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ABSTRACT: Carbon-based supercapacitor electrodes are generally restricted in energy density, as they rely exclusively on electric
double-layer capacitance (EDLC). The introduction of redox-active organic molecules to obtain pseudocapacitance is a promising
route to develop electrode materials with improved energy densities. In this work, we develop a porous nitrogen-doped reduced
graphene oxide and 9,10-phenanthrenequinone composite (N-HtrGO/PQ) via a facile one-step physical adsorption method. The
electrochemical evaluation of N-HtrGO/PQ using cyclic voltammetry showed a high capacitance of 605 F g−1 in 1 M H2SO4 when
the composite consisted of 30% 9,10-phenanthrenequinone and 70% N-HtrGO. The measured capacitance significantly exceeded
pure N-HtrGO without the addition of redox-active molecules (257 F g−1). In addition to promising capacitance, the N-HtrGO/
30PQ composite showed a capacitance retention of 94.9% following 20,000 charge/discharge cycles. Based on Fourier transform
infrared spectroscopy, we postulate that the strong π−π interaction between PQ molecules and the N-HtrGO substrate enhances the
specific capacitance of the composite by shortening pathways for electron transfer while improving structural stability.

1. INTRODUCTION
The consequence of climate change caused by greenhouse gas
emissions from fossil fuel consumption has led to an urgent
global demand for green and sustainable energy technologies.
Energy storage devices are becoming an increasingly sought-
after technology to address energy sustainability challenges.
Supercapacitors, also called electrochemical capacitors, are
energy storage devices that can provide high power density, a
long life span, and rapid charging/discharging.1−4 These
properties render them attractive for various applications,
including electric vehicles, portable electric devices, and
emergency backup power systems. Unfortunately, the low
energy density of supercapacitors is one factor hindering their
practical application.5

Supercapacitors employ two main mechanisms by which
they store charge: electrical double-layer capacitance (EDCL)
and pseudocapacitance. In EDLC, ions are absorbed on the
electrode/electrolyte interface during charge and desorbed
during discharge.1,5,6 Electrode materials having high specific
surface area and electrical conductivity are utilized in

supercapacitors relying on electrical double-layer capacitance.
Among different groups of materials employed, carbon
materials, including graphene, carbon nanotubes, and carbon
blacks, have shown promising performance of EDLC due to
their high surface areas, good electrical conductivity, chemical
stability, and low production cost.1,6,7 Graphene is a two-
dimensional carbon-based material that benefits from possess-
ing the highest theoretical surface area among graphitic
carbons as, in principle, they are two-dimensional monolayer
sheets.8−11 Furthermore, starting with graphene oxide (GO) as
a precursor, it is possible to functionalize graphene in different
ways, which is nontrivial when starting with relatively inert
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graphitic carbon precursors. These characteristics render
graphene a promising material candidate for improving
electrical double-layer capacitance.12−16 Despite attractive
properties, two-dimensional monolayer graphene sheet re-
stacking is a severe issue that needs to be addressed. Sheet
restacking leads to a decrease in specific surface area and, by
extension, electrochemical double-layer capacitance. Heter-
oatoms such as nitrogen and sulfur incorporated into the
structure of graphene layers can act as molecular spacers to
reduce stacking and improve hydrophilicity, which enhances
electrolyte permeation into the electrode structures. Nitrogen-
doped reduced graphene oxide (N-HtrGO) has high electrical
conductivity and does not suffer from restacking, which makes
it a favorable candidate for supercapacitor applications.17−20 In
our previous work,6 we investigated the impact of nitrogen
doping and amine functionalization of reduced graphene oxide
on the capacitance of the materials. Three different nitrogen-
containing compounds: nitrogen-doping (N-HtrGO), amine-
functionalization (NH3

+-HtrGO), and hybrid amine-function-
alization and nitrogen-doping (N-NH3

+-HtrGO), were synthe-
sized. The highest specific capacitance of 244 F g−1 was
achieved by N-HtrGO, measured by using cyclic voltammetry
at a scan rate of 50 mV s−1 in 1 M sulfuric acid. The lowest
specific capacitance was 179 F g−1 at 50 mV s−1 for NH3

+-
HtrGO. The specific capacitance of N-NH3

+-HtrGO was
between N-HtrGO and NH3

+-HtrGO. Even with functional-
ization and doping, the achieved capacitance was still lower
than previous reports,21−23 and further improvements to the
power density and energy density of these electrical double-
layer capacitor materials are still needed.
One route to improve supercapacitor performance beyond

that of an EDLC active material is by incorporating a second
charge storage mechanism, pseudocapacitance, which can
increase the total capacitance and energy density. Pseudoca-
pacitive materials store charge by redox (Faradaic) reactions in
the presence of an electrolyte.24 Similar to electrical double-
layer capacitance, pseudocapacitance is also an ultrafast
mechanism.25−27 Various materials, including transition metal
oxides, MXenes, conductive polymers, and redox organic
molecules, have been widely studied as pseudocapacitive
electrode materials.28−34 Particularly, quinones and their
derivatives can be employed for supercapacitor applications
owing to their intrinsic electrochemical redox activity.35−38

These organic molecules have controllable structures that can
be tuned by modifying the number of aromatic groups and
changing the identity and location of their attached functional
groups.39,40 The organic backbones of these molecules are
stable when undergoing Faradaic reactions, experiencing
minimal structural changes, unlike metal oxides. Furthermore,
Wedege et al.41 showed that using quinones for application in
energy storage devices is economically feasible. However,
quinone compounds possess poor intrinsic electrical con-
ductivity and are prone to poor cycling stability due to
dissolution in aqueous electrolytes, which hampers their
practical suitability.42 To overcome conductivity limitations
and mitigate dissolution into the electrolyte, organic molecules
can be anchored on the surface of conductive carbon
scaffolds.43,44 Covalent and noncovalent modifications are
two approaches undertaken to bind organic molecules to
carbon substrates, including reduced graphene oxide.45

Covalent modification can be done via chemical reactions,
which might affect the carbon atom hybridizations in the
substrate and transform sp2-bonded carbon into sp3-bonded

carbon, detrimentally impacting the electrical conductivity.45,46

Conversely, noncovalent modification is based on a physical
process, for example, π−π interactions.47 Therefore, the
formation of a π−π network between organic redox-active
molecules and graphene and its derivatives would not affect the
structure of graphene and its properties. In addition,
noncovalent bonding through a physical adsorption process
is more cost-effective than the use of energy-intensive synthesis
processes like hydrothermal and solvothermal. Several studies
have been performed on modifying graphene-based material
with quinones and quinone derivatives, whereby quinone
molecules can act as a molecular spacer to weaken π−π
interactions between graphene layers and decrease restack-
ing.35 In one study, Guo et al.39 used three different
anthraquinones, including anthraquinone (AQ), 1,4-naphtho-
quinone (NQ), and tetrachlorobenzoquinone (TCBQ), to
modify a nitrogen-doped porous carbon derived from a metal−
organic framework. The asymmetrical supercapacitor showed a
specific capacitance of 86 F g−1 at a current density of 1 A g−1

and an energy density of 23.5 Wh kg−1 at 0.7 kW kg−1. Xu et
al.48 used 1,4,5,8-tetrahydroxy anthraquinone (THAQ) to
prepare redox-active electrode through physical adsorption on
reduced graphene oxide (rGO). The THAQ/rGO composite
showed a specific capacitance of 259 F g−1 at 1 A g−1 and a
capacitance retention of 97.9% after 10,000 cycles. In another
study, Xu et al.49 used indole molecules to functionalize
nitrogen-doped reduced graphene oxide. This material showed
an outstanding capacitance of 622 F g−1 at 2 A g−1 and a high
capacitance retention of 101% after 5000 charging/discharging
cycles. Despite advances in the literature, much of the high
performance observed came at the cost of complex super-
capacitor material synthesis processes that may not be practical
for large-scale manufacturing. The development of a simpler
synthetic process is desirable to prepare supercapacitor
materials with high overall capacitance and stable pseudoca-
pacitive contributions.6,50

In this work, we develop composite supercapacitor electrode
active materials by deploying a simple one-step physical mixing
process to anchor 9,10-phenanthrenequinone (PQ) on nitro-
gen-doped reduced graphene oxide. 9,10-Phenanthrenequi-
none is a small organic molecule that consists of three aromatic
rings and two carbonyl groups that provide redox activity in
the presence of protons,51 while the nitrogen-doped reduced
graphene oxide provides a high surface area and electron
conductivity as a substrate. Nitrogen doping has the added
advantage of increasing the electrical conductivity52 and
hydrophilicity53−55 in comparison with undoped reduced
graphene oxide. Additionally, nitrogen doping of the rGO
has been found to decrease graphene layer restacking.56

Fourier transform infrared (FTIR) spectroscopy results
showed the formation of a π−π network between the reduced
graphene oxide and 9,10-phenanthrenequinone. The compo-
site structure showed a specific capacitance of 605 F g−1

measured by CV at 50 mV s−1 in 1 M sulfuric acid,
representing a marked improvement over that of pure N-
HtrGO (257 F g−1). These results show that the redox-active
PQ molecules provide high pseudocapacitance, which
contributes to the high specific capacitance of the composite.
Furthermore, a 94.9% capacitance retention was achieved after
20,000 charge/discharge cycles, which could be attributed to
the existence of the π−π network between the PQ molecules
and N-HtrGO surface. Thus, this approach paves the way for
preparing supercapacitor materials by a facile procedure to
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composite high-surface-area EDLC materials with pseudoca-
pacitive molecules in an electrochemically stable configuration.

2. EXPERIMENTAL METHODS
2.1. Chemicals. Graphene oxide (GO) was purchased from

Graphenea Inc. (Spain) and used as received. 9,10-Phenan-
threnequinone (PQ) was purchased from TCI Co. Sulfuric
acid (H2SO4), ethanol, Nafion-117-containing solution (5 wt
% in a mixture of lower aliphatic alcohols and water), and urea
were obtained from Sigma-Aldrich. All solutions were prepared
using Type 1 ultrapure water (>18 MΩ·cm, Millipore).
2.2. Synthesis of Nitrogen-Doped Hydrothermally

Reduced Graphene Oxide (N-HtrGO). N-HtrGO was
synthesized using a procedure reported in a previous study
by our research group.6 In brief, 15 mL of a GO solution (4 g
L−1 aqueous solution) was diluted with 15 mL of Millipore
Type 1 ultrapure water and sonicated for 30 min. Then, the
same mass of urea (60 mg) as GO was added to the solution
and mixed for 60 min using an ultrasonic bath. The mixture
was transferred to a Teflon-lined stainless steel autoclave. The
autoclave was placed in an oven at 150 °C for 12 h to perform
a hydrothermal treatment. The resulting hydrogel was
separated from the supernatant fluid by centrifugation using
water and ethanol. The as-synthesized N-HtrGO was
immediately dispersed in ethanol to avoid restacking of the
reduced graphene oxide sheets.
2.3. N-HtrGO/PQ Preparation. N-HtrGO/PQ was

prepared by using a simple physical absorption method. N-
HtrGO dispersed in ethanol (0.5 mg mL−1) was mixed with
different amounts of PQ via sonication for 60 min to make N-
HtrGO/XPQ (X is the percentage of PQ in the N-HtrGO/PQ
by mass). Six different PQ mass percentages (20, 25, 30, 35,
50, and 75%) were produced.
2.4. Material Characterization. The morphologies of N-

HtrGO and N-HtrGO/PQ were studied by scanning electron
microscopy (SEM) using a JEOL 7000F. Transmission
electron microscopy (TEM), scanning transmission electron
microscopy (STEM), and electron energy-loss spectroscopy
(EELS) mapping were conducted using a Talos 200X
microscope. Brunauer−Emmett−Teller (BET) analysis was
used to investigate the specific surface area and pore size
distribution of the samples. FTIR analysis was conducted to
determine the components of the synthesized composite. X-ray
photoelectron spectroscopy (XPS) was employed to study the
near-surface elemental composition of the composite using a
Thermo Fisher Scientific K-Alpha XPS System. CasaXPS was
used to fit the data, and the spectra were charge-corrected
according to adventitious carbon (B.E. = 284.8 eV).57 X-ray
diffraction (XRD) measurements were performed with Cu Kα
radiation at the McMaster Analytical X-ray Diffraction Facility
(MAX).
2.5. Electrochemical Evaluation. Electrochemical studies

were performed by using a three-electrode electrochemical
system and a potentiostat (Biologic, France). An Ag/AgCl
(Pine Research) reference electrode was used along with a
graphite rod as a counter electrode in all experiments. A glassy
carbon electrode (Pine Research) with a geometric area of
0.196 cm2 was used as a working electrode. To prepare the ink,
60 μL of a Nafion-containing solution (5% in a mixture of
lower aliphatic alcohols and water) was mixed with 2 mL of an
ethanol solution containing 0.5 mg mL−1 of N-HtrGO/PQ.
Electrodes were prepared by drop-casting the ink on the glassy
carbon electrodes. Four different active material loadings were

tested: 25, 50, 75, and 100 μg cm−2. The electrodes were
subjected to 50 preconditioning cycles of CV at 100 mV s−1
prior to the start of the evaluation. The electrochemical
capacitance of the synthesized material was evaluated using CV
and galvanostatic charge/discharge (GCD). CVs were
performed at 5, 10, 50, 100, 200, 300, 400, and 500 mV s−1
scan rates. All experiments were carried out in 1 M H2SO4 as
an acidic aqueous electrolyte. Nitrogen gas was purged
continuously into the electrolyte during the experiments.
Electrochemical impedance spectroscopy (EIS) measurements
were conducted in a frequency range of 100 Hz to 1 MHz
using the amplitude of the sinusoidal voltage. GCD was
performed at three current densities (1, 5, and 10 A g−1).
The specific capacitance was calculated by cyclic voltamme-

try (Ccv) using eq 1:

=C
I v

Vm

d

2cv (1)

where I is the current, m is the mass of active materials, ΔV is
the working potential window, and ν is the scan rate.58
The specific capacitance from galvanostatic charge/dis-

charge (CGCD) experiments was calculated using eq 2:

=C I
V t m(d /d )GCD

(2)

where I is the current, m is the mass of active material, and dV/
dt is the slope of the discharge curve.58

3. RESULTS AND DISCUSSION
N-HtrGO/PQ composite materials were prepared with varying
component ratios, and the composite containing 30 wt % PQ
(denoted N-HtrGO/30PQ) was found to provide the highest
capacitance and was therefore the composition most
extensively characterized. The morphologies of N-HtrGO
and N-HtrGO/30PQ were investigated using SEM and TEM.
Figure 1a−d shows TEM images of N-HtrGO and N-HtrGO/

PQ. Both N-HtrGO and N-HtrGO/PQ showed wrinkled 2D
sheet-like structures. The folded and crumpled morphology of
these materials has been speculated to play a role in reducing
the restacking of graphene sheets and providing interlayer
spacing, which improves the electrochemical performance.2

EELS was used to investigate the elemental distribution of light
elements, including carbon, oxygen, and nitrogen, in the

Figure 1. TEM images of (a, b) N-HtrGO and (c, d) N-HtrGO/
30PQ. (e) XRD patterns of N-HtrGO (green) and N-HtrGO/30PQ
(blue).
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samples. The results are presented in Figure S1, which
indicates that nitrogen was homogeneously dispersed through-
out the reduced graphene oxide structures. SEM images are
displayed in Figure S2a,b. Reduced graphene oxide layers can
be observed in both figures.
The crystallinity of the samples was studied by using X-ray

diffraction (Figure 1e). The XRD patterns of N-HtrGO
showed two peaks at 2θ = 23 and 43°, which were attributed to
the (002) and (101) lattice planes of the graphitic structure of
N-HtrGO. The XRD peak at 2θ = 12° was related to the (001)
crystal plane of graphene oxide and was indicative of the
presence of functional groups like hydroxyl and epoxy that are
characteristic of graphene oxide. The peak at 2θ = 78°
corresponded to the (002) crystal plane of graphite, indicating
a high degree of graphitization and crystallinity in the material.
The XRD pattern of N-HtrGO/PQ showed characteristic
peaks of graphite, indicating that the graphitic structure of the
N-HtrGO has not changed after adding the organic molecules.
X-ray photoelectron spectroscopy was used to study the

bonding configurations and the near-surface elemental
composition of the prepared materials. The XPS survey
spectra of N-HtrGO and N-HtrGO/PQ are presented in
Figure 2a,b and were used to calculate the near-surface
elemental composition of the materials, as shown in Table 1. In

both samples, the presence of nitrogen with similar
compositions was observed, verifying successful nitrogen
doping and indicating that compositing with PQ does not
dramatically impact doping levels of N-HtrGO. The high-
resolution N 1s, C 1s, and O 1s spectra of both samples were
deconvoluted into their contributing components (Figures S3
and S4). The N 1s spectra (Figure S3a,b) showed a
combination of pyridinic-N (ca. 398.05 eV), pyrrolic-N (ca.
399.45 eV), and quaternary (ca. 401.85 eV) nitrogen.
Deconvolution of the high-resolution C 1s spectra for N-
HtrGO (Figure S4a,b) provides six distinct components
corresponding to the graphitic carbon framework for sp2-
hybridized graphitic carbon, C�C (284.30 eV), π−π (290.71
eV), C−C, C−H (284.8 eV), carbonyls (C�O; 287.60 eV),

carboxylic acids (O−C�O; 288.80 eV), C−N (285.80 eV),
and C−O in epoxy and hydroxyl (C−OH/C−O−C; 286.50
eV). Deconvolution of the high-resolution C 1s spectra for N-
HtrGO/PQ (Figure S3d) shows the same five peaks. The Pi−
Pi* peak in sample 2 could be attributed to π−π interactions
between PQ and N-HtrGO.59,60 The high-resolution O 1s
spectra of the samples are presented in Figure S4c,d. The peak
at 531.18 eV could be attributed to C�O of 9,10-
phenanthrenequinone.60−62

FTIR spectroscopy was used to study the functional groups
on N-HtrGO/PQ and the interactions between N-HtrGO and
PQ. FTIR spectra of PQ and N-HtrGO/PQ are displayed in
Figure 3 and the spectra of N-HtrGO in Figure S5. In the

spectra of pure PQ, the characteristic peaks of PQ molecules
are shown at 706, 1283, 1594, and 1676 cm−1. For the N-
HtrGO/PQ composite, the absorption peaks are observed at
1670 cm−1, which is attributed to stretching vibrations of the
C�O bonds, and 1589 cm−1, which corresponds to the
aromatic C�C bonds. Also, the peaks are observed at 1280
cm−1, corresponding to the stretching vibrations of the C−O
bonds in the aromatic ring, and at 770 cm−1, which is
attributed to out-of-plane C−H deformation vibrations. The
PQ molecule characteristic peaks can be observed in the N-
HtrGO/PQ spectra, confirming the presence of PQ in the N-
HtrGO/PQ composite. For the N-HtrGO/PQ spectra, C−H
out-of-plane deformation vibrations exhibit a blue shift, while
the C�O peak and the C−O peak (which indicates aromatic
skeleton stretching vibrations) display a red shift, which
postulates the strong π−π interaction between the PQ
molecules and N-HtrGO sheets.63

Figure 2. XPS survey spectra for (a) N-HtrGO and (b) N-HtrGO/30PQ.

Table 1. Chemical Composition of N-HtrGO and N-
HtrGO/30PQ

sample C (atom %) O (atom %) N (atom %)

N-HtrGO 86.9 11.5 1.6
N-HtrGO/PQ 84.5 13.8 1.7

Figure 3. FTIR spectra of N-HtrGO/30PQ (blue, top) and PQ (red,
bottom).
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The nitrogen adsorption/desorption isotherms of N-HtrGO
and N-HtrGO/30PQ are presented in Figure S6. The average
pore diameter was 3.8 nm for the N-HtrGO sample (Figure
S6a), and the specific surface area of N-HtrGO was calculated
to be 374.5 m2 g−1 using BET. The rising trend observed in the
relative pressure below 0.2 shows the presence of micropores
in the sample. The hysteresis loop in the relative pressure P/P0
ranging from 0.2 to 0.9 is attributed to mesopores that existed
in the sample. The sharp increase in N2 adsorption at relative
pressures higher than 0.9 suggests the presence of macropores
in the samples. The nitrogen adsorption/desorption isotherm
of N-HtrGO/30PQ is displayed in Figure S6b. A similar
hysteresis loop was observed in the relative pressure P/P0
ranging from 0.2 to 0.9, indicating the presence of mesopores.
The specific surface area decreased significantly after adding
PQ to the N-HtrGO from 374.5 to 93.43 m2 g−1, which could
be due to the adsorption of PQ molecules on the surface of N-
HtrGO that covers a portion of pores existing in the structure.
This trend has been reported before in the literature.63

The electrochemical performance of the synthesized
composite was evaluated by cyclic voltammetry from 0 to
1.0 V vs the reversible hydrogen electrode (RHE) at different
scan rates (5, 50, and 100 mV s−1) in 1 M H2SO4 electrolyte.
The CV curves of N-HtrGO and N-HtrGO/PQ are presented

in Figure 4a. The CV profile of N-HtrGO shows mostly
electrical double-layer behavior of the carbon materials with a
small pseudocapacitance contribution, which can be attributed
to the presence of redox-active pyrrolic and pyridinic nitrogen
in the N-HtrGO structure, or the oxygen species observed by
XPS that might be capable of providing redox activity (i.e.,
quinone functional groups).54,55,64 In comparison, a pair of
reversible redox peaks can be observed in the N-HtrGO/PQ
CV profile at ∼0.4 V vs RHE, attributed to the reversible
oxidation and reduction of 9,10-phenanthrenequinone. These
features demonstrate pseudocapacitance due to the PQ redox
reaction in addition to the electrical double-layer capacitance
of the underlying N-HtrGO materials. The specific capaci-
tances of N-HtrGO and N-HtrGO/30PQ at 50 mV s−1 were
calculated to be 257 and 605 F g−1, respectively, indicating that
anchoring N-HtrGO with PQ as a redox-active molecule has
successfully improved the performance by providing pseudo-
capacitance. To find the material proportions that yielded the
best supercapacitor performance, the N-HtrGO/PQ ratio was
optimized by mixing different weight percentages (25, 50, and
75%) of PQ to N-HtrGO in ethanol. Samples were named N-
HtrGO/XPQ, where X is the percentage of PQ in the sample.
CV was used to evaluate the performance of prepared samples,
and these results are presented in Figure S7. The sample with

Figure 4. (a, b) Nyquist plot of PQ (red), N-HtrGO (green), and N-HtrGO/30PQ (blue), (c) GCD curves of N-HtrGO and N-HtrGO/30PQ at
5 A g−1 in 1 M sulfuric acid, and (d) schematic of PQ reversible redox reaction.

Figure 5. (a) CV curves of N-HtrGO/30PQ with different PQ% in the composites at 50 mV s−1 in 1 M sulfuric acid and (b) cycling stability of N-
HtrGO/30PQ at a scan rate of 100 mV s−1 in 1 M sulfuric acid.
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25% PQ showed a higher capacitance and thus a better
performance than that with 50% PQ and 75% PQ.
Furthermore, new samples with PQ percentages close to
25% were prepared with 20, 30, and 35% PQ. The results
indicated that by increasing the percentage of PQ from 20 to
30%, the capacitance increased from 495 to 605 F g−1. Then,
the performance slightly decreased when the PQ percentage
was increased from 30 to 35% (Figure 5a). Increasing the
added amount of PQ to 30% could possibly allow for the
formation of a π−π network between the N-HtrGO substrate
and phenanthrenequinone molecules. The presence of the π−π
network could increase the delocalization of electrons in the
material and consequently increase the overall electrical
conductivity and performance of the electrode.49 The perform-
ance deteriorated by increasing the PQ percentage to values
higher than 30%, which could be due to the adsorption of PQ
molecules onto each other and forming an π−π network
between PQ molecules as a result of the presence of excess PQ.
This type of π−π network is associated with PQ aggregation65

and can hinder charge transfer from the electrolyte to the
electrode. Thus, the electrode with 30% PQ, N-HtrGO/30PQ
was identified as the optimum electrode for further
investigations, as it contained enough PQ to maximize capacity
without formation of PQ aggregates.
The specific capacitance of the N-HtrGO/30PQ electrode

was calculated at different scan rates (Figure S8). By increasing
the scan rate from 50 to 400, 84.6% of the initial capacitance
was achieved. The high-rate capability of this electrode could
be due to the fast protonation/deprotonation of the carbonyl
groups of the 9,10-phenanthrenequinone. There were no
distortions observed in the CV curve shapes at different scan
rates (Figure S9), indicating the fast response of the electrode
as a result of the presence of redox-active organic
molecules.66−68

The stability of the N-HtrGO/PQ electrode was inves-
tigated by applying 20,000 repeated CV cycles from 0 to 1.0 V
vs RHE as shown in Figure 5b. After 1000 cycles, no
capacitance loss was observed, and in fact, the capacitance even
increased slightly, likely owing to gradually increased electro-
lyte penetration into the electrode. After 20,000 cycles, the
overall capacitance retention was 94.9%, which is higher than
the stability of N-HtrGO previously reported by our research
group.6 The high stability is likely attributed to strong π−π
interactions that spontaneously develop between N-HtrGO
and PQ molecules through facile noncovalent modification.45

Galvanostatic charge/discharge was also used to investigate
the electrochemical behavior of the samples in 1 M H2SO4
from 0 to 1 V vs RHE at three different current densities, 5, 10,
and 20 A g−1, in a three-electrode system. The GCD curves of
N-HtrGO and N-HtrGO/PQ are presented in Figure 4c. N-
HtrGO showed an EDLC triangular profile, while the N-
HtrGO/30PQ profile deviated from a perfect triangular shape.
The triangular portion of the GCD curve shows the presence
of electrical double-layer behavior, while the deviation in a
triangular shape in the form of a plateau indicates the existence
of pseudocapacitive behavior, in agreement with the results of
CV evaluation. The specific capacitance was calculated to be
630 F g−1 at 5 A g−1 by using GCD. The GCD profiles of N-
HtrGO/30PQ at different scan rates are presented in Figure
S10. The reversible redox reaction occurring in the PQ
molecules is presented in Figure 4d.69 Furthermore, EIS was
carried out at open-circuit potential to study ion transport
behavior. The Nyquist plots of PQ, N-HtrGO, and N-HtrGO/

30PQ electrodes are presented in Figure 4b, showing a
semicircle in the high-frequency region and an inclined line in
the low-frequency region. The almost vertical line in the low-
frequency region indicates a good ion diffusion process.70 The
equivalent circuits shown in Figure S11 were used to fit the
obtained Nyquist plot. The circuit for N-HtrGO/30PQ
includes one resistor attributed to the electrolyte solution
and two capacitors due to the presence of an electrical double-
layer current (C2) and Faradaic current (C3). One other
resistor exists due to charge-transfer resistance. This equivalent
circuit also includes a Warburg element, corresponding to the
deviation from the vertical line in the low-frequency region,
indicating that the Warburg length is slightly higher.70 The
circuit for N-HtrGO includes only one capacitor (C2)
attributed to electrical double-layer capacitance, as this sample
did not show appreciable redox (Faradaic) processes
associated with the inclusion of PQ in the N-HtrGO/30PQ
sample. The vertical line in the low-frequency region of the
Nyquist plot corresponds to the fast ion diffusion in N-HtrGO,
indicating the capacitive behavior.70 The charge-transfer
resistances were calculated to be 3.92, 2.80, and 3.27 Ω for
pure PQ, N-HtrGO, and N-HtrGO/30PQ, respectively. The
low charge-transfer resistance in the N-HtrGO/PQ electrode
can potentially be attributed to π−π interactions between N-
HtrGO and PQ that can increase the electrode conductivity.49

The relationship between peak current density and scan rate
shows whether ion transfer in the porous electrode structure is
diffusion-controlled or surface-controlled. This relationship can
be modeled with eq 3:

=I a b
P (3)

where IP is the peak current, ν is the scan rate, and a and b are
adjustable parameters. Using eq 3 and the slope of log(i) vs
log(υ), b can be derived. If b = 1, the process is surface-
controlled, and the current is due to EDL formation or surface-
confined redox processes. If b = 0.5, the charge storage
mechanism is a semi-infinite diffusion-controlled process. This
means the current is controlled by the diffusion rate of ions
storing charge through EDLC or redox processes. If b falls
between 0.5 and 1, the process is a combination of diffusion
and capacitive mechanisms.5 The kinetics of the process in the
electrode/electrolyte interface was studied by obtaining the
relationship between peak current density and different scan
rates (5, 10, 50, 100, 200, 300, 400, and 500 mV s−1) with the
CV curves shown in Figure S11a,b. For the N-HtrGO
electrode, b is approximately equal to 1, so the redox reaction
is adsorption- or surface-controlled. But the N-HtrGO
electrode lacks surface redox-active functional groups. The
electrode electrochemical reactions are surface-controlled.
Therefore, the measured current is due to the electrical
double-layer capacitance. The value of b = 0.84 for the N-
HtrGO/PQ electrode shows that its operation is dependent on
a combination of surface-controlled and diffusion-controlled
processes. By adding PQ molecules to the electrode
composition, fast surface protonation/deprotonation of PQ
molecules occur on the surface and the electrochemical
reactions on the N-HtrGO/30PQ electrode are more
controlled by the diffusion rate. But the N-HtrGO electrode
lacks surface redox-active functional groups. Therefore, the
electrode electrochemical reactions are surface-controlled.
Furthermore, the contribution of each mechanism was
calculated using Dunn’s analysis.71,72 The results are presented
in Figure 6. Figure 6a,b shows CV curves of N-HtrGO and N-
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HtrGO/30PQ with the orange area indicating the capacitive
contribution in each electrode. Figure 6c shows that after
adding PQ molecules to the electrode composition, the
reaction is more controlled by the diffusion rate since the
surface redox reactions are fast.

4. CONCLUSIONS
In this study, a composite was developed through a simple
physical adsorption of 9,10-phenanthrenequinone on nitrogen-
doped reduced graphene oxide (N-HtrGO/PQ) and applied as
a supercapacitor material which benefited from the synergistic
behavior of the combined materials. In 1 M H2SO4, N-
HtrGO/PQ with an optimized composition of 30 wt % PQ
achieved a specific capacitance of 605 F g−1 measured by CV at
a scan rate of 50 mV s−1. The CV profile of the composite
revealed a combination of electrical double-layer capacitance
and pseudocapacitance. The electrical double-layer capacitance
resulted from the N-HtrGO with a high surface area (374.5 m2

g−1) and high electrical conductivity as confirmed by EIS,
while 9,10-phenanthrenequinone provided the composite with
pseudocapacitance. The high overall specific capacitance of the
composite confirmed the capability of PQ molecules to
improve the low energy density of EDLC materials via a
simple adsorption modification. This modification furthermore
provided a 94.9% capacitance retention after 20,000 CV cycles,
likely resulting from strong π−π interactions between the N-
HtrGO sheets and PQ molecules as indicated by FTIR
analysis. These findings indicate that compositing redox-active
organic molecules with nitrogen-doped reduced graphene
oxide via noncovalent interactions can provide a simple and
effective technique to develop electrode materials for super-
capacitor applications. Furthermore, now that we have a
suitable material that has been tested in a three-electrode
setup, the next steps will be to integrate into a two-electrode
device that will include the important steps of electrode
preparation optimization, component selection, and device
engineering. Particularly, this electrode could be suitable for
application in asymmetric supercapacitors due to having higher
energy density.
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