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Abstract
The paper presents results on the three-dimensional (3D) functionalization of graphite-originated flakes to graphene by 
carbonization of specific precursors in the presence of a hard template. In situ precipitated Na2CO3 nanocrystals or CaCO3 
nano-powder were used as a hard template. Graphene flakes were obtained by a wet chemistry exfoliation of commercial 
graphite. The flakes were premixed with a non-specific binder and the hard template and then carbonized at temperatures of 
700 to 800 °C under the flow of nitrogen. The addition of a template allowed to increase the surface area up 287 m2/g for the 
Na2CO3 template and 333 m2/g in the case of CaCO3, while the surface area of 25 m2/g was noted for the raw graphite. Several 
instrumental methods were applied for the characterization of the obtained 3D-graphene materials: combustion elemental 
analysis, SEM, HRTEM, XPS, Raman spectroscopy and low-temperature adsorption of nitrogen. The effect of the addition 
of a template and the carbonization temperature on the surface area of the 3D structured graphene was demonstrated. The 
wet-chemistry method led to an efficient deglomeration of graphene flakes to double (DLG) and few (FLG) layered graphene. 
The proposed method is inexpensive.
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1  Introduction

The discovery of graphene in 2004 by a group of research-
ers led by Novoselov et al. (2004) caused a rapid increase in 
interest in this material, mainly due to its unique properties 
(Eftekhari and Garcia 2017; Smędowski and Muzyka 2013; 
Hancock 2011; Katsnelson 2007). Commonly, graphene 
is regarded as a two-dimensional (2D) structure, difficult 
to obtain in its pristine form and characterized by a high 
production cost. Plenty of potential applications rely on the 
outstanding properties of graphene-like durability (Tian 
et al. 2014), high thermal and electrical conductivity, etc. 
(Yung et al. 2013). Despite a tremendous progress in recent 
years, the problem of inexpensive industrial fabrication of 
graphene-based materials is intensively investigated around 
the world. Beside the suggested graphene application in 

electronic devices, there is a demand for three-dimensional 
(3D) structures consisting of graphene building stones like 
small graphene flakes occasionally supplemented with 
heteroatoms like the so-called functional groups (oxygen, 
nitrogen-containing) of specific chemical properties.

Nowadays, a different precursor can be applied for the 
manufacturing of graphene flakes: graphite, highly oriented 
pyrolytic graphite, saturated and unsaturated hydrocarbons, 
aromatic hydrocarbons, etc. (Smędowski and Muzyka 2013; 
Torbicz and Pijanowska 2012). Generally, graphene produc-
tion (including graphene flakes) methods can be divided into 
two main classes, i.e., bottom-up method and top-down 
method (Kim et al. 2010). The bottom-up method depends 
on the chemical reaction of molecular building blocks to 
form covalently linked 2D networks. The top-down method 
is based on the exfoliation of graphite, which directly deliv-
ers graphene flakes. Several reviews have already summa-
rized the up-to-date progress of various graphene production 
methods, such as mechanical exfoliation, chemical synthesis, 
liquid-phase exfoliation, thermal chemical vapor deposition 
(CVD) and microwave synthesis (Kamedulski et al. 2018c; 
Yuan et al. 2016; Zhong et al. 2015; Yi and Shen 2015; Cui 
et al. 2011). A very important consideration for any material 
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to be produced on an industrial scale is the cost-effectiveness 
and quality of the product. The method of non-oxidative 
liquid-phase exfoliation seems to be more favorable in com-
parison to other methods regarding the graphene quality, 
cost of production and the upscaling to industrial scale. In 
most known approaches of that type, graphite powder is 
dispersed in specific organic solvents, such as N, N-dimeth-
ylformamide (DMF), γ-butyrolactone (GBL), 1,3-dime-
thyl-2-imidazolidinone (DMEU) and N-methylpyrrolidone 
(NMP). Solvent dispersion is often supported by sonication 
and centrifugation (Hernandez et al. 2008; Ravikumar and 
Gopukumar 2013).

The current work is aimed at the elaboration of new 
synthesis pathways of porous 3D graphene being, in fact, 
a complex structure built of glued graphene flakes. New 
knowledge on the principles of 3D structuring of graphene 
will open up new practical applications for such materials 
as adsorbents, catalysts and electrode material in electric 
power devices like fuel cells (Mao et al. 2015; Zhu et al. 
2018), supercapacitors (Li et al. 2015, 2018; Wang and Xu 
2016; Ping et al. 2017), Li-ion batteries (Cai et al. 2017; 
Cheng et al. 2017) and photovoltaic cells (Ma and Chen 
2015; Han et al. 2014; Zhang et al. 2013; Fan et al. 2012; Yu 
et al. 2015). Moreover, porous 3D graphene may improve the 
performance of solar cells (Acika and Darling 2016; Zhang 
et al. 2015; Roy-Mayhew and Aksay 2014; Lim et al. 2017).

Hard templating is an effective strategy to produce porous 
materials from non-porous raw materials, which do not yield 
porous carbon matrixes after carbonization of the materials. 
For example, a hierarchical microporous-mesoporous carbon 
with a large surface area and pore volume was prepared by 
the simple one-step carbonization of a mixture of magne-
sium gluconate and phenolic resin (Niu et al. 2017). Tem-
plating means that a powdered template must be added to a 
precursor, which is going to be turned into a porous carbon 
matrix. Upon heat-treatment, the main organic precursor is 
converted into a carbon phase in which template particles 
remain. After the removal of hard template particles, the 
pores are left behind. The hard template method has been 
successfully applied for manufacturing of highly porous 
N-rich carbon matrixes from chitin, chitosan, microorgan-
isms and selected amino acids (Ilnicka et al. 2017b; Ilnicka 
and Lukaszewicz 2015; Kucinska et al. 2012; Leżańska et al. 
2014). A wide review of such materials, their modifications 
and potential electrochemical applications was conducted by 
Ilnicka et al. (Ilnicka and Lukaszewicz 2018).

Some preliminary works (Ilnicka and Lukaszewicz 2016; 
Kamedulski et al. 2018a; Ilnicka et al. 2017a) and patent 
application (Kamedulski et al. 2018b) allowed to assume 
that deglomerated graphene flakes (non-oxidative approach) 
may be efficiently and durably 3D structured by means of 
two different templates, i.e., Na2CO3 and CaCO3. This work 
is based on an assumption and additionally proposes to use 

an additional reagent (cationic surfactant) to simplify the 
process of graphene exfoliation form commercial graphite 
grains. The effects of mass ratio, cationic surfactant and car-
bonization temperature on the properties of 3D graphene 
structures are explored in this work.

2 � Experimental

2.1 � Synthesis of 3D graphene

Commercial graphite (SkySpring Nanomaterials, Inc.) with 
high purity (99.5 wt.%) was modified to three-dimensional 
graphene by means of two procedures. In the first method, 
1 g of commercial graphite was added to 3 g of CaCO3 (pur-
chased from SkySpring Nanomaterials, INC., average parti-
cle size of 15–40 nm), and mixed mechanically. Then, 50 ml 
of 1-methyl-2-pyrrolioline (Sigma-Aldrich) was added and 
mixed well. Next, the mixture was stored at room tempera-
ture for 24 h. After this time, the flask was placed for 1 h 
in an ultrasonic bath (room temperature) and washed with 
distilled water using a Büchner funnel. Then, it was dried in 
an electric furnace at 100 °C for 24 h. After drying, 15 ml 
of furfuryl alcohol (POCh) was added, mixed with 3 drops 
of concentrated phosphoric acid aqueous solutions (75%) 
to each sample and mixed well, followed by heating of the 
material at 80 °C in an oven for 24 h to allow the polymeri-
zation of furfuryl alcohol, and subsequently carbonization 
at temperatures of 700 to 800 °C for 1 h. The mass was 
heated under the flow of nitrogen at a rate of 10°C/min in 
a tube furnace (Thermolyne F21100). After this process, 
the prepared samples remained in a tube furnace under the 
flow of nitrogen in order to reached room temperature. After 
carbonization, the samples were treated with concentrated 
(34–37%) HCl for 20 min (1 g of carbon was used per 12 ml 
of HCl) and then washed with distilled water using a Büch-
ner funnel, until the pH of the solution reached 6–7. Then, 
it was dried in an electric furnace at 100 °C for 24 h. The 
action of HCl opened pores in the carbon matrix by etch-
ing the template. The procedure was found to be the most 
effective regarding the removal of CaCO3 or Na2CO3. An 
analogous procedure was performed in the second method 
where Na2CO3 (POCh) was used as a template. In the second 
method, the aqueous solution of Na2CO3 (16.9%) was sup-
plemented with 2 g of commercial graphite, and then mixed 
well for 1.5 h in a magnetic stirrer at room temperature. 
Next, 20 ml of 1-methyl-2-pyrrolioline was added, mixed 
with 0.1 ml of cetyltrimethylammonium chloride solution 
(CTAC) 25 wt.% in H2O, and then mixed well for 1.5 h in a 
magnetic stirrer. After this time, the flask was placed for 1 h 
in an ultrasonic bath (at room temperature, 40 Hz frequency, 
100 W power), washed with distilled water using a Büchner 
funnel. Then, it was dried in an electric furnace at 100 °C for 
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24 h. After drying, every 2 g of powder was supplemented 
with 15 ml of furfuryl alcohol, mixed well with 3–5 drops of 
concentrated phosphoric acid aqueous solutions (75%). The 
three-dimensional graphene obtained in these methods was 
denoted as GF_Na_1:1_T, GF_Ca_1:1_T, GF_Na_1:3_T 
and GF_Ca_1:3_T where: e.g. GF_Na_1:1—means the 
mass ratio of graphite (1 g) to Na2CO3 (1 g), GF_Ca_1:3—
means the mass ratio of graphite (1 g) to CaCO3 (3 g), T—is 
the carbonization temperature (°C). The sample denoted as 
GF_0 means pure graphite used in the research. The only 
losses were the amounts which were retained on the wall of 
laboratory vessels. To minimize graphite/graphene losses, 
all laboratory vessels were rinsed with distilled water and the 
residues of synthetic material were added to its main portion. 
Therefore, the weight losses were lower than 5% and the 
yield can be estimated as about 95% in relation to graphite.

2.2 � Materials characterization

The graphene samples were examined by the low-tempera-
ture adsorption of nitrogen method. The relevant isotherms 
of all the samples were measured at − 196 °C using an auto-
matic adsorption instrument ASAP 2010 (Micromeritics, 
USA). Prior to gas adsorption measurements, the carbon 
materials were outgassed under a vacuum at 200 °C for 2 h. 
The specific surface area (SBET) was determined based on 
the Brunauer-Emmett-Teller (BET) method from nitrogen 
adsorption data in the relative pressure range of 0.02 to 0.2. 
The micropore volume (Vmi) was calculated by using the 
t-plot method. The total pole volume (Vt) was determined 
from the amount of gas adsorbed at the relative pressure of 
0.99.

The volumetric elemental composition (carbon, nitrogen 
and hydrogen) of the materials was analyzed by means of 
a combustion elemental analyzer (Vario MACRO CHN, 
Elementar Analysensysteme GmbH).

The morphology of the carbons prepared from graphite 
was analyzed by scanning electron microscopy (SEM, 1430 
VP, LEO Electron Microscopy Ltd.). The obtained carbons 

were also examined by high-resolution transmission elec-
tron microscopy (HRTEM, FEI Europe production, model 
Tecnai F20 X-Twin). The carbon materials obtained prior to 
the HRTEM microscopic analysis were dispersed in ethanol 
and treated with an Inter Sonic IS-1K bath for 15 min and 
deposit on holey carbon-coated copper grids.

X-ray photoelectron spectroscopy (XPS) measurements 
were performed using a VG Scientific photoelectron spec-
trometer ESCALAB-210 with the use of Al Kα radiation 
(1486.6 eV) from an X-ray source operating at 14.5 kV and 
25 mA. Survey spectra were recorded for all the samples in 
the energy range from 0 to 1350 eV with 0.4 eV step. High-
resolution spectra were recorded with 0.1 eV step, 100 ms 
dwell time and 25 eV pass energy. A 90-degree take-off 
angle was used in all measurements. The curve fitting was 
performed using the AVANTAGE software provided by 
Thermo Electron, which describes each component of the 
complex envelope as a Gaussian–Lorentzian sum function; 
a constant 0.3 (± 0.05) G/l ratio was used. The background 
was fitted using the nonlinear Shirley model. Scofield sen-
sitivity factors and the measured transmission function were 
used for quantification.

The graphene samples were examined by Raman spec-
troscopy (microscop Renishaw InVia, Renishaw plc 
(Gloucestershire, UK), Laser: Modu-Laser Stellar-REN, 
Multi-Line (max. Power 150 mW), Leica DM1300M camera 
Infinity 1; objective: Leica, N PLAN L50x/0.5). All of the 
spectra were collected at ambient temperature.

3 � Results and discussion

3.1 � Structural characterization and elemental 
composition

The elemental composition and surface parameters for 
the obtained samples of porous 3D graphene are given in 
Table 1. The elemental analysis revealed that the content of 
carbon increases with increasing carbonization temperature 

Table 1   Elemental composition 
and porosity parameters 
obtained from N2 sorption 
analysis of 3D graphene

Sample Elemental analysis (wt.%) SBET (m2/g) Vmi (cm3/g) Vt (cm3/g)

C N H

Commercial graphite 91.0 0.5 0.8 25 0.001 0.055
GF_Na_1:1_700 90.9 0.3 1.3 200 0.070 0.102
GF_Na_1:1_800 91.1 0.4 0.9 118 0.037 0.060
GF_Na_1:3_700 93.2 0.1 1.1 287 0.080 0.154
GF_Na_1:3_800 94.2 0.4 0.8 267 0.071 0.136
GF_Ca_1:1_700 94.2 0.3 0.7 333 0.092 0.199
GF_Ca_1:1_800 93.0 0.2 0.6 200 0.044 0.134
GF_Ca_1:3_700 94.0 0.2 0.7 169 0.032 0.213
GF_Ca_1:3_800 91.8 0.4 0.9 255 0.053 0.343
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in the case of Na2CO3. Generally, the carbon content in 
all investigated series of 3D graphene is very high (higher 
than 90 wt.%). The N2 sorption analysis for raw commer-
cial graphite materials indicated a specific surface area 
of 25 m2/g, which, in fact, is too low for plenty of poten-
tial applications like electrode manufacturing. The results 
obtained in the case of the wet chemical exfoliation method 
combined with the hard template method (two templates: 
Na2CO3) indicated that the increase of the template ratio to 
graphite from 1:1 to 1:3 causes an increase of the specific 
surface area up 287 m2/g for both carbonization tempera-
tures (700 °C and 800 °C). In the case of CaCO3, a more 
intensive admission of the template resulted in a reversed 
effect. Nevertheless, the application of CaCO3 allowed to 
achieve the ever-highest surface area of 333 m2/g. Generally, 
for both templates, an increase of the carbonization tempera-
ture from 700 to 800 °C causes a decrease of the surface area 
except for the sample GF_Ca_1:3_800. The templates differ 
regarding their form when admitted to the reaction mixture. 
Na2CO3 is added as a saturated water solution. Na2CO3 
nanocrystals precipitate among exfoliated graphene flakes 
upon drying of the reaction mixture. On the contrary, CaCO3 
is added already as a nano-powder of a specific grain diam-
eter, i.e., 15–40 nm, according to the product specification. 
Thus, differences in pore size distribution were expected.

The micropore volume calculated for series GF_
Na_1:1_T and GF_Na_1:3_T proved that their contribution 
to the total pore volume was very high and placed in the 
range of 52–68%. The cationic surfactant (CTAC), which 
was used for GF_Na_1:1_T and GF_Na_1:3_T, allowed to 
obtain improved porosity in comparison to the application of 
sodium laureth ether sulphate (SLES) as described in other 
works (Ilnicka et al. 2017a). The application of Na2CO3 pre-
fers the formation of micropores. In turn, the application of 
CaCO3 nano-powder as a template led to the domination of 
mesopores. In this case, the share of Vmi did not exceed 46% 
of the total pore volume (Table 1). Nevertheless, the tem-
plate method allowed to obtain durable 3D graphene struc-
tures of a diversified porosity, microporous or mesoporous 
for Na2CO3 and CaCO3 template, respectively.

In general, nitrogen can positively influence on electric 
conductivity of graphene. Table 1 proves that the starting 
material, i.e., commercial graphite is itself the source of 
nitrogen. The nitrogen content was of 0.5 wt.% but it got 
reduced after 3D structuration. Thus, electrical conductivity 
of 3D structured graphene should be less affected by nitro-
gen then commercial graphite. It is not a positive side effect 
of 3D structuring procedure.

The results of combustion elemental analysis allowed to 
determine the overall bulk content of three principal ele-
ments: C, N and H, while the specific chemical environment 
of these elements and oxygen remains unknown. Therefore, 
3D porous graphene samples were examined by XPS. The 

XPS spectra of the representative GF_Na_1:3_T series were 
determined and are depicted in Fig. 1. Additional detailed 
data of the spectroscopic analysis are given in Table 2. It is 
visible that all analyzed samples possess a very high content 
of carbon ~ 97 at.%. As shown in Fig. 1, the deconvolution 
of C 1s spectra prove that surface C atoms are occasionally 
bonded to O, which is confirmed by five major peaks at 
284.8, 285.81, 287.61, 289.43, 291.22, 292.95 and 294.4 eV 
assigned to sp2 C (C-1), sp3 C (C-2), C-O (C-3), C=O (C-4), 
and O=C–O (C-5), respectively. Nevertheless, the over-
all oxygen content is very low when compared to typical 
pyrolytic carbons or graphene oxide and reduced graphene 
oxide (Yang et al. 2018; Pei and Cheng 2012). Therefore, 
the performed synthesis of 3D structured graphene is defi-
nitely a non-oxidative method. The total amount of oxygen 
in samples GF_Na_1:3_700, and GF_Na_1:3_800 is 2.67, 
and 2.86 at.%, respectively. It can be noted that the oxygen 
content increased slightly with the carbonization tempera-
ture. Figure 1 shows the nature of O bonding on the carbon 
surface, where O-1 and O-2 are the major peaks on those 
spectra. A binding energy of 531.72 eV (O-1) and 533.48 eV 
(O-2) for these peaks are assigned for molecular oxygen and 
C–O bonds, respectively.

The morphology of 3D graphene samples was char-
acterized by SEM and HRTEM (Fig. 2). The SEM and 
HRTEM images were recorded for GF_Na_1:1_700, GF_
Ca_1:1_700, GF_Na_1:3_700 and GF_Ca_1:3_800 sam-
ples. Figure 2a, b containing images of GF_Na_1:1_700 
and GF_Ca_1:1_700 samples, do not reveal major differ-
ences as the overall morphology and the level of graphene 
deglomeration despite different graphene to template ratio. 
All investigated samples had similar irregular surface char-
acteristics due to the presence of randomly oriented gra-
phene layers. The SEM images do not allow to determine 
the degree of graphene deglomeration in the examined 3D 
structures. The HRTEM method allowed for a better insight 
into the deglomeration process. The high resolution allowed 
to observe thinny graphene flakes exfoliated previously from 
graphite grains. The thinny flakes are the building stones 
of 3D structures under examination. Additionally, it can be 
concluded that the analyzed materials are pure without a 
residue of the template. The degree of deglomeration can be 
defined as DLG (Double Layered Graphene) and FLG (Few 
Layered Graphene) by using the HRTEM method (Fig. 2c, 
d).

3.2 � Raman spectroscopy results

To confirm the quality of the investigated materials, the 
3D graphene samples were analyzed by Raman spec-
troscopy. Figure 3 shows the Raman spectra recorded 
for 532 nm for GF_Na_1:3_T and GF_Ca_1:1_T series. 
The most characteristic graphene/graphite bands occur in 
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the spectral region 500 and 3500 cm−1 (Grodecki 2013; 
Choi et al. 2014). Figure 3 shows example Raman spec-
tra containing three main bands at 1348 cm−1 (D-band), 
1578  cm−1 (G-band), and 2712  cm− 1 (G’-band). The 
D-band intensity is attributed by some authors to the pres-
ence of SLG/DLG sheets (Drewniak et al. 2014; Gayathri 
et al. 2014). The placement of the G’ band is related to 
the deglomaration degree of graphene layers. Intense 
deglomation towards double layered graphene (DLG) 
results in the shift of the peak G’ towards 2700 cm−1, 
of which effect is observable in the presented spectra, 
too. The significant intensity of peak D is usually inter-
preted as a result of an intense deglomeration of graphene 
towards SLG/DLG and FLG. As for graphite, the intensity 
of D-band is relatively low. G-band in graphite is located 
close to 1560 cm−1, while the band for investigated sam-
ples is located close to 1580 cm−1, which is a value typi-
cal for graphene. The intensity ratio I2D/IG and ID/IG of 
investigated samples indicate that the obtained samples 
consisting multilayer nature of the graphene.

Fig. 1   Deconvolution of high resolution XPS spectra of carbon and oxygen elements in a 3D graphene sample of C 1s and O 1s spectra for 
GF_Na_1:3_700 and GF_Na_1:3_800 sample

Table 2   Elemental composition of synthesized GF_Na_1:3_T sam-
ples obtained from XPS spectra

Peak Binding content (at.%)

Energy (eV) GF_Na_1:3_700 GF_Na_1:3_800

C 1s (C-1) 284.80 70.29 66.86
C 1s (C-2) 285.81 15.41 15.56
C 1s (C-3) 287.61 5.26 6.17
C 1s (C-4) 289.43 3.11 3.26
C 1s (C-5) 291.22 3.03 2.53
C 1s (C-6) 292.95 ─ 1.93
C 1s (C-7) 294.40 ─ 0.64

% of total 97.10 96.95
O 1s (O-1) 531.72 0.87 0.67
O 1s (O-2) 533.48 1.80 2.19
O 1s (O-3) 536.51 ─ ─

% of total 2.67 2.86
Residual ele-

ments (Na, Cl, 
N, P)

% of total 0.23 0.19
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In summary, the presented results of HRTEM images, and 
Raman spectra clearly indicate that the presented synthesis 
pathway led to 3D graphene samples consisting of durably 
fixed DLG and/or FLG/MLG sheets.

4 � Conclusion

This paper presents regular studies on the preparation 
of 3D porous graphene by the wet chemical exfoliation 
method using a low-cost graphite as a precursor. This 

Fig. 2   SEM images of a 
GF_Na_1:1_700, b GF_
Ca_1:1_700, and HRTEM 
images of c GF_Na_1:3_700 
and d GF_Ca_1:3_800 samples 
(arrows on the images (c) and 
(d) showing of thin DLG/FLG 
sheets)

Fig. 3   Raman spectra of a GF_Na_1:3_T and b GF_Ca_1:1_T samples
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proposed synthesis is important from a practical point of 
view because it is based on an inexpensive raw material, 
such as commercial graphite. A high effectiveness was 
achieved since commercial graphite being a non-porous 
solid of very low surface area usually below 10 m2/g got 
converted into a micro-mesoporous solid of high surface 
area. The joint application of a cationic surfactant (CTAC), 
sonication, hard templates (Na2CO3 and CaCO3) and fur-
furyl alcohol (as a binder) allowed to obtain high surface 
area (up to 333 m2/g) 3D structures. It was discovered 
and proved experimentally that double layered graphene 
(DLG) and few layered graphene (FLG) or multi layered 
graphene (MLG) flakes were basic building stone of the 
3D structures. The effectives of the proposed method also 
consists in the fact that the chemical composition of the 
3D materials did not differ dramatically from pristine gra-
phene (Rodriguez-Perez et al. 2013), since only the resi-
dues of heteroatoms like oxygen, nitrogen and hydrogen 
were detected. Thus, the outstanding electric properties 
of pristine graphene were preserved. The method is suit-
able for inexpensive manufacturing of graphene-based 
adsorbents and electrodes for energy storage/generation 
by electrochemical devices like batteries, capacitors and 
fuel cells. 3D structured graphene may enable several phe-
nomena based on adsorption process like electrode reac-
tions, heterogeneous catalysis, heavy metal ion adsorption 
(purification of water) as well as an efficient adsorption of 
air pollutants like vapors of organic solvents.
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