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Abstract: Vanadium nitride (VN) with a wide working window has been identified as a promising
electrode material candidate for batteries due to the high specific capacitance and the excellent electri-
cal conductivity. Here, we have successfully prepared VCN nanobelts, which display mesoporous
structure with high specific surface area (54.4 m? g~1) and the total pore volume was 0.266 cm® g~1.
Furthermore, the prepared flexible Zn-ion battery (FZIB) with VCN-5 not only exhibited high specific
capacitance (81 pAh cm~2), excellent rate capability, and long cyclic durability (77% after 1000 cycles
at 0.6 mA cm~2) but also had the characteristics of flexibility. This FZIB is important to reduce the
difficulty in thermal management and can be used in a series of applications, including wearable
electric devices.

Keywords: VCN; energy storage; flexible; Zn-ion batteries

1. Introduction

With the remarkable development of low-cost, lightweight, portable electronic devices,
electrical vehicles, and aerospace and medical systems in our daily lives, the demand
for a sustainable energy supply is becoming one of the greatest challenges for the whole
world [1-3]. As we all know, some energy storage devices may also lead to complex thermal
management strategies due to high heat generation. As a result, people pay more and
more attention to green energy, electrochemical energy storage devices with low resistance,
such as advanced energy storage devices, and batteries play a vital role in solving the
earth’s energy crisis and developing sustainable green energy [4]. Because of its high
energy density, long cycle life, and many other advantages, batteries occupy a dominant
position in portable electronic products and emerging electric/hybrid vehicles. Lithium-ion
batteries (LIBs) are now considered a possible choice for electric vehicles and grid-level
energy storage systems in the future. However, there are disadvantages, like high cost and
safety issues, which strongly limit their further development for large-scale applications [5].
It is well known that sodium and potassium are not only cheaper than lithium, but also
have similar chemical properties to lithium. Therefore, sodium-ion batteries (SIBs) and
potassium-ion batteries (KIBs) have great potential to replace lithium-ion batteries and
play a role in energy storage in the future. Nevertheless, with more and more in-depth
studies of sodium-ion batteries and potassium-ion batteries, their shortcomings, such as
low energy density, use of highly toxic and flammable electrolytes, high operating costs,
and safety problems, have attracted more and more attention. As a result, researchers have
to develop other energy storage alternatives [6-8].

In this regard, zinc-ion batteries (ZIBs) have a special prospect compared with the
above-mentioned energy storage devices [9]. In 1799, Volta et al. firstly used metallic zinc
(Zn) in the primary battery; Zn anode was considered an excellent negative electrode for
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the primary and secondary Zn-based batteries (e.g., Zn-air, Zn-Mn, and Ni-Zn batteries),
due to their high theoretic capacities, low potential, high safety, and low cost [10-12].

It is worth noting that compared with the single electron transfer in lithium-ion
batteries, zinc-based batteries use double electron transfer in the charge and discharge
process, which allows them to provide high mass capacity (820 mAh g~!) and high volume
capacity (5855 mAh cm~3). On the one hand, the aqueous solution of zinc-ion batteries not
only provides faster ion diffusion than non-aqueous electrolyte in lithium-ion batteries, but
also ensures the safety of micro-devices. On the other hand, the high redox potential of
zinc-based MESD (—0.763 nm V vs. standard hydrogen electrode) enables zinc-ion batteries
to work stably in aqueous electrolytes, which is difficult for lithium-ion batteries to achieve.
In addition, the reversibility of zinc insertion/extraction in the electrolytes can protect the
zinc anode from the formation of zinc dendrites and other byproducts. Considering the
above situation, zinc-ion batteries are expected to be very promising in high performance,
miniaturization, and integrated wearable electronic products.

Both Mn-based or Mo-based Zn batteries occupy an important position in the battery
field because of their high electrochemical performance [13]. Although manganese-based
zinc-ion batteries have great development potential, due to the formation of zinc dendrites
and irreversible discharge materials in the electrochemical process, the ions in the electrolyte
can not migrate better in the active materials and the active materials are oxidized and
inactivated, resulting in poor cycle life and poor discharge performance [14-16].

There is no doubt that due to the low cost of vanadium nitride and rich resources,
vanadium-based zinc-ion batteries seems to be a potential energy storage device. Most of
them show good electrochemical performance in electrochemical work. With the advan-
tages of high specific capacity, excellent rate performance and long cycle life, they play an
important role in modern advanced energy storage devices. In the last few years, vana-
dium nitride (VN) has become a very promising electrochemical active material, which has
attracted more and more researchers’ attention. It has remarkable electrical conductivity
(1.67 x 10° Q=1 m~1), as well as high specific surface area and specific capacitance, and
a wide 1.2 V voltage window, indicating great potential to realize high electrochemical
performance energy storage devices.

In our previous research [17], we demonstrated a porous VN nanomaterial electrode
preparation method, which can effectively fabricate uniform pore diameter nanostruc-
tures with a specific surface area of 46.5 m? g~! by nitriding etching under N, /NHj
atmosphere. Such porous electrode material shows excellent electrochemical performance.
Unfortunately, its cyclical stability is not excellent. The present work may contribute to the
development of energy storage devices with high electrochemical performance. In order
to improve the poor cycle stability of VN electrode, the introduction of C element into the
preparation of VN may be one of the effective means.

In this work, we have successfully prepared VCN (Vanadium Carbon Nitride) nanobelts,
which display mesoporous structure with a high specific surface area (54.4 m? g~ 1) and the
total pore volume was 0.266 cm® g~!. Furthermore, the prepared flexible Zn-ion battery
(FZIB) with VCN-5 not only exhibited high specific capacitance (81 tAh cm~2), remarkable
rate capability, and long periodic stability. (77% after 1000 cycles at 0.6 mA cm~2) but also
had the characteristics of flexibility. This FZIB is important for the development of applica-
tions such as miniaturized, flexible, portable, and wearable electronics while reducing the
difficulty in thermal management.

2. Materials and Methods
2.1. Materials

Polyvinyl alcohol (PVA) (molecule weight: 44.05) and glucose (C4H1,0¢) were ob-
tained from Sigma-Aldrich company (Shanghai, China). ZnSO4 and KOH (85%) were
bought from Aladdin Company (Shanghai, China). Melamine (AR, 99%) and ammonium
metavanadate (AR, 99%) were purchased from Alfa Aesar, Shanghai, China. Zinc sheets
(99%) were purchased from Gaoke New Materials Co., Ltd. (Guangzhou, China).
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2.2. Synthesis of VN and VCN-n

All reactants were analytically pure and used without further purification. Firstly,
ammonium metavanadate of 3 mmol and melamine of 40 mmol were dissolved in deionized
water of 60 mL and stirred at room temperature for 8 h. Then, the products were collected,
filtered, and dried at 70 °C for 48 h. Then, after grinding with mortar, the products powder
was put into a glass tube furnace and annealed at 900 °C in N, atmosphere for 2 h.

For the fabrication of VCN-n, three different concentrations (3 mmol, 9 mmol, and
15 mmol C¢H1,0¢ were named VCN-1, VCN-3, and VCN-5, respectively) of glucose were
added to a 3 mmol ammonium metavanadate and 40 mmol melamine blend and stirred
vigorously for 6 h followed by ultra-sonication with 60 mL DI water. All further steps for
VCN-n fabrication are similar to the steps used for VN.

2.3. Synthesis of Zn-PVA Hydrogels

First, a 4 g PVA powder sample was dissolved in 40 mL of distilled water and stirred at
90 °C for 2 h until the solution was clarified. Once the solution clarified, different volumes
of KOH 6M were added and stirring was maintained. The resulting liquid was then poured
into a covered petri dish and released in a controlled atmosphere to avoid the presence of
carbon dioxide. After that, the film was stored in the dryer until it was needed. Finally,
the hydrogel was immersed in ZnS5O, aqueous solution for 2 h and the stable Zn-PVA
hydrogel was obtained by ion exchange and additional cross-linking reaction through
Zn?* coordination.

2.4. Structural Characterizations

The morphology and composition of the above materials were characterized by X-
ray diffractometer (XRD, Bruker D8 Advance, Karlsruhe, Germany) and scanning electron
microscopy (SEM, Tescan MIRA3 LMH, Brno, Czech Republic). The tensile properties were
measured at room temperature at a deformation rate of 50 mm min~! on universal material
testing machines (AG-X plus, Shimadzu Corporation, Shimane, Japan). The N, adsorption-
desorption isotherms were tested by ASAP 2020 (Micrometrics, Shanghai, China) at 77 K.

2.5. Electrochemical Characterizations

VCN-n, acetylene black, and polyvinylidene fluoride (PVDF) were dispersed in NMP
(1-Methyl-2-pyrrolidinone) at a ratio of 8:1:1. The slurry was consequently coated on
carbon paper (1.0-2.0 cm?) and dried as the cathode to dry. Then, the FZIB (~6 cm?) on
a flexible PET substrate was assembled with VCN-n as cathode, Zn powder as an anode,
and a hydrogel electrolyte layer. Typically, the active material loaded on the electrode was
1.0-3.0 mg cm 2. Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) mea-
surements were used to evaluate the electrochemical performance on the electrochemical
workstation (CHIZ00E). The cycling stability measurement of the FZIB was carried out on a
LAND test system (CT2001A) with a sweeping charge and discharge rate at 0.1 mA cm? for
1000 consecutive cycles. The resistance changes of the self-power sensor in a different state
were obtained by an electrochemical workstation (CHI 700E).

3. Results and Discussion

Figure 1a exhibits the XRD images of the nitridation products synthesized at 900 °C
for 2 hin a N atmosphere. The diffraction peaks of all samples were 76.4°, 63.7°, 43.8°,
and 37.7°, corresponding to the (222), (220), (200), and (111) facets of the VN phase (JCPDS
Card no. 78-1315), respectively [17]. All the samples, VN and VCN-n, displayed similar
XRD diffraction patterns. The results show that all the samples belong to VN with cubic
structures and all were in the Fm3m space group. The corresponding lattice parameters
were 4.14 A. Figure S1 and Figure 1b shows the SEM micro-structure morphology of the
four treatments at 900 °C. It is obvious that both VN samples and VCN with glucose have
mesoporous nanoribbons. It is obvious in the picture that VCN-5 nanoribbons not only
have various sizes of pores, but also have pore sizes about 50 nm. VCN-1 and VCN-3



Energies 2022, 15, 4932

40f8

samples also have similar microstructure. It is not difficult to see that the change of pore
size is related to the amount of glucose. With the increase of glucose (VCN-5), the pore
diameter becomes more uniform, which is beneficial to the faster movement of ions in
electrolytes in electrochemical work, so that the active materials can easily obtain high
electrochemical performance. Figure 1b,c gives the typical SEM and TEM image of VCN-5.
The TEM image of the corresponding SAED pattern (Figure 1d) shows that the mesoporous
nanoribbons are composed of polycrystalline VCN structures with three kinds of crystal
planes: (200), (111), and (222). This is consistent with the crystal structure parameters
analyzed by XRD.
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Figure 1. (a) Typical XRD image of samples VCN-n (n = 1, 3, and 5). (b) SEM image of sample VCN-5
and (c) TEM image of sample VCN-5. (d) Corresponding SAED patterns.

As can be seen from Figure 2, all samples had porous structural properties. Their
SSA (Specific Surface Area) figures were calculated to be 39.3, 41.1, 45.5, and 54.4 m?2
g~! for VN, VCN-1, VCN-3, and VCN-5, respectively, by BET software. Their total pore
volumes were 0.221, 0.230, 0.239, and 0.266 cm? g_1 for VN, VCN-1, VCN-3, and VCN-5,
respectively. VCN-5 has a higher specific surface area of 54.4 m? g~!, with total pore
volumes of 0.266 cm® g1, which further indicates the mesoporous structure. There is no
doubt that the mesoporous structure can increase the migration rate of ions on the surface
of electrode materials, which is beneficial to the faster movement of ions in electrolytes in
electrochemical work. High specific surface area and a mesoporous structure contribute
to the improvement of electrochemical performance of supercapacitors. The above results
are also consistent with the results of micro-structure images. From this point of view,
because of its high specific surface area and better distributed pore structure, VCN-5 has
great potential to realize high electrochemical performance in energy storage devices.
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Figure 2. The samples of VCN-n (n = 1, 3, and 5). (a) N, adsorption-desorption isotherms curve at 77
K. (b) Pore volume curve at different relative pressure.

To further evaluate the electrochemical properties of the as-synthesized samples, the
whole flexible battery on a flexible PET substrate was assembled with an active material
as cathode, Zn powder as an anode, and PVA as electrolyte, as shown in Figure 3a. The
CV curves were tested in Figure 3b—e. Authentication of typical CV curves of the VN,
VCN-1, VCN-3, and VCN-5 samples was conducted for the first four cycles at a scan rate of
0.3 mV s~ . Two oxidation peaks and two reduction peaks on the CV curve at a scanning
rate of 0.3 mV s7! imply that the intercalation and deintercalation of zinc ions is a multistep
process. As the number of cycles increases, the shape and position of the curves tended
to be gradually stable. The formation of the two redox peaks is related to the change
in the oxidation state of vanadium [18,19]. The CV curves of VN, VCN-1, VCN-3, and
VCN-5 are similar; two types of double layer and pseudo capacitor are displayed. After
the first four cycles, the CV curves overlap well, indicating that the material is highly
reversible. Calculated from the CV curve, their specific capacitances were 175.2, 201.8,
227.1, and 318.2 mAh g_1 at 100 mA g_1 for samples VN, VCN-1, VCN-3, and VCN-5,
respectively. More specifically, VCN-5 has a steady wide electrochemical working voltage
of 0.9-1.9 V, which exhibits that the shape has not changed much at different cycles. It is
further verified that the electrochemical performance of VCN-5 electrode is the best for
all samples. The measured capacitance retention of VCN-5 from 100 mA g~! to 1500 mA
g~ ! (Figure 3e) indicates that the VCN-5 electrode holds a satisfying rate capability. The
above test results show that as an active material for energy storage equipment, VCN-5
has higher specific capacity and rate performance than VN, which may be due to the
introduction of C element with high electrical conductivity. Therefore, VCN-5 is an ideal
cathode material for a zinc-ion battery. In addition, we successfully assembled a ZIB by
designing a cross-finger positive and negative electrode energy storage device and using
VCN-5 as the active cathode material.
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Figure 3. (a) Schematic illustration of typical interdigital configured of FZIB. CV curves of VN (b),

VCN-1 (c), VCN -3 (d), and VCN—5 (e) for the first four cycles. (f) Rate capability of VCN—5.

Therefore, the whole FZIB (~6 cm?) on flexible PET substrate was assembled with
VCN-5 as cathode, Zn powder as an anode, and a hydrogel electrolyte layer. Figure 4a
shows a typical forked finger shape flexible battery combined on a flexible PET substrate,
which successfully powers an electronic clock normally. As shown in Figure S2a, the
flexible battery after 1 h, the electronic clock still worked. Using an electronic measuring
instrument (Figure S2b) to measure the thickness of the battery, the number was only 0.14
mm, especially thin in thickness. The flexibility test of the miniature battery is shown in
Figure S2c. The battery can still work normally after being used at 180°. Based on the above
characteristics, this flexible battery provides a broad prospect for a flexible energy storage
device, such as electronic skin or wearable electronics.
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Figure 4. The electrochemical performances of FZIB. (a) Typical interdigital configured flexible battery

fabricated on a flexible PET substrate, successfully powering a digital clock normally. (b) CV curves

with the current density increasing from 0.1 mA cm~2 to 1.0 mA ecm™2. (c) The specific capacity with

the current density increasing from 0.1 mA cm~2 to 1.0 mA cm 2 of FZIB. (d) Cyclic stability and

Coulomb efficiency of FZIB. The data was recorded every 10 cycles.
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As the current density rises 0.1 mA cm~2 to 1.0 mA cm™2, the specific capacity
decreases from 81 to 43 pAh cm 2 (Figure 4b), suggesting the excellent rate capability of
FZIB. In Figure 4c, the GCD curves further confirm the specific capacity with the current
density increasing from 0.1 mA cm~2 to 1.0 mA cm 2 of FZIB. The results show that FZIB
still maintains a good rate capability at different current density. It can be seen from Figure
53 that VCN shows a straight line approximately perpendicular to the abscissa in the
low frequency region of the EIS curve before and after cycling, which indicates that the
electrode has a fast ion transport speed. After fitting according to the equivalent circuit
diagram, the charge transfer resistance (R.t) obtained through the semicircle in the high
frequency region was 28.3 (2 and 64.7 (), respectively. The small resistance before and after
the cycle shows excellent electron transport performance, high conductivity, and fast ion
transport to ensure that ions can reach the active site faster and in greater quantity, as well
as improve the utilization of the active site, which is the advantage of the porous structure
of VCN. Due to the high conductivity of the active material and the collector, on the other
hand, the transport path of electrolytic ions in the specially designed cross-finger electrode
is shortened, which makes the transport between particles more efficient. These reasons
make FZIB have good rate performance, in addition to the cycling stability and coulomb
efficiencies of the FZIB in Figure 4d. It is not difficult to see that FZIB not only maintains
77% at 0.6 mA cm~2 current density, but also maintains a very high coulomb efficiency in
electrochemical work.

4. Conclusions

In the paper, we have successfully prepared VCN nanobelts, which display meso-
porous structure with a relatively large specific surface area (54.4 m? g~!) and a total pore
volume of 0.266 cm® g~ 1. As an ideal cathode material for the battery, VCN nanobelts
exhibit a specific capacitance of 318.2 mAh g~! at 100 mA g~!. Additionally, the prepared
FZIB with VCN-5 not only exhibited high specific capacitance (81 pAh cm~2), excellent rate
capability, and long cyclic durability (77% after 1000 cycles at 0.6 mA cm~2) but also had
characteristics of flexibility. This work provides a simple and efficient scheme for the design
and manufacture of FZIB and other micro energy storage devices, and is of practical signifi-
cance to solve the energy supply problems of miniaturized, portable, and flexible wearable
electronic devices. This FZIB is important for the development of applications such as
miniaturized, flexible, portable, and wearable electronics, while reducing the difficulty in
thermal management.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en15134932 /51, Figure S1: Typical SEM of sample (a) VN, (b)
VCN-1 and (c) VCN-3. Figure S2. (a) the flexible battery after 1 h can still power a digital clock
normally. (b) Thickness of the FZIB, the number shows that only 0.14 mm. (c) The flexibility test of
the FZIB. Figure S3. EIS curve before and after cycling, with the equivalent circuit model in the lower
right corner. Figure S4. Representative EDX spectrum of sample (a) VCN-1 and (b) VCN-3. Table S1.
Comparison of Electrochemical performance between VCN electrode and other previously reported
Vanadium-based Electrodes. (References [1,20-27] are cited in the supplementary materials).
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