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One-dimensional H,V3Og nanorods and two-
dimensional lamellar MXene composites as
efficient cathode materials for aqueous
rechargeable zinc ion batteriest

Wenyuan Duan, ®2 Shenghua Chen,” Yanlin Li, ® *° Shaoquan Chen?
and Yuzhen Zhao & *?

The energy crisis is a the worldwide problem which needs humans to solve immediately. To solve this
problem, it is necessary to develop energy storage batteries. It is worth mentioning the aqueous
rechargeable zinc ion batteries (ARZBs) which have some advantages, such as low cost, good safety and
no need for an organic electrolyte as in the traditional lithium-ion batteries. However, it is still
a challenge to find suitable and reliable electrode materials. In this work, as-prepared H,VzOg nanorods
and MXene composites are used as cathode materials in ARZBs which were designed well using
a hydrothermal method after optimizing the reaction time. The results showed that H,Vz:Og/MXene
ARZBs could provide a good transport path for zinc ions, which were based on special 1D H,VzOg
nanorods and 2D multi-layered MXene materials, which exhibited an outstanding initial specific
discharge capacity of 373 mA h g~ at 200 mA g2, good rate capability and a long lifecycle with only
15.8% capacity decay at 500 mA g~! after 5000 cycles. The H,VsOg/MXene composites with a good
electrochemical performance bring insight into their promising applications for energy storage batteries.
They provided enhanced rate performance and excellent cycling stability, which was ascribed to the
multi-step and multi-mode zinc ion insertion/extraction process. This was confirmed by the use of the
1D/2D integrated structure of the H,V3Og/MXene composites, which was conductive to zinc ion diffusion.

Introduction

Because of the extensive use of fossil energy, the problem of
environmental pollution is becoming more and more serious. A
series of policies have been introduced to encourage the use of
green energy, especially in China with the actual national
conditions of less gas storage and lack of oil. However, some
green energy sources, such as wind and solar power, which are
subject to variations in natural conditions, are intermittent and
uncontrollable. Therefore, there is an urgent demand for energy
storage batteries."” Traditional lithium ion batteries have a high
energy density,’>® good charging ability, no memory effect and
no need for periodic maintenance charge and discharge.
Therefore, they are widely used in energy storage devices, such
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as mobile phones, notebook computers, electric vehicles and so
on.

Unfortunately, traditional lithium ion batteries have great
problems such as high cost and poor safety due to the use of
organic electrolytes.”® Therefore, new aqueous rechargeable
batteries have emerged, which can improve the ionic mobility in
aqueous solution and have good electrochemical performance
in high-rate charge and discharge environments. For example,
Meng and co-workers used rational design to create a multi-
layer rGO@Mn,Si0O,@ZIF-8-C using a layer-by-layer assembly
method, which ensured the Li-ion transfer Kkinetics and
inhibited Mn,SiO, dissolution during the electrochemical
reaction in aqueous rechargeable lithium ion batteries
(ARLBs).?

It is should be mentioned that compared with the ARLBs,
aqueous rechargeable zinc ion batteries (ARZBs) are safer and
cheaper because zinc can be stably preserved at room temper-
ature and has abundant reserves.'"* Guo and co-workers first
reported a new type of ARZB which used an organic pH-buffer
containing N heterocyclic compounds as an additive to
prevent the formation of Zn dendrites, the hydrogen evolution
reaction and anode corrosion.”” Recently, novel two-
dimensional (2D) MXene materials with a typical chemical
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formula of M,,.1X,, T, (M represents metals, Ti, Ta, and so on; X
represents C, N, and so on; and T represents a terminal group)*
have attracted researchers' attention due to their nanolaminate
microstructure, superior conductivity and high specific surface
area," and they are considered to be a promising candidate, as
pseudocapacitive materials for energy storage devices.” For
example, Zn ion supercapacitors were assembled by combining
the zinc metal anode and Ti,CT,-MXene aerogel as a cathode,"®
which exhibited outstanding charge performance because of
the convenient and fast ion transmission caused by the MXene
materials. The 2D MXene sheets were grown on H,V;0g nano-
wires to form an integrated structure, which showed enhanced
electrical conductivity, superior rate performance and a long
lifespan.*®

Herein, we first prepared H,V;0g nanorods using a simple
hydrothermal method. Different reaction times were tested to
obtain the most suitable H,V30g with good morphology and
electrochemical performance. Subsequently, the H,V;04/
MXene composites were prepared similarly and used as cathode
materials in ARZBs to measure the electrochemical perfor-
mance. The schematic diagram of the experiment is shown in
Fig. 1. The results showed that the H,V;0g/MXene composites
presented better rate capability and initial specific discharge
capacity than the H,V;0g materials. It was also found that the
H,V;04/MXene composites exhibited a longer lifecycle and
stability. The difference in electrochemical performance of the
H,V;04/MXene composites compared with the H,V;04 derived
from 2D multi-layered MXene was beneficial for the trans-
portation of ions. Therefore, it is a possible potential solution to
be applied in energy storage batteries with high performance
requirements.

Experimental
Synthesis of the H,V;0g3 nanorods

H,V;05 was synthesized by a one-step hydrothermal method.
In a typical process, 1.8 mmol of V,05 powder, as the raw
material, was dissolved in a deionized water/acetone (32 ml/1
ml) solution with vigorous magnetic stirring for 4 h at room
temperature. Then the solution was transferred to a Teflon-
lined stainless-steel autoclave (50 ml) and heated at 180 °C
for 24 h (H24), 36 h (H36) or 48 h (H48). Finally, the as-
obtained products were centrifuged and washed with ethanol
and then dried at 50 °C in a vacuum for 12 h to obtain the
H,V;04 nanorods.
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Fig. 1 The schematic diagram of the preparation of H,V:Og and
H,Vs0g/MXene composites, and the cell assembly.
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Preparation of MXene

Firstly, TizAlC, (1 g) as a precursor material was dispersed in HF
(30 ml) with magnetic stirring for 12 h. During the process, the
Ti;AlC, powder was slowly added to the HF solution to prevent
overheating. As the time of reaction increased, the aluminum
was etched off to obtain MXene (TisC,). Finally, the as-obtained
products were centrifuged and washed several times with
deionized water and then dried at 50 °C.

Synthesis of the H,V;0gz/MXene composites

The synthesis was similar to the method used for the H,V;05
nanorods, except that MXene was added to the precursor solu-
tion (H,V30g:MXene = 1 g:38 mg). The products were ob-
tained u a hydrothermal method with heating at 180 °C for 36 h.

Characterization

The phase structure was measured by X-ray diffraction (XRD,
D8 Advance A25, Bruker, Germany; CuKa, A = 0.15418 nm, 26:
0-90°, 5° min~'). The morphology was characterized by field-
emission scanning electron microscopy (FESEM, JSM-7000F,
Jeol, Japan) at an acceleration voltage of 15.0 kv, and trans-
mission electron microscopy (TEM, HT7800, Jeol, Japan) at
100 kv.

Cell assembly and electrochemical performance testing

The H,V;05 or H,V;04/MXene composites were used as the
cathode, and zinc foil as the anode with Zn(CF;SO3), as the
electrolyte. The cathode was made by mixing H,V;0g or the
H,V;0g4/MXene composite powder, acetylene black, and poly(-
vinylidene fluoride) (PVDF) in a mass ratio of 7: 2 : 1. The black
slurry obtained after using N-methylpyrrolidone (NMP) as
a solvent was uniformly mixed using an ultrasonic process for
about 2 min. The well-mixed cathode material was coated onto
a stainless mesh and then dried in a vacuum. The cathode mass
loading was about 3 mg. The anode used was a commercial zinc
foil. A glass fiber membrane was chosen as the separator. In this
experiment, we used model 2032 button batteries. The electro-
chemical performance was tested using a Blue Electrical Test
System and the cyclic voltammetry (CV) curves were measured
using an electrochemical workstation within 0-1.2 V (vs. Zn/
Zn*") at 2, 4, 8,10,20 mV s~ .

Results and discussion

The XRD patterns of H,V;0g with different reaction times are
shown in Fig. 2a, and the strong peaks corresponding to (200),
(110), (310), (020), (320), (011), (520) and (002) were indexed to
vanadium oxide hydrate (PDF#85-2401). In addition, using the
Scherrer equation (eqn (1)), we calculated the crystalline size of
H,V;0; with different reaction times. The crystalline sizes were
32.5 nm (H24), 33.7 nm (H36) and 29.4 nm (H48).

_ Ky
" Becos¥d

(1)
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Fig.2 (a) The XRD patterns of H,V3Og (H24, H36 and H48). (b)-(d) The

SEM images of H24, H36 and H48, respectively. (e)-(g) The TEM
images of H24, H36 and H438, respectively. (h) The XRD patterns of the
H,Vz0g/MXene composites. (i) The SEM image of MXene. (j) The SEM
image of the H,V30g/MXene composites. (k) The TEM image of the
H,VsOg/MXene composites. () The HRTEM of the H,V3Og/MXene
composites.

There was an obvious difference in the morphology sizes,
which is shown in the FESEM and TEM images. From the low-
magnification FESEM images in Fig. 2b-d, the as-prepared
H,V3;0g was a one-dimensional (1D) nanorod. Moreover, the
1D nanorod-like structure was further confirmed from the TEM
images in Fig. 2e-g, whose diameters were about 149 nm (H24),
165 nm (H36) and 86 nm (H48). The results showed that the
crystalline size affected the rod size of H,V;Os. It appears that the
diameter of the H,V;04 nanorods increased with the increase in
crystalline size. The uniform rod-like structure of H36 is shown
in Fig. S1 (ESD).t During the reaction, the H,V;Og nanorods
formed and grew as the reaction increased. The H,V;0g nano-
rods formed gradually when the reaction time was 24 h. Next, the
stable structure of the H,V;0g nanorods was obtained within
36 h. Furthermore, as the reaction time continued to increase,
the stable structure of the H,V;0g nanorods was destroyed to
a certain extent. As a result, H36 presented the better rate
capability when compared with the H24 and H48 nanorods. For
the H,V;04/MXene composites, the main diffraction peaks were
matched with vanadium oxide hydrate (Fig. 2h), but there were
no other obvious peaks for MXene, which was probably due to
the trace amount of MXene used during the preparation process.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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According to a previous study, the MXene is a 2D material with
a multiple-layer structure, which is shown in Fig. 2i (the TEM
image is shown in Fig. S2, ESIt). In the SEM image (Fig. 2j), the
1D H,V;03 nanorods were deposited and grown on 2D MXene.
In Fig. S3 (ESI),T the SEM image further demonstrated the
growth of H,V3;0g nanorods between the MXene layers. From the
high-magnification TEM images in Fig. 2k, it was found that
a composite structure was observed with the H,V;05 nanorods
and lamellar MXene. A representative HRTEM image in Fig. 21
shows the lattice fringe spacing of 0.480 nm, which corre-
sponded to the (310) plane of H,V;0g, which was consistent with
the results obtained from the XRD patterns in Fig. 2a and h.

Fig. 3a-c show the typical CV curves of H,V;0s in the voltage
range between 0V and 1.2 V (vs. Zn/Zn*") at scan rates of 2, 4, 8,
10 and 20 mV s~ *. On the basis of the CV measurements, H24,
H36 and H48 exhibited one pair of significant reversible redox
peaks located at about 0.61/0.66/0.70 V (anodic peaks) and 0.38/
0.37/0.35 V (cathodic peaks), demonstrating that a significant
portion of the capacitance originated from the pseudo capaci-
tance according to the autonomous and reversible redox
process.'” Thus, the H,V;04 cathode showed excellent electro-
chemical properties.”®>" These H,V;0g materials had good
reversibility because of the contact between the H,V;0g nano-
rods and the nanorod structure was conducive to charge
transport. As a result, the nanorod-like structure of H,V;Og
provided a stable structure for zinc ion insertion/extraction.

The electrochemical kinetics of the H,V;0g/MXene
composites’ cathode were further investigated to quantitatively
determine the diffusion-controlled and capacitive contributions
at different scan rates (2-20 mV s~ ').® As shown in Fig. 3d, each
curve of the H,V;0g/MXene composites at different scan rates
also presented one main pair of redox peaks located at about
0.74 V (anodic peaks) and 0.43 V (cathodic peaks), which indi-
cated that there was synergistic capacitive behavior and diffu-
sion during the electrochemical reaction of ARZBs based on
H,V;04/MXene composites. The curves showed a similar shape
but there was some shift in the redox peak, indicating that
polarization had occurred during the electrochemical reaction.

Furthermore, the proportion of the capacitive contribution
could be quantified using eqn (2):*

i (V) =k + kp'? (2)

<

=4

H36

Potantal (v vs 20207)

Fig. 3 The CV curves of (a) H24, (b) H36, (c) H48, and (d) the H,V3Og/
MXene composites, respectively. (e) The capacitive contribution of
H,VsOg/MXene, and (f) the capacitive contributions at different scan
rates.
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where i represents the current density (A g~ '), k;» represents the
capacitive contribution, and k"* represents the diffusion-
controlled contribution. Taking the scan rate from 2 to 4, 8,
10 and 20 mV s~ ', it was possible to observe that the H,V;0g/
MZXene ARZBs could still keep the shape of the CV curves with
a slight shift of the anodic and cathodic peaks, even at a high
scan rate of 20 mV s ', suggesting there was a capacitive-type
storage nature and an exceptional rate capability.”” The capac-
itive contribution in the H,V;04/MXene composites accounted
for 56.5% of the total capacity at a scan rate of 20 mV s, which
is shown in Fig. 3e. Moreover, with the increase in the scan rate,
the capacitive contribution in the H,V;0gs/MXene composites
improved gradually, which can be seen in Fig. 3f, where the
capacitive contributions were 12.1%, 22.0%, 32.2%, 33.9% and
56.5%, at 2, 4, 8, 10 and 20 mV s, respectively. The corre-
sponding calculation results of the capacitive contribution for
other different scan rates (2, 4, 8 and 10 mV s~ ) are shown in
Fig. S4 (ESI).t Generally, the CV peaks shifted to different
degrees due to polarization. In other words, the current value
that should correspond to a certain potential would be offset at
a larger sweep speed, which leads to the existence of pseudo
capacitance. The effect of the scanning rate on pseudo capaci-
tance can be analyzed in three ways: (1) limitations of charge
transport processes: the greater the sweep speed is, the greater
the rate of charge transfer is, and the larger the pseudo capac-
itance is. (2) limitations of electrochemical reactions: the
diffusion rate and reaction rate of ions are also limited by the
electrochemical reactions. When the scanning rate increases,
the reaction rate will also increase, and the pseudo capacitance
will also increase. (3) Limitations of surface reactions: the
contribution of pseudo capacitance is also affected by the
electrode surface reaction. As the scanning rate increases, the
surface reaction rate and the pseudo capacitance also increase.
The rate capability of H,V;05 and H,V;0g/MXene is shown in
Fig. 4. For H24, the rate capability was measured by progressively
increasing the current density from 200 mA g, 500 mA g,
800 mAg ', 1Ag " to2Ag ", then returning it to 200 mA g "
which is shown in Fig. 4a. As far as it could be seen, H24 pre-
sented a lower specific discharge capacity of 304 mA h g™!
200 mA g~ . However, H36 exhibited a higher specific discharge
capacity with 342 mA h g~ at 200 mA g~ (Fig. 4b). The H36 was
recycled at 200 mA g~ and retained a specific discharge capacity
of 313 mAh g, thus, demonstrating a better rate capability. For
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Fig.4 The rate capability and coulombic efficiency of (a) H24, (b) H36,
(c) H48 and (d) H,V3Og/MXene composites at current densities of 200,
500, 800, 1000, 2000 and 200 mA g~ (e) A schematic of the
assembly structure of the H,V3Og/MXene ARZBs.
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Fig. 5 (a) The cycling stability of H,VzOg and H,VzOg/MXene
composites at a current density of 500 mA g, (b) the capacity
retention, and (c) a schematic of the reversible zinc ion insertion/
extraction process in the MXene.

H48 shown in Fig. 4c, the specific discharge capacity decreased
when compared to H36; it first achieved 322 mA h g™' at
200 mA g~ ' and then returned to 280 mA h g~'. As for the
H,V;0s/MXene composites in Fig. 4d, the specific discharge
capacity improved greatly when compared to H24, H36 and H48,
and reached 373 mA h g~' when the current density was
200 mA g~ ', Even though the current density rose to 2 A g™ ", the
specific discharge capacity could still preserve 169 mA h g™*
which was much higher than that of H,V;0s. Furthermore, when
the current density was back to 200 mA g™, the reversible
specific capacity of H,V;0g/MXene returned to 333 mA h g~*
with a recovery ratio of about 89.3%, indicating its excellent
electrochemical reversibility. The great rate capability of the
H,V;0s/MXene composites was attributed to the multiple and
complex morphology of the 1D rod-like structure, as well as the
2D lamellar MXene (Fig. 4e), which was more conducive to the
penetration and rapid transfer of electrolytes.>*~

The cycling performance of the ARZBs was evaluated according
by measuring the specific discharge capacity at different numbers
of cycles at 500 mA g~ (Fig. 5). The H24 presented a low cycling
stability and the discharge capacity of H48 decreased significantly
with the increasing cycle number, which is shown in Fig. 5a. For
H36, the capacity fluctuated obviously as the cycle number
increased. In comparison, the H,V;O0g/MXene ARZBs showed
a high cycling stability at a current density of 500 mA g~* and the
capacity retention remained at 84.2% after 5000 cycles, whereas
H24, H36 and H48 only remained at 56.7%, 76.6% and 67.4%,
respectively, as shown in Fig. 5b. The H,V;04/MXene provided
excellent cycling stability, which was superior to that of the as-
prepared H,V;0g nanorods. It was accepted that the MXene
materials were able to provide high structural stability, an abun-
dance of active sites and an excess of open channels (Fig. 5¢), which
allowed rapid ion diffusion.”*** Generally, during the charge and
discharge cycles, the dendrites grew on the zinc electrode, and the
zinc electrode was corroded by this and dissolved gradually in the
electrolyte over a long time, resulting in some inevitable degrada-
tion of the capacity.®*® Given the reversible insertion/extraction
process of the zinc ions,*** the electrochemical performance of
the H,V;0g/MXene composites improved.

Conclusions

In summary, the H,V;05 nanorods were first prepared using
a one-step hydrothermal process with different reaction times.
The results showed that the H,V;04 nanorods with a 36 h reac-
tion time presented a better electrochemical performance.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the H,V;0gs/MXene composites were similarly
synthesized. It demonstrated that such favorable
morphology and structure with 1D nanorod-like H,V;Os, as well
as 2D lamellar MXene materials, were beneficial for accelerating
the ion migration rate, and provided more active sites for the
insertion and removal of zinc ions. As a result, the H,V;O0g/
MXene composites promoted the rate capability, cycle stability
and specific discharge capacity, when compared with using
H,V;05 nanorods as the cathode. The initial specific discharge
capacity reached 373 mA h g™ ' at 200 mA g~ and it had only
15.8% capacity attenuation at 500 mA g ' after 5000 cycles.
Therefore, the results provide an alternative strategy for the
development of new energy storage batteries.
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