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Laser-irradiated carbonized polyaniline-N-doped
graphene heterostructure improves the cyclability
of on-chip microsupercapacitor†

Bharat Bhushan Upreti, Navpreet Kamboj and Ramendra Sundar Dey *

Laser-irradiated graphene-based heterostructures have attracted significant attention for the fabrication

of highly conducting and stable metal-free energy storage devices. Heteroatom doping on the graphene

backbone has proven to have better charge storage properties. Among other heteroatoms, nitrogen-

doped graphene (NG) has been extensively researched due to its several advanced properties while main-

taining the original characteristics of graphene for energy storage applications. However, NG is generally

prepared via chemical vapor deposition or high temperature pyrolysis method, which gives low yield and

has a complex operation route. In this work, first a polyaniline-reduce graphene oxide (PANI-rGO) hetero-

structure was prepared via in situ electrochemical polymerization, followed by the deposition process. In

the next step, laser-irradiation process was employed to carbonize polyaniline as well as doping of nitro-

gen on the graphene film, simultaneously. For the very first time, laser-irradiated carbonization of PANI on

NG (cPANI-NG) heterostructure was utilized for microsupercapacitor (MSC). The as-prepared

cPANI-NG-MSC shows extremely high cycling stability with a capacitance enhancement of 135% of its

initial capacitance after 70 000 continuous charge–discharge cycles. It is very interesting to know the

origin of the capacitance enhancement, which results from the change of pyrrolic N in NG-MSC to the

pyridinic and graphitic N. An on-chip NG-MSC exhibits an excellent charge storage capacitance of

43.5 mF cm−2 at a current density of 0.5 mA cm−2 and shows impressive power delivery at a very high

scan rate of 100 V s−1. The excellent rate capability of the MSC shows capacitance retention up to 70.1%

with the variation of current density. This unique approach to fabricate NG-MSC can have a broad range

of applications as energy storage devices in the electronics market, as demonstrated by glowing a com-

mercial red LED.

Introduction

Graphene, a highly researched material of the 21st century, is
used as a supercapacitor electrode material due to its good
cycling stability and electrical conductivity.1 Laser-irradiation
(LI) technique is a very fast, efficient, cost-effective, and
reagent-less method that was regressively utilized for the fabri-
cation of highly conducting robust graphene film.2 Laser-irra-
diated graphene (LIG) can be obtained by single pass laser
impact and is able to perform the complementary venture as
current-collector and active electrode material in metal-free
microsupercapacitors (MSCs).3–5 In 2014, Tour et al., first
demonstrated the formation of a three-dimensional (3D) laser-
induced graphene film and fabricated the MSC device that

showed a notable stability performance of 100 000 continuous
galvanostatic charge/discharge (GCD) cycles with a capacitive
retention of 100% and an areal capacitance of 2.32 mF cm−2 at
a current density of 10 µA cm−2.6,7 To regulate the charge
storage properties in graphene-based materials, heteroatom
doping is preferred to modify the graphene structure and
therefore the charge storage distribution. Several heteroatoms
such as phosphorous (P), nitrogen (N), and boron (B) can be
used to dope into the undifferentiated graphene structure in
order to increase the electron density distribution.8,9 However,
N-doped graphene (NG) is preferred among others as it has
Fermi level regulation, improved electron density, and similar
atomic size, which is requisite for charge storage appli-
cations.10 The combination of the lone pair electrons of nitro-
gen and the π-system of carbon atoms enhances chemical and
physical properties.11,12

Several methods have been employed so far to synthesize
N-doped graphene-based nanostructure and are classified as
in situ and ex situ N-doping methods. The typical in situ
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N-doping procedure is a bottom-up method that generally
includes chemical vapor deposition (CVD),13 arc-discharge,14

biomass pyrolysis,15 and solvothermal synthesis.16–18 However,
the ex situ N-doping method includes thermal annealing,19 wet
chemistry methods,20 plasma treatment,21 and ion implan-
tation.22 The main weakness of these methods are that they
either require high temperature or multistep process with
hazardous reagents.23 Furthermore, low product yield, difficul-
ties in scaling up, and insufficient N-doping make these
methods unsuitable for practical applications.

On the other hand, polyaniline (PANI), an N-containing
conductive polymer, has been extensively studied as an elec-
trode material for the past few decades24 because of its facile
synthesis, compelling redox properties, and moderate environ-
mental stability. Depending on their redox state, PANI exists in
different forms; most reduced pale yellow leucoemeraldine to
green emeraldine salt/base and highly oxidized violet pernigra-
niline form.25,26 Among them, the emeraldine base form is
considered to be the conductive one in its protonated state
and the other two forms are insulating even after
protonation.27,28 The pseudocapacitive behavior of PANI is well
suited as an energy storage material, but its stability during
the charge/discharge cycle is always a concern.29,30 The
reasons for the unstable charge/discharge cycles are as follows:
(i) ion insertion that leads to mechanical expansion, (ii) elec-
trode material delamination, and (iii) fibrous morphology of
the PANI.31 The long-term charge/discharge process leads to a
volume expansion effect, which unavoidably results in the
poor electrochemical stability of the supercapacitor.32,33

Moreover, PANI-based electrode materials failed to show satis-
factory rate capability.34 Therefore, although PANI-based
supercapacitor exhibits high specific capacitance, due to its
poor rate capability and inferior cycle life, it cannot be used
for commercial applications.

Therefore, to address this problem, it is necessary to develop
a procedure that will give electrochemically stable PANI-gra-
phene heterostructure with sufficient N-doping, lowered electri-
cal resistance between PANI and graphene, as well as a
sufficient diffusion channel for the electrolyte. Herein, we report
a novel N-doping strategy via the in situ electrochemical
polymerization of PANI in the graphene network, followed by
the laser-irradiation method, encouraging the nitrogen atoms to
get bonded into the graphene network and converting the
rGO-PANI heterostructure into a carbonized material
(cPANI-NG). In order to synthesize a comparatively less stable
pseudocapacitive material PANI to a highly stable cPANI-based
EDLC material, a new and efficient strategy is introduced in this
work. The new strategy not only helps to improve the cycling
stability of the material but also enhances the specific capaci-
tance value of LIG. We further fabricated an in-plane microsu-
percapacitor with the cPANI-NG material. The resulting on-chip
cPANI-NG-MSC was very efficient in showcasing the unique
capacitive behavior with extraordinary cycling life. Moreover, the
developed devices have been extended in series and parallel con-
nections to make a high-voltage module that can lighten up the
available red LED bulb.

Experimental section
Synthesis of the PANI-rGO heterostructure film

Modified Hummers’ method was used to synthesize graphene
oxide (GO) reported in our previous reports.35–37 Aniline was
purified by the distillation process prior to use. The simul-
taneous in situ polymerization of aniline and simultaneous
deposition of reduced graphene oxide (rGO) on copper foam
(Cuf) substrate was carried out via a single-step chronoampero-
metric technique for 180 s at a potential of −1.1 V using copper
foam (Cuf) as working, Pt as counter, and Ag/AgCl (3.5 M KCl)
as reference electrode in the three-electrode system. Dispersion
solution containing aniline (with different ratios 20, 15, 12, and
10 µL) and GO (3 mg mL−1) in 20 mL 0.5 M HClO4 and the final
dispersion solution were named as 3GO/Aniline, 4GO/Aniline,
5GO/Aniline, and 6GO/Aniline, respectively. The detailed
electrochemical deposition procedure has been explained in the
ESI.† The as-deposited films from the different dispersion solu-
tions were named as xrGO-PANI (where, x = 3, 4, 5, and 6,
respective to the concentration of the dispersion solution). The
prepared samples were transferred to 10% ammonium persul-
fate (NH4)2S2O8 solution (xrGO-PANI facing upwards) to etch
out the supportive copper electrode. A freestanding xrGO-PANI
film floats on the solution after Cu etches out completely. The
film was then scooped with a plastic poly(terephthalate) (PET)
sheet and then washed with DI water several times in order to
remove any contamination and kept for drying overnight.

Carbonization of PANI through the laser irradiation (LI)
method

LI technique was further utilized to reduce the partially
reduced rGO film and simultaneous carbonizing PANI to dope
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N-atoms into the LIG network (as shown in Fig. 1) with a
10.6 µm wavelength, 24 W pulse power output, and 0.8 m s−1

speed of CO2 laser source. The LI technique was strategically
used to convert PANI to carbonized PANI and simultaneously
converts rGO to N-doped graphene (NG). The resulting laser-
irradiated graphene films prepared from different concen-
tration ratios of aniline to GO dispersion solutions (3GO/
Aniline, 4GO/Aniline, 5GO/Aniline, and 6GO/Aniline) were
named as cPANI-NG3, cPANI-NG4, cPANI-NG5, and cPANI-NG6,
respectively. The mechanism of the LI-based reduction is
based on photomodulaion (photothermal oxidation/reduction)
reaction.38 In this LI method, laser irradiation creates a high
local temperature (>2000 °C) on the laser spot, which helps to
rearrange the C–C bonds after the removal of oxygen function-
alities.39 Moreover, the laser-irradiation of xrGO-PANI film

helps to impregnate the N atoms of the graphene backbone.
The high local temperature due to photothermal reaction is
responsible for intramolecular dehydroxylation between PANI
and neighboring carboxyl group.40,41 The schematic represen-
tation of the mechanism is illustrated in Fig. 1.

Designing and modifying interdigitated microsupercapacitor
(MSC)

A 1.06 µm near-infrared laser (NIR) was used to pattern the
cPANI-NG film with a power output of 32 W, laser speed of
0.8 ms−1, and 20 000 Hz frequency. The electrodes were pat-
terned in parallel linear-shaped geometry in the dimensional
ratio of length (800 µm) and width (500 µm). Finally, the as-
fabricated parallel cPANI-NG electrodes were modified with a
transparent polyvinyl alcohol (PVA) gel electrolyte, and the film

Fig. 1 (a) Schematic representation of carbonization of PANI and simultaneous N-doping of graphene; (b) mechanism of electropolymerization of
PANI and (c) PANI carbonization and N-doping of graphene.
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was kept overnight for drying in the vacuum condition. The
modified film was named as carbonized polyaniline-N-doped
graphene based microsupercapacitor (cPANI-NG-MSC) and
directly used for further electrochemical studies.

Results and discussion

The synthesis of the cPANI-NG material involved two-step pro-
cedures, as shown in Fig. 1a. First, the polymerization of
aniline was carried out, followed by the carbonization of the
polymerized material. Moreover, upon laser irradiation, the
PANI was converted to stack carbonized sheets and simul-
taneously electrochemically reduced graphene oxide sheet is
converted to the N-doped graphene heterostructure (Fig. 1c). It
is worth mentioning that during electrochemical polymeriz-
ation, PANI makes composites with rGO, where PANI not only
distributed over the rGO sheets due to π–π interaction but also
acted as the linker between rGO sheets to form a network-like
structure. After laser irradiation, the PANI gets converted into
carbonized form (Fig. 1b) by losing nitrogen, which is simul-
taneously utilized in the doping of rGO and formed the
cPANI-NG heterostructure.

To identify the functional groups present and the degree of
reduction in the different electrode materials, Fourier-trans-
form infrared (FT-IR) spectroscopy with attenuated total reflec-
tion (ATR) technique was performed on 3rGO-PANI,
cPANI-NG3, 4rGO-PANI, cPANI-NG4, 5rGO-PANI, and
cPANI-NG5 samples, and the corresponding spectra are pro-
vided in Fig. S1, ESI† and Fig. 2a, respectively. The in situ
polymerization of aniline under the applied potential leads to
the formation of leucoemeraldine PANI, which is the reduced
state of PANI.26 The band at ∼3200 cm−1 in the FT-IR spectra
of xrGO-PANI in all ratios signifies the stretching frequencies
for amine and –OH groups, which reduced significantly after

laser irradiation.42 Two other peaks at 1720 cm−1 and
1650 cm−1 appeared in case of the 4rGO-PANI sample (Fig. 2a),
which is attributed to carbonyl CvO and amide peak,
respectively.43,44 It should be noted here that the amide
linkage between PANI and rGO is favorable only when the pH
of the electrolyte solution is very low, i.e., the acidic media
used for GO electrodeposition. After laser irradiation of the
cPANI-NG4 sample, the intensity of the peak at 1650 cm−1

corresponding to amide linkage reduced drastically (Fig. 2a),
indicating the transformation of PANi to cPANI.

To understand the defect density, degree of graphitization,
and crystalline nature of the samples, Raman spectroscopy
was carried out for all the samples, such as LIG, cPANI-NG3,
cPANI-NG4, and cPANI-NG5, as shown in Fig. 2b. The G-band
positioned in the range of 1575–1585 cm−1 corresponds to E2g
doubly degenerate phonons at the Brillouin zone, whereas the
D-band in the range 1320–1355 cm−1 is attributed to the A1g
mode, which is related to the structural disorders and
defects.45 The intensity ratio of the G to D band (IG/ID) quan-
tifies the defect density, which is directly related to nitrogen
doping in LIG and the corresponding crystallite size. The IG/ID
ratio was calculated for different samples and found to be
1.465 for LIG, 1.113 for cPANI-NG5, 0.943 for cPANI-NG4, and
1.180 for cPANI-NG3. The IG/ID ratio in the case of cPANI-NG4

sample confirms the formation of larger amount defects in
comparison to other samples. The crystallite size was also cal-
culated in all the samples, and the corresponding values are
provided in the ESI Table S1.† The 2D-band that originates
due to layered graphene-like structure almost disappeared in
case of the cPANI-NG samples, which denotes the lower crystal-
linity of the NG samples,46 as can be observed in Fig. 2b.
Moreover, the full width at half maxima (FWHM) for the
Raman spectra of the cPANI-NG material broadened, which
also justifies the N-doping by replacing some graphitic
carbons.47,48 A slight shift of the G and D-bands in the doped
graphene films towards the higher wavelength corresponds to
the homogeneous incorporation of N atoms into the graphene
structure at the atomic level. The degree of D and G band shift-
ing depends on the N/C atomic ratios in the N-doped graphene
film.49 This band shifting also implies the presence of some
specific types of N species, such as pyrrolic, pyridinic, and gra-
phitic N, which can serve as electron acceptors.50–52

Further, to confirm the changes in the chemical compo-
sition of the samples, X-ray photoelectron spectroscopy (XPS)
was conducted, as presented in Fig. 2c and d. The full survey
XPS spectra of the cPANI-NG4 sample shows C 1s, N 1s, and O
1s signals at binding energies of 285 eV, 401 eV, and 532 eV,
respectively, indicating the presence of C, N, and O elements
in the samples (Fig. S2, ESI†). The carbonization of PANI
under laser impact leads to the N-doping, which was con-
firmed from the N 1s spectrum. High local temperature occurs
due to photothermal reactions taking place during the laser
irradiation process is responsible for more pyrrolic N after car-
bonization due to its greater thermal stability than the other
forms of N.53 The deconvoluted N 1s spectrum of cPAN-NG4

shows that the appearance of pyridinic, pyrrolic, and graphitic

Fig. 2 (a) The FT-IR spectra of 4rGO-PANI and cPANI-NG4, (b) Raman
spectra of cPANI-NG3–5 and LIG samples, (c) and (d) shows N 1s and C
1s spectra of cPANI-NG4 and 4rGO-PANI, respectively.
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nitrogen peaks corresponds to the binding energies of ∼399.5
eV, ∼401.2 eV, and ∼401.9 eV, respectively, as shown in
Fig. 2c.54,55 These significant peaks for the N-doped graphene
are absent but the peaks at 401.6 eV and 399.5 eV, which
correspond to the Leucoemeraldine form of PANI, are present
in the 4rGO-PANI film. The deconvoluted C 1s XPS spectra of
cPANI-NG4 and 4rGO-PANI are shown in Fig. 2d, which clearly
depicts the presence of the N–sp2-C peak positioned at a
binding energy of 286.88 eV. Both the films represent the peak
corresponding to the sp2-C bond, which further signifies the
aromatic system of PANI and carbon graphitic structure. The
peak at 288.78 eV of the 4rGO-PANI sample is assigned for
–COOH, which disappeared after laser-irradiation (as shown in
Fig. 2d), confirming the reduction of the sample. The deconvo-
luted N 1s and C 1s spectra of 3rGO-PANI, cPANI-NG3,
5rGO-PANI, and cPANI-NG5 samples are also provided in
Fig. S3 and S4, ESI.† The N 1s deconvoluted spectra of
cPANI-NG5 shows decreased graphitic N peak, suggesting that
with increasing concentration of PANI, graphitic N decreases.

The carbonization of PANI into the graphene network devel-
ops irregular morphologies, which can be further investigated
via scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) studies. Fig. 3a shows the SEM image
of 4rGO-PANI (upper half portion) and cPANI-NG4 (lower half
portion) in a same sample distinct by a yellow dotted line. The
SEM images depict that 4rGO-PANI has a rough crimpled mor-
phology, as seen in Fig. 3b and c. The sheets get flattened and

linked together after laser irradiation, which can be seen in
Fig. 3d and e. Still, the presence of PANI induces defects to
hinder the generation of a single joint sheet as observed in the
case of only laser-irradiated graphene.7 The HR-TEM studies of
the cPANI-NG film in Fig. 3f shows the layered sheet structure
of the as-prepared sample whereas 4rGO-PANI has few layers
to multilayers sheet of large size, as seen in Fig. S5, ESI.† The
TEM images reveal that after the laser irradiation, few layer
graphene sheet-like structure is formed. The atomic percen-
tages of C, O, and N are quantified using energy dispersive
spectrometry (EDS) analysis in SEM, which shows that the
nitrogen content is 10.3 atomic%, indicating that a sufficient
amount of nitrogen has been doped on the graphene surface
(Fig. S6, ESI†) compared to that of the 4rGO-PANI (Fig. S7,
ESI†). The atomic percentage of nitrogen was 13.6%,
suggesting that the laser irradiation has led to the removal
some of the nitrogen-containing functionalities from the film.
The elemental mapping of the cPANI-NG4 sample was also per-
formed, which confirmed the homogeneous distribution of
oxygen, carbon, and nitrogen throughout the sample (Fig. 3g–
j). Furthermore, the selected area electron diffraction (SAED)
analysis (Fig. S8, ESI†) displays the absence of lattice points
characteristic to the hexagonal lattice of crystalline graphene,
which indicates that the crystallinity is substantially decreased
after N doping.

The electrical property study of the electrode material is
very important for the electronic transport investigation. The

Fig. 3 (a) The SEM images of 4rGO-PANI and cPANI-NG4 separated by a horizontal yellow line, (b) and (c) shows the morphology of 4rGO-PANI
and laser-irradiated carbonized film cPANI-NG4 morphology in (d) and (e), (f ) shows the HRTEM image of the cPANI-NG4 film. EDS of layered image
(g) in TEM shows the content of N, O, and C in (h), (i), and ( j) images, respectively.
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active material must possess high electrical conductivity for its
use as supercapacitor; the I–V characteristic curve shows the
ohmic behavior of the films, as shown in Fig. S9, ESI.† The
conductivity of the 4rGO-PANI and cPANI-NG4 films were
measured by a two-probe method and calculated to be 478 S
m−1 and 5933 S m−1, respectively, which is comparatively
higher than that of the activated carbon (10–100 S m−1) and
rGO (1000–2000 S m−1) materials. Therefore, it can be con-
cluded that the carbonization of PANI by the LI process helps
to improve the restoration of π-electron clouds and endorse
fast electron transport through the cPANI-NG4 film.

Electrochemical characterization of MSC

The electrochemical polymerization of aniline has been well
studied in the past few years. It is well known that at higher
potential, the pernigraniline form of PANI hydrolyses in
aqueous electrolyte, leading to the degradation of the polymer
to oligomeric soluble units, which leads to the loss of capacity
of the active material.56,57 However, leucoemeraldine form,
which is a highly reduced form of PANI, is formed when nega-
tive potential is applied. Therefore, the formation of pernigra-
niline can be avoided when a negative potential −1.1 V is
applied during the in situ electrochemical deposition of GO
and simultaneous polymerization of aniline. Fig. S10, ESI†
shows the cyclic voltammetry (CV) response of the as-prepared
4rGO-PANI material in 1.5 M H2SO4 solution. The LI technique
has been applied on rGO-PANI to synthesize a porous and con-

ductive cPANI-NG material, as described in the Experimental
section. It is interesting to note that the porous morphology of
cPANI-NG allows the easy diffusion of ions whereas electronic
flow is accelerated through the conductive graphene-based
network (as visualized in Fig. 4a). In order to check the energy
storage properties, the cPANI-NG materials prepared by
different ratio of starting materials were electrochemically
characterized to comprehend the effect of diffusion channels
that were developed after the LI process. Cyclic voltammetry
for all the samples (cPANI-NG3,4,5,6) was carried out at a scan
rate of 100 mV s−1 in aqueous 1 M H3PO4 solution in a three-
electrode system (Fig. 4b). The CV curves are nearly rectangular
in shape with larger area, suggesting better charge storage
property of the materials. In comparison to other samples,
cPANI-NG4 exhibited the largest area under the curve resem-
bling the highest capacitance; thus, it is chosen as optimized
electrode materials for further electrochemical studies.

A solid-state parallel linear-shaped geometry cPANI-NG4

based microsupercapacitor was designed and electrochemi-
cally characterized via different electrochemical techniques
such as cyclic voltammetry (CV), galvanostatic charge/dis-
charge (GCD), and electrochemical impedance spectroscopy
(EIS) analysis. The CV curves at different scan rates (Fig. 4c)
and GCD profiles at different current densities are shown in
Fig. 4c and d, respectively. The EDLC behavior of the CV curve
in Fig. 4c indicates that most of the PANI polymers are carbo-
nized in the film or get fused with the graphene layer or form

Fig. 4 (a) Schematic representation of the electron and ion transport between electrode–electrolyte interface. (b) CV curves for all the samples
(cPANI-NG3, cPANI-NG4, cPANI-NG5, cPANI-NG5) in three-electrode system. (c) CV curves of cPANI-NG-MSC at different scan rates in 1 M H3PO4,
inset shows the digital image of the device. (d) Galvanostatic charge–discharge (GCD) profile of cPANI-NG-MSC at different current densities. (f )
Nyquist plot of cPANI-NG-MSC, inset shows the Randles equivalent circuit. (f ) Capacitance retention versus current density plot showing the rate
capability of cPANI-NG4-MSC.
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N-doped graphene. PANI is an electroactive conducting
polymer, which shows pseudocapacitive response (Fig. S10,
ESI†), but after the LI process, its carbonized form displays
electric double-layer capacitor (EDLC) type behavior, demon-
strating superior charge storage property of the material. The
CV curve at different scan rates from 10 to 100 mV s−1 shows
perfect rectangular shape, retaining the EDLC behavior of the
film (Fig. 4c). Fig. 4d illustrates the GCD profile of the device
with varying current density from 10 to 0.25 mA cm−2. The
specific capacitance (Csp) of the device was calculated from the
GCD curve and found to be 43.5 mF cm−2 at a current density
of 0.25 mA cm−2. The electrochemical impedance spectroscopy
(EIS) measurement was carried out to further understand the
ease of ionic transport and capacitive nature of the device in
the frequency range of 0.01 Hz to 100 kHz at an AC amplitude
of 0.5 V. The Nyquist plot with its fitted curve (inset shows
corresponding Randles Equivalent Circuit) shows a vertical
line almost parallel to the Y-axis in the lower frequency region,
which demonstrates perfect double layer formation by the
cPANI-NG-MSC device (Fig. 4e). The parameters of the Randles
circuit determined by the curve fitting of Nyquist plot are men-
tioned in Table S2, ESI.† The maximum area normalized
energy density (EA) and power density (PA) of the
cPANI-NG-MSC were calculated to be 1.95 m Wh cm−2 and
4.96 W cm−2, respectively and the corresponding Ragone plot
for the device is provided in Fig. S11, ESI.†

Generally, the specific capacitance of a supercapacitor
decreases with increasing scan rate or increasing current den-
sities, causing poor rate capabilities. The rate capability of the
prepared cPANI-NG4-based MSC was determined with the
capacitance retention vs. current density plot for cPANI-NG4 at
0.25–10 mA cm−2. The retention of the Csp was 70.1% of its
initial capacitance value (Fig. 4f). The rate capability of the
MSC was further evaluated by operating CV from 200 mV s−1

to 500 V s−1, as shown in Fig. 5a–f. The rectangular shape of
the device was retained even at a very high scan rate of 100 V
s−1 (Fig. 5e), indicating excellent power delivery of the device.
There is a little distortion in the shape of the voltammogram
at 500 V s−1, as shown in Fig. 5f. This study shows the fast for-

mation of the adsorption layer on the surface of the film; as a
result, instantaneous power delivery can be obtained.

The cycling stability is another one important factor of the
energy storage system for the commercial feasibility of the
device. The cycling performance of the device was examined
under continuous long-term charge–discharge (CD) cycles.
Generally, pseudocapacitive material such as PANI shows the
degradation of the capacitance in the longer period CD cycles
as the polymer contraction and expansion weakens the charge
storage tendency of the material.33 The cycling performance of
the cPANI-NG MSC was examined using the galvanostatic
charge–discharge cycling in the potential window of 0–1 V at a
current density of 2 mA cm−2 for 70 000 continuous cycles, as
shown in Fig. 6a. The inset of the Fig. 6a shows the retained
triangular CD profile in different time intervals, showing the
extraordinary stability of the cPANI-NG-MSC device in long run
cycling. Interestingly, the device preserved almost 100% of cou-
lombic efficiency during the cycling. It is stimulating to note
that the MSC device shows an increase in the specific capaci-
tance of up to 135% of the initial capacitance value after
70 000 cycles. The enhancement in the capacitance value after
cycling can be explained by considering the nature of doped-
nitrogen present in the laser-irradiated N-doped graphene
film. In case of N-doped graphene, the total capacitance is
obtained from the contribution of electric double layer capaci-
tance (CEDL) and the quantum capacitance (Cq). Ignoring the
polarization effect of the electrode surface, the quantum and
EDL capacitance can be considered separately for studying the
total capacitance.58–60 Amongst the different forms of N
present in the material, namely, graphitic, pyridinic, and pyr-
rolic, graphitic and pyridinic nitrogen enhance the total
capacitance by increasing the quantum capacitance, whereas
the pyrrolic nitrogen limits the increase in total capacitance.61

In this case, we observed that the enhancement in Csp is up to
50 000 cycles, and the Csp was stable up to 70 000 cycles. This
enhancement corresponds to the decrease in the pyrrolic N
present in the sample and enhancement of the pyridinic and
graphitic N during GCD cycling. To prove this, XPS study was
performed with the sample before and after the cycling test.
The XPS study reveals that the area under the curve for pyrrolic
N is more in comparison to the pyridinic and graphitic N for
the sample before stability, whereas the same is decreased
after stability, and the intensity of pyridinic N is increased
after stability, as shown in Fig. 6b–d. The CV plot at 100 mV
s−1 of cPANI-NG4 before and after cycling stability is shown in
Fig. S12, ESI.† As expected, the area under the curve after
cycling stability is greater than the initial capacitance, which is
due to increased capacitance value during cycling, corroborat-
ing the results obtained from the GCD study.

In order to meet the commercial requirement for current
and/or voltage output, it is necessary to check the response of
MSC devices in-series and in-parallel connection. Identical
cPANI-NG4 MSC devices are connected in series and parallel
combination in order to meet the energy and power density
requirement of the device. The MSC devices connected in
series show increment in the operating voltage from 1 V to 2 V

Fig. 5 CV curves of cPANI-NG-MSC at different scan rates (a) 200 mV
s−1, (b) 500 mV s−1, (c) 1 V s−1, (d) 10 V s−1, (e) 100 V s−1, and (f ) 500 V
s−1, respectively.
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and 3 V when two and three devices are connected in series
configuration, respectively. However, as expected, when the
devices are connected in parallel, a stepwise increment in the
output current is observed. The GCD profile and CV plots of
series and parallel connections of the devices are represented
in Fig. 7. Fig. 7a shows the GCD profile with the increasing
series connections of the devices, which shows the increase in
the cell voltage up to 3 V, and the corresponding CV curves for
the series combination is given in Fig. 7b. The three devices in
series combination were extended in the parallel configuration
as 3S × yP, where y = 1, 2, 3. The CV and GCD curves for
different series and parallel configurations of devices is shown

in Fig. 7c and d, and the corresponding digital image is shown
in Fig. 7e. A comparative tabular representation with different
parameters of our work and other reported works involving
PANI and graphene (or carbon)-based MSCs is given in
Table S3, ESI.† The comparison shows the superiority of the
cPANI-NG material other than PANI-based supercapacitors. To
demonstrate the use of cPANI-NG-MSC for commercial
purpose, the ability of the device was validated by glowing a
commercial LED. The MSC devices was patterned in 3S × 2P
(Fig. 7e) configurations and was fully charged to 3 V for
3 minutes using a commercial DC power supply source, as
shown in Fig. 7f. The module can lighten up a commercial 1.5

Fig. 6 (a) Plot of capacity retention and coulombic efficiency with the cycle number showing the long-life cycling stability of the cPANI-NG-MSC.
(b) Enhancement in the capacitance during the long charge–discharge cycle is explained with the conversion of the 5-membered pyrrolic N to the
6-membered graphitic of pyridinic N. (c) and (d) show the N 1s XPS spectra before and after charge–discharge cycles, confirming the conversion of
nitrogen.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 15268–15278 | 15275

Pu
bl

is
he

d 
on

 2
8 

A
ug

us
t 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
24

 5
:2

3:
49

 P
M

. 
View Article Online

https://doi.org/10.1039/d3nr02862c


V LED, demonstrating the practical viability of the homemade
in-plane microsupercapacitor.

Conclusions

In conclusion, in-plane microsupercapacitor is prepared by the
laser irradiation of co-electrodeposited rGO-PANI freestanding
film. The negative potential electrodeposition of the aniline
favors the formation of the leucoemeraldine form. The LI
method was impactful to convert pseudocapacitive PANI to the
carbonized PANI and N-doped graphene that not only shows
EDLC behavior but also offers high stability of the device. The
device shows capacitance retention of 70.1% when the current
density was varied from 0.25 to 10 mA cm−2. The device shows
high charge–discharge cycling stability of about 70 000 cycles
with an enhancement of capacitance up to 135% of the initial
value. During continuous charge–discharge cycles, the pyrrolic
nitrogen formed after the laser irradiation slowly converted
into the pyridinic and graphitic nitrogen, which is responsible
for the increased capacitance of the device during cycling. The
commercial viability of the device is established by lighting up
the commercially available red LED.
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