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Abstract: The intrinsic hydrophobicity of graphite felt (GF) is typically altered for the purpose of the
surface wettability and providing active sites for the enhancement of electrochemical performance.
In this work, commercial GF is used as the electrodes. The GF electrode with a coated-polydopamine
catalyst is achieved to enhance the electrocatalytic activity of GF for the redox reaction of vanadium
ions in vanadium redox flow battery (VRFB). Materials characteristics proved that a facile coating
via atmospheric pressure plasma jet (APPJ) to alter the surface superhydrophilicity and to deposit
polydopamine on GF for providing the more active sites is feasibly achieved. Due to the synergistic
effects of the presence of more active sites on the superhydrophilic surface of modified electrodes,
the electrochemical performance toward VO?** /VO,* reaction was evidently improved. We believed
that using the APPJ technique as a coating method for electrocatalyst preparation offers the oxygen-
containing functional groups on the substrate surface on giving a hydrogen bonding with the grafted
functional polymeric materials.

Keywords: vanadium redox flow battery (VRFB); polydopamine; graphite felt (GF); electrode;
atmospheric pressure plasma jet (APPJ)

1. Introduction

Various renewable energy sources such as wind power systems, geothermal energy
systems, and solar cells have attracted considerable attention due to the greenhouse effect
and environmental hazards of fossil fuels. However, the intermittent and unpredictable
of electricity generation limits these renewable energy generators as an alternative to fos-
sil fuel. To mitigate this risk, the development of various energy storage systems (ESS)
technologies with different mechanisms was proposed elsewhere [1,2]. Among these, the
utilization of a large-scale ESS is leading to rapid development. A high market share
of ESS is expected as the key technology to balance and shift the energy. In this regard,
vanadium redox flow battery (VRFB) is one of the possible large-scale energy storage
system that contributed to a high storage capacity, fast response time, low maintenance
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cost, and long lifetime (over 10,000 cycles) [3-6]. The VRFB system is based on chang-
ing the oxidation of vanadium species especially in different redox couples (Cathode:
(VO?* /VO,*), Anode: (V?*/V3*)) [7]. The vanadium electrolytes are based on aqueous
acidic media circulation through graphite felt (GF) electrode with high surface area and
chemical stability, which are necessary to produce effective ion exchange and high acid
resistance during the electrochemical operations [8-10]. However, GF is a carbon-based
material with intrinsic hydrophobicity and poor wettability. The limitations of GF make
it not suitable for the VRFB electrolyte solution. Several metal or metal oxides catalysts
including Pt, Pd, Ir, Bi, CuPt3, Nb,O5 and PbO; are able to improve the electrochemical
performance of electrodes [11]. Due to the noble metal, non-metallic functionalization and
complex preparation processes of catalyst materials there is limited market application
of the VRFB system [12,13]. Furthermore, the current loading and flowing electrolyte in
VREFB system causes the poor adhesion of catalysts on the electrodes. To mitigate the
issues of metal-based catalysts, N-doped carbon materials have been shown to improve the
electrochemical performance of the VRFB system [14-16]. Several preparation strategies
have been developed for synthesizing polydopamine as the nitrogen source for modifying
GF. Lee et al. reported that nitrogen-doped GF prepared via deposition of different thin film
of polydopamine followed by pyrolysis in an argon atmospheric [15]. Youn et al. reported
producing nitrogen-functionalized GF by ultra-sonication assisted self-polymerization
and pyrolysis of dopamine [17]. These reported studies mainly demonstrated the poly-
dopamine coating on GF and subsequent heat treatment to prepare nitrogen-functionalized
GF for improving the performance of a VRFB system [15,17,18]. However, the proposed
methods for functionalization on the surface are complicated and require longer processing
time. Ji et al. firstly proved that the polydopamine coating on GF evidently enhanced
energy efficiency in a VRFB single cell [19]. Hence, our maturely designed and environ-
mentally friendly process based on the surface treatment and coating technologies via an
atmospheric pressure plasma jet (APPJ) system were reported on the previous studies,
such as the enhanced abrasion resistance of an anti-fingerprint coating on plated-Cr/brass
substrates, a modified LiFePOy, electrode for improved high-temperature performance in
Li-ion batteries (LIBs), and lanthanum strontium manganite (LSM) as a cathode layer in
solid oxide fuel cell (SOFC) [20,21]. This work focused on the development of APP]J tech-
nique using argon plasma to directly deposit polydopamine on GF substrates to achieve an
excellent electrochemical performance in a VRFB system.

2. Results and Discussion

The APPJ system used in this study is equipped with a mass flow controller to
control the flow rate of Ar gas as the working gas. In the initiation step of homogeneous
plasma generation, Ar gas under the electric field received the kinetic energy from the
elastic collisions of molecules, in which the momentum is conserved. Subsequently, the
dissociation and the ionization of Ar gas proceed via inelastic collisions, in which the
energy is transferred from the electrons under the applied electric field to Ar gas [22,23].
The formation of total plasma species under ambient pressure in an Ar-APPJ system is
detected by OES, as shown in Figure 1a. The strong spectral lines in Ar emission spectrum
are denoted as the transitions from 2p to 1s locating at the range of 690-900 nm, which
correspond with the NIST Atomic Spectra Database [24]. Apart from the observed Ar
emission lines, however, some significant peaks corresponded to the atomic oxygen (OI) at
777.1 nm and 840.6 nm, N species at 310-440 nm (N; bands), and OH band at 309 nm from
the ambient air were detected, respectively. Due to the high flow rate of Ar working gas
(35 slm) in APPJ system, the high flux plasma density which ion-bombards on the substrate
materials contributes the surface modification process accompanying the accumulated
heat. In Figure 1b, the appearance of a visible tornado plasma flame is purple and sharp,
with the flame length around 5 mm working distance. The gas temperature in an Ar-APPJ
system is first measured using a thermometer with the k-type thermocouple covered with
the quartz tube below the plasma head of 0 and 5 mm working distance. The temperatures
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with different distances reached the maximum values of 73 °C (0 mm) and 57 °C (5 mm)
within 120 s. As the plasma was turned off, the system was cooled down with argon to
reach room temperature for a further 30 s.
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Figure 1. (a) OES obtained from Ar-APPJ process, (b) argon plasma with a plume length of 5 cm and gas temperature.

PAN-based GF with high conductivity, high purity, and chemical resistance in acid
solution is widely used as the electrode in VRFB system. In order to understand the stability
of GF under the plasma treatment, a TGA test was implemented, as shown in Figure 2.
A small weight gain from 25 °C to 75 °C is contributed by the gas absorption of the air on
the GF sample and maintains thermally stability up to approximately 650 °C. A significant
weight loss over 650 °C is contributed from the oxidation of GF by air gas to form CO, gas
which is released into the environment. In this study, the Ar-APPJ system is also denoted
as cold atmospheric plasma, in which the low gas temperature for functionalization and
coating processes of polydopamine on GF substrates was feasibly achieved.
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Figure 2. TGA /DTG curves of pristine GE.

The GF electrode composed of the interlinked fibers in the VRFB system requires
a high porosity with a large surface area to provide absorption well for the electrolyte
solution to exchange oxidation of the vanadium ions [25]. The morphologies of pristine GF
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fibers along the axial direction was observed, as shown in Figure 3a,b. The fiber surface
is smooth without any visible defects. In Figure 3c,d, the contact angles of DI water and
VREB electrolyte solution on pristine GF are 135.7 ° and 127.9 °, indicating the intrinsically
hydrophobic surface, which was evidently proved by dropping the sample into the VRFB
electrolyte solution. The pristine GF still floats on the surface of the aqueous solution,
referring to a poor wettability in the VRFB system (Figure 3e). Wu et al. reported that air
bubbles on the hydrophobic GF surface were observed, which resulted in in the unstable
electrochemical stability during the charging/discharging processes in a VFRB system [26].
Previous studies were reported to demonstrate the improvement on the wettability and
the activity of GF for the VRFB system [27-31].
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Figure 3. SEM images of pristine GF (a) x 1000 (b) x10,000, and the contact angle measurements of
pristine GF using (c) deionized water (d) VRFB electrolyte solution, and (e) a sinking test in VRFB
electrolyte solution.

In Figure 4a,b, SEM images represent a portion of APPJ-coated polydopamine dec-
orated onto the surface of the GF samples. In order to understand the wettability of
APP]J-coated polydopamine on GF, the contact angles using deionized water and VRFB
electrolyte solution were obtained, which also confirmed that the superhydrophilic proper-
ties on GF samples was visually sunk into the VRFB electrolyte solution (Figure 4c—e). We
speculated that the enhancement of the wettability of APPJ-coated polydopamine on GF is
mainly contributed by the functional groups of polydopamine. Therefore, the electrolyte
utilization and the energy efficiency of the superhydrophilic GF surface in VRFB system
are expected to be improved [27,29].
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Figure 4. SEM images of APPJ-coated polydopamine on GF (a) x1000 (b) x 10,000, and the contact
angle measurements of pristine GF using (c) deionized water (d) VREFB electrolyte solution, and (e)
a sinking test in VREB electrolyte solution.

Raman spectroscopy (RS) was further performed to investigate the microstructure of
the GF samples, as shown in Figure 5. Two significantly characteristic peaks located at the
wavenumbers of 1346 and 1580 cm ™! are attributed to the D and G bands, respectively. The
D and G bands are corresponding to Alg symmetry which is associated with the sp® defect
sites and the E2g symmetry of sp? domains, respectively [27,32,33]. The ratios of Ip/Ig of
pristine GF and APPJ-coated polydopamine on GF are 1.014 and 1.031, respectively. Hence,
the larger the ratio of Ip /I is, the more defect sites are obtained, indicating more vanadium
ions involved in the electrochemical reactions in the VRFB system [32,34]. Moreover, the
RS bands at 1060 cm~! (C-C-N stretching) and 1117 cm~ ! (NH twisting) are attributed to
the characteristics of polydopamine coated by the APPJ system [35].

The chemical compositions of APPJ-coated polydopamine on GF surfaces were ana-
lyzed by XPS. In Figure 6, N1s spectrum is deconvoluted into two peaks assigned to the
pyrrolic N and the pyridinic N*- O~ belonging to the functional groups in polydopamine,
which is composed of indole and dopamine units. Pyrrolic N in polydopamine provides
the structure with defects due to its location at the edge of C layers. He et al. reported that
the more defects existed in ploydopamine lead to the increase in the surface wettability
and act as active sites for the electrochemical reactions [36]. The results of Raman spectra
and XPS analysis are correspond to the findings of SEM images (Figure 4a,b) for the confir-
mation of the existence of polydopamine coating on GF. The contact angel measurement
and immersion test in the VRFB electrolyte solution are proved to a higher wettability of
APPJ-coated polydopamine on GF, as shown in Figure 4c-e.
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Figure 5. Raman spectrum of pristine GF and APP]J-coated polydopamine on GF.
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Figure 6. XPS spectrum of APPJ-coated polydopamine on GF.

CV tests were performed to understand the electrochemical activity of electrodes
toward VO?**/VO,* redox reaction in 0.05 M VOSO, and 2 M H,SO; solutions. The peak
potential separation (AEp = Vpa—Vpc) and peak current densities ratio (Jpa /Jpc) of maximum
peaks for the reversibility of the reaction and possess good symmetry at a scan rate of
5mV/s [37]. In Figure 7, the AE;, value for APPJ-coated polydopamine on GF is 0.69 V,
which is similar with the pristine GF (AEp, = 0.61 V). The Jpa /Jpc ratio of pristine GF is 1.71,
while the value of APPJ-coated polydopamine on GF is decreased into 1.32. It is believed
that the Jpa/Jpc ratio is more equal to one, referring to the better reversibility of the redox
reaction of vanadium ions in a VFRB system. The GF substrate soaked in the polydopamine
solution was also used as the conventional method for the comparison. The AE,, value

and the Jpa/Jpc ratio are 1.63 V and 1.81, displaying a poor electrochemical performance in
a VFRB system.
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Figure 7. CV test curves of prepared electrodes at a scan rate of 5 mV /s, (a) pristine GF, (b) APPJ-
coated polydopamine on GF, and (c) soaking GF in polydopamine solution.

To understand the catalytic effect of polydopamine coating on GF, a typical charge—
discharge test using the VRFB single cell in 1.6 M VOSOj in a solution of 2.5 M H,SO,4 was
performed. The suitable potential window ranging from 0.7 to 1.6 V was implemented for
the inhibition of side reactions, such as water electrolysis for producing O, and H, gases [38].
Figure 8a,b present the charge-discharge curves for electrodes at the current densities of
40 and 80 mA /cm?. For the VRFB cell with direct coating of polydopamine on GF via the
APPJ system, the prepared electrodes revealed the longer charge—discharge time and a lower
charge voltage plateau, which are contributed from the synergistic effect of the superhy-
drophilic surface toward the VRFB electrolyte solution and pyrrolic N in polydopamine for
producing more active sites for the VOZ* /VO,* redox reaction [29,36,37,39].
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Figure 8. Charge-discharge curves of VRFB single cell using pristine GF and APPJ-coated polydopamine on GF as electrodes
at a current density of (a) 40 mA/cm? and (b) 80 mA /cm?.

Figure 9 shows the charge—discharge curves for the VRFB single cell with APPJ-coated
polydopamine on GF surfaces electrodes at different current densities, and the corre-
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sponding efficiencies including Columbic efficiency (CE), Voltage efficiency (VE), Energy
efficiency (EE), are listed in Table 1. As increasing the current densities, CE apparently
increased, while VE and EE dramatically decreased. The increasing trend on CE values
with current densities is contributed from the reduced time of vanadium ion crossover
through Nafion membranes [40,41]. However, at the higher charge—discharge rate in VRFB
single, the decreases in VE and EE resulted from the increased overpotential caused by cell
polarization [11,41].

1.8
—— 40 mA/em?
—— 60 mAfcm?
L6y —— 80 mA/fem?
f —— 100 mA/cm?®
8 1.4k 120 mA/em?
=
g
2 1.2 h
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1.0F
0.8+

0 2000 4000 6000 8000 10,000 12,000 14,000
Time (Sccond)

Figure 9. Efficiencies of the VRFB single cell with APPJ-coated polydopamine on GF at different

current densities.

Table 1. Efficiencies of the VRFB single cell with APPJ-coated polydopamine on GF at different
current densities of 40, 60, 80, 100 and 120 mA /cm?.

Current density (mA/cm?) CE (%) VE (%) EE (%)
40 85.24 93.83 79.86
60 91.90 86.15 79.16
80 93.81 81.39 76.31
100 95.11 7721 73.42
120 96.02 69.84 67.02

GF is a carbon-based material with intrinsic hydrophobicity and shows a poor energy
efficiency in VRFB system. According to the experimental results mentioned above, surface
treatment by argon plasma induced oxygen-containing functional groups on GF was
achieved [42,43]. In Figure 10, we believed that the hydrogen bonding between the catechol
group of polydopamine and oxygen-containing functional groups on GF was evidently
occurred for a better interfacial bonding [44—46]. Integrating the wettability of GF for the
electrochemical reaction of vanadium ions can be described for the generated triple phase
boundary (TPB) among VREB electrolyte solution, polydopamine catalyst, and GF. The
pyrrolic-N species in polydopamine possessing the superhydrophilic properties facilitates
the reaction of vanadium ions and donates electrons to the m-system, which is composed
of HOMO and LUMO levels, leading to electrical conductivity [47,48]. According to the
results outlined by Li et al., the higher diffusion coefficient of polydopamine and the lower
charge transfer resistance of the VRFB single cell using polydopamine modified GF as the
electrode. It possessed a smaller polarization value and a higher electrolyte utilization as
compared with that of VRFB with blank GF [19].
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Figure 10. Mechanisms of synergistic effects on functionalization and coating processes of poly-
dopamine on GF substrates by APP]J for enhancing the VRFB performance.

To achieve a higher electrochemical performance of GF in the VRFB system, research
based on the surface treatment methods and deposition of heavy metals and metal ox-
ide were widely discussed [11]. The energy efficiency of the VRFB with polydopamine
modified GF was accordingly compared with various electrocatalysts reported in the
previous studies as listed in Table 2. Our work shows polydopamine modified GF at
a current density of 40 mA/cm? is 79.86%, which is higher than those of the previous
studies that demonstrated electrocatalyst materials at a current density of 40 mA /cm? were
< 75%. The EE of MoO, /MSU-FC fabricated by Kwon et al. is 72.5% at a current density of
80 mA /cm?, in which is apparently lower than this work. However, the previous studies
for electrocatalyst coating require a long producing time with complicated processes in-
volved. Furthermore, APPJ system offers the advantages of a rapid coating process and the
ability to treat a large surface area of economical GF electrodes.

Table 2. Comparison of APPJ-coated polydopamine on GF as electrode materials with the literature.

Catalyst/Electrode Cur(:ir;t /?I;?)Sity Efficiency Ref
CE (%) VE (%) EE (%)
Pt-C/CF 10 80.6 89.7 72.3 [49]
Pt/MWNTs 20 83.88 27.55 23.11 [50]
Pt-C/sprayed GF 40 87 84 71 [51]
Ir/GF 40 82 74.6 61.1 [52]
Mn30,4/CF 40 83.5 91 76 [53]
MoO, /MSU-FC 80 91 79.7 72.5 [54]
APP] polydopamine 40 85.24 93.83 7986 L
coating/GF 80 93.81 8139 7631

3. Experimental

Commercial PAN-based GF (Model: GFO065, thickness: 6.5 mm, base weight:
590 g/ m?, carbon content: 98.5%, CeTech Co., Ltd, Taichung, Taiwan) was applied in
this research as the electrode in the VRFB system. Samples were cut into test strips of
50 mm x 50 mm squares as the pristine GF. Details of polydopmaine preparation by
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self-polymerization of dopamine is highlighted in the previous study [17]. The chemi-
cals, including tris-(hydroxymethtl)-aminomethane (99.8%, Scharlau, Barcelona, Spain),
3-hydroxytyramine hydrochloride (99%, Acros organics, Geel, Belgium), vanadyl (IV) sul-
fate hydrate (17-23% V, Acros organics, Geel, Belgium), and sulfuric acid (95-98%, Scharlau,
Spain) were used in this work. All chemicals were analytical-reagent grade without further
purification and directly used for the preparation of the chemical precursor.

We used the commercial tornado-type APPJ system (Click-SSV1, Click Sun Shine
Corp., New Taipei City, Taiwan) for coating process, as depicted in Figure 11. It is equipped
with a rotating jet head (tornado-type) by an AC power system, an atomizer for the chemical
precursor delivery, and a moving stage for area scanning. The plasma is generated using
argon as the working gas, which is supplied at a constant flow rate of 35 slm. The substrates
were set on the moving stage with a nozzle-to-sample distance at 5 mm, and the parameter
associated with plasma power and moving stage movement velocity were 500 W and
50 mm/s, respectively. An atomizer using the piezoelectric oscillator with a frequency of
2.45 MHz is used to generate the atomized polydopamine solution droplets, which was
transferred by argon as the carrier gas at a constant flow rate of 15 sccm (See supplementary
materials and video, Video S1). Prior to the polydopamine coating by the APP] system, the
GF substrates were washed with de-ionized water and ethyl alcohol three times.

Working gas | Argon

Carrier gas : Argon

,/i\ High voltage

7 supply

‘ Movable-stage

Figure 11. Schematic apparatus of the tornado-type atmospheric pressure plasma coating system.

The temperature was measured via TES-1370 thermometer with a k-type thermocou-
ple of argon plasma plume, which will change with varying distance to the substrate. To
characterize the formation of plasma species in plasma, optical emission spectroscopy (OES,
Mars HS2000+, GIE Optoelectronics Inc., Taipei, Taiwan) measurements are presented. Fur-
thermore, the measurement necessary conducts in the photon-less environment. Advances
in characterization of GF via thermal gravimetric analysis (TGA, STA 449 F3 Jupiter ®,
Netzsch Instruments, GmbH, Weimar / Thuringia, Germany) and different thermal gravi-
metric (DTG) were investigated when the sample was heated from 25 °C to 800 °C in an
air atmospheric, to investigate weight gain or loss in the dissimilar temperature treatment
process. Surface morphologies of each samples were obtained by a field emission scanning
electron microscope (FE-SEM, JEOL, JSM 7900F, Tokyo, Japan) with an accelerating voltage
of 15 kV. In order to evaluate the wettability and static contact angle were measured by
contact angle equipment (Model 100SB, Sindatek Instrument Co., Ltd, Taipei, Taiwan) with
sessile drops of a micro syringe (5 pl) on each sample to eliminate the effects of droplet size
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and gravity. The change of structures of GF samples were proven by Raman spectroscopy
(iHR550, Horiba, Kyoto, Japan) with 632 nm He-Ne laser as the excitation source and
scanned at 350-4000 cm~!. The surface compositions of each specimen were analyzed
via X-ray photoelectron spectroscopy (XPS, Thermo Theta Probe, Thermo Fisher Scientific
Inc., East Grinstead, UK). With X-ray source of the monochromatized Al-Ka X-ray type
(hv =1486.6 V), peak positions were carefully calibrated with to the Cls graphitic peak
position at 284.5 eV from the adventitious hydrocarbon contamination. Peak spectra were
deconvoluted using the Shirley background function and an asymmetrical Lorentzian-
Gaussian peak shape by software (XPS peak 4.1).

GF specimens were characterized with electrochemistry using cyclic voltammetry (CV)
measurements which was conducted in a three-electrode cell with an electrochemical work-
station (VSP-300, Bio-Logic, Claix, France) in the electrolyte of 0.05 M VOSOy4 + 2 M H;SO4
and purged with nitrogen at an ambient temperature. The GF samples were placed in the
customization PTFE holder as a working electrode; a Pt wire and saturated calomel elec-
trode (SCE) were used as the counter and reference electrodes, respectively. The scanning
potential range of CV was limited from 0 V to 1.5 V versus SCE, and the scanning rate
was 5mV/s.

A VREFB single cell test was performed using two pieces of pristine GF and APPJ-
coated polydopamine on GF with an active area of 25 cm? (5.0 cm x 5.0 cm) as the electrode.
Graphite plates with a flow field and proton exchange membrane (Nafion 117, Du-Pont,
Wilmington, DE, USA) were used as the current collector and separator, respectively. Rub-
ber was utilized as the washers to seal the single cell. The dosing pumps (QG400Q2CKC,
Consortech corporation, Taipei, Taiwan) with the flow rate of the electrolyte maintained at
30 mL/min. The initial electrolyte was 50 mL with concentrations at both sides of 1.6 M
VOSOy in a solution of 2.5 M H,SOy. Finally, the potential of charge and discharge profiles
of the VRFB were evaluated between 1.6 V and 0.7 V at current densities of 40 mA /cm?,
60 mA /cm?2, 80 mA /cm?, 100 mA /cm? and 120 mA /cm?.

4. Conclusions

To enhance the electrocatalytic activity of GF electrodes towards the redox reaction
of vanadium ions, polydopamine was easily coated on the surface of the electrode using
an APPJ system. APPJ-coated polydopamine on GF was demonstrated to have a superhy-
drophilic surface via the hydrogen bonding between the catechol group of polydopamine
and generated oxygen-containing functional groups on GF surface, in which it was visually
sunk into the VRFB electrolyte solution [44—46]. According to the CV and charge-discharge
tests, better performance of the modified GF electrodes was achieved, contributing from the
superhydrophilic surface and more active sites appeared on polydopamine and GF. This
finding is due to the synergistic effects related to the presence of more active sites on the
superhydrophilic surface of electrodes, indicating the APPJ-coated polydopamine could
make the GF provide a considerable electrochemical behavior to facilitate the VO,* /VO?*
redox reaction in the VRFB system. Hence, CE, VE, and EE of VRFBs with polydopamine
modified GF are 93.81%, 81.39% and 76.31% at current density 80 mA/ c¢m?, which is much
higher than other reported electrodes. Furthermore, we also believe that using the APPJ
technique is suitable as a coating method for electrocatalyst preparation to improve the
electrochemical performance of the VRFB system.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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