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ABSTRACT: An ultrathin supercapacitor electrode based on
reduced graphene oxide (rGO) nanosheets is prepared using
Layer-by-Layer (LbL) assembly. The rGO nanosheets
functionalized with a conducting polymer, poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), were
assembled using a photo-cross-linkable diazoresin (DR). The
unique photo-cross-linking property of the DR polymer
enabled the conversion of the ionic bonds in the LbL-
assembled film to covalent bonds upon UV irradiation,
significantly enhancing the overall electrochemical activity of the resulting ultrathin supercapacitor electrode. By UV/vis and
Fourier transform infrared (FT-IR) spectroscopy measurements, we proved that decomposition of the diazonium group from
DR, followed by covalent bond formation, contributed to the enhanced integrity of the adjacent interfaces within the multilayers.
In particular, electrochemical measurements suggested that a charge transfer process is facilitated after cross-linking, which
resulted in a considerable increase in the volumetric capacitance. The hybrid thin film of the rGO supercapacitor exhibited a
capacitance of 354 F/cm3 at a scan rate of 20 mV/s and maintained a capacitance of 300 F/cm3 even at a high scan rate of 200
mV/s, thus outperforming many other thin film supercapacitors.

■ INTRODUCTION

Layer-by-Layer (LbL) assembly has been widely used as a
simple yet versatile method of fabricating controlled nano-
structures on a surface.1,2 In this method, a substrate is
sequentially dipped into positively and negatively charged
colloidal suspensions, which enables the creation of highly
tunable, functional thin films with nanometer-level control of
the structure, composition, and properties. With new advances
in LbL assembly, a wide variety of materials other than simple
polyelectrolytes, including polymeric micelles, biomolecules,
carbon nanotubes, and graphene, have been explored for use as
active building blocks.1,3−5 Incorporation of a broader range of
nanomaterials using LbL assembly has expanded the potential
applications of LbL structures in various fields ranging from
energy and electrochemical devices to biological materials.4,6,7

Typically, LbL assemblies rely on electrostatic interactions,
which are stronger than many other types of intermolecular
interactions used, such as hydrogen bonding,8,9 charge-transfer
interactions,10 and coordination bonding.11,12 Nevertheless,
these interactions are weakened by high ionic strength, extreme
pH, and strongly polar solvents, which consequently limit the
applications of the assembled thin films in specific fields.
Alternatively, the stability of LbL multilayer thin films can be

greatly enhanced by the conversion of electrostatic interactions
into covalent interactions. Kotov and co-workers employed the

covalent cross-linking strategy to impart intrinsic strength to a
polymer−single-walled carbon nanotube (SWNT) compo-
site.13 They also found that the tensile strength of cross-linked
composites was several times higher than that of a similar
SWNT composite prepared by a simple mixing process. In this
context, diazoresins (DRs), which are products of poly-
condensation of a diarylamine-4-diazonium salt or its
derivatives with formaldehyde, are particularly attractive.14

Integration of positively charged DRs into multilayer thin films
with other anionic polyelectrolytes has been demonstrated to
yield films with high stability due to the conversion of ionic
linkages into covalent bonds upon UV treatment.15

Incorporation of active carbon nanomaterials such as
graphene and carbon nanotubes into various hybrid materials
is attracting significant interest because of their unique
electrical, optical, and mechanical properties of such nanoma-
terials.16 In particular, a thin film supercapacitor composed of
active carbon materials such as reduced graphene oxide (rGO)
offers an intriguing opportunity for capacitive behavior because
of its high electrical conductivity, mechanical stability, and large
surface area.17−19 Furthermore, rGO can contribute to the
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enhancement of the electrochemical stability of pseudocapaci-
tive materials, which generate electrochemical current through a
direct redox reaction. Because pseudocapacitive materials are
generally severely degraded with the number of pseudocapa-
citive cycles, rGO can provide a stable framework for such
materials. Moreover, graphene itself shows capacitance because
of the formation of an electric double layer, as it facilitates
physical accumulation of charges on the solid−liquid interface
because of its high electrical conductivity and large surface
area.18,20 Despite these favorable features, the use of graphene
and related carbon materials in supercapacitors is still limited
due to their low capacitance (typically in the range of 10−102 F
g−1), as the electric double-layer capacitance (EDLC) is
typically much lower than that of pseudocapacitance resulting
from the faradaic redox reaction.21 Thus, hybrid materials that
exhibit pseudocapacitance have been actively introduced to
complement the performance of rGO. Much effort has been
devoted to integrate rGO with other electrochemically active
components such as metal oxides, metals, semiconductors, and
nanoparticles, with the aim of exploiting both the EDLC and
the pseudocapacitance.22−26 For example, a hybrid electrode
consisting of an electric double-layer capacitor of graphene
nanosheets and a pseudocapacitor of the conducting polymer
polyaniline exhibits a synergistic effect with excellent electro-
chemical performance for flexible thin film supercapacitors. In
these hybrid structures, pseudocapacitance is the major
contributor to the total capacitance, although to the best of
our knowledge, there has been no precise and quantitative
analysis regarding this issue in the context of multilayers with
graphene.27,28

In this study, rGO nanosheets functionalized with a
conducting polymer [poly(3,4-ethylene dioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS)] via noncovalent interac-
tions (rGO-PEDOT:PSS) were integrated into a multilayer film
with a photo-cross-linkable DR (Scheme 1). Because of the

unique photo-cross-linking property of the DR polymer, the
electrochemical activity of the resulting ultrathin supercapacitor
electrode based on the rGO-PEDOT:PSS film was significantly
enhanced. Furthermore, we investigated the transfer mecha-
nisms upon photo-cross-linking with respect to the film
thickness in ultrathin film-based capacitive behavior.

■ EXPERIMENTAL SECTION
Synthesis of Graphene Oxide (GO) Nanosheet. Graphite oxide

was initially synthesized from graphite powder (Aldrich) by the
modified Hummers method and immersed in deionized water.29

Ultrasonication was subsequently performed to exfoliate the graphite
oxide into a brown dispersion of graphene oxide (GO). The
concentration of the dispersion was set to 0.50 mg/mL.

Synthesis of Diazoresin (DR). DR was synthesized according to
the previous literature.30 The average molecular weight (Mw) was
measured to be 3000 g/mol using a polystyrene standard (see Figure
S1). rGO-PEDOT:PSS was prepared as described in our previous
study.31 Briefly, GO was reduced with hydrazine in the presence of
PEDOT:PSS (GO:PEDOT:PSS = 1:10, w/w), and the mixture was
filtered to remove residual chemicals and free polymers. The resulting
filter was redispersed in a known volume of water to give a stable
suspension of rGO-PEDOT:PSS at a concentration of 0.50 mg/mL.
All other reagents were obtained from Aldrich and used as received.

LbL Assembly. The LbL thin film was assembled on a silicon
wafer, quartz slide, ZnSe slide, or indium tin oxide (ITO)-coated glass
slide. All substrates were cleaned extensively before the LbL
deposition. Each substrate was first treated with O2 plasma for 2
min before use. The substrate was then dipped into a positively
charged DR solution (0.50 mg/mL, pH 3.5) for 10 min, followed by
three sequential rinsing steps with pH-adjusted water for 1 min each.
Finally, the substrate was dipped into an rGO-PEDOT:PSS
suspension (0.50 mg/mL, pH 4.5) for 10 min and subjected to the
same rinsing steps as described above. This cycle provided a bilayer of
DR and rGO-PEDOT:PSS; herein, the notation (DR/rGO-
PEDOT:PSS)1 will be used, where the numerical subscript indicates
the number of bilayers. The dipping process was repeated until the
desired number of bilayers was formed (n = 1−10). All fabrication
processes were performed in the dark, and the prepared thin films
were kept in the dark to prevent potential degradation of DR. Each
sample was irradiated with UV light (at a wavelength of 365 nm) for
10 min, using a 100 W black incandescent lamp (365 nm Blak-Ray B-
100AP High Intensity UV lamp, UVP) placed 20 cm from the sample.

Characterization. The absorbance of the samples was measured
by UV/vis spectroscopy (Cary 5000, Varian). The thickness of the
samples on the silicon substrates was obtained by ellipsometry (J. A.
Woollam Co. Inc., EC-400 and M-2000 V). An LbL film on a ZnSe
substrate was used to measure the IR spectra on a Fourier transform
infrared (FT-IR) equipment (670-IR, Varian). Raman measurements
(WITec alpha300R) were conducted with a 532 nm laser (1.0 mW).
Surface morphology images were collected by a scanning electron
microscope (SEM; Cold FE-SEM, Hitachi). All electrochemical
measurements were performed with the potentiostat VSP from Bio-
Logic Science Instruments, using a standard three-electrode cell. For
electrochemical measurement, 1.0 M H2SO4 solution and Ag/AgCl
electrode were utilized as electrolyte and reference electrode,
respectively.

■ RESULTS AND DISCUSSION

Film Growth and Morphology Analysis. DR was first
synthesized according to previously published protocols.14,30

The rGO nanosheets were functionalized with the conventional
conducting polymer PEDOT:PSS through noncovalent inter-
actions as demonstrated in a previous report.31 Briefly, a GO
nanosheet was chemically reduced to rGO by hydrazine
treatment in the presence of PEDOT:PSS (weight ratio of
1:10) to give a stable suspension of rGO-PEDOT:PSS at a
concentration of 0.50 mg/mL. The ζ-potential of the rGO-
PEDOT:PSS recorded −57 mV, suggesting successful for-
mation of highly charged PSS layers surrounding the rGO
nanosheets.
Elemental analysis showed that the rGO nanosheet content

in the rGO/PEDOT:PSS nanocomposite was around 30%.
Given these two stable suspensions, multilayer films of (DR/
rGO-PEDOT:PSS)n (n = number of bilayers, BL) were
assembled on a glass slide or silicon wafer by means of the
electrostatic interactions between the positively charged DR
(DR-N2

+) and the negatively charged rGO-PEDOT:PSS, using
LbL assembly.
Figure 1a shows the UV/vis absorbance spectra of the

assembled (DR/rGO-PEDOT:PSS)n with different numbers of

Scheme 1. Layer-by-Layer Assembly of Photo-Cross-
Linkable DR and rGO-PEDOT:PSS
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bilayers. The absorbance of the multilayer film increased
linearly with the number of bilayers. The absorbance at 380 nm
was attributed to the π−π* transition of the diazonium group,
whereas the absorbance at 270 nm corresponded to the
conjugated backbone of the rGO nanosheets.31−33 This result
indicated that the deposition was uniform and that a similar
amount of DR was deposited in each layer. Moreover, a
constant mass of rGO nanosheets was assembled, as evidenced
by the linear increase in the absorbance at 270 nm with the
number of bilayers. Ellipsometry measurements further yielded
an average thickness of about 10.7 nm for the 10 BL film, that
is, a thickness of about 1.07 nm per bilayer considering the
linear growth profile of the (DR/rGO-PEDOT:PSS)n multi-
layer film (Figure 1b). The control experiment performed on
the multilayer film assembled without the rGO nanosheets,
(DR/PEDOT:PSS)n, also demonstrated a linear growth profile
with an average bilayer thickness of 0.82 nm, which was slightly
smaller than that of the (DR/rGO-PEDOT:PSS)n multilayer
film.
Independent from the growth of the multilayers, Raman

spectroscopy was examined to verify that all of the components
were integrated within the multilayer (Figure S2). For example,
the rGO nanosheet exhibited D and G peaks at 1300 and 1600
cm−1, respectively, whereas Raman-inactive DR did not show

any signals. PEDOT also displayed a characteristic Raman peak
corresponding to the symmetric CC vibration at ∼1475
cm−1, as previously reported.34 The surface morphology of the
multilayers was observed in the SEM (Figure S3). rGO
multilayers were visible with a large coverage of more than
several tens of micrometers with characteristic surface wrinkles
on the graphene structure.

UV Cross-Linking. After monitoring the successful
formation of LbL multilayers between the positively charged
DRs and the negatively charged rGO-PEDOT:PSS on the basis
of electrostatic interactions, we conducted UV cross-linking of
DRs using a medium-pressure mercury lamp (100 W). Upon
UV irradiation at 365 nm, the absorbance at 380 nm decreases
dramatically with a concomitant increase in the absorbance at
290 nm (Figure 2). During UV irradiation, the diazonium

groups (DR-N2
+) that are electrostatically assembled with

sulfonate groups (SO3
−) on the surface of rGO decompose to

yield a phenyl cation (DR+). This unstable phenyl cation reacts
readily with adjacent sulfonate groups to produce aryl 4-
styrenesulfonate groups, as depicted in Scheme 2. Because the

first step of diazonium decomposition is known to be the rate-
determining step, the overall reaction is regarded as a
unimolecular first-order reaction.35 According to first-order
kinetics, we calculated the rate constant for our reaction scheme
to be 1.07 s−1, which is significantly greater than the literature
values. For example, Sun and co-workers reported a rate

Figure 1. (a) Growth curve of (DR/rGO-PEDOT:PSS)n multilayer
thin film with different numbers of bilayers. The number on each curve
represents the number of bilayers. Inset shows the linear relationship
between the absorbance of the film at 380 nm and the number of
bilayers. (b) The thickness of (DR/rGO-PEDOT:PSS)n samples
measured by ellipsometer.

Figure 2. UV/vis spectra of (DR/rGO-PEDOT:PSS)10 multilayer thin
film under different UV irradiation times. Inset shows the relationship
between the absorbance of the film at 380 nm and the UV irradiation
time.

Scheme 2. Photochemical Cross-Linking Reaction between
DR and rGO-PEDOT/PSS within the Multilayer Thin Film
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constant of 8.35 × 10−3 s−1 for their multilayer film consisting
of DR and iron(III) tetrasulfophthalocyanine.32 In our control
experiment involving a plain (DR/PEDOT:PSS)10 film without
rGO, a rate constant of 0.71 s−1 was also obtained, which
suggested that the enhanced kinetics of DR decomposition was
attributable to the sulfonate groups on the flexible polymeric
structure of PSS. However, the reaction between the carboxy
acid group on the rGO might also participate in cross-linking as
reported in literature.36

The formation of covalent linkages following the decom-
position of the diazonium group (DR-N2

+) was further verified
by FT-IR measurements (Figure 3). The (DR/rGO-

PEDOT:PSS)20 multilayer thin film assembled on an IR-
transparent ZnSe substrate was carefully monitored before and
after UV irradiation. Two distinct peaks at 2170 and 2221 cm−1

were observed, which originated from the symmetric and
asymmetric stretching vibration modes of the diazonium ion
(N2

+), respectively. After UV irradiation, however, these two
peaks disappeared completely, indicating decomposition of the
diazonium groups. Moreover, the strong absorbance at 1579
cm−1, corresponding to phenyl groups in the diazonium moiety
of DR, diminished markedly, with a subsequent peak shift to
1597 cm−1. These results clearly demonstrated the successful
decomposition of the diazonium group, followed by the
formation of a covalent bond between DR and rGO-
PEDOT:PSS. On the other hand, the symmetric stretching
peak due to the aromatic sulfonate groups (SO3

−) in the (DR/
rGO-PEDOT:PSS)20 film at 1180 cm−1 shifted only slightly to
1173 cm−1.
Electrochemical Analysis. The capacitive performance of

the photo-cross-linked (DR/rGO-PEDOT:PSS)10 thin film
supercapacitor was evaluated using cyclic voltammetry (CV) at
potential intervals from −0.2 to 1.0 V, using a Ag/AgCl
electrode as the reference electrode and a platinum wire as the
counter electrode. Volumetric capacitance (F/cm3) and areal
capacitance values (F/cm2) were extracted using the following
equation:

∮=
νΔ

C
VAt

i V
1

dV (1)

where ν is the scan rate (V/s), ΔV is the potential range (V), A
is the area (cm2), and t is the thickness (cm) obtained from
ellipsometry measurements. The electrochemical performance
of the (DR/PEDOT:PSS)10 control film was also investigated
to understand the contribution of rGO to the capacitive
behavior. The hybrid supercapacitor based on rGO nanosheets
functionalized with the conducting polymer PEDOT:PSS
exhibited broad redox peaks in the potential ranges
investigated, indicating typical pseudocapacitive behavior
(Figure 4a). Interestingly, UV irradiation resulted in a
remarkable increase in the current density and the correspond-
ing volumetric capacitance reaching 306 F/cm3 by 54%,
illustrating that photo-cross-linking between DR and PSS
improved the capacitive performance (Figure 4b). On the other
hand, the (DR/PEDOT:PSS)10 film showed a modest decrease
of 27% from 119 to 87.3 F/cm3 in capacitance upon photo-
cross-linking (Figure 4c). It is of note that the volumetric
capacitance values were calculated from −0.2 to 0.8 V to
exclude contribution of irreversible oxidation within 0.8−1.0 V
to the nonfaradaic region. Taking these results together, we can
account for the higher capacitance by the presence of the rigid
rGO framework, which firmly protects the PEDOT:PSS
structure during the redox reaction.
Furthermore, we hypothesized that rGO prevents side

reactions, especially not directional cross-linking between DR
and PEDOT. Because the photo-cross-linking reaction is very
fast, as shown in Figure 3, such side reactions are inevitable. To
prove this hypothesis, we separated the capacitance value into
nonfaradaic and faradaic components, which are the EDLC and
pseudocapacitance, respectively (Figure 4b,c and Figure S4).
The (DR/rGO-PEDOT:PSS)10 set displayed a 160% increase
in pseudocapacitance, whereas (DR/PEDOT:PSS)10 showed a
48% decrease in pseudocapacitance because of the damage to
the PEDOT during the cross-linking process. On the other
hand, PEDOT:PSS combined with rGO maintained the redox
peak because of the alternative bonding of various functional
groups in rGO with DR when the amount of PSS was
insufficient. Note that the number of PSS groups is also
important for photo-cross-linking, because a lack of PSS results
in a similar degradation of the capacitance (Figure S5). When a
low proportion of PEDOT:PSS was used to prepare the rGO-
PEDOT:PSS, for example, a 1:1 weight ratio of rGO to
PEDOT:PSS, the electrochemical activity was significantly
degraded after UV exposure. Moreover, the EDLC increased
slightly by 30%, indicating that the formation of covalent bonds
between rGO and DR contributes to the enhancement of the
EDLC. Because the backbone of PEDOT:PSS is tightly bound
to rGO by π−π interactions, degradation of the capacitance can
be considerably prevented. As a result, due to the formation of
covalent bonds after UV treatment, the specific capacitance
reached 354 F/cm3 at a scan rate of 20 mV/s, and a capacitance
of 300 F/cm3 was observed even at a higher scan rate of 200
mV/s. On the other hand, the film without UV treatment
showed severely degraded capacitance as the scan rate was
increased (Figure S6). The capacitance values are comparable
to previously determined values, indicating that the thin film
prepared in the current study can be used in practical
supercapacitors.15,18,37−39

To further elucidate the transfer mechanisms in ultrathin
film-based capacitive behavior, which is governed by two types
of rate-determining steps, a diffusion limited mass transfer
process and a surface-confined charge transfer process,40 CV
curves of the (DR/rGO-PEDOT:PSS)n (n = 2−10) films were

Figure 3. FT-IR spectra of (DR/rGO-PEDOT:PSS)20 multilayer thin
film assembled on a ZnSe substrate (solid line) before and (dotted
line) after UV irradiation. Characteristic wavenumbers are labeled.
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collected, and volumetric capacitances were extracted (Figure
4d and Figure S7a). The 10 BL sample was found to have the
maximum areal capacitance, whereas the 4 BL sample had the
highest volumetric capacitance. This variance may be due, in
part, to the increase in thickness. Under this nanoscale
thickness where the mass transfer is negligible, a surface-
confined system is established and charge transfer becomes the
main rate-determining step, called by charge-transfer-limited
system. However, as the number of bilayers increases, diffusion
of the electrolyte provides another source of resistance. As a
result, the capacitive behavior of a thick film is governed mainly
by diffusion-limited mass transfer processes. As indicated in
Figure 4d, the diffusion-limited resistance is negligible in thin
films (up to 4 BL), whereas it dramatically diminishes the
volumetric capacitance of thicker (6−10 BL) films. On the basis
of these results, it can be inferred that the resistance from a
mass transfer process significantly degrades the electrochemical
activity as the thickness increases. Clearly, it is interesting to
observe that the trade-off between the two processes is
optimally balanced in the 4 BL film.
Furthermore, because the bonding characteristics and charge

balance change after UV treatment, the origin of the
capacitance variation after UV treatment can be elucidated if
quantitative comparison is possible. For that purpose, we
introduced a simple relationship for a quantitative analysis of
the rate-determining step in the samples. First, the diffusion-
limited process is described by the Randles−Sevcik equation,

which expresses the peak current density in a reversible redox
reaction as follows:

ν= × *i n AD C(2.69 10 )5 3/2
O
1/2

O
1/2

(2)

where n is the number of electrons transferred during the redox
reaction, A is the area (cm2), DO is the diffusion coefficient
(cm2/s), CO* is the bulk concentration of redox components
(mol/cm3), and ν is the scan rate (V/s). According to this
relationship, the peak current density is proportional to ν1/2,
and the diffusion process mainly limits the capacitive currents (i
∝ ν1/2).41 In addition, as the multilayer film is extremely thin,
current from the redox reaction is not influenced by diffusion;
therefore, the diffusion coefficient is insignificant in the system.
For this reason, it can be assumed that only adsorbed
electroactive components react on the surface of the film;
such a system is referred to as a surface-confined system. In a
reversible and extremely thin system, the peak current density is
given as follows:

ν
=

Γ*
i

n F A
RT4

2 2
O

(3)

where F is the Faraday constant (C/mol), ΓO* is the amount of
redox components (mol/cm2), R is the ideal gas constant (J/K·
mol), and T is the temperature (K). This relationship reveals
that the peak current density is directly proportional to the scan
rate when the film is sufficiently thin (i ∝ ν).42,43 To evaluate
the rate-determining process for each set, plots of the peak

Figure 4. (a) Representative cyclic voltammogram curves of (DR/rGO-PEDOT:PSS)10 and (DR/PEDOT:PSS)10 at 100 mV/s before (dotted line)
and after (solid line) UV treatment. Bare ITO-glass substrate was included for comparison. (b,c) EDLC and pseudocapacitance portions of (DR/
rGO-PEDOT:PSS)10 and (DR/PEDOT:PSS)10, respectively. To eliminate irreversible oxidation region, the capacitance values were calculated in the
range from −0.2 to 0.8 V. (d) Volumetric and areal capacitance of each layer after UV treatment.
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current density versus the scan rate were obtained (Figure 5
and Figure S8). The p value collected from the fitting of the

data of the (DR/rGO-PEDOT:PSS)10 film was significantly
altered after UV treatment (see Table S1). The film before UV
treatment had a p value of 0.474, which is fairly close to the
ideal value of 0.5; capacitive current was conducted mainly
through a typical mass-transfer-limited process. Interestingly,
after UV treatment, the film yielded an increased p value of
0.656 (Figure 5a). Although the main transfer limit still
originates from mass transfer, this result suggests that the
formation of covalent bonds facilitates the charge transfer
process. Considering the increase in the volumetric capacitance,
especially pseudocapacitance and p value after UV treatment,
charge transfer facilitation due to cross-linking in the (DR/
rGO-PEDOT:PSS)10 film clearly results in a significant increase
in the capacitance value. Further, the capacitance value of the 4
BL film showed a p value of ca. 1.0, so the charge transfer
process predominantly determines the electrochemical activity
(Figure 5b). This trend is in good agreement with Figure 4d in
terms of the transition of the electrochemical-current-limiting
mechanism from charge transfer to mass transfer. Interestingly,
the trade-off thickness for charge transfer to mass transfer as the
dominant process, ∼4 nm, is much lower than that previously
reported; for example, a 195 nm-thick film composed of

vanadium contained small molecules.42 This may be due to the
unique characteristic of the layered architecture by two-
dimensional building block of GO sheets. The CV curves for
various numbers of bilayers also agree well with the above
trend. The anodic/cathodic peak-to-peak separation (ΔEp)
gradually increases from 0.21 to 0.28 with increasing number of
bilayers (Figure S7b). Because a higher overpotential is
necessary for a large mass transfer resistance, mass transfer
becomes more critical than charge transfer as the number of
layers increases. Similarly, impedance data also reveal the
charge transfer resistance reduces as the number of layers
increases (Table S2 and Figure S9). Comparing the Rct value of
each set, UV treatment reduces charge transfer resistance in
both 4 and 10 BL sets. In that regards, charge transfer is
facilitated through photo-cross-linking. Charge/discharge
curves from galvanostat accord with a previous description on
the influence of UV treatment enhancing the performance of
electrode (Figure S10). Although there was no considerable
difference in the internal resistance values upon photo-cross-
linking, the difference became significant with increase in the
number of layers. From this observation, we argue that mass
transfer resistance takes a significant role in determining overall
internal resistance by interfering ionic diffusion in charging/
discharging process as the number of layers increases.

■ CONCLUSION
An ultrathin supercapacitor electrode was fabricated by
solution-processable LbL assembly of rGO nanosheets with a
photo-cross-linkable polymer. UV treatment triggered cross-
linking of DR with PEDOT:PSS, causing pure electrostatic
interactions to convert to covalent bonds. The (DR/rGO-
PEDOT:PSS)10 film exhibited a large volumetric capacitance
value of 354 F/cm3, which is attributed to significant
enhancement of the pseudocapacitance from PEDOT:PSS.
Furthermore, electrochemical measurements suggested that
photo-cross-linking between DR and PEDOT:PSS facilitates
charge transfer, yielding a fairly large capacitance value of 300
F/cm3 even at a high scan rate of 200 mV/s. Through solution-
processable LbL assembly, various colloidal building blocks can
be incorporated via electrostatic interactions, so future
applications to thin film supercapacitors can be developed.
Furthermore, we anticipate that the study will offer a model
system to elucidate the electrochemical pathways governing the
development of high-performance thin film supercapacitors.
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