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Abstract: Carbon fiber, as an electrode material, has been widely used in all-vanadium liquid flow
batteries. In order to further reduce the size of the all-vanadium storage system, it is imperative to
increase the current density of the battery and to achieve high conductivity and large electrostatic
capacitance. The graphitization of the electrode material and the improvement in the specific surface
area of the electrode surface also greatly affect the performance of all-vanadium redox liquid flow
batteries. Therefore, in this paper, carbon nanotubes (CNTs) with a small diameter and a large specific
surface area were coated on the electrode surface of the VRFB system by the dispersion method to
improve the cell performance. The performance of the surface-modified electrode was also verified
by Raman spectroscopy, XRD and SEM surface observations and charge/discharge experiments.

Keywords: VRFB; energy storage; carbon fiber

1. Introduction

The liquid flow battery is an electrochemical energy storage technology proposed by
Thaller (NASA Lewis Research Center, Cleveland, OH, USA) in 1974 [1,2]. The liquid flow
battery is also known as a battery active material renewable fuel cell [3]. When vanadium
ions are used as the active material in the battery, called a vanadium liquid flow battery
(VRFB), the vanadium electrolyte in the liquid storage tank is pressed into the battery
stack through an external pump during system operation to complete the electrochemical
reaction. V4* in the positive electrode is oxidized to V°* during charging, and V3* in the
negative electrode is reduced to V2*. The reverse reaction occurs during the discharge
process. The reaction is as follows.

Positive electrode reaction:

charge
VO* + HyO =———=VO; +e +2H" atE'=+10V (1)
discharge

Negative electrode reaction:

charge
V3F +e /— V2t atE'= —026V 2)
discharge

As an energy storage battery, the all-vanadium liquid flow battery has been widely
used in various energy storage fields, including large power stations, photovoltaic power
generation and wind power generation [4-7]. However, the disadvantages of a low energy
density and a large size need to be further addressed [8-10]. Therefore, reducing the size of
all-vanadium liquid flow batteries and increasing the energy density and current density of
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the batteries are the main objectives of current research and development [11-13]. This goal
is achieved mainly through two ways: one is to improve the performance of the battery
component materials, and the other is to optimize the design of the battery frame and flow
path [14,15]. One of them is about the battery component materials, which mainly include
the electrode materials and diaphragm materials of the battery. Electrode materials are
improved mainly by means of heat treatment and surface modification [16-20]. The heat
treatment process can improve the carbonization of the electrode to reduce the resistance
of the electrode [21,22]. However, while improving the carbonization, we believe that for
aqueous solution batteries, the hydrophilicity of the electrode should be improved at the
same time, and excessive heat treatment will reduce the hydrophilicity of the electrode [23],
thus reducing the charge and discharge performance. Surface modification of the electrode
is mainly conducted by increasing the specific surface area of the carbon ballast [24-26],
which increases the contact area between the carbon ballast and the electrolyte, thus
improving the reaction rate and reducing the charge mobility resistance [27-30].

As a key component of the VFRB, the electrode not only provides the site for the redox
reaction of vanadium ions but also plays an important role in the performance of the battery.
The performance of the electrode directly affects the charging and discharging performance
of the VFRB. Carbon felt is a widely used electrode material due to its good stability, high
conductivity and low cost. However, carbon felt electrodes also have some disadvantages,
such as poor electrochemical activity and a small specific surface area. These problems
need to be solved by surface modification. In 2016, Venkata Yarlagadda et al. published
a paper [31,32] showing studies which increased the specific surface area of the electrode
to 29 times the original one by producing multi-walled carbon nanotubes directly on the
electrode surface by the electrical deposition method. The efficiency of the H,-Br, fuel cell
was 16% higher than that using a triple-layer fuel cell at an 80% discharge voltage. In 2019,
H.R. Jiang et al. published a paper [33,34] in which a two-hole graphite felt electrode was
prepared by a simple and effective catalytic etching method with seven times the specific
surface area of the original stone carbon felt, current densities of 300 and 400 mA/ cm? and
energy efficiencies of 82.47% and 77.69%. The performance of the carbon felt electrode was
effectively improved.

In order to further improve the performance of carbon electrodes in VRFB systems, in
this paper, a method is proposed to dispersively coat carbon nanotubes (CNTs) with small
diameters and large specific surface areas on the surface of carbon electrode fibers in VRFB
systems. Furthermore, the carbon electrodes were heat-treated at various temperature
conditions, and the optimum heat treatment conditions were found to improve the electrode
performance. The performance of the surface-modified electrodes was verified by Raman
spectrum, XRD and SEM surface observations and charge/discharge experiments, which
also proved that the method proposed in this thesis is effective.

2. Experimental Methods

In this study, the dispersion of multi-walled carbon nanotubes was treated with
different dispersions and the dispersions were analyzed using a ZC-3000 ZETA potentiostat
from Kyowa Interface Science Co., Ltd. (Niiza, Japan). To ensure the uniformity of the
coating, we applied the dispersed CNT solution in batches on both the front and back
sides of the electrodes, which were heated and dried. The VRFB used for charge/discharge
experiments was a homemade spiral pump-driven cell with an electrode area of 5 x 10 cm.
For the data of the charge/discharge experiments, SEM-EDS(JEOL Ltd. JSM-5510 Tokyo,
Japan) observation analysis, Raman spectroscopy analysis(JASCO Corporation. NRS-
4100, Tokyo, Japan) and XRD (Rigaku Corporation, RINT2500HF, Tokyo, Japan) surface
crystallography analysis were performed on the electrode surface. The obtained analytical
data were calculated, and the calculated results were compared in order to summarize the
experimental results.
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2.1. Experimental Conditions

The CNTs used in this experiment were multi-walled carbon nanotubes produced by
Wako Pure Chemical Industries, Ltd (Tokyo, Japan), commercially available multi-walled
CNTs with an average diameter of 10 nm and an average length of 1 um. The dispersion
medium mainly contained deionized water and ethanol solution, and the surfactant was
SDBS (sodium dodecylbenzene sulfonate). Here, 0.006 g of CNTs was placed in three
different solvents, stirred for 15 min, sonicated for 20 min and left for 1 h. The stability of
the dispersed solution was determined by measuring the ZETA potential. The ultrasonic
treatment instrument was model W-113A manufactured by Honda Electronics, Ltd. (Tokyo,
Japan) and the ultrasonic treatment conditions were 60 °C, 45 KHZ and 20 min, as shown
in Figure 1.

Stirring Ultrasound  Attachment

Solution Carbon felt

Figure 1. CNT dispersion and carbon fiber modification.

2.2. Calculation Method

The charge/discharge experiment was performed with a constant current charge/
discharge, an electrolyte flow rate of 2.4 mL min~! cm~2 and a carbon felt compression ratio
of 30%. The charge/discharge experiments were carried out on untreated carbon felt and
treated carbon felt, and the charge/discharge data results were calculated to compare the
experimental results. The charge and discharge internal resistance (Ir), voltage efficiency
(Ev), coulombic efficiency (Ec), energy efficiency (Eg), energy density (Ep) and output
density (Op) of the battery were calculated based on the constant current charge and
discharge curves. The calculation equations are shown in Equations (3)—(8).

uuvg.churge_ avg.discharge

= 2Cp 3)
£, — Javdischarge 100 W
o uﬂvg.churge ’
Lgi t)dt
b = L Htsarse O 00, -
flcharge(t)dt
Eg = Ey x E¢ ©)
I % Uppodi
Op (W/L) = w ”
IxT;xU .
ED (Wh/L) _ d avg.discharge (8)
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3. Experimental Results
3.1. Dispersion Experiments of CNTs and SEM-EDS Surface Observation and Elemental Analysis

The dispersions of the three dispersions at different concentrations were compared
by measuring the ZETA potential. The results show that the 80% ethanol solution (a),
0.1 mol/L SDBS ethanol solution (b) had the best dispersion. The dispersion potential
is negative and arranged in a gradient. The measurement results are shown in Figure 2.
Since the SDBS ethanol solution produced a large number of bubbles after sonication, the
solution started to solidify after 2 h of standing, and the precipitation was obvious after 6 h
of standing. Therefore, the 80% ethanol solution was used in this experiment.

The 100 mL of dispersed solution was heated and dried after being dropped into
the carbon felt electrode several times. The surface state and elements of the carbon fiber
electrodes were observed and analyzed by SEM-EDS. The SEM images of the untreated
electrode, Figure 3(al-a3), and the treated electrode, Figure 3(b1-b3), are shown in Figure 3.
The SEM comparison shows that the dispersed CNTs completely adhered to the surface of
the carbon felt fibers.

The results of the EDS elemental analysis are shown in Table 1 and Figure 4. It can be
seen from the elemental analysis results that the carbon element percentage of the treated
carbon felt increased by 4.25%.

Table 1. EDS Surface Element Analysis Results Comparison.

CKa (%) O Ka (%) o/C

(a) 87.23 12.77 0.14
(b) 91.48 8.52 0.09
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Figure 2. (a) Dispersion results of 0.006 g CNTs in 80% ethanol solution, (b) Dispersion results of 0.006g CNTs in 0.1 mol/L SDBS ethanol solution and (c) Dispersion results of 0.006 g
CNTs in 2% SDBS aqueous solution.

b1) ' (b3)

Figure 3. Comparison of SEM images of untreated carbon felts (top) (al) is a 1000 magnification image of untreated carbon fiber, (a2) is a 2500 magnification image, and (a3) is a
5000 magnification image, and treated carbon felts (bottom). (b1) 1000 magnification image of carbon fiber after processing, (b2) 2000 magnification image, and (b3) 5000 magnification image.
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Figure 4. EDS surface elemental analysis results for (a) untreated carbon felt and (b) carbon felt after

attachment treatment.

3.2. Charge and Discharge Experiments and Impedance Measurement Evaluation

The experimental results are shown in Figure 5 ((a) untreated carbon felt, (b) treated
carbon felt) after conducting a constant current charge/discharge experiment on a single
cell with a current density of 100-500 mA/cm?. The maximum power density of the
untreated carbon felt electrode is 300 mA/cm?, and the charging voltage is 1.8 V. The
treated carbon felt electrode can reach 400 mA/cm?, and the charging voltage is 1.6-1.7 V.
The charging and discharging data were calculated according to Equations (3)—(8), as shown
in Table 2. It can be seen from Table 2 that the Iz of the treated carbon felt is two times
lower than that of the treated carbon felt, and the Ey and Ef are increased by about 15%.
This is because the surface coating of the carbon felt with CNTs improves the conductivity
of the electrode and increases the specific surface area, thus reducing the charge/discharge
internal resistance.

1.9 1.8
18 1.7 (b)
1.7 1.6
__ 16 15
15 > 14
(]
o 1.4 & 1.3
< 1.3 S
° = 1.2
1.2 o
> > 11
1.1 1
1
0.9 0.9
0.8 0.8
0.7 : - - 0.7 . : :
0 500 1000 1500 2000 0 1000 2000 3000 4000
Time(s) Time(s)

400mA/cm?

——100mA/cm? 200mA/cm? 300mA/cm?

Figure 5. Charge and discharge data. (a) Constant-current charge/discharge experiment for untreated
electrode. (b) Constant-current charge/discharge experiment of treated electrode.

Table 2. Constant Current Charge and Discharge Data (A: Untreated Carbon Felt; B: Treated Car-
bon Felt).

100 mA/cm? 200 mA/cm? 300 mA/cm? 400 mA/cm?

A B A B A B A B
Ir (OY) 1.715 0.65 1.34 0.56 1.25 0.61 - 0.68
Ey (%) 77.63 90.95 66.02 84.72 58.03 82.61 - 75.35
Ec (%) 82.73 88.13 96.47 92.50 92.17 82.61 - 88.31
Op (W/L) 297.5 326.5 270.5 314.75 246.5 23750 - 283.5
Ep (Wh/L) 100.16 255.76 49.29 129.40 10.48 1253.47 - 53.55

Er (%) 64.22 80.15 63.69 78.37 53.49 68.24 - 66.54
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For the charge/discharge experimental data, the AC impedance of the battery was
measured, and the results (Nyquist plot) are shown in Figure 6 for the test range of
10° — 0.1 Hz. The intersection of the starting position of the curve with the x-axis is
the on-state resistance (Rr) of the battery itself. In the figure, the half-circle part is the
charge movement resistance (Rp) in the high-frequency region, and the diagonal part is
the material movement resistance (Rp) in the low-frequency region. o is the Warburg
coefficient, w is the frequency and C; is the double-layer capacitance. The calculation
equation is shown in (9) and (10).

7! — R + fa o 2 ¥
(1 0y + G (5 + Re)
) 2

gy _ V@ (14 0v/@Cy)* +wCy 55+ Re) (10)

2
(14 oy/@Cy)* + w?C2 (ﬁ + Rp)

The main purpose of this experiment is to review the charge movement resistance Rp
in the high-frequency region and the matter movement resistance Rp in the low-frequency
region. From the measured Nyquist diagram, it can be calculated that Rp = 0.7 () and
Rp =1 Q) for the untreated carbon felt and Rp = 0.025 () and Rp = 0.035 ) for the treated
carbon felt. It can be seen that the charge and discharge impedance of the coated carbon
felt is reduced by about five times.

-0.06 -0.03
(a) oo (b)
g 004 ¢ g 00y
~N 002 | N 001 }
0 1 1 0 1 1 1
18 1.9 2 21 02 025 03 035 04
Z'(Q) 7'(Q)

Figure 6. Single battery cell Nyquist figure. (a) AC impedance results of untreated electrode, (b) AC
impedance results of the treated electrode.

3.3. Raman Spectroscopic Detection and XRD Surface Crystallization Analysis

For the results of constant current charging and discharging, we performed Raman
spectroscopy and XRD surface crystallographic analysis on two carbon felts.

In this paper, we use the common method of Raman spectroscopy to analyze carbon
materials. There are two characteristic peaks in the Raman spectrum of carbon materials:
the G peak near 1580 cm~! and the D peak near 1360 cm~! [35]. Researchers usually
go through the D and G peaks. The integrated area ratio Ip/I; is used to determine the
integrity of the carbon material. The larger the Ip /I ratio, the lower the structural integrity
of the carbon material. The smaller the Ip /I ratio, the higher the structural integrity of
the carbon material [36,37]. In this study, the treated carbon fiber electrodes were tested by
Raman spectroscopy using the NRS-4100 from JASCO (JASCO Corporation. Tokyo, Japan).
The measured Raman spectra are shown in Figure 7, and the measured data are shown in
Table 3. Combining the Raman spectra and the measured data, it can be seen that the peak
shapes of the D and G peaks of the coated treated carbon felt became relatively sharp and
obvious, the integrated area ratio and half-height width of the peaks also became smaller,
the characteristic peak G appeared near 2700 cm ! of the carbon felt and the ratio of Ip/Ig
decreased by 0.068.
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Figure 7. Structural analysis result by Raman spectroscopy. (a) Raman spectra of untreated electrode.
(b) Raman spectra of treated electrodes.

Table 3. Calculated Results of Raman Analysis.

D Peak G Peak
Sampl In/lg
ample Raman Shift FWHM Raman Shift FWHM (Area)
(cm™1) (cm™1) (cm—1) (cm—1)
a 1252 307.33 1487 147.81 1.038
b 1255 71.90 1491 52.01 0.97

For the surface crystal structure, untreated and treated carbon fibers were analyzed
using the RINT 2500 VHF from RIGAKU Corporation, Japan, under the following test
conditions: voltage: 40 kV: 30 mA (Cu). The measurement results are shown in Figure 8.
It can be seen that the shape of the (002) diffraction peak for 20 = 25° is basically the
same. However, the intensity of the peak increases after the coating treatment. There is no
significant difference in the (100) diffraction peak at 20 = 43°.

A
T 2sind

KA
~ Pcosd

doo2 (11)

(12)

C(002) (a) g €{002)

— (b)

>15,000

C(100)

20 30 40 S0 60 70 80 90 100 20 30 40 S0 60 70 80 90 100
26(°) 26(°)

Figure 8. Results of crystal structure analysis by XRD: (a) unprocessed; (b) processed.

According to Equations (11) and (12), the layer spacing dggp of the carbon fibber
graphite crystallites and the thickness of the crystallite stack Lc can be calculated [38].
The (100) peak in the XRD spectrum can be used to calculate the direction of the graphite
crystallite along the axis, the crystal plane width La and the diffraction angle of the 6 crystal
plane diffraction peak; A is the wavelength (A = 0.1541 nm); K is the shape factor, K = 0.94
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when Lc is calculated, and K = 1.84 when La is calculated; and B is the measured full width
at half maximum. The calculation results are shown in Table 4.

Table 4. XRD Patterns of Untreated and Treated Carbon Felts (a: Untreated; b: Treated Carbon Felts).

C (002) Crystallographic Plane C (100) Crystallographic Plane
CF
26/° d/nm Blrad Lc/nm 26/° d/nm Blrad La/nm
a 25.6 0.356 0.141 1.054 42.8 0.228 1.385 0.221
b 25.8 0.354 0.100 1.488 43.4 0.224 1.237 0.246

From the comparison of the calculated results in Table 4, it can be found that there is
no significant difference between the crystal spacing dgo, and the crystal spacing digp of
the untreated and treated electrodes; the radial size Lc and the axial size La of the crystals
of the treated carbon fiber electrodes become larger. The larger crystallite size indicates a
more complete development and a higher degree of graphitization [39]. Therefore, it was
theoretically demonstrated that the performance of the treated carbon cellulose electrodes
was higher than that of the untreated electrodes.

4. Conclusions

In this paper, we improved the VRFB system by proposing a method for dispersion
coating of CNTs on the surface of carbon electrodes. The following results were obtained
from this study.

1.  The performance of the existing carbon felt is improved by the CNT surface coating
method. Charge and discharge data show that the current density of VRFB can reach
up to 400 mA /cm?. At a current density of 200 mA /cm?, the energy efficiency is close
to 80%, which is about 15% higher than that of the untreated carbon felt.

2. ACimpedance data surfaced showing the treated carbon felt reduces the Rp by 0.68 ()
and the Rp by 0.96 Q) during charging and discharging, meaning that the charge and
discharge internal resistance of VRFB is reduced by three times.

3. Raman and XRD analyses of the two carbon felts were performed, and the experimen-
tal results showed that the Ip /I of the treated carbon felts decreased by 0.068, while
the XRD calculation data showed that the crystal radial size Lc and axial size La of the
treated carbon fiber electrode became larger.

4. In this study, the performance of the coated treated carbon felts was tested, but the
durability of the treated carbon felts needs further study.
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Nomenclature

C concentration (mol m~3)

D density (*/L), where “*” is for other units
d discharge/full width at half maxima
E efficiency (%)/energy

K K=0.94

L length (m)

@) output density (W/L)

R area specific resistance (Qem?)

t thickness (m)

T time (s)

U charge and discharge voltage (V)
v cell voltage (V)/volume (L)
Greek Symbols

o Warburg factor

A wavelength (A = 0.1541 nm)

0 angle (°)

B rad

w frequency

Q ohm

Superscripts and Subscripts

avg average charge process

discharge discharge process
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