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Nitrogen-doped Carbon Paper as Electrodes for Vanadium Redox Flow Batteries
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Abstract: To improve the electrochemical activity of carbon paper (CP) for vanadium redox flow batteries, CP was
modified by heat treatment in atmosphere of NH; at 600 (NCP-600) and 900°C (NCP-900), respectively. The FTIR
results indicate that the nitrogenous groups have been introduced on the surface of CP by modification successfully.
Compared with the pristine sample, the water contact angle of NCP-900 decreases from 120.5° to 99.7°, indicating the
improved hydrophilicity of CP by nitrogen doping. The SEM results show that there is no obvious morphology change
on the surface of CP after nitrogen doping, which do not affect the mechanical property. The electrochemical activity
of CP is enhanced significantly by nitrogen doping. The oxidation current peak of V(IV)/V('V) couple on NCP-900 is
92.1 mA, much higher than that of pristine sample (68.9 mA). The cells with NCP-900 and pristine sample as
electrodes were assembled and the charge-discharge performance was evaluated. The energy efficiency of cell with
NCP-900 as electrode at a current density of 20 mA/cm’ is 83.73%, 2.59% larger than that with the pristine sample.

The improved electrochemical performance of nitrogen-doped carbon paper is due to the increased active sites and the

enhanced hydrophilicity provided by the introduced nitrogenous groups.
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With massive consumption of fossil fuels, the growing
environmental pollution and limited reserves have re-
quired use of new energies, such as solar energy, wind
energy, etc!'. However, it is difficult to integrate these
new energies into electrical supply grids due to the inter-
mittent varied nature of these resources’’. Large-scale
electrical energy storage system, such as flywheels,
compressed air, superconducting magnetic energy stor-

age and redox flow batteries*”

, can promote a new
opportunity for the wide commercial application of new
energies. The vanadium redox flow batteries (VRFB),
originally proposed by Skyllas-Kazacos, et al’®'" have
been investigated extensively!''"'*). It is believed to be
one of the most important energy storage systems of in-
termittent renewable energy as its many advantages, in-
cluding high energy efficiency, long cycle life, flexible
design, low maintenance cost and environmental friend-
ship® """l In the VRFB system, V(IV)/V(V) and
VAI)/V(II) redox couples are employed as active species
in the positive and negative side, respectively, which are
separated by ion-exchange membrane. The reaction place
of charge transfer is provided by the electrode. A standard

voltage of 1.26 V is produced in VRFB system through the
following reactions"’.

Cathode : VO** + H,0—¢” Charge

Discharge

VO,+2H"E’=1.00 V (1)

Anode: V¥ e «BE v B0 =026V (2)
ischarge

Cell: VO*' + H,0+ V*' &2, yvOI+2H'+V* E =126V (3)

Discharge

The electrodes play an important role in VRFB, be-
cause the electrochemical reaction takes place on the sur-
face of the electrodes, although they do not act as active
species directly'*. Consequently, choosing suitable elec-
trode materials is of fundamental importance for good
electrochemical performance of VRFB. Currently, the
most widely used electrodes for VRFB are PAN-graphite
felt, due to its wide operation potential range, low cost and
excellent stability!">"'%. However, the poor hydrophilicity
and electrochemical activity of these electrodes limit the
energy efficiency and power density for the VRFB sys-
tem!'""® Until now, a series of modification methods
have been reported to improve the electrochemical activity
of electrodes, such as acid treatment''” heat treatment!'?,
electrochemical oxidation™, and introducing functional
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groups as well as electrocatalystst?' %],

Carbon paper (CP), as an electrode for VRFB, has been
paid much attention because of the relatively smaller
volume and higher power density. However, the carbon
paper also has bad hydrophilicity and electrochemical ac-

(2425 enhanced the electrochemical activity of

tivity. Liu
CP by acid treatment and heat treatment, mainly owing to
the increase of -COOH functional groups. Recently,
Shao!*? investigated the electrochemical performance of
nitrogen-doped mesoporous carbon in VRFB system and
found that the electrocatalytic kinetics of the V(IV)/V(V)
redox couple was significantly enhanced by nitrogen dop-

(23] ) modified the graphite felt and

ing. Huang'~' and Liu
carbon paper by hydrothermal ammoniated method and
the enhanced electrochemical performance was acquired.
However, the nitrogen-doped mesoporous carbon is
difficult to be applied in practice due to its structure. And
the strict requirements for device and tedious treatment
time limit the application of hydrothermal ammoniated
treatment. In this paper, the carbon paper as electrode was
modified by heat treatment in atmosphere of NH; with
advantages, such as short treating time, convenient

operation and suitability for large batch production.
1 Experimental

1.1 Materials preparation and characterization

The carbon paper (HCPO30N, 0.29 mm, Shanghai
Hesen Ltd. Co., China) was modifed by heat treatment in
atmosphere of NHj;. Prior to heating, NH; was passed into
the tubular furnace for 30 min at a flow rate of 1.0 L/min
to eliminate air. Then the carbon paper was heated in the
tubular furnace via heating ramps of 5°C from ambient
temperature to 900 °C and kept at 900 °C for 150 min
(NCP-900) in atmosphere of NHj at a flow rate of 0.3 L/min.
The pristine carbon paper and the carbon paper heated at
600°C (NGF-600) were used as comparison.

The surface morphologies of the samples were charac-
terized with a field-emission scanning electron microscope
(Nova NanoSEM230, Czech) at an acceleration voltage of
10 kV. Fourier transformation infrared spectroscopy (FTIR)
was recorded from dried KBr disks containing the crushed
carbon paper powder on a NICOLET 6700 instrument
(Thermo Fisher Scientific) to characterize groups on the
carbon paper. The wetting properties were characterized
by water contact angle measurement on the contact angle
goniometer (JC2001).

1.2 Electrochemical measurements

Cyclic voltammetry tests were performed using the
RST5200 electrochemical workstation (Zhengzhou Shiruisi
Technology Co., Ltd., China). A three-electrode system

was used to measure the electrochemical performance of
carbon paper, with a Pt electrode (2.0 cmx2.0 cm) as the
counter electrode, a saturated calomel electrode (SCE)
along with salt bridge as the reference electrode and the
different carbon paper with an area of 1.0 cm® as the
working electrode. Prior to each measurement, the carbon
paper was soaked in the electrolyte for 4 h. The reference
electrode was washed with distilled water, and the solution
in salt bridge was replaced before measurements. Cyclic
voltammetry was carried out between 0 V and 1.6 V vs
SCE at a scan rate of 10 mV/s, and the corresponding
electrolyte is 1.0 mol/L V(IV) in 3 mol/L H,SO,. Unless
otherwise specified, the electrode potentials are reported
relative to the SCE electrode.
1.3 Charge-discharge test

Constant current charge-discharge tests for a single
static cell were carried out between 0.7 V and 1.7 V at a
current density of 20 mA/cm® with a battery test system
(CT2001A-10V/2A, Wuhan Land Co., China). 1.2 mol/L
V(1) + 3 mol/L H,SO4 and 1.2 mol/L V(IV) +3 mol/L
H,SO,4 were used as the positive and negative electrolyte in
the cell, respectively. The carbon paper (3.0 cmx3.0 cm)
was soaked in the corresponding electrolyte for 24 h at
room temperature before serving as electrodes. A
perfluorinated ion-exchange membrane (Best Industrial &
Trade Co., Ltd., China) was employed as the separator for
electrolytes. Before each test, the charge-discharge tests
were performed at a current density of 10 mA/cm® to
activate the electrode for one cycle. The CP and NCP-900
as electrodes were used as comparison.

2 Results and discussion

2.1 Materials characterization

The surface morphologies of different carbon paper are
shown in Fig. 1. SEM analysis is performed to characterize
the features of CP and NCPs. As shown in Fig. 1, there is
no obvious change on the surface of carbon paper after
treatment. However, the NCPs are more smooth than CP,
which may be attributed to the reaction between NH; and
carbon paper, which removes some contaminants on the
surface of carbon paper that may hinder electron
transfer!”). There are fewer contaminants on NCP-900,
compared with NCP-600, which is due to stronger reaction
at higher heat treatment temperature.

Fourier transform infrared spectra of different carbon pa-
pers, recorded in the range of 4000-760 cm™, are shown in
Fig. 2. As for the CP, the peaks at 3446 and 2920 cm™ are
assigned to the stretching vibration of -OH and C—H, respec-
tively. The peaks at 1391 and 1090 cm™ are attributed to the
bending vibration of C—H and stretching vibration
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Fig. 1

Surface morphologies of different carbon paper

(a) CP; (b) NCP-600; (c) NCP-900

of C-O, respectively. Compared with CP, a stronger
absorption peak within 3300-3500 cm™ appears in NCPs
due to the overlap of the stretching vibration of -NH, and
—OH™. The new peak at about 1638 cm™ is corresponded
to the deformation vibration of N-H. The peak at 2920 cm™
of the NCPs corresponded to the stretching vibration of
C-H becomes weaker, as some C-H was substituted by
—~NH,. The peak at 1383 cm™' is assigned to the stretching
vibration of N-O, owing to the interreaction between O
and N atoms at high temperature. The nitrogen doping
degree is relevant to the heat treatment temperature, so the
NCP-900 has stronger peaksat about 3444 and 1638 cm™,
compared with the NCP—600. The FTIR results indicate
that the nitrogenous groups are introduced on the surface
of carbon paper successfully by heat treatment in
atmosphere of NHj.
2.2 Wetting property

The wetting properties of carbon papers were charac-
terized by water contact angle test. The cross-sectional
views of water droplets on the surface of different carbon
papers are presented in Fig. 3. The smaller contact angle
reflects the enhancement of wetting properties for carbon
paper. As can be seen in Fig. 3, the contact angle of
NCP-600 and NCP-900 are 105.3° and 99.7°, respectively,
both smaller than that of CP (120.5°). It indicates that
nitrogen doping can enhance the hydrophilicity of carbon
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Fig. 2 FTIR spectra of different carbon paper
(a) CP; (b) NCP-600; (c) NCP-900

paper, and NCP-900 has better hydrophilicity between two
NCPs. This results can be explained as follows. The ni-
trogenous functional groups, such as —-NH,, introduced by
heat treatment in atmosphere of NHj;, can improve the
hydrophilicity of carbon paper. And the lower contact an-
gle of NCP-900 is attributed to higher nitrogen doping
degree at higher heat treatment temperature.
2.3 Cyclic voltammetry

Figure 4 shows the cyclic voltammograms of 1.0 mol/L
V(IV) in 3.0 mol/L H,SO, solution with different carbon
papers as working electrode. The relevant electrochemical
data obtained from Fig. 4 are listed in Table 1. It can be
seen from Table 1 that the peak currents for oxidation and
reduction reaction both increase after heat treatment in
atmosphere of NHj;. The oxidation peak currents for
V(IV)/V(V) couple with NCP-600 and NCP-900 are 83.8
and 92.1 mA, much higher than that with CP (68.9 mA).
The result demonstrates that the electrochemical activity
of V(IV)/V(V) redox couple is improved by nitrogen
doping. Compared with CP, the peak potential interval
decreases and the ratio of reduction peak current to
oxidation peak current is more close to 1, which proves
that nitrogen doping could enhance the electrochemical
reversibility. As all the tests were performed in the same
conditions, the improved electrochemical performance of
carbon paper is attributed to the introduction of
nitrogenous groups, which can be known from the results
of FTIR. On the one hand, according to the results of
density functional theory calculations, carbon atoms
adjacent to nitrogen atoms possess a high positive charge
density to counterbalance the strong electronic affinity of
the nitrogen atoms'*!. The “positively charged” carbon
atoms activated by nitrogen atoms can be employed as the
active sites. In addition, the introduced nitrogenous groups
can enhance the hydrophilicity,

| (a) W (b) W ©

120,5° = 105.3° E oo 7°

Fig. 3 Cross-sectional views of water droplets on different



782 o WL M ORE 2E R

%30 %

carbon paper
(a) CP; (b) NCP-600; (¢) NCP-900
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Fig. 4 Cyclic voltammograms of 1.0 mol/L V(IV) in 3.0 mol/L
H,SOy solution with different carbon paper as working electrode

which can increase the effective concentration of
vanadium ions on the surface of carbon paper. Therefore,
the electrochemical activity and reversibility can be

enhanced by heat treatment in atmosphere of NHj.

2.4 Charge-discharge property

A typical charge-discharge curve of the cells with CP
and NCP-900 as electrodes respectively is shown in Fig. 5.
As observed, the cell with NCP-900 as electrodes exhibits
better electrochemical properties, with lower charge
plateau and higher discharge plateau. The charge discharge
time of the cell with NCP-900 as electrodes is longer than
that with CP, which indicates that the cell with NCP-900
has larger discharge capacity.

Figure 6 shows the coulombic and energy efficiencies
of the cells with different carbon papers as a function of

cycle number at a current density of 20 mA/cm?. It can be
known that the coulombic efficiencies of both cells with
CP and NCP-900 are similar. The average coulombic effi-
ciencies of cells with CP and NCP-900 are 96.70% and
95.90%, respectively. The energy efficiency of cell with
NCP-900 is 83.73%, 2.59% larger than that of the cell
with CP. With the structure and materials remaining con-
stant, the changes of energy efficiency can reflect the elec-
trochemical activity of different carbon paper. The results
prove that the electrochemical performance of carbon pa-
per has been enhanced by nitrogen doping. The improved
electrochemical performance of carbon paper is mainly
attributed to the more active sites introduced by nitrogen
doping. Moreover, better hydrophilicity provided by the
nitrogenous groups is favorable for the mass transfer of
vanadium ions.

3 Conclusions

An efficient approach based on heat treatment in at-
mosphere of NHj is employed to modify the carbon paper
efficiently. The results show that the nitrogenous groups
can be introduced on the surface of carbon paper success-
fully, and the wetting property and electrochemical per-
formance can be enhanced significantly. The average en-
ergy efficiency of the cell with NCP-900 as electrode at a
current density of 20 mA/cm® for 50 cycles is 83.73%,
2.59% larger than that of the cell with pristine sample.
The results indicate that nitrogen doping by heat treat-
ment in atmosphere of NH; might be a promising
approach to modify the carbon paper for vanadium redox
flow batteries.

Table 1 Relevant data obtained from cyclic voltammetry for 1.0 mol/L V(IV) solution with different carbon paper

Sample Anodic peak, |,./mA Cathodic peak, l,./mA Peak potential interval, AE,/mV Lol Le
CP 68.9 43.1 329 0.626
NCP-600 83.8 55.3 290 0.660
NCP-900 92.1 62.4 297 0.678
1.8 100
96| wmmmm”%
1.6 ol
= L4r ° 88+
210} NI e
5 5 80+
< 1ot & 76
B ol —8— Energy efficiencies with CP
08F 68 —e— Energy efficiencies with NCP-900
—4— Coulombic efficiencies with CP
0.6k 64 - v— Coulombic efficiencies with NCP-900
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Time / min

Fig. 5 The 10" charge-discharge curves of the cells employing dif-
ferent carbon papers as electrodes at a current density of 20 mA/cm®

Cycle number

Fig. 6 Efficiencies of cells employing CP and NCP-900 as
electrodes at a current density of 20 mA/cm?
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