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Abstract  

 

In this study, cobalt oxide from spent lithium-ion batteries has been 

successfully recovered using the electrodeposition process. XRD showed 

the formation of Co3O4 phase and XPS showed two significant peaks of 

Co3O4 correlated to Co 2p1/2 and Co 2p3/2 and a significant peak which is 

related to Co3O4 correlated to O 1S. FTIR spectra showed two stretching 

bands Co(III)-O and Co(II)-O confirms the material composition of Co3O4. 

The electrodeposited material showed porous sheets-like morphology. The 

specific capacitance was found to be 143 F/g at a current density of 0.5 A/g. 

 

 

 

 

1. Introduction 

An advanced version of capacitors, scientists 

innovates supercapacitors with a unique ability to 

combine energy storage capabilities which 

promising energy storage with high-power 

densities and long cyclic stability. In 1957, 

electrochemical capacitor patent was given and the 

first appearance in the market was in 1969 [1, 2]. 

Recently, a lot of efforts are put in the research to 

fulfill the requirements of the recent technology 

which need a high capacity and power density 

supercapacitor. The key component of a 

supercapacitor is the electrode material which 

controls the main parameters of supercapacitor 

such as specific capacitance, cycling stability, and 

power density [3]. There are two types of the 
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supercapacitor. Firstly, electrical double-layer 

supercapacitors that have no chemical reaction 

during the charging and discharging processes. 

However, only the dielectric capacitance which is 

mainly proportional to the surface area of the 

electrode [4-6]. Secondly, the pseudocapacitors 

(faradic supercapacitors) which have a reversible 

redox reaction, similarly to the redox reaction 

occurring in the batteries [7]. Pseudocapacitors 

depend on the charge transfer between the electrode 

and the electrolyte through a fast redox reaction. 

Metal oxides are examples of pseudocapacitors 

which can store the charges during charging and 

discharging processes [4, 8]. 

  The scientific research pays attention to the 

pseudocapacitors because it has a specific 

capacitance that is higher than the electrodouble 

layer capacitance [9]. The pseudocapacitor 

electrodes include metal oxides, metal hydroxides, 

and conducting polymers [10-12]. Particularly, 

transition metal oxides (TMO) are preferred among 

the electrodes materials due to its higher power 

output, low internal resistance, and multiple 

oxidation states which contribute to the high 

specific capacitance in a device [13]. Among TMO, 

cobalt oxide characterizes of high theoretical 

specific capacitance 3560 F/g, low cost, and great 

redox activity which leads scientific researchers to 

do a lot of efforts to improve the practical 

capacitance to reach the theoretical value [14-17]. 

Furthermore, recent researches have obtained high 

values of specific capacitance of cobalt oxide on 

the account of its morphology and size for instance: 

ultrathin nanosheets, nanocubes, microsphere, 

nanobox and well-defined hierarchical 

nanostructures [14, 15, 18-20].  

In addition to the incredible properties and 

performances of cobalt oxide, it has a high 

statistical economic cost drawback. Cobalt oxide 

price increased from 20 to 59 US$ Kg-1 in 1998 and 

2017 respectively [21, 22]. Therefore, looking for a 

low-cost production method is needed. Presently, 

the possession of electronic gadgets has 

transformed from human luxury to basic human 

needs. Following the exponential increase in 

electronic gadget demand, the production of 

lithium-ion battery (LiB) should be expanded. Yet, 

LiB is still the most widely used energy storage 

devices in electronic gadget [23, 24]. The disposal 

of LiB in electronic gadget is unavoidable due to 

the finite cycle life of LiB. In this context, the 

disposal of LiB could cause tremendous 

environmental disaster, if it is not properly handled 

because of the contained toxic chemicals and heavy 

metals such as cobalt [25]. Furthermore, it would 

be a mistake from the economical point of view if 

the heavy metals are not recovered before LiB 

disposal. 

Many approaches were done to recover 

cobalt from spent lithium-ion batteries such as acid 

leaching, solvent extraction, bioleaching, Chemical 

precipitation and electrochemical recovery [26] 

which could extract more than 99% yield of the 

cobalt from the battery [26-28]. On the other hand, 

LiB should be more positiveness recycling by 

connecting the recovered material and the real 

application. Few studies reported the specific 

capacitance of cobalt oxide recovered from LiB 

[21, 29, 30].  

In this context, the electrochemical recovery 

of cobalt oxide was reported. The prepared material 

was characterized by different techniques and 

evaluated as supercapacitor electrodes. 

 

2. Materials and Methods 

2.1 Leaching solution preparation 

Discharge Samsung 3.7 V LiB was 

physically dismantled and separated. Cathode 

powder was dried at 80 oC for 24 h followed by 

washing in warm water under agitation to remove 
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the organic solvents then dried in air at 80 oC the 

dried powder (10 g) was dissolved in the leaching 

solution (470 mL of 3 M HCl and 30 mL of H2O2) 

and then stirred at 80 oC for 2 h. The pH of the 

solution was adjusted to 5 using NaOH solution. 

The leaching chemical reaction could be 

represented by equation (1): 

𝐿𝑖𝐶𝑜𝑂2(𝑠) +
1

2
𝐻2𝑂2(𝑙) + 3𝐻𝐶𝑙(𝑎𝑞) → 

𝐶𝑜𝐶𝑙2(𝑎𝑞)
+

1

2
𝑂2(𝑔)

+ 𝐿𝑖𝐶𝑙(𝑎𝑞) + 2𝐻2𝑂(𝑎𝑞)     (1) 

 

2.2 Cobalt oxide electrodeposition 

Cobalt oxide was prepared as a thin film on 

Ni foam by electrodeposition from the leaching 

solution. The process was performed using 

chronoamperometry under a constant voltage of -1 

V applied AUTOLAB potentiostat/galvanostat; 

PGSTAT101 through three electrode system for 50 

s. Three electrodes are Ni foam as a working 

electrode, Ag/AgCl as a reference electrode and Pt 

wire as a counter electrode. 

 

2.3 Characterization techniques 

The phase of the prepared materials was 

investigated using a Rigaku Miniflex II X-ray 

diffractometer, Japan equipped with an automatic 

divergent slit. Diffraction patterns were obtained 

using Cu-Kα radiation (λ = 0.15418 nm) and a 

graphite monochromator. The chemical bonds were 

examined using a Perkin Elmer Spectrum 100 

spectrophotometer, the USA over the range of 400-

4000 cm-1. Morphology of the materials was 

analyzed using a JEOL JSM‒7800 F, FESEM, USA 

field emission scanning electron microscope 

operating at 30.0 kV. The oxidation state of cobalt 

was studied by an Ulvac-Phi/Phi 5000  

Versaprobe II spectrometer, XPS, Japan X-ray 

photoelectron spectrometer. 

Electrochemical studies were performed in 

the three-electrode system, by an AUTOLAB 

PGSTAT101 potentiostat/galvanostat with 

frequency response analyzer. Cyclic voltammetry 

(CV), Galvanostatic charge/discharge (CD) tests 

were performed in the potential range between 0 

and 0.4 V vs. Ag/AgCl in 5 M KOH. 

 

3. Results and Discussion 

3.1 Structural analysis 

XRD patterns for the electrodeposited 

electrode (Fig. 1) shows diffraction peaks at 2θ of 

10o, 37.3o and 66.5o correspond to the (1 1 1), (3 1 

1) and (4 4 0) planes which related to Co3O4 phase 

(COD, 9005887) [31]. Moreover, the XRD data 

does not show any other peak which gives a 

confirmation that the electrochemical technique of 

recovering cobalt oxide from spent LiB has high 

purity.  

 
Figure 1: XRD patterns of recovered cobalt oxide. 

 

In order to emphasize the chemical 

composition, X-ray photoelectron spectroscopy 

(XPS) analysis was performed. Fig. 2(a) shows two 

characteristic significant peaks of Co3O4 with a 

binding energy of 780 and 795.2 eV correlated to 

Co 2p1/2 and Co 2p3/2 with orbital splitting energy 

of 15.2 eV and both of them demonstrate the 

existence of Co+2 and Co+3 [32, 33]. In addition, O 

1s XPS spectrum in Fig. 2(b) represents a 

significant peak at 530 eV which is related to 

Co3O4. Another peak related to a hydroxyl group in 
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or on water between the deposition material and 

nickel foam with a binding energy of 530.9 eV.  

 
Figure 2: XPS spectra of Co 2p (a) and O 1s (b) of 

recovered cobalt oxide. 

 

FTIR spectra of the electrodeposited sample 

in Fig. 3. show four bands, two absorption bands at 

3347 and 1640 cm-1 which belong to absorbed 

water molecules. Moreover, there are two 

particular bands produced from the stretching 

vibrations of the cobalt-oxygen bond. The first one 

is at 680 cm-1 and results of the vibrations of 

Co(III)-O bonds. Also, the second one is at 

558 cm-1 and related to Co-O stretching [34, 35]. 

The characteristic bands support the formation of 

Co3O4 phase as claimed in XRD analysis. 

 

3.2 Morphological analysis  

FESEM images of material are shown in Fig. 

4. The surface morphology clearly shows a sheet-

like morphology as shown in Fig. 4(a). Whereas in 

Fig. 6(b). The sheets have a mean thickness of 13 

nm. The obtained morphology is quite close to 

those obtained in hydrothermal synthesis [36]. This 

porous sheet-like structure is highly preferred for 

ion penetration and charge accumulation in the 

electrochemical application, as it is discussed in the 

next sections. Moreover, the surface morphology 

shows much porosity than the previous studies 

cobalt from spent LiB [21, 22, 30]. 

 

Figure 3: FTIR spectrum of recovered cobalt 

oxide. 

 

Figure 4: FESEM images of recovered cobalt 

oxide at (a) 30 kx and (b) 150 kx magnifications. 
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3.3 Electrochemical studies 

Fig. 5(a) shows the cyclic voltammograms of 

cobalt oxide electrode. Moreover, the cyclic 

voltammogram at 1 mV/s as shown in the inset, 

demonstrates two reversible redox peaks (O1/R1) 

and (O2/R2) which correlated to Co2+/Co3+ and 

Co3+/Co4+ represented by equations )2( and )3( 

respectively [13]. 

𝐶𝑜3𝑂4 + 𝑂𝐻− + 𝐻2𝑂 ⇆ 3CoOOH + 𝑒−      (2) 

𝐶𝑜𝑂𝑂𝐻 + 𝑂𝐻− ⇆ Co𝑂2 + 𝐻2𝑂 + 𝑒−     (3) 

Furthermore, Specific capacitance (CCV) was 

calculated from cyclic voltammograms using the 

following equation [7]:  

𝐶𝐶𝑉 =
∫ 𝐼 𝑑𝑉

2 𝜐 𝑚 Δ𝑉
                                                       (4) 

Where I is the current, ΔV is the potential window, 

ν is the scan rate and m is the active material mass. 

As shown in Fig. 5(b), the specific capacitance is 

found to be maximum of 87 F/g at a scan rate of 1 

mV/s and a minimum of 53 F/g at a scan rate of 100 

mV/s. The results of the current study are higher 

than the findings reported in previous studies (13 

and 31 F/g at 1 mV/s) [29, 30]. The high results 

found are due to the sheets-like morphology of 

cobalt oxide electrode which gives smaller particle 

and grain size and more porosity than the previous 

reports. 

Galvanostatic charge/discharge curves for 

cobalt oxide electrode at different current densities 

from 0.5 to 5 A/g displayed in Fig. 6(a) which 

indicate the suitability of the electrode in 

supercapacitor applications. Moreover, Fig. 6(a) at 

a current density of 0.5 A/g reveals two regions in 

the discharge curves. Firstly, the slope variation 

which starts from 0.4 V to 0.11 V (72%). Secondly, 

the linear slope start from 0.11 V to 0 V is (28%). 

The slope variation in the discharge curve 

corresponding to the pseudocapacitance that has 

more percentage. This positive correlation found 

confirms FESEM images that the deposited 

electrode has more active ions due to the porosity 

which enhances specific capacitance by 

pseudocapacitance effect [13]. Furthermore, the 

specific capacitance (CCD) was calculated in all of 

the current densities ranges as shown in Fig. 6(b). 

from discharge curves using the following equation 

[7]: 

𝐶𝐶𝐷 =
𝐼 𝑡𝑑

𝑉 𝑚
                                                           (5) 

Where td is the discharge time and V is the 

operating voltage. CCD was found to be 

 143 F/g at 0.5 A/g [37]. 

 

 
Figure 5: Cyclic voltammetry curves at different 

scan rates (inset is the cyclic voltammetry curve at 

1 mV/s) (a) and specific capacitance versus scan 

rate (b) of cobalt oxide electrode. 
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Figure 6: Galvanostatic charge/discharge curves at 

different current densities (a) and specific 

capacitance as a function of discharge current 

density (b) of cobalt oxide electrode. 

 

4. Conclusions 

Cobalt oxide is successfully recovered from 

LiB. XRD shows three peaks related to Co3O4 

structure. XPS and FTIR confirm the binding 

energy and the bonding related to Co3O4. FESEM 

images indicate sheets-like with a mean thickness 

of 13 nm. Moreover, cyclic voltammetry and 

galvanostatic charge/discharge measurements 

show a specific capacitance of 87 F/g at a scan rate 

of 1 mV/s and 143 F/g at a current density of 0.5 

A/g, respectively. 
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