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Hierarchical porous carbon materials have received significant attention for application in catalytic water splitting because of their
high efficiency, cost-effectiveness, and biocompatibility. In this study, laser-induced graphene (LIG) was fabricated on a carbon
film- (CF-) type substrate for an efficient hydrogen evolution reaction (HER). The LIG-CF electrode was fabricated via laser-
induced graphitization on a commercial polyimide (PI) film, followed by the pyrolysis of the LIG on the PI film (LIG-PI).
During pyrolysis, the microscopic and material properties of the LIG remained intact, as verified through various
characterizations. The as-prepared all-carbon electrode was then utilized as an electrode for the HER study in a 1.0 M KOH
electrolyte and compared with LIG-PI and Pt electrodes. In the HER experiments, the optimized LIG-CF electrode exhibited
excellent catalytic performance with zero-onset potential, and the potentials required to achieve high current densities of 10
and 20 mA/cm® were 134 and 139 mV (vs. reversible hydrogen electrode (RHE)), respectively. The excellent performance of
the LIG-CF electrode originates from the hierarchical porous structure of the LIG material, which serves as an
electrochemically active site, and carbon substrate that facilitates the fast transport of ions at the electrode/electrolyte interface.
Additionally, the carbon substrate shortens the transportation length of electrons which played a significant role for the

enhanced performance of the LIG-CF electrode.

1. Introduction

Hydrogen fuel has emerged as a promising and sustainable
energy source that benefit the environment by decreasing
the generation of greenhouse and other toxic gases. The
hydrogen evolution reaction (HER) is at the pivot of water
electrolysis [1]. However, HER from water electrolysis is a
sluggish process, and catalysts are required to increase its
efficiency in the long term. Thus far, noble metals (Pt, Ru,
Ir, Pd, etc.) and their alloy-based catalysts have been devel-
oped, exhibiting the highest performance in electrocatalytic
water electrolysis [2-6]. For instance, Li et al. prepared plat-
inum (Pt) single-atom catalysts based on Ni(OH), metal-
organic framework (MOF) which require an overpotential
of 58 mV to obtain a current density of 10 mA cm™ [7]. Tang
et al. reported heterostructure Mo,C nanoparticle-Ru

cluster-anchored carbon spheres (Mo,C-Ru/C) which exhib-
ited ultralow overpotential of 22 mV for obtaining identical
current density [8]. However, their high cost and limited
availability have impeded their application in industrial-
scale hydrogen generation. Apart from precious metals, var-
ious earth-abundant transition metal (Cu, Fe, Ni, W, Mo,
etc.)-based sulfides, phosphides, oxides, carbides, nitrides,
etc., have also been demonstrated as cost-effective alterna-
tives to noble metal catalysts for HER [9-18]. For example,
Raja et al. synthesized nickel-molybdenum MOF-derived
carbon-armored Ni,Mo alloy catalysts which delivered a
current density of 10mAcm™ at overpotential of 22mV
[19]. He et al. reported porous cobalt sulfide nanosheet
arrays with copper incorporated supported on nickel foam
(Cu-CoS,/NF) via hydrothermal strategy assisted with sulfur
vapor etching for water electrolysis. In the HER system, Cu-
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CoS,/NF represents excellent catalytic activity with the low
overpotentials of 75mV at 10 mA cm™> [20]. However, their
low selectivity, poor activity compared to noble metals,
strong tendency toward gas poisoning, poor stability, and
complex synthesis method of heterostructures have limited
their industrial-scale acceptance [21, 22].

Recently, metal-free three-dimensional (3D) hierarchical
porous carbon structures have emerged as potential candi-
dates for electrocatalytic water splitting owing to their low
cost, high efficiency, durability, high chemical resistance,
and multifunctionality [23, 24]. Laser-induced graphene
(LIG) is a carbon-based material primarily containing lay-
ered 3D porous graphene. LIG can be fabricated in a facile,
scalable, and environmentally friendly manner through the
laser-induced graphitization of engineering polymers, such
as polyimide (PI), phenolic resins, and ligneous woods
[25-28]. During the laser scanning of these pyrolysis precur-
sors, the laser-induced heat breaks the C-O, C=0, and C-N
chemical bonds at high temperatures, resulting in the rapid
removal of gaseous contents and rearrangement of aromatic
compounds to sp> carbon. Consequently, a LIG layer is gen-
erated on the nonconductive precursor substrate. Recently,
LIG has received significant attention and has been utilized
in various applications, including water splitting, because
of its high specific surface area and good chemical stability
[28, 29]. LIG’s inherent 3D interconnected porous structure
facilitates electrolyte/ion infiltration. Moreover, LIG con-
tains numerous electrochemically active adsorption sites
for hydrogen evolution reaction (HER), resulting in good
HER performance. However, the overall electrical conduc-
tance of the LIG layer generated on a nonconductive sub-
strate is limited because of the thin and porous graphene
structure of LIG and the small thickness of the layer. Addi-
tionally, the electrons travel along the thin and porous LIG
structure for reaching the electrical contact that increases
the overall electron transfer length which subsequently can
increase the resistance, resulting in deterioration of the
HER performance.

For minimizing the electron transfer length in LIG (cur-
tailing the resistance of electron transfer), the LIG structure
on a conductive substrate has been proposed. For instance,
Shim et al. fabricated LIG on PI substrate and transferred
to a copper substrate by using the dry release transfer
method [30]. Zhang et al. fabricated the LIG pattern on a
copper foil by laser-induced graphitization of phenolic resin
coated on a copper substrate [27]. Although the LIG on a
metallic substrate enables highly efficient electron transfer,
it might have some limitations when applied to water split-
ting because of relatively low chemical stability of metallic
substrates and relatively high electron transfer energy barrier
at the interface. Additionally, LIG can be delaminated at the
interface due to harsh chemical environment of HER sys-
tem [31].

In this study, we demonstrated a process of fabricating
LIG film on a highly conductive carbon film (CF) and high
electrochemical activity of this electrode in HER system.
To fabricate LIG on the CF (LIG-CF) electrode, two simple
steps were adopted: first, the LIG was fabricated on a PI film
using an infrared CO, laser system, followed by the pyrolysis
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of the whole LIG on the PI film to obtain LIG on CF. The
irradiated area of the PI film was converted into LIG via
laser-induced graphitization during laser scanning. The PI
material which was not affected by the laser irradiation
entirely converted into CF via electric furnace pyrolysis.
Since the initial PI substrate was converted into both LIG
and CF, the length for electron transportation and delamina-
tion issue at the interface might be minimized. Additionally,
the electrons generated in the electrochemical reaction can
move smoothly through the LIG layer to the underlying
CF substrate and hence to the external electrode. Conse-
quently, the LIG-CF electrode exhibited fast electron trans-
fer with negligible electrical contact resistance because
carbon network could be generated between LIG and CF
during the furnace pyrolysis process. Further, during furnace
pyrolysis, a bulk shrinkage of PI substrate occurs resulting in
delamination of the LIG film. To overcome the delamination
problem, discrete LIG morphology on PI substrate was pro-
posed by scanning the PI surface with modulated laser beam
pulses at an optimized laser power. Finally, the HER perfor-
mance of LIG-CF electrode was evaluated in an alkaline elec-
trolyte and compared with those of the LIG-PI and state-of-
the-art Pt electrodes.

2. Experimental Section

2.1. Fabrication of the LIG-CF Electrode. Figure 1 depicts the
schematic for fabricating LIG on a CF substrate. Commer-
cially available PI (Kapton HN PI film, thickness: 125 ym,
McMaster-Carr, USA) was utilized as a precursor material
for fabricating an LIG-CF electrode. PI is a carbon-rich
imide group-containing polymer that can be converted into
carbon upon heat treatment/pyrolysis [32, 33]. The PI film
was used as received unless specified otherwise. First, the
PI substrate was laser-induced graphitized using a CO, laser
engraver system (C40-60, wavelength: 10.6 ym, Coryart,
Republic of Korea) to fabricate LIG film. The scanning
speed, diameter of laser beam spot, and raster scanning
interval were selected as 200 mm/s, 260 ym, and 125um,
respectively, based on our previous LIG fabrication experi-
ments [34]. For achieving modulated laser beam pulses, a
mechanical beam chopper (MC2000B-EC, Thorlabs, USA)
with a chopper wheel (MC1F10HP, Thorlabs, USA) was
used. The modulation frequency was set to 1kHz, and the
duty cycle of the beam chopper was 50%. To optimize the
laser power for maximizing the HER performance of LIG
on CF substrate, the laser power output was controlled from
54 to 11.4W. The LIG obtained after the pulsed laser-
induced graphitization of the PI film is denoted as LIG-PI-
x, where x represents the laser power in watt. After the
laser-induced graphitization of the PI film with different
laser powers, the LIG-PI electrodes were cut into rectangular
pieces (i.e., 20 x 10mm?) as shown in Figures 2(h)-2(1).
Additionally, as a control sample for comparison, we also
fabricated LIG on PI at a laser power output of 5.4 W with-
out using the chopper, and this sample is denoted by w/o-c-
LIG-PI-5.4. The laser scanning area on the PI film was com-
monly 15 x 10mm” for all samples. Next, the pyrolysis of
LIG-PI-x and w/o-c-LIG-PI-5.4 was performed using a
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FIGURE 1: Schematic illustration of the fabrication process of laser-induced graphene (LIG) on carbon film-type substrate.
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FIGURE 2: Laser-induced graphene (LIG) on (a) polyimide (PI) film and (g) carbon film fabricated without a chopper operation for a laser
power of 5.4 W and (b-f) on a PI film and (h-1) carbon film (after pyrolysis) at laser powers of 5.4, 6.8, 8.2, 9.4, and 11.4 W fabricated with a
chopper. Laser power was attenuated to 50 percent while patterning with chopper. Scale bar indicates the width of samples for LIG-CFs.

Laser patterning areas on the PI film were identical (10 x 15 mm?).

vacuum tube furnace (Mir tube furnace, Republic of Korea)
to convert the remained PI film into CF. The vacuum pres-
sure was maintained to approximately 1.0 x 107 torr during
the pyrolysis process. The terminology CF was introduced
because the thickness of the carbon substrate was nearly
hundreds of microns after pyrolysis (Figure S1).
Additionally, the as-fabricated samples were pyrolyzed
together to obtain a consistent result. During pyrolysis, the
furnace temperature was increased stepwise to 1000°C and
maintained for 4h at this temperature. The stepwise
gradual increase of furnace temperature was optimized and
reported in our previous experiment [35]. The LIG-CF
electrode was obtained after natural cooling to room
temperature, e.g., 25°C. During the thermal decomposition

of polymer to carbon, different volatile gases were annealed
out. A slow heating mechanism facilitated the steady
removal of volatile gases. The LIG obtained after pyrolysis
was denoted LIG-CF-x, where “x” represents the laser
power in watt, for further analysis. A detailed description
of the pyrolysis process in the electric furnace for polymer
materials can be found in other literature and is not
provided herein as the exploitation of LIG-CF electrodes in
HER is the main focus of this study [36, 37].

2.2. Material Characterization. To identify the chemical
structure of LIG on PI and CF substrates, Raman measure-
ments were performed using a micro-Raman spectrometer
(NOST, Republic of Korea) with an excitation laser



wavelength of 531 nm, laser power of 0.3 mW, and an objec-
tive lens with a 50x magnification. A wide wavenumber
range from 969 to 3262cm ' was selected for the Raman
measurements. The crystal structure of the LIG film was
analyzed using field emission transmission electron micros-
copy (FE-TEM; JEOL, Japan) with an accelerating voltage
of 200kV. The LIG films were peeled off and sonicated in
ethanol before being transferred to a CF200-CU carbon-
copper TEM grid. Field emission scanning electron micros-
copy (FE-SEM; Carl Zeiss, USA) was used to study the sur-
face morphology. For FE-SEM, images were taken from a
working distance of 5mm with an electron high tension
(EHT) target voltage of 5kV. A platinum coating was
applied for 130s with a current of 4 mA before performing
the FE-SEM measurements of LIG-PI. The sheet resistance
of LIG-PI-8.2 and LIG-CF-8.2 was measured using Keithley
four-point probe meter (model: 2634B). To determine the
elemental composition and perform quantitative analysis of
LIG on the PI and CF films, X-ray photoelectron spectros-
copy (XPS) (K-Alpha+, Thermo Fisher Scientific, USA)
was performed using Al K-Alpha as an energy source for
binding energies of 0-900¢eV. For XPS measurements, the
LIG films were peeled off from the PI and CF substrates,
and measurement was carried out in powder form. XPS with
LIG powder was adopted to investigate the average compo-
sitional characteristics as the LIG film produced by laser
does not have uniform compositions along the depth on to
the LIG-PI and LIG-CF electrodes. The analyzer mode was
selected to utilize a pass energy of 200 eV for the survey scan
and 40 eV for the high-resolution narrow-band spectra. The
step sizes were adjusted to 0.1 and 1.0eV for the high-
resolution elemental spectra and survey scan, respectively.
The XPS spectra were corrected using the C 1s peaks at
284.5¢€V as reference.

2.3. Electrochemical Measurements. The electrochemical per-
formance of the as-fabricated LIG-PI and LIG-CF electrodes
toward the HER was evaluated using an electrochemical
workstation (SP-150, Bio-Logic Science Instruments, USA)
in three-electrode configuration. The HER activities were
evaluated through linear sweep voltammetry (LSV) in the
potential range of 0.20 to —0.40 (vs. RHE) at a scan rate
of 5mV/s in a standard three-electrode cell using 1.0M
KOH solution. The LSV scanning was performed after multi-
ple activation cycles in the potential range of -1.0 to 1.0 V (vs.
Hg/HgO (sat. 1.0 KOH)) at 20mV/s (Figure S12). The
reference and counter electrodes were Hg/HgO (sat. 1.0 M
KOH) and Pt mesh, respectively. A polytetrafluoroethylene
(PTFE) electrode holder (WizMAC Inc., Republic of Korea)
was used to establish an interface between the electrolyte
and working electrode. The LSV curves were iR-
compensated using the potential equation of E = E vs. (RHE)
—iR,, where R, is the electrolyte resistance, prior to
obtaining the Tafel plots [38]. Electrochemical impedance
spectroscopy (EIS) data were obtained in the frequency
range of 100 mHz to 1.0 MHz at a sinusoidal amplitude of
10mV. All potentials were converted to RHE using the
equation E(RHE) =E/V vs. Hg/HgO + E°(Ref) + 0.059 pH.
The stability test of the highest-performing LIG-CF electrode
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was conducted by repeating the potential scan for 2000
cycles in the potential window of -0.80 to +0.20V vs. Hg/
HgO (sat. 1.0M KOH) at a scan rate of 50 mV/s. Further,
the chronoamperometry data were obtained in 1.0 M KOH
for the long-term stability test of the LIG-CF-8.2 electrode at
a fixed potential.

3. Results and Discussion

3.1. Surface Characteristics of LIG on the PI Substrate. FE-
SEM was employed to study the surface morphology of
LIG derived from the PI film. Figure 3 shows the top-view
FE-SEM images of LIG on the PI substrate patterned by
using the CO, laser for a laser power of 5.4 W, without a
chopper (Figure 3(a)) and with a chopper for laser powers
of 5.4, 6.8, 8.2, 9.4, and 11.4 W (Figures 3(b)-3(f)). The laser
power reached to the sample surface was attenuated to 50%
during laser machining using a chopper. Cross-sectional
views of the FE-SEM images of LIG-PI are shown in
Figure S2 and Figure S3. The low-magnification FE-SEM
images revealed that a relatively uniform porous structure
was produced when patterned without a chopper
(Figure 3(a)). Zhang et al. and Khandelwal et al. reported
identical 3D hierarchical porous morphology of LIG films
on the PI substrate [29, 34]. However, discontinuous
porous structures were generated when the chopper
operation was introduced (Figures 3(b)-3(f)). Additionally,
the high-magnification FE-SEM revealed highly porous
nanofiber-like microstructures that were generated on
laser-pyrolyzed regions for all LIG-PI samples (shown in
insets). Interestingly, by adjusting the laser operational
mode, LIG fiber (LIGF) can be produced for a critical laser
fluence. Duy et al. reported the formation of LIGF by
orienting laser in the vector mode with a critical laser
fluence of 5.8Jcm™ [39]. When a chopper was used, the
laser-induced graphitized regions were well separated from
the ungraphitized boundary regions. As expected, the width
of the separation decreased with increasing laser power. A
comparison of the ungraphitized region obtained with laser
powers of 5.4 W and 11.4 W is shown in Figure S4. Notably,
a highly porous morphology also appeared on the boundary
regions with a higher laser power (Figure S4(f)), and the
surface appeared quasicontinuous. Moreover, higher laser
power tends to increase the porosity, as revealed by the
cross-sectional FE-SEM measurements (Figure S3). The top
and cross-sectional views revealed the production of
numerous 3D interconnected porous LIG microstructures
during laser patterning with or without a chopper, which
provided numerous accessible active sites for electrolyte
infiltration and electrocatalysis.

3.2. Effect of Chopper in the Furnace Pyrolysis. To convert the
underlying PI substrate into a carbon substrate, the pyrolysis
of the as-fabricated LIG-PI was performed in a vacuum envi-
ronment. Figure 2 depicts real-view images of the samples
before (Figures 2(a)-2(f)) and after pyrolysis (Figures 2(g)-
2(1)). Figures 2(a) and 2(g)correspond to CO, laser pattern-
ing without a chopper, and Figures 2(b)-2(f) and 2(h)-2(1)
correspond to CO, laser patterning with a chopper. When
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FIGURE 3: Top-view FE-SEM measurement of laser-induced graphene (LIG) on a polyimide (PI) film (a) without a chopper at a laser power
of 5.4 W and (b-f) with a chopper at laser powers of 5.4, 6.8, 8.2, 9.4, and 11.4 W, respectively.

the PI substrate was patterned without a chopper, a relatively
uniform porous structure was generated on the laser-
patterned area of the PI substrate (Figure 3(a)). The stress
developed during the thermal decomposition of the polymer
to carbon can be considered as global stress. Consequently,
the laser-induced graphitized parts, i.e., the LIG layer, was
fully delaminated during pyrolysis. However, when the laser
beam was modulated by introducing a chopper, certain areas
of the PI substrate were laser-induced graphitized. Accord-
ingly, laser-induced graphitization occurred only at specific
locations. Therefore, the stress developed during furnace
pyrolysis can be considered as local stress that results in
the persistence of laser-induced graphitized parts on the
substrate. However, when the laser power was very high,
for, e.g, 114W, the laser-induced graphitized regions
started to coalesce. In other words, almost the entire area
of the PI substrate was laser-induced graphitized during
laser scanning. Consequently, the top surface appeared as a
quasiuniform porous surface (Figure 3(f)). In some areas,
the chopping region became nearly continuous, as revealed
by the cross-sectional FE-SEM measurements (Figure S5).
Therefore, the laser-induced graphitized parts started to
delaminate at a laser power of 9.4 W (Figure 2(k)) and
became fully delaminated with a laser power of 11.4W
(Figure 2(1)). Notably, no such delamination was observed,
even at the microscopic level, with a laser power of 8.2W

(Figure S6). As partial delamination occurred on the laser-
induced graphitized parts (LIG layers) with a laser power
of 9.4 W during the furnace pyrolysis, the samples obtained
with laser powers of 5.4, 6.8, and 8.2W were used for
further analysis.

3.3. Physiochemical Properties of LIG. Furthermore, the
microstructure of LIG on both PI and CF substrates was
investigated using FE-TEM. As displayed in Figures 4(a)
and 4(b), flake-like few-layered features were observed on
the surface of the LIG on the PI substrate obtained with a
laser power of 8.2 W. High-resolution TEM measurements
revealed the abundant presence of graphene fringes on the
flake surfaces. The average lattice spacing between the gra-
phene fringes was calculated to be 3.64 A from the LIG on
the PI substrate. The FE-TEM measurements obtained after
pyrolysis at an identical laser power, i.e., at 8.2 W, shown in
Figures 4(c) and 4(d), also revealed identical layered struc-
tures and graphene fringes. The average d-spacing between
the graphene fringes was 3.68 A after pyrolysis, which is very
close to that of the LIG on the PI substrate. The presence of
these graphene fringes enhances the performance of the elec-
trode for electrocatalytic applications.

The chemical structures of LIG-PI and LIG-CF were
investigated using micro-Raman spectroscopy. Figure 5(a)
shows the Raman spectra of LIG-PI obtained at laser powers
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FIGURE 4: (a) Field emission transmission electron microscopy (FE-TEM) image of LIG-PI-8.2 and (b) high-resolution TEM (HRTEM)
image of LIG-PI-8.2. (c) FE-TEM image of LIG-CF-8.2 and (b) HRTEM image of LIG-CF-8.2. Scale bars are (a, ¢) 1 ym and (b, d) 10 nm.
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FIGURE 5: Raman spectra of (a) LIG-PI for laser powers of 5.4, 6.8, 8.2, 9.4, and 11.4 W and (b) comparison of Raman spectra of LIG-PI-8.2

and LIG-CF-8.2.

0f54,6.8,82,9.4,and 11.4 W. The D, G, and 2D peaks were
clearly observed at 1345, 1389, and 2700 cm ™, respectively,
for all laser powers. Moreover, the D and G peaks intensified
with the increase in the laser power from 5.4 to 11.4W,
which demonstrates the formation of higher-quality gra-
phene structures. Furthermore, the G and 2D peaks attained
the highest intensity at a laser power of 11.4 W, indicating
that a better-quality graphene structure than the others

was formed. A Raman signature pattern was also obtained
for w/o-c-LIG-PI-5.4, as shown in Figure S7(a). The
graphene structure of LIG-PI was further analyzed using
the D to G peak intensity (I/I;) and 2D to G peak
intensity (I,p/I;) ratios as summarized in Figure S8.
Figure S8 demonstrates that defects on LIG structure
increase with increasing the laser power and then decrease
sharply at laser power of 11.4 W which signifies that quality
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of graphene increased for laser power of 11.4W. This
indicates that when the laser power is 11.4W, thermal
power dominates the quality of the LIG films. Therefore,
increased laser power leads to a higher degree of
graphitization. Furthermore, a layered graphene structure
was formed on the PI substrate when laser-induced
graphitized with an infrared laser. The Raman spectroscopy
of LIG was also performed after furnace pyrolysis using a
sample obtained with a laser power of 8.2 W. The Raman
signature pattern of the CF material is shown in
Figure S7(b). The CF material was fabricated via the
pyrolysis of an identical PI film, which was utilized for
fabricating the LIG. As shown in Figure 5(b), identical D,
G, and 2D peaks are observed for the LIG on the CF
substrate with a laser power of 82W (LIG-CF-8.2).
Significantly, the Raman spectra revealed that the defects in
the graphene structure were further reduced via furnace
pyrolysis. Additionally, the Ij/I ratio decreased from 1.38
(LIG-PI-8.2) to 1.10, which may be due to further
graphitization during furnace pyrolysis. Moreover, the
layered graphene structure was maintained after pyrolysis,
as confirmed by the I,,,/I; ratio (Table S1). In contrast, the
Raman spectra of the CF material (Figure S7(b)) are
dissimilar to those of LIG and identical to those of
amorphous carbon materials [40]. Therefore, the chemical
structure of the LIG material remained almost identical
during pyrolysis, whereas PI was converted into a carbon
substrate. Moreover, the LIG material was stable up to the
highest pyrolysis temperature of 1000°C in this study.
Previously, Lin et al. reported that LIG was stable at
approximately 900°C, using thermogravimetric analysis
(TGA) [25].

To investigate the electrical properties of LIG-PI and
LIG-CF, their sheet resistances were analyzed. The sheet
resistance of LIG-PI-8.2 was measured and compared with
that of LIG-CF-8.2. The sheet resistance was measured to
be 12.18 and 0.072 Q per square for LIG-PI-8.2 and LIG-
CF-8.2, respectively. Lin et al. also found similar sheet
resistance values for LIG on a PI substrate [25]. The sheet
resistance of LIG-CF-8.2 was much lower than that of
LIG-PI-8.2. During pyrolysis, the imide-containing polymer
decomposed into a highly conductive carbon material, as
revealed through sheet resistance measurements. Conse-
quently, the sheet resistance of LIG-CF-8.2 was negligible
compared with that of LIG-PI-8.2. A lower value of sheet
resistance is highly desirable in electrocatalytic applications
because it facilitates the fast transfer of electrons at the
electrode-electrolyte interface.

Furthermore, to gain insight into the elemental composi-
tion and electronic state of LIG on the PI and CF substrates,
XPS measurements were performed with the LIG samples
that were prepared using a laser power of 8.2 W before and
after pyrolysis. Figures 6(a) and 6(d) show the XPS survey
scan of the LIG on both the PI and CF substrates. The survey
scan results revealed that LIG on both the PI and CF sub-
strates contained identical compositions and exhibited
well-defined peaks corresponding to C 1s, O 1s, and N 1s.
Duy et al. [39] and Khandelwal et al. [34] also observed
identical compositions for LIG films in the similar binding

energies. However, the most intense peaks were at the bind-
ing energies of 284.76 and 284.78 eV for LIG on PI and CF,
respectively, which corresponded to C=C binding. The peaks
at these binding energies indicate that a high degree of
graphitization was mostly maintained in the LIG structure
before and after furnace pyrolysis. The percentage of the ele-
mental composition of LIG on PI and CF is summarized in
Table S2. The XPS data revealed a negligible change in the
elemental composition of LIG after pyrolysis. The narrow-
band XPS spectrum of C 1s of LIG-PI can be further
deconvoluted into three peaks at 284.6, 284.8, and
285.5¢eV, which are ascribed to C=C, C-C, and C-O-C/C-
N (Figure 6(b)). The high-resolution C 1s spectra of LIG-
CF also revealed the presence of peaks associated with
C=C (284.5eV), C-C (284.8e¢V), and C-O-C/C-N
(285.6¢eV), as shown in Figure 6(e). Notably, these peaks
occurred at almost identical binding energies compared
with those of the C 1s spectrum of LIG-PI. Furthermore, the
N 1s spectrum of LIG-PI can be assigned to three nitrogen
species: pyridinic (399.6eV), pyrrolic (401.3eV), and
quaternary (402.9 eV) nitrogen (Figure 6(c)). Additionally,
the high-resolution N 1s spectrum of LIG-CF revealed the
existence of pyridinic (399.5eV), pyrrolic (401.3eV), and
quaternary (402.9 eV) nitrogen (Figure 6(f)). The presence
of nitrogen was also observed in the C 1s survey spectrum of
the carbon functionalities. Moreover, these nitrogen
functional groups further justify the appearance of surface
defects, which subsequently increase the conductivity and
number of active sites for ion adsorption in electrolytic
media [41]. The deconvoluted O 1s spectra for both LIG-PI
and LIG-CF are shown in Figure S9. The high-resolution
O 1s spectra also indicate the presence of identical
functionalities for LIG on PI and CF substrates. The
presence of nitrogen and oxygen functionalities modifies
the charge distribution of carbon atoms as electron
acceptors because both N and O are negatively charged,
which is beneficial for catalytic applications as they enhance
charge transfer capacity. Furthermore, the deconvoluted C
Is, O 1s, and N 1s spectra for both LIG-PI and LIG-CF
revealed negligible alterations in the LIG composition and
functionalities after pyrolysis. The XPS results agree with
the Raman and FE-TEM results and further confirm that
the LIG structure was stable even at the highest pyrolysis
temperature of 1000°C.

3.4. Electrochemical Characterization. The HER electrocata-
Iytic activity of the as-fabricated LIG-PI and LIG-CF elec-
trodes was evaluated using LSV in a 1.0 M KOH electrolyte
in three-electrode configuration (Figure S10) and based on
footprint geometrical area (Figure S11). Accordingly, the as-
fabricated electrodes were directly used as the working
electrode without requiring any device fabrication steps that
provide flexibility and minimize cost which are beneficial for
industrial application. Further, alkaline electrolyte usually
provides less vapor pressure and lower corrosion of
electrolytic cell and produces high purity hydrogen gas
compared to acidic electrolyte [42]. For comparison, the
performance of a state-of-the-art Pt electrode was measured
under the same conditions. The performance of the CF
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Ficure 7: Hydrogen evolution reaction catalytic activities of CF, LIG-CFs, LIG-PIs, and Pt electrodes: (a) polarization curves, (b) Tafel plots,
and (c) Nyquist plots for CF, LIG-CFs, LIG-PIs, and Pt electrodes and (d) stability analysis for LIG-CF-8.2.

electrode was also measured under the same test conditions
because the LIG pattern was fabricated on a conductive
carbon substrate. Figure 7 shows the HER catalytic activities
of the CF, LIG-CF, LIG-PI, and Pt electrodes in a 1.0M
KOH obtained at a scan rate of 5mV/s. Figure 7(a) reveals
that Pt, LIG-CF, and LIG-PI electrodes exhibit zero-onset
potential, except for CF. Significantly, LIG-CF-8.2 exhibited
the lowest onset potential among the electrodes. The
overpotentials required to achieve a cathodic current density
of 10mA/cm?* were 45, 134, 138, 147, 242, 302, 212.2, and
440mV for Pt, LIG-CF-8.2, LIG-CF-6.8, LIG-CF-5.4, LIG-
PI-11.4, LIG-PI-8.2, w/o-c-LIG-PI-5.4, and CF, respectively.
Additionally, a sharp increase of current density was
observed for LIG-CF and LIG-PI electrodes which may be
due to the high electrochemical surface area, and numerous
active sites of LIG film. Furthermore, 3D hierarchical porous

structure of LIG provides easy infiltration of electrolyte/ions
to the active sites. A similar plummet on the LSV curves was
also observed by Mugheri et al. and Xu et al. [43, 44]. As
expected, the LIG-CF electrodes exhibited a significantly
lower overpotential than the LIG-PI electrodes to obtain an
identical current density. This was mainly because of the
synergistic effect between the 3D hierarchical porous LIG
structures and the highly conductive substrate. Owing to the
synergistic effect, the transfer length of electrons may be
shortened as LIG material was well connected with CF
substrate. Furthermore, as the PI substrate was converted
into CF via pyrolysis, no further processing was required for
improving adhesion between LIG and CF, unlike other
studies [45, 46]. The performance of LIG-CF-8.2 was
comparable with those of other catalyst-loaded LIG
material. For instance, Zhang et al. studied Pt-nanoparticle-
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doped LIG and CoP-electrodeposited LIG structures on PI
substrates for HER, and the overpotential required to obtain
the identical current density was 110 mV RHE and 114 mV
(vs. RHE) for Pt-doped LIG and CoP-electrodeposited
LIG, respectively [29]. Ye et al. demonstrated CoP-
electrodeposited LIG synthesized from pine wood for
water splitting, and the optimized structure requires an
overpotential of 130mV for obtaining the current density
of 10mA/cm® [28]. Furthermore, the performance of
LIG-CF-8.2 electrode is compared with that of carbon-
based materials and is represented in Table S3.

To investigate the probable mechanism of hydrogen evo-
lution on the electrode surface, the slope of the Tafel plot
was examined. An active electrocatalyst generally exhibits a
low Tafel slope and high current density, resulting in rapid
hydrogen evolution with an applied overpotential. In addi-
tion, depending on the physiochemical and electronic prop-
erties of the electrode surface, the reaction kinetics can be
explained using either the Volmer-Tafel or Volmer-Heyr-
ovsky mechanism [47, 48]. Figure 7(b) shows the Tafel
curves for the Pt, LIG-CF-8.2, LIG-CF-6.8, LIG-CF-54,
LIG-PI-11.4, LIG-PI-8.2, w/o-c-LIG-PI-5.4, and CF elec-
trodes. As expected, the lowest Tafel slope, 25.35mV dec’’,
was obtained for the Pt catalyst, indicating the fastest HER
kinetics. Moreover, the electrochemical reaction kinetics on
the Pt electrode followed the Volmer-Tafel pathway and
were consistent with that of the known HER system on Pt
electrodes [49]. In contrast, the Tafel slopes for LIG-CF-
8.2, LIG-CF-6.8, LIG-CF-5.4, LIG-PI-11.4, LIG-PI-8.2, w/
0-c-LIG-PI-5.4, and CF were 92.60, 97.44, 105.20, 140.71,
127.93, 45.92, and 121.73mV dec”’, respectively. Signifi-
cantly, the lower Tafel slopes were also observed on LIG-
CF electrodes compared with LIG-PI electrodes; in particu-
lar, the representative LIG-CF-8.2 electrode showed the low-
est Tafel slope (92.60mV dec™"), and the reaction pathways
followed the Volmer-Heyrovsky method. Note that the
higher Tafel slopes of LIG-CF-6.8, LIG-CF-5.4, LIG-PI-8.2,
and LIG-PI-11.4 are also consistent with their relatively infe-
rior catalytic activities in the HER kinetics.

EIS measurements were performed to investigate the HER
kinetics at the electrode-electrolyte interface. The Nyquist
plots for the Pt, LIG-CF-8.2, LIG-CF-6.8, LIG-CF-5.4, LIG-
PI-11.4, LIG-PI-8.2, w/o-c-LIG-PI-5.4, and CF electrodes
are shown in Figure 7(c). Further, the fitting model for the
Nyquist plots for as-characterized electrodes are summarized
in supplementary material Figure S13 and Figure S14. The
high-frequency region of the Nyquist plot is shown in
Figure S15. Both the high-frequency region corresponding
to hydrogen adsorption and low-frequency region indicating
HER kinetics were observed for all electrode materials.
Importantly, the Nyquist plots of Pt, LIG-CF, CF, and w/o-
c-LIG-PI-5.4 were vertical over the long frequency range
from 100 mHz to 1.0 MHz. Moreover, no semicircular
sections were observed in the high-frequency region, which
indicates the fast transfer rate of ions [34]. In contrast,
LIG-PI-8.2 and LIG-PI-11.4 exhibited semicircular
Nyquist plots for the identical frequency region,
particularly LIG-PI-11.4, which demonstrated a smaller
semicircle radius than LIG-PI-8.2. The vertical lines of the
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LIG-CF electrodes further suggest the fast transfer rate of
ions in the HER kinetics. Furthermore, equivalent series
resistance (ESR) data were retrieved from the Nyquist
plots in the high-frequency region, and the ESR data
reveal that LIG-CF has a lower ESR value than that of
LIG-PI (particularly, LIG-CF-8.2 (4.28(Q), LIG-CF-6.8
(4.150), LIG-CF-5.4 (4.350)), LIG-PI-11.4 (39.07 Q2), LIG-
PI-8.2 (36.33(2), and w/o-c-LIG-PI-5.4 (16.3502). A lower
equivalent series resistance corresponds to faster kinetics
of electrocatalysts; therefore, a lower ESR represents a
faster transfer of ions/charges at the electrode-electrolyte
interface in the HER system. The EIS measurements further
agree with the equivalent series resistance measurements
(Figure S15) and the polarization curve analysis Figure 7(a).
The electrochemical performance of as-fabricated samples
is summarized in supplementary material Table S4.

Catalyst stability is another crucial complementary
parameter for developing industrially applicable catalysts
for HER systems. Pyrolytic porous carbon is commonly used
for various energy storage applications owing to its mechan-
ical stability and stable electrocatalytic characteristics in
alkaline electrolytes [50, 51]. The stability analysis of the
LIG-CF-8.2 electrode was accomplished by performing con-
stant cyclic voltammetry (CV) for 2000 cycles and current-
time response for 12h at a fixed potential of 134mV vs.
RHE in an identical electrolyte. Cyclic stability and cur-
rent-time/potential-time responses are commonly employed
for stability analysis in HER system [52]. The performance
of the LIG-CF-8.2 electrode was measured and compared
with its initial performance in cyclic stability test.
Figure 7(d) illustrates the durability analysis of the LIG-
CF-8.2 electrode. The decrease in catalytic activity is hardly
observed after 12h chronoamperometry (CA) test and
2000 long cycles. Additionally, surface morphology study
using FESEM before and after the stability test represents
negligible delamination of LIG from substrate (Figure S16).
These results imply that the LIG-CF-8.2 electrocatalyst
exhibits high stability for catalytic water electrolysis in
alkaline electrolyte.

4. Conclusions

In summary, a method to fabricate LIG on CF-type sub-
strates was demonstrated. To fabricate LIG on the CF sub-
strate, laser patterning on PI followed by the pyrolysis of
LIG-PI was performed. During pyrolysis, the conversion of
the PI substrate to the carbon substrate occurred. In
polymer-to-carbon conversion, unavoidable shrinkage
occurs when polymer materials pass through a semisolid
phase. This shrinkage causes the peeling of LIG from the
substrate. However, this problem was overcome by the
introduction of a chopper operation during laser patterning
on the PI substrate. The microstructure and material proper-
ties of the LIG remained almost intact during the conversion
of nonconductive PI to highly conductive carbon. Addition-
ally, the sheet resistance of LIG-CF was considerably lower
than that of LIG-PL Finally, the as-fabricated LIG-CF elec-
trode was utilized for a catalytic HER study, and it exhibited
high efficiency in alkaline water splitting. The LIG-CF
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electrode exhibited zero-onset potential, and the best-
performing electrode exhibited an overpotential of 134 mV
for a current density of 10mA/cm®. The excellent perfor-
mance of the LIG-CF electrode is superior to LIG-PI elec-
trode and comparable to active material-loaded LIG
electrodes. In LIG-CF, the interconnected porous LIG facil-
itates efficient electrolyte infiltration, and the conductive
CF facilitates in shortening the electron transfer length. Con-
sequently, the synergistic action of LIG and CF enhances the
performance of the HER system. Therefore, considering the
superior performance of the LIG-CF electrode obtained
using a low-cost fabrication approach compared with the
performance of the others LIG-PI, we believe that the LIG-
CF electrode is a potential candidate for industrial-scale
HER applications. The deposition of active catalysts onto
LIG on carbon substrate is our ongoing research for further
enhancement of HER performance.
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Supplementary Materials

Separate supplementary material file is provided to show
detail experimental results of this paper. The supplementary
material file includes the following. Figure S1: the thickness
of (a) polyimide (PI) film (before pyrolysis) and (b) carbon
film (CF) (after pyrolysis). Figure S2: (a) low- and (b)
high-magnification cross-sectional FE-SEM measurement
of laser-induced graphene (LIG) on polyimide film with
laser power of 5.4 W. Relatively continuous LIG was found
when no chopper operation was used. Figure S3: low- and
high-magnification cross-sectional FE-SEM measurement
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of laser-induced graphene (LIG) on polyimide film with
laser power of (a, b) 5.4 W, (c, d) 6.8W, (e, f) 82W (g, h)
9.4 W, and (i, j) 11.4 W with a chopper. Lower laser powers
are tended to produce holey LIG (b, d, f), and higher laser
powers are inclined to produce LIG fiber (h, j). Figure S4:
low- and high-magnification FE-SEM measurement of
laser-induced graphene (LIG) on polyimide film with laser
power of (a—c) 5.4 W and (d-f) 11.4 W with chopper. Figure
S5: low- and high-magnification FESEM measurements of
LIG-PI fabricated with laser power of 11.4W, showing
nearly continuous LIG with chopper on PI substrate. Figure
S6: low- and high-magnification cross-sectional FESEM of
LIG on carbon film, after pyrolysis, fabricated with laser
power of 8.2W. Figure S7: the Raman spectral data of (a)
w/0-c-LIG-PI-5.4 and (b) CF. The Raman spectra of LIG
on PI substrate fabricated with laser power of 5.4 W without
chopper has identical spectrum signature with LIG fabri-
cated with chopper as illustrated in Figure 5(a). The Raman
spectra of CF is dissimilar to LIG (absence of 2D peak)
material and identical with amorphous carbon materials.
Figure S8: (a) I, and I ratio and (b) I, and I ratio
of LIG on PI substrate obtained from the Raman signa-
ture. The graph illustrates that the graphene quality
increases with the increase of laser power and multilayer
graphene structure has been formed during laser pattern-
ing with chopper. Additionally, the I,/I; ratio indicates
that multilayer graphene structure has been developed
while laser machining with a chopper. Figure S9: the
high-resolution spectra of O1 s. (a) LIG-PI-8.2 and (b)
LIG-CF-8.2. The deconvoluted spectra showed no differ-
ence in functional groups present in LIG material on PI
and CF substrates. Figure S10: the three-electrode setup.
(a) Schematics and (b) a photograph of the electrolytic
cell. Plenty of hydrogen (H,) bubbles had been observed
on the working electrode during the electrocatalytic pro-
cess (b). Figure S11: the original view of LIG on carbon
film (CF) and LIG-CF working electrode. The geometrical
area of LIG film was 12 x 8 mm? on the CF substrate. Fig-
ure S12: the multiple activation cycles for LIG-CF-8.2 elec-
trode in 1.0M KOH electrolyte prior to take the linear
sweep voltammetry (LSV) scanning. The cyclic voltamme-
try (CV) scanning was performed in the potential range of
-1.0 to 1.0V (vs. Hg/HgO (sat. 1.0 KOH)) at 20 mV/s. Figure
S13: the fitting model for the Nyquist plots with correspond-
ing Randles circuits for (a) CF, (b) LIG-CF-5.4, (c) LIG-CF-
6.8, and (d) LIG-CF-8.2 electrodes. Figure S14: the fitting
model for the Nyquist plots with corresponding Randles cir-
cuits for (a) LIG-PI-8.2, (b) LIG-PI-11.4, (c) w/o-cLIG-PI-
5.4, and (d) Pt electrodes. Figure S15: the high-frequency
region of Nyquist plot of (a) CF, LIG-CFs, and Pt, and (b)
LIG-PI electrodes. Figure S16: the FESEM study (a) before
stability test and (b) after stability test of LIG-CF-8.2 elec-
trode. Table S1: the Raman spectral data of LIG-PI-8.2 and
LIG-CF-8.2 fabricated with laser power of 8.2 W. Table S2:
the elemental composition of carbon, oxygen, and nitrogen
in LIG-PI-8.2 and LIG-CF-8.2 for an identical laser power of
8.2'W. Table S3: the comparison of the HER performance of
carbon-based materials. Acronyms: N: nitrogen; P: phospho-
rous; S: sulfur; CNT: carbon nanotube; PDA: polydopamine;
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Mo: molybdenum; Co: cobalt; C: carbon; MoNiNC:
molybdenum-nickel bimetallic carbonitride; MoC-MoP/
BCNC NFs: MoC-MoP nanoparticles supported by bacte-
rial cellulose-derived N-doped carbon nanofibers; VN/
Co@NCNT: Co-encapsulated N-doped carbon nanotubes;
Ni-NCNT: nickel nanoparticle on N-doped CNT; NiFe-
LDH: NiFe-layer double hydroxide; MCF: microporous
carbon framework; LIG-CF: laser-induced graphene on
carbon film; N/A: not available. Table S4: the summary
of fabrication condition (laser power) and results obtained
in 1.0M KOH electrolyte of as-fabricated electrodes. Acro-
nyms: Pt: platinum; CF: carbon film; w/o-c-LIG-PI: without
chopper continuous laser-induced graphene on polyimide;
LIG-PI: laser-induced graphene on polyimide; LIG-CF:
laser-induced graphene on carbon film; N/A: not available.
(Supplementary Materials)
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