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Abstract

Aqueous zinc jion water batteries (AZIBs) have attracted much attention due
to their high safety, lo w cost, and environmental friendliness, but their cath-
ode materials still face challenges in terms of volume change, reaction kinetics,
and structural stability. In this study, vanadium nitride/nitrogen-doped car-
bon (VN@PCNs) nanoreactors with a core-shell structure were successfully
constructed by encapsulating VN nanorods in porous hollow carbon spheres
through a synergistic optimization strategy of interfacial engineering and struc-
tural modulation. This structure of the nanoreactor significantly reduces the
dissolution and structural collapse of the active material, thus maintaining the
stability of the electrode structure during multiple charge/discharge cycles.
Meanwhile, the concentration gradient formed inside and outside the core-
shell structure significantly enhances the diffusion of hydrated zinc ions, ef-
fectively improving the slow desolvation rate. Thanks to these advantages, the
electrode can still maintain a specific capacity of up to 328 mAh g after 500
cycles at a current density of 3 A g™, which provides a valuable research direc-
tion for the subsequent development of zinc ion batteries.
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1. Introduction

Aqueous zinc ion batteries (AZIBs) are regarded as an ideal choice for next-gen-
eration large-scale energy storage systems due to their inherent safety and envi-
ronmental friendliness, as well as the significant advantages of abundant zinc metal

resources, low cost and high theoretical capacity [1]-[3]. In the exploration of
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cathode materials for AZIBs, manganese-based oxides, vanadium-based compounds
and Prussian blue analogs (PBAs) have been involved [4]-[6], but vanadium-based
materials are one of the most popular cathode materials currently. Compared to
oxygenated vanadates (V,0Os, VO,), which have been widely studied, oxygen-free
vanadates (VN, VS,, VC, etc.) are becoming a new research hotspot due to their
inherent high electronic conductivity and higher specific capacity.

Among them, vanadium nitride (VN) is noted for its better electronic/ionic con-
duction properties [7]-[9]. More importantly, the microstructure of VN undergoes
a dynamic evolution from an initial dense state to a loose and porous morphology
during the charge/discharge cycles of AZIBs, a process that effectively increases
the active sites for electrochemical reactions and contributes additional reversible
capacity [10]. However, there are still serious challenges in bringing VN anodes
to practical applications: first, the repeated embedding/disembedding of Zn** in
the VN lattice is accompanied by significant volume changes [11] [12]. Second, in
the conventional monolayer electrode structure, the strong electrostatic interac-
tions between the ion-electrode interface hinder the ion transport efficiency and
retard the critical desolvation process [13]. In addition, VN materials also suffer
from dissolution loss of active substances and gradual structural collapse during
long-term cycling, which together limit their cycle life and performance stabil-
ity.

To overcome the above bottlenecks, researchers have explored a variety of mod-
ification strategies, such as structure and morphology modification, surface engi-
neering, and elemental doping [14]-[16]. In recent years, the construction of pro-
tective shell layers on the surface of active materials has received increasing atten-
tion [13]. Utilizing the spatial domain-limiting effect of the shell layer not only
effectively buffers the volume change of VN and maintains structural integrity but
also inhibits its agglomeration and dissolution problems during the cycling pro-
cess. Meanwhile, considering that Zn** in aqueous electrolytes usually exists in the
form of [Zn(H,O)s]**, which has a large hydrated ion diameter (~0.86 nm) [17]
[18]. Therefore, optimization of the pore structure of the protective shell layer to
facilitate rapid transport and efficient desolvation of such large-sized hydrated
ions is essential to enhance multiplicity performance and cycling stability.

Based on this, in this study, VN nanorods were encapsulated in porous hollow
carbon spheres to construct vanadium nitride/nitrogen-doped carbon (VN@PCNs)
nanoreactors with a core-shell structure through a synergistic optimization
strategy of interfacial engineering and structural modulation. This structure of the
nanoreactor can significantly reduce the dissolution and structural collapse of
the active material, and can maintain the stability of the electrode structure during
multiple charge/discharge cycles. Meanwhile, the concentration gradient differ-
ence formed inside and outside the core-shell structure significantly enhanced the
diffusion ability of hydrated zinc ions. The experimental results showed that the
capacity of the VN@PCNss electrode was stably maintained at 470 mAh g™ after
50 short cycles at 0.1 A g! current density, and 300 mAh g™ after 500 cycles at 3
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A g! current density. This new cathode material not only effectively alleviates
the problems caused by volume expansion and slow electrochemical kinetics,

but also provides new possibilities for the commercial application of AZIBs.

2. Experimentation and Characterization

2.1. Experimental Drugs and Test Equipment

The raw materials such as vanadium acetylacetonate oxovanadium (C,;,H1,O5V,
AR99%), isopropanol (CsHsO, AR), anhydrous glucose (CsHi,Os, AR99%), and
anhydrous ethanol (C,HsOH, AR) were purchased commercially. In this study,
TESCAN MIRALMS SEM and FEI Talos F200X G2 TEM were used to character-
ize the micromorphology of the electrode materials. ASAP-2460 BET was used to
analyze the pore structure and the specific surface area of the materials. D8 XRD
equipment was used to analyze the crystalline structure and the composition of
the material phases. Thermo Scientific kalpha XPS equipment was used to analyze
the elemental composition and chemical state of the materials. The related elec-
trochemical tests were carried out on Shanghai Chenhua CHI760E electrochemi-

cal workstation.

2.2. Preparation of Electrode Materials

In a typical synthesis, 0.3 g of vanadium acetylacetonate was dissolved in 35 mL
of isopropanol, and 0.1 g of anhydrous glucose was slowly added to the solution
after stirring for 1 h. The mixture was vigorously stirred for 2 h and then trans-
ferred to a polytetrafluoroethylene reactor for 24 h at 200°C. After stirring vigor-
ously for 2 h, the mixed solution was transferred to a polytetrafluoroethylene re-
actor and hydrothermally reacted at 200°C for 24 h. A lime green precipitate was
obtained and centrifuged, washed three times with anhydrous ethanol and deion-
ized water, and then dried in a vacuum oven at 70°C overnight. The dried product
was calcined at 700°C for 2 h (heating rate: 5°C min™') under flowing nitrogen.
After cooling to room temperature, the VN@PCNs samples were obtained. The

control sample was commercial vanadium nitride.

2.3. Electrode Preparation and Battery Assembly

In this study, a 3 M Zn (CF;SO3); electrolyte was used to test the storage perfor-
mance of Zn** in VN@CNS/CNF composites in a CR2016 coin cell. The battery
configuration used zinc as the negative electrode and a glass fiber membrane as
the diaphragm. The negative electrode was prepared by mixing the synthesized
active material (VN@CNS/CNF), conductive agent (Super-P) and polyvinylidene
fluoride in N-methyl-2-pyrrolidone at a mass ratio of 7:2:1 for 30 min. The mix-
ture was thoroughly milled to form a homogeneous slurry, which was then uni-
formly coated on a stainless steel mesh and vacuum-dried at 60°C for 18 h. The
active material loading on the electrodes was maintained at about 2 mg cm™. The
cathode wafers, diaphragm, electrolyte, and zinc flakes were sequentially loaded

into the battery case and encapsulated using a sealing machine. Subsequently, the
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cells were activated at room temperature for 12 h and then tested for electrochem-

ical performance.

3. Results and Analysis

3.1. Characterization of Materials

In order to comprehensively characterize the microstructure and elemental com-
position of the VN@PCNs composites, the samples were observed by field emis-
sion scanning electron microscopy (SEM) in this study, and the samples exhibited
typical porous core-shell spherical structural features as shown in Figures 1(a)-
(c). The high-magnification SEM images show that the surface shell layer of the
composite has an obvious rough morphology and is distributed with dense na-
noscale pores, and this unique structural feature provides an ideal transport chan-
nel for the rapid diffusion of hydrated zinc ions. The synergistic effect of the po-
rous structure not only significantly enhances the desolvation efficiency of Zn?**,
but also optimizes the ion storage performance to achieve rapid and directional
ion transport. TEM images show that the core-shell interface is clearly visible,
which provides sufficient buffer space for volume expansion during the cycling
process, and this structural feature is conducive to the improvement of the elec-
trochemical stability and cycling performance of the material. In order to verify
the elemental composition and distribution characteristics of the materials, energy
dispersive X-ray diffraction (EDS) analysis was carried out in this study, and the
EDS map (Figure 1(d)) confirms the homogeneous distribution of nitrogen (N),

vanadium (V), and carbon (C) elements in the composites.

Figure 1. (a)-(c) Scanning electron microscope images of VN@PCNs; (d) Scanning elec-
tron microscope images of VN@PCNss; (e) EDS elemental maps of VN@PCN .

In order to investigate the crystal structure of VN@PCNs composites, they
were characterized by XRD in this study. As shown in Figure 2(a), the XRD
pattern presents clear diffraction peaks at 37.7°, 43.7°, 63.6°, 76.4°, and 80.3°,
which correspond to the (111), (200), (220), (311), and (222) crystallographic

DOI: 10.4236/jpee.2025.136004

68 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2025.136004

Y. W. Wang et al.

facets of vanadium nitride (VN), respectively (JCPDS No. 35-0768). The obser-
vation of a broad peak near 25" attributable to the (002) crystalline facet of
amorphous graphitic carbon and the absence of impurity peaks in the plots indi-
cate that the prepared composites are of high purity. To further evaluate the
structural characteristics of the VN@PCNs samples, Raman spectroscopy was
performed, testing the range from 0 to 2500 cm™'. As shown in Figure 2(b), the
Raman spectroscopy results confirmed the presence of V-N and V-O bonds in
the samples, thus validating the successful construction of the expected chem-
ical structures. In order to fully understand the pore properties of the synthe-
sized materials, nitrogen physisorption tests were performed in this study. As
shown in Figure 2(c) and Figure 2(d), the VN@PCNs material exhibits a typ-
ical mesoporous structure. The adsorption isotherms in the range of relative
pressure (P/Po) of 0.043 - 1.0 showed Langmuir IV-type characteristics and ex-
hibited an obvious hysteresis loop. This phenomenon indicates that the mate-
rial has a well-developed mesoporous structure and high porosity, which ena-
bles the electrolyte to contact the electrode material more fully and accelerates

the kinetic process of the electrochemical reaction.
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Figure 2. (a) XRD plots of VN@PCNs and VN; (b) Raman spectra of VN@PCNSs; (¢) N2 adsorption/desorption isotherms
of VN@PCNes; (d) corresponding pore size distributions of VN@PCNs.
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X-ray photoelectron spectroscopy (XPS) analysis was used to probe deeply into
the chemical composition and valence information of the VN/N-C composite.
The full spectrum (Figure 3(a)) clearly reveals the presence of three elements, V,
N and C, in the composite. However, due to the easy oxidation of metal nitrides
in air, M-O species are formed on their surfaces [19] [20], which is attributed to
the fact that the activation process enhances the phase transition efficiency and
thus the utilization of active materials [21]. The N 1s high-resolution spectrum
(Figure 3(b)) presents three characteristic peaks located at 401.8 eV (V-N-O
bond), 399.9 eV (N-Cbond) and 397.4 eV (V-N bond).The V 2p spectrum (Figure
3(c)) presented three peaks at 517.6 eV, 516.5 eV, and 514.1 eV, which were at-
tributed to V-O, V-N-O, and V-N bonds, respectively [22]. The high-resolution
C 1s spectra of VN/N-C (Figure 3(d)) with three characteristic peaks located at
284.8 eV, 286.3 eV, and 289.0 eV correspond to C-C, C-O, and C=0 bonds, re-
spectively. These XPS analysis results are highly consistent with the Raman spec-

troscopy findings.
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Figure 3. (a) Full scanning X-ray photoelectron spectra of the composites of VN/N-C composites; (b) N 1s; (c) V 2p;

(d) Cls.

3.2. Electrochemical Performance Testing

The electrochemical performance of the VN@PCNss electrode was systematically
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evaluated in this study through constant-current charge/discharge tests. As shown
in Figure 4(a), the electrode maintains stable electrochemical performance after
50 cycles at 0.1 A g™' current density, and its reversible capacity is always main-
tained around 470 mAh g, demonstrating good cycling stability. Figure 4(b) re-
veals the excellent multiplicative performance of the VN@PCNs electrode. With
the gradual increase of the test current density from 0.1 Ag'to 0.2 Ag’, 05A
g, 1Ag' and 2 A g, the reversible discharge specific capacity of the VN@PCNs
electrodes, although somewhat decreased, still exhibited high efficiency, reaching
470 mAh g, 426 mAh g, 406 mAh g, 386 mAh g! and 348mAh g™, respec-
tively. In contrast, the discharge-specific capacity of VN electrodes under the
same conditions is relatively low. To evaluate the long-term performance of the
VN@PCNEss electrode, the present study achieved a capacity of 336 mAh g™' at a
high current density of 3 Ag™!, and maintained a high specific capacity of 328 mAh
g™ after 500 charge/discharge cycles. This result fully confirms the excellent struc-
tural stability and electrochemical reversibility of VN@PCNs composites during

long-term cycling.
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Figure 4. (a) CV curves at a scan rate of 0.1 1 mV s™'; (b) multiplicative performance at different current den-
sities; (c) long-term cycling stability at a high current density of 3 A g".

In order to elucidate the electrochemical response characteristics of the VN@PCNs
electrodes, their cyclic voltammetric curves were investigated in the range of 0.1 -
1.0 mV s scan rate. As shown in Figure 5(a), the VN@PCNs composites exhibit
significant advantages in terms of electrochemical reversibility, cycling stability,
and multiplicity performance compared with the VN electrodes. With the in-
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crease in scanning rate, the electrode polarization phenomenon gradually inten-
sified, which was manifested by a positive shift of the oxidation peak potential,
while the reduction peak potential showed a negative shifting trend. This charac-
teristic potential shift phenomenon is closely related to the charge transport ki-
netic process inside the electrode material. The capacity contribution pattern is
determined by applying the kinetic equation containing the peak current (7) and
scan rate (v) [23]:

i=av’ (1)
where b values close to 0.5 indicate diffusion-controlled processes, while b values
close to 1.0 indicate that the underlying mechanism is mainly non-diffusion-con-
trolled. As shown in Figure 5(b), the b-values of the four redox peaks are 0.69,
0.73, 0.68, and 0.72, respectively, which indicates that surface-induced pseudo-
capacitance plays an important role in the overall capacity. The ratio of Zn** ca-
pacitance contribution (4 v) to diffusion contribution (4 v) in the overall capacity

at a specific scan rate [24]:
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Figure 5. (a) CV curves at different scan rates; (b) plot of log(i) versus log(v) based on the CV data to investigate
the relationship between the redox peaks and the scan rate; (c) capacitance separation curves for a scan rate of 0.1
mV s (d) analysis of the contribution of the capacitive behavior to the overall capacity at different scan rates.
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At a scan rate of 0.1 mV s7, the capacitive contribution was 40.56% of the total
capacity (Figure 5(c)). As the scan rate increases, the capacitive contribution also
increases from 40.56% to 82.87% (Figure 5(d)). The experimental results show
that the pseudocapacitance contribution shows a steady increase as the scan rate
increases, while the pseudocapacitance contribution gradually dominates. This
suggests that the surface redox reaction plays a more critical role in promoting the
reversible embedding/de-embedding of Zn*" ions compared to the controlled pro-
cess limited by the diffusion in the bulk phase of the material.

In order to investigate the electrochemical kinetic properties of the electrode
materials deeply, the electrochemical impedance spectroscopy (EIS) technique
was used in this study to systematically characterize the VN@PCNs and VN sam-
ples. As shown in Figure 6, the impedance of VN@PCNs and VN was evaluated
by EIS. The equivalent circuit model analyzed by EIS shows that the charge trans-
fer impedance of VN@PCNss is 153.1 Q, which is significantly lower than that of
VN under the same condition, which is 386.3 Q. The decrease in impedance sug-
gests that the porous nitrogen-doped carbon shell of VN in the structure of

VN@PCNes significantly improves the charge transfer kinetics.

240
= WN M
e VN@PCNs
180
_ n
£
S 120
=
N
60-
o -
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Figure 6. EIS spectra were fitted to an equivalent circuit model.

4. Conclusion

In this paper, the template-free solvothermal method is combined with a high-
temperature nitriding process to encapsulate VN nanorods in porous hollow car-
bon spheres through a synergistic optimization strategy of interfacial engineering
and structural modulation to construct vanadium nitride/nitrogen-doped carbon
(VN@PCNs) nanoreactors with core-shell structure. The nanoreactor can signif-
icantly reduce the dissolution and structural collapse of the active material, and
can maintain the stability of the electrode structure during multiple charge/dis-
charge cycles. Meanwhile, the concentration gradient difference formed inside
and outside the core-shell structure significantly enhanced the diffusion ability of
hydrated zinc ions and improved the slow desolvation rate. The results show that

the porous core-shell VN@PCNs composites maintain a high specific capacity of
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300 mAh g™" after 500 cycles at a current density of 3 A g™'. This study provides a

valuable research direction for the subsequent development of zinc ion batteries.
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