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ABSTRACT

For the goal of synthesizing high performance supercapacitor electrode materials to meet the pressing require-
ments of energy storage, a facile hydrothermal method was employed to prepare nitrogen doped activated
graphene (N-AG), two steps, i.e., KOH activating and following nitrogen doping were performed using a hydrother-
mal method. Continuously increased I/l ratios were observed in the Raman spectra after KOH activation and
following N-doping processes, indicating increased defects due to the etching effect of KOH and introduced
nitrogen defects on graphene sheet. Stacked graphene with damaged sheets on the surface was clearly seen
in TEM image after the KOH etching. The successful dopant of N was demonstrated by XPS spectra and EDS
mapping, confirming the effective hydrothermal N doping method. The N-AG exhibited largely enhanced capac-
itance (186.63 F/g) and cycling stability compared with that of nitrogen doped graphene (N-G, 50.88 F/g) and
activated graphene (AG, 58.38 F/g) due to the combined positive effects of KOH activation and N-doping.
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1. INTRODUCTION

carbon black," carbon onions,' carbon nanotubes and

Electrochemical storage devices with high energy and
power density are highly desired with the fast-growing mar-
ket for portable electronics, hybrid electric vehicles and
stand-by power systems.'”” Due to their high power densi-
ties, fast charging/discharging rate, sustainable cycling life
and excellent cycle stability, ultracapacitors based on elec-
trostatic interactions between ions in the electrolyte and
electrodes, occurring in so-called electrical double layers
(EDLs) are widely explored and become a promising tech-
nique to utilize the intermittent renewable energy.®'? Dif-
ferent carbon nanomaterials such as activated carbon,'> '
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carbon nanofibers?>2* have been widely employed for elec-
trode materials of ultracapacitors due to their high spe-
cific surface area and electrical conductivity. However, pure
carbon materials based ultracapacitors always exhibit low
capacitance which largely limits their applications to com-
plementary energy storage devices to batteries.?> 2% In order
to resolve the insufficient capacitance issue, another class
of capacitors as pseudocapacitors were developed, which
employed metal oxides,”” ™ and conducting polymers*'=’
to store electrical energy based on the redox reaction near
the surfaces of those active materials.’®3® However, the
poor cycle lives of most pseudocapacitors are the main
limitations as the redox reactions are not fully reversible
and also accompanied with the expansion-constrain of
electrode.®®*!' In this case, the strategy of introducing
pseudocapacitance properties to the electrode materials of
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ultracapacitors is a vital candidate since they can not only
exhibit comparable capacitances to those of pseudocapac-
itors but also still utilize the robust charging mechanisms
of ultracapacitors and hence exhibiting excellent cycle
lives.22’42’43

Among all the carbon materials, graphene with an atom-
thick two dimensional (2D) carbon structures has attracted
great attention due to its unique electrical, chemical, ther-
mal, and mechanical properties.™ 13- 18.44-59

Nowadays, in order to advance its various poten-
tial applications such as nanoelectronics, energy stor-
age/conversion, and catalysis,®*% dramatic scientific
endeavors have been launched toward the optimization
of by manipulating its electronic mechanical, chemical
and structural properties.!® %70 Reconstructed graphene
could potentially result in localized highly reactive regions
and thus unexpected properties,’"’? i.e., enrich reac-
tive oxygen functional groups on graphene sheets can
provide ample covalent bonding sites for the chemical
functionalization.”7* In addition, introducing heteroatoms
into the carbon frameworks is another effective way to
improve the specific performances of graphene.”>’® It has
been reported that certain heteroatoms (B, S, N and P)
dopant seems to be the most promising choice for enhanc-
ing capacity, surface wettability and electronic conduc-
tivity of graphene while maintaining the superb cycle
ability.”’ %% Among them, Nitrogen (N)-doped carbon has
been extensively investigated recently, it exhibits excel-
lent performance in oxygen reduction reaction (ORR) and
lithium ion battery due to the unique electronic interac-
tions between the lone-pair of nitrogen and the 7-system
of graphic carbon.®''8% Nowadays, two approaches as
post-treatment in N-environment and in-situ doping using
N-containing precursors are mainly employed to achieve
this goal.®® However, their complicated preparation pro-
cedures and high cost manipulations largely restricted the
practical uses in large scale. Therefore, an easy operating
method producing nitrogen doped graphene with uniform
and high-concentration nitrogen is still urgently needed.

Alternatively, it is generally accepted that the capac-
itance and power capability of the carbon materials are
largely related to their electrolyte-accessible surface area
and the kinetics within active materials.®* Chemical acti-
vation has been proven as a high efficient method to
obtain carbons with high surface area and narrow micro-
pore distribution.>% Among all the chemical activation
agents, potassium hydroxide (KOH) as a strong alkaline is
very promising due to its etching nature, negligible activa-
tion temperature, high yields, resulted well defined microp-
ore size distribution and ultrahigh specific surface area.’¢- %8
Enhanced performances of numerous kinds of carbon such
as carbon black,® coals,”® chars,”' fibers,®® nonotubes®’
and graphenes®> have been observed after KOH activa-
tion. Furthermore, since a large amount of defects can be
introduced on the graphene sheets after KOH etching, it
is expecting that different nitrogen doping results will be
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obtained on the KOH activated graphene due to the altered
mechanical structure and electron transfer pathway.

Herein, we have developed a facile hydrothermal
method combining both KOH activation and N-doping
processes to synthesize the nitrogen doped activated
graphene (N-AG) using exfoliated graphene oxide (GO)
solution as precursor. GO simply suffers N-doping and
KOH activation were also synthesized as N-graphene
(N-G) and porous graphene (AG) as control experiments.
This reaction was carried out in a mild hydrothermal envi-
ronment employing KOH and ammonia reagent as reac-
tants. The defects variation on graphene sheets after KOH
activation and N-doping is investigated by Raman spectra
and X-ray photoelectron spectroscopy (XPS). The mor-
phology of graphene is revealed by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The doped N element is confirmed by the XPS and
EDS mapping images. The supercapacitive performance
and kinetics comparison were proceeded by cyclic voltam-
metry (CV), galvanostatic charge—discharge and electro-
chemical impedance spectroscopy (EIS) measurements.
Cycling performance was also included to evaluate the
practical application.

2. EXPERIMENTAL DETAILS

2.1. Materials

Natural graphite powders were supplied by Bay Carbon
Inc., USA. Potassium persulfate (K,S,0g, >99.0%), phos-
phorus pentoxide (P,05, >98.0%) and potassium perman-
ganate (KMnO,, >99.0%) were purchased from Sigma
Aldrich. Potassium hydroxide (KOH, BioXtra, >85%
KOH basis), ammonium hydroxide (NH,OH, Assay:
28.0 to 30.0 w/w%), sulfuric acid (H,SO,, 93-98%),
Hydrochloric acid (HCl, 37.5%) and hydrogen peroxide
aqueous solution (PERDROGEN® 30% H,0, (w/w)) were
purchased from Alfa Aesar. The dialysis membrane (Spec-
tra/Por, molecular weight cut off (MWCO): 12000-14000)
was commercially obtained from Spectrum Laboratories,
Inc. All the materials were used as received without any
further treatment.

2.2. Synthesis Method

Graphite oxide (GO) was synthesized following the mod-
ified Hummers method.”*?® For the synthesis of nitro-
gen doped graphene (N-G) and KOH activated graphene
(AG), 26.0 g homogeneous GO solution (0.338 g GO)
was first transferred to a 40 ml teflon lined hydrother-
mal autoclave, 3 ml NH,OH solution or well dissolved
KOH solution (4.05 g KOH, mass KOH:GO = 12:1) was
following added, the solution was diluted to 40 ml and
sealed maintained at 150 °C for 3 hrs. After cooling down,
the precipitates were collected by filtration and washed
with water for 3 times, the products were dried naturally
for 72 hours. Reduced graphene oxide (RGO) was also
obtained following the same procedure using simple origin
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GO solutions as a control experiment. For the synthesis of
nitrogen doped activated graphene (N-AG), 0.2 g synthe-
sized AG powder were uniformly grinded and dissolved in
30 ml water, which undergo a 30 min sonication to achieve
a uniform distribution, the AG solution was then trans-
ferred to a 40 ml autoclave added with 1.80 ml NH,OH
solution (same NH,OH/AG ratio as that of NH,OH/GO).
Similar procedures were following proceeded to get the
N-AG powder products.

2.3. Preparation of Working Electrode

Three electrode system was employed to characterize the
supercapacitive property. The working glassy carbon elec-
trode with a diameter of 3 mm was successively polished
with 1.0 and 0.05 wm alumina powders on a microcloth
wetted with doubly distilled water to produce an elec-
trode with a mirror-like surface. For the preparation of
sample coated electrode, 5.0 mg graphene was added to
1.0 mL ethanol solution of nafion (the content of nafion
is 0.1 wt%), then the mixture was treated for 30 min with
ultrasonication to form a uniform suspension. The obtained
suspension (5 L) was dropped on the surface of the well-
treated glassy carbon electrode. Finally, the resultant mod-
ified glassy carbon electrode was dried naturally at room
temperature.

2.4. Characterizations

Raman spectra were obtained using a Horiba Jobin-Yvon
LabRam Raman confocal microscope with 785 nm laser
excitation at a 1.5 cm™! resolution at room temperature.

The microstructure of the sample was observed on a
JEOL JEM-2100 transmission electron microscopy (TEM)
and a JSM-6700F field emission scanning electron micro-
scope (SEM).

X-ray photoelectron spectroscopy (XPS) was conducted
on a Kratos Analytical spectrometer, using Al Ka =
1486.6 eV radiation as the excitation source, under a con-
dition of anode voltage of 12 kV and an emission current
of 10 mA. The element peaks were deconvoluted into the
components on a Shirley background.

2.5. Electrochemical Evaluations

The electrochemical experiments were conducted in a con-
ventional three-electrode cell. The as-prepared glassy car-
bon electrode deposited with active materials was used
as the working electrode, platinum wire as the counter
electrode, and saturated calomel electrode (SCE) (0.241 V
vs. SHE) connected to the cell through a Luggin capil-
lary serving as reference electrode. All the potentials were
referred to the SCE.

Cyclic voltammogram (CV) ranging from 0 to 1.0 V
at a series of scan rates and galvanostatic charge—
discharge (GCD) measurements from 0 to 0.8 V with
different current densities were conducted in 1.0 M
H,SO, aqueous solution. The electrochemical impedance
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spectroscopy (EIS) was carried out in the frequency range
of 100,000 to 0.01 Hz with a 5 mV amplitude referring to
the open circuit potential. The cycling stability was inves-
tigated through evaluating capacitance retention running
1000 galvanostatic charge—discharge cycles.

2.6. Calculations of Capacitance, Energy Density and
Power Density

The capacitance of the electrodes was calculated from the

corresponding CV curves at different scan rates from the

corresponding CV curves at different scan rates from 0 to

1 Vin 1.0 M H,SO, aqueous solution using Eq. (1):

Q:«]uW)/@mxAwa (1)

where C, is the specific capacitance in F/g, [idV is the
integrated area of the CV curve, m is the mass of the active
materials in the single electrode in g, AV is the scanned
potential window in V, and v is the scan rate in V/s.

The capacitance from the GCD curves was calculated
using Eq. (2):

C.=(ix1)/(mxAV) ©)

Where C, is the specific gravimetric capacitance in F/g,
i is the discharge current in A, ¢ is the discharge time in s,
m 1is the mass of the active materials on the working elec-
trode in g, and AV is the scanned potential window in V
(excluding the IR drop at the beginning of the discharge
process).

The energy density, E, and power density, P, of the
electrode materials were calculated from Egs. (3) and (4),
respectively,

C,AV?
E=—=— 3
7.2 ®)

E
P 3600 @)

t

where E is the specific energy density in Wh/kg, P is the
specific power density in W/kg, C; is the specific capaci-
tance in F/g, AV is the scanned potential window (exclud-
ing IR drop at the beginning of the discharge process) in V,
and 7 is the discharge time in s.

3. RESULTS AND DISCUSSION

3.1. Physical Characterizations

3.1.1. Raman Analysis

Raman spectrum is a powerful tool to characterize the
crystalline structure of carbon-based materials due to
their strong response to the specific electronic property.
Figures 1(a)—(d) shows the Raman spectra of RGO, N-G,
AG and N-AG, respectively. Similar D and G band located
around 1300 and 1600 cm™! are clearly seen for all the
graphenes. The G band is attributed to the E,, phonon
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Fig. 1. Raman spectra of (a) RGO, (b) N-G, (c¢) AG and (d) N-AG.
mode of in-plane sp? carbon atoms while the D band is
induced by the interruption of regular hexagonal network
structure such as in-plane defects, edge defects and dan-
gling bonds. The intensity ratio of D to G band (I/I5,
donated as R) is a reliable indicator to evaluate the degree
of structural defects on the graphene sheets and a higher
R value means more defects and disordered structure on
the graphene surface.

The calculated R values are provided in Table I, It is
clear obtained that the R value follows an order as N-AG
(1.301) > AG (1.232) > N-G (1.046) > pure graphene
(1.038), which indicates that the amount of defect is
increased monotonously after N-doping and KOH activa-
tion processes, respectively. In addition, the role of KOH
activation is more predominant as confirmed by the largely
increased R value, indicating a greatly increase of defects
or edge area on graphene sheets due to the KOH etching.
Finally, an obvious negative shift of G band (from 1596 to
1581 cm™!) is clearly seen after KOH activation as shown
in Figures 1(c) and (d) which is probably due to the uni-
axial tensile strain on graphene, indicating an reduction of
GO by KOH.”** The in-plane crystalline size (L) is also
calculated using the following Eq. (1) and summarized in

Table 1. 1
560 (1,\ "
L= —4(—D) 5)
E\1I,

where E, is the excitation laser energy in eV used in
the Raman measurement. It is clearly seen from Table I
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that the L, value is inversely proportional to the R value,
which indicates that the basal structure of graphene has
been affected due to the introduced N containing sites and
increased defects caused by KOH activation. Finally, the
largely decreased L, values of AG and N-AG are probably
due to the KOH etching caused stack of graphene.

3.1.2. Morphology Characterization

The morphology variation of these four graphene was
characterized by SEM as shown in Figures 2(a)-(d), TEM
images were also provided inset each SEM image. It is
clearly seen from Figure 2(a) that the RGO maintains a
typical crumpled graphene structure, which is further con-
firmed by the inset TEM image. For N-G, Figure 2(b),
similar morphology have been observed, indicating a neg-
ligible effect of ammonia on the morphology of RGO.
However, it is clearly seen from Figure 2(c) that the
graphene sheets are inclined to stack together after the
KOH activation, which is probably due to the hydroxide
reduction resulted decreased of oxygen containing groups
on graphene sheet. In addition, a high amount of pyrolytic
carbon is also noticed on their surface of graphene due to
the KOH etching effect, which is further disclosed in the
TEM image as a large concentration of defects are gener-
ated on the graphene surface, giving rise to increased edge
area.

Furthermore, the HRTEM image at the edge of AG
clearly shows the graphite layers, implying that KOH acti-
vation treatment can also induce the stacking of graphene
which is consistent with the negative shift of G band in
Raman. In contrast, a more fluffy structure of graphene
is regained for N-AG, Figure 2(d), which is probably
attributed to the sonicated process and the implanted oxy-
gen containing groups form ammonia. However, the typ-
ical stack structure has not been changed for N-AG as
confirmed by the inset TEM image. In order to further
characterize the element distributions in N-AG, EDS ele-
mental mapping characterization is also employed and
displayed in Figures 2(e)-(h), uniform distributions of
C (blue), O (green), K (red) and N (white) bright dots are
clearly seen, indicating the well distribution of correspond-
ing elements and this effective hydrothermal method. For
the existence of K, most studies suggests that the hydrox-
ide reduction leads to H, and K metals, and carbon is
oxidized to carbonates according to the global reaction.®’

6KOH + C <> 2K + 3H, + 2K,CO,

In addition, this successful N doping method is also con-
firmed by the EDS mapping images of N-G as shown in
Figure 3.

3.1.3. XPS Investigation

XPS as a powerful tool investigating the composition and
valence state of contained elements is also employed to
characterize the structural variation of graphene as shown

Table I. Summary of the I,/I; (R) and L, values of the different
graphenes.

Sample ID R L, (nm)
Pure graphene 1.038 86.57

N-G 1.046 85.91

AG 1.232 72.94

N-AG 1.301 69.07

940
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Fig. 2.
and (h) N in N-AG.

in Figure 4. Figure 4(A) discloses the wide scan surveys
of (a) RGO, (b) N-G, (c) AG and (d) N-AG. Common
peaks as C Is and O 1s are both seen for all these
four graphene, indicating the existence of oxygen con-
taining groups. Furthermore, for AG and N-AG, Figures
(c) and (d), obvious peak assigned to K 2s (378 eV)
and K 2p3 (290 eV) are also observed, indicating the

SEM image of (a) RGO, (b) N-G, (c) AG and (d) N-AG, inset is the corresponding TEM image. EDX mapping image of (e) C, (f) O, (g) K

containment of K which comes from the KOH precursor.
In addition, for N-G and N-AG, Figures 4(b) and (d), clear
peak belonging to N 1s is clearly seen around 400 eV,
demonstrating the successful dopant of N and this effec-
tive hydrothermal method. In order to get detailed infor-
mation about the dopant N, high resolution curve fitting
of N is further proceeded for N-G and N-AG as shown

Sci. Adv. Mater., 10, 937-949, 2018
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in Figure 4(B), for bottom located N-G, three peaks with
binding energies at 398.6, 400.0, and 401.7 eV repre-
senting pyridinic, pyrrolic, and quaternary nitrogen are
clearly obtained. Pyridinic and pyrrolic N can contribute
to the increase of Fermi energy (E;) and density of states
(DOS) of graphene, while Quaternary nitrogen is described
as “graphitic nitrogen” which have a p-doping effect.”®
Detaily, Pyridinic-N refers to nitrogen atoms at the edge
of graphene planes, each of which is bonded to two car-
bon atoms and donates one p-electron to the aromatic
7 systems; pyrrolic-N refers to nitrogen atoms that are
bonded to two carbon atoms and contribute to the 7 sys-
tem with two p-electrons; quaternary nitrogen is also
called “graphitic nitrogen” or ‘“‘substituted nitrogen,” in
which nitrogen atoms are incorporated into the graphene
layer and replace carbon atoms within a graphene plane.”’
Numerous studies have reported that the enhanced elec-
trocatalytic activity is mainly attributed to puridinic-N
and/or pyrrolic-N.”® However, for the top N-AG, only one
peak belonging to pyrrolic nitrogen is obtained, the dif-
ferent curve fitting results are probably due to the afore
proceeded KOH activating process. For the curve fitting
of C, Figures 4(C) and (D), three main groups as C-C
(284.6), C-0O (286.5) and C=0 (288.2) are obtained for
all the graphene samples, which originate from the oxida-
tion and destruction of the sp* atomic structures of pristine
graphene, indicating the existence of oxygen containing
groups regardless of the KOH activating and N-doping
processes. Figures 4(E) and (F) shows the curve fitting
of O in the four graphene. The XPS spectra are fitted to

Potassium Hydroxide Activated and Nitrogen Doped Graphene with Enhanced Supercapacitive Behavior
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(a) SEM image of NG, and corresponding EDS images of (b) C, (c), O and (d) N.

get detailed chemical bonding information about the ele-
ments O with carbon. Three peaks located around 531.08,
532.03, and 533.04 eV can be assigned to the species
of O;, C=0 (oxygen doubly bonded to aromatic car-
bon), O,, C-OH (oxygen singly bonded to aliphatic car-
bon), and O;, C-O—C/HO-C=O0, respectively.”'" Tt is
clearly seen from Figure 4(F) that the ratio of (O,+05)/O,
is largely decreased after KOH activation, which indi-
cates a decrease of oxygen containing groups due to the
hydroxide reduction and is also consistent with the TEM
results about the graphene stack phenomenon. However,
slight increases of O, and O have been found for N-AG,
top of Figure 3(F), indicating an increase of implanted
oxygen containing groups during the reaction with
ammonia.

3.2. Electrochemical Evaluations

3.2.1. Capacitance Investigation

The capacitive performances of the graphene based elec-
trodes were studied using Cyclic voltammogram (CV)
at a high scan rate of 500 mV/s within a potential
range of —0.2 to 0.8 V in 1.0 M H,SO, as shown in
Figure 5(A), The CV curves at other scan rates (1000,
200, 100, 50 and 20 mV/s) are also provided in Figure 6.
Higher current densities and larger enclosed CV areas
are clearly seen in N-AG, followed by AG, N-G and
RGO, indicating more energy stored in the N-AG due to
the increased etched edge area and introduced N-defects.
It is clearly seen from Figure 6(a) that all the RGO
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Fig. 4. XPS image as (A) wide scan survey of (a) RGO, (b) N-G, (c) AG and (d) N-AG, (B) curve fitting of N in N-G (bottom) and N-AG (top),
(C) curve fitting of C in RGO (bottom) and N-G (top), (D) curve fitting of C in AG (bottom) and N-AG (top), (E) curve fitting of O in RGO (bottom)

and N-G (top) and (F) curve fitting of O in AG (bottom) and N-AG (top).

exhibit nonrectangular CV curves with one obvious pair
of redox peaks around 0.4/0.3 V which come from the
quinine/hydroquinone redox transition, indicating the exis-
tence of oxygen-containing functionalities.'”? However,
these redox peaks are largely depressed and the shape
becomes more rectangular after N doping as confirmed
by all the CV curves of N-G in Figure 6(b), indicating

the positive role of dopant N and the ideal double layer
capacitor nature with a charge/discharge process. How-
ever, the quinine/hydroquinone redox peaks still existed in
AG after KOH activation as shown in Figure 5(A(c)). In
addition, a largely increased peak area of AG is observed
compared with that of RGO due to the increased rough
structure increased surface area, indicating the positive role

Sci. Adv. Mater., 10, 937-949, 2018
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of KOH activation. For N-AG, Figure 4(A(d)), depressed
quinine/hydroquinone peaks were observed due to the
introduced N-defects. Obviously, it is clearly seen from
Figure 5(A) that the N-AG exhibits a much higher current
density than other graphene counterparts, suggesting that
N-AG is the most promising materials as supercapacitor
electrodes among all the samples.

Galvanostatic charge—discharge (GCD) as a reliable
method for measuring the specific capacitance of superca-
pacitor were also conducted in the same H,SO, solution
from 0 to 0.8 V with a current density as 1 A/g as shown in
Figure 5(B). The increase in the discharging time always
represents a higher capacitance. It is obtained that the
capacitance of graphene can be greatly enhanced through
the KOH activation and the N doping as confirmed by
the discharging time order as RGO < N-G < AG < N-AG.
The specific capacitances of the different graphene sam-
ples calculated from the CV at 500 mV/s and the charge—
discharge at 1 A/g are summarized in Table II, the
capacitance values observed in CV and C—d curves follow

the same order as N-AG > AG > N-G > RGO, confirming
the positive roles of KOH activation and N-doping respec-
tively. Furthermore, the correlation between the specific
capacitance and the current density for these four graphene
samples is also presented in Figure 5(C). The N-AG has
the highest capacity among all samples at all the same
scan rate. For instance, the N-AG possess a specific capac-
itance of approaching 186.63 F/g with 1 A/g current
density, which is three and four times higher than the spe-
cific capacity for AG (58.38 F/g) and N-G (24.25 F/g),

Table II. Summary of capacitance, energy density and power density
values of different graphenes calculated for CV and GCD results.

CV C; C—d C;  Energy density Power density

Graphene 500 mV/s (F/g) 1 Alg (F/g) (Wh/kg) (W/kg)
RGO 16.30 24.25 2.16 404.25
N-G 34.63 50.88 4.52 397.05
AG 37.86 58.38 5.19 403.54
N-AG 104.21 186.63 16.59 399.22
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Fig. 6. CV curves of (a) RGO, (b) N-G, (c) PG and (d) N-PG in 1.0 M H,SO, with different scan rate ranging from 0.02 to 1 V/s.

respectively. Notably, the capacitance shows almost nine
times larger than that of RGO (24.25 F/g), indicating a
dramatic capacitance increase when combining KOH acti-
vation with N-doping processes. Furthermore, the N-AG
shows a capacity of 186.63 F/g and 154.33 F/g with
1 and 50 A/g current density, respectively, suggesting a
good rate capability for N-AG supercapacitors. In addi-
tion, the voltage drop at the initiation of the discharge is
extremely small of N-AG among all the graphene, indicat-
ing a very low equivalent series resistance (ESR) in the
supercapacitor and the potential of N-AG for high-power
operations. The improvement in power density of N-AG
is further confirmed by the Ragone plot of these four
graphene as shown in Figure 5(D). Similar power density
trend was clearly observed as N-AG > AG > N-G > RGO
with similar range of energy density. The as-developed
N-AG also outperform graphene reported previously and
is also even comparable to those of metal oxide/graphene
and polymer/graphene composites in terms of capacitance
and energy density.!®"'%7 It should be noted that, besides
the appealing electrochemical properties as supercapaci-
tor, the facile prepared N-AG may also show considerable
performances regarding oxygen reduction reaction (ORR)

and Li-ion batteries, which is pivotal to its wide practical
applications.

3.2.2. EIS Characterization

Electrochemical impedance spectroscopy (EIS) as a power
technique to obtain a further fundamental understanding
of the inherent reaction kinetics of the electrode materi-
als was also employed, Figure 7 presents the semicircular
Nyquist plots of imaginary (Z” ) versus real (Z' {)) com-
ponents of impedance conducted in the frequency range
of 100,000 to 0.01 Hz with a 5 mV amplitude referring
to open potential in 1.0 M H,SO,, the enlarged part of
the high frequency region is also provided, No resistor-
capacitor (RC) loops or semicircles appear in the high fre-
quency region, indicating a negligible charge resistance.'’
The excellent capacitance performance can be clearly
demonstrated with the graphene electrode approaching an
almost vertical line. It is clearly seen from the enlarged
high frequency part that the slope of the graphene samples
follow an order as N-AG > AG > N-G > RGO, demon-
strating enhanced reaction kinetics due to the KOH activa-
tion and N doping and is also in good consistent with the
CV and GCD analysis. In order to further analyze the EIS

Sci. Adv. Mater., 10, 937-949, 2018
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Fig. 7. Nyquist plot of (a) RGO, (b) N-G, (c) AG and (d) N-AG, respec-
tively. The inset is the enlarged part of high frequency region.

behavior comprehensively and deeply, simulations are per-
formed on the basis of the equivalent-circuit model using
ZsimpWin commercial software based on an equivalent
electric circuit as shown inset of Figure 7. The simulated
results and associated % error are provide in Table III.
Almost same R values are clearly obtained due to the same
solution resistance. Furthermore, it is clearly observed that
the QO value increased monotonously as N-AG > AG >
N-G > RGO, indicating the same energy storage trend
after KOH activation and N-doping.

3.2.3. Cycling Performance

Since a long cycling performance is among the most
important criteria for supercapacitors, the cycling perfor-
mance is conducted using GCD for 1000 cycles with a
current density of 1 A/g. The cycling performances with
specific capacitances are shown in Figure 8. It is clearly
seen that all the graphene electrodes exhibit excellent per-
formance due to the charging mechanisms of ultracapaci-
tors. All the capacitances have a great retention after 1000
cycles and follow the same order as initial capacitances.
However, an obvious capacitance increase is clearly seen
for N-AG due to the electro-activation, which implies its
great potential application as supercapacitor materials due
to this comparable capacitance as that of pesudocapacitors

Table III. Impedance components for different electrodes by fitting the
experimental data using Zsimp-Win software based on the equivalent
circuit presented inset of Figure 5.
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Fig. 8. Cycling performance as a function of cycling number at a cur-
rent density of 1 A/g for (a) RGO, (b) N-G, (¢) AG and (d) N-AG,
respectively.

and the excellent cycling performance, highlighting that
N-AG have an excellent electrochemical stability and a
high degree of reversibility. The above results clearly
reveal that the electrochemical performance of graphene
can be greatly enhanced combining KOH activation and
nitrogen doping processes.

4. CONCLUSIONS

A facile hydrothermal synthesis method combining KOH
activation and N-doping was successfully employed to
synthesis nitrogen doped activated graphene, which is eco-
nomically and effectively at a very high yield, implying
feasibility for mass production. The synthesized N-AG
exhibited relatively decreased oxygen containing groups
with increased defects due to the etching nature of KOH
and N containing defects were also introduced with this
effective N doping method. These unique properties endow
them as a promising electrode for supercapacitors with
high capacity, excellent rate capability, and long-term sta-
bility. Due to the possibility of scalable synthesis and
prominent properties, the N-AG can offer attractive oppor-
tunities for both fundamental study and potential industrial
applications in catalysis, adsorption, energy storage, and
energy conversion systems.
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