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Abstract: Coating transition metal oxides with nitrogen-doped carbon is an efficient way to enhance 

lithium-ion battery performance by improving the conductivity and stability of the electrodes. So far, 

little attention has been paid to how the calcination process affects bimetallic oxides, such as zinc 

vanadate, with regards to the oxidation state of the metal, the zinc/vanadium ratio and the specific 

surface area. In this work, we report nitrogen-doped carbon coated zinc vanadate nanoflowers (particle 

size: 10 nm; coating layer thickness: 20 nm) with a high specific surface area (115 m2 g-1) through a 

facile method. High-angle annular dark-field scanning transmission electron microscopy, X-ray 

diffraction and electron paramagnetic resonance spectroscopy reveal that V5+ from the precipitated 

Zn3(OH)2(V2O7)(H2O)2 is largely converted to V3+ in ZnV2O4. A vanadium loss of about 9% during 

calcination lead to increased Zn/V ratio and formation of ZnO. When applied as anode in a lithium-ion 

battery, the as-prepared ZnV2O4/ZnO@N doped C exhibits a considerable reversible specific capacity 

of 620 mAh g-1 at a current density of 0.1 A g-1 after 50 cycles, very close to the theoretical capacity 

(651 mAh g-1) and considerably higher than the non-coated counterpart (306 mAh g-1). The material is 

stable during extended cycling (200 cycles at 0.5 A g-1). In-depth electrochemical analysis including 

three-electrode system testing shows that the carbon shell is crucial in maintaining the structure stability 

and enhancing the capacity of the active material.  

Keywords: Nitrogen-doped carbon, oxidation state, zinc vanadate, anode, lithium-ion battery 
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1. Introduction 

In recent years, transition metal oxides (TMOs) and carbon composites in core-shell structures have 

been used in a wide range of fields, including electromagnetic wave absorption,1 sensors,2 

supercapacitors3 and lithium-ion batteries (LIBs)4-5. The advantages are the low density and high 

conductivity of the carbon layer and the large fraction of void space. In a typical synthesis, the metal 

oxides are fabricated first in a certain morphology and then coated with a carbon layer to form a core-

shell structure. The carbon shell can come from various sources: glucose,6 starch,7 polydopamine,8 

metal-organic frameworks,9 pyrrole,10 acrylonitrile11, and pyridine.12 Among them, starch is very 

attractive given its wide availability, non-toxicity and low-cost. The large amounts of hydroxyl groups 

in starch can coordinate well with metal ions, allowing good dispersion and well controlled size and 

shape of TMO nanoparticles. In order to improve the starch carbon properties further, the doping 

method play an important role.13-16 Various doping strategies has been put up by different research 

groups; this includes doping with metal ions,17-19 B,20 and N21-24. Polydopamine,25-26 is a biomimetic 

adhesive polymer that can easily coat on material surfaces by self-polymerization in aqueous media. 

Additionally, calcination of polydopamine results in a nitrogen-doped carbon layer with high electrical 

conductivity.27-30  

For use as electrode material of LIB, commercial anodes are mainly relying on carbon-based materials, 

such as graphite, with a theoretical capacity of 372 mAh g-1. There is a potential safety issue when using 

carbon-based anodes since lithium insertion primarily occurs at a low voltage of about 0.1 V vs. Li/Li+,31 

which can lead to an internal short circuit due to the formation of lithium dendrites.32 An alternative 

anode material is spinel lithium titanate (Li4Ti5O12, LTO), exhibiting a high insertion potential about 

1.55 V vs. Li/Li+ for charge and discharge.33-34 However, LTO suffers from a poor electronic 

conductivity and a limited theoretical capacity of 175 mAh g-1.35  

Zinc vanadium oxide materials are among the most promising anode candidates, possessing a similar 

insertion potential to spinel LTO and a much higher theoretical capacity over 500 mAh g-1. Zinc 

vanadate exists in several crystal forms including a spinel-type. It can be converted to composite 

materials with both conversion-type (zinc vanadate) and alloying material (Zn). Alloying materials 
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exhibit higher gravimetric capacity compared to conversion-type materials, and suffers from more 

serious volumetric expansion during Li+ uptake.36-37 Therefore, the mixed conversion type and alloying 

type materials are applied in mixed-valence TMOs to give an excellent electrochemical performance. 

The complex chemical composition allows interfacial and synergistic effects between the multiple metal 

species.38 For example, Yin et al.39 synthesized hollow Zn3V2O8 nanocages by a solvothermal method 

showing a capacity of 1400 mAh g-1 at a current density of 100 mA g-1 after 80 cycles. Luo et al.40 

employed electrospinning to fabricate one-dimensional Zn2V2O7 nanofibers with a capacity of 700 mAh 

g-1 after 100 cycles at a current density of 50 mA g-1. It is hypothesized that carbon coating is effective 

to improve the electronic conductivity while maintaining a stable morphology of zinc vanadate.  

Similar to some other TMOs, zinc vanadate is expected to be reduced to a lower oxidation state due to 

the presence of carbon during the calcination process. For example, Wang et al.41 calcinated porous 

Mn2O3 microspheres coated with polypyrrole and identified the product as MnO/NC by XRD. Similarly, 

FeOOH nanorods42, Ni/C composites43, peapod-like V2O3 nanorods44, and VO2-carbon composites45 

with carbon coatings were derived from metal oxide precursors with higher oxidation states. Bimetallic 

oxides such as core-shell Zn3V3O8/C composite microspheres46 were obtained from PVP encapsulated 

Zn3V2O7(OH)2, where V5+ was reduced to V4+ and V3+. These examples clearly demonstrate that carbon 

coating induces reduction of the metal. It is important to understand the chemical composition of the 

electrode completely, because it will not only help us to estimate the number of electrons that can be 

transferred, but also to identify the chemical reactions during the charge and discharge process. Analysis 

of the reduction process is often limited to XRD and XPS, which might not be suitable for nano-scaled 

samples with broad XRD peaks or on particles encapsulated in thick shells with week XPS signals. It’s 

noteworthy, but not widely recognized, that the bimetallic oxide zinc vanadate might also experience a 

zinc to vanadium ratio change during calcination46.  

Herein, we report a facile method to synthesize nitrogen-doped (N-doped) carbon-coated porous flower-

like zinc vanadate by a simple direct precipitation at room temperature and calcination in an argon 

atmosphere. To investigate the effects of the calcination process on the ratio of metal ions and the 

vanadium oxidation state, ICP-OES, EPR and HADDF-EELS are applied to obtain the concentration 
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of zinc and vanadium in the as-prepared products, and the prevalent oxidation state of vanadium after 

the coating process. The materials are applied as the anode of LIBs revealing that the core-shell carbon-

coated zinc vanadate with a high specific surface area (115 m2 g-1) exhibits a high stable specific 

capacity of 404 mAh g-1 at 500 mA g-1 after 250 cycles. We hypothesize that the porous structure is 

well suited to accommodate the volume expansion and extraction during the electrochemical process. 

A three-electrode system is applied to study the contribution of the anode to the impedance of the whole 

cell. 

2. Experimental 

2.1 Chemicals 

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, 99.0%, CAS:5970-45-6), ammonium metavanadate 

(NH4VO3, 99.0%, CAS:7803-55-6), and carbon black (99.9%, CAS: 1333-86-4) were bought from Alfa 

Aesar. Starch ((C6H10O5)n, CAS:9005-25-8), poly(vinylidene fluoride) (PVDF, (CH2CF2)n, average 

Mw ~534.000), dopamine hydrochloride (2-(3,4-dihydroxyphenyl)ethylamine hydrochloride, 

C8H11NO2·HCl), tris base (2-amino-2-hydroxymethyl-1,3-propanediol, 

tris(hydroxymethyl)aminomethane, C4H11NO3, 99.9%) and 1-methyl-2-pyrrolidinone (C5H8NO, NMP, 

99.5%) were purchased from Sigma-Aldrich, Denmark. 

2.2 Synthesis of Zn3V2O8@N-doped carbon flowers 

In a typical synthesis, 1 mmol NH4VO3 was dissolved in 20 mL Milli-Q water to form solution A at 80 

oC. 1.5 mmol Zn(CH3COO)2·2H2O and 0.5g starch were dissolved in 30 mL Milli-Q water to form 

solution B at room temperature (RT). Solution A was added into solution B and stirred for 1 h at RT to 

form the precursor in solid form (ZnVS). After filtration and washing with Milli-Q water and ethanol 

several times, the precursor was stirred in 80 mL tris-buffer with a pH of 8.5 (about 10 mM), into which 

45 mg dopamine was added. After stirring overnight, the polydopamine (PDA) coated precursor was 

isolated by filtration and washed with water and ethanol. The PDA coated precursor was calcinated at 

550 oC for 2 h in Ar atmosphere at a ramping rate of 5 oC min-1 to obtain ZnVC. For comparison, the 

pure precursor was also calcined in air (ZnVair) and Ar (ZnVAr) at the same temperature.  

https://www.sigmaaldrich.com/catalog/product/aldrich/182702?lang=en&region=DK
https://www.sigmaaldrich.com/catalog/product/aldrich/182702?lang=en&region=DK
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2.3 Material characterization 

X-ray powder diffraction patterns (XRD) of various samples were recorded using an Image Plate Huber 

G670 Guinier diffractometer (Cu Kα1 radiation, transmission mode). Field emission scanning electron 

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) characterizations were carried out 

on a FEI Quanta FEG 200 ESEM. Transmission electron microscopy (TEM) investigations and selected 

area electron diffraction (SAED) were studied by a FEI Tenai T20 operated at 200 kV equipped with a 

CCD camera. The high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) images and electron energy loss spectroscopy (EELS) were obtained with a FEI Titan 

Analytical 80-300ST TEM at 300 kV. X-ray photoelectron spectroscopy (XPS) was tested with a 

Thermo Scientific K-alpha spectrometer using Al Kα radiation. Electron paramagnetic resonance (EPR) 

spectra were collected on an EMX X-band continuous-wave (CW) EPR spectrometer with an ER 

4102ST cavity at RT. Thermal gravimetric and differential thermal analysis (TGA, DTA) was measured 

in air with a ramping rate of 5 or 10 oC min-1 and heated up to 700 oC. Textural properties were 

determined via nitrogen sorption at -200 oC using a conventional volumetric technique on an ASAP 

2020. The surface area was calculated using the Brunauer-Emmett-Teller (BET) method based on the 

adsorption branch of nitrogen adsorption/desorption isotherms. The elemental composition of the 

sample was determined via inductively coupled plasma-optical emission spectroscopy (ICP-OES) 

analysis on a Perkin Elmer 3000 DV analyzer. 

2.4 Electrochemical measurements 

The active material, carbon black and poly(vinylidene fluoride) (PVDF) with a weight ratio of 8:1:1 

were mixed in 1-methyl-2-pyrrolidinone (NMP) to form a homogenous slurry, which was then coated 

on a copper foil current collector and dried in a vacuum oven at 120 oC for 12h. The coated copper foil 

was punched into a circle with a diameter of 15 mm and used as the working electrode. The loading of 

the active material was determined to be about 1 mg cm-2. Glass microfiber filters dried at 120 oC in a 

vacuum oven overnight were used as the separator. The tested cells were assembled in an argon glove 

box. A disc of fresh Li foil with a diameter of 15 mm was used as the combined counter-/reference 

electrode, with 1 M LiPF6 in ethylene carbonate/dimethyl carbonate (EC: DMC = 1:1 by volume) as 



7 
 

the electrolyte. Galvanostatic testing of the cell was evaluated in a voltage range of 0.02-3.00 V at 

various current densities. Cyclic voltammetry (CV) was measured in the same potential range at a scan 

rate of 0.1 mV s-1 and electrochemical impedance spectroscopy (EIS) at the open-circuit voltage in a 

frequency range of 0.1 to 100k Hz were tested on either a Metrohm Autolab potentiostat or a Biologic 

Science Instrument VMP3. 

3. Results and discussion 

3.1 Morphology and structure characterization 

The synthesis of N-doped carbon-coated zinc vanadate is illustrated in Figure 1. The precursor (ZnVS) 

precipitates directly by mixing solutions of the zinc and vanadium salts at RT in a flower-like 

morphology. The formation of his morphology is thought to take place through an Ostwald ripening 

process.47 PDA coating is performed by simply adding dopamine into the tris-buffer (pH 8.5) 

suspension of ZnVS, undergoing spontaneous polymerization.48 Zinc vanadate coated carbon 

composites (ZnVC) are obtained after the carbonization of PDA coated ZnVS. By calcination the ZnVS 

in air and Ar, the comparison samples ZnVair and ZnVAr can be obtained, respectively. 

The detailed morphology and the structural features of the products were investigated by SEM and 

XRD. The as-obtained precursor ZnVS is well distributed and exhibits a uniformly flower-like structure 

with an average size of 500 nm, as shown in Figure S1. The higher magnification image (Figure 1a) 

shows that the flower is assembled by nanosheets with smooth surfaces. All the peaks of the precursor 

(ZnVS) can be indexed to Zn3(OH)2(V2O7)‧2H2O (ICOD: 00-087-0417), in Figure 1b. A broad peak 

appears at around 10 to 20o after PDA coating, indicating that the amorphous polymer dopamine is 

successfully introduced into the ZnVS. 

When as-produced ZnVS is calcinated in air (to ZnVair), the smooth nanosheets of the flower shrink 

into nanoparticles in the same overall size (about 500 nm) as in ZnVS (Figure 1d). XRD patterns (Figure 

1g) display the highly crystalline peaks corresponding to the orthorhombic crystal structure of Zn3V2O8 

(ICOD:00-034-0378). TEM is used at low magnification in order to estimate the average size of the 

nanoparticles, As shown in Figure S2a and b, the nanoparticles in ZnVair are well distributed with sizes 
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of about 100-300 nm. The high-resolution TEM (Figure S2c) recorded on the particles shows clear 

lattice fringes, and the calculated interplanar spacing is ca. 0.247 nm, assigned to the (311) plane of 

Zn3V2O8.  

ZnVAr is a black powder obtained by calcination of ZVS in an Ar atmosphere, the colour indicating 

carbonization of a remnant of starch in the precursor. ZnVAr maintains the flower morphology (Figure 

2e). The surface of the ZnVAr flower is rougher than that of ZnVS. TEM images show a porous flake 

structure (Figure S2d and e), composed of nanoparticles with an average size of 10 nm. The lattice 

fringes on the nanoparticle (Figure S2f) indicate good crystallinity of the product. In the corresponding 

converted fast Fourier transform (FFT) pattern (inset of Figure S2f), it is determined that the diameter 

of the spot is ca. 3.96 1/nm, corresponding to an interplanar spacing of 0.253 nm. This is assigned to 

the (311) plane in the spinel structure of Zn2VO4 or ZnV2O4, which contains vanadium in lower 

oxidation states (V4+ or V3+). It indicates that some of the vanadium has been reduced to a lower 

oxidation state by starch during calcination. Due to the small size of the nanoparticles, there are some 

broad peaks in the XRD patterns (Figure 1h). The main diffraction patterns at 30.0o, 35.4o, 56.9o, and 

62.5o (2 theta) can be assigned to the (220), (311), (511), and (440) crystal planes of either Zn2VO4 

(ICOD:01-073-1632) or ZnV2O4 (ICOD:01-075-0318). Peaks at 31.7o, 34.4o, and 36.2o correspond to 

the (010), (002) and (011) crystal planes of ZnO (ICOD: 00-001-1136).  

Figure 1f shows that the ZnVC also maintains the flower structure of the precursor. The XRD result 

(Figure 1i) shows that ZnVC and ZnVAr primarily consists of the same crystal phase. A typical STEM 

image of the ZnVC flowers is given in Figure 2a, suggesting an uniform distribution of the samples. 

The carbon layer coats the flake uniformly to form a core-shell structure. The thickness of the layer is 

ca. 20 nm, with a porous inner core (of ca. 10 nm in diameter, see Figure 2b). The line scan EDS element 

analysis by HAADF-STEM in Figure 2c is used to confirm the core-shell element distribution. Zn, V, 

and O are the dominant elements at the centre of the flake and are uniformly distributed. The outside 

shell contains C and N. Thanks to the supporting carbon layer, the flake keeps integrity during the 

calcination process. The high-resolution TEM image of the ZnVC clearly shows the crystalline structure. 

By calculating the converted FFT spots (inset of Figure 2d), the lattice fringes (0.253 nm) again 
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correspond to Zn2VO4 or ZnV2O4. Raman spectroscopy (Figure S3) is applied to investigate the 

presence of carbon in ZnVAr and ZnVC. There are two peaks in the Raman spectrum at about 1340 

and 1600 cm-1, which can be assigned to amorphous carbon (D-band) and graphitic carbon (G-band), 

respectively.49-50 This indicates the presence of carbon in both ZnVAr and ZnVC. 

 
Figure 1. Schematic illustration of the three types of zinc vanadate synthesis process.  SEM image and XRD 
patterns of precursor ZnVS (a) and (b), XRD pattern from ZnVS coated with dopamine (c); SEM images and 

XRD patterns of ZnVair (d) and (g), ZnVAr (e) and (h), and ZnVC (f) and (i). 
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Figure 2. STEM images at low magnification (a); TEM image of the porous structure (b), HAADF image and 
linear scan EDS elemental analysis of core-shell ZnVC (c), and HRTEM image of ZnVC (d). Inset of (d) is the 

corresponding converted FFT spots. 

 

3.2 The oxidation state of vanadium 

Dopamine, a non-toxic and safe carbon source, can be easily polymerized and coated on the metal oxide 

surface and forms an N-doped carbon layer upon calcination. Vanadium in the component metal oxides 

will be reduced from +5 to lower oxidation states during the carbon coating process in an inert 

atmosphere like what is observed for both Mn-based oxides and Fe-based oxides.51-52 The oxidation 

state of V after the calcination process is difficult to predict, in particular as a ternary metal oxide. The 

oxidation state of V in the spinel structure can not be determined by XRD due to the low crystallinity 

of the materials. XPS is thus applied to further investigate the products. As shown in Figure 3a, the 

precursor ZnVS contains Zn, V, C, and O. C might come from starch or carbon contamination. The 

sharp peaks at 1020.87 and 1043.67 eV are assigned to Zn 2p1/2 and Zn 2p3/2 from Zn2+,53 with the 

small peaks between 527 and 512 eV assigned to V 2p. The same peaks can be observed in ZnVair, 

ZnVAr and ZnVC. There is an extra tiny peak in ZnVC at 399.37 eV which is assigned to N 1s, due to 

the dopamine carbon source. In the high-resolution XPS pattern of V 2p in Figure 3b, the peaks of 

ZnVAr and ZnVC are redshifted to lower binding energy position, indicating the reduction of vanadium 

during the calcination process.54 The peak patterns are analyzed by fitting with Gaussian shapes, as 

shown in Figure S4. The main peaks observed for ZnVS at 517.2 and 524.4 eV originate from V5+ 2p3/2 
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and V5+ 2p1/2.55 The sharp peaks in ZnVair are observed at the same position, indicating the presence 

of V5+. Peaks assigned to V4+ can be observed as well at 515.9 and 522.7 eV. ZnVAr and ZnVC both 

show peaks that can be assigned to V 2p3/2 at about 515.8 eV, corresponding to V4+ and clear shoulders 

that show the presence of V3+. Although XPS is employed successfully in some vanadium-based 

materials, in this particular case this method seems to be less useful due to the proximity of O1s. Besides, 

the relevant peak in a V2O3/carbon composite might also blue shift compared to the peak in pure V2O3. 

For example, Wu et al.56 fabricated amorphous V2O3/C where the V 2p3/2 peak is located at 517.2 eV. 

We concluded that another approach is needed to confirm unequivocally the oxidation state of vanadium.  

Electron energy loss spectroscopy (EELS) is commonly used to identify the oxidation state of transition 

metals in materials because the near edge features of the element are highly sensitive to the local valence 

electronic structures.57 Figure 3c shows that the vanadium L edge of ZnVC and the L3 energy loss peak 

is located at 518.5 eV. It is still difficult to confirm the oxidation state of vanadium due to the use of 

different standards in various works.58 Nevertheless, the oxidation state of vanadium in ZnVC could be 

limited to be either V3+ or V4+ according to the combination of all of the characterization efforts 

described above. 

EPR spectroscopy is a very powerful method to identify V4+ species, due to its 3d1 electron 

configuration with an electron spin S=1/2. V5+ is diamagnetic and always EPR silent. Whereas V3+ is 

an integer spin system (S=1) that is not observed at RT in X-band EPR spectroscopy due to a high zero-

field splitting, but it is possible to detect it by other types of EPR investigations. EPR is applied here to 

detect and quantify V4+. The EPR spectra of ZnVS, ZnVair, ZnVAr, and ZnVC at RT are given in 

Figure 3d, confirming the presence of V4+ ions in all samples. It is recognized by the characteristic 

splitting pattern due to the interaction of the unpaired electron with the 51V nuclei (natural abundance 

100%) with a nuclear spin of I=7/2. The sharp central peak in ZnVAr and ZnVC confirms the presence 

of carbon residues and the broadening at the base of the sharp peak in ZnVC indicates the presence of 

N-doping (14N has I=1). To quantify the amount of EPR active V4+ ions, the background-corrected 

spectra are integrated twice and compared to the double integral of reference samples consisting of 

VOSO4⋅3H2O diluted in K2SO4. The results are collected in Table 1. In ZnVS, ZnVair, and ZnVAr, the 
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concentration of V4+ correspond to less than 0.06% of the total vanadium content. The integration of 

ZnVC shows a relatively higher concentration of about 0.167%, but closer analysis of the spectra shows 

that most of the EPR signal is due to C and N-based radicals in the N-doped carbon shell. The amount 

of EPR active V4+ is comparable to the other samples. 

Based on all data presented here, we suggest that the precursor ZnVS mainly contains V5+, unchanged 

from the NH4VO3 starting material. ZnVair is obtained by calcination in air and is also confirmed to 

contain only V5+. On the other hand, vanadium in ZnVAr and ZnVC is mainly reduced to V3+, in a form 

of the spinel ZnV2O4. The main crystalline phases in ZnVAr and ZnVC are ZnV2O4 and ZnO. 

 
Figure 3. XPS survey spectra (a), and V 2p (b) of ZnVS, ZnVair, ZnVAr and ZnVC; EELS spectroscopy at 

vanadium L edge of ZnVC (c); and EPR spectra (d). 

Table 1 Percentage of V4+obtained from EPR 

Sample ZnVS ZnVair ZnVAr ZnVC 

Total Mass (ppm) 22.28 23.29 24.95 19.89 

V4+ 0.056% 0.025% 0.032%a 0.167%a 

aThe majority of the EPR signal in ZnVAr and ZnVC is due to a C-centered radical 

 

3.3 Loss of vanadium during calcination 

It was reported in the literaturethat the ratio of Zn to V may change during synthesis.46, 59 To confirm 

the composition of the obtained materials, the elemental analysis is performed by ICP analysis. All the 
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samples are dissolved by heating in 70% HNO3 and then diluted to 3% HNO3. The corresponding 

concentrations are calibrated using standard curves (Fig. S4a). The results are collected in the first two 

rows in Table 2. In the precursor ZnVS, Zn mass concentration is 34.26% and V ion mass concentration 

is 17.33%, giving a Zn/V ratio of 1.540 in accordance with the crystalline phase Zn3(OH)2(V2O7)(H2O)2 

as suggested by XRD. For ZnVair, the calcination process has converted the hydroxide to oxide and 

removed crystal water. Thus, the Zn and V concentration increases to 47.13% and 23.72%, but the ratio 

is the same (1.547). The procedure performed during TGA in air will result in the loss of water and 

carbon (giving a weight loss) and the oxidation of all vanadium to V2O5 (giving the possibility of a 

weight gain). It is almost the same procedure that is performed in order to convert ZnVS to ZnVair. The 

TGA results for ZnVS, ZnVAr and ZnVC are found in Figure S5b-d. For ZnVS (Figure S5b) the 

residual mass is 68.80%. During the initial drying process, about 4.43% moisture is lost and the more 

relevant value to compare is 72.0%. A value of 73.58% is calculated from the ICP results under the 

assumption that the residual mass after the TGA experiment is only due to Zn2+, V5+ and charge 

compensating O2-, see the bottom row of Table 2. The TGA analysis of ZnVAr under air atmosphere 

(Figure S5c) shows a weight loss at the beginning due to the loss of absorbed water and the combustion 

of carbon and weight gain at ca. 300-400 oC, indicative of vanadium in a lower oxidation state in the 

sample.46 If we compare ZnVAr with ZnVair, the Zn concentration is about the same, but some V has 

disappeared during the calcination process to make ZnVAr, leading to a higher Zn/V ratio (1.613). The 

experimental residual mass by TGA is 96.25%, close to the residual mass calculated from the ICP data 

of 98.34%. For ZnVC the concentration of both Zn and V is lower (34.87% and 16.02%) due to the 

presence of a significant amount of carbon, and the Zn/V atom ratio is even higher at 1.695. The weight 

loss due to absorbed water in the materials is 3.50% (Figure S5d). The loss of weight during thermal 

decomposition is about 25.56%, a combined effect of combustion of the carbon to CO2 and the oxidation 

of vanadium. The residual mass is 71.04%, very close to the value calculated from ICP data of 72.02%.  

Therefore, the ratio of Zn to V increases from 1.54 to 1.695 after the carbon coating process, indicating 

ca. 9% V loss, which might be caused by the evaporation of V2O5(g) at high temperature during the 

calcination step. The ratio of Zn to V corresponds to a ratio of ZnO to ZnV2O4 of 2.39 in porous core-
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shell ZnVC. There is about 25% carbon in ZnVC from starch in the precursor synthesis and from 

dopamine in the coating process. Assuming that all vanadium is V3+ in the product, the stoichiometry 

of the calcination of ZnVC corresponds to: 

Zn3(OH)2(V2O7)(H2O)2 + 1.78 C → 2.11 ZnO + 0.89 ZnV2O4 + 0.11 V2O5(g) + 3 H2O(g) +  1.78 CO(g)     

(3) 

Table 2 Zn and V mass concentration determined by ICP and residual mass 
after heating in air determined by TGA 

Samples ZnVS ZnVair ZnVAr ZnVC 

Zn concentration (w%) 34.26 47.13 46.67 34.87 

V concentration (w%) 17.33 23.72 22.54 16.02 

Zn/V atom ratio 1.540 1.547 1.613 1.695 

Experimental TGA 
residual mass 68.80% - 96.25% 71.04% 

Residual mass calculated 
from ICP data  73.58% 101.02% 98.34% 72.02% 

 

3.4 Determination of porosity 

The porosity and surface area are crucial for LIB electrodes. The nitrogen adsorption-desorption 

isotherms and the corresponding pore size distribution of the ZnVair, ZnVAr and ZnVC are measured 

to further investigate the porosity of the products. As shown in Figure 4a, The Brunauer–Emmett–Teller 

(BET) surface area of the ZnVair nanoparticles is ca. 21 m2 g-1. The corresponding Barrett-Joyner-

Halenda pore size distribution is displayed in Figure 4d, with an average pore size of ca. 40 nm and 

pore volume of 0.12 cm3 g-1. The product ZnVAr (Figure 4b and e) possesses a very high specific 

surface area of 117 m2 g-1, with many mesopores of up to 50 nm and a high pore volume of 0.29 cm3 g-

1. Interestingly, the specific surface area of ZnVC has the same high value of 115 m2 g-1 and pore volume 

of 0.27 cm3 g-1, but contains more mesopores (Figure 4c and 4f). Literature values of the BET surface 

area of vanadium-based metal oxides applied as lithium-ion batteries are collected in Table S1. For 

example, Xue et al.60 synthesized hierarchical lychee-like Zn3V3O8@C/rGO nanospheres with a surface 

area of 20 m2 g-1. Balaji et al.61 fabricated porous Zn3V2O8 sheets with a surface area of 22 m2 g-1, with 

improved diffusion kinetics due to a shorter diffusion pathway. Compared to this, the porous ZnVC 
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material presented here has a significantly higher specific surface area. We suggest that the high specific 

surface area and the high porosity provide more active sites and facilitate Li-ion diffusion. With the 

help of the carbon layer, the anode materials can more efficiently accommodate the volume variation 

during the charge and discharge process.  

 
Figure 4. N2 adsorption-desorption isotherms of the products and their corresponding pore size distributions: 

ZnVair (a) and (d); ZnVAr (b) and (e); ZnVC (c) and (f). 

 

3.5 Electrochemical performance 

The electrochemical performance as LIB anode materials is investigated in various electrochemical 

tests by using a CR2032 type coin half-cell assembled with Li metal cathode. The typical cyclic 

voltammogram (CV) curves during the second scan are recorded in a potential range of 0.02-3.0 V at a 

scan rate of 0.1 mV s-1 (Figure 5). For pure Zn3V2O8 nanoparticles, the obvious reduction peaks at ca. 

0.5 and 0.8 V are attributed to the reduction of V5+ to V4+ and V3+ along with the reduction of Zn2+ to 

metallic Zn.62 The irreversible side reaction of solid electrolyte (SEI) interphase formation with metallic 

Zn further alloyed to form Li-Zn occurs at ca. 0.02 V.63 For the oxidation process, there are three peaks 

at ca. 0.3 and 1.4 V, corresponding to the de-lithiation of Li-Zn alloys and the oxidation of Zn0 to Zn2+, 

respectively.59, 64 The same peaks are observed for ZnVAr and the capacity is mainly due to faradic 

capacitance on the material.65 For ZnVC, the same peaks as for ZnVAr are observed and there is one 

clearer oxidation peak at 2.5 V. The extra peak is assigned to the extraction of Li+ from LixVO2. The 
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porous core-shell ZnVC exhibits both double layer capacity from carbon and faradaic capacity from 

redox reactions.  

 
Figure 5. CV curves of ZnVair, ZnVAr and ZnVC at 0.1 mV s-1. 

The charge/discharge profiles of the ZnVair, ZnVAr and ZnVC anode materials for the initial two cycles 

and the 35th cycle at a current density of 100 mA g-1 are given in Figure 6a-c. The charge and discharge 

curves show plateaus at the same potential after the initial cycle. The difference in the initial discharge 

curve is due to the different chemical compositions in the as-synthesized materials. In the first discharge 

curve for ZnVair, a voltage decrease at 1.5V indicates the decomposition of the active ZnVair into ZnO, 

along with the formation of LixV2O5; the plateau at 0.8 V can be assigned to the reduction of ZnO into 

Zn0; The two plateaus at 0.3 and 0.1 V are related to the irreversible reaction of the SEI layer by the 

formation of Li2O and Li-Zn alloy.66 The first charge curve shows a slope from 1.0 to 1.5 V, 

corresponding to the broad peak in the CV curve (Figure 5).  The crystal phase in ZnVair is Zn3V2O8 

with V5+, which potentially can transfer 15 electrons from 1 mol of Zn3V2O8, resulting in a high initial 

discharge capacity of 1320 mAh g-1. The coulombic efficiency is only 65%, due to side reactions of the 

SEI layer formation at the surfaces of the nanoparticles. In the following cycles, the plateaus are not 

obvious, indicating severe polarization, and the capacity decreases seriously to 267 mAh g-1 at the 35th 

cycle. In the initial discharge curve of ZnVAr a decomposition process takes place at 1.5 V, reduction 

of Zn at 1.0V, and the formation of Li-Zn alloy at 0.1 V. Since the main crystal phases in ZnVAr are 

ZnV2O4 and ZnO, vanadium is in oxidation state V3+, leading to fewer electrons to transfer compared 

to ZnVair. Thus the initial discharge capacity is significantly lower (837 mAh g-1).The initial coulombic 

efficiency is ca. 66% and the reversible capacity after 35 cycles is more stable at a value of 306 mAh g-

1. The same crystal phases are present in ZnVAr and ZnVC, and the initial discharge capacity of ZnVC 
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is 860 mAh g-1, close to the value for ZnVAr. The initial discharge curves follow the same trend. The 

reversible capacity is very stable and the same value of 620 mAh g-1 is found after both 2 and after 35 

cycles of charging and discharging at 100 mA g-1. The plateaus during charge and discharge of the 

ZnVC are obvious even after 35 cycles, due to the stability of the material.67 In order to investigate the 

stability of the anode materials further, the cycling performance is tested at a high current density of 

500 mA g-1 after 35 or 50 cycles (Figure 6d-6f). The capacity of ZnVair (Figure 6d) decreases severely 

from 1320 to 267 mAh g-1 at a current density of 100 mA g-1. At a current density of 500 mA g-1, the 

capacity is even lower, 70 mAh g-1. After 200 cycles, the capacity gradually climbs to 161 mAh g-1. For 

ZnVAr (Figure 6e) the value at cycle 35 is 299 mAh g-1. At a higher current density, the capacity is 

stable at 225 mAh g-1 even after 200 cycles. Very interestingly, ZnVC exhibits a super stable capacity 

of 620 mAh g-1 in the initial 50 cycles at a current density of 100 mA g-1, (Figure 6f) and a reversible 

capacity of 404 mAh g-1 in the following 200 cycles at a high current density of 500 mAh g-1. Though 

ZnVair (Zn3V2O8) and ZnVAr (ZnV2O4/ZnO) are different initially and ZnVair has a much higher 

theoretical capacity than ZnVAr, the ZnVAr still delivers higher capacity than ZnVair, indicating that 

the porous structure contributes to a better performance. ZnVAr and ZnVC have the same metal oxide 

composition and morphology, but ZnVC shows a much more stable electrochemical performance, 

which is suggested to be the effect of nitrogen-doped carbon coating. According to the CV curves and 

charge discharge curves, the reactions during charge and discharge can be summarized as follows:39, 68 

Equation (4) and (5) describe the initial discharge, (6)-(8) are the reversible charge (forward arrow) and 

discharge (back arrow) reactions. Compounds written in bold are observed by PXRD: 

𝐙𝐙𝐙𝐙𝐕𝐕𝟐𝟐𝐎𝐎𝟒𝟒 + (2𝑥𝑥 + 𝑦𝑦) Li+ +  (2𝑥𝑥 + 𝑦𝑦) e− → 2 𝐋𝐋𝐋𝐋𝒙𝒙𝐕𝐕𝐎𝐎𝟐𝟐+ 𝐋𝐋𝐋𝐋𝒚𝒚𝐙𝐙𝐙𝐙                      (4) 

𝐙𝐙𝐙𝐙𝐎𝐎 + (𝑦𝑦 + 2) Li+ + (𝑦𝑦 + 2) e−  →   𝐋𝐋𝐋𝐋𝒚𝒚𝐙𝐙𝐙𝐙 + Li2O                          (5) 

𝐋𝐋𝐋𝐋𝒙𝒙𝐕𝐕𝐎𝐎𝟐𝟐  ⇌ 𝐋𝐋𝐋𝐋𝐕𝐕𝐎𝐎𝟐𝟐 + (𝑥𝑥 − 1) Li+  + (𝑥𝑥 − 1) e−                                (6) 

𝐋𝐋𝐋𝐋𝒚𝒚𝐙𝐙𝐙𝐙 ⇌ Zn + 𝑦𝑦 Li+ + 𝑦𝑦 e−                                             (7) 

Zn +  Li2O ⇌ 𝐙𝐙𝐙𝐙𝐎𝐎 + 2 Li+  + 2 e−                                        (8) 

                        1≤x≤2, y≤1 
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As written above, the ratio of ZnO to ZnV2O4 in porous core-shell ZnVC is about 2.39 with a weight 

percentage of about 25% carbon, indicating 53% ZnO and 22% ZnV2O4. The maximum number of 

electrons that could be transferred for ZnV2O4 would be 5, and for ZnO, there are 2 electrons for the 

reduction process and 1 electron for the alloying process. Thus the theoretical specific capacity could 

be calculated by the formula:69 

𝐶𝐶𝑡𝑡ℎ =  𝑛𝑛𝑛𝑛
3.6 𝑀𝑀𝑤𝑤

                                                                           (8) 

where n is the number of the electrons that the material could transfer, F is Faradays constant (96485 C 

mol-1) and Mw is the molar mass (g mol-1). Using this, the maximum theoretical capacity of ZnVC is 

calculated to be 651 mAh g-1 disregarding any contribution from the carbon layer to the capacity. The 

initial discharge capacity of the ZnVC is 860 mAh g-1, and the coulombic efficiency is 72%, due to the 

irreversible capacity formation of the SEI film and incomplete restoration to original active materials.70 

After the second cycle of the ZnVC, the value is stable at 620 mAh g-1 during the following 49 cycles 

at a current density of 100 mA g-1, very close to the theoretical capacity of this material, indicating the 

full utilization of the material. The electrochemical performance in terms of capacity and cycling 

performance of the ZnV2O4 is better than most of the reported ZnV2O4 materials. For example, 

ZnV2O4/ordered mesoporous carbon (CMK) nanocomposite obtained by a direct precipitation and 

calcination process exhibited 575 mAh g-1 at a current density of 100 mA g-1 after 200 cycles.71 The 

porous ZnVC also outperforms LTO and other metal oxides, as shown in Table S2, such as TiO2 

nanoparticles, 72 HfNb24O62,73 Nb12O29.74  
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Figure 6. Galvanostatic discharge/charge curves of the 1st 2nd and 35th cycles of ZnVair (a), ZnVAr (b) and 

ZnVC (c). Charge-discharge cycling performances and coulombic efficiency of battery anodes based on ZnVair 
(d), ZnVAr (e) and ZnVC (f).  

In battery applications, it is generally observed that materials consisting of particles perform worse than 

porous structures, due to particles aggregating during the charge and discharge process. Therefore, the 

morphology of the materials is investigated by SEM and TEM after cycling. The ZnVair nanoparticles 

(Figure 7a and d) have aggregated to form large particles, but some of the porous ZnVAr flakes and 

most of the porous ZnVC maintain the morphology. Porous ZnVAr (Figure 7b and e) breaks into 

nanoparticles. Interestingly, ZnVC (Figure 7c and f) still retains the flower morphology with an 

unchanged size of ca. 500 nm. Moreover, the core-shell structure is easily observed (Figure S6a). Figure 

S6b shows the linear scan EDS element analysis by HAADF-STEM. Zinc and vanadium are present in 

the centre and carbon at the edges, indicating that the core-shell structure is stable during the cycling 

process. XRD is also applied to test the crystalline phases of the materials after extensive cycling. The 

results after the final discharge process (0.02 V) are shown in Figure S7a. For ZnVair the peaks in the 

XRD are very week after cycling compared to before cycling (Figure 1g). The XRD peaks observed for 

ZnVAr and ZnVC after extended cycling are also weak, but there is less change from before the testing 

of the materials. The peaks can be assigned to Zn1.98Li0.02 (ICOD:96-153-7986) alloy as well as the 

spinel phase ZnV2O4 (ICOD:01-089-7413), which was present also before testing. The ZnV2O4 phase 

is more apparent in ZnVAr than in ZnVC and the fact that it is still present after discharge could indicate 
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a less sufficient utilization of the material. In the fully charged state (3.0 V), the vanadium is primarily 

in a LiVO2 phase (COD: 96-152-9720), and the zinc is in a ZnO phase (ICOD: 00-001-1136), as shown 

in Figure S7b. Due to the irreversible reactions in ZnVair, the ZnO phase is hardly observed, comparing 

to ZnVAr and ZnVC.   

 
Figure 7. SEM and TEM images of ZnVair (a, d), ZnVAr (b, e) and ZnVC (c, f) after long-term cycling. 

The samples are also tested by galvanostatic discharge/charge at different current densities. As shown 

in Figure S8, the reversible capacity of the ZnVair nanoparticles exhibits discharge capacities of 400, 

243, 147 and 73 mAh g-1 at current densities of 100, 200, 400 and 800 mA g-1, respectively. In contrast, 

the porous ZnVAr and ZnVC exhibit much better rate capacities. For ZnVAr the reversible capacities 

are 594, 463, 343 and 221 mAh g-1 and for ZnVC they are 620, 477, 368, and 259 mAh g-1 at these 

current densities, respectively. The rate performance is also a significant criterion for electrochemical 

performance. The ZnVAr and ZnVC both exhibit great capacity, benefiting from the porous structure 

that facilitates the diffusion of Li ions during the fast charge and discharge process. We suggest that the 

relatively high reversible capacity of the ZnVC material is due to the improved electrical conductivity 

from the added carbon layer.   

The electrochemical properties of all materials were investigated by EIS which is a common method to 

reveal the electron transfer resistance at the open-circuit voltage and the negative permittivity.75 In 

Figure S9a, the plots reveal semicircles in the high-frequency region and straight line in the low-
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frequency region. The value of the intercept with the x-axis is the bulk resistance of the cell, reflecting 

the conductivity of the electrolyte and the separator resistance Rs in the range 10 to 13 Ω. The semicircle 

in the plot is related to the Faradaic charge transfer resistance and its relative double-layer capacitance, 

and the linear part is related to a combination of the diffusional effects of Li-ion on the interface between 

the active material and electrolyte. According to the diameter of the semicircles, the charge transfer 

impedance (Rct) can be obtained. A low Rct generally corresponds to fast kinetics of the Faradaic 

reaction.76-77 ZnVC (32 Ω) has a lower Rct than those of ZnVAr (139 Ω) and ZnVair (118 Ω) anodes, 

indicating that the conductivity of the ZnVC anode is superior. The Li+ diffusion coefficient can be 

calculated from the following formula:78 

𝑍𝑍′ = Rs + Rct + 𝐴𝐴𝑤𝑤𝑤𝑤
−12    (1) 

𝐷𝐷𝐿𝐿𝐿𝐿+ = [
𝑉𝑉𝑚𝑚

𝐹𝐹𝐴𝐴𝐴𝐴𝑤𝑤
�−

𝑑𝑑𝐸𝐸
𝑑𝑑𝑥𝑥�

]2    (2) 

Here Z’ is the real impedance collected during the experiment; Aw is the Warburg coefficient, which is 

the diffusion coefficient of ions in solution; w is angular frequency; Vm is the molar volume of the 

samples; dE/dx is the slope of the open-circuit voltage proportional to the concentration of Li+; A is the 

surface area of the electrode; F is the Faraday constant.78 As shown in Figure S9 b, the Warburg 

coefficient Aw is equal to the slope of the Z’ vs. w-1/2 line at low frequency and can be estimated 

according to Eq. 1. The EIS parameters are collected in Table 4. Eq. 2 indicates that DLi+ is mainly 

determined by (1/Aw)2 and that a small value of Aw implies a high Li+ diffusion coefficient.79 As shown 

in Table 4, the fresh ZnVair nanoparticles have the lowest Aw (52.2 Ω s-1/2) compared to fresh ZnVAr 

(414.5 Ω s-1/2) and ZnVC (149.3 Ω s-1/2). It is anticipated that ion conductivity in materials consisting of 

nanoparticles would be found to be higher than for the porous structure-material ZnVC. The same 

phenomenon has been observed in our previous work.80 After the cycling test, ZnVC (52 Ω) has the 

lowest electron transfer resistance Rct compared to ZnVair (653 Ω) and ZnVAr (305 Ω). In addition, 

the porous ZnVC also has the lowest Warburg coefficient, about 61.9 Ω s-1/2. ZnVC shows better ion 

conductivity than that of ZnVAr and ZnVair nanoparticles because the porous structure buffers the 

volume change during the cycling process, and the carbon layer helps to maintain the structural integrity.  
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However, the measured impedance of the cell has contributions from all components, and if the cell is 

activated, the impedance spectra will become more complicated. It is difficult to single out the 

contribution of the working electrode because the impedance spectrum in a two-electrode experiment 

is a combination of the contributions from the positive and negative electrode. Therefore, a three-

electrode system (EL-CELL GmbH, Germany) is applied to investigate the contribution of the active 

material in the second cycle (Figure 8a). The counter and reference electrodes are both Li metal. In the 

three-electrode experiment the individual impedances of the electrodes versus the reference electrode 

is determined giving impedance contributions at the same time: counter and reference, reference and 

working electrode, and counter and the working electrode (Figure 8d). To understand the effects on the 

impedance of the Li-ion insertion and extraction in the working electrode, the cell is charged and 

discharged to a certain potential and the EIS experiment is performed when the reactions reach 

equilibrium. Interestingly, the charge transfer impedance Rct (Figure 8b) gradually increases with more 

Li-ion extraction from the working electrode. The oblique linear Warburg part is fitted in Figure S9c, 

and the Warburg coefficient (Aw) is equal to the slope to the Z’ vs. w-1/2 line at low frequency. The 

response is reversible during the discharge process (Figure 8e and f), indicating the stability of the 

porous core-shell ZnVC. 
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Table 4 EIS parameters of the anode electrode before and after cycling test. 

  Fresh electrode Electrode after cycling 
 

Rs (Ω） Rct (Ω） Aw (Ω s-1/2) Rs (Ω） Rct (Ω） Aw (Ω s-1/2) 

ZnVair 10 118 52.2 20 653 72.6 

ZnVAr 13 139 414.5 52 305 1078.2 

ZnVC 13 32 149.3 28 52 61.9 

 

 
Figure 8. Visualization of the setup of the three-electrode system with ZnVC coated on the working electrode 

(a); impedance spectra of the working electrode during charging (b) and the corresponding linear fitting of the 

square root of Warburg impedance with real part Z’ obtained for Nyquist plot (c); and the full cell impedance 

spectra (d); the impedance spectra of the working electrode during discharge process (e) and the corresponding 

linear fitting (f). 
4. Conclusions 

In conclusion, porous ZnV2O4/ZnO@N-doped carbon with a high specific surface area of 115 m2 g-1 

has been obtained from flower-like Zn3(OH)2(V2O7)(H2O)2 coated with polymer dopamine by 

calcination in Ar. During the calcination process, the ratio of Zn and V is maintained at 1.695 after 

some loss of vanadium, and the vanadium is reduced from V5+ to V3+ due to the presence of carbon. 

When used as an anode electrode of LIBs, ZnV2O4/ZnO@N-doped carbon exhibits a very stable 

specific capacity of 620 mAh g-1 at a current density of 100 mA g-1. This excellent performance is 
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caused by the high electronic conductivity and ionic conductivity. In addition, the charge transfer 

impedance of the ZnV2O4/ZnO@N-doped carbon increases at high potential, and the Li-ion diffusion 

coefficient decreases. 
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