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a b s t r a c t

We demonstrate an excellent performance of nitrogen-doped mesoporous carbon (N-MPC) for energy
storage in vanadium redox flow batteries. Mesoporous carbon (MPC) is prepared using a soft-template
method and doped with nitrogen by heat-treating MPC in NH3. N-MPC is characterized with X-ray pho-
toelectron spectroscopy and transmission electron microscopy. The redox reaction of [VO]2+/[VO2]+ is
characterized with cyclic voltammetry and electrochemical impedance spectroscopy. The electrocatalytic
eywords:
anadium redox flow battery
enewable energy storage
itrogen-doped mesoporous carbon
lectron transfer

kinetics of the redox couple [VO]2+/[VO2]+ is significantly enhanced on N-MPC electrode compared with
MPC and graphite electrodes. The reversibility of the redox couple [VO]2+/[VO2]+ is greatly improved on
N-MPC (0.61 for N-MPC vs. 0.34 for graphite), which is expected to increase the energy storage efficiency
of redox flow batteries. Nitrogen doping facilitates the electron transfer on electrode/electrolyte interface
for both oxidation and reduction processes. N-MPC is a promising material for redox flow batteries. This

ider a
eversibility
nergy efficiency

also opens up new and w

. Introduction

The fast development of renewable energy (wind energy, solar
nergy, etc.) has made the scientific research on electrochemical
nergy storage more important and more urgent than ever [1].
nergy storage has been the Achilles’ Heel of renewable energy [2].
ue to the intermittence of wind and solar energy, energy storage is
ecessary to level the fluctuation of power generation and makes it
atch power demand [3,4]. Redox flow batteries [4–7] have been

roposed as a promising grid energy storage system for renew-
ble energy due to its low cost, modularity configuration, flexible
peration, and fast power response [8].

A redox flow battery is an electrochemical energy system that,
ather than storing energy at the electrodes like lithium batter-
es, stores electric energy in two separated solutions containing
ifferent redox couples with different electrochemical poten-
ials [8]. Several redox couple-based flow battery systems have
een proposed and developed (e.g., bromide/polysulphide [5,9,10],

n(II)/Mn(III) [11], Ce(III)/Ce(IV) [12,13], soluble Pb battery [14]),

mong which the all-vanadium redox flow battery ([VO]2+/[VO2]+

positive] –V3+/V2+ [negative] redox couples) [15] is the most devel-
ped one [7,16,17] due to its low cost, high energy efficiency
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© 2010 Elsevier B.V. All rights reserved.

and long service lifetime. The most important advantage of all-
vanadium redox flow battery is the use of the same element
(vanadium) in both half-cells that greatly alleviates the problem
with cross-contamination of the two half-cell electrolytes [8,18].
The cross-contamination of electrolytes is the main degradation
model of redox flow batteries. It has been shown that the redox
reaction of V(II)/V(III) couple (negative side) is more reversible
and the reaction kinetics is much faster [19–21]. However, the
kinetics of the [VO]2+/[VO2]+ reaction is much slower and more
complex which involves at least three elementary steps (i.e. one
electron transfer and two proton exchanges) and several com-
plex intermediates depending on the electrolyte pH and potentials
[20,22]. Therefore, the electrochemical kinetics limitation of vana-
dium redox flow batteries is in the positive side ([VO]2+/[VO2]+

redox couple). It is important to develop novel electrodes with
high catalytic activity toward [VO]2+/[VO2]+ redox reaction. Cur-
rently, the most widely used electrodes for redox flow batteries are
graphite-based materials [23] such as graphite felt [17,18], graphite
powder [16], and carbon black [24,25].

Nitrogen-doped carbon nanostructured materials have been
shown to exhibit higher electrocatalytic activity in many electro-

chemical devices such as fuel cells [26–31] and biosensors [32].
Here we study the electrochemical redox behavior of [VO]2+/[VO2]+

couple on nitrogen-doped mesoporous carbon (N-MPC) electrode,
which shows much higher performance than the widely used
graphite.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yuyan.shao@gmail.com
mailto:yuehe.lin@pnl.gov
dx.doi.org/10.1016/j.jpowsour.2010.01.015


4376 Y. Shao et al. / Journal of Power Sources 195 (2010) 4375–4379

F 0 M V
e

2

2

o
t
a
c

h
a
I
b
E
a
s
s
f
c
w
c
P
h
f
w
p
a

2

m

ig. 1. (a) Cyclic voltammograms (CV) on different electrodes in 3.0 M H2SO4 + 1.
lectrodes at various scanning rates in 3.0 M H2SO4 + 1.0 M VOSO4.

. Experimental

.1. Chemicals and materials

VOSO4, 5 wt% Nafion solution, and sulphuric acid were
btained from Sigma–Aldrich and used as received without fur-
her purification. Graphite powder (∼40 �m, Sigma–Aldrich) was
ttrition-milled in 2-propanol for 2 h to further decrease the parti-
le size (200–300 nm) and increase the active surface area.

Nitrogen-doped mesoporous carbon (N-MPC) was prepared by
eat-treating the mesoporous carbon (MPC) in NH3 atmosphere,
nd the MPC was prepared using a soft-template method [33].
n brief, 1.25 g phloroglucinol and 1.25 g polyethyleneoxide-
-polypropyleneoxide-b-polyethyleneoxide (Pluronic F127
O106PO70EO106) were dissolved in 9.0 g of a mixture of ethanol
nd water (10:9 in weight), then 0.1 g 37% HCl was added and the
olution was stirred for half an hour. 1.3 g of 37% formaldehyde
olution was then added to the mixture in one batch and stirred
or 1 h. A polymer layer was separated from the reactants by
entrifugation and cast into a thin film on a Petri dish. The film
as first cured overnight at room temperature and then further

ured overnight at 100 ◦C. The cured film was scratched off the
etri dish and carbonized under nitrogen in a tubular furnace via
eating ramps of 1 ◦C min−1 from 100 to 400 ◦C and 5 ◦C min−1

rom 400 to 850 ◦C and kept at 850 ◦C for 2 h. The obtained MPC
as then heat-treated in NH3 atmosphere at 850 ◦C for 2 h to
roduce N-MPC. The specific surface area of N-MPC and MPC are
bout 1100 m2 g−1 and 500 m2 g−1, respectively.
.2. Materials characterization

The TEM images of N-MPC were taken on a JEOL TEM 2010
icroscope equipped with an Oxford ISIS system. The operating
OSO4 (50 mV/s); CVs on nitrogen-doped mesoporous carbon (b) and graphite (c)

voltage on the microscope was 200 keV. All images were digitally
recorded with a slow-scan CCD camera. The XPS measurements
were carried out on the Physical Electronics Quantum 2000 Scan-
ning ESCA Microprobe. This system used a focused monochromatic
aluminum K� X-ray (1486.6 eV) source and a spherical section ana-
lyzer. The X-ray beam used was a 100 W, 100-mm diameter beam
rastered over a 1.3-mm by 0.2-mm area on the sample. Wide-scan
data were collected using pass energy of 117.4 eV. The samples
were dried in vacuum before XPS test.

2.3. Electrochemical tests

The cyclic voltammetry (CV) and the electrochemical
impedance spectroscopy (EIS, 1–105 Hz, amplitude = 5 mV)
tests were carried out in 3.0 M H2SO4 + 1.0 M VOSO4 solution
using a three-electrode cell which was controlled with a CHI660C
workstation (CH Instruments, USA). In order to study the reduction
process of the [VO]2+/[VO2]+ redox couple, 3.0 M H2SO4 + 1.0 M
VOSO4 solution was first oxidized at 1.0 V [34] and then the EIS
was carried out. A Pt wire and Ag/AgCl electrode were used as
the counter and reference electrodes, respectively. The working
electrode was prepared by applying highly dispersed carbon ink
onto the pre-polished glass carbon disk electrode. A Nafion thin
film was formed on the surface by dropping 10 �L 0.05 wt% Nafion
on it after the ink was dried. The carbon ink was prepared by
dispersing carbon powder (graphite, MPC, N-MPC powder) in
ethanol under strong ultrasonication. Carbon loading on the disk
electrode is 20 �g.
3. Results and discussion

Fig. 1a shows the cyclic voltammograms (CV) on nitrogen-
doped mesoporous carbon (N-MPC), mesoporous carbon (MPC) and
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raphite electrodes. The redox peaks (0.85–1.05 V) are attributed to
he following reversible reaction [8].

VO]2+ + H2O ↔ [VO2]+ + 2H+ + e− (1)

The electrocatalytic activity (peak currents/peak potentials and
nset potentials of redox reactions) and the reversibility of reaction
I) are the key criteria in evaluating the performance of an electrode
or a redox flow battery. It can be seen from CVs in Fig. 1a that the
nset potentials of the oxidation process are 0.82, 0.89 and 0.91 V
n N-MPC, graphite and MPC electrodes, respectively, which means
hat the electrocatalytic kinetics of the oxidation process in reac-
ion (I) on the electrodes are in the order of N-MPC > graphite > MPC.
he lower oxidation potential is beneficial for improving the energy
torage efficiency because it implies a lower charge voltage for the
edox flow battery (the energy storage efficiency of a battery is
n direct proportion to the ratio of discharge/charge voltages) [8].
he redox peak current (Fig. 1a) is much higher on N-MPC than
hat on graphite electrode, and no obvious redox peak on MPC
lectrode. Therefore, N-MPC exhibits the highest electrocatalytic
ctivity toward reaction (I). The reversibility of reaction (I) can be
stimated from the ratio of the reduction peak current and the oxi-
ation peak current, which is 0.61 and 0.34 for N-MPC and graphite
espectively (calculated from Fig. 1a with background subtraction,
o data available for MPC electrode because of no obvious peak
urrents).

The reversibility of reaction (I) can also be characterized with
he peak potenitals. Fig. 1b and c shows the CVs at various scan-
ing rates on N-MPC and graphite electrodes respectively. The
eak potentials for the redox reactions of [VO]2+/[VO2]+ on N-
PC keep almost unchanged with increasing potential scanning

ates, indicating that the redox reactions of [VO]2+/[VO2]+ is quite
eversible on N-MPC electrode. However, the anodic (cathodic)
eak potentials shift positively (negatively) on graphite electrode
ith increasing potential scanning rates, which implies that the

eversibility of reaction (I) on graphite electrode is poorer than that
n N-MPC.

Fig. 2 shows the electrochemical impedance spectroscopy (EIS)
Nyquist plots) of different electrodes in 3.0 M H2SO4 + 1.0 M VOSO4
olution at 1.0 V (a) and in anodically oxidized 3.0 M H2SO4 + 1.0 M
OSO4 solution at 0.9 V (b). Based on the CV (Fig. 1a), the reac-

ion at 1.0 V corresponds to the oxidation process of [VO]2+/[VO2]+

nd the reaction at 0.9 V corresponds to the reduction process of
VO]2+/[VO2]+. Z′ (∼3.5 �) at Z′′ = 0 is the ohmic resistance that
ombines the solution, electrode and the contact resistance. It
eeps almost constant for N-MPC and MPC, but slightly smaller for
raphite electrode which might be due to the high conductivity of
raphite. The first arc (high frequency range) in the Nyquist plots
s due to the charge transfer reaction at the electrolyte/electrode
nterface, the radius of which reflects the charge transfer (reac-
ion) resistance [17]: the smaller arc radius implying the faster
eaction (the lower reaction resistance). It can be seen that the reac-
ion resistance is always in the order of N-MPC � graphite � MPC.
his is consistent with the CV results. Therefore both EIS and CV
esults show that both the reduction and oxidation processes of
VO]2+/[VO2]+ redox couple are enhanced on N-MPC electrode.

Fig. 3a shows the survey XPS spectra of N-MPC, MPC and
raphite. The XPS spectra are very clean for all the three carbon
amples (without any metal impuries such as Fe, Co, Ni which might
ffect the catalytic activity of carbon electrodes [35]). Nitrogen was
bserved only on N-MPC (nitrogen content of 3.3% calculated from
he XPS data). The oxygen signal in the spectrum of graphite is due

o the oxidation of graphite during the strong milling process and
he adsorption of oxygen on the defects of milled graphite. Based
n the signal intensity of oxygen and carbon in the XPS spectra,
he oxygen content is in the order of MPC > graphite > N-MPC. The
xygen content in mesoporous carbon significantly decreases after
Fig. 2. Electrochemical impedance spectroscopy (EIS) of different electrodes in
3.0 M H2SO4 + 1.0 M VOSO4 solution at 1.0 V (a) and in anodically oxidized 3.0 M
H2SO4 + 1.0 M VOSO4 solution at 0.9 V (b).

NH3 treatment. This might be due to the decomposition of oxygen-
containing groups at high temperature (850 ◦C) [36,37] and the
reaction between NH3 and oxygen-containing groups [38]. Fig. 3b
shows the N1s high-resolution XPS of N-MPC which reveals several
nitrogen functional groups [39,40]: pyridinic-N (N1, BE (binding
energy) = 398.7 ± 0.2 eV), pyrrolic-N (N2, BE = 400.3 ± 0.2 eV), qua-
ternary nitrogen (N3, BE = 401.2 ± 0.2 eV), N-oxides of pyridinic-N
(N4, BE = 402.8 ± 0.4 eV). The molecular structures (chemical states)
of these nitrogen functional groups can be described as the follow-
ing [40,41]: pyridinic-N (N1) refers to the nitrogen atom on the
edge of graphene planes, which is bonded to two carbon atoms and
donates one p electron to the aromatic � system; Pyrrolic-N (N2)
refers to the nitrogen atom that is bonded to two carbon atoms and
contributes to the � system with two p-electrons; quaternary nitro-
gen (N3) can be described as “graphitic nitrogen” or “substituted
nitrogen”, in which nitrogen is incorporated into the graphene layer
and replaces a carbon atom within a graphene plane; N-oxides of
pyridinic-N (N4) are bonded to two carbon atoms and one oxygen
atom, and can be termed as pyridinic –(N+–O−).

If we compare the properties of N-MPC and graphite, in addi-
tion to nitrogen doping, they are different in several aspects (for
example, the specific surface area, the pore sizes and distribution,

the graphitic structures). Each of these factors might contribute
to their difference in the electrochemical performance. However,
if we compare MPC and N-MPC, the main difference is in the
nitrogen doping and the oxygen content. It is known [42–45] that
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ig. 3. (a) Survey XPS spectra of graphite, mesoporous carbon, and nitrogen-doped
esoporous carbon; (b) N1s XPS spectra of nitrogen-doped mesoporous carbon.

xygen-containing groups accelerate the electron transfer and the
lectrocatalytic activity of carbon electrodes (N-MPC is the lowest
n oxygen content). Therefore, the higher electrocatalytic activ-
ty and the more reversibility of reaction (I) on N-MPC are only
ttributable to the nitrogen doping. Nitrogen doping [27] has been
hown to improve the electrocatalytic activity of carbon nanos-
ructures toward, for example, oxygen reduction [26,28,29,31],

ethanol oxidation [46,47], and H2O2 reduction [32]. It has been
hown through density functional theory (DFT) calculations that
arbon atoms adjacent to nitrogen dopants possess a substantially
igh positive charge density to counterbalance the strong elec-
ronic affinity of the nitrogen atom [28]. The “positively charged”
arbon atoms work as the active sites for the oxidation reaction
electrons are transferred from the reactants to the electrode). The
ve valence electrons of nitrogen atoms contribute the extra charge
o the � bond in graphene layers (e.g., pyridinic-N possesses one
one pair of electrons in addition to the one electron donated to
he conjugated � bond system), which enhances the basicity of
arbon [48,49] and the electrical conductivity of nitrogen-doped
arbon [50]. This is beneficial for the reduction process (electrons
re transferred from the electrode to the reactant). The redox pro-
ess of [VO]2+ ↔ [VO2]+ involves the breaking and formation of V–O
onds [20,51]. The nitrogen-induced charge delocalization might
lso change the chemisorption mode of V/O atoms on carbon, like
n the case of oxygen reduction [28] and decrease the activation

nergy for vanadium–oxygen bond formation and breaking, which
acilitates the redox process.

In addition, nitrogen doping also changes the wetting prop-
rty of mesoporous carbon and makes N-MPC more hydrophilic
Fig. 4. TEM image of nitrogen-doped mesoporous carbon.

[52] which increases the electrochemically active sites. TEM image
(Fig. 4) shows that the pore sizes of N-MPC are 6–10 nm. This is
beneficial for mass transfer.

4. Conclusions

In summary, we have demonstrated a novel electrode mate-
rial with significantly enhanced performance for energy storage
application in vanadium redox flow batteries: nitrogen-doped
mesoporous carbon (N-MPC). The reaction kinetics and reversibil-
ity of [VO]2+/[VO2]+ redox couple, which is considered to be
the controlling reaction in vanadium redox flow batteries, are
greatly improved on N-MPC electrode compared with undoped
mesoporous carbon and graphite electrodes, which is expected
to increase the energy storage efficiency. The enhanced catalytic
activity is attributable to nitrogen doping which makes both the
electrochemical oxidation and reduction reactions facile on carbon
electrodes. N-MPC is a promising electrode material for vanadium
redox flow batteries. This work presents new chemistry on and
opens up wider applications of nitrogen-doped carbon materials, in
addition to the traditional applications for oxygen reduction [27,28]
and the oxidation/reduction of small molecules (methanol [30,47],
H2O2 [32]).
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