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The electrochemically activated graphite electrode (EAGE) is obtained by a simple and moderate method

of anodic potentiostatic polarization. The composition, microstructure, and electrochemical properties of

EAGE are characterized by high resolution X-ray photoelectron spectroscopy, high resolution

transmission electron microscopy, cyclic voltammetry and electrochemical impedance spectroscopy. The

results show that the electrochemical activity and the reversibility for electrode processes of V(II)/V(III)
and V(IV)/V(V) couples on EAGE are significantly improved due to the introduced C=O and COOH
groups. The rate constant of charge transfer for the anodic oxidation of V(IV) on EAGE is evaluated as

8.17x10™* cm's™!, which is about 20 times larger than that on the pristine graphite electrode of 4.09x107

cms™.

1. Introduction

The vanadium redox flow battery (VRFB), as a promising
technology for large-scale energy storage, has been attracted
more and more attention due to its advantages such as long cycle
life, fast response time, deep-discharge capability, and low
pollution emitting.'* Carbon based materials have been reported
to be the major electrode materials in VRFB, such as graphite
felt, > carbon paper,® carbon coating,™® carbon fiber,” and so on.
However, these carbon based electrode materials have been
proved to own poor electrochemical activity and kinetic
reversibility. In fact, considerable efforts have been devoted to
enhance the electrochemical activity of carbon based materials by
increasing functional groups, which can catalyze the
electrochemical reaction of vanadium ion redox couples.'®'¢ The
graphite  electrode is  electrochemically activated by
electrochemical method in this investigation and the objective is
to investigate the effect of electrochemical activation on kinetics
of electrode processes of V(II)/V(III) and V(IV)/V(V) couples by
cyclic voltammetry and electrochemical impedance spectroscopy.
It should be possible to gain a simple and moderate method to
improve the electrochemical activity of the carbon based
electrode.

2. Experimental
2.1 Sample preparation

The electrochemically activated graphite electrode (EAGE) was
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obtained by anodic potentiostatic polarization of the graphite
electrode, which was described in the literature,'” at 1.8 V vs.
saturated calomel electrode (SCE) for 2 h in 2 mol dm™ H,SO,
solution at the bath temperature of 20 °C.

2.2 Characterization of graphite electrode

The flake of the graphite was peeled off from the surface of the
electrode before and after electrochemical activation for further
characterization. The high resolution transmission electron
microscopy (HRTEM) was obtained by using a JEOL-2100F at
an accelerating voltage of 200 kV. High resolution X-ray
photoelectron spectroscopy (HRXPS) with a resolution of 0.1 eV
was obtained with ESCALAB250 XPS (Thermo VG, USA) at
5.5x10" mbar. AI-Ko(1486.6 eV) was used as X-ray source at 15
kV of anodic voltage. Spectra were analyzed using Spectrum
software (XPSPEAK41).

2.3 Electrochemical measurements

The cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS, frequency range from 107 to 10° Hz,
amplitude of 5 mV) were carried out on PARSTAT 2273-
potentiostat/galvanostat/FRA by a conventional three-electrode
cell. The reference electrode was a SCE, the counter electrode
was a graphite plate with the dimension of 50 mmx60 mmx2
mm, and the working electrode was the pristine graphite electrode
and EAGE as described in section 2.1. The electrolytes used were
2 mol dm™ VOSO, + 2 mol dm™ H,S0, and 2 mol dm™ V(III) +
2 mol dm™ H,SO, for the positive and negative, respectively. All
chemicals were of analytical grade, and de-ionized water was
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used for all experimental solutions. In addition, all the potentials
are quoted with reference to SCE (0.242 V vs. normal hydrogen
electrode) unless otherwise stated.

3. Results and discussion
3.1 Composition and microstructure characterization

The representative HRXPS Cls spectra of the pristine graphite
electrode and EAGE are fitted and shown in Fig. 1. From Fig. la,
the position of the main Cls peak at 284.5-284.7 eV implies that
the carbon is present in graphite form.'® The Cls peak at 285.0-
285.5 eV is attributed to the carbon in C-OH and C-O-C groups
and the n-7* transition is detected at 290 eV.'>2 By comparison
with Fig. 1a, another two new peaks of the carbon in C=0O and
COOH groups, respectively, at 286.3 and 288.4 eV are
introduced on EAGE as shown in Fig. 1.2 In addition, the O
content and the O/C ratio on EAGE reach to 17.01% and 0.205,
compared to 9.0% and 0.10 of the pristine graphite electrode,
respectively. These results further indicate that the C=0O and
COOH groups are introduced on the surface of EAGE. The
functional groups of C=0 and COOH introduced on EAGE may
improve the hydrophily and affect the property of electronic
structure of the graphite electrode because both of the groups are
hydrophilic which can improve the properties of the electrode
especially the ion adsorption ability. Therefore, they can directly
affect the reaction kinetics and mechanism by providing specific
reaction or adsorption sites for vanadium redox couples.®* In
other words, they may act as the reactive sites which are
supposed to catalyze the redox processes of vanadium ions.
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Fig. 1. Cls HRXPS spectra of the pristine graphite electrode (a) and
EAGE (b)

Fig. 2 shows HRTEM images of the pristine graphite and EAGE.
It is obvious that the pristine graphite is flaky with flat and
smooth surface as shown in Fig. 2a. The lamellar structure of the
graphite flakes can be observed at the edge of the graphite flakes
from the detail view as shown in Fig. 2b. However, after
electrochemical activation, the flat and smooth surface is
damaged and became rough as shown in Fig. 2c¢. In addition, lots
of edge plane sites and defect sites at the edge of graphite flake,
comparison with the pristine graphite as shown in Fig. 2b, can be
observed from the detail view as shown in Fig. 2d. These
increased edge plane and defects site are supposed to provide
more active adsorb sites or reactive places for the vanadium ions
reactions. By comparison with Fig. 2b and combine with XPS
analysis shown in Fig. 1, These edge plane and defect sites may
be the C=0 and COOH groups introduced during electrochemical
activation because the carbon atoms at the edge of graphite flake
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are more active and easier to be oxidized. %

Fig. 2. HRTEM images and its detail view of the pristine graphite
electrode (a and b) and EAGE (c and d)

3.2 Cyclic voltammetry and electrochemical impedance
spectroscopy behavior

The cyclic voltammograms of the pristine graphite electrode and
EAGE in 2 mol-dm™ H,SO04+2 mol-dm™ VOSO, solution at the
scan rate of 5 mV-s™ are shown in Fig. 3. It is obvious that three
pairs of oxidation and reduction peaks of O;/R;, O,/R,, and O3/R3
appear on EAGE, which are corresponding to the oxidation and
reduction peaks of V(II)/V(III), V(III)/ V(IV), and V(IV)/V(V)
couples, respectively. However, only one pair of oxidation and
reduction peaks of V(IV)/V(V) couple is observed on the pristine
graphite electrode as shown in Fig. 3. In addition, all of the
electrochemical processes for the vanadium ion redox couples are
apparently quasi-reversible on EAGE, but the ratios of the anodic
peak and cathodic peak current for V(II)/V(I), V(II)/ V(IV),
and V(IV)/V(V) couples are mostly close to 1:1. Furthermore, by
comparison with the pristine graphite electrode, the peak current
density of V(IV)/V(V) couple on EAGE is significantly
enhanced. The most important thing is that the peaks at the 0.35
V and 0.03 V are observed on EAGE, which are supposed to be
the redox reactions of the V() V(IV) and infrequently
observed and seldom discussed in previous literatures.”® All of
these reveal that V(II)/V(I), VII)/ V(IV), and VIV)/V(V)
couples on EAGE display better electrochemical activity and
reversibility than that on the pristine graphite -electrode,
especially for V(II)/V(III), and V(III)/ V(IV) couples. According
to section 3.1, This may be due to the electrochemical oxidation
and reduction of V(I)/V(III), V(III)/V(IV), and VAV)/V(V)
couples can be catalyzed by the functional groups of COOH and
C=0 introduced on EAGE because of the carbon-oxygen
functional groups involving in the mechanism of electrochemical
processes for the vanadium ion redox couples.'> *” Meanwhile,
Some studies have indicated that the surface defects and edge-
plane sites can facilitate the electron transfer and make the
vanadium ions reaction much easier than that on the basal
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plane.”?° Therefore, the catalytic mechanism is presumed as
described following. Because of the oxygen functional groups of
COOH and C=0 introduced on EAGE, more reactive vanadium
ions can be adsorbed onto the EAGE surface, the electron transfer

s and oxygen transfer processes can also be catalyzed and become
more faster on the EAGE than on the pristine graphite electrode.
Therefore, the EAGE becomes more active towards the vanadium
ions, which makes the reaction currents density lager than those
of the pristine graphite electrode.

a—— Pristine graphite electrode
0.15 b——EAGE

Current density / A- cm™

1
-0.5 0.0 0.5 1.0 1.5

o E/Vvs. SCE

Fig. 3. The cyclic voltammograms of the pristine graphite electrode (a)
and EAGE (b) in 2 mol-dm?® H,SO4+2 mol-dm® VOSO, solution at the
scan rate of 5 mV-s’

The cyclic voltammograms of the pristine graphite electrode and

15 EAGE in 2 mol-dm™ H,SO4+2 mol-dm® VOSO, solution with
different scan rates are shown in Fig. 4. It reveals that, for a given
scan rate, both the anodic peak and the cathodic peak current
density (ip) of V(IV)/V(V) couple are enhanced on EAGE, e.g.,
the peak current density for the anodic oxidation of V(IV) and

20 cathodic reduction of V(V) increases from 0.150 and 0.100 A-cm’
% to 0.346 and 0.287 A-cm™, respectively, at the scan rate of 20
mV-s™. In addition, the peak potential separation (AE,) decreases
from 103 to 61 mV at the scan rate of 10 mV-s"'. These suggest
that the reaction rate of anodic and cathodic processes of

s V(IV)/V(V) couple on EAGE are much higher than that on the
pristine graphite electrode.

F'S

— 20mv-s! 03 a 20mVs®

T
0.15F : 03 b
r_» F— 15mv-s! o 03— 15mV-s
] | g 7.1
omv- £ 10 mV-s
S .q0f — 10mVss So2f U™
< — 5 mv-s! < 5 mVs /
> 005 > | S0l 2 mV-s)
5 00F
S 000} =
£ 005} 5
S S-02}
-0.10 | 03}
06 07 08 09 1.0 L1 12 06 07 08 09 1.0 1.1 12
E/V vs. SCE E/V vs. SCE

Fig. 4. The cyclic voltammograms of the pristine graphite electrode (a)
and EAGE (b) in 2 mol-dm™ H,SO+2 mol-dm™ VOSO, solution with
30 different scan rates.

As we known, for an irreversible electrode process, the peak
current of the cyclic voltammogram can be described as
following Eq. (1), thus the standard rate constant, &y, can be

evaluated by cyclic voltammograms. *'
35 1,=0.22TnFACokoexp[-onF(Ey-Eo)/RT] (1)
where A is area of the electrode (cm?), Cy, is bulk concentration of
V(IV) ion (mol-dm™), o is charge transfer coefficient, £, is the
equilibrium potential, Other symbols in the equation have their
usual electrochemical significance. According to the typical
s examples of cyclic voltammograms shown in Fig. 4, the
relationship between Ini, and (E,-E,) for the oxidation of V(IV)
on the pristine graphite electrode and EAGE in 2 mol-dm™
H,SO,+2 mol-dm™ VOSO, solution can be obtained and shown
in supporting information Fig. S1. The plots have a slope of -
4s onF/RT and an intercept proportional to the standard rate
constant, ky. Therefore, ky can be evaluated by extending the
linear region of the plots to E,-E¢=0. The rate constant of charge
transfer for the anodic oxidation of V(IV), ky, on EAGE is
evaluated as 8.17x10™* cm-s™, which is about 20 times larger than
s that on the pristine graphite electrode of 4.09x107° cm-s” (see
supporting information Fig. Sla and S1b). According to Sun and
Skyllas-Kazacos’s reports that the oxygen functional groups on
the carbon felts can facilitate the reactions of the V(IV)/V(V)
redox reactions because the oxidation and reduction processes of
ss VAIV)/V(V) involving the transfer of an oxygen atom. '* *
Therefore, we can conclude that the kinetics of electrode process
of V(IV)/V(V) couple are significantly improved by functional
groups of COOH and C=O introduced on graphite electrode by
electrochemical activation.
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Fig. 5. Nyquist plots of the pristine graphite electrode (a) and EAGE (b)
(the insert shows the corresponding image in the high frequency region)
in 2 mol-dm™® H,SOs+2 mol-dm™® VOSO, solution for different
polarization potentials

s The Nyquist plots of the pristine graphite electrode and EAGE in
2 mol-dm™ H,SO,+2 mol-dm™® VOSO, solution at different
polarization potentials are shown in Fig. 5. The Fig. 5a shows
that, the experimental curves have the shape of a semi-circle in
the high frequency region, whereas it is a straight line with a

70 slope of unity approximately in the low frequency region. This
indicates that the anodic oxidation of V(IV) on the pristine
graphite electrode is a mixed kinetic-diffusion controlled process.
However, for EAGE, the diameter of semi-circle in the high
frequency region is much smaller than that on the pristine

75 graphite electrode, which is shown in the insert of Fig. 5b. These
suggest that the reaction rate of the anodic oxidation of V(IV) on
EAGE is much higher than that on the pristine graphite electrode,
which is in agreement with the results of cyclic voltammograms
shown in Fig. 4 and the standard rate constant, k,, evaluated from

so Fig. Sla and Fig. S1b.

Fig. 6 shows the cyclic voltammograms of the pristine graphite
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electrode and EAGE in 2 mol-dm™ H,SO,+2 mol-dm™ V(III)
solution with different scan rates. By comparison with Fig. 6a, It
is obvious that both the anodic peak and the cathodic peak current
density (i) of V(II)/V(III) couple increase significantly on EAGE
as shown in Fig. 6b. Furthermore, the peak potential separation
(AE,) on the pristine graphite electrode and EAGE decreases
from 405 to 138 mV at the scan rate of 20 mV-s™, respectively.
This means that the V(II)/V(III) couple on EAGA displays much
better electrochemical activity and reversibility than that on the
pristine graphite electrode.
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Fig. 6. The cyclic voltammograms of the pristine graphite electrode (a)
and EAGE (b) in 2 mol-dm™ H,SO,+2 mol-dm™ V(III) solution with
different scan rates

According to the typical examples of cyclic voltammograms
shown in Fig. 6, the relationship between Ini, and (E,-E,) for the
reduction of V(III) on EAGE can be obtained and shown in the
supporting information Fig. S2. Therefore, the rate constant of
charge transfer for the cathodic reduction of V(III), k), on EAGE
is calculated as 1.12x10” cm-s™”, which is even larger than that
on the anodic oxidation of V(IV) on EAGE. This may be due to
the V(II)/V(III) redox reaction more strongly depends on the
formation of surface active functional groups of C-OH and
COOH than dose the V(IV)/V(V) redox reaction. '>*
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Fig. 7. Nyquist plots of the pristine graphite electrode (a) and EAGE (b)
in 2 mol-dm™ H,SO, +2 mol-dm™ V(III) solution at different polarization
potentials

The Nyquist plots of the pristine graphite electrode and EAGE in
2 mol-dm™ H,SO,+2 mol-dm™ V(II) solution at different
polarization potentials are shown in Fig. 7. From Fig. 7a, we can
conclude that, the cathodic reduction of V(III) on the pristine
graphite electrode is a mixed kinetic-diffusion controlled process.
However, for EAGE, it is a straight line with a slope of unity
approximately in the frequency region from 10 to 10° Hz, which
indicates that cathodic reduction of V(III) on EAGE is a
completely diffusion controlled process. In other words, the

o
b

6:

%

7

=)

75

80

85

I

S

95

reaction rate of the cathodic reduction of V(III) on EAGE is
much higher than that on the pristine graphite electrode. These
results are consistent with the cyclic voltammograms as shown in
Fig. 6.

4. Conclusions

The EAGE is obtained by a simple and moderate method of
anodic potentiostatic polarization of the graphite electrode in 2
mol-dm™ H,SO,. The electrode processes of V(II)/V(III),
VAI)/V(IV), and VAV)/V(V) couples with better reversibility
are firstly and simultaneously obtained on an electrochemical
modified graphite electrode.

The electrochemical activity and the reversibility for electrode
processes of V(I)/VI) and VIV)/V(V) couples are
significantly enhanced on EAGE, which is due to the functional
groups of C=0 and COOH introduced on the surface of EAGE.
The rate constant of charge transfer for the anodic oxidation of
V(IV) on EAGE is evaluated as 8.17x10™* cms™!, which is about
20 times larger than that on the pristine graphite electrode of
4.09x107° cm-s™". Meanwhile, the rate constant of charge transfer
for the cathodic reduction of V(III) on EAGE is calculated as
1.12x107 em's™.
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Graphical abstract

The electrochemical activity of the graphite electrode and the reversibility for
electrode processes of vanadium ions redox couples are significantly enhanced on
EAGE, which is due to the functional groups of COOH and C=0O introduced on the

surface of graphite electrode during electrochemical activation.
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