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ABSTRACT 
In this study,a novel cobalt-doped cerium oxide (CeO2)on reduced graphene oxide (rGO) substrate was successfully 
prepared through a hydrothermal method.The comprehensive characterization of the synthesized nanocomposite 
involved X-ray diffraction studies (XRD),Raman spectrum analysis,High Resolution Transmission Electron 
microscopy (HRTEM), and Field Emission Electron Microscopy (FE-SEM).The effective surface area of CeO2/rGO 
and Co-CeO2/rGO was determined using the Randles-Sevecik equation,revealing values of 4.02X10-5 cm2 and 
6.35X10-5 cm 2,respectively.Cyclic Voltammetry (CV) was employed to investigate the electrochemical reversibility 
behavior, demonstrating promising results for Co-CeO2/rGO nanocomposite.Electrochemical impedance 
spectroscopy(EIS) further highlighted low charge transfer resistance (Rct) and enhanced double-layer capacitance 
(Cdl).Notably, the synthesized nanocomposite exhibited excellent electrocatalytic activity for methanol and formic 
acid oxidation in an acidic medium. Overall, this work provides valuable insights into the synthesis characterization, 
and electrochemical performance of Co-CeO2/rGO nanocomposite, showcasing their potential applications in 
energy- related processes. 
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INTRODUCTION 
Graphene’s structural features make it a focal point in contemporary science and technology1, particularly 
in various energy storage applications due to its unique physicochemical properties.2 Economical large-
scale production of graphene is achievable through the chemical or thermal reduction of graphene oxide.3 
Functionalized graphene, obtained by reducing graphene oxide4, serves as a substrate for nanocomposite 
preparation.5Transition metal oxides have garnered significant attention in the field of storage devices due 
to their properties, such as their structural, mechanical, electronic, and pseudo-capacitance characteristics. 
These properties arise from their variable oxidation states, a quality achievable through the use of carbon-
based materials.6,7Noble transition metal oxides such as RuO2, and IrO2 are costly, have lower abundance 
and poor stability prone to show catalytic poisoning other non-noble metal oxides such as NiO, MnO2, 
Co3O4, CeO2, CrO2, Fe2O3 have been in use as they are cheaper and environmentally friendly.8-10CeO2, 
with its distinct structural properties, has emerged as a supporting material in electrochemical 
devices.Outstanding results have attracted researchersto explorethe synthesis of transition rare earth metal 
oxide doped with graphene composites.15 Hence Co-CeO2/rGO is selected and there are various well-
known methods to synthesize, among them Hydrothermal is an efficient method where the nanomaterial 
is synthesized with morphologically controlled growth.16-18 With this importance, we have prepared Co-
CeO2/rGO. Supercapacitors have two main energy storage mechanisms: pseudocapacitor and electric 
double-layer capacitor.19,20 The first one employs precious metals such as platinum (Pt), gold (Au), and 
silver (Ag), while the second approach utilizes carbon-based materials combined with transition metal 
oxides. Mixed transition metal oxides have garnered significant attention in the latter method.21-23,69 Fuel 
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cells have a growing interest as a future energy source. This is due to suitable fuel feed and easy handling 
even at low temperatures.24 Ethanol and methanol as fuel, have a potential feature such as reactivity at 
low temperaturesand easy handling compared to all organic reagents. Methanol and formic acid are more 
advantageous than ethanol concerning selectivity to carbon dioxide formation during electrochemical 
oxidation.25The goal is to create a remarkably effective and long-lasting catalyst for the oxygen reduction 
reaction (ORR), serving as a cost-effective alternative to platinum-based catalysts in both traditional fuel 
cells and direct methanol fuel cells (DMFCs).20,25Therefore, in this present paper, wehave prepared 
cobalt-doped CeO2/rGO nanocomposite using the hydrothermal method and confirmed by XRD, Raman, 
SEM, and TEM techniques. The obtained material was used to study the oxidation of methanol and 
formic acid.  

EXPERIMENTAL 
Material and Methods 
Ammonium cerium nitrate, reduced graphene oxide, cobalt (II) chloride hexahydrate, sodium hydroxide as fuel, 
quaternary ammonium surfactant hexacetyltrimethylammoniumbromide(CTAB), and other chemicals like KCl, 
KOH, C6N6FeK3, C₆FeK₄N₆, methanol, HCOOH, and H2SO4 have been ordered from a reputed supplier of analytical 
research-grade chemicals. They have been supplied in their purest form. 
 

Synthesis of Co-CeO2/rGO 
0.04g of graphene oxide (GO) was dissolved in 30mL of 2M caustic soda solution for 60minutes using 
ultrasonication. Subsequently,8mL of 0.05M ammonium cerium nitrate[(NH4)2Ce(NO3)6] solution was stirred using 
a magnetic stirrer for 30minutes.To maintain a consistent cobalt (Co) dopant percentage, a fixed proportion of 
400µL of CoCl2.6H2O was added.The entire mixture was then transferred to a 100mL hydrothermal bomb enclosed 
in a stainless steel container.The reaction took place in a hot air oven at a temperature of 180 0C for 24hr.Once the 
reaction was allowed to cool to laboratory temperature.The resulting nanocomposite was isolated through 
centrifugation and subsequently dried at 60 0C for a duration of 12hours.26 

 

Preparation of Working Electrode for Electrochemical Studies 
The process of achieving a homogenous carbon paste involved manually blending a mixture of synthesized 
nanocomposite, graphite, and silicone oil using a mortar and pestle for approximately 30 minutes.Further,it's filled 
in a Teflon electrode with copper wire at the other end which is sharpened to remove polymer for electrical contact. 
This cylindrical Teflon electrode is used to study cyclic voltammetry (CV) by applying a potential range between 10 
to 100 mV/s. To study the fuel cell application and Electrochemical Impedance (EIS), a Nickel mesh electrode is 
used which is prepared by making a blend of nanocomposite, graphite, and PTFE (Polytetrafluoroethylene) binder 
using mortar and pestle to get a homogenous blend which is pasted on Nickel mesh, for electrical contact copper 
wire is inserted the electrode is dried at room temperature for an about 24 hr. and used as a working electrode.20,26 

 

RESULTS AND DISCUSSION 
XRD 
The crystallography and phases of Co-rGO/CeO2 synthesized by the hydrothermal method were characterized using 
XRD. The XRD pattern of rGO, CeO2, rGO/CeO2 and Co-rGO/CeO2is shown in the Fig.-1. A diffraction peak of 
rGO is observed at 26.2, 42, and at 54 2θ angles.26, 27 For CeO2, the diffraction peaks are observed at 29, 33, 47, 
56, 59, and 69with respect to reflection planes of (111), (200), (220), (311), (222), and (400) which is confirmed 
with standard JCPDS Card No-34-0394.28 For rGO/CeO2 position of the peak remains the same but with intensity 
changed. Due to the insertion of Co in the CeO2 space lattice, there is a displacement in the diffraction peak to a 
higher 2θ with higher intensity indicating that the shift in higher 2θ is due to the replacement of Ce with Co, in the 
crystal structure. The avg. particle of synthesized nanocomposite was calculated using Debye-Scherer Eq. (1).29,30 

 𝐷 =
 

         (1)   
The measurement considered the FWHM of the extremely strong diffraction. The crystalline sizes of rGO, 

rGO/CeO2, and Co-rGO/CeO2 were found to be 9.2, 7.66, and 5.78 nm respectively. 
 
Raman Spectroscopy 
The Raman spectra of rGO/CeO2 and Co-rGO/CeO2 are displayed in Fig.-2. The D and G bands at 1364 and 
1598cm-1 which are characteristics of GO, are shown in the graph. However, the graph depicts a shifted band at 
1352 cm-1 and 1579.3 cm-1 which are commonly labeled as D and G bands which is due to the reduction of GO to 
Rgo.26 The sp3disordered carbon atoms give the d band whereas the G band ascends mainly from the oscillation of 
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basic sp2hybridized carbon in graphite.28,29 The shift at 462.5cm-1 shown by the composites also reflects the 
symmetrical stretching vibration mode of Cerium and oxygen.31 
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Fig.-1: The XRD Patterns of (a) rGO, (b) CeO2, (c) rGO/CeO2, (d) Co-rGO/CeO2 NCs 

 

There is a high chemical influence between rGO and CeO2 reflected in the Raman shift. It indicates the homogenous 
wrapping of rGO sheets by CeO2 on its surface. A downward shift is also seen for Co-doped CeO2 indicating the 
excellent imperfection created due to oxygen vacancy.32 Such a shift is mainly due to a decrease of Ce4+ to Ce3+ 
enhancing the O2 vacancies and balancing the total charge. From the literature survey it’s clear that the ID/IG was 
found to be much higher than GO as in rGO which is due to smaller sp2 domains due reduction of GO.33 ID/IG value 
for CeO2/rGO is 0.8584 and for Co-CeO2/rGO is 0. 8518. It’s clear that as metal is doped ID/IG value decreases.  
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Fig.-2: The Raman Spectra of (a) rGO/CeO2 and (b) Co-rGO/CeO2 

FE-SEM 
FE-SEM images were used to characterize the analysis and morphology of the built materials, as shown in Fig.-3. 
The prepared rGO depicts a flame-like sheet structure in Fig.-3 (a), with a few layers stacked on top of one 
another.34 The sheets appear to be between 50 and 100 nm thick and a few microns long. The nano balls and nano-
rods-like structure were obtained for CeO2 NPs as depicted in Fig.-3 (b).35 Some nano-ball shape particles 
(spherical) are formed and some of the particles are almost agglomerated. The flame layer sheet image of rGO edges 
and CeO2 nanoparticles overlapped with each other is shown in Fig.-3(c). The majority of the molecules are 
aggregated, and metal oxide with distinctive structures was used cobalt oxide to anchor the surface of rGO layers in 
Fig.-3(d).26,28,35,36 
 

HR-TEM 
The HR-TEM images of Co-doped rGO/CeO2 were obtained by the hydrothermal method as displayed in Fig.-4. 
From Fig.-4 (a), displays a typical TEM micrograph image of rGO formed by a flakes-like structure and multiple-
nano-layer sheets37 with a size of 10-100 nm and CeO2 NPs overlapped with each other, and the majority of the 
molecules are aggregated with cobalt.26,38 The distance between two symmetric diffraction sites can be used to 
calculate the d-spacing value. The d-spacing value was found to be 3.12 nm Fig.-4 (e). The SEAD patterns of Co-
doped rGO/CeO2 NCs obtained bright spots with ring-like patterns displayed in Fig.-4 (b and d) indicating the 
crystalline properties of rGO/CeO2.28,37 

The CeO2, CeO2/rGO, and Co-CeO2/rGO were analyzed in a 5 mM [K3/K4 Fe(CN)6] + 0.5M KCl electrolyte by 
increasing the scan rate within the range of 10 to 100 mV/s is depicted in Fig.-5. A steady increase in current is 
observed, which also indicates the reversibility of the redox process.35,46,70 
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Fig.-3: FE-SEM of (a) rGO (b) CeO2, (c) CeO2/rGO (d) Co-CeO2/rGO at Different Magnifications 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.-4: HR-TEM images of Co-rGO/CeO2 (a) 100 nm (c) 500 nm (e) d-spacing, and (b, d) SAED Pattern of NCs 

 

This also reveals the reproducibility and thermodynamic stability which is supported by the linear regression value47 
as shown in Fig.-5(a) to Fig.-5(c). It also shows that the above process is controlled by adsorption.48, 49 The 
following mechanism depicts the rapid reversible Faradaic redox reaction which is electrochemically possible. 
 

[𝐹𝑒(𝐶𝑁) ] ↔ [𝐹𝑒(𝐶𝑁) ] + 𝑒       (2) 
 

The above reaction is also responsible for charging, where the conversion of Fe2+ to Fe3+ and during discharging, the 
conversion Fe3+ to Fe2+is a Faradaic feasible redox reaction. From the above explanation, it’s clear that by 
comparing the current due to doping of Co to CeO2/rGO, the surface area is increased as well as ORR in cyclic 
voltammetry as shown in Table-1. The following Table-2 reveals the effective surface area of the electrode, which is 
calculated using the Randles-Sevecik equation.50 

 

Ipa= (2.69X105) x n 2/3x Aeff x D 1/2x ν ½ x C         (3) 
 
Where D is diffusion coefficient, Co is bulk concentration, Aeff is effective surface area, and is scan rate respectively. 
It is clear that cerium and cobalt are synergic with rGO as indicated in Table-2. When comparing the data above; 
there is a consistent rise in the current when compared to CeO2. In the case of NCs, there is a flipping of quick redox 
couple between Ce3+ and Ce4+ and vice versa, which is due to the enhanced surface area.51 
 

Table-1: Comparative Electrochemical Performance of Electrode 
Electrode Ipa ( A) ×10 -3 Ipc ( A) ×10 -3 

CeO2 2.058  -1.805  
CeO2/rGO 3.067  -3.869  

Co-CeO2/rGO 4.504  -4.742  
 

 

 



 
Vol. 17 | No. 1 |183-192| January - March | 2024 

187 
ELECTROCATALYSIS OF COBALT DOPED CeO2/rGO NANOCOMPOSITE                                                                             A. Nishath et al. 

Table-2: Effective Surface Area of Various Electrodes 
Electrode Effective surface area ×10-6cm2 

CeO2 3.36 
CeO2/ rGO 4.02 

Co-CeO2/rGO 7.35 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.-5: CV Images of (a) CeO2 (b) CeO2/rGO(c) Co-CeO2/rGO(d) Comparative of Reversibility 
 

Electrocatalysis of Methanol Oxidation  
The cobalt-doped CeO2/rGO exhibits a remarkable enhancement in the redox peak, indicating better electrocatalytic 
activity.52 The addition of 0.2M CH3OH+ 0.5M KOH was also performed during these experiments.53 Figure-6 
illustrates the CV data acquired within the potential window of -1 to 1 V, employing a scan speed of 50 mV/s.  
Notably, a redox peak is observed at different potential ranges for the three materials: -0.1349 to 0.1568V for CeO2, 
-0.1142 to 0.0677V for CeO2/rGO, and -0.1207 to 0.0755V for Co-CeO2/rGO. This redox peak indicates an 
enhanced anodic current density when methyl alcohol is added to the supporting electrolyte54 Furthermore, the 
appearance of the redox peak reveals the oxidation of methanol specifically at the CeO2/rGO interface53 This 
observation suggests that the presence of Co-CeO2/rGO enhances the electrocatalytic activity during the oxidation of 
methanol in comparison to CeO2 and CeO2/rGO.55 The CV response of Co-CeO2/rGO at different concentrations of 
methanol (0.025M to 1M) demonstrates that with an increase in the concentration of methanol, the oxidation of 
methanol intensifies, indicating more methanol molecules available for electrochemical reaction leading to more 
electrons being transferred and consequently higher current. It also tells kinetically more favorable where there is 
increased chances of successful collision between methanol molecules and the catalyst on the anode surface.  
 

 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig.-6: CV of (a) CeO2(b) CeO2/rGO (c) Co-CeO2/rGO (d) Comparative Redox System 
 

This leads to the development of intermediates and products that start blocking the active sites on the electrocatalyst, 
thereby hindering further adsorption of methanol.24,56,57 As a consequence, the oxidation reaction gradually 
decreases, and the peak in the cyclic voltammogram remains relatively constant, as shown in Fig.-7.  
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This behavior shows that the electrocatalyst is affected by the increasing concentration of methanol, ultimately 
limiting its catalytic activity for methanol oxidation. Additionally, during the backward redox reaction, the methyl 
alcohol will undergo deoxidation once more.57 The negative onset potential also indicates more electrocatalytic 
activity of the material.58,59 
 
 
 
 
 
 
 
 

 
 
 
 
Fig.-7: CV Response of Co-CeO2/rGO at Varying Concentration of Methanol in 0.5M H2SO4 

 

Electro Catalysis for Formic Acid Oxidation 
An identical experiment was conducted to assess the oxidation of formic acid. From Fig.8, it’s clear that CeO2, 
CeO2/rGO, and Co-CeO2/rGO also show formic acid oxidation similar to methanol oxidation but with a slightly 
lower anodic potential60-62. EIS typically acknowledged as the most efficient technique for evaluating electron 
transport at the electrolyte-electrode interface and determining the ionic conductivity of both the electrode and 
electrolyte during the O2 evolution route, stands out as the preferred method.63 

 

 

 

 

 

 

 

 

 

 
 
 
 

Fig.-8: (a) CV of CeO2, CeO2/rGO and Co-CeO2/rGO (b) Co-CeO2/rGO at Variying Concentration of HCOOH in 
0.5M H2SO4 

 

 
 

 
 
 
 
 
 

 
 
 
 

 

Fig.-9: Nyquist Plot of (a) CeO2(b) CeO2/rGO(c) Co-CeO2/rGO 
 

In Fig.-9, a pronounced semicircle representing the charge transfer resistance in the high-freq., band is shown 
together with a slope representing the impedance seen in the low-freq., range.The appearance of a depressed curve 
in the high-frequency region of the spectra indicates a charge transfer mechanism, signifying the least charge 
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resistance and greater capacitance.64The decrease in Rct as frequency increases may indicate that the system is 
becoming more capacitive at higher frequencies. Capacitors have lower impedance at higher frequencies, which is 
reflected in the Nyquist plot as a decrease in the real part of impedance65 as indicated in Table-3. Based on this 
observation, it is evident that the synthesized nanocomposite performs effectively as an electrode. The data indicates 
Rs, Rct, and Cdl related to active materials catalytic properties, obtained by fitting with experimental data using the 
equivalence circuit. There is a decrease in Rct and an increase in Cdl indicating the surface catalytic activity.66-68 
 

Table-3: Rs, Rct and Cdl of CeO2, CeO2/rGO and Co-CeO2/rGO 
Electrode Rs(Ω) Rct(Ω) Cdl/F 

rGO 71.28 278.2 8.12 x 10 -9 
CeO2/rGO 49.25 132.7 6.133 x 10-8 

Co-CeO2-rGO 29.51 108.8 3.301 x 10-7 
 

CONCLUSION 
The hydrothermal technique was used to prepare the cobalt-doped CeO2/rGO NCs. Because of the increased surface 
area, the redox performance of cobalt-doped CeO2/rGO was significantly improved. The nanocomposite exhibited 
enhanced electrocatalytic performance during the oxidation of formic acid and methanol. The EIS demonstrated that 
the bigger the capacitance, the lower the charge transfer resistance.  Based on the findings, Co-CeO2/rGO material 
may be a better electrocatalyst for methanol and formic acid in acidic media for fuel cell applications. 
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