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Abstract
Vanadium carbide,  V8C7/C, with low crystallization and loose inner structure is successfully designed via a convenient 
method of optimizing annealing time. This structure increases electrochemical reaction active sites, decreases lattice strain, 
and accelerates lithium/zinc ions transport, effectively improving the lithium and zinc storage ability of  V8C7/C. Profiting 
from these advantages,  V8C7/C with this structure exhibits outstanding electrochemical activity in lithium ion batteries 
and aqueous zinc ion batteries. In lithium ion batteries,  V8C7/C with low crystallization and a loose inner structure deliv-
ers a higher capacity of ~ 285.2 mAh  g−1 compared to the product with high crystallization and a tight inner structure 
(~ 131 mAh  g−1) after 50 cycles at 0.2 A  g−1. Even at a high current density of 1.0 A  g−1, the capacity can still be stabi-
lized at ~ 142.9 mAh  g−1 after 200 cycles. In aqueous zinc ion batteries, this designed structure also shows good cycling 
(~ 71.8 mAh  g−1 at 1.0 A  g−1 after 200 cycles) and rate (~ 84.7 mAh  g−1 at 5.0 A  g−1) performance.
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Introduction

With the enhanced market demand for energy storage 
devices,1–3 monovalent and multivalent ion batteries have 
been extensively developed.4–7 Lithium ion batteries (LIBs), 
as the common monovalent ion battery, are commercialized 
and widely applied in various fields. However, their anode 
material, graphite, is undergoing a security problem due to 
its low voltage platform (~ 0.1 V vs. Li/Li+).8, 9 Another 
conventional anode,  Li4Ti5O12, has the disadvantage of a 
low theoretic specific capacity (~ 175 mAh  g−1), al though 
its voltage plateau is safe (~ 1.5 V vs. Li/Li+).10, 11 For mul-
tivalent ion batteries, aqueous zinc ion batteries (ZIBs) 
with features of low cost, easy assembly, and security have 
attracted great attention.12–15 Nevertheless, the radius of 
 Zn2+ (~ 0.74 Å) is larger than that of  Li+ (~ 0.69 Å), mean-
ing that it is more difficult to find suitable materials for zinc 
storage.12, 16 Therefore, the suitable electrode materials with 

superior lithium- and zinc-storage ability are anticipated to 
be developed.

Recently, vanadium-based compounds, including vana-
dium oxides, vanadium sulfide, and vanadium carbides, have 
been largely explored in LIBs and ZIBs owing to their abun-
dant valence states and diverse structures.17–30 Especially, 
vanadium carbides, relying on good electronic conductivity 
and high chemical stability, are rapidly being brought into 
focus in energy storage devices.31–38 Gogotsi et al. reported 
 V2CTx as a promising anode in LIBs, and  V2CTx shows an 
unobvious voltage platform and a high specific capacity.37 
Yang et al. researched the electrochemical performance of 
 V2CTx as the anode in sodium-ion batteries and discussed 
its charge storage process.38 Nevertheless, the use of hydro-
fluoric acid in synthesizing  V2CTx will cause a huge dan-
ger and impede its mass production.34–38 Therefore, another 
kind of vanadium carbide,  V8C7, which can be facilely and 
safely produced, has captured attention.31, 39 Simultaneously, 
 V8C7 possesses a higher stability and electronic conductivity 
in contrast to  V2CTx.32 These advantages suggest the great 
potential of  V8C7 for lithium  and zinc storage. However, it 
has rarely been reported.

In this work, vanadium carbide,  V8C7/C, was synthe-
sized and employed as the anode in LIBs and the cathode 
in ZIBs. To stimulate the lithium- and zinc-storage activity 
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of  V8C7/C, a method of adjusting the annealing time was 
adopted. Different from designing complex structures for 
active materials,40–44 it is simple, convenient, and suitable 
for practical application. Through optimizing the anneal-
ing time, the crystallization  and morphology of  V8C7/C 
are largely modified, and the low crystallization and a loose 
inner structure are produced, which increases the reaction 
active sites and fastens the migrations of lithium/zinc ions 
and electron. Benefiting from this,  V8C7/C exhibits good 
cycling and rate performance in LIBs and ZIBs, suggesting 
its high lithium- and zinc-storage abilities.

Experimental

Materials Synthesis

V8C7/C was synthesized through a simple solvent evapora-
tion method, followed by post-annealing. Then, 0.234 g of 
 NH4VO3, 0.495 g of ethylene glycol, and 0.383 g of citric 
acid were mixed in 20 ml of distilled  H2O and stirred for 3 h. 
Subsequently, the solution was continuously stirred to dry at 
120°C in an oil bath. The obtained powder was annealed in 
an Ar atmosphere at high temperature to produce  V8C7/C. 
By adjusting the annealing time, a series of products were 
obtained: ST-V8C7/C (350°C for 3 h and 750°C for 5 h), MT-
V8C7/C (350°C for 6 h and 750°C for 5 h), and LT-V8C7/C 
(350°C for 3 h and 750°C for 10 h).

Structure Characterization

Crystal structures of products were tested on an x-ray dif-
fractometer (XRD; Ultima IV; Rigaku, Japan), with Cu Kα 
line as the radiation (λ = 1.5406 Å). Raman spectra were 
obtained from a MicroRaman spectrometer (DXR-2; Ther-
moFisher, USA) using a laser with 632-nm  excitation. The 
morphology of the products was observed by a scanning 
electron microscope (SEM; SUPRA™ 55; Zeiss, Germany) 
and a transmission electron microscope (TEM; JEM 1011; 
JEOL, Japan). Energy dispersive x-ray spectroscopy (EDS) 
was measured using an energy dispersive x-ray spectrom-
eter (INCAx; Oxford Instruments, UK). The lattice fringes 
were received from a high-resolution transmission electron 
microscope (HRTEM; JEM 2100F; JEOL).

Electrochemical Measurements

For the LIBs, the working electrodes were prepared using 80 
wt% of  V8C7/C-based products, 10 wt% of acetylene black, 
and 10 wt% of poly(vinylidene fluoride). To obtain a uni-
form slurry, some N-methyl-2-pyrrolidone was dropped into 
the mixture and hand-milled for 30 min. The slurry was then 
uniformly coated on a Cu foil, and dried for about 24 h in 

a vacuum oven. The foil with the active material was roll-
pressed and then cut into discs. The diameter of each disc 
was 12 mm and the mass of active material on the disc was 
1.5–2.0 mg  cm−2. Next, the discs were assembled with lith-
ium plates employing CR2032 coin cells. The separator was 
a Celgard 2400 membrane and the electrolyte was 1 M  LiPF6 
dissolved in ethylene carbonate–dimethyl carbonate–ethyl 
methyl carbonate (1:1:1 in volume ratio). All the assembly 
operations were carried in a glove box (Super 1220/750/900; 
Mikrouna) filled with Ar. Electrochemical performance was 
tested on a battery cycler (CT300A; Neware, China). Cyclic 
voltammograms (CV) curves and electrochemical imped-
ance spectra (EIS) were measured on an electrochemical 
workstation (CHI 660E; China).

For the ZIBs, the working electrode contained active 
material, acetylene black, and polytetra-fluoroethylene with 
a mass ratio of 7:2:1. The powders were mixed by adding 
some isopropanol. After drying, the film was punched into 
discs (diameter: 10 mm, loading mass: ~ 2 mg  cm−2). A 
three-electrode device was used to test the electrochemi-
cal performance with a zinc plate as the counter electrode, 
platinum as the reference electrode, and the aqueous solution 
containing 2 M  ZnSO4 as the electrolyte.

Results and Discussion

The XRD patterns of the products at different annealing 
times were measured to study their influence on the crystal-
line nature. In the XRD pattern of the precursor (see supple-
mentary figure S1), no obvious diffraction peaks appear, sug-
gesting no crystalline compound generating. After annealing 
at different times, the XRD patterns of the obtained products 
in Fig. 1a show the clear diffraction peaks, ascribed to the 
 V8C7 phase (JCPDS Card, No. 35–0786). The space group 
is  P4132 and the lattice parameters are a = b = c = 8.334 Å 
and ɑ = β = γ = 90°. The corresponding diffraction peaks of 
the products are stronger with the increase of annealing time, 
which indicates that a long annealing time is responsible for 
high crystallization. Among the products, ST-V8C7/C with a 
lower crystallization has a low lattice strain and loose inner 
structure, favorable to ions and electron transport. Therefore, 
ST-V8C7/C is anticipated to achieve high electrochemical 
activity. To further analyze the product  components, Raman 
spectra of the products are depicted in Fig. 1b. All the prod-
ucts exhibit two wide peaks near 1338  cm−1 and 1598  cm−1 
, ascribed to the D band and G band of carbon. The weak 
peak centered at 225  cm−1 originates from vanadium car-
bide, illustrating the successful synthesis of  V8C7/C.45, 46 
The signals of V and C collected by EDS also confirm the 
existence of ST-V8C7/C, which is clearly observed (see sup-
plementary figure S2).
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In order to identify the valence state of the products, the 
x-ray photoelectron spectrometry (XPS) was tested. Com-
paring the survey spectra of the precursor and the ST-V8C7/C 
(see supplementary figure S3), the lack of an N signal in the 
ST-V8C7/C indicates a complete decomposition of  NH4VO3 
during the annealing. Figure 1c shows a C 1 s high-reso-
lution spectrum of ST-V8C7/C. The peaks near 284.6 and 
284.9 eV are attributed to C–C in  sp2 and C–C in  sp3.47, 48 
The peak around 285.3 eV belongs to the C–V bond, prov-
ing the formation of vanadium carbide.49 In Fig. 1d, the V2p 
spectrum is divided into four peaks, where  Vδ+  2p3/2 and  Vδ+ 
 2p½ peaks are located at 513.5 and 521.5 eV standing for the 
V–C bond (0 < δ < 4).31, 50 The peaks of  V4+ at 516.7 eV 
and 523.9 eV arise from vanadium oxidized by the absorbed 
oxygen on the product surface, which is also proved by the 
–OH peaks and the absorbed oxygen in the O 1 s spectrum 
(see supplementary figure S4).51, 52 Based on this analysis, 
the appearance of C 1 s peaks representing the C–V bond 
and the mixed valence  Vδ+ peaks shows the carbonization 
of the oxide to form a carbide, illustrating that vanadium 
carbide has been successfully synthesized.51 In contrast, the 
C 1 s and V 2p high-resolution spectra of the precursor (see 
supplementary figure S5a and S5b) are distinctly different 

from those of the annealed products. The C 1 s peaks around 
284.6 eV, 285.1 eV, 286.8 eV, and 289.0 eV are attributed 
to the C–C in  sp2, C–C in  sp3, C–O/C–H, and C=O, respec-
tively. The V 2p peaks near 517.2 eV and 524.8 eV belong 
to  V5+ , and the weak peaks around 516.7 and 524.0 eV 
arise from  V4+.53 There are no characteristic peaks related to 
vanadium carbide, according to the XPS results of the pre-
cursor, while the peaks of vanadium oxide and some organ-
ics are observed. Therefore, it is inferred that annealing the 
precursor at a high temperature causes the decomposition of 
small organic molecules, accompanied by the carbonization 
of vanadium oxide and the formation of vanadium carbide, 
 V8C7/C. More importantly, on the premise of  V8C7 phase 
formation, a shorter annealing time results in lower crystal-
lization, which is more beneficial to electrochemical storage.

The microcosmic morphology of the products is closely 
related to their electrochemical performance. Figure  2 
reveals the influence of annealing time on the morphology 
of the products. As observed in Fig. 2a–c, SEM images of 
ST-V8C7/C, MT-V8C7/C and LT-V8C7/C display a similar 
morphology, in which numerous micron-grade bulks are 
presented, inherited from the morphology of the precur-
sor (see supplementary figure S6). Next, the micron bulks 

Fig. 1  (a) XRD patterns and (b) Raman spectra of ST-V8C7/C, MT-V8C7/C, and LT-V8C7/C. XPS spectra of ST-V8C7/C: (c) C 1 s, (d) V 2p.
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are further enlarged by TEM. Figure 2d and e shows the 
TEM images of ST-V8C7/C, where the  V8C7 nanoparticles 
with a size of ~ 200 nm are surrounded by carbon. Dif-
ferent from the close contact between the nanoparticles in 
MT-V8C7/C and LT-V8C7/C (see supplementary figure S7), 
ST-V8C7/C exhibits a loose inner structure and numerous 
voids, owing to the shorter annealing time. This special 
structure increases the contact area between the electrolyte 
and the active material, alleviates volume expansion during 
charging/discharging, and accelerates ion and electron dif-
fusion. Moreover, the encircling carbon around the ST-V8C7 
enhances electronic conductivity and prevents nanoparticle 
aggregation. A HRTEM image of ST-V8C7/C is depicted in 
Fig. 2f. The clear lattice fringes with the spacing of 0.24 nm 
are ascribed to the {222} of  V8C7. An amorphous carbon 
layer at the edge of the product is marked by a black circle, 
suggesting the existence of carbon. Element maps of ST-
V8C7/C in Fig. 2g–I illustrate the uniform distribution of 
elements V and C in the product.

To explore the lithium-storage ability of  V8C7/C-based 
products, the electrochemical performance in the LIBs 
was tested. First of all, voltage windows were optimized 
to obtain a  good electrochemical performance (see 

supplementary figure S8), and 0.02–3 V was chosen for 
testing according to the cycling performance under differ-
ent voltage ranges. Figure 3a displays the first discharge/
charge curves of ST-V8C7/C, MT-V8C7/C and LT-V8C7/C 
at 0.2 A  g−1. The analogous curve shapes of the three 
products with a non-obvious voltage platform reveal their 
similar lithium-storage behaviors. On further observation, 
ST-V8C7/C delivers a reversible capacity of ~ 222.5 mAh 
 g−1, higher than those of MT-V8C7/C (~ 170.5 mAh  g−1) 
and LT-V8C7/C (~ 114.5 mAh  g−1). This suggests a higher 
lithium storage activity of ST-V8C7/C, profiting from its 
loose inner structure and the increased lithium-storage 
sites. The capacity loss in the first cycle is probably due 
to the formation of solid-electrolyte-interphase (SEI) film, 
Li-ion irreversible insertion into defects, and electrolyte 
decomposition.34, 54  In subsequent cycles, the overlapping 
discharge/charge curves indicate good electrochemical 
reversibility (see supplementary figure S9). Such an elec-
trochemical behavior of  V8C7/C-based products is similar 
to that of  V2CTx in LIBs.37 CV curves of ST-V8C7/C at 
various scan rates (see supplementary figure S10) exhibit 
non-obvious redox peaks, consistent with the discharge/
charge curves.38 These may be due to the low crystalline 

Fig. 2  SEM images of (a) ST-V8C7/C, (b) MT-V8C7/C and (c) LT-V8C7/C. (d, e) TEM, (f) HRTEM images, and (g–I) element maps of ST-
V8C7/C.
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of ST-V8C7/C. Figure 3b shows the compared cycling per-
formance of ST-V8C7/C, MT-V8C7/C and LT-V8C7/C at 
0.2 A  g−1. After 50 cycles, ST-V8C7/C, MT-V8C7/C and 
LT-V8C7/C retain discharge capacities of 285.2 mAh  g−1, 
186 mAh  g−1, and 131 mAh  g−1, respectively. The high 
capacity of ST-V8C7/C in the cycling process suggests its 
higher electrochemical activity. Based on the results, ST-
V8C7/C shows the higher lithium-storage ability in contrast 
to MT-V8C7/C and LT-V8C7/C, which is related to the low 
crystallization, loose inner space, and more active sites.

The cycling performance of ST-V8C7/C at different cur-
rent densities was also tested. As shown in Fig. 3c, ST-
V8C7/C maintains a discharge capacity of 223.1, 177.3, or 
142.9 mAh  g−1 at 0.2 A  g−1, 0.5 A  g−1, or 1.0 A  g−1 after 
200 cycles, respectively. This reveals a good electrochemical 
stability of ST-V8C7/C even at high current densities. The 
capacity increase before 20 cycles at 0.2 A  g−1 is because 
of electrode activation and the expansion of the lithium-
storage space in the electrode material, while the capacity 
decrease after 50 cycles is ascribed to structural damage 

Fig. 3  Electrochemical performances of  V8C7/C-based products 
in LIBs: (a) the first discharge/charge curves and (b) the compared 
cycling performance of ST-V8C7/C, MT-V8C7/C and LT-V8C7/C at 
0.2 A  g−1. (c) Cycling performance of ST-V8C7/C at 0.2 A  g−1, 0.5 A 

 g−1, and 1.0  A  g−1. (d) Nyquist plots of ST-V8C7/C after different 
cycle numbers. (e) Rate performance of ST-V8C7/C at various current 
densities.
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of the electrode material, electrode polarization, and the 
side reactions.55, 56 As observed, the coulombic efficiency 
in the first cycle is 43.6%. The low coulombic efficiency is 
due to the irreversible lithium ion  consumption originat-
ing from the SEI film, lattice defects, and side reactions, 
such as electrolyte decomposition. To explore the reasons 
for the outstanding cycling performance of ST-V8C7/C, the 
EIS spectra were measured after different cycle numbers. 
In Fig. 3d, Nyquist plots before cycles have one semicircle 
in high to medium frequencies, related to charge transfer 
resistance ®ct), with a slope in low frequencies representing 
lithium ion diffusion in the electrode material. In contrast, 
two semicircles in high to medium frequencies are observed 
in the Nyquist plots after cycles, indicating the existence of 
SEI film resistance ®f) because of the formation of SEI film. 
After fitting by equivalent circuits (see supplementary figure 
S11), the Nyquist plots before and after cycles exhibit dis-
tinctly different  Rct and  Rf values. As revealed in Table S1, 
the  Rct value drops to 45.3 Ω from 99.7 Ω in 5 cycles, and 
tends to be stable in subsequent cycles, which implies a sta-
ble charge transfer behavior during cycling. The  Rf value is 
10.4 Ω after 5 cycles and 15.1 Ω after 50 cycles, suggesting 
a steady SEI film interface. Such a stable charge transfer and 
SEI film interface are responsible for the excellent electro-
chemical performance of ST-V8C7/C. Figure 3e shows the 
rate performance of ST-V8C7/C, where specific capacities 
of 325.1 mAh  g−1 at 0.05 A  g−1, 264.4 mAh  g−1 at 0.1 A 
 g−1, 232.4 mAh  g−1 at 0.2 A  g−1, 216.1 mAh  g−1 at 0.3 A 
 g−1, 174 mAh  g−1 at 0.5 A  g−1, 115.3 mAh  g−1 at 1.0 A 
 g−1, and 85.6 mAh  g−1 at 2.0 A  g−1 are observed. A high 
capacity at high current densities indicates the rapid reac-
tion kinetics of ST-V8C7/C. The adjacent discharge/charge 

curves of ST-V8C7/C at various current densities reveal the 
small voltage polarization (see supplementary figure S12). 
These results illustrate that ST-V8C7/C has rapid lithium ion 
and electron diffusion, which can be attributed to its low 
crystalline nature, loose inner space, and more active sites.

To clearly explain the cause of the improved lithium-
storage ability of ST-V8C7/C, a schematic of lithium ion and 
electron diffusion in the products is described in Scheme 1. 
ST-V8C7/C annealed in a short time has a looser inner struc-
ture and more space between the nanoparticles in compari-
son with LT-V8C7/C. Therefore, the electrolyte in ST-V8C7/C 
more easily permeates the inner nanoparticles of the elec-
trode, and the transport paths of the lithium ions and elec-
trons are shorter. This means that the  interior nanoparticles 
can also be fully utilized, greatly increasing electrochemi-
cal active sites and improving the specific capacity of ST-
V8C7/C. In contrast, the tight inner structure of LT-V8C7/C 
makes the lithium ion and electron diffusion sluggish, which 
leads to difficulties for the interior nanoparticles to partici-
pate in the electrochemical reaction. Thus, by optimizing the 
annealing time, the ST-V8C7/C achieves a higher lithium-
storage activity and develops a great possibility as the elec-
trode material in LIBs.

In addition, the electrochemical performance of ST-V8C7/C 
in ZIBs was measured to investigate its zinc-storage ability. 
Figure 4a shows charge/discharge curves of ST-V8C7/C at 
0.1 A  g−1 between 0.3 V and 1.4 V. It exhibits stable voltage 
plateaux at 0.73 V and 0.98 V in the charge process and 0.95 V 
and 0.67 V in the discharge process. Similar curve shapes 
indicate the stable electrochemical behavior of ST-V8C7/C. 
In the first cycle, the charge/discharge capacity of ST-V8C7/C 
is 176/216.1 mAh  g−1. As exhibited in Fig. 4b, ST-V8C7/C 

Scheme 1  Schematic of lithium ion and electron diffusion in ST-V8C7/C and LT-V8C7/C.
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delivers a capacity of 195.8 mAh  g−1 at 0.1 A  g−1, 161 mAh 
 g−1 at 0.2 A  g−1, 137.4 mAh  g−1 at 0.5 A  g−1, 121.8 mAh  g−1 
at 1.0 A  g−1, 106.7 mAh  g−1 at 2.0 A  g−1, and 84.7 mAh  g−1 at 
5.0 A  g−1. Such rate performances suggest a fast reaction rate 
of ST-V8C7/C with zinc ions, even if at high current densities. 
The close charge/discharge curves of ST-V8C7/C in Fig. 4c also 
verify this point. Figure 4d depicts the cycling performance 
of ST-V8C7/C at a high current density of 1.0 A  g−1. After 
200 cycles, ST-V8C7/C retains a stable capacity of 71.8 mAh 
 g−1. The corresponding coulombic efficiency is close to 10%, 
suggesting a reversible zinc insertion/desertion behavior in ST-
V8C7/C. Therefore, the ST-V8C7/C, with low crystallization 
and non-compact inner structure by optimizing annealing time, 
not only improves electrochemical lithium storage activity in 
LIBs  but also supports the fast zinc-storage in ZIBs.

Conclusions

Vanadium carbide,  V8C7/C, was successfully prepared and 
applied in LIBs and ZIBs. Through shortening the anneal-
ing time, the  V8C7/C with low crystallization and a loose 

inner structure exhibits a higher lithium- and zinc-storage 
ability. This special structure increases the reaction active 
sites, accelerates lithium/zinc ion  and electron migration, 
and thus raises the electrochemical activity of  V8C7/C. 
In LIBs, it delivers a discharge capacity of 285.2 mAh 
 g−1 at 0.2 A  g−1 after 50 cycles. Even with the current 
density increased to 1.0 A  g−1, the capacity can be stabi-
lized at 142.9 mAh  g−1 after 200 cycles. Simultaneously, 
this product also shows a  good rate and cycling perfor-
mance in ZIBs. At a rate of 5.0 A  g−1, the high capacity of 
84.7 mAh  g−1 can be obtained. After 200 cycles at 1.0 A 
 g−1, it keeps a capacity of 71.8 mAh  g−1. These results 
indicate the designed  V8C7/C with low crystallization 
and loose inner structure is suitable not only for lithium 
ion migration  but also for the transport of zinc ions with 
larger radii. Meanwhile, this strategy is cost-effective and 
convenient in practical production. Therefore,  V8C7/C 
with low crystallization and noncompact inner structure 
shows great potential as lithium- and zinc-storage elec-
trode material.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 022- 09877-0.

Fig. 4  Electrochemical performance of ST-V8C7/C in ZIBs: (a) 
charge/discharge curves of ST-V8C7/C at 0.1 A   g−1 between 0.3 and 
1.4  V, (b) rate performance, and (c) charge/discharge curves of ST-

V8C7/C at different current densities, (d) cycling performance of ST-
V8C7/C at 1.0 A  g−1.
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