermal shock resistance DT (°C) Quenching 200–250
Thermal conductivity W/mK ASTM C408 (On plane)
Specific heat, Cp cal/g°C ASTM C351 0.16
Electrical properties

Electrical resistivity Ωcm ASTM D1829 7 × 10−3

Fig. 9  The crystal 
structure of perfect 
graphite, with the unit cell 
demarcated in bold lines. 
Also shown are the 
characteristic lattice 
parameters at 0 K
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•	 Corrosion resistance: oxidation resistance in air up to 500 °C.
•	 Low capture cross-section for neutrons.
•	 Problem-free machining with standard machine tools: graphite can be machined 

easily. Complicated parts with close tolerances can be machined with precision.
•	 Reasonable cheap material in comparison to other materials with similar corro-

sion resistance.
•	 Graphite does not melt but sublimes at about 3900 K. In air, graphite is resistant 

to oxidation up to temperatures of about 750 K.
•	 Graphite displays extremely low creep at room temperature, its flow characteristics 

being comparable to those of concrete. Creep in graphite is strongly dependent on 
the grain orientation (creep is defined as plastic flow under constant stress).

Graphite exhibits inert behavior toward most chemicals, and high melting point 
makes it an ideal material for various applications such as the steel manufacturing 
process, refractory linings in electric furnaces, containment vessels for carrying 
molten steel throughout manufacturing plants, and casting ware to create a shaped 
end product. In addition, graphite is used as a foundry dressing, which assists in 
separating a cast object from its mold following the cooling of hot metal. The auto-
motive industry uses graphite extensively in the manufacture of brake linings and 
shoes. Graphite is an effective lubricant over a wide range of temperatures and can 
be applied in the form of a dry powder or as a colloidal mixture in water or oil. Other 
uses include electrodes in batteries, brushes for electric motors, and moderators in 
nuclear reactors [38].

5.1.2  �Graphene

Graphene is a fascinating material with several advantages. Graphene is the stron-
gest material with Young’s modulus of 1 TPa and ultimate strength of 130 GPa. It 
provides very high electrical conductivity (>6000  S/cm), thermal conductivity 
(5000 W/mK), surface area (2630 m2/g), elasticity, and gas impermeability [39]. 
Consequently, graphene is very popular for improving mechanical, thermal, electri-
cal, and gas barrier properties of polymer composite in a wide range of applications. 
Figure 10 [40] shows structure of a single graphene sheet. Table 6 lists properties of 
graphene. A comparison on properties of various types of carbon filler is summa-
rized in Table 7.

5.2  �Polymer Matrix

Among various thermosetting resins, phenolics [42–44], epoxies [45–50], and vinyl 
ester [51–53] are popular choices for carbon-polymer composite bipolar plate due 
to their low melt viscosity and thereby contain a higher proportion of conductive 
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fillers. Thermosetting resins are known to have more brittle than thermoplastics. 
However, thermosetting resins overcome thermoplastic resins by means of their 
dimensional stability and high thermal stability so as they can operate at high tem-
perature. Another benefit of thermosetting resins is that at temperature higher than 
glass transition temperature, the viscosity is lower than that of thermoplastics, and 
thus those can be loaded with higher level of conductive fillers. This leads to an 
enhancement in electrical conductivity, thermal conductivity, as well as mechanical 
strength. Thermoplastics including polyvinylidene (PVDF) [41, 54–56], 

Fig. 10  Idealized structure 
of a single graphene sheet 
[40]

Table 6  Properties of 
graphene [39]

Properties Values

Physical properties

Chemical formula C
Color Black
Crystal structure Hexagonal
Density (ρ) 2.2 g/cm3

Carbon-carbon bond length 0.142 nm
Thickness 35–1 nm
Extremely high surface area 2630 m2/g
High chemical and corrosion 
resistance
Electrical property

Electrical conductivity >6000 S/cm
Thermal properties

Thermal conductivity 5000 W/mK in-plane
Low coefficient of thermal 
expansion

1 × 10−6 K−1

Young’s modulus
Ultimate strength 1 TPa

130 GPa
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polypropylene [57–60], and polyphenylene sulfide (PPS) [61–65] have been applied 
to a lesser extent because they are generally less chemically stable than thermosets 
and must operate at lower temperature to avoid melting. Higher viscosities of ther-
moplastics are limited with respect to the amount of filler to be added. Consequently, 
thermoplastic-based composites suffer from lower electronic conductivity than 
other technologies. The main advantages of using thermoplastic rely on that they 
can be injection-molded and are therefore more conductive to automated manufac-
turing. Table 8 shows the comparison merits of bipolar plate made from carbon-
filled thermoplastic and thermosetting polymers [66]. Table  9 summarizes the 
properties of carbon-polymer composites for bipolar plate application [67–69].

Table 7  Properties of important conductive filler for bipolar plate application [41]

Properties Graphite
Graphene 
[8, 39] Carbon fibers

Carbon 
black

Carbon 
nanotubes

Density (g/cm3) 2–2.25 2.2 1.79–1.99 1.7–1.9 2
Particle size 6–100 μm 5–25 μm L: 10–100 μm 14–250 nm L:10–100 μm

D: few nmD:4–10 μm

Specific surface 
area (m2/g)

6.5–20 2630 0.27–0.98 7–560 200–250

Aspect ratio Close to 1 ~1000 6–30 Close to 1 1000–50,000
Electrical 
conductivity (S/cm)

400–1250 >6000 0.03–0.7 2.5–20 10−4–102

Table 8  Relative merits of bipolar plate materials from carbon-polymer composite [66]

Thermoset Thermoplastic

Advantages Higher-temperature 
operation

Injection molding lends itself to manufacturing 
automation

Fast cycle time Fast cycle time
Flow field introduced 
during molding

Flow field introduced during molding
Low contact resistance

Low contact resistance
Disadvantages Relatively low electrical 

conductivity
Low electrical conductivity when using 
standard thermoplastics
Limited to low-temperature operation
Injection molding difficult at high loadings
Generally less chemically stable than thermoset 
resins

Processing 
options

Compression molding Injection molding
Post-molding CNC milling 
of blank

Compression molding
Post-molding CNC milling of blank
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6  �Graphite-Filled PBA and Graphene-Filled PBA 
Composites

PBAs are a newly developed class of thermosetting resins. PBAs are heterocyclic 
macromolecules, which processed nitrogen and oxygen in their cyclic molecular 
structure and fuse to another benzene ring. A common type of benzoxazine resin is 
bisphenol A- and aniline-based benzoxazine which is synthesized from the reaction 
of bisphenol A, paraformaldehyde, and aniline at 1:4:2 mole ratio at 110 °C without 
the use of any solvent as disclosed by Ishida in 1996 [71]. This solventless synthesis 
method is a convenient, cost-competitive, and environmentally friendly method for 
preparation of various types of benzoxazine monomers. The synthesis path of ben-
zoxazine monomer is shown in Fig.  11. PBA can be prepared through the ring-
opening polymerization at oxazine ring of benzoxazine monomer by thermal 
activation with no further addition of initiator or catalyst [6]. The structural change 
in benzoxazine monomer to PBA is shown in Fig. 12.

PBAs provide various outstanding characteristics of near-zero volumetric change 
(near-zero shrinkage) upon thermal curing rendering dimensional stability, no 

Table 9  Carbon-polymer composites and their essential properties for bipolar plate application

Polymer matrix Filler
Thermal 
conductivity

Electrical 
conductivity 
(S/cm)

Flexural 
properties

N2 
permeation 
rate Refs.

20–40 % 
Resole-phenolic 
resin

50 vol% natural 
graphite + 
synthetic 
graphite

10–120 – – [67]

Novolac-
phenolic resin

Natural graphite 
+ carbon black 
+ carbon fiber

145–250 
(x-y plane)

Modulus 
12–14 GPa

– [67]

60–75 (z 
plane)

Epoxy resin 
(cured with 
phenolic resin)

Expanded 
graphite

180–190  
(x y plane)

Strength 
40–75 MPa

2 × 10−6 [68]

Through-
plane 
resistance 15

35% phenolic 
resin

65% Natural 
graphite + 
MWCT (0–2%)

(xy) 25–50 (xy) 80–178 Modulus 
13–15.5 GPa

– [69]

(z) 0–12 (z) 10–30

23% 
polypropylene  
+ 5% 
polypropylene-
maleic 
anhydride

65% graphite + 
7% carbon 
black

104.63 Strength 44.28 – [70]
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by-product released during polymerization leading to no additional removal of vola-
tile by-product. Moreover, PBAs offer a number of attractive properties such as high 
glass transition temperature, high thermal stability, good mechanical strength and 
modulus, low water absorption, low dielectric constant, good adhesive properties, 
and high chemical resistance to burning. The properties of PBA compared to other 
thermosetting resins are listed in Table 10 [72].

Moreover, BA-a resin shows a very low melt viscosity before curing which is one 
of those useful properties, rendering the ability of BA-a to easily wet the filler or 
reinforcement in a compounding process in highly filled system composites. This 
property is desirable and crucial in various composite applications.

Fig. 11  Synthesis route of BA-a-type benzoxazine resin

Fig. 12  Formation of PBA resin network by thermal curing process
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The other advantages of PBA include easy processing ability and lack of volatile 
formation, all attractive for composite material manufacturing. Furthermore, ben-
zoxazine resin is able to be alloyed with several other polymers or resins. In this 
literature reported, the mixture of the benzoxazine resin with bisphenol A-type 
epoxy with the addition of epoxy to the PBA network greatly increases the crosslink 
density of the thermosetting matrix and strongly influences its mechanical proper-
ties [6]. Consequently, PBAs have gained much attention from scientists in the field 
of polymer research as well as from the industrial researchers.

In this work, graphite powders having an average particle size of 50 μm and a 
density of 2.2 g/cm3 were purchased from Merck Corporation, whereas grade H 
graphene nanoplatelets having a diameter in the range of 5–25 μm, a thickness of 
15  nm, and a surface area of 50–80  m2/g were purchased from XG Sciences, 
USA. The graphite-filled PBA and graphene-filled PBA compounds at various filler 
contents were prepared using an internal mixer at about 110 °C. For thermal-cured 
specimen, the compound was compression-molded by hot pressing at a temperature 
of 200 °C and a hydraulic pressure of 15 MPa for 3 h. The obtained composites were 
cut to a desired shape for further characterization.

6.1  �Highly Filled Graphite/PBA and Graphene/PBA 
Composites

To qualify the maximum packing of the composite, density measurement is an 
effective method used to examine the quality of highly filled composite by investi-
gating the presence of void in the composite specimens [73–75]. The density of 
composite was determined by water displacement method according to ASTM 
D792 (Method A) and was calculated based on Eq. (1):

	
r r=

-
´

A

A B 0
	

(1)

Table 10  Properties’ comparison of major thermosetting resins

Property Epoxy Phenolics Cyanate ester PBA

Density (g/cc) 1.2–1.25 1.24–1.32 1.1–1.35 1.19
Max use temperature (°C) 180 ~200 150–200 130–280
Tensile strength (MPa) 90–120 24–25 70–130 100–125
Elongation (%) 3–4.3 0.3 0.2–0.4 2.3–2.9
Dielectric constant (1 MHz) 3.8–4.5 0.4–10 2.7–3.0 3–3.5
Cure temperature (°C) RT-180 150–190 180–250 160–220
Cure shrinkage (%) >3 0.002 ~3 ~0
TGA onset (°C) 260–340 300–360 400–420 380–400
Tg (°C) 150–220 170 250–270 170–340

Adapted from Ref. [72]
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where

ρ = density of the specimen (g/cm3)
ρo = density of the water at the given temperature (g/cm3)
A = weight of the specimen in air (g)
B = weight of the specimen in liquid (water) (g)

The theoretical density by mass of PBA filled with filler can be calculated accord-
ing to Eq. (2):

	

r

r r

c

f

f

f

m

W W
=

+
-( )

1

1
	

(2)

where

ρc = composite density, g/cm3

ρf = filler density, g/cm3

ρm = matrix density, g/cm3

ρc = composite density, g/cm3

Wf = filler weight fraction
(1 − Wf) = matrix weight fraction

The calculation is based on the basis that the densities of the graphite, 
graphene, and PBA are 2.22, 2.20, and 1.20 g/cm3, respectively. Figure 13 shows 
the comparison of calculated and actual densities of graphite-filled PBA compos-
ites and graphene-filled PBA composites, respectively. From the figure, the theo-
retical and actual densities of both graphite-filled PBA composites and 
graphene-filled PBA composites were linearly increased with increasing filler con-
tent following the rule of mixture, thus suggesting negligible void or air gap in the 
composite samples. This is due to the most outstanding property of PBA matrix, 
that is, its low melt viscosity in which the highly filled void-free composite can 
easily be obtained. The maximum graphite loading and graphene loading in PBA 
composites were 80  wt% and 65  wt%, respectively. However, the experimental 
densities of graphite-filled PBA at higher than 80 wt% (68 vol%) of graphite con-
tent and that of graphene-filled PBA composite at higher than 65 wt% (50.1 vol%) 
of graphene content were found to be slightly lower than that of their theoretical 
density value. It might be due to the presence of small content of void or air gap in 
the composite specimen from the incomplete wetting of the resin at such too high 
amount of the filler loading.

Therefore, the maximum graphite loading and graphene loading in the PBA 
composites were found to be 80 wt% (68 vol%) and 65 wt% (50 vol%), respectively. 
Furthermore, the maximum packing density of graphite-filled PBA composite was 
found to be higher than the maximum loading of graphene-filled PBA composite.  
It is due to lower surface area of graphite filler compared to graphene filler, thus 
facilitating the higher filler loading content in the composite.
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6.2  �Curing Behavior of Graphite/PBA and Graphene/PBA 
Composites

The curing behavior of graphite-filled PBA composite and graphene-filled PBA 
composite was investigated by means of onset and maximum peak temperatures of 
curing thermograms. Figure 14a exhibits the curing exotherms of the neat BA-a and 
the benzoxazine-graphite molding compounds at various amounts of graphite. A 
maximum exothermic peak of the benzoxazine and its molding compounds was 
located at 233 °C, which is the characteristic of oxazine ring opening of benzoxa-
zine monomer [73].

Such exothermic peak reflects the cure characteristic and suggests appropriate 
thermal curing scheme of the benzoxazine resin. The unchanged exothermic peak 
position of the benzoxazine molding compounds implied that graphite showed neg-
ligible effect on curing reaction of the benzoxazine monomers, e.g., curing retarda-
tion. On the other, an incorporation of graphene filler in benzoxazine molding 
compound showed the shift of curing peak temperature to lower temperature com-
pared to that of the neat benzoxazine as observed from DSC thermogram in Fig. 14b. 
The characteristic exothermic peaks of 10, 20, 30, 40, 50, and 60 wt% of graphene 
content in benzoxazine molding compound were 218, 212, 211, 209, 202, and 
196  °C, respectively. The results indicated that graphene acts as a catalyst for 
oxazine ring-opening reaction, thus minimizing the curing condition in terms of 
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Fig. 13  Maximum packing density of PBA composites: (●) theoretical density ( ) and actual 
density of graphite/PBA composites and (▲) graphene/PBA composites at different filler contents 
(Reproduced with permission from Refs. [7, 8])
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Fig. 14  DSC thermograms of benzoxazine molding compound: (a) graphite-filled BA-a (♦) neat 
BA-a ( ) 40 wt%, ( ) 50 wt%, (▼) 60 wt%, (▲) 70 wt%, (■) 75 wt%, (●) 80 wt% (b) graphene-
filled BA-a (♦) neat BA-a ( ) 10 wt%, ( ) 20 wt%, (▼) 30 wt%, (▲) 40 wt%, (■) 50 wt%, (●) 
60 wt% (Reproduced with permission from Refs. [7, 8])
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energy consumption to undergo polymerization. The result of the catalytic reaction 
was also confirmed by FTIR spectra of pure graphene as can be seen in Fig. 15.

As can be seen in Fig. 15, the wave number at 1733 and 1607 cm−1 was observed 
to be the characteristic peak of C=O stretching and O-H bending in carboxylic 
group, respectively. Moreover, the strong and broad band at 3444 cm−1 also con-
firmed the presence of this carboxylic functional group which is normally formed 
during graphene synthesis [76]. The result indicated that graphene used in this 
research was graphene oxide. The catalytic effect of carboxylic functional group on 
ring opening of benzoxazine monomer was also noticed by P. Kasemsiri in the study 
of cashew nut shell liquid and benzoxazine resin [77]. Curing retardation has been 
observed in the systems cardanol-benzoxazine resin [78], while curing acceleration 
was found in epoxy novolac resin-benzoxazine resin [74].

6.3  �Dynamic Mechanical Properties of Graphite/PBA 
and Graphene/PBA Composites

Since all polymers are viscoelastic in nature, dynamic mechanical analysis method 
is suitable to evaluate complex transition and relaxation phenomena when poly-
meric materials are presented.
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Fig. 15  FTIR spectra of grade H graphene nanoplatelets from XG Sciences, USA (Reproduced 
with permission from Ref. [8])
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Figure 16a illustrated the storage modulus (E′) of the graphite-filled PBA as 
a function of temperature with the graphite ranging from 0 to 80 wt%. At room 
temperature, the E′ of the graphite-filled PBA steadily increased with increasing 
graphite content which was ranging from 5.2 GPa of the neat PBA to 23 GPa of 
80 wt% of graphite loading in PBA composites which accounted to be about 
290% stiffness enhancement. Meanwhile, E′ of graphene-filled PBA also 
enhanced with an incorporation of graphene filler loading which was as high as 
25.1 GPa with 60 wt% of graphene loading in the composite as seen in Fig. 16b. 
The phenomenon was due to the fact that with substantial interfacial interaction 
between the filler and the matrix, the addition of more rigid particulate of both 
graphite and graphene into the PBA matrix was able to improve the stiffness of 
the resulting polymer composites. Meanwhile, the moduli of the graphite-filled 
PBA and graphene-filled PBA in the rubbery plateau region were also investi-
gated and were found to increase significantly with increasing amount of the 
filler, again, implying substantial interaction between the filler and the polymer 
matrix. Furthermore, E′ of the maximum graphene content-filled composite, 
i.e., 60 wt%, was greater than that of graphite-filled PBA composite at its maxi-
mum graphite contents as high as 80 wt%. This phenomenon is likely due to the 
reinforcing effect of the graphene filler in PBA composites. The presence of 
oxygen-containing functional groups in graphene has been reported to help 
improve the modulus of the composites from better interfacial bonding with the 
matrix [79].

6.4  �Glass Transition Temperature of Graphite/PBA 
and Graphene/PBA Composites

Glass transition temperature (Tg) of graphite-filled PBA and graphene-filled PBA 
composites was determined from the maximum peak temperature of loss modulus 
curves of the composites as displayed in Fig. 17. As seen in the inset of Fig. 17a, the 
linear relationship between the Tg of the composite and the graphite content was 
clearly observed. The Tg of the neat PBA was determined to be 174 °C, whereas the 
Tg of PBA composite with 80 wt% of graphite was about 194 °C. Furthermore, Tg of 
graphene-filled PBA composite showed the same trend as that of graphite compos-
ite, i.e., Tg of graphene composite also increased with increasing graphene content. 
An increase of the Tg with an addition of the graphite is likely due to the good inter-
facial adhesion between the graphite filler and PBA matrix resulting in a high 
restriction of the mobility of the polymer chains [7]. In comparison, Tg values of 
graphene-filled PBA composite were found to be lower than that of graphite-filled 
PBA composite, the values of which were observed to be in the range of 176–188 °C 
with 10–60 wt% of graphene as seen in Fig. 17b.
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Fig. 16  DMA thermograms of storage modulus of (a) graphite-filled PBA composites: (♦) neat 
PBA ( ) 40 wt%, ( ) 50 wt%, (▼) 60 wt%, (▲) 70 wt%, (■) 75 wt%, (●) 80 wt%. (b) Graphene-
filled PBA composites: (♦) neat PBA ( ) 10 wt%, ( ) 20 wt%, (▼) 30 wt%, (▲) 40 wt%, (■) 
50 wt%, (●) 60 wt% (Reproduced with permission from Refs. [7, 8])
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Fig. 17  DMA thermograms of loss modulus of (a) graphite-filled PBA composites: (♦) neat PBA 
( ) 40 wt%, ( ) 50 wt%, (▼) 60 wt%, (▲) 70 wt%, (■) 75 wt%, (●) 80 wt%. (b) Graphene-
filled PBA composites: (♦) neat PBA ( ) 10 wt%, ( ) 20 wt%, (▼) 30 wt%, (▲) 40 wt%, (■) 
50 wt%, (●) 60 wt% (Reproduced with permission from Refs. [7, 8])
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6.5  �Thermal Stability of Graphite/PBA and Graphene/PBA 
Composites

Degradation temperature (Td) is one of the key parameters used to determine tempera-
ture stability of polymeric materials. Fig. 18a exhibited TGA thermograms of graphite-
filled PBA composites at various filler loadings under nitrogen atmosphere.

From the figure, an outstanding high thermal stability of pure graphite was 
observed with only 0.8% total weight loss of up to 800 °C, whereas PBA matrix 
possesses a Td at its 5% weight loss of 320 °C and the char residue at 800 °C of 25%. 
With an addition of graphite into PBA matrix, the Td at 5% weight loss of composite 
systematically increased with increasing graphite content. At the maximum graphite 
content of 80 wt%, the Td value was as high as 420 °C which accounted to be 100 °C 
higher than PBA matrix. This enhancement in Td of the highly filler PBA is likely 
due to the barrier effect of graphite as well as the strong bonding of the benzoxazine 
resin to the graphite, thus, increasing the Td of PBA composite, which minimize the 
permeability of volatile degradation products out from the material.

The TGA curves of graphene-filled PBA composites with different graphene 
loadings were also investigated as illustrated in Fig. 18b. As can be seen in Fig. 18b, 
pure graphene exhibited the Td at a 5% weight loss to be about 461 °C. However, 
around 200–700 °C, the weight loss of pure graphene increased which associated 
with the removal of oxygen-containing functional groups such as carboxyls, or 
hydroxyls [80], which were reported to be naturally presented during typical gra-
phene synthesis such as that suggested in the technical data sheet of graphene nano-
platelets – grade H from XG Sciences, USA [76]. Moreover, the presence of these 
functional groups was also confirmed by FTIR spectra of the pure graphene used in 
this study as can be seen in Fig. 15. TGA curves of graphene showed a relatively 
high thermal stability behavior, presenting a total char residue of about 91.4% at 
800 °C. This char value of graphene was found to be consistent with that reported 
by G. Gedler et al. (93%) [80]. Additionally, the Td at 5% weight loss of highly filled 
PBA composites were found to increase with graphene content. Graphene-filled 
PBA composite with 0–60 wt% of graphene in the composite exhibited Td value in 
the range of 327–353 °C which was 26 °C higher than PBA matrix. This enhance-
ment is attributed to the graphene flakes which acted as a gas barrier and could delay 
the decomposition of volatile products [81, 82].

6.6  �Specific Heat Capacity of Graphite/PBA  
and Graphene/PBA Composites

The ability of a material to store thermal energy can be described in terms of spe-
cific heat capacity (Cp). In particular, Cp dictates the amount of energy one must put 
into the system in order to heat the material to a certain temperature [83]. The effect 
of temperature on Cp of composite at different filler loading is shown in Fig. 19.

Within the temperature range of 60–280 °C, the Cp of graphene-filled PBA com-
posite was found to increase with increasing temperature. The effect of temperature 
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Fig. 18  TGA thermograms of (a) graphite-filled PBA composites: (o) pure graphite (♦) neat PBA 
( ) 40 wt%, ( ) 50 wt%, (▼) 60 wt%, (▲) 70 wt%, (■) 75 wt%, (●) 80 wt%. (b) graphene-
filled PBA composites: (o) pure graphene (♦) neat PBA ( ) 10 wt%, ( ) 20 wt%, (▼) 30 wt%, 
(▲) 40 wt%, (■) 50 wt%, (●) 60 wt% (Reproduced with permission from Refs. [7, 8])
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Fig. 19  Specific heat capacity of (a) graphite-filled PBA composites: (o) pure graphite (♦) neat 
PBA ( ) 40 wt%, ( ) 50 wt%, (▼) 60 wt%, (▲) 70 wt%, (■) 75 wt%, (●) 80 wt%. (b) Graphene-
filled PBA composites: (o) pure graphene (♦) neat PBA ( ) 10 wt%, ( ) 20 wt%, (▼) 30 wt%, 
(▲) 40 wt%, (■) 50 wt%, (●) 60 wt% (Reproduced with permission from Refs. [7, 8])
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on the Cp of the composites can be determined from the slope of the plots. From the 
experimental results, the fairly low and stable slopes were observed in the compos-
ite systems up to about 140 °C. This was due to the high thermal stability and Tg of 
PBA matrix used. However, within this temperature range, the inflection of the 
slope of the plot at the temperature about 150 °C was also noticed which is likely 
due to the Tg of these composite materials. The relationship between Cp of graphene-
filled PBA composite and temperature showed the linear trend in temperature up to 
100 °C as same as that of graphite-filled PBA composite as illustrated in Fig. 19b. 
The increase in Cp of the composite with temperature was attributed to the greater 
degree of molecular vibrations at elevated temperature [83].

The effect of filler content on Cp of the PBA composite was also investigated as 
seen in Fig. 20. From Fig. 20, the Cp of both graphite-filled PBA composites and 
graphene-filled PBA composite decreased systematically with an addition of filler, 
as can be expected from the lower Cp of the graphite and graphene.

Due to the structure-insensitive characteristic of Cp of composite, the effect of 
filler loading on the composite heat capacity can be predicted by the rule of mixture 
as expressed in Eq. ((3)).

For a two-phase system,

	
C C W C Wf fpc pf pp= + -( )1

	
(3)

Cpc, Cpf, and Cpp are the specific heat capacities of the composite, filler, and poly-
mer, respectively; Wf is the mass fraction of the filler.

Fig. 20a shows the plot of the Cp of composite as a function of graphite loading 
ranging from 40 to 80 wt% of filler at 25 °C. The Cp value of pure graphite and neat 
PBA was 1.756 and 0.753 JK−1 g−1, respectively. The plot reveals a linear relation-
ship between Cp and filler loading as suggested by Eq. ((3)). The Cp values of differ-
ent filler contents from the experimental results are thus in good agreement with 
those predicted by the rule of mixture with an error within ±1.0 %. Heat capacity 
and density are important parameters used to convert thermal diffusivity, a very use-
ful transport property of material.

Figure 20b exhibits the plot of the Cp of graphene-filled PBA composites extrap-
olated at 25 °C as function of graphene loading ranging from 0 to 60 wt% which 
exhibited a linear relationship with filler loadings as same as graphite loading in 
PBA composite. The Cp of composites is an essential parameter for the determination 
of thermal conductivity. Thermal conductivity values of the graphite-filled PBA and 
graphene-filled PBA composites were determined via the measurement of the com-
posites’ thermal diffusivity.

6.7  �Thermal Diffusivity of Graphite/PBA and Graphene/PBA 
Composites

Thermal diffusivity of graphite-filled PBA and graphene-filled PBA composites as a 
function of filler content at room temperature was shown in Fig.  21. As seen in 
Fig. 21, thermal diffusivity of graphite-filled PBA composite was enhanced with an 
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addition of highly thermally conductive graphite particularly, at high contents of the 
graphite. At lower graphite loading up to 50 wt% of graphite, thermal diffusivity of 
the composites slightly increased with filler loading; however, at graphite loading 
higher than 50 wt%, the diffusivity values of the composite sharply increased. This 
behavior was also observed and reported in the highly filled systems of boron nitride 
and PBA [84], graphite and polystyrene [85], or glass and ethylene vinyl acetate [86].

For the system of graphene-filled PBA, the increase in thermal diffusivity of the 
composites also increased with graphene filler. Moreover, the behavior could be 

Fig. 20  Specific heat capacity extrapolated at 25 °C of (a) of graphite-filled PBA (b) Graphene-
filled PBA as a function of filler contents (Reproduced with permission from Refs. [7, 8])
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divided into two regions in accordance with graphene filler content. At filler content 
up to 20 wt%, a slight increase in thermal diffusivity of the composites was noticed. 
At the second region at the greater graphene loadings up to 60 wt%, the thermal 
diffusivity of the composites sharply increased with the amount of the graphene. 
The behavior of both graphite-filled PBA and graphene-filled PBA was attributed to 
the formation of tremendous amount of conductive paths in the filled systems with 
the loading approaching their maximum packing, i.e., highly filled composites.

Furthermore, the thermal diffusivities of graphite-filled PBA and graphene-filled 
PBA as a function of temperature are shown in Fig. 22a, b. From the figure, it was 
observed that thermal diffusivity values of both composite systems tended to 
decrease with increasing temperature as a result of more pronounced phonon-
phonon scattering phenomena in the sample [87].

6.8  �Thermal Conductivity of Graphite/PBA and Graphene/
PBA Composites

In theory, thermal diffusivity can be converted into thermal conductivity by the 
relationship expressed in Eq. 4. Figure 23 shows the measured thermal conductivity 
of the graphite-filled PBA composites with varying graphite loading. From the fig-
ure, thermal conductivity of the composite increased as the graphite content 
increased. When graphite concentration reached 80 wt%, thermal conductivity of 
the composite increased to as high as 10.2 W/mK which accounted to be 44 times 
higher than that of pure PBA with the value of 0.23 W/mK. The graphite-filled PBA 
composites at 80 wt% of graphite content are a promising bipolar plate for the fuel 
cell application as it shows relatively high thermal conductivity. The value is sub-
stantially greater than the DOE requirement:

Fig. 21  Thermal 
diffusivity at 25 °C of (●) 
graphite-filled PBA 
composites and (■) 
graphene-filled PBA 
composites (Reproduced 
with permission from Refs. 
[7, 8])
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k Cp= ´ ´a r

	
(4)

where k is the thermal conductivity, α is the thermal diffusivity, Cp is the specific 
heat capacity at constant pressure, and ρ is the measured density.
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Fig. 22  Thermal diffusivity of (a) graphite-filled PBA composites: (♦) neat PBA ( ) 40 wt%, (
) 50 wt%, (▼) 60 wt%, (▲) 70 wt%, (■) 75 wt%, (●) 80 wt%. (b) Graphene-filled PBA com-
posites: (♦) neat PBA ( ) 10 wt%, ( ) 20 wt%, (▼) 30 wt%, (▲) 40 wt%, (■) 50 wt%, (●) 
60 wt% (Reproduced with permission from Refs. [7, 8])
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Figure 23 also shows a plot of the thermal conductivity of graphene-filled PBA 
composites as a function of graphene weight fractions. In the same manner as 
graphite-filled PBA composite, the thermal conductivity values of the composites 
were found to systematically increase with increasing graphene content. The maxi-
mum thermal conductivity of highly filled graphene-PBA composites was deter-
mined to be 8.03 W/mK at 60 wt% of the graphene which is accounted to be about 
35 times higher than that of PBA matrix. The relatively high thermal conductivity 
value obtained in the PBA composite is attributed to the maximizing formation of 
conductive networks of particles with small heat resistance in this highly filled sys-
tem. Since efficient heat propagation in graphite and graphene filler is mainly due to 
diffusion of phonons, a uniform dispersion and network of a highly thermally con-
ductive graphene in the PBA matrix significantly contribute to the steady increase in 
thermal conductivity in the composites [88].

The thermal conductivity of highly filled graphene-PBA composites was found 
to be greater than the values obtained from graphite-filled PBA composite com-
pared at the same filler content. This is possibly due to the much smaller particle 
size as well as a relatively high aspect ratio of the graphene platelets used compared 
to the graphite particles, i.e., nanometer range vs micrometer range. These charac-
teristics of the graphene particles should render a much greater ability to form con-
ductive network of the filler particles than the graphite particles [89, 90]. Furthermore, 
highly filled graphene-PBA composites also showed higher thermal conductivity 
value than some reported high filler loading composites. For example, the thermal 
conductivity value was reported to be 5.5 W/mK or about 27.5 times enhancement 
in epoxy/graphene at the maximum graphene content of 50 vol% [91] and 6.6 W/
mK in epoxy/graphite nanoplatelets at the maximum filler content of 40 vol% [92].

However, the thermal conductivity values of these graphite and graphene fill 
PBA composite are through-plane values which were significantly lower than in-

Fig. 23  Thermal 
conductivity of (●) 
graphite-filled PBA 
composites and (■) 
graphene-filled PBA 
composites (Reproduced 
with permission from Refs. 
[7, 8])
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plane values, resulting from an anisotropic nature of the filler. Figure 24 represents 
the arrangement of filler in composite in through-plane and in-plane directions 
which provided the difference in thermal conductivity value of the obtained com-
posite. The bipolar plate must be thermally conductive to conduct the generated heat 
(reaction byproduct) from an active part of the fuel cell to a cooling channel, to 
control the stack temperature and to achieve a homogeneous temperature distribu-
tion in each cell and over the whole active area; therefore, thermal conductivity is a 
critical bipolar plate characteristic. As per the recent benchmark given by Department 
of Energy, USA, the recommended value of thermal conductivity for bipolar plate 
is to be greater than 10 W/mK [2].

6.9  �Mechanical Properties of Graphite/PBA  
and Graphene/PBA Composites

Bipolar plates require good mechanical properties in order to withstand high clamp-
ing forces of the stacking, vibrations during vehicular applications, etc. [49, 93]. 
Flexural modulus and flexural strength of graphite-filled PBA and graphene-filled 
PBA composites were illustrated as a function of filler content in Figs. 25 and 26, 
respectively.

As seen in Fig. 25, the modulus values of both graphite composite and graphene 
composite were found to be substantially enhanced by filler loading up to their 
maximum loading. The flexural modulus of the neat PBA was determined to be 
5.2 GPa, whereas at 40 wt% to 80 wt% of graphite, the modulus of the graphite-filled 
PBA composites increased from 10.0 to 17.5 GPa. For graphene-filled PBA com-
posite, the flexural modulus of the composite with 0–60 wt% of graphene was deter-
mined to be in a range of 5.2–17.5 GPa, and the highest value of 17.5 GPa was 
obtained at 60 wt% of graphene loading. Additionally, the value obtained from both 

Fig. 24  Through-plane and in-plane thermal conductivity of polybenzoxazine composite
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graphite and graphene-filled PBA composites was also higher than that of a highly 
filled system of polyphenylene sulfide and graphene nanoplatelets as reported by 
X. Jiang et al. [88] for PEM fuel cell, i.e., 15 GPa at graphene content of 60 wt%. 
The enhancement in flexural modulus was believed to be due to a uniform disper-
sion and strong interfacial bonding between the filler and the matrix [94]. It is, 
therefore, evident that an addition of much greater rigidity of particulate graphite 
and graphene into the PBA matrix attributed to significant enhancement in the stiff-
ness of the obtained PBA composites [7]. Interestingly, the flexural modulus of the 
composite at higher 50 wt% of graphite and at higher 30 wt% of graphene contents 
exceeded the DOE requirement of 10 GPa for a bipolar plate application [2].

Fig. 25  Flexural modulus 
of (●) graphite-filled PBA 
composites and (■) 
graphene-filled PBA 
composites (Reproduced 
with permission from Refs. 
[7, 8])

Fig. 26  Flexural strength 
of (●) graphite-filled PBA 
composites and (■) 
graphene-filled PBA 
composites (Reproduced 
with permission from Refs. 
[7, 8])
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However, as shown in Fig. 26, the flexural strength of graphite-filled PBA and 
graphene-filled PBA composite bipolar plates was lower than that of PBA matrix 
and was found to decrease with increasing filler content. It is postulated that the 
aggregation and agglomeration may present in the graphite and graphene, thus caus-
ing some defects in the composites resulting in lowering of the strength values. 
Moreover, the lower flexural strength values might be related to the effect of discon-
tinuous longer interparticle distance on stress transferring in the composite [11]. 
However, the reduced flexural strength of graphene composite was lower than that 
of graphite composite as observed from the slope of the curve. It is implied that the 
highly filled graphene particles can form continuous network in the composites thus 
leading to better continuous stress transferring.

These observed phenomena are often observed in graphite-filled systems, e.g., 
graphite-epoxy [95], graphite-phenolic resin [95], graphite-phenol formaldehyde 
resin, and graphite-novolac epoxy [96]. However, all the strength data of the PBA 
composites were still much higher than the target value of strength set by DOE, i.e., 
25 MPa. At maximum graphite loading of 80 wt% in PBA, its flexural strength is 
51.5 MPa which is still much higher than that of graphite-filled epoxy (35 MPa) 
[95], graphite-filled phenolic resin (34  MPa) [95], graphite-filled epoxy novalac 
(45 MPa) [96], etc.

For graphene composite systems, the strength reduction of composite with an 
increase in graphene is also observed in highly filled graphene nanoplatelets/poly-
phenylene sulfide [88]. For low graphene-filled composite system (2  wt%), the 
strength of the composites was found to show a sharp decrease with increasing 
graphene content such as system of graphite nanoplatelets/epoxy nanocomposites 
[97]. This suggested the advantage of making a highly filled system on the 
enhancement of the composite strength compared to that obtained in the low range 
of filler content. In addition, at 60 wt% graphene loading, the flexural strength of 
graphene highly filled composite remains as high as 41.7 MPa, which was signifi-
cantly greater than the flexural strength value of the DOE targets for bipolar plate 
material (>25 MPa) [2].

6.10  �Water Absorption of Graphite/PBA and Graphene/PBA 
Composites

The mechanism of water diffusion of the composites was studied from the amount 
of water absorption by the specimens. The water absorption was calculated based on 
the change in weight of wet and dry specimens. Water absorption for graphite-filled 
PBA composites at different graphite contents is exhibited in Fig. 27a. The water 
absorption trend of all specimens exhibited a similar behavior. The graphite-filled 
PBA composite absorbed water more rapidly during first stages (0–24 h). The water 
absorption values of all graphite/PBA-a composites at different filler contents rang-
ing from 40 to 80 wt% had been recorded up to 168 h of the immersion, i.e., beyond 
their saturation points. These PBA composites showed room temperature water 
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uptake having values much less than 0.3% which is the value desired in the indus-
trial standard of typical composites for bipolar plate [2].

From the curves, the water uptake of graphite-filled PBA composite up to 168 h 
was only 0.2% at the filler content of 40 wt% and lower at higher filler contents, 
which was very low. These values were significantly lower than the water absorp-
tion values of graphite filled with epoxy (50 wt% graphite at 24 h) [45].

Water absorption behavior of the neat PBA and its composites filled with gra-
phene (0–60 wt% of graphene) is shown in Fig. 27b. From Fig. 27b, the absorption 
curves are rapidly increased at the early stage of water uptake (i.e., 0–24 h) as same 
as graphite-filled PBA composite. The water uptake value of the graphene-filled 
PBA was calculated to be less than 0.1% at maximum content of graphene at 
60 wt%. The water uptakes of the composites were found to steadily increase with 
time but at a lower rate comparing with the first 24 h. From the curves, the water 
uptake of the composites up to 60 days of immersion remained less than 0.8% at the 
filler content of 0–60 wt%.

Moreover, the water absorption of both graphite-filled PBA and graphene-filled 
PBA composites was also observed to systematically decrease with increasing filler 
content. The phenomenon was attributed to the presence of the more hydrophobic 
nature of the graphite and graphene filler in the polymer composites which inhibited 
the water permeation in the polymer matrix [82, 98]. Moreover, the reduction of 
water absorption resulted from the relatively good filler dispersion and interfacial 
adhesion between the filler and the matrix that minimized the formation of air gaps 
between the filler and the matrix. This low water uptake is highly desirable charac-
teristic in bipolar plate application.

6.11  �Electrical Conductivity of Graphite/PBA  
and Graphene/PBA Composites

Bipolar plates collect and transport electrons generated by an electrochemical reac-
tion in fuel cell stacks. Therefore, the materials for bipolar plates should provide 
high electrical conductivity to minimize voltage loss. In polymer composite, the 
property is largely influenced by the filler loading and filler type [95]. The compos-
ite filled with graphite and graphene has anisotropic electrical conductivity depend-
ing on the distribution direction of the fillers.

Figure 28 showed electrical conductivity of the highly filled systems of graphite 
and PBA composites at different weight fraction of graphite. It is evident that the 
conductivity of the composite increased nonlinearly with an increase in graphite 
content up to its maximum packing. At 40–60 wt% of the graphite, the electrical 
conduction values increased only slightly with the filler loading. Beyond 60 wt% of 
the graphite filler, the conductivity values tended to increase sharply up to about 
245  S/cm. As a similar trend in graphite composite, electrical conductivity of 
graphene-filled PBA also increased nonlinearly with graphene fraction and reached 
maximum value at its maximum loading. The phenomenon is due to the gradual 
formation of the percolating network of the graphite and graphene particles within 
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the plate with an increase in the filler content [99]. At 50 and 60 wt% of graphene in 
PBA composite, the electrical conductivity values were measured to be 125 and 
357 S/cm, respectively. The observed substantial enhancement in the electrical con-
ductivity values was attributed to the good interfacial bonding between both graph-
ite and graphene filler in PBA matrix. Furthermore, the electrical conductivity value 
of graphene-filled PBA composite was significantly greater than graphite composite 
which is due to the formation of the continuous graphene particle network having 
tremendous amount of the conductivity paths particularly at very high graphene 
loading. In comparison with graphite-filled PBA, the electrical conductivity of 
graphene-filled PBA was found to be significantly higher than those obtained using 
graphite filler comparing at the same percentage of the filler loading. Furthermore, 
electrical conductivity values of the graphene-filled PBA composites at 50  wt% 

Fig. 27  Water absorption 
of (a) graphite-filled PBA 
composites: (♦) neat PBA 
( ) 40 wt%, ( ) 50 wt%, 
(▼) 60 wt%, (▲) 70 wt%, 
(■) 75 wt%, (●) 80 wt%. 
(b) Graphene-filled PBA 
composites: (♦) neat PBA 
( ) 10 wt%, ( ) 20 wt%, 
(▼) 30 wt%, (▲) 40 wt%, 
(■) 50 wt%, (●) 60 wt% 
(Reproduced with 
permission from Refs.  
[7, 8])
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(125 S/cm) and 60 wt% (357 S/cm) meet the value recommended by the US DOE 
of 100 S/cm for bipolar plate application, whereas at least 70 wt% of graphite 
contents in graphite-filled PBA having the value of 104  S/cm was required to 
achieve the DOE requirement.

The overall properties of graphite-filled PBA and graphene-filled PBA compos-
ites are summarized and presented in Table 11.

7  �Conclusions

Bipolar plates based on highly filled systems of graphite-filled PBA composite and 
graphene-filled PBA composite have been developed. For graphite-filled PBA, the 
maximum graphite loading in the PBA composite was observed to be as high as 
80 wt% which is significantly higher than that of graphene-filled PBA, i.e., 65 wt%. 
From DSC thermograms, graphene acted as a catalyst for oxazine ring-opening 
reaction of PBA by carboxyl group on graphene surface, while no catalytic reaction 
of graphite on benzoxazine polymerization was observed. Mechanical properties, 
i.e., flexural modulus and flexural strength of both types of composites at their max-
imum contents, were much greater than those requirements of DOE targets for bipo-
lar plate materials.

Thermal conductivity value of the PBA composite with combination of both 
graphite and graphene at 7.5 wt% of graphene loading and 75.5 wt% of graphite 
was found to be as high as 14.5 W/mK. The Tg and Td at 5% weight loss of the 
composites were found to increase with increasing filler contents. Electrical con-
ductivity of the highly filled PBA composites at their maximum loading was 255 S/
cm for graphite composite and 357 S/cm for graphene composite. The Tg and Td 
at 5% weight loss of the composites were found to increase with increasing filler 

Fig. 28  Electrical 
conductivity of (●) 
graphite-filled PBA 
composites and (■) 
graphene-filled PBA 
composites (Reproduced 
with permission from Refs. 
[7, 8])

M. Okhawilai et al.



Ta
bl

e 
11

 
Su

m
m

ar
y 

pr
op

er
tie

s 
of

 g
ra

ph
ite

-fi
lle

d 
PB

A
 a

nd
 g

ra
ph

en
e-

fil
le

d 
PB

A
 c

om
po

si
te

Pr
op

er
tie

s
G

ra
ph

ite
-fi

lle
d 

PB
A

 c
om

po
si

te
G

ra
ph

en
e-

fil
le

d 
PB

A
 c

om
po

si
te

0 
w

t%
40

 w
t%

50
 w

t%
60

 w
t%

70
 w

t%
75

 w
t%

80
 w

t%
0 

w
t%

10
 w

t%
20

 w
t%

30
 w

t%
40

 w
t%

50
 w

t%
60

 w
t%

C
ur

in
g 

te
m

pe
ra

tu
re

 
(°

C
)

23
3

23
3

23
3

23
3

23
3

23
3

23
3

23
3

21
8

21
2

21
1

20
9

20
2

19
6

St
or

ag
e 

m
od

ul
us

 (
G

Pa
)

5.
9

10
.7

12
.7

15
.9

17
.8

19
.2

23
.0

5.
9

7.
9

10
.5

12
.3

16
.6

21
.6

25
.1

T
g (

°C
)

17
6

18
5

18
9

19
1

19
2

19
4

19
5

17
4

17
6

17
8

18
1

18
2

18
6

18
8

T
d,

5 (
°C

)
32

0
34

4
35

8
36

8
37

8
38

9
41

8
32

7
33

3
33

5
33

7
34

1
34

5
35

3
Fl

ex
ur

al
 

m
od

ul
us

 (
G

Pa
)

5.
2

10
.0

10
.9

13
.1

15
.6

16
.3

17
.5

5.
2

8.
2

9.
6

12
.6

15
.1

16
.6

17
.5

Fl
ex

ur
al

 
st

re
ng

th
 (

M
Pa

)
11

9.
7

89
.4

75
.1

61
.9

58
.8

54
.3

51
.5

11
9.

7
69

.1
60

.5
56

.7
55

.1
53

.1
41

.7

T
he

rm
al

 
co

nd
uc

tiv
ity

 
(W

/m
K

)

0.
23

0.
89

1.
39

3.
74

6.
31

8.
18

10
.1

8
0.

23
0.

83
1.

08
2.

03
3.

36
5.

43
8.

03

E
le

ct
ri

ca
l 

co
nd

uc
tiv

ity
 

(S
/c

m
)

–
0.

39
2.

55
8.

40
10

4
21

4.
95

24
5.

22
–

1.
52

2.
50

7.
42

9.
26

12
5

35
7

W
at

er
 

ab
so

rp
tio

n 
at

 
24

 h
 (

%
)

0.
14

3
0.

10
4

0.
08

4
0.

06
7

0.
05

0
0.

04
0

0.
03

2
0.

15
2

0.
13

2
0.

10
8

0.
07

1
0.

06
8

0.
06

7
0.

06
0

R
ep

ro
du

ce
d 

w
ith

 p
er

m
is

si
on

 f
ro

m
 R

ef
s.

 [
7,

 8
]



254

contents. Electrical conductivity of the highly filled PBA composites at their maxi-
mum loading was 255  S/cm for graphite composite and 357  S/cm for graphene 
composite. Furthermore, the graphite-filled PBA composite provides thermal con-
ductivity value up to 10.2 W/mK. From those obtained properties of graphite-filled 
PBA and graphene-filled PBA including flexural modulus, flexural strength, water 
absorption, electrical conductivity, and thermal conductivity, it is suggested that 
these materials are suitable to be promising candidates for bipolar plates in PEMFC 
applications.

8  �Current Research

Although composite material based on graphite-filled PBA and graphene-filled 
PBA composite provided sufficient properties as DOE requirement, the develop-
ment on composite material to enhance the essential properties is an ongoing 
research. As graphite-filled PBA composite at maximum loading of at 80 wt% pro-
vided thermal conductivity value up to 10.2 W/mK, an incorporation of graphene in 
graphite-filled PBA as a bipolar plate has been further developed by Phuangngamphan 
M. [9]. The effect of graphene content in the range of 0–7.5 wt% in graphite-filled 
PBA composite was systematically investigated. Interestingly, the PBA composite 
with 75.5 wt% of graphite and 7.5 wt% of graphene provided the maximum thermal 
conductivity value to be as high as 14.5 W/mK, whereas other essential properties 
of the obtained composite, i.e., mechanical, thermal, and electrical properties, also 
met DOE requirement.
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1  �Amorphous Carbon Nitride

Primary interest in bulk carbon nitride was initiated in 1989 [1, 2]. Liu and Cohen 
predicted a theoretical material β-C3N4 based on Si3N4. The bulk modulus of β-C3N4 
was estimated to be equal to that of the diamond via theoretical calculations. 
Subsequently, several research groups attempted to synthesize this hypothetical 
material.

β-C3N4 comprises carbon with a sp3 bonding state and nitrogen with a plane con-
figuration, as shown in Fig. 1a. It is well known that the most stable state of carbon 
is a graphite structure that comprises only the sp2 bonding configuration since its sp3 
bonding configuration is metastable. Similarly, ab initio calculations of the gas-
phase C3N4 molecules indicate that a linear chain containing sp2-hybridized nitro-
gen is more stable than its planar form and that the pyramidal central nitrogen 
arrangement is even less stable. Thus, β-C3N4, whose size is sufficiently large to 
allow the evaluation of its physical properties, was never obtained.

Apart from β-C3N4, various C3N4 structures have been proposed and studied, 
such as α-C3N4 (based on α-Si3N4) [3], cubic C3N4 [4], a C3N4 defective zinc blende 
structure with carbon vacancies [5], and two graphite-like forms [4, 6]. Graphite-
like C3N4 comprises a sp2 carbon and sp2 trigonal planar nitrogen. The lattice con-
stants and bulk moduli for some of the C3N4 possible phases are listed in Table 1. 
Energetically the graphite-like C3N4 is the most stable geometry. Among them, 
graphitic-C3N4 (g-C3N4) is one of the materials through which acquisition is possi-
ble [6]. This is easily obtained from melamine and related organic materials via 
thermal decomposition methods. These raw materials share the common features of 
CNH networks. Under thermal conditions, H is isolated from CNH triangle 
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structures. Then, a C-N network is formed in a two-dimensional (2D) sheet, as 
shown in Fig. 1b. Nowadays, g-C3N4 is a well-known photocatalytic material [7].

On the other hand, almost all carbon nitride films prepared via traditional vapor 
deposition methods using plasma are amorphous phases consisted from several 
bonding structures. Typical bonding structures included three or four of C-C bond-
ing states, nine of C-N bonding states, and two of N-N bonding states, shown in 
Fig. 2. Amorphous carbon nitride is based on the C-C bonding structures. Carbon 
forms four σ bonds with carbon as in diamond. The sp1 configuration is little in C-C 
bonding structures. The sp2 configuration of carbon is based on aromatic rings and 
chain structures. The single bond of C-N includes three competing structures. 
Nitrogen forms three σ bonds with the remaining two electrons in a lone pair. 
Nitrogen at a fourfold coordinated substitutional site N4

+ uses four electrons in s 
bonds with the remaining unpaired electron available for doping. A variant of this 
site is the N4

+-C3
− pair. The remaining configurations correspond to π bonds. 

Nitrogen can substitute for carbon in aromatic rings. Nitrogen bonded to three 
neighbors in a sixfold ring and a fivefold ring. The other variants of π bonding are 
a double bond unit with nitrogen twofold coordinated. The triple bond with an iso-
lated lone pair acts as a termination of the amorphous networks. Because of a vari-
ety of bonding structures, amorphous carbon nitride films with similar nitrogen 

Fig. 1  Structure of β-C3N4 (a) and g-C3N4 (b)

Table 1  Equilibrium structural parameters, lattice constants, bulk moduli, and shear moduli for 
some of the C3N4 possible phases

Lattice constant (Å)
Bulk modulus (GPa)a c

β-C3N4[4] 6.41 2.40 437[4] (451 [3])
α-C3N4[3] 6.47 4.71 425
Cubic-C3N4[3] 5.40 496
Defect zinc blend C3N4[4] 3.43 425 (448 [3])
Graphite-like rhombohedral-C3N4[4] 4.11 51
Graphite-like (graphitic) C3N4[6] 2.52–2.72a(C6N8)
diamond 3.57 443a

aExperimental data
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concentrations exhibit various properties in different cases. In recent years, several 
interesting properties have been revealed in the amorphous carbon nitride films, 
such as low friction coefficient [8, 9], photo response [10, 11], and pressure 
response [12].

Amorphous carbon nitride films have been prepared using chemical and physical 
vapor depositions, such as plasma-enhanced chemical vapor deposition (PECVD), 
sputtering, and laser ablation method. Amorphous carbon nitride films prepared by 
these methods are categorized into two types of hydrogenated and hydrogen-free 
carbon nitrides according to raw materials. Each type is different in maximum nitro-
gen concentration, chemical bonding states, and physical and chemical properties. 
Thus, amorphous carbon nitrides possess wide characteristics.

For instance, hydrogenated amorphous carbon nitride, a-CNx:H (this is also 
described a-C:N, DLC:N, and ta-C:N. DLC means diamond-like carbon and ta-C:N 
means nitrogen incorporation tetrahedral amorphous carbon), is synthesized from 
CH4, C2H6, and/or NH3 gases [13–15]. Hydrogen in carbon nitride acts to terminate 
dangling bonds and/or increase the chain structure, such as polymer chains. Thus, 
the maximum nitrogen concentration is up to 0.3 in almost all a-CNx:H types. The 
sp3-rich a-CNx:H films show high hardness, because of their high sp3/sp2 bonding 
ratio [16]. The polymer-like structured a-CNx:H films show photoluminescence as 
well as certain polymers [17]. Investigating the electrical properties, the a-CN:H 
films tend to be an insulator.

Furthermore, the hydrogen-free carbon nitride films, a-CNx, are grown from bulk 
carbon sources and pure nitrogen gas. The a-CNx films have a wider range of nitro-
gen concentration compared with the a-CNx:H films. In addition, they provide rela-
tively high thermal stability [18], low friction coefficient [19], and so on. Thus, one 
of the practical applications of a-CNx is to be used as a solid lubricant. The hydrogen-
free carbon nitrides have a wide range of resistivity from semiconductors to insula-
tors [20]. Optical bandgap and electrical resistivity are obviously dependent on the 

Fig. 2  Possible bonding configurations of C-C, C-N, and N-N in a-CNx films. Lines represent 
bonds, dots represent unpaired electrons, and two dots represent lone pairs
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nitrogen concentration. Moreover, a-CNx presents photoconductivity behavior [10]. 
These properties are possible to assist in designing solar cells with variable band-
gap. Recently, we discovered the photoinduced deformation in a-CNx prepared by 
reactive sputtering [11]. This phenomenon includes a change in the form of the 
films by irradiation of visible light.

We measured the electrical resistive response of the hydrogen-free a-CNx pre-
pared by sputtering in this chapter. The resistance of the a-CNx changes with the 
ambient pressure and the gas type. These gas responses are associated with the basic 
properties of gas sensors and gas pressure sensors.

2  �Gas Pressure Sensors

Nowadays, gas pressure sensors are utilized in various electrical devices and 
machines as well as maintenance of vacuum process. For instances, gas pressure 
sensors have been used to control the compressor of air conditioners and refrigera-
tors, altimeters in watches and mobile phones, and pressure sensors for safety oper-
ations in airplanes and satellites. A miniaturization of gas pressure sensors is 
required. Miniature vacuum sensors offer significant advantages over conventional 
vacuum gauges such as higher measurement sensitivity, lower power consumption, 
smaller volume, and lower fabrication costs.

Pirani vacuum gauges have been widely used in vacuum equipment for pressure 
measurement because they are low cost and easy to operate with high sensitivity for 
long-term monitoring. Using micromachining technology, various micro-Pirani 
vacuum gauges have been developed. A single crystal silicon micro-Pirani vacuum 
gauge is one of the promising devices because it can be easily integrated into her-
metically sealed vacuum packages of microelectromechanical systems (MEMS) for 
in situ pressure measurement [21].

A diaphragm sensor has also several advantages, such as obtaining absolute pres-
sure value, simple structure, and high stability. Typical MEMS-type diaphragm 
gauge has been made from silicon. For the vacuum measuring realized by MEMS-
type friction gauges, the methods using the influence of the gas pressure on the reso-
nant frequency of an oscillating system are applied [22]. There are many variously 
shaped oscillators: tuning fork-shaped crystal quartz oscillator, optical fiber cantile-
ver, and small resonators.

The piezoelectric sensing mechanism, which translates a mechanical displace-
ment into an electrical signal, has been widely used because of its advantages, such 
as feasible preparation, low cost, and easy signal collection. The piezo-resistive 
effect has been widely used in the MEMS sensor field to minimize the structure of 
the devices. Furthermore, due to the capacitive and resistive sensing mechanisms, 
the piezoelectric sensors have also potential applications as pressure sensors.

Miniaturization of the gas pressure sensor is one of the important requirements 
to achieve a smaller-sized device with higher performance. Thus, development of 
new materials for optimization of nano-sized gas pressure sensors has been 
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accelerated. Carbon nanotubes (CNTs) and graphene are considered to be candi-
dates for sensor materials due to their high surface-to-volume ratio. In addition, 
CNT and nanoparticle (NP) hybrid nanostructures can be selectively sensitive 
toward various species of gas or vapor. Thus, the gas pressure sensor with obvious 
response in electrical resistance or capacitance has been proposed [23–27].

3  �Electrical Properties of Hydrogen-Free Amorphous 
Carbon Nitride Thin Films

Electrical properties of hydrogen-free amorphous carbon nitride (a-CNx) films are 
shown in this section. As mentioned, amorphous carbon nitride has a wide range of 
properties depending on the deposition method. Among them, the a-CNx films pre-
pared by sputtering show semiconducting to insulating behaviors. Figure 3 shows 
the electrical resistivity of a-CNx films deposited by sputtering methods as a func-
tion of the nitrogen concentration. In contrast, a-CN:H films deposited by CVD 
methods have relatively higher resistivity.

As shown in Fig. 3, the nitrogen concentration does not seem to affect electrical 
resistivity of a-CNx films prepared by sputtering methods [28–32]. When the electri-
cal resistivity is measured for the films with equal amounts of nitrogen concentration, 
the electrical resistivity of a certain film is a few orders of magnitude greater than the 
other one. This is due to the fact that the sp2/sp3 bonding ratio is different. Basically, 
resistivity increases with increasing the nitrogen concentration and decreasing the 
sp2/sp3 bonding ratio. The sp2/sp3 bonding ratio, as well as the nitrogen concentra-
tion, is also controlled by the deposition method and condition. However, they are 

Fig. 3  Various electrical 
resistivities of a-CNx films 
prepared using sputtering 
methods as a function of 
nitrogen concentration N/C 
(Data from Aono et al. [28] 
(open square), Monclus 
et al. [29] (solid circle), 
Lazar et al. [30] (open 
diamond), Lanter et al. 
[31] (solid square), and 
Aono et al. [32] (open 
circle))
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not completely independent. Dos Santos and Alvarez reported that the sp3 bonding 
fraction increases with increasing the nitrogen concentration [33].

For the a-CNx films deposited by reactive sputtering, the deposition temperature 
is one of the key factors affecting the nitrogen concentration and sp2/sp3 bonding 
ratio. At higher temperatures, a decrease in nitrogen concentration and an increase 
in sp2/sp3 ratio are obtained for the deposited film, because the graphitic structures 
are the most stable states for the carbon network [34]. Hence, the resistivity of the 
a-CNx films decreases with increasing the temperature, as shown in Fig. 4.

Here, we mention the electrical path of the present a-CNx films growth by reac-
tive sputtering. The a-CNx possesses a columnar structure as shown in Fig. 5. An 
internal tissue of the columns is amorphous structure. A column interface usually 
includes large amounts of defects and dangling bonds. Hence, the samples’ resistiv-
ity increases with decreasing the diameter of the columns. Although the resistivity 
of the a-CNx films increases with increasing the spin density estimated from the 
electron spin resonance (ESR) signal, which is equal to the defect density, the spin 
density decreases depending on an increase in the diameter of the column (Fig. 6). 

Fig. 4  Electrical 
resistivity of a-CNx films 
as a function of deposition 
temperature

Fig. 5  A cross-sectional 
scanning electron 
microscope (SEM) images 
of a-CNx films
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This result suggests that the dangling bonds of the columnar a-CNx relatively con-
centrate in the center of the columns rather than the interfaces, i.e., the current path 
is likely an interface of the columns. In fact, the resistivity of horizontal direction to 
the column is a few orders of magnitude greater than that in the vertical direction 
[35]. As far, growth mechanisms of the columnar structured a-CNx have been not 
cleared yet.

The effect of ambient temperature on the electrical conductivity – defined as the 
inverse of resistivity – of a-CNx prepared by sputtering is shown in Fig. 7. A hyster-
esis loop is shown for the conductivity of a-CNx on the I-V measurement with the 
heating (σheat) and cooling processes (σcool) in the vacuum. In addition, an area of the 
hysteresis loops depends on the initial conductivity [20]. The presented film in 
Fig. 7 was sputtered at 873 K.

A cause of the hysteresis is that σcool is higher compared with σheat. The initial 
conductivity before the heating process and the final conductivity after the cooling 
process are different at RT. After a few hours, the resistivity almost recovers the 
initial value. These results suggest that the energy level of electron might not fall to 

Fig. 6  Spin density 
obtained from ESR as a 
function of the diameter of 
a-CNx columns

Fig. 7  Electrical 
conductivity of a-CNx films 
as a function of the 
measurement temperature. 
The conductivity of a-CNx 
obtained from the I-V 
measurement with the 
heating (σheat) and cooling 
processes (σcool) in vacuum
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the initial state after the heating process because amorphous materials have local-
ized states. In addition, it will take a few hours for the electrons to fall from the 
excitation state to the initial state.

The σcool values for all samples yield a linear relationship with the temperature 
during the cooling process. In contrast, the σheat clearly shows an inflection point, 
indicated by the arrow in Fig. 7. The inflection temperature decreased from 370 to 
333 K with increasing the deposition temperature from 573 to 873 K. The change in 
the slope is also attributed to the change of the energy state of the conductive 
electrons.

4  �Influences on the Electrical Resistance of the Ambient 
Pressure

On the a-CNx films prepared by reactive sputtering, the gas pressure response of 
the electrical resistance value was revealed [36]. At this time, the resistance value 
was dropped to about 60 MΩ with decreasing the ambient pressure in the chamber 
from the atmospheric pressure to 2 Pa. The resistance response of about 600 Ω/Pa 
was obtained from the exposure area of 0.03 mm2. As compared with several gas 
pressure devices, a-CNx has a relatively high sensitivity to the gas pressure. 
Moreover, the sample structure was very simple as presented later in the next para-
graph. Then, we investigated the pressure response of resistance in the a-CNx films 
under various gases.

Figure 8 shows the experimental setup for the I-V measurement system. The 
flow gas was chosen as N2, O2, Ar, and CO2, which are the main components of the 
atmosphere. A sample structure consists of the a-CNx film on the glass substrate 
and gold (Au) electrodes with gap type, as shown in Fig. 9. The electrodes were 

Rotary
pump

Flow meter

Heater

Vacuum gauge

K-type
thermocouple

Digital multi meter

Gas

Water remover

Sample

Fig. 8  Schematic illustration of experimental setup for I-V measurement
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formed using the vacuum evaporation method. The width of the gap was 20 μm. 
The thickness of the a-CNx film was about 1 μm. Before the gas exposure, the 
residual gas in the chamber was evacuated using a rotary pump. The base pressure 
was about 2 Pa. The measurement temperature was kept constant at 303 K using a 
temperature controller unit.

As shown in Fig. 10, the resistance response of a-CNx to ambient pressures is 
observed in different gas conditions. In all cases, resistance decreases rapidly fol-
lowing the gas injection, and then it increases following the gas evacuation. The 
resistance response behavior does not depend on the gas type. Compared to the 
Pirani gauge response (Fig. 10a), the electrical resistance change of a-CNx due to 
pressure variation is slow. In addition, the response speed for the gas injection is 
higher than the gas evacuation. Therefore, the resistance response of a-CNx might 
originate from physical behaviors and not from the chemical reaction between 
a-CNx and the gas molecules. The resistance change by chemical reactions between 
the gas molecules and materials is known for some semiconductor metal oxides 
(MOX), such as SnO2 and TiO2 [38–40]. Interactions of gas molecules with oxide 
surfaces can be accompanied by charge exchange, which in turn can affect the MOX 
electrical resistance. This interaction usually requires a significant activation energy, 
provided by external heating. On the other hand, the resistivity change by the physi-
cal interaction between the gas molecules and materials likely causes deformation 
of bonding structures, similar to piezoelectricity.

In order to compare the amplitude of each resistance response, the pressure sen-
sitivity factor S is described by the following equation:

	
S R R Ri= -( )éë ùû´0 0 100/

	
(1)

where R0 is a resistance under the vacuum state (~ 2 Pa), and Ri is a resistance 
under the gas states (20 Pa).

(a)

SiO2

a-CNxfilm

Au electrodes
Au wire

5 mm

(b)

Fig. 9  A sample structure for I-V measurement: (a) schematic of the sample, (b) photograph of the 
sample
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Figure 11 shows the pressure sensitivity factor S as a function of the gas type. 
A  distinct response in the electrical resistance depending on the gas type was 
observed. Except for O2, the S value coincides with a hard sphere having the mole-
cule diameter. If no chemical interaction is assumed between the gas molecules and 
a-CNx, a large deformation of the amorphous network might be induced by increas-
ing the size of the gas molecules. Regarding the resistivity response in an O2 atmo-
sphere, the electronic states of a-CNx might be affected by the diffusion of O2, which 
means a change in the electrical state of host materials influenced by guest mole-
cules in fullerene and clathrates [41–43].

A temperature-dependent resistance test was carried out for various gas types. 
The temperature range was chosen from RT to 337 K, in which the chemical bond-
ing structure of a-CNx is not affected. Figure  12 shows the activation energy Ea 
under different gas types estimated from Arrhenius plots. As compared with Ea in 
the vacuum condition, Ea increases for gas injection. In this temperature region, the 
hopping conductivity is predominance in a-CNx. Thus, activation energy Ea gives 
the following equation [44, 45]:

Fig. 10  (a) Process 
pressure, (b) resistance 
response of a-CNx films 
during exposure to N2, Ar, 
O2, and CO2 (This figure 
reproduced with 
permission from reference 
[37])
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where RD is a distance between two different energy levels. When the density of 
states around Fermi energy N(EF) is a constant, Ea is inversely proportional to RD, 
which means a decrease in RD results in an increase in Ea.

The density of a-CNx, which is estimated using the X-ray reflection analysis, is 
approximately 1.6 g/cm3. This value is quite low compared with diamond, 3.51 g/
cm3, and graphite, 2.26  g/cm3. Consequently, the ambient gas molecules likely 

Fig. 11  Pressure 
sensitivity factor of a-CNx 
films as a function of the 
gas type

Fig. 12  Activation energy 
of a-CNx films under 
different gas types
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diffuse into a-CNx. To confirm an expansion in the bonding length of a-CNx by dif-
fusion of the gas molecules, X-ray diffraction analysis was carried out. As a result, 
a small peak characteristic of the amorphous phase shifted slightly toward a lower 
angle. Simultaneously, the density of a-CNx becomes higher depending on the N2 
pressure, as shown in Fig. 13. Measurements confirmed a change in the range of gas 
pressure with resistance.

The sensitivity of a-CNx films increased with increasing the diameter of the col-
umns, as shown in Fig. 14. This result suggests that ambient gas molecules diffuse 
into the center of columns and temporarily change the bonding structure. The maxi-
mum gas sensitivity of about 3 % is obtained from the exposure area of 0.03 mm2. 
As mentioned previously, the dangling bonds of columnar a-CNx relatively concen-
trate in the center of the columns rather than the interfaces. Thus, the diffusing 

Fig. 13  Density of a-CNx 
estimated from XRR as a 
function of the ambient gas 
pressure. The ambient gas 
was N2

Fig. 14  Pressure 
sensitivity factor of a-CNx 
films as a function of the 
diameter of the columns
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molecules can easily penetrate into the center of the columns. However, termination 
of the dangling bonds has not been confirmed experimentally.

In order to investigate the response range to the gas pressure, the electrical vre-
sistance of the a-CNx films was measured with a cyclical process of gas injection 
and evacuation using N2 gas. Figure 15 shows the pressure sensitivity factor S under 
gas injection. With increasing the ambient gas pressure, S reached a constant value. 
At higher pressures, the a-CNx films became unresponsive to the pressure. The max-
imum response pressure of a highly sensitive sample was shifted toward a higher 
pressure. In addition, the sample, which lost the sensitivity, regained it by thermal 
annealing. From these results, it is inferred that the a-CNx has a limit for the number 
of diffusing gas molecules. Beyond a certain pressure, the deformation of bonding 
induced by gas diffusion does not return to the initial state under a vacuum.

For higher pressure, the electrical resistance increases following the gas injec-
tion, and then it decreases following the gas evacuation. This is an opposite trend to 
the response at low pressure. An inflection point of the pressure is determined by the 
diameter of the columns. For the pressure higher than atmospheric pressure, the 
electrical resistance response of a-CNx films is also observed.

5  �Conclusion

Amorphous carbon nitride films are considered to belong to the carbon material family 
with fascinating properties. In this chapter, we presented the electrical resistance 
response of hydrogen-free amorphous carbon nitride (a-CNx) depending on the ambi-
ent pressure. The a-CNx films have a columnar structure consisting of amorphous tis-
sue. The electrical resistance response varies with the change in the bonding structure 
by diffusion of the gas molecules into the columns. The a-CNx sensor device with gap 
electrodes obtained a relatively high response in various gases. Thus, the a-CNx has a 
high potential value as a material for an economical nano-sized pressure sensor.

Fig. 15  Pressure 
sensitivity factor of a-CNx 
as a function of the 
ambient gas pressure

Electrical Properties of Amorphous Carbon Nitride Thin Films for Pressure Sensor…



274

References

	 1.	A.Y. Liu, M.L. Cohen, Science 245, 841 (1989)
	 2.	A.Y. Liu, M.L. Cohen, Phys. Rev. B 41, 10727 (1990)
	 3.	D.M. Teter, R.J. Hemley, Science 271, 53 (1996)
	 4.	A.Y. Liu, R.M. Wentzcovitch, Phys. Rev. B 50, 10362 (1994)
	 5.	 J. Martin-Gil, F.J. Martin-Gil, M. Sarikaya, M. Qian, M. José-Yacamán, A. Rubio, J. Appl. 

Phys. 81, 2555 (1997)
	 6.	A. Thomas, A. Fischer, F. Goettmann, M. Antonietti, J.-O. Müller, R. Schlögl, J.M. Carlsson, 

J. Mater. Chem. 18, 4893 (2008)
	 7.	 J. Wen, J. Xie, X. Chen, X. Li, Appl. Surf. Sci. 391, 72 (2016)
	 8.	R. Wäsche, M. Hartelt, U. Springborn, K. Bewilogua, M. Keunecke, Wear 269, 816 (2010)
	 9.	K.H. Lee, R. Ohta, H. Sugimura, Y. Inoue, O. Takai, H. Sugimura, Thin Solid Films 475, 308 

(2005)
	10.	M. Aono, T. Goto, N. Tamura, N. Kitazawa, Y. Watanabe, Diam. Relat. Mater. 20, 1208 (2011)
	11.	M. Aono, T. Harata, N. Kitazawa, Y. Watanabe, Diam. Relat. Mater. 41, 20 (2014)
	12.	N.  Tamura, M.  Aono, H.  Abe, N.  Kitazawa, Y.  Watanabe, Jpn. J.  Appl. Phys. 54, 041401 

(2015)
	13.	S. Kundoo, K.K. Chattopadhyay, A.N. Banerjee, S.K. Nandy, Vacuum 69, 495 (2003)
	14.	M. Othman, R. Ritikos, N.H. Khanis, N.M.A. Rashid, S.M. Ab Gani, S.A. Rahman, Thin Solid 

Films 529, 439 (2013)
	15.	D. Dumitriu, P.E. Schmid, R. Sanjinés, A. Karimi, Diam. Relat. Mater. 11, 1905 (2002)
	16.	D. Bootkul, B. Supsermpol, N. Saenphinit, C. Armwit, S. Intarasiri, Appl. Surf. Sci. 310, 284 

(2014)
	17.	G. Fanchini, P. Mandracci, A. Tagliaferro, S.E. Rodil, A. Vomiero, G. Della Mea, Diam. Relat. 

Mater. 14, 928 (2005)
	18.	J.J. Li, W.T. Zheng, Z.S. Jin, T.X. Gai, G.R. Gu, H.J. Bian, C.Q. Hu, Vacuum 72, 233 (2004)
	19.	D.F. Wang, K. Kato, Wear 217, 307 (1998)
	20.	N. Tamura, M. Aono, T. Harata, H. Kishimura, N. Kitazawa, Y. Watanabe, Jpn. J. Appl. Phys. 

53, 02BC03 (2014)
	21.	W. Jiang, X. Wang, J. Zhang, Sensors Actuators A 163, 159 (2010)
	22.	A. Górecka-Drzazga, Vacuum 83, 1419 (2009)
	23.	M.A.S.M. Haniff, S.M. Hafiz, K.A.A. Wahid, Z. Endut, H.W. Lee, D.C.S. Bien, I.A. Azid, 

M.Z. Abdullah, N.M. Huang, S.A. Rahman, Sci. Rep. 5, 14751 (2015)
	24.	R.V. Gelamo, F.P. Rouxinol, C. Verissimo, A.R. Vaz, M.A. Bica de Moraes, S.A. Moshkalev, 

Chem. Phys. Lett. 482, 302 (2009)
	25.	A.S. Chauhan, A. Nogaret, Appl. Phys. Lett. 102, 233507 (2013)
	26.	E.S. Snow, F.K. Perkins, E.J. Houser, S.C. Badescu, T.L. Reinecke, Science 307, 1942 (2005)
	27.	Y.-M.  Chen, S.-M.  He, C.-H.  Huang, C.-C.  Huang, W.-P.  Shih, C.-L.  Chu, J.  Kong, J.  Li, 

C.-Y. Su, Nanoscale 8, 3555 (2016)
	28.	M. Aono, S. Nitta, T. Iwasaki, H. Yokoi, T. Itoh, S. Nonomura, Mater. Res. Soc. Symp. Proc. 

565, 291 (1999)
	29.	M.A. Monclus, D.C. Cameron, A.K.M.S. Chowdhurry, Thin Solid Films 341, 94 (1999)
	30.	G. Lazar, B. Bouchet-Fabre, K. Zellama, M. Clin, D. Ballutaud, C. Godet, J. Appl. Phys. 104, 

073534 (2008)
	31.	W.C. Lanter, D.C. Ingram, C.A. DeJoseph Jr., Diam. Relat. Mater. 15, 259 (2006)
	32.	M. Aono, T. Takeno, T. Takagi, Diam. Relat. Mater. 63, 120 (2016)
	33.	M.C. dos Santos, F. Alvarez, Phys. Rev. B 58, 13918 (1998)
	34.	N. Tamura, M. Aono, H. Kishimura, N. Kitazawa, Y. Watanabe, Jpn. J. Appl. Phys. 51, 121401 

(2012)
	35.	M. Aono, S. Kikuchi, N. Tamura, N. Kitazawa, Y. Watanabe, S. Nitta, Phys. Status Solid C 7, 

797 (2010)

M. Aono and N. Tamura



275

	36.	N. Tamura, M. Aono, H. Kishimura, N. Kitazawa, Y. Watanabe, Jpn. J. Appl. Phys. 53, 11RA09 
(2014)

	37.	M. Aono, ed. By N. Ohtake Fundamentals and Applications of DLC Films p. 210 (CMC press, 
2016) in Japanese

	38.	H.-C. Lee, W.-S. Hwang, G.-B. Lee, Y.-M. Lu, Appl. Surf. Sci. 252, 3502 (2006)
	39.	F. Hossein-Babaei, M. Keshmiri, M. Kakavand, T. Troczynski, Sensors Actuators B 110, 28 

(2005)
	40.	A. Sklorz, S. Janßen, W. Lang, Sensors Actuators B 180, 43 (2013)
	41.	O.P. Dmytrenko, N.P. Kulish, Y.I. Prylutskyy, T.V. Rodionova, T.D. Shatniy, U. Ritter, L. 

Carta-Abelmann, P. Scharff, T. Braun, Thin Solid Films 516, 7937 (2008)
	42.	L. Firlej, A. Zahab, Phase Transit. 76, 247 (2003)
	43.	B. Liu, X. Jia, H. Sun, B. Sun, Y. Zhang, H. Liu, L. Kong, D. Huo, H. Ma, J. Solid State Chem. 

233, 363 (2016)
	44.	N.F. Mott, Phil. Mag. 19, 835 (1969)
	45.	M.F. Mott, E.A. Davis, Electronic processes in non-crystalline materials, p. 39 (Oxford 

University Press, 1979)

Electrical Properties of Amorphous Carbon Nitride Thin Films for Pressure Sensor…



Part III
Organic Synthesis and Physical Chemistry



279© Springer International Publishing AG 2017 
S. Kaneko et al. (eds.), Carbon-related Materials in Recognition of Nobel 
Lectures by Prof. Akira Suzuki in ICCE, DOI 10.1007/978-3-319-61651-3_12

Combination of Cross-Coupling and Metal 
Carbene Transformations for the Development 
of New Multicomponent Reactions     

Lisa Moni, Andrea Basso, and Renata Riva

1  �Introduction

1.1  �Metal-Stabilized Carbenes

The most common reactive intermediates in organic chemistry are charged species, 
such as carbocations or carbanions. However, other two important groups of reac-
tive intermediates exist: (1) radicals, in which the trivalent carbon center has a sin-
gle nonbonding electron, and (2) carbenes, with two nonbonding electrons on their 
divalent carbon center. Free carbenes are able to react with organic compounds in 
several ways, but typically in an unselective and uncontrollable fashion [1]. Highly 
selective transformations, however, can be achieved by modulating the high reactiv-
ity of free carbenes through their association with suitable metal complexes. 
Generally, the reactivity profile of metal carbenes depends on the electronic charac-
ter of this carbon center [1, 2], which is governed by:

	1.	 The nature of the metal catalyst. The most effective catalysts for metal carben-
oids have been found to be rhodium(II) complexes, although copper(I), palla-
dium(0), and ruthenium complexes can be used as well.

	2.	 The nature of the substituents adjacent to the carbene carbon. Carbenoid inter-
mediates can be classified into three major groups according to the substituents: 
acceptor, acceptor/acceptor, and donor/acceptor (Fig. 1).

The first two groups are highly reactive species as the electron-withdrawing sub-
stituents (EWG, acceptor groups) flank the electrophilic metal carbene center. On 
the other hand, donor-/acceptor-substituted carbenes are in general more chemose-
lective because the donor group (EDG) modulates their reactivity.
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1.2  �Preparation of Metal-Stabilized Carbenes

Metal carbenoids can be conveniently formed through decomposition of diazo com-
pounds, such as diazoacetates. Thanks to their ease of formation and reasonable 
stability, this methodology has been used in a large number of elegant syntheses 
(Scheme 1) [3].

Alternatively, reactions of metal carbenes derived from N-sulfonyl triazoles have 
generated considerable interest in recent years [4]. The key reaction sequence, illus-
trated in Scheme 2, is the ring opening of triazoles 1 to generate diazo imines 2 and 
their subsequent conversion into metal-bound imino carbenes 3, which can then 
undergo a wide range of synthetically useful transformations.

Although diazo compounds are largely used, a strong limitation to their use 
exists, that is, their poor stability when a non-electron-withdrawing substituent is 
linked on the diazo carbon. In order to circumvent this drawback, organic chemists 
have devoted many efforts to find a suitable substrate able to generate unstable diazo 
compounds in situ. In recent years, N-tosylhydrazones 4 have been proven to be 
very useful, because they are able to generate in situ non-stabilized diazo com-
pounds 5, thanks to the well-known Bamford-Stevens reaction (Scheme 3) [5]. 
Although harder reaction conditions are required (presence of a strong base and 
high temperature), diazo compounds bearing non-electron-withdrawing substitu-
ents, such as diazoalkanes and aryl-substituted diazomethane derivatives, can be 
used. Moreover, N-tosylhydrazones are readily available from the corresponding 
ketones or aldehydes.

However, the generation of diazo compounds in situ from N-tosylhydrazones or 
N-sulfonyl triazoles does not solve the safety concerns associated with these sub-
strates (toxicity and tendency to explode). In 2002, Uemura and Ohe reported a 
seminal work on the in situ generation of the metal carbene species through the 
activation of alkynes with transition metals, as safe and effective alternative to diazo 
decomposition [6, 7]. Following the mechanism proposed, the enynone 6 is acti-
vated by a transition metal, which is then attacked by the carbonyl oxygen through 
a 5-exo-dig cyclization to form zwitterionic intermediate 7 or its resonance struc-
ture, metal (2-furyl)carbene complex 8 (Scheme 4).

Based on this background, recently Wang and coworkers published the first 
palladium-catalyzed cross-coupling reaction involving a metal carbene intermedi-
ate generated from a diazo-free compound [8]. This work represents a significant 
breakthrough in this field, and for this reason, it has opened the way for the discov-
ery of innovative methods and reactions involving metal carbenes [9].

EWG EWG

EWG EDG[LnM] [LnM] [LnM]H

EWGFig. 1  The three classes of 
metal-stabilized carbenes
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1.3  �Cross-Coupling Reactions Based on Metal Carbene 
Migratory Insertion

Once the metal carbene intermediate has been generated through one of the previ-
ously described methods, it can undergo different transformations, typically X-H 
insertions, cyclopropanations, and ylide formations [10, 11]. Besides these tradi-
tional reactions, a new type of metal carbene transformation has appeared in the 
literature in the last 10 years that involves a cross-coupling process in which a diazo 
compound (or another substrate able to generate a metal carbene) plays the role of 
the nucleophilic coupling partner. This new reaction is mechanistically different 
from classical metal-catalyzed cross-coupling reactions, where an electrophilic 

R1O R1O
R2 R2

N2
N2

MLn

MLn = metal catalyst
          with ligands

metal-carbenoid

LnM
O O

Scheme 1  Metal-catalyzed decomposition of diazoacetates and metal carbenoid formation

Scheme 2  Formation of metal carbenoids from N-sulfonyl triazoles

Scheme 3  Bamford-Stevens reaction

Scheme 4  Formation of metal carbenoids from conjugated ene-yne-ketones
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partner (usually halides or pseudohalides) and a nucleophilic coupling partner (typi-
cally organometallic reagents, except for the Heck-type reaction) are linked, thanks 
to the transition metal catalysis (see Scheme 5).

The characteristic step of this new cross-coupling reaction is a migratory inser-
tion process, leading to the formation of a new metal specie, which undergoes fur-
ther transformations completing the catalytic cycle, typically a β-hydride elimination 
to form a new C = C double bond. The migratory insertion of metal carbenes shows 
high versatility, both in terms of migratory groups (i.e., aryl, vinyl, benzyl, acyl, 
allyl, allenyl, and others) and in terms of catalysts (palladium catalysts are the most 
commonly used, but copper, rhodium, nickel, and cobalt catalysts are also effective 
for similar couplings) [12].

The first example of catalytic cross-coupling process involving a metal carbene 
migratory insertion was reported in 2001 by Van Vranken’s group, who reported the 
reaction between trimethylsilyldiazomethane and benzyl halides to obtain styrene 
derivatives [13]. Although this work had several limitations, such as low efficiency 
(moderate yields) and limited scope, it has opened up new possibilities in the field 
of diazo compounds and cross-coupling reactions, and during the last 15 years, the 
scope of this methodology has been considerably broadened. Five years later, 
Barluenga and coworkers first employed tosylhydrazones as a source of diazo com-
pounds in this kind of reaction, which greatly expanded its scope [14].

2  �Multicomponent Reactions Involving Metal Carbene 
Migratory Insertion

In recent years, metal-stabilized carbenes have been also applied to a series of mul-
ticomponent reactions (MCRs) for the synthesis of complex molecules. The pres-
ence of a formal divalent carbon, which first acts as an electrophile and then as a 
nucleophile, explains the success of these compounds in MCRs [15, 16].

MCRs involving metal carbene migratory insertion can be achieved in different 
ways (Scheme 6). Usually, a classical oxidative addition of Pd(0) on an aryl halide 
9 first occurs in this process. The metal-generated species 10 reacts with diazo com-
pound 11 to form metal carbene 12. Then, migratory insertion of the carbene ligand 
to the palladium-carbon bond leads to the formation of the new metal species 13, 
which undergoes further transformations, thus completing the catalytic cycle, typi-
cally through a β-hydride elimination to form a new C = C double bond.

According to this general pathway, an MCR can be achieved by introducing 
more than one substrate in generating the first metal species 10 (path a) or the 
diazo compound 11 (path b). When no β-hydrogens are available, or this pathway 
is disfavored, the organometal intermediate 13 can be trapped by a nucleophile 
(path c) or can undergo transmetallation with an organometallic reagent followed 
by reductive elimination (path d), giving rise to various adducts with at least 
three points of diversity.
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Scheme 5  Classical palladium-catalyzed cross-coupling reaction versus coupling involving metal 
carbene migratory insertion

Scheme 6  Different possibilities to establish an MCR through metal carbene migratory insertion
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This chapter will cover advances in the field of MCRs involving metal carbene 
migratory insertion, focusing especially on palladium-catalyzed cross-coupling 
reactions. For the sake of clarity, the Pd-catalyzed multicomponent processes 
described herein are divided into four categories with respect to the different paths 
showed in Scheme 6. Finally, MCRs catalyzed by other metals will also be dis-
cussed, based on significant examples recently appeared in the literature.

2.1  �Pd-Catalyzed MCRs via Path A

Since 2010, several examples of MCRs involving this type of transformations have 
been reported. Certainly, the group of Wang has contributed significantly to the 
development of this kind of chemistry. In 2010, they reported a palladium-catalyzed 
carbonylation of aryl iodides, diazoacetates, and CO (Scheme 7) [17]. This reaction 
proceeds with oxidative addition of Pd(0) to aryl iodide 9 and subsequent carbon 
monoxide insertion to generate intermediate 16, which reacts with diazo compound 
14 producing palladium-carbene 17. Then, migratory insertion of acyl group into 
the carbenic carbon atom generates 18, which undergoes reductive elimination to 
afford final product 15. During the optimization process, the authors found that the 
addition of an external source of hydrogen atom (i.e., triethylsilane), the use of polar 
solvents and Pd(PPh3)4 as catalyst, increased the yield.

When non-stabilized diazo compounds derived from N-tosylhydrazones 4 were 
used, the concomitant formation of enone 19, resulting from β-hydride elimination, 
was observed. Notably, the authors were able to identify the reaction conditions to 
obtain selectively both ketone 20 and enone 19 (Scheme 8).

Although only two inputs of diversity are introduced because one of the compo-
nents is not variable, this work represents the first example of acyl group migratory 
insertion. Moreover, this tandem insertion process showed the convenient possibil-
ity to develop new metal-catalyzed cascade reactions.

Three years later, Wang’s group published also a new three-component reaction 
of allenes, aryl iodides, and diazo compounds for the synthesis of 1,3 dienes 23 or 
24 (Scheme 9) [18].

In this example, aryl iodide 9 and allene 22 interact to generate a Pd-intermediate 
25, which undergoes addition of the diazo compound (14, or derived from 21). As 
usual, migratory insertion and β-hydride elimination afford the diene product. 
Remarkably, only E,E-1,3-diene is formed (23 or 24). The authors suggested that 
the phenyl-substituted alkenyl moiety is preferred to eclipse with the phenyl group 
in the transition state of the β-hydride elimination process, thus explaining the high 
stereoselectivity (Scheme 10). Notably, the new 3CR was conveniently used for the 
preparation of a small library of ferrocenyl 1,3-butadienes, high value compounds 
in the field of special polymers used for coating materials in aerospace 
transportation.

In 2014, Wang and coworkers developed a palladium-catalyzed three-component 
reaction of N-tosylhydrazone 4, norbornene 26, and aryl iodide 9 (Scheme 11) [19].
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Scheme 7  Palladium-catalyzed reaction of diazo compounds and aryl halide in the presence of 
CO

Scheme 8  Reaction conditions for the selective synthesis of ketone or enone

Scheme 9  Palladium-catalyzed three-component reaction of diazo compounds, allenes, and aryl 
halides
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Scheme 10  Possible 
explanation of 
stereoselectivity
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In this reaction, the intermolecular insertion of the alkene into an aryl palladium 
species (Heck-type reaction) is followed by palladium-carbene formation and 
migratory insertion. Notably, the authors avoided the problem of competitive reac-
tions (such as direct Heck reaction between aryl halide and olefin or the cyclopropa-
nation reaction between carbene precursor and olefin) by choosing norbornene as 
the olefin component. Indeed, the strained double bond of norbornene is inclined to 
insert into the Pd-C bond of the aryl palladium species. Since the alkyl palladium 
adduct generated has no cis-β-hydride, the cascade reaction could proceed preferen-
tially to afford 27.

It is noteworthy that only two of the four possible stereoisomers (E of double 
bond and exo of aryl group) are formed. On the basis of experimental results, the 
authors proposed the following mechanism (Scheme 12): (i) oxidative addition of 
aryl halide 9 to Pd(0); (ii) norbornene insertion into the carbon-palladium bond of 
28 with formation of 29 and 30, where intermediate 29 (with the aryl group in the 
exo position) is favored due to steric hindrance; (iii) reaction of alkyl palladium 29 
with in situ generated diazo compound 31; (iv) migratory insertion of the palladium-
carbene 32 to form 33; and (v) β-hydride elimination with formation of the final 
product 27 and regeneration of the catalyst.

The Catellani reaction [20, 21] offers a unique approach to activate the ortho-C-
H bonds of aryl halides and to provide dual functionalizations at both the ipso- and 
ortho-positions. In the past years, many Catellani-type reactions have been reported 
by Lautens and others [22]. As shown in Scheme 13, the reaction starts with oxida-
tive addition of an aryl halide 9 to Pd(0) to give palladium complex 34, followed by 
carbopalladation of norbornene (essential for the reaction to occur) to form 35. 
Next, C-H activation of the ortho-position of the aryl halide and subsequent depro-
tonation deliver pallada-cycle 36. This Pd(II) complex reacts with a second alkyl 
halide, affording Pd(IV) complex 37. Reductive elimination (with formation of 38), 
followed by deinsertion of norbornene through β-carbon elimination, provides 
Pd(II) species 39, which can further undergo a terminating event to give final 
product 40. Usually, the terminating events are limited to Heck, Suzuki, Cassar-
Sonogashira, or hydrogenolysis reactions.

Recently, Liang and coworkers, for the first time, employed diazo compounds in 
a Catellani-type reaction. At the beginning of 2014, they published two papers on 
the synthesis of polycyclic substituted vinylarenes through the combination of the 
Catellani reaction with metal-catalyzed diazo compound insertion [23, 24]. After a 
careful optimization of the catalyst, base, and solvent, they succeeded to obtain the 

Scheme 11  Palladium-catalyzed three-component reaction of N-tosylhydrazone, norbornene, and 
aryl halide
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desired products 42 combining ortho-substituted iodobenzenes 9, benzyl chlorides 
or iodide 41, and N-tosylhydrazones 4 (Scheme 14) [23]. Curiously, they noted that, 
using water as additive, an improved yield was obtained, although the reason 
remained unknown [25, 26].

The proposed mechanism follows the classical Catellani reaction up to interme-
diate 39 (see Scheme 13). At this point, the decomposition of the in situ generated 
diazo compound 43 affords palladium-carbene 44, which undergoes migratory 

9

Scheme 12  The proposed mechanism of the three-component reaction between N-tosylhydrazone, 
norbornene, and aryl halide

Scheme 13  Reaction mechanism of the Catellani reaction

Pd(OAc)2 (10 mol%)
PPh3 (20 mol%)
Cs2CO3 (5 equiv)

H2O (5 equiv)

yield: 47-92%

norbornene (3 equiv)
dioxane, 90 °C, 15h

NNHTsXI
R1 R1

R2
R2

R4

R3

9 4 42

53 examples

41 X = Cl, l

+ R4 + R3

Scheme 14  Intermolecular benzylation/carbene migratory insertion reaction
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insertion of the aryl group with formation of 45 and β-elimination to give the final 
product 42 and regenerating the catalyst with the aid of the base (Scheme 15).

The scope of the reaction was expanded in different ways: (1) by  preparing 
dibenzylated products by a double activation of two ortho-positions of aryl iodides, 
(2) by replacing benzyl chlorides with alkyl iodide, (3) by preparing polysubstituted 
bicyclic molecules using bifunctional substrates, and (4), finally, by performing a 
one-pot procedure directly starting from carbonyl compounds without the isolation 
of tosylhydrazones.

The same group also reported a palladium-catalyzed, norbornene-mediated, 
ortho-amination/N-tosylhydrazone insertion reaction for the synthesis of ortho-
aminated vinylarenes 47 by employing N-benzoyloxyamine 46 as the third compo-
nent (Scheme 16) [27].

In 2013, Dong and coworkers developed the first example of the formation of 
C-N bonds at the ortho-position of aryl iodides via Catellani-Lautens-type C-H acti-
vation [28]. Inspired by that work, the group of Liang embedded this approach in a 
multicomponent reaction, where intermediate 36 (seen also in Scheme 13) under-
goes further oxidative addition by N-benzoyloxyamine 46, thus generating the 
cyclic Pd(IV) complex 48 (Scheme 17). A subsequent reductive elimination then 
affords Pd(II) intermediate 49, which, after deinsertion of the norbornene, is ready 
for the palladium-carbene formation. Anyway, the direct electrophilic amination of 
intermediate 36 cannot be excluded.

Unlike classical Catellani processes, this reaction proceeded more efficiently in 
nonpolar solvents, probably because polar media increase the decomposition of 
N-benzoyloxyamine. To further demonstrate the generality of this methodology, a 
diazocarbonyl compound was also employed as substrate, affording the desired 
product 50 in acceptable yield (Scheme 18).

2.2  �Pd-Catalyzed MCRs via Path B

According to this approach, the carbene source, either a diazo compound or a tosyl-
hydrazone, is modified in situ prior to undergo the Pd-catalyzed insertion. Such 
modifications leave the reactive group untouched, but introduce further elements of 
diversity that are found in the final products.

This synthetic strategy has been recently introduced by the group of Wang as a 
modification of an existing methodology, namely, a Pd-catalyzed C-H functional-
ization of ethyl diazoacetate 51 with aryl or vinyl iodides 9, developed by the same 
authors [29] and further exploited by Frantz [30] and Reissig [31] (Scheme 19).

This methodology surprisingly leaves the diazo group untouched and therefore 
opens up the route to new scenarios, where the product of the reaction can be 
exploited as a carbene source in a subsequent Pd-catalyzed migratory insertion into 
an aryl halide (Scheme 20).
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Scheme 15  Proposed mechanism of ortho-C-H activation/carbene migratory/insertion 
reaction

Pd(OAc)2 (10 mol%)
PPh3 (20 mol%)
Cs2CO3 (6 equiv)

norbornene (2 equiv)
toluene, 100 °C, 20 h

Scheme 16  Palladium-catalyzed, norbornene-mediated, ortho-amination/N-tosylhydrazone 
insertion reaction

Scheme 17  Possible mechanism of the ortho-amination/N-tosylhydrazone insertion 
reaction

Pd(OAc)2 (10 mol%)
TFP (20 mol%)

norbornene (2 equiv)
DCE, 60 °C, 30 h

Cs2CO3 (6 equiv)

Scheme 18  Pd-catalyzed ortho-amination/diazocarbonyl compound insertion reaction

Pd(PPh3)4 (5 mol%)
base (1.5 equiv)

nBu4NBr (1 equiv)

Scheme 19  C-H 
functionalization of ethyl 
diazoacetate
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After re-optimization of the two-component reaction developed in 2007 (not effi-
cient in terms of yields and scope) and investigation of the optimal conditions for 
the cross-coupling step, it was found that the same catalyst could be used for the two 
reactions and that the temperature required by the Pd-catalyzed C-H insertion into 
ethyl diazoacetate was slightly lower compared to that required by the Pd-catalyzed 
cross-coupling step.

Also DFT calculations confirmed that the rate-limiting step of the whole process 
was the hydrogen transfer to the Pd(II) species in the cross-coupling step. Moreover, 
through the computational studies, it was also possible to find an explanation to the 
essential role of silver carbonate in both steps of the synthetic pathway.

Thus, a tandem process was possible with the first reaction taking place at room 
temperature and, the second, upon addition of the second iodoarene, at 65 °C [32]. 
Interestingly, when the same iodoarene was employed in both steps, two equivalents 
could be added from the beginning, but yields were lower.

The scope of the reaction was quite broad and was not significantly affected by 
the electronic properties of the substituents on the aromatic ring of the two iodo-
arenes. We noticed that o-substituted iodoarenes were not tolerated in the first step, 
probably for steric reasons. Notably, 1-iodonaphthalene was also a suitable sub-
strate for the coupling reaction (Scheme 21).

Very recently, it has been demonstrated that also α-halo-N-tosylhydrazones 53 
are powerful tools for multiple bond formation. Under basic conditions, α-halo-N-
tosylhydrazones are not converted into the corresponding diazo compounds but into 
azoalkenes 54, as depicted in Scheme 22. As azoalkenes are susceptible to conju-
gate addition, reaction with a nucleophile generates the diazo compound 5, suscep-
tible to other transformations [33].

Wang and coworkers have exploited this transformation in a tandem process 
where the in situ generated diazo compound is subjected to a Pd-catalyzed cross-
coupling reaction with aryl iodides [34].

A thorough optimization of the reaction conditions allowed the authors to react 
hydrazone 53 with N-methylindole and phenyl iodide to give the three-component 
adduct 55 in a satisfactory 74% yield (Scheme 23). The reaction was performed 
using Pd(OAc)2 as catalyst, with 1,1′-ferrocenediyl-bis(diphenylphosphine) (dppf) 
as a ligand and Cs2CO3 as the base in a toluene/isopropanol solvent mixture at 
100 °C.

Upon examining the scope of the reaction, it was found that substituents on the 
aromatic rings marginally influenced the outcome. On the contrary, only the benzyl 
group could effectively replace the methyl of the indole component, while 
N-phenylindole did not afford any product, presumably due to electronic effects. In 
those cases, where the aromatic rings of the hydrazine and the aryl iodide were not 

Scheme 20  Sequential C-H functionalization and cross-coupling reaction of ethyl diazoacetate
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equivalent, nearly 1:1 mixtures of geometric isomers were obtained, apart in a few 
examples where the Z isomer was exclusively isolated.

Interestingly, the generation of diazo compounds from α-halo-N-tosylhydrazones 
and indoles was also coupled with a metal-free coupling with boronic acids and 
with a copper-catalyzed 1,2-H shift reaction [33]. However, as these processes fall 
outside the scope of this chapter, they will not be discussed further.

2.3  �Pd-Catalyzed MCRs via Path C

According to the general routes depicted in Scheme 6, addition of a diazo com-
pound to a vinylpalladium halide complex generates a vinylpalladium carbene. 
Migratory insertion of metal carbene to the palladium-carbon bond leads to the 
formation of an η1-allylpalladium complex. This isomerizes to the more stable η3-
allylpalladium species that can be then subjected to nucleophilic attack, resulting in 
a three-component adduct where a new C-C bond and a new C-Nu bond are gener-
ated (Scheme 24).

Scheme 21  Three-component synthesis of diaryl acetates 52

Scheme 22  Generation of 
diazo compounds from 
α-halo-N-tosylhydrazones 
and nucleophiles

Scheme 23  Three-component reaction of α-halo-N-tosylhydrazones, indoles, and aryl iodides
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As it appears evident from the mechanism, the use of vinyl iodides as electro-
philes is essential to favor the η1-η3 isomerization, while diverse diazo compound 
and nucleophiles can be employed. Moreover, the nucleophilic attack could occur 
on either end of the η3-allylpalladium, thus generating two regioisomeric products; 
however, the R1 group deriving from the diazo compound usually directs the attack 
of the nucleophile, resulting in a regioselective reaction.

The first example reported in the literature dates back to 2007; Van Vranken 
reported the synthesis of allylamines 59 from vinyl halides 56, trimethylsilyldiazo-
methane 57, and amines 58, according to the general reaction reported in Scheme 
25 [35]. Various reaction conditions were tested but, unfortunately, general condi-
tions could not be applied, as these were dependent on the nature of the amine. For 
example, with pyrrolidine, addition of potassium carbonate and phenylboronic acid 
dramatically improved the yield, probably preventing degradation of the diazo com-
pound. However, these conditions could not be extended to other amines. Piperidine 
and morpholine gave high yields without additives, although morpholine worked 
well only if two equivalents were used. In contrast, in case of benzylamine, a higher 
excess was deleterious. From a general point of view, the use of THF as the solvent 
at 46 °C and of Pd2dba3

.CHCl3 as the catalyst precursor and the addition of the diazo 
compound by syringe pump over 10 h were the conditions chosen for all the reac-
tions. By using piperidine as the nucleophile, various vinyl halogenides were tested, 
with iodides performing better than bromides and internal alkenes (with the iodine 
atom in position 2) affording low yields and mixtures of E/Z isomers.

Shortly after this first report, Van Vranken reported also similar reactions with 
malonates and malonitriles 60 as C-nucleophiles; the reaction conditions were simi-
lar to those developed before, although better conversions were obtained raising the 
temperature up to 66 °C; the nucleophiles were employed as their sodium salts in 
large excess (12 equivalents) (Scheme 26) [36].

An improvement of this reaction was reported by Liang who, by employing aryl-
N-tosylhydrazones 4 as carbene source, was able to introduce an additional point of 
diversity into the final products, infact the substituent on the double bond derived 
from the diazo compound was no longer limited to the trimethylsilyl group [37]. 
Reaction conditions were almost identical to those reported by Van Vranken, apart 
from the presence of potassium carbonate, essential to generate in situ the diazo 
compound; however, a large excess of malonate was again required to improve the 
yield. The scope of the reaction was quite broad, in terms of substitution pattern on 
the aromatic ring of the hydrazine (19 examples with yields ranging from 0 to 84%). 
Interestingly in one case, the reaction was performed as a four-component conden-
sation, mixing benzaldehyde and tosylhydrazine and then adding vinyl iodide 62 
and malonate 63 in a one-pot fashion, without substantial loss in the overall yield of 
64 (76% vs. 79% yield) (Scheme 27).

Very recently, Van Vranken extended this methodology also to aliphatic tosylhy-
drazones that were employed either with malonates or with amines as nucleophiles 
[38].

The use of diazoacetates as carbene source is somehow more challenging than 
the use of trimethylsilyldiazometane or tosylhydrazones, as palladium chloride can 
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Scheme 24  General mechanism for MCRs of type C

Pd2dba3·CHCl3 (2.5 mol%)
PPh3 (15 mol%)

THF, 46 °C, 10 h

Scheme 25  Three-component synthesis of allylamines

Scheme 26  Three-component reaction with C-nucleophiles

Scheme 27  Four-component reaction of benzaldehyde, tosylhydrazine, vinyl iodide, and 
malonate
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catalyze polymerization of the diazo compound, and the latter can also give a cross-
coupling reaction with vinyl iodides. Nevertheless, Van Vranken demonstrated that, 
under the conditions previously illustrated, ethyl diazoacetate 51 could react with 
vinyl iodides 56 and amines 58, given that a large excess of diazoacetate was 
employed [39]. Fine optimization of the reaction conditions led to the conclusion 
that the nature and amount of nucleophilic amine were crucial: in general, better 
yields were obtained when the amount of amine, capable of catalyst deactivation, 
was limited to three equivalents. However, in those cases where the amine was more 
basic, an improvement was obtained using only one equivalent and adding two 
equivalents of triethylamine. The reaction afforded the desired product 65 either 
with primary or with secondary amines, with terminal and internal vinyl iodides, 
and with diazoacetates and diazopropionates; in this latter case, E/Z mixtures of 
diastereoisomers were obtained (Scheme 28).

One last example of this methodology employs iodoarenes as electrophiles. As 
previously discussed, the use of vinyl iodides is essential to the η1-η3 isomerization, 
the key step to generate a Pd specie capable to undergo the nucleophilic attack. 
However, if we reconsider the general reaction depicted in Scheme 20, the conju-
gated double bond able to favor the isomerization of the η1-allypalladium intermedi-
ate could be placed either on the electrophile or on the diazo compound. This 
alternative route would still lead to a η1-allypalladium specie able to give the 
required isomerization (Scheme 29).

Indeed, Liang and coworkers, by employing α,β-unsaturated N-tosylhydrazones 
66, succeeded in the Pd-catalyzed coupling with iodoarenes 9 and malonate 63 
(Scheme 30) [40]. Interestingly, when R1 was a methyl group, complete regioselec-
tivity was observed, favoring the conjugated product 67, while, when R1 was an 
aromatic ring, mixtures of regioisomers were obtained.

2.4  �Pd-Catalyzed MCRs via Path D

In path D, the metal species originated after the migratory insertion process undergo 
transmetallation with an organometallic reagent (third component). In his pioneering 
work published in 2001 regarding the palladium-catalyzed insertion of trimethylsi-
lyldiazomethane [13], Van Vranken reported the three-component reaction between 
aryl iodides 9, trimethylsilyldiazomethane 57, and tributylphenyltin 68 (Scheme 31). 
The organometallic specie 70, originated from metal carbene after migratory inser-
tion, undergoes a Stille coupling through transmetallation with tin reagent 68. 
Trimethylsilyldiazomethane and tributylphenyltin have to be slowly added in order 
to obtain the desired product. Unfortunately, the yields and the scope of the reaction 
are quite poor (just two examples are described), probably due to the formation of 
side products such as biphenyl compound 71, in which trimethylsilyldiazomethane is 
not incorporated, or silylstyrenes 72 and 73, produced by the reaction of intermedi-
ates 70 with 57, followed by β-hydride or β-silyl elimination. Despite these 
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Scheme 28  Three-component reaction of vinyl iodides, amines, and diazoacetates

Scheme 29  Two possible ways to generate a η1-palladium species

Scheme 30  Three-component reaction of iodoarenes, malonates, and tosylhydrazones

Scheme 31  Palladium-catalyzed migratory insertion followed by Stille coupling reaction
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limitations, this reaction demonstrated that the transmetallation and the formation of 
two separate C-C bonds in a carbonic center were indeed possible.

After this early report, the first study demonstrating the possibility to couple 
Pd-carbene migratory insertion with a classical cross-coupling reaction via trans-
metallation appeared in literature only in 2010, thanks to Wang and coworkers [41]. 
They studied the three-component reaction between N-tosylhydrazones 4, aryl 
halides 9, and terminal alkynes 74 for the preparation of benzhydryl acetylenes 75 
(Scheme 32). Obviously, one of the major challenges in this synthetic sequence was 
the suppression of the possible side products arising from direct Sonogashira cou-
pling or early β-H elimination. In order to avoid direct coupling products, probably 
formed due to the low concentration of the diazo substrate 5 and subsequent slow 
formation of Pd-carbene 76, aryl bromides were used instead of the more reactive 
aryl iodides. The optimization of reaction conditions revealed that the choice of 
solvent and ligands was crucial to obtain a satisfactory yield.

Recently, Alami and Hamze reported a new three-component reaction between 
N-tosylhydrazones 4, dihalogenated arenes 77, and boronic acids 79 (or esters) pro-
ducing substituted 1,1-diarylethylenes 80 (Scheme 33) [42]. This work is conceptu-

Scheme 32  Pd-catalyzed three-component reaction of N-tosylhydrazones, aryl bromides, and ter-
minal alkynes

Scheme 33  Pd-catalyzed migratory insertion/Suzuki-Miyaura coupling one-pot reaction
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ally different from the others shown before. In fact, the mechanism doesn’t involve 
a cascade process in which the palladium specie, formed after carbene migratory 
insertion, reacts via transmetallation. Two reactions occur into different sites of the 
molecule instead: when the carbene migratory insertion reaction is completed with 
a β-hydride elimination, the Pd catalyst is reused in the Suzuki-Miyaura arylation of 
78, exploiting the second halide functionality of 77. The authors studied the best 
conditions able to catalyze the two couplings in a one-pot manner. During the scope 
of the reaction, they found that the yield rapidly decreased when styryl boronic 
acids or ortho-disubstituted iodo-chloro benzenes were used. The use of more stable 
pinacol boronic esters allowed the authors to improve the scope of the reaction. 
Moreover, the authors demonstrated the power and usefulness of this Pd-catalyzed 
cascade reaction, by  synthesizing one of their lead compounds (a molecule with 
antiproliferative activity against several cancer cell lines), in just two steps in 52% 
overall yield, which is a remarkable result if compared with the five-step procedure 
(18% overall yield) previously published.

2.5  �MCRs Catalyzed by Other Metals

Recent studies have demonstrated that metal-catalyzed carbene-involved cross-
coupling reactions are not limited to the use of palladium. In 2011, during the devel-
opment of a new methodology for the synthesis of substituted allenes, the group of 
Wang reported the copper-catalyzed reaction between N-tosylhydrazones 4 and ter-
minal alkynes 74 [43]. Mechanistically, this work represents an unprecedented 
copper-carbene migratory insertion process, different from classic copper(I)-cata-
lyzed reactions of diazo compounds, where cyclopropanation [44] or cyclopropena-
tion [45] usually occurs. While the metal intermediate 82 formed after the migratory 
insertion process undergoes β-hydride elimination in the classical Pd-catalyzed 
reaction, when Cu(I) is used as catalyst, the last step of the catalytic cycle is gener-
ally a protonation to 81 (Scheme 34, path a). Based on this idea, 2 years later, they 
presented the three-component version simply by trapping the nucleophilic organo-
copper intermediate by carbon electrophiles, such as allyl halides, preparing tri- and 
tetrasubstituted allenes 83 (Scheme 34, path b) [46].

In a first set of studies, the authors optimized the reaction conditions for the syn-
thesis of trisubstituted allenes: a large amount of base was required in order to sup-
press the protonation of copper intermediate, and the use of dioxane as solvent, 
tetra-n-butylammonium bromide (TBAB) as additive, and a specific ratio of the 
substrates produced acceptable yields (Scheme 35).

Moreover, the usefulness and strength of the synthetic procedure were demon-
strated by carrying out the reaction on a gram scale, obtaining the corresponding 
allene in 74% yield. With these results in hand, the authors explored the more chal-
lenging synthesis of tetrasubstituted allenes. Starting from ketone-derived 
N-tosylhydrazones and applying modified reaction conditions ([Cu(MeCN)4]PF6 as 
catalyst and 1,10-phenanthroline as ligand), the desired tetrasubstituted allene prod-
ucts were obtained, although in moderate yields.
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When the same authors tried to extend the scope of the reaction using trialkylsi-
lylethynes 74 (R3 = SiMe3), surprisingly the substituted alkynes 84 were obtained 
instead of the corresponding allenes 81 [47]. In order to explain this outcome, steric 
effects were excluded, since the coupling with a tert-butyl substituted alkyne 74 (R3 
= tBu), with analogous steric hindrance, gave the allene 81 as single product. DFT 
studies allowed to elucidate the mechanism [48], and demonstrated that formation 
of different Cu complexes in the transition state during the protonation process was 
crucial for the alkyne/allene selectivity. Recently, taking advantage of this particular 
reactivity, the same authors realized a three-component reaction, in which the cop-
per intermediate 82 reacted with an electrophile, such as Michael acceptors or alkyl 
halides, obtaining products 85 and 86 with  a remarkable propargylic quaternary 
carbon (Scheme 36) [49].

In order to suppress all the possible by-products, the reaction was carefully opti-
mized. The choice of the proper ligand, the use of a phase-transfer catalyst, and a mix 
of bases were crucial to obtain the product in good yield (a gram-scale experiment was 
carried out too). When the electrophile was a Michael acceptor, a further optimization 
was required (the amount of the base was reduced and just Cs2CO3 was used). Curiously, 
only diazoesters 87 with alkyl substituents were used in the procedure (Scheme 37).

Simultaneously, Wang’s group published the same reaction catalyzed by Rh(I) 
[50]. They found that in this case, the use of terminal alkynes produced low yields, 
due to their facile dimerization under Rh(I) catalysis conditions. Based on the 
knowledge that tertiary alcohols are suitable substrates which can undergo selective 
cleavage of one of the three C-C bonds to form an organometal intermediate along 
with a ketone [51], they solved the problem by employing tertiary propargyl alco-
hols 88 as coupling component (Scheme 38).

Scheme 34  Copper-catalyzed alkynyl migration insertion for the synthesis of tri- or tetrasubsti-
tuted allenes

Scheme 35  Copper-catalyzed three-component coupling of N-tosylhydrazones, terminal alkynes, 
and allyl halides
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Scheme 37  Scope of the three-component reaction between diazoesters, terminal alkynes, and 
alkyl halides or Michael acceptors

Scheme 38  Rhodium(I)-catalyzed three-component reaction of tert-propargyl alcohol, diazoes-
ters, and alkyl halides

Scheme 36  Copper-catalyzed three-component reaction for the construction of all-carbon quater-
nary center
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The thermally induced reaction of organic azides with acetylenes is well known 
as Huisgen 1,3-dipolar cycloaddition [52]. The discovery that catalytic CuI increases 
the reaction rate and controls the regioselectivity to give the 1,4-disubstituted tri-
azole group, while suppressing the formation of the 1,5-regioisomer, was made 
independently in 2002 by Sharpless [53] and Meldal [54] and their coworkers. From 
then, the reaction mechanism has been largely investigated, and, in 2007, the hypoth-
esis that the last step of the reaction could be a protonolysis of the Cu-C bond was 
demonstrated by the isolation and x-ray characterization of a Cu(I) triazolide inter-
mediate 89 (5-cuprated 1,2,3-triazole) [55]. As a continuation of his work, the 
Wang’s group postulated that a diazo compound generated in situ from the corre-
sponding N-tosylhydrazone could react with this copper intermediate, giving inser-
tion adduct 90, leading to the formation of trisubstituted 1,2,3-triazoles 91 (Scheme 
39).

After a short optimization of the reaction conditions, they investigated the scope 
of both hydrazones 4, azides 92, and alkynes 74, finding that aromatic alkynes or 
hydrazones bearing electron-donating groups afforded higher yields; alkyl azides 
and azides bearing heterocycles reacted too in good yield, although the concomitant 
variation of all the three components gave the desired product 91 in modest yields 
(Scheme 40).

Rhodium(II) catalysis has been well established in metal carbene chemistry, 
although the classical carbene transfer mechanism usually occurs [56]. In 2011, Yu 
and coworkers suggested that organorhodium(I) would couple with a diazo com-
pound in a similar way to Pd(II), being isoelectronic [57]. Based on this idea, they 
presented the first rhodium-catalyzed three-component cross-coupling reaction 
between diazoesters 14, arylboronates 93, and alkyl halides 94 (Scheme 41).

The reaction conditions have been optimized using phenylboronic acid pinacol 
ester, benzyl bromide, and 4-chlorophenyldiazoacetate in the presence of tBuOK as 
base, finding that methyl tert-butyl ether was the best solvent, [Rh(cod)OH]2 was 
essential, while other catalysts, such as [Rh(dppe)Cl]2 or [Ru(PPh3)Cl], were inef-
fective. Boronic acids, by contrast, did not give the desired products. The scope of 
the reaction has been well investigated, using also bromo-substituted aryl diazoac-
etates, not compatible with the Pd(0) catalysis due to their intrinsic reactivity. 
Mechanistically, the reaction proceeds through the usual migratory insertion pro-
cess forming an oxa-π-allylrhodium complex 96, which exchanges with tBuOK to 
form a potassium enolate 97. The second C-C bond formation is achieved by SN2 
reaction with the alkyl halides. Unfortunately, only very reactive alkyl halides pro-
vided the desired product 95, and a large excess of coupling partners were needed 
in order to obtain acceptable yields.
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Scheme 40  Copper(I)-catalyzed three-component coupling of N-tosylhydrazones, alkynes, and 
azides

Scheme 41  Rh(I)-catalyzed three-component reaction of arylboronates, diazoesters, and alkyl 
halides

Scheme 39  Copper(I)-catalyzed azide-alkyne cycloaddition versus three-component reaction 
with N-tosylhydrazones
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3  �Conclusions

This chapter aims to show that the development of multicomponent processes 
involving metal carbene migratory insertion is a growing research area, which pro-
vides efficient routes to generate complexity and diversity in organic synthesis. 
Thanks to the possibility to couple metal-catalyzed insertion of carbenes with other 
(metal or not) catalyzed reactions, it is possible to create cascade processes, devel-
oping new multicomponent reactions. In this chapter, it has been shown that the 
diversity can be reached by changing all the possible components. Certainly, palla-
dium remains the most popular transition metal employed, although other metals 
(copper, rhodium) have shown interesting alternative reactivity. Notably, the recent 
paper of Wang demonstrated the possibility to generate metal carbene from conju-
gated ene-yne-ketones, avoiding the use of diazo compounds and expanding the 
potentiality of this chemistry. For all these reasons, cross-coupling reactions based 
on metal-stabilized carbenes can be considered almost a general process, which can 
increase the synthetic potential of multicomponent methodologies, allowing the 
achievement of complexity in a single step.
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1  �Helical Substituted Polyacetylenes

1.1  �Polyacetylene and Substituted Polyacetylenes: A Brief 
Introduction to Their Basic Properties:

π-Conjugated polymers have been thoroughly investigated as electrically conducting 
and nonlinear optical materials because they possess unique properties, e.g., 
conductivity and luminescence [1–5]. The structure of these polymers consists of 
alternating repeating units of single (C–C) and multiple (C=C or C≡C) carbon–carbon 
bonds or aromatic groups such as benzene, naphthalene, aniline, and thiophene, 
among others. This characteristic structure is the origin of their unique properties, 
providing π-electrons in the polymer chain that are free to move between neighboring 
monomers without affecting the polymer’s covalently bonded structure.
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Polyacetylene (PA) is one of the original and most well-known π-conjugated 
polymers and bears the simplest repeating units (–HC=CH–)n (Fig. 1a, b) [6–8]. 
Unfortunately, PA has two serious problems that hinder its application in devices: 
instability in the air and poor processability. The ionization energy of PA is low 
enough to allow oxidation by atmospheric oxygen even at room temperature. 
Furthermore, PA cannot be processed into a desired shape by melt or solution pro-
cessing because of its instability and insolubility, although PA films with a hierar-
chical spiral morphology were synthesized using a chiral liquid crystal as the 
polymerization medium by Akagi et al. [9].

In contrast, the properties of substituted polyacetylenes (SPAs) (–HC=CX–)n, (X 
= aromatic or aliphatic groups) differ from those of PA despite these materials shar-
ing the same polymeric structure [10–16]. For example, poly(phenylacetylene) 
(PPA) is a typical SPA in which one of the hydrogen atoms in the repeating unit of 
PA is replaced with a phenyl group (X = phenyl (C6H5)) (Fig. 1c–f) [17]. Despite 
this small difference in the chemical structure, the stability of PPA in air is consider-
ably improved over that of PA; the molecular weight and geometrical structure of a 
PPA sample were mostly unchanged even after storage for several years in air at 
room temperature. PPA also has improved processability because it is highly soluble 

Fig. 1  Four possible geometrical isomers of monosubstituted polyacetylenes
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in organic solvents such as chloroform (CHCl3), dichloromethane, and tetrahydro-
furan at room temperature. Most importantly, the chemical and physical properties 
of PPA can be modified by designing the structures of the corresponding acetylene 
monomers. SPAs are expected to provide a new advanced material because of the 
range of interesting properties that have been observed in solid SPAs, including 
semiconductivity [2, 4], oxygen permeability [18, 19], humidity sensitivity [20, 21], 
nonlinear optical (NLO) properties [22], enantioselectivity [23, 24], and external 
stimulus response (e.g., color changeable dosimetric properties [25]).

1.2  �Synthesis of Highly Stereoregular SPAs Using Rhodium–
Diene Catalysts

The stereoregular polymerization of substituted acetylene monomers is most com-
monly achieved using a bidentate rhodium–diene complex, such as [Rh(nbd)Cl]2 
(nbd, norbornadiene), with small lone pair-containing molecules, such as amines or 
alcohols [26, 27], as a cocatalyst, to produce the corresponding highly stereoregular 
SPAs (Fig.  2). Other types of catalysts, including Ziegler–Natta (Fe(acac)3-
AlH(i-Bu)2) [17, 28], nickel chloride complex ((n-Bu3P)2NiCl2-NaBH4) [29], 
RhCl(PPh3)3 [30], metathesis catalysts (WCl6 or MoCl5) [10, 11, 31, 32], and zwit-
terionic mono-Rh complex catalysts [33, 34], among others [12–14], have also been 
reported for the polymerization of substituted acetylene monomers. However, the 
Rh–diene polymerization system is advantageous because the Rh complex catalyst 
is stable in air and is commercially available as the well-known Wilkinson’s cata-
lyst. In addition, an important monomeric propagation species is easily generated 
by mixing the Rh complex catalyst with an amine or alcohol, which can be used as 
the cocatalyst or the polymerization solvent [26, 27]. This monomeric Rh species 
has prompted the development of various monomeric Rh catalysts, which are 
extremely tolerant of monomers with polar functional groups, i.e., ester [18, 35–
40], amino [41], nitro [42–44], hydroxyl [45–49], and nitroxide [45] groups, in 
contrast to Ziegler–Natta or metathesis catalysts. However, disubstituted polyacety-
lenes have not yet been prepared using this kind of Rh catalyst, and monomers that 
contain sulfur atoms frequently deactivate this type of metal catalyst.

Fig. 2  Synthesis of stereoregular substituted polyacetylene initiated by a Rh complex catalyst and 
a cocatalyst

Synthetic Molecular Springs: Stretched and Contracted Helices with Their…



308

Using these Rh complex catalysts, SPAs can be obtained on scales of 10 g or 
more and in high yield. The advent of these Rh complex catalysts has solved three 
important problems: (1) whether the so-called four geometrical isomers of SPAs, 
i.e., the cis-transoid, cis-cisoid, trans-transoid, and trans-cisoid isomers, exist 
(Fig. 1c–f) [17, 27, 50, 51], (2) problems regarding the crystal structure, and (3) 
evaluation of the properties of the SPA helices, i.e., helical pitch, diameter, and 
dynamics such as spring motion. In this chapter, we focus on the latter two 
problems.

1.3  �Helical Structure of SPAs: Unique Properties and Our 
Motivation

We have previously demonstrated the synthesis of π-conjugated, helical, and highly 
stereoregular SPAs using a Rh-catalyzed polymerization system and found that the 
resulting SPAs had a cis-transoidal structure [50]. The polymer chains of these 
highly stereoregular SPAs form helical structures to relieve the steric hindrance 
between the substituent groups of neighboring monomers, although these helices 
differ greatly from other typical helical polymers, such as deoxyribonucleic acid 
(DNA) [52]. We also revealed that the helical polymer chains formed columnar 
aggregates in the crystalline state, i.e., (pseudo)hexagonal or tetragonal packing of 
the helical polymer chains [18, 35, 38, 53–58].

The important chemical and physical properties of SPAs are strongly related not 
only to their higher-order structure, i.e., columnar, but also to the helical structure of 
their main chain in the solid and solution states. However, the relationship between 
the helical pitch, helical diameter, and crystal structure of SPAs has not yet been 
investigated in detail in either of these states, except for a report of helix induction, 
inversion, and memory in PPA derivatives by Yashima et al. [59]. These phenomena 
have been considered for application as a visible sensor output to indicate the enan-
tiomeric excess of chiral molecules [60] and as a switchable chiral stationary phase 
for liquid chromatography [24]. These functions are based on the PPA derivatives’ 
ability to undergo dynamic helix inversion between right-handed and left-handed 
helices (Fig. 3a).

We focused on another method of conversion of the helical structure. We consid-
ered the possibility of the helical structure acting as a spring, i.e., interconversion 
between stretched and contracted shapes (Fig.  3b), in the manner reported for 
poly(o-phenylene) in response to redox reactions by Aida et al. [61]. We investi-
gated whether the helical pitch and packing structures of SPAs helices could be 
controlled through molecular design and external stimuli. Consequently, we found 
that the interconversion between a contracted cis-cisoidal helix and a stretched cis-
transoidal helix was readily induced in PPA and its derivatives and was accompa-
nied by a drastic color change after heat treatment or contact with solvents in the 
solid state [56, 57, 62–64]. Furthermore, we also found that an aliphatic polyacetylene 
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ester (APA) also showed both a contracted cis-cisoidal helix and a stretched 
cis-transoidal helix in solution. Interestingly, these APA helices showed an 
accordion-like helix oscillation (HELIOS) that synchronized with the internal 
rotation of the ester O–C bond in the alkyl side chain [39, 40].

2  �Stretched and Contracted Substituted Helical 
Polyacetylenes

2.1  �Dependence of the Color and Helical Pitch of Solid-State 
PPA Polymers on the Polymerization Solvent

During our study, we found that the color of PPA and its derivatives in the solid state 
depended on their preparation conditions and especially the choice of polymeriza-
tion solvent. This result suggests that a single monomer type can produce polymers 
with different colors, and the effect can be tuned by changing the polymerization 
solvent. The p-n-hexyloxyphenylacetylene (pHxOPA) monomer has previously 
been polymerized stereoregularly using the same Rh catalyst system at 25 °C for 
30 min. When either ethanol (EtOH) or n-hexane was used as the polymerization 
solvents, the yellow or red poly(p-n-hexyloxyphenylacetylene) polymers 
(PpHxOPA(Y)) or (PpHxOPA(R)) were obtained, respectively (Fig. 4) [62]. The 
diffuse reflectance UV-vis spectra (DRUV-vis) of these polymers in the solid phase 
showed absorption maxima at 445 nm and 575 nm, respectively. Additionally, the 
spectrum of PpHxOPA(R) was composed of two absorption bands, indicating that 
PpHxOPA(R) has at least two components (Fig. 5a). However, these polymers gave 
almost the same absorption spectra in CHCl3 solution when measured at room 

Fig. 3  Two different helix 
interconversions. (a) Helix 
inversion between 
left-handed and right-
handed helices, (b) 
molecular spring motion 
between stretched and 
contracted helices
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temperature (Fig. 5b). Additionally, both the 1H and 13C nuclear magnetic resonance 
(NMR) spectra of PpHxOPA(Y) were identical to those of PpHxOPA(R). These 
results indicated that the different polymer colors in the solid state were caused by 
their morphology and helical structure. The wide-angle X-ray scattering (WAXS) 
patterns of PpHxOPA(Y) and PpHxOPA(R) exhibited typical hexagonal columnar 
structures, which were packed with stretched and contracted helices, respectively 
(Fig.  6). The d-spacing distance in the (100) diffraction peak of PpHxOPA(Y) 
(21.6 Å), which is related to the helix diameter, was smaller than that of PpHxOPA(R) 
(26.1 Å), and the peak at 3.4 Å was only observed in the pattern of PpHxOPA(R). 
Based on the assignment of a hexagonal columnar structure, the diameters of these 
two helices were calculated to be 24.9 and 30.0 Å, respectively. Model structures of 
the stretched and contracted helices were calculated using a molecular mechanics 
(MMFF94) program; these calculations indicated that the helix diameters were 
24.7 Å and 29.1 Å, respectively, assuming that the dihedral angles between the C=C 
bonds in each helical main chain were 150° (cis-transoid, Figs. 1c and 7a) and 70° 
(cis-cisoid, Figs. 1d and 7b). Moreover, the layer distance between the phenyl rings 

Fig. 4  Rh-catalyzed polymerization of pHxOPA monomers using ethanol or n-hexane as the 
polymerization solvent

Fig. 5  UV-vis spectra of yellow and red PpHxOPAs measured (a) in the solid state and (b) in a 
chloroform solution
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in the contracted helix model was also calculated to be ca. 3.4  Å, which corre-
sponded to the peak observed in the WAXS pattern of PpHxOPA(R). Thus, these 
results confirmed that the difference in color observed for these polymers in the 
solid state was strongly related to the helical pitch, i.e., the presence of stretched and 
contracted helices. The red shift in the absorption band of the solid PpHxOPA(R) 
was attributed to the formation of so-called through-space π-conjugated systems 
between the stacked phenyl rings in the side chain because the distance between the 
side phenyl rings (3.4 Å) is close to the interlayer distance of graphite, 3.35 Å [65].

2.2  �Dependences of Functional Groups in PPA Units 
on Helical Pitch Width Accompanied by Their Color 
Changes

Fine yellow PPA powders (PPA(Y)) were also obtained using the same Rh catalyst 
system when EtOH was used as the polymerization solvent (Fig. 8). The color of the 
PPA could be changed from yellow to red by suspension in acetylacetone (acac) at 

Fig. 6  WAXS patterns of 
yellow and red PpHxOPAs 
measured at room 
temperature
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room temperature (PPA(R)), whereas a black polymer was obtained after exposure 
to CHCl3 vapor (PPA(B)). Based on analysis of the WAXS patterns, both the PPAs 
obtained after solvent treatment were interconverted from stretched to contracted 
helices similar to that of PpHxOPA(R). Interestingly, these PPAs could be con-
verted back to the yellow PPA by reprecipitating the CHCl3 solution in methanol 
[56].

Polymerization of p-n-octylphenylacetylene (pOcPA) using EtOH as a solvent 
gave an orange polymer at room temperature, whereas a yellow polymer 
(PpOcPA(Y)) was obtained at −20  °C (Fig.  9) [57]. Despite the WAXS results, 

Fig. 7  Optimized molecular model of PpHxOPAs calculated using molecular mechanics force 
field (MMFF94). (a) dihedral angle θ of 150° (stretched helix), (b) θ of 70° (contracted helix)
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MMFF94 calculations indicated that the structure of the PpOcPA(Y) adopted a con-
tracted helix, unlike the results described previously. The alkyl chains of the alkyl-
phenyl side-chain groups had a bent structure, i.e., the alkyl chain deviated from the 
plane of the phenyl ring. Therefore, the ordered π-stacked structure interferes with 
the tilted phenyl ring even in the case of the contracted helix. After heat treatment, 
the hexagonal structure of the pristine PpOcPA(Y) could be converted to two kinds 
of tetragonal crystals: contracted helixes with straight alkyl chains and stretched 
helices having the original bent alkyl chains. These results lead us to attribute the 
difference in color, i.e., a red shift of the absorption band, to the formation of an 
ordered π-stacked structure of phenyl rings in the contracted helices.

In contrast to the above systems, the polymerization of phenylacetylene with 
p-oxyethylene side chains (–(CH2CH2O)mCH3) (m = 1 or 2) in EtOH produced a 
violet polymer (P2V), even when relatively longer oxyethylene groups (m = 2) were 

Fig. 8  Synthesis of PPA(Y) and the drastic color change associated with its helix 
interconversion
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introduced to phenyl rings of the monomer (Fig. 10) [64]. The polymer may have 
converted from a stretched to a contracted helix (cis-cisoidal) during the polymer-
ization reaction because EtOH acted as a good solvent for the longer oxyethylene 
groups, similar to the combination of alkyl chains and n-hexane. This result indi-
cates that stretched and contracted helices can be selectively prepared by selecting 
the appropriate combination of side chains and polymerization solvent. In the case 
of the shortest oxyethylene group, i.e., methoxyethoxy group (P1Y, m  =  1), the 
chain was partially bent in the solid phase, as shown by XRD, 13C cross-polarization 
magic angle spinning (CPMAS) NMR, and molecular mechanics calculations 
(Fig. 10). The bent conformation interfered with the formation of the contracted 
helix because of the steric hindrance between the bent oxyethylene groups.

2.3  �Substituted Polyacetylene Having Naphthalene as the Side 
Group

Poly(2-ethynylnaphthalene) (P2EN), which has a larger aromatic ring than PPA as 
the side chain group, was prepared using the same [Rh(norbornadiene)Cl]2–NEt3 
catalyst system [63]. A highly ordered, contracted cis-cisoidal helix was expected to 
be formed, and strong π-π-interactions due to the larger aromatic rings were also 
anticipated. When EtOH was used as the polymerization solvent, a bright yellow 
polymer, P2EN(Y), was obtained in moderate yield (Fig. 11). The use of toluene 
afforded a red polymer, P2EN(R) in high yield. Both pristine polymers were insol-
uble in organic solvents. The absorption spectrum of P2EN(Y) showed a λmax at 

Fig. 9  Synthesis of PpOcPA(Y) at –20 °C and its heat-induced interconversion of crystal structure 
and helical pitch
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445 nm, which was almost the same as PPA(Y). P2EN(Y) instantly converted into 
P2EN(R) with λmax = 510 nm when P2EN(Y) was contacted with toluene, even at 
room temperature (Fig.  11). Size-exclusion chromatography (SEC) was used to 
estimate the molecular weights of these polymers. The two P2EN samples were 
prepared by heat treatment at 200–240 °C for 1 min under an N2 atmosphere. All the 
P2ENs became partially soluble in CHCl3 after the heat treatment, although the 
treatment of the two red polymers required a higher temperature than that of 
P2EN(Y). As a representative example, the cis content and Mn of P2EN(Y) after 
heat treatment at 200 °C were approximately 22% and 14,300, respectively, which 
indicates that a cis-to-trans isomerization occurred together with main-chain scis-
sion of the pristine P2EN(Y) during heating.

Fig. 10  Synthesis of PPAs with oxyethylene groups, their colors in the solid state, and the differ-
ence in helical structures for different oxyethylene side groups
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The higher-order structure of P2EN(Y) was a hexagonal crystal, which was 
packed with stretched cis-transoidal helices, whereas that of P2EN(R) was 
tetragonally packed crystals, which were composed of contracted cis-cisoidal heli-
ces whose structures were determined by XRD and MMFF94 calculation (Fig. 12). 
Notably, the WAXS pattern of P2EN(R) showed a stronger reflection peak at 
approximately 3.4 Å than those of cis-cisoid PPA and its analogs [56, 62, 64]. The 
d-spacing was approximately the same as the distance between graphene sheets in 
graphite, in which π-orbitals of neighboring graphene sheets overlap via π-π stack-
ing to increase their π-conjugation [66, 67]. This result suggests that intramolecular 
π-conjugation, that is, ordered π-stacking, occurred between the neighboring naph-
thalene rings along the helical axis. Therefore, the degree of through-space 
π-conjugation in P2EN(R) is considerably stronger than that of the contracted heli-
ces of PPAs. Thus, we concluded that the stronger π-stacking in P2EN(R) caused a 

Fig. 11  Rh-catalyzed 
polymerization of 2EN 
using ethanol or n-hexane 
as the polymerization 
solvent (upper). UV-vis 
spectra of the resulting 
polymers having different 
colors in the solid state 
(lower) (Reprinted with 
permission from 
Mawatwari et al. [63]. 
Copyright 2014, Elsevier)
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larger red shift compared to that of P2EN(Y), as observed in the solid phase DRUV-
vis spectra. The WAXS pattern and DRUV-vis spectrum of P2EN(Y-R) were almost 
identical to those of P2EN(R). This result indicates that toluene converted the 
stretched helix of P2EN(Y) into the contracted helix, together with rearrangement 
of the packing structure from hexagonal to tetragonal crystals. Unfortunately, the 
reason for the switch to tetragonal crystals is still unclear. Interestingly, the cis-to-
trans isomerization temperatures of P2ENs (>200 °C) were much higher than those 
of PPAs (~140 °C) [62]. Thus, for the first time, a thermally stable π-conjugated 
system constructed from the stretched and contracted helices with strong π-stacking 
exhibited interesting properties as a novel functional material. Therefore, we contin-
ued to study other derivatives of P2EN.

3  �Helical Pitch Control with Temperature in the Solid State 
and Solution

3.1  �Interconversion from Stretched to Contracted Helices 
in the Solid State

PpHxOPA(Y) was transformed into a reddish-black-colored polymer, PpHxOPA(B), 
whose columnar diameter sharply increased and became identical to that of 
PpHxOPA(R) when heated at 80 °C [62]. This result indicated that the conversion 
of a stretched helix to a contracted helix could be induced by heat treatment. An 
exothermic peak was clearly observed at ~80 °C in the differential scanning calo-
rimetry (DSC) trace of PpHxOPA(Y), whereas no peak at the same temperature was 
observed for PpHxOPA(R) and there was no change in color (Fig. 13). These find-
ings also supported a thermally irreversible interconversion from the thermally 
unstable stretched helix state of PpHxOPA(Y) to the more stable contracted helix 
state of PpHxOPA(B) in the solid phase. Based on the XRD patterns, the distance 
between every phenyl ring, i.e., the helical pitch of PpHxOPA(B), was also 3.4 Å, 
similar to that of PpHxOPA(R). This result was also supported by molecular 
mechanics (MM) calculations, which showed that the strain energy of the stretched 
model was higher than that of the contracted model, based on the relationship 
between the dihedral angles between pairs of double bonds and the strain energy 
(Fig. 14). These systems can be represented as one of the two types of spring: push 
or pull springs (Fig.  15). The strain energy of these springs shows the opposite 
behavior; for example, in the case of a pull spring, the strain energy of the stretched 
form becomes higher than that of the contracted helix. We can therefore conclude 
that the helical structure of PpHxOPA corresponds to that of a pull spring. This idea 
provides a method of interpreting the spectral changes induced by temperature 
changes, as described below.
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Fig. 12  XRD patterns of P2EN(Y) and P2EN(R) with columnar structures and helical structures 
calculated using the MMFF94 program (Reprinted with permission from Mawatwari et al. [63]. 
Copyright 2014, Elsevier)
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3.2  �Restricted Rotation of C–O Bonds of Ester Side Chains 
Clarified by Variable-Temperature NMR Measurements 
in Solution

An aliphatic acetylene monomer having a chiral alkyl ester group, (s)-2-octyl pro-
piolate (s2OcP), was stereoregularly polymerized using the same Rh complex cata-
lyst at 40 °C in methanol solvent to give the corresponding helical polymer, Ps2OcP 
(Fig. 16) [39]. Triethylamine could not be used as the cocatalyst in this polymeriza-
tion, unlike the polymerizations used for PA monomers, because of its vigorous 

Fig. 13  DSC traces of PpHxOPA(Y) and PpHxOPA(R) under an N2 atmosphere

Fig. 14  Strain energy 
dependences of the 
dihedral angle around the 
C–C single bond in the 
C=C–C=C sequence in the 
main chain
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exothermic side reaction. The two peaks observed in the 1H NMR spectrum of 
Ps2OcP were assigned to the main-chain proton (Hα) and methylidene proton (Hε) 
on the chiral carbon of the alkyl side chain, respectively (Fig. 17a). These peaks 
were remarkably broad and asymmetrically shaped in dichloromethane-d2 (CD2Cl2) 
solution, even at 30 °C. Surprisingly, each peak could be resolved into two or three 
peaks using variable-temperature NMR (VT-NMR) measurements (Fig.  17a–c). 
The observed broad peak corresponding to the Hα proton was clearly split into two 
singlets with relative intensities of approximately 2:1 at 15 °C (Fig. 17b). In the case 
of Hε, an additional split was observed, i.e., three singlets were observed with rela-
tive intensities of approximately 1:1:1 at 0 °C (Fig. 17c). These changes with tem-
perature indicated that a chemical exchange was thermally induced, involving the 
creation of three different magnetic environments for Hε, i.e., the restricted rotation 
around the Cε–O bond in the ester group connected to Hε. In the case of Hα, however, 
the two singlets became narrower without any change in intensity when cooled from 
15 to 0 °C. This observation shows that chemical exchange between three sites is 
also induced for Hα. The peak ratio for these sites of 2:1 indicates that two of these 
sites were quite similar and resulted in a similar magnetic environment. 13C VT-NMR 
also showed a similar chemical exchange for the carbon atoms in the main chain (Cα 
and Cβ), the carbonyl carbon (Cγ) in the ester side group, and even the branched 

Fig. 15  The difference in strain energy between push and pull springs

Fig. 16  Synthesis of a polyacetylene ester initiated by a Rh complex catalyst in methanol
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methyl carbon (Cη). Consequently, restricted rotation around the ester Cε–O bond 
occurred, with the side chain exploring three possible sites in Ps2OcP (Fig. 18). The 
restricted rotation arose from the increased double bond order of the Cε–O bond, 
which was a result of the extended conjugation provided by the electron-withdrawing 
effects of both the C=C bonds and ester groups and the electron-donating effects of 
the alkyl group. We were fortunate to observe this restricted rotation because the 

Fig. 17  1H NMR spectra of Ps2OcP. (a) Observed at 30 °C, (b) expanded temperature-dependent 
spectra in the range of 7.5–4.0  ppm, and (c) computer-simulated spectra in the range of 7.5–
4.0 ppm (Reprinted with permission from Yoshida et al. [39]. Copyright 2013, American Chemical 
Society)
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rotational rate of chemical bonds is rarely slow on the NMR time scale at room 
temperature. To the best of our knowledge, this is the first observation of restricted 
rotation around an ester Cε–O bond in the side chain of a synthetic polymer.

3.3  �Accordion-Like Helix Oscillations (HELIOS)

The NMR peak splitting patterns were simulated to determine the chemical 
exchange rates of each proton and carbon, assuming a model in which three possible 
sites are explored (Figs.  17d and 18d). The simulation clearly showed that the 
exchange rates of Hα and Hε were almost the same. Similarly, the same exchange 
rates were observed for Cα, Cβ, Cγ, and Cη. Moreover, the rate of exchange of pro-
tons and carbons was also equivalent. Temperature-dependent UV-vis and CD spec-
tra of Ps2OcP, together with MMFF calculations, corroborated the presence of 
contracted and stretched helical polymers in solution, in which the helical pitches 
and their persistence lengths depend on the temperature. These results indicated that 
the pitch lengths of the helical rotamer are dynamically exchanging with each other 
and synchronizing with the restricted rotation of the side chain at the same rate. In 
other words, the helical structure oscillates like a spring, while a simultaneous rota-
tion around the ester Cε–O bond occurs, and the two motions are synchronized. 
Thus, we named this phenomenon “accordion-like helix oscillation (HELIOS)” 
(Fig. 19). Interestingly, the observation of HELIOS indicates that both cis-transoidal 
and cis-cisoidal structures exist in dichloromethane and are interchanged as the 
helix stretches and contracts. Thus, HELIOS is induced by the dynamic changes in 
molecular motion that occur to minimize the steric hindrance between neighboring 
ester groups. Previously, such a 1H NMR spectral change was explained in terms of 
the inversion of the helical main chain. However, in the temperature region where 
such chemical exchanges were clearly observed, no changes in the CD spectra 
occurred that would support such a helix inversion. We conclude, therefore, that 
these spectral changes in 1H and 13C VT-NMR are attributed to the HELIOS mode, 
which is a new dynamic conversion mode for helical molecules [39, 40].

4  �Conclusion

In this chapter, we revealed several unique and interesting interconversions between 
stretched and contracted helices of SPAs, including not only poly(phenylacetylene)
s but also aliphatic polyacetylene esters. These acetylene polymers are classified as 
some of the stiffest helical polymers because they are composed of alternating C–C 
and C=C conjugated bonds and additional π-conjugation through π-stacking, which 
is generated in the direction of the helical axis. This unique interconversion between 
stretched and contracted helices in the solid state, accompanied by the HELIOS 
phenomena, is one of the most important topics in helix chemistry and physics 
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Fig. 18  13C NMR spectra of Ps2OcP. (a) Full spectrum observed at 30  °C, (b) expanded 
temperature-dependent spectra in the ranges of 170–125 and 22–18  ppm, and (c) computer-
simulated spectra in the ranges of 170–125 and 22–18  ppm (Reprinted with permission from 
Yoshida et al. [39]. Copyright 2013, American Chemical Society)
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because of its relevance to various natural and synthetic helical molecules, e.g., 
polypeptides, DNA, and cellulose.

The observed and calculated helical pitch widths in the contracted helices of 
SPAs were approximately 3.4−3.6 Å, which is comparable to the interlayer distance 
of graphite (3.35 Å). In the case of poly(ethyl propiolate), an aliphatic substituted 
polyacetylene, the electric current of one helical molecule was measured to be 
approximately 10−8 Amperes without doping [68]. The present study is useful for 
the fabrication of the smallest and most sensitive single-molecule helical nano-
sensors. This research suggests that a single-molecule nano-device, i.e., the smallest 
possible electric device, will soon be developed. These results will be published 
elsewhere.
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The work draws a walk along several areas implying the spin-coupling keyword, 
understood either as very general paradigm of the bonding, particularly with 
reference to the π delocalized aromatics, or as mechanism for the occurrence of 
relatively exotic classes of carbon-based magnetic systems.

We offer a self-contained introduction in models dealing with spin coupling at 
phenomenological level or in first-principle calculations. Prototypic systems were 
reviewed from different methodological perspectives, following the red line of 
bonding analysis with the help of exchange coupling ideas and resonance structures. 
Trying to make a fluent story, simple systems like benzene, naphthalene and anthra-
cene are presented in an original collage. Then, the abstracted ideas are passed to 
the analysis of larger systems with promising relevance in carbon-based material 
sciences, touching keywords like molecular electronics, molecular magnetism 
and spintronics.

Thus, starting from the experimentally proved conducting properties of the linear 
polyacenes, we devised a conceptual frame for taking such systems as well-suited 
benchmark for a molecular model of conduction, presented in the heuristic respects 
of resonance interactions.

A distinct area is devoted to the graphenes with spin induced by topological reasons, 
taking ideal triangle-shaped systems (triangulenes) as case study. We provide 
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original structural considerations and a consistent classification. The speculative 
part regarding the high members of the class is well tempered with the concrete-
ness from the analysis of already synthesized lower members, with focus on 
phenalenyl core.

1  �Introduction

The organic chemistry served humankind in diverse ways, from colourants to 
medicines, offering massive series of molecules with invaluable practical utility. At 
the same time, the domain is rated with high academic challenges, especially in the 
matter of innovation and virtuosity in synthetic algorithms, a plethora of named 
reactions, such as the Suzuki coupling, [1] marking the most important realms and 
routes. In theoretical respects, the organic chemistry presents important classes of 
bonding and heuristic concepts, such as the aromaticity and hybridization. In the 
recent years, the organic chemistry enters firmly, with conceptual and application 
developments, in the area of material sciences, usually reserved to the inorganic 
systems, mostly extended lattices, such as oxides or silicon crystals.

The polycyclic aromatic hydrocarbons (PAHs) [2] form a very offering class, 
able for optical and magnetic properties enabling the functionality of nanoscale 
devices [3]. Putting in the central role of the causal relationship between desired 
properties and structural parameters, one may find interesting links between desir-
able features and bonding regime problems. Thus, the issue of aromaticity, related 
with the electron delocalization, can be intimately connected with the conduction 
properties, sharing similar mechanisms.

Organic polymers, or large PAHs (falling in the nanoscale domain), can act as 
conducting wires or semiconductors [4]. Adding to the problem of charge displace-
ments the details of spin polarization, the traditional electronics, are extended into the 
so-called spintronics. The domain is yet a desideratum, but many investigations are 
making firm steps in this sense, finding challenging manifestations among the proper-
ties of organic systems [5–7]. Taking the pivotal role of the spin coupling in the bond-
ing theories, one may hope in finding clues for the rational engineering of spintronic 
materials and machines. Our work is speculatively inscribed in the trend for such 
goals, debating the spin coupling as a powerful ancillary tool and heuristic beacon.

The modelling by the spin-coupling paradigm incorporates the expression of 
quantum features determining the special properties entering in the attention of 
nowadays high technologies. This methodology is not straightforward, in spite of 
the fact that there are nowadays convenient ways of computing the electronic struc-
ture, as is the frame of density functional theory (DFT) [8], supported by the avail-
ability of user-friendly codes [9]. We will point methodological hints connecting the 
popular methods with the lesser-known practice of valence bond methods [10, 11] 
considering prototypic aromatic systems.

There is a humongous literature playing graph theory around aromatic hydrocar-
bons and related systems, a good part of it concerning the enumeration of resonance 
structures (mostly, the Kekulé-type patterns) or of related objects (e.g. conjugated 
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circuits). Extensive works of pioneers and coryphées (to mention only a few: 
Balaban, Randić, Hosoya) as well as the intense dedication of the adepts made the 
domain an interesting art in itself [12–15]. However, the graph theory and related 
combinatorics developments are somewhat abstract, the cross-pollination with 
spin-coupling phenomenology building a quantitative dimension to the field, when 
the question of aromaticity and derived properties comes into focus [16, 17].

2  �The Spin-Coupling Paradigm

The spin-coupling concept originates from the valence bond (VB) theory, the very 
first description of the chemical bonding, due to Heitler and London [18], develop-
ing Heisenberg’s ideas about the so-called exchange and resonance effects, as pure 
quantum manifestations. Anticipating the following discussion, the keyword “reso-
nance”, standing for the stabilization that resulted in the lower energy state from the 
interaction of equivalent configurations, seems appropriate to tackle the problem of 
aromaticity, as the supplement of stability gained from the superposition of the 
objects represented as Kekulé structures since the pre-quantum era. A phenomeno-
logical Hamiltonian based on the exchange coupling parameters Jij as descriptors of 
the inter-centre interactions is also due to Heisenberg [19–21]:

	

ˆ ˆ ˆ / .H S S J
j i

i j ij= - × -( )å
<

2 1 2

	

(1)

Very often, the Heisenberg spin Hamiltonian is used in molecular magnetism 
[22], to describe the interaction between metal ion centres in coordination com-
pounds or extended lattices (in this case, dropping the −1/2 term in parenthesis, 
which leads to an overall shift of all energy eigenvalues). The positive J parameters 
represent the rather rare cases of ferromagnetism (states stable with parallel arrange-
ment of the spin), while a negative J describes the antiferromagnetism (the trend for 
antiparallel coupling). However, as descendant of the VB basic model of the chemi-
cal bonding, the Heisenberg effective Hamiltonian is more powerful, the intensive 
use in magnetochemistry eroding its conceptual virtues. The relatively few uses of 
spin coupling in the exploration of bonding regime have remarkable examples in 
organic and carbon chemistry, mentioning, for instance, the description of polyenes 
[23, 24] and fullerenes [25–27]. The negative J parameters are carrying the phenom-
enology of the bond as spin pairing appearance. The true mechanism is, in reality, 
more complex, but it looks like the antiparallel coupling is the engine. The “phe-
nomenological” epithet goes also in the sense of a resemblance with something 
which is a suggestive shortcut description.

The tacit assumption behind the spin-coupling Hamiltonian, as in the genuine 
simplest version of the valence bond, is that the orbital lodge of active electrons 
(ignoring a certain core part, as is, e.g. the σ skeleton) is the same for all the configu-
rations, which consist only of spin flipping. To reach the full meaning of a valence 
bond approach, the orbitals have to be conceived as localized on atoms (not the 
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delocalized molecular orbitals common in most of actual computation techniques). 
The so-called ionic configurations, matching different orbital occupation schemes, 
play in principle a significant role, but in modern VB techniques, performing the 
self-consistent optimization of localized orbitals can restore the desired simplicity 
of working with unique orbital background, at least in several representative cases, 
as will be the following discussion dedicated to aromatic hydrocarbons. Having a 
single orbital pattern means that the one-electron part and the Coulomb interaction 
is the same in all the configurations, relying then only on the exchange parameters, 
as the form of Heisenberg Hamiltonian says.

Although very rarely used in the nowadays landscape, otherwise rather abundant 
in quantum chemical calculations, the valence bond method benefits from very 
good implementations such as those known under the VB2000 [28, 29] and XMVB 
[30, 31] acronyms. These are genuine VB developments, working both as indepen-
dent codes, or embedded, as option, in larger computer packages, such as GAMESS 
or Gaussian. Other implementations are exploiting the so-called complete active-
space self-consistent field (CASSCF) methods, which are appropriate for dealing 
with multi-configurational wavefunctions and excited state sets. Thus, one may 
project a CASSCF result in a manner that retrieves a valence bond output [32–35]. 
A VB method accounting all the possible ionic states, namely, a complete active-
space valence bond (CASVB), is, at the end, fully equivalent with a CASSCF pro-
cedure set in the same active space. Comprehensive textbooks on valence bond 
theory are due to Gallup or Shaik and Hiberty [10, 11].

To complete, the introduction to VB must define the nature of spin wavefunction. 
In the simplest realization, these may consist in all the spin flip configurations of n 
electrons solidary with n orbitals (i.e. confined to non-ionic pattern). These configu-
rations can be classified in accordance with the total spin projection Sz, needing 
further linear combinations within their set, to become classified by a non-null S 
spin quantum number. This is the usual option for phenomenological applications of 
the Hamiltonian from the Eq. (1) in simulations of molecular magnetism, when the 
finding of spin states is realized by the algebra of quantum moments with Clebsch-
Gordan coefficients.

Other option is to let initially unsolved the issue of S proper vectors, applying the 
spin Hamiltonian to the full spin projection basis, without a preliminary classifica-
tion, going to the numerical solving of the resulted matrix. However, the full set of 
local spin projection becomes very large even at moderate numbers of considered 
electrons, the size growing exponentially as 2n. In such a situation, the spin sym-
metry algebra by Clebsch-Gordan coefficients is not convenient as adaptation to the 
S quantum numbers. The VB frame uses a very simple procedure for getting spin 
functions, particularly considering that in most cases of bonding problems must 
deal with singlet states, with S = 0. For a couple of electrons placed in the i and j 
orbitals, the singlet state can be formulated simply as the (αiβj − βiαj) combination 
of the two configurations with Sz = 0. For a many electron system with even count, 
a total S = 0 can be obtained by stepwise products of such singlet couples.

If it must be tackled with generally non-null S number, the state with the highest 
spin projection S=Sz is formulated as a product between a sequence of coupled 
electrons (a subsystem with null spin resultant) and 2S electrons with spin α:
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Here Nα and Nβ stand for the number of up and down electrons, so that S = Sz = 
(Nα–Nβ)/2, while Ω denotes the ordering of centres that renders a given scheme of 
pairwise coupling in singlet subsystem, continued, if the case, with the product of 
α-electrons, until the maximal projection of the selected total spin is reached. In 
principle, if one must account the whole 2S + 1 multiplet, the components should be 
treated with the algebra of Clebsch-Gordan coefficients, but such an expansion is 
not among the usual cases of VB treatments. In the above formula, the factor in the 
front suggests the anti-symmetrized orbital function, the same for all the spin 
combinations.

The Ω elements, called resonance structures, are yielding the wavefunction by 
corresponding linear combinations. The number of resonance structures needed 
as basis for a spin state S (confined only to the block with maximal projection, 
Sz=S) is:
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The first and second terms in the middle sequence are the combinatorial counts 
of states with Sz = S and Sz = S + 1 projections. Even if being limited to a single Ω 
component, as for instance may be reasonable for the π electrons in localized double 
bonds of conjugated systems, or for the σ skeleton in non-aromatic molecules, this 
sort of wavefunction has a multi-configurational nature, since the product of (αΩ(2k−1)

βΩ(2k) − βΩ(2k−1)αΩ(2k)) components is expanded in 2n Slater determinants, where n is 
the number of coupled pairs.

Let us note that the very often used density functional theory (DFT) calculations 
are confined to single-configuration wavefunctions, having some intrinsic limita-
tions. In the following, we will try to establish some practicable connections 
attempting to conciliate the relative difficulties due to non-routine status of VB 
approach with the temptation to rely on simple frameworks such as the DFT.

3  �The Benzene by Spin-Coupling Effective Hamiltonian

Let us discuss in the following the case of benzene, as a prototypic example of spin 
coupling, a favourite subject of the chemical bonding essays. Naturally, there are 
very many reports on such an important molecule, even if the search filter is con-
fined to valence bond or spin Hamiltonian keywords. One may mention very early 
studies [36], as well as a continuous line of preoccupations for benzene and other 
representative conjugated systems in the light of the VB paradigm [37–40]. We are 
attempting here a personalized review of the problems, redrawing the modelling and 
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calculations in a compact and consistent manner, reissuing the related conceptual 
and methodological aspects and suggesting new links and clues.

The difference between the ab initio calculation and the effective Hamiltonian 
treatment is, of course, the fact that the first one implies a big engine of evaluating 
many one- and two-electron integrals in the selected atomic basis, resulting in a 
black box that records the way to the final result, while the phenomenological route 
contains a transparent set of formulas, workable by hand, or at least by a small piece 
of code. The first one has predictive power, while the last holds explanatory virtues. 
A very nice aspect of the phenomenological VB based on resonance structures 
defined like in Eq. (3), subjected to the Hamiltonian (1), is that it can work with the 
help of graphical representations. Not only that the resonance structures are getting 
a picturesque display, as are the celebrated Kekulé and Dewar structures for the case 
of benzene, but the Hamiltonian itself can be obtained with the help of simple 
graphic rules, which are making the procedure practically available to everyone 
interested, not only to theorists.

Figure 1 shows in the upper row, or in the first column, the five known resonance 
structures. In extension to the usual representation as double bonds, the couplings 
are annotated by arrows comprising information about ordering in the spin pairs. 
Thus, the i→j arrow stands for a (αiβj − βiαj) factor, while the reversal of the arrow 
implies a sign change, i.e. j→i representing (αjβi − βjαi). Ignoring the normalization 
and the orbital factor, the resonance structures chosen in Fig. 1 can be ascribed as 
follows:

	
FK1 1 2 1 2 2 3 2 3 5 6 5 6= -( ) -( ) -( )a b b a a b b a a b b a ,

	
(4.a)

	
FK2 2 3 2 3 4 5 4 5 6 1 6 1= -( ) -( ) -( )a b b a a b b a a b b a ,

	
(4.b)

	
FD1 1 4 1 4 2 3 2 3 6 5 6 5= -( ) -( ) -( )a b b a a b b a a b b a ,

	
(4.c)

	
FD2 2 5 2 5 3 4 3 4 1 6 1 6= -( ) -( ) -( )a b b a a b b a a b b a ,

	
(4.d)

	
FD3 3 6 3 6 2 1 2 1 4 5 4 5= -( ) -( ) -( )a b b a a b b a a b b a ,

	
(4.e)

where the first two are Kekulé-type and the last three Dewar forms. Altogether with 
the orbital factor (which would be similar to the product of six pz atomic orbitals 
perpendicular to the ring), we ignored a sign factor. For instance, if convened that 
reference orbital functions is ordered like 1–6, the overall sign for each resonance 
structure is the signature of the permutation resulted concatenating the indices com-
prised in the chosen sequence of pairwise coupling. For example, for the second 
Kekulé structure in (4.b), the permutation will be {2, 3, 4, 5, 6, 1}, having negative 
sign. However, this overall factoring is not important, since it corresponds, in 
Hamiltonian and overlap matrices, to a sign swap on whole rows and columns, 
which is not affecting the eigenvalues. In turn, the sign conventions regarding the 
spin part, as comprised in the arrows of graphical representation, are important in 
the rules of simplified evaluation.
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Let us point that the choice of resonance structures, although having a degree of 
freedom and several alternative conventions available, is not subject of phantasy. 
For instance, we cannot criticize or rule out Dewar structures, as suggesting unrea-
sonable distant bonding, because their implication was needed to reach the dimen-
sion corresponding to a basis for the five S = 0 states, as results from the count with 
Eq. (3) when Nα = 3 and Nβ = 3.

The way of choosing the resonance patterns corresponds to Rumer algorithm 
[41], which implies the arrangement of the spin carriers on a ring and taking all the 
couples that correspond to drawing non-crossing lines between the vertices of 
the polygon. In the case of benzene, it happens that the molecule itself is a ring, but 
the Rumer procedure uses a circle, irrespective the real geometry (as will see later 
for naphthalene).

Other algorithms of constructing VB bases are known, as the Young tableaus, 
imported from permutation group theory, or the Serber and Kotani diagrams [42, 
43]. The Rumer-type structures are non-orthogonal. The overlap integrals between 
two resonance structures, obtained with the aid of the graphical superposition of the 
Rumer figures are concluded as follows:

	
S E

n n
W W W W W W W W
, | ,, ,= á ¢ñ = -( ) ¢ ¢ -d n

1 2
	

(5)

where n is the total of paired couples (unpaired β-electrons in case of radical struc-
tures), nΩΩ′ is the number of so-called islands and νΩΩ′ is the number of arrow reversal 

6
5

4
3
2

1

Fig. 1  The graphic representations rendering the overlap matrix for resonance the structures act-
ing as basis for the five S = 0 states in C6H6. The upper half shows the direct superpositions, while 
the part under diagonal brings each figure to head-to-head or tail-to-tail matching, marking the 
modified arrows in green ink
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that brings the figure to a figure containing only tail-to-tail and arrow-to-arrow vertices 
(named matching form). The δE symbols the vanishing of the integral if the super-
position pattern contains at least one open chain with even number of members 
(i.e. δE = 0 in this case), while is δE = 1 otherwise. Open chains are encountered only 
in the case of radical-type resonance structures. The open chains with odd length are 
contributed as simple unity factors in the overlap integrals. The islands are closed 
circuits, the trivial one being the superposition of one arrow with itself.

In Fig. 1, one may see easily that in the diagonal superposition patterns, there are 
a number of such minimal islands equalling the number of electron pairs, nΩΩ = n, 
reaching then SΩΩ = 1, according to Eq. (5). One may also exemplify the superposi-
tion of the two Kekulé structures, leading to the unique island comprising all sites, 
having then the absolute value of the overlap 1/4, if introduce nΩΩ′ = 1 and n = 3 in 
the above formula.

With the selected arrow directions, the superposition pattern results already in 
matching form (arrows all head-to-head or tail-to-tail), the integral being then posi-
tive. The superposition of two Dewar structures shows a skewed shape, but a careful 
examination shows that it leads also to a unique island. In these cases, there is an 
odd number, needing reversal for perfect matching, the overlap values being then 
−1/4. The superposition of a Kekulé and Dewar structure shows two islands, one 
with four corners and one with two sites, the absolute values of these integrals being 
1/2, with the sign varying from case to case.

The Hamiltonian elements can also be worked with graphic tricks. Only the 
exchange interaction is explicitly accounted, while the kinetic and Coulomb terms 
are assumed the same for all the configurations. The action of the exchange operator 
can be formulated as swapping two electrons in the affected wavefunction. 
Then, the matrix element of the Heisenberg operator (formulated in “bracket” style) 
can be thought in terms of the overlap integrals between resonance structures 
(ascribed in the “bra” left side) and patterns resulting from resonances by permut-
ing the corresponding i and j sites (in the “ket” right part):

	

H J S S J P
j i

ij i j
j i

ij ijWW¢ W W¢ W W¢= á - × -( ) ñ = - á ñå å
< <

| / | | .2 1 2
^ ^ ^

	

(6)

In other words, the coefficient of the Jij parameter in the HΩΩ′ is done as the 
overlap between the Ω resonance structure and the permuted P̂ij ¢W  one (resulting 
from Ω′).

There are even simpler rules for getting the Hamiltonian elements, as proportion-
ality with the overlap matrix and factors depending on the mutual position of the 
i and j considered centres with respect to the island partition (the same or different, 
concerning the possibility to be placed in open chains). But, because is possible to 
have a non-null Hamiltonian non-diagonal element while the corresponding overlap 
vanishes, is more general to work in the outlined strategy.

Figure 2 illustrates the action of the operator ˆ ˆS S1 2× , by taking the applied to column 
entries of the Hamiltonian matrix (with permuted structures depicted on the top row), 
while the rows are the Kekulé and Dewar resonances. Here also acts the convention of 
matching form for fitting the arrows heads and tails. For instance, the permutation of  
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1 and 2 sites in the first Kekulé resonance, which contain the 1→2 arrow, leads to 2→1. 
Then, to reach the matching form, one must introduce a minus sign, which multiplied 
with the negative factor from the spin operators makes the first diagonal element to 
contain a + J12 term.

The superposition between the first Kekulé structure and the mutated second one 
has a skewed shape which is, topologically, a single island. Considering the figured 
one-arrow reversal, the overlap results as −1/4, arriving then at the +J12/4 content of 
the non-diagonal between the Kekulé structures.

The completion of the Hamiltonian estimation needs the working of permuted 
P̂ij  structures for all the non-null Jij parameters of the given topology and summing 
them up, numerically or symbolically, depending on the approach.

Taking, as is very intuitive, a unique parameter, J, around the C6H6 ring and null 
for the distant interactions between the sites in mutual meta and para placement, the 
Hamiltonian matrix results as follows, aside the corresponding overlap matrix:
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(7.a)
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Fig. 2  The graphic 
handling needed for the 
estimation of the factors of 
the J12 parameter in the 
spin Hamiltonian matrix 
evaluating the overlap of 
resonance structures with 
those mutated by the 
permutation of the 1 and 2 
sites. The superposition 
patterns are represented in 
the matching form showing 
the switched arrows 
marked in green
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(7.b)

The E energy eigenvalues and the C matrix of eigenvectors are resulting from the 
HC=ESC matrix equation. The energy can be also ascribed as a series of numeric 
factors, E, representing the unknowns in the det(HC-ESC) = 0 equation. With 
the help of Mathematica™ [44, 45] computer algebra code, we determined the 
following solutions:

	

E J J J J J J

J J J J

= - + - - - -{ }
» - - -{ }

13 0 2 2 13

2 6055 0 2 2 4 6055

, , , ,

, , , ,. . .
	

(8)

To express the phenomenology of antiparallel spin pairing, the J parameter is 
negative, the above values being then ordered in the increasing energy. The lowest 
two states can be interpreted as mainly due to Kekulé resonances, while the last 
three show a Dewar dominant basis. Note the two degenerate −2 J eigenvalues, 
comprised an orbital doublet, E2g. The symmetry labels of the states in the given 
ordering are A1g, B2u, E2g and A1g.

4  �The Benzene by Ab Initio Valence Bond Calculations

Let us consider in the following the first-principle valence bond calculations, after 
having introduced previously the simplified spin Hamiltonian approach. Using the 
VB2000 code [28, 29], the self-consistent result is based on the six equivalent orbit-
als, the same on each carbon centre, one of them being represented in Fig.  3. 
Considering the left-side panel, the appearance is of pz type, as expected, but the 
contour representation drawn in the right side suggests a more subtle composition, 
incorporating neighbour contributions. The relative VB energies for the {A1g, B2u, 
E2g, A1g} series are {0, 41921, 73234, 118558} cm−1 with the 6-31G basis and 
{42588, 74235, 120381} cm−1 with the 6–311  +  G* set. One may say that the 
numeric difference between the first case, with a modest basis set, and the richer one 
is not significant, if the nature of the bonding regime is judged. Therefore, in the 
following, we will use simple basis sets, for the sake of a simpler discussion.
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With bases like 6-31G or 6-311G, the atomic orbitals implied in π bonding are 
pure p-type, being in line with the intuitive thought. In a polarized basis like 
6-311G*, the d-type mixing into the carbon-carbon bonds is small, though maybe 
not insignificant for certain computed quantities, but not really relevant for the 
bonding itself. Then, one may fit from the simpler calculation the J exchange param-
eter that characterizes the bond as J  = −16,191  cm−1. This value retrieves the 
considered series of states at {0, 42187, 74569, 116756} cm−1, quite close to 
the direct calculation.

Relying on the 6-31G calculations, in the ground state, each Kekulé structure has 
a 40.26% weight, while each Dewar resonance gets 6.93% (estimated by a Mulliken-
type formula). In counterpart, in the highest excited state (having the same A1g 
symmetry like the ground state) the minority components are the Kekulé reso-
nances, with 9.74% each, while each Dewar has a 26.84% share. By symmetry, the 
first excited state, B2u, is entirely made from Kekulé elements (i.e. pure 50% each). 
The ground and first excited states can be regarded as made from in-phase and out-
of-phase (i.e. with plus and minus respective signs) combinations of the Kekulé 
resonances. However, this is merely a convention, since the sign of a wavefunction 
can be changed arbitrarily (e.g. choosing a resonance pattern with one pair swap-
ping positions). Also by symmetry reasons, the E2g doubly degenerate state consists 
only in Dewar components.

The examination of the weights may suggest as possible approximation the limi-
tation to the two Kekulé resonances. On the other hand, a glance at the matrices 
from Eq. (7) seems not encouraging in this sense. Thus, a separation of contribu-
tions from different basis elements is justified, in the sense of perturbation theory, if 
their non-diagonal elements are smaller than the difference between the diagonal 
ones. Here, we find the cross-elements between Kekulé and Dewar resonances 
having the same absolute value with the diagonal gap between these two types, 
namely, 3|J|/2. Besides, the non-orthogonality makes the problem more complicated.

Cutting the corresponding 2 × 2 Hamiltonian and overlap matrices, we try 
however an enforced solution in the space of Kekulé resonances only:

Fig. 3  Self-consistent orbitals from valence bond calculation of the benzene in the spin-coupled 
formalism. The 3D isosurface from left side is drawn at 0.1 e/Å3. The 2D contours from the right 
side are drawn in a plane spaced at 0.5 Å height, parallel to the molecular one
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(9)

One obtains for the ground state and excited levels at, 12 J/5 and 0, respectively. 
The approximated 2.4 J ground state is somehow close to the 2.6055 J exact model-
ling. Combining the spin-coupling model and the VB calculations, one may esti-
mate the resonance energy. This can be naturally defined as the difference between 
the energy of the stabilized ground state and the diagonal element of a single Kekulé 
resonance:

	
E J Jres = - +æ

è
ç

ö
ø
÷ »

5

2
13 1 1055. .

	
(10)

This equation was obtained in an early work [36]. Using the above fitted J value, 
the resonance energy results about 17,900 cm−1 or 51.2 kcal/mol, in module. This is 
larger than the 36 kcal/mol amount taken as from the hydrogenation energy of the 
benzene minus three times those of the cyclohexene. On the other hand, one may 
criticize the practical estimation as not representing purely the decoupling of reso-
nance, since many other parameters are varying in the process, such as bond lengths 
and stereochemistry. Based only on the Kekulé resonances, the aromatic stabiliza-
tion is 0.9 J (i.e. the difference between the estimated 2.4 J ground state and the 
1.5 J diagonal element).

5  �The Benzene by Natural Bond Orbitals and Natural 
Resonance Theory

In the following, we will test the possibility to reach VB-alike parameters and dis-
cussion based on entirely different methodology, reshaping the results of simpler 
calculations, such as by DFT. To meet such goals, the so-called natural resonance 
theory (NRT) was created [46–48], in the frame of the more general paradigm called 
natural bond orbital (NBO) [49, 50]. The NBO is a post-computational analysis of 
the orbitals which resulted from any type of calculation (e.g. DFT), retrieving intui-
tive objects, such as hybrids, lone pairs and localized bonds of different types (sim-
ple, double, triple). The NRT algorithms do a weighted dichotomy of the total 
density in contributions from orbital patterns resembling Lewis structures (localized 
orbitals with integer population). Tempted by the relatively easy availability of such 
analyses, realized with user-friendly NBO codes and keywords, we will realize a 
comparison with the previously sketched VB analysis. Thus, the post-computation 
NRT analysis of the benzene, taken with the B3LYP functional, found the 33.3% 
weight for each Kekulé structure and 3.7% for each Dewar-type contribution. 
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Interestingly, these numbers are almost the same for calculations with three 
different basis sets: 6-31G, 6-311G and 6-311G*. The weights seem underesti-
mated in comparison with the above VB result, but this occurs because the NRT 
code recognizes also many small participations resembling the ionic structures in 
VB terminology. In principle, this can be regarded as a measure of realism of the 
method, since, in the previous VB treatment, we intentionally avoided to account 
such structures, accepting however their potential implication.

The NBO has also another option, apparently serving to emulate a VB regime, 
estimating the energy of a given resonance structure. Thus, one may impose the 
analysis of a desired resonance structure. The total density can be retrieved on its 
scaffold on the expense of fractional occupation of the imposed localized orbitals. 
The occupied orbitals can get populations sensibly smaller than the double occu-
pancy, while many virtual orbitals can carry residual density. The procedure can 
however enforce strict double occupation of populated local orbitals and null den-
sity in the virtual-type NBOs, the energy of such object, computed at imposed 
frozen density, being tentatively conceivable as those of a VB-alike resonance 
structure. The π-type NBO simulating the Kekulé and Dewar benzene structures is 
shown in Fig. 4. However, the energies of these structures are not in line with the 
VB interpretation. Thus, the Kekulé structure is higher than the DFT ground state, 
by 343 kcal/mol, 356 kcal/mol or 365 kcal/mol with B3LYP functional and the 
6-31G, 6-311G and 6-311G* respective basis sets. Compared with the previous 
discussion, the values are large overestimations of the resonance energy. Extracting 
the exchange parameter by division with the 1.1055 factor, one finds, e.g. with 
6-31G, the J = −108,467 cm−1 value. This is several times larger than the value fit-
ted from the VB calculation. An overestimated gap is found between the NBO sur-
rogates of the Kekulé and Dewar-alike structures. Result with B3LYP/6-31G is 
57,925 cm−1. In model, this gap is 1.5|J|, yielding then another estimation of the 
exchange: 38,617 cm−1.

The NBO frozen density schemes do not allow to simulate the VB resonance. In 
VB, the spin-coupling resonance does not imply density displacements, as the for-
mulation of structures by travelling double bonds may suggest, since only the spin 
flips are involved. Then, since NBO theory works with density management, it 
provokes larger rearrangements than expected. If in VB a self-consistency is taken 
on single resonance structures, one may end with different density patterns for dif-
ferent choices, but not as largely mutually different as in the NBO frozen reso-
nance structure choices. Possibly, if NBO would be restricted to operate only on a 
limited set of active orbitals, the resonance structure emulation would be closer to 
the VB approach. In the actual implementation, it uses the full pool of orbitals, 
having a complex balance of density flows (including the σ skeleton, in the case of 
aromatics).

Insisting to have an estimation of the J exchange parameter from a non-VB cal-
culation, we move now to the idea of using the different spin states in Hartree-Fock 
(HF) or density functional theory. The boldest approach is to use the extreme spin 
states, i.e. in our case the singlet ground state and the spin septet resulted enforcing 
six unpaired parallel electrons in the six π orbitals of benzene. For the benzene, the 
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energy of spin septet is −6 J. In general, the highest spin energy is the negative from 
the sum of all the exchange coupling parameters. Then, taking the difference with 
the above equated ground state, the absolute value of the J is obtained dividing with 
(5 + 131/2) ≈ 8.6055 the gap between high septet and the singlet ground state.

The calculation of the ground state is a routine deal, HF or DFT. The calculation 
of the high-spin state does not pose, in principle, any difficulty, but must take care 
that the procedure holds the desired π orbitals as lodge for the unpaired electrons. It 
may be possible to have a swap with orbitals from non-bonding σ part. In this case, 
the calculation must be repeated with a permuted orbital ordering as guess.

With the 6-31G basis set and HF method, one obtains a J = −13,862 cm−1 param-
eter, underestimated in comparison with the VB resulted value. The high-spin state 
is basically the same in HF and VB. But the HF lacks electron correlation in ground 
state. As was pointed previously, the HF is a single determinant method, while the 
VB is multi-configurational, having a better description of the electrons in 
molecule.

Since DFT includes the electron correlation, in empirical manner, while remain-
ing at the convenient single determinant level, one may hope that a proper func-
tional recovers the effective non-VB estimation of the VB-type parameters. Thus, 
the simplest functional setting, called local density approximation (LDA) [51, 52], 
gives J = −18,257 cm−1. This value is slightly overestimated.

Checking the BP86 functional [53, 54], belonging to the generalized gradient 
approximation (GGA), thought as superior to LDA level, one obtains 
J = −17,402 cm−1. Finally, with the widely used B3LYP functional, belonging to the 
hybrid class, combining HF and Becke exchange [53] with Lee-Yang-Parr (LYP) 
[55] correlation, we got J = −17,027 cm−1, quite close to the VB estimation. Then, 
it seems that we reached the hope that a DFT simple self-consistent procedure 
can retrieve the correlation contained in a VB wavefunction. Then, it is possible to 

Fig. 4  Simulated Kekulé and Dewar resonance structures by localized natural bond orbitals 
(NBOs). The NBOs are shown individually and in superposition (with different colours, to mark 
their identity). The contours are drawn at 0.5 Å above the molecular plane
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construct a VB language just using the simplified frame of spin Hamiltonian, having 
the parameters provided by DFT calculations.

Here one must point that the another methodology known from the extraction of 
exchange coupling parameters from DFT calculations, the so-called broken sym-
metry (BS) approach [56–59], cannot work in systems with very strong coupling. 
The method is supposed to converge unrestricted configurations with α- and β-spin 
polarization on localized orbitals of the coupled centres. This works for systems 
from molecular magnetism, with J parameters in the range of reciprocal centimetres 
(at most tens or hundreds of cm−1).

For stronger coupling, the iterations are leading the system towards doubly occu-
pied orbitals instead of the aimed α-β-separation. Thus, the BS-DFT cannot be 
directly attempted on hydrocarbons.

6  �The Polyaromatic Hydrocarbons. The Naphthalene Case

In the following, we will analyse the naphthalene molecule, the next iconic figure in 
the issues related with the aromaticity of hydrocarbons. The molecule received the 
deserved attention along the whole timeline, since the early quantum chemistry, till 
the modern era of valence bond method [36, 60, 61]. Here, reconstructing the detec-
tive story on the bonding regime, the aspect to be debated is its apparent limited aro-
maticity, given the geometry with non-equivalent bonds. There are four types of 
carbon-carbon contacts (labelled a-d in the left side of Fig. 5) and three types of atoms 
(1, 2 and 3, correspondingly). The figure shows also the well-known three Kekulé-
type resonance structures, drawn with arrows, to define the sign of the wavefunction.

The optimized bond lengths are la = 1.4243 Å, lb. = 1.3805 Å, lc = 1.4200 Å and 
ld = 1.4381 Å with the B3LYP/6-31G basis set. These results are not strongly depen-
dent on the technical details, being, for instance, la  =  1.4241  Å, lb.  =  1.3778  Å, 
lc = 1.4182 Å and ld = 1.4365 Å with the 6-311G, while la = 1.4191 Å, lb. = 1.3735 Å, 
lc = 1.4144 Å and ld = 1.4314 Å with the 6-311G* bases. As we insisted previously, 
the basic features of a molecule are reasonably described even with moderate basis 
sets and standard functional choices. Richer basis sets may be needed in quantitative 
description of certain quantities, such as atomization energies, but the bonding 
scheme is sufficiently and clearly described in moderate settings.

For an experimental comparison, we took an averaging over the considered bond 
types from different reports [62–64], getting la  =  1.4216  Å, lb.  =  1.3738  Å, 
lc = 1.4158 Å and ld = 1.4167 Å. One may see a good experimental-theoretical rela-
tionship, except a certain overestimation of the ld bond length in the computed 
geometries.

For a system with ten electrons in ten orbitals, the count with Eq. (3) establishes 
42 singlet states, the spin-coupled valence bond demanding then this number of 
resonance structures. Using the Rumer graphic algorithm [41], the necessary num-
ber of resonance structures can be collected arranging the spin carriers on a circle 
(irrespective the true geometry of the considered molecule) and drawing lines in all 
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the combinations avoiding their crossing. This method is illustrated in Fig. 6, disre-
garding the actual geometry of naphthalene. We also dropped the use of arrows, 
putting just lines instead. Combining the site labelling from Figs. 5 and 6, one may 
see that the first three resonances from the Rumer algorithm (reading from top to 
down and left to right) are, in fact, the Kekulé-type resonances which can be drawn 
taking the realistic skeleton of the molecule.

The Hamiltonian ascribed with four types of coupling parameters (Ja, Jb, Jc 
and Jd) matching the different bond types that is given in Eq. (11.a), in the basis of 
resonance structures labelled K1, K2 and K3 in Fig. 5 is:
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the related overlap being:
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(11.b)

The corresponding overlap matrix is found in Eq. (11.b). The structure K3 obeys 
the D2h symmetry of the molecule. This is expected to mix with a symmetric com-
bination of the K1 and K2, in the formation of the ground state. With the chosen sign 
of the resonance structures, the symmetric combination is K1+ K2, ignoring the nor-
malization factor. As complement, there is a K1–K2 out-of-phase combination deter-
mining an excited state. The phase of combination is subject to the conventional 
choice of the arrows in the resonance structures. For instance, if one or all three 
arrows would be reverted in K2, its sign will switch, making the K1–K2 combination 
the total symmetric function and K1+K2 the excited state.
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Fig. 5  Bond and exchange type contacts (left side) and Kekulé-type resonance structures of 
naphthalene
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The difference between diagonal energies of K1 or K2 vs. K3 is due to the differ-
ence between the Ja-Jd individual parameters. If enforcing all the coupling parame-
ters equal to a unique J, then all the diagonal elements are turning equal to 2 J. Since 
the term resonance originates from the idea of interaction between levels with equal 
energy, and aromatic stabilization is related with the energy gain from such an 
effect, one may say that the naphthalene is qualified, in principle, for the aromaticity 
effect. The question is what determines, at end, the bond alternation and how this 
alters the aromatic qualities. In the first instance, we will confine to the model case 
of equal bond lengths and coupling parameters.

With the help of model Hamiltonian from Eq. (11), one may answer to the 
inquiry about the weights in the case of absolute equivalence of all the bonds, taking 
Ja=Jb=Jc=Jd=J. The weight results are different, with 29.5% for K1 and K2, while 
41% for the K3. Judging the sum of K1 with K2 vs. the K3 weight, one sees that the 
first object dominates with an approximate 1.5:1 ratio. This distribution is dictated 
by the non-diagonal elements in the H and S matrices. Thus, the equal diagonal 
elements do not lead themselves to equal weights of all the Kekulé-type resonances, 
as an extrapolation of the benzene case. We used here the Mulliken definition, 
taking as weight wi of a given resonance structure labelled i in the ground state (gs) 
the following summation: wi =∑jCgs,iCgs,jSi,j, involving the C coefficients of the 
ground state eigenvector and the elements of the overlap matrix S. Keeping the 
simplification of unique J, but using the full set of 42 resonances, one obtains 8.94% 
for each of K1 or K2 and 14.68% for the K3. This reduction is due to the participation 
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Fig. 6  The full count of the 42 resonance structures in the spin-coupled VB-type treatment of a 
system with 10 electrons in 10 localized orbitals obtained the Rumer algorithm. The first three 
resonances from the top of the figure (the two from the highest row and the left-side one from the 
second line) are topologically equivalent with the three Kekulé resonance structure of the 
naphthalene
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of the other resonances, with contributions ranging between 0.1% and 5.6%. 
The ratio between the sum of the first two Kekulé structures and the third one is 
reduced to about 1.2:1, having, in other words, a relative increase of the K3 content. 
With the real geometry, at different Ja to Jd parameters, only the K1 and K2 are 
equivalent as energy and fall in mutual resonance relationship.

A deeper insight is gained with the help of valence bond calculations. The 
valence bond treatment with 6-31G basis set on the naphthalene produced the self-
consistent p-type orbitals, shown in Fig. 7 for the symmetry unique sites. As one 
may see in the contour diagrams, there are slight differences between these func-
tions, although qualitatively all have a pz appearance. The VB calculation can reveal 
the non-trivial issue of the weights of the resonance structures, considered previ-
ously in idealized modelling. Thus, one finds the 22.37% contribution for each of 
the K1 and K2 structures, while 55.25% for the K3 symmetric resonance (considering 
the Mulliken convention). The weights are different for the two resonance types, but 
one may speculate an approximate comparability between the contribution of K3, at 
one side, idealized to 50%, and those of the symmetric combination K1+ K2, on the 
other side, so that each of these pieces gets almost 25%. This can be interpreted as 
stepwise resonance: first between the K1 and K2, which are topologically equivalent, 
and then between their combination and K3. Searching the VB configuration interac-
tion matrix, i.e. the first-principle analogue of H, one finds that the diagonal element 
of K3 is lower than K1 or K2, a factor that favours its larger weight in the ground 
state. Indeed, the trend to the K1+K2: K3 ≈ 1:1 ratio from the previous ≈1.5:1 can be 
understood in this sense.

Enhancing the VB calculation to all the 42 possible resonance structures, the K1 
and K2 are retaining 12.36%, while K3 gets 39.18%. The other resonances are con-
tributing with small weights, ranging from 0.1% to about 4.3%. Thus, one may see 
that the three Kekulé resonances are holding the main share even in the extended 
scheme, in line with the belief and hope of chemical intuition. In the extended 
basis, the K3 contribution is higher comparatively to K1 and K2, sensibly larger than 
their sum.

Fig. 7  Self-consistent orbitals from valence bond calculation on naphthalene. The 3D isosurface 
is drawn at 0.1 e/Å3. The 2D contours are drawn at 0.5 Å above the molecular plane
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Besides, we enforced a VB calculation for a naphthalene with equal bond lengths, 
namely, with all C-C fixed at 1.4088 Å, the average value around the carbon perim-
eter. This yielded 30.6% weights for K1 and K2 vs. 38.8 % for K3 in a non-iterative 
process, having all the localized orbitals equivalent (pure pz AOs). Such result 
resembles the above discussed K1+K2: K3 ≈ 1.5:1 approximate situation in the model 
with equal J parameters for all the bonds. Completing the VB self-consistency in the 
idealized naphthalene with equal carbon-carbon bond lengths, i.e. allowing the 
resolution of slightly different orbitals on the symmetry distinct atoms, one reaches 
25.1% for K1 and K2 while 49.8 % for K3 after the iterations allowed the resolution 
of slightly different orbitals on the symmetry distinct atoms. Interestingly, this 
solution is very close to the K1+K2: K3 = 1:1 remarked previously as approximate 
situation for the VB calculation on the real geometry of naphthalene. One may 
speculate that this ratio, decided by self-consistency forces, i.e. by a trend towards 
a minimum of energy, represents another sort of aromatic manifestation, tending to 
put on equal footing the contributions of the K1+K2 normalized combination and K3, 
in spite of the fact that these are not equivalent objects.

Trying to bring at confluence the calculations and the Heisenberg spin 
Hamiltonian treatments, we will attempt to fit the Ja, Jb, Jc and Jd coupling parameters. 
We cannot compare directly the model and ab initio Hamiltonian matrices, because 
the first one is done tacitly in the approximation of non-overlapping p-type orbitals, 
while the real situation implies non-negligible overlap integrals. However, one may 
compare the modelled relative energy gaps between the three states expected from 
combination of the three Kekulé resonances and the computed values. Thus, the 
VB/6-31G calculation gave the two excited states at 44,154 cm−1 and 57,432 cm−1, 
relative to the ground state. One may see that we have two quantities available, 
while four J parameters. Then, one must introduce an approximation balancing the 
data entries with the number of parameters. We can rely on two parameters propos-
ing an exponential form, function of the r bond length: J(r) = A∙exp.(−α∙r). With 
A = −131,981 Hartree and α = 10.185 Å−1, the above energies are fitted perfectly. To 
avoid the large A coefficient and its confusing meaning (i.e. the J at null bond 
length), one may equivalently rearrange to J(r) = J0∙exp.(−α∙(r-r0)), where r0 is, 
conventionally, the averaged bond length, r0  =  1.4088  Å, having then 
J0 = −16,994 cm−1. The coupling value at this reference is well compared with the 
previously computed J parameter for benzene. With this function, taking the bond 
lengths mentioned at beginning, one obtains the following set of exchange param-
eters: Ja  =  −14,519  cm−1, Jb  =  −22,682  cm−1, Jc  =  −15,169  cm−1 and 
Jd = −12,615 cm−1.

Trying to understand the bond alternation from the outlined spin Hamiltonian 
model, we present the perturbation analysis, taking as zero-order reference, the situ-
ation of the system with equal J parameters. Then, as second-order perturbation, the 
ground state energy is:

	

E E
J J J J

J J J J

a b c d

a b c d

gs gs= -
- + -( )
+ + +

0

2
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The zero-order ground state energy is expressed only in terms of unique J, since 
it becomes too long as function of the Ja to Jd set:

	
E Jgs

0 1

10
17 3 31= +( ) .

	
(12.b)

The nominator in the fraction from Eq. (12.a) becomes null when all the exchange 
parameters are identical or at least when Ja = Jb and Jc = Jd. Since the second-order 
correction is negative, one may see that it gives energy stabilization if the equality 
of the exchange coupling parameters is disrupted. In other words, since the nomina-
tor is proportional to the square of a non-diagonal matrix element and the denomi-
nator is the gap between the involved diagonal elements, the trend to alternating 
bond lengths brings more configuration interaction into the system. Then, the same 
mechanism that is conceived to determine the aromaticity of benzene, namely, the 
configuration interaction between Kekulé resonances is also inducing the bond 
alternation trend in naphthalene.

From another perspective of the simplified modelling, relying on the unique J 
case, the resonance energy can be obtained subtracting from (12.b) the 2 J amount 
representing the diagonal elements of all the Kekulé structures. Then, one obtains 
the Eres ≈ 1.3703 J. In absolute measure, this is higher than those modelled for ben-
zene in Eq. (10). However, divided per number of active electrons, namely, six for 
benzene and ten for naphthalene, the first one appears more aromatic, as expected, 
with 0.184 J against 0.137 J.

Now, we shall compare the VB results with their emulation in the NBO and NRT 
post-computational analyses of the DFT calculations. The NRT treatment of a 
B3LYP/6-31G calculations rendered 26.42% for the K1 and K2 structures, while 
20.32 for the K3 resonance. This is in contrast with the VB and spin Hamiltonian 
modelling result, suggesting a caveat on the limits of the NRT, as replacement for 
the VB weighting. The reasons can be guessed in the fact that NRT operates with 
density contributions, nominally different for each type of resonance, while the 
proper VB does not imply a density flux following the spin flipping. We will keep 
this comparative assessment in the attention of the following examples. One may 
add also the analysis of NBO energies simulated for frozen resonance structures. As 
found also for the benzene case, the energy of an isolated NBO resonance structure 
is much higher than expected. Thus, the K1 and K2 structures are by about 656 kcal/
mol higher than the ground state energy. In turn, the VB calculation finds a reason-
able amount of 53 kcal/mol. The K3 is lower in absolute energy, in both NBO and 
VBcalculations (taken as diagonal element of the corresponding matrix, in the last 
one). The NBO overestimates the gap to 636 kcal/mol, while the VB renders about 
15 kcal/mol. The relative energy between the single structures (taken as K3 minus 
K1) is 20 kcal/mol in the NBO numeric experiment and 38 kcal/mol from the VB 
data. Interestingly, here the NBO keeps a certain qualitative comparability with the 
VB frame.
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Taking the departure between ground state and lowest diagonal element, the VB 
estimation of the aromatic stabilization is 15 kcal/mol, smaller than those of ben-
zene. Considering the situation of alternating bond lengths as established fact, the 
aromaticity of naphthalene can be judged as a second-order effect, from a different 
perspective than the above discussion around Eqs. (12). Thus, the resonance notion 
can be nominally used only in the case of equivalent objects, namely, the K1 and K2 
couple. However, the K1 and K2 elements have higher energy than the K3 structure. 
Therefore, one may say that the resonance is involved in ground state in a second-
order manner. On the other hand, as observed previously for the real geometry, and 
also the enforced equalization of bonds, the K1+K2 cumulated weights tend to be 
comparable, about 50%, with those of the K3, as if these two objects are effectively 
equivalent. This situation is achieved through the overlap effects of localized pz-
alike self-consistent VB orbitals.

7  �The Polyaromatic Hydrocarbons: The Anthracene 
Example

For a continuation of the analysis, let us take the anthracene case, reconstructing in 
the previously contoured methodology the bonding aspects partly known from ear-
lier works [65]. Fig. 8 shows the bond types and the Kekulé resonances. The five 
carbon-carbon bond types, labelled from a to e, were collected by averaging on 
measurements picked up from several X-ray crystal data [66–69], obtaining 
la = 1.3975 Å, lb = 1.4318 Å, lc = 1.3588 Å, ld = 1.4163 Å and le = 1.4315 Å. The 
series is well matched by the geometry computed in the B3LYP/6-31G setting: 
la = 1.4036 Å, lb = 1.4329 Å, lc = 1.3739 Å, ld = 1.4288 Å and le = 1.4491 Å. As 
discussed previously, other basis sets, as well as different functionals, are yielding 
similar results.

In order to keep the same format with the above discussions, in spite of the fact 
that the problems are becoming progressively more complex, let us consider the  
4 × 4 spin Hamiltonian having as entries the resonance structures defined in Fig. 8. 
The generic table is:
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having the following elements:
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Correspondingly, the overlap matrix is:
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In this case, there are two pairs falling in equivalence classes, K1 and K4 aside the 
K3 and K1. These couples are carrying therefore the resonance effects, the ground 
state corresponding to their summation with the same sign and different weights. 
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Fig. 8  Bond and exchange type contacts (left side) and Kekulé-type resonance structures of 
anthracene
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Although the main interest is on the ground state, taking also the excited states of 
the VB calculation, one may apply a fit of the coupling constants, particularized on 
each bond type, in a manner similar to the previous treatment of the naphthalene. 
Thus, the excited VB states computed with a 6-31G basis are at 37065  cm−1, 
56,585  cm−1 and 61,442  cm−1. The E energy solutions of the det(HC-ESC)  =  0 
equation fitted reasonably this set, retrieving 34,338  cm−1, 57,575  cm−1 and 
61,835 cm−1. In this view, we assumed a J(r) = J0∙exp(−α∙(r-r0)) dependence of the 
exchange coupling on the r bond length, r0 being the averaged bond length of this 
system, r0  =  1.4123  Å. The optimal parameters are J0  =  −14,707  cm−1 and α 
=6.056  Å−1, producing the following values for each carbon-carbon bond type: 
Ja = −15,504 cm−1, Jb = −12,986 cm−1, Jc = −18,559 cm−1, Jd = −13,312 cm−1 and 
Je = −17,239 cm−1. The range of parameters and values is similar to those of the 
previously discussed case of benzene and naphthalene, although the actual param-
eters reflect the very specific situation of the new case, apparently with weaker π 
bonding, given the larger r0 and smaller J0 values. In rough sense, the r0 and J0 can 
be taken as transferable between different systems or possibly scalable with the 
number of carbon atoms of the specimen in a given series (e.g. polyacenes, to com-
prise the naphthalene and anthracene together).

For a touch of concreteness, Fig. 9 represents the orbitals of the self-consistent 
VB approach, noticing the slight variation of the profiles according to the different 
carbon atoms. Qualitatively, as in previous cases, their appearance is of pz-type 
atomic functions perpendicular to the molecular plane. The first-principle VB calcu-
lation revealed the 14.89  % weight for K1 and K4 equivalent resonances, while 
35.11% for K2 and K3. The higher content in the middle basis element is related with 
the lower placement of their diagonal Hamiltonian matrix element, in comparison 
with the other ones. Thus, K1 and K4 resonance structures are with 69.4 kcal/mol 
above the ground state, while K2 and K3 are placed at 27.7 cm−1. The last value can 
be judged as the net aromatic stabilization. One observes that it is higher than the 
magnitude taken in similar way for naphthalene, 15 kcal/mol. This can be inter-
preted by the fact that anthracene is more predisposed to resonance effects, because 
one may form two equivalent couples K1 and K4 aside the K2 and K3, while the 
naphthalene contained only the K1 and K2 resonant pair.

The predominance of the K2 + K3 pair in the weights of the ground state is 
retrieved also if the simplified case of unique J coupling parameter is assumed for 
all the bonded pairs, when all the diagonal elements of the matrix from (13.a) are 
becoming equal to 5  J/2. The resulted weights are 18.75% for K1 and K4 while 
31.25% for K2 and K3. This can be interpreted as a higher aromatic character of the 
rings at the middle of the molecule, resulting from topological factors enciphered in 
the Hamiltonian and overlap matrices of the simplified spin-coupling modelling.

Confined to the simple hypothesis of homogenous bond coupling, the expression 
of the ground state energy of anthracene looks very simple: 83J/20. The aromatic 
stabilization is then obtained subtracting from this quantity the 5J/2 representing the 
diagonal elements (the same for all the four Kekulé resonances), being 
33J/20 = 1.65 J. As absolute value, it is larger than those modelled for naphthalene, 
which was larger than those of benzene. However, divided by the number of π elec-
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trons, namely, 14 for anthracene, the ordering of resonance energy per electron is 
reversed in the sketched series, being 0.1178 J for anthracene (while 0.137 J for 
naphthalene and 0.184 J for benzene).

To complete the assessments started in the previous sections, we are going to 
compare the VB results against the simulations in the frame of NBO theory. Thus, 
the resonance weights taken by the NRT algorithm (as post-computational analysis 
to a B3LYP/6-31G calculations) show the reversed ordering, in comparison with the 
VB and spin Hamiltonian modelling, getting 27.56% for the K1 and K4 elements, 
while K1 and K4 while 31.25% for K2 and K3. The strategy to impose frozen density 
objects as simulacrum for resonance structures produces very large energies, over 
900 kcal/mol above the ground state. Although the gap between the two types of 
NBO resonances is in an acceptable range, namely, 41.7 kcal/mol, this information 
is of little use in the given circumstances.

Putting together all the caveats progressively drawn in the previous sections from 
the VB vs. NBO comparisons, one may conclude that, unfortunately, the natural 
bond orbital frame and, particularly, the natural resonance theory are not safe 
replacements for the valence bond calculations. The interest for such a possible 
conjecture is indebted by the fact that the VB calculations are limited to a relatively 
small number of electrons.

The used code VB2000 [28, 29] depends on certain map files which are encoding 
the spin-coupling algebra, limited to 14 electrons in the present release. Thus, the 
anthracene is at the limit of approachable molecules. Then, it remains to suggest 
that for larger systems one may yet use the phenomenological spin Hamiltonian, 
confined to a practicable basis of Kekulé resonances. As illustrated in the previous 
examples, even with the simplest assumption of unique J parameter (disregarding 
the specific bond alternation), the resonance weights are well accounted, with a 

Fig. 9  Self-consistent orbitals on symmetry unique site types (1–4) from valence bond calculation 
on anthracene. The 2D contours are drawn at 0.5 Å above the molecular plane
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semi-quantitative extent. For the simplified case of unique exchange parameter, the 
pattern of wavefunctions and weights is independent on its value, while the energy 
spectrum is simply scalable with the |J| amount.

8  �The Polyacenes: Molecular Models for Electronic 
Conduction

Starting from the idea that the electronic delocalization is the engine for the con-
ducting properties, we will speculate a molecular approach of this effect, using spin-
coupling modelling and polyacenes as appropriate cases. One can make a parallel 
with the situation of molecular magnetism [22], which has grown translating in the 
language of structural chemistry concepts basically known in terms of solid state 
theories [21]. The actual models of conduction are yet tributary to concepts merely 
familiar to physicists, such as the ballistic phenomenology [70]. Now, we attempt to 
turn the explanation in a manner transparent to the chemical intuition, proposing the 
resonance structures from valence bond formalism as designated drivers of spin and 
charge, the linear polyacenes being particularly suited for this point.

The polyacenes are polycyclic conjugated hydrocarbons with C4n+2H2n+4 general 
formula, the simplest pattern being the linear condensation of benzene rings. In 
idealized mode, the linear polyacenes are planar, spanning the D2h point group. The 
series starts with naphthalene (n = 2) and anthracene (n = 3), ending with heptacene 
(n = 7), the highest known congener [71]. Although small, the class shows various 
optical and electric properties [72, 73] with potential interest for material sciences 
and nanotechnologies. Thus, the polyacenes are able to trigger laser radiation [74], 
and their films are semiconductors spanning field transistor effects [75–77]. The 
interesting manifestations are accentuated with the increased dimension, being cor-
related with the progressive reduction of the gap between occupied and virtual 
orbitals, and also parallel with the trend towards the crossing of singlet and triplet 
states [75–77]. The lower gap from ground state to triplet determines the reactivity 
of the high analogues and, presumably, the ending of the series when a quasi-
degenerate situation is reached [78, 79].

The clue for considering polyacenes as playground for the conduction models is 
sketched in Fig. 10. Namely, one may observe that taking Kekulé-type resonance 
structures, drawing for convenience the paired couples as double bonds (instead of 
the previously used arrows), only one pairing has a “vertical” placement. The “verti-
cal” labelling comes putting the molecule with the long axis horizontally. A poly-
acene with n benzene rings, having a C4n +2 carbon content, can be regarded as made 
of two C2n +1 polyene chains, going in zigzag along the horizontal axis, connected by 
n + 1 vertical carbon-carbon bonds.

When drawing the resonance, from the total of 2n + 1 double bonds, n are placed 
in one polyene moiety, other n being symmetrically in the other fragment, while one 
double bond goes vertically. One may place this “vertical” couple in any of the n + 1 
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Fig. 10  The scheme of resonance structures of polyacenes, formulated as a vertical double bond 
travelling from one side of the molecule to the other. The structures are arranged in equivalent 
couples, related with the mirroring through the middle of the molecule

vertical carbon-carbon linkages. Then, a n-polyacene has n + 1 Kekulé resonances. 
This situation is easily seen in the previous examples: naphthalene has three reso-
nance structures, while the anthracene got four. Running the “vertical” double bond 
for one side of the molecule to the other can be formally regarded as the travelling 
of an electron couple along the molecular wire represented by the linear skeleton. 
Thus, confining ourselves to the qualitative level, we propose the linear polyacenes 
as ideal case studies for a molecular model of conduction, raising as challenge the 
advanced technical developments.

The resonances, labelled Ωi, can be enumerated according to the i-th position of 
the vertical double bond determining entirely their pattern. Without detailing the 
derivation, we can present general formulas for the overlap and matrix elements in 
the basis of Kekulé structures of linear polyacenes:
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With these, we can easily investigate the full spectrum of VB-alike states in large 
polyacenes, under the simple assumption of Kekulé basis sufficiency. Besides, we 
will consider also the triplet states. For this goal, we cannot derive simple model 
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expressions, remaining to be evaluated by putting in algorithm the general rules 
mentioned in the beginning. We will also introduce an assumption on the basis of 
the triplet resonances. Namely, we propose the successive decoupling into pairs of 
α-electrons of the couples from a singlet Kekulé reference. Thus, from a Kekulé 
structure having N couples, one may draw N triplets, running the unpaired sites over 
the former bonding linkages. Then, for a n-polyacene, having 2n + 1 electron pairs 
and n + 1 singlet resonances, we get a triplet basis with (n + 1)(2n + 1) dimension. 
With this model settled, we draw the series of spectra from Fig. 11.

The left panel shows the singlet states, observing the progressive decrease of the 
gap between ground and first excited state. This parallels the trend expected from 
molecular orbital diagrams, although the spin Hamiltonian has not an explicit con-
nection with these methods.

A very interesting aspect is noticed in the right-side panel, showing the triplet 
states relative to the singlet ground level. One finds a rapid reduction of the singlet-
triplet gap, which becomes very small nearby the n = 7 congener. This can be nicely 
correlated with the above-mentioned fact, that heptacene is the last member of the 
series available experimentally.

The very low triplet levels after this critical point are making the molecule prone 
to the reactive degradation. Thinking on the oxidation processes, it is well known 
that these are kinetically hindered for organic compounds (while thermodynami-
cally allowed) by the fact that singlet-triplet processes are spin forbidden. Indeed, 
the organic systems are usually singlets (closed-shell or completely spin-paired 
structures), while the oxygen molecule has a triplet ground state. When the mole-
cules show low triplet states, these can get in interaction, making the interaction 
with oxygen strong, opening the gate for the further degradation steps.
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Fig. 11  The spectra of spin-coupled states for the series of linear polyacenes with n running from 
n = 2–7. The left side (a) shows the singlet states in the basis of n + 1 Kekulé resonance structures. 
The right panel (b) gives the triplet states in the basis of (n + 1)(2n + 1) resonances derived from 
Kekulé references by the successive decoupling of their spin pairing
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More things can be observed examining Fig. 12, illustrating the eigenvectors of 
the ground state and first excited levels in the basis of the Kekulé resonances. One 
observes that the coefficients are growing from margins to the middle. Note that 
here is represented the nominal row of the C eigenvalue matrix. These are parallel, 
but not identical, with the resonance weights. For full clarity, let us specify the cor-
responding row of Mulliken weights, as percentages: 2.92, 6.41, 10.55, 14.06, 
16.07, 16.07, 14.05, 10.55, 6.41 and 2.92. This row corresponds to the sequence of 
resonances where the “vertical” double bond “travels” from the left margin to the 
right side of the molecule. Thus, one notes that the resonances having the double 
bonds nearby the middle of the molecule are getting higher participation. This can 
be understood well in heuristic manner. The resonance takes place between sym-
metry equivalent objects, namely, structures related by mirror or rotation elements. 
However, the energy gains are not equal for all such couples. One may intuitively 
guess that the structures having distant “vertical” linkages, such as the Ω1–Ω8 cou-
ple, are less effective for the resonant stabilization. In turn, in the given example, the 
Ω4–Ω5 couple yields the most definite aromatic stabilization. Actually, swapping the 
Ω4-Ω5 figures, one observes that the central benzene ring plays its Kekulé structures. 
If one observes the Ω1-Ω2 pair, one may say that these are representing the Kekulé 
elements on the first benzene ring. However, this couple is not really a resonance, 
because the Ω1 and Ω2 are not symmetry equivalent and, in general, are not showing 
the same energy expectation value. Then, since the most stabilizing contributions 
are coming from resonance structures running Kekulé conjugation on the rings from 
the middle of the molecule, one may understand that these are gaining main weights 
in the ground state. In other words, the aromaticity of linear polyacenes can be con-
sidered as concentrated at the middle of the molecules.

We mentioned previously that the sign of resonance wavefunctions, and there-
fore the afferent eigenvector coefficients, can be switched somewhat arbitrarily. 
However, it is a fact that the ground state of polyacenes is totally symmetric, while 
the first excited state is antisymmetric (with respect to inversion, rotation or reflec-
tion through the median plane). Then, if all the coefficients of the ground state are 

Fig. 12  The histograms of the coefficients from the eigenvectors of the first two spin-coupled 
states (ground state and the first excited level) for the heptacene example (n = 7). The resonance 
structures forming the basis are represented on the margins, pointing the links to their correspond-
ing coefficient in the ground state
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arranged to be in phase, as in the lower histogram from Fig. 12, then the first excited 
state gets the aspect with out-of-phase halves (opposed to the sign for coefficients 
of symmetry-related resonance structures, as seen in the upper histogram).

The first excited state has the same symmetry like a vector directed on the long 
molecular axis. Given the opposite parity of ground and excited state (even vs. odd), 
their coupling can be achieved by perturbations with polar nature, such as a properly 
oriented electric field. Their mutual mixing is stronger when the ground-excited gap 
is reduced. One may rationalize in this way the conduction properties of large poly-
acenes [80]. Though qualitative, these correlations are supporting the outlined idea, 
of considering the conduction along polyacene as the travel of the representative 
“vertical” bond from one margin to the other, when driven by electric field polar 
perturbation.

In more detail, the perturbation should imply the mixing of ionic resonance 
structures, since, as pointed previously, in spin-coupling formalism, the charge rear-
rangements are not nominally supposed. However, the parameterization of pertur-
bation as a supplementary coupling element between odd-even couples of states can 
tacitly incorporate a charge displacement following the “travelling” double bond. 
Besides, a complete modelling should include triplet states.

Confined to singlets and a mobile double bond as density carrier, one may actu-
ally speak about superconductivity, because this object is a boson. But, a couple of 
quasi-degenerate singlet and triplet spin states represents in fact a pair of free, 
decoupled, electrons. However, we will not enter here the technicalities of this 
suggested way of modelling that offers a molecular perspective to the conduction 
mechanisms, particularized to conveniently chosen polyaromatic hydrocarbons.

Since the bases of resonance structures for the triplet states are too large to be 
coped at intuitive level, we performed other numeric experiments to analyse their 
nature. Namely, we have drawn the spin density maps by unrestricted DFT calcula-
tions set for triplet multiplicity, to have a picturesque account of these states. One 
may expect that the DFT can reach the same qualitative picture as a VB treatment of 
the lowest triplet, in a manner similar to the fact that the two methods can describe, 
on different ways, the same singlet ground states. Looking at the trends from (a) to 
(d) frames of Fig. 13, one may note that the spin density is concentrated in the centre 
of the molecule. This parallels the above interpretation that the aromaticity is higher 
in the median area. Then, the spin can be taken in corresponding numeric experi-
ments as a marker for aromaticity, spreading preferentially on the most aromatic 
moieties of a conjugated molecule. From this reasoning, we add a thought experi-
ment suggesting the conduction properties of large polyacenes. Suppose that we can 
have an infinite slab of linearly fused benzene rings. The aromaticity, i.e. the pro-
pensity for delocalization, tends to be placed in the middle of the molecule. But, for 
an infinite system, the middle can be anywhere. Therefore, the wavepacket of spin-
coupled states (or the spin wave of unpaired electrons) gets a free mobility. This is 
an extrapolation.
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At large molecules, the mobile spin and electron density is nominally placed at 
the symmetry centre, but it can be easily displaced around this position. Under a 
sufficiently firm electric field perturbation, the charge can be transported from one 
edge to another, the mechanism being the mixing of states with opposed parity of 
the resonance eigenvectors.

9  �Triangular Graphenes with Spin

We draw this section in the continuation of earlier preoccupation of triangular-
shaped graphene-type molecules where unpaired spins can appear in the ground 
state, by topological reasons [81, 82]. It was early recognized that in hydrocarbons 
with appropriate topology, unpaired electrons can be lodged in sets of quasi-
degenerate orbitals (or even degenerate, in the limits of Hückel schemes) [83–85]. 
This opens the challenging idea of the organic molecular magnetism and carbon-
based magnetic materials [86].

Shaping graphene flakes in appropriate patterns, one may meet the situation of 
topologically unpaired spins [87–89]. We will consider the very idealized version of 
this class, taking equilateral triangles made from benzenoid cells. A short introduc-
tion of the topological spin in triangulenes is suggested in the synopsis from Fig. 14. 
The considered systems are idealized as regular triangles with D3h symmetry. The 
margin of the carbon skeleton is a zigzag. A n-triangulene, having n benzene rings 
at one edge, has n2 + 4n + 1 carbon atoms, carrying a net amount of n-1 unpaired 
α-electrons, i.e. a n spin multiplicity at ground state. The marginal valences are 
closed with 3n + 3 hydrogen atoms.

The example from Fig. 14 corresponds to n = 6, the molecular skeleton being 
shown as inset in the upper-right quarter. The left side suggests the excess of 
α-electrons resulting from the reasons of spin polarization topology. Thus, the sim-
plest idea about the chemical bonding as spin pairing is arranging the alternation of 
α- and β-electrons on neighbour sites. Then, counting the blue balls standing for 

Fig. 13  Spin density from unrestricted B3LYP/6-31G calculations on triplet states of (a) naphtha-
lene, (b) anthracene, (c) tetracene and (d) pentacene
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α-spins and the yellow ones as β-electrons, one obtains the respective 33 vs. 28 
result, having a net spin S = 5/2 from the excess of five spin-up particles. The counts 
for the n = 2–7 series are exemplified in the table from right-down corner of the 
discussed synopsis. The combinatorial analysis of the general cases yields the fol-
lowing counts of the up and down total electronic populations:

	
n n na = × +( )1

2
5 ,

	
(15.a)

	
n n nb = +( ) × +( )1

2
1 2 ,

	
(15.b)

the corresponding spin multiplicity of a regular n-triangulene being:

	
2 1 2 2 1S n n n+ = -( ) + =a b / .

	
(16)

Remaining in the area of generalities, we observe that there are three classes of 
triangular PAHs, according to the topology of the resonance structure with the high-
est imaginable symmetry. The corresponding “periodic” table is shown in Fig. 15. 
Thus, we identify three types of structures.

The first class starts with the simplest element, at n = 2, being characterized by 
the fact that the symmetry centre is occupied by a carbon atom. The following con-
geners obeying this typology are at n equal to 5 and 8, drawing the n = 2 + 3 l regu-
larity, with the integer indices l = 0, 1, 2, etc. If attempting to draw the resonance 
structure with the highest formal symmetry, the α-electrons are placed as follows: 
one at the central carbon atom and the remaining ones on three equivalent lines 
going from centre to vertices.

Fig. 14  The synopsis of topologically determined spin in equilateral triangulenes with 
C H

n n n2 4 1 3 3+ + + formula, where n is the number of hexagon units at one edge
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The following class starts with n = 3, spanning the n = 3 + 3 l cases. These mol-
ecules have also a carbon atom at the symmetry centre, but if attempting to draw a 
symmetric resonance structure, one observes that this cannot obey the full D3h 
symmetry, getting at most a C2v pattern. The central region of this type of resonance 
can be described as a C=C(C⋅)2 core having the broken symmetry of a double bond 
aside a biradical moiety. This does not mean that the ground state cannot be sym-
metric, by a corresponding superposition of three asymmetric resonances drawn as 
rotated figures. In fact, as will be seen later, the symmetric resonances get a small 

n = 2 n = 3 n = 4

n = 7n = 6n = 5

n = 8 n = 9 n = 10

l = 0

l = 1

l = 2

n = 2,5,8,...2+3l n = 3,6,9,...3+3l n = 4,7,10,...4+3l

l= (n-2)/3 l= (n-3)/3 l= (n-4)/3

l= 2
l= 1

l= 0

l= 2
l= 1

l= 0

l= 2
l= 1

l= 0

Fig. 15  The three topological classes of triangulenes, starting with the n = 2, 3 and 4 counts (hexa-
gons on the edge). The growth inside each class is controlled by the l index corresponding to the 
progressive addition of perimeter shells
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weight in the final wavefunction, obtained at end, by the superposition of many 
spin-coupling diagrams, whose individual formal symmetry may be low.

The last class runs over the n = 4,7, .. 4 + 3 l total counts of edge rings. It is 
characterized by having a hexagonal ring at the molecular centre (the symmetry 
point being placed in its central void). The high symmetry resonance structure obeys 
the D3h symmetry, the dots symbolizing the unpaired spins being placed on the lines 
radiating from the 1, 3 and 5 peripheral positions of the central hexagonal ring.

To the best of our knowledge, this classification of triangulenes was not pre-
sented before.

The spin polarization on large triangular graphenes is illustrated in Fig. 16 for the 
n = 6 case. One may see that the alternation of α- and β-spin densities from Fig.16a 
panel matches well the qualitative scheme drawn by intuition in Fig. 14. The ground 
state of the 6-triangulene is a spin sextet. The (b) and (c) panels are illustrating other 
possible spin multiplicities, with lower value, namely, quartet and doublet. The 
quartet state is breaking the trigonal symmetry of the molecule, the spin map getting 
a C2v appearance, with the axis passing through the upper vertex and the central 
carbon atom. The spin doublet state gets again the trigonal symmetry, showing the 
segregation of spin-up densities on the edges, while the spin-down counterpart is 
polarized in the central area. In fact, also in the case of high-spin state, the effective 
accumulation of the spin also occurs on edges. The spin map density is not directly 
illustrating this fact, but the analysis drawn in Fig. 17 offers details.

To simplify the insight in the spin distribution over the molecular area, it is con-
venient to turn the calculations to the restricted open shell mode. This switches off 
the spin polarization, showing only the resultant α-spin density on the atoms that 
were carrying this polarization in the unrestricted calculation. The spin map looks 
qualitatively as retaining only the blue areas from Fig. 16a, while the yellow zones 
are quenched to null spin density.

Taking the Mulliken spin populations on the atoms, one finds that the marginal 
ones are getting the major share, as shown in the panel (a) of Fig. 17. The overall 
scaling of the circles designating the spin population is arbitrary, but their relative 

Fig. 16  The spin density maps from unrestricted DFT calculations on different multiplicities of 
the n = 6 triangulene. The α-spin density is shown in blue, while the β one is drawn in yellow. The 
indices in parentheses denote the (n, multiplicity) values
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radii keep the quantitative ratios. For a more detailed analysis shown in the panel 
(c), the panel (b) operates the dichotomy of the molecule in three fragments. The 
first shell comprises the central C(C)3 fragment. The second shell, with 21 atoms, 
has the periphery of the n = 3 subsystem, plus three carbon atoms connected to its 
vertices. The third shell is the periphery of the actual n = 6 triangulene. Summing 
the Mulliken spin populations on the atoms from these shells, one sees that the inner 
one is almost spinless, the second one carries about one electron, while the last gets 
approximately four (from the total of five) unpaired spins.

The energies of the spin quartet and spin doublet states of the 6-triangulene (see 
Fig. 16) are placed with 6235 cm−1 and 9574 cm−1, respectively, over the ground 
spin sextet (from an unrestricted B3LYP/6-31G calculation). The relatively small 
gaps suggest a possible tuning of the spin state with optical controls in near-infrared 
or visible domains.

The large graphenes are yet a matter of imagination, brought to a certain con-
creteness with the help of first-principle simulations. However, along with the opti-
mism generally expressed in introductory parts of works related with the new 
materials chemistry, the hopes may be not so empty and illusory. There are e-beam 
lithography techniques that can tailor 2D nanoscale aromatic fragments with trian-
gular patterns, starting from graphite [90, 91].

At the same time, important steps were already made in the synthesis and experi-
mental characterization of the first members of the series. Thus, the nucleus of the 
n = 2 structure, called phenalenyl, is present in several derivatives well character-
ized, with X-ray structural data available, and confirmed to have magnetic proper-
ties by electron spin resonance (ESR) and magnetic susceptibility measurements 
[92, 93]. The species closest to the trigonal ideal pattern is the tri-t-butyl-phenalenyl 
[94]. This molecule shows interesting long-range spin-spin interactions in the 
crystals containing stacked molecules [95, 96]. Other substituted derivatives are 
1,9-dithiophenalenyl [97] and tri-t-butyl-6-oxophenalenoxyl [98].
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Fig. 17  Population analysis of the 6-triangulene, based on restricted open shell DFT calculation. 
The panel (a) shows the Mulliken spin populations on atoms, by circles drawn at relative scale. The 
panel (b) defines the partition of the molecule in three shells. The panel (c) draws the total spin 
population cumulated on the defined shells, numbered 1, 2 and 3, from inside to the periphery, 
respectively
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A very interesting system is the spiro-bis(3,7-dimethoxy-1,9-dioxophenalenyl) 
boron, thoroughly investigated in structural and spectroscopy respects. In this sys-
tem, the phenalenyl nucleus substituted with two oxygen atoms formally act as 
chelates towards a central boron atom, as ligands placed in different molecular 
halves, with their planes mutually perpendicular. In alternative description, the 
O2BO2 central fragment has a spiro-pattern. Ignoring the electronic features, the 
molecule may appear symmetric, but in deeper insight, one may conclude that, for-
mally, one may take one phenalenyl moiety positive (on the expense of a negative 
charge taken at the boron fragment) while the other remains radical.

The system can be then characterized as mixed valence, having the possibility of 
full delocalization of the radical character, or its localization on a single ligand. The 
intermolecular stacking interactions established between the fragments with radical 
character seem to stabilize the localized form, but the very intriguing properties, 
such as the manifested thermochromism (the change of the colour with the tempera-
ture), suggest the possibility to tune the localized vs. delocalized character [99, 
100]. The system, colourless at 100 K, when localized in separated valence states 
(one radical and one cation fragment), turns to green at 300 K, when the thermal 
disordering can overcome the barrier of localized radical, the fluxional geometry 
driving the dynamics of the radical between the opposed sides of the molecule. The 
bistable behaviour [101–103] hardens the hopes in a spintronics possible with such 
derivatives.

Moreover, derivatives of the n = 3 congener, named triangulene (from which the 
name of the whole series was generalized), were synthesized and proven to carry 
spin [104, 105]. The variety of the species with this root is not very large, but is yet 
a firm promise of the carbon-based spin chemistry.

Given the already diversified chemistry and physics developed at experimental 
level for the n = 2 smallest triangulene core, let us bring it to the magnifying glass 
of the spin-coupling analysis.

Pedantically, the aromatic molecules with topological spin can be characterized 
as non-Kekulé systems, because the skeleton cannot be drawn completely with 
alternating simple and double bonds. However, in a more permissive terminology, 
we will consider as Kekulé-type the resonances that imply spin coupling along the 
connected sites only, namely, excluding the Dewar-alike lines between distant cen-
tres. Defined in this way, the Kekulé basis of the phenalenyl has 20 resonance struc-
tures, shown in Fig. 18.

The rather large number of resonances suggests already, as qualitative guess, the 
significant aromaticity of this system. There are 13 π electrons, comparable then 
with anthracene (with 14 electrons), for which only four Kekulé structures were 
available.

A non-trivial achievement is the VB calculation done in this set of resonance 
structures, using the VB2000 code [28, 29] and the 6-31G atomic basis set. Due to 
the mutual placement of the spin-coupled linkages (figured as double bonds), aside 
from the position of the radical, the resonance structures are falling in four different 
classes, grouped correspondingly in Fig. 18.
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Erel, 
kcal/mol

Weight

VB 0.00 5.94%

NBO 1.43 0.81%

Erel, 
kcal/mol

Weight

VB 8.380 5.67%

NBO 0.00 9.48%

Erel, 
kcal/mol

Weight

VB 8.35 4.85%

NBO 0.52 2.96%
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NBO 3.17 7.2%

Fig. 18  Resonance structures of the n = 2 triangulene (the phenalenyl radical), grouped on classes 
of equivalence (separated by horizontal lines). For each class, the results of valence bond (VB) 
calculations and natural bond orbitals (NBO) post-computation analyses of DFT results are shown 
comparatively
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Taking the energy of resonance structures as their diagonal elements from the 
Hamiltonian matrix extracted from the calculation, and making them relative to the 
smallest value, one notes that the two resonances having the unpaired electron in the 
centre have the largest energy, 18.6 kcal/mol. This gap determines the small VB 
weight of these resonances, almost negligible, with 0.62%.

Other two classes are quite similar to each other, with 8.35  kcal/mol and 
8.38 kcal/mol (accidentally degenerate) relative to the group taken as zero refer-
ence. The three classes, with six members each, are showing similar weights in the 
VB result, around 5% for every element. This suggests again a strong aromaticity of 
the system. Besides, the ground state energy (converged as superposition of the 
mentioned resonances) is with 57 kcal/mol lower than the energy of the structure 
convened as relative zero of the scale. This quantity is assimilated with a rather firm 
aromatic stabilization.

The parallel analysis in the frame of natural bond orbitals [49, 50] and natural 
resonance theory [46–48] is comparatively annotated aside the VB briefing in the 
sections of Fig. 18. As in the previous instances, the results are not well correlated 
with the VB results. For example, the two symmetric resonance structures with low 
VB weights are getting a rather high percentage, 7.2% in the NRT version.

The confusion is also increased by the fact that in the case of the systems with 
spin, the code takes only the unrestricted orbitals. In this conjuncture, one obtains 
disjoint sets of NRT weights for the α- and β-subsystems. These two schemes are, 
indeed, not well correlated into an intuitively acceptable picture. For instance, the 
NRT decomposition of the β-subsystem (which has a hole in the place of unpaired 
electron) yielded about 26% contribution for each of the two structures rated with 
low participation in the VB results. It is unfortunate that the NRT cannot function as 
approximation of the VB, since, as mentioned, the VB approach becomes prohibi-
tive for larger systems.

We also have as usable tool the spin Hamiltonian approach. Taken in the simplest 
way, with unique J parameter, this modelling yielded weights slightly higher or 
lower than 5% for all the 18 resonances mentioned to be around 5% in the VB cal-
culations. For the two components with central radical, the simplified spin 
Hamiltonian gave 2.6%. The higher contribution, compared with VB result, is due 
to the simplified frame, since now all the diagonal elements are equal to 1.5 J. In the 
model, the ground state is placed at 4.363 J. If equating the energy of stabilization 
with respect of previous VB value, one estimates the averaged J ≈ 7000 cm−1 cou-
pling parameter. This quantity is sensibly lower than the previous values for aro-
matic hydrocarbons. Taken under the reserve of crudeness of the model, it may be 
yet informative for the fact that the effective coupling is, indeed, lower in this sys-
tem, interpreting the situation as the weakening of the overall bonding by the “trav-
elling” non-bonded radical.

At the end, we touch a bit the problem of long-range spin coupling, first taking 
the experimental structure of the supramolecular assemblies of 2,5,8-tri-t-butyl-
phenalenyl [94]. Thus, we apply broken symmetry (BS) [56–59] DFT calculations 
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on a dimeric couple. The calculations are illustrated in Fig. 19. The distance between 
mean molecular planes is about 3.2 Å, the interaction being in the expected weak 
bonding range, where the BS method works. The approach consists in one unre-
stricted calculation for the system in high-spin state (HS, with parallel spins on the 
two monomers) and one calculation enforcing spin α at one fragment while spin β 
on the other, a pattern called broken symmetry (BS) configuration. The BS is not 
a real singlet state, but a numeric experiment enabling information about the 
spin-coupling strength. In more detail, as we discussed in the VB respects, a dimer 
in singlet form should be described by a two-configurational wavefunction: (α1β2-
β1α2). The BS simulates only a single configuration, say the α1β2 one. However, this 
is enough to extract useful data.

From the energy difference between the HS and BS results (divided by the cor-
responding difference of expectation values of the spin square operator, provided 
also by the output), one estimates the exchange coupling parameter J. This time, the 
J refers to the long-range interactions of the π-type orbitals from each subsystem, 
which in the intersystem mode are acting actually as distant and weak σ-alike over-
lapping. We estimated a J = −1960 cm−1 value. Note that this describes the overall 
interaction of the stacked molecular planes. While the average molecular planes are 
parallel, the molecules have opposed orientation, so that the vertex of one triangle is 
projected approximately on the middle of the edge of the other one. Thus, if each 
monomer is schematized as a triangle, their stacking is done as an antiprism.

We provoked also the numeric experiment considering the parallel alignment of 
two monomers with the same orientation. Or, in other words, the assembly is ideal-
ized as a trigonal prism. The spin maps of the HS and BS configurations are drawn 
in Fig. 20. In this case, the carbon atoms from different units are aligned on the 
same vertical axis. The pz-type components of each carbon atom are getting axially 
overlapped with the mirror partners, in weak σ-alike supramolecular bonding. 
Then, formally, one may divide the estimated inter-dimer exchange coupling by the 
number of atom pairs, to get the averaged parameter per carbon-carbon stacked 

Fig. 19  The spin density maps for experimental structure of dimeric 2, 5, 8-tri-t-butyl-phenalenyl. 
Left side (a): the broken symmetry (BS) configuration having monomers with distinct α- and 
β-spin polarization (shown in blue and yellow, respectively). Right side (b): the high-spin (HS) 
configuration with overall α-density. The monomers are mutually rotated by 180 degrees in their 
own mean planes
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coupling. When inter-planar distance is tuned at 3.0 Å, 3.5 Å and 4.0 Å, the inter-
dimer exchange coupling, taken as overall value, varies as follows: −3440 cm−1. 
−1262 cm−1 and −367 cm−1, respectively. Divided per atom pairs, one estimates the 
following dependence: −265 cm−1, −97 cm−1 and −28 cm−1. This numeric experi-
ment provides valuable information for prospects of further modelling of stacking 
effects by spin-coupling formalisms, even extrapolating to cases without spin.

10  �Conclusion

Combining the reviewing mode with constructions from our own research, we have 
drawn lines connecting the conceptual chemistry of selected aromatic systems with 
potential applications, in the desiderata of materials engineering. Although the 
application purposes are yet inherently remote, the revealing of causal structure-
property correlations represents useful leverages. Thus, the aromaticity, as elec-
tronic delocalization, has basically the same causal roots as the electronic conduction 
in large organic molecules and carbon-based materials.

The spin-coupling paradigm is a generous general frame that can comprise into 
effective phenomenology the chemical bonding itself, as well as the description of 
magnetic properties in systems carrying spins. We explored the model Hamiltonian 
and ab initio computational sides of the spin-coupling idea, bringing at confluence 
valence bond (VB) calculations and simplified parametric schemes. Popular meth-
ods of computation and modelling, such as the density functional theory (DFT), 
show certain intrinsic limitations in the account of subtle electronic structure effects, 
such as the resonance, or in wavefunctions of magnetic systems. On the other hand, 
VB calculations are not easy to conduct and reach rapidly the bottleneck of molecu-
lar size, being confined to a limited number of active electrons.

Fig. 20  The spin density maps for hypothetical phenalenyl dimer when the molecules are imposed 
parallel (with equivalent atoms on the same verticals). Left side (a): the broken symmetry (BS) 
configuration. Right side (b): the high-spin (HS) configuration with overall α-density. The distance 
between molecular planes is 3.5 Å
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We pointed some hints for extracting relevant parameters, responding to a VB 
phenomenology, from simpler levels of computational techniques, which can be 
transported in effective models that are completing the account, beyond the hin-
drances of brute force computations. For instance, specifically, well-designed 
numeric experiments with spin states accountable in the DFT frame can be 
equated with formulas from effective spin Hamiltonian modelling, in order to 
extract J exchange coupling parameters. At the same time, we pointed certain 
caveats in the capabilities of post-computational analysis methods, such as natural 
resonance theory (NRT), initially claimed to retrieve VB-alike meaning from DFT 
calculations.

After outlining the methodological concerns and innovations, we worked two 
classes of polyaromatic molecules with relevance for special properties in newly 
aimed technologies. The polyacenes were taken as models for the electron conduc-
tion, using the key of resonance structures as objects accomplishing the electron 
spin and density transport. The triangular polyacenes were taken as playground for 
the analysis of carbon 2D systems with spin determined from topological reasons. 
With advanced computational and modelling tools, we went beyond the usual 
considerations on these systems, drawing a consistent systematization. Both imag-
ined and real structures were considered, in a well-tempered orchestration.
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Electrocatalytic Hydrogen Production 
Properties of Polyaniline Doped  
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1  �Introduction

Hydrogen fuel cell technology is one of the most promising energy sources for 
sustainable energy applications because of its numerous advantages, such as 
recycling, pollution-free and fuel efficient [9, 32, 36, 41]. However, the major 
limitation of utilizing hydrogen as energy carrier is the need for the hydrogen to 
be produced in high purity. Electrochemical reduction of water is considered as 
an alternative route, due to its simplicity and economical way to produce hydro-
gen in high purity and large quantity [9]. An efficient electrocatalyst for hydro-
gen evolution reaction is usually required to reduce the overpotential in HER 
process and achieve large exchange current density [6, 20]. Recently, platinum 
(Pt)-based electrocatalysts are considered to be the most efficient HER catalysts 
due to their superior electrochemical property and robust stability [28]. However, 
the drawback about Pt is that it is not cost-effective to be used on a large scale for 
hydrogen production technologies [28].

Conducting polymers (CPs) are promising to be used as suitable electrocatalysts 
due to their impressive structural and physical properties and also having the ability 
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to catalyse electrode reactions. This family contains all the currently generally 
researched conductive polymers: polypyrrole, polyaniline and polythiophene. 
Among all CPs, polyaniline (PANI) is a promising candidate for HER because of its 
good photo- and chemical-physical properties, cheap, processibility and conductivity 
[3, 19]). PANI is synthesized from chemical or electrochemical polymerization of 
aniline monomer and exists in three oxidative states/bases, i.e. leucoemeraldine 
(colourless/white), emeraldine (blue/green) and pernigraniline (blue/violet) [21]. 
The shortcoming of utilizing polyaniline for hydrogen production is that under 
harsh environmental conditions, the material becomes fragile leading to structural 
decomposition [34]. Numerous methods have been investigated to overcome these 
drawbacks; these include incorporation of different materials to the polymer back-
bone [25]. Other methods that include the incorporation of porous materials such as 
zeolites, carbon nanotubes and metal-organic frameworks can be advantageous as 
they will bring great stability as well as some more functional sites on the PANI 
backbone. This leads to change in mechanical, thermal and electrical properties as 
compared to freely polymeric material [13].

Among the previously mentioned porous materials, metal-organic frameworks 
(MOFs) are highly crystalline and consist of tunable metal sites coordinated to 
organic compounds known as organic linker which can assemble different dimen-
sions (2-D, 3-D) [24]. These porous materials have shown great applications in 
catalysis, magnetism, sensors as well as drug delivery due to their exceptional prop-
erties such as high surface area and adjustable pore size of the material [24]. To the 
best of our knowledge, there are no reports on the formation and observation of 
HER from polyaniline doped with metal-organic frameworks (PANI/MOFs). Thus 
we report the synthesis, characterization and application of the PANI/MOF nano-
composite for the hydrogen production. The PANI/MOF composite has great poten-
tial as a tool for analytical applications. The MOF can be easily coupled to the 
backbone of PANI, and it is found that this MOF is not only robust and thermal 
stable but also showed good electrocatalyst in both acidic and basic media. The 
results demonstrated that the pure characteristics of the PANI/MOF composite and 
the presence of MOF strongly affect the electrocatalyst compared to neat PANI and 
bare electrode.

2  �Experimental Section

2.1  �Materials

Aniline monomer, copper nitrate trihydrate (Cu(NO3).3H2O), trimesic acid (H3BTC) 
and tetrabutylammonium perchlorate (TBAP) were purchased from Sigma-Aldrich, 
South Africa. Ammonium persulphate (APS) and iron chloride (FeCl3) were pur-
chased from Riedel-de Haen and Educhem, respectively. Absolute ethanol was pur-
chased at Merck, South Africa, and hydrochloric acid (HCl), dimethyl sulphoxide 
(DMSO) and sulphuric acid (H2SO4) were procured from Rochelle Chemicals. 
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Aniline was distilled before use, and the rest of the reagents were used without fur-
ther purification. H2SO4 standard solutions were made in DMSO solution with 
0.1 M TBAP as a supporting electrolyte system unless otherwise stated. All mea-
surements were carried out at 22 ± 2 °C.

2.2  �Methods

2.2.1  �Preparations of PANI, MOF and PANI/MOF Composite

Polyaniline (PANI) was prepared by oxidation polymerization of aniline monomer 
according to a previously reported method [8]. The synthesis of Cu-trimesic MOF 
(HKUST-1) was based on a previously reported hydrothermal procedure [12]. The 
synthesis of polyaniline doped with metal-organic framework composite referred as 
PANI/MOF is shown in Scheme 1. Approximately, 1  ml of the distilled aniline 
monomer and 3.6 wt.% MOF were dissolved in a solution of 10 ml HCl/100 ml 
distilled water in a 250 ml round-bottom flask. The solution was stirred for 30 min 
at 50 °C whereafter 2.40 g of ammonium persulphate (APS), (NH4)2S2O8 and 1.88 g 
of FeCl3 were added, respectively, in the solution. The resulted mixture was stirred 
for another 3 h at 50 °C, and the content of the reaction was placed in the oven at the 
same temperature  for overnight to evaporate the solvents, and remaining content 
was washed with ethanol and re-dried.

2.2.2  �Characterization Techniques

Absorbance spectra were recorded on a Varian Cary 300 UV-vis-NIR spectropho-
tometer using 1 cm optical path length quartz cuvette. The crystal structure of the 
PANI/MOF nanocomposite was analysed by using Philips PW 1830 model 

Scheme 1  Synthesis of polyaniline-based MOF composite (PANI/MOF) through oxidation 
polymerization of aniline monomer in the presence of MOF material
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XRD.  The Raman spectra were recorded using Horiba Jobin-Yvon Labram HR 
2000 confocal Raman microscope. Raman spectra were recorded using a laser exci-
tation wavelength of 514 nm. The sample powders were placed on a clean SiO2/Si 
substrate and then used for Raman measurement.

Morphological characterizations were performed using Auriga field emission 
scanning electron microscope (FESEM) coupled with EDS detector for elemental 
analysis, and transmission electron micrographs were collected using an FEI Tecnai 
G2 20 field emission gun (FEG) TEM, operated in bright field mode at an accelerat-
ing voltage of 200  kV. Energy-dispersive X-ray spectra were collected using an 
EDAX liquid nitrogen-cooled lithium-doped silicon detector. The crystal structure 
of the PABA/MOF nanocomposite was analysed by using SAED and Philips PW 
1830 model XRD. The FTIR spectra were acquired on a Cary 600 series FTIR spec-
trometer (Agilent Technologies). The samples for FTIR measurement were pre-
pared by grinding the dried sample powder mixed with potassium bromide (KBr) to 
a fine powder and then compressing under high pressure into thin pellets. The ele-
mental analysis of Cu metal in MOF and composite was determined using Varian 
SpectrAA 110 atomic absorption spectrometer (AAS).

TGA was performed on a Perkin-Elmer TGA 4000 instrument connected to a 
PolyScience digital temperature controller under N2 gas purged at a flow rate of 
20 ml per minute. The calibration of the instrument was performed using indium 
(m.p.156.6  °C) and aluminium (m.p. 660  °C). Small samples (1–4  mg) were 
weighed in a porcelain crucible, and the temperature range was adjusted between 
30 and 500 °C at a constant heating rate of 10 °C/min. The data was collected and 
analysed using Pyris software®. This technique was primarily used to determine 
the solvent stoichiometry of the compounds from the percentage weight loss. The 
TGA analysis was performed at the University of the Western Cape, School of 
Pharmacy.

Electrochemical measurements were performed using EPSILON electrochemi-
cal workstation. The data was collected using a conventional three-electrode set-up 
with gold electrode (3 mm diameter) as a working electrode, platinum wire as a 
counter electrode and Ag/AgCl wire as a reference electrode. Repetitive scanning of 
the solutions of the complexes MOF, PANI and PANI/MOF (~10 mg) was from 
−2.0 to 1.25 V at scan rate of 0.02–0.10 Vs−1. Electrochemical experiments were 
performed in 25 ml of 0.1 M DMSO/TBAP electrolytic system. Prior to scans, the 
working electrode was cleaned by successive polishing using 1, 0.3 and 0.05 μm 
alumina micro-polish and polishing pads purchased from Buehler, IL, USA, fol-
lowed by rinsing with deionized water and sonication in ethanol and water to remove 
all traces of alumina polish. After sonication, the electrodes were rinsed with etha-
nol and deionized water and dried under a nitrogen stream. Experimental measure-
ments for HER studies have been carried out in different concentration of H2SO4 as 
hydrogen source in DMSO/TBAP system.
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3  �Results and Discussion

3.1  �Spectroscopic Characterization

The FTIR spectrum of synthesized PANI/MOF composite with reference from 
pure PANI and MOF spectra is shown in Fig. 1a. It can be seen in the figure that 
the PANI/MOF composite shows the same characteristic peaks similar to the 
undoped PANI.  These characteristic peaks are 806, 1177, 1338, 1505 and 
1605 cm−1, which correspond to C-H out-of-phase bonding of benzenoid ring, 
C-H in-phase bonding of benzenoid ring, C-N stretching of benzenoid and quin-
oid rings as well as C=C of aromatic ring, respectively. The broad peak between 
2500 and 3500 cm−1 is due to NH bond [1, 39]. In the case of the composite, there 
is no trace of new peak after doping with MOF. However, there is an increase in 
the absorption intensities upon doping PANI with MOF. This behaviour shows an 
evidence of the interaction between PANI and MOF. Figure 1b presents Raman 
spectra of PANI, MOF and PANI/MOF composite. The spectrum of the compos-
ite shows an intense band at ~1350 cm−1 which corresponds to N-O vibrations. 
This result confirms an interaction between PANI and MOF materials through 
electrostatic as shown in Scheme 1. This observation supports the FTIR results 
as discussed above.

Optical properties of the neat PANI and PANI/MOF composite in DMSO were 
investigated by employing UV-vis spectroscopy, and the results are shown in (c) and 
(d) of Fig. 1. It can be seen in Fig. 1c that the neat PANI shows two characteristic 
peaks at 353 and 550 nm. The band observed at 353 nm corresponds to the π−π∗ 
transitions of the benzenoid rings, while the broad peak at around 550 nm corre-
sponds to the π−π∗ transitions of the quinine-imine groups [15]. Nevertheless, for 
PANI/MOF composite, there is a slight shift in the two absorption peaks upon com-
posite formation to 357 and 552  nm. The shift in the peaks is attributed to the 
increase in the π conjugation in the PANI backbone [37]. The peak at 357 nm cor-
responds to the π−π∗ transitions of the benzenoid rings and quinine-imine groups, 
while the second broader peak at around 552 nm is associated to the absorption peak 
of conducting PANI, which is partially oxidized [15, 37]. Figure  1d shows the 
concentration-dependent studies of the PANI/MOF composite. The Beer-Lambert 
assumption was obeyed with an increase in the concentration of the composite, 
whereby the conduction band on the material did not change, but we observed the 
increase in the absorbance of the materials. The inset in Fig. 1d shows the plot of 
absorbance versus concentration which was used to determine the molar extinction 
coefficient of PANI and PANI/MOF composite. From this figure, it can be seen that 
the molar extinction coefficient was found to be 4 × 10−3 and 4.2 × 10−3 cm−1.ppm−1 
and wavelengths of 353 and 357  nm for PANI and PANI/MOF composite, 
respectively.

The energy gap was calculated by a linear extrapolation of the Tauc plot of varia-
tion (αhv)2 versus Eg to the energy axis as shown in Fig. 2 [2]. The energy band gap 
of the neat PANI and PANI/MOF composite was found to be 1.50 and 1.35 eV, 
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respectively. The reduction in the optical band gap was due to the increase in 
electron density of the composite as compared to the neat PANI. This result shows 
that these materials can be suitable for electrocatalytic applications [33].

The XRD patterns for MOF, PANI and PANI/MOF composite are shown in 
Fig. 3a. The MOF pattern shows that the MOF phases are highly crystalline, which 
is an indication of microporous material characteristics [39]. The XRD patterns of 
PANI show a broad peak at 2θ angle of 25° which indicate the successful synthesis 
of PANI in amorphous state, and it is also in accordance to the previous reported 
data on the XRD result of polyaniline [1, 5]. In situ addition of MOF during polym-
erization process resulted in decrease in the PANI peaks.

The TGA of MOF, PANI and PANI/MOF under heating rate of 10 °C/min is 
shown in Fig. 3b. The thermal analysis of MOF is consistent with prominent weight 
loss steps similar to the one reported before [10, 17, 38]. The first weight loss from 
room temperature (RT) to 120 °C is due to loss of water and ethanol physisorbed in 
the framework of MOF. A sudden weight loss at 350 °C is attributed to total degra-
dation of organic linker BTC, and the remained product was CuO [17, 30]. The 
TGA results of PANI and PANI/MOF reveal that the trend of PANI/MOF composite 
degradation is similar to that of pure PANI but with enhanced thermal stabilities. 
The initial mass loss in terms of weight percentage from RT to 100 °C is mainly due 
to release of moisture present in the structure of polyaniline [5, 35]. PANI contains 
up to 20 wt.% of water, whereas PANI/MOF contains up to 10 wt.%. The second 

Fig. 2  Tauc plot of PANI 
and PANI/MOF for energy 
band gap determinations

Fig. 3  (a) XRD and (b) TGA analysis of MOF, PANI and PANI/MOF composite
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mass loss up to 300 °C is due to the release of anion dopant. Decrease in the weight 
loss of water and other dopant is due to strong interaction between PANI and MOF 
which tells that the presence of porous materials can improve the thermal stabilities 
of PANI [22, 23]. Following the successful confirmation of interaction between 
PANI and MOF, the amount of Cu atom present in the materials was determined 
using FAAS.  It was found to be 23.99 and 0.05 wt.% for MOF and PANI/MOF 
composite, respectively.

3.2  �Morphological Characterization

The morphology of PANI, MOF and PANI/MOF composite was investigated, and 
the SEM image coupled with EDS is shown in Fig. 4. Morphology of PANI shown 
in Fig.  4a shows long nanorods/fibre structures that are interconnecting or 

Fig. 4  SEM image of (a) PANI, (c) MOF, (e) PANI/MOF composite and EDS spectrum of (b) 
PANI, (d) MOF, (f) PANI/MOF composite
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agglomerated to each other and are in accordance to the SEM images of PANI [35]. 
EDS results of PANI (Fig. 4b) show the presence of iron (Fe), sodium (Na), sulphur 
(S) and chlorine (Cl) in the polymer backbone. These elements are due to oxidants 
and acidic medium used during synthesis. Typical morphologies of MOF (Fig. 4c) 
show that the MOF powder is formed by irregular crystals with octahedral shapes 
confirming a low control on the crystal growth parameters, and its corresponding 
EDS (Fig. 4d) reveals the presence of Cu atom [17, 30]. SEM images of PANI/MOF 
composite (Fig.  4e) were similar to the one of undoped PANI but with small 
nanorods as compared to long rods of PANI.  Octahedral or crystal structures of 
MOF are not observed, and this tells that MOF is trapped inside polymer backbone 
or wrapped by PANI. The elemental composition of PANI/MOF composite from 
EDS (Fig. 4f) showed an increase in the percentage compositions of C and O, and 
there was no Cu of MOF detected on the surface of polymer which is in agreement 
with the SEM results indicating wrapping of MOF by PANI.

TEM images in Fig. 5a, c show internal morphologies of PANI, MOF and PANI/
MOF composite, respectively. The insets are selected area electron diffraction 
(SAED) and show ring patterns indicating the orderliness or the arrangement of the 
molecule at certain definite position in the lattice. TEM images of PANI and MOF 
show nanofibers and microporous structures as observed in the SEM analysis. 
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Fig. 5  TEM images (a) PANI, (b) MOF, (c) PANI/MOF composite and (d) EDX spectrum of 
PANI/MOF composite. Inset: SAED image
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SAED shown that the orderliness of molecules in PANI is not ordered, as indicative 
of typical amorphous structure [5, 35]. In the SAED of MOF, there are clear ring 
patterns as an evident that MOF is crystalline [39]. TEM images of PANI/MOF 
composite (Fig.  5c) show that introduction of MOF material during chemical 
polymerization of aniline to form PANI-MOF composite has an effect on the inter-
nal morphologies of PANI. From Fig. 5c, it can be observed that once the composite 
is formed, the fibre rod structures of PANI are distracted making shorter rods. The 
inset image in Fig. 5c is SAED for structural identification, and it showed that the 
composite maintains its amorphous structure of PANI. However, it has spot where 
the d-spacing of the composite can be determined as indicative of modification of 
structural properties of the polymer with MOF and supported by the XRD (Fig. 3a). 
The PANI wrapping around MOF as an observation in TEM is in agreement with 
SEM above showing the presence of MOF covered by polymer. The elemental anal-
ysis on TEM image using EDX (Fig. 5d) showed an increase in carbon and oxygen 
content in the composite as compared to PANI. The copper content of MOF was 
detected; however it overlapped with the foreign species of the grid.

3.3  �Electrochemical Characterizations

Electrochemistry of functional species is one of the most prominent parameters for 
potential usage of materials as electrocatalysts for hydrogen production. In order to 
decide the possible usage of a material, its electrochemical responses should be 
generally determined in solution. In this work, electrochemical characterizations of 
PANI, MOF and PANI/MOF composite were investigated using voltammetric anal-
ysis. Figure 6a shows typical current-potential curves of the gold electrode in 0.1 M 
DMSO/TBAP solution with and without MOF, PANI and PANI/MOF composite. It 
was noticeable that the faradaic contributions (redox process) onto gold electrode 
(blank) were observed at around −0.58 V. This is a typical redox process of bare Au 
electrode [31]. However for MOF, two reduction processes were observed which 
could be related to the copper deposition involving two successive one-electron 

Fig. 6  (a) CV and (b) SWV results of MOF, PANI and PANI/MOF in 0.1 M DMSO/TBAP elec-
trolyte solution on gold electrode
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processes [14]. Nila and Gonzales [27] reported that the electrochemical reduction 
of Cu2+ in solutions proceeds in two one-electron reversible waves via a Cu+ inter-
mediate, in which the stability of the intermediate was due to the presence of ions in 
the solution. The shift potential was also observed and reported by Loera-Serna 
et al. [18] in LiCl solution as indicative that the electrochemical processes of Cu 
during the direct sweep take place in the MOF. However, in this study, the reduction 
of Cu2+ to Cu+ occurs to more negative potential which might be due to the electro-
chemical properties of Au electrode in DMSO/TABP system.

On the other hand, PANI in the potential window of DMSO/TBAP electrolyte 
system showed a quasi-reversible process. In addition, the voltammogram of PANI 
indicated a one redox couple as an indicative of the merging of three known oxida-
tion states of PANI [26]. The redox couple observed at cathodic peak potential (Epc) 
~ −0.64V are due to polyleucoemeraldine radical cation, transformation of PANI 
from the reduced leucoemeraldine (LE) state to the partly oxidized emeraldine state 
(EM) and further oxidized to the pernigraniline (PE). A similar electrochemical 
characteristic of the synthesized PANI was reported by Genies et  al. [11]. The 
increase in the cathodic current in CV of PANI/MOF composite encourages strong 
interaction between MOF and PANI and favours the uncoiling of PANI chains. In 
this uncoiled conformation, the probability of moieties exposed for oxidation is 
more leading to higher faradaic current [37]. The potential reduction of Cu2+ to Cu+ 
occurring in composite was c.a. −0.653 V/Au electrode. Meanwhile, the reduction 
potential at around −1.59  V in both PANI and composite was an illustration of 
redox process in PANI ring-based electron-transfer characters. One of the important 
features observed in the CV of the composite was the merging of new cathodic peak 
towards negative potential which was clearly visible on the square wave voltam-
mogram (Fig. 6b). The square wave voltammetry (SWV) was utilized as the electro-
chemical probe of the system due to its higher sensitivity faradaic current [7]. The 
positive cathodic side was considered as it is the representative of hydrogen evolu-
tion prior to evaluating the amount of current.

Scan rate dependent of MOF, PANI and PANI/MOF was achieved in DMSO/
TBAP using gold working electrode at different scan rates as given in Fig. 7. The 
multiscan voltammograms of MOF and PANI are shown in parts (a) and (b) of 
Fig. 7, respectively. It can be seen from these figures that there is an increase in peak 
current with increasing scan rate. In Fig. 7c, the PANI/MOF composite shows that 
as the number of voltammetric cycles increases, peak current also increases. This 
indicates that the PANI and MOF structure was conductive and diffusion of elec-
trons along the polymer chain was taking place. All redox couples show electro-
chemical quasi-reversible process with respect to ∆Ep (change in peak potential) 
and Ipa/Ipc (ratio of anodic and cathodic peak current) values. Unity of Ipa/Ipc ratios 
at all scan rates and the logarithm of the absolute value of the reductive peak current 
against the logarithm of the scan rate indicate purely diffusion-controlled characters 
of the redox processes as shown in Fig. 7d.
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The peak current (Ip) for diffusion-controlled electron-transfer process is given 
by Eq. 1 [29]:

	
Ip FA cat Fv RT= [ ]( ) ( )n D

1 2 1 2/ /
/

	
(1)

where n is the number of electrons transferred, A is the area of the working elec-
trode, F is Faraday’s constant and [cat] is the concentration of catalyst. Consistent 
with Eq. 1, Fig. 8 shows that the current increased linearly with increasing ν1/2 and 
the slope that yielded a diffusion coefficient (D) was found to be 3.05 × 10−13, 2.40 
× 10−13 and 7.34 × 10−13 cm2.s−1 for MOF, PANI and PANI/MOF composite, respec-
tively. Significantly, this value of the composite is approximately an order of mag-
nitude faster than the neat PANI.

Fig. 7  Cyclic voltammogram of (a) MOF; (b) PANI; (c) PANI/MOF and (d) peak current as a 
function of square root of scan rate on gold in 0.1 M DMSO/TBAP electrode system at different 
scan rate (0.02–0.10 Vs−1)

y = 4E-05x + 1E-06
R² = 0.9682

y = 2E-05x + 2E-06
R² = 0.9115

y = 7E-05x - 4E-07
R² = 0.9939

0.00E+00

5.00E-06

1.00E-05

1.50E-05

2.00E-05

2.50E-05

0.1 0.15 0.2 0.25 0.3 0.35

C
ur

re
nt

, A

(Scan rate, V.s-1)1/2

PANI
MOF
PANI/MOF

Fig. 8  Peak current as a 
function of square root of 
scan rate on gold in 0.1 M 
DMSO/TBAP electrode 
system at different scan 
rate (0.02–0.10 Vs−1)

K.E. Ramohlola et al.



385

3.4  �Electrocatalytic Hydrogen Production

The electrocatalytic activity of the material was evaluated using both voltammetry 
CV and SWV in 0.1 M TBAP/DMSO as electrolytic solution and H2SO4 as a hydro-
gen source. The CV and SWV results are represented in parts (a) and (b) of Fig. 9, 
respectively. Upon addition of H2SO4, a wave catalytic near the reduction potential 
was observed, suggesting that PANI, MOF and PANI/MOF composites are reduc-
ing H2SO4 to H2. The current intensities of the materials can be related to the amount 
of hydrogen produced; therefore the greater the current reading, large quantity of 
hydrogen is produced, and thus the distinct material is the best electrocatalyst com-
pared to other materials [16]. There was an intense increase in the current intensity 
of PANI/MOF composite compared to both bare MOF and PANI. This result indi-
cates that maximum hydrogen can be produced when using PANI/MOF composite 
as compared to both neat MOF and PANI. Nevertheless, for MOF, the CV results 
show an appearance of an anodic peak upon addition of hydrogen source. This tells 
that a small amount of hydrogen produced is trapped or adsorbed on the surface of 
the MOF material, indicating that MOF can be employed as a hydrogen storage 
material [40].

Figure 10a, b shows that SWV and Tafel plots, respectively, of MOF, PANI and 
PANI/MOF composite were recorded to further evaluate electrochemical parame-
ters in the absence and presence of MOF, PANI and PANI/MOF. The SWV shows 
that upon addition of sulphuric acid, reduction peak appeared within the potential 
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Fig. 9   (a) CV of MOF, PANI and PANI/MOF at 0.10 Vs−1; CV of MOF (b), PANI (c) and PANI/
MOF composite (d) in the presence 0.15 M H2SO4 at different scan rate on gold electrode in 0.1 M 
DMSO/TBAP electrode system
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window of DMSO (Fig. 10a). This reductive wave is followed immediately by a 
large cathodic current that is assigned to the catalytic reduction of protons to dihy-
drogen. The Tafel plots (Fig. 10b) present two distinct slopes at low and high over-
potential corresponding to the HER controlled by desorption of the hydrogen atoms 
and charge transfer mechanism as a slow step of the cathodic process, respectively.

Furthermore, concentration dependent of the hydrogen source was investigated 
using SWV. Figure 11a shows the SWV of PANI/MOF in 0.1 M DMSO/TBAP elec-
trolytic system and the presence of 0–0.75 M H2SO4 as a hydrogen source using Au 
electrode. From the figure, it is noticeable that the peak positions are independent of 
the hydrogen source concentration towards the more negative potential and high 
values of current. However, at low acid concentration, the peak current of catalytic 
wave increases linearly with acid concentration as indicative of enhancement of 
HER. With the help of Fig. 11(a), Fig. 11(b) was plotted using Eq. 2 [29].

	
Ip FA catc = [ ] éë ùû

+n Dk H
2

	
(2)

Fig. 10  (a) SWV and (b) Tafel plots of MOF, PANI and PANI/MOF in the presence 0.15 M H2SO4 
at 0.10 Vs−1 on gold electrode in 0.1 M DMSO/TBAP electrode system

Fig. 11  (a) SWV of PANI/MOF composite in 0.1 M DMSO/TBAP electrolyte solution and in the 
presence of 0–0.75 mol/L H2SO4 and (b) current as a function of addition of H2SO4 concentration 
of the composite in 0.1 M DMSO/TBAP electrolyte solution on gold electrode. Inset: Linear fitting 
at low concentration
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It is reported that the catalytic current for a reversible electron-transfer pro-
cess followed by a fast catalytic reaction (ERCcat) is given by Eq. 2. However, the 
plot of Ipc against acid concentration shows a linear behaviour at low concentra-
tion of the acid. Moreover, the average catalytic rate constant can be obtained 
from the slope of the plot of Ipc versus acid concentration, and the results are 
depicted in Fig. 11b inset. This behaviour indicates that the process is second 
order in acid concentration [4].

4  �Conclusions

In this work, we demonstrate the preparation of novel polyaniline/metal-organic 
framework composite through in situ polymerization of aniline monomer in the 
presence of MOF. Structural and morphological characterizations showed success-
ful incorporation of MOF into the polymer backbone with some wrapping by 
PANI. Hydrogen studies were evaluated using CV and SWV, in which an intense 
cathodic peak was observed upon addition of H2SO4. It showed that PANI/MOF 
composite has a great potential to be used in hydrogen evolution reaction applica-
tions as it can easily generate and adsorb hydrogen through straightforward electro-
chemical process. It has been demonstrated that the PANI/MOF composite is not 
only robust and stable but also produced considerable H2 gas. Remarkably, the 
observed hydrogen generation was dictated by the identity of hydrogen source 
which opens new avenues for multi-analyte investigation.
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1  �Introduction

1.1  �Utility of PET Films

Biaxially oriented polyester polymer (polyethylene terephthalate: PET) films have 
strong merits such as high mechanical strength, high electrical insulation, high 
transparency, high heat tolerance, and low-temperature durability. Its low produc-
tion cost is a big merit as well. Then they are used for various applications, for 
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example, magnetic tape bases, liquid crystal display touch panels, food packages 
[1], and back-sheets in solar cell panels [2, 3].

In most of important utilities, the low-cost PET is mainly used in laminates with 
various plastic films. A biaxially oriented PET film possesses high performances; it 
has oriented molecular chains and crystallized structure. A graphic formula of PET 
molecule is shown in Fig. 1, which is composed of C-O-H chains and a benzene 
ring. Then the biaxially oriented PET (we call this simply as PET henceforth) can-
not be bonded with each other at temperatures lower than the melting point (258 °C). 
That is, it has no heat-sealing nature. For this reason, the PET films are coated with 
layers having the heat-sealing nature using glues and organic solvents when they are 
used for the food packages [1].

1.2  �Solar Cell Back-Sheets and Issues of Adhesive

A clean energy is urgently necessary in the world. One of essential technologies is 
solar cell electric generation. It is important to further improve power generation 
efficiency, weight, and durability for wider applications. A cost performance is also 
an important factor. Usually laminated PET film is used for the back-sheets of solar 
cell panel, as shown in Fig. 2. It is composed of a front glass, active cell devises, and 

Fig. 1  Graphic formula of the PET, composed of C-O-H chains and a benzene ring. It is feasible 
that the left end is terminated by H and the right by OH; these are indicated in two small parenthe-
ses. They are not primary constituents of the PET (Original source: ①)
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the back-sheet. The cells are embedded in a block resin of ethylene vinyl acetate 
(EVA). A main function of the back-sheet is to protect the panel from water penetra-
tion. Usually a tri-layered back-sheet is composed of <insulating PET/white PET/
anti-atmospheric PET>, where the water penetration is protected mainly by the anti-
atmospheric PET. This is called as all PET composite back-sheet.

Alternatively DeBergalis [4] proposed a different type of tri-layer back-sheet 
using fluoropolymer: polyvinyl fluoride (PVF) as PVF/PET/PVF.  This is also 
shown in Fig. 2 by <anti-atmospheric PVF/silica-evaporated PET/anti-atmospheric 
PVF>. It is expected by this lamination that the water permeation is decreased, the 
electrical isolation is more increased, and the cost is minimized. Usually these are 
laminated using adhesives and inevitably organic solvents. If the organic solvents 
cause environmental and health issues, then we should withdraw the organic sol-
vents during the lamination coating process. Further in the most of cases, the adhe-
sives cause performance deteriorations of devices in a long-term use.

1.3  �Short Lifetime of Irradiated Surface

To solve such problems caused by the adhesives, we developed a technique of plasma 
irradiation-induced direct bonding of plastic films without using any adhesives [5]. 
Normally the plasma irradiation effects on the plastic surfaces have very short life-
time, say several days [6]. A reason for it was reported by Occhiello et al. [7] that 
plasma-generated functional groups turn back inside at the surface. We, however, 
report here that the PET films, kept for 6 years in the atmosphere after the plasma 
irradiation, can still be bonded very tightly in our works. It is quite strange that the 
activated surface by the plasma can be kept so long, because generally the surface 
must be easily inactivated due to reactions with the atmosphere (O2, N2, H2O, Na, Cl, 
S, etc.) even if the generated functional groups do not turn back inside. New con-
cepts should be proposed for such ultralong lifetime of the plasma irradiation effect.

Insulating PET,  Anti-atmospheric PVF

White PET,  Silica-evaporated PET

Anti-atmospheric PET and PVF

Front glass

Cell Cell Cell
Block resin EVA

plasma
irradiated
bonding

Fig. 2  Examples of the back-sheet of solar cell panel. It is composed of a front glass, active cell 
devises, and the back-sheet. The back-sheet is composed of <insulating PET/white PET/anti-
atmospheric PET> (complex laminate) or <anti-atmospheric PVF/silica-evaporated PET/anti-
atmospheric PVF> (all PET laminate). Our aim is to bond the tri-layer by the plasma technique 
without using any adhesives
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1.4  �Inorganic Films on PET

The plasma-induced activation of the plastic film surface is also an important tech-
nique when we deposit inorganic thin films such as ZnO and TiO2 on the plastic 
films in flexible devices. Banerjee et al. [8] have reported that crystalline ZnO thin 
film is successfully deposited on the PET film at 90  °C utilizing DC-sputtering 
plasma. Hao et al. [9] reported that electrophoresis chip needs gold deposition on 
the plastic films, and Audronis et al. [10] reported that Cu deposition is selectively 
enhanced on the plasma-irradiated surface of PET.

1.5  �Some Reports on Plasma Effects

It is valuable to mention in this article on some recent reports by several authors 
regarding the plasma irradiations to the plastic surfaces. Effects of plasma irradia-
tions and their chemical analyses on the plastic surfaces were reported by Cioffi 
et al. [11] and others [9–14]. Cioffi mentioned that tensile strength of PET fiber-
reinforced composites can be improved by the plasma irradiation. Setsuhara et al. 
[12, 14] mentioned on etching effects of the plasma, and Yang et al. [13] mentioned 
on increase in surface energy of the irradiated surfaces. Effects on biological 
responses of adhesion variations on the plasma-irradiated surfaces were reported. 
Katsikogianni et al. [15] mentioned that bacteria adhesion is reduced by the plasma 
irradiation due to increase in surface energy, while Vesel et al. [16] mentioned that 
the adhesion of polysaccharide fucoidan on the plasma-irradiated PET surface can 
be increased. Pandiyaraj et al. [17, 18] reported that scotch tape adhesive strength 
can be increased on the plasma-irradiate PET surface which is related to surface 
roughness, and the surface energy of the irradiated PET is increased due to creation 
of polar groups. They mentioned a very important phenomenon that crystallinity of 
the PET is improved by the plasma irradiation. The plasma-induced bonding effects 
were reported by Dai et al. [19] for between the PET and poly styrene-co-maleic 
anhydride (PSMA) and by Hao et al. [9] for between the PET and PET. Dai et al. 
mentioned that the plasma-irradiated PET and PSMA can be bonded at low press 
temperatures of 120–160 °C and this is induced by chemical reactions. However, 
when they tried to peel off, the laminated sample showed adherent failure implying 
not so strong adhesion. The plasma-induced chemical reactions for the chemical 
bonding at such low temperatures were reported also by Scott et  al. [20] and 
Marechal et al. [21] The most closely related research to our work was done by Hao 
et al. [9] reporting that amorphous PET can be bonded at very low press tempera-
tures of 65–75 °C just after the plasma irradiation. The amorphous PET has soften-
ing temperatures of 60–70 °C; then this softening is one of the causes for such the 
very low bonding temperatures. They also mentioned a quite important point that 
some condensation reactions are possible to occur between the irradiated interfaces. 
Friedlich [22] published a book recently summarizing the plasma effects on plastic 
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surfaces. He suggested that plasma-induced functional groups are -OH, -COOH, 
-C=O, and O-bridge at the irradiated surface. The present authors [23–31] have 
reported the related papers concerning the PET-PET and PET-PVF direct bondings 
by the plasma irradiations. This article introduces these reports using reproduced 
figures and tables in them (see figure and table captions and acknowledgment in the 
last part for permissions).

1.6  �Scheme of This Work

We tried to directly bond the PET films without using such coatings and adhesive 
glues and found that the exposures of oxygen plasma were effective. After the expo-
sure, the PET films can be directly bonded with each other very tightly, i.e., showing 
a kind of heat-sealing nature. They can be bonded with, for instance, glass plate also 
at low temperatures as 100 °C.

In this article, we introduce our experimental results on various chemical analy-
ses on the exposed surfaces of PET films, and we discuss mechanisms for the direct 
tight bonding. Chemical bonding due to condensation reactions and hydrogen bond-
ing concerning the plasma irradiation-induced functional groups such as -COOH 
and -OH are the most possible origins.

We tried to do some application developments for insulator sheets in motors in 
electric vehicles (EV).

2  �Experimental Procedures

2.1  �Samples and Plasma Irradiations

It has been known so far that unique chemical reactions occur on the surface of 
polymer resins when they are irradiated by plasma. Complicated collisions due to 
high-energy particles involved in the plasma induce such reactions. This is a reason 
why the reactions are unique and they cannot take place in usual soft chemical pro-
cesses. Thus, we can obtain higher hydrophilic and adhesive properties of the irradi-
ated surface, called as surface modifications by the plasma [32, 33]. However, the 
effects are usually kept only in short periods, say 1 week at most [34]. We tried to 
obtain the plasma equipment system which assures persistent effects of the plasma 
modifications.

In this experiment, we used the PET film samples (Lumirror, Toray) which were 
produced by two-axes stretch method (biaxially oriented PET). The sample size is 
100 mm width and 200 mm length. The film thickness is 100 μm usually with sur-
face roughness of around 0.5 nm and 3.5 μm for Fourier transform infrared (FTIR) 
measurement. The film with 1 μm thickness was specially used when we prepared 
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the bonded sample for the FTIR transmission measurement. The film samples were 
attached on a grounded drum electrode (150 mm diameter, 150 mm width) in a bell-
jar-type vacuum chamber as shown in Fig. 3a [5]. The chamber was evacuated down 
to a range of 5–10 Pa; then O2 gas was introduced with 20 cc/min to the chamber 
oxygen pressures of 15–40 Pa. Oxygen plasma was generated as shown in Fig. 3b 
between the drum electrode and counter electrode with application of ac voltage at 
powers of 15 W (500 V, 30 mA)-75 W, and the drum electrode was rotated at 0.5 m/
min. The moving sample was irradiated by the plasma for around 10 s at energy of 
E = 200–1000 W min/m2. The irradiated sample was taken out from the chamber to 
the normal atmosphere after the plasma irradiation.

2.2  �Bonding Processes and Strength Evaluations

One part of the irradiated films were immediately pressed with their irradiated sur-
faces faced at various press temperatures Tp. Some of them were bonded tightly, but 
others were loosely bonded or not bonded depending on Tp. We employed two 
methods of the heat-press as shown in Fig. 4a, b. One is (a) heated roll-press at a 
pressure of 3 kg/cm with a rolling rate of 0.45 m/min at Tp from 70 to 160 °C, and 
the other is (b) heated plate-press (Kitagawa Seiki, VH-1.5) at a pressure of 10 kg/
cm2 at a fixed Tp = 140 °C for 10 min. The plate-press method was employed to get 
a wide sample for the FTIR transmission measurement. The other part of the irradi-
ated films were kept in the normal atmosphere for 6 years, after that they were heat-
pressed by the same way mentioned above.

Bonding strength of the heat-pressed films was measured as peel strength Sp 
using T-type 180°-peel test (Touyouseiki Seisaku, E-L) at a pulling rate of 50 mm/

Fig. 3  (a) The plasma irradiation apparatus in a vacuum chamber. (b) The sample film is attached 
on the rotating drum electrode. The plasma is generated between the drum and counter electrodes 
(Original sources: ① and ②)
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min as shown in Fig. 5 under JIS-C-2151 standard. It gives the 180°-peel strength 
Sp. Two processes were employed, one is called dry-peel test without water drops 
and the other is called wet-peel test with water drops at the bonded interface as 
shown in Fig. 5.

2.3  �Sample Characterizations

The surface morphologies were observed on the irradiated films and non-irradiated 
films using atomic force microscopy (AFM) (VecoDigital Instrument, Nano Scope 
III). Surface roughness Ra (mean value) was evaluated by the AFM images.

The sample surface was chemically analyzed by X-ray photoelectron spectros-
copy (XPS) (VG Scientific, ESCALB220iXL). Chemical bonding states and com-
positions were characterized on the sample surfaces. The samples were measured 
by gas chemical modification method (GCMM) to get information on functional 
groups [35]. Trifluoroacetic anhydride (TFAA) was used to detect hydroxyl group 
(-OH). Poly vinyl alcohol was used as standard sample for the TFAA reaction. 
Trifluoroethanol with di-tert-butylcarbodiimide and pyridine were used to detect 
carboxyl group (-COOH). Polyacrylic acid was used as standard sample for 

Fig. 4  The heat-press apparatuses, (a) heated roll-press and (b) heated plate-press. Larger size of 
the sample film is necessary for the FTIR measurement; then (b) is used (Original source: ①)

Fig. 5  The 180°(T)-peel 
test. The dry-peel without 
water drops and the 
wet-peel with water drops 
(Original source: ①)
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2,2,2-trifluoroethanol reaction. To obtain mean molecular weight, gel permeation 
chromatography (GPC) measurement was performed on the samples using a type-
515 water.

The irradiated and press-bonded samples with the roll-press (a) were character-
ized by the peel test as mentioned above, and a pure water contact angle θ was 
measured on the corresponding irradiated film surfaces. The samples with the plate-
press (b) were characterized by the FTIR. One special sample (irradiated and press 
bonded) was prepared using the PET films with 100 μm and 1 μm thicknesses for 
the FTIR transmission measurement. The other part of the irradiated samples was 
kept in the atmosphere for 5 years; then the angle θ was measured on these sample 
surfaces.

The angle θ was measured on the non-irradiated samples in the atmosphere at 
25 °C under 55 % humidity and on the irradiated surface of samples just after the 
irradiation. The irradiated samples were kept in the atmosphere for 5 years, and the 
angle θ was measured. These samples kept in the atmosphere were heated at various 
elevating temperatures Th for 10 min in the atmosphere; then the angle θ was mea-
sured at room temperature on these heated samples.

Chemical bonding states of the samples were characterized by the FTIR with two 
methods as shown in Figs. 6a, b. One was attenuation total reflection (ATR) method 
on the non-irradiated and irradiated samples; the infrared (IR) incident beam was 
introduced from the irradiated surface for the irradiated sample as shown in (a). The 
other was transmission method on the non-irradiated (100 μm thickness), irradiated 
(100 μm), and bonded samples (total 101 μm). The IR incident beam was intro-
duced from the irradiated surface for the irradiated sample and from the 1-μm side 
for the bonded sample with 1-μm/100-μm layer structure as shown in (b).

In order to investigate chemical nature (cross-linking) of the plasma-irradiated 
surface layer, we conducted solubility test of the irradiated sample. The non-
irradiated and irradiated sample films with a size of 40 × 40 mm were cut into small 
pieces. They were put in o-chlorophenol (OCP) solution heated at 90 °C in a water 
bath for 30 min. Then remnant in the solution was observed by eyes.

Fig. 6  Schematic drawings for the FTIR measurements. (a) The ATR type and (b) the transmis-
sion type. In case of the irradiated sample, the IR beam is introduced from the irradiated surface in 
(a) (Original source: ①)
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2.4  �Soaking of Irradiated Films in Liquids

In order to investigate stability of the surface of plasma-irradiated films, the films 
were soaked in liquids. The one-side plasma-irradiated films were cut into 30 × 
150 mm2 and then soaked in various liquid reagents (100 ml) at room temperature 
(24 °C) for 24 h in a glass tube (200 mm × 27 mm∅). We employed several types of 
reagents, namely, pure water, acids, alkalis, organic solvents, and ionic solutions. 
The concentration of reagents was 0.5 N. After the soaking, the films were rinsed in 
pure water three times and then dried at room temperature for 24 h in the normal 
atmosphere. Just after these processes, the water contact angle was measured on 
their irradiated surfaces; in parallel the films were heat-pressed to check whether 
they were bonded or not.

3  �Experimental Results

3.1  �Press Bonding Temperature Estimated by Peel Test

The result of peel strength Sp (equivalent to the bonding strength) vs heat-press 
temperature Tp by the dry-peel test is shown in Fig. 7 for the laminated film which 
was roll-pressed immediately after the plasma irradiation. The films are not bonded 
below Tp = 90 °C, but the films are strongly bonded above 120 °C as shown in a 
photograph in Fig. 8. When the sample was pulled with peel strength beyond 7 N/cm, 

Fig. 7  The 180°(T)-peel strength (bonding strength) Sp vs press temperature Tp for the samples 
pressed just after the plasma irradiation. The sample shows cohesion failure beyond the pulling 
strength of 7 N/cm (Original source: ①)
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it showed cohesion failure. This cohesion failure indicates that the two films are 
bonded more tightly than the material chemical bonding strength of the original 
PET film. The non-irradiated films are not bonded even at the highest Tp of 160 °C. It 
indicates that the films cannot be bonded by the heating only. This is a well-known 
fact, i.e., the PET has no heat-sealing nature below its melting point (258 °C). These 
two results imply that the plasma-irradiated surface is enormously activated to make 
bonding reaction under the low pressure at low temperatures below the melting 
point [13, 15, 17, 18].

3.2  �Surface Morphology by AFM

The AFM surface morphologies are shown in Fig. 9 for (a) the non-irradiated 
film and (b) the irradiated film. The mean surface roughness Ra is 0.46 nm and 
0.53 nm for the non-irradiated and irradiated films, respectively. This increase by 
the plasma irradiation is negligibly small, and we have additional results which 
show that the roughness is rather reduced after the irradiation. Thus, we can rule 
out an anchor effect for the origins of tight bonding by the plasma irradiation. 
Looking the surface morphologies carefully, we can recognize that micro-spike-
like ragged fluctuation observed on the non-irradiated film disappeared after the 
irradiation. It implies that weak boundary layer (WBL) adhered on the non-irra-
diated film surface is removed by the irradiation [36]. This may indicate further 
that the irradiated surface is chemically activated because active dangling bonds 
are created due to the WBL removal.

Fig. 8  A photograph 
showing hand peeling 
before the cohesion failure 
occurs (Original source: ③)
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3.3  �Surface Chemical States by XPS

The results of XPS on C1s-related peaks normalized by C-C bond intensity are 
shown in Fig. 10a, and N1s-related peak in Fig. 10b, for the non-irradiated and irra-
diated film surfaces as a function of binding energy. It is known that the intensity 
corresponding to C=O (carbonyl group) bond indicated in Fig.  10a by an arrow 
around 287 eV is increased noticeably, and an apparent increase is recognized for 
C-O and C-N bonds. It should be noted that we cannot actually observe the peak 
corresponding to the C=O because it is located between the neighboring large peaks. 
We compare the intensities of C1s-related peaks for typical functional groups; their 
numerical values are shown in Table  1. Obviously the C=O bond intensity is 

Fig. 9  The AFM surface images and the sectional profiles for (a) the non-irradiated (Ra = 0.46 nm) 
and (b) the irradiated (Ra = 0.53 nm) PET films (1.5 × 1.5 μm area) (Original source: ④)

Fig. 10  The XPS spectra for the non-irradiated and irradiated PET film surfaces. (a) The C1s-
related peaks and (b) the N1s-related peak (Original source: ④)
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increased; then we can conclude at least that the C=O is created by the irradiation. 
Although actually the C-O is increased, the numerical value for the C-O and C-N in 
Table 1 is not changed due to subtraction of the C=O peak tail from the C-O and 
C-N peak (Fig. 10a).

We calculated compositions for the surfaces of films using the XPS results; the 
numerical values are shown in Table 2. An atomic ratio of oxygen is 0.390 for the 
non-irradiated film, quite close to the molecular nominal (stoichiometry) value of 
0.4. This indicates the result is precise and reliable. After the irradiation, the oxygen 
composition is much increased to 0.445 from the nominal value. Then we can expect 
that the oxygen-related functional groups other than the C=O must be created at the 
surface by the irradiation. Those must be the carboxyl group (COOH) and hydroxyl 
group (OH). The increase in C-O may be caused by creation of C-OH. In Table 1, 
the numerical value for COO is relatively decreased, because it is affected by the 
relative increase in the C=O. Actually COO (properly COOH) should be increased. 
This is known from a broadening of the 289 eV-peak. This peak comes from the 
COO bond connecting to the benzene ring in the original molecular structure (see 
Fig. 1) in the non-irradiated PET. After the irradiation, the higher-energy broaden-
ing comes from the additionally created COOH group at the surface; the peak 
energy of them is little higher than that of the original COO existing inside the 
molecule.

Figure 10b clearly shows an appearance of N for the irradiated film. It is curious 
that nitrogen appeared after the irradiation. This is probably because the irradiated 
surface is chemically active and then it is nitrogenized with air at room temperature 
after the irradiated sample was taken out from the chamber to the atmosphere. A 
nitrogen plasma induced by residual air-gas in the chamber is another reason for the 
N-bonding on the surface.

Table 1  The XPS peak intensity ratios of the C1s-related peaks for the various chemical states 
(Original source: ④)

π-π* COO C=C C-O C-N CHx, C-C C=C

Non-irradiated (%) 5 18 – 22 55
Irradiated (%) 4 17 3 22 54

Table 2  The surface compositions (atom%) and atomic ratios normalized by C in parentheses 
obtained by the XPS (Original source: ④)

C O N

Non-irradiated (%) 72.0 28.0 0
(1.0) (0.390) (0)

Irradiated (%) 68.7 30.6 0.4
(1.0) (0.445) (0.005)
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3.4  �Functional Groups by GCMM and Molecular Weight 
by GPC

We show the results of GCMM in Table 3 for amounts of -COOH and -OH. These 
functional groups (especially COOH) are strikingly increased after the irradiation. 
Then the above discussions that the COOH and OH are increased (created) can be 
supported. Table  4 shows the results of GPC, indicating that a mean molecular 
weight is decreased after the irradiation. This means that original long molecular 
chains are broken into shorter chains. The shorter chains must be terminated by the 
functional groups such as the C=O, -COOH, and -OH. One part is bonding to the 
chains and benzene ring in the regular molecules; the other part is bonding to the 
additionally created terminals. Then we have two possible states of the COOH and 
OH bondings to the irradiated PET films.

3.5  �Bonding After 6 Years and Dry-Peel and Wet-Peel Tests

The irradiated PET films were kept in the normal atmosphere for 6 years and then 
roll-pressed. The result of Sp vs Tp by the dry-peel test is shown in Fig. 11 for the 
laminated film which was heat-pressed 6  years after the plasma irradiation. The 
result is almost the same with that shown in Fig. 7 for the sample bonded immedi-
ately after the plasma irradiation. The sample showed the cohesion failure beyond 
the peel strength of 6 N/cm above Tp = 110 °C. It implies that the activated surface 
by the plasma can be kept in the atmosphere as long as 6 years and it is incredible.

The wet-peel test was done on the samples also bonded 6 years after the irradia-
tion. The result is shown in Fig. 11. The peel strength is considerably weaker for the 

Table 3  The amounts of 
-COOH and -OH normalized 
by C obtained by the 
GCMM. The COOH is 
increased much compared 
with the OH after the 
irradiation. The COOH and 
OH exist in the non-irradiated 
film as the terminators of 
polymer molecule (Original 
source: ④)

-OH/
C -COOH/C

Non-
irradiated

0.003 0.001

Irradiated 0.008 0.016

Table 4  The mean molecular 
weights obtained by the GPC 
(Original source: ④)

Mean molecular weight

Non-
irradiated

32100

Irradiated 29700
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wet-peel test than for the dry-peel test in Tp range of 100–140 °C; however, it is the 
same for the both for Tp>140°C. These two results indicate that there are two types 
of bonding elements, one element is not stable for (broken by) the water but the 
other element is very stable for (not broken by) the water.

3.6  �Bonding Strength and Contact Angle (Surface Activity)

To investigate a reason why the activated surface can be kept so long, we measured 
the water contact angle θ for the irradiated samples kept in the atmosphere. The 
result is shown in Fig. 12. The angle θ before the irradiation shows 60°, and just 
after the irradiation, it shows 18° at 25  °C.  This clearly indicates that the non-
irradiated surface (larger θ) is inactive (low surface energy) but the irradiated sur-
face (smaller θ) is excessively active (high surface energy). This irradiated sample 
was kept in the atmosphere for 5 years and then the angle θ was measured, showing 
38°. This indicates that the activated surface was gradually inactivated in 5 years, 
but it was not restored to the original state, that is, “half-activated.” This sample was 
heated in the atmosphere at various elevating Th from 50 to 240 °C for 10 min and 
then the angle θ was measured at room temperature. The angle θ increases with 
increasing Th up to 48° at 240 °C. It clearly indicates that the half-activated surface 
becomes more inactive probably due to thermal annihilation of the plasma-created 
functional groups. However, it is important that its surface is slightly more active 
compared with that of the non-irradiated sample (θ = 60°). There observed a step-
like increase in angle θ in 120<Th<150 °C. This might be related to crystallization 
of non-crystallize part of the original PET.

Fig. 11  The 180°(T)-peel strength (bonding strength) Sp vs press temperature Tp for the samples 
pressed 6 years after the plasma irradiation. The results from normal dry-peel and particular wet-
peel tests are shown. The samples show cohesion failure beyond the pulling strength of 6 N/cm 
(Original source: ①)
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We tried the heat-press and peel test on these samples heated at the various Th. 
The result of Sp vs Th is shown in Fig. 12. It must be surprise that all the films can 
be bonded tightly even if the sample is heated at the highest Th of 240 °C. This 
means the surface activation with θ = 48° is enough for the bonding. But a possibil-
ity cannot be denied that state of activation of the heated sample is different from 
that of the non-heated sample. However the most useful result is that the films kept 
in the atmosphere for 5 years after the irradiation can be bonded tightly even the 
surface activation of this sample (θ = 38°) is restored considerably from that of the 
sample just after the irradiation (θ = 18°). This result confirms the results of Fig. 11, 
that is, the surface activation is considerably restored during the long atmosphere 
exposure but is still sufficient for the tight bonding.

3.7  �COOH by FTIR (ATR)

In order to clarify origins for the bonding, the water-induced weakening of bonding, 
and the ultralong lifetime of plasma irradiation effect at the surface, we investigated 
chemical bonding states of the PET films by the FTIR. The FTIR transmission spec-
trum for the non-irradiated PET film with 3.5 μm thickness is shown in Fig. 13. Here 
we assign only two peaks: C=O stretching mode at 1716 cm−1 and OH stretching 
mode at 3430 cm−1; those are analyzed in this work. The C=O bond is involved in 
the original PET molecule as shown in Fig. 1, but the OH bond is not involved in the 
primary molecular structure. Then the OH bond absorption must be resulted from 
the termination members of polymer, the H can be added at the left-, and the OH can 
be added at the right-hand side of the molecule as shown in smaller parentheses in 
Fig. 1. This is a reason why the OH absorption is very small compared with high 
absorption peaks coming from the main polymer molecular bond members.

Fig. 12  The pure water contact angle θ vs heating temperature Th and the 180°(T)-peel strength Sp 
vs Th for the non-irradiated and irradiated samples. The contact angle was measured at room tem-
perature after the heating in the atmosphere (Original source: ①)
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The FTIR-ATR is very sensitive to the surface (1–3  μm) of sample due to 
reflection mode; then we employed it to investigate the plasma-irradiated sur-
face. The FTIR-ATR spectra around 1716 cm−1 for the non-irradiated and irradi-
ated samples (100 μm) are shown in Fig. 14. The peak heights are normalized 
using a constant peak of benzene ring. After the irradiation, the absorption band 
is shifted to the lower wavenumber k and then the absorption is increased in the 
lower k region. Its difference is very small and then we took the differential spec-
trum (irradiated-non-irradiated) around 1716 cm−1. The result is shown in Fig. 15. 
It shows the minimum at 1719 cm−1 and the maximum at 1711 cm−1. The mini-
mum corresponds to the C=O bond inside the original PET molecule, indicating 
this bond is broken by the irradiation and then its absorption is decreased. The 
maximum must correspond to the C=O bond in the carboxyl COOH group 
(O-C=O-H) formed at the PET surface by the irradiation. The lower shift of k, 
corresponding to lower frequency shift of vibration, may be induced by surface 
COOH dimer coupling and hydrogen bonding.

Fig. 13  The FTIR transmission spectrum for the non-irradiated PET film with 3.5 μm thickness. 
Many peaks are observed, but we pick up only related two peaks for the C=O and OH bonds 
(Original source: ①)

Fig. 14  The FTIR-ATR 
spectra near 1716 cm−1 for 
the non-irradiated and 
irradiated samples. The 
two peaks are normalized 
by stable strong peak 
arising from the benzene 
ring (not shown). The 
lower k-shift is observed 
for the peak of the 
irradiated sample (Original 
source: ①)
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Fig. 15  The FTIR-ATR differential spectrum (irradiated-non-irradiated) corresponding to Fig. 14 
(Original source: ①)

Fig. 16  The FTIR transmission spectra near 3430  cm−1 for the non-irradiated, irradiated, and 
bonded samples. The sample pictures are shown in the figure, where bars indicate the OH bond. 
Before the irradiation, the OH bonds already exist in the non-irradiated film as the terminators. 
After the irradiation, the OH bonds increase on the irradiated surface. After the bonding, the OH 
bonds decrease at the interface due to the chemical reactions. Inset shows expansion of the peaks 
attached with the sample pictures (Original source: ①)
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3.8  �OH by FTIR

The expanded FTIR transmission spectra around 3430 cm−1 related to the OH bond 
are shown in Fig. 16 for the three samples of non-irradiated (100 μm thickness), 
irradiated (100 μm), and bonded PET (1 μm/100 μm). Further expansion around the 
peaks is inserted, from which we can recognize that the peak for the irradiated 
sample is increased from that for the non-irradiated sample and the peak for the 
bonded sample is slightly decreased from that for the irradiated sample but still 
much larger than that for the non-irradiated sample. This result indicates as follows. 
The non-irradiated PET has the OH bond due to termination of PET polymer as 
mentioned above, and it is schematically drawn by bars in the insert. By the irradia-
tion, the OH group is created at the surface as shown by many bars in the inset; then 
the absorption is increased. After the heat-press bonding, a part of the created OH 
remain causing the increased absorption, but the other part of the created OH are 
consumed probably due to some chemical reactions under the heat-press because 
the absorption for the bonded sample (having two irradiated surfaces) is not two 
times larger than that for the irradiated sample (having one irradiated surface).

3.9  �Cross-Linking Layer by OCP

Here we mention on results of the OCP solution test. The non-irradiated PET film 
was dissolved completely in the OCP solution. Though, a remnant was observed for 
the irradiated film. It indicates the plasma-irradiated surface is modified from the 
pure PET polymer, which is not dissolved. The modified part must be a cross-
linking layer formed on the irradiated surface.

4  �Discussions on the Bonding Mechanism and Long Lifetime 
of Activated Surface

We discuss the origins of plasma-induced low-temperature bonding of the PET 
films, the water-induced weakening of bonding, and the ultralong lifetime of 
plasma-irradiated active surface.

4.1  �Dehydrated Condensation Reaction (DCR)

It is known from the results of XPS and FTIR that the COOH group and OH group are 
created at the PET surface by the oxygen plasma irradiation. This is quantitatively con-
firmed by the GCMM, the rate of creation is much larger for the COOH (16 times) than 
OH (2.7). It can be understood that the OH is more involved than the COOH in the 
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non-irradiated original PET as the polymer terminator. Figure 17 shows schematic pic-
tures of the two irradiated PET surfaces before the heat-press (top) and after the heat-
press (bottom). Figure 17a shows the PET surfaces with high dose of irradiation where 
high densities of the COOH and OH are formed, while (b) shows the surfaces with low 
dose where low densities of the COOH and OH are formed. Under the moderate heat-
press, these active functional groups might induce a dehydrated condensation reaction 
(DCR) at the interface as schematically shown in Fig. 17a,b. It does not need excessively 
high pressure and temperature to get the DCR because (1) the COOH and OH are quite 
active and (2) the densities of them are quite high. Probably the high densities of surface 
COOH and OH are more important for the strong bonding.

Dai et al. [19] and Hao et al. [9] also suggested that the chemical reactions can 
take place at such low temperatures under the press [20, 21]. Hao et al. [9] espe-
cially indicated a possibility of the condensation reaction. As a result, after the heat-
press, they form strong chemical bonds such as PET-O-PET (ether bond), 
PET-COO-PET (ester bond), and PET-COOCO-PET (carboxylic anhydride bond) 
as shown in the bottom of (a). Their DCR formulae are shown in Fig. 17c. This must 
be the origin for the strongest bonding between the two irradiated PET for Tp>120 °C 
in Fig. 7 and for Tp>140 °C in the dry-peel test in Fig. 11 because substantial ther-
mal energy for the DCR can be supplied in these high-temperature ranges.

Fig. 17  The models for the bonding mechanism. (a) High-dose irradiation and high-temperature 
press. The high densities of COOH and OH groups are created on the surface (top), leading to the 
high densities of bonds (bottom). The solid lines indicate the chemical bonds. (b) Low-dose irra-
diation and low-temperature press. It should be noted that, in this experiment, actually the sample 
was irradiated with high dose but the low-temperature presses were conducted. The dotted lines 
indicate the hydrogen bonds. (c) The presumed dehydrated condensation reactions between the 
two irradiated PET films under the heat-press, corresponding to (a). These reactions produce water 
H2O (Original source: ①)
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While the weaker bondings (smaller peel strength Sp) observed in 90<Tp<120 °C 
in Fig. 7, and in 90<Tp<110 °C for the dry-peel test in Fig. 11, are caused by the 
insufficient DCR due to shortage of thermal energy for the reaction, the films are 
bonded by small number (low density) of the DCR bondings as simply shown in 
Fig. 17b. In such the insufficient conditions, the hydrogen bonding is more pos-
sible as indicated by dotted bars in the bottom picture. This hydrogen bonding is 
discussed in more detail later. This figure also shows a possible situation for the 
low dose. When the irradiation dose is not high enough, the COOH and OH are 
created, but their densities are low as shown in the top picture. Then the densities 
of DCR bondings are low as shown in the bottom picture, resulting in the weaker 
film bonding.

The amorphous PET can be bonded at around 65–75 °C as observed by Hao 
et  al. [9] Our result of bonding temperature of 100  °C is higher, because our 
biaxially oriented PET sample is crystalline. More exact reason must be clarified 
hereafter.

4.2  �Hydrogen Bonding

On the other hand, the weaker bonding in 100<Tp<130 °C for the wet-peel test 
in Fig. 11 suggests that there are two bonding elements, one must be the chemi-
cal bonding (DCR bonding) and the other must be hydrogen bonding between the 
created COOH and OH groups, as mentioned above. Not all of the created COOH 
and OH can take DCR even under the high heat-press because of insubstantial 
thermal energy and time, resulting in the hydrogen bonding (mixed with the 
chemical bonding). During the wet-peel test, the water can penetrate into the 
interface easily as shown in the top of Fig. 18 because the interface is well open 
to the water (see Fig. 5). Then, the water breaks this direct hydrogen bonding 
connecting the PET films directly. As the result, the water molecules (H2O) form 
weaker secondary hydrogen bonding mediated by H2O molecules as schemati-
cally shown in the bottom of Fig. 18. Then during the wet-peel test, the two PET 
films are loosely bonded only by the chemical bonding formed by the part of 
created COOH and OH groups. Thus, we can divide the bonding elements into 
the chemical bonding and hydrogen bonding for the insufficient temperatures of 
100<Tp<130 °C; these are indicated by two vertical arrows in Fig. 11. In the low 
Tp region, the hydrogen bonding is major, but with increasing Tp, the DCR 
chemical bonding becomes major gradually; then finally the films are bonded 
only by the high density of chemical bondings at the highest region of 
Tp>140°C. Thus, the bonding strength estimated by the wet-peel test is the same 
with that by the dry-peel test in Fig. 11. Incidentally we tried to use poly-phen-
ylene sulfide (PPS) and aramid paper (aramid) and obtained the same results as 
indicated in the figure by (PPS) and (aramid).
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4.3  �Long Lifetime of Irradiation-Induced Active Surface

The question why the plasma-irradiated surface has so long lifetime for the bond-
ing is very difficult to answer. One of the answers might be the cross-linking reac-
tion at the irradiated surface. As Occhiello et al. [7] suggested, the plasma-created 
COOH and OH turn back inside from the surface. However, in our case, the 
plasma-created COOH and OH cannot turn back inside from the surface due to 
protection by the cross-linking layer [37]; then they remain at the surface so long. 
Hudis et al. [38] reported that the cross-linking occurs by activated species cre-
ated by inert gas plasma, called as CASING.  The other origin might be water 
coverage of the irradiated surface. The plasma-created COOH and OH are cov-
ered with adsorbed H2O in the atmosphere; they are forming the hydrogen bond-
ing with H2O. Then the COOH and OH are preserved in the atmosphere. This 
problem is specialized in our previous paper [30]. In this case, we should consider 
why the COOH and OH are activated again when the PET films are heat-pressed 
6 years after the irradiation. Probably such hydrogen bond with H2O is broken 
easily during the heat-press due to evaporation of the adsorbed water, resulting in 
restoration of the active COOH and OH.

Fig. 18  The model for the weaker peel strength under the wet-peel test. The water molecules can 
penetrate into the opened bonding interface (top) and break the “direct hydrogen bonds (HB)” con-
necting the PET-PET directly. This results in the H2O-mediated secondary hydrogen bonds (bot-
tom). In this experiment, the two PET films were used, but we also tried other films as the PPS and 
aramid (Original source: ①)
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5  �Effects of Soaking of Irradiated Films in Liquids

We do not have yet rigid answers to the mechanism for ultralong lifetime of the 
irradiate active surface in the atmosphere which is effective to the bonding of PET 
for 6 years after the irradiation. We studied more on the surface of PET irradiated by 
“our plasma” and obtained curious and quite valuable results.

The plasma-irradiated films were soaked in the various types of liquid reagents 
of neutral, acid, alkali, and organic solutions; after that they were heat-pressed to 
make the bonding. All the samples showed Sp values larger than 10 N/cm, indicat-
ing the strong bonding. Then it is clarified that the plasma-bonding effect is not 
suppressed by the solutions of the pure water, acids, alkalis, and organic solvents. 
Then the functional groups of COOH and OH created on the irradiated surface do 
not lose their activity by these solutions or do not react with these solutions. Standing 
on this fact, it is quite reasonable and no doubtful that the irradiated active surface 
can be kept so long in the atmosphere. This is very important in terms of practical 
applications because we do not need to specially care the irradiated films for touch-
ing to these solutions before the heat-press process. It means we can keep the irradi-
ated films long in the normal atmosphere with no special attentions. But its reason 
is not fully clear yet.

On the other hand, we tried to soak the irradiated films in the several ionic solu-
tions and then measured the contact angles θ on the irradiated surface. After the 
soaking, they were heat-pressed, and Sp of the bonded films were evaluated. These 
values of θ and Sp are plotted in Fig. 19 against the solutions in order of θ magni-
tude. The non-irradiated film (without soaking) has the largest θ = 72° as marked by 
a blue circle. This indicates the most stable and inactive surface with the smallest 
surface energy; then the films cannot be bonded (the corresponding Sp = 0) by the 
heat-press. The irradiated film (without soaking) has a considerably small θ = 37° as 
marked by a red circle. This indicates very active surface with larger surface energy; 
then the films can be bonded (the corresponding Sp>10 N/cm).

After soaking in CaCl2 and CuCl2, the films have further small θ = 36° and 23°, 
respectively, indicating the surface is more activated. The COOH and OH might be 
increased or new functional groups are created. Its reason is not known yet; anyway 
the films can be bonded tightly. Then the Ca and Cu ions and Cl and SO4 ions have 
no effect on the bonding. After soaking in the pure water, the θ value of the film is 
recovered to 46°, indicating the surface becomes less active slightly. The COOH 
and OH might be decreased a little. But the films can be well bonded; this implies 
that the surface activity becomes less but it is still sufficient for the plasma bonding. 
This also indicates that we can reduce the plasma energy E (reduce the densities of 
created COOH and OH) to get the enough bonding.

The quite interesting result was obtained. The values of θ were increased 
(restored) much to be 56° and 67° after soaking the irradiated films in AlCl3 and 
FeCl3 solutions, respectively. This indicates the surfaces of both films become very 
inactive. Then they cannot be bonded like as the non-irradiated film with θ = 72°. 
This result certainly implies that the COOH and OH should be consumed by some 
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chemical reaction with the Al ions and Fe ions, because it is known from the HCl 
and CaCl2 solutions that the Cl ions do not work. However, it is not known yet why 
the specific Al and Fe ions act, while the Na, Ca, and Cu ions do not act. This may 
be an important suggestion for the bonding mechanism and long lifetime; the sub-
ject must be solved in the near future. We can conclude that the contact angle cer-
tainly gives the good measure for the plasma bonding, and the critical value of θ 
which divides bonding and nonbonding is in between 46 and 56°. It of course 
depends on the heat-press condition. We are now trying to obtain the exact critical 
value. It can be concluded by this unique experiment that the ability of irradiated 
surface with COOH and OH for the bonding is stable in the atmosphere and even 
after the soaking in the usual liquids. Then to keep this bonding ability, we should 
only mind the specific ions, which are not in the normal atmosphere.

6  �Examples of Practical Applications

Almost we could clarify the mechanism of plasma bonding and obtain the long 
lifetime of the bonding ability of the plasma-activated surface. Then we tried appli-
cation developments of this plasma-bonding technique. Here we present two exam-
ples of application-oriented research processes aiming to make use of the laminated 
plastic films. One is a long-term test of the bonding strengths for the solar cell use. 
The other is a long-term test of mechanical strengths of the laminated films applied 
as electrical insulator sheets used in motors of electric vehicle (EV).

E=1000 W･min/m
2

plasma activation

further activated

inactivated

Fig. 19  The contact angle θ of the films after the soaking in the liquids and the peel strength Sp 
after the heat-press bonding of the soaked films (Original source: ②)
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6.1  �Solar Cell Back-Sheet

For the application to the back-sheets in solar cells, we laminated the PET films 
with various plastic films. We preserved the laminated films at 85  °C and 85 % 
humidity in the atmosphere and then measured their peel strength. Figure 20 shows 
the long-term test of the peel strengths as a function of preserved time (t) for the 
PET/PVF, PET/EVA, PET/PET, and PVF/EVA. The PET is contacted with the PVF 
as shown in Fig.  2; then the result for PET/PVF is the most important factor in 
Fig. 20. The peel strength of PET/PVF shows 11 N/15 mm at the beginning (t = o); 
this is well stronger than the objective strength of 6 N/15 mm. Then it could clear 
the necessary bonding strength for the long-term application. As time goes, the 
strength does not change till 1000 h. This indicates that the PET/PVF laminate can 
be used as the back-sheet practically. The secondary important factor is the PVF/
EVA, because the PVF contacts with the block resin of EVA as shown in Fig. 2. 
Then we tested it. It shows well-strong bonding at the beginning and a decrease for 
short time, but it has stronger bonding above the objective strength after long time 
of 1000 h. Then the PVF/EVA also cleared the necessary condition.

We checked the PET/EVA which is used in the case of the all PET laminate as 
shown in Fig. 2. It shows stronger bonding above the objective value for long time 
even it shows rapid decrease, because its initial value is very high. We also checked 
the PET/PET laminate, showing a large decrease with time. Finally it shows the 
strength smaller than the objective value above 800 h. Then we should improve the 
plasma bonding for the PET/PET case.

PET/EVA

PET/PET
PVF/EVA
PET/PVF

85°C,  85% humidity

objective Sp > 6 N/15 mm
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Fig. 20  The peel strengths Sp as a function of preserved time t at 85 °C and 85% humidity for the 
<PET/PVF>, <PVF/EVA>, <PET/EVA>, and <PET/PET>. The objective value of Sp is 
6 N/15 mm; it is indicated by a dotted line. PVF polyvinyl fluoride, EVA ethylene vinyl acetate
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Thus, we could succeed in the application development of solar cell back-sheet 
using the <PET/PVF/PET> system. So we can expect this will be practically used in 
the near future, if people’s consciousness will be more oriented to the circumstance 
issues. It means the people should consider the circumstance issues due to the glues 
and organic solvents are heavier than the economical merit of low production costs.

6.2  �Insulator Sheet in EV Motor

Inside the EV motor, temperature and humidity are very high; then the circumstance is 
very severe for the insulator sheet used in motor oils. The PPS has good electrical insu-
lation, higher mechanical strength, and higher thermal and chemical tolerances. On the 
other hand, the aramid paper (aramid) especially has high mechanical and thermal 
tolerances. Then we tried to develop the laminate of <aramid/PPS> by the plasma 
bonding. We tried to cover both sides of the PPS film with the strong aramid films to 
protect the PPS. The PPS and aramid films were irradiated by the plasma in roll-to-roll 
system; then they were bonded by roll-press at 180 °C as shown in Fig. 21. Thus, we 
could obtain tri-layer of <aramid/PPS/aramid> without using any adhesives.

We tried to test the tri-layer mechanical strength in high-temperature circum-
stance for long hours. Figure  22 shows for the <aramid/PPS/aramid> a rate for 
maintenance of strength (initial value is 100 %) as a function of holding time t at 
180 °C in the atmosphere. We also tried for <aramid/PEN/aramid> and <aramid/
PET/aramid>, where PEN is polyethylene naphthalate. The <aramid/PET/aramid> 
is rapidly degraded; it has only 50 % strength of the initial strength at 1000 h. The 
<aramid/PEN/aramid> can maintain its strength for 1000 h but loses it at 2000 h. 
Thus, these two cannot be applied to the motor insulator sheet. However, the <ara-
mid/PPS/aramid> can maintain the initial strength over 2000  h. It shows small 
increase until 500 h. This can be interpreted like that there remained small parts of 
the non-reacted COOH and OH under the heat-press; they make the additional 

Aramid paper (Nomex)

Aramid paper (Nomex)

PPS

ASA

180°C roll-press

A: aramid
S: PPS

Fig. 21  The roll-press bonding of the tri-layer <aramid/PPS/aramid> at 180 °C in the roll-to-roll 
system. Aramid aramid paper, PPS poly-phenylene sulfide
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bondings by the DCR under 180 °C during this time interval. We tested the <aramid/
PPS/aramid> at higher temperatures and higher humidity of 100 %, but it was not 
degraded for such vicious circumstances. It should be mentioned here that finally 
the <aramid/PPS/aramid> was actually employed as the motor insulator sheet in the 
EV. The PET does not have superior heat-resistance nature, and it absorbs water at 
higher temperatures; then it is not adequate for the EV motor use.

7  �Summary

The direct laminations of the engineering plastic films without using adhesives are very 
useful for their practical applications, because each elemental film can cover weak 
properties of other elements. We worked on the fundamental research to clarify the 
mechanism of plasma irradiation-induced tight bonding of the plastic PET films.

The functional groups of COOH and OH are detected on the plasma-irradiated PET 
surface by the XPS, FTIR, and GCMM. The COOH numbers are larger than the OH.

The oxygen plasma-irradiated PET films can be bonded tightly by the heat-press at 
temperatures higher than 100 °C just after the irradiation. The films, kept in the atmo-
sphere for 6 years after the irradiation, can be strongly bonded. The results of water 
contact angle show that the film surface is extremely active just after the irradiation, and 
it becomes less active in the atmosphere with time going but is still active considerably 
even after 5 years. This is the reason why the films can be bonded after 6 years.

The difference of peel strength between the dry- and wet-peel tests suggests that 
there are two forms of bonding, the hydrogen bonding and chemical bonding. The 
hydrogen bonding is major in the lower press temperatures of 100–130 °C because 

Fig. 22  The rate for maintenance of the strength before the breaking as a function of preservation 
time for the tri-layers of ASA (aramid/PPS/aramid), ANA (aramid/PEN/aramid), and ATA (ara-
mid/PET/aramid). Aramid aramid paper, PPS poly-phenylene sulfide, PEN polyethylene 
naphthalate
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the chemical bonding by DCR is less possible due to the shortage of thermal energy; 
then the film bonding strength is weak. The chemical bonding is major at the highest 
press temperatures of 140–160 °C due to the enough thermal energy for the DCR, 
resulting in the strong film bonding.

The FTIR results indicate that the plasma-created COOH and OH groups at the 
surface are responsible for the both bondings. After the heat-press bonding, the OH 
numbers in the bonded sample are decreased compared with those on the irradiated 
surface before the bonding. This indicates that the OH is consumed during the heat-
press bonding. Thus, the dehydrated condensation reaction is suggested for the chemi-
cal bonding. We can propose by the wet-peel test that the water can penetrate into the 
bonded interface and break the hydrogen bonding, resulting in the weaker peel strength.

The irradiation effects at the surface on the bonding can be preserved in the nor-
mal atmosphere for 6 years. It is proposed that the cross-linking layer and water 
adsorption with hydrogen bonding at the irradiated surface are the origins for 
ultralong lifetime of the plasma-induced active surface.

We could obtain quite valuable knowledges by the soaking test. The irradiated 
PET films after soaking in the most of liquids do not lose the bonding ability, but 
only the films soaked in the solutions of AlCl3 and FeCl3 lose it. (1) Thus, we can 
keep the irradiated films without special cares in the atmosphere. (2) The reality of 
ultralong lifetime of the plasma effect in the atmosphere can be supported by the 
soaking test. These are very important in terms of practical production processes.

This article mainly describes the fundamental research of our works on the 
plasma bonding of the plastic PET films. We have developed some application 
researches as well on various plastic films, such as polyvinyl fluoride (PVF), aramid 
paper (aramid), poly-phenylene sulfide (PPS), and polyimide (PI), and obtained the 
excellent achievements. For example, the <PVF/PET/PVF> tri-layer can be used for 
the solar cell back-sheet, and the <aramid/PPS/aramid> can be used for the insulator 
sheet in the EV motors. It was not mentioned here, but the <aramid/PI/aramid> is 
actually used for insulator sheets in the motors of high speed trains. We would like 
to report such reviews of other application-oriented researches in other occasions.

Acknowledgment  In this article, the most of figures and tables are reproduced from ① Jpn. 
J. Appl. Phys. (JJAP) 51 (2012) 11PG14 [28], ② JJAP 53 (2014) 05FB21 [29], ③ JJAP 53 (2014) 
05FB23 [30], and ④ Procedia Eng. 171 (2017) 88 [31]. These are noted in each figure and table 
caption. We obtained reproduction permissions from the Japan Society of Applied Physics for 
JJAP and from Elsevier for Procedia Eng. <Reproduction under the terms of the Creative Commons 
Attribution-Non Commercial-No Derivatives License (CC BY NC ND)>. We would appreciate 
these society and company for giving us their permissions.

References

	 1.	S. Adachi, Convertech 354, 40 (2002)
	 2.	E. Sugimoto, Electron. Parts Mater. 47, 103 (2008)
	 3.	K. Ino, E. Sugimoto, Convertech 355, 40 (2002)
	 4.	M. DeBergalis, J. Fluor. Chem. 125, 1255 (2004)
	 5.	M. Yokura, T. Hayashi, T. Yoshii, Y. Maeda, T. Endo, Trans. Mat. Res. Soc. Japan 35(1), 191 (2010)

Plasma Bonding of Plastic Films and Applications



418

	 6.	N. Inagaki, K. Narushima, S. Ijima, Y. Ikeda, S. K. Lim, Y. W. Park, K. Miyazaki: J. Adhesion 
Sci.Technol. 17 (2003) 1457.

	 7.	E. Occhiello, G. Morra, F. Garbassi, P. Humphrey, J. Appl. Polym. Sci. 42, 551 (1991)
	 8.	A.N.  Banerjee, C.K.  Ghosh, K.K.  Chattopadhyay, H.  Minoura, A.K.  Sarkar, A.  Akiba, 

A. Kamiya, T. Endo, Thin Solid Films 496, 112 (2005)
	 9.	Z. Hao, H. Chen, X. Zhu, J. Li, C. Liu, J. Chromatogr. A 1209, 246 (2008)
	10.	M. Audronis, S.J. Hinder, P. Mack, V. Bellido-Gonzalez, D. Bussey, A. Matthews, M.A. Baker, 

Thin Solid Films 520, 1564 (2011)
	11.	M.O.H. Cioffi, H.J.C. Voorwald, R.P. Mota, M. Charact. 50, 209 (2003)
	12.	Y. Setsuhara, K. Cho, K. Takenaka, A. Ebe, M. Shiratani, M. Sekine, M. Hori, E.  Ikenaga, 

H. Kondo, O. Nakatsuka, S. Zaima, Thin Solid Films 518, 1006 (2009)
	13.	L. Yang, J. Chen, Y. Guo, Z. Zhang, Appl. Surface Sci. 255, 4446 (2009)
	14.	Y. Setsuhara, K. Cho, K. Takenaka, M. Shiratani, M. Sekine, M. Hori, Surf. Coatings Tech. 

205, S484 (2011)
	15.	M. Katsikogianni, E. Amanatides, D. Mataras, Y.F. Missirlis, Colloids Surf. B: Biointerfaces 

65, 257 (2008)
	16.	A. Vesel, M. Mozetic, S. Strnad, Vacuum 85, 1083 (2011)
	17.	K.N. Pandiyaraj, V. Selvarajan, R.R. Deshmukh, M. Bousmina, Surf. Coatings Tech. 202, 4218 (2008)
	18.	K.N. Pandiyaraj, V. Selvarajan, R.R. Deshmukh, C. Gao, Vacuum 83, 332 (2009)
	19.	C.-A. Dai, Y.-H. Lee, A.-C. Chiu, T.-A. Tsui, K.-J. Lin, K.-L. Chen, M.-W. Liu, Polymer 47, 

8583 (2006)
	20.	C. Scott, C. Macosko, J. Polym. Sci. B Polym. Phys. 32, 205 (1994)
	21.	P. Marechal, G. Coppens, R. Legra, J.-M. Dekoninck, J. Polym. Sci. Part A, Polym. Chem. 33, 

757 (1995)
	22.	J.  Friedrich, The Plasma Chemistry of Polymer Surface: Advanced Techniques for Surface 

Design (Wiley-VCH, Weinheim, 2012)
	23.	T. Hayashi, M. Kato, M. Yokura, K. Uehara, X. Guo, Y. Nakamura, T. Endo, World J. Eng. 

7(Suppl.2), 520 (2010)
	24.	M. Yokura, T. Hayashi, H. Katsumata, G. Xiang, T. Yoshii, M. Matsui, T. Endo, World J. Eng. 

7(Suppl.2), 519 (2010)
	25.	M. Yokura, K. Uehara, G. Xiang, A. Okamoto, Y. Nakamura, L. Reddy, T. Endo, World J. Eng. 

8(Suppl.3), 1275 (2011)
	26.	M. Yokura, K. Hanada, K. Uehara, M. Nagashima, H. Nishikawa, Y. Nakamura, H. Kezuka, 

K. Endo, T. Endo: Proc. Int. Conf. Composites/Nano Engineering (Beijing) (2012) CDROM
	27.	M. Yokura, K. Uehara, G. Xiang, K. Hanada, Y. Nakamura, L.S. Leddy, K. Endo, T. Endo, 

Mater. Res. Soc. Symp. Proc. 1454, 201 (2012)
	28.	M. Yokura, K. Hanada, K. Uehara, Y. Nakamura, L.S. Reddy, H. Nishikawa, M. Nagashima, 

T. Endo, Jpn. J. Appl. Phys. 51, 11PG14 (2012)
	29.	M.  Yokura, K.  Uehara, K.  Hanada, Y.  Nakamura, H.  Nishikawa, T.  Tsuchiya, S.L.  Reddy, 

R. Philip, Y. Izumi, S. Tomita, T. Endo, Jpn. J. Appl. Phys. 53, 05FB21 (2014)
	30.	K. Hanada, M. Yokura, M. Nagashima, Y. Nakamura, H. Nishikawa, Y. Strzhemechny, Z. Orel, 

S.L. Reddy, Y. Izumi, S. Tomita, T. Endo, Jpn. J. Appl. Phys. 53, 05FB23 (2014)
	31.	T. Endo, L. Reddy, H. Nishikawa, S. Kaneko, Y. Nakamura, K. Endo, Procedia Eng. 171, 88 

(2017)
	32.	S. Teii, J. Inst. Electr. Eng. Japan 107, 1096 (1987)
	33.	H. Kobayashi, S. Hirose, Electron. Parts Mater. 20, 151 (1981)
	34.	H. Iriyama, Convertech 356, 46 (2002)
	35.	Y. Nakayama, T. Takahagi, F. Soeda, K. Hatada, S. Nagaoka, J. Suzuki, A. Ishitani, J. Polym. 

Sci. Polym. Chem. 26, 559 (1988)
	36.	M. Mito: The Mechanism of Organic/Inorganic Interface, K. Fukushima (Sci. Technol., Tokyo, 

2006) 3–9.
	37.	Y. Iriyama, J. Yasuda: Appl. Polym. Sci., Appl. Polym. Symp. 42 (1998) 97.
	38.	M.  Hudis: Techniques and Applications of Polymer Chemistry, J.  R. Hollahan, A.  T. Bell 

(Wiley, New York, 1974) 113.

K. Uehara et al.



Part IV
Characterization Tools



421© Springer International Publishing AG 2017 
S. Kaneko et al. (eds.), Carbon-related Materials in Recognition of Nobel 
Lectures by Prof. Akira Suzuki in ICCE, DOI 10.1007/978-3-319-61651-3_17

Atomic Force Microscopy for Characterizing 
Nanocomposites

Yu Liu, Chao Bao, Heng-yong Nie, David Hui, Jun Mei, and Woon-ming Lau

1  �Introduction

A typical AFM system consists of three key components as shown in Fig.  1, 
including piezoelectric scanner as an accurate actuator, a proportional integral 
(PI) controller, and a cantilever with designed sensing mechanism [14, 15]. In the 
history of AFM, optic fiber, piezo, tuning fork, etc., have been all considered to 
provide ultra-sensitive force measurements [16–18]. The most widely used one 
is the optical-level-based sensing module, which includes a microfabricated flex-
ible cantilever beam with an ultra-sharp tip, a laser diode emitting a laser beam 
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(collimated) as focused on the cantilever backside, and a quadrant photodetector 
(PD) to receive reflected laser beam from the cantilever backside [19, 20]. The 
differential electrical signal from the PD corresponds to the displacement of the 
laser spot across the face plane of the PD based on optoelectronics. Such an 
optical-lever sensing system can effectively detect the deflection of the cantilever 
under a pN force loaded on the tip [21]. The cantilever is commonly made from 
Si and Si3N4 materials [22], in which Si3N4 cantilever was harder and more 
chemical stable. The backside of the cantilever might be coated with a thin gold 
or aluminum layer to enhance the light beam reflectivity for obtaining higher 
measurement sensitivity.

The deflection of the cantilever is regulated by the interacting force between the 
tip and the sample. The interacting force is nonlinear in nature [23]. When the tip is 
away from the surface, the dominant forces include attractive Van der Waals and 
capillary forces, which depend on the materials’ properties of the sample. When the 
tip is in contact with the sample, repulsive forces due to viscoelastic properties of 
the sample act on the tip. As shown in Fig. 2, the interaction force between the tip 
and the sample changes with the probe distance from the sample (z distance). When 
the tip is far from the surface, there is no deflection for the cantilever. As approach-
ing the sample at a certain distance, the tip will be pulled toward the surface, into the 
attractive regime. The attractive force will increase with decrement of the distance 
until to the maximum. Then the attractive force will decrease to zero and transits 
into repulsive regime. The hard contact between the tip and the surface is imple-
mented in the repulsive regime. In air, we typically only use contact mode and 
tapping mode of AFM for studying nanocomposites.

Fig. 1  Schematics of atomic force microscopy
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2  �Contact Mode and Its Relevance

The earlier applications of atomic force microscopy were based on the contact (or 
static) mode [10, 24]. Of this mode, the AFM tip is in an immediate hard contact 
with sample surface upon experiencing repulsive force (as in Fig. 2). While scan-
ning a topographic image of a sample, the height position of the Z-translation stage, 
to control the up-down movement of the AFM tip, is controlled by a feedback loop 
to maintain a constant contact force between tip and sample. Through an appropri-
ate selection of cantilever spring constant typically ranging from 0.001 N/m up to 
3 N/m (herein we mean nominal spring constant), the contact mode AFM can be 
applied to image diverse hard-soft nanocomposites.

From the contact mode scanning, not only a useful topographical map of the 
surface is obtainable, but also lateral friction imaging is available through monitor-
ing the lateral signal on the PD. The frictional image was earliest carried out by 
Mate et al. [24] to observe atomic-scale features on graphite surface and has repre-
sented pioneering work of studying tribological properties between micro-/
nanoscale contact and macroscale contact. It eventually leads to the advances in 
nanoscale understanding of frictional phenomena of nanocomposites [25–27]. 
Exact measurements of friction force are deserved, and two categories of research 
efforts have been collected, based on direct measurements of friction coefficient or 

Fig. 2  Schematics of different AFM modes in consideration of tip-sample interaction force
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friction force. For measuring the friction coefficient, successive steps of calibrating 
the normal signal sensitivity, normal stiffness, lateral signal sensitivity, and lateral 
stiffness have to be done in advance. Although the normal sensitivity can be directly 
calibrated in the contact mode, the optical geometry of AFM system is not straight-
forward for the lateral sensitivity [28]. Therefore, a number of special accessories 
were designed [29–31]. It also pushes forward several efforts based on well-defined 
wedge, SrTiO3 specimen (Fig.  3), or universal platform from Si (100) wafer for 
directly determining the conversion relationship between friction force coefficient 
and lateral voltage response.

The friction force AFM technique could also be applied as a chemical force 
microscopy to provide nanoscale information about the functional groups on a com-
posite surface, which ultimately determines the surface interfaces at the smaller 
scale [32, 33]. Such as, for nanocomposites with silica particles as fillers, AFM fric-
tion images in Fig.  4 show the size-dependent dispersion and averaging friction 
force. With larger filler size, the average friction forces of the microcomposites were 
always greater than the nanocomposite. Meanwhile, the region with aggregation of 
nanofillers such as nanoclusters exhibits higher friction than the regions with uni-
form distribution of nano-silica in the nanocomposite. If the nanoparticles are well 
dispersed, strong adhesion appears between filler and polymer matrix to minimize 
the deboning and delamination, which will decrease the fracture and wear penetra-
tion on the nanocomposite surface [34].

The lateral friction is dependent on heterogeneity of surface materials, such as 
chemical functionalities related with the nanocomposite surfaces. In Fig. 5, WS2 
nanotubes as the fillers in PS/PMMA blends are not observable from the topo-
graphic image, but the friction force image clearly shows darker spots with the 
fillers. The dispersion quality of fillers in heterogeneity with matrix materials, 
associated with final performances of nanocomposites in many aspects, can be 
successfully probed by friction mode [35, 36].

Fig. 3  SrTiO3-based calibration of friction coefficient (Reprinted with permissions from Refs. 
[29] and [31])
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Fig. 5  AFM topographic (a) and friction images (b) of WS2 fillers in PS/PMMA blend (Reprinted 
with permission from Ref. [35])
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In practice, for softer materials with Young’s modulus at the order of MPa and 
even less which is common for elastomeric nanocomposites, significant deforma-
tion and damage on sample surface often occur in contact mode during imaging in 
air, because certain loading force must be applied to penetrate contaminants and 
adsorbed moisture on the material surface [37]. AFM contact mode through setting 
a preloading on samples may be deployed for scratching composite surfaces. Ebert 
and Bhushan [38] performed a systematic study on testing transparent superhydro-
phobic coatings on glass, polycarbonate, and poly(methyl methacrylate) (PMMA) 
substrates using surface-functionalized SiO2, ZnO, and indium tin oxide (ITO) 
nanoparticles. In Fig. 6, AFM tips induced wear results on the coatings as deposited. 
All surfaces showed wear resistance for potential commercial use, indicating strong 
bonding of the silicone resin and sufficient hardness of nanoparticles and resin.

When the piezoelectric tube, which controls the sample position, is driven by a 
sinusoidal voltage with controlled frequency and amplitude, force modulation mode 
(Fig. 7) is quickly established to maintain a constant cantilever deflection as in con-
tact mode AFM [37]. The amplitude response of the dynamic cantilever is a function 
of the driving signal and the surface elasticity. This technique is particularly useful 
in characterization of hard-soft nanocomposites.

In Fig. 8a [39], the force modulation image displays a clear distinction between 
the patterned silver electrodes and the surrounding polystyrene with a hydrogen 
sensor design. Referring to the morphological image, force modulation image shows 
enhanced contrast based on the variations in local elasticity and reveals interfacial 
transitions in the local elasticity across the cross section. More attractive results 
with nanocomposite can be found in Fig.  8b, wherein images of a carbon black 
deposit in a section of automobile tire rubber [40]. The force modulation image 
(right) clearly differentiates the stiffer carbon black area in the center from the sur-
rounding rubber. DeVecchio and Bhushan [41] pointed out that force modulation 
AFM can yield quantitative elasticity on samples with modulus up to several tens of 
GPa, with low indentation loads as only a few tenths of μN, eliminating significant 
plastic deformation on samples. This technique further poses the capability for 
simultaneously imaging morphological, friction, and elastic compliance.

3  �Force Curve Mode

AFM has an important function on physical and chemical characterizations of the 
nanocomposite surfaces. They are implemented by approaching the probe toward 
the material surface for obtaining force curves as shown in Fig. 9. In this data acqui-
sition process, the loading force will increase with displacement of the Z stage 
movements with AFM cantilever, after the contact between the probe and the sam-
ple. When the force reaches the set point, the probe is quickly retrieved back with 
continuous force decrease. The force curve has included rich information associated 
with the surface properties of the nanocomposites [42]. For example, the slope of 
the approaching curve is typically correlated with elasticity. The indentation depth 
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of AFM tip into the sample is extracted from Z displacement and the cantilever 
deflection, and therefore hardness can be got if without considering cantilever 
compliance during force loading. Within the close plot formed by approach and 
retract curves (Fig.  9), store and loss energy can be both calculated. The area 
enclosed between approach and retract curves corresponds to the energy dissipa-
tion, which would be interfered by adhesion based hysteresis and viscosity [43]. 
Directly, the “pull-off” part of retract force curve is right the adhesion force related 
to the surface chemistry. This observable adhesion information catalyzed AFM as a 
chemical force microscopy for fishing different functional groups on composite sur-
faces. Trifonova-Van Haeringen et al. [44] introduced AFM force mode with chemi-
cal modified tips for adhesion imaging based on analysis of measured pull-off 
forces. It helps in differentiating the filler particles from the rubber matrix, with an 
emphasized merit for distinguishing the types of filler particles.

For calculation of mechanical properties of surfaces, the force curve may be fitted 
based on different contact mechanic models:

	1.	 Hertz Model

The Hertz model, developed by Hertz in 1982 with assumption of spherical tip 
as used [45, 46], can be applied to obtain effective elastic modulus E*:

	
E

F

R
* =

3

4 1 2 2 3/ /d 	
(1)
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Fig. 7  Schematics of force modulation microscope (a) and its operating principles (b) (Reprinted 
with permission from Ref. [39])
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where R is radius of tip end and δ is the elastic deformation under the applied load 
F. The Hertz model was established with further assumptions of small elastic defor-
mation on an isotropic surface and no adhesive force as pinned out [47]. Based on 
it, Pakzad et al. [48] applied AFM in combination with analytical contact mechanics 
for studying the size dependence of transverse elastic moduli of two kinds of cel-
lulose nanocrystals, which are important filler in composite materials. It also showed 
that wood cellulose nanocrystal had higher transverse elastic moduli rather than the 
cotton one. As one most fundamental filler, carbon nanotubes were studied by Palaci 
et  al. [49] with considering its radial elasticity as a function of external radius 
(Fig. 10), based Hertz model. They applied a small indentation to measure the radial 
stiffness and elastic modulus of multiwalled carbon nanotubes and noticed that the 
radial Young’s modulus strongly decreased with the increased radius.
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Fig. 8  Topographic and friction force images of (a) deposited silver electrodes in polystyrene and 
(b) carbon black filler in tire rubber (Reprinted with permission from Refs. [39] and [40])
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	2.	 Johnson-Kendall-Roberts (JKR) Model

The JKR model includes the influence of surface energy, which can be used for 
the adhesive situations [50]. The Hertz model is first modified in JKR to calculate 
the surface attractive forces:

	
a

R

E
F R R3 23

4
3 6 3= + + + ( )æ

è
ç ö

ø
÷* gp gp gpRF

	
(2)

Fig. 9  Schematics of force curve

Fig. 10  Dependence of 
Young’s modulus of 
multiwalled carbon 
nanotube on external 
radius, as measured by 
force curve AFM mode 
based on Hertz model 
(Reprinted with permission 
from Ref. [49])
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where γ refers to surface energy. When the applied force F equals zero, the equation is

	
a

R

E0
3

29

2
= *

p g

	
(3)

The separated force can be obtained at the time when a equals to zero by the fol-
lowing equation:

	
F R= -

3

2
gp

	
(4)

where the separated force can be extracted from the force curves. Finally, we use the 
above equation to calculate the surface energy γ. Lin et al. [46] measured elastic 
moduli of polystyrene (PS), polymethylmethacrylate (PMMA), and polydimethyl-
siloxane (PDMS) films using AFM with a steel microspherical probe tip. It can be 
found from the force displacement that the pull-off force maximum was varying due 
to the surface energy diversity. Tests from Hertz and JKR models predicted there is 
a dramatic difference on the modulus with respect to indentation depth. These 
results confirm the validity of the proposed method for effectively measuring the 
elastic properties of polymeric thin films.

	3.	 Derjaguin-Muller-Toporov (DMT) Model

JKR model is suitable for short-range forces as occurred within the area of con-
tact. The DMT model is an alternative model for adhesive contact which includes 
the long-range surface force outside contact area. DMT model shows better for the 
cases under lower adhesion when a smaller diameter probe punches on a harder 
material [51, 52]. Herein, long-range force may be described as

	
a

R

E
F R3 3

4
2= +( )* Dgp

	
(5)

where ∆γ refers to the surface energy which can be calculated by the separation 
force equation:

	 F R= -2Dgp 	 (6)

Because nanocomposite surfaces being examined are heterogenous, it is attrac-
tive to collect an array of force curves [53]. Each force curve is measured at a unique 
X-Y position in the area, and force curves are listed into a three-dimensional array, 
which represents a map of the distribution of elasticity, adhesion, and dissipation 
data on the surface. Wang et al. [54] developed a procedure based on combination 
of JKR contact mechanics and “two-point method” with force curve AFM to obtain 
topography, elastic modulus, and adhesive energy maps simultaneously for a nature 
rubber (NR) containing carbon nanotube fillers in Fig.  11. Figure  12 further 
compares the force-deformation curves and the JKR fitting curves of different 
region in the elastic modulus map. It is suggested that this combined method can be 
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used to identify carbon nanotubes (CNTs), NR, and intermediate modulus regions 
effectively in nanocomposites.

Karim et al. [55] use the JKD model to determine the surface modulus of neat 
epoxy and POSS/epoxy composite with silica and gold particles as fillers. Adhesion 
measurements were used for determination of surface energy. For neat epoxy, 
epoxy/POSS composite systems and PS films, the surface modulus value was found 
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softer than the macroscopic glassy modulus. The variety of elastic modulus under 
different loads can be eliminated through introducing the influence of adhesive 
interactions in JKR contact model. Although informative, force volume method is 
time consuming and alternative means based on dynamic AFM mode have been 
developed for quicker solutions in the next section.

4  �Dynamic Force Modes

Dynamic force mode has put its advances in development of AFM for imaging 
nanocomposites. The aforementioned force modulation, although belonging to 
dynamic force mode, operates at a frequency of only about several kHz or less. It is 
far below the fundamental resonance frequency. Meanwhile, force modulation is 
carried based on constant force contact between tip and sample. In this section, our 
dynamic force mode is mainly related to tapping mode and its relevance, which are 
operating at different resonance frequencies. Tapping mode AFM was initiated by 
Zhong et  al. [56] to reduce tip-induced irreversible damage of contact mode on 
polymer with low modulus. It is probably the one in AFM with highest usage 
frequency for studying nanocomposites. Tapping AFM allows the ease of imaging 
soft materials at small forces esp. in air, with suppressing lateral friction force with 
minimized surface damage [57].

During tapping mode scanning, the AFM oscillates (or tapes) its cantilever with 
amplitude of up to 100 nm and frequency close to or at its fundamental resonance 
[58]. The tip is in an intermittent contact with the material surface with a feedback 
loop to control the translational stage up-down to maintain the damped amplitude of 
the cantilever at a constant level (set point). Fifty to seventy percent of its freely 
vibrating amplitude is generally adopted and tuned for obtaining tapping images. 
However, it has to be paid attention that height anomalies may be associated with 
tapping mode AFM due to strong tip-sample interaction, which modulates oscilla-
tory movements of the cantilever during scanning [59, 60].

In addition to its topographic imaging, tapping mode has demonstrated its excel-
lence in providing phase contrast in direct relation with heterogeneity of surface 
compositions [58]. From Fig. 13, carbon black fillers as mixed in the rubber matrix 
can be distinguished with clear boundary interpretation. It was noticed that phase 
shift has certain relationship with mechanical property of the surface [61], in that 
the phase lag between the excitation signal (driving the cantilever vibration) and 
cantilever response is a parameter about the type of interactions that the tip experi-
ences. For elastic materials, the phase decreases from 90 to 0° as the tip approaches 
the sample surface. This shift is smaller for softer samples as in Fig. 14. Therefore, 
stiffer filler areas in Fig. 13 are brighter than softer rubber areas.

Tomayo and Garcia [62] theoretically and experimentally demonstrated the 
phase shift under condition of adhesion hysteresis and/or viscoelasticity. 
However, such phase shift is not sensitive to stiffer materials with Young’s modulus  
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E > ~2GPa, even with energy dissipation involved. Cleveland et al. [63] pointed 
that the tapping mode AFM phase image should be interpreted in terms of energy 
dissipation by
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where A0 is the driving amplitude, A is the set-point amplitude, and Q is the quality 
factor. Furthermore, the interpretation of phase image is also dependent on the tap-
ping condition [58]. The results in Fig.  14, though describing certain relation 
between Young’s modulus and phase shift, do not provide quantitative mapping 
between them, in that the phase shift is coupled by complex combination of stiffness 
with other existent dissipation mechanisms during the intermittent contact between 
tip and surface, such as adhesion and viscoelasticity. Therefore, for determination of 
Young’s modulus, nanoindentation-based force volume mode and force modulation 
mode have been used in other sections. However, the force volume mode has low 
lateral resolution and imaging speed for practical application; and force modulation 
mode is working in contact mode with certain selection on stiffness of materials. 
Therefore, there is a necessity to correctly determine different surface properties 
through establishing a more effective way.

While the oscillating tip approaches to or retracts from the sample surface under 
tapping amplitude modulation, it experiences a complex and time-varying force 
field which contains a wealth of information about the materials composition. Such 
tip-sample interactions generate a disturbance to the vibration of the cantilever 
while it is tapping at the resonance frequency. Thus, the motion of cantilever 
becomes a harmonic. Hillenbrand et al. [64] noticed that in AFM tapping mode, 
other dynamic amplitudes of the vibrating cantilever were stimulated at its higher 
harmonics (integer times of the fundamental resonance) as in Fig. 15. These harmonic 
responses exhibit certain relationship with the mechanical property of the surface. 
Stark et  al. [65] studied the origins of the increased an-harmonic responses in 
higher-order flexural modes due to nonlinear tip-sample interactions. They also 
resolved the force constants of the tip-sample interactions by analyzing a wide spec-
trum of flexural motions of the cantilever using Fourier transformation. By simulat-
ing the AFM cantilever using finite element method, Song and Bhushan [66] studied 
the dynamic responses of the cantilever under both of attractive and repulsive force 
regimes and concluded that the nonlinear force field could excite higher-order 
modes of the vertical bending.
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Recently, researchers have investigated the possibility of using higher-order flex-
ural modes to explain the origins of the harmonic spectra and therefore being able 
to extract the information of the tip-sample interactions. At the earlier time, Minne 
et al. [67] already studied the second flexural mode to monitor the change of ZnO 
film admittance, which is not possible to probe, while the AFM is operated at the 
fundamental resonance. Hoummady and Farnault [68] applied the second-order 
flexural mode to distinguish hydrodynamic damping and attractive interaction. 
They found that the AFM optical-lever detection sensitivity was enhanced in the 
second-order flexural mode. Exciting first two flexural modes at the same time was 
developed as an approach to probe materials’ properties [69, 70].

The second-order flexural mode, generally a nonharmonic eigenmode of the can-
tilever, is less coupled with the first-order mode according to the amplitude of vibra-
tion. The first flexural mode was mainly used for scanning sample topography, and 
composition contrast was obtained simultaneously through locking-in signals at the 
second flexural modes. As a result, the sensitivity detected at the second-order flex-
ural mode for compositional mapping was promoted by a factor of 10 because of a 
higher Q-factor. More attractively, this dual frequency dynamic force mode can 
obtain subsurface information, such as by making use of the nonlinear nanome-
chanical coupling between the probe and the sample [71] in Fig. 16. An alternative 

Fig. 16  Schematics of probing subsurface information through nanomechanical coupling between 
tip and sample, operating at dual frequency dynamic force mode (Reprinted with permission from 
Ref. [71])
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implement of dual frequency excitation [72] could be imposed on sample holder 
instead of on the cantilever in Fig. 17, in which patterned gold grating buried under 
the surface layer of polystyrene could be imaged through amplitude and phase shift 
at the second frequency.

Higher flexural mode vibration requires significantly higher driving force for 
vibrating cantilever at higher-order resonance frequency. As a result, the effective 
signal-to-noise ratio becomes very lower [73]. Worse case is that higher flexural 
vibration may cause fatigue problem of the cantilever. Therefore, further attempts 
have been made by Sahin et al. [74] to enable some specially designed (notched 
and tip-offset) cantilever in Fig. 18 to more effectively harvest the high-order 
harmonic signals as the interaction force excites higher-order flexural modes. 
The notched type of cantilever guarantees the match of first three flexural modes 
with calculated resonances, and the tip-offset cantilever can intrinsically shift the 
highest dynamic response at 16th harmonics due to induced torsional resonance at 
tapping mode [75].

Fig. 17  Utilization of dual frequency excitation on sample holder for imaging buried gold grating 
under polystyrene film: (a) experimental setup; (b) gold or aluminum structures were deposited on 
silicon by sputtering. The structures were covered by 200 nm thick polystyrene which was spin-
casted into the gold grating; (c) topographic image of gold-line structures covered with 7 μm 
PMMA photoresist layer, amplitude image, and phase image of the gold lines, buried 7 μm under 
the photoresist layer (Reprinted with permission from Ref. [72])
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5  �Conclusions

With its three decades’ development, atomic force microscopy has been widely 
used for studying composite surfaces. A variety of imaging modes can be found 
with nanocomposites. Although continuous efforts have been done for comprehen-
sively probing surfaces, appropriate selection or combination of AFM modes is still 
in need for correctly interpreting material properties. The relevant understandings 
on AFM imaging data are from multidiscipline, which will keep requesting more 
researches on resolving force details, spanning from mechanical, thermal, electro-
static, capacitive, and so on. The alliance between AFM and nanocomposite is in 
trust to finally bring more advances in nanotechnology.

Fig. 18  (a) Special design of AFM cantilever for harvesting higher harmonic signals to match the 
third-order resonance frequency to an exact integer multiple of the first resonance frequency. 
Frequency response curves given to the right compare the response of an unmodified cantilever to 
a correctly designed cantilever. Diamond markers are placed at harmonic frequencies that come at 
integer values. (b) A torsional harmonic cantilever designed to use the more efficient torsional 
vibrations to enhance harmonic signals (Reprinted with permission from Ref. [74])
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