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Nowadays, energy problems have become one of our society’s biggest challenges and have drawn worldwide 

attention. Rechargeable lithium-ion batteries (LIBs) are a good option to solve these problems thanks to their 

high energy density and good cycle stability. However, much effort has recently been devoted to find alternative 

anode materials and replace graphite in LIBs, like tungsten oxide (WO3) which has attracted much interest as 

an anode due to its excellent properties. 

In this work, a simple method is used to synthesize crystalline WO3 nanostructures, with well-defined 

morphology using an electrochemical procedure known as electrochemical anodization. This method presents 

several advantages such as being a simple procedure and easy to control its parameters. During the 

anodization, two different complexing agents (oxygen peroxide and citric acid) were used. The effect of each 

complexing agent on the anode behaviour of nanostructures in lithium-ion batteries has been evaluated. 

On the one hand, Field Emission Scanning Electron Microscopy (FE-SEM) has been used to study the 

morphology of the samples, Raman Spectroscopy technique has been employed to verify the composition and 

crystallinity of the nanostructures and Electrochemical Impedance Spectroscopy (EIS) was performed to study 

their electrochemical properties. 

Finally, the different samples were applied as an anode for energy storage in Li-ion batteries and their specific 

capacity was evaluated by Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) and 

Charge-Discharge curves. The nanostructures that presented better electrochemical properties and superior 

behaviour as anode in lithium-ion batteries were those synthesized with H2O2 as a complexing agent. This 

sample presents lower resistance to charge transfer and better behaviour during the cycling process, their 

specific capacity values during discharge and charge 318 mAh·g-1 and 310 mAh·g-1, respectively. 

1. Introduction 

Rechargeable lithium-ion (Li-ion) batteries are commonly employed in compact electronic devices and are 

contemplated the most promising power source for electric vehicles due to their long service life and high energy 

density. A lithium-ion battery involves two electrodes, the anode which is negatively charged and the cathode, 

which is positively charged, an electrolyte and a separator between both electrodes and the electrolyte.  

The material from which the anode is made plays an important part in the function and capacity of the battery. 

Think about their excellent electrochemical reversibility and high specific capacitance, transition metal oxides 

are a potential supercapacitor material. WO3 is an n-type transition metal oxide and is a possible candidate for 

several applications such as gas sensors, electrochromic devices, microelectronics, supercapacitors, etc. 

Various methods have been used for the synthesis of WO3 nanostructures, but electrochemical anodization has 

attracted much attraction because it is quite a simple and quick preparation technique.  

The reaction of WO3 with ligands or complexing agents (such as citric acid, hydrogen peroxide or polycarboxylic 

acids) can be applied to modify WO3 nanostructures, thus providing a wide range of opportunities to achieve 

new morphologies and improved properties.  
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Therefore, in this work, the influence of the ligand on the electrochemical behaviour of the formed nanostructures 

that will act as the anode in the batteries has been investigated. All electrodes have been characterized 

morphologically by FE-SEM microscopy, structurally by Raman Spectroscopy, electrochemically by EIS and 

finally, their behaviour as an anode in lithium-ion batteries was evaluated by Charge-Discharge curves and 

Cyclic Voltammetries. 

2. Experimental procedure 

2.1. Nanostructures synthesis and characterization 

Nanostructures of WO3 were synthesized using two different complexing agents (H2O2 and citric acid) following 

the methodology explained in previous work (Cifre-Herrando et al., 2022). The morphology of the samples was 

analyzed by employing FE-SEM (Zeiss Ultra 55 Scanning Electron Microscope) at an acceleration potential of 

2 kV. The crystal structure of the samples was examined with a confocal Raman laser microscope (Witec alpha 

300 R confocal Raman microscope) using a neon laser of 488 nm and 420 µW power in a range of 0 to 2000 

cm-1. Electrochemical analyses were realized using a three-electrode system: Ag/AgCl (3 M KCl) as a reference 

electrode, a platinum tip as a counter electrode and the nanostructures as a working electrode. 

Photoelectrochemical impedance spectroscopy (PEIS) measurements were realized by applying 1 V Ag/AgCl 

with an amplitude of 10 mV in the frequency range of 105 Hz to 0.01 Hz using an Autolab PGSTAT302N 

potentiostat (Metrohm). In all photoelectrochemical analyses, 0.1 M H2SO4 is used as the electrolyte to ensure 

the stability of the nanostructures (Lassner and Schubert, 1999). 

2.2. Energy storage application 

To analyze the electrochemical behaviour of the nanostructures as anode in lithium-ion batteries, Cyclic 

Voltammetry, Charge-Discharge tests, and Electrochemical Impedance Spectroscopy were performed. To carry 

out these three tests, two-electrode cell configuration was employed. This cell consists of an anode (the WO3 

nanostructures previously synthesized), a cathode (a lithium sheet) and the electrolyte (1 M LiPF6 in solution, a 

nonaqueous solution of dimethyl carbonate, and ethylene carbonate with a volume ratio of 1:1). In addition, 

fibreglass was used as separators. These three components were assembled in a glove box with an argon 

atmosphere.An Autolab PGSTAT302N potentiostat was used for the electrochemical tests. First, Cyclic 

Voltammetry was performed on both samples with a scan rate of 0.5 mV·s-1 and range potential between 0.01 

and 4.0V. After that, Charge-Discharge tests were carried out using a range potential of 0.01–4 V versus Li/Li+ 

and a current density of 100 mA·g−1. Finally, the EIS tests were performed using a frequency range of 0.1–10 

kHz and a signal perturbance with an amplitude of 10 mV. 

3. Results and discussion 

3.1. Nanostructures characterization 

The electrodes were morphologically analyzed by FE-SEM. Figure 1 shows the FE-SEM images of the WO3 

samples synthesized with different electrolytes (a) 0.05 M H2O2 and (b) 0.1 M citric acid and annealed at 600 

ºC.  

 

Figure 1. FE-SEM images at 10 000x magnification of the WO3 samples synthesized with different electrolytes 

and annealed at 600 ºC (a) 0.05 M H2O2 and (b) 0.1 M citric acid. 

  
(a)  (b)  
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It can be seen that, in both cases, the morphology obtained was similar, obtaining a homogeneous layer of 

small-sized nanoparticles. This morphology is due to the degree of dehydration reached by the nanostructures 

after the annealing treatment at 600 ºC after their synthesis (Cifre-Herrando et al., 2022). Furthermore, the 

similarity in morphology between the two nanostructures is explained by the fact that both electrolytes act as 

bidentate complexing agents and the process of nanostructure synthesis is the same (Fernández-Domene et 

al., 2021). The difference between the two electrolytes is minimal, although in the nanostructures obtained with 

H2O2, the mountain shape of the nanorods appears slightly more compact than in those obtained with citric acid.  

Raman spectra were used to study the effect of the electrolyte used in the synthesis of nanostructures on their 

crystalline structure. Figure 2 shows the Raman spectrum for the samples synthesized with 0.05 M H2O2 and 

0.1 M citric acid where the shape of the spectra for both samples is similar. In both cases, the characteristic 

peaks of the monoclinic WO3 phase appear: 125 cm−1, 273 cm−1, 327 cm−1, 704 cm−1 and 804 cm−1. The 

sharpest peaks appear at 707 and 805 cm-1, which are associated with the W-O stretching and bending modes. 

In addition, the other characteristic peaks of the monoclinic WO3 (125 cm−1, 273 cm−1, 327 cm−1) which also 

occur, although less pronouncedly, are associated with the O-W-O bending modes, indicating the existence of 

crystalline tungsten oxide and oxygen vacancies and therefore, high levels of crystallinity and dehydration (Yoon 

et al., 2014; Park et al., 2015). 

 

Figure 2. Raman spectra of WO3 samples synthesized with 0.05 M H2O2 and 0.1 M citric acid. 

Electrochemical impedance spectroscopy (EIS) tests were performed in both nanostructures in order to study 

the influence of the complexing agent on the electrochemical phenomena that occur in WO3 nanostructures. 

Figure 3 shows Nyquist diagrams and Bode plots obtained from EIS tests and the equivalent circuit obtained to 

quantitatively analyze EIS results. 

Nyquist diagram (Figure 3 a) is related to the charge-transfer processes of the electron-hole pairs. As can be 

observed in the Nyquist plot, a semicircle appears for both electrolytes. The amplitude of the semicircle is 

referred to the charge transfer resistance from the WO3 electrode to the electrolyte, the smaller the semicircle 

width, the better the electrochemical response (Roselló-Márquez et al., 2022). As it can be seen in Figure 3a, 

the semicircle for citric acid is slightly lower than for H2O2, consequently, the electrochemical properties are also 

slightly better for citric acid than for H2O2. From Bode phase diagrams (Figure 3b), a wide peak can be seen for 

both electrolytes, indicating the superposition of two individual peaks. It can be appreciated that the phase angle 

is similar for both electrolytes, indicating similar resistance and therefore similar electrochemical properties. 
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Figure 3. EIS plots. (a) Nyquist impedance plots and (b) Bode plots of the nanostructures synthesized with 0.05 

M H2O2 and 0.1 M citric acid (c) Equivalent cirvuit.  

3.2. Energy storage tests 

To evaluate the electrochemical behaviour of both samples, Cyclic Voltammetry was performed in the first place. 

Figure 4 shows the result of these voltammetry’s, where in the first cycle two reduction peaks are observed (at 

approximately 0.6 V and 1.4 V) and two more oxidation peaks (at approximately 1.25 V and 2.6 V). The peaks 

that appear in the reduction zone refer to the formation of Li2O (according to equation 1), while the peaks in the 

oxidation zone refer to the lithium extraction process (according to equation 2) (Siddique et al., 2021). The 

disappearance of the reduction peak at 0.6 V in the next two cycles in both cases suggests the formation of a 

solid electrolyte interphase (SEI) layer during the first cycle that produces a specific capacitance reduction. 

Furthermore, as this peak is more pronounced in the case of the sample synthesized with citric acid, it can be 

stated that the irreversible reduction in capacity, in this case, will be greater (Li et al., 2016) 

Regarding the oxidation peaks, the peak that appears at 1.25 V remains in all cycles when H2O2 is used as a 

complexing agent, indicating that the reaction is reversible, while in the sample synthesized with citric acid, this 

peak disappears, showing that the extraction of lithium reaction is irreversible and therefore decreases the 

specific capacity of the battery during the following cycles. 

𝑊𝑂3 + 6𝐿𝑖+ + 6𝑒− → 𝑊 + 3𝐿𝑖2𝑂          Eq. (1) 

𝑊 + 3𝐿𝑖2𝑂 → 𝑊𝑂3 + 6𝐿𝑖+ + 6𝑒−          Eq. (2) 

 

Figure 4. Cycle voltammograms curves of WO3 nanostructures synthesized with a) H2O2 and b) citric acid. 
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The results obtained after carrying out the first cycle of the Charge-Discharge test of both samples are shown 

in Figure 5. The shape of both discharge curves is similar, where two sections with different slopes and a plateau 

are observed. The plateau observed in both cases is associated with the formation of W and Li2O (Equation 1) 

and the growth of an SEI layer (Tang, Tse and Liu, 2016; Roselló-Márquez et al., 2022) 

However, the value of specific capacity is different in both cases. The sample synthesized with citric acid as a 

complexing agent has a higher specific capacity during the first discharge, being 611 mAh·g-1, while the value 

corresponding to the sample synthesized with H2O2 is 318 mAh·g-1. 

On the other hand, analysing the charge curves, it can be observed that the samples synthesized with H2O2 

achieve a higher specific capacity (310 mAh·g-1) than those synthesized with citric acid (50 mAh·g-1), and 

therefore, it indicates that these nanostructures will withstand more charge and discharge cycles, presenting a 

better behaviour as an anode in lithium-ion battery. 

 

Figure 5. Charge/discharge curves of WO3 nanostructures synthesised with H2O2 and citric acid in the 0.01–4 

V versus Li/Li+ range voltage at 100 mA g−1current density. 

 

Figure 6. Nyquist plots before and after cycling WO3 nanostructures obtained with a) H2O2 and b) citric acid. 

Finally, EIS tests were carried out to verify which sample showed the lowest charge transfer resistance and the 

best behaviour as an anode in lithium-ion batteries. In both cases, these impedances were performed before 

and after the cycling process to see which sample supports in a best way this process. As shown in Figure 6, in 

both cases before cycling, the samples present a semicircle with an inclined slope that refers to the diffusion of 

lithium ions (Zheng et al., 2018). The width of this semicircle refers to the charge transfer resistance (Faraji, 

Hassanzadeh and Mohseni, 2017) and it can be observed that this value is lower for the nanostructures obtained 

with H2O2.  
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Analysing the spectrum after submitting them to the cycling process (after doing 50 charge and discharge 

cycles), the appearance of a second semicircle and a greater resistance in both cases are observed, but this is 

even greater in the case of the sample obtained with citric acid. Therefore, it is again concluded that these 

nanostructures present worse behaviour as anode in lithium-ion batteries. 

4. Conclusions  

The objective of this study was to study the effect of the complexing agent in the synthesis of WO3 

nanostructures to use them as anode in lithium-ion batteries. From the characterization results, it can be affirmed 

that the morphology and crystallinity of the nanostructures is similar. However, electrochemical results showed 

that nanostructures synthesized with H2O2 exhibit better behavior during the cycling process and show an 

improved electron transport capacity during the Li+ insertion/de-insertion process. In summary, WO3 

nanostructures synthesized with H2O2 are interesting to be used as anode in lithium-ion batteries. 
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