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Introduction

It is well established that polyacrylonitrile (PAN)-
based carbon materials are considered to be excellent
candidates for reinforcing applications due to their

ABSTRACT

Here, we systematically investigate the chemical process of low-temperature
catalytic graphitization of polyacrylonitrile (PAN) by using roughened copper
(Cu) nanostructures as a plasmonic photocatalyst. Our in situ surface-enhanced
Raman scattering spectroscopy (SERS) results show that the PAN coated on the
Cu surface is successfully converted to graphite at 120 °C. The gradual increase
of radiation power in the SERS leads to a significant reduction of the number of
defects formed in the graphite, which will not be caused by employing longer
duration laser. Moreover, when the average size of the copper nanostructures is
about 40 nm, the PAN has the largest graphitization degree. In order to simulate
the impact of the different Cu nanostructure sizes on the local electric field
distribution, we performed a self-consistent numerical model calculation (finite-
difference time-domain, FDTD). The calculated results show that the local
electric field distribution presents a strong dependence on the size of the Cu-
based nanostructures. The experimental results are in direct line with the
assumption that the excitation on plasmonic nanostructures results in increased
generation rates of hot carriers due to the local electric field enhancement.

promising chemical stability [1]. Over the past few
decades, great efforts have been carried out to
increase the degree of carbon graphitization toward
improving their electrical, thermal, and mechanical
properties. In general, the graphitization temperature
of PAN-based carbon fibers can be as high as 2400 °C

excellent mechanical properties as well as their
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[2]. The conventional techniques that solely rely on
heating procedures to increase the degree of graphi-
tization consume a high amount of power that
inevitably leads to higher manufacturing costs. In
addition, the catalytic graphitization properties of
carbon materials have been also investigated by
employing various doping procedures, such as using
various refractory-metal carbides, including WC, TiC,
VC, and ZrC, as well as elements like Ti, Zr, B, and Si
[3, 4]. However, there are few reports in the literature
that plasmonic photocatalysis system can enhance
the catalytic graphitization performance of PAN
molecules by plasmon-induced hot-carrier generation
effect. This challenge can be addressed by leveraging
the surface plasmon resonance (SPR) effect that takes
place on the surface of metal nanostructures. Until
now, surface-enhanced Raman scattering (SERS)
spectroscopy, which is also based on the SPR effect,
has been widely applied to initiate the respective
photochemical reactions [5-7]. Along these lines, we
can use this technique to investigate the low-tem-
perature catalytic graphitization performance of PAN
molecules.

SPR effect relies on the interaction between free
electrons on metallic surfaces and the applied elec-
tromagnetic fields [8, 9]. The excitation of surface
plasmons (SP) leads to the generation of hot charge
carriers [10] that can initiate chemical reactions
[5, 11], whereas the induced local heating [12] can
also accelerate the rate of the respective surface
reactions [13-15]. The relative high energy of the
generated hot carriers can be also employed to
overcome the potential barrier of chemical reactions,
which permit the excitation of molecules under mild
interaction conditions, in terms of local heat distri-
bution, and induce chemical reactions that are ener-
getically unfavorable under standard conditions
[16, 17].

Normally, light-driven chemical processes on
plasmonic nanostructures rely primarily on the
employment of conventional Ag and Au substrates
[18, 19]. However, the high cost and scarcity of these
noble metals have limited their practical application
as active photocatalyst elements. In contrast, Cu is
widely abundant on Earth and exhibits also out-
standing plasmonic properties [20]. Therefore, Cu
may be also a promising candidate for the realization
of plasmon-induced photocatalytic effects [21].
Moreover, the employment of Cu-based nanostruc-
tures as plasmonic photocatalysts for the
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improvement of catalytic graphitization properties of
PAN has not been yet thoroughly investigated.

In this work, we report the fabrication of Cu-based
metallic surfaces with high surface roughness for
enhanced SPR effect, and we examine the impact of
various experimental parameters, including the
radiated power of SERS, the radiation time and the
size of the Cu-based nanoparticles on the PAN
graphitization processes, by using in situ SERS
spectroscopy. In addition, we elucidate on the origins
of the potential mechanism for enhancing the cat-
alytic graphitization properties of PAN, by employ-
ing the FDTD method in order to account for the
influence of the different Cu nanostructure sizes on
the local electric field distribution. Our theoretical
approach reveals good consistency with the respec-
tive experimental data, denoting the validity of our
model.

Experimental section
Preparation of the roughen Cu surfaces

A Cu substrate with outstanding plasmonic optical
properties was used as the active SERS substrate. The
Cu foil is placed in acetone solution for ultrasonic
cleaning for 20 min and then cleaned with ethanol
and distilled water to ensure the cleanness of the
copper foil. To ensure the necessary SERS activation,
a roughening procedure was implemented on the
copper substrates. We used a nitric acid solution with
a concentration of 2.5 M to etch the smooth copper
surface for 10, 20 and 30 min, respectively (see Sup-
plementary Information Figure S1). Their sizes are
25 nm, 40 nm, and 80 nm, respectively, obtained by
using AFM to characterize surface of Cu foil.

Raman and SERS measurements

The PAN reactant was used for SERS detection and
the SP-induced reduction reaction. Initially, the PAN
reactant was dissolved in a solvent from dimethyl-
formamide (DMF) in order to obtain a solution with a
2% concentration. The PAN was uniformly spin-
coated on Cu foil and Si/SiO,, respectively, by using
a spin-coater. SERS spectra were collected using a
Renishaw inVia Raman microscope under 532 nm
laser excitation. In SERS studies, to confirm that cat-
alytic graphitization of PAN is triggered by hot
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carriers generated in the Cu nanoparticles, different
laser powers were used for measurements: 1 mW,
2.5 mW, 5 mW, 125 mW, 25 mW, 50 mW. The exci-
tation wavelength was 532 nm where the exposure
time is 15 s.

Characterization

The morphology of the samples was characterized by
atomic force microscopy (AFM). XPS (Ultra DLD
Kratos Axis) instrument was used to identify the
binding energies as well as the chemical states of Cu
surface.

Finite-difference time-domain (FDTD)
simulations

Electrodynamics simulations were carried out using
the FDTD method in order to study the optical
characteristics of the Cu structure. The choice of
model structure depended mainly on the AFM image
of the copper nanostructure. All AFM images were
inputted to an FDTD software to obtain Model 1,
Model 2 and Model 3. (see Supplementary Informa-
tion Figure S2) Cu is illuminated at the plane wave
(532 nm) with normal incidence along Z-axis and
polarization along X-axis. X-, Y- and Z-axis direction
was bounded by the perfectly matched layers (PML)
with 96 nm thickness in order to absorb the scattered
light from NSs and suppress the back-scattered light
from the outer boundary of the calculated region. For
the mesh selection, a grid of 5 nm along x, y, and
z directions was chosen. The frequency-dependent
complex permittivities of Cu and CuO were obtained
from the literature [22, 23]. The frequency-dependent
complex permittivities of Cu and CuO are shown in
Figure S3 in the supporting information.

Results and discussion

Photocatalysis and in situ SERS study
simultaneously

PAN is a straight-chain chemical compound that is
formed by the free radical polymerization of the
respective  monomer acrylonitrile molecule. The
molecular chains of PAN are attached with a cyano
group. Figure 1A illustrates the chemical structural
formula, the ball-and-stick model and the
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macroscopic representation of PAN. The material is
finally formed under powder configuration and
exhibits white color. In order to carry out the SERS
experiment, we employed Cu substrate with out-
standing plasmonic optical properties. Moreover, in
order to secure the necessary conditions for the
manifestation of the SERS effect, a roughening pro-
cedure was implemented on the copper substrates,
resulting in nanoscale surface structures, as evi-
denced by microscopic investigation (Fig. 1B(a, b)).
The desired surface roughness was acquired after
etching in nitric acid solution the smooth copper
substrate, as it is depicted in Fig. 1B(b). Within these
modified nanoscale structures, the excitation of elec-
trons from the metal surface can be confined by
employing an external light field in order to induce
the plasmon resonance effect [24].

As far as the deposition methods are concerned,
the spin-coating technique was used since it produces
thin films with a high degree of quality and good
uniformity. As it is divulged in Fig. 1B(c), PAN was
uniformly spin-coated on the roughed Cu surface
and subsequently was subjected to thermal annealing
treatment. The employment of the annealing treat-
ment step within our experimental process is neces-
sary in order to remove from the deposited film the
volatile solvent. Thus, we retained the annealing
temperature constant at 120 °C. More importantly,
the PAN molecules are better able to adsorb to the
copper surface. Subsequently, we use SERS to explore
the interactions between adsorbed chemical species
(PAN) and plasmonic catalysts. Figure 1(C) discloses
both the Raman spectra of PAN on 5i/SiO; substrate
(Red line) as well as the in situ SERS spectra of PAN
molecules converted to graphite on Cu foil (Black
line). We can clearly see that without a copper sub-
strate, it is impossible to obtain graphite from PAN
on Si/SiO,. Fig. S3 shows that the positions of Raman
peaks of PAN powder and PAN on 5i/SiO; substrate
are consistent (see Supplementary Information Fig-
ure 54). Raman peaks of the PAN molecules are
mainly located at the following wavenumbers:
1470 em™'  (3-CH), 2240 cm™' (v-C=N), and
2930 cm™! (v-CH,). From the analysis of SERS peaks
of the catalytic reactions where PAN molecules are
involved, it is apparent that the structure of PAN has
been changed. The complete disappearance of char-
acteristic nitrile group (-C=N) of PAN, more
importantly, the G and D peaks of the graphite
appear in the SERS spectra. Moreover, the peaks at
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Figure 1 Schematic representation of the photocatalysis and the
in situ SERS characterization. A The chemical structures and
macroscopic appearance of PAN molecules. B AFM images of a
smooth copper surface (a) and an etched copper surface (b).
Optical image of PAN molecules on rough Cu surface after the

1590 and 1360 cm ™' correspond to the G band related
to the vibration of sp2-bonded carbon atoms and the
D band associated with the vibrations of carbon
atoms having dangling bonds in plane terminations
of disordered graphite. The Peak G corresponds to
the E, vibration mode of graphite-like crystallites,
which represents the amount of ordered structures in
graphite-like materials; The Peak D corresponding to
the A, vibration mode of graphite planes indicates
the amount of crystal boundaries, disorderly arran-
ged and low symmetry structures in graphite [25].
The position and shape of the G peak confirm also the
formation of the sp® carbon orbital and provide fur-
ther pieces of evidence for the presence of the gra-
phite layer [26].

Furthermore, from the Raman spectrum analysis, it
is concluded that the PAN molecules are adsorbed on
the Cu surface, which was transformed into graphite
under the irradiation of 532 nm wavelength. This
could be attributed to the ability of plasmonic
nanostructures to efficiently collect the energy of a
photon beam to a minimal volume at their surface
and subsequently transfer this energy to the adsorbed
molecules through the activation of electrons, driving
thus the photochemical conversion of PAN on Cu-
based nanostructures. From our experimental results,
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annealing process (c). C SERS spectra of the
transformation of PAN molecules to multi-layer graphite on Cu
foil. D The proposed mechanism of PAN conversion to multi-layer
graphite by plasmon-induced hot carriers.

where the catalytic graphitization procedures of PAN
molecules on roughed copper surfaces using in situ
SERS were thoroughly investigated, a possible reac-
tion mechanism is presented in Fig. 1D. Since both
the SERS effect and the hot-carrier generation process
originate from the plasma decay process, we specu-
late that the induced hot carriers can support the
chemical reactions of PAN molecules when they are
tightly adsorbed on the rough copper surface. In
addition, some research work has reported that decay
of plasmon generates hot carriers through interband
transitions and intraband transitions [27, 28]. To
better understand the two types of electronic excita-
tion, the energy band structure and the density of
states (DOS) of the copper were calculated by the
density functional theory (DFT) method (see Sup-
plementary Information Figure S5).

Impact of hot-carrier generation yield
on the catalytic graphitization properties
of PAN molecules

In the previous section, we provide some preliminary
data regarding the catalytic graphitization properties
of PAN molecules that are closely connected with
hot-carrier generation procedures within the Cu-



J Mater Sci (2022) 57:1703-1713

based nanostructures. In order to confirm this
assumption, we investigated the photochemical con-
version properties of PAN molecules by carrying out
various laser irradiation experiments with different
power. Along these lines, the catalytic conversion of
the PAN molecules to the graphite layer on the Cu
foil cannot be achieved by using laser irradiation (a
Raman spectroscopy light source) with a total power
of 1 mW. The respective D and G peaks of the gra-
phite film appear by employing laser irradiation
power of 2.5 mW. In addition, the relative intensity of
the D and G peaks gradually increases by enforcing
laser with higher power (Fig. 2(A)). From these
results, it is clearly demonstrated that the catalytic
graphitization reaction is mainly activated by the
presence of light. In addition, the ratio of the D and G
peaks (In/Ig) is frequently used as a method in order
to characterize the density of defects within the gra-
phite structure. By enhancing the laser power, the
intensity of the G peak increases and subsequently
the ratio between the D and G peaks gradually
decreases, indicating that the degree of the graphiti-
zation process is strengthened (Fig. 2(B)). This effect
suggests that the graphitization reaction exhibits a
linear relationship from the applied laser power,
which is a typical signature of hot-carrier-driven
chemical reactions [5, 29]. Thus, the interaction of a
high-intensity laser with a roughed Cu foil leads to
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the formation of energetic charge carriers. The energy
transfer from these carriers to the PAN adsorbates
could interpret the electron-induced surface reactions
and the further reduction of the graphite defects.

Macroscopically, SPR is the result of the interaction
of plasma particles with the resonant frequency of
light, which converts light energy into heat, and the
heat generated is confined to the surface of the metal
nanoparticles [30]. So, we have also investigated the
influence of plasmon heating on this reaction. In the
catalytic reaction, heating is usually used to improve
the energy of molecular thermal movement and
realize molecular activation, thus promoting chemi-
cal bond breaking and chemical reaction. It is well
known that the temperature of a metal surface
increases when the metal is exposed to light for a
longer period of time. Figure 2(C) shows the SERS of
the conversion of PAN catalyzed by roughed Cu foil
surface under different laser radiation times, the
excitation wavelength was 532 nm, 50 mW power
laser beam. However, the relative ratio of the D peak
to G peak of graphite remains constant by increasing
the irradiation time (Fig. 2(C, D)). Hence, the long
exposure time is not attractive toward enhancing the
catalytic reaction rates.

From the above analysis, it is apparent the signifi-
cant contribution of hot-carrier interactions in the
conversion of PAN molecules to graphite layer. More
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specifically, the catalytic graphitization procedures of
PAN molecules are mainly influenced by the gener-
ation and migration of plasmon-induced hot carriers.

Impact of Cu nanostructure size
on the catalytic graphitization process
of PAN molecules

The charge density oscillations induced by the acti-
vation of plasmons as a result of the interaction of a
metallic surface with light present a strong depen-
dence from the local electric field distribution [31].
Along these lines, the modification of the surface in
order to locally enhance the electric field intensity is
quite crucial toward improving the efficiency of the
respective plasmon-induced photocatalytic proce-
dures. Hence, a detailed study of the influence of Cu-
based nanostructures with different sizes on the cat-
alytic graphitization processes of PAN molecules is
presented below.

To ensure the necessary SERS activation, a rough-
ening procedure was implemented on the copper
substrates. Figure 3(A-C) depicts the respective AFM
images of the Cu-based nanostructures revealing
their morphology, whereas the histogram on the right
displays their size distribution. The histogram indi-
cated nearly normal distribution, and it is shown that
the average size of copper nanostructures is about 25,
40, and 80 nm, respectively. The nanostructure size of
Cu without roughening is about 10 nm. Figure 3(D)
discloses the Raman spectra of catalytic graphitiza-
tion process of the adsorbed PAN molecules on the
surface of Cu-based nanostructures with different
sizes under laser irradiation with 50 mW power.
From these results, it is apparent that the relative
ratio of the D to G peak acquires the smallest values
when the size of the Cu-based nanostructures is
40 nm (Fig. 3e), indicating the existence of fewer
defects that lead to a higher degree of graphitization.
However, we have to underline that the Ip/Ig ratio is
larger when the size of the Cu-based nanostructure is
either 80 nm or 25 nm or the surface roughness is
quite small. In addition, by calculating the defect
density of graphite, we estimated the photoconver-
sion efficiency of copper nanostructures with differ-
ent sizes (Table 1). The defect density (np) of graphite
can be calculated by the following expression [32]:

I
np (cm™2) = (7.3 +£2.2) x 10°E} i
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As can be confirmed from Table 1, nanostructures
with various sizes exhibit different photochemical
conversion capabilities by retaining the laser power
constant at 50 mW. Moreover, we can observe that
photochemical conversion occurs more efficiently
when PAN molecules are adsorbed on the surface of
Cu-based nanostructures with a size of 40 nm. Under
these conditions, the PAN converted to graphite with
low defect density and lower relative intensity ratio
of Ip/Is. We believe this can mainly be attributed to
the nanostructures of appropriate size and enhance
the interaction between light and free electrons on
metal surfaces, which changes the distribution of the
local electromagnetic field on the surface of the
nanostructure. Alternatively, the SPR properties of
plasma nanomaterials are strongly dependent on the
size of the formed metal nanoparticles. Thus, unique
opportunities arise toward tuning the SPR frequency
(“max) to the desired value by manipulating the size
of the metallic nanoparticles, resulting in the
enhanced intensity of LSPR absorption peaks and
electric field.

Similarly, as shown in Fig. 4(A), the ratio of the
relative intensity of D and G peaks. (Ip/Ig) can be
used to measure the degree of disorder, and we can
see that the highest degree of catalytic graphitization
of polyacrylonitrile at different solvent volatilization
temperatures is achieved at a copper nanostructure
size of 40 nm. Organic solvents (DMF) are difficult to
evaporate completely when the temperature is below
120 °C, resulting in less graphitization of the poly-
acrylonitrile. Although solvents can more easily
evaporate at higher temperatures, Cu-based nanos-
tructures are susceptible to oxidation, which deteri-
orates the interaction between light and metal. X-ray
photoelectron spectroscopy (XPS) data further sup-
ported this result. As shown in Fig. 4B, two peaks
were resolved at 932.1 and 951.9 eV, which could be
assigned to Cu® peaks [33]. Moreover, we observed
two peaks at 933.9 and 953.7 eV, as well as satellite
peaks near 941, 943, and 962 eV, all of which can be
assigned to Cu'' 2p peaks [34]. As a result, the LSPR-
induced generation of hot carriers will be drastically
reduced, leading to a big reduction of the photo-
chemical conversion efficiency of reactants (PAN)
adsorbed on nanostructured surfaces. In order to
further examine the impact of Cu oxidation, we
applied the FDTD approach to calculate the local
electric field strength (E/E,)* distribution. The results
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Figure 3 A-C AFM images of Cu-based nanostructures with
different sizes (left) and the respective histograms revealing their
size distributions (Right). D Raman spectra of the catalytic
graphitization process of PAN molecules on Cu nanostructures

Table 1 Defect density and Ip/Ig of the graphite

Size 10 nm 25 nm 40 nm 80 nm
In/lg 1.8595 2.1350  1.0467 1.6573
np (em™?) x 107 17.67 20.28 9.95 15.74

indicate a significant decrease of the local electric
field intensity when an oxide layer has been formed
on the surface of copper. According to previously
reported theoretical and experimental studies, the
rate of carrier generation from plasmon decay pro-
cedures is directly proportional to the local electric
field intensity [35, 36]. Therefore, an enhanced electric
field distribution within the Cu-based nanostructures
decisively impacts the hot-carrier formation rate
induced by non-radiative plasmon decay processes.
Along these lines, the formation of a Cu oxide layer
contributes destructively to the catalytic graphitiza-
tion properties of PAN molecules.
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with different sizes. E Distribution of the Ip/Ig ratios for the
conversion of PAN molecules to graphite on Cu-based
nanostructures with various sizes.

Simulating the local electric field
distribution and the mechanism of the hot-
carrier-driven catalysis

From the abovementioned experimental data, we can
draw the conclusion that the optimum conditions for
an enhanced catalytic graphitization degree of the
PAN molecules are achieved by tuning the size of the
respective Cu-based nanostructures. The local electric
field distribution on the surface of a nanostructure
can be adjusted by modulating the size of the formed
metal nanoparticles, thus improving the chemical
conversion efficiency. To further confirm our con-
clusions, the FDTD method was applied to calculate
the local electric field patterns induced from different
nanostructure sizes. The choice of model structure
depended mainly on the AFM image of the copper
nanostructure. All AFM images were inputted to an
FDTD software to obtain Model 1, Model 2 and
Model 3. The results (Fig. 5A-C) divulge the devel-
opment of quite high local electric field values
whereas the displayed color scale bars represent the
respective electric field enhancement (|E| /IEOI)2
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Figure 4 A Distribution of intensity ratio between D and G peaks
(Ip/Ig) of PAN-catalyzed graphite by employing different solvent
volatilization temperatures and different Cu sizes. B X-ray

values obtained in each case. These areas are also
called “hot spots” since the intensity of the local
electric field within these areas increases by several
orders of magnitude.

Moreover, as can be ascertained from Fig. 5A-C,
the biggest values of the local electric field are
obtained by using nanoparticles with size of 40 nm
(Model 2), while the two other configurations(Model
1, Model 3) of the metallic surface (25 and 80 nm)
produced smaller enhancements. This effect is in
direct line with the respective experimental data,
where the highest degree of graphitization of PAN
molecules was obtained by using an average size for
the Cu-based nanostructures of 40 nm, denoting the
validity of our theoretical framework. Meanwhile, we
obtained the extinction spectra of three different
nanostructures by FDTD calculation (see Supple-
mentary Information Figure S7). The extinction phe-
nomenon in SPR is composed of absorption and
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scattering, and a local surface-enhanced electric field
is generated on the metal surface. Compared with
model 1 and model 3, model 2 can obtain the value of
larger extinction cross section. Therefore, the very
high extinction cross section will cause a huge
enhancement of the electric field strength.

In addition, the electric field intensity exhibits a
strong dependence on the size of the plasmonic
nanostructures, since a quite small nanocrystal size
leads to an SPR effect with a short lifetime. This effect
is nicely captured by the following equation, where
the rate of plasmon-induced hot-carrier generation
can be estimated [30]

1
Pyre =75 [ dr|E(r)"Tm(z)
Vmrp
where | E(r) |2 is the local electric field intensity, Im(e)
is the imaginary part of the material’'s dielectric
function, Pypp is the optical absorption within the
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Figure 5 A-C The FDTD
simulated results and the near-
field electric field distribution.
Different sizes of Cu
nanoparticles were taken into

(a)

consideration.

0.0 1.0 pm
mean free path length of the transmission interface,
and Vypp is the under consideration metallic volume
that includes the mean free path of the transmission
interface. Thus, we can conclude that the excitation
rate of hot carriers due to the implementation of the
SPR effect on plasmonic nanostructures exhibits a
strong dependence on local electric field distribution
while the intensity of this effect can be modulated by
controlling the size of the particles. Additionally, the
resonance frequency coupling between the photons
and the plasmons is strongly correlated with the local
electric field distribution at the surface of the
nanoparticles. An enhanced electric field can lead to
the creation of a bigger number of energetic charge
carriers (electron-hole pairs). The hot carriers in the
metal structure are subsequently injected into the
available orbitals of the adjacent PAN molecules,
which can promote the chemical transformation
procedures.
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Conclusions

In this work, we investigated the catalytic graphiti-
zation processes of PAN molecules on the surface of
roughed Cu foils by employing in situ SERS. From
our experimental results, it is apparent that the PAN
molecules are adsorbed on the surface of Cu foil,
which was subsequently transformed into a graphite
layer under laser beam irradiation at 532 nm.
According to our experiment and theoretical model,
the catalytic graphitization procedures of PAN
molecules are triggered by the generation of hot
carriers in the Cu-based nanoparticles. Moreover, the
size of Cu-based nanostructures plays also a key role
in enhancing the low-temperature catalytic graphiti-
zation performance of PAN molecules. The outcome
of our simulation by using the FDTD method indi-
cates that the local electric field distribution presents
a strong dependence on the size of the Cu-based
nanostructures. The experimental results are in direct
line with the assumption that the excitation on plas-
monic nanostructures results in increased generation
rates of hot carriers due to the local electric field
enhancement.
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