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V-based materials are considered promising candidates as cathode materials for zinc ion batteries (ZIBs).
However, the inherent low conductivity of V-based compounds leads to the sluggish diffusion kinetics of
Zn®* and serious cycling capacity degradation of ZIBs. Herein, 1D Zn3V,0,(OH),-2H,0 (ZVO) nanowires
were grown on monodisperse 2D TizC,T, MXene nanosheets via a facile microwave-assisted method.

The introduction of TizC,T, MXenes effectively improved the conductivity and hydrophilicity of ZVO.

Furthermore, the Zn?* diffusion coefficient of ZVO/TizC,T, composites was enhanced to 10771078 cm?

s71, which was superior to that of pure ZVO nanowires (1078-1071° cm? s7%) and other previously
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Accepted 3rd July 2024 reported typical V-based cathodes. The ZIBs based on the ZVO/TizC,T, cathode possessed an excellent

discharge specific capacity of 215.2 mAh g~ at 0.1 A g~* and cycling stability (84% retention over 14 000

DOI: 10.1039/d4ra03730h cycles at 10 A g~1). Moreover, the flexible Zn//ZVO/TizC,T, ZIBs using a gel electrolyte still exhibited
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Introduction

Recently, cost-effective, environmentally friendly energy storage
materials with high capacity and long life have attracted
increasing attention."” Li-ion batteries face intrinsic safety
issues caused by hazardous and flammable organic electrolytes
and have high production cost.** Extensive research has been
conducted on metal-ion batteries (Mg>*, Zn**, Na®, etc.) with
eco-friendly aqueous electrolytes, which are abundant in
resources and inexpensive.>® Particularly, aqueous zinc ion
batteries (ZIBs) have attracted more attention owing to the
chemical and physical properties of the zinc anode, including
low redox potential (—0.763 V vs. standard hydrogen electrode),
high theoretical specific capacity (820 mAh ¢~ and 5855 mAh
cm %), environmental friendliness and high safety characteris-
tics.”* In view of the most significant component, cathodes,
such as manganese-based compounds, V-based compounds,
organic substances and Prussian blue analogs, have been
extensively developed."™ V-based materials are promising
candidates for ZIB cathode materials owing to their low cost,
multi-valence states (V**, V**, V°*), and large interlayer/tunnel
spacing.'*¢

Typically, Zn;V,0,(OH),-2H,0 (ZVO) with a layered octahe-
dron and columnar hexahedron structure has become
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good cycling stability and rate performance.

a powerful competitor with improved electron migration and
high Zn** storage capacity for ZIBs.”” ZVO nanowires were first
synthesized using a microwave-assisted method and used as
cathodes for ZIBs."® Zn//ZVO batteries showed about a 68%
retention ratio of original discharge capacity after 300 cycles at
0.2 A g ". The diffusion coefficient of Zn>" ions was approxi-
mately 107°-10"*° em? s™*. ZVO nanowires with exposed (001)
plane lattice exhibited a specific discharge capacity of
108 mAh g~ (about 77% retention) after 700 cycles at 2 A g~ *
and a diffusion coefficient of 10 "'-10""° cm® s~ for the Zn**
ion.” Few modification methods have been proposed to
improve the diffusion kinetics of Zn>* and cycling capacity of
ZVO-based ZIBs.>**' Conductive and flexible current collectors
such as 1D carbon nanotubes and carbon cloth were used to
improve the electrochemical reaction kinetics of ZVO, which
facilitated Zn** diffusion and accelerated electron transport.?>2*
An ultrathin HfO, film was coated on ZVO as an artificial solid
electrolyte interphase to decrease the by-product and suppress
the dissolution of the ZVO cathode. The obtained HfO,-coated
ZVO cathodes delivered 90% retention over 100 cycles at
0.1 A g~ " and 84% retention over 1000 cycles at 10 A g~ .2 In
addition, the diffusion coefficient of Zn>* was improved to 5 x
10°%-6.9 x 10°® cm® s by constructing the bridge oxygen
vacancies for refined 1D Zn** ion transport channels in ZvO.?
Gradient concentration of N was refilled into partial oxygen
vacancies to further enhance the stability of oxygen vacancies
and reduce the energy barrier for Zn>* diffusion.”” Nonetheless,
some issues, such as low inherent conductivity and poor
structural stability, still need to be further improved.

Herein, ZVO/Ti;C,T, composites were synthesized by
growing 1D ZVO nanowires on the monodisperse 2D MXene by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a facile microwave-assisted method. The MXene as the
conductive and hydrophilic substrate additive not only provided
abundant reactive sites but also enhanced the hydrophilicity
and structural stability of ZVO/Ti;C,T, composites. Moreover,
the diffusion coefficient of Zn** and electrolyte-philicity of ZVO/
Ti;C,T, composites were significantly improved. The ZVO/
Ti;C,T, composites exhibited high discharge capacities of
about 215.2 mAh g~ " at a current density of 0.1 A g~ '. Impres-
sively, the as-fabricated ZVO/Ti;C,T, cathodes remained at
about 84% and 88% capacity retention after 14 000 cycles at
10 A g " and 1200 cycles at 2 A g~ ', respectively. Furthermore,
the cycle stability and rate performance of ZVO/Ti;C,T, cathode
ZIBs constructed by gel electrolyte were demonstrated.

Experimental
Synthesis of Ti;C,T,

Ti;C,T, was achieved through selective etching of the Al layer
from TizAIC, feedstock. First, 3.2 g LiF was dissolved in 40 mL
9 mol L " HCI to obtain a homogeneous solution, followed by
gradually adding Ti;AlC,. Next, the above mixture was stirred
for 24 hours at 35 °C. Then, the obtained solution was washed
with deionized water by centrifugation until the pH of the
supernatant reached approximately 6, which was followed by
sonication for 1 hour in an argon environment. Finally, the
resulting solution was subsequently centrifuged at 3500 rpm for
20 minutes to obtain a specific concentration of TizC,T,
dispersion.

Synthesis of Zn;V,0,(0OH),-2H,0/Ti;C,T, composites

Firstly, 1 mmol ammonium metavanadate (NH,VO;) was dis-
solved in 10 mL deionized water with stirring at 80 °C. Then,
1.5 mmol zinc nitrate hexahydrate (Zn(NO;),-6H,0) dissolved
in 10 mL deionized water and Ti;C,T, were orderly poured into
the NH,VO; solution. Finally, the mixed solution was trans-
ferred into a microwave reaction tube and reacted at 160 °C for
6 h. The resulting ZVO/Ti;C,T, composites were washed with
deionized water, followed by freeze-drying for later application.
In contrast, ZVO nanowires were synthesized without the
addition of Tiz;C,T,.

The assembling of the zinc-ion batteries

The ZVO/Ti;C,T, cathode was prepared by mixing the active
material and conductive carbon black (Super P) and poly-
vinylidene fluoride (PVDF) binder in a ratio of 7:2:1. The
mixture was vigorously stirred for 12 h, and then the resulting
slurry was uniformly coated on a titanium foil substrate. The
coated substrate was vacuum-dried at 80 °C for 12 h, followed by
cutting into circular pieces. The average loading of the active
material on the prepared cathode was 1.0-1.5 mg cm . The ZIB
was built in a CR2032 coin cell with ZVO/Ti;C,T, cathode, zinc
foil anode, along with 21 mol L' lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) and 1 mol L™" zinc tri-
fluoromethanesulfonate (Zn(CF;SO3),) solution and a glass
fiber filter membrane, which were respectively used as the
electrolyte and the septum.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The assembling of the flexible zinc-ion batteries

First, 3.02 g LiTFSI and 0.18 g Zn(CF;SO3), were completely
dissolved in 0.5 mL deionized water. Then, 160 mg acrylamide
(AM), 3 mg ammonium persulfate (APS), and 0.15 mg N,N'-
methylenebisacrylamide (MBA) were added to the above solu-
tion under stirring. Finally, the mixtures were injected into
a mold, followed by heating at 70 °C for 1.5 h to obtain the
polyacrylamide (PAM) hydrogel. The flexible zinc-ion batteries
were assembled using the sandwich-type structure, where the
ZVO/TisC,T, electrodes and zinc electrodes were directly
attached to the sides of the PAM hydrogel.

Characterization

Field emission scanning electron microscopy (SEM, HITACHI,
S-4800) and transmission electron microscopy (TEM, JEOL
JEM-2100) were performed to observe the morphology and
microstructure of the samples. X-ray powder diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) were respectively
observed using Rigaku D/Max B diffractometer with Cu Ka
radiation and Thermo Scientific Nexsa system. The Electro-
chemical characterizations were carried out using the LAND
2001A cell test system and electrochemical workstation (CHI
760E).

Results and discussion

Synthesis and characterization of Zn;V,0,(OH),-2H,0/
Tiz;C,T, composites

The ZVO/Ti;C,T, composites were constructed by growing ZVO
on the single-layer Ti;C,T, nanosheets, as shown in Fig. 1a.
Firstly, the single-layer dispersed Ti;C,T, MXenes were ob-
tained by etching the Al layer of Ti;AlC, MAX using LiF and HCI,
followed by an ultrasonic process. Before etching, Ti;AlC, MAX
appeared as a tightly packed and multilayered block (Fig. S17).
The XRD spectrum showed that the (002) characteristic peak of
Ti;AlC, MAX shifted from 9.6° to 6.7° after etching, indicating
the successful preparation of Ti;C,T, MXene with increased
interlayer spacing (Fig. S21). Subsequently, multiple layers of
Ti;C,T, were subjected to ultrasonic treatment, resulting in
uniform single-layer MXene dispersion (Fig. S31) with a thick-
ness of 1.5 nm (Fig. S4t). The ZVO nanowires of ZVO/TizC,T,
composites were synthesized by a microwave-assisted method
of Zn(NO;),-6H,0 and NH,VO; in Ti;C,T, (Fig. S51). The
capacity and cycling stability of ZVO/Ti;C,T, composites were
systematically adjusted by changing the chemical concentra-
tions, reaction temperature, reaction time and MXene weight
(Fig. S6-S91). According to the XRD spectrum, the distinct
characteristic diffraction peaks observed at 12.5°, 17.1°, 21.2°,
30.3°, 32.2°, 34.4° and 36.7° correspond to the (001), (010),
(011), (012), (111), (020), and (021) crystal planes of ZVO
(Fig. 1b). All peaks were consistent with the standard card
PDF#50-0570 of hexagonal ZVO, indicating the successful
synthesis of ZVO/Ti;C,T, composites.

XPS spectra were conducted for the chemical composition
and valence state of ZVO/Ti;C, T, MXene composites. Obviously,
the elements C, Ti, V, O, and Zn were confirmed in the ZVO/
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spectrum of (c) V 2p and (d) Zn 2p in the ZVO/TizC,T, composites.t

Ti;C,T, composites (Fig. S107). As shown in the high-resolution
XPS spectrum (Fig. 1c), the strong peaks at 517.3 eV and
524.9 eV were attributed to V>* 2p3/, and V" 2p,,, respectively.
Moreover, the characteristic peak of V*" appeared as broad
peaks at 515.9 eV and 523.18 eV. V in the hierarchical structure
of ZVO/Ti;C,T, MXene composite was dominant in the oxi-
dization of V" and minimal in V**. In the high-resolution Zn 2p
spectrum (Fig. 1d), two distinct characteristic peaks at binding
energies of 1020.7 eV and 1043.8 €V, mainly ascribed to the 2p;/,
and 2p,, of Zn in the ZVO/Ti;C,T, composite, respectively. The
characteristic absorption peak of the M—O bond appeared at
530.1 eV, mainly reflecting the bond between the metal atoms
(Zn or V) and oxygen atoms, as shown in Fig. S10b.1 Addition-
ally, the absorption peak at binding energies of 531.4 eV was
ascribed to the characteristic peak of the C-O bond.

The morphology and structure of ZVO and ZVO/Tiz;C,T,
composites were investigated through SEM, EDX, and TEM
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(a) Schematic synthesis of ZVO/TisC,T, composites. (b) XRD patterns of ZVO and ZVO/TizC,T, composites. The high-resolution XPS

analyses. As shown in Fig. S11,f the prepared ZVO exhibited
interweaved and stacked nanowire morphology. After the
introduction of TizC,T,, ZVO nanowires were tightly wrapped
around the two-dimensional Ti;C,T, layer, as shown in Fig. 2a
and S12}. Moreover, the self-aggregation of ZVO nanowires was
prevented, attributing to the two-dimensional Ti;C, Ty, resulting
in better electrochemical properties. Similar to the SEM images,
the fabricated ZVO nanowires manufactured on the ZVO/
Ti;C,T, composite were elucidated with an interlayer spacing of
0.72 nm (Fig. 2b, c and S137), which is consistent with the XRD
results (Fig. 1b). Furthermore, V, O, Zn, and Ti elements were
uniformly distributed on the ZVO/Ti;C,T, composites, as shown
in Fig. 2d.

Electrochemical performance of zinc-ion batteries

To determine the electrochemical performance of the ZVO/
Ti;C,T, composite, Zn//ZVO/Ti;C,T, ZIBs were fabricated by

2 At

3 ..-_u_"‘;.h... 2

Fig. 2
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(a) SEM image and (b and c) TEM images and (d) element mapping of ZVO/TizC,T, composites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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utilizing a 21 mol ™" LiTFSI + 1 mol L' Zn(CF3S0;), electro-
lyte, zinc foil anode, and ZVO/Ti;C,T, cathode (Fig. 3a). Galva-
nostatic charge/discharge (GCD) curves and rate capability of
Zn//ZVO|Ti;C,T, batteries were examined between 0 Vand 1.8 V
under various current densities, as shown in Fig. 3b and c. The
Zn//ZVO/Ti3;C,T, battery exhibited a discharge capacity of
215.2 mAh g~ ' at a current density of 0.1 A g~ (Fig. 3b). Upon
increasing current densities from 0.2, 0.5, and 1.0, to 2.0 A g™,
the discharge capacities were 185.8, 155.5, 129.1 and
95.2 mAh g, respectively, which were comparable to those of
other reported vanadium-based ZIBs (Fig. S147).'®25283 In
addition, when the current density returned to 0.1 A g7, the
discharge capacity of Zn//ZVO/Ti;C,T, batteries reached
209.9 mAh g, retaining about 98% of the original discharge
capacity (Fig. 3c). This indicated that the prepared Zn//ZVO/
Ti;C, T, batteries exhibited good rate performance and specific
discharge capacities, better than that of pure ZVO (Fig. S157).
The results showed that the introduction of 2D Ti;C,T, nano-
sheets with a high specific surface area can effectively increase
the specific surface area of the ZVO/Ti;C,T, composites,
resulting in the increased number of active sites for the reaction
between the Zn®*" and ZVO/Ti;C,T, cathode (Fig. S16%). The
reaction kinetics of Zn®>" and conductivity of ZVO/TizC,T,
cathode were respectively speeded up and improved due to the
high conductivity of Ti;C,T, (Fig. S177), resulting in smaller
charge transfer resistance (R, Fig. 3d). Furthermore, the
introduction of Tiz;C,T, containing abundant hydrophilic
groups has been found to effectively improve the hydrophilicity
of the ZVO/Ti;C,T, cathode with electrolyte (Fig. S18%). As
a result, the internal ion migration resistance of the electrode
was reduced, enabling a complete reaction between Zn>" in the
electrolyte and the electrode material. Furthermore, this
increase in hydrophilicity accelerated the diffusion rate of ions
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with lower ion diffusion resistance (Z,,, Fig. 3d). The addition of
highly conductive MXene effectively decreased the charge
transfer resistance (R.) of the ZVO/Ti;C,T, cathode, indicating
the promotion of electronic conductivity than that of ZVO. As
shown in Fig. 3d, the impedance data were analyzed and fitted
to a typical equivalent electrical circuit consisting of the series
resistance (Ry), interface resistance (R;), constant-phase element
(CPE), R and Warburg diffusion behavior (W). In addition, Zn//
ZVO/Ti;C,T, ZIBs exhibited a power density of 1220 W kg™ * and
an energy density of 141.6 W h kg™

To further investigate the effect of the introduction of 2D
Ti;C,Ty, the cycling performance of the battery was tested at
2 A g'. The discharge specific capacity of Zn//ZVO/Ti;C,T,
batteries could maintain 88% of initial capacity after 1200 charge/
discharge cycles (Fig. 3e). The local damage of the ZVO/Ti;C,T,
structure led to a weakened intensity of the (001) characteristic
peak (Fig. S19at) and increased charge transfer resistance
(Fig. S19b¥) after cycling, resulting in slightly decreased discharge
specific capacities. In contrast, the capacity of Zn//ZVO batteries
decreased rapidly, retaining only 38% of the initial capacity.
Especially, Zn//ZVO/Ti;C,T, batteries could still retain 84% of
initial capacity after 14 000 cycles at a large current density of
10.0 A g ! (Fig. 3f), even maintaining 95% after 60 cycles at a low
current density of 0.1 A g~ ' (Fig. S207). The cycling performance
of the Zn//ZVO/Ti;C,T, battery was superior to most other previ-
ously reported vanadium-based cathodes (Table S1t).'®2253¢-39
That was because the introduction of Ti;C,T, effectively inhibited
the self-stacking of ZVO nanowires and mitigated the structural
damage during Zn>" intercalation/deintercalation. To explore the
practical application value of ZIBs, two ZIBs connected in series
can be used to power a clock (Fig. S21t). This demonstrated that
the prepared ZIBs can be utilized as electrochemical storage
devices for other electronic products.
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Kinetics of zinc-ion batteries

Cyclic voltammogram (CV) measurements were performed
further to confirm the kinetics performance of Zn//ZVO/Ti;C,T,
batteries. It can be observed that the CV curves almost over-
lapped, indicating the stable redox potential and highly
reversible electrochemical transformation of the ZVO/Ti;C,T,
cathode (Fig. S227). In addition, the area of the CV curve grad-
ually increased with the increase in scanning rate from 0.2 mV
s to 1.0 mV s, as well as a lower cathodic and a higher
anodic peak shift simultaneously (Fig. 4a). Two pairs of redox
peaks were located at 0.49 V/0.76 V and 0.75 V/1.10 V at 0.2 mV
s, consistent with the redox discharge and charge platforms
in the previously tested GCD curve (Fig. 3b). The mentioned
cathodic and anode peaks corresponded to the insertion/
desertion of zinc ions, respectively.

To better understand the afore-mentioned superior perfor-
mance, the power-law relationship between the peak current (7)
and scan rate (v) can be determined by the following equation:

i=a)

a and b were variable parameters in the formula. In general, the
coefficient b varied in the range of 0.5 to 1.0, reflecting the rate-
limiting step and different charge storage states. The discharge/
charge process was completely dominated by the ionic
diffusion-controlled process (b = 0.5) while attributed to the
capacitive-limited behavior through a fast surface reaction (b =
1.0). According to the fitting curve in Fig. 4b, the b values fitted
to the four peaks of Zn//ZVO/Ti;C,T, batteries were respectively
calculated as 0.73, 0.68, 0.70 and 0.68, indicating the co-
dominated discharge/charge process by capacitive behavior
and ionic diffusion-controlled process. The following deformed
equation was further used to accurately determine the
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contribution ratios of capacitive-limited behavior and diffusion-
controlled process:

1= k]V + kzl/l/z

where k; and k, were varied parameters with the peak current
(i). Generally, kyv and k,»"'* represented the capacitive-limited
and ionic diffusion-controlled contribution of the total
capacity, respectively. At the scanning speed of 0.4 mV s, the
capacitive contribution rate was about 61.3% of the overall
capacity (Fig. 4c). Fig. 4d demonstrates the ratio of capacitive-
limited contribution (orange) and ionic diffusion-controlled
contribution (green) as a function of scan rate. The capacitive-
limited contribution gradually increased from 53.7% to 75.2%
with the increase in the scanning rate from 0.2 to 1.0 mV s~ ",
The capacitance contribution rates of Zn//ZVO/Ti;C,T, batteries
were larger than those of Zn//ZVO batteries at the same scan-
ning rate (Fig. S231). This was because of the increasing active
sites of the Zn>" reaction with a larger specific surface area and
more electrolyte-philic cathode due to the introduction of
Ti;C,T, and a small capacitance of TizC,Ty.

The galvanostatic intermittent titration technique (GITT)
was further demonstrated to investigate the Zn** kinetics
diffusion behavior in the lattices of ZVO/Ti;C,T, composite
cathodes. The diffusion coefficient of Zn** (D) was deter-
mined using the following formula:

4 (mVe\(AEN?
T omr \ MA AE,

7, M, m, Vy,,, and A represent the relaxation time, molar mass

Dy

of active materials, mass of active materials, molar volume, and
effective contact area between the electrode and electrolyte,
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respectively. Especially, AEs and AE; were the voltage change of
pulse and voltage change of constant-current charge/discharge,
respectively. GITT curves and the corresponding Dy,,>+ of Zn//
ZVO/Ti;C,T, batteries and Zn//ZVO batteries at 0.5 A g~ ' are
shown in Fig. 4e and f. The Zn*" diffusion coefficient of ZVO/
Tiz;C,T, composites as the cathode was calculated in the range
of 1077 to 10°% cm® s™', which was superior to pure ZVO
nanowires (10 °~10""° cm® s™) and other previously reported
typical vanadium-based cathodes.>******* The introduction of
Ti;C,T, with high electrical conductivity and good hydrophilic
properties inhibited the self-stacking of ZVO nanowires and
increased available active areas, resulting in fast solid-state
diffusion kinetics of Zn>**. This also accounted for the supe-
rior cycling performances and rate properties of the Zn//ZVO/
Ti;C,T, battery.

Mechanism of zinc-ion batteries

In order to further study the zinc storage mechanism of ZVO/
TizC,T, electrodes, ex situ XRD and XPS characterization were
conducted. Various charge/discharge states (points A-G) were
subjected to ex situ XRD analysis at 0.5 Ag™ ", as shown in Fig. 5a
and b. When discharging from 1.8 V to 0 V, the 26 angle shifted
from 12.1° at point A to 11.8° at point D. This shift indicated
that Zn>" ions were inserted into the ZVO/Ti;C,T, layers during
discharge, causing an expansion of the interlayer spacing. Upon

View Article Online

RSC Advances

charging back to 1.8 V, the (001) peak position of ZVO/Ti3C,T,
almost returned to its starting position at point A, ascribing to
the desertion of Zn*>* from ZVO/Ti;C,T,. The well-designed ZVO/
TizC,T, represented high reversibility of Zn** intercalation/
deintercalation.

The reversible insertion/desertion mechanism of Zn>" was
further verified using ex situ XPS, as shown in Fig. 5c-e. In the
fully charged states A (Fig. 5¢c), two remarkable diffraction peaks
that corresponded to Zn 2p,,, and Zn 2p;, were observed at
1022.1 eV and 1045.1 eV, which were detected in the Zn 2p fine
XPS spectra of the original ZVO/Ti;C,T, composites (Fig. 1d).
When discharged to 0 V (at point D, Fig. 5d), new peaks from the
Zn 2pz, and Zn 2py, orbitals appeared at 1021.3 eV and
1044.1 eV, respectively, indicating the successful insertion of Zn>*
from the electrolyte into the ZVO/Ti;C,T, electrode. Upon
charging back to G (1.8 V, Fig. 5e), new peaks from Zn 2p;/, and Zn
2p.1,» disappeared, while XPS spectroscopy of Zn 2p returned to its
starting position at point A. The effect of Zn®>" on the valence
changes of V elements can be evidenced in the ex situ XPS patterns
(Fig. 5c-€). When discharging to 0 V, the intensity of V°* weakened
and another V 2p;, feature appeared, indicating a partial reduc-
tion of V°" to V** (4 < § < 5). At the fully charged state of A or G, the
V" contribution almost diminished. These results confirmed the
zinc storage mechanism of the ZVO/Ti;C,T, electrode consistent
with the ex situ XRD results (Fig. 5b), indicating good reversibility
and stability of the ZVO/Ti;C,T, electrode.

a 400 {— Charge b
Discharge /

_'M

=

Z 300 _ _

E SN 5| =

Z = £ E
S 200 p=y z

g z Z

S 5 g

(&} 2 2

2 = =

5 1004

@

=

w

0
00 05 1.0 1.5 2.0 10 11 12 13 14 15 10 20 30 40 50 60 70 80
Voltage (V) 2Theta (degree) 2Theta (degree)
c Zn2p d Zn2p € Zn2p

£ X X!

E k| E

— ~—— - e Neae|

1050 1040 1030

Binding energy (V)

1020 1050 1040

Binding energy (eV)

1030 1020 1050 1040 1030

Binding energy (eV)

1020

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

535 530 525 520 515 510 535 530 525
Binding energy (¢V)

Binding energy (eV)

520 515 510 535 530 525 520 515 510
Binding energy (V)

Fig. 5 Zn-storage mechanism of ZVO/TizC,T, composites. (a) Charge/discharge profiles of the Zn//ZVO/TizC,T, battery at a current density of
0.5A g™ (b) Ex situ XRD patterns collected at different charge/discharge depths. Ex situ high-resolution XPS spectroscopy of Zn 2p and V 2p at
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TizC,T, ZIBs during bending cycles. (f) Digital photographs of flexible Zn//ZVO/TisC,T, ZIBs in series to power a clock.

It can be calculated that 1.93 Zn”>* can be inserted into per
molecule of ZVO at the current density of 0.1 A g™, corre-
sponding to an =3.86 electron redox process. Consequently,
the electrochemical reaction of the Zn//ZVO/Ti;C,T, battery can
be illustrated and formulated as follows:

Cathode: 1.93Zn>" + 3.86e~ + Zn;V,0,(OH),-2H,0 «
Zn4,93V207(OH)2-2H20

Anode: Zn>* + 2¢~ o Zn

During the discharge process, 1.93 Zn”>* ions were inserted
into ZVO to establish the phase of Zn, ¢;3V,0,(OH),-2H,0 at the
cathode. Meanwhile, the Zn anode was reduced to Zn**, losing
the electron. Upon reverse charging, Zn*>* ions were gradually
deserted from Zn, ¢3V,0,(OH),-2H,0 to re-construct the ZVO
phase, while the Zn>" regained the electron to deposit on the
anode.

Electrochemical performance of flexible zinc-ion batteries

Engineering flexible batteries is significant for wearable elec-
tronics. To exemplify the practicability of ZVO/Ti;C,T,
composites, flexible ZIBs were constructed with PAM hydrogel
electrolyte containing Zn>" and Li" ions, a cathode of ZVO
nanowires in situ grown on 2D Ti;C,T, and Zn anode, as dis-
played in Fig. S24.f Typical absorption bands at 1660 and
3196 cm~ ' ascribed to C=O vibration and N-H stretching
vibration, respectively, confirming the successful preparation of
PAM hydrogel (Fig. S251). Especially, PAM hydrogel possessed
a 3D porous profile (Fig. $267), which was conducive to Zn**
transportation and beneficial for higher impoundment
capacity. The resultant PAM hydrogel provided well-stretchable
properties (a tensile strain of 1445.5% and tensile strength of

22566 | RSC Adv, 2024, 14, 22560-22568

255 kPa, Fig. S27 and 287), showing considerable deformability
to the gel electrolyte of flexible ZIBs.

The CV and GCD measurements of the flexible battery at
different scanning rates explored the electrochemical perfor-
mance of the flexible ZIBs, as shown in Fig. 6a and b. Further-
more, the locations of the redox peak were consistent with the
voltage range of the button battery (Fig. 4a). The flexible ZIBs
delivered excellent rate capacities of 201.8 mAh g~ " at 0.1 Ag™"
with 63.5 mAh g at 2.0 A g~ '. Returning to 0.1 A g” ', the
discharge capacities of ZIBs retained about 88% of the initial
capacity at 0.1 A g~ (Fig. 6¢). After 1400 cycles at 2.0 Ag™ ", ZIBs
maintained about 80% of their initial capacity with a coulomb
efficiency of about 100%, indicating outstanding cycling
stability (Fig. 6d). This decrease in capacity was because of the
increased R . caused by the gradually generated by-products
during the discharge/charge cycles, as presented in Fig. S29.F
In addition, the charge/discharge curves of flexible Zn//ZvVO/
Ti;C,T, ZIBs under different bending times are shown in
Fig. 6e. They exhibited about 95% capacity retention after 200
bending cycles. Moreover, after 1000 cycles of bending, ZIB-
based ZVO/Ti;C,T, composites retained approximately 86% of
their initial capacity (Fig. S30t), indicating good flexibility and
showing the prospective possibility to be energy storage devices
for wearable devices. Furthermore, two flexible ZIBs in series
can successfully light the clock (Fig. 6f, Video S11), proving great
potential for practical applications.

Conclusions

In summary, MoS,/Ti;C,T, composites were constructed
through the 1D ZVO nanowires on 2D Ti;C,T, MXene by
a microwave-assisted method. MXene prevented the coated ZVO
from agglomerating during the intercalation/deintercalation
process of Zn**, resulting in the enhanced structural stability

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of ZVO/Ti;C,T, composites. Furthermore, the diffusion coeffi-
cient of Zn>" and electrolyte-philicity of ZVO/Ti;C,T, compos-
ites were significantly improved. The ZVO/Ti;C,T, electrode
exhibited  ultrahigh  specific discharge performance
(215.2 mAh g specific capacity at 0.1 A g~") and long cycling
stability (84% capacity retention over 14 000 cycles at 10 A g™,
88% capacity retention over 1200 cycles at 2 A g ). Further-
more, the flexible Zn//ZVO/Ti;C,T, ZIBs using PAM gel electro-
Iyte still delivered excellent capacities of 201.8 mAh g ' at
0.1 A g ' and kept 80% retention of initial capacity after 1400
cycles at 2.0 A g~ . This study is expected to inspire the design of
more rational cathode systems to obtain ZIBs with high
capacities.
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