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Vanadium redox flow battery (VRFB) is a highly suitable technology for energy storage and conversion in the
application of decoupling energy and power generation. However, the sluggish reaction kinetics of redox
couples is one of the bottlenecks hindering the commercialization of VFFBs. Developing efficient
electrode is a promising method to improve the battery performance. In this work, a reduced graphene
oxide/Mxene hybrid-decorated graphite felt (rGO/Mxene@GF) is designed to facilitate the kinetics of
redox reaction. The electrocatalytic activity and mass transfer of the prepared electrode are investigated
through experiment and simulation methods. The results indicate that the favorable mass transfer and
the synergistic effect between rGO and TizC,T, Mxene remarkably improve the performance of
electrode. The flow cell with rGO/Mxene@GF delivers a good stability up to 100 cycles with
a coulombic, voltage, and energy efficiency of 91.6%, 82.7%, and 75.8%, respectively, at a current density
of 80 mA cm™2. These findings suggest that the as-prepared rGO/Mxene@GF holds a good application
potential in VRFB and provides a promising approach to design efficient electrode for electrochemical
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1. Introduction

Global climate change and energy crisis have severely threat-
ened the sustainability of human society. The development of
renewable energy power (such as wind and solar power) is an
effective approach to addressing above issues.’* However, the
intrinsic intermittence and fluctuation of renewable energy
power affect the stability of grid when directly integrating into
the grid. Therefore, it is essential to develop energy storage
systems to store the intermittent and fluctuating electricity for
subsequent utilizations.*®* Among various technologies, the
vanadium redox flow battery (VRFB) exhibits the features of
stable cycling performance, high battery capacity, flexible
design, and overall structural safety, emerging as one of the
most promising energy storage devices for grid energy storage
and distribution.”®

Despite significant progress in the development of VRFB
over the past few decades, the widespread commercialization of
this technology still faces economic and technical challenges,
including the expensive components of the battery and low
performance.>'® As the core components of VRFB, the
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electrodes play a crucial role in facilitating the redox reaction
kinetics and improving the performance of battery.* Although
the traditional planar electrode such as graphite flake has been
widely used for VRFB, but their low surface area limited the
electrochemical reaction and electron transfer pathways,
resulting in a lower overall performance of energy storage.
Importantly, the three-dimensional porous electrodes can offer
advantages such as a high porosity and a reasonable pore size
distribution, providing more mass transfer channels and larger
surface area for electrochemical reactions during energy
storage.”™ Among various three-dimensional electrodes,
graphite felt electrodes are commonly used in VRFB due to their
wide working potential range, good stability, high conductivity,
high corrosion resistance, and relatively low cost. However, the
utilization of graphite felt still faces challenges due to its poor
electrochemical activity, leading to insufficient active sites for
vanadium redox reactions.'>*®

To improve the reaction Kkinetics of three-dimensional
porous electrodes, various methods have been reported,
including surface modifications to introduce chemical groups
(e.g., thermal treatment,"” acid treatment,” and microwave
radiation treatment’), surface etching to improve the surface
area or pore structures (CO, etching,**' water etching,” KOH
etching®**), and catalyst loading to enhance catalytic activity of
electrode. Among these methods, loading catalysts on electrode
to enhance electrode reaction kinetics is the most effective and
commonly used approach. In the past decades, many carbon-
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based catalysts such as carbon nanoparticles, carbon nano-
tubes, carbon flakes, carbon spheres, and metal-based nano-
scale catalysts such as Bi, Sn, Cu, TiC, TiN, TiO,, CeO,, ZrO,,
Mn;O, etc. have been reported to improve Dbattery
performance.>> For example, Gonzalez et al.® prepared a gra-
phene-graphite composite electrode using an electrophoretic
deposition method. The modified graphite felt exhibited an
improved electrochemical activity and kinetic reversibility for
the VO*>*/VO," redox couple with a high energy efficiency of
95.80% at a current density of 25 mA cm ™2 Wu et al.>® used
pulse electrodeposition to incorporate PbO, onto the surface of
graphite felt. The modified graphite felt electrode exhibited an
enhanced activity for vanadium ion electrochemical reactions.
The assembled battery using this electrode achieved an energy
efficiency of 82.4% at a current density of 70 mA cm ™.
Among the various catalysts, Ti;C,T, MXene is a highly
conductive and hydrophilic electrode material with various
types of surface terminations such as fluorine, oxygen, and
hydroxyl groups. Due to its unique structure, surface chemical
properties, outstanding mechanical stability and metal
conductivity, Ti;C,T, is regarded as a promising catalyst for
VFRBs.*® Wei et al.? were the first to use Ti;C,Ty as an electro-
catalyst to promote the V**/V*" redox reactions, they created
a TizC,T, hollow sphere structure to mitigate the stacking of
MXene layers, the results showed that the battery with the
prepared electrode achieved an electrolyte utilization efficiency
and energy efficiency of 80.1% and 81.3%, which were 41.7%
and 15.7% higher than that of pristine electrode. However, the
layered Ti;C,T, materials suffer from the reduced surface area
due to the re-stacking of 2D nanosheets during the electrode
preparation. This significantly decreases the specific surface
area and limits the mass transport of electrolyte ions, conse-
quently declining the performance of the electrode.®*** In
addition, above method involves multiple processing steps and
is relatively complex, and the incorporation of Ti;C,T, onto
substrate generally uses the nonconductive and hydrophobic
ionomers (e.g., Nafion) as binders, resulting a lowered electron
transfer efficiency and electrolyte transport. Notably, graphene
is a 2D nanomaterials with a large surface area, an excellent
electric conductivity and exceptional ion storage capability,
constructing the composite or hybrid of Ti;C,T, with graphene
can be an effective method to address the issues of limited ion
transport and surface area resulting from the re-stacking of
MXene.**** The binder-free electrode based on carbon felt can
mitigate the insufficient electron transfer and electrolyte
transport due to the utilization of hydrophobic ionomers.
Based on above consideration, we herein proposed rGO/
Mxene hybrid for the construction of graphitic felt electrode.
During the preparation, irregular Ti;C,T, MXene particles can
be first embedded and dispersed within the graphene layers,
thus alleviating the re-stacking of Ti;C,T, and increasing the
exposure of active sites. An improved electrochemical activity
and mass transport of ions can be realized by in situ incorpo-
rating rGO/Mxene hybrid onto the skeleton of graphite felt
without the use of binders. The physicochemical properties and
electrochemical performance of the prepared electrode were
comprehensively characterized. The results indicated that the
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synergistic effect between rGO and MXene, and favorable mass
transfer significantly enhanced the performance of electrode.
The VFRB with rGO/Mxene@GF electrode exhibited a good
stability of 100 cycles with a coulombic, voltage, and energy
efficiency of 91.6%, 82.7%, and 75.8% at a current density of 80
mA cm ™2 These results suggested a good application potential
of the as-prepared rGO/Mxene@GF in VRFB.

2. Experimental section
2.1 Synthesis of Ti;C,T, suspension

A solution containing Ti;C,T, MXene flakes was obtained by
selectively etching Ti;AlC, precursors according to the wet
chemical methods reported by Gogotsi.*” In detail, 2 g of LiF was
added into 40 mL of 9 M HCI to prepare a well-mixed solution.
Subsequently, 2 g of Tiz;AlC, powder was slowly added into
above solution under ice bath condition. After stirring at 35 °C
for 24 h, the mixed solution was collected and followed by
repeated washing with deionized water and centrifugation until
the pH 6. The resulting multilayer Ti;C,T, was re-mixed with
deionized water and ultrasonicated for 1 h in a nitrogen
atmosphere. After centrifugation at 3500 rpm for 40 min, the
supernatant containing Ti;C,T, dispersion was collected. To
determine the concentration of the Ti;C,T, dispersion, 10 mL of
solution was filtered through vacuum filtration to obtain the
Mxene sample, which was then vacuum-dried at 70 °C. The
obtained Mxene was peeled off from the filtration membrane
and weighed to determine the concentration of the Ti;C,T,
solution.

2.2 Synthesis of GO/MXene hybrid

Graphene oxide was synthesized according to the modified
Hummers' method.*® The prepared GO was dissolved into
deionized water and sonicated to obtain a 1 mg mL™' GO
solution. After that, 1 mg mL ™" of Ti;C,T, dispersion was
prepared using the similar method, and GO and Ti;C,T, solu-
tion was mixed (1:1 v:v) to create a mixture of GO and Ti;C,T,.
The mixture was further ultrasonicated to obtain a homoge-
neous GO/Mxene solution.

2.3 Fabrication of rGO/Mxene-decorated graphite felt
electrodes

The purchased graphite felt (GF) was cut into pieces with
dimensions of 3 x 2 x 0.4 cm. These graphite felt pieces were
immersed into an ethanol/water (1: 1 v:v) solution, followed by
ultrasonic treatment for 30 min. Subsequently, the graphite felt
pieces were cleaned using deionized water and dried in
a convection oven at 60 °C. For the synthesis of rGO/
Mxene@GF, the prepared GF was immersed in 60 mL of
homogeneous GO/Mxene solution. The mixture was then
transferred into a 100 mL Teflon-lined autoclave and hydro-
thermally treated at 180 °C for 6 h. After cooling down to room
temperature, the samples were vacuum-dried and annealed in
a tube furnace at 400 °C for 1 h in nitrogen atmosphere at
a heating rate of 5 °C min . After cooling to room temperature,
the samples were collected and washed using deionized water.
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The schematic diagram of the rGO/Mxene@GF fabrication is
elucidated in Fig. 1. For comparison, —tGO@GF and Mxene@GF
were prepared through the same procedure by using rGO and
Mxene solution, respectively. The original graphite felt was used
as the control sample and named as GF.

2.4 Physical characterization

Morphologies of the fabricated electrodes were characterized
using scanning electron microscopy (SEM, Gemini SEM 360,
Germany). Furthermore, elemental mapping analysis was con-
ducted using an energy-dispersive (EDS) (OXFORD X-MAS, UK)
attached to the SEM scope. X-ray diffraction (XRD) patterns were
acquired with a Ultima IV powder X-ray diffractometer (Rigaku
Corporation, Japan) equipped with Cu-Ko radiation at the scan
rate of 5 min~" from 20 = 10° to 90°. X-ray photoelectron
spectroscopy (XPS) measurements were conducted using
a Thermo Scientific ESCALAB 250Xi spectrometer with K-Alpha.
Fourier-transform infrared (FT-IR) spectra were obtained on an
IS5 spectrophotometer (Thermo Fisher Scientific, USA) over the
range of 600-4000 cm ™', Raman spectroscopy were collected on
a Thermo DXR2xi (Thermo Fisher Scientific, USA) using an Ar
ion laser with an excitation wavelength of 532.0 nm.

The as prepared electrode was scanned and imaged using X-
ray computed tomography (Phoenix-ge V tome $240/180,
England), the three-dimensional morphology of the fibers was
reconstructed based on two-dimensional superposition using
threshold segmentation technology in AVIZO software. The
original scanning volume is 3.5 x 3.5 x 1 mm. To reduce the
complexity of calculation, a piece of 0.5 x 0.5 x 0.5 mm was
collected for calculation. The volume porosity of 87.5% was
obtained for reconstructed model. The fiber phase and pore
phase two-phase model were obtained by using the AVIZO
software through the interactive thresholding, and the pore
phase was used as the liquid phase. The reconstructed electrode
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Fig. 1 Schematic diagram of rGO/Mxene@GF synthesis process.
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pore model was obtained by using Boolean operation to invert
the reconstructed electrode microstructure, and then the pixel
model was smooth processed and converted into mesh model,
which was then imported into COMSOL software to repair mesh
defects. The mesh model includes 6 334 152 tetrahedral mesh
units, 1 001 002 triangular grid cells and 12 232 side grid cells.
The detailed description of model and parameter was shown in
ESLt

2.5 Electrochemical characterization

Electrochemical measurements were conducted using a typical
three-electrode setup on an electrochemical workstation (Multi
Autolab M204, Netherlands), using platinum foil as the working
electrode, saturated calomel electrode (SCE) as the reference
electrode, and the prepared graphite felt as the working elec-
trode. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) tests were performed in 0.1 M VO*" + 3 M
H,SO, solution and 0.1 M V> + 3 M H,SO, solution, respec-
tively. The CV was scanned from 0.5 to 1.3 V vs. SCE and —0.9 to
—0.2 V vs. SCE for VO**/VO," and V*'/V*' redox reaction at
', EIS tests were carried over a frequency
range from 10> to 0.1 Hz with a sinusoidal perturbation signal
amplitude of 10 mV at fixed potentials of 0.86 V and —0.5 V,
respectively.

a scan rate of 3 mV s~

2.6 Battery performance

Performance of the prepared electrodes was evaluated using
a custom-made flow battery with an S-shaped flow field design.
Nafion 117 membrane was employed as ion exchange
membrane. The schematic diagram of battery design was
shown in Fig. 2. In this configuration, the prepared graphite felt
electrodes with dimensions of 1.6 x 1.6 cm”> were used as both
the anode and cathode. The anolyte (10 mL 1.7 M VO** in 4 M
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Fig. 2 Picture and scheme of VFRBs.

H,S0,) and catholyte (10 mL 1.7 M V** in 4 M H,S0,) were
circulated at a constant flow rate of 50 mL min~". The perfor-
mance of batteries was tested by charging to a cut-off voltage of
1.65 V and discharging to a cut-off voltage of 0.8 V at current
densities of 40, 60 and 80 mA cm™2. All measurements were
performed at room temperature.

3. Results and discussion
3.1 Physical characteristics

Morphologies of the prepared electrode were characterized
using SEM. As shown in Fig. 3a, the pre-treated original GF
exhibits a fine texture composing of smooth carbon fibers,
indicating that the pre-treatment process effectively removed
impurities from carbon felt surface. Fig. 3b depicts the rGO-

© 2024 The Author(s). Published by the Royal Society of Chemistry

doped GF after the hydrothermal reaction, one can see that
the surface of carbon fibers is coated with a layer of material at
higher magnification of SEM. This suggests that rGO was grown
on the GF surface during hydrothermal treatment. Similarly, the
Mxene can be also attached onto the carbon fibers of GF after
hydrothermal reaction (Fig. 3c). Notably, the Mxene exhibited
a layered structure after the etching, similar to the literature
reported (Fig. S11).*® On the basis of layered structure of GO and
Mxene, the rGO/Mxene hybrid finally formed an interlocking
structure of nanosheets (Fig. 3e). The interlocking nanosheet
structure of rGO/Mxene hybrid was then closely grown on the
surface of carbon fibers in the GF (Fig. 3d). The layered rGO/
Mxene hybrid can not only increase the exposure of active
sites for redox reactions, but also improve the mass transport of
ions, thereby improving the electrochemical performance of the
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Fig. 3 SEM images of (a) GF, (b) rGO@GF, (c) Mxene@GF, (d) rGO/Mxene@GF, (e) rGO/Mxene, (f) elemental mappings of rGO/Mxene@GF.

electrode. Furthermore, elemental mapping analysis based on
EDS exhibits a homogeneous distribution of C, O and Ti in rGO/
Mxene@GF (Fig. 3f), indicating the successful incorporation of
rGO/Mxene to the graphite felt fibers with a C, O and Ti content
of 81.7 wt%, 14.7 wt% and 3.5 wt%, as reflected by EDS spec-
trum (Fig. S21). The incorporation of heteroatoms can regulate
the microstructure and chemical properties of electrode,
consequently changing the electrochemical redox reaction
kinetics.

12162 | RSC Adv, 2024, 14, 12158-12170

The microstructure of the prepared electrodes was evaluated
using XRD. As depicted in Fig. 4a, it can be seen that the elec-
trodes fabricated using different processes exhibited a broad
diffraction peak at 26.5° and 44.5°, which can be assigned to the
(002) and (100) crystal planes of graphitized carbon separately,
consistent with the literatures.*” It should be noted that the
characteristic peaks of Mxene were not clear due to the coverage
of intensive graphitized carbon (002) peaks, because the content
of graphitized carbon was much higher than Mxene. However,
some minor peaks can still be observed at ~37.7° and ~46.3°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) XRD spectra, (b) Raman spectra and (c) FT-IR spectrum of different electrodes.

(Fig. 4a), which were corresponded to the (103) and (106) phases
of TizC,T,.** This confirms that the Mxene was indeed incor-
porated on to the GF. In addition, the graphitization degree and
defects of various electrodes were further evaluated using
Raman spectrum. As shown in Fig. 4b, all samples exhibit two
typical peaks identified at 1352.7 and 1597.4 cm™ ', corre-
sponding to D- and G-band respectively. The D-band is the
vibration of sp® defect site in C atom, while the G-band is the
vibration of sp® bonded atom. The graphitization degree of
samples can be quantified by the intensity ratio of the D and G
bands (Ip/I). From the Raman spectrum, the I/Ig was calcu-
lated to be 1.43 for rGO/Mxene@GF, 1.31 for rtGO@GF, 1.37 for
Mxene@GF, and 1.42 for GF, separately. This indicates that the
introduction of Mxene/rGO composite materials onto the GF
increased defects on the electrode surface. Previous studies
have reported that the incorporation of heteroatom would
increase the defects in the carbon frameworks, and hence
provide more possible active site for electrochemical
reactions.*®

Furthermore, FT-IR spectrum was collected to confirm the
functional groups on the surface of electrodes, as shown in
Fig. 4c. It is clear that the FT-IR spectrum of rGO/Mxene@GF
exhibits peaks at 3437 cm™', 1636 cm™', 620 cm?,
1097 em™*, and 1399 cm !, corresponding to the absorption of
H,0, -OH, Ti-O, C-F, and O-H, respectively, indicating the
presence of Mxene.*” The FT-IR spectrum of rGO/GF shows
absorption peaks at 3385 cm™', 1730 cm !, 1625 cm
1409 cm ™%, 1170 cm™, 1042 cm ™Y, and 876 cm ™}, correspond-
ing to -OH, C=0, C=C, C-OH, C-O, C-H, and C-O-C vibra-
tions. These peaks also confirm the presence of rGO.** These
results suggest the successful incorporation of rGO and Tiz;C, T,

© 2024 The Author(s). Published by the Royal Society of Chemistry

Mxene on to the surface of electrode. Notably, C-F probed in
rGO/Mxene@GF plays a positive role in enhancing the electro-
chemical performance, render the materials a promising
candidates for electrocatalysts in vanadium redox reactions.
To evaluate the elemental composition and their valence
states on the surface of electrode, the XPS measurement was
conducted. From the XPS full spectra of electrodes, one can see
that C 1s (~284.5 eV) and O 1s (~532.0 eV) were observed for all
samples, and Ti 2p (~460.0 eV) was identified for Mxene@GF
and rGO/Mxene@GF (Fig. 5a). The elemental content of C, O
and Ti was calculated to be 85.6 at%, 13.2 at% and 1.2 at%,
respectively, according to XPS measurement (Fig. S3t). This
further indicates that the Mxene had been doped into the GF
successfully. The high-resolution spectra of C 1s are depicted in
Fig. 5b, the spectra can be divided into 3 different peaks, which
were assigned to sp> hybrid C-C bond at 284.7 eV, C-O bonds at
285.4 eV, and O-C=0 bonds at 288.9 eV. As shown in Fig. 5c,
the deconvolution of O 1s exhibited two peaks at 532.3 eV and
533.5 eV for all samples, corresponding to C=0 bonds and C-O
bonds respectively. However, it should be noted that charac-
teristic peaks at 530.2 and 531.7 eV were appeared for Mxe-
ne@GF and rGO/Mxene@GF, which can be assigned to Ti-C-O,
and TiO,, respectively.** This can be also verified by the XPS
high-resolution spectrum of Ti 2p. From Fig. 5d, one can see
that the spectrum exhibited three pairs of peaks ascribing to the
Ti 2p1/» and Ti 2p3,. The first doublet at 458.7/464.0 eV was the
Ti**, and the one at 459.1/464.3 eV was the Ti*", whereas the
peaks at 459.6/464.9 eV were due to the presence of TiO,.**¢ All
of these physicochemical characterizations suggested that the
as-prepared rGO/Mxene@GF exhibited a well formed layered
and the

structure on the skeleton of carbon fibers,

RSC Adv, 2024, 14, 12158-12170 | 12163
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Fig. 5

incorporation of Mxene can tune the microstructure and func-
tional groups on the surface of GF, consequently contributing to
the possible improvement of electrochemical reaction kinetics
of electrodes.

3.2 Electrochemical performance

The electrochemical performance of the as-prepared electrodes
was evaluated through CV tests, which were performed in 0.1 M
VO*" + 3 M H,S0, and 0.1 M V" + 3.0 M H,SO,, respectively. As
shown in Fig. 6a, it is evident that GF, rGO@GF, Mxene@GF
and rGO/Mxene@GF exhibited the oxidation and reduction
peak current densities of —40.2/45.7 mA cm ™%, —54.7/60.2 mA
cm ™2, —53.8/59.9 mA cm~? and —68.2/74.3 mA cm ™2 for VO**/
VO," redox reactions, separately. Similarly, GF, tGO@GF, Mxe-
ne@GF and rGO/Mxene@GF delivered the oxidation and
reduction peak current densities of —29.1/19.8 mA cm ™2, —36.9/

12164 | RSC Adv, 2024, 14, 12158-12170
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(a) XPS full spectra, (b) C 1s spectra, (c) O 1s spectra, (d) Ti 2p spectra for different samples.

22.3 mA cm ™2, —38.1/27.2 mA cm > and —48.4/35.6 mA cm >
for V**/V** redox reactions, respectively (Fig. 6b). From the
comparison, it is clear that the rGO/Mxene@GF achieved the
highest peak current densities, demonstrating a superior elec-
trochemical performance. In addition, the rGO/Mxene@GF
electrodes with different Mxene/rGO ratios were also
compared (Fig. S4t), the results indicated that the electrode
with 1:1 Mxene:rGO delivered the highest current response
and lowest charge transfer resistance, indicating the best reac-
tion kinetics. To evaluate the electrochemical reaction kinetics
of electrodes, CV tests were carried out at different scanning
rates (Fig. 6¢ and S57). As shown in Fig. 6d, the CV curves of
rGO/Mxene@GF showed the best stability with a peak current
density ratio closer to 1 with the increase of scanning rate,
consistent with literature reported.” To further illustrate the
trend in the changes of peak current density for different

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Electrochemical characterization of GF, rGO@GF, Mxene@GF and rGO/Mxene@GF in 0.1 M VO + 3 M HpSO,4 and 0.1 M V3" + 3.0 M
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reactions for rGO/Mxene@GF at various scan rates, (d) plots of peak current density ratios versus scan rates; (e) plots of peak current density ratios

versus the square root of scan rates, (f) change transfer resistance.

electrodes, the Randles-Sevcik equation was used to fit the
relationship between peak current density and the square root
of scan rate, as shown in Fig. 6e. The linear relationship
suggests that both forward and reverse reactions are the
diffusion-controlled process, the largest slope of rGO/
Mxene@GF suggests an enhanced mass transfer, probably
due to its improved roughness properties and larger surface
area. EIS tests were conducted and Nyquist plots were shown in
Fig. S6.f One can see the charge transfer resistance (R
remarkably decreased after the incorporation of rGO and
Mxene. The R . was further quantitatively calculated according

© 2024 The Author(s). Published by the Royal Society of Chemistry

to the equivalent circuit (Fig. 6f). Among them, the rGO/
Mxene@GF exhibited the lowest R. (0.6-0.9 Q) during the
redox reactions, consistent with the CV results. These findings
demonstrate that the prepared rGO/Mxene@GF exhibited the
best electrochemical activity, attributing to its larger surface
area for the exposure of active sites and the porous structure for
improved mass transfer. Although both of rGO and Mxene can
improve the electrochemical performance of electrode, the
performance increment of electrodes was not distinctive. It is
worth noting that the incorporation of both rGO and Mxene
remarkably enhanced the electrochemical redox reaction on
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electrode, which was probably attributed to the synergistic
effect between rGO and TizC,T,.

3.3 Mass transport of electrodes

The physicochemical and electrochemical characterizations of
electrodes have demonstrated the satisfactory electrocatalytic
activity of the electrode materials. However, the understanding
of mass transfer in electrode is another crucial factor affecting
the practical application of electrode. It is widely accepted that
a favorable mass transfer behavior in the electrode can effec-
tively improve the battery performance.* In general, the mass
transfer behavior was significantly influenced by the electrode
structure, which results in the changes of the velocity profile
and the concentration distribution. To evaluate the mass
transfer in electrode, the structure of graphite electrode (rGO/
Mxene@GF) was reconstructed based on X-ray computed
tomography (Fig. 7a). The selected domain with a size of 0.5 x
0.5 x 0.5 mm was processed using interactive thresholding for
geometry building and simulation. The velocity of electrolyte
through the 3D electrodes was shown in Fig. 7b, it is clear the
maldistribution of velocity was observed in electrode, the
velocity in the inner of electrode is larger than that near the
boundaries, suggesting a stronger electrolyte flow in the elec-
trode center. This is favorable to the improvement of electrode
performance, due to the reason that the electrolyte flow can
effective facilitate the ion convection transport. To further
identify the mass transfer of electrode, the distribution of V**

%107 (
30

25
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and V" concentration was further calculated, as depicted in
Fig. 7c and d. It is evident that the concentration distribution is
closely related to the structure of electrode. Although with an
uneven concentration distribution, it is clear the changes of V**
and V*' concentration were less than 0.03 mol L', the
maximum concentration changes were remarkably less than the
initial concentration of 0.26 and 1.44 mol L™ . This implies that
the changes of V** and V** concentration and resulting voltage
losses can be neglected. These results concluded that the
prepared electrode achieved an efficient mass transfer due to
the favorable electrolyte flow through the pore structure of
electrode.

3.4 Battery performance

To demonstrate the practical application of the prepared elec-
trodes, the electrodes were actually tested in VRFB (Fig. 8a). The
charge-discharge performance was evaluated in a custom-made
flow battery with an S-shaped flow field design using different
electrodes. As shown in the Fig. 8b-d, the charge-discharge
performance of the batteries with prepared electrodes was
measured at the current densities of 40, 60 and to 80 mA cm ™2,
respectively. It is clear that the overpotentials apparently
increased for the charge/discharge process with the increase of
current density, thus limiting the available voltage window for
redox reactions. However, it should be noted that the MXene
and/or rGO decorated electrode exhibited a higher specific
capacity at various current densities than that of GF electrode,

unit:molfm* unitmol/m? x10°

(d)

255
1.47

245
l.46
240

235

IZBD

Fig.7 (a) 3D reconstructed image of the prepared electrode(rGO/Mxene@GF), simulation results of (b) velocity profile, (c) V2* concentration and

(d) V3" concentration distributions in electrode at 100 mA cm™2.
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and the difference becomes much more significant at a higher ~ at a current density of 80 mA cm™?, the discharge capacity of
current density. In detail, the discharge capacity of VRFB with VRFB with GF, rtGO@GF, Mxene@GF and rGO/Mxene@GF was
GF, rGO@GF, Mxene@GF and rGO/Mxene@GF was 100.5, 44.1, 145.6, 131.0 and 229.3 mA h, and discharge capacity of
185.6, 168.3 and 302.3 mA h at a current density of 40 mA cm ™2, VRFB with rGO/Mxene@GF was 5.2 times higher than that of GF
respectively. The discharge capacity of VRFB with rGO/ (Fig. 8e). These results suggest that the as-prepared electrode
Mxene@GF was 3 times higher than that of GF. Significantly, can not only improve the capacities but also enable the
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Fig. 9 (a) Coulombic efficiency, (b) voltage efficiency, and (c) energy efficiency of VRFB with different electrodes, (d) cycling performance of
VRFB with rGO/Mxene@GF electrode at 80 mA cm~2,
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operation at a higher current density in the application of
VFRBs. This can be attributed to the reason that the incorpo-
ration of rGO/Mxene hybrid effectively lowered the over-
potentials for the charge-discharge process, thus widening the
available voltage window for VFRB operation and leading to
a higher specific capacity. It should be noted that an increased
specific capacity can improve the utilization efficiency of elec-
trolyte, thus reducing the cost for VRFB systems and prompting
the commercialization of VRFB. In addition, the performance of
VEFB was compared based on power density curves, as shown in
Fig. 8f. It can be found that the maximum power density of
VRFB with GF, rGO@GF, Mxene@GF and rGO/Mxene@GF was
245, 277, 269 and 413 mW cm %, the VRFB with rGO/
Mxene@GF delivered the highest power density output. It can
be seen from the polarization curves that the as-prepared elec-
trode in this work can effectively improve current density of flow
battery (>400 mA cm ?), higher than those reported in
literatures.**°

Furthermore, the coulombic efficiency, voltage efficiency,
and energy efficiency of VRFB using different electrodes were
further calculated (Fig. 9a-c). It can be seen that the VRFB using
rGO/Mxene@GF delivered a high coulombic efficiency over
different cycling processes at different current densities,
demonstrating a satisfactory performance in the practical
applications with the fluctuant power sources. On the contrary,
the VRFB using GF, rtGO@GF and Mxene@GF exhibited a slight
decrease in coulombic efficiency at a current density higher
than 60 mA cm 2. Different from the coulombic efficiency, the
voltage efficiency and energy efficiency of VRFB decreased with
the increase of current density, probably attributing to the
larger overpotential and irreversible losses during the redox
reactions at a higher current density. Among them, the VRFB
using rGO/Mxene@GF exhibited a significantly higher voltage
efficiency and energy efficiency. For example, at a current
density of 60 mA cm™?, the VRFB using rGO/Mxene@GF deliv-
ered the highest energy efficiency of 91.4%, remarkably higher
than 87.6% for rGO@GF, 86.0% for Mxene@GF and 76.1% for
GF. In addition, the long-term cycling stability of VFRB with
rGO/Mxene@GF was verified at 80 mA cm™>. As depicted in
Fig. 9d, one can see that the VRFB exhibited a very stable
coulombic efficiency of 91.9% and energy efficiency of 76.2%
over 100 cycles. These results highlight the long-term cycling
stability of VRFB with the prepared electrode in extended
durability tests.

4. Conclusion

In this work, we synthesized rGO/Mxene hybrid-decorated
graphite felt as an effective electrode for VRFB. In this design,
the irregular Ti;C,T, Mxene particles can be dispersed within
the graphene layers to increase the exposure of active sites, and
a facilitated mass transport of ions can be obtained by using the
porous skeleton of graphite felt. The results indicated that the
favorable mass transfer and the synergistic effect between rGO
and Mxene significantly enhanced the performance of elec-
trode. The VRFB with rGO/Mxene@GF electrode demonstrated
a good long-term cycling stability up to 100 cycles with
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a coulombic, voltage, and energy efficiency of 91.6%, 82.7%,
and 75.8% at a current density of 80 mA cm™>. These findings
suggest that the as-prepared rGO/Mxene@GF electrode holds
a good potential in the application of VRFB, and can provide
a possible guidance for the electrode design for electrochemical
systems.
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