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ABSTRACT: Herein, we propose an innovative flexible
cathode design for zinc-ion batteries (ZIBs) through the
strategic integration of sodium vanadate (NaV;0g-1.5H,0) with
two-dimensional MXene nanosheets (Ti;C, or Mo,C). The
composite architecture leverages MXene's dual advantages of
exceptional electrical conductivity and surface hydrophilicity to
significantly enhance the electrochemical performance of the
vanadate host. The NaV;04°1.5H,0 was synthesized through
a reaction between V,05 and NaCl aqueous solution, followed
by hybridization with MXene in NaCl solution. When

MXene + NaV;04°1.5H,0 as cathode
of flexible ZIB with high performance
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configured into full cells with zinc foil anode and 3 M Zn(CF3;S0O3), electrolyte, the optimized composite with 11 wt.% Ti;C,
MXene demonstrates remarkable electrochemical enhancement, delivering a specific capacity of 339.6 mAh/g at 1 A/g, a
30.86% improvement over pristine NaV3;0z-1.5H,0 (259.5 mAh/g). The MXene-modified cathode exhibits extraordinary
cycling stability with near 100% capacity retention after 3800 cycles at 3 A/g, outperforming the pure vanadate counterpart
that degrades to 103.6 mAh/g after only 2000 cycles. A capacity improvement, the incorporation of MXene also increases
the structural stability of the cathode during flexible test cycles. It maintains a capacity of 227.9 mAh/g at 1 A/g under
extreme 90° bending/twisting deformations. This synergistic combination of high energy density (381.5 mAh/g at 0.1 A/g),
ultralong cycle life, and mechanical endurance positions the MXene-vanadate composite as a promising candidate for next-

generation flexible energy storage systems.

KEYWORDS: MXene, sodium vanadate, zinc-ion batteries

1 Introduction

Zinc-ion Dbatteries (ZIBs) are a promising solution for energy
storage in addition to lithium-ion batteries (LIBs) [1, 2]. Compared
with lithium in LIBs, zinc has low redox potential (-0.76 V vs.
standard hydrogen electrode (SHE)), and zinc metal does not
react with water at room temperature [3, 4]. This means that, in
ZIBs, zinc metal can be used as anode and aqueous solution can be
used as electrolyte, which offers unrivalled safety and an ultra-low
environmental impact, compared with LIBs and other types of
batteries [5, 6]. Thus, there is a growing interest in the research of
aqueous rechargeable ZIBs [7]. However, the cathodes of ZIBs
generally have poor electrical conductivity and limited rate
capability, which hinder the practical application of aqueous
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ZIBs [8]. The selection of suitable active material for ZIB cathode is
the key to solving these problems. At present, many materials, such
as manganese oxides, Prussian blue analogs, and organic
compounds, have been investigated [9]. Among those materials,
vanadium-based materials, including vanadium oxide, vanadate,
and vanadium phosphate [10], are promising due to the multi-
valency and low cost of vanadium [11, 12]. Sodium vanadate
(NaV;0¢1.5H,0 (NVO)) is a type of vanadate that has been
explored as cathode material of ZIBs due to its nanobelt
morphology and suitable interlayer spacing [13]. However, like
other vanadium-based materials, it suffers from poor conductivity
and low hydrophilicity [14]. The rate performance and cycling
stability are significantly worse than theoretical expectations [15].

To improve the properties of cathode materials, second phases
are added to form composites [16]. Two-dimensional (2D)
materials, such as graphene [17], MXenes [18, 19], transition metal
oxides (TMOs) [20], and transition metal dichalcogenides (TMDs)
[21], have been investigated as additive phases to improve the
performance of ZIB cathodes, due to their large surface area and
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open two-dimensional diffusion channels. Among these two-
dimensional materials, MXenes have excellent conductivity and
hydrophilicity [22]. Combined with their large specific surface area,
they can form conductive networks and serve as partial active
materials, thereby enhancing conductivity and energy storage
performance [23].

MXenes are a family of two-dimensional materials that have
been extensively researched in recent years [24-26]. They are
derived from MAX phases [27]. The general formula of MXenes is
M,,.. X, T,, where M is transition metal (Ti, V, Mo, etc.), X is carbon
and/or nitrogen, and T, presents the surface termination groups
(F/OH/O) [28-29]. The typical MXenes are Ti;C, MXene [30] and
Mo,C MXene [31-32]. Similar to graphene (the first 2D material),
MXenes have high electrical conductivity and a very large number
of active sites [33-34]. Better than graphene, MXenes are
hydrophilic. Additionally, Zn* can rapidly intercalate and
deintercalate the interlayer space of MXenes. Thus, it is feasible to
apply MXenes as cathodes of aqueous ZIBs [35-36]. However, if
used alone, MXenes often lack a clear voltage plateau, resulting in
poor discharge performance [4]. As a result, MXenes are mainly
employed as additive materials or substrates to enhance the
performance of other materials as cathodes [37-38].

In this study, the performance of NaV;041.5H,0 as cathode of
ZIBs was boosted by incorporating MXenes. A composite of NVO
and MXene (NVO/MXene) was fabricated and applied as cathodes
of ZIBs. In the composite, NVO provides high capacity, MXene
enhances the conductivity and hydrophilicity of NVO, and
provides some capacity. The composite exhibits excellent rate
performance and cycling stability as cathodes of ZIBs, compared
with pure sodium vanadate and pure MXene.

To understand the impacts of the type of MXenes, two types of
MXenes (Ti;C, MXene and Mo,C MXene) are selected for this
study. The composites of NVO with Ti,C, MXene or Mo,C MXene
were prepared by solution blending. The performances of those
composites (MXene/NVO) as cathode of ZIB were investigated.
Among the composites, the samples with 11% Ti,C, MXene exhibit
the best performance with high capacity (388 mAh/g at 0.1 A/g),
excellent rate capability (210.5 mAh/g at 10 A/g), and long-term
cycling stability (retaining nearly 100% capacity after 3800 cycles).
Moreover, it exhibited excellent performance as flexible cathode. It
maintained a stable specific capacity of 227.9 mAh/g (1 A/g) during
bending and twisting. Therefore, the composite of NaV;041.5H,0
incorporated with Ti;C, MXene demonstrates tremendous
potential as cathode of flexible ZIBs.

2 Experiment

2.1 Synthesis of Ti;C, MXene and Mo,C MXene

Ti;C, MXene was prepared from Ti,AIC, prepared by the etching
of HCl + NaF solution [30, 39-40]. 2 g NaF (98%, Luoyang
Chemical Reagent Factory, China) was dissolved in 6 M HCI
solution (12 M, Yantai Shuangshuang Chemical Company, China)
to make the etching solution. 2 g of Ti;AIC, powders made in our
laboratory [39] were immersed in HCI + NaF solution and stirred
at 60 °C for 48 h. Then black powders were separated from the
solution and washed repeatedly with deionized water for several
times until the pH value reached about 6. Then the powders were
vacuum dried at 60 °C for 12 h to obtain Ti,C, MXene.

Mo,C MXene was made by hydrothermal etching in
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hydrofluoric acid solution [41-42]. 1 g of precursor Mo,Ga,C
powders made in our laboratory [43] were slowly added to 40 mL
etching solution of HF (40%, Shanghai Macklin, China). Thereafter,
the solution was put in an autoclave and kept at 180 °C for 24 h.
Then black powders were separated from the solution and washed
repeatedly with deionized water for several times until the pH value
reached about 6. Then the powders were vacuum dried at 60 °C for
12 h to obtain Mo,C MXene.

2.2 Synthesis of sodium vanadate nanowires

1 g of V,05 powders (99%, Shanghai Aladdin, China) were added
to 15 mL solution of sodium chloride (NaCl, 98%, Luoyang
Chemical Reagent, China) with the concentration of 2 M and
stirred at 30 °C for 72 h. Dark red powders were separated from the
solution and repeatedly washed with deionized water until the
chloride ions in centrifuged supernatant could not be tested by
silver nitrate solution. The product was then vacuum-dried at 60 °C
for 12 h to obtain nanowires of NVO. The reaction followed this
equation

3V,0; +2NaCl +4H,0 — 2NaV,0; - 1.5H,0+2HCl (1)

2.3 Preparation of MXene/NVO cathode materials

Because NVO was slightly soluble in pure water but was not soluble
in water with Na‘’, NVO and MXene were mixed in NaCl water
solution, instead of pure water. The powders of MXene (Ti;C,
MXene or Mo,C MXene, 0.1 g) were added into NaCl solution
(15 mL, 2 M) and sonicated for 10 min, then NVO nanowires were
added and sonicated for 10 min. The mass percentages of Ti;C,
MXene in the composites were 8%, 9%, 11%, 14%, 20%, and 33%,
respectively. The corresponding samples were labeled as TNVOS,
TNVO9, TNVOI11l, TNVO14, TNVO20, and TNVO33,
respectively. Similarly, the mass percentages of Mo,C MXene were
3%, 6%, and 11%, respectively. The corresponding samples were
labeled as MNVO3, MNVO6, and MNVOII, respectively.
Thereafter, the mixtures were stirred for 12 h. Powders were
collected from the mixtures by centrifugation. The powders were
washed repeatedly with deionized water until no precipitate was
detected in the supernatant by silver nitrate solution. The
precipitate was generated due to the reaction between residual Cl
and silver nitrate. Finally, the precipitates were vacuum-dried at
60 °C for 12 h to obtain the MXene/NVO composites.

The dried MXene/NVO (0.14 g) was mixed with acetylene black
(0.04 g) and ground for 1 h in an onyx mortar with a pestle. Then
the ground mixtures were put into solution of polyvinylidene
fluoride (PVDF, 99.7%, Changshu Xinhua Chemical, China). The
PVDF solution was made by dissolving 0.02 g PVDF into 300 mL
of N-methyl pyrrolidone (NMP, 99.95%, Shanghai Aladdin, China).
The PVDF solutions with MXene/NVO (MXene/NVO:acetylene
black:PVDF = 7:2:1) were magnetic stirred for 3 h to make uniform
slurries.

2.4 Fabrication of ZIBs

Two types of ZIBs were assembled in this paper. The first type was
CR2032 coin batteries for energy storage tests without flexible
cycles. The second type was quasi-solid-state batteries for the test
under flexible cycles.

24.1 CR2032 coin batteries

The CR2032 coin batteries were assembled in air with 0.05 mm
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thick zinc foil as anodes, 3 M zinc trifluoromethanesulfonic
(Zn(CF;S03),) acid solution as electrolyte, and glass fiber filter
paper (Whatman, GF/D, China) as separators. The cathodes were
MXene/NVO slices, which were made from the MXene/NVO
slurries in Section 2.3. The slurries were coated on glass plate and
dried under vacuum at 80 °C for 12 h. After drying, the glass plates
were put into deionized water. After 15 min in water, MXene/NVO
films were taken off the glass plates and dried at 30 °C in a blast
drying oven for 30 min. Thereafter, cathode slices in disc shape
with diameter of 14 mm were cut from the films. The mass of each
slice was 1.5-2 mg. The thickness was 0.1 mm. The assembly
followed the order: anode shell-spring—gasket—zinc foil-separator—
cathode slice-cathode shell.

2.4.2 Quasi-solid-state batteries

The anodes of the batteries were zinc foils in rectangular shape
(thickness = 0.05 mm, length = 5 cm, and width = 1 cm). The
cathodes were MXene/NVO films in same shape with thickness of
0.1 mm, which were fabricated by coating the slurry in Section 2.3
onto a 0.02 mm thick stainless-steel foil, followed by drying and
cutting. The electrolyte of the ZIBs was a type of hydrogel. The
hydrogel solution was prepared by mixing 15 mL of 3 M zinc
trifluoromethanesulfonic acid (Zn(CF;SOs),) solution, 3.3 g of
acrylamide (AM, 99.0%, Shanghai Aladdin, China), 0.0013 g of N,N-
methylenebisacrylamide (MBA, 99.0%, Shanghai Aladdin, China),
and 0.04 g of ammonium persulfate (NH,),S,0s 98%, Tianjin
Kemio, China). The solutions were stirred at room temperature for
1 h. The anode and cathode were assembled in a specialized mold.
Then the hydrogel solution was poured into the space between
anode and cathode with the thickness of 1.5 mm. Finally, the
assembled quasi-solid-state batteries were placed flat on a heating
platform and cured at 70 °C for 1.5 h to complete the fabrication of
the quasi-solid-state battery.

2.5 Material characterization

Compositional analysis was performed by an X-ray diffractometer
(XRD, Rigaku, SmartLab, Tokyo, Japan) employing Cu K,
radiation, A = 1.5406 A. Morphological and microstructural studies
were performed by scanning electron microscope (SEM, Merlin,
Compact, Carl Zeiss NTS Ltd., Jena, Germany) equipped with
energy-dispersive spectrometer (EDS, X-MaxN, Oxford, UK). The
surface chemical state was analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific, USA)
using a focused monochromatized Al K, X-ray source at 1486.5 eV,
with the binding energy based on the C 1s peak at 284.6 eV. The
contact angle of the cathode sheet to the electrolyte was measured
by a contact angle meter (JC2000D1, Shanghai Zhongchen Digital
Technology Equipment Co., Ltd., China).

2.6 Electrochemical testing

Electrochemical tests were performed using a battery tester
(CT200A, Wuhan Blue Power Electronics, China) with a voltage
range of 0.25-1.6 V. Multiplicative discharge performance was
tested at current densities of 0.1-10 A/g, and long-cycle discharge
performance was tested at current densities of 3 A/g. Cyclic
voltammetry (CV) and electrical impedance spectroscopy (EIS)
tests were carried out on a CHI660E workstation (Shanghai
Chenhua, China) to detect reduction and oxidation peaks in the
voltage range of 0.25-1.6 V at a scanning rate of 0.2 mV/s. EIS
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spectra were examined at a potential amplitude of 5.0 mV and
frequencies of 50 mHz and 100 kHz.

3 Results and discussion

3.1 Microstructure characterization

The XRD patterns of Ti;C, MXene, Mo,C MXene, and their
precursors are shown in Fig. 1(a). As shown in Fig. 1(a), all the
peaks of precursors disappear in the patterns of Ti;C, MXene and
Mo,C MXene. There are only the peaks of corresponding MXene.
Therefore, highly pure Ti;C, MXene and Mo,C MXene were
successfully synthesized. The XRD patterns of NVO and its
precursor are shown in Fig. 1(b). All peaks of V,O; disappear in the
pattern of NVO. There are only the diffraction peaks of NVO. This
indicates the successful synthesis of highly pure NVO. The XRD
patterns of MXene/NVO composites are shown in Figs. 1(c) and
1(d). Besides the peak of NVO, the (002) peaks of MXene were
observed in the samples with > 14% Ti,C, MXene or > 6% Mo,C
MZXene. It is noticed that the (002) peak of Mo,C MXene is much
stronger than that of Ti;C, MXene, even though the ratio of MXene
in the composites is same. This is because Mo,C MXene can keep
the multilayer structure better in the composites than Ti,C, MXene.

The SEM images of Ti,C, MXene and Mo,C MXene are shown
in Figs. 2(a) and 2(b), respectively. Both Ti,C, MXene and Mo,C
MXene have multilayer structure. However, the multilayer structure
of Ti;C, MXene is loose while that of Mo,C MXene is compact.
These are typical microstructures of Ti;C, MXene [30] and Mo,C
MXene [44]. The SEM images of V,0; and NVO are shown in
Figs. 2(c) and 2(d). V,O; are aggregates of particles, and NVO are
one-dimensional nanowires. In following Section 3.2, the
composites with 11% Ti;C, MXene (TNVOI11) and the composites
with 6% Mo,C MXene (MNVOG6) exhibit the best electrochemical
performance in the corresponding composite series. Thus, the SEM
images of the two composites are shown in Figs. 2(e) and 2(f). The
atomic percentages obtained by EDS mapping are shown in the
insets. As shown in Figs. 2(e) and 2(f), the sheets or multilayer
structures of MXene are distributed in the nanowires of NVO. It is
clearly demonstrated that the two MXenes have been successfully
incorporated with NVO, while each material maintains its distinct
morphology.

The XPS spectra of TNVO11l and MNVO6 are shown in
Figs. 3(a) and 3(b). The high-resolution XPS spectra are shown in
Figs. 3(c)-3(f). Both composites share similar high-resolution
spectra for Na 1s and V 2p of NVO, as displayed in Figs. 3(c) and
3(d). The high-resolution Na 1s spectra (Fig. 3(c)) show a single
prominent peak around 1071.3 eV, corresponding to the Na
element in NVO. The high-resolution V 2p spectra (Fig. 3(d))
reveal two distinct peaks near 525 and 517 eV, resulting from spin-
orbit splitting of V 2p into V 2p,, (5244 eV) and V 2p;,
(517.3 eV). This splitting indicates a well-defined dual-phase
structure with a mixed valence state of V* and V*. The high-
resolution Ti 2p spectrum of the composite (Fig. 3(e)) exhibits
typical peaks of Ti,C, MXene [45]. Similarly, the high-resolution
Mo 3d spectrum (Fig. 3(f)) shows typical peaks corresponding to
Mo 3d in Mo,C MXene [46].

From the XRD, SEM, and XPS results, it can be concluded that
the composites of MXene/NVO were successfully prepared. The
nanosheets of MXene are encapsulated by the nanowire of NVO.
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Figure1 (a) XRD patterns of MXenes and their precursor. (b) XRD patterns of NVO and V,0Os. (c) XRD patterns of Ti;C, MXene/NVO. (d) XRD patterns of Mo,C
MZXene/NVO.

1 pnt™

Figure2 ((a) and (b)) SEM images of Ti,C, MXene and Mo,C MXene. ((c) and (d)) SEM images of V,0O5 and NaV;041.5H,0. (¢) SEM image of TNVOL1. (f) SEM
image of MNVO6.
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Tiin TNVOLL. (f) High-resolution XPS spectrum of Mo in MNVOé.

3.2 Electrochemical properties

3.2.1 Energy storage performance of CR2032 coin batteries

The electrochemical performances of MXene/NVO composites are
shown in Fig. 4. As shown in Fig. 4(a), if the percentage of Ti;C,
MXene < 11%, the performance is enhanced with the increase of
Ti;C, MXene percentage. If the percentage > 11%, the performance
decreased with the increase of MXene percentage. TNVOI11
exhibits the best performance with significantly higher discharge
capacity and better cycling stability, compared with pure NVO
(Fig. 4(a)). The TNVO11 cathode delivers a high specific capacity of
392.1 mAh/g at a current density of 0.1 A/g. Moreover, it exhibits
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minimal capacity loss during charge-discharge cycling at varying
rates from 0.1 to 1 A/g. At 1 A/g, the specific capacity of TNVOI1
was 339.6 mAh/g, while the capacity of pure NVO was
259.5 mAh/g. The incorporation of 11% Ti;C, MXene enhances
30.86% capacity of NVO. Therefore, the addition of Ti;C, MXene
with suitable ratio can boost the performance of NVO as ZIB
cathodes.

Besides Ti;C, MXene, the effect of the other MXene, Mo,C
MXene, is shown in Fig. 4(b). The addition of Mo,C MXene can
also increase the performance. However, only the composite with
the percentage of 6% had enhanced performance. The composites
with other percentages had worse performance. The performance
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Figure4 ((a) and (b)) Rate performance curves of NVO with different proportions of Ti;C, MXene and Mo,C MXene. (c) Rate performance of sodium vanadate with

varying Ti;C, MXene contents under high current densities.

of MNVO6 was worse than that of TNVOI11. Therefore, Ti,C,
MZXene is a better additive than Mo,C MXene to enhance the
performance of NVO. The following sections of this paper focus
exclusively on the electrochemical performance of the Ti,C,
MXene/NVO composite. The high-rate performance of composite
electrodes with different ratios of Ti;C, MXene/NVO is shown in
Fig. 4(c). The TNVOI1 electrode exhibits significantly higher zinc
storage capacity and excellent rate performance compared to the
NVO electrode. At a current density of 10 A/g, it retains a specific
capacity of 212.1 mAh/g, with only a 46.3% decrease in capacity
even if the current density is increased by 100 times, which is quite
impressive.

As observed in Figs. 4(a) and 4(c), TNVOI1 consistently
demonstrates the optimal composite ratio, exhibiting superior rate
performance both at low and high current densities. Therefore,
further investigations will focus solely on this composition.

The data collected from the first three cycles of cyclic
voltammetry tests, conducted at a scan rate of 0.2 mV/s and a
voltage window of 0.25-1.6 V, are shown in Fig. 5(a). Two distinct
pairs of redox peaks are clearly observed. During the initial
charge-discharge cycle, a deviation in the redox peak positions is
noted due to the absence of Zn* in the cathode material, which
results in discrepancies compared to the peaks observed in the
second and third cycles. After the first charge-discharge cycle, Zn*
is successfully embedded into the composite material, and the two
pairs of redox peaks stabilize at 0.55/0.77 and 0.85/1.06 V. These
two pairs of redox reactions can be described as the transition from
NaZn,,V;0¢1.5H,0 to H, ,NaZn,,V;O041.5H,0, and further to
H;¢NaZny5V;041.5H,0 [13]. In this process, the oxidation state of
vanadium (V) changes from V> to V*, and from V* to V*. At a
current density of 0.1 A/g, the charge-discharge capacity-voltage
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curves of the TNVOL11 electrode during the first three cycles are
presented in Fig. 5(b). These curves are consistent with the CV
results shown in Fig. 5(a), exhibiting distinct voltage plateaus at the
corresponding redox potentials. Moreover, the charge-discharge
curves exhibit significant overlap after the first cycle, indicating
excellent cycling stability of the TNVO electrode. Moreover, the
TNVOL1 electrode exhibits excellent cycling stability, maintaining a
high specific capacity of 297.5 mAh/g and a nearly 100%
Coulombic efficiency after over 3800 cycles at a high current
density of 3 A/g (Fig. 5(c)). In contrast, the NVO electrode shows a
specific capacity of only 103.6 mAh/g after 2000 cycles at the same
current density.

To investigate the mechanism behind the exceptional zinc
storage performance of the TNVOL11 cathode, its contact angle with
the electrolyte (3 M Zn(CF;SOs),) was measured and shown
in Fig. 6. The contact angle of TNVOI11 with the electrolyte was
72.4°, compared to 83.0° for NVO alone. This indicates that the
incorporation of Ti;C, MXene enhances the affinity of NVO for the
electrolyte.

To further investigate the mechanism behind the superior zinc
storage performance of the TNVOL11, CV tests were conducted at
varying scan rates of 0.2, 0.4, 0.6, 0.8, and 1 mV/s (Fig. 7(a)). Two
distinct pairs of redox peaks are observed within the voltage range
of 0.25-1.6 V. The relationship between the current (i) and the peak
scan rate for each redox peak can be expressed using Eqgs. (2) and
(3), where i and v are the peak current and scan rate, and a and b
are variables that can be used to determine pseudo-capacitance
behavior. The slope value (b-value) is commonly used to
distinguish different electrochemical processes [47]
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Figure5 (a) The first three charge-discharge CV curves of TNVOI1 at a scan rate of 0.2 mV/s. (b) The voltage-capacity curves of the TNVO11 electrode during the
first three charge-discharge cycles at a current density of 0.1 A/g. (c) Comparison of the long-cycling performance of NVO and TNVOI11 at high current densities
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Figure6 (a) Contact angle of TNVO11 with the electrolyte. (b) Contact angle of
NVO with the electrolyte.

(b) l

log (i) = blog (v) +log (a) (3)

The calculated b-values for TNVOI1 are 093, 0.57, 0.87,
and 0.65 (Fig. 7(b)), indicating that the electrochemical reaction is
primarily governed by pseudocapacitive behavior. Additionally, the
capacitive contribution at different scan rates can be calculated
using Eq. (4) [48]

i=kv+ k" ori/v"? = kv 4k, (4)

where k; and k, are constants. The calculation results are shown in
Fig. 7(c), where the capacitive contribution increases with the scan
rate. At a low scan rate of 0.2 mV/s, the capacitive contribution
reaches as high as 57% (Fig. 7(d)), indicating that the composite
electrode exhibits favorable ion transport kinetics, with fast ion
diffusion and transfer rates.

In order to further investigate the reason for the fast ion diffusion
rate, we use the electrochemical impedance test and galvanostatic
intermittent titration technique (GITT) to study the diffusion
kinetics of ions. The electrochemical impedance spectroscopy (EIS)

(& 27w | Sci@pen

94907786 (7 of 12)

plots of the TNVOI11 and NVO are shown in Fig. 8(a), with the
circuit model used for fitting. The radius of the semicircular portion
of TNVOI1 is significantly smaller than that of NVO. Therefore,
the incorporation of Ti;C, MXene in NVO can improve
conductivity and increase ion diffusion rate. The results of GITT
are shown in Fig. 8(b). The test was conducted at a current density
of 0.1 A/g, with charging or discharging for 10 min, followed by a
40 min rest period to allow the electrode to reach thermodynamic
stability, as shown in Fig. 8(c). Based on the results in Fig. 8(c), the
ion migration rate was calculated according to Eq. (5) [15]

4L ( AE, ) ’
D=2 |[=
nt \ AE,
The parameters are defined as follows: D denotes the migration rate
of Zn*, 7 denotes the relaxation time (s), AE; represents the steady-
state voltage change during an individual GITT step, AE, signifies
the potential change after internal resistance drop (iR drop)
elimination, and L corresponds to the Zn* diffusion length, which
equals the electrode thickness.

The Zn* jon migration rate (D.-) during charging and
discharging is found to be D, = 3.21 x 10™-2.29 x 10” cm?/s,
which is higher than those of currently common vanadium-based
material composites, 7.32 x 10 to 3.14 x 10™ cm?*s [49-50]. This
high ion migration rate is a key factor contributing to the excellent
rate performance and stability of the electrode [51].

In summary, the electrochemical performance of the NVO
cathode material is significantly enhanced by the incorporation of
Ti;C, MXene. The zinc storage mechanism of the TNVO
composite material can be attributed to the following aspects:

(5)
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(1) The primary energy storage mechanism of the TNVO
composite material is the redox reaction of NVO. However, since
Ti;C, MXene also possesses a layered structure with interlayer
active sites, it can contribute partially to the overall energy storage.

(2) The main role of Ti;C, MXene in the composite electrode is
to provide high electrical conductivity and mitigate the volume
changes induced by the repeated insertion/extraction of Zn* in
NVO. This effectively reduces structural degradation and enhances
cycling stability.

(3) The high conductivity and hydrophilicity of Ti;C, MXene
significantly accelerate electron transport within the electrode,
facilitating faster surface electrochemical reactions on NVO.
Consequently, the rate capability of the composite electrode is
greatly improved.

3.2.2  Flexible quasi-solid-state batteries

A key feature of aqueous zinc-ion batteries is that they can maintain
high energy storage performance during flexible cycles. Therefore,
in this study, a quasi-solid-state battery with TNVOL11 as cathode
was fabricated. The rate performance is shown in Fig. 9(a). Even at
high current densities of 0.1, 0.3, 0.5, 1, and 3 A/g, the zinc-ion
battery still maintains a high specific capacity of 320.7, 274.6, 243.5,
2279, and 150.7 mAh/g, respectively. To evaluate the zinc storage
performance during flexible cycles, charge-discharge tests were
conducted at a current density of 1 A/g while subjected to bending
(Fig. 9(b)) and twisting (Fig. 9(c)). The results, shown in Fig. 9(d),
clearly demonstrate that the specific capacity remains highly stable
under both bending and twisting conditions, with even a slight
upward trend, which is quite impressive. This remarkable zinc
storage capability can be attributed to the excellent ion transport
properties and exceptional structural stability of the TNVOI11
composite electrode, which demonstrates tremendous potential for
flexible, wearable applications.

(a) 550
S0 | e ot AR | )|
450 |
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The performance of TNVO11 was compared with that of other
ZIB cathodes in Table 1. As shown in the table, the TNVOI1
electrode demonstrates superior zinc storage capacity and
outstanding rate performance. If the current density was increased
by a factor of 40, the NVO electrode retained only 44% of its
capacity, 165 mAh/g at 4 A/g [13]. In contrast, even if the current
density was increased by a factor of 100, TNVO11 retains 54.6% of
its capacity, 212.1 mAh/g at 10 A/g. Compared with other cathodes
enhanced with MXene listed in Table 1, the rate performance of
TNVOI11 studied in this paper is the highest. Furthermore,
TNVO11 material is also suitable for flexible energy storage
applications, a feature that many aqueous zinc-ion cathode
materials cannot match. As shown in Table 1, TNVO11 exhibits a
capacity of 320.7 mAh/g at a current density of 0.1 A/g for flexible
batteries, significantly outperforming other electrode materials in
terms of zinc storage at the same current density. Additionally, it is
noteworthy that there are very few reports on the twisting
performance of flexible batteries in the current literature. However,
the flexible battery fabricated with TNVOL11 as the cathode material
is able to easily achieve a 90° twist while maintaining stable output
ata current density of 1 A/g.

4 Conclusion

The performance of NaV;041.5H,0 as cathode of ZIB can be
remarkably enhanced by the incorporation of two-dimensional
MXene. Compared with Mo,C MXene, Ti;C, MXene exhibits
better effects. The incorporation of Ti;C, MXene enhanced the ion
diffusion rate, electrical conductivity, and hydrophilicity of
NaV,;041.5H,0, resulting in high specific capacity, excellent rate
performance, and outstanding cycling stability in conventional coin
batteries. The NaV;041.5H,0 composites with 11% Ti,C, MXene
(TNVOL11) made by a solution blending method exhibited a high
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Figure9 Electrochemical performance of quasi-solid-state batteries made of TNVOL11. (a) Multiplicative performance at different current densities. (b) Flexible batteries
bending test. (c) Flexible batteries twisting test. (d) Flexible batteries bending and twisting test results.
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Table1 TNVOI1 vs. other ZIBs electrodes (in the table, all MXene refers to Ti;C, MXene)

Electrode

Specific capacity

Capacity of

flexible battery References

Cycling stability

MZXene/

388.0 mAh/g at 0.1 A/g, 212.1 mAh/g at 10 A/g

=100% capacity retention after 3700 cycles at 3.0 A/g 320.7:mAb/g This work

NaV,;041.5H,0 at0.1 A/g
NaV;04-1.5H,0 380 mAh/gat 0.1 A/g, 165.0 mAh/gat4 A/g 82% capacity retention after 1000 cycles at 4.0 A/g — [13]
8-MnO,/MXene 315 mAh/gat 0.2 A/g, 149 mAh/gat 5 A/g 88.1% capacity retention after 5000 cycles at 5.0 A/g — [52]
. . 309 mAh/g at
Mg,,V,05nH,0  344.0 mAh/gat 0.1 A/g, 218.0 mAh/gat 10 A/g  83.7% capacity retention after 10,000 cycles at 5.0 A/g 0.1 Alg [53]
HLV.0/MX. . . 252.6 mAh/g
,V304/MXene 365.3 mAh/gat 0.2 A/g, 163 mAh/gat 10 A/g = 84% capacity retention after 5600 cycles at 5.0 A/g at1Alg [11]
VO,/MXene  363.6 mAh/gat 0.06 A/g, 169.1 mAh/gat 15 A/g 76.0% capacity retention after 5000 cycles at 6.0 A/g — [54]
VOI\(/S(I;I;?)Z/ 359.8 mAh/gat 0.5 A/g, 128.1 mAh/gat 10 A/g  85.2% capacity retention after 3000 cycles at 10 A/g — [47]
VSe,/MXene  125.0 mAh/gat 0.1 A/g, 100.0 mAh/gat5.0 A/g  66.0% capacity retention after 5000 cycles at 5.0 A/g — [55]
d-NVO@MXene 498 mAh/gat 0.5 A/g, 200 mAh/gat 5.0 A/g 75% capacity retention after 1000 cycles at 5.0 A/g — (48]
MnO,/MXene  85.0 mAh/gat 0.1 A/g, 45 mAh/gat 10 A/g Nearly 100% capacity retention after 400 cycles at 5.0 A/g i(: %%/gg [56]
. . 275 mAh/g
MnO,/MXene  301.2 mAh/gat 0.1 A/g, 202.2 mAh/gat 2.0 A/g  90.6% capacity retention after 2000 cycles at 0.5 A/g at 0.1 Alg [57]
. . 126 mAh/g
ZnMn,0,/MXene 175.0 mAh/gat0.1 A/g, 84.5 mAh/gat4.0A/g  92.4% capacity retention after 5000 cycles at 1.0 A/g at 0.1 Alg [58]
Tris(aza)pentacene/ 33 o 1 Ap/o at 0.04 Alg, 148.0 mAh/g at 2.0 Alg 81.6% capacity retention after 10000 cyclesat LOA/g 0 ™AME  (59)
MXene at1Alg
Polyaniline/ N - - 188 mAh/g
MXene 262.0 mAh/gat 0.5 A/g, 160.0 mAh/gat 15 A/g  64.4% capacity retention after 5000 cycles at 15 A/g at1Alg [60]

specific capacity of 388 mAh/g at a current density of 0.1 A/g and
maintained a remarkable capacity of 212.1 mAh/g even if the
current density increased to 10 A/g. After 3700 cycles at 3 A/g, the
capacity retention remains close to 100%, demonstrating excellent
cycling stability. More notably, TNVOL11 retains a high capacity of
320.7 mAh/g at 0.1 A/g if used as a flexible battery electrode and
successfully overcomes the limitations of flexible batteries under
twisting conditions. At a current density of 1 A/g, the material can
maintain stable high-capacity output even under bending and
twisting conditions.
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