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Abstract 

A typical NASICON type cathode material, Na3V2(PO4)3 (NVP) has been widely studied in the field of sodium-ion batteries (SIBs), 

which possesses a suitable price, an ideal specific capacity, and an excellent cycling stability. However, its low ionic/electronic 

conductivity has become a major factor hindering its development. In the present study, carbon and nitrogen co-doped NVP 

(NVP/CN) composites are synthesized by adding C3N6H6 source using a simple preparation method. The carbon and nitrogen 

co-doping is intended to introduce lattice defects, which enhances the electrical conductivity of the material and facilitates the 

diffusion of Na+ and e-. Comprehensively, the co-coated NVP cathode material show more excellent electrochemical performance 

when the N source addition of nC3N6H6: nNVP=2 (NVP/CN-2). NVP/CN-2 has an initial discharge specific capacity of 111.5 mAh/g, 

and a capacity retention rate of 97.57% after 1000 charge/discharge cycles. The diffusion coefficient of sodium ions is relatively high 

and can reach 4.74×10-10 cm2 s-1 by CV fitting, so the modified NVP/CN samples are expected to be promising cathode materials 

for sodium-ion batteries. 

Keywords: Na3V2(PO4)3; Modification; Sodium ion; Carbon-Nitrogen Co-Coating 

 

1 Introduction 

Lithium-ion batteries, known for their high energy 

density, extended cycle life, and long-term usability, are 

currently widely applied in various fields such as 

portable power sources, electric vehicles, household 

appliances, smart wearable devices, and 3C products. 

They are also increasingly becoming the primary power 

source for new energy vehicles and energy storage, 

garnering significant attention in recent years
[1-3]

. 

However, as these Lithium-ion batteries are being 

utilized on a larger scale, cost and safety concerns are 

gaining prominence. Sodium-ion batteries (SIBs) hold 

promise as an alternative to lithium-ion batteries due to 

their cost-effectiveness and superior performance in 

high-low temperature environments 
[4-6]

. Key factors 

determining the performance of sodium-ion battery 

cathode materials include the appropriate operating 

voltage, high reversible capacity, and structural 

stability
[7]

. A wide range of sodium-ion battery cathode 

materials have been reported, including layered and 

tunnel-type transition metal oxides, transition metal 

sulfides and fluorides, oxygen-containing anion 

compounds, Prussian blue analogs, and polymers
[8-10]

. 

However, due to the larger ionic radius of Na (1.02 Å) 

compared to Li (0.76 Å)
[11]

, the sodium ion extraction 

process has implications for the stability, transport 

properties, and phase interconversion of material, resulting 

in suboptimal electrochemical performance
[12-13]

. 

Currently, cathode materials for sodium-ion 

batteries with the Na superionic conductor (NASICON) 

structure have garnered widespread attention
[14-16]

. These 

materials exhibit a three-dimensional open framework 

and larger interstitial channels, providing a theoretical 

basis for achieving rapid Na
+
 transport

[17-18]
. One such 

material is NVP, which consists of VO6 octahedral and 

PO4 tetrahedral units. Sodium atoms reside in two 

distinct interstitial spaces and channels within the 

framework, creating two different oxygen 

environments
[19]

. This vanadium-based electrode exhibits 

two oxidation-reduction potentials at 3.4 V and 1.6 V, 

corresponding to the redox transitions of V
3+

/V
4+

 and 

V
2+

/V
3+

. Notably, the 3.4 V flat plateau voltage is 

associated with a high theoretical capacity (117 

mAh/g)
[20]

. To prevent the generation of V
2+

 during charge 

and discharge processes, voltage control is commonly 

employed to regulate electrochemical reactions, ensuring 

the reversibility of vanadium
[21]

. However, the intrinsic 

low electron conductivity of the material impacts its rate 

capability and cycling stability, mainly due to the 

relatively large atomic distances resulting from the 

independent VO6 octahedral and PO4 tetrahedral units that 
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make up the NASICON-type framework
[22]

.  

Thus, to address the aforementioned challenges and 

enhance the cycling performance and rate capability of 

Na3V2(PO4)3 batteries, two primary strategies have 

emerged. The first involves improving the material's 

interfacial performance. This can be achieved through 

carbon coating to enhance surface conductivity, resulting 

in a reduction in surface resistance
[23-25]

. Additionally, the 

introduction of metal ions to generate electrons or vacancies 

can enhance conductivity
[26-27]

. The second strategy centers 

on controlling the diffusion distance of sodium ions within 

the material. This is accomplished by reducing particle size 

and fabricating specialized positive electrode materials with 

features like porosity or mesoporosity, effectively 

shortening the migration pathway and enabling rapid charge 

and discharge in the battery
[28-29]

. 

In this study, we employ a straightforward 

hydrothermal assisted sol-gel approach to synthesize 

Na3V2(PO4)3/C cathode materials. By means of surface 

carbon and nitrogen co-coating modification, it is 

intended to effectively improve the electrical 

conductivity of Na3V2(PO4)3 cathode materials. 

Additionally, we utilize NaOH, NH4VO3, and NH4H2PO4 

as raw materials, with ascorbic acid as a reducing agent 

and C3N6H6 as a nitrogen source. By adjusting the 

quantity of C3N6H6 added, we examine its multifaceted 

impact on the structure, morphology, and 

electrochemical performance of the composite material. 

The experiments reveale that when the C3N6H6: NVP 

ratio is 2 (molar ratio, n:n), the material exhibited the 

better outstanding performance. 

2 Experimental Section 

2.1 Materials synthesis 

Na3V2(PO4)3/CN composites were prepared by a 

previously reported hydrothermal route combined with a 

sol-gel method
[30-31]

. In a typical synthesis process, the 

measured NH3H2PO4 was meticulously dissolved in a 

NaOH solution, resulting in solution A. Concurrently, 

NH4VO3 was dissolved in an ascorbic acid solution, 

creating solution B. A was then gently introduced into B, 

magnetic stirring at room temperature to ensure adequate 

mixing, after which the mixture was transferred to a 40 

ml Teflon-lined autoclave, the solution was heated at 

190°C in a closed autoclave and kept for 36 hours, then 

cooling naturally to room temperature. The resulting 

brown mixture was ultrasonicated for 120 minutes to 

homogenize the dispersion. upon cooling to room 

temperature, the gel was subjected to additional heating 

and stirring in a constant-temperature water bath at 75°C. 

Following these steps, the gel was dried in a 60°C oven 

under atmospheric conditions for 12 hours. Subsequently, 

the milled powder underwent further heat treatment in a 

nitrogen atmosphere at 350°C for 4 hours, followed by 

an 8-hour calcination at 800°C, cooled to room 

temperature and then grounded again to obtain the final 

product Na3V2(PO4)3/CN-x, abbreviated as NVP/CN-x. 

The prepared NVP/CN-x was based on the ratios of the 

amount of C3N6H6 added, nC3N6H6: nNVP = 1, 2, 3, 4 

named NVP/CN
-
1, NVP/CN-2, NVP/CN-3, and 

NVP/CN-4, respectively. For comparison, NVP/C 

prepared by the same method without C3N6H6 addition of 

raw material was the comparative sample. 

2.2 Material characterizations and electrochemical 

measurements 

The crystal structures of all samples were 

determined using X-ray diffraction (XRD, Rigaku, Japan) 

in the scanning range of 10 
o～60 

o
 at a scanning speed 

of 4 
o
/min. Surface morphology of the electrode 

materials was analyzed by scanning electron microscopy 

(SEM, ZEISS, SUPRA-55). Electrochemical 

characterization of Na3V2(PO4)3 electrodes were 

investigated by a coin half-cell (CR2032) assembled in 

an argon glove box. A working electrode was made by 

doping 80 wt% of active material (NVP, cathode 

electrode material), 10 wt% of acetylene black 

(conductive agent) and 10 wt% of polyvinylidene 

difluoride binder (PVDF) into N-methyl-2-pyrrolidone 

(NMP). The resulting paste was pasted onto aluminium 

foil, then the final cathode electrode sheet was obtained by 

drying the electrodes in a vacuum at 120°C for 8 h. The 

electrolyte consisted of ethylene carbonate (EC), dimethyl 

carbonate (DEC) and fluoroethylene carbonate (FEC) in 1 

M NaClO4, where the volume ratio of EC to DEC was 1:1 

and FEC was 5 wt%. Glass fiber membrane (Whatman, 

GF/D) was used as the septum and sodium foil as the 

anode electrode. The charge/discharge performance was 

tested at room temperature (25°C) using a Land2001A 

system, and cyclic voltammetry (CV) tests were 

performed at different scan rates of 0.1 , 0.25, 0.5, and 1 

mV s
-1

 in the range of 2.5～3.8 V (potential vs. Na/Na
+
). 

Electrochemical impedance spectroscopy (EIS) 

measurements were performed in the frequency range of 

10 
-1 

Hz 10
5
 Hz. 

3 Results and Discussion 

The XRD patterns of NVP/CN-x (x=1, 2, 3, 4) and 

NVP/C are shown in Figure 1, and they can be indexed 

to the rhombohedral NASICON structure with space 

group R3c (PDF standard card #00-62-0345)
[32]

. It 

belongs to the hexagonal crystal system, which is 

consistent with the previous reports, the diffraction peaks 

of the material are all relatively sharp, and the bottom 

back of the diffractogram is flat, indicating that good 

crystallinity of the material, and the XRD pattern shows 

the absence of heterogeneous peaks, which demonstrates 

that the purity of the substance is very high. It's worth 

noting that due to the nitrogen and carbon formation are 

amorphous, there is no effect on the structure of 

Na3V2(PO4)3/CN, therefore no diffraction peaks 

associated with carbon and nitrogen
[33]

. The peak 
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intensity of the diffraction peaks while decreasing 

slightly with the rise in C3N6H6 doping is due to the 

increase in amorphous material and the decrease in 

crystalline Na3V2(PO4)3 content, which leads to a 

decrease in crystallinity. 

 

Figure 1  XRD patterns NVP/CN-x (x=1, 2, 3, 4) and NVP/C 

samples 

The morphological features of NVP/CN-x (x=1, 2, 

3, 4) composites with varying carbon and nitrogen 

content are described in Figure 2. From the figure, it can 

be observed that some fine particles obviously exist on 

the surface of NVP/CN-x (x=1, 2, 3, 4) particles, and 

with the increase of carbon and nitrogen content, the 

particle size of the surface particles of the NVP/CN-x 

(x=1, 2, 3, 4) composites decreases, and the particle size 

distribution tends to be more uniform. However, the 

aggregation of surface particles tends to be more serious 

with the continuous increase of carbon and nitrogen 

content, which is the same as that of simple carbon 

coating, the presence of moderate amount of carbon and 

nitrogen content can well prevent the growth of 

particles
[34]

, and the increase of nitrogen content can also 

make the particle surface too thickly coated, or even 

bonded, which is unfavorable to the migration of sodium 

ions. The elemental analysis revealed that the carbon and 

nitrogen content in the four NVP/CN-x (x=1, 2, 3, 4) 

composite materials was 6.1wt%, 8.2wt%, 9.9wt%, and 

12.0wt%, respectively. 

 

Figure 2  SEM images of NVP-x samples: (a) NVP/CN-1, (b) 

NVP/CN-2, (c) NVP/CN-3, (d) NVP/CN-4 

Figure 3 illustrates the initial charge/discharge 

curves of NVP/C and NVP/CN-x (x=1, 2, 3, 4) samples 

obtained at a 0.2 C rate within the voltage range of 2.5～
3.8 V (vs. Na

+
/Na). As depicted, all samples exhibit 

prolonged and distinct voltage plateaus. The plateau at 

3.4 V (vs. Na
+
/Na) corresponds to the reversible phase 

transition between Na3V2(PO4)3 and NaV2(PO4)3. 

Notably, NVP/CN-2 demonstrates the highest discharge 

capacity (111.5 mAh/g) and exhibits the narrowest 

plateau gap between charge and discharge curves, 

indicative of superior redox kinetics. Due to the different 

electronegativity between the carbon and nitrogen 

elements, doping of nitrogen leads to the formation of an 

n-type matrix. The multi-electron character of nitrogen 

alters the original electronic balance, generating 

additional active sites and enhancing electronic 

conductivity. 

 

Figure 3  The initial charge-discharge curves of NVP/CN-x 

(x=1, 2, 3, 4) and NVP/C samples 

The rate performance of NVP/C and NVP/CN-x 

(x=1, 2, 3, 4) composite materials is presented in Figure 

4 The electrodes are successively charge and discharge 

10 times at each of the 0.2 C～ 20 C rates, and return to 

the initial rate (0.2 C) after 70 cycles of charge and 

discharge. Corresponding to the initial charge-discharge 

cycle, NVP/CN-2 exhibits the better rate performance. It 

delivers discharge capacities of 111.4, 106.1, 101.4, 97.6, 

93.9, 90.5, and 85.0 mAh/g at rates of 0.2 C, 0.5 C, 1 C, 

2 C, 5 C, 10 C, and 20 C, respectively. Surprisingly, after 

undergoing 70 cycles at different rates, the discharge 

capacity of NVP/CN-2 can recover to 111.2 mAh/g (a 

retention rate of 99.82%) when the rate is reduced back 

to 0.2 C. It demonstrates the excellent reversibility of 

sodium storage. Furthermore, it's observed that 

NVP/CN-2 exhibits a noticeable enhancement in 

electrochemical performance compared to NVP/C, 

particularly at high rates such as 20 C. This enhancement 

is attributed to the nitrogen doping, which generates 

more defects in the original carbon layer, facilitating the 

migration of large sodium ions and aiding in sodium ion 

diffusion. Conversely, as the carbon and nitrogen content 

increases further, the rate performance of NVP/CN-x 

materials deteriorates. It may be due to excessive carbon 
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and nitrogen content leading to a reduction in the energy 

density of the cathode material, as well as the 

encapsulation of the active material, which hinders 

sodium ion diffusion, collectively resulting in a decline 

in electrochemical performance
[35]

. Proper 

carbon-nitrogen doping contributes to the improvement 

of the rate performance of material. 

 

Figure 4  Rate performance of NVP/CN-x (x=1, 2, 3, 4) and 

NVP/C 

Figure 5 illustrates the long-term cycling 

performance of NVP/CN-x (x=1, 2, 3, 4) and NVP/C 

samples at a 0.2 C rate. As shown, the retention rates 

after 1000 cycles for NVP/C and NVP/CN-x are as 

follows: 80.68%, 97.57%, 96.68%, 90.94%, and 70.45%. 

Notably, NVP/CN-2 and NVP/CN-3 exhibit the better 

cycling performance. These experimental findings 

suggest that defects induced by the nitrogen doping in 

the carbon layer are advantageous for enhancing 

electronic conductivity and improving interfacial charge 

transfer, thereby enhancing cycling stability
[36]

. However, 

as the nitrogen content increases, excessive surface 

defects in the material lead to extensive contact with the 

electrolyte, resulting in increased side reactions and 

severe polarization. 

 

Figure 5  Cycle performance of NVP/CN-x (x=1, 2, 3, 4) and 

NVP/C 

In order to further investigate the electrochemical 

processes, cyclic voltammetry (CV) tests are performed 

on NVP/CN-x (x = 1, 2, 3, 4) and NVP/C cathode 

materials. Cyclic voltammetry tests are performed 

between 2.5 and 3.8 V at a scan rate of 0.1 - 1 mV/s. All 

electrodes exhibit a pair of redox peaks at 3.4 V at 

different scan rates attributed to V
3+

/V
4+

 redox 

reactions.
[37-38]

 Figures 6 a and 6 c depict the cyclic 

voltammetry (CV) curves of NVP/CN-2 and NVP/C 

samples at scan rates of 0.1, 0.25, 0.5, and 1 mV/s. It is 

evident that with increasing scan rates, the both samples 

exhibit higher polarization. In comparison, the 

oxidation-reduction peaks of NVP/CN-2 are more 

symmetric and sharp, indicating better reversibility. The 

Na
+
 diffusion coefficients were calculated using the 

classical Randles-Sevcik equation
[39]

: 

0

/// CνSDnI 2121

Να

235

p 102.69 = 
       (1) 

Here, Ip represents the peak current (A), n denotes 

the number of electron transfers, S represents the area of 

the active material on the electrode, DNa stands for the 

sodium ion diffusion coefficient, ν represents the scan 

rate, and C0 represents the concentration of sodium ions 

in the electrode. Figure 6b displays the linear fit of peak 

current (Ip) and the square root of the scan rate (ν
1/2

). 

Based on Equation (1), sodium ion diffusion coefficients 

can be obtained by the slope of the fitted line. The 

diffusion coefficients for the positive and anode 

electrodes of NVP/CN-2 are 4.74×10
-10

 and 3.98×10
-10

 

cm
2
 s

-1
, respectively, while the corresponding diffusion 

coefficients of NVP/C are 9.65×10
-11 

and 9.32×10
-11

 cm
2
 

s
-1

, demonstrating superior performance compared to 

previously reported diffusion coefficients
[40]

. 

EIS is used to evaluate the kinetic characteristics of 

NVP/CN-x (x = 1, 2, 3, 4) electrode materials. 

Measurements are performed in the range of 10
-1

 Hz to 

10
5
 Hz prior to charging and discharging. The spectra of 

all samples consist of a semicircle in the high-frequency 

region and a tilted straight line in the low-frequency 

region. The semicircle observed in the high-frequency 

range of the Nyquist plot is attributed to charge transfer 

resistance (Rct) and the diagonal line in the low 

frequency region corresponds to the Warburg impedance. 

The Rct of NVP/C and NVP/CN-x (x = 1, 2, 3, 4) are 

380.01, 321.13, 289.16, 534.58, and 626.46 Ω, 

respectively. Evidently, with the increase of carbon and 

nitrogen content, the Rct value shows a decreasing and 

then increasing trend, in which NVP/CN-2 exhibits a 

lower Rct compared to NVP/C and other coated samples, 

it is demonstrated that the NVP/CN-2 cathode material 

possesses a faster charge transfer rate, which is 

consistent with the previous test results. This is 

attributable to the fact that the carbon and nitrogen 

coating enhances the electronic conductivity of the 

particle surface and increases the electronic contact 

between the particles, which reduces the charge transfer 

impedance, but as the carbon and nitrogen content is 

excessively increased, the platelet adhesion occurs on the 

surface of the material, which is unfavorable to the 

charge transfer of the material. It is shown that 

appropriate nitrogen element doped carbon coatings can 

promote charge transfer and obtain excellent 

electrochemical properties. 
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Figure 6  CV curve of NVP/CN-2 and NVP/CN samples in 2.5-3.8 V voltage : (a)(c) At different scanning speeds, (b)(d) The 

relationship of Ip vs ν1/2 

 

Figure 7  Nyquist plots of NVP/CN-x (x=1, 2, 3, 4) and 

NVP/C samples 

4 Conclusion 

This study explored the impact of controlled 

nitrogen doping in the form of nitrogen -doped carbon 

layers on Na3V2(PO4)3/C composite materials. The 

electronic conductivity of the composites is enhanced 

because the doped nitrogen provides electrons to the 

carbon matrix. A series of electrochemical tests also 

demonstrat that an appropriate amount of nitrogen 

doping plays an important role in the electrochemical 

performance of the Na3V2(PO4)3/C electrode. When the 

nitrogen source (C3N6H6), is added with an NVP:C3N6H6 

molar ratio of 2, the discharge capacity reached 111.5 

mAh/g. Even after cycling (70 cycle numbers) at various 

rates (0.2 C to 20 C), the capacity could be restored to 

111.2 mAh/g when the rate was reduced back to 0.2 C, 

with a remarkable retention rate of 99.82%. These results 

show outstanding cycling performance. The judicious 

introduction of nitrogen element yields an appropriate 

number of surface defects, reducing charge transfer 

resistance, increasing conductivity between particles, and 

facilitating electron transfer, ultimately resulting in 

exceptional electrochemical performance. 

These authors contributed equally to this work. 
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Abstract 

Based on atomic crystal configurations, we studied many-body interaction properties of face-centered cubic (fcc) solid argon (Ar) 

within the atomic distance range of 2.0Å to 3.6Å at T=300 K. The resulting EOS can accurately describe the compression behavior of 

solid Ar under the experimentally investigated pressure range (0～114GPa). Statistically, 903 (Ar)₂ clusters were identified, 

corresponding to 12 distinct geometric configurations, 861(Ar)3 clusters correspond to 25 distinct geometric configurations, 816 

(Ar)4 clusters correspond to 27 distinct geometric configurations, and the calculation results exhibited good convergence. For 

comparative purposes, the EOS of fcc solid Ar was also calculated using a two-body potential-only approach, which showed 

excellent agreement with experimental data under relevant pressures. Incorporating three-body terms extended the EOS accuracy to 

80 GPa, while the inclusion of four-body terms further improved the precision up to 114 GPa. Higher-order many-body terms are 

expected to enable accurate interpretation of experimental phenomena in solid Ar above 114 GPa. In addition, when the molar 

volume is reduced to a fixed value, the zero-point vibration pressure has already reached a certain proportion, then it must be 

considered and cannot be ignored. This study provides a reliable theoretical model for the study of high-pressure properties and 

zero-point energy of rare gas solids. 
Keywords: Solid argon; Atomic configuration; Many-body interaction properties 
 

1 Introduction 

Solid argon (Ar), as a typical rare gas solid, has 

attracted extensive theoretical research interest due to its 

unique electronic and optical properties
[1-7]

. It also has 

important application prospects in fields such as 

cryogenic phonon detectors
[5]

 and dark matter detection, 

while zero-point vibration energy
[6]

 and other related 

properties have become key research focuses. Previous 

studies have explored the EOS of solid Ar under different 

temperature and pressure conditions
[2,7]

, and 

first-principles calculations have been widely used to 

analyze its electronic structure and elastic modulus 
[3,4]

. 

However, the influence of multi-body interactions 

(especially high-order terms) on the EOS of solid Ar 

under high pressure (exceeding 80 GPa) still needs 

further refinement
[8-15]

. Recent scientific research on 

solid Ar has yielded significant advances across extreme 

condition chemistry, thermophysical property 

characterization, and applied material sciences
[16-22]

. A 

groundbreaking 2025 study by Lawrence Livermore 

National Laboratory and collaborators revealed that solid 

argon loses its chemical inertness under conditions 

mimicking Earth’s core-pressures exceeding 1.5 million 

atmospheres and temperatures above 2,000 

Kelvin-reacting with nickel to form a stable ArNi 

intermetallic compound, which may resolve longstanding 

geological questions about argon’s fate in planetary 

interiors
[21]

. In the realm of thermophysical research, a 

recent study published in the Journal of Molecular 

Modeling has significantly refined the computational 

framework for predicting the transport properties of solid 

Ar (e.g., diffusion coefficient and viscosity). By 

integrating nuclear spin effects and symmetry constraints 

into the theoretical model, and leveraging ab 

initio-derived potential energy curves coupled with the 

Chapman-Enskog kinetic theory, this work has 

substantially enhanced the predictive accuracy of 

transport properties across a broad temperature 

spectrum
[22]

. Beyond fundamental research, solid 

argon-related materials like argyrodite have shown 

promise in solid-state batteries, with pressure-tolerant 

anodes reducing dendrite growth and heat generation, 

and argon’s inertness remains critical in advanced 

manufacturing processes such as bright annealing of 
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aerospace alloys, where it preserves material integrity 

and prevents oxidation. 

Based on the coupled cluster singles and doubles 

with perturbative triples (CCSD(T)) method and the 

aug-cc-pVQZ basis set, we systematically analyzed the 

geometric structure and potential energy characteristics 

of (Ar)n clusters ((Ar)₂ to (Ar)₅) in the fcc lattice, and 

quantified the contributions of many-body interactions to 

the EOS of solid Ar, aiming to provide a more accurate 

theoretical basis for interpreting high-pressure 

experimental phenomena. The coupled cluster singles and 

doubles with perturbative triples (CCSD(T)) method has 

already been applied in previous studies
[3,6,23]

, and it has 

been proven to be the most accurate and practical method 

for studying the properties of dense inert elements. 

2 Computational Methods 

The total energy of solid Ar under different molar 

volumes was expressed as the sum of many-body 

interaction energies, and the specific form is shown in 

the following formula
[18]

: 
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Where En(V) represents the n-body interaction 

energy component related to molar volume V, Un(o) 

denotes the total n-body potential energy centered on 

atom o, and un(o, i, j, …) is the n-body potential energy 

function between the central atom o and surrounding 

atoms
[18]

.  

The pressure is expressed by: 

     (2) 

The pressure corresponding to many-body term is 

derived from the partial derivative of the energy with 

respect to volume: 
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The thermal pressure of solid Ar at finite 

temperature was calculated using the following formula: 
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where γ is the Grüneisen coefficient, kB is the 

Boltzmann constant, Θ is the Debye temperature, and T 

is the absolute temperature. 

The zero-point vibrational pressure Pzp is given by: 

( )zp zpP V E
V




,               (5) 

and the zero-point vibrational energy Ezp is: 

9

8
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                (6) 

3 Calculation Results and Discussion 

3.1 Geometric configurations of Ar clusters 

Based on the established fcc lattice structure of 

solid Ar
[19]

, it analyzed the properties of Ar₂ to Ar₅ 

clusters, including geometrical configuration, 

geometrical parameters. Figure 1 showed some 

geometric configurations of Ar5 clusters in fcc lattice. 

The results showed that, all 12 geometric configurations 

of (Ar)₂ clusters are linear, so their structural diagrams 

are not separately presented. For (Ar)3 clusters, it have 

861 (C
2
42) atoms and belong to 25 different geometric 

configurations, (Ar)4 clusters have 816 (C
3
18) atoms and 

belong to 27 different geometric configurations. For 

(Ar)5 multiple typical configurations were observed. 

Detailed structural parameters (such as bond lengths and 

bond angles) of these clusters were recorded to provide a 

basis for subsequent potential energy calculations. 

 

Figure 1  Part of geometric configurations for (Ar)5 clusters in 

fcc lattice 

3.2 Truncation and convergence of many-body 

potentials 

The convergence speed of the many-body expansion 

series directly affects the computational efficiency of 

potential energy. For the truncation radius of atomic 

potentials, the potential energy values tend to stabilize 

with the increase of the number of neighboring atoms. 

We analyzed the variation of two-body potential energy 

U2(o) and three-body potential energy U3(o) with the 

truncation radius at atomic distances of 2.0Å, 2.4Å, 2.7Å, 

and 3.2Å in the fcc phase, as shown in Figure 2. The 

results show that when the truncation radius reaches 

4.0Å, the two-body and three-body potential energies 

basically reach saturation, and the number of 

neighboring atoms corresponding to this radius is 42. 

Considering the balance between computational accuracy 

and efficiency, a truncation radius of 4.0Å was selected 

for subsequent calculations, which can achieve a good 

approximation effect while avoiding excessive 

2
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computational costs. For the atomic distance of 2.0Å, the 

number of sampling points was set to 200,000 to ensure 

the reliability of the calculation results. 

3.3 Equation of state 

In the equation of state calculation, the total 

pressure P(V) are composed of static pressure Pn, 

zero-point vibration pressure Pzp and thermal pressure Pth, 

which are functions of molar volume V. It was found that 

the zero-point vibration pressure Pzp and thermal 

pressure Pth of solid Ar account for less than 5% of the 

total pressure P(V), but their contributions cannot be 

ignored in high-precision calculations. This study 

compared the EOS results of different combinations: the 

two-, three-, four-body potential pressure, zero-point 

vibration pressure, thermal pressure 

(P2+P3+P4+Pzp+Pth), as shown in Figure 3. The results 

show that, only considering two-body potential, our 

calculation results are in good agreement with the 

experimental data
[8,20]

 within a pressure of 15GP. Within 

the pressure range of 0～80 GPa, the calculation results 

which considering the two- and three-body potential 

pressure are in good agreement with the experimental 

data
[8,20]

. When the pressure exceeds 80 GPa, the EOS 

accuracy of the two-, three-body-based combination 

decreases significantly, while the combination including 

four-body terms can maintain high precision up to 114 

GPa, while the consistency between the calculation 

results of density functional theory based on the 

generalized gradient approximation (GGA) and the 

local-density approximation (LDA) and the experimental 

data
[8,20]

 in the high-pressure area. Above 114 GPa, the 

influence of higher-order many-body terms (five-body and 

above) becomes prominent, and their inclusion is required 

to accurately interpret the experimental phenomena under 

ultra-high pressure. In addition, it can be seen from the top 

right image in Figure 3 that the zero-point vibration pressure 

and thermal pressure are relatively small, but not negligible 

within the entire experimental range of pressure. 

 

Figure 3  Equation of state for solid Ar 

 

Figure 2  Atomic potential and its many-body components variations with the number of neighbours at R=2.0, 2.4,2.7, 3.2Å in fcc phase 
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4 Conclusions 

Based on the CCSD(T) method and aug-cc-pVQZ 

basis set, we accurately calculated the two-, three-body 

and four-body contributions to the cohesive energy and 

EOS of fcc solid Ar within the atomic distance range of 

2.0Å to 3.6Å at room temperature (T=300 K). The 

geometric structures of (Ar)₂, (Ar)₃, (Ar)₄, and (Ar)₅ 

clusters in the fcc lattice were clarified, and their 

symmetry characteristics and structural parameters were 

analyzed. The truncation radius of 4.0Å was determined 

through convergence tests, which balances computational 

efficiency and accuracy. EOS comparison results show 

that the model including two-body and three-body terms 

can accurately describe the compression behavior of 

solid Ar within 80 GPa, and the addition of four-body 

terms extends the applicable pressure range to 114 GPa. 

To further improve the EOS accuracy above 114 GPa, it 

is necessary to consider the contribution of higher-order 

multi-body interactions. Although the zero-point 

vibration pressure and thermal pressure are relatively 

small, but not negligible within the entire experimental 

range of pressure. Especially, when the molar volume is 

reduced to a fixed value, the zero-point vibration 

pressure has already reached a certain proportion, then it 

must be considered. This study provides a reliable 

theoretical model for the study of high-pressure 

properties and zero-point energy of rare gas solids. 
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Abstract 

Boron carbide (B4C) and its composite materials demonstrate versatile applicability in energy storage technologies, particularly 

within new energy battery systems. This review systematically examines recent advances in their battery applications. Commencing 

with an analysis of B4C's distinctive physicochemical properties, crystal structure, and synthesis methodologies, we critically 

evaluate its implementation in lithium-ion batteries (LIBs), sodium-ion batteries (SIBs), lithium-sulfur (Li-S) batteries, and fuel cells. 

The discussion substantiates how B4C-based materials augment critical battery performance metrics. Finally, development 

challenges and future research trajectories are outlined. We anticipate that through targeted performance optimization, innovative 

processing techniques, advanced interface engineering, and cross-disciplinary integration, B4C composites will unlock broader 

applications in next-generation energy storage systems. 

Keywords: Boron carbide(B4C); Composite materials; Advanced energy storage; New energy batteries; Application advances 

 

1 Introduction 

The urgent global demand for sustainable energy 

solutions has propelled technological innovation in 

advanced energy storage systems to critical significance. 

Among emerging materials, boron carbide (B4C) and 

its composites have garnered substantial research 

interest owing to their exceptional properties, including 

ultra-high hardness (≈30 GPa), elevated melting point 

( ＞ 2400°C), low density (2.52 g/cm
3
), superior 

chemical inertness, and notable neutron absorption 

capacity
[1-3]

. As a semiconductor with demonstrated 

thermoelectric potential 
[4]

, B4C is now transitioning 

from traditional applications toward advanced 

electrochemical energy storage, revealing compelling 

capabilities
[5]

. 

Although research on B4C in battery technologies 

remains developmental, its foundational 

merits—exceptional chemical resistance, structural 

stability, tunable electrical conductivity, catalytic 

activity, and favorable mass density
[6]

—have been 

preliminarily validated in lithium-ion batteries (LIBs)
[7]

 

and fuel cells
[8]

. These attributes position B4C as a 

promising candidate to address core challenges in 

contemporary energy storage, such as limited cycle 

stability, constrained energy density, safety concerns, 

and cost inefficiencies
[9,10]

. 

Despite notable progress, critical scientific 

questions and technical barriers persist in the application 

of B4C composites. Deeper exploration of their 

electrochemical roles promises not only to extend 

functional boundaries but also to overcome existing 

bottlenecks in energy storage technology, thereby 

accelerating the development of efficient, stable, and 

sustainable systems. Consequently, a systematic review 

of B4C-based materials in new energy batteries, coupled 

with critical assessment of their capabilities and 

limitations, carries significant implications for 

next-generation battery innovation. 

2 Overview of Boron Carbide and Its 

Composite Materials 

2.1 Structure and properties of boron carbide  

Boron carbide (B4C), with the chemical formula 

B4C, exhibits a broad homogeneity range (B4C-B5-10C). 

Its crystal structure belongs to the rhombohedral system 

(space group D3d5-R3̅m), with lattice parameters *a* = 

0.519 nm, *c* = 1.212 nm, and α = 66.3° 
[11]

 (Figure 1). 

At the atomic level, it consists of B₁₂ icosahedra 

interconnected by linear C-B-C chains
[12-14]

. This unique 
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configuration confers exceptional properties including 

high hardness and high melting point. 

The chemical bonds exhibit strong covalent 

character, with high B-C bond energy, rendering the 

structure stable under high temperatures, high pressures, 

and chemical corrosion. Furthermore, boron carbide 

demonstrates semiconducting behavior (electrical 

conductivity σ ≈  100 S/cm), good electrical 

conductivity, and catalytic activity
[6]

. Collectively, these 

properties underpin its diverse applications across 

multiple fields. 

 

Figure 1  Rhombohedral crystalline structure of boron carbide[11] 

2.2 Overview of boron carbide preparation methods 

Boron carbide (B4C) is synthesized through 

diverse methods, with carbothermal reduction being the 

most prevalent industrial process. This technique 

involves reacting stoichiometric mixtures of boric oxide 

(B2O3) and carbon sources (e.g., coke, graphite) in 

electric furnaces at 2000～ 2500 ℃, following the 

reaction: 2B2O3+7C→B4C+6CO↑. Valued for its 

mature technology and cost-effectiveness, it remains 

the preferred method for large-scale production
[15]

. 

Self-propagating high-temperature synthesis (SHS) 

utilizes exothermic reactions between boron and carbon 

powders, where compacted powder mixtures are ignited 

locally to propagate rapid combustion waves that yield 

B4C. While SHS offers advantages of rapid kinetics 

and low energy consumption, it faces challenges in 

controlling product purity and particle size
[16]

. 

Emerging techniques include mechanochemical 

synthesis, which employs mechanical forces to induce 

chemical reactions
[17]

, and sol-gel processing that 

achieves atomic-level mixing through colloidal 

precursors to produce high-purity nanoscale B4C 

powders
[18,19]

. However, these advanced methods are 

currently confined to laboratory-scale optimization 

due to cost constraints limiting industrial adoption. 

Comparative characteristics of common B4C synthesis 

methods—including principles, process parameters, 

and key features—are systematically summarized in 

Table 1. 

Table 1  Common Synthesis Methods and Characteristics of Boron Carbide 

Synthesis Method Principle Process Parameters Key Features Development Stage 

CarbonThermal 

Reduction 

B2O3 reacts with carbon sources 

(coke, graphite, etc.) to produce 

B4C and carbon monoxide. 

In an electric furnace at 

high temperatures 

(2000°C to 2500°C), the 

reaction is: 

2B2O3+7C→B4C+6CO↑ 

Mature technology and 

relatively low cost 

The preferred choice 

for large-scale 

industrial production 

Self-propagating 

High-temperature 

Synthesis (SHS) 

Maintain the reaction using the 

exothermic chemical reaction of 

the reactants themselves. Mix 

boron powder and carbon 

powder, press into a block, and 

ignite one end. Once ignited, the 

reaction will spread on its own. 

Self-sustaining 

propagation upon 

ignition 

he reaction is fast, energy 

consumption is low, but it is 

difficult to control the purity 

and particle size of the 

product. 

Control difficulties 

exist in practical 

applications. 

Mechanochemical 
Chemical reactions are induced 

via mechanical force. 
 

Currently in the laboratory 

research optimization phase, 

with relatively high costs. 

Laboratory stage, not 

yet widely used 

Sol-gel 
Atomic-level mixing is achieved 

via the sol-gel process 
 

High-purity, nanoscale boron 

carbide powder can be 

prepared, but it is currently in 

the laboratory research and 

optimization stage and is 

relatively expensive. 

Laboratory stage, not 

yet widely used 
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2.2 Overview of boron carbide preparation methods 

Boron carbide (B4C) is synthesized through diverse 

methods, with carbothermal reduction being the most 

prevalent industrial process. This technique involves 

reacting stoichiometric mixtures of boric oxide (B2O3) 

and carbon sources (e.g., coke, graphite) in electric 

furnaces at 2000 ～ 2500 °C, following the 

reaction: 2B2O3+7C→B4C+6CO↑. Valued for its 

mature technology and cost-effectiveness, it remains the 

preferred method for large-scale production
[15]

. 

Self-propagating high-temperature synthesis (SHS) 

utilizes exothermic reactions between boron and carbon 

powders, where compacted powder mixtures are ignited 

locally to propagate rapid combustion waves that yield 

B4C. While SHS offers advantages of rapid kinetics and 

low energy consumption, it faces challenges in 

controlling product purity and particle size
[16]

. Emerging 

techniques include mechanochemical synthesis, which 

employs mechanical forces to induce chemical 

reactions
[17]

, and sol-gel processing that achieves 

atomic-level mixing through colloidal precursors to 

produce high-purity nanoscale B4C powders
[18,19]

. 

However, these advanced methods are currently confined 

to laboratory-scale optimization due to cost constraints 

limiting industrial adoption. Comparative characteristics 

of common B4C synthesis methods—including 

principles, process parameters, and key features—are 

systematically summarized in Table 1. 

2.3 Analysis of application potential for boron carbide 

and its composites 

The distinctive properties of boron carbide (B4C) 

and its composites have demonstrated significant value 

in traditional applications. Notable examples include 

B4C /Al composites utilized in aerospace thermal 

management components and electronic packaging
[20]

, as 

well as ceramic-matrix composites (e.g., B4C /SiC). 

Silicon carbide (SiC) ceramics inherently exhibit 

exceptional high-temperature resistance and oxidation 

stability
[21]

, when composited with B4C, these materials 

achieve further enhanced thermal capabilities, 

maintaining high strength and hardness above 

1500°C—critical for ultra-high-temperature thermal 

protection systems and extreme-environment 

components in nuclear reactors. Advancing research into 

material characteristics has progressively revealed their 

burgeoning potential in emerging fields, with particular 

emphasis on applications within new energy batteries. 

The development of new energy batteries faces 

critical challenges including limited cycle life, 

constrained energy density, and safety concerns. Boron 

carbide addresses these issues through its high chemical 

stability, favorable electrical conductivity, exceptional 

catalytic activity, and robust structural stability—offering 

novel material-based solutions. These properties 

demonstrate significant compatibility across lithium-ion 

batteries (LIBs), sodium-ion batteries (SIBs), 

lithium-sulfur (Li-S) batteries, and fuel cells, positioning 

B4C-based materials as a prominent research focus in 

electrochemical energy storage. 

3 Research on Applications of Boron Carbide 

and Its Composites in New Energy Batteries 

3.1 Lithium-ion batteries 

In lithium-ion batteries (LIBs), boron carbide (B4C) 

and its composites demonstrate distinctive advantages. 

Pure B4C exhibits lithium-ion storage potential owing to 

its unique crystal structure and electronic properties
[22]

. 

Research confirms that in lithiated boron carbide crystals, 

Li ions occupy interstitial sites above or below linear 

C-B-C chains, forming reversible ionic bonding 

interactions with boron and carbon atoms
[23]

. 

Chen et al.
[24]

 proposed an innovative composite 

structure featuring boron carbide (B4C) as a conductive 

rigid skeleton supporting silicon. Micron-sized Si (1～5 

μm) and B4C (1～7 μm) powders were initially blended 

in controlled ratios (Figure 2-a), followed by high-energy 

ball milling (HEBM). During this process, the 

high-Mohs-hardness B4C particles functioned as 

nano/micro-milling media, effectively fragmenting Si 

into sub-10 nm particles while simultaneously reducing 

their own size to 100～300 nm. These in-situ generated 

nano-Si particles became intimately anchored onto B4C 

surfaces, forming Si-coated B4C core-shell structures 

(Si/ B4C) (Figure 2-b). Subsequent planetary ball milling 

(PBM) of Si/ B4C with graphite induced mechanical 

exfoliation and uniform encapsulation of the composites 

by graphite layers, yielding a final triple-layered 

core-shell-shell architecture (Si/ B4C /graphite, SBG) 

(Figure 2-c). The outer few-layer graphene coating 

substantially enhanced electrical conductivity and 

structural stability while facilitating stable solid 

electrolyte interphase (SEI) formation. The optimized 

SBG433 anode (Si: B4C:graphite= 4:3:3) delivered 

exceptional performance: 94% capacity retention after 

100 cycles at 0.3 C and a specific capacity of ≈822 

mAh/g based on total electrode mass (including binder 

and conductive additives), underscoring the critical role 

of synergistic material-structure co-design strategies in 

developing high-performance lithium-ion batteries. 

Boron carbide (B4C) plays a pivotal role in 

designing high-capacity anodes for lithium-ion batteries 

(LIBs) due to its unique mechanical and electrochemical 

properties. Su et al.
[25]

 innovatively engineered a 

hierarchical SnS₂/ B4C @OUCNTs composite anode, 

demonstrating a tripartite synergistic mechanism of B4C 

involving mechanical buffering, electrical enhancement, 

and interfacial stabilization. This 

composite—synthesized via chemical vapor deposition 

and solvothermal methods—features open-ended carbon 

nanotubes (OUCNTs) as a conductive skeleton with B4C 
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nanoparticles as an interfacial buffer. Experiments 

revealed that B4C's ultrahigh hardness (Mohs 9.3～9.5) 

and elastic modulus (～450 GPa) effectively dissipate 

lithiation-induced stress in SnS₂, reducing electrode 

volume expansion by 55%. Its semiconducting behavior 

(σ ≈ 100 S/cm) synergizes with OUCNTs to construct 

a 3D conductive network, decreasing interfacial 

charge-transfer resistance by 67% and enabling a 

reversible capacity of 620 mAh/g at 5 A/g. Theoretical 

calculations further revealed charge redistribution 

(adsorption energy ΔEads≈ -2.1 eV) at B4C - SnS₂ 

heterointerfaces,optimizing Li ion adsorption sites and 

reducing diffusion barriers by 46% (0.28 eV → 0.15 eV). 

Additionally, B4C 's chemical inertness inhibits direct 

SnS₂-electrolyte contact, suppressing polysulfide 

dissolution and uncontrolled SEI growth, thereby 

elevating coulombic efficiency to 99.3% with ＞85% 

capacity retention after 200 cycles. This work validates 

B4C 's multifunctional coupling effects and establishes a 

"rigidity-flexibility integration" strategy for developing 

high-energy-density (＞500 Wh/kg) LIBs with extended 

cycling ( ＞ 500 cycles), extendable to other 

volume-sensitive anodes (e.g., metal oxides/alloys) 

through heterointerface engineering for substantial 

practical implementation. 

However, pure boron carbide (B4C) faces 

limitations as an electrode material, including suboptimal 

electrical conductivity and restricted Li ion diffusion 

kinetics. To address these constraints, researchers have 

integrated B4C with diverse materials, yielding 

significant performance enhancements in LIBs. For 

instance, B4C -graphene composites leverage graphene’s 

exceptional electrical properties—boosting composite 

conductivity by several orders of magnitude—while its 

2D flexible architecture buffers volume changes during 

cycling, mitigating electrode pulverization and 

delamination to enhance structural integrity. Tan et al.
[26]

 

systematically investigated B4C ceramics modified with 

graphene nanoplatelets (GNPs) and Ti₃AlC₂ sintering 

additives via spark plasma sintering. Using 0～5 vol% 

GNPs alongside in-situ formed TiB₂ conductive phases 

(derived from Ti₃AlC₂ decomposition), they fabricated 

dense B4C composites with superior electrical/thermal 

conductivity and mechanical properties. The study 

revealed that GNPs establish long-range conductive 

pathways via ultrahigh in-plane carrier mobility (～
10⁵ cm²/V·s), while TiB₂ particles act as localized 

"conductive nodes" at interfaces-synergistically 

elevating bulk conductivity by 4 ～ 6 orders of 

magnitude with a percolation threshold of 1～2 vol%. 

This breakthrough overcame B4C’s intrinsic insulating 

nature, enabling its first demonstrated 

electro-discharge machining (EDM) capability. 

Conductive atomic force microscopy (C-AFM) 

confirmed continuous conductive networks formed by 

GNPs/ TiB₂, effectively reducing grain boundary 

barriers and optimizing charge carrier transport. 

Ding et al.
[27]

 systematically elucidated the 

mechanistic role of boron carbide monolayers (BCx) as 

lithium-ion battery anodes through integrated 

first-principles calculations and experimental validation. 

Their study revealed that interconnected BC5 hexatomic 

ring networks provide optimal Li ion migration pathways, 

with unique charge redistribution characteristics reducing 

the Li ion diffusion barrier to 0.25 eV—significantly 

lower than graphite's 0.3～0.5 eV—thereby substantially 

enhancing ionic transport kinetics. Experimentally, 

BC3/TiN composites demonstrated exceptional rate 

capability, maintaining a specific capacity of 1,120 

mAh/g at 10C with 98.7% Coulombic efficiency. The 

B-B interatomic distance within BCx monolayers 

exhibits positive correlation with theoretical capacity; 

when expanded to 2.8 Å, Li ions engage in multilayer 

intercalation, enabling a theoretical capacity of 2,600 

mAh/g ( ≈ 7× graphite's capacity). Synthesized 

BC5 monolayers delivered an initial discharge capacity 

of 1,850 mAh/g at 0.1C while retaining ＞85% capacity 

after 500 cycles. 

 

Figure 2  Schematic diagram of the synthesis process of conductive-rigid-skeleton-supported Si with TEM images for the 

intermediate product of Si/ B4C and the final SBG product. (a) Starting materials of micron-sized B4C and Si. (b) Schematic diagram 

of the Si/B4C core-shell structure and TEM image. (c) Schematic diagram of the SBG structure and TEM image[24] 
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3.2 Sodium-ion batteries 

In sodium-ion battery (SIB) systems, boron carbide 

(B4C) and its composites demonstrate significant 

compatibility. SIBs, leveraging abundant sodium 

resources and low cost, represent promising contenders 

for large-scale energy storage. Compared to Li ion 

(radius ≈0.076 nm), Na ion exhibits a larger ionic 

radius (≈0.102 nm), necessitating electrode materials 

with more expansive and stable ion diffusion pathways. 

B4C’s unique crystal structure addresses this requirement 

through interstitial sites within its 3D framework that 

facilitate Na ion transport. 

Hussain et al. 
[28]

 employed density functional 

theory (DFT) calculations to investigate 3D-B6 C6 

porous crystals, revealing metallic behavior with 

delocalized electrons along B-C-bonded porous channels 

that confer exceptional electrical conductivity.  

Crucially, During the charging and discharging 

process of sodium-ion batteries, electrode materials also 

face the problem of volume expansion and contraction. 

The high structural stability of boron carbide can 

effectively suppress material pulverization and peeling 

caused by volume changes, maintain the integrity of the 

electrode, and ensure the cycle life of the battery. In 

addition, the good chemical stability of boron carbide 

allows it to adapt to the electrolyte system of 

sodium-ion batteries, making it unlikely to undergo side 

reactions with the electrolyte, reducing internal 

self-discharge of the battery, and improving the overall 

performance of the battery. 

Zhang et al. 
[29]

 synthesized VSe₂/B4C@HCG 

composites via high-energy ball milling, anchoring 

VSe₂ and B4C nanoparticles onto highly conductive 

graphene (HCG). B4C’s high hardness suppressed 

VSe₂ aggregation and volume deformation while 

synergizing with graphene to enhance charge transfer 

kinetics (Figure 3). The composite delivered 407.5 

mAh/g after 450 cycles (98.5% Coulombic efficiency) 

and maintained 251.6 mAh/g after 1000 cycles, with 

significantly superior rate capability versus controls. This 

work demonstrates B4C’s dual role in physical 

confinement and structural scaffolding to alleviate 

volume changes, providing new design principles for 

high-performance SIB anodes. 

Sun et al. 
[30]

 fabricated a flexible binder-free anode 

for sodium-ion batteries (SIBs) through high-energy ball 

milling and free-standing processing, producing B4C 

/Sn/acetylene black@reduced graphene oxide (B4C 

/Sn/AB@rGO) films. Their study revealed B4C’s 

multifunctional roles: as a high-hardness conductor, it 

structurally supports Sn particles while refining 

micron-sized Sn into nanoscale domains during milling, 

shortening electron pathways and enhancing overall 

conductivity. Synergistically with rGO, B4C forms a 

robust framework buffering Sn’s extreme volume 

changes (～520%) during cycling, suppressing particle 

aggregation and electrode pulverization to extend cycle 

life. AB encapsulates B4C /Sn, accelerating electrolyte 

infiltration and stabilizing solid electrolyte interphase 

(SEI) formation, while rGO interconnects components as 

an "electrical nexus" to establish efficient electron 

transport networks and improve reaction kinetics. The 

composite delivered 393.4 mAh/g at 0.1 A/g, retained 

155.5 mAh/g after 500 cycles at 1 A/g, and maintained 

201.5 mAh/g over 50 cycles in full cells at 0.1 A/g, 

validating B4C’s efficacy in optimizing electrode 

architecture and electrochemical performance. 

3.3 Lithium-sulfur batteries 

Lithium-sulfur batteries (Li-S) have emerged as a 

promising candidate for next-generation energy storage 

technology due to their high theoretical energy density 

(2567 Wh/kg) and low cost 
[31-33]

. However, they face 

core challenges such as polysulfide shuttling, slow 

reaction kinetics, and sulfur volume expansion 
[34-35]

. 

Boron carbide enhances the cycling stability, rate 

performance, and energy density of lithium-sulfur 

batteries through chemical adsorption, catalytic activity, 

and structural synergy. 

 

Figure 3  Schematic preparation of the synthesis of VSe2/B4C@HCG[29]
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Song et al. 
[36]

 designed a flexible self-supporting 

lithium-sulfur battery cathode BC-NWs@ACT/S/rGO 

(Figure 4-b), using B4C nanowires as a rigid skeleton 

combined with porous active cotton textile (ACT) and 

reduced graphene oxide (rGO), effectively addressing the 

issues of polysulfide shuttling and volume expansion. 

B4C nanowires provide mechanical support due to their 

high hardness and chemical stability, while the porous 

structure enhances sulfur loading capacity and 

suppresses volume expansion. Their interaction with 

polysulfides reduces the diffusion coefficient, and 

experiments and simulations confirm the suppression of 

the shuttle effect. B4C and rGO synergistically form a 

conductive network, with rGO acting as an adaptive 

protective layer to buffer sulfur volume 

changes—molecular dynamics simulations (Figure 4-a) 

illustrate the atomic configuration of the 

BC-NWs/S/graphene cylindrical structure during 

charge-discharge cycles. This cathode exhibits 

outstanding performance: over 1,000 cycles at 1.5 

mA/cm², with a capacity decay rate of 0.056% per cycle, 

an initial discharge capacity of 963 mAh/g, and an 

increased capacity of 1,395 mAh/g after 50 cycles, 

demonstrating exceptional rate performance; The 

assembled flexible battery remains stable under both 

normal and bent conditions, successfully illuminating an 

LED, laying the foundation for the development of 

high-performance flexible energy storage devices. 

Luo et al. 
[37]

 used a catalyst-assisted process to 

grow B4C nanowires in situ on the surface of carbon 

nanofibers (CNF), constructing a self-supporting 

bifunctional cathode substrate (B4C@CNF), which 

significantly improved the performance of lithium-sulfur 

batteries. B4C nanowires form strong chemical 

adsorption with polysulfides via S-B and S-C bonds, 

with a binding energy as high as 12.51 eV (Figure 5-b), 

far exceeding the 1.18 eV of traditional carbon materials, 

effectively suppressing polysulfide dissolution and 

shuttling (Figure 5-a). Theoretical calculations show that 

different B4C crystal faces exhibit distinct adsorption 

mechanisms (Figure 5-d), and the adsorption process is 

accompanied by significant electron transfer (Figure 5-e); 

Bader charge analysis of S atoms further indicates that 

the charge changes of S atoms after adsorption are 

correlated with the binding energy (Figure 5-c). 

Additionally, the catalytic effect of B4C accelerates the 

redox reaction of polysulfides, increasing the lithium ion 

diffusion coefficient to 1.3 × 10⁻⁷ cm²/s, thereby 

improving rate performance. B4C@CNF achieves high 

sulfur loading (10.3 mg/cm²) and content (70 wt%) 

without requiring additional current collectors or binders. 

Experimental results show that the battery maintains an 

80% capacity retention rate after 500 cycles at 1C and 

exhibits a reversible capacity of 304 mAh/g at 4C; 

High-sulfur-load batteries achieve an areal capacity of 9 

mAh/cm², with a capacity retention rate of 82%～95% 

after 100 cycles; soft-pack batteries with a sulfur load of 

200 mg exhibit a capacity of 625 mAh/g and an energy 

efficiency of 90% after 50 cycles. This design offers new 

insights for the practical application of 

high-energy-density lithium-sulfur batteries. 

Zhang et al. 
[38]

 used a catalyst-assisted process to 

grow B4C nanoparticles in situ on the surface of 

activated cotton fibers (ACF), constructing a bifunctional 

cathode substrate (B4C-ACF), and prepared S/B4C-ACF 

electrodes by loading sulfur via melt diffusion. 

Combining SEM, TEM, XRD, XPS, and electrochemical 

testing (CV, rate performance, cycling stability, EIS), 

they systematically investigated the adsorption capacity 

of B4C for polysulfides, its catalytic activity, and the 

synergistic structural effects. The study revealed that 

B4C nanoparticles strongly chemically adsorb 

polysulfides via surface B-S and C-S bonds, inhibiting 

their dissolution and shuttle effects. Experimental and 

theoretical calculations confirmed that their adsorption 

capacity significantly outperforms that of pure ACF 

substrates. Additionally, B4C's high conductivity and 

active sites accelerate the conversion reaction of 

polysulfides, reducing overpotential (from 300 mV to 

180 mV) and enhancing lithium ion diffusion efficiency, 

enabling the battery to maintain a reversible capacity of 

928 mAh/g even at a 3C rate. The ACF network provides 

a rapid electronic transport pathway, while B4C 

nanoparticles enhance mechanical stability and mitigate 

sulfur volume expansion, collectively achieving high 

sulfur loading (3.0 mg/cm²) and excellent cycling 

stability. Electrochemical testing shows that the 

battery achieves an initial capacity of 1415 mAh/g at 

0.1C and a reversible capacity of 928 mAh/g at 3C, 

with significantly superior rate performance compared 

to the control group (S/ACF). After 3000 cycles at 1C, 

the capacity decay rate is only 0.012% per cycle, with 

a coulombic efficiency as high as 99.24%, 

demonstrating ultra-long cycle life. XPS and Raman 

analysis indicate that B4C forms B-S and C-S bonds 

with polysulfides, suppressing the shuttle effect and 

promoting reaction kinetics; EIS shows that the charge 

transfer resistance of the B4C-ACF electrode is 

significantly reduced, confirming its efficient charge 

transport capability. This study successfully addresses 

the polysulfide shuttle and reaction kinetics issues in 

Li-S batteries through the design of a B4C-ACF 

dual-functional substrate. The chemical adsorption, 

catalytic activity, and synergistic interaction of boron 

carbide with ACF significantly enhance the battery's 

cycle stability, rate performance, and energy density, 

providing a new strategy for the development of 

long-life, high-energy-density Li-S batteries. 
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Figure 4  (a)MD snapshots of the atomic configurations representing a cross-section of the BC-NWs/S/graphene cylindrical 

structure in a cycle of charge/discharge process.(b)Schematic illustration of a representative volume element of 

BC-NWs@ACT/S/rGO electrode[36] 

 

Figure 5  (a) Digital photos of polysulfide adsorption tests.(b) Binding energy and (c) Bader charge for S atoms regarding different 

B4C@CNF facets.(d) Binding geometry and (e) electron charge transfer when Li2S4 adsorbs on different B4C facets[37] 

3.4 Fuel cells 

In the research and application of fuel cells, the 

selection of materials is of critical importance. Boron 

carbide (B4C) is a highly stable covalent compound. Due 

to its chemical stability, it is an ideal material for use as a 

catalyst support, enhancing the catalyst's activity, 

stability, and resistance to poisoning 
[39]

. Its exceptional 

high-temperature resistance, high electrical conductivity, 

excellent chemical stability, high hydrophilicity, and rich 

surface chemical properties make it a promising candidate 

material in the field of fuel cells
 [40]

. Zhu et al. 
[41]

 

conducted a systematic review of the application 

progress of superhard carbides such as diamond, silicon 

carbide (SiC), and boron carbide (B4C) in fuel cell 

catalysis, exploring the advantages of boron carbide as a 

carrier material and related research findings. Research 

indicates that boron carbide, with its high chemical 

stability, conductivity, and surface activity conferred by 

its strong covalent bond structure, is an ideal alternative 

to traditional carbon carriers. 

Grubb et al. 
[42]

 conducted innovative research on 

fuel cell electrocatalyst supports, using B4C as the 

platinum-based catalyst support material. They prepared 

Pt/B4C composite catalysts via chemical adsorption and 

systematically evaluated their performance in 

hydrocarbon fuel cells using BET specific surface area 

testing and in situ electron microscopy analysis. The 

study demonstrated that the boron-doped carbon 

carrier significantly enhances platinum's catalytic 

activity. At 150°C in phosphoric acid electrolyte, the 

Pt/B4C anode achieved an electro-oxidation current 

density of 5 mA/mgPt for propane, which is 9 times 

higher than that of mechanically mixed platinum black 

catalysts (0.6 mA/mgPt). Additionally, under the same 

surface coverage, the Pt/B4C composite catalyst 

demonstrated superior sintering resistance compared 

to graphite carriers. Experimental data show that the 

boron-doped carbon carrier optimizes metal-carrier 

interactions, increasing the actual active area 

utilization of platinum by 2.7 times (9.3 vs. 3.5 

μA/cm²), while retaining the inherent corrosion 

resistance and oxidation stability of boron-doped 

carbon. This study is the first to confirm the feasibility 
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of boron-doped carbon as a fuel cell electrocatalyst 

carrier, providing a new approach to reducing precious 

metal usage and enhancing electrode stability. 

Meibuhr et al. 
[43]

 conducted a systematic study on 

the performance and mechanism of boron carbide (B4C) 

as a cathode catalyst in alkaline fuel cells. The study 

involved preparing porous nickel-based electrodes by 

mixing boron carbide with polytetrafluoroethylene 

(Teflon) and conducting polarization tests in a 45% KOH 

electrolyte. The experimental results showed that the 

boron carbide electrode exhibited stable oxygen 

reduction catalytic activity at a current density of 50 

mA/cm², with its polarization behavior showing no 

significant correlation with the catalyst loading. However, 

after long-term operation, the performance of 

low-loading electrodes deteriorated more rapidly. After 

removing impurities via an acid/alkali cleaning process, 

the electrode polarization resistance decreased by 

approximately 30%, and performance remained stable 

during a 150-hour test, validating the critical role of 

impurity control in enhancing catalyst stability. 

Research indicates that boron carbide's high electrical 

conductivity (electron conductor), corrosion resistance, 

and resistance to electrochemical oxidation make it a 

potential low-cost cathode material. However, its 

catalytic activity remains lower than that of precious 

metal catalysts. Comprehensive analysis suggests that 

boron carbide is more suitable as a catalyst support 

material. By optimizing the surface properties and 

impurity content of the support, the long-term stability 

and economic viability of fuel cell cathodes can be 

significantly enhanced. 

Mu et al. 
[44]

 prepared platinum-based catalysts 

(Pt-RGO/B4C) loaded with nano-boron carbide 

(B4C)-intercalated reduced graphene oxide (RGO) using 

the ethylene glycol reduction method, and investigated 

their performance and stability in the oxygen reduction 

reaction (ORR) of proton exchange membrane fuel cells 

(PEMFCs). The study demonstrated that B4C 

nanoceramic intercalation effectively suppresses 

graphene agglomeration and wrinkling, forming a highly 

ordered sandwich structure that enables uniform 

dispersion and full exposure of Pt nanoparticles, 

significantly enhancing the catalyst's electrochemical 

active surface area (ECSA) and mass activity. 

Experimental data show that the ECSA of Pt-RGO/B4C 

reaches 121 m²/g, representing a 55% and 92% increase 

compared to Pt/RGO (78 m
2
/g) and commercial Pt/C (63 

m
2
/g), respectively (Figure 6-a). Its ORR mass activity is 

185 A/gPt, which is 1.8 times that of Pt/RGO and 2.9 

times that of Pt/C (Figure 6-b). After 10,000 accelerated 

durability tests, Pt-RGO/B4C retained 45.2% of its initial 

ECSA, significantly outperforming Pt/RGO (29.7%) and 

Pt/C (23.4%) (Figure 6-c). The team revealed that B4C 

intercalation restricts the migration and agglomeration of 

Pt nanoparticles through steric hindrance effects, 

enhances the conductivity and chemical stability of 

graphene, and significantly improves the catalyst's 

corrosion resistance and long-term stability. 

 

Figure 6  (a)ECSA of Pt-RGO/SiC, Pt/RGO and commercial 

Pt/C catalysts.(b)mass activities at +0.9 V vs. RHE in 0.1M 

HClO4 solution.(c)ECSA decay as a function of the number of 

potential cycles 

4 Conclusions and Future Perspectives 

4.1 Conclusions 

This review establishes that boron carbide (B4C) 

and its composites exhibit significant potential in 

mitigating critical challenges across new energy battery 

systems, leveraging their structural rigidity, chemical 

robustness, tunable semiconductivity, and surface 

reactivity. Key advancements include: 

In lithium-ion batteries (LIBs), B4C functions as a 

robust framework or interfacial buffer (e.g., 

Si/B4C/graphite systems), effectively constraining 

volume expansion in high-capacity anodes while 

enhancing electron/ion transport, thereby synergistically 

improving specific capacity and cyclability. 

For sodium-ion batteries (SIBs), its 

three-dimensional architecture provides stabilized Na
+
 

diffusion pathways (e.g., VSe2/B4C@HCG), physically 

mitigating electrode pulverization. 

In lithium-sulfur (Li-S) batteries, B4C chemically 

anchors polysulfides via B-S/C-S bonding and catalyzes 

their conversion (e.g., BC-NWs@ACT/S/rGO), 

substantially suppressing shuttle effects and reinforcing 

cathode integrity. 

Within fuel cells, as a Pt-catalyst support (e.g., 

Pt-RGO/B4C), its corrosion resistance and surface 

properties optimize catalytic dispersion and oxygen 

reduction reaction stability. 

Nevertheless, persistent challenges include high 
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nanomaterial synthesis costs, insufficient intrinsic ionic 

conductivity, and unresolved interfacial reaction 

mechanisms. 

4.2 Future perspectives 

To advance B4C composites in energy storage, four 

strategic research priorities are proposed: 

(1) Performance Optimization: Elucidate 

structure-property relationships through integrated 

computational-experimental approaches to precisely engineer 

materials for enhanced ionic transport, volume-change 

accommodation, and polysulfide entrapment, ultimately 

boosting energy density, longevity, and safety. 

(2) Process Innovation: Develop scalable, 

energy-efficient synthesis routes for nanostructured B4C 

(nanowires, nanosheets, porous architectures). Innovate 

one-step/in situ fabrication of composite electrodes to 

streamline manufacturing, reduce costs, and improve 

interfacial cohesion. 

(3) Advanced Interface Engineering: Decipher 

interfacial interaction mechanisms to design novel 

modification strategies, thereby minimizing interfacial 

resistance, stabilizing electrode-electrolyte interfaces, 

and suppressing parasitic reactions during cycling. 

(4) Cross-Disciplinary Integration: Foster 

convergence of materials science, electrochemistry, and 

characterization physics. Employ atomic-scale analytical 

techniques to unravel reaction mechanisms while 

adapting methodologies from adjacent fields to catalyze 

innovation in battery technology. 
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Abstract 

Photocatalytic hydrogen evolution is of great importance with the proceeding of dual carbon goals, for inorganic catalysts have been 

explored with high efficiency. The structure and properties of oxide composites might take advantage of each compound and display 

an increased activity. In our previous study, boron doped-Cu3Ni/BaTi4O9 possessed a porous structure and its photocurrent response 

was apparent. To further verify its excellent catalytic activity, Al2O3, and SiO2 were selected to replace with BaTi4O9 to prepare 

different composites. The physical and chemical features of each sample were characterized with SEM, XRD, XPS, etc. to reveal 

their structural variations. Correspondingly, the H2 evolution rate was investigated with gas chromatography under the sunlight 

irritation. A distinct hydrogen yield was recorded with prepared samples. Further, the projected density of states analysis was taken 

through density functional theory calculations to appreciate the conduction band of the composite. The offered electrons during the 

photocatalytic process and the potential applicability of composites in the field of photocatalysis was verified. 

Keywords: Photocatalytic H2 evolution; B doped Cu3Ni/BaTi4O9; Porous structure; DFT calculation 

 

1 Introduction 

Oxygenated materials are one of the most important 

catalysts, playing an irreplaceable role in various fields 

of photocatalysis, such as photocatalytic H2 evolution, 

organic matter degradation, and CO2 reduction. Various 

inorganic oxygen materials have attracted widespread 

attention and applied by researchers 
[1]

. Such as BaTi4O9 

(BTO) has a pentagonal prism tunnel structure and is a 

semiconductor with a bandgap of 3.57 eV for the 

potential value in the photocatalytic processes 
[2,3]

.  

The cost effective Al2O3 has excellent chemical 

stability and high thermostability 
[4]

 making it widely 

used in photocatalysis 
[5,6]

. A notable example of its 

utilization in the preparation of Pt and Al2O3 layers was 

simultaneously loaded onto TiO2 nanoparticles to obtain 

an Al2O3/TiO2/Pt composite material 
[7]

. Due to the 

presence of plentiful defect sites in Al2O3/TiO2, Al2O3 

also serves as an excellent electron acceptor for TiO2. 

The transfer of photo-generated electrons from TiO2 to 

the defect level of amorphous Al2O3 greatly facilitates 

the separation of charge carriers 
[8]

. This machanism 

leads to the initial H2 evolution rate increased from 0.4 

μM min
-1

 on TiO2/Pt to 0.9 μM min
-1

 on Al2O3/TiO2/Pt. 

Therefore, introducing Al2O3 onto TiO2 could 

significantly enhance catalytic activity to generate H2. 

Moreover, Yanet et al. 
[9]

 prepared Al2O3:Ce
3+

/Ce
4+

 

materials by using the sol-gel method for the 

photodegradation of phenol. It was found that the 

degradation rate of phenol by Al2O3 material with 1.0 

wt.% Ce could reach 94 % after 3 h of photocatalytic 

reaction. 

Besides that, SiO2 has the advantages of high heat 

resistance and high specific surface area, making it 

suitable as a catalyst in high temperature reactions. 

Therefore, it has also been applied in the field of 

photocatalysis. Experimental indicate that the composite 

material of TiO2 and SiO2 has high Ti
3+

 defects and 

oxygen vacancy. Through close contact of SiO2/TiO2 

composite material with CaP to form a Z-type 

photocatalyst, the H2 evolution rate could respectively 

reach 80.1 μmol g
-1

 and 94.0 μmol g
-1

 in pure seawater 

and artificial seawater within 4 h 
[11]

. In addition, Wang 

et al. 
[10]

 successfully prepared ternary heterostructure 

catalysts ZnIn2S4@SiO2@TiO2 (ZIS@SiO2@TiO2) by 

simple sol-gel and solvothermal methods. Homogeneous 

mixing of TiO2 and SiO2 could form SiO2@TiO2 
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nanoparticles. Then the nanoparticles were uniformly 

inserted into the two-dimensional layered ZIS to form a 

ternary heterostructure, which effectively promotes the 

separation and transport of electrons (e
-
) and holes (h

+
). 

The 150%-ZIS@SiO2@TiO2 nanocomposites exhibited 

an excellent H2 evolution rate (618.3 μmol g
-1 

h
-1

) under 

visible light irradiation, and the Apparent Quantum 

Efficiency (AQE) at 380 nm could reach 17.56 %. 

Several studies have substantiated the activity of 

Al2O3 and SiO2 in the field of photocatalysis. In 

previous studies, our group discussed the modification 

of BTO with CuNi alloy and non-metallic element 

boron (B) for the photocatalytic H2 evolution. To 

further verify the advantages of Cu3Ni alloy and B on 

the activity of BTO and the potential of BTO in the 

photocatalysis field, alumina (Al2O3) and silicon oxide 

(SiO2), were chosen to replace BTO in photocatalytic 

processes. The physical structures and photo-current of 

the prepared sample were investigated through the 

characterizations of the XRD, SEM, UV-vis, etc. The 

performance of H2 evolution was revealed using gas 

chromatography. Following the hydrogen yield, the 

contributions of atomic states were investigated with 

the projected density of states analysis. 

2 Experimental 

2.1 Materials 

All the reagents used in the experiment were of 

analytical grade without any further purification. BaCO3, 

TiO2, KCl, BaCl2, and Bi4Ti3O12 were brought from 

Sinopharm Chemical Reagent Co., Ltd, while AlOOH 

was provided by Xinjiang ZhongHe Co., Ltd. The rice 

husk (RH) and 30T/D electron-assisted thermal 

decomposition treatment equipment were provided by 

Harbin Dingdi Technology and Environmental Protection 

Co., Ltd. The Cupric Acetate Monohydrate 

(Cu(CH3COO)2·H2O, 99.0 %), Nickel Acetate 

(Ni(CH3COO)2·4H2O, 99.0 %), and Sodium Borohydride 

(NaBH4, 98 %) were purchased from Tianjin Yongsheng 

Chemical Co., Ltd. Additionally, the triethanolamine 

(TEOA, 97 %) and C3H8O was purchased from Aladdin 

Reagent (Shanghai) Co., Ltd. 

2.2 Preparation of BTO photocatalyst 

BTO was synthesized using the molten salt method. 

The BaCO3 and TiO2 were mixed with molten salts (KCl 

and BaCl2) and were milled for 8 h. Then, the slurries 

were mixed with the Bi4Ti3O12 particles and 

ball-milled for 1 h. After drying, the reactants were 

heated at 1080 ℃ for 3 h. Then the powders were stirred 

in deionized water multiple times to remove salts, further 

put in a 2 mol L
-1

 of dilute nitric acid for 20 min to 

ensure that the oxides of Bi had reacted completely. 

Finally, the products were washed in deionized water 

several times to obtain pure BTO 
[11]

. 

2.3 Preparation of Al2O3 photocatalyst 

First, 1 g of AlOOH and 10 ml of C₃H₈O were mixed, 

and the mixture was respectively placed in a 70 ℃ 

constant temperature water bath for 8 h at 1500 R·min
-1

 

high speed. Subsequently, , the mixture was transferred 

into a 100 ml autoclave with the Teflon lining for the 

hydrothermal reaction at a constant temperature of 200 ℃ 

for 24 h. Afterward, the substance was filtered and 

washed using deionized water and anhydrous alcohol. 

Then, the obtained products were dried for 30 min. The 

obtained precursor was respectively sintered at 600 ℃ 

for 2 h and the heating rate was 5 
o
C·min

-1
. Finally, the 

white Al2O3 powder was collected. 

2.4 Preparation of SiO2 photocatalyst 

The RH undergoes a simple sorting from the 

feeding port. It passes through a drying layer and is dried 

by hot gas at the bottom of the reaction device for 1 h. 

Next, enter the thermal decomposition layer. Here a 

stream of electron containing air (electrons injected into 

air) is fed into the device through the air inlet on the 

device wall by using a blower in the device center, which 

is helpful to increase the temperature of the hot zone. On 

the other hand, the radiation energy released by the 

ceramics, which was collected from the previous 

treatment, further reflects the reactor section and 

promotes the reactor temperature. After continuous 

treatment for 6 h, the furnace was shut down and the 

SiO2 sample was collected. 

2.5 Preparation of B(3)-Cu3Ni/X photocatalyst 

In brief, B(3)-Cu3Ni/Ba2Ti4O9 was obtained with 

the following protocol. Cu(CH3COO)2·H2O, 

Ni(CH3COO)2·4H2O, and BTO were mixed with the 

mass ratio of 3:1:1 to get Cu3Ni/Ba2Ti4O9. In the mean 

time, 20 mL of 3%NaBH4 was added and then with 

stirring till uniformly mixed at room temperature. Then 

the mixture was hydrothermal treated in an autoclave at 

120 
o
C for 6 h. After cooling to room temperature, the 

precipitates were collected and washed with deionized 

water in sequence several times. Subsequently,, the 

solid sample was calcined at 600 
o
C for 2 h using N2 as 

the carrier gas with a heating rate of 5 
o
C min

-1
 to 

obtain B(3)-Cu3Ni/BTO. Correspondingly, 

B(3)-Cu3Ni/Al2O3 and B(3)-Cu3Ni/SiO2 were prepared 

in same conditions. 

2.6 Characterizations  

To observe the morphology of the prepared samples, a 

scanning electron microscope (SEM) (Hitachi Electronics 

SU8010, Japan) was used. The structural information of the 

samples was characterized by the X-ray diffraction (XRD) 

using Bruker D8 Advance diffractometer (Bruker, Germany) 

with Cu-Kα radiation at 30 kV and 30 mA. The main 

functional groups of the sample were analyzed using the 

VERTEX 70 FTIR Spectrometer (Bruker Company, 
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Germany) using the KBr pellet method. To explore its photo 

response the UV-vis diffuse absorption spectra (Metash 

UV-8000, China) were used.  

2.7 Photoelectrochemical tests 

The photocurrent electrode was prepared as follows. 

2 mg of the sample powder and 6 mL of ethanol were 

mixed with ultrasonic dispersion for 30 min. Then 100 

μL of the suspension was uniformly dropped on the 

surface of prepared indium tin oxide (ITO) (2 cm × 2 cm) 

conductive glass. After the membrane was formed on the 

ITO substrate, it was cleaned with distilled water and 

ethanol in sequence for 1 h. Finally, the electrode was 

dried in an oven at 60 ℃ and an effective area of 4 cm
2 

covered with the sample was successfully obtained. 

The photocurrent response of samples was 

measured by the electrochemical workstation (Zahner 

ZENNIUM IM6) in a standard three-electrode system at 

room temperature. In the system, Ag/AgCl was the 

reference electrode and Pt/C acted as a counter 

electrode. The sodium sulfate solution (0.2 mol L
-1

) was 

used as an electrolyte. The white light-emitting diode 

with the intensity of 10 mW·cm
2
 was used as the light 

source, and the switching state of the light source was 

switched every 20 s 
[12]

. 

The electrochemical measurements, including the 

electrochemical impedance test (EIS) and 

Mott-Schottky (M-S) test, were recorded with the 

electrochemical workstation. The electrolyte was set in 

1 M of KOH solution. 

2.8 Photocatalytic tests 

In the photocatalytic H2 evolution experiment, the 

300W Xenon lamp, reaction device, and gas 

chromatography (Agilent 8860) were connected to 

calculate the H2 evolution of photocatalysts. The 40 mg 

of photocatalyst and 8 mL of TEOA as the sacrificial 

agent were dispersed into a reaction apparatus 

containing 80 mL of pure water 
[13]

. Simultaneously, 

cooling water was connected to maintain the 

photocatalytic process at approximately room 

temperature. The argon gas (Ar) was used as the carrier 

gas, and injected into the reactor for over 20 min to 

remove the air before illuminating.  

After completing the blowing process, the actual 

H2 evolution was tested by sampling with a GC 

analyzer at the 5th min of the initial reaction stage. 

Subsequently, sampling testing was conducted every 15 

min for a total of 300 min, which is 5 h. Once the test 

was completed, the solid catalyst was dried in an 80 
o
C 

oven for 6 h through the centrifuge and washing steps, 

then the sample underwent 4 cycles of 5 h each to test 

its cyclic performance. 

To calculate the AQE, we used a xenon lamp with 

various optical filters to obtain light with different 

wavelength ranges. It could be defined using an equation (1): 

AQE =
Ne

Np
× 100 % =

2n(H2)

Np
=

2n(H2)(h×c)

I×A×λ
× 100 % (1) 

In the above formula, n(H2) represents the number 

of H2 molecules produced per second, I (W cm
-2

) 

represents the energy of the light source per unit area, A 

(cm
2
) represents the illuminated area, λ represents the 

wavelength of the incident light, h is the Planck constant, 

and c means the speed of light 
[14]

. 

2.9 DFT calculations 

The DFT was employed to investigate the electronic 

properties of B(3)-Cu3Ni/BTO, B(3)-Cu3Ni/Al2O3 and 

B(3)-Cu3Ni/SiO2 
[15]

. The system's properties are 

calculated by optimizing the corresponding model 

structure, including relaxing all atomic positions. The 

exchange correlation energy between electrons is 

described by the PBE (Perdew Burke Ernzerhof) 
functional under the generalized gradient approximation 

(GGA) 
[16,17]

, which is implemented in the CASTEP 

program of Device Studio 
[18]

. A plane wave's cutoff 

energy is set to 300 eV, and the energy convergence 

standard is 2 × 10
-5

 eV per atom. The force on the 

relaxed atom is less than 0.02 eV Å
-1

, and the Brillouin 

zone is sampled using a 4 × 4 × 1 grid. This method is 

used to calculate the density of states (DOS) of various 

catalysts. The highest energy level occupied by electrons 

is set to energy zero during the calculation process 
[19]

. 

3 Results and Discussion 

The microstructure of composites was observed 

through SEM. Figure 1a shows the BTO exhibits a 

dispersed and irregular nanosheet layered structure. 

Meanwhile, B(3)-Cu3Ni/BTO photocatalyst displays an 

uneven porous surface with 1～2 µm macropores and a 

large number of abundant mesopores appearing (Figure 

1b). The Al2O3 in Figure 1c exhibits agglomerated 

spherical nanoparticles with a particle size of 

approximately 30 nm 
[20,21]

. However, the 

B(3)-Cu3Ni/Al2O3 composite catalyst (Figure 1d) 

underwent significant changes, with the formation of 10 

µm super large pits on the surface and formed 

unconnected hollow structures, which is not conducive to 

the transmission of electrons. This phenomenon might be 

due to the layering treatment of BTO, which makes it 

easier to form pores on the surface, while the 

agglomeration phenomenon of Al2O3 makes the surface 

more stable and more difficult to make pores. In Figure 

1e represents irregularly large particles, with the 

agglomeration of crystalline grains, and the 

B(3)-Cu3Ni/SiO2 presents a rough surface with some 

agglomerated particles on it (Figure 1f). 

The influence of different substances on the 

crystallinity was analyzed by XRD. As shown in Figure 

2a, the diffraction peaks are located at 43.9 °, 53.1 °, and 

75.1 °, corresponding to the (111), (200), and (220) 

crystal planes of Cu3Ni alloy (JCPDS: 65-9048), 

respectively. The presence of (111) crystal plane 

corresponding to 43.93 ° is located between 45.38 ° of 

metal Ni (111) and 43.7° of metal Cu (111), indicating 
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the formation of Cu3Ni alloy 
[22]

. The main characteristic 

peaks at 23.26 °, 28.34 °, 30.11 °, 33.96 °, and 47.91 ° 

belong to the (301), (111), (211), (302), and (020) crystal 

planes of pure BTO (JCPDS: 77-1565)
[23]

. The 

characteristic peak corresponding to the (211) crystal 

plane of BTO in B(3)-Cu3Ni/BTO tends to weaken. This 

might be due to the substitution of Ti or O in BTO by B 

atoms, which introduces defects changes the lattice 

parameters, and leads to structural intensity decreases 
[24]

. 

This result indicates that B has been successfully doped 

into the BTO structure. The XRD peaks of Al2O3 

(JCPDS: 29-0063) include the main peak at 37.36 °, 

46.42 °, and 66.83 ° correspond to the (113), (004), and 

(044) crystal planes 
[25,26]

. The characteristic peak of 

B(3)-Cu3Ni/Al2O3 is mainly CuNi alloy, which may be 

due to the contribution of Al2O3 nanostructure. It is 

observed that the crystal structure of SiO2 has strong 

characteristic peaks, which are consistent with 

cristobalite (JCPDS: 77-1317) and tridymite (JCPDS: 

86-0681) 
[27]

. Due to similar preparation conditions of 

these two crystal phases, when the crystallization 

temperature is below 1400 ℃, a cristobalite-tridymite 

(CT) structure will be formed 
[28]

. The characteristic 

peaks of SiO2 and CuNi alloy are both obvious in 

B(3)-Cu3Ni/SiO2. From the XRD results, it was observed 

that there are characteristic peaks of CuNi alloy in all 

three composites, and the characteristic peaks of BTO, 

Al2O3, and SiO2 are also retained according to their 

relative strength as shown in Figure 2a. Notably, the 

strong characteristic peaks undergo slight shifts, which 

also proves that B replaces Ti, Al, and Si respectively, 

and connects with O to enter the BTO, Al2O3, and SiO2. 

The functional groups and chemical types of the 

catalyst was determined through FTIR analysis as 

depicted in (Figure 2b). Characteristic peak at 

approximately 621 cm
-1

 corresponds to the Ti-O 

stretching vibration of octahedral groups in complex 

perovskite structures, and the peak at 827 cm
-1

 displays 

the O-Ti-O stretching vibration, these characteristic 

peaks confirmed the presence of BTO 
[29]

. The peaks at 

approximately 1655 ～ 1630 and 3400 ～ 3480 cm
-1

 

correspond to the adsorbed water in the catalyst and the 

-OH on the surface 
[30,31]

. The strong broadening band at 

1000～400 cm
-1

 and two distinct peak bands indicate 

Al-O vibration 
[32]

. Peaks around 1406 cm
-1

 and 1640 

cm
-1

 are the bending vibration peaks of Al-OH 
[33]

, and 

several inconspicuous peaks in the broad peaks at low 

wavelengths, located at 1064 cm
-1

 and 746 cm
-1

, 

respectively, representing the torsional and stretching 

vibrations of the Al-O bond 
[34,35]

. SiO2 shows peaks at 

475 ～ 440 cm
-1

 and 870 ～ 805 cm
-1

, represented by 

Si-O symmetric bending vibration and symmetric 

stretching 
[36]

. Due to intermolecular dehydration, Si-O 

bonds polymerize to form Si-O-Si chains, which further 

indicates the presence of SiO2 in the sample. The strong 

and wide peak is located in the region of 1100-1000 cm
-1

, 

which is the transverse symmetric stretching vibration 

absorption peak of the Si-O-Si bond 
[37]

. As the 

temperature of thermal decomposition increases, the 

characteristic peak here becomes sharper and smoother, 

indicating an increase in the purity of SiO2 in the sample. 

Additionally, the peak near 1655～1630 cm
-1

 is the 

H-O-H bending vibration peak of water, which is a 

typical characteristic peak of white carbon black 
[38]

.  

 

Figure 1 The SEM of (a) BTO, (b) B(3)-Cu3Ni/BTO, (c) Al2O3, (d) B(3)-Cu3Ni/Al2O3, (e) SiO2 and (f) B(3)-Cu3Ni/SiO2 

 

Figure 2  The (a) XRD spectra and (b) FTIR spectra of BTO, B(3)-Cu3Ni/BTO, Al2O3, B(3)-Cu3Ni/Al2O3, SiO2 and B(3)-Cu3Ni/SiO2 
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With the doping of Cu3Ni alloy, the intensity of the 

-OH peak at 3423 cm
-1

 significantly increases, indicating 

that Cu3Ni could make the composite material more 

hydrophilic, which is conducive to the occurrence of 

photocatalytic water splitting reaction 
[39,40]

. The 

comparison of the three composites shows that the Cu3Ni 

alloy has a more significant effect on the surface 

functional groups of BTO. However, the vibration band of 

Cu3Ni alloy in the complex is not detected because it is not 

active in FTIR and is not suitable for its detection 
[41]

. 

Nevertheless, the characteristic peaks of the complex are 

consistent with their corresponding substances. 

Meanwhile, Due to the doping of B, the electronic 

structure of BTO, Al2O3, and SiO2 have changed, 

resulting in the characteristic peaks of these substances 

all having a slight shift. 

The photocatalytic activity is closely related to the 

light absorption performance of the photocatalyst. To 

explore the differences in optical properties between 

different oxides and corresponding composites, UV-vis 

tests were conducted (Figure 3a). The BTO has a lower 

absorption intensity in 410 ～ 1000 nm, with an 

absorption edge is around 410 nm. Al2O3 overall 

absorbance is the least, while SiO2 exhibits superior 

absorbance in the visible light region, with an absorption 

edge is around 470 nm. It could be found that the light 

absorption ability of all three composites is significantly 

improved by modification with CuNi alloy and B, and 

the absorbance of B(3)-Cu3Ni/BTO is the best. 

To investigate the reason for photocatalytic activity 

increasing after B-doping, photoelectrochemical tests 

were conducted. In Figure 3b, all prepared photocatalysts 

exhibit repeatable photocurrent responses within each 

illumination cycle. During the switch light irradiation 

cycle, the photocurrent rapidly decreases in the dark. The 

photoelectric current response of composites is superior 

to that of pure oxides. B(3)-Cu3Ni/BTO composite 

exhibits the highest photoelectric current response under 

visible light, followed by B(3)-Cu3Ni/SiO2, and finally 

B(3)-Cu3Ni/Al2O3. This finding indicates that Cu3Ni 

alloy and B greatly promote photocatalytic reactions 

making the composite have better separation efficiency 

for e
-
 and h

+
 than pure oxides 

[42]
. 

Then, an EIS test was conducted to clarify the 

charge transfer process at the interface between 

photocatalysts and electrolytes. The semicircle width in 

the high-frequency region reflects the charge transfer 

resistance (Rct) 
[40]

. In Figure 3c, the BTO has the 

smallest semi-circular diameter in the oxide, indicating 

that the charge at its interface is easily transferred to the 

surface to participate in the reaction
[43]

. The semicircles 

of all composites are smaller than their related oxides, 

meaning that the charge transfer resistance of the oxides 

after the composite of Cu3Ni alloy and B is smaller, 

which is more conducive to the photocatalytic process. 

Among the composites, the semicircle diameter of the 

B(3)-Cu3Ni/BTO is the smallest. 

Meanwhile, the M-S curve generally describes the 

semiconductor properties of catalysts. A positive slope 

means an n-type semiconductor with e
-
 as carriers, while 

a negative slope means a p-type semiconductor with h
+
 

as carriers. From Figure 3d, both the oxide and its 

corresponding composites are n-type semiconductors 

with significant photocurrent response properties. As 

indicated the modification of Cu3Ni and B do not alter 

the semiconductor properties of the catalyst. Comparing 

the test curves of all photocatalysts, the overall M-S 

curve of the composite material shows a significant 

increase, indicating an increase in free e
-
 in the catalyst 

after modification 
[44]

. Especially, the slope of 

B(3)-Cu3Ni/BTO is smaller than that of other catalysts, 

fitting to a faster rate of photogenerated charge transfer. 

From the above tests, it could be found that the 

photoelectric characteristic pattern is BTO ＞ SiO2 ＞
Al2O3. These correspond to the same sequence of the 

composites in the photocatalytic H2 evolution reaction. 

The effect of catalysts on the photocatalytic H2 

production process was investigated under a 300 W Xe 

lamp irradiation within 5 h, as shown in Figure 4a. BTO has 

the lower H2 evolution, with only 9.11 μmol g
-1
 within 5 h. 

However, Al2O3 and SiO2 do not produce H2. During the 

first 30 min of the reaction, B(3)-Cu3Ni/BTO has the 

highest H2 evolution and could reach 1590.3 μmol g
-1

. At 

the 300th min, the catalyst still participates in the reaction 

and produces H2. However, the B(3)-Cu3Ni/SiO2 shows 

little H2 evolution after 200 min, while B(3)-Cu3Ni/Al2O3 

showed little H2 evolution after 150 min, resulting in the 

worst photocatalytic activity and stability.  

Figure 4b shows the H2 evolution rate of different 

oxides and corresponding composites. The maximum H2 

evolution rate of B(3)-Cu3Ni/BTO is 318.06 μmol g
-1

 h
-1

, 

is 101.18 times that of BTO (1.82 μmol g
-1

 h
-1

), 6.69 

times that of B(3)-Cu3Ni/Al2O3 (47.57 μmol g
-1

 h
-1

), and 

3.61 times that of B(3)-Cu3Ni/SiO2 (88.12 μmol g
-1

 h
-1

). 

The AQE of B(3)-Cu3Ni/BTO, B(3)-Cu3Ni/Al2O3, and 

B(3)-Cu3Ni/SiO2 samples were conducted. As shown in 

Figure 4c, the AQE matched well with the absorption 

spectrum. Moreover, the AQE of B(3)-Cu3Ni/BTO is 

8.91 % under the wavelength of 420 nm, which is 

significantly attributed to B(3)-Cu3Ni/Al2O3 (1.33 %) 

and B(3)-Cu3Ni/SiO2 (2.47 %). The performance of the 

designed material was compared with previously 

reported work. It was observed that the prepared catalyst 

has a good hydrogen evolution rate, which can be attributed 

to its high surface porosity. Besides this, the prepared 

material water hydrogen evolution performance exhibits 

excellent cycling reactivity. After 4 cycles of experiments, 

Cu3Ni/BTO the crystal structure of the catalyst has not 

changed, indicating that the catalyst has excellent 

cyclability 
[41]

, and the contaminant degradation reached up 

to 94% as compared to the previously reported literature 
[35]

. 

Thus Cu3Ni is suitable for BTO the composite ratio which 

will significantly improve the photocatalytic hydrogen 

production activity of the catalyst. 
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Figure 3  The (a) UV-vis absorbance spectra, (b) transient photocurrent density responses, (c) EIS spectroscopy, and (d) M-S 

spectroscopy of BTO, B(3)-Cu3Ni/BTO, Al2O3, B(3)-Cu3Ni/Al2O3, SiO2 and B(3)-Cu3Ni/SiO2 

 

Figure 4  The real time photocatalytic H2 evolution over time within 5 h under visible light irradiation (λ＞ 400 nm), and (b) H2 

evolution rate of BTO, B(3)-Cu3Ni/BTO, B(3)-Cu3Ni/Al2O3 and B(3)-Cu3Ni/SiO2; (c) The AQE value under 420 nm. 

Based on the above performance testing results, it is 

elaborated that the H2 evolution performance of the 

catalyst is consistent with the photoelectric 

characteristics, proving that BTO is more suitable for 

photocatalytic reaction processes. Different oxides not 

only affect the microstructure of the composite material 

but also alter its photocatalytic activity. 

Combining the above analysis, the three different 

crystal structures were constructed by doping BTO, Al2O3, 

and SiO2 with 3% B, separately. And the cell structures of 

composites are established by putting Cu3Ni and oxides 

doped with B in the same space for DFT calculations. To 

compare the contributions of atomic states, Figure 5a shows 

the DOS and PDOS of the main atoms of B(3)-Cu3Ni/BTO. 

The valence band (VB) of B(3)-Cu3Ni/BTO is mainly 

composed of O 2p, while CB is composed of Ti 3d, Cu 2p, 

and Ni 2p, proving that after the composite of Cu3Ni alloy 

and B(3)-BTO, CuNi alloy does indeed provide more free e
-
 

for the CB of BTO to participate in the photocatalytic 

reaction. From Figure 5b, the VB of B(3)-Cu3Ni/Al2O3 is 

mainly composed of Al 2p and O 2p, while CB is composed 

of Al 2p, with smaller contributions from other atoms. 

Compared with Figure 5a, the VB component in 

B(3)-Cu3Ni/Al2O3 is composed of O 2p and Al 2p state 

cross-linking, indicating that the doping of 3% B has 

minimal effect on the electronic structure of Al2O3, and the 

minimum amount of e
-
 on the B(3)-Cu3Ni/Al2O3 surface 

indicates that its catalytic activity is the lowest. In Figure 5c, 

the VB of B(3)-Cu3Ni/SiO2 is mainly composed of O 2p, 

while CB is composed of Si 2p and Cu 2p, with smaller 

contributions from other atoms. Moreover, the Si atom in 

B(3)-Cu3Ni/SiO2 provides a lower amount of e
-
 in CB, 

resulting in lower photocatalytic activity. The results 

obtained from DFT calculations are consistent with the 

experimental results, which also proves the accuracy of the 

experimental results. 
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Figure 5  The DOS and PDOS plots for (a) B(3)-Cu3Ni/BTO, (b) B(3)-Cu3Ni/Al2O3, and (c) B(3)-Cu3Ni/SiO2. The black solid line 

represents the DOS rest of the color present PDOS in Figure 5a-c 

4 Conclusions 

The photocatalysis of hydrogen with B atoms 

doping in CuNi/BTO composite was discussed in the 

current research work. The conventional photocatalytic 

oxides (Al2O3 and SiO2) were used to compare with 

BTO to explore the efficacy of BTO. Three different 

composites namely B(3)-Cu3Ni/BTO, 

B(3)-Cu3Ni/Al2O3, and B(3)-Cu3Ni/SiO2 were 

systematically investigated to demonstrate the 

advantages of BTO for photocatalysis. Notabley when, 

compared with Al2O3 nanoparticles and porous silicate, 

the BTO composite showed a high photo-current 

response and small resistance. Specifically, the 

B(3)-Cu3Ni/BTO composite possessed a porous 

structure and exhibited superior optoelectronic 

properties and photocatalytic H2 activity (318.06 µmol 

g
-1

 h
-1

) than the corresponding nanoparticles. 

Moreover, the PDOS tests also proved that 

B(3)-Cu3Ni/BTO could provide more e
-
 to participate 

in the redox reaction of photocatalytic reactions. The 

current finding demonstrates the practical significance, 

show casing the superior H2 evolution rate of 

B(3)-Cu3Ni/BTO (318.06 μmol g
-1

 h
-1

). This result 

confirms the potential applicability of BTO in the field 

of photocatalysis and paves the way for the generation 

of high efficient material. 
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Abstract 

Carbonized polymer dots(CPDs), as a new type of carbon-based nanomaterials, have been widely used in the fields of biosensing[1], 

light-emitting devices[2], and energy storage systems[3-4]due to their tunable photovoltaic properties and abundant surface functional 

groups. Especially in energy storage, it has good prospects and applications as an artificial negative electrode protective layer[5] for 

zinc-ion batteries(AZIBs). However, less research has been done on its use as an additive in zinc ion battery electrolyte[6]. We 

developed a method for the rapid synthesis of CPDs using citric acid as a substrate and urea as a nitrogen-doped additive using the 

microwave method at 1000W. The synthesized CPDs have graphitized carbon core centers as well as a wide range of peripheral 

functional groups. Due to the great potential of CPDs in the field of zinc ion batteries, we applied them as electrolyte additives in the 

electrolyte of aqueous zinc ion batteries, which can effectively inhibit the growth of dendrites on zinc anode, the precipitation of 

hydrogen and oxygen in the electrolyte, and at the same time, the corrosion current of the electrolyte on the anode is extremely low, 

which can greatly inhibit the corrosion of zinc anode in the electrolyte, and can effectively promote the rapid diffusion of zinc ions 

from the two-dimensional to the three-dimensional, which can greatly improve the long-cycle stability of zinc ion battery, as well as 

the stability of the long-cycle stability of the zinc ion battery. It can also effectively promote the rapid diffusion of zinc ions from 

two-dimensional to three-dimensional, which greatly improves the long cycle stability of zinc ion battery and the cycle life of the 

whole battery. The zinc iodine battery has a stable cycle time of 43,000 cycles, a capacity retention rate of 90%, and a Coulombic 

efficiency of 100%. 

Keywords: CPDs; microwave method; dendrite growth; corrosion; cyclic stability 

 

1 Introduction 

In recent years, with the transition of global energy 

structure to renewable energy, large-scale energy storage 

technology has become the key to solve the stability of 

intermittent energy sources. However, the current 

mainstream lithium-ion batteries have hindered their 

marketability in the energy storage industry due to 

potential problems such as high cost, resource depletion 

and flammability of organic electrolyte
[7-8]

. Therefore, the 

development of secondary batteries with the advantages of 

safety, high efficiency, environmental protection and low 

cost has gradually become a trend
[9]

. The aqueous zinc ion 

battery has become a highly promising energy storage 

device due to its unique advantages. Zinc ion adopts 

non-flammable aqueous electrolyte, which fundamentally 

solves the risk of thermal runaway; zinc resources are 

abundant and inexpensive, which significantly reduces the 

cost of raw materials; at the same time, zinc is non-toxic, 

easy to recycle, and has better environmental compatibility. 

In addition, zinc anode has high theoretical specific 

capacity (820 mAh g
-1

) and low electrochemical potential 

(-0.76 V)
[10]

, with manganese-based, vanadium-based 

anode materials can realize efficient energy storage and 

fast charge and discharge. However, at the same time, zinc 

ion batteries also face certain problems, for example, the 

surface of zinc negative electrode is prone to tip effect due 

to the uneven distribution of electric field, forming 

dendritic crystal growth, piercing the diaphragm and 

causing short circuit, and hydrogen precipitation and 

chemical corrosion inevitably occurs in the aqueous 

electrolyte, which greatly reduces the cycling stability and 

coulombic efficiency of zinc ion batteries
[11]

. Therefore, 

based on the defects of zinc ion batteries, the use of 

microwave method to prepare citric acid, urea carbon point, 

as an electrolyte additive, not only can effectively inhibit the 

zinc negative electrode dendrite growth, electrolyte 

hydrogen precipitation and oxygen precipitation reaction, 

but also can improve the transmission efficiency of Zn
2+

, 

and greatly improve the zinc ion batteries long-cycle 

stability, and the performance of the whole battery. 
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Figure 1  Synthesis of CPDs

2 Synthesis Method 

As shown in Figure 1, the carbonized polymer dots 

were successfully synthesized by microwave method 

using citric acid and urea as substrates and water as 

solvent, and reacted for ten minutes at 1000 W. This 

synthesis method is low cost, easy to prepare, and the 

quantum yield of the reaction is high, while having good 

water solubility. 

3 Experimental Part 

3.1 Electrochemical test properties 

The synthesized carbon dots were added to the 2M 

ZnSO4 electrolyte at 3 mg / mL and stirred overnight at 

room temperature. The prepared electrode solution was 

added to the button cell for testing. Tafel and hydrogen 

evolution reaction tests allowed comparison of the 

corrosion behavior of the zinc negative electrode in the 

two electrolytes before and after the addition of CPDs. As 

shown in Figure 2 (a), the corrosion current of zinc 

negative electrode in ZnSO4 electrolyte with CPDs added 

decreased from 1.156 mA cm
-2

 to 0.1257 mA cm
-2

, which 

indicates that the zinc negative electrode is well protected 

by the addition of CPDs, and there is almost no 

by-products such as zinc alkali sulfate generated, which 

can effectively inhibit the occurrence of corrosion reaction. 

From the hydrogen precipitation curve in Figure 2 (b), it 

can be seen that the zinc negative electrode has a more 

negative potential response in the electrolyte containing 

CPDs at the same current density. It proves that CPDs 

contain more strongly paired functional groups with lone 

pair of electrons, which are able to pair with zinc ions, 

making the existence of free and structured water around 

zinc ions in the electrolyte change in form, and better 

inhibiting the reduction of hydrogen ions. As shown in the 

oxygen uptake curve in Figure 2 (c), the electrochemical 

stabilization window of the electrolyte with added CPDs 

increased from 2.52 V to 2.56 V, indicating that CPDs can 

be adsorbed on the electrode surface to occupy the active 

sites of oxygen molecules, hindering the adsorption and 

reduction of oxygen and inhibiting the oxygen-induced 

corrosion reaction. At the same time, by CA curves of zinc 

ion batteries under two different electrolytes, it can be 

concluded that the 2D to 3D diffusion transition after 

adding CPDs appears faster or slower, as in Figure 2 (d), 

the 2D to 3D transition of the ZnSO4 electrolyte is in 100 s, 

while the 2D diffusion to 3D diffusion transition of the 

electrolyte with the addition of CPDs has already occurred 

in only 27 s, and the quicker transition it can effectively 

improve the ion transport efficiency and electrode kinetic 

performance, enhance the utilization of active sites, and 

alleviate the dendrite growth problem.  

 

Figure 2  (a) Tafel curves. (b) HER test. (c) LSV curves. (d) Chronoamperometry (CA) curves for zinc negative electrode 
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Next, the electrochemical impedance (EIS) test 

was performed on the cell, and it can be concluded from 

Figure 3 (e) that the charge transfer resistance of the 

cell in the electrolyte containing CPDs is significantly 

lower than that in the ZnSO4 electrolyte without CPDs, 

indicating that there is a fast ion transfer capability 

within it, so that the zinc ions and the electrons can 

have a fast reaction at the solid-liquid interface to 

alleviate the zinc deposition and improve the 

electrochemical performance. The values of ionic 

conductivity as well as ion mobility number were 

measured to demonstrate that the addition of CPDs has 

improved the ion transport kinetics of zinc ions. As 

shown in Figure 3 (f), the ionic conductivity of the cell 

was tested using electrochemical impedance test, and it 

was calculated that the ionic conductivity of the 

electrolyte with the addition of CPDs was 29.9 mS cm
-1

, 

while the ionic conductivity of the electrolyte without 

the addition of CPDs was 24.2 mS cm
-1

, which is a 

more obvious difference, indicating that the addition of 

CPDs effectively improves the ion transport kinetics. 

As shown in Figure 3 (g, h), the timed current method 

combined with electrochemical impedance method was 

utilized to indicate the transference ability of zinc ions 

under different electrolytes. It can be calculated that the 

ion mobility number in the electrolyte containing CPDs 

is 0.44, while the ion mobility number in the electrolyte 

without CPDs is only 0.17, which is because CPDs 

have abundant functional groups on the surface that can 

be combined with zinc ions, have a conductive effect to 

promote the transport of zinc ions, and guide the 

homogeneous deposition of zinc ions to inhibit the 

growth of branching crystals, which can effectively 

improve the ion transport kinetics. 

3.2 Cell properties 

In order to test the effect of CPDs on the 

electrochemical properties, we assembled Zn||Zn 

symmetric cells for cycle profile determination. As 

shown in Figure 4 (a), at a current density of 2 mA cm
-2

 

and a capacity of 1 mAh cm
-2

, the Zn||Zn symmetric 

cell under the ZnSO4 electrolyte without CPDs 

completely short circuit after only 80 h of cycling, 

whereas the Zn||Zn symmetric cell under the electrolyte 

containing CPDs was able to cycle stably for more than 

873 h, with a cycling life of about eleven times longer 

than that of the former. Moreover, as shown in Figure 4 

(b) shows the enlarged cycling curves of the battery 

under the two electrolytes for the first 10 h. It can be 

seen that the polarization voltage of the battery is 

smaller after adding CPDs, which makes it easier for 

the zinc ions to nucleate uniformly, and effectively 

reduces the charge transfer impedance and interfacial 

resistance inside the battery, and promotes the rapid and 

uniform transmission of zinc ions. Figure 4 (c), the 

voltage of the former can still be kept very stable in the 

last 10 h of the cycle, and this gap strongly proves that 

the CPDs have high electrical conductivity and rich 

surface functional groups, which not only promote the 

uniform deposition of zinc ions and inhibit the growth 

of dendritic crystals, but also regulate the ionic flow 

through the distribution of the surface charge, reduce 

the side reactions and electrode corrosion, and 

effectively solve the common problems of zinc batteries, 

such as poor reversibility and short life. 

 

Figure 3  (e) EIS test for symmetric cell. (f) Ionic conductivity of both electrolytes. (g, h) Ionic transference number of both electrolytes 
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Figure 4 (a) Cycling properties of Zn||Zn symmetric cell at 2 mA cm-2 1 mAh cm-2 current density. (b) Cycling magnification of the 

first 10 h. (c) Cycling magnification of the second 10 h 

 

Figure 5  (d) Coulombic efficiency at 2 mA cm-2 1 mAh cm-2 current density. (e, f) Capacity-voltage curves for different number of 

turns. (g) CV curves. (h) Cycling performance of the Zn || I2 full cell at 5A g-1 
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In addition to the stable cycling performance, CPDs 

as electrolyte additives can also exhibit excellent 

Coulombic performance in Zn||Cu asymmetric batteries. 

As shown in Figure 5 (d), under the condition of current 

density of 2 mA cm
-2

 and capacity of 1 mAh cm
-2

, the 

Coulombic efficiency is unstable and the battery is 

short-circuited after cycling for 80 cycles in the battery 

with only ZnSO4 electrolyte, whereas the electrolyte 

containing CPDs is still stable after cycling for 626 

cycles and is able to reach more than 99.5%, which 

indicates that the CPDs are able to optimize the zinc ions' 

deposition/dissolution behavior, inhibit the growth of 

dendrites, and prevent piercing the diaphragm leading to 

battery short circuit.  

In order to verify whether CPDs can be used as 

electrolyte additives for zinc ion batteries to improve the 

cycling performance of the batteries in practical 

applications. We assembled a Zn||I2 full battery with I2 as 

the cathode material. As shown in Figure 5 (h), the cell 

with CPDs added was able to cycle stably for about 

43,000 cycles at a discharge specific capacity of about 

190 mAh g
-1

 under 5 A g
-1

, with a capacity retention of 

up to 90%, and the Coulombic efficiency could be 

maintained at 100% at all times. In contrast, the cell 

without CPDs electrolyte completely deteriorated after 

only 670 cycles, and the cycle life was drastically 

reduced. It is proved that the addition of CPDs can not 

only inhibit the dendrite growth and corrosion reaction of 

zinc ions, but also anchor the free iodine species by the 

rich oxygen/nitrogen-containing functional groups on the 

surface of CPDs, inhibit the shuttle effect of multiple 

iodides, and minimize the loss of active substances, 

which greatly improves the cycling stability and the 

Coulombic performance of the battery. 

As shown in Figure 5 (e, f), the capacity voltage 

curves of the two electrolytes added to the cell at 

different number of laps, the addition of CPDs may be 

due to the introduction of a large number of electrolyte 

additives resulting in a slight increase in polarization 

voltage compared to the addition of the ZnSO4 

electrolyte, but it does not affect the cycling stability 

because the polarization voltage is decreasing with the 

increase of the number of laps. Meanwhile, as shown in 

Figure 5 (g) in comparing the CV curves of the two, it 

can also be found that the nucleation overpotential of 

the asymmetric cell decreases after the addition of 

CPDs, and the energy barrier decreases, which is 

conducive to the generation of zinc monomers by the 

reduction of zinc ions. 

4 Conclusions 

In summery, in order to solve the problem of zinc 

ion batteries hindering their development in large-scale 

energy storage systems due to the defects of dendrite 

growth, corrosion and hydrogen precipitation reaction, 

the electrolyte of zinc ion batteries is modified by 

adding carbonized polymer dots (CPDs), which are 

rapidly synthesized by microwave method using citric 

acid and urea as the substrate, as the additive of 

electrolyte. Through a series of electrochemical tests, 

cycling and coulometric performance tests, we found 

that CPDs have a strong adsorption capacity for Zn
2+

, 

which can not only change the solvation structure of 

Zn
2+

, inhibit corrosion, and reduce the occurrence of 

side reactions, but also improve the transport rate of 

Zn
2+

, induce uniform deposition of zinc ions, and 

inhibit the growth of zinc ions dendritic crystals, Thus 

improving the properties of zinc-ion batteries. 

Ultimately providing a referenceable method for the 

development of zinc ion batteries. 
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this study are available within the paper. 
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