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T
he concerns about environmental
pollution from the use of fossil fuels
and resource constraints, as well as

energy security, have spurred great interest
in generating electric energy from renewable
sources, such as solar and wind energy.1,2

However, their intermittent nature makes
solar and wind energy unreliable power
sources. The integration of intermittent re-
newable energy into the electrical grid in
the future is highly dependent on the
development and compatibility of energy
storage technologies with the current grid
superstructure.3 Electrochemical storage
technologies that can efficiently store elec-
tricity in chemicals and reversibly release it
according to demand are permissive tech-
nologies to store the intermittent energy
from the sun and wind.4 Distributed elec-
trochemical storage technologies curren-
tly under development include redox flow
batteries,5 sodium�sulfur batteries,6 and
Li-ionbatteries.7 Among these energy storage
technologies, the vanadium redox flow bat-
tery (VRFB) has been considered as a compe-
titive and promising grid energy storage

system for renewable energy due to its low
cost, high efficiency, and good cycling
stability.8

A VRFB is a battery that can store energy
in vanadium-based redox couples and re-
versibly convert them into electrical energy.8

The [VO]2þ/[VO2]
þ (cathode) and V2þ/V3þ

(anode) redox couples play key roles in the
VRFB system to store chemical energy and
convert it to electrical energy, in which the
reaction kinetics of these two redox couples
determine the efficiency of thewhole cell. To
ensure the cell runs with high efficiency,
electrocatalysts are needed on both sides
of the electrode to enhance the reversibility
of the redox couples.9 Traditionally, carbon-
based materials with a graphite phase serve
as both anode and cathode to collect elec-
trons and catalyze the redox couples.10�14

However, the electrode based on pure car-
bonmaterials has shown poor kinetic revers-
ibility, especially on the cathodic side since
the [VO]2þ/[VO2]

þ couple reaction is com-
plex, involving several elementary steps.
Noble metal-based catalysts have shown
higher catalytic activity for the [VO]2þ/[VO2]

þ
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ABSTRACT Nitrogen-doped graphene sheets (NGS), synthesized by annealing

graphite oxide (GO) with urea at 700�1050 �C, were studied as positive electrodes
in a vanadium redox flow battery. The NGS, in particular annealed at 900 �C,
exhibited excellent catalytic performance in terms of electron transfer (ET)

resistance (4.74 ( 0.51 and 7.27 ( 0.42 Ω for the anodic process and cathodic

process, respectively) and reversibility (ΔE = 100 mV, Ipa/Ipc = 1.38 at a scan rate

of 50 mV s�1). Detailed research confirms that not the nitrogen doping level but

the nitrogen type in the graphene sheets determines the catalytic activity. Among four types of nitrogen species doped into the graphene lattice including

pyridinic-N, pyrrolic-N, quaternary nitrogen, and oxidic-N, quaternary nitrogen is verified as a catalytic active center for the [VO]2þ/[VO2]
þ couple reaction.

A mechanism is proposed to explain the electrocatalytic performance of NGS for the [VO]2þ/[VO2]
þ couple reaction. The possible formation of a N�V

transitional bonding state, which facilitates the ET between the outer electrode and reactant ions, is a key step for its high catalytic activity.

KEYWORDS: graphene sheets . nitrogen doping . [VO]2þ/[VO2]
þ couple reaction . redox flow battery
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couple reaction, but they are not cost-effective.15�17

Therefore, the exploration of low-cost and durable
catalysts for efficient [VO]2þ/[VO2]

þ couple reaction is
paramount for further wide applications of VRFB.
Graphene, as a result of its unique two-dimensional

monolayer structure of sp2-hybridized carbon, has at-
tracted interest in a wide range of fields, such as sensors,
batteries, and catalysts.18�20 Recently, reduced graphene
oxide (RGO) or GO has been investigated as an electrode
for VRFB.21�24 It is proposed that the residual hydroxyl and
carboxyl acid groups on graphene sheets (GS) served as
active sites for the [VO]2þ/[VO2]

þ couple reaction.14,21,22

However, the drawback is the difficulty to balance the
electron conductivity and catalytic activity of these GS- or
GO-based catalysts, since improving the conductivity of
RGO means the removal of hydroxyl and carboxyl acid
groups on GS, which inversely unavoidably reduces the
number of catalytic active site and lowers catalytic
activity.21,24 Recently, Penguin Han et al. fabricated a
graphene oxide/carbon nanotube composite as an elec-
trocatalyst for the [VO]2þ/[VO2]

þ couple reaction,22 where
the carbon nanotube acted as the electroconductor and
graphene oxide served as catalytic sites. Can we create
active sites on GS for the [VO]2þ/[VO2]

þ couple reaction
withoutdamaging the electron conductivity?Doping is an
efficient way to tailor the electronic structure of materials
and has been widely applied in nanocarbon materials,
including graphene and carbon nanotubes, to improve
their performances.25�39 In particular, nitrogen,with high
electron negativity, adjacent to carbon, could create
positively charged carbon, which facilitates the adsorp-
tion of smallmolecules (O2) on positively charged carbon
atoms or cationic ions (Liþ, Naþ, Kþ) on negatively
charged nitrogen atoms to improve their intrinsic per-
formance.38,25,39 Recently, some attention has been paid
to thepotential applications of nitrogen-doped carbon as
a cathodic catalyst of VRFB.40,41 However, the role of
nitrogen species for the [VO]2þ/[VO2]

þ couple reaction is
still unclear. Herein,wehave synthesized nitrogen-doped
graphene sheets (NGS) by annealing GO with urea and
found that the catalytic activity of a nitrogen-doped NGS
electrode for [VO]2þ/[VO2]

þ couple reaction is much
higher than an undoped GS electrode in terms of the
results of electrocatalytic kinetics and reversibility. A
detailed investigation revealed that quaternary nitrogen,
stable in acidic solutions, acted as themost active sites for
the [VO]2þ/[VO2]

þ couple reaction. The enhanced cata-
lytic activity of NGS for the [VO]2þ/[VO2]

þ couple reaction
may result from the change of the electron density and
new created localized states in the NGS system induced
by nitrogen doping, which facilitates the absorption of
[VO]2þ and [VO2]

þ ions on the nitrogen dopant and the
conjugation of the electron of the reactant into these
localized states, similar to the previously observed ORR
process on nitrogen-doped nanocarbons.32,42 The find-
ing is believed to be of tremendous assistance for the
designing of novel efficient positive electrode catalysts,

andwe expect this work would provide valuable support
for developing new advanced electrode materials for
VRFB.

RESULTS AND DISCUSSION

GO was synthesized from graphite powder using an
improved method.43 NGS were obtained by annealing
GO with urea under an Ar atmosphere for three hours
in a tubular furnace. For comparison, undoped GS was
also prepared under the same experimental conditions
but without urea. Different annealing temperatures
were used to tune the nitrogen content and bonding
configuration in the NGS. The resulting materials an-
nealed at 700, 800, 900, 1000, and 1050 �C are denoted
as NGS-T (T = 700, 800, 900, 1000, and 1050 �C),
respectively. All of the as-prepared sampleswere collected
andcharacterizedby scanningelectronmicroscopy (SEM),
transmission electron microscopy (TEM), X-ray powder
diffraction (XRD), Raman spectroscopy, and X-ray spec-
troscopy (XPS).
Figure 1a and b show the typical microstructure of

as-prepared sample NGS-900. The SEM image shows a
flake-like morphology (Figure 1a). The detailed TEM
image reveals that the flake-like layers are wrinkled
rather than flat like GO (Figure 1b). Other samples show
similar morphological characteristics (Figure S1). The
wrinkling could be attributed to the local stress in-
duced by the loss of oxygen and the introduction of
nitrogen in NGS, like the wrinkling in the nitrogen-
doped fullerene-like carbon.44,45 Figure 1c shows the
XRD patterns of NGS and undoped GS-900 after being
annealed at 900 �C in Ar for three hours. In the case of
undoped GS-900, GO's typical peak at 10.7� disappears
completely, while a weak and broad diffraction peak
(full width at half-maximum B = 0.082 rad) appears at
26.1� (layer distance d= 0.36 nm), suggesting that GO is
partially reduced. With NGS-T obtained by annealing
GO with urea, a relatively strong and narrow peak at
26.7� (d = 0.34 nm) corresponding to the diffraction of
graphite (002) emerges. These results demonstrate
that GO is well reduced when annealing with urea.
Other NGS samples annealed at different temperatures
also exhibit the (002) peak position at 26.7�, while the full
width at half-maximum (B) increases with temperature.
Thus it can be concluded that GO has been completely
reduced at 700 �C, and further increasing the annealing
temperature cannot improve the reduction degree but
reduces the in-plane crystal size of NGS.46

Raman spectroscopy was also conducted to further
identify themicrostructure of the as-prepared samples.
Figure 1d displays the Raman spectra of NGS and GS,
where in all samples there is a G band centered at
about 1590 and a D band at 1360. The G band arises
from the stretching of the C�C sp2 bond, while the D
band is associatedwith the sp3 defect sites.47 Although
there are no significant changes in the positions of the
D and G bands, NGS (except NGS-700) shows a higher
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intensity ratio of D band to G band, ID/IG, compared
with GS, owing to the introduction of defects by
N-doping (defects may include bonding disorders
and vacancies in the graphene lattice introduced by
nitrogen doping).48 Notably, the ID/IG ratio of NGS
gradually increases upon raising the annealing tem-
perature, suggesting that a higher annealing tempera-
ture may induce more defects on the graphitic planes
especially at high temperatures (>900 �C), which is
consistent with the XRD results.
The elemental compositions and nitrogen-bonding

configurations in these NGS-T samples were investi-
gated via XPS. It is clear that the nitrogen band
emerges in NGS, while it is absent in GS, indicating
that nitrogen is successfully doped into GS. The atomic
contents of carbon, nitrogen, and oxygen in the sam-
ples calculated from the XPS spectra (Figure 2a) are
summarized in Table 1. The oxygen content of NGS-T
(about 3 at. %) is much lower than that of GS-900
(about 12 at. %), further indicating the good reduction
of GO with urea. The nitrogen doping level is sensitive
to the annealing temperature, such that higher tem-
peratures lead to lower doping levels (Table 1), which
may originate from the cracking of unstable C�N
bonds and the removal of nitrogen at elevated tem-
perature. Urea has two functions in the formation of
NGS. First, GO is exfoliated and reduced to GS with the

help of gas produced by the pyrolysis of urea. Actually,
urea has been used as an expansion�reduction agent
to produce graphene from GO.49 Second, although the

Figure 1. Characterization of as-prepared samples: (a) SEM image of NGS-900, (b) TEM image of NGS-900, (c) XRD patterns of
NGS-T and GS-900, (d) visible-Raman spectra of NGS-T and GS-900.

Figure 2. (a) XPS spectra of the NGS-T and GS-900 samples.
(b) Schematic structure of NGS-T. (c) High-resolution N 1s
spectra of NGS-T.
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pyrolysis temperature of urea is as lowas about 180 �C,50

its decomposition products, including cyanuric acid and
melamine, can polymerize into more stable graphite-
like carbon nitride (Figure S1a).51,52 The polymerized
carbon nitride then decomposes to produce NH3 at
temperatures above 600 �C, which is beneficial for
nitrogen doping.46 Notably, unlike annealing GO in an
NH3 atmosphere, which may lead to only a low level of
surface doping (N content: 3.5 at. % at 800 �C),46 a large
amount of NH3 generated from the decomposition of
urea or the polymerized carbon nitride can filter into the
inner space of the GO layers and result in a homoge-
neously higher nitrogen doping level (nitrogen content:
9.11 ( 0.80 at. % at 800 �C).
The bonding configurations of nitrogen in NGSwere

further studied on the basis of high-resolution XPS
spectra. Figure 2c shows the N 1s spectra of NGS. The N
1s band can be deconvoluted into four bands at 398.3,
399.8, 400.9, and 402.9 eV, assigned to nitrogen atoms
in the pyridinic N�C structure, pyrrolic-N�C structure,
quaternary N�C structure, and oxidic-N of pyridinic-N,
respectively.53,54 Themolecular bonding structures are
depicted in Figure 2b. The quaternary-N is a type of
nitrogen that bonds to three carbon atoms in the plane
of the graphene matrix. Pyridinic-N refers to a nitrogen
atom at the edge of GS (including edges created by
vacancy defects). Pyrrolic-N is a nitrogen atom incor-
porated into five-membered heterocyclic rings. Oxidic-
N is a nitrogen atom bonded with two carbon atoms
and one oxygen atom. The relative content of each
nitrogen species is listed in Table 2. With increasing the
annealing temperature from 700 to 900 �C, the relative
content of pyridinic-N decreases from48.56( 0.46% to
35.37 ( 0.31%, while the quaternary nitrogen content
increases from 17.78 ( 0.53% to 31.46 ( 0.50%. Upon
further increasing the annealing temperature from 900
to 1050 �C, the pyridinic-N and quaternary nitrogen
content remains at 35% and 30%, respectively. Almost
no change is observed for the contents of pyrrolic-N
and oxidic-N within annealing temperatures from 700
to 1050 �C. Considering the fact that the total concen-
tration of nitrogen in NGS changes with annealing
temperature, it is worthwhile to study the absolute
concentration of these nitrogen species (calculated by

multiplying the relative atomic content of each nitro-
gen species and total nitrogen concentration) in NGS.
We plot the nitrogen species concentration versus

annealing temperature in Figure 3, where the concen-
trations of all the nitrogen species except quaternary
nitrogen decrease with an increase in the annealing
temperature from 700 to 1050 �C. It is worth special
notice that the concentrations of all nitrogen species
including quaternary nitrogen drop with an acceler-
ated rate above 900 �C. These results demonstrate that
pyridinic-N, pyrrolic-N, and oxidic-N become unstable
above 700 �C. In the case of quaternary nitrogen, its
concentration first increases upon raising the anneal-
ing temperature, reaches amaximum concentration of
2.39( 0.19 at. % at 900 �C, and then rapidly shifts down
to 0.81 ( 0.09 at. % at 1050 �C. These results demon-
strate that the destruction and reconstruction processes
of nitrogen species have happened during the annealing
process. The increase of the quaternary nitrogen concen-
tration from 700 to 900 �C might originate from the
conversion of other nitrogen species in NGS, mainly
pyridinic-N, as previously found in other materials.32,55

Further increasing the annealing temperature above
900 �C would make all of the nitrogen species in NGS
unstable, leading to the removal of nitrogen dopant and
the formation of defects. The bonding configurations of
carbon and oxygen are also analyzed in the Supporting
Information (see Figure S2).
Cyclic voltammetry (CV) was conducted to assess the

catalytic activity of NGS toward the redox [VO]2þ/[VO2]
þ

TABLE 1. Surface Species Content of NGS-T andGS Samples

by XPS Results

species concentration (at. %)

C O N

GS-900 88.08 ( 1.35 11.92 ( 1.07
NGS-700 85.27 ( 1.09 4.61 ( 0.22 10.12 ( 0.88
NGS-800 87.67 ( 0.69 3.21 ( 0.20 9.11 ( 0.80
NGS-900 89.24 ( 0.51 3.14 ( 0.17 7.62 ( 0.59
NGS-1000 92.57 ( 0.67 3.42 ( 0.44 4.01 ( 0.10
NGS-1050 94.29 ( 0.43 3.52 ( 0.30 2.19 ( 0.18

TABLE 2. N Species Content of NGS-T Samples by XPS

N species content (at. %)

pyridinic-N pyrrolic-N quarternary N oxidic-N

NGS-700 48.56 ( 0.46 21.42 ( 0.11 17.78 ( 0.53 12.24 ( 1.10
NGS-800 40.43 ( 0.23 22.62 ( 0.53 23.41 ( 0.44 13.54 ( 0.15
NGS-900 35.37 ( 0.41 20.59 ( 0.44 31.46 ( 0.50 12.58 ( 0.47
NGS-1000 36.65 ( 0.69 23.73 ( 0.29 27.65 ( 0.48 11.97 ( 0.50
NGS-1050 35.31 ( 0.42 24.68 ( 0.32 27.52 ( 0.31 12.49 ( 1.06

Figure 3. Nitrogen species concentration versus annealing
temperature.
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couple reaction in 1 mol L�1 VOSO4 þ 3 mol L�1 H2SO4

solutions. As shown in Figure 4a, the typical redox peaks
corresponding to the redox couple reaction in eq 1
appear on the CV curves of GS-900 and NGS-900
electrodes, while no obvious redox peak is observed
on thepure glassy carbon electrode, demonstrating that
the catalytic activity originates from the catalysts (CV
curves of NGS annealing at other temperatures are also
shown in Figure S3). The GS-900 electrode shows an
anodic peakpotential (Vpa) at 1.02V and a cathodic peak
potential at 0.90 V, along with an anodic (Ipa) and a
cathodic peak current density (Ipc) of 0.086( 0.004 and
0.051( 0.002 A cm�2, respectively. Compared with GS-
900, the NGS-900 electrode shows a little negative shift
of Vpa to 1.00 V and a similar Vpc at 0.90 V, accompanied
by the increase of Ipa to 0.135( 0.014 A cm�2 and Ipc to
0.097( 0.011 A cm�2, respectively. The relatively higher
redox peak current density of Ipa and Ipc on the NGS-900
electrode suggestsmore favorable electron transfer (ET)
kinetics for the [VO]2þ/[VO2]

þ redox couple reaction
than on GS-900.

[VO]2þ þH2O H
catalyst (NGS)

[VO2]
þ þ 2Hþ þ e� (1)

We further evaluated the reversibility of the redox
reaction [VO]2þ/[VO2]

þ bycalculating thepeakpotential
separation (ΔE) and the ratio of the redox peak current
density (Ipa/Ipc) at different scan rates, two important
factors related to the reversibility of the redox reaction.
The peak current density Ipa and Ipc and peak potential
Vpa and Vpc on the NGS-900 and GS-900 electrodes at

different scan rates are obtained from Figure 4b and c.
The value of ΔE on NGS-900 is about 100 mV at a scan
rate of 50 mV s�1 and remains almost constant at
different scan rates. In contrast, GS-900 shows a larger
ΔE value at the same experimental conditions. As for
Ipa/Ipc, the values for NGS-900 and GS-900 are 1.38 and
1.69, respectively, at a scan rate of 50 mV s�1. Though
Ipa/Ipc increases onbothNGS-900 andGS-900 electrodes
with decreasing scan rate, NGS-900 shows a lower Ipa/Ipc
value than GS-900. Combining the value of ΔE and
Ipa/Ipc, we can conclude that NGS-900 possesses a
relatively better reversibility for the [VO]2þ/[VO2]

þ redox
reaction than GS-900.
The mass transfer (MT) property is estimated by

plotting the redox current density versus the square
root of the scan rate (Figure 4d). The redox current is
proved to be nearly proportional to the square root of
the scan rate on both GS-900 and NGS-900 electrodes.
Nevertheless, the slope of NGS-900 is larger than that
of GS-900 for both cathodic and anodic processes,
suggesting a faster MT process on the surface of
NGS-900. The relatively faster MT process on the sur-
face of NGS-900 may originate from the lower surface
energy of NGS-900 induced by the nitrogen doping.
The hydrophilic properties of all samples were tested
and are shown in Figure S4. All of nitrogen-doped
graphene except NGS-1050 shows a contact angle of
about 13.5�, compared with 38.4� for GS-900. The rela-
tively larger contact angle of NGS-1050 (21.1�) may con-
tribute to its low nitrogen-doping level. The enhanced

Figure 4. (a) Cyclic votammograms ondifferent electrodes in 1mol L�1 VOSO4þ 3mol L�1 H2SO4 solutions at a scan rate of 50
mV s�1. Cyclic votammograms in 1mol L�1 VOSO4þ 3mol L�1 H2SO4 solutions (b) on theGS-900 electrode and (c) on theNGS-
900 electrode. (d) Plot of peak current density versus square of scan rate.
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hydrophilic property of NGS and their low surface energy
could facilitate ion transport, as confirmed by previous
reports.28,40

Electrical impedance spectroscopy (EIS) was used to
further investigate the ET process and thereby further
evaluate the catalytic activity of these catalysts. Figure 5
shows the Nyquist plots at 0.90 and 1.00 V for the
reduction and oxidation processes of [VO]2þ/[VO2]

þ,
respectively. The intercept on the real axis is the ohmic
resistance (Rs), attributed to the solution, electrode,
and contact resistance. The left arch (high-frequency
range) can be assigned to the ET resistance (Rct) and
corresponding electric double-layer capacitance (Q1)
of the electrode�electrolyte interface, while the right
arch (low-frequency range) can be assigned to the
Nernst diffusion impedance (Q2) of the redox couple
[VO]2þ/[VO2]

þ.Q1 = Y0,1
�1(jω)�n1, andQ2 = Y0,2

�1(jω)�n2

where Y0,1 (Y0,2) and n1 (n2) are the prefactor and
exponent of Q1 (Q2), respectively. The EIS data are ob-
tained by fitting the Nyquist plots with an equivalent
circuit diagram, and the results are summarized in Table 3.
For the GS-900 electrode, the Rct values corresponding to
the reduction and oxidation processes are 21.76 ( 1.18
and 11.69 ( 0.55 Ω, respectively. For the NGS-900
electrode, they reduce to 7.27( 0.42 and 4.74( 0.51Ω,
respectively. These results further demonstrate that NGS-
900 provides a much smoother ET channel than the GS-
900 electrode for the [VO]2þ/[VO2]

þ redox couple reac-
tion. Meanwhile, NGS-900 holds a larger Y0,2 value and
similar Y0,1 value compared with GS-900 for both the
oxidation and reduction processes. The larger Y0,2 value
indicates a higher MT rate of VO2

þ or VO2þ ions through
the pore channel of the electrode, and the similar Y0,1
value suggests that NGS-900 and GS-900 have a similar
electrode�electrolyte interface.56 From the above results,
we can conclude that the higher catalytic activity of the
[VO]2þ/[VO2]

þ redox couple reaction on NGS-900 can be
attributed to the combined action of faster ET and MT
rates, consistent with the CV results. The high MT rate is
probably due to the low surface energy and enhanced
hydrophilic property of NGS-900 by nitrogen doping.
As for the ET rate, the enhanced ET rate of NGS-900
might originate from the nitrogen dopant, similar to the
oxygen dopant in GS,21,22 accelerating the ET rate for the
[VO]2þ/[VO2]

þ reaction. The fact that NGS-900 contains a
higher nitrogen and lower oxygen content than GS-900
suggests that thenitrogendopant is the catalytically active
component, whereas the catalytic contribution from
the oxygen dopant cannot be excluded completely. It
should be particularly noted that the ET resistance Rct
of the reduction process is much larger than that of the
oxidation process for both GS-900 and NGS-900 elec-
trodes, suggesting faster ET kinetics of the reduction
process than the oxidation process for the [VO]2þ/[VO2]

þ

couple reaction. This result is consistent with the CV
result that Ipc is smaller than Ipa on both NGS-900 and
GS-900 electrodes.

To examine the mechanism of NGS on the [VO]2þ/
[VO2]

þ redox couple reaction, the catalytic activity of
NGS prepared at different temperatures have been
investigated (Figure S5). The catalytic activity of NGS
in terms of peak current density decreases in the order
NGS-900 >NGS-700 >NGS-800 >NGS-1000 >NGS-1050,
while the total nitrogen content of NGS-T, according
to the XPS results, decreases in the order NGS-700 >
NGS-800 > NGS-900 > NGS-1000 > NGS-1050. Obviously,
the catalytic activity of NGS is independent of the nitro-
gen content. In order to probe which nitrogen species is
the active site, the plots of the concentration of each
nitrogen species versus the peak current density are
given in Figure 5. A good linear relationship between
the concentration of quaternary nitrogen and the peak
current density (for both anodic and cathodic electrodes)
is obtained, but no direct correlation can be established
for the other three kinds of species: pyridinic-N, pyrrolic-
N, and oxidic-N (Figure S5). Thus, it is reasonable to
conclude that the quaternary nitrogen species is the
active site for the [VO]2þ/[VO2]

þ redox couple reaction.

Figure 5. Nyquist spectra of electrochemical impedance
spectra of the NGS-900 and GS-900 electrodes obtained in
1 mol L�1 VOSO4 þ 3 mol L�1 H2SO4 solutions at the (a)
anodic potential of 1.0 V and (b) cathodic potential of 0.9 V.
(c) Corresponding equivalent circuit representing the circuit
elements in the Nyquist spectra.
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Asmentionedabove, four typesof nitrogen species in the
graphene matrix are in different bonding environments
and show different electronic structure. Both pyridinic-N
and pyrrolic-N are bonded to two carbon atoms and
contribute one and two p electrons to the π system,
respectively, generating a lone pair of electrons on the
nitrogen atom. In an acidic environment, the lone pair of
electrons localized around the nitrogen atom can be
protonized to N�H (Scheme 1). In addition, oxidic-N in
the graphenematrix can be converted to pyridinic-N first
and then to pyridinic-N�H in an acidic environment
(Scheme 1).57 Nitrogen in pyridinic-N and pyrrolic-N
configurations bears a higher negative charge density
thanquaternary nitrogen,which ismore favorable for the
adsorption of positively charged ions in solutions. How-
ever, the protonation reaction of these nitrogen species in
an acidic environment may make them inactive for the
[VO]2þ/[VO2]

þ redox reaction. In contrast, the quaternary
nitrogen-substituted carbon atom in the graphenematrix
and all electrons are delocalized into the π system of GS
without a lone electron pair around the quaternary nitro-
gen. Thus, the quaternary nitrogen is more stable in an
acidic environment since it is less susceptible to proto-
nization. Therefore, the quaternary nitrogen atoms in NGS
act as active sites for the [VO]2þ/[VO2]

þ redox reaction.

The mechanism for the catalytic process of the
[VO]2þ/[VO2]

þ redox couple reaction on NGS catalysts
is proposed (Scheme2). The relatively high negative
charge density of the incorporated nitrogen due to its
strong electronegativity38 would promote the adsorp-
tion process of positively charged reactant ions, in-
cluding VO2

þ and VO2þ on the active sites. Further-
more, the additional electron of nitrogen can create
localized states around the nitrogen dopant in GS,58

which maymatch the empty molecular orbital of VO2
þ

or VO2þ to form a N�V transitional state and facilitate
the ET between the reactants and the catalysts (first
step). During the catalytic process, with the electrode
potential negatively (positively) shifted, the electron
on the electrode transfers into (out off) the antibond-
ing orbital of VO2

þ (VO2þ) through N�V bonding
(second step). For the reduction process, the additional
electron in the antibonding orbital of VO2

þ weakens
the VdO bond and removes one of the oxygens with
two protons (third step for the reduction process). For
the oxidation process, one H2O molecule coordinates
with the empty orbital of VO2þ to generate a VO2

þ and
two protons (third step for the oxidation process).
Lastly, the VO2þ or VO2

þ is removed from the active
site. Among the four steps, we think that the first step is
the rate-determining step for both the oxidation pro-
cess and reduction process. The higher ET resistance of
GS-900 is likely due to the fact that the reactant ions are
difficult to be adsorbed on the active site and the
electrons of the reactant cannot easily conjugate into
the delocalized p bonding of graphene because of the
mismatch.

CONCLUSION

In summary, we synthesized nitrogen-doped gra-
phene by a simple and scalablemethod and studied its

TABLE 3. Fit Parameters Resulting from the Equivalent Circuit Model in Figure 4

Q1 (CPE) Q2 (CPE)

Rs (ohm) Y0,1 (10
�3) n1 Rct (ohm) Y0,2 (10

�3) n2

NGS-900 anodic 3.73 ( 0.11 6.01 ( 0.21 0.76 ( 0.03 4.74 ( 0.51 3.67 ( 0.12 0.57 ( 0.08
cathodic 3.68 ( 0.12 5.91 ( 0.13 0.75 ( 0.06 7.27 ( 0.42 2.78 ( 0.23 0.62 ( 0.04

GS-900 anodic 3.81 ( 0.20 1.89 ( 0.09 0.83 ( 0.02 11.69 ( 0.55 4.05 ( 0.01 0.48 ( 0.09
cathodic 3.71 ( 0.32 2.62 ( 0.11 0.80 ( 0.03 21.76 ( 1.18 2.76 ( 0.06 0.65 ( 0.07

Figure 6. Relationship between peak current density and
concentration of quaternary nitrogen species.

Scheme 1. Protonation reaction of different nitrogen spe-
cies in an acidic environment.

Scheme 2. Proposed catalytic mechanism of NGS for the
[VO]2þ/[VO2]

þ redox reaction.
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catalytic activity for the [VO]2þ/[VO2]
þ redox couple

reaction. The as-synthesized NGS-900 exhibited excel-
lent catalytic activity, with an ET resistance of 4.74 (
0.51 and 7.27 ( 0.42 Ω for the anodic and cathodic
processes, respectively. We propose that the nitrogen
dopant in GS facilitates the adsorption and coordina-
tion of the reactant ions on the active site, which results
in a high catalytic activity. Among the four nitrogen
species in GS, the quaternary nitrogen is more stable

and serves as the active site for the [VO]2þ/[VO2]
þ redox

couple reaction. These findings would be of help to guide
the design of high-activity catalysts by selectively doping
GS with quaternary nitrogen. Furthermore, other hetero-
atoms, such as phosphorus-, boron-, or sulfur-doped gra-
phene, may also show enhanced catalytic activity for the
[VO]2þ/[VO2]

þ redox couple reaction. The result in this
work opens up a new avenue to fabricate positive electro-
catalysts for vanadium redox flow batteries.

METHODS

Synthesis of NGS-T and GS. GO was prepared by oxidation of
natural graphite powder (100 mesh, Qingdao Huatai Lubricant
Sealing S&T Co. Ltd., Qingdao, China) according to an improved
method.

To prepare nitrogen-doped graphene sheets, the as-pre-
pared GO (100 mg) was thoroughly mixed with a solution of
urea (200 mg) in ethanol (50 mL) by sonicating for 30 min. Then
the mixture was heated to 80 �C and stirred in a 250 mL beaker
until dried. The dried samples were put in a covered crucible in
the center of a tube furnace. Then, the furnace was pumped
with a rotary pump to 10 Pa and washed with Ar three times to
completely remove oxygen in the tube furnace. After that, the
temperature of the furnacewas raised to 600 �C at a heating rate
of 3 �C min�1 and maintained for one hour under Ar flow
(100 sccm). Then, the temperature of the furnace was rapidly
raised to an appointed temperature with a heating rate of
5 �C min�1 and annealed three hours for preparation of NGS.
Five annealing temperatures of 700, 800, 900, 1000, and 1050 �C
were chosen to synthesize NGS with different nitrogen con-
centrations. After the furnace was naturally cooled to room
temperature, the samples were collected for further character-
ization. GS without nitrogen doping was prepared by the same
procedure but without adding urea to GO.

Characterization. TEM and HRTEM images were collected on a
Tecnai-G2-F30 (300 keV) field emission transmission electron
microscope; SEM images were recorded on a Hitachi S4800-F
scanning electron microscope; the XPS spectrum was collected
using a VG Scientific ESCALAB210-XPS photoelectron spec-
trometer with an Mg KR X-ray resource; Raman spectra were
collected with a Jobin Yvon T64000 Raman spectrometer with a
514.5 nm Ar laser as the excitation source. XRD patterns were
recorded on a Rigaku B/Max-RB X-ray diffractometer with
nickel-filtrated Cu KR radiation (Cu KR, λ = 1.5406).

Electrochemical Test. The electrochemical tests were carried
out on an AutoLab workstation. Electrochemical measurements
were conducted using a three-electrode electrochemical cell. A
glassy carbon electrode coatedwith catalysts was used asworking
electrode. The catalysts-coated electrode was prepared as follows:
100 μL of 5 wt % Nafion solution was added in 1 mL of 4:1 v/v
water/ethanol, and then 4 mg of catalyst was dispersed in the as-
prepared solution by at least 60 min sonication to form a homo-
geneous suspension. Then5μLof the suspensionwas loadedonto
a glassy carbon electrode of 3mm indiameterwith amass loading
of about 0.283 mg cm�2. A Ag/AgCl electrode in saturated KCl
aqueous solution and a platinumwire were used as reference and
counter electrode, respectively. Cyclic voltammetry was con-
ducted in 1 mol L�1 VOSO4 þ 3 mol L�1 H2SO4 solutions with a
scanning rate of 10, 20, 50, and 100 mV s�1, respectively. Electro-
chemical impedance spectroscopy was conducted in a 1 mol L�1

VOSO4 þ 3 mol L�1 H2SO4 solution at 0.90 and 1.00 V for the
reduction and oxidation processes of [VO]2þ /[VO2]

þ, respectively.
All experiments were conducted at room temperature (20 �C).
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