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Abstract 

Aqueous zinc ion battery (AZIB) has been widely investigated in recent years because of its 

advantages of green, safe, and abundant raw materials. It is necessary to continue to study how to 

prepare cathode materials with excellent performance and high cycling stability for future 

commercialization. In this work, we proposed a strategy that uses sustainable sodium lignosulfonate 

as both carbon and sodium sources to obtain a sodium pre-intercalated vanadium oxide/carbon 

(VO/LSC) composite as the cathode of AZIB. The carbon matrix could improve the electronic 

conductivity of vanadium oxide, while the sodium lignosulfonate can provide sodium ions pre-

intercalated into the layered vanadium oxide simultaneously. Through this strategy, we obtained 

vanadium-based cathode materials with high stability and excellent rate capability. The VO/LSC 

cathode delivered high capacities of 350 and 112.8 mAh g−1 at 0.1 and 4.0 A g−1, respectively. We 

selected zinc sulfate and zinc trifluoromethyl sulfonate as electrolytes, respectively and analyzed the 

influence of electrolytes on the performance of VO/LSC. What’s more, we used the oxygen in the 

environment to oxidize the low-priced vanadium oxide to achieve a self-charging AZIB. This paper 

provides a valuable strategy for the design of vanadium-base cathode material for AZIB, which can 

broaden the research and application of AZIB. 

Keywords: aqueous zinc ion battery, sodium lignosulfonate, vanadium oxide, electrolyte optimization, 

self-charging 

Graphic Abstract 

 

One stone two birds:  A comprehensive study is based on the sodium-preintercalated V2O5/carbon 

composite constructed using sustainable sodium lignosulfonate as the carbon and sodium source. 

This strategy enhances the cycling stability of V 2O5 cathodes.  
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Introduction 

In recent years, lithium-ion batteries have been widely applied and studied in various fields.[1-3] 

However, the high consumption of lithium sources and potential safety hazards impede the large-scale 

application of lithium-ion batteries. The development of high safety aqueous zinc ion battery (AZIB) 

becomes a promising choice for large-scale renewable energy storage in the future. The zinc anode has 

a theoretical capacity of 820 mAh g−1 and a redox potential of -0.76 V vs. SHE, which can be used to 

construct a variety of zinc ion battery systems with high voltages. AZIB has the advantages of abundant 

cathode materials, high safety and low cost; therefore, AZIB has become a popular direction in 

rechargeable battery research.[4-7] 

Zinc metal is generally used as the negative electrode of AZIB, and the cathode materials mainly 

include vanadium-based material,[8-10] manganese-based material[11-14] and Prussian blue analogues.[15-

17] Vanadium-based materials not only have a layered open structure which is conducive to the 

migration of ions, but also have multi-valence states, which can provide high specific capacity. 

Therefore, vanadium-based materials have become one of the cathodes with the most promising 

application prospects.[18,19] V2O5 is a typical layered vanadium oxide. The tetragonal cone [VO5], 

connected by V-O bonds, forms the V4O10 crystal layer by sharing edges and angles, and the layered 

structure is formed by combining the layers with Van der Waals forces. The typical interlayer spacing 

is 4.4 Å, larger than the radius of Zn2+, therefore, Zn2+ can be (de)intercalated.[20] However, due to the 

large radius of Zn2+ ion (0.074 nm) and the degree of hydration is generally 6 (4.3 Å for hydrated Zn2+ 

ion),[21] the electrode structure could be easily damaged. The repeated insertion and de-insertion of 

Zn2+ will greatly affect the Van der Waals force in the interlayer structure, resulting in the collapse of 

layered vanadium oxide and the dissolution of vanadium into the electrolyte, thus deteriorating the 

cycling stability in the long-term cycling. Metal ion pre-intercalating is an effective way to improve 

the electrochemical stability of layered transition metal oxides in interlayer reversible energy storage. 

The metal ion ions are thought to form bonds with oxygen atoms in the transition metal oxygen layer 

of V2O5 (MxV2O5, M = Na, Ag, K etc.),[22-24] acting as "pillars" and protecting the crystal structure 

from unwanted phase transitions. Li et al. synthesized δ-Ni0.25V2O5 nanowires by a simple one-step 

hydrothermal method, the materials were found to possess a high reversible capacity of 402 mAh g−1 

at 0.2 A g−1 and excellent electrochemical stability with notable 98% capacity retention after 1200 
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cycles at a high current density of 5 A g−1, and the DFT calculations highlighting the important roles of 

both pre-intercalated ions and host “double-layer” V2O5 structure.[25] Due to the low conductivity of 

V2O5 (10−2−10−3 S cm−1), the capacity and rate performance of V2O5 cathode are greatly limited in 

practical applications.[26,27] To enhance the conductivity of V2O5, researchers generally adjust the 

crystalline structure of V2O5, or combine V2O5 with conductive substrates. Xu et al. uniformly 

deposited V2O5@ poly(3, 4-ethylenedioxyethiophene) (PEDOT) hybrid nanosheet array on carbon 

cloth (CC) and used it as the cathode of AZIB,[28] which showed a high rate performance, and the 

specific capacity reached 232 mAh g−1 at a high current density of 20 A g−1. Moreover, V2O5@PEDOT 

had excellent cycling performance, with a capacity retention of 89% after 1000 cycles at a current 

density of 5.0 A g−1. Conductive substrate materials, including carbon materials,[29,30] are composited 

with V2O5 matrix to obtain stable complex structures with high conductivity. Wang et al. prepared an 

amorphous V2O5 2D heterostructure growing on graphene, which has a very short ion diffusion path, 

abundant active sites, high conductivity and excellent structural stability.[31] As a cathode electrode of 

AZIB, it has excellent cycling stability and high capacity. This cathode delivered a specific capacity 

of 489 mAh g−1 at 0.1 A g−1. 

Lignin as the main source of biomass-based aromatic compounds in nature.[32] Industrial lignin is 

a by-product of pulp-paper-making and biorefinery industries. Lignosulfonates are often produced by 

sulfite pulping or lignosulfonation, sodium lignosulfonate is the most common derivative.[33] Sodium 

lignosulfonate has the advantages of good water solubility, low cost and environmental friendliness. It 

is a good choice for carbon precursors. It is widely used in the field of electrochemistry.[34,35] Using 

lignin as a sustainable carbon precursor would significantly reduce the cost of carbon material. Lignin-

derived carbon materials often contain oxygen functional groups, which can provide more active sites 

for the growth of vanadium oxide. On the other hand, sodium lignosulfonate contains about 2-3 mmol 

g−1 of sulfonate group, corresponding to a sodium sulfate content of about 20 wt %,[36] in the 

carbonization process, Na+ will not evaporate, thus can be well preserved in the carbon material. The 

preparation of vanadium oxide/carbon (VO/LSC) composite material using sodium lignosulfonate-

derived carbon as substrate can realize the pre-intercalation of Na+ and improve its cycling stability. 

Studies have found that the pre-intercalation of transition metal cations in layered V2O5 can effectively 

expand the layer spacing of V2O5 and improve the cycling stability of V2O5-based zinc ion battery.[37,38] 

Some metal cations can even affect the layered structure, resulting in the transformation of the overall 
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structure. When sodium ions are inserted into the layered structure of V2O5, 
[22] in which V(1)O6 forms 

zigzag chains and V(2)O6 forms double chains along the b-axis. The [V4O12] layer is linked by oxygen 

atoms and forms a 2D layered structure along the (001) plane, with Na inserted between layers. The 

2D layers are connected by V(+5)O and edge-sharing oxygen atoms, providing a 3D tunnel structure, 

which is favorable for intercalating Zn2+, thus improving the stability of the overall structure. 

In addition to the cathode materials with high electronic conductivity of carbon, electrolytes also 

have significant influence on the performance VO/LSC. AZIB usually use zinc salt aqueous solution 

as the electrolyte. A stable interface between electrolyte and electrode is important for battery 

performance.[24] Zhang et al. employed “water-in-salt” electrolyte (WiSE) to Zn/Ca0.2V2O5 ⋅ 0.8H2O 

battery, the concentration of electrolytic ZnCl2 aqueous solution increased from 1 m (mol kg−1) to 30 

m after 100 cycles, and the capacity retention rate increased from 8.4% t60o 51.1%.[39] Another 

promising way to suppress the water activity is introducing additives. Chen et al used PEG-400 as co-

solvent was developed for stable ZMBs with HVO cathode, PEG 400 with lots of nucleophilic groups, 

which can bind free water in electrolyte and alleviate water-induced reaction and its electrochemical 

stability Window is up to 2.6 V.[40]  Electrolyte regulation by using high concentration electrolyte is 

considered to be a simple method to stabilize the interface. The selection of appropriate electrolytes 

can effectively improve the cycling stability and capacity of the battery. Inspired by this, we used 

sodium lignosulfonate as both the carbon and sodium source and prepared VO/LSC composites as the 

cathode of AZIB. VO/LSC showed improved capacity and cycling stability. 

Results and discussion 

Materials Characterization of VO/LSC 

 

Fig. 1 Fabrication strategy of the sodium pre-intercalated VO/LSC composite as the cathode of AZIB. 
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Fig. 1 shows the schematic that we use sodium lignosulfonate as a carbon/sodium source for the 

preparation of VO/LSC composite. The sodium lignosulfonate was first carbonized to LSC/Na2SO4 

composite which was introduced in the hydrothermal process for the preparation VO/LSC composite. 

Due to the existence of Na2SO4 inside LSC, the VO is pre-intercalated with sodium which could 

enhance the stability of VO.  

The scanning electron microscope (SEM) images show the microstructure of VO/LSC samples 

(Fig. 2a-c). The VO/LSC are flake-shaped, and vanadium oxides are nanobelts growing on the surface 

of LSC. The vanadium oxides with sizes about tens of microns in length and hundreds of nanometers 

in width. This structure is conducive to improving the migration rate of Zn2+ in cathode materials, 

promoting the insertion and deinsertion of Zn2+, and thus improving the electrochemical performance. 

Transmission electron microscope (TEM) images of VO/LSC samples are shown in Fig. 2d-f. It can 

be clearly seen that vanadium oxides grow on the surface of LSC. Lattice fringes with spacings of 0.70 

nm and 0.22 nm are observed in high-resolution transmission electron microscopy (HRTEM) images. 

The elemental mapping of the samples clearly shows that C, O, Na and V elements are uniformly 

distributed in VO/LSC (Fig. 2g-k). 

 

Fig. 2 (a-c) SEM images of VO/LSC (addition ratio of 5:1), (d) TEM image and (e, f) HRTEM images 
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of VO/LSC (addition ratio of 5:1), (g-k) EDS and elemental mapping images of VO/LSC (addition 

ratio of 5:1). 

The surface oxidation states and elemental composition of the samples were studied by X-ray 

photoelectron spectroscopy (XPS). Fig. 3a depicts the XPS survey spectrum of samples prepared with 

a VO/LSC addition ratio of 3:1. Herein, the VO/LSC sample denotes the sample with an addition ratio 

of 3:1 unless otherwise stated. There are two significant peaks at 284 eV and 532 eV that belong to C 

1s and O 1s, respectively, while the significant peak at 516 eV and 630 eV belongs to V 2p and V 

2s.[41,42] Based on the XPS survey spectra, we calculated that the content of Na is 0.51%，Fig. 3b 

shows a significant peak at 415 eV belonging to Na 1s, which proves the successful doping of Na+ in 

the sample. As seen from the deconvoluted high-resolution C 1s XPS spectrum in the composite (Fig. 

3c), 284.5 eV, 285.5 eV, 286.8 eV and 288.8 eV respectively, belongs to C–C/C=C, C–O, C–O–C and 

O–C=O bonding environment.[43] In addition, the content of V was calculated as 12.2%. The high-

resolution spectra of V 2p as shown in Fig. 3d, the multi-valent states of V(IV) and V(V) appeared in 

the pristine sample and the corresponding binding energies were 516.2 eV and 517.2 eV, respectively. 

We calculated the peak area ratio of 4:1, which shows that the surface of the V(V) accounted for about 

80%. Fig. S1 in Supporting Information shows the Na 1s peaks of vanadium pentoxide with different 

LSC ratios. We calculated the element content of the XPS analysis with the increase of the content of 

LSC, Na elements in the samples increased (Table S1). The higher the proportion of LSC added, the 

higher sodium content in the VO/LSC sample. 
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Fig. 3 (a) XPS survey spectrum and (b) Na 1s spectrum of VO/LSC sample, (c) XPS spectra of 

C 1s and (d) V 2p of VO/LSC sample 

Fig. 4a shows the X-ray diffraction (XRD) patterns of VO/LSC samples. The main peaks located 

at 2θ =6.3°, 12.4°, 18.6°, 25.5°, 31.5°, 38.0°, 46.8°, 50.0° can be attributed to the diffraction peaks of 

NaV6O15 (JCPDS No. 84-2137), which suggests that successful synthesis of sodium ion pre-

intercalated vanadium oxide materials. The peaks located at 2θ = 6.3° can be attributed to the 

crystalline plane of (001). Fig. 4a shows the X-ray diffraction (XRD) patterns of VO/LSC with 

different LSC ratios. As shown in Fig. 4b, by comparing the representative (001) diffraction peak, with 

the increase of the content of LSC, the diffraction peak shifted from 6.3° to 6.12°. We calculated that 

the interlayer spacing of VO/LSC samples increased from 0.7 Å to 0.72 Å (Table S2) by Bragg’s Law. 

On the contrary, the XRD peaks of V2O5 appeared at 20.44° (Fig. S2), corresponding to an interlayer 

spacing of 0.22 Å. 

Fig. 4c shows the Raman spectrum of the VO/LSC sample. Compared with the samples of V2O5, 

the Raman peaks of VO/LSC samples have a significantly greater full width at half maximum. Such 

differences can be explained by the crystallinity enlargement of the sample. The structure of the 

samples of V2O5 is relatively uniform, and we can get a relatively complete Raman spectrum. 

Relatively, VO/LSC samples containing LSC have a more complex composition, and the Raman 

spectrum have weak test signal. The peak of 141 cm−1 in the Raman spectra corresponds to the [VO5]-
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[VO5] lattice vibration,[44,45] along with the ratio of LSC increased, the Raman peak shifted from 141 

cm−1 to 157 cm−1. This suggests that as more Na+ ions are inserted into the vanadium oxide crystal 

layer, the bond energy of [VO5]-[VO5] increases. Raman peak at 924 cm−1 belongs to the stretching 

vibration of V4+-O, which proves that V4+ in the VO/LSC generated because of the addition of LSC, 

with the increase of pre-intercalated Na+, the Raman vibrational frequency decreased from 924 cm−1 

to 921 cm−1. 

In order to determine the carbon content in the VO/LSC samples, we studied the 

thermogravimetric (TGA) behavior under an air atmosphere (Fig. 4d). Due to the loss of water in the 

sample, the weight of the sample decreased by 5% at 100 ℃. The sample begins to show obvious 

weight loss at about 300 ℃, indicating that LSC in the sample reacts with oxygen in the air and loses 

in the form of CO2 and water. The maximum weight loss was observed at 500 ℃, reaching 18% in the 

V2O5/LSC ratio of 5:1 and 20% in the V2O5/LSC ratio of 3:1. It can be seen from the above result that 

the content of LSC in VO/LSC sample is about 20%. A certain amount of carbon material can 

effectively improve the electronic conductivity of vanadium oxide, therefore, it could improve the 

electrochemical performance.  

In order to determine the content of Na2SO4 in LSC samples, we heated sodium lignosulfonate in 

air and nitrogen at 800℃ for 2 hours, respectively. The TGA curves of sodium lignosulfonate in air 

and nitrogen atmosphere and X-ray diffraction (XRD) of the sintered products are shown in Fig. S3 

and Fig. S4. The diffraction peaks of sintered product in air match well with the characteristic peak of 

Na2SO4 (JCPDS No. 37-0808). The XRD pattern of the sintered product in N2 shows a wide amorphous 

peak, which proves that the sample contains carbon, and there is a significant peak of Na2SO4, which 

proves that the sample contains Na2SO4. By comparing the products in different atmospheres, the 

content of Na2SO4 in LSC was calculated to be 52.2 wt% in LSC sample. 

The Fourier transform infrared spectroscopy (FTIR) spectrum of VO/LSC sample is shown in 

Fig. S5. The absorption peak at 847cm−1 is caused by the bending vibration of the V-O-V, and the peak 

at 1018 cm−1 is caused by the tensile vibration of the V-O. In the IR spectra of VO/LSC samples, the 

two absorption peaks shift to low wavenumbers, which is due to the lengthened bond length of V-O 

bond caused by Na+ pre-intercalation. 
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Fig. 4 The structure characterizations of the VO/LSC with different addition ratios of LSC. (a,b) XRD 

patterns, (c) Raman spectra, (d) The TGA curves. 

Electrochemical performances of VO/LSC 

In order to analyze the effect of the addition of LSC on the electrochemical performances of 

VO/LSC cathode, a series of electrochemical tests were carried out using coin cell based on VO/LSC 

electrodes using 1.0 M ZnSO4 as electrolyte. V2O5/LSC sample with the addition ratio of 3:1 was 

selected for the cyclic voltammetry test. As shown in Fig. 5a, CV curves of samples with scan rates of 

0.1, 0.2, 0.5 and 1.0 mV s−1 are depicted. When the scan rate is 1.0 mV s−1, two groups of oxidation-

reduction peaks appeared at 1.12/0.93 V and 0.68/0.43 V, which is similar to previous reports.[46,47] It 

corresponds to a two-step insertion/deinsertion process of Zn2+ ions through the NaV6O15 lattice, which 

is similar to previous reports.[48] To further understand the superior zinc storage kinetics of VO/LSC, 

kinetics calculations were performed. Where the relationship between current (i) and scan rate (v) is 

as follows: 

i = aνb                       (1) 

logi = loga +blogv              (2) 

a and b are adjustable parameters. When the value of b approaches 0.5, it indicates that the 

electrochemical process is mainly controlled by diffusion; conversely, when the value of b approaches 

1, it indicates that the surface-dependent charge storage process dominates. The specific values 
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obtained by calculation are shown in Fig. S6. Similar to V2O5 electrode (Fig. S7), the b values of both 

electrodes are close to 1, indicating that the zinc intercalation of vanadium oxide is due to the surface-

dominated Faradaic process. In contrast, except for peak 2, the b values of other VO/LSC electrodes 

are larger, indicating that the intercalation process of Zn2+ in VO/LSC tends to be dominated by surface 

reactions, enabling the high rate capability as well as outstanding cycling stability.[49,50] The peak 2 is 

correlative to the valence change in redox pairs of V3+/V4+ accompanying with zinc insertion/extraction 

process, we believe that the layer spacing is related to the Zn2+ migration process, and the larger layer 

spacing is more conducive to the second stage of ion migration. In conclusion, VO/LSC has a good 

storage capacity of zinc ions because the lamellar structure of LSC can prevent the dissolution of 

vanadium oxide, and LSC can provide good electronic conductivity. On the other hand, the insertion 

of Na+ expands the spacing of VO/LSC, which effectively improves the migration rate of Zn2+ in 

NaV6O15 crystalline matrix. Instead, the V2O5 shows insufficient cycling stability. Fig. 5b shows the 

charge/discharge curve of the VO/LSC electrode at 0.5 A g−1. The reversible capacity of the sample 

with VO/LSC ratio of 3:1 reached 200 mAh g−1. The reversible capacity of the sample with the LSC 

addition ratio of 5:1 can also reach 210 mAh g−1, and the specific capacity is retained at 86.7% of the 

initial capacity after 100 cycles. However, the V2O5 sample only retained 30.1% of the initial capacity 

of 217 mAh g−1 after 100 cycles (Fig. 5c). These results indicate that the addition of LSC can 

effectively prevent the capacity decay of vanadium oxide cathodes due to dissolution collapse and 

improve the cycling stability of VO-based cathode materials. With the addition of LSC, the battery's 

rate performance has been significantly improved (Fig. 5d). VO/LSC delivered capacities of 281 and 

171 mAh g−1 at current densities of 0.1 and 1.0 A g−1, whereas the V2O5 blank group only delivered 

capacities of 287 and 73 mAh g−1. Moreover, when the current density was switched back to 0.1 A g−1, 

a discharge capacity of 245 mAh g−1 could be recovered, revealing a considerable tolerance to fast 

Zn2+ (de)-intercalation and excellent structural stability [49]. The impedance behaviors of VO/LSC are 

illustrated using electrochemical impedance spectroscopy (EIS) (Fig. 5e). It can be clearly seen that 

the V2O5 sample has a larger arc in the high frequency region, indicating that the V2O5 electrode 

material has a larger charge transfer resistance (RCT), while the VO/LSC sample has a lower resistance, 

and with the increase of LSC addition ratio, its charge transfer resistance decreased. It indicates that 

the addition of LSC could effectively improve the conductivity of the material and is more conducive 

to the migration of Zn2+ ions, therefore VO/LSC would have better rate performance. The long-term 
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cycling stability of the VO/LSC electrode was evaluated at a current density of 4 A g−1 (Fig. 5f). The 

results show that VO/LSC material exhibits excellent long-term cycling stability, with a retained 

capacity of 77 mAh g−1 and retention of 80.2% after 1000 cycles. During the initial 50 cycles, the 

capacity is gradually increased, which is attributed to the activation of VO/LSC at a high current 

density of 4 A g−1.[51,52] Compared with the blank group V2O5 (Fig. S8), the capacity retention rate is 

only 20%, which is due to the fact that VO/LSC material effectively avoids the dissolution and collapse 

of vanadium oxide in the long-term cycling, and the structural integrity of VO/LSC is well preserved. 

As shown in Fig. S9 and Fig. S10, the diffusion coefficient of zinc ions (DZn2+) of VO/LSC (adding 

ratio 3:1) measured by galvanostatic intermittent titration technique (GITT) is about 10−11−10−12, 

higher than that of V2O5 (Fig. S11), confirming that the addition of LSC can effectively improve the 

diffusion kinetics of zinc ions in vanadium oxide.  

 

Fig. 5 The electrochemical performances of VO/LSC using 1.0 M ZnSO4 electrolyte.: (a) CV curves 

at different scan rates, (b) Charge-discharge profiles at 0.5 A g−1, (c) cycling performances, (d) rate 

performances, (e) EIS spectra shown as Nyquist plots, (f) long-term cycling performance at 4 A g−1. 

ZnSO4 solution has been widely used in AZIB due to its low price and decent electrochemical 

performance. However, the by-product Zn4(OH)6SO4·nH2O will be generated in the cycling, which 

leads to the capacity attenuation of the battery in the cycling. In practical application, we also found 

that the AZIB with ZnSO4 electrolyte would have obvious capacity attenuation. Zn(CF3SO3)2 aqueous 

10.1002/cssc.202200732

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.



13 
 

solution has a large number of CF3SO3
- in the solution. As a large anion, CF3SO3

- reduces the amount 

of water molecules around Zn2+ ions, thus reducing the solvation of Zn2+ ions and promoting ion 

diffusion.[53] Therefore, Zn(CF3SO3)2 electrolyte reduces the solvation effect of Zn2+, thus obtaining 

good cycling stability and high capacity. 

In order to analyze the influence of Zn(CF3SO3)2 as electrolyte on the electrochemical 

performance of vanadium-based AZIB, 3.0 M Zn(CF3SO3)2 was used as the electrolyte, and VO/LSC 

addition ratio of 3:1 was selected as the typical cathode, and a series of electrochemical tests were 

conducted using coin cell configurations. 

In order to understand the zinc storage kinetics of VO/LSC materials using Zn(CF3SO3)2 as 

electrolyte, CV curves of samples at scan rates of 0.1 , 0.2 , 0.5 and 1.0 mV s−1 are depicted (Fig. 6a). 

When the scan rate was 1.0 mV S−1, two groups of oxidation-reduction peaks appeared at 1.2/0.91 V 

and 0.71/0.42 V respectively. They correspond to the two steps of insertion/removal of Zn2+ through 

the NaV6O15 lattice. With the increase in scan rate, the peak area increased gradually, which is the 

same as that in 1.0 M ZnSO4 electrolyte. The difference is that the b value of the relationship between 

scan rate and the peak current is calculated by Equation (2) (Fig. 6b). Compared with ZnSO4 

electrolyte group, VO/LSC electrode in Zn(CF3SO3)2 electrolyte group has a higher b value, in which 

the b value of peak 1 is about 0.99, indicating that the capacitance contribution becomes larger when 

Zn(CF3SO3)2 is used as electrolyte. Meanwhile, V2O5 electrode was used to test in Zn(CF3SO3)2 

electrolyte as a comparison (Fig. S12). Except for peak 4, the b value of Zn(CF3SO3)2 electrolyte group 

is smaller in peaks 1-3, indicating that diffusion had a greater contribution using Zn(CF3SO3)2 

electrolyte. The higher kinetics may result from the easy desolvation process of hydrated zinc ions.  

Fig. 6c shows that the discharge capacity of the first cycle reached 227 mAh g−1 at a current 

density of 0.5 A g−1, and the discharge capacity of the battery gradually increased in the subsequent 

cycles, which is caused by the continuous activation of the cathode material in the process of the 

cycling. After 100 cycles, the discharge capacity of the battery increased to 250 mAh g−1 without 

significant attenuation, while the capacity retention rate of the ZnSO4 electrolyte group was only 86.7% 

after reaching the maximum capacity of 210 mAh g−1 (Fig. 6d). This phenomenon is caused by 

Zn(CF3SO3)2 as an electrolyte which can effectively hinder the reaction of Zn2+ with H2O molecules. 

At current densities of 0.1, 0.2, 0.5 and 1.0 A g−1 (Fig. 6e), Zn(CF3SO3)2 electrolyte group has specific 

discharge capacities of 300, 283, 254 and 217 mAh g−1, respectively, indicating that Zn(CF3SO3)2 
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electrolyte group has a much better rate performance and the (de)intercalation of Zn2+ is faster. The 

interfacial compatibility and charge transfer kinetics between the VO/LSC electrode and electrolyte 

was evaluated by electrochemical impedance spectroscopy (EIS) (Fig. 6f). The Zn(CF3SO3)2 

electrolyte group has a smaller arc in the high-frequency region and a larger slope in the middle 

frequency region, indicating that the charge transfer resistance of the Zn(CF3SO3)2 electrolyte on the 

electrode and the bulk diffusion resistance of the electrode material are both smaller and have better 

conductivity. It further explains why the AZIB using Zn(CF3SO3)2 electrolyte has a better rate 

performance. The long-period stability of Zn(CF3SO3)2 electrolyte was evaluated at a current density 

of 4 A g−1 (Fig. 6g) . The results show that Zn(CF3SO3)2 electrolyte group shows superior long-term 

cycling stability and still has 120 mAh g−1 after 1000 cycles, maintaining 90% of the initial discharge 

specific capacity. The retention rate of ZnSO4 electrolyte group is 80%. The diffusion coefficient of 

VO/LSC//Zn battery in 3.0 M Zn(CF3SO3)2 electrolyte was measured by GITT. Compared with ZnSO4, 

Zn(CF3SO3)2 group has a larger value of DZn
2+, reaching the range of 10−10~10−11 (Fig. S13), indicating 

that the zinc ions have better diffusion ability in Zn(CF3SO3)2 electrolyte. 
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Fig. 6 The electrochemical performances of VO/LSC using 1.0 M ZnSO4 and 3.0 M Zn(CF3SO3)2 

electrolyte. (a) CV curves at different scan rates, (b) Log (i) versus log (v) plots, (c) Charge-discharge 

profiles and (d) cycling performances at a current density of 0.5 A g−1, (e) rate performances, (f) EIS 

shown as Nyquist plots, (g) long-term cycling performance at 4 A g−1. 

To further reveal the influence of electrolytes on the zinc anode. We studied the reversibility and 

stability of Zn metal anode in different electrolytes using Zn/Zn symmetric cells under constant current 

conditions (Fig. S14a). Fig. S14b shows a typical voltage distribution at a constant charge-discharge 

current density of 2.5 mA cm−2. In the 1.0 M ZnSO4 electrolyte, polarization suddenly increased after 

90 h only after 45 zinc stripping and plating cycles (Fig. S14c,d). According to previous reports, this 

is due to the formation of insulating ZnO and Zn(OH)2 insulate layers, which increases the polarization 

of the zinc sheet. The uneven coating of zinc oxides could disturb the distribution of zinc ions in the 

long-term cycling, which could lead to final dendrite penetration. In contrast, zinc/zinc-symmetric 

cells in the 3.0 M Zn(CF3SO3)2 electrolyte group showed good stripping/platting reversibility and 
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stability, maintaining high stability over 50 cycles (equivalent to 100 hours), showing low polarizations 

(Fig. S14d). In addition, EIS tests were performed on symmetric cells before and after the cycle (Fig. 

S15). After the cycling test, the impedance of the two kinds of batteries increased significantly, but the 

3.0 M Zn(CF3SO3)2 electrolyte group had smaller resistance before and after the cycling test, which 

illustrates the 3.0 M Zn(CF3SO3)2 electrolyte could enable good cycling stability of Zn anode. 

The mechanism of V2O5 in Zn(CF3SO3)2 electrolyte has been reported for a long time. The phase 

of orthogonal V2O5 ndergoes a phase transformation to hydrated zinc pyrovanadate during initial 

discharge, and the insertion/extraction of Zn2+ in the open structure zinc pyrovanadate is reversible in 

subsequent cycles.[54] In order to further study the zinc storage mechanism of VO/LSC materials in 

Zn(CF3SO3)2 electrolyte, ex situ XRD, XPS and other methods were used to characterize the electrode 

materials under different charge and discharge states. Fig. 7a shows the ex situ XRD patterns of 

VO/LSC//Zn battery during the first charge and discharge process. During the discharge process 

(panels A-E), the (001) crystal plane of VO/LSC cathode material gradually moves left from 9° to 6.5°, 

which reveals the expansion of the interlayer spacing from 9.8 Å to 13.6 Å. Such an increase in 

interlayer spacing is due to the fact that during the discharge process, Zn2+ ions are continuously 

inserted into the VO/LSC. In the charge process, the opposite situation occurs. As the battery is fully 

charged to 1.8 V (panels F-J), the diffraction peak representing the (001) crystal plane gradually shifts 

right from 6.9°to 8.9°, and the XRD pattern recovered to the state before the electrochemical reaction, 

indicating that the insertion and removal of Zn2+ in VO/LSC is highly reversible. XPS characterization 

was used to further analyze the evolution of ion valence states in this process (Fig. 7b-c). The Zn 2p 

diffraction peak was not detected in the initial VO/LSC sample. When the battery was discharged to 

0.2 V, the Zn 2p diffraction peak is observed at 1023.5 eV and 1046.2 eV (Fig. 7d), which confirms 

that Zn2+ ions are inserted into the cathode electrode material during the discharge process and the 

relative Zn content is 22.32%. 

According to the calculation results of XPS (Fig. 7e), when VO/LSC was charged to 1.8 V, the 

content of Zn is only 1.58%, indicating that Zn2+ cannot be completely deintercalated in the charging 

process, which is consistent with the XRD study and supports the reversible intercalation mechanism. 

Multi-valent states of V(IV) and V(V) appeared on the surface of the original sample, and the 

corresponding binding energies are 516.3 eV and 517.8 eV, respectively. According to XPS calculation, 

the V(V) content is 82% and V(IV) content is 18%. When the battery was discharged to 0.2 V, a 
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characteristic peak of V(III) of 515.6 eV and a peak of V(IV) of 517.2 eV was observed in the XPS 

spectrum, which indicates that V(V) in the electrode material was gradually reduced to V(IV)/ V(III) 

with the occurrence of Zn2+ intercalation,[55,56] and the content of V(IV) reached 90%. On the contrary, 

after the battery was charged to 1.8 V, the characteristic peaks of V(IV) and V(V) were observed in 

XPS spectra, where the content of V(V) reached 86%, which is similar to the initial state, indicating 

that the intercalation is highly reversible.[57,58] 

 

Fig. 7 (a) The first charge–discharge of VO/LSC, (b) XRD patterns of the VO/LSC cathodes at various 

GCD states, (c) magnified XRD patterns, (d) High-resolution Zn 2p XPS spectra, (e) High-resolution 

XPS V 2p spectra of VO/LSC electrodes at different charge–discharge stages. 

It is well known that reduction/oxidation reactions occur in the cathode material with the 

(de)intercalation of Zn2+ in the process of charge and discharge. Taking the vanadium-based cathode 

material as an example, in the charging process, the electrons of the cathode material are released and 

the vanadium in the cathode is oxidized, transforming the external power source into chemical 

energy.[59] The oxidation strategy that enables electron depletion of vanadium oxide can also charge 

the battery. The redox potential in this system can be obtained from the CV curves of Zn//VO/LSC 
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batteries [50], in which the minimum reduction peak potential of VO/LSC on Zn2+/Zn is 0.42 V. 

According to the calculation, the redox potential is -0.22 V relative to the standard hydrogen electrode, 

so it can be concluded that vanadium oxide in the cathode electrode material can be spontaneously 

oxidized by oxidizer with a potential higher than -0.22 V. Oxygen is abundant in air and easy to obtain 

from the ambient environment. Its potential to standard hydrogen electrode is about 0.4 V in neutral 

environment. Therefore, oxygen can be used as an oxidant of VO/LSC.[60] Through oxidation reaction, 

intercalated Zn2+ can be extracted from the layered structure of the material to achieve charge balance, 

and the electrode can be charged without other power sources. 

In the self-charging battery, the cathode material is exposed to air. The cathode material is 

V2O5/LSC sample with an addition ratio of 3:1. The electrolyte is 3.0 M Zn(CF3SO3)2 for the 

electrochemical test. The specific mechanism is shown in Fig. 8a, we analyzed the influence of 

different standing time on the charging capacity of the battery. We placed the battery for 16, 24, and 

48 h, respectively, and the initial voltage reached 1.16, 1.01 and 0.91 V (Fig. 8b). We discharged the 

battery at a current density of 1.0 A g−1. The discharge capacity is 74 mAh g−1, 92 mAh g−1, 118 mAh 

g−1 respectively. Compared with electrochemical oxidation, using oxygen as oxidant requires a longer 

charge time, but also can achieves a high specific discharge capacity. As shown in Fig. 8c, we 

discharged the coin cell to 0.2 V and connected it to the alarm clock, initially, the alarm clock did not 

work. Then the VO/LSC cathode was exposed to the air for 24 h, and then connected to the alarm clock 

again, and the alarm clock worked normally. After discharge, Zn2+ was intercalated in the cathode 

electrode of VO/LSC//Zn battery, the interlayer spacing between the cathode material increases, 

oxygen in the air gradually oxidized the cathode material, and Zn2+ were removed from the cathode 

electrode. The battery voltage reached the working voltage of the alarm clock, resulting in the normal 

operation of the alarm clock. After air self-charging experiment, the battery will conduct 

electrochemical-discharge/self-charge charge-discharge cycle experiment again, as shown in Fig. 8d. 

It can be seen that the battery can still conduct a normal charge-discharge cycle. We evaluated the 

cycling stability of the battery's self-charging ability through a repeated self-charging/discharging 

experiment, as shown in Fig. 8e. We set the self-standing time as 10 h, and the discharge current density 

as 0.5 A g−1. The cell still had a high specific capacity after repeated cycles, reaching 100 mAh g−1, 

and the highest charging voltage could reach 0.8 V. 
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Fig. 8 Self-charging/galvanostatic discharging behavior of VO/LSC//Zn batteries. (a) The working 

mechanism of chemically self-charging ZIBs during chemical charging. (b) The galvanostatic 

discharge curves of VO/LSC//Zn batteries at 0.1 A g−1 after the VO/LSC electrodes were oxidized at 

different time. (c) An alarm clock powered by self-charging ZIB in series at (left) exhausted and (right) 

chemically charged states. (d) Self-charging/discharging behavior of the ZIBs at chemically self-

charging and galvanostatic charging hybrid modes. (e) Repeated chemically self-

charging/galvanostatic discharging cycles of the ZIBs. 

Conclusions 

In conclusion, a novel pre-intercalated vanadium oxide cathode material with excellent 

conductivity and high capacity has been successfully prepared by using sodium lignosulfonate as the 

single carbon and sodium source. Due to the employment of LSC, the composite cathode material 

prepared has excellent conductivity, wherein the Na+ retained in LSC is used to realize the sodium pre-
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intercalation of vanadium oxide, which effectively improves the cycling stability of VO. Using oxygen 

as oxidant, a chemically self-charging VO/LSC//Zn battery in air is designed and studied. The 

discharge capacity of VO/LSC//Zn battery can reach 118 mAh g−1 at 1.0 A g−1 current density after 48 

h self-charge in air. Using low-cost sodium lignosulfonate to prepare lamellar carbon material as the 

carbon substrate of vanadium-based oxide cathode, through electrolyte optimization, we have 

prepared vanadium oxide based zinc ion battery with excellent cycling performance and high rate 

performance. This work provides a new pathway for the follow-up study of vanadium-based oxide 

cathode material. 

Experimental Section 

Synthesis of Lignosulfonate-Derived Carbon (LSC). 

All chemicals were analytical grade and used without further purification. In a typical experiment, 

2.0 g of sodium lignosulfonate was dissolved in 50 mL deionized water, stirred for 30 min, followed 

by placing the solution in a freezer for 24 h. The solidified solution was freeze-dried to obtain a spongy 

solid, then carbonized in nitrogen atmosphere at 800 ℃ and kept for 2 hours to obtain LSC. By 

calculation, the content of Na2SO4 in LSC is 52.2 wt%. 

Synthesis of VO/LSC. 

In a typical experiment, 3 mL H2O2 and 0.5 g V2O5 were added into 50 mL deionized water and 

stirred evenly for 30 min to obtain V2O5 aqueous solution. Then 0.1 g of LSC was added to synthesize 

vanadium oxide/LSC composite by one-step hydrothermal method. The preparation of pristine V2O5 

cathode material is the same as the preparation of VO/LSC except that LSC was added. By calculation, 

the concentration of Na2SO4 in the hydrothermal reactor is 6.93 mmol/L. 

Materials characterization 

The decomposition process of VO/LSC in an air atmosphere was studied using a 

thermogravimetric analysis (TGA, NETZSCH, STA409PC, Germany) with a heating rate of 5℃/min 

and a temperature range of 25-700℃. Escalab 250Xi X-ray photoelectron spectroscopy (XPS, Thermo 

Fisher Scientific, USA) was performed with an X-ray photoelectron spectroscopy probe using Al K 

source. Scanning electron microscopy (SEM, Zeiss, Germany) was used to observe the microscopic 
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morphology of the samples. X-ray diffraction images were collected using Cu K α radiation 

(λ=0.15406 nm) on an X-ray diffractometer (XRD, Bruker, Germany). The chemical bonds of VO/LSC 

and V2O5 were characterized by LabRAM HR Evolution microconfocal Raman spectrometer 

(HORIBA Jobin Yvon, France). iS50R Fourier Transform Infrared spectroscopy (FTIR, Thermo Fisher 

Scientific, USA) was used to detect the infrared absorption of VO/LSC and V2O5 at 400-4000 cm−1. 

Electrochemical characterizations 

Electrochemical measurements 

In the preparation of the cathode, 70% of the active material, 20% of carbon black, and 10% of 

the polytetrafluoron (PTFE) binder were mixed evenly, and placed in a drying oven at 100 ℃ for 12 

h. After drying, the electrode was cut into 0.8 cm×0.8 cm for future use. 

Electrochemical test parameters 

The electrodes were pressed on a 304 stainless steel mesh. The mass load of each electrode is 

about 3 mg. In the electrochemical measurement, 2032 coin cell was prepared in air with Zinc foil as 

anode, glass fiber as diaphragm, 1.0 M ZnSO4 and 3.0 M Zn(CF3SO3)2 as electrolyte respectively. 

Cyclic voltammetry (CV) and Electrochemical impedance spectroscopy (EIS) were measured using a 

Gamry electrochemical workstation (1010B, USA). Galvanostatic charge-discharge (GCD) tests were 

conducted on a CT-4008T-5V20mA-164 battery tester (Neware, Shenzhen, China). A voltage window 

of 0.2-1.8 V voltage was tested by cyclic voltammetry curve (CV) and charge-discharge curve (GCD), 

The electrochemical impedance was measured in the frequency range of 0.01 Hz to 100 kHz. The Zn// 

Zn symmetrical cell was charged and discharged with 1.0 M ZnSO4 or 3.0 M Zn(CF3SO3)2 electrolyte 

for 1 h at a current density of 2.5 mA cm−2. The test parameters were tested with a voltage window of 

0.2-1.8 V. 

Chemical self-charging batteries. Using Zn foil as negative electrode, glass fiber as diaphragm, 

CR2032 button cell with holes as positive electrode shell, and 3.0 M Zn(CF3SO3)2 as electrolyte were 

prepared and tested in air. 

Electrochemical Calculation 

Relationship between peak current and scan rate 

i= aνb              (1) 
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logi = loga + blogv   (2) 

Where i is the current density, v is the scanning speed, a and b are adjustable parameters 

respectively, which can be obtained according to the scan rate v1 and v2. When b value is 0.5, the 

electrode reaction is controlled by diffusion, while when b value is 1, the electrode reaction is 

controlled by the surface-dominated reaction. 

Galvanostatic Intermittent Titration Technique (GITT) 

In the GITT analysis, the potential window for the cycling test of a coin-cell at 100 mA g−1 was 

0.2-1.8 V vs. Zn/Zn2+. Constant current is applied for 5 min each pulse, and then the battery is rest for 

2 hours. The value of the apparent chemical diffusion coefficient can be obtained by the following 

formula: 

 

2 2
4

( )
B s

B

m E
D GITT

S E 

   
=   

  
          (3) 

Where τ is the resting time, mB is the mass of the active substance, VB is the molar volume, mB is 

the molar mass, S is the area of electrode sheet, ∆Es is the change of quasi-equilibrium potential of 

battery, ∆Et is the potential change during constant current, and ρB is the molar volume 3.357 g cm-

3. 
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