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CdO-Modified Graphite Felt as a High-Performance
Negative Electrode for a Vanadium Redox Flow Battery
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Abstract: To improve the electrocatalytic activity of pristine graphite felt (GF) towards the V**/V* redox couple and
reduce the impact of the hydrogen evolution reaction (HER) on battery performance, in this study, cadmium oxide
(CdO) nanoparticles were loaded onto the surface of graphite felt fibers by the hydrothermal method to prepare a
high-performance negative electrode of a VRFB. The results of scanning electron microscopy (SEM), X-ray
diffraction (XRD) showed that CdO nanoparticles were uniformly loaded on the surface of graphite felt fibers; Linear
sweep voltammetry (LSV), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (ELS) results
indicated that the activity of HER was significantly inhibited by the presence of CdO. Furthermore, the
electrochemical activity and reversibility of cadmium-doped graphite felt (CdO/GF) for the V**/V?* redox reaction
were significantly improved, and the charge transfer resistance was also significantly reduced as compared with GF.
In a single-cell test, compared to GF, the discharge capacity attenuation rate of CdO/GF significantly decreased, the
voltage efficiency and energy efficiency of CdO/GF were enhanced by approximately 5% at a current density of 90
mA - ecm™. Moreover, the catalytic performance of CdO/GF showed good stability during constant current 100 charge-

discharge tests.
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0 Introduction

With the of the global

economy in recent years, the demand for energy is

rapid development

increasing. Fossil fuels are currently the main source
of energy, but because they are not renewable,
resources are gradually being depleted. Additionally,
fossil fuels cause severe pollution of the environment,
global warming, and climate change, and therefore,
there has been an urgent need to develop clean
renewable energy sources such as those from water,
wind, and the sun'"?. However, according to the changes
in the natural environment, the usage of unstable and
intermittent renewable energy is facing more
challenges, and to compensate, large-scale energy
storage technology has emerged™. The all-vanadium
redox flow battery (VRFB) is a secondary battery that
uses a pump to circulate vanadium ions of different
valence states as a reaction substance. With its long
cycle life, high security, no pollution to the environ-
ment, deep discharge, capacity that can be designed
according to requirements, little cross-contamination,
and other advantages, the VRFB has become one of
the most promising electrochemical energy storage
systems for renewable energy!®”.

In spite of many outstanding advantages, there
are still some drawbacks that restrict the commercial
application of VRFBs. For example, VRFBs have lower
energy density'™, the membrane of the VRFB has poor
ionic selectivity, causing serious cross-contamination

9]

of the active species”, and graphite felt has poor

electrochemical activity and kinetics reversibility ",

The electrode is where the battery reaction occurs,

and the energy efficiency of a VRFB largely depends

on the physicochemical properties of its electrodes!".

Graphite felt (GF) is considered as a preferred electrode
material for VRFB because of its large surface, high

conductivity, high stability in strong acidic conditions,

[3.12]

and low cost However, graphite felt has poor

wettability and electrocatalytic  activity, which

originates from its hydrophobic property!'.
In order to address these problems, many studies

have been devoted to the modification of graphite felt.

The modification methods include: acid treatment ™,

liel

heat treatment''®, electrochemical oxidation treatment!"”,

(18]
2

surface metallization non-metallic element treat-

Y etc. The acid treatment, heat treatment, and

ment!
electrochemical oxidation treatment mainly increase
the oxygen-containing functional groups on the surface
of the graphite felt fibers to improve the hydrophilicity
of the graphite felt and the adsorption capacity of the
reactive material. The surface metallization treatment
and non-metallic  element treatment use an
electrocatalyst (including metal and metal oxides and
non-metallic materials) loaded with nanostructures on
the surface of graphite felt fibers to increase the
active sites for redox reactions!".

At present, many studies have focused on the
modification of the positive electrode of the VRFB™*!,
while the modification of the negative electrode of the
VRFB involves very little effort™. As the poor perfor-
mance of V**/V** redox reaction occurs in the negative
side of the VRFB limiting the battery performance.
Moreover, according to the reduction standard
potential values of the reaction shown in reaction
equations (1) and (2), The hydrogen evolution reaction
(HER) is thermodynamically favorable.

Ve —VH EC=-0.26 V 1)

2H*+2e—H, EC=0 V (2)

This indicates that an irreversible reaction (HER)
simultaneously occurred because of the reduction of
V3* at the negative electrode during the charge. As a
result, V** was not entirely reduced to V*, whereas VO*
was completely oxidized to VO, which forced the end
of the charge. During the discharge, there was insuffic-
ient V* to balance VO,". The HER is a parasitic process
that consumes 5% to 50% of the current applied to a
cell. The bubbles generated from it will reduce the
liquid-phase volume in the electrodes, reducing the
active surface area of the electrodes, and affecting the
flow of the electrolyte. The HER will lead to
unbalanced charging of the VRFB, an increase in
and a decrease

battery polarization, in  battery

2630 Recently, some efforts have been

performance
made to inhibite the activity of the HER and improve

the electrochemical activity of V**/V** redox reaction.
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Especially, bismuth (Bi) was confirmed as excellent
catalyst for V**/V** redox reaction. For instance, Li
et al.?" employed electrolytes containing Bi*, Bi nano-
particles are synchronously electrodeposited onto the
surface of a graphite felt during operation of VRFB. In
single cell test, the EE is increased by 11% at 150
mA rem™; Liu et al.P? used bismuth to modified the
GF by hydrothermal method. Experimental results
shows that bismuth can effectively inhibit the side
reaction of hydrogen evolution in wide temperature
range, while promoting the V*/V* redox reaction.

(Cd) has a high hydrogen
evolution overpotential, it can effectively inhibit the

activity of the HER™. Additionally, cadmium oxide

Because cadmium

(CdO), as a semiconductor material, its special energy
band structure can make it more difficult for the
products formed by the reaction to adsorb onto the
electrodes surface. Moreover, the oxidation rate of the
electrode surface is higher than that of the general
electrode™. Therefore, in this work, CdO was used as
a catalyst to inhibit the activity of the HER and
improve the electrocatalytic activity of graphite felt.
Using a hydrothermal method, cadmium-doped graphite
felt was successfully synthesized for the first time to
act as a high-performance negative electrode of VRFB.
The surface morphology and crystal structure of the
graphite felt fibers were determined by scanning electron
microscopy (SEM) and X-ray diffraction (XRD). The
electrochemical activity of the electrodes was evaluated
by linear sweep voltammetry (LSV), cyclic voltammetry
(CV), and electrochemical impedance spectroscopy
(EIS). Finally, VRFB performance was evaluated by
the single-cell test. Moreover, a catalytic reaction
mechanism for CdO in the redox reactions occurring

in this negative half-cell is proposed.
1 Experimental

1.1 Electrode preparation

All chemicals were used directly without further
(PAN)-based graphite
felt (6 mm thickness, Shanghai Hongsheng Industrial

purification. Polyacrylonitrile

Co., Ltd.) was obtained, and pieces with dimensions of

3 cmx3.5 ecm and 1 em X1 e¢m were used as the

electrodes. To avoid impurities and enhance wettability,
untreated graphite felt was heat-treated in air at 400
°C for 2 h and then cooled to room temperature to
obtain heat-treated graphite felt (GF). Cadmium-doped
graphite felt (CdO/GF) was synthesized through a
hydrothermal method as follows: 0.4 g Cd(NOs),-4H,0
(Shanghai Jinshanting New Chemical Reagent Factory)
was dissolved in 40 mL deionized water under stirring
at room temperature. After stirring for 30 min, the
solution was transferred to a 100 mL Teflon-lined
autoclave, and the GF was immersed in the solution.
After careful sealing, the autoclave was heated to 180
°C and maintained at temperature for 10 h. After the
reaction, the autoclave was cooled to room temperature.
The GF was removed from the autoclave, washed three
times with deionized water, and dried in a drying oven
at 70 °C for 12 h. In order to enhance the adhesion
between GF and CdO, after the hydrothermal reaction,
the sample was heat-treated at 400 °C for 1 h in an N,
atmosphere.
1.2 Physicochemical characterization

The surface morphology of graphite felt fibers
was observed by scanning electron microscope (Hitachi
S-4800). The crystallographic structure of the samples
was analyzed by X-ray diffraction (Miniflex 600X
Japanese Science with Cu Ka radiation (A=0.154 nm)
at 40 kV and 15 mA), and scanning between 5° and
80° (26) at a scan rate of 10°-min™".
1.3 Electrochemical characterization

The electrochemical performance of prepared
electrodes was examined using an electrochemical
workstation (Gamry Reference 3000). The linear sweep
(CV), and
(EIS) were
performed using a three-electrode setup consisting of

CdO/GF (1 emx1 em) as the working electrode, a

voltammetry  (LSV), cyclic voltammetry

electrochemical impedance spectroscopy

platinum sheet as the counter electrode, and a
(SCE) as the reference

electrode. The LSV test was carried out in the potential

saturated calomel electrode

range between —1.5~0 V at a scan rate of 5 mV-s™ in
0.05 mol -L " NasSO, solution. The CV test was
conducted between —1 V and O V at a scan rate of 5

mV s in 0.1 mol-L™" VOSO, and 3 mol -L™" H,SO,
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electrolyte solution. In addition, the EIS test was
carried out under open circuit potential (OCP) in 0.1
mol- L VOSO,+3 mol-L™" H,SO, with a sinusoidal AC
signal of 10 mV in the frequency range of 10°~107
Hz. All tests were performed and conducted at room
temperature, and nitrogen was introduced during the
test to create inert conditions. GF was also tested
under the same conditions for comparison.
1.4 VREFB single-cell evaluation

The VRFB performance was evaluated with a
BTS-5V6A battery tester

nology Electronics Co., Ltd.) using a constant current

(Shenzhen Newware Tech-

charge-discharge test. The single cell was equipped
Nafion 117 perfluorinated

membrane (Dupont, USA) as the separator, two pieces

with a ion-exchange
of graphite felt with a size of 3 ¢emx3.5 c¢m as the
electrodes, and graphite plates as the current collector.
The initial electrolyte was prepared by dissolving
VO0S0,-3H,0 (Nanjing Kangmanlin Chemical Industry
Co., Litd.) in H,SO, solution. Other V solutions with
different valance states were obtained by electrolyzing
the initial solution. Negative and positive electrolytes
(15 mL in each half-cell) consisted of 1.5 mol -L" V*/
V?* and 1.5 mol -L™' V3*%/V** in 3.0 mol -L™' H,SO,,

respectively. The electrolyte was stored in a glass

container outside the cell and circulated by a
peristaltic pump (BT100-1L Baoding Lange Constant
Flow Pump Co., Ltd.) with an electrolyte flow rate of
25 mL -min~". The upper limit of the charge voltage
and lower limit of the discharge voltage were 1.75 V
and 0.75 V, respectively. In addition, N, was introduced
into the negative side to maintain an inert atmosphere

during the investigation.
2 Results and discussion

2.1 Physicochemical characterization

The surface morphology of GF and CdO/GF was
studied by SEM. Fig.1(a,b) shows the morphology of
GF, consisting of a smooth surface with no impurities
on it, and clearly visible gullies. Fig.1(c,d) shows the
morphology of CdO/GF, and it can be seen that a
large amount of particles with a homogeneous
diameter of 300~400 nm was uniformly loaded on the
surface of the CdO/GF, with no severe agglomeration.

The crystal structures of the samples were
investigated by XRD. Fig.2 shows the XRD patterns of
GF and CdO/GF. It can be seen from the comparison
that GF and CdO/GF both have unique and broad

characteristic peaks at 25.1°and 43.2°, corresponding

to the crystallographic planes (002) and (004) of the

# 1V pm
——

I pm
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GF, which proves that the CdO nanoparticle evolution overpotential of CdO/GF is approximately

modification did not change the original structure of
the graphite felt. CdO/GF also exhibited additional
diffraction peaks at 32.6°, 37.9°, 54.4°, 65.6°, and
68.4° , which is consistent with the typical XRD
pattern of CdO (JCPDS Card No.05-0640), and other
peaks did not appear. These results confirmed that the
CdO nanoparticles were successfully loaded onto the
surface of the graphite felt fibers without changing

their original structure.

Fig.2

XRD pattern of GF and CdO/GF

2.2 Electrochemical characterization

Because the cadmium presented a high hydrogen
evolution overpotential, the CdO/GF was expected to
inhibit the activity of the HER. To experimentally
verify this, the LSV test was performed to study the
hydrogen evolution overpotential of electrodes. Fig.3
shows the LSV scan curves of GF and CdO/GF. It can
be seen that the hydrogen evolution overpotential of

GF is approximately —1.01 V, while the hydrogen

g GF
1'_ CdO/GF
g
14
70
=y
]
3
:g.
Q
1 i L " x 1 " 1 " 1 L 1 i
14 12 -10 08 06 04 02 00

Potential / V (vs SCE)

Fig.3 LSV curves of GF and CdO/GF in a solution of
0.05 mol- L' Na,SO, at a scan rate of 5 mV+s™!

—-1.27 V, which increased by 0.26 V. The hydrogen
evolution overpotential of CdO/GF is greatly improved
relative to GF, which indicates that CdO has a certain
inhibitory effect on the activity of the HER.

a CV
evaluate the electrocatalytic activity of the electrode
towards the V**/V** redox couple. Fig.4 shows the CV
curves for GF and CdO/GF. The anode peak corresponds

to the oxidation process of V** to V¥, and the cathode

Furthermore, test was carried out to

peak corresponds to the reduction process of V?* to
V*. In the case of the GF, the cathodic peak was not
displayed, which can be ascribed to the high contribu-
tion of the HER. The CV curve of CdO/GF shows a
distinct cathodic peak at approximately —0.75 V, and
thus, it was verified that CdO/GF has a certain inhibitory
effect on the activity of the HER. At the same time,
the anodic current density of GF is approximately 18
mA - cm™, while CdO/GF is approximately 30 mA «cm™,
which exhibits improvement of approximately 66.7%,
indicating that CdO/GF has higher electrochemical
activity than GF for the V*/V** redox reaction. More-
over, the potential of the anodic peak of the CV curve
showed that GF appeared near —-0.35 V, and CdO/GF
appeared near —0.37 V, which implies that the
reversibility of the V?*/V?* redox reaction is more
optimal for the CdO/GF than that for GF. These
results can be attributed to the well-deposited CdO
nanoparticles, which play an important role as an

electrocatalyst for the redox reaction of V¥*/V*,

aof
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CV curves of GF and CdO/GF in a solution of
0.1 mol- L™ VOSO, and 3 mol-L" H,SO, at a

scan rate of 5 mV-s™

0.0

Fig.4
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The electrochemical properties of GF and CdO/
GF was further investigated by EIS. Fig.5 shows the
Nyquist plots of GF and CdO/GF. All the Nyquist
plots consist of a semicircle at the high frequency and
a linear component at low frequency. The semicircle
in the high-frequency region corresponds to the charge
transfer reaction at the electrolyte/electrode interface,
and the inclined line at low frequency was attributed
to Warburg impedance, which was induced in the
ionic diffusion process in the pore channel of the
electrode. The electrochemical process was mix-
controlled by a charge transfer and diffusion steps.
The intersection of the semicircle and the 7' axis
(R,) between the

solution and the electrode, the radius of the semicircle

represents the ohmic resistance

in the high frequency region represents the charge
transfer resistance (R.)™. It can be seen that the R,
of CdO/GF is reduced compared to GF, indicating that
the electrical conductivity of CdO/GF was more
optimal than that of GF. In the presence of CdO, the
R, of the CdO/GF significantly decreased with a R, of
approximately 0.35 (), while the GF showed a R, of
0.60 ), indicating the positive effect of CdO/GF in
the charge transfer rate of the V**/V2* redox couple.
Therefore, the electrochemical activity of CAO/GF was
significantly enhanced by the introduction of CdO.

0.8
Rb Rcl °
0.6 - CPE > .
a ¢ -
S04 L L]
3 o .
Y | ]
° L
02} o F  =GF
L ’ ® CdO/GF
0.0 \ o : 1 5 1 .
1.0 1.5 2.0 2.5 3.0
Z'/1Q

Fig.5 EIS of GF and CdO/GF in a solution of 0.1 mol-L™
VO0SO, and 3 mol-L™" H,SO,with an excitation
signal of 10 mV under an open-circuit potential

(OCP)

2.3 Single cell test
Due to the excellent electrochemical behavior of

the CdO/GF electrode, the CdO/GF assembled in the

VREFB single cell (cell A) and the cell performance
were evaluated. To compare, the cell assembled with
GF (cell B) was also measured. Both cells were evaluated
using constant current charge-discharge tests.

The charge and discharge performance of cell A
and cell B were measured at 60, 90, 120, and 150
mA -cm . Fig.6a show the attenuation trend of the
discharge capacity of cells A and B under different
current densities. Cell B shows approximately 73.0%
of the initial discharge capacity after 24 cycles. By
contrast, cell A only possessed approximately 45.1%
of the initial discharge capacity. It was observed that
the higher the current density, the more obvious the
enhancement effect. Fig.6b presents the
(EE) of cells A and B tested at different
currents. The EE of cell A at current density of 60

energy
efficiency
mA -cm™ was approximately 76.8%, whereas for cell
B, it was approximately 81.1%, which is approximately
4% higher than cell A. The EE of cell B remains
higher than that of cell A at high current densities.
The above experimental results are probably due to
the inhibition of cadmium oxide on the activity of the
HER, which reduces the energy loss of the battery.
Fig.6c is a charge and discharge curve of cell A and
cell B at a current density of 90 mA -cm™ The curve
of cell B has a lower charge voltage plateau and a
higher discharge voltage plateau compared with the
curve of cell A. This indicates that cell B has lower
electrochemical polarization resistance and higher
voltage efficiency compared with cell A.

As long service life is vital for the practical
VREFB, the stability of CdO/GF in the acidic electrolyte
system of the VRFB was investigated. A test was
conducted consisting of 100 charge-discharge cycles
at a current density of 90 mA -cm™ performed on cell
B. As seen from Fig.6d ~f, the coulombic efficiency
(CE) of cell A was maintained at approximately 96.1%,
whereas for cell B, it was maintained at approximately
97.1%. The increase of CE can be attributed to the
CdO/GF, which suppressed the activity of HER. The
voltage efficiency (VE) and EE of cell B were main-
tained at approximately 77.2% and 75.0%, respec-

tively, whereas for cell A, they were only maintained
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5% 35 4%

at approximately 72.3% and 69.5% , respectively.
Also, the catalytic performance of CdO/GF maintained
good stability during 100 cycles of a charge-discharge
test.

The catalytic mechanism of CdO/GF for the V3*/
V?* redox reaction is explained as shown in Fig.7. A
large number of hydroxyl functional groups are located
on the surface of the graphite felt fiber and CdO
nanoparticles. During the charging process of the
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negative side solution of the VRFB, V** interacts with
the hydroxyl groups, and the hydroxyl groups remove
a proton into the solution and generate O-V bonds.
After V** is reduced to V** by receiving an electron,
O-V bonds are broken to obtain a proton from the
solution that is reduced to the hydroxyl functional
groups, and V?* is returned to the solution. Similarly,

during the discharge process, the reversed reaction

occurs.
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(a) Charging capacity attenuation trend and (b) energy efficiency of cell A and cell B at different current densities of

60, 90, 120, and 150 mA-cm™; (c) Charge-discharge curves of cell A and cell B at 90 mA - em™current density;

(d) Coulombic efficiency, (e) energy efficiency, and (f) voltage efficiency of 100 charge-discharge cycles for cell

A and cell B at 90 mA -em™ current density
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Fig.7 Catalytic reaction mechanism of CdO/GF as a negative electrode for VRFB

Because the electrolyte of VRFB is a strongly
acidic solution, protons in the electrolyte are easily
adsorbed on the surface of the GF fiber, and protons
easily combine to form hydrogen gas. The HER is
kinetically more favorable relative to the V*/V* redox
reaction.

Using CdO/GF as negative electrode of the VRFB
has the following advantages: (1) The CdO nanoparticles
on the graphite felt fibers effectively inhibit the
activity of the HER, and reduce the impact of the
HER on VRFB performance. (2) Due to the presence of
CdO nanoparticles, the number of hydroxyl functional
groups on the surface of the graphite felt fibers
increases, and the active site of the reaction increases,
which results in an increase in the charge transfer rate
between the electrode interface and V*. (3) Moreover,
CdO is a wide bandgap n-type semiconductor. Due to
the unique structure of the semiconductor band, the
CdO/GF  and the
properties the

electrode. The products formed by the reaction do not

interface between the solution

exhibits  different from general
easily accumulate on the surface of the electrode,

which greatly increases the reaction rate.
3 Conclusions

In order to improve the electrocatalytic activity of
GF towards the V**/V?* redox couple and inhibit the
activity of the HER, CdO/GF were synthesized for the
first time using a hydrothermal method. Compared
with the original graphite felt, the CdO/GF effectively
inhibited the activity of the HER, showed increased

electrochemical activity and reversibility for the V**/
V2* redox couple, and the charge transfer resistance
was also significantly reduced. When CdO/GF was
used as the negative electrode of a VRFB, the decay
rate of the charge capacity significantly reduced, the
energy efficiency (EE) was also significantly improved.
The catalytic performance of CdO/GF can confer good
stability during 100 constant current charge-discharge
the VE and EE of CdO/GF were
approximately 5% higher than GF at a current density
of 90 mA -cm =

mechanism that explains the role of CdO nanoparticles

tests, and

Futhermore, a catalytic reaction

for the V**/V** redox reaction has been proposed. In
conclusion, CdO/GF has good application prospects as
negative electrode for VRFB.
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