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In recent years, vanadium redox flow batteries (VRFBs) have attracted global interests owing to their ad-
vantages of large scale, high safety and long-term cyclability. Nevertheless, the unsatisfactory kinetics of
carbon-based anodes limits the commercial application of VRFBs. Especially, graphite felt (GF) as a re-
presentative anode material, has critical disadvantage of poor electrolyte wettability due to its hydrophobic
surface. This limitation of interfacial properties between the electrode and electrolyte causes inefficient
charge transportation, which leads to low electrochemical performance with poor cycle stability. To im-

Ke ds:

V?:]v:girufn redox flow battery prove the surface properties of GF anodes for VRFB, we introduce a lamination layer of Nb-doped TiO, (NTO)
Anode to a heat-treated graphite felt (HGF) via ultrasonic spray pyrolysis deposition. The NTO laminated HGF offers
Composite hydrophilic surface with several advantages of high catalytic activity, high electrical conductivity, and high

Graphite felt
Nb-doped TiO,

specific surface area. As an anode material, the hybrid structure of the NTO lamination layer on the HGF
demonstrates synergistic effects, thus enabling superior energy storage performance compared with other
electrodes. Especially, the NTO-HGF anode shows an energy efficiency of 82.03%, which is 6.2% higher than
that of pristine GF. We demonstrate that the introduction of an NTO lamination layer can be a prospective
candidate for improving the VRFB anodes performance.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

The continually increasing global energy consumption has ac-
celerated the demand for sustainable energy sources. The growth of
rechargeable energy storage market, including redox flow batteries,
fuel cells, and lithium-ion batteries has received significant attention
as restrictions on fossil fuels have increased. Therefore, the perfor-
mance of electrochemical energy storage technology must be en-
hanced to solve future energy problems [1-3]. Electrochemical
energy storage devices possess key advantages of high efficiency,
eco-friendliness, and controllable energy densities. To date, various
types of flow batteries have been developed, such as iron-chromium
flow batteries, zinc-bromine flow batteries, and vanadium redox
flow batteries [4-6] owing to their long-term cyclability.

Especially, the vanadium flow battery (VRFB), which is known as
prominent candidate for next-generation energy storage system.
VRFBs possess several advantages, including flexible capacity design,
high safety, high efficiency, and long cycle life [7]. By adjusting the
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amount of electrolyte, the capacity of a VRFB can be easily controlled
depending on the application type. Additionally, VRFBs system al-
leviate cross-contamination problems owing to the vanadium che-
mical utilization in both the anolyte and catholyte of the cell (VZ*
/V3* solution for the anolyte, and VO,* /VO?* solution for the cath-
olyte) [8]. As the application fields of large-scale energy storage
system, VRFBs rapidly substitutes conventional Li-ion batteries
owing to their non-flammability and long-term cyclability with
beneficial levelized cost of electricity (LCOE). These advantages fa-
cilitate the commercialization of VRFBs market, together with the
development of related techniques. Several key concepts have re-
ported for designing high-performance electrode materials such as
constructing composite materials and morphology control [9-13].
However, during the redox process, electrode material do not par-
ticipate for chemical reaction, which is a distinct characteristic of
VRFB compared with other secondary battery systems. The electrode
material offers reaction sites during charge/discharge process and
transports charge carriers to the redox couples, which can contribute
to the overall energy storage performance, such as energy density
and efficiencies. Therefore, to enhance the energy-storage perfor-
mance of VRFBs, electrode materials must possess high porosity,
mechanical and chemical stability, and high electrical conductivity.
Graphite felt (GF) is a representative electrode material owing to its
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high porosity, great electronic conductivity, low cost, and superior
electrochemical stability [14-16]. The morphology of the electrode
material affect the kinetic properties during electrochemical reac-
tions that occur at the surface of the electrode. Moreover, the
wettability of the electrolyte on the electrode material dominantly
affects the efficiency of the VRFB, which determines the quality of
interfacial contact [17]. However, GF electrodes are hydrophobic and
exhibits unsatisfactory catalytic activity for vanadium redox reac-
tions. Hence, several strategies have been investigated to modify the
intrinsic characteristics of GF. One of the modification strategies,
developing heteroatom-doped GF can effectively increase the elec-
trical conductivity, providing additional charge carrier [18-21].
Through the doping methods, surface characteristics including
wettability can be modified owing to the introduction of additional
functional group. On the other hands, constructing hybrid composite
materials considered a powerful strategy, which can compensate the
critical disadvantages of GF. Representatively, Pt, Ir, Au, and Ru were
coated onto the surface of GF for accelerating the reaction of the
redox couple owing to their excellent electrochemical activity and
high electrical conductivity [22-26]. However, using precious metals
incurs a high cost, which renders them unsuitable for designing
practical VRFB systems. Moreover, metal oxides such as TiO, and
Mn30,4 exhibit intrinsically low electrical conductivities. These lim-
itations hinder their application to VRFB systems [18,27]. Therefore,
the development of novel catalysts with high electrochemical ac-
tivity, large specific surface area, high conductivity, and affordable
cost is urgently required to facilitate the commercialization of
VRFBs.

Herein, Nb-doped TiO, lamination layer-covered heat treated GF
(NTO-HGF) for a high-efficiency VRFB anode using fabrication via a
simple and low-cost horizontal ultrasonic spray pyrolysis deposition
(HUSPD) is proposed. Surface NTO layer successfully enhanced the
electrical conductivity and catalytic activity of GF. The resultant
NTO-HGF sample exhibited excellent electrocatalytic performance
with superior electrolyte wettability, resulted in high EE and en-
hanced cycle stability when it was used in the VRFB anode.

2. Experimental

First, the GF(4.7 mm thickness, Mirfa) was cleaned ultrasonically
using ethanol and deionized water at a ratio of 1:3 for 30 min.
Subsequently, the GF was washed with deionized water for 10 min.
After cleaning, the GF was dried at 80 °C for 12 h. To increase surface
area and electrochemical activity, the dried GF was heat treated in an
air atmosphere box furnace at 420 °C for 10 h, and the sample was
labeled as HGF. As shown in Fig. 1, HUSPD was used to prepare a NTO
lamination layer covered with HGF. The following procedure was
used to prepare the precursor solutions: First, 2.025 g of niobium
chloride (NbCls, Sigma, >99%) was dissolved in 300 mL of ethanol
and stirred for 2 h. Subsequently, 9 mL of diisopropoxide titanium
(C16H2806Ti, Alfa Aesar, 75% in isopropanol) solution was added and
stirred for another 2 h. For the HUSPD process, the HGF was placed
on a cleaned glass holder, and an ultrasonically atomized (1.6 MHz)
precursor solution was thermally deposited on HGF substrate in a
heating chamber at 420 °C. NTO particles were deposited on the HGF
substrate for 60 min using air as a carrier gas at flow rate of 15 L/min
and a fixed rotation speed of the holder at 5 rpm, and the sample
was labeled as NTO-HGF. All other conditions were used to minimize
error, and the sample fabricated without niobium chloride in the
precursor solution was labeled TiO,-HGF.

To figure out the morphology and composition, field-emission
scanning electron microscopy (FESEM) was conducted with.
Crystallographic and chemical bonding states were analyzed using
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS,
K-ALPHA"). To investigate the wettability, interfacial characteristic
between the prepared graphite felts and electrolyte (0.15 M V3" with
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3 M H,S04) was evaluated using contact anglemeter (KSV200). Cycle
voltammetry and electrochemical impedance spectroscopy were
performed using a prepared electrode. A silver chloride electrode
(Ag/AgCl) and platinum sheet electrode were used as the reference
and counter electrodes to proceed the three-electrode measurement
system. The GF, HGF, TiO,-HGF, and NTO-HGF were cut into circles
(0.3 cm?) for the measurement, and 0.15 M V3* with 3 M H,S0, so-
lution was used as the electrolyte. The scan rate was set to 5 mV/s
with a voltage window of - 0.8-0 V(vs. SCE) for V3*/V2* redox reac-
tions. For the two-electrode full cell test, the GF was cut into rec-
tangular samples measuring 20 mm x 30 mm with a Nafion 212
separator. The pristine GF electrode was used as the cathode side for
all full-cell tests. On the anode side, GF, HGF, TiO,-HGF, and NTO-
HGF samples of the same size were successively used for testing and
comparison. The 1.5M vanadyl sulfate trihydrate (VOSO43H,0,
TCI, > 98%) dissolved in 3 M sulfuric acid (H,SO4, DUCSAN, > 98%) was
used as an initial electrolytes for both anode and cathode. To exhaust
oxygen in the electrolyte tank, the electrolyte was purged with Ar for
15 min. The initial discharge process was set to convert the catholyte
and anolyte from VO?* to VO," and V3*, respectively. The voltage
window was 1.6V and 0.7V for charge/discharge under different
current densities ranging from 40 to 160 mA/cm?. The charge/dis-
charge cycle tests of the VRFB were performed using a battery cycler
(WonATech, WBCS 3000L).

3. Results and discussion

Fig. 2 displays the FESEM data obtained from the GF, HGF, TiO,-
HGF, and NTO-HGF samples. By adopting the HUSPD method, pre-
cursor droplets can be deposited onto the substrate more uniformly,
owing to the indirect droplet-supplying mechanism featuring a ro-
tating disk. Thus, a GF sample with a uniform NTO lamination layer
was successfully developed, as depicted in the schematic images. As
shown in Fig. 2(a) and (e), a smooth morphology was observed on
the surface of the GF with an average felt diameter of ~14 um, which
is not a favorable structure owing to the low specific surface area
[28]. After the heat treatment, the surface exhibited a rough and
porous structure, as shown in Fig. 2(b) and (f), which provided suf-
ficient active sites for the redox reaction and facilitated the growth
of the NTO lamination layer [29]. Fig. 2(c) and (g) show the FESEM
images of TiO,-HGF, indicating that TiO, particles were synthesized
on the HGF surface via the HUSPD method. The presence of dense
and rough surface nanoparticles, as shown in Fig. 2(d) and (h),
proves that the NTO particles were uniformly distributed on the HGF
surface, which consequently increased the surface roughness of the
HGF. The NTO lamination thickness confirmed as approximately
32nm, as shown in Fig. S1. In addition, an EDS analysis was per-
formed to verify the constituent elements (Fig. 2i). The EDS data
confirmed the uniform distribution of Ti and Nb, signifying a well-
laminated NTO layer on the HGF.

In the XRD pattern, owing to the thin lamination layer of NTO
than the graphite felt substrate, the diffraction pattern of the NTO
phase was included in the graphite phase (JCPDS# 41-1487) and was
not distinguishable, as shown in Fig. S2 [30,31]. Fig. 3(a) shows the
full-range XPS data obtained from the GF and NTO-HGF, including
the O KLL, O 15, Ti 2p, C 15, and Nb 3d peaks. To investigate the
detailed peaks of each bond, magnified XPS data of the NTO-HGF
samples are shown in Fig. 3(b-e). In Fig. 3(b), the NTO-HGF main-
tained the carbon-related bonding states of GF, including C=C, C-C,
C-0, and C=0 at ~284.6, 285.1, 286.0, and ~287.7 eV, respectively.
This shows that the heat treatment and HUSPD processes did not
excessively oxidize carbon but maintained the graphite felt struc-
ture. The oxygen-related functional groups in Fig. 3(c) show the OH
phase, C=0 bonds, and H-O-H bonds in the fitted peaks at ~532.6,
531.0, and ~534.2 eV, respectively. This oxygen-related functional
group can contribute to the wettability of the acid-base electrolyte
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Fig. 1. Schematic diagram of the process of synthesizing NTO on HGF using HUSPD.

on the electrode, which can enhance the energy storage efficiency
during cycling. Fig. 3(d) appears the binding energy of the Ti 2p XPS
spectrum. The two main peaks of Ti 2p at ~458.4 and ~464.1eV,
implying the Ti 2p,j, and Ti 2ps;, peaks, respectively, which imply
the Ti*" oxidation state relative to the TiO, phase. In addition, this
sample show two secondary peaks at ~456.7 and ~462.5 eV, which
indicates the Ti>* oxidation state generated by the substitution of
Ti** ions by Nb>* ions. These substituted Nb>* ions offer additional
charge carriers to the lattice of TiO,, which can contribute to the

high electrical conductivity of NTO. The Nb 3d XPS core-level spectra
(Fig. 3e) show that Nb 3ds;, emitted a main peak at ~206.6 eV and
Nb 3d 35, at ~210.0eV, which indicates the presence of Nb>*,
Meanwhile, the secondary peaks, which appeared at ~205.8 and
~209.1 eV for Nb 3ds; and Nb 3ds),, respectively, indicate the cou-
pling peaks of Nb atoms doped on the TiO, lattice. Thus, the NTO
lamination layer was successfully synthesized via the HUSPD pro-
cess [32,33]. To confirm the wettability of GF, HGF, and NTO-HGF,
5uL of sulfuric acid-based vanadium electrolyte (0.15M V3" with

Fig. 2. (a-h) HRSEM images of GF, HGF, TiO,-HGF, and NTO-HGF samples and NTO-HGF with (i) EDS mapping data of NTO-HGF.
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3 M H,S0,4) was drop onto all the samples, respectively (Fig. S3). In
Fig. 4, the contact angle between the electrode and electrolyte was
measured using contact anglemeter. GF and HGF shows high contact
angle of ~137.7° and ~126.5° owing to its strong hydrophobic surface
property. This poor wettability of GF and HGF electrodes can causes
inefficient charge transfer during the continuous charge/discharge

process accompanied with the restricted reaction sites. Interestingly,
NTO-HGF electrode completely absorbed the electrolyte (contact
angle <0.5°), signifying the superior wettability compared with
other samples. The excellent wettability was mainly attributed to the
abundant oxygen-related functional groups at the surface of NTO
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Fig. 5. (a)The CV curves at a scan rate of 5mV/s and (b) EIS curves of various electrodes in 0.15 mol L™! VOSO,4 +3 mol L™! H,SO4 solution.

lamination layer, which provides sufficient active sites with stable
long-cycle stability of VRFBs [34].

CV measurements were conducted for the GF, HGF, TiO,-HGF, and
NTO-HGF electrodes to estimate their electrochemical activities to-
ward the electrochemical coupling reaction. Fig. 5(a) exhibits the
anodic CV data for all electrodes at a scan rate of 5mV/s. The peak
current and peak current differences were used to evaluate the
electrochemical activity of the electrode materials via CV [35,36].
The TiO, and NTO lamination layer covered electrodes show en-
hanced electrochemical characteristics such as increased redox
current with lower peak potential separation (AE;) compared with
the HGF and GF electrodes. This is because the presence of TiO,
enhances the adsorption of V3* ions and provides more reactive sites
owing to the presence of -OH, thus promoting the electrochemical
reaction of V3*/V?* [37]. The NTO-HGF electrode exhibited the
highest redox peak current density (J,c) and AE, during the V3*/V**
reaction, indicating the high reversibility and enhanced electro-
chemical activity of the NTO-HGF electrode for the V3*/V?* reaction.
This result demonstrates the significantly enhanced electrochemical
characteristics of the NTO-HGF electrode by applying the NTO Ia-
mination layer caused by the enhanced surface area with the high
electrocatalytic activity of NTO and the presence of Nb atoms, which
improved the conductivity of TiO-.

The electrocatalytic activity of all the electrodes for the V3*/v?*
reaction was further investigated via EIS. Fig. 5(b) shows Nyquist
plots for the GF, HGF, TiO,-HGF, and NTO-HGF. The EIS profile (Ny-
quist diagram) generally comprises two regions: a semicircular re-
gion and a straight-line region. The semicircle diameter of the
Nyquist diagram indicates the charge-transfer resistance (R.), which
represents the interfacial resistance within the cell [38]. This inter-
facial resistance can affect the V3*/V?* redox reaction on the anode
side during the charge/discharge cycles. Consequently, the NTO-HGF
electrode exhibited the smallest semicircle diameter, signifying the
highest electrical conductivity, which is well-matched with the re-
sult of CV test. The combined CV and EIS data exhibit that the NTO-
HGF electrode exhibited great redox activity for V3*/V2*, Because the
NTO-HGF electrode accommodates a more reversible redox pair
with lower resistance, it can be used as an electrode to improve the
energy conversion efficiency of VRFB anodes.

To further investigate the kinetic properties of the NTO-HGF
during the V3*/V2* reaction, CV tests were performed for the NTO-
HGF and GF under different scan rates, as shown in Fig. 6(a) and (b).
At all scan rates, the NTO-HGF showed enhanced current values and
lower peak potential differences compared with the HGF. Using
Randles-Sevcik equation [39], the mass transfer rate of vanadium
ion coupling was investigated. Fig. 6(c) shows a plot of the peak
current density vs. the square root of the scan rate for the GF and
NTO-HGF anodes. The peak currents at both the GF and HGF anodes
are proportional to the square root of the scan rate, signifying

diffusion-controlled V3*/V?* reaction at both electrodes [40]. The
straight line slope for the NTO-HGF was higher than that for the GF,
indicating that the mass transfer process at the surface of the NTO-
HGF was faster than that at the GF surface. The enhanced mass
transfer performance is owing to the increased number of active
sites by heat treatment and the enhanced hydrophilicity of the
electrodes by the uniform NTO lamination layer. Moreover, doped
Nb>* ions, which substitute Ti#*, facilitate charge transfer during the
redox reactions, thus providing additional charge carriers to the TiO,
lattice.

For investigating the NTO lamination layer effect on the elec-
trochemical performance of the electrode in detail, the GF, HGF,
TiO,-HGF, and NTO-HGF were loaded into a VRFB system, as shown
in Fig. 7(a), and charged/discharged at a current density of 120 mA/
cm? (Fig. 7(b)). The electrode modification effects on the VRFB per-
formance was demonstrated. Compared with the VRFB with the GF
anode, the VRFB with the NTO-HGF anode exhibited a lower char-
ging voltage and a higher discharging voltage, indicating that the
NTO-HGF became less polarized during the redox reaction. More-
over, the VRFB with the NTO-HGF anode showed the highest dis-
charge capacity compared with the other electrodes, under the same
amount of electrolyte. This was owing to the additional active sites
of NTO-HGF electrode, which promoted the charge transfer of va-
nadium ions. This can in fact contribute to a higher voltage efficiency
(VE), EE, and coulombic efficiency (CE). In Fig. 7(c-e), NTO-HGF
anode exhibited the highest EE of 95.18% at a current density of
40 mA/cm?. The high energy efficiency of the NTO-HGF is mainly
attributed to the enhanced catalytic activity caused by the con-
ductive NTO lamination layer, accompanied by abundant oxygen
functional groups. During the cell operation, the reaction of the
redox couple can be facilitated owing to the improved electro-
chemical catalytic property and additional reaction sites for NTO-
HGF anode. Moreover, the NTO-HGF anode showed superior CE and
VE among all the samples. Interestingly, the VE gap between the
pristine GF and NTO-HGF widened gradually. This is because, at low
current densities, the gap was not significant owing to the lower
polarization of the VRFB cell. Under high current, the polarization for
pristine GF increased, which rapidly degrades the VE. However, the
reduced polarization of the NTO-HGF electrode from enhanced cat-
alytic activity and additional active sites contributed to the VE re-
tention rate, even under a high current density. The EE, CE, and VE of
NTO-HGF were 6.2%, 3.2%, and 3.6% higher than GF at 160 mA/cm?,
respectively. These results show that the NTO-HGF possesses high
electrocatalytic activity with sufficient active sites for redox reac-
tions, particularly at high current densities. In addition, after cycling
at a high current density of 160 mA/cm?, the NTO-HGF electrode
maintained its EE, CE, and VE when the current density was restored
to 40 mA/cm?, signifying high electrochemical stability in strongly
acidic electrolytes [41]. Thus, the NTO-HGF exhibited superior
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rate for the V3*/V?* redox reaction.

electrochemical activity, which is mainly attributed to the en-
hancement in the oxygen-related functional groups and increased
electrical conductivity [42]. The resultant NTO-HGF anode exhibited
improved electrocatalytic activity and reduced electrochemical po-
larization of the VRFB cell. To further investigate the cycle stability of
the GF and NTO-HGF, repetitive cycle tests were performed up to 100
cycles for the GF and NTO-HGF electrodes. As shown in Fig. 8(a). The
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discharge capacity of both cells decreased due to the precipitation of
vanadium and ion diffusion through the membrane, which caused
an imbalance of ion concentration in the anode and cathode sides of
the VRFB cell [43]. However, after 100 cycles, the discharge capacity
retention of the NTO-HGF was 67%, which was 17% higher than that
of the cell with the GF electrodes. Moreover, as shown in Fig. 8(b),
the NTO-HGF electrode exhibited a high and stable CE compared
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with the pristine GF without significant degradation up to 100 cy-
cles, which further reveals the superior stability of the NTO-HGF. The
enhanced capacity retention of NTO-HGF was mainly attributed to
the improved wettability from the surface NTO lamination layer,
possessing additional oxygen-related functional groups. Conse-
quently, the high VRFB anode performance of NTO-HGF sample is
attributed to the following reasons. First, additional active sites were
generated through the heat treatment of the pristine GF, which
maximized the discharge capacity via a fixed electrolyte. Second, the
oxygen-related functional groups of the NTO lamination layer in-
creased the wettability of the NTO-HGF electrode, which resulted in
superior cycle stability. Third, the enhanced electrical conductivity of
the Nb-doped TiO, structure contributed to the energy storage ef-
ficiency during the charge/discharge process.

4. Conclusion

In summary, the NTO-HGF achieved via HUSPD exhibited out-
standing electrochemical characteristics. The CV and EIS test results
indicated that the NTO-HGF exhibited superior electrochemical ac-
tivity. In addition, the NTO-HGF exhibited excellent electrochemical
performance (highest EE of 95.18% at a current density of 40 mA/
cm?) for the VRFB anode, which was confirmed through a 13cycle
test. In particular, at a high current density (160 mA/cm?), the EE
reached 82.03%, which is 6.2% higher than that of pristine GF elec-
trode. In addition, the NTO-HGF electrodes exhibited high stability
during long-term cycling tests up to 100 cycles in acidic electrolytes.
These improvements in electrochemical performance were mainly
due to (1) the NTO lamination layer on the heat-treated GF structure,
which provided a sufficient effective contact area for V3*/V?* ions
and electron transfer between the electrode and electrolyte; (2) the
NTO lamination layer providing more oxygen-containing functional
groups, which improved the hydrophilicity and catalytic activity of
the NTO-HGF electrode; and (3) the high electrical conductivity of
the Nb-doped TiO, lattice structure contributing to a faster charge
transfer at the GF surface, which resulted in superior energy storage
efficiency. These results verified that the HGF with an NTO lamina-
tion layer exhibits significant potential as a high-performance VRFB
anode.
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