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Outline 

In this work, we report a robust cobalt and ceria-based catalyst, viz. Co3O4/CoxCe1−xO2−δ/C 

that is high performing, stable and bifunctional. This work is yet another testament to the 

predicament that CeO2 imparts beneficial modifications to Co3O4 [1,2]. Co3O4 has a high 

specific capacitance and great redox properties [3]. Cerium, on the other hand, is an 

abundantly found lanthanoid which exhibits unique properties like tunable Ce3+/Ce4+ 

content, high oxygen affinity and anti-corrosive nature [4]. It is often exploited as a special 

support for electrocatalysts. Hence, nano-engineering a low-cost, non-noble metal-based 

active element like M1M2Ox−y (where M1=Co,  M2=Ce) with  intricately designed CeO2 is 

an emerging technique in catalyst design [5]. Although there are multiple reports of such 

CeO2-based transition metal catalysts, our method is a relatively simpler one-pot technique 

and utilizes non-toxic metal precursors. Unlike that in Chapter 4, we employ a mild 

calcination in this study to impart beneficial alterations to the crystallinity of Co3O4 and 

CeO2. The calcination dopes some amount of Co2+ and Co3+ ions into the CeO2 lattice. 

This is attributed to give an additional boost to the overall catalyst performances by 

generating important point defects [3]. Like the other chapters, the catalysts are further 

improved by incorporating graphene nanoplatelets as the conductivity enhancer. Graphene 

nanoplatelets, which is a two-dimensional framework of carbon atoms packed in 

hexagonal network with occasional defects, is evolving as a great additive in 

electrocatalysts. These are compact few layered graphene sheets with high surface area 

(typically ~2630 m2 g−1) and thermal conductivity as high as 5000 W/mK. Both these traits 

extremely help in charge carrier mobility during the ORR, OER processes [6]. 
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The synthesis procedure of the catalysts Co3O4/CoxCe1−xO2−δ/C, Co3O4/C and CeO2/C are 

described in Section 2.2.7, 2.2.8 and 2.2.9, respectively. Their physical characterization 

and electrocatalytic activities have been described below. 

5.1   Results and discussion 

5.1.1 Physical characterization of the catalysts 

The synthesized catalysts were characterized for their physico-chemical properties 

with standard characterization techniques such as, PXRD, FTIR and Raman spectroscopy, 

EDX, BET surface area measurement, TGA, TEM and XPS. 

The crystallinity and phase identification of the catalysts is done through their 

PXRD spectra shown in Figure 5.1. A peak at 2θ = 26.5° is observed in all three which 

represents the (002) plane of graphene nanoplatelets. The generated spectra resonate well 

with JCPDS card nos. 65-3103 and 81-0792 depicting formation of Co3O4 and CeO2 

respectively. All diffraction peaks are indexed to their respective Miller indices. The 

hybrid catalyst Co3O4/CoxCe1−xO2−δ/C exhibits diffraction peaks from both Co3O4 and 

CeO2. However, for Co3O4/CoxCe1−xO2−δ/C, the peaks occurring at 2θ = 59.5°, 70.1°, 77.4° 

representing planes (222), (400), (331) arising from CeO2 has a shift by +0.5°, +0.6° and 

+0.8°, respectively. This signifies compressive strain in CeO2 crystallites most plausibly 

due to doping of Co2+/3+ ions into CeO2 lattice which results in lowering in interplanar 

distances (d) [7]. Peak broadening and Bragg shift in Co3O4/CoxCe1−xO2−δ/C indicate 

inhomogeneously strained crystallites. This could also arise from lattice defects like 

doping, interstitials, vacancies and dislocations. Closely packed grain boundaries are 

attributed to aid in generating inhomogeneous layer strains and therefore the 

inhomogeneous Bragg diffractions [8]. Decrease in peak intensity and peak broadening is 

also observed for Co3O4/CoxCe1−xO2−δ/C which clearly indicates decrease in phase 

crystallinity. Moreover, (311) plane of Co3O4 dominates in the hybrid catalyst 

Co3O4/CoxCe1−xO2−δ/C instead of (220) and (222) as was observed for 

Co3O4/CoxCe1−xO2−δ. (311) of Co3O4 is responsible for enhanced performance. The 

average crystallite sizes are determined from the Scherrer equation [9]:  

D =
Kλ

βcosθ
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where D is the crystallite size in nm, K is the shape factor constant in the range 0.8–1.2 

(typically equal to 0.9 for spherical shape),  is the wavelength of radiation,  is the full 

width half maxima (FWHM) of the diffraction and θ is the Bragg’s diffraction angle. The 

results from Scherrer calculation are tabulated in Table 5.1. 

 

Figure 5.1. PXRD spectra of the as-synthesized catalysts. 

 

Table 5.1. Average crystallite sizes as calculated from Scherrer equation. 

Catalyst  Av. Crystallite 

size (nm) 

Av. Crystallite size in 

Co3O4/CoxCe1−xO2−δ/C 

(nm) 

Change in 

crystallite size 

Co3O4 8.3 42.6 Increase by 5 

times 

CeO2 10.9 7.1 Decrease by 0.6 

times 

 

It is observed from Table 5.1 that average crystallite size of Co3O4 increases 5-folds while 

that of CeO2 decrease 0.65-folds. This clearly indicates increase in crystallinity of Co3O4 

and decrease in crystallinity of CeO2 in the mixed oxide Co3O4/CoxCe1−xO2−δ [9]. The 

decrease in crystallite sizes of CeO2 in Co3O4/CoxCe1−xO2−δ can be attributed to the doping 

of Co2+/3+ ions into CeO2 lattice [7]. 
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Figure 5.2 (a) presents the FTIR spectra of the catalysts in which there is a broad 

and intense band for  ̶ OH group at ~3427 cm−1 (arising from surface adsorbed H2O 

molecules)  [10], two narrow and shar bands for  ̶ CH2 at ~2847 cm−1 and 2919 cm−1 

(arising from graphene nanoplatelets framework), less intense bands at ~1740 cm−1 for 

C=O (arising from surface oxidation of graphene carbon), less intense but sharp bands at 

~1570 cm−1 and 1622 cm−1 for C=C (arising from graphene nanoplatelets framework) [11]. 

The remaining bands in the range 400 ̶ 1000 cm−1 arise from M−O bonds (M= Co, Ce) 

[10,12]. Figure 5.2 (b) shows the TGA graph of the as-synthesized catalysts in air 

atmosphere where all the graphene C leaves as CO2, leaving behind 30 wt.% of the MOx 

content. This confirms the correct %mass loading of the active component with the 

graphene support.   

 

Figure 5.2. (a) FTIR spectra (b)TGA curve in air atmosphere. 

 

The Raman spectra of the catalysts are shown in Figure 5.3. Figure 5.3 (a) shows the D-

band (ID) at ~1344 arising from sp3 defects in the crystal lattice and a G-band (IG) band at 

~1575 cm−1 arising E2g phonons of sp2 carbon atoms in the graphene nanoplatelets. 

Another band depicted as 2D band is observable at ~2700 cm−1 which is a typical 

observation for graphene. A narrow 2D band depicts lower degree of disorderliness [13]. 

Other observable Raman active vibrational modes viz. CeO2 (F2g) [5,7]  and Co3O4 (Eg, 

F2g, A1g) [5,9,12,14] are shown in Figure 5.3 (b).  It is to be noted that for 

Co3O4/CoxCe1−xO2−δ, there is a negative shift (red shift) of ~8.4 cm−1 for F2g (CeO2) which 

indicates decrease in crystallite sizes [9] (which corroborates well with the findings from 
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Scherrer calculation from PXRD). It is also representative of more oxygen vacancies in 

the mix oxide than in CeO2 and is presumed to occur due to the thermal treatment. Raman 

spectroscopy is very sensitive to sub-surface oxygen environment and point defects 

(oxygen vacancies) [15]. Substantial decrease in the intensity of A1g and F2g in 

Co3O4/CoxCe1−xO2−δ and peak broadening indicates decrease in crystallinity in the mixed 

metal oxide [7] which is again  due to the thermal treatment. 

 

Figure 5.3. (a) Raman spectra showing ID/IG values, and (b) Raman spectra showing 

vibrational modes and shifts in F2g peak in Co3O4/CoxCe1−xO2−δ/C. 

 

The morphology of the Co3O4/CoxCe1−xO2−δ/C is observed under a high-resolution 

electron microscope to get more insights into the morphology and crystal defects.  



   
Chapter 5     A robust bifunctional Co3O4/CoxCe1− xO2− δ/C electrocatalyst  

5-7 
 

 

Figure 5.4. (a) TEM images of Co3O4/CoxCe1−xO2−δ/C (b) SAED pattern with rings 

indexed to appropriate Miller planes (c,d) HR-TEM images showing lattice fringes and 

interplanar spacing (e˗g) inverse FFTs of depicted areas in (c). 

 

These images are presented in Figure 5.4. Figure 5.4 (a) shows that Co3O4/CoxCe1−xO2−δ/C 

agglomerates are embedded on the encrusted graphene surfaces. It is assumed that there 

exists a strong adherence of the agglomerates on to the carbon support as they do not 

escape the periphery of the graphene sheets. This should render good conductivity in the 

electrocatalysis process. Figure 5.4 (b) shows the SAED pattern with multiple dotted and 

overlapping concentric rings depicting the polycrystalline nature of the material. Figure 

5.4 (c˗d) are HR-TEM images that shows various crystallites and different observable 

lattice fringes. The inverse First Fourier Transform (FFT) images of these fringes 
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generated from ImageJ software are shown in Figure 5.4 (e˗g) with interplanar distances 

indexed to their appropriate Miller planes (h k l). Concomitant with Scherrer calculations, 

crystallites of Co3O4 are seen to be much larger than those of CeO2. The HR-TEM images 

also shows clearly that there is proximity among the different crystallites of Co3O4 and 

CeO2 rendering to generation of large degrees of inhomogeneity in packing and creation 

of heterogeneous oxide-oxide interfaces. 

The XPS wide range survey spectrum of the catalysts reveal presence of the 

elements C, O, Co and Ce as presented in Figure 5.5 (a). All XPS peaks have been 

corrected with respect to the adventitious C 1s peak at 284.6 eV. Figure 5.5 (b) shows that 

O 1s spectrum exhibits two humps deconvoluted into three peaks represented by OL for 

lattice oxygen (O2−), OV for oxygen vacancy (electron ejecting from surface atoms with 

oxygen defects in its co-ordination shell) and OS for surface oxygen atoms (OH ̶ ,adsorbed 

H2O molecules, etc.) [16–18]. OL is observed at ~530 eV, OV at ~531 eV and OS at ~532 

eV. It is to be noted that there is a shift in OL in Co3O4/C towards higher B.E. which could 

be possibly due to presence of higher amount of Co3+ in Co3O4/C (lower value of Co2+ / 

Co3+) than Co3O4/CoxCe1−xO2−δ/C. Quantitative analysis by area integration of 

deconvoluted peaks shows that OL/OS ratio is the highest for Co3O4/CoxCe1−xO2−δ/C (6.7), 

followed by CeO2/C (3.9) and then by Co3O4/C (3.1). This indicates that 

Co3O4/CoxCe1−xO2−δ/C has excessive amount of surface-adsorbed oxygen species [17] 

which arises from excessive oxygen defects. Under normal conditions, these defects are 

satisfied by weakly adsorbed functional groups like H2O and OH ̶ . Figure 5.5 (b) shows 

that Ov is the least for Co3O4/C ( 0%), followed by CeO2/C (2.5%) and the highest in 

Co3O4/CoxCe1−xO2−δ/C (3.5%). This is the benefit of combining Co3O4/C with CeO2. These 

oxygen defects are presumed to arise from CeO2/C  and are expected to act as active sites 

for ORR performance [5].  
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Figure 5.5. (a) XPS survey spectra, and (b) O 1s core XP spectra with OS/OL ratios and 

%composition of OV mentioned of the as-synthesized catalysts. 

 

To correlate the surface oxygen vacancy concentration, the Co 2p XPS 

measurement is performed. As seen from Figure 5.6, the Co 2p spectra comprises of two 

satellite peaks (~785 eV and ~803 eV) and two major peaks depicting 2p1/2 and 2p3/2 spin 

states observed at ~781 eV and ~797 eV respectively [10,12,18–20]. The shifts in binding 

energies for Co 2p XPS spectra are presented in Table 5.2. The binding energies are shifted 

to a lower energy in the mix oxide. Quantitative analysis was done by integrating peak 

areas of deconvoluted XPS spectra. The amount of Co2+ : Co3+ determined by quantitative 

analysis is 3.6 for the mix oxide and 0.8 for Co3O4/C. This is an important parameter [10] 

which indicates that the content of Co2+ is higher in the mix oxide which makes the Co 2p 

photoemission easier and hence correlates to the lower binding energies in 

Co3O4/CoxCe1−xO2−δ/C. The lowering of Co2+ ions in the mix oxide also indicates that there 

are lesser O2 ̶  in the bulk of Co3O4/CoxCe1−xO2−δ/C. this is a clear indicative of oxygen 

defects in the mix oxide which does not happen in Co3O4/C.  
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Figure 5.6. Co 2p core XP spectra of Co3O4/CoxCe1−xO2−δ/C, Co3O4/C and CeO2/C. 

 

Table 5.2. Shifts in binding energies (B.E.) of Co 2p XPS spectra. 

Species BE (eV) in  

Co3O4/C 

BE (eV) in  

Co3O4/CoxCe1−xO2−δ/C 

Shifts in BE 

(eV) 

Co3+ 780.8 779.7 1.1 

Co2+ 782.1 780.9 0.6 

Co3+ 796.9 794.6 2.2 

Co2+ 798.5 796.3 2.2 

 

Again, Figure 5.7 shows the XP spectra of core Ce 3d. The spectra are 

deconvoluted into 8 peaks, two of which (marked as u΄ and v΄) arise from Ce3+ [21,22]. 

No difference was observed for  core Ce 3d XP spectra of Co3O4/CoxCe1−xO2−δ/C and 

CeO2/C. This could be due to ‘x’ being very low quantity at the surface to be detectable 

by the X-rays. However, the intensity of the peaks is lower for the mix oxide, indicating 

that there are lower of total Ce3+/4+ content in Co3O4/CoxCe1−xO2−δ/C due to Co-doping in 

CeO2. 
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Figure 5.7. Ce 3d core XP spectra of Co3O4/CoxCe1−xO2−δ/C and CeO2/C. 

 

5.1.2 Electrocatalytic study 

The catalysts were tested for their electrochemical activities for ORR and OER 

with a Metrohm Autolab PGSTAT 204 (Netherlands) workstation comprising of a 

standard 3-electrode system.  A 3 mm glassy-carbon rotating disk electrode (GC-RDE) as 

working electrode, a 20  10 mesh of Pt as counter electrode and a single-junction Hg/HgO 

in 0.1 M KOH as the reference electrode are employed in 0.1 M is KOH as the supporting 

electrolyte. The working electrode ink was made from 5 mg catalyst mixed with 1:1 water-

isopropanol mixture and sonicated for 30 min. After that, 500 µL of 0.5% Nafion solution 

is added and sonicated for another 30 min to obtain a homogeneous ink. From this, 3 µL 

is drop casted on to the glassy carbon electrode for electrochemical measurements.  

The electrocatalytic activity of the as-synthesized catalysts toward ORR/OER is 

studied in 0.1M KOH (pH=13) solution which is a common electrolyte in alkaline fuel 

cells. Figure 5.8 demonstrates their well-defined ORR polarization curves. 
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Figure 5.8. CVs of (a) as-synthesized catalysts, (b) graphene nanoplatelets, and (c) 

commercial 20 wt% Pt/C, in N2- and O2-saturated 0.1M KOH at scan rate 10 mV s−1. 

 

The LSVs of all the studied catalysts are carried out at five different rotation rates in the 

range 400 ̶ 3600 rpm (shown in Figure 5.9). 

 

Figure 5.9. LSVs of (a−c) the as-synthesized catalysts, (d) of graphene nanoplatelets (C), 

and (e) of commercial 20 wt.% Pt/C, in O2-saturated 0.1M KOH at scan rate 10 mV s-1. 
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Table 5.3. Evaluated electrocatalytic parameters of the as-synthesized catalysts and the 

benchmark Pt/C and RuO2. 

Catalysts Eonset,ORR / 

V 

TOF / 

s−1 

E1/2 / 

V 

ɳ10 / 

mV 

jgeo / 

mAcm−2 

ECSA / 

m2g−1 

Co3O4/CoxCe1−xO2−δ/C 0.85 V 0.259 0.67  500  ̶ 4.26 810 

Co3O4/C 0.85 V 0.032 0.72  710 ̶ 3.80 760 

CeO2/C 0.77 V 0.023 0.61  870 ̶ 2.40 170 

Pt/C 0.98 V − 0.84   ̶ 3.80 − 

RuO2 − 0.025 − 500 − − 

 

 

Figure 5.10. (a) A comparative overlay of LSV@1600 rpm of the studied catalysts in O2-

saturated 0.1M KOH; scan rate 10 mVs−1, and (b) Bar diagram of mass specific activities 

of the catalysts calculated at 0.4 V. 

 

While Eonset,ORR for both Co3O4/CoxCe1−xO2−δ/C and Co3O4/C is 0.85V, the half-wave 

potential (E1/2) of Co3O4/C is seen to be the earliest (0.74 V) among the three as-

synthesized catalysts. The LSVs at 1600 rpm of the as-synthesized catalysts have been 

overlayed upon those of graphene nanoplatelets (C) and 20 wt% Pt/C (commercial 

standard for ORR). This is presented in Figure 5.10 (a). In terms of geometric current 

density (jgeo) at a potential 0.4 V, the mix oxide-oxide catalyst Co3O4/CoxCe1−xO2−δ/C is 

superior to its component oxides, indicating the beneficial aspects of mixed oxide 

interfaces in the mas transport regime. Figure 5.10 (b) presents the mass-normalized 



   
Chapter 5     A robust bifunctional Co3O4/CoxCe1− xO2− δ/C electrocatalyst  

5-14 
 

currents for ORR from which it is clear that mass specific activity of 

Co3O4/CoxCe1−xO2−δ/C is higher than its component oxides at all the considered potentials. 

This again lays stress on the beneficial synergy that takes place most plausibly due to 

oxide-oxide interfaces in Co3O4/CoxCe1−xO2−δ/C. 

As already mentioned in Section 2.6.9, the ECSAs of the catalysts are assessed 

from the slopes (double-layer capacitance CDL) of scan-rate dependent CVs in N2-saturated 

0.1 M KOH. These are displayed in Figure 5.11. The equation 𝐸𝐶𝑆𝐴 =
𝐶𝐷𝐿
𝐶𝑆

 is used to 

derive the ECSAs. Cs (the specific capacitance) is taken as 40 µFcm−2 [23]. The mass-

normalized ECSAs are shown in Table 5.3 and is the highest for Co3O4/CoxCe1−xO2−δ/C.  

 

 

Figure 5.11. (a−c) CVs of the as-synthesized catalysts at different scan rates from 10−60 

mV s−1, and (d−e) Double layer capacitance (CDL) derived from slope of charging current 

of the CVs. 

 

To understand further about the kinetics of the ORR processes for the as-synthesized 

catalysts, Koutecky-Levich (K-L) analyses are done using the equation mentioned in 

Section 2.6.6 [24]. The K-L plots at 0.4 V and the number of electrons calculated from the 

K-L slopes are shown in Figure 5.12. It is found that n~4 for the mix-oxide catalyst 

Co3O4/CoxCe1−xO2−δ/C while for its component oxides n<4.  
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Figure 5.12. K-L plots and derived number of electrons (n) at 0.4 V. 

 

Stability tests viz. ADT and CA are performed to study the chances of practical utility of 

the as-synthesized catalysts. Owing to the corrosion-prone surface degradation of Pt/C, 

fast degeneration of Pt/C is inevitable and is a major bottleneck [25]. This is evidenced 

from the results of ADT shown in Figure 5.13 where Pt/C exhibits an E1/2 shift of 6 mV, 

while there is no observable shift in E1/2 for Co3O4/CoxCe1−xO2−δ/C after 10,000 potential 

cycles, indicating it to be a promising candidate for practical utility. 

 

Figure 5.13. LSVs@1600 rpm before and after 10,000 cycles for (a) Pt/C, and (b) 

Co3O4/CoxCe1−xO2−δ/C and their Shift of E
1/2

.    
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Figure 5.14. Results of 6 h CA test at 0.5 V with their relative current retention. 

 

In a 5.5 h CA test (Figure 5.14) conducted with potential held at 0.5 V, it is 

observed that Co3O4/CoxCe1−xO2−δ/C is able to retain higher % of initial current compared 

to the commercial benchmark Pt/C. It also retains higher current compared to the other 

two catalysts viz. Co3O4/C and CeO2/C. This highlights that close contact of Co3O4 and 

CoxCe1−xO2−δ/C brings upon enhanced stability to the hybrid catalyst of these two oxide 

moieties. It is to be noted that Co3O4/CoxCe1−xO2−δ/C has 105% current retention in CA 

which appeared absurd at first glance. However, the same observation was observed on 

every repeat of the experiment. Upon a thorough literature survey, we come to understand 

that the most plausible reason for this is due to surface reconstruction [26–28]. The surface 

first undergoes some reconstruction and current decreases until the first 1h, after which it 

starts increasing for another 30 min. Finally, after 1.5 h, it starts decreasing continuously.  

The activity of the as-synthesized catalysts towards OER have been tested and the 

results are as presented in Figure 5.15. Figure 5.15 (a) shows their geometric current 

densities (jgeo) against applied potentials in RDE-LSV at 1600 rpm. The current density of 

10 mA cm−2 (j10) is marked. The overpotentials calculated from the equation: 

 /V = E(j10) − 1.23 

(as mentioned in Section 2.6.10 where E(j10) is the potential to reach 10 mA cm−2 for 

OER) are presented in a bar diagram in Figure 5.15 (b). The hybrid catalyst 

Co3O4/CoxCe1−xO2−δ/C exhibits the lowest overpotential of 0.5 V which is equal to the 
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commercial benchmark catalyst RuO2. Hence, we can say that the hybrid catalyst is a better 

bifunctional catalyst toward ORR and OER than its component oxides  Co3O4/C and 

Co3O4/CoxCe1−xO2−δ/C. The bifunctionality index  of Co3O4/CoxCe1−xO2−δ/C toward ORR 

and OER is found to be E=1.05 V (Figure 5.15 (c)). It is calculated from equation,  

E /V = E(j10)− E1/2 as explained in Section mentioned in 2.6.10. [29] 

The turnover frequencies of the catalysts for OER are calculated as per equation  

TOF =
 Jg × Sgeo
4 × F × n

 

where Jg is the current density at an overpotential of 500 mV, Sgeo is the geometric area of 

the WE (0.0706 cm−2), F is the Faraday constant (96485 C mol−1) and n is the mole number 

of the catalyst. TOF is the number of O2 molecules generated per second per active site and 

is a direct measure of OER efficiency [1]. The evaluated values are presented in Table 5.3. 

 

Figure 5.15. (a) LSV@1600 rpm towards OER along with RuO2, (b) Bar diagram showing 

the overpotential@10 mA cm−2, and (c) Diagram showing bifunctionality index of 

Co3O4/CoxCe1−xO2−δ/C towards ORR and OER. 
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The TOF is the highest for Co3O4/CoxCe1−xO2−δ/C (0.259), followed by Co3O4/C (0.032) 

and then by CeO2/C (0.023). Hence, we see that the overall catalytic performance of the 

hybrid Co3O4/CoxCe1−xO2−δ/C is superior to its individual oxides Co3O4/C and CeO2/C. A 

comparison of all material characteristics reveals that the predominant factor behind this 

could be the greater amount of oxygen vacancies in Co3O4/CoxCe1−xO2−δ/C. This 

assumption corroborates well with the higher amount of divalent cobalt ions compared to 

trivalent ions in Co3O4/CoxCe1−xO2−δ/C. In the previous chapter, some difficulty was faced 

to correlate the lesser amount of divalent cobalt ions to the greater degree of oxygen 

vacancy in the mix hybrid Co3O4/CeO2/C. In the present chapter, the calcination step has 

been helpful in removing unwanted hydroxides and/or carbonates apart from  doping of 

Co into CeO2 and developing beneficial crystalline-amorphous phases in 

Co3O4/CoxCe1−xO2−δ/C. The findings of this chapter also serves as a double-confirmation 

for the inferences of the previous chapter.  

5.2   Conclusions 

In summary, the synthesis of graphene supported CeO2, Co3O4 and 

Co3O4/CoxCe1−xO2−δ is demonstrated. The facile charge transfer between Co3O4 and 

CoxCe1−xO2−δ promotes higher current generation in the composite Co3O4/CoxCe1−xO2−δ. 

The co-ordination and interlinkage of Co3O4 crystallites with those of CoxCe1−xO2−δ offer 

physico-chemical modifications into the composite, thereby rendering enhanced 

ORR/OER. Oxygen vacancies lead to low oxidation states of Cobalt. When there are more 

oxygen vacancies at the surface, the incoming O2 molecule is automatically shifted to bond 

with the vacancies and weakens the O ̶ O bond, thereby reducing the chances of H2O2 

formation. This affinity of O2 toward vacancies in turn serves to aid in chemical 

disproportionation of any peroxide formed in the process.  The higher degree of oxygen 

defects in the composite creates a synergistic mechanism which renders it bifunctional, 

displaying a remarkably lower overpotential towards OER. The fact that it outperforms 

Pt/C in terms of stability and exhibit very minimal E1/2 shift makes it a promising candidate 

for practical uses in metal-air batteries (MABs) and fuel cells. Although the mechanism is 

not clear, it is confirmed that a strong beneficial synergy happens when the two 

components Co3O4 and CoxCe1−xO2−δ are mixed. This work is yet another testament to the 

ideology that ceria could intricately enhance the electrochemistry of ORR/OER active 

transition-metal based catalyst Co3O4 and paves the path to explore similar Co-doped ceria 
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and other non-PGM metal oxides/ hydroxides/sulfides towards various other 

electrochemical reactions to achieve sustainable energy production. 
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