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Abstract: The graphite felt was oxidized at a positive electrode potential in sulfuric acid solution. The electrochemical performance
of the treated graphite felt served as electrode for vanadium redox battery was investigated with FT-IR, SEM, XPS, BET, cyclic
voltammetry and testing VRB system, respectively. The results show that the molar ratio of O to C increases from 0.085 to 0.15 due
to the increase of —COOH functional groups during electrochemical oxidation treatment, and the GF surface is eroded by
electrochemical oxidation, resulting in the surface area increase from 0.33 m%g to 0.49 m%/g. The VRB with modified GF electrode
exhibits excellent performance under a current density of 30 mA/cm?. The average current efficiency reaches 94% and average
voltage efficiency reaches 85%. The improvement of electrochemical activity for the electrode is ascribed to the increase of the

number of —COOH group and the special surface of GF.
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1 Introduction

Energy storage technologies have attracted much
attention with the utilization of solar energy, wind energy
and some other renewable power resources. Compared
with others, all vanadium redox flow battery(VRB)
proposed by SUM et al[1-2] has such unique advantages
as low cost, long cycle life, deep-discharge capability
and clean as well as efficient generation of electricity. At
present, it becomes one of the most practical candidates
for energy reserving purposes[3—4].

An ideal electrode should possess higher electric
conductivity and longer cyclic life in sulfuric acid
containing concentrated and oxidizing pentavalent
vanadium ion (VO3) . Carbon, especially the GF, due to
its greater specific surface area and good stability, is
competitive when compared with metal electrode and
conductive  plastic  composite electrode[2,6—12].
However, the lower electrochemical activity of
commercial GF is still one of the major drawbacks that
limit power density and voltage efficiency of VRB
system. It was reported that oxygen functional groups on

carbon surface behave as active sites for many
electrochemical reactions[13—14]. The redox reactions
would be strongly influenced by the concentration and
nature of the oxygen functional groups on the electrode
surface, since oxygen transfer is involved. SUN et al
reported that the electrochemical activity of GF was
improved by treating the GF with concentrated sulfuric
acid. This result inspired researchers to develop other
novel modification techniques to improve the
electrochemical activity of GF material[5,15].

Electrochemical oxidation has been widely used in
carbon material treatment, and was proved to be an
effective procedure to improve the material activity
[16—17]. However, the application of GF treated by
electrochemical oxidation as electrode material in VRB
system has not been reported yet. In current research, the
electrochemical performance of GF oxidized at a positive
electrode potential in VRB was investigated.

2 Experimental

2.1 Electrochemical oxidation of graphite felt
The analytical graded polyacrylonitrile-based GF
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(Shanghai Energy Carbon Limited Co., China) was cut
into a size of 12 cmx18 cm before oxidation. The GF
plate was used as anode, and Ti plate was used as
cathode. The electrochemical oxidation was carried out
in 1 mol/L H,SO4 solution galvanically. The potential
was kept at 5—15 V. After treating for a predetermined
duration, the TGF was taken out, and washed thoroughly
with deionized water, then dried in a vacuum oven at 120
°C for 5 h.

The oxidation degree (o) of GF, which denoted
oxidation coulomb quantity per gram GF, was
determined according to the following equation:

o=JSt/m (D

where J is the oxidation current density, and S is the
apparent area of GF, ¢ is the oxidation time, m is the mass
of GF.

2.2 Characterizations

XPS was performed on Escalab MK-II electron
energy instrument (Vacuum Generator Co., England).
The radiation was Mg K,. The surface of TGF specimen
was treated by Ar ions. The analyzer channel energy and
multiplier voltage were set at 100 eV and 3.0 kV
respectively. Monosorb direct reading specific surface
analyzer (Quantachrome Co., America) was employed
for BET measurement in He+30%N, atmosphere under
0.1 MPa pressure at 150 ‘C. The Fourier transform
infrared spectra (FT-IR) were recorded from KBr disks
containing the TGF powder on an AVATAR-360
instrument (Licolet Co., Ltd, USA). Scanning Electron
Microscopy (SEM) was performed on a S-2700
instrument (HITACHI, Japan).

2.3 Electrochemical measurement

The CV measurement was carried out on CHI660
electrochemical workstation (CH Instruments Inc.,
America) with a ternate electrode system using TGF with
area of 1.0 cmx1.5 cm as working electrode, Pt as
counter electrode, and Standard Calomel Electrode(SCE)
with Luggin Capillary as reference electrode.

2.4 Charge-discharge performance

Constant current charge-discharge tests for the
redox flow battery were carried out on a battery test
system PCBT-188-1D (Wuhan Lixing Co., China). Two
pieces of TGF with area of 216 cm” (12 cmx 18 cm) were
served as positive and negative electrodes respectively;
PE-01 cation exchange membrane (Hangzhou Qiangiu
Water Treatment Co., China) was served as separator.
200 mL anolyte of 1.6 mol/L V(III) in 3 mol/L H,SO,
solution and 200 mL catholyte of 1.6 mol/L V(IV) in 3
mol/L H,SO, solution[2] were stored separately in two
tanks and were pumped into the positive and negative

compartments of the battery during testing by two
ZT60-600 pumps (Baoding Longer Precision Pump Co.,
China) respectively. The flow rate was kept at 25
mL/min, and the test temperature was 22 C.

3 Results and discussion

3.1 FT-IR analysis

FT-IR spectra of GF samples are shown in Fig.1.
The peaks at 1 654 cm ' and 3 421 cm ' are assigned to
the stretching vibration of C=0 and —OH, respectively.
The peak at 1 400 cm ' is attributed to the curving
vibration of —OH. The peaks at 1 049 cm™' and 1 250
cm ' correspond to the stretching vibration of C—0. No
new absorbing peaks appear on the TGF sample, while
some functional groups present the different absorbing
intensity. The characteristic peak of —OH (3 421 cm)
is obviously broadened and intensified. The peak
intensity of C—H (at 2 975 cm') decreases with the
increase of oxidation degree, and disappears at 0=3 000
C/g. The peak intensity of C=0 (1 654 cm") increases
with the increasing of o value. The intensity of the
—OH curving vibration peak presented (1 400 cm ')
decreases slightly. The intensity of stretching vibration
peaks of C—O at 1 049 cm ' and 1 250 cm ™' reduces
rapidly with the increase of oxidation degree.
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Fig.1 FT-IR spectra of GF with various oxidation degrees

The FT-IR results indicate that the electrochemical
oxidation reduces the content of C—O groups and
increases the number of —OH and C=—=O functional
groups on the GF surface. It may be caused by the
elimination of impurity of alcohol or aether from the
surface of the GF and the formation of —COOH groups
on the GF surface during oxidation treatment.

3.2 Graphite felt mass loss during oxidation

The relationship between GF mass loss and
oxidation degree (o) is displayed in Fig.2. At the
beginning of the oxidation, the mass loss increases with
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the increase of ¢ values, and then experiences a stable
period when ¢ varies in the range of 1 200—3 000 C/g.
The mass loss increases quickly again when oxidation
degree increases beyond 3 000 C/g. The mass loss might
be due to the oxidation of the unsaturated carbon atom.
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Fig.2 Mass loss of GF versus extent of electrochemical
oxidation

3.3 XPS analysis

The general XPS spectra for GF and TGF samples
are shown in Fig.3. It can be seen from Fig.3(a), the GF
sample contains impurity elements such as Si, S and O
besides the major carbon element. The molar ratio of
O/C is about 0.085. The TGF sample contains only C and
O elements; and the impurities Si and S disappear, as
shown in Fig.4(b). The O/C ratio increases from 0.085 to
0.15.

The peak position and peak area percentage for the
curve-fit of C1s spectra are given in Table 1. The Cls
spectrum can be divided into five peaks. It can be seen
from Table 1, the C—C content ( ) decreases from
58.23% to 50.80%, and COOH content (IV) increases
from 11.06% to 15.89%. The absorbed CO/CO, (V)
content rises from 6.525% to 9.51%. In addition, C=0
(IIT) content has a little increase from 5.93% to 6.71%
and C—OH (1II') content decreases slightly from 18.25%
to 17.09%. Those results are in accordance with the
FT-IR analysis.

Table 1 Curve-fit data of C 1s spectra

Curve-fit peak Position Peak areca  Peak area of
corresponding to (Binding of C for C for
functional group  energy/eV) GF/% TGF*/%

Peak | (C—C) 84.6 58.23 50.80
Peak [[(C—OH) 286.1-286.3 18.25 17.09
Peak Il (C==0) 287.3-287.6 5.93 6.71
Peak IV(COOH) 288.4-288.9 11.06 15.89
Peak V(CO/CO,) 290.4-290.8 6.525 9.51

* denotes oxidation degree of 3 000 C/g.
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Fig.3 General spectra of major elements for different graphite
felts: (a) GF; (b) TGF (Oxidation degree of 3 000 C/g)

The curve-fit data of O 1s spectra are listed in Table
2. Three peaks can fit the spectra: Peak [ (531.2—-531.6
eV) and Peak 11 (532.2-533.4 eV) are attributed to the O
Is signals from C—OH and C=0 (or/and C—0—C)
functional groups, respectively. Peak III is assigning to
the adsorbed water and probably some chemical
absorbed oxygen (534.6—535.4 ¢V). When compared the
spectra of GF with that of TGF, the C—=0 content has an
obvious increase from 35.5% to 47.45%, while the C—
OH content reduces sharply from 45.97% to 38.44%.

In general, the functional groups of —COOH
increase after electrochemical oxidation compared with
GF sample. The increased activity of the electrochemical

Table 2 Curve-fit data of O 1s spectra

Curve-fit peak Position Peak area of
dine (Bindi Peak area of C R
rrespondin indin r
COTERpORAINg 10 £ C for GF/% 7
functional group energy/eV) TGF*/%
Peak | (C—OH)  531.2-531.6 45.97 38.44
Peak I (C=0/
C—0—C) 532.2-533.4 355 47.45
Peak III(H,0/0,) 534.6-535.4 18.48 14.11

* denotes oxidation degree of 3 000 C/g.
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oxidized GF for the vanadium redox reactions can thus
be attributed to the increased surface concentration of the

functional groups of —COOH induced during activation.

The —COOH groups on the electrode surface probably
behave as active sites, catalyzing the vanadium species
reactions. The mechanism of catalysis for reactions on
the electrode surface can be hypothesized as follows.

On the positive half-battery, the reactions occur as

Charge

VO2+H,0 VO3 +2H"+e ©)

Discharge

As can be seen from this reaction, the charge and
discharge processes at the positive electrode involve the
transfer of an oxygen atom, which is likely to be the rate
determining step in the overall mechanism. The
availability of oxygen groups on the electrode surface
would thus be expected to affect overall rate of the
reactions.

It can be concluded that electrochemical oxidation
produces the functional group of —COOH, and the
functional group catalyses the V(IV)/V( V) redox
reaction by producing active sites. The improvement in
electrode activity is thus supposed to be due to the
—COOH functional group produced by electrochemical
oxidation. This is proved by the results of
electrochemical experiment.

3.4 SEM and BET analysis

The SEM images of GF and TGF are shown in
Fig.4. As can be seen in Fig.4, the GF sample surface is
clean, while the TGF sample has some layered solid
material clung on the graphite fiber surface, which is
supposed to be the products of graphite crystallite
corrosion due to electrochemical oxidation. The specific
areas of GF sample and TGF sample obtained by BET
single-point adsorption method are 0.33 m%/g and 0.49
m?/g, respectively. The increase of specific area is also
related with the electrochemical oxidation process.

3.5 Electrochemical property

The CV curves of GF are shown in Fig.5. Compared
with untreated material, the TGF exhibits a great
improvement of electrochemical activity for the V(IV)/
V(V) couple. The graph shows a significant increase in
redox peak area. The peak potential separation (Ag,) of
70 mV for TGF indicates that the electrochemical
reaction on TGF is a quasi-reversible process.

An assembled test battery with TGF as electrode
shows good charge and discharge property at 30 mA/cm®
as shown in Fig.6. The battery has 1.30—1.75 V charge
voltage plateau and 1.50—1.25 V discharge voltage
plateau, while the battery with GF as electrode has no
charge voltage plateau and discharge voltage
plateau at all. It is noticeable that the TGF performance

Fig.4 SEM images of different graphites: (a) GF; (b) TGF
(Oxidation degree of 3 000 C/g)
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Fig.5 Cyclic voltammograms at GF electrode before and after
electro-oxidation in 3.0 mol/L H,SO,, V(IV) 0.008 7 mol/L,
and V(V) 0.008 7 mol/L (Sweep rate 0.001 V/s at 25 C).

depends on oxidation extent. Compared with the battery
using TGF electrode treated with the extent of 1 200 C/g,
the cell with TGF electrode treated with the extent of
3 000 C/g has a lower charge voltage plateau of
1.30-1.55 V and higher discharge voltage plateau of
1.45-1.25 V. This indicates that the TGF electrode
treated with the extent of 3 000 C/g has lower
polarization in VRB.
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1.0+ ®— Charge under 3 000C/g
* — Discharge under 3 000 C/g
4 — Charge under 1200C/g
0.8 »— Discharge under 1200 C/g
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Fig.6 Charge-discharge curves of TGF at 30 mA/cm® under
different oxidation extents

The average charge voltage and discharge voltage
of VRB at a current density of 30 mA/cm? are 1.47 V and
1.34 V, respectively. The current efficiency is 94%, and
the voltage efficiency is 84%.

3.6 Charge and discharge performance

The current efficiency, voltage efficiency and
energy efficiency at different charge/discharge current
densities are listed in Table 3. It can be seen that the cell
has good charge and discharge property. The current
efficiency increases from 93% to 96% when the current
density increases from 20 to 50 mA/cm’, while the
voltage efficiency and energy efficiency decrease slightly.
The energy efficiency of VRB at current density of 50
mA/cm? is above 77%.

Table 3 Average efficiency values of 20 cycles for battery with
TGF as electrodes under various current densities

Charge-discharge

Current Voltage Ener
current density/ g gy

efficiency/% efficiency/% efficiency/%

(mA-cm ?)
20 93.15 89.32 83.21
30 94.44 84.25 80.51
40 95.85 81.01 77.65
50 96.48 79.85 77.04

4 Conclusions

1) The GF electrochemically oxidized in 1.0 mol/L
H,S0O, exhibits a great improvement in performance in
the VRB. The electrochemical activity of the TGF is
enhanced due to the electrochemical oxidation, which
increases the molar ratio of O to C and the number of
—COOH functional groups on the surface.

2) The surface of TGF is eroded. As a result, the
surface area increases.

3) The improvement of electrochemical activity is

ascribed to two mechanisms. On one hand, the increase
in the number of —COOH groups is benefit to the
transfer of electron and oxygen element between VO**
and VO3, which catalyzes the redox reaction on the
surface of electrode; on the other hand, the real reaction
area is increased by electrochemical oxidation.

4) The VRB with TGF as electrode displays
excellent charge-discharge property at current density of
20-50 mA/cm’.
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