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Abstract  The aim of the present study was to synthesize Mn0.6Cu0.4Co2O4 electrocatalyst powder using 
nanocasting method with KIT6-100 silica and to investigate its chemical and physicochemical properties. 
Nanocasting process induced high oxide specific surface areas to the electrocatalyst, with BET surface value of 132 
m2/g. By comparison, 91 m2/g was obtained by the classic solgel method. Pore size distribution investigation 
revealed a mesoporous structuration of the electrocatalyst synthetized by nanocasting route. This led to uniform pore 
size of ca. 6.1 nm whereas, a large distribution from 2 to 50 nm was found for solgel method. The uniform and 
controlled pore size contributed to effective penetration of the liquid electrolyte. X-ray diffraction (XRD) study 
revealed spinel lattice structure with large crystallites of about 8 nm. X-ray photoelectron spectroscopy (XPS) 
measurements confirmed the presence of metal adsorption sites for electrocatalytic reactions. It also showed the 
predominance of Co2+, Cu2+ and Mn4+ species at the sample’s surfaces, beneficial for good intrinsic activities of 
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER).  
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1. Introduction 

In recent years, studies of various mixed (ternary and 
quaternary) oxides have increased their applicability to 
serve as suitable substitutes for noble metal catalysts in a 
variety of areas. Transition metal compounds have been of 
great interest due to their high theoretical capacity, rich 
reserves, low cost, stable in an alkaline environment and 
stable structure [1,2,3,4,5]. Many transition metal oxides 
structures have been studied, among which 
manganese/cobalt-based spinel-type oxides are 
particularly promising as bifunctional electrocatalysts 

[6,7,8,9]. De Koninck and al. have shown that the 
CuCo2O4 electrocatalyst has excellent properties for both 
oxygen reduction reaction (ORR) and oxygen evolution 
reaction (OER) in an alkaline medium [8,9,10]. They also 
noticed that the electrocatalytic activities for ORR and 
OER depend strongly on the manganese (Mn) content in 
CuCo2O4. Mn affects significant intrinsic and apparent 
electrocatalytic activities of both oxygen electrode 
reactions and the highest electrochemical activities were 

found for Mn0.6Cu0.4Co2O4. In this work, synthesis of 
bifunctional Mn0.6Cu0.4Co2O4 electrocatalyst powders for 
oxygen evolution and reduction reaction was carried out 
using classical solgel and nanocasting synthesis routs. The 
Mn0.6Cu0.4Co2O4 electrocatalyst powder was first 
characterized to ensure intrinsic properties such as 
stoichiometry, crystalline, micrograph structure, surface 
and element chemical state. Then, the porosity structure 
and BET surface area were evaluated by pore sized 
distribution and BET measurement, respectively. 

2. Material and Methods 

2.1. Chemicals 
Chemical used, including Co (NO3)2.6H2O, Cu 

(NO3)2.3H2O, Mn (NO3)2.4H2O, anhydrous ethanol, HNO3, 
Pluronic P123, HCl, Tetraethoxysilane, NaOH, were of 
purity grade. They were purchased from Sigma-Aldrich 
Canada Ltd. (Oakville, ON, Canada). Stock solutions of 
Co (NO3)2.6H2O, Cu (NO3)2.3H2O, Mn (NO3)2.4H2O were 
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prepared in acidified anhydrous ethanol and used to 
prepare stoichiometric mixture of Co, Cu et Mn. 

2.2. Synthesis of Mn0.6Cu0.4Co2O4 
Electrocatalyst 

Mn0.6Cu0.4Co2O4 electrocatalyst powder was 
synthesized using simple solgel method and nanocasting 
method. Solgel method start with the preparation of 
stoichiometric mixture of cobalt, copper and manganese 
precursors using stock solutions of Co (NO3)2.6H2O 
(0.364 M, 51.8 mL), Cu (NO3)2.3H2O (0.36 M, 12.2 mL) 
and Mn (NO3)2.4H2O (0.374 M, 15.3 mL). The xerogel 
were obtained after 4 h refluxed/stirring to ensure thermal 
hydrolysis. The solvent was evaporated from the xerogel 
at 40°C using a rotating evaporator (Rose Scientific Ltd.) 
and dried at 200°C under dry air during 10 h, ground in a 
mortar before annealing process at 350°C in air and 
atmosphere condition in a tubular furnace (Lindberg/Blue 
M, model TF55035A). 

Nanocasting method was performed according to the 
protocol described by Kleitz et al. [11]. The xerogel 
obtained from the solgel method was mixed with 0.4 g of 
silica (KIT6-100). The KIT6-100 was prepared from 6 g 
de Pluronic P123 in 217 g of distilled/ deionized water, 
11.8 g of HCL (35%) and 12.9 g de Tetraethoxysilane. 
The suspension was stirred 24 h to induce penetration of 
the particles into KIT6 100 pores and the product was 
dried and suspended in 1 M NaOH solution to remove the 
silica. The sample was dried at 200°C under dry air during 
10 h, ground in a mortar and annealed in the same 
condition as previously.  

2.3. Analytical Methods 
Co, Cu and Mn were analyzed using an atomic 

spectrometer Varian SpectrAA 220FS (Varian, USA). Co 
(λ=240.7 nm), Cu (λ=324.8 nm) and Mn (λ=279.5 nm) 
lamps were used to carry out these analyzes. The scanning 
electron microscopy (SEM) has been performed on a 
Hitachi S-4300 SE/N (Hitachi, Japan). The 
semiquantitative chemical composition of the powders 
was determined by energy dispersive X-ray (EDX) 
analysis (EDX Detector, Sapphire) integrated into the 
SEM. X-ray photoelectron spectroscopy was performed 
on the XPS PHI 5600-ci spectrophotometer (Physical 
Electronics, Eden Prairie, MN, USA) equipped with a 
monochromatic aluminum source of 1486.6 eV at 300 W 
for overview spectra and a Mg, Kα anode of 1253.6 eV at 

300 W for high-frequency spectra resolution (HR). The 
specific surface area of the electrocatalyst particles was 
obtained by measuring at 77 K the adsorption and 
desorption of N2 using a Quantachrome autoadsorb-1 
(Quantachrome Instruments, USA). The pore size 
distribution was evaluated using the DFT method. X-ray 
diffraction (XRD) of the sample was carried out using the 
Siemens D5000 diffractometer (Siemens, Germany). The 
crystallite size (thkl) of the oxide particles was calculated 
using the Debye-Scherrer formula according to Equation 1. 

Equation 1. 0.9
hklt

cos
λ

β θ
=  

Where h, k, and l are the Miller indices, λ is the 
wavelength of the cobalt source (17.890 nm), β is the 
width at half height in radians of the main diffraction 
peak (311), and θ is the diffraction angle of the selected 
peak (21.5°).  

3. Results and Discussion  

3.1. Chemicals Characterization of 
Mn0.6Cu0.4Co2O4 

The micrographs of Mn0.6Cu0.4Co2O4 samples prepared 
by solgel and nanocasting routes are shown in Figure 1. 
They present the morphology and the surface structure of 
Mn0.6Cu0.4Co2O4 samples. It’s clear that, the as-prepared 
electrocatalyst nanoparticles are agglomerated and 
exhibited aggregates and irregular morphology due to the 
calcination process [12]. 

The spectra of EDX analysis showed the presence of the 
several elements in the catalyst, such as O, Cu, Co, Mn and 
C (Figure 2). The average surface composition from the 
atomics ratios percentage (Table 1) was found to be 
Mn0.6Cu0.5Co2O3.6 in agreement with theoretically chemical 
formula of Mn0.6Cu0.4Co2O4. The weak peak of silica 
observed in nanocasting synthesis method (Figure 2b), 
shows the efficacity of the washed process using NaOH 
solution. This similar result have been reported when using 
other silica washing such boiling ethanol for 15 h [13]. 

Table 1. EDX atomic percentages (At %) of samples elements 

Synthesis route T 
(°C) O (K) Mn 

(L) 
Co 
(L) 

Cu 
(L) 

Solgel 350 
 

50.29 9.42 30.72 9.55 
Nanocasting 39.26 6.89 24.39 4.44 

 

 
Figure 1. Micrographs of Mn0.6Cu0.4Co2O4 powders prepared by solgel (a) and nanocasting route (b) and annealed at 350 °C under atmosphere and air 
conditions 
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Figure 2. Typical EDX spectra and regions analyzed on the Mn0.6Cu0.4Co2O4 surface prepared by a) solgel, b) nanocasting route and annealed at 350 °C 
under atmosphere and air conditions  

The surface elemental composition and the chemical 
states of various elements are shown in Figure 3. C1s peak 
at 284.6 eV, corresponding to contaminated carbon was 
used as reference. XPS spectra confirmed the presence of 
metals Mn, Cu, Co and O at the surface of the 
electrocatalyst. Metal favor ORR/OER reactions because 
of the availability of adsorption and desorption sites of 
species O2, OH-, H2O2

- involved in these reactions 

[14,15,16,17]. Since method used for the synthesis of 
catalysts does not influence the XPS results, only results 
from nanocasting method are presented in this section. 

The high-resolution photoelectron spectra of Co 2p is 
presented in Figure 4 and data related to the deconvolved 
peaks are shown in Table 2. Co 2p core-level spectrum 
shows different  peaks, corresponding to Co 2p3/2 (~ 
780.1 eV), Co 2p1/2 (~ 795.4 eV) and broad satellite 
peaks SI, SII, SIII [18]. The spin-orbit doublet of binding 
energy (BE ̴ 779 and 794 eV) with ∆BE ̴ 15 eV is 
characteristic of the Co3+ ion in octahedral sites [19], 
whereas the second doublet of binding energies (BE ̴ 780 
and 795 eV) with ∆BE ̴ 15 eV is characteristic of the Co2+ 
ion in tetrahedral sites19 . SI, SII, SIII satellites with 
respective bond energies around 786 and 803 eV 
correspond to Co3+, Co2+, and the paramagnetic Co2+ and 
Co3+ mixture [20]. High proportion of Co2+ in the 
tetrahedral sites are observed by comparison to Co3+ 
content in octahedral sites. This is beneficial for OER 
activity, which depends on the relative surface ratio of 
Co2+/Co3+. Co2+ ions induce the formation of cobalt 
oxyhydroxide (Co-OOH), which enhance OER activity 

[16,17]. In contrast, the Co3+ ions are detrimental for OER 
activity because they contribute to strength the adsorption 
of hydroxides groups at the electrocatalysts surface [21].  

The Cu 2p 3/2 core-level spectrum is presented in 
Figure 4 and data related to the deconvolved peaks are 

shown in Table 3. The Cu 2p 3/2 core-level spectrum 
shows one peak at  ̴ 933 eV and an intense satellite peak 
at  ̴ 941 eV. The deconvolution of the main peak shows 
the presence of two components: i) the first one with a 
binding energy close to 930 eV, corresponding to Cu+ in 
tetrahedral sites, and ii) the second one with a binding 
energy close to 933 eV, corresponding to Cu2+ in 
octahedral sites [20,22]. The presence of Cu2+ can induce 
good intrinsic performance of the electrocatalyst for ORR, 
because they are active oxygen adsorption sites [23]. 

 
Figure 3. Co 2p core-level spectrum of catalyst prepared by nanocasting 
and annealed at 350 °C under atmosphere and air conditions 

Table 2. Data related to Co 2p core-level spectrum of electrocatalyst 
powders prepared by nanocasting and annealed at 350 °C 

Co2+ (tetrahedral sites) Co3+ (octahedral sites) 

BE (eV) FWHM (eV) 
Relative 
surface 

area (%) 
BE (eV) FWHM (ev) 

Relative 
surface 

area (%) 
780.35 2.80 55.78 779.01 1.74 44.21 
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Figure 4. Cu 2 p3/2 core-level spectrum annealed of catalyst prepared by 
nanocasting and annealed at 350 °C under atmosphere and air conditions 

Table 3. Data related to Cu 2p core-level spectrum of electrocatalyst 
powders prepared by nanocasting and annealed at 350 °C 

Cu2+
 (octahedral sites) Cu+

 (tetrahedral sites) 

BE (eV) FWHM (eV) 
Relative 
Surface 
area (%) 

BE (eV) FWHM (ev) 
Relative 
Surface 
area (%) 

933 3.28 81.60 930 1.49 18.40 
 
Mn 2p 3/2 and Mn 2p 1/2 core-level spectrum is 

presented in Figure 5 and data related to the deconvolved 
peaks are shown in Table 4. The spectrum shows two 
peaks and the deconvolution of each peaks gives two 
components: i) Mn3+ in tetrahedral sites (BE ̴ 641, 655 eV), 
and ii) Mn4+ ions in the octahedral sites (BE ̴ 643, 652eV) 

[24]. From Table 4, the predominance of Mn4+ ions 
compared to Mn3+ ions in the octahedral sites favor ORR 
can be seen. Mn4+ ions plays an essential role in 

electrocatalysis, particularly for the ORR, because they 
are adsorption site [25].  

 
Figure 5. Mn 2 p core-level spectrum annealed of catalyst prepared by 
nanocasting and annealed at 350 °C under atmosphere and air conditions 

The O 1s spectrum is presented in Figure 6 and data 
related to the deconvolved peaks are shown in Table 5. 
The O 1s spectrum fitted into three types of oxygen 
contributions. The main component (OI), with a binding 
energy close to 528 eV, is characteristic of the metal-
oxygen bond and correspond to the Co-O, Mn-O and Cu-
O [26,27] bonds. The second contribution (OII) with 
binding energy close to 530 eV, is typical of oxygen in 
OH26 group from hydroxyl species such as CoOOH, 
MnOOH and CuOOH. The third component (OIII) with an 
binding energy close to 536 eV, corresponds to the H-O-H 
bond of water molecule from the environment adsorbed on 
the surface of the samples [26,28]. The abundance of Mn4+ 
could explained the increase in the proportion of oxygen 
OI, essentially caused by Mn-OOH bonds [26].  

Table 4. Data related to Mn 2p core-level spectrum of electrocatalyst powder prepared by nanocasting and annealed at 350 °C 

Mn4+
 (octahedral sites) Mn3+

 (tetrahedral sites) 

BE (eV) FWHM (eV) Relative Surface area 
(%) BE (eV) FWHM (ev) Relative Surface area 

(%) 
643 3.82 57.61 641 2.37 42.38 

Table 5. Data related to O 1s core-level spectrum of electrocatalyst powders prepared by nanocasting and annealed at 350 °C 

OI OII OIII 

BE (eV) FWHM (eV) 
Relative 

Surface area 
(%) 

BE (eV) FWHM (eV) 
Relative 

Surface area 
(%) 

BE (eV) FWHM (eV) 
Relative 

Surface area 
(%) 

528.95 1.39 54.24 530.53 2.45 41.66 536.31 2.78 4.08 

 
Figure 6. O 1s core-level spectrum of catalyst prepared by nanocasting and annealed at 350 °C under atmosphere and air conditions 

 



46 Journal of Materials Physics and Chemistry  

3.2. Physicochemical Characterization of 
Mn0.6Cu0.4Co2O4 Electrocatalyst 

The XRD patterns of Mn0,6Cu0,4Co2O4 powder are 
shown in Figure 7. All the diffraction peaks at 21.97°, 
36.29°, 42.88°, 52.41°, 69.91° and 77.36° were indexed to 
the crystal plane (111), (220), (311), (400), (422) and (511) 
of spinel (JCPDS #18-0408). No trace of impurity phase 
was observed and samples from solgel and nanocasting 
methods show good crystallinity after calcination at 350°C. 
The crystallites sizes calculated using Debye Scherrer 
formula on the main peak (311), confirms large 
crystallites of about 8 nm. 

Adsorption – desorption isotherms at 77 K, as well as 
the pores size distributions of Mn0.6Cu0.4Co2O4 
electrocatalyst powders are presented in Figure 8. 
According to the IUPAC classification, all of samples 
have IV-type isotherms with a H4 hysteresis loop 
associated to adsorption in mesoporous [29]. The 
adsorption isotherms showed no knee point and slight 
adsorption in low relative pressure region (< 0.3 P/Po). 
This revealed a weak interaction between adsorbent and 
adsorbate. At relative pressure of 0.4 P/Po, N2 adsorption 
begins in the mesoporous of the oxide. This is similar to 
value 0.43 P/Po recorded in the literature on the beginning 
of N2 desorption as absorbate30. The increased of P/Po 
with the adsorption volume suggest that most of the pores 
of the adsorbent were filled by capillary condensation. 
The range of 0.4 to 1 corresponds to mesopore filling and 
the greatest amount of nitrogen was adsorbed between 0.8 
and 1 P/Po. The drop of adsorbed nitrogen around 1 P/Po 
conferred the adsorption of N2 on the external surface of 
the sample due to the lack of empty mesoporous. The 
mesoporous structure favors good electrocatalytic 
properties, due to the improved diffusion of electroactive 
species in the mesoporous, which induce large contact 
surface with the catalytic sites [29,31].  

The pore size distribution of catalysts powders obtained 
by two methods (solgel and nanocasting) is presented in 
Figure 9. Pore sizes, pore volumes and specific surface 
areas are presented in Table 6. Pore size distribution was 
analysed on basis of isotherms adsorption. For solgel 

synthesis route, the pore size distribution showed a wide 
mesoporous size distribution between 3 and 35 nm, an 
average pores volume of 0.27 cm3/g. For the nanocasting 
synthesis route, the KIT6-100 contributed to obtain 
uniform pore sized distribution of 6 nm. The average pore 
volume was found to be 0.18 cm3/g. The drop in pore 
volume could be explained by the structuring of the oxide 
porosity in the nanocasting synthesis route. These results 
agree with those reported in literature related to materials 
synthetized by nanocasting route [32,33,34,35]. 

From the BET theory measurement, the specific surface 
areas were found to be 132 m2/g and 91 m2/g, respectively 
for nanocasting route and solgel method. The high surface 
area of nanocasting route catalyst can be attributed to the 
mesostructuring induced by KIT6-100 used as template in 
the preparation process [13]. The specific surface area is 
an essential parameter for electrode materials because of 
adsorption process involving in electrochemical activities. 
Lagest specific surface area leads to greater contact with 
the active sites of the electocatalyst [36]. 

 
Figure 7. (a) X-ray diffraction pattern of Mn0.6Cu0.4Co2O4 powders 
prepared by nanocasting route and annealed at 350 °C under atmosphere 
and air conditions 

 
Figure 8. Adsorption-desorption isotherms: (a) solgel catalyst, (b) nanocasting catalyst. Catalyst powders were annealed at 350 °C under atmosphere 
and air conditions 
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Figure 9. Pore sized distribution: (a) solgel catalyst, (b) nanocasting catalyst. Catalyst powders were annealed at 350 °C under atmosphere and air 
conditions 

Table 6. Pore sizes and specific surface areas of electrocatalyst 
powders prepared by solgel and nanocasting methods and annealed 
at 350 °C under atmosphere and air conditions 

Synthesis 
route 

specific surface 
area (m2/g) 

average pore 
volume (cm3/g) 

average pore size 
(nm) 

Solgel 91 0.27 2-50 
Nanocasting 132 0.18 6.1 

4. Conclusion 

Mn0.6Cu0.4Co2O4 catalyst powders were successfully 
synthetized using two different methods: sol-gel and 
nanocasting. Chemical characterization of the catalyst 
powders did not shown significant difference between 
nanocasting route and sol gel method. Indeed, XRD 
measurements revealed that Mn0.6Cu0.4Co2O4 particles 
have good crystallinity with crystallite size of 8 nm. No 
secondary phase such as CuO have been found, which is 
detrimental to the performance of bifunctional oxygen 
reaction electrodes. XPS analysis revealed a predominant 
of tetrahedral Co2+, octahedral Cu2+ and octahedral Mn4+ 
species at the surface compared to octahedral Co3+, 
tetrahedral Cu+ and tetrahedral Mn3+ that beneficial for 
good intrinsic performance of electrocatalysts for ORR 
and OER. Physicochemical characterization demonstrated 
that nanocasting process induce higher oxide specific 
surface areas with BET surface value of 132 m2/g 
compared to 91 m2/g obtained by the classic solgel 
method. This is due to the significant decrease of the 
oxide mesopore volume from 0.27 to 0.18 cm3/g and the 
structuring of the oxide porosity. The uniform and 
controlled pore size contributed to effective penetration of 
the liquid electrolyte. 
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