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Abstract: Low-energy density has long been the major
limitation to the application of supercapacitors. Introducing
topological defects and dopants in carbon-based electrodes in
a supercapacitor improves the performance by maximizing the
gravimetric capacitance per mass of the electrode. However, the
main mechanisms governing this capacitance improvement are
still unclear. We fabricated planar electrodes from CVD-
derived single-layer graphene with deliberately introduced
topological defects and nitrogen dopants in controlled con-
centrations and of known configurations, to estimate the
influence of these defects on the electrical double-layer
(EDL) capacitance. Our experimental study and theoretical
calculations show that the increase in ED L capacitance due to
either the topological defects or the nitrogen dopants has the
same origin, yet these two factors improve the EDL capaci-
tance in different ways. Our work provides a better under-
standing of the correlation between the atomic-scale structure
and the EDL capacitance and presents a new strategy for the
development of experimental and theoretical models for
understanding the ED L capacitance of carbon electrodes.

E DL capacitors, also called supercapacitors, store energy by
forming an EDL at the electrolyte—electrode interface.! The
separation distance of charges at the EDL is <1 nm and the
electrodes are typically made of porous carbon with a high
specific surface area (SSA) of >1500 m?’g"!, due to which
exceptionally large power densities and long cyclic lifetimes
are possible.”! Nevertheless, the operation mechanism of the
EDL capacitors results in a gravimetric energy that is one
order of magnitude lower than that of a battery, which greatly

limits their applications.”! The major strategies to improve the
EDL capacitance of carbon materials include: 1) Optimizing
the pore structure in carbon to allow only the desolvated ions
to penetrate, thereby reducing the charge separation distance
of the EDL;® (2) increasing the SSA to enhance the active
area of the EDL;”! and (3) introducing dopants, for example,
nitrogen (N) atoms or creating topological defects!® to
improve the capacitance per unit area of the EDL. Recently,
the configuration of the nitrogen dopant in graphene was
identified as critical to the electrocatalytic activity for the
oxygen reduction reaction.” Similarly, an in-depth under-
standing of the mechanisms through which the topological
defects and dopants may affect the EDL is demanded for the
rational design of electrode materials.

To study the combined influence of the topological defects
and dopants on the EDL capacitance, several requirements
need to be fulfilled due to the complexity of the carbon and
dopant structure. First, the defect and/or dopant concentra-
tion has to be precisely controlled, and this should be
combined with a reliable measurement of the configuration
of the defect and dopant. Second, the interfacial area between
the electrolyte and the porous electrode should be accurately
measured. Third, electrodes of identical micropore structure
and porosity but with different concentrations of defect and/
or dopant need to be made and compared. However, this is
rather difficult to achieve for electrodes prepared by mixing
carbon powders with binders followed by rolling because of
their complex and porous structures and the unpredictable
wettability of such electrodes.
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We overcame these obstacles by using planar electrodes
based on single-layer graphene synthesized by chemical vapor
deposition (CVD). The theoretically estimated SSA of
approximately 1310 m?’g~" of the CVD graphene with one
side exposed to the electrolyte is similar to that of the highly
porous carbon powders used in practical EDL capacitors (ca.
1500 m?>g~!). The CVD graphene has a thickness of one
atomic-layer, which is the lower limit of the wall thickness of
the micropores in highly porous carbon powders.® The planar
electrode geometry ensures a reliable measurement of the
area of the interface between the electrolyte and the graphene
electrode. We measured the EDL capacitance and calculated
the quantum capacitance of two series of graphene electrodes
containing either topological defects or N-dopants in different
concentrations. The experimental and theoretical studies
show that the topological defects improve the density of
states (DOS) and the N-dopants can tune the Fermi-level of
graphene, both of which significantly influence the quantum
capacitance that is connected in series with the Helmholtz
capacitance and therefore modify the EDL capacitance.

The single-layer graphene was synthesized by CVD
(Supporting Information, Figure S1), and the electrode was
prepared by transferring the graphene sheet to a polyethylene
terephthalate (PET) substrate (see Experimental Section in
the Supporting Information, and Figure 1a). We tested the
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Figure 1. a) Photograph of the electrode prepared from single-layer
graphene. b) Raman maps drawn from the I/l of the Ar* plasma-
treated graphene and c) from the I,5/I¢ of the N-doped graphene.

d) The defect concentration (n4) and e) the charge carrier density (n,)
of graphene electrodes.

stability of the graphene electrode by comparing the scanning
electron microscopy (SEM) image and the cyclic voltammetry
(CV) curves of the electrode before and after 40 min of
capacitance measurement. Figure S1, in the Supporting
Information, shows that the morphology and the CV curves
remained unchanged, which demonstrates the structural and
electrochemical stability of CVD graphene under the con-
ditions of the capacitance measurement. The CV signals
(Supporting Information, Figure S1e) due to either a Faradaic
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reaction or ion-specific adsorption are not detected, which
indicates that the observed current is mainly due to the
charging/discharging of the EDL at the graphene/electrolyte
interface.

We prepared two series of graphene electrodes containing
different concentrations of either topological defects or N-
dopants. The topological defects were introduced by exposing
graphene to Ar" plasma, and the defect concentration was
varied by controlling the exposure time (Figure 1b). Raman
mapping was performed on each sample at five different
regions to acquire approximately 10000 Raman spectra, and
the average intensity ratio of the D band to the G band (I/1;)
was calculated to quantify the Ar* plasma-induced topolog-
ical defect concentration (see the Supporting Information,
Experimental Section and Figure S2).”) The small variation of
the Ip/l; values measured in different regions of the sample
confirms the uniform defect concentration (at the scale of the
Raman spot size; Figure 1b). N-doped graphene was pre-
pared by CVD at different partial pressures of acetonitrile
(Supporting Information, Table S1). The X-ray photoelectron
spectrum (XPS) is able to detect the N-dopant concentration
of 4.0 at% for graphene synthesized with pure acetonitrile
precursor, but it is rather challenging to quantify the atomic
ratios of N-dopants for doped graphene synthesized using
a mixture of methane and acetonitrile, due to the low signal-
to-noise ratio in XPS for the N species when doped in single-
layer graphene. Electrical measurements have shown that the
N-doped graphene has a negatively doped electronic behav-
ior,'” and the sensitivity of the Raman spectrum to the
charge-carrier density has also been reported.!!! Therefore, it
was possible to calculate the charge-carrier densities of the
doped graphene sheets synthesized with different partial
pressures of acetonitrile from the average values of Lp/Ig
(Figure 1c¢ and the Supporting Information, Figure $3).1

In Figure 1d, we show the defect concentration (rn,) of
a graphene sample that was exposed stepwise to Ar" plasma
for 5s at each step with an accumulated exposure time of 20 s.
The accumulated defect concentration increases to ng = (3.0 +
0.4) x 10" cm 2, which is about 30-fold higher than that for
pristine graphene (ny=(0.10=+0.06)x 10" cm~2). The non-
linear increase of ny at the second round of Ar* plasma
treatment (10s) is not clearly understood at present. The
charge carrier density (n.) of the N-doped graphene shows an
almost linear increase with the partial pressure of acetonitrile
(Figure 1e). The maximum n, is (4.0+£0.2)x 10" cm 2 for
graphene synthesized with pure acetonitrile, which is about
14-fold higher than for pristine graphene, n, = (0.28 £ 0.06) x
108 em ™2

The EDL capacitances (Cgp;) of the graphene electrodes
with different concentrations of topological defects and N-
dopant levels were measured by electrochemical impedance
spectroscopy (EIS; Figures S4 and SS5). Notably, the Cgp, in
Figure 2 is a differential capacitance as the values were
acquired at a fixed potential when sweeping the frequency.
The Cgpy of pristine graphene as a function of the potential
(VepL, With respect to the potential of a standard hydrogen
electrode (SHE)) shows a concave shape with a minimum of
1.0 uFem ™. After EIS measurement, the pristine graphene
was treated by Ar" plasma for five seconds to measure the
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Figure 2. a) Differential EDL capacitance of a graphene electrode with different topological defect concen-
trations. b) The potential of the capacitance minimum and the integral capacitance derived from the C¢p—
VoL curves in (a). c) Differential EDL capacitance of the electrodes prepared from single-layer graphene
synthesized at various acetonitrile partial pressures. d) The potential of the capacitance minimum and the
integral capacitance derived from the Cgp —Vep, curves in (c). The error bars in (a) and (c) show the standard

error of the mean for the measured impedance values.

Cgpp of the graphene with defects before the next round of
plasma treatment and EIS measurement. The Cgp—Vip
curves for graphene with defects also show concave shapes
(Figure 2a). The rate of increase in Cgp, with increasing
potential, rises significantly as a function of the defect
concentration. This increase is accompanied by an increase
of Cgpy minimum to 1.7 uFem ™2 Therefore, the integral
capacitance evaluated from the area between the Cgp—Vepr
curve and the x-axis at Cgp; =0 within a potential window of
—0.3 to 1.1 V increases almost linearly and reaches a fourfold
increase after Ar" plasma treatment for an accumulated time
of 20s (Figure 2b). However, the potential of the Cgp.
minimum is slightly up-shifted to 0.05 V (Figure 2b), which
implies a negligible charge doping of the graphene sheets due
to defects.

The concave-shaped curves observed for graphene with
N-dopants (Figure 2¢) are different from those observed for
the defective graphene. The increases in the rates of the EDL
capacitance with increasing electrode potential are almost
identical for the N-doped graphene samples (see red, blue,
and green curves in Figure 2c¢), and the potential correspond-
ing to the Cgp; minimum increases almost linearly to 0.46 V
with increase in doping level (Figure 2d) even though the
value of the Cgp; minimum upshifts to 1.78 uF cm 2, similar to
the defective graphene (Figures 2a). This relative shift of the
Cgp. minimum to a higher applied potential originates from
the negative charge doping due to the introduction of N-
dopants.'”! These changes lead to a gradual increase in the
integral capacitance with increased N-doping concentration,
before leveling off for charge-carrier concentrations larger
than 2.5 x 10" cm 2 (Figure 2d).

The experimentally measured Cgp; values show a strong
correlation with the topological defects or the N-dopants;

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

n, (x 10 cm?) Cgp. minimum of graphene
with topological defects is at
the same potential of zero
charge, indicating that there
is negligible charge doping,
and the electrode has only
one atomic-layer, thereby
implying that the observed
capacitance increase cannot
be attributed to the space-
charge capacitance. Moreover, a contribution from a possible
pseudo-capacitance is unlikely in our case, since no Faradaic
reaction is detected in the CV curves (Supporting Informa-
tion, Figure S1). In this context, we have referred to an earlier
work in which the quantum capacitance (Cg) accounting for
the low density of states (DOS) in low-dimensional materials
(for example, graphene) was added in series with Cy to
explain the limits in the areal Cgp; values for highly porous
carbon materials."¥

To get a deeper understanding of the measured Cgp; in
these defective or doped graphene systems, we estimated the
C, of graphene containing either topological defects or N-
dopants from first-principles calculations and the tight-bind-
ing method. Considering previous theoretical findings and our
numerical estimation that the Stone-Wales defect has a for-
mation energy that is approximately 2.7 eV lower than for the
monovacancy and the divacancy (Supporting Information,
Figure $6),”! we conclude that the Stone-Wales type topo-
logical defect is the most probable defect formed when
graphene is exposed to Ar* plasma (Figure 3a). Therefore, in
Figure 3b, we show the potential dependence of the C, of
graphene at different concentrations of Stone—Wales defects.
We observe that the C, minimum slightly increases but is
mostly at a potential close to zero for the different defect
concentrations. At potential values far from zero, Cq,
increases with the defect concentration. This behavior for
Co is very similar to the experimentally observed Cgpy
(Figure 2a). We also find that the Stone—Wales defects can
significantly improve the DOS of graphene near the Fermi-
level (Supporting Information, Figure S6) and hence the C,,.
To further test our conclusion, we examined the defect
structure of the Ar' plasma-treated graphene sheet by
transmission electron microscopy (TEM). We found that the
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Figure 3. a) Schematic of the Stone-Wales defect. b) Quantum capaci-
tance of graphene with Stone—Wales defects in different concentra-
tions. c) TEM image of single-layer graphene after exposure to Ar™
plasma for 15 s. Red =heptagon, green = pentagon, and blue =octa-
gon. White lines indicate the location of the hexagons. d) XPS of N-
doped graphene synthesized with acetonitrile. ) Schematic of the
pyrrolic-N doped in the graphene lattice. Blue=N. f) Quantum capaci-
tance of graphene with different concentrations of pyrrolic-N. Vj, is the
bias applied to the C,,.

heptagon—pentagon pairs are the dominant defect structures
besides a few octagons, and the surrounding hexagons have
the same orientation (Figure 3¢), indicating that the Stone—
Wales-like topological defects are not located at the graphene
grain boundaries but are created during Ar" plasma treat-
ment and should be the reason for the enhancement of C,.

The XPS of the N-doped graphene shows an intense peak
at a binding energy of 400.2 eV (Figure 3d), which indicates
that most of the nitrogen is pyrrolic." One probable
configuration of pyrrolic-N is a pentagon composed of four
C atoms with one N-atom connecting with two neighboring C
atoms in a circle.'® The TEM study by Arenal et al. showed
that the pyrrolic-N having an energy loss of 400 eV in the
electron energy loss spectrum is connected to a Stone—Wales
defect to form C—N bonds linked to three C atoms (Fig-
ure 3¢e).'"”! We considered graphene with these two types of
pyrrolic-N and calculated their DOS and formation energy
(Supporting Information, Figure S7). We chose the three-
coordinated pyrrolic-N configuration to numerically calculate
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the corresponding C, because it negatively dopes the
graphene and the formation energy is lower. In Figure 3f,
the chemical potential corresponding to the C, minimum
down-shifts significantly, which can be attributed to the up-
shift of the Fermi-level as a result of the negative charge
doping. Therefore, a positive bias (V) on the graphene
electrode is needed to reach the Cgp; minimum. We tried to
observe the configuration of the N-dopants by TEM.
Unfortunately, the small difference in atomic numbers
between the N and C atoms makes it challenging to identify
the N-dopants. Nevertheless, our first-principles and tight-
binding calculations qualitatively explain that the Stone-
Wales defects enhance the DOS and the pyrrolic N-dopants
up-shift the Fermi-level of the system, both of which
significantly affect the C, connected in series with the Cy.

Pioneering theoretical work also demonstrated that the
defects and dopants affect the Cgpp by tuning the Cq of
graphene, which originates from the change of the graphene
band structure.” Our experimental measurements and
calculations, based on these previous theoretical work,
suggest that although the changes in Cgp; that arise from
both the topological defects and N-dopants have the same
origin of C,, the microscopic mechanisms responsible for this
improvement are different in these two approaches. The
practical gravimetric capacitance is an integral of the
measured differential Cgp; over Vipp (Figure 2). This value
can be evaluated from the area (shown in green in Figure 4a)
between the Cgp—Vpp curve and the x-axis at Cgp =0
within a potential width of approximately 1 V (this is defined
by the hydrogen and oxygen evolution potentials of the
aqueous electrolyte). The topological defect significantly
increases the changing rate of the Cgp; with the Vip, as

a pristine b _ c _
) 1A_ graphene ) 115 pH= { ) 1A PH=
-0 ] - o] - O‘M
! defected g | PH=7 21 pH=7
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o0 o0 O 01
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Figure 4. a) Schematic of the EDL capacitance of pristine, defective,
and N-doped graphene in the same potential window. Schematic of
the EDL capacitance of b) the pristine graphene and c) the N-doped
graphene with different potential windows. The color and area under
the Cep,—Vep, present the pH and the integral capacitance value,
respectively. The integral capacitances of d) the pristine graphene and
e) the N-doped graphene that were calculated from the Cgp—Vip, curve
in different potential windows and that were measured with a two-
electrode cell with 1m H,SO,, KCl, and KOH. The hollow bars present
the calculated values from the Cip—Vep, curve, and the solid bars
present the measured values of a two-electrode cell of both the
positive and negative electrodes made from single-layer graphene.
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a result of the improved DOS, thereby increasing the integral
capacitance. The N-dopant-induced charge-doping does not
significantly change the DOS, but can shift the Fermi-level,
and hence the Cgp; minimum moves closer to the edge of the
potential window, which leads to a significant increase in the
integral capacitance. A quantitative comparison between the
measured Cgp; and the calculated C, is not possible due to
the limitations of the experimental technique in measuring
the defect and dopant concentration (Supporting Informa-
tion, Section 4).

Nevertheless, this mechanism may shed light on the
capacitance differences between two-electrode cells with
acidic, neutral, and alkaline aqueous electrolytes that have
been reported in the literature.” The potential window with
respect to SHE of a two-electrode supercapacitor cell with
aqueous electrolyte is a function of pH."! The differential
Cgp. minimum for a pure graphene electrode is at approx-
imately 0 V with respect to SHE, that is, almost at the center
of the potential window in a neutral (pH 7) electrolyte, yet is
close to the edge of the potential window in an acidic (pH 1)
or alkaline (pH 14) electrolyte (Figure 4b), thus the integral
capacitance obtained with a neutral electrolyte is smaller than
those measured with acidic and alkaline electrolytes. We
calculated the integral capacitance of the pristine graphene by
the Cgp—VgpL curve. The calculated integral capacitances
(hollow bars in Figure 4d) in the potential window of —0.5 to
+0.5 V (neutral) with respect to SHE are 88% and 68 % of
those calculated in the potential window of 0 to +1.0V
(acidic) and the potential window of —1.0 to 0 V (alkaline),
respectively. We measured the area-normalized capacitances
by CV (Supporting Information, Figure S9) of a two-elec-
trode cell with both the positive and negative electrodes made
from single-layer graphene (without plasma treatment or N-
dopants) in 1M H,SO,, KCl, and KOH. The electrodes were
not changed when replacing the electrolytes. The capacitance
measured in KCl solution is 95 % and 65 % of those measured
in H,SO, and KOH solution, respectively (solid bars in
Figure 4d). As the N-dopants shift the potential of the Cgp.
minimum to a higher value (Figure 2c¢), the integral capaci-
tance of N-doped graphene would be higher in the alkaline
electrolyte (Figure 4c¢). The calculated values from the Cgp,—
VepL curve are 2.5, 3.1, and 4.5 uFcm 2 (hollow bars in
Figure 4e), respectively, in the potential windows of 0 to
+ 1.0V (acidic), —0.5 to + 0.5V (neutral), and —1.0 to 0 V
(alkaline). The capacitances measured by CV with a two-
electrode cell composed of N-doped graphene electrodes are
2.0,1.7,and 4.8 uFcm ™ (solid bars in Figure 4¢) in 1m H,SO,,
KCl, and KOH solutions, respectively. In the above discus-
sion, we have mainly concentrated on the effect of the
topological defects and dopants in carbon, which is to change
the quantum capacitance and to thereby enhance the EDL
capacitance. However, the potential window of an electro-
chemical cell is determined not only by the electrolyte, but
also the electrode. The above potential window used for
calculating the integral capacitance may not match that of
the two-electrode cell. The EDL capacitance of carbon
electrodes, especially those prepared by carbon powders, in
a supercapacitor depends on a complex interplay of different
factors, such as the wettability, micropore size, chemical

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

composition, the level of graphitization of the carbon, and the
electrolyte.

In summary, we investigated the role of topological
defects and N-dopants on the EDL capacitance by using
single-layer graphene electrodes with controlled defect and
N-dopant concentrations. The topological defects improve
the DOS and the N-dopants can tune the Fermi-level of
graphene, both of which significantly influence the quantum
capacitance that is connected in series with the Helmholtz
capacitance, and which therefore modify the EDL capaci-
tance. These findings provide insights into the influence of the
quantum effect on macroscopic properties such as the EDL
capacitance in nanomaterials and low dimensional materials.
This could in turn play an important role in designing better
supercapacitors with optimized carbon electrodes in future
applications.
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