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Abstract: All-vanadium redox flow batteries (VRFBs) are considered promising candidates for
large-scale energy storage systems due to their flexible power scale design, high efficiency, deep
discharge, long cycle life and environmental friendliness. The performance and efficiency of a VRFB
is affected by many factors, including component materials, battery design, electrolyte composition
and operating conditions. Among the key components, porous electrodes play a key role, as the
electrochemical reaction occurs on the fiber surface of the electrode. As such, many studies have
focused on improving reaction kinetics by modifying the surface of the electrode. In this work,
the effect of varying the compression ratio (CR) of graphite felts on the performance and efficiency
of a VRFB are investigated. The impedance of a single VRFB under varying CRs of graphite felts at
various operating conditions were also measured. The results suggest that performance of a VRFB
increases with increasing CR due to the decrease of area resistance and concentration overpotential.
The porous electrode compressed from 6.5 to 4 mm demonstrates the optimal energy efficiency of

73% at the operating current density 80 mA cm~2 and electrolyte flow rate 100 mL min~!.

Keywords: all-vanadium redox flow battery; graphite felt; compression ratio; electrode

1. Introduction

All-vanadium redox flow batteries (VRFBs) have drawn attention over the past decade as potential
energy storage systems to compensate for fluctuations in output power generated from stochastic
renewable energy systems, such as wind or solar power sources [1,2]. The electrolytes of a VRFB consist
of a VO,*/VO?* redox couple in the positive tank and a V>*/V3* redox couple in the negative tank.
By employing the same metal ion in different oxidation states in the positive and negative electrolytes,
the risk of explosion in the case of cross-contamination is eliminated. The reactions occurring at the
positive and negative electrode in a VREB are as follows, respectively:
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Unlike other secondary batteries [3,4], the energy of the VRFB is stored in the electrolytes
located outside of the battery stack, making VRFB suitable for large-scale application because of
its independent design of power rating and energy capacity [5]. The power rating is determined by the
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stack size, whereas the energy capacity is determined by the concentration and volume of the electrolyte.
In addition, the VRFB demonstrates a promising potential to integrate with renewable power sources
due to several advantages, including long cycle life, slow self-discharge, low maintenance cost and
low environmental toxicity [6,7].

The efficiency of a VRFB depends on the battery design [8,9], component materials and operating
conditions, such as the operating current density and electrolyte flow rate [10]. The electrochemical
reaction occurs on the electrode surface at the electrode/electrolyte interface. An ideal porous electrode
has high conductivity, high chemical stability and large specific fiber surface area. Currently, graphite
felts, carbon felts and carbon papers are the most commonly used electrode materials. Graphite felts
are mainly composed of graphite fibers, which provide a path for electron transport. The electrolyte
transports in the porous space between graphite fibers. Many researchers have examined the impact
of surface modification of the electrode, including acid treatment [11,12], heat treatment [13-15],
plasma [16] and catalyst deposition, on the performance of VRFBs.

The components of a VRFB are clamped together to reduce the contact resistance between
components. The contact resistance between the electrode and membrane and between the electrode
and graphite plate are reduced. Compression of the porous electrode during assembly may affect
the electrical and mechanical properties of the electrode. Although the reduced porosity within the
electrode may enhance electrolyte transport to reduce mass transport overpotential, this increased the
pumping power required to deliver the electrolyte. Few studies have been reported on the effect of
compression on VRFB performance. Park et al. [17] assembled VRFBs with compression ratios (CRs)
of 10%, 20% and 30% and suggested that an electrode with a CR of 30% had optimum performance
in terms of maximum power and capacity. However, the studied VRFBs with a CR of 20% had the
highest energy efficiency, due to the combined effects of cell resistance, electrolyte transport and longer
charge/discharge time.

Chang et al. [18] investigated the electrical, mechanical and morphological properties of a
compressed carbon-felt electrode in a VRFB. Wang et al. [19] experimentally studied the effect of
non-uniformly compressed carbon-felt electrodes on the performance of VRFBs, Wang et al. found that
the charge/discharge time increased with increasing CR and that the energy efficiency was improved
to 19.4% with a CR of 41.8%. Davies et al. [20] investigated the effect of compression pressure on
the properties of electrodes, including porosity, contact resistance and felt resistance. Their results
suggested that a VRFB under a compression pressure of 7.5 bar using Nafion 212 membrane can
achieve a peak power density of 669 mW cm 2. Ghimire et al. [21] systematically studied the effect of
CR on electronic conductivity, pressure drop and performance in a VRFB and concluded that 25% CR
is optimal in their study.

A multimeter or a four-point resistance measurement device has commonly been used to measure
the specific resistance of the electrode at various CRs. Although this technique can be used to measure
the electrode resistance under various CRs, it cannot be used to measure the specific resistance of
a complete VRFB. Therefore, this work measures the specific resistance of a VRFB under various
electrode CRs using electrochemical impedance spectroscopy (EIS). The specific resistance at various
operating conditions is measured and compared, including under varying state of charge (SOC)
and electrolyte flow rate. The performance was evaluated by charge-discharge curves measured at
various operating conditions. The effect of mass transfer due to varying CRs on overall performance is
also discussed.

2. Experimental

The experimental setup, comprising a VRFB system, a battery tester (PFX2021, Kikusui Electronics
Corp., Yokohama, Japan) and an impedance meter (KFM2150, Kikusui Electronics Corp., Yokohama,
Japan), was designed to measure the charge/discharge performance and impedance of the battery
during operation and is illustrated in Figure 1.
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Figure 1. Schematic of experimental setup.

2.1. VRFB Preparation

A single VRFB designed for the experiment with an active area of 2.5 x 4.0 cm? was used for
performance measurements. A proton-exchange membrane (Nafion 117, Dupont, Wilmington, DE,
USA) pretreated with sulfuric acid at 60 °C for 24 h was used as the separator. The graphite felts
(GF065, CeTech, Taichung, Taiwan) used for the positive and negative electrodes with a thickness of
6.5 mm were treated with sulfuric acid at 60 °C for 12 h. Interchangeable frames 3, 4 and 5 mm thick
were placed between the membrane and graphite plate, as shown in Figure 2, to control the CR of the
electrodes. Flow distributors at the inlet and outlet of the electrolyte were included on one side of the
frame to improve the electrolyte uniformity within the electrode. A flexible graphite foil was placed
between the graphite plate and current collector to diminish the contact resistance. The VRFB was
compressed using eight nuts and bolts with a torque of 4 N m.

Figure 2. Exploded view of the VRFB. A: end plate; B: current collector; C: flexible graphite foil;
D: Graphite plate; E: interchangeable frame; F: gasket; G: graphite felt; H: membrane.

The electrolyte was prepared by dissolving 1.5 M VOSQOy, in 2.0 M HySOy. The initial volumes
of positive and negative electrolytes were 100 and 50 mL, respectively. The electrolytes were
delivered and recirculated between the tanks and the VRFB by two diaphragm pumps (SMART
digital DDA7.5-16AR-PVC/V/C, Grundfos, Bjerringbro, Denmark). In the pre-charge step, the VRFB
was charged in a constant-current mode at 40 mA cm~2 then in constant-voltage mode at 1.71 V
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until colors of positive and negative electrolytes turned yellow and lilac, respectively. At the end of
pre-charge step, the V4* initially in the positive and negative electrolyte tanks was converted and
V5* and V?*, respectively. Half of the positive electrolyte was then removed so that the electrolyte
volume in the two tanks was equal and both V°* and V?* concentrations were 1.5 M. During the
pre-charge and following experimental processes, both electrolyte tanks were filled with N to avoid
electrolyte oxidation.

2.2. Performance Measurement

A battery tester was used to measure the charge-discharge curves of the VRFB operating under
current densities of 40, 60 and 80 mA cm 2. At each current density, the electrolytes were recirculated
with two varied flow rates: 50 and 100 mL min~!. The purpose of choosing the flow rate of 100 mL
min~! is to reduce the concentration effect and focus on the effect of CR on VRFB performance. Both the
positive and negative electrolytes were supplied with the same flow rate. Under each operating
condition, the VRFB was charged and discharged between 0.7 and 1.71 V for five cycles, the last three
of which were used to evaluate the efficiency. The coulombic (CE), voltage (VE) and energy efficiency
(EE) and discharge capacity (DC) were calculated by the following equations, respectively:

CE = fidischarge(t)dt 3)
ficharge(t)dt ’
VE — V‘a/vg,discharge, @)
avg,charge
EE = CE x VE, and (5)
DC = /idischarge(t)dt' (6)

Additionally, EIS was employed to investigate the VRFB resistance at selected operating conditions
under various electrode CRs. An impedance meter was connected with the electronic load (PLZ664WA,
Kikusui Electronics Corp., Yokohama, Japan) to measure the impedance of the VRFB during the
constant-current discharge. The impedance measurement was conducted at the SOCs of 5%, 50% and
95% to investigate the effect to SOC on VRFB impedance. To alleviate the influence of electrolyte
concentration variation due to discharge on the impedance, the impedance measurement was
completed in approximately 20 min with the scanning frequency from 20 kHz to 1 Hz. Since the
impedance meter used did not provide continuous voltage recording, the VRFB voltage was monitored
and recorded during discharge using a data acquisition card (NI 9219, National Instrument, Austin,
TX, USA). The resistance and reactance obtained from EIS were used to prepare Nyquist plots.

3. Results and Discussion

In this section, the effects of varying the CR of the electrodes on the performance of the VRFB are
presented by comparing the efficiency, discharge capacity, impedance and concentration overpotential
at various operating conditions.

3.1. Effect of Electrode CR on Efficiencies

Using interchangeable frames with a thickness of 3, 4 and 5 mm provided a CR of the porous
electrode of 53.8%, 38.5% and 23.1%, respectively, calculated using the following equation:

tO —te
fo

CR =

/ @)

where tj and f. are the thicknesses of the uncompressed and compressed graphite felts, respectively.
At the CR larger than 50%, the pressure drop may be too high and cause higher pump power
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consumption; however, the aim of this study is for the investigation of CR on the VRFB performance
at current stage.

The resulting efficiency variation of the VRFB under the three studied CRs operating at three
current density levels under an electrolyte flow rate of 100 mL min~! is presented in Figure 3, where
the error bars represent the standard deviation (SD) obtained from the experimental data of three
charge/discharge cycles. The standard deviation was calculated as

®)

where x; is the value of the data, ¥ is the mean value and N is the number of data points. The small
error bars indicate the high consistency of three charge/discharge cycles.

At a CR of 23.1%, the CE at all three current density levels were near 95%. Increasing the CR to
38.5% increased the CE at all three current density levels to 96%. However, further increasing the CR to
53.8% caused a decrease in the CE under 40 mA cm~2 with decreasing current density. The decrease of
CE at the CR of 53.8% may be attributed to the over compression of the graphite felt, causing reduced
porosity and specific fiber surface area where the redox reaction occurs.

Additionally, the VE decreased within increasing current density due to larger ohmic
overpotentials at higher operating current densities. Under constant current density, the VE increased
with increasing CR because of the increased contact between graphite fibers, which decreases the
contact resistance. Similar results also have been reported in Park’s study.

The EE was obtained by multiplying the CE and VE. The maximum EE for current densities
of 40 and 60 mA cm 2 were approximately 81%, 76%, respectively, at the CR of 38.5%, whereas the
maximum EE for 80 mA cm~2 was 73.1% at the CR of 53.8%. The lower EEs for 40 and 60 mA cm 2 at
the CR of 53.8% were mainly due to the decrease in CE. The results suggested that the high CR had a
higher impact on CE than on VE. Although the EE of 73.1% at 80 mA cm~2 was lower than that in the
recently published study [21] due to different treatments on electrodes, the VRFB in this study showed
consistent performance during cycling tests and could be used for further experiments.

The DC at all three current density levels studied showed a similar trend: a slight increase then
decrease with increasing CR. The decreased DC at a CR of 53.8% may be due to over compression,
as this can cause open pores in the electrode to close or shrink in size, making electrolyte flow more
difficult. When the electrolyte is trapped in the pores, the products of the redox reaction cannot be
removed quickly, hindering the overall electrochemical reaction.
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Figure 3. Effect of CR on the coulombic, voltage and energy efficiency and discharge capacity

of the VRFB operating at 100 mL min~! under various current density levels: (a) 40 mA cm~?;

(b) 60 mA cm~Z; (c) 80 mA cm 2.
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Similarly, the resulting efficiency variation of the VRFB under the three studied CRs operating
at three current density levels under an electrolyte flow rate of 50 mL min~! is presented in Figure 4.
The CE was lower at the higher CR of 53.8% for all current density levels, whereas VE increased with
increasing CR. The maximum EE and DC occurred at the CR of 38.5%.
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Figure 4. Effects of CR on the coulombic, voltage and energy efficiency and discharge capacity of the
VREB operating at 50 mL min~! under various current density levels: (a) 40 mA cm~Z; (b) 60 mA cm~Z;
(c) 80 mA cm 2.

3.2. Effect of Electrode CR on Impedance

The Nyquist plots of the EIS for the VRFB under various operating conditions and a CR of 23.1%
is shown in Figure 5. The semi-circles are not completely shown because the scanned frequency ranged
only from 20 to 1 kHz to reduce the required measurement time. The impedance measurement at each
operating condition was completed in approximately 20 min to reduce the influence of electrolyte
concentration variation due to continuous discharge. During discharge, the high-frequency resistance
(HFR) ranged between 1 and 1.2 Q) cm? and reduced with decreasing SOC. The HFR can be attributed
to the Nafion 117 membrane, which has a much lower conductivity than the electrolyte: approximately
78 mS cm ! [22] versus 200-400 mS cm ! [23], respectively. During discharge on the positive side,
a proton is consumed to be combined with VO, causing a decrease in proton concentration in the
positive electrolyte, as shown in Equation (1). As a result, proton transport through the membrane
from the negative side to the anode side is enhanced, causing the decrease of HFR.

The HFR was slightly reduced at the higher electrolyte flow rate, as shown by comparing the
solid (100 mL min~!) and dashed (50 mL min~1) lines in Figure 5. This may be due to an enhancement
of proton transport through the membrane caused by diffusion of the electrolyte by the high flow rate.

Nyquist plots of the VRFB under a CR of 38.5% are shown in Figure 6. The HFRs at an SOC of 95%
were similar under a CR of 23.1% and 38.5%. However, the HFR at SOCs of 50% and 5% decreased
when the CR was increased to 38.5%. This may be caused by the reduced contact resistance caused by
the increased CR. The HFR was consistent among all studied current density levels, implying that a
CR of 38.5% is suitable for a wider operating current density range and provides more stable operating
conditions for the VRFB, as the VRFB operating with a CR of 38.5% demonstrated the highest energy
efficiency, as shown in Figure 4.
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Figure 5. Nyquist plots of EIS of the VRFB under various operating conditions at CR = 23.1%:
(a) 40 mA cm~Z; (b) 60 mA cm~2; (c) 80 mA cm 2.
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Figure 6. Nyquist plots of EIS of the VRFB under various operating conditions at CR = 38.5%:
(a) 40 mA cm~Z; (b) 60 mA cm~2; (c) 80 mA cm 2.

When the CR of the graphite electrodes was increased to 53.1%, the HFR dropped below 1 () cm?

due to the decrease of contact resistance, as shown in Figure 7. However, the effect of electrolyte flow

at current density levels of 60 and 80 mA cm 2 was not noticeable, possibly because the contribution

of increased flow speed has reached its upper limit at a CR of 53.1%. Therefore, an increased flow rate
of 100 mL min~?! has a limited contribution to the battery performance.

The effect of CR on the HER of the VRFB under various operating conditions is shown in Figure 8.
The HFR decreased with increasing CR for most of the cases except for the operating conditions at
the SOC of 95%, in which HFR showed a slight increase when CR increased from 23.1% to 38.5%.
A significant decrease of HFR was observed at the CR of 53.8%. However, the VRFB with 53.8%-CR
electrodes did not demonstrate the best performance among all cases. The effect of CR on VRFB

performance needs further discussion.
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Figure 7. Nyquist plots of EIS of the VRFB under various operating conditions at CR = 53.8%:
(a) 40 mA cm~2; (b) 60 mA cm~2; () 80 mA cm 2.
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Figure 8. Effects of CR on the high frequency resistance of the VRFB operating under various operating
conditions: (a) 40 mA cm~2; (b) 60 mA cm~Z; (c) 80 mA cm 2.

3.3. Effect of Electrode CR on Overpotential

When the porous graphite felt electrode is compressed, its porosity and cross-sectional area in
the flow direction are reduced, resulting in an increase of flow velocity. The increased velocity helps
agitate the electrolyte flow and enhance electrolyte convection on the graphite fiber surface of the
electrode, resulting in the decrease of concentration overpotential. The concentration overpotential
can be expressed in a general form:

Econ = RTIH( L )/ )

F ip—i
where R is the universal gas constant, T is the operating temperature, F is the Faraday’s constant, i is
the operating current density and iy, is the limiting current density, determined by [24,25]:

iL = anme. (10)

In Equation (10), n represents the electrons involved in the redox reaction, ¢, is the bulk
concentration and kn, is the mass transfer coefficient, which is approximately related by an empirical
equation [26]:

ke = 1.6 x 104204, (11)
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Here, v is the mean electrolyte velocity and can be expressed as [27]

v = QLan

_ kv 12
Afel€Lgele (12)

where Q is electrolyte flow rate, A is the cross-sectional area (Agejt = Weelr X tc), € is the porosity of
the electrode, Layg is the average length of the fluid paths and L is the geometrical length of the felt.
The ratio Lavg/ Ltel; is known as the tortuosity of a porous medium and depends on the porosity [28].
The porosity of a compressed graphite felt can be estimated by the equation,

e = Pfiber — pfelt’ (13)
Pfiber

where pgiper and pge)r represent the densities of graphite fibers and compressed electrodes, respectively.
The effect of varying the CR on these properties, the concentration overpotential and the ohmic
overpotential are summarized in Table 1 for the VRFB operating at a current density of 80 mA cm 2
and an SOC of 0.5. Values in Table 1 was calculated with wg; =4 x 1072 mm and ¢, = 750 mol m—3).
The area resistance can be obtained from Figures 5-7.

When the CR increased from 23.1% to 38.5%, both the concentration and ohmic overpotentials
decreased by approximately 4 and 2 mV at flow rates of 50 and 100 mL min~! (Q = 8.33 x 1077 and
1.67 x 107% m> s71), respectively. When the CR increased further to 53.8%, the concentration and
ohmic overpotential decreased by 3.4 mV and 7.2 mV, respectively, at 50 mL min~! and by 2.1 mV
and 10.4 mV, respectively, at 100 mL min~!. This implies that a slight porous electrode compression
contributes to both the decrease of concentration and ohmic overpotentials, whereas a considerable
compression contributes to the decrease of the ohmic overpotential.

Table 1. Impact of varying CRs on VREB properties at an operating current density of 80 mA cm 2

and SOC of 0.5.
o 3.1 -1 1 iL Econ Rq (Q Eohm
CR (%) £ Lavg/Leerr  Q(m®s™7) Vims™) km (ms™) ) o2y (mV) cm?) (mV)
8.33 x 1077 4.69 x 1073 1.87 x 107> 1355 23.1 1.08 86.4
231 093 1.05 167 x 106 937 x 103 247 x 105 1788 154 1.06 84.8
8.33 x 1077 6.08 x 1073 2.08 x 107> 1504 19.6 1.03 82.4
385 0.916 1.07 1.67 x 107 1.22 x 1073 2.74 x 1075 1985 13.3 1.03 82.4
8.33 x 1077 852 x 1073 2.38 x 1073 1721 16.2 0.94 75.2
5338 0.888 1.09 1.67 x 107 1.70 x 1073 3.14 x 105 2271 11.2 0.90 72.0

4. Conclusions

The performance and electrochemical impedance of VRFBs assembled with three CRs (23.1%,
38.5% and 53.8%) of graphite felts were measured at various operating conditions. The following
conclusions were drawn from the results:

1.  Anincrease of the CR to 38.5% was shown to increase the CE. However, when the graphite felts
were over-compressed to a CR of 53.8%, the CE decreased. Additionally, the VE was found to
increase with increasing CR. The VRFB with a CR of 38.5% of graphite felts showed an optimum
EE of 73% at the operating current density 80 mA cm~2 and electrolyte flow rate 100 mL min~?.

2. Obtained EIS data indicated that HFR is lower when a greater electrolyte flow rate is present.
The HFR was shown to reduce with increasing CR. The HFR at a CR of 38.5% showed consistency
under all operating current densities, resulting in a maximum EE.

3. A slight compression of a porous electrode was found to contribute to both the decrease of
concentration and ohmic overpotentials, whereas a considerable compression contributed mainly
to the decrease of the ohmic overpotential.
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Nomenclature

A area (m?)

c concentration (mol m~3)

E potential (V)

F Faraday constant (96485 C mol 1)
i current density (A m2)

k mass transfer coefficient (m s~1)

L length (m)

n number of electron

Q flow rate (m3 s~1)

R universal gas constant (8.314 kJ kg*1 K
R area specific resistance (Q cm?)

t thickness (m)

T temperature (K)

v velocity (m s~1)

% cell voltage (V)

Greek Symbols

€ porosity

o density (g cm~2)

o) ohmic

Superscripts and Subscripts

Avg average

charge charge process
con concentration
discharge discharge process
felt felt

fiber fiber

L limiting
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