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Bismuth trioxide modified carbon nanotubes (BiOs/CNTSs) composite was fabricated by liquid phase
deposition-calcinating method and used as electrocatalyst for VV3*/VV?* redox couple of all vanadium
redox flow batteries (VRFBSs). The modification of Bi species at the surface of CNTs can significantly
inhibit the hydrogen evolution reaction and enhance the electrochemical activity to the V2*/V3* redox
reaction. The VRFB single cell with Bi,O3/CNTs modified graphite felt as negative electrode exhibits
excellent energy storage performances, such as higher charge/discharge capacity and energy
efficiency, indicating that the VZ/V3 redox reaction can be facilitated significantly by
Bi.Oz/MWCNTSs composite.
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1. INTRODUCTION

All vanadium redox flow batteries (VRFBSs), combined with the advantages of long cycle life,
independent power and capacity, reduced crossover effect by employing the same vanadium element
electrolytes, etc., have been proved to be one of the most promising energy storage systems [1-4].
Despite the above compelling merits, VRFBs have achieved only limited market presence up to now
[5]. The battery performances, such as energy density, power density and capacity retention, need to be
further improved to meet the requirements of the practical application.

During the past decades, tremendous efforts including the development of electrolytes[6,7],
membranes[8,9] and electrodes[10-14], have been made to improve the battery performance. As yet,
graphite felt (GF) is the most widely used electrode material for VRFBs. In order to enhance the
electrochemical activity of GF, lots of treating methods have been developed, such as heat
treatment[8], acid treatment[15-17], electrochemical oxidation[18,19] and modification by noble metal
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catalysts[8,20,21], etc. Most of the literatures concerning electrode materials for VRFBs are focused
on investigating and improving the positive half-cell electrode, while only few deal with the negative
electrode[22-25]. Due to the low hydrogen evolution overpotential of carbon-based materials in acidic
solutions[26], the loss of charge/discharge efficiencies and the charge imbalance between positive and
negative electrolytes caused by the parasitic side reaction of hydrogen evolution at negative electrode
are worsening with the prolonging of charge/discharge cycles[27]. At present, avoiding the states of
charge greater than 0.85 or the use of electrolyte rebalancing devices are the commonly adopted
strategies to alleviate the effect of hydrogen evolution reaction[28,29]. Little attention has been paid to
inhibit the hydrogen evolution reaction by modification the negative electrode.

Recently, the graphite felt modified with bismuth has been reported as a robust negative
electrode for VRFBs[30,31]. The introducing of bismuth can significantly improve reversibility of
V23 redox reaction and inhibit the hydrogen evolution reaction simultaneously. This finding can be
considered as a breakthrough for the development of high-performance negative electrode of VRFBs.
Nevertheless, further studies are necessary to verify the electrocatalytic activity of bismuth component
with different support, which benefits to enhance the performance of VRFBs.

Multi-walled carbon nanotubes (CNTSs) have been proved as good electrocatalysts and supports
for both positive and negative electrodes of VRFBs, introducing bismuth species onto the surface of
CNTs is expected to be an effective way to obtain a powerful electrocatalyst for the negative electrode
of VRFB. Hence bismuth trioxide modified CNTs (Bi2O3/CNTs) were prepared by liquid phase
deposition method in the present paper. The surface morphology, microstructure and surface chemistry
of Bi2O3/CNTs composites were investigated by a transmission electron microscopy (TEM) and X-ray
diffraction (XRD). The alteration of electrocatalytic activity for CNTs and Bi2Os/CNTs were
investigated by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS). VRFB
performances of GF before and after modification with BioOs/CNTs were investigated by VRFB single
cell charge-discharge test. Finally, the dominant factors that affect the VRFB performance are
identified by EIS of the VRFB single cell.

2. EXPERIMENTAL

2.1 Catalyst preparation

The catalyst was synthesized by liquid phase deposition-calcinating method. Briefly, 0.4 g
CNTs were suspended in ethanol, then 5 mL 0.1 mol-L*? BiCls solution was added and mixed
sufficiently for 30 min. by ultrasonication. Subsequently, ammonia solution was added drop by drop
and stirred for 6 h. After the synthesis, the precursor powders were collected by vacuum filtration and
washed three times with deionized water and three times with ethanol. The precursor powders were
dried in vacuum oven at 70 °C, then calcined under N2 atmosphere in a tube furnace at 500 °C for 4 h
prior to use it for catalytic reaction. The obtained catalyst-modified GFs were used as negative
electrodes in VRFBs.
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2.2 Characterization

The crystalline structure was investigated by an X-ray Diffractometer (Thermo ARL
SCINTAG X-TRA) using Cu K, radiation. The morphology of catalyst was determined by a Tecnai G2
F30 S-Twin TEM (Philips-FEI, The Netherlands).

2.3 Electrochemical testing

The linear scan voltammetry (LSV), cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were conducted in a three-electrode cell using an lviumStat workstation (Ivium
Technologies, The Netherlands). A graphite plate and a saturated calomel electrode (SCE) were used
as the counter and reference electrodes, respectively. The working electrodes were prepared by
applying highly dispersed Bi>Os/CNTSs ink onto the polished glassy carbon electrode (¢ 3 mm). The
ink was prepared by dispersing 10 mg Bi.Oz/CNTs in the 20 uL 5 wt% Nafion emulsion and 0.5 mL
isopropanol under strong ultrasonication. The active materials loading on the disk electrode is 0.19 mg.
The solution consisted of 1.5 mol-L* V3*in 3.0 mol-L™ H,SO4. EIS measurements were performed at -
0.3 V (vs. SCE) by applying an alternating voltage of 5 mV over the frequency ranging from 0.1 Hz to
100 kHz. Before each measurement, the electrode was immerged into the electrolyte for 2 h and the
solution was purged with N2 for 15 min. to eliminate the influence of dissolved oxygen.

2.4 VRFB single cell performance

GFs with an area of 3x3 cm? and thickness of 5 mm (Shenhe Carbon Fiber Materials Co.,
China) were treated in air at 500 °C for 2 h to improve the electrocatalytic activity and hydrophilicity.
25 mg Bi2O3/CNTs was dispersed in the 100 uL 5 wt% Nafion emulsion and 10 mL isopropanol under
strong ultrasonication to form a uniform black ink. A piece of heat-treated GF was immersed in the
black ink for 30 min., then dried in a vacuum oven at 70 °C for 2 h, which was denoted as a catalyst-
modified GF. A VRFB single cell was fabricated by sandwiching a piece of Nepem115 perfluorinated
ion-exchange membrane (Best Co., China) between two pieces of GFs, two piece of graphite plates
were used as the current collectors. The heat-treated GF and catalyst-modified GF were used as the
positive and negative electrodes, respectively. 20 mL 1.5 mol-L*V3* +3.0 mol-L* H2SO4 solution and
20 mL 1.5 mol-LtVO?* + 3.0 mol-L™* H,SO4 solution were used as negative and positive electrolytes,
respectively. The electrolytes were cyclically pumped into the corresponding half-cell by two
peristaltic pumps (BT100-1L, Baoding Longer Precision Pump Co., China) with a flow rate of 10
mL-min™t. The performances of VRFB were examined by charge-discharge cycles with 50 mA-cm
between 0.8 V and 1.65 V using a CT2001 battery test system (LANHE instrument, China) at room
temperature.
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3. RESULTS AND DISCUSSION

3.1 Characterization of CNTs and Bi>O3/CNTs

Figure 1. TEM images of CNTs (a) and Bi-O3/CNTs (b,c,d)
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Figure 2. XRD patterns of CNTs (a), Bi2O3/CNTs (b)

The morphology and structure of the CNTs and Bi.O3z/CNTs were analyzed by TEM. Fig. 1
shows images of CNTs and Bi>O3/CNTSs. It can be seen from this figure that black nanosized particles
are formed at the surface of CNTs after the modification of Bi species (Fig.1 b, c, d). The phase
compositions of CNTs and Bi.O3z/CNTs were investigated by XRD, as shown in Fig. 2. Only
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characteristic diffraction peaks of CNTs can be seen from curve a, which implies the CNTs used in this
work have high purity. After the modification of Bi species, diffraction peaks at 27.9°, 31.71°, 32.76°,
37.8°, 55.22°, 57.77° corresponding to the characteristic planes of (201), (002), (220), (222) and (402)
of monoclinic Bi.O3 (JCPDS No. 76-1730) and relative weak peaks at 27.24°, 38.09°, 39.72°, 48.83°,
56.21° corresponding to the planes of (012), (104), (110), (202), (024) of Bi with hexagonal system
(JCPDS No. 44-1246) can be observed. The existing of Bi in the composites can be ascribed to the
reduction of Bi2O3 by carbon during the calcinating process[32].

3.2 Quasi-steady state polarization
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Figure 3. Quasi steadystate polarization curves of CNTs and Bi>O3s/CNTs electrodes Electrolyte: 3
mol-L* H,SO4; scan rate: 1 mV-s*
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Figure 4. Tafel plots of CNTs and Bi2Os/CNTSs electrodes

In order to evaluate the inhibition abilities of Bi species to hydrogen evolution reaction, slow
linear scan voltammetry (SLSV) as a quasi-steady state polarization method was conducted in 3 mol-L"
1 H,S04 at 1 mV-s. It can be seen from Fig. 3 that the hydrogen evolution reaction was significantly
inhibited on Bi>O3/CNTs compared to that of CNTs. The Tafel plots, shown in Fig. 4, were obtained
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using the SLSV data from -0.93 V to -1.0V. Good linear relations are obtained between potential and
logarithm of current density for CNTs and Bi2Os/CNTs electrodes. The potentials of hydrogen
evolution reaction on CNTs and Bi»O3/CNTs electrodes at 1 A-cm? are -0.9628 V and -1.102 V,
respectively. This suggests that the hydrogen evolution reaction is inhibited after the introduced of Bi
species on the surface of CNTs, and high charge/discharge efficiency can be expected when
Bi2Os/CNTs used as the electrocatalyst for the negative electrode of VRFBs.

3.3 Cyclic voltammetry

Fig.5 shows the cyclic voltammetric curves of CNTs and Bi>Os/CNTSs electrodes obtained in
1.5 mol-L* V3*+3 mol-L H,SO;4 at different potential scan rate. A pair of redox current peaks can be
observed from the cyclic voltammetric curves of both electrodes, which corresponds to the redox
reaction of V3/V2* couple. The peak potential shifts in the direction of potential scanning with the
increasing of scan rate, which implies the characteristics of quasi reversible reaction of V**/V?* couple
on both electrodes. In addition, the currents of oxidation peaks and reduction peaks for both electrodes
present a good linear relationship with the square root of scan rate. This suggests the electrode

processes on both electrodes are controlled by the mass transfer. The formal potential ( ¢f = M)

estimated from the anodic peak potential (¢pa) and cathodic peak potential (¢p) of CV curves for
Bi-O3/CNTSs electrode is ca. -0.283 V which is higher than that of CNTs electrode (ca. -0.316 V). This
implies the redox reaction of V3*/V?* couple can take place more easily on Bi,O3s/CNTs electrode. And
the higher formal potential of V3*/V?* couple on Bi.O3/CNTs electrode is more favorable to inhibit the
occurrence of hydrogen evolution reaction. Moreover, the redox peak currents at BiO3z/CNTs
electrode are approximately 3 times of those at CNTs electrode. This indicates that the Bi species have
good electrocatalytic activity to the redox of VV¥*/V2* couple. Similar results have been reported on the
electrocatalytic activity of Bi species supported on graphite felts to the redox of V**/V2* couple in the
literatures[23,30,31,33,34]. Because CNTs have higher electrical conductivity than graphite felts,
Bi20O3/CNTSs shows excellent electrochemical performance as the electrocatalyst of V3 /V?* couple.
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Figure 5. Cyclic voltammograms of CNTs (a) and Bi-Oz/CNTs (b) under different scan rate in 1.5
mol-L1 V3*+3 mol-L! H,SO4 electrolyte.
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3.4 Electrochemical impedance spectroscopy

To further verify the electrocatalytic activity of Bi species on the redox reaction of V2*/v3*
couple, EIS measurements under —0.2 V were conducted. Fig.6 shows Nyqusit curves obtained on

CNTs and Bi,O3/CNTs electrodes in 1.5 mol-L™* V3*+3 mol-L™* HSOq solution at -0.2 V. It can be
seen from the figure that both Nyquist curves consist of two parts; The arcs at the high frequencies are
corresponding to the charge transfer process, while the parts at low frequencies can be attributed to the
Nernst finite diffusion process within the porous electrode. It can be inferred that the electrochemical
process at both electrodes is simultaneously controlled by charge transfer and diffusion process[33,

35]. The Nyquist curves are fitted using the equivalent circuit shown in the inset of Fig. 6, where Ry,
R2 and Rs correspond to the ohmic resistance of the electrode materials and the electrolyte between the
electrode surface and the luggin capillary, charge transfer resistance of V3*/V?* couple and finite
diffusion resistance of vanadium ions between the electrode surface and the bulk solution, respectively.
The electric double layer capacitance and the diffusion capacitance caused by the diffusion of
vanadium ions in pore channel of the electrodes are represented by the constant phase elements CPE:
and CPE;, respectively. The impedance of the constant phase element can be calculated by Z.pr =
Ylo(jw)‘”. The fitting results are listed in Table 1. It can be seen that Bi2Os/CNTSs electrode has much

smaller R1, comparing with that of CNTs electrode. This can be ascribed to the good conductivity and
hydrophilicity of Bi,Os/CNTs. The CNTs electrode has a relatively larger Rz, 4.411 Q, which
decreases to 2.417 Q after the introduction of Bi species onto the surface of CNTs. This implies that Bi
species can enhance the redox reaction kinetics of V3 /V2* couple by accelerating the charge transfer
process. These results are in good agreement with those obtained by the cyclic voltammetric
experiments.
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Figure 6. Nyquist curves recorded on CNTs and Bi.Os/CNTs electrodes in 1.5 mol-L™ V3" + 3 mol-L*!
H>SO4solution at -0.2 V
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Table 1. Kinetic parameters of electrochemical impedance spectroscopy

CPE: CPE2

Catalyst R1/Q Ro/Q - Rs/Q
Yo/ Q1.s" n Ylo_/s? n

CNTs 165 0.0004165 0.8823  4.411 (03516 0.8363 93.84
Bi/CNTs 0.1384  0.01162  0.4582 2417 (03661 0.6485 73.6

3.5 Charge/discharge performance

The effect of Bi species on the performance of VRFB single cells was investigated by
galvanostatic charge/discharge method at 50 mA-cm™. Fig.7a shows the typical charge/discharge
profiles of the VRFB single cells assembled with CNTs and Bi>Os/CNTs modified GFs as negative
electrodes. The overpotentials for the cell with Bi.Oz/CNTs modified GF negative electrode decrease
remarkably in the corresponding charge/discharge processes, compared with those of the cell with
CNTs modified negative electrode. This can be ascribed to the enhanced electrocatalytic activity with
the introduction of Bi species, resulting in lower charge voltage and higher discharge voltage and
higher charge/discharge capacities (Fig.7b). In addition, it can be seen from Fig. 7b that the
charge/discharge capacities of both batteries increase at the initial cycles, then decrease gradually after
reaching the summit, which is especially obviously for the VRFB with Bi,O3/CNTs. This may be
related to the non-equilibrium penetration of vanadium cations and water through the ion-exchange
membrane and hydrogen evolution side reaction occurred at the end stage of charge process[36]. Due
to the higher permeability of the vanadium ions with lower valence[37-39], the VO" ions formed in
the positive electrolyte during the charge process react with the transferred V3* and V2* ions, resulting
in the accumulation of vanadium ions with low valance. Thus, the discharge capacity depends on the
concentration of available VO* ions in the positive electrolyte, and part of V2* ijons in the negative
electrolyte cannot participate in the discharge reaction owing to the lack of VO* ions. With the
decrease of vanadium ions in the negative electrolyte, the net transfer of low vanadium ions to the
positive electrolyte decreases in the subsequent charge/discharge cycle. This may be the reason for the
gradual increase of charge/discharge capacities of the VRFBs. When the vanadium ions in the negative
electrolyte decrease to a certain value, the capacity of the VRFB is converted to a negative limitation,
and decreases with the further decrease of vanadium ions. The cell with Bi2O3s/CNTs has higher
charge/discharge capacities than that with CNTs, which can be ascribed to the electrocatalysis of Bi
species. Due to the limitation of charge/discharge cut-off voltage, similar current efficiency (~95%,
Fig.7c) can be obtained by both VRFBs. However, the cell with BioOs/CNTSs exhibits a little higher
energy efficiency than that with CNTs (Fig.7d). This further confirmed the good electrocatalytic
activity of Bi,O3/CNTSs to the redox of V**/V?* couple.
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Figure 7. Electrochemical performance of VRFB single cells assembled with CNTs and Bi2O3/CNTs
modified GFs as negative electrodes at 50 mA-cm™. (a) typical charge/discharge profiles; (b)
capacity; (c) current efficiency; (d) energy efficiency

4. CONCLUSIONS

In this work, Bi.O3/CNTs composites were prepared by liquid phase deposition-calcinating
method and their electrochemical performance were investigated. The experimental results show that
the modification of Bi species at the surface of CNTs can significantly inhibit the hydrogen evolution
reaction, and enhance the electrochemical activities to the V2*/\V3* redox couple. The VRFB single cell
with Bi2O3z/CNTs modified GF as negative electrode exhibits excellent energy storage performances,
such as higher charge/discharge capacity and energy efficiency, indicating that the V2*/V3* redox
reactions can be facilitated significantly by BioOs/CNTs composite.
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