
First A. Author, Second B. Author and Third C. Author 
ECCM18 - 18th European Conference on Composite Materials





Athens, Greece, 24-28th June 2018
1

Investigation of robust metal oxide-modified carbon felts as the electrode of a vanadium redox flow battery
Kwang Il Jeong1, Seong Su Kim1† 
1, 1†  Department of Mechanical Engineering, KAIST, 291 Daehak-ro, Youseong-gu, Daejeon, Republic of Korea

1Email: lightone@kaist.ac.kr, Web Page: http:// mdam.kaist.ac.kr
1†Email: seongsukim@kaist.ac.kr, Web Page: http:// mdam.kaist.ac.kr
Keywords: Vanadium redox flow battery, Metal oxide, Energy efficiency
Abstract

Vanadium redox flow batteries (VRFBs) are attracting attention as large capacity energy storage systems because of their long lifetime, unlimited capacity, and stability. Carbon felts are used as electrode materials which are one of the important components of VRFBs towing to their high electrical conductivity, large specific surface area, and chemical stability. In order to enhance electrochemical property and specific surface area, many researches on the surface treatment of carbon felts have been carried out, and deposition of metal oxide nanomaterials is one of representative methods. According to pourbaix diagram, however, some metal oxides have instability in strong acid used as a electrolyte. In addition, conventional methods to grow the metal oxide nanomaterials require considerable time and energy. In this work, molybdenum trioxide nanomaterials was synthesized on the carbon felt via microwave method instead of the conventional methods. Electrochemical performance of the surface modified carbon felt was evaluated by VRFB single cell test. At the current density of 150mA/cm2, energy efficiency of the modified carbon felt is 78%, which is 3.8% higher than that of a pristine carbon felt.
1.
Introduction
Energy storage installations is indispensable for the renewable energy sources such as solar and wind power which supply intermittent electricity.. Among them, vanadium redox flow batteries(VRFBs) have been attracting attention towing to their long lifetime, unlimited capacity, and stability. In addition, VRFBs have the advantages of separating energy output and capacity because output in the VRFB system can be controlled by the number and size of the stack, while the energy capacity can be determined by the amount of the electrolyte [1].
During charge and discharge process, VRFBs use the V2+/V3+, V4+/V5+ redox couples which can only be stable under acidic conditions (pH < 2). It means that the vanadium redox flow cell can only be driven in a strong acid environment, and materials for vanadium redox flow battery materials require high chemical stability. In particular, carbon electrodes such as carbon felt, carbon paper, and carbon fabric have been used as electrode materials for VRFBs because the electrode for VRFBs requires not only strong chemical resistance, but also high electrical conductivity and adequate porosity.

In a VRFB system, electrical energy can be stored as redox reaction occurs on the surface of the electrode. However, carbon fibers have a limit to promote the redox reaction of the vanadium ion because of their inert surface. Accordingly many researches to modify surface of the carbon electrode by using heat treatment, plasma treatment, gamma ray treatment, and corona discharge have been carried out up to recently, since these mehtods introduce functional gropus on the carbon fiber surface to promote the redox reaction [2]. However,  the efficiency of the VRFB electrode was not improved drastically with these methods, and the issue of decreasing discharge capacity by increasing the number of charge and discharge cycles still remains. 

For the stable efficiency regardless of the number of cycle, metal catalyst deposition methods using Ir and Bi have been developed, however, these methods are not cost-effective [3-4]. As an alternative to metal catalysts, transition metal oxide nanomaterials have been used, which have abundant functional groups and high cost efficiency. However, some metal oxide catalysts are not stable under strong acid conditions, resulting in side reactions such as hydrogen generation in the electrolyte, subsequently failing to ensure system performance. Therefore, through the pourbaix diagram, metal oxides which have a stable state in a strong acid environment should be selected for the modification of the carbon electrode. According to the Pourbaix diagram, molybdenum trioxide (MoO3) is one of the stable materials in strong acid. Cao et al. also declared that MoO3 can promote the redox reaction of vanadium ions without unstabiltiy [5]. In the previous studies, however, hydrothermal synthesis was used to grow MoO3 nanomaterials, which requires lots of processing time and energy. 

In this study, processing time for growth of molybdenum trioxide nanomaterial was reduced by using microwave method instead of the conventional hydrothermal method. Plasma treatment was also performed for the uniform growth of nanomaterials. In addition, the shape of the metal oxide was controlled by using surfactants to increase specific surface area. The surface of the modified electrode was analyzed by using scanning electron microscopy (SEM), X-Ray diffraction (XRD), and X-Ray photoelectron spectroscopy (XPS). Finally, the electrochemical performance was evaluated using a VRFB single cell test and compared with conventional carbon felt electrodes.
2.
Experimental Section
2.1. Preparation of the electrode
To prepare the precursor solution to grow the MoO3 nanomaterials, 4.3 g of ammonium molybdate tetrahydrate ((NH4)6Mo7O24∙4H2O, M1019, Sigma-Aldrich Co., USA) was dissolved in 350 ml of deionized water at 60°C. After cooling to room temperature, Hexadecyltrimethylammonium bromide (CTAB, H6269, Sigma-Aldrich Co., USA) was added to precursor solution to control morphology of MoO3 nanomaterials and heated up to 90°C. After CTAB was dispersed in precursor solution, Nitric acid was added until pH was less than 2. [6]

The carbon felt (SGL carbon, 70 X 70 mm) was treated by O2 plasma (Covance, Femto science, Republic of Korea) for 5 min in order to activate the surface of the carbon felt and to eliminate the impurities on the carbon felt. The carbon felt was immersed into the precursor solution, after which microwave (2.45 GHz, max power of 700W) was applied to the solution for 30 min.The treated carbon felt is denoted as MoO3 CF.
2.2. Characterization

The morphology of the pristine carbon felt (CF) and the MoO3 CF was analyzed by using SEM (AIS1800C, SERON, Republic of Korea). Using XRD (Model, company, country), crystallographic structures of the carbon felts were investigated to confirm the formation of molybdenum trioxide. Atomic contents on the surface of the carbon felts were characterized by XPS (model, company, country). Concentration of functional groups on the pristine CF and the MoO3 CF was also analyzed by using XPS data curve fitting.
2.3. Electrochemical measurements

The electrochemical characteristics of the electrode for the VRFB were analyzed by using a single cell test. Two kinds of carbon felts, the printine and the MoO3 CF, were carefully cut into pieces with dimensions of 7 cm ( 7 cm. A VRFB single cell was prepared by stacking current collectors, bipolar plates, gaskets, flow frames,  membranes, and carbon felt electrodes. 1.5 M VOSO4 and 4.5 M sulfuric acid (H2SO4) aqueous solution were prepared as electrolytes. Charging and discharging of the VRFB single cell were carried out using a constant current / constant voltage meter. The charging was performed up to 1.6 V and the discharging was carried out by a cut-off method which progressed up to 1.0 V. The charge and discharge test was conducted for 30 cycles with current density of 150 mA/cm2.
3.
Results and Discussion
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Figure 1. SEM images of  (a) Pristine CF, (b) MoO3 CF.
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Figure 2. XRD pattern of MoO3 CF.
As shown in Figure 1(b), MoO3 nano materials was synthesized effectively in the form of nanorods whose average length and diameter were 3.8 μm and 0.7 μm, respectively. Although MoO3 has low electrical conductivity, MoO3 nanorods aligned in the radial direction of the carbon fiber are expected to enhance the specific surface area of the carbon felt and improve the performance of the electrode.

Figure 2 indicates XRD pattern of the MoO3 CF. XRD analysis was conducted in range of between 10° and 60° with a scan rate of 5°/min. XRD pattern of MoO3 is identical to hexagonal molybdenum trioxide (h-MoO3) [6].
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Figure 3. XPS C 1s spectra of (a) Pristine CF, (b) MoO3 CF.

Table 1. Functional group concentration of carbon felt.
	Sample
	C-C
	C-O
	O-C=O

	Pristine
	35.65%
	45.66%
	18.67%

	MoO3 CF
	43.18%
	27.99%
	28.82%


Table 2. Atomic concentration of carbon felt.
	Sample
	O content
	C content
	Mo Content
	O/C ratio

	Pristine
	12.8%
	86.3%
	-
	0.149

	MoO3 CF
	37.3%
	46.9%
	7.74%
	0.795


Figure 3 indicates curve fitting results of C 1s spectra of the XPS results, and functional group concentration is presented in Table 1. The MoO3 CF had more abundant carboxyl group (O-C=O) than the pristine CF, while it has less hydroxyl groups (C-O) than the pristine. Table 2 shows atomic concentration of the pristine CF and the MoO3 CF. The MoO3 CF has higher oxygen content (37.3 %) than the pristine CF (12.8%). Also, O/C ratio of the MoO3 CF (0.795) increases rather than that of the pristine CF (0.149), which was attributed to more active sites on the surface of MoO3 CF.
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Figure 4. VRFB single cell test results at current density of 150 mA/cm2 : (a) Charge-discharge curve, (b) Discharging capacity, (c) Coulomb Efficiency, (d) Voltage Efficiency, (e) Energy Efficiency.
Figure 4 (a) indiactes the charging and discharging curves in 2nd cycle of the pristine CF and the MoO3 CF at a current density of 150 mA/cm2. In the case of the MoO3 CF, the initial voltage during charging is lower than the pristine CF and the initial voltage during discharging is higher than the pristine CF. In addition, the voltage does not drop rapidly after the discharge is started, which means that the activation overpotential is reduced due to increase of active site in MoO3 CF. 

Figure 4 (b) shows that the discharging capacity of the MoO3 CF is higher than that of the pristine CF. In addition, the MoO3 CF had more stable capacity during the 30 cycles. Figure 4 (c), (d), and (e) present coulombic efficiency, voltage efficiency, and energy efficiency, respectively. Coulombic efficiency can be affected by side reactions such as hydrogen evolution, while voltage efficiency was determined by electrochemical performance and electric resistance [7]. In Figure 4 (c), There is no difference in coulombic efficiency between the pristine CF and the MoO3 CF. However, as shown in Figure 4 (d), the MoO3 CF has voltage efficiency of 79%, while voltage efficiency of the pristine CF was 75%. When Considered on the wide band gap (3.0eV) of MoO3, this results indicate that catalytic effect of MoO3 can enhance voltage efficiency. As shown in Figure 4(e), the energy efficiency of the MoO3 CF is 78%, which is 3.8% higher than that of the pristine.
4.
Conclusions

In this study, the carbon felt electrode for a vanadium redox flow battery was fabricated by growing the molybdenum trioxide nanomaterials by means of microwave irradiation method instead of the conventional hydrothermal method. Owing to MoO3 modification, functional groups on the modified carbon felt increase, which was contributed to improvement in electrochemical performance of carbon felt electrode. During the 30 cycles at 150mA/cm2 , voltage efficiency and energy efficiency of MoO3 CF are 79% and 78%, respectively. Energy efficiency of the MoO3 CF is 3.8% higher than that of the pristine CF.
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