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Abstract. A series of Ba-doped CoOx/CeO2-y catalysts was prepared by co-precipitation followed by the deposition–
precipitation method. The catalysts were investigated for selective oxidation (selox) of benzyl alcohol (B-ol) using tertiary
butyl hydroperoxide (TBHP) without solvent and activity was compared with Co0.5/Ce0.5. The Ba loading has been
optimized with time and temperature for selox reaction. The catalyst was characterized by various surface and bulk
characterization techniques. The characterization study indicates that the synergistic interaction between Ba and CoCe
could form more oxygen vacancies and peroxide species responsible for the activation of B-ol and TBHP. The formation
of Ba(O2)1-xOx oxide (peroxide) was observed and could be responsible for the activation of B-ol. The optimum Ba
doping enhances selectivity and yields benzaldehyde. However, the increase in Ba concentration on CoOx/CeO2-y could
lead to the over-oxidation of B-ol to by-products.
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Introduction

The selective oxidation (selox) of benzyl alcohol (B-ol)
using metal/metal oxide/supported metal oxide is the facile
route for synthesis of benzaldehyde (B-al). Various oxidants
have been used for selox of alcohol. These oxidants are
limited in use due to their harmfulness [1,2]. Therefore, the
most viable oxidant like tertiary butyl hydroperoxide
(TBHP) has been widely used for selox of alcohol by nonnoble metal catalysts [3–6]. The modification of surface
properties such as the population of acidic/basic active sites
could be possible by doping with a basic metal/oxide [4,7].
The improvement in hydrothermal stability and redox
properties of the MnOx–CeO2 catalyst was observed due to
the Ba doping [8,9]. Moreover, the basic sites on the surface
of the support may have a very crucial role in the
improvement of catalytic activity. Zhou et al [4] reported
that the doping of Mg in CoMgAl hydrotalcite was
responsible for the improvement of redox behaviour in
Co2? to Co3? which leads to the increase in conversion and
selectivity of B-ol to B-al.
The Ba-doped catalyst showed an improvement in surface properties which leads to the increase in selectivity of
the desired product [7,8,10]. The modification of acidic/
basic sites of CoOx/CeO2-y by Ba could be an important
way to improve the selox activity and selectivity to B-al. In
the present study, Co supported on Ba-doped Ce has been
synthesized and examined for selox of B-ol by TBHP. To

optimize the surface properties, CoOx/CeO2-y was doped
with various concentrations of Ba. The effect of doping on
selox activity of catalyst has been evaluated at atmospheric
pressure without solvent. The catalysts were characterized
by different characterization techniques and catalytic
activity has been correlated with the characterization.

2.
2.1

Experimental
Catalyst synthesis

The Ba0.5–Ce0.95 (Ba:Ce = 0.05:0.95 and 0.10:0.90 mol:
mol) catalyst was prepared by using the co-precipitation
method. In a typical procedure of catalyst synthesis, 14.81 g
of cerium nitrate (99.9%, LobaChemie) and 0.4691 g of
barium nitrate (99.5%, S. D. Fine Chemicals) were simultaneously dissolved in 250 ml of water and stirred at room
temperature for 0.5 h to obtain a transparent solution. In
total, 40 ml of NH4OH (10% v/v, 25%, S. D. Fine Chemicals) was added drop-wise under constant stirring until the
formation of a precipitate at 90°C. Furthermore, the precipitate was dried in an oven at 100°C for 24 h and calcined
at 500°C for 5 h. The catalyst with a ratio of 0.5:0.95
(Ba:Ce) was labelled as Ba0.05Ce0.95.
Furthermore, Co was deposited on the Ba0.05Ce0.95 catalysts [Co0.5/(Ba ? Ce)0.5, mol/mol] by using the deposition–precipitation method. The 10 ml of cobalt nitrate
(0.5 mol, 99.5%, S. D. Fine Chemicals) solution was added
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drop-wise to the slurry of Ba0.05Ce0.95 in water under
constant stirring. In total, 30 ml of ammonium hydroxide
(10% v/v) solution was added drop-wise to the above
solution. Furthermore, the catalyst was dried at 100°C for
24 h followed by calcination at 500°C for 5 h. The catalyst
was labelled as Co/B0.05Ce. Similarly, the Co0.5/(Ba0.1Ce0.9)0.5 catalyst was prepared by using the above method
and labelled as Co/B0.1Ce.
For comparison, the CoxCe1-x (x = 0.5) catalyst was
synthesized by depositing 0.5 mol of Co on Ce using
NH4OH. The catalyst was dried at 100°C for 24 h followed
by calcination at 500°C for 5 h and labelled as Co/Ce.
Similarly, CoOx and CeO2-y (O/Ce = 2-y) were prepared
separately by using the above method.
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heated at 80°C under vigorous stirring using a magnetic
stirrer. The reaction mixture was diluted with ethyl acetate
and centrifuged to separate the catalyst.
Furthermore, the effect of temperature and time on the
selox activity of the best catalyst has been investigated. The
reproducibility test of the catalyst was carried out by
washing the used catalyst with water and ethanol, and then
it was further heated at 300°C. The initial and final concentrations of reactant and products were analysed by using
GC equipped with an FID detector and confirmed by using
GCMS (Shimadzu GCMS 2010) MXT-1 column with
cyclohexane as an internal standard. The conversion,
selectivity and yield were examined by using the following
formulae [8]:
Conversion ð%Þ ¼

2.2

Bulk and surface characterization

The phase identification of catalysts was performed by
using a Shimadzu, XRD-6100 with a Cu Ka source and Ni
filter at 40 kV. Furthermore, the surface area of the catalyst
was determined by using N2 sorption at 77 K. The CO2
temperature programmed desorption (TPD) analysis of the
catalyst was performed by preheating under a He flow in the
temperature range of 22–300°C for 1 h and then cooled to
ambient temperature (Thermo Scientific, TPDRO 1100
series). Furthermore, 5.0% of CO2 in He passed over the
catalyst for adsorption. The amount of CO2 desorbed in the
TPD was evaluated from the peak area of CO2 pulses in He.
Furthermore, the surface oxidation state of the catalyst
surface was analysed by using X-ray photoelectron spectroscopy (XPS) (KRATOS AXIS supra, Al Ka source).
The binding energy of C 1s was considered as a standard
(284.8 eV) for background subtraction. Raman analysis of
the catalyst was carried out on a microscope slide without
any prior treatment using a Horiba Jobin Yvon confocal
Micro-Raman spectrometer (Labram HR 800). The spectra
were recorded at room temperature with 50 s exposure time
using an Ar laser, 514.5 nm, 20 mW, 6 A. The Jeol-2300
instrument equipped with a tungsten source was used to
obtain the elemental mapping images of the catalyst. The
particle size of the catalyst was analysed by depositing on a
200 mesh copper grid (FEI Tecnai G2, 300 kV).

2.3

Selox activity of catalysts

The catalytic selox of Co/Ce and Ba-doped Co/Ce was
performed at atmospheric pressure using a three-neck flask
without a solvent. The reaction feed consists of 10 mmol of
B-ol, 15 mmol of TBHP and 50 mg of catalyst. Moreover,
the reaction mixture was heated and refluxed in an oil bath
with continuous stirring. A thermocouple was used to
control the temperature of the system. Nitrogen was bubbled into the mixture at 50 ml min-1 with simultaneous
drop-wise addition of TBHP. The mixture was further
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½Benzyl alcoholinitial ½Benzyl alcoholfinal
½Benzyl alcoholinitial
 100

Selectivity ð%Þ ¼

½Moles of desired product formed
½Moles of the benzyl alcohol converted
 100

Yield ð%Þ ¼ Conversion  Selectivity  100
Here, [Benzyl alcohol]initial and [Benzyl alcohol]final are the
initial and final concentrations of B-ol.

3.
3.1

Results and discussion
Catalytic activity

3.1a Selox of B-ol using Co/Ce and Co/BxCe: The selox
activity of Co/Ce and Ba-doped Co/Ce is shown in table 1 and
Scheme 1. A 65.2% B-ol conversion and 37.7% selectivity to
B-al was observed over a Co/Ce catalyst. However, Co/
B0.05Ce showed a 73.7% B-ol conversion with a 53.1%
selectivity to B-al. Upon further increase in Ba loading on Co/
Ce (Co/B0.1Ce), a decrease in selectivity to B-al (33%) was
observed. However, the noble metal like Au–Pt/TiO2 showed
a 28% yield of B-al using TBHP at 80°C within 24 h [11]. In
the present study, the non-noble metal-based Co/B0.05Ce
catalyst showed a 39.1% yield at 80°C in 8 h.
Furthermore, the increase in Ba loading could lead to the
decrease in B-al yield with an increase in selectivity to byproducts such as B-oic and B-ate (benzoic acid and benzyl
benzoate, respectively). These results suggested that the
optimum Ba doping increases the yield of B-al. However, an
excess of Ba doping showed an over-oxidation of B-ol to
B-oic and B-ate (by-products). The selectivity for B-ate
increased with a decrease in selectivity to B-al over Co/
B0.1Ce. These results indicate that the increase in Ba loading
could be responsible for the over-oxidation of B-al to B-ate.
The reproducibility of the used Co/B0.05Ce catalyst was
investigated four times for selox of B-ol and no significant
loss was observed in activity (data not shown).
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Selox activity of Co/Ce and Co/BxCe [Co0.5/(BxCe1-x)0.5] catalyst.

Table 1.

% Selectivity
Name of catalyst

% B-ol conversion

B-al

B-oic

B-ate

% B-al yield

65.2
73.7
57.7
29.0

37.7
53.1
33.0
37.0

40.2
42.8
47.0
40.0

22.0
4.0
19.9
22.9

24.6
39.1
19.0
10.7

Co/Ce
Co/B0.05Ce
Co/B0.1Ce
Blank

-1
Reaction conditions: 10 mmol of B-ol, 15 mmol of TBHP, 50 mg of catalyst, temp.: 80°C, time: 8 h, N2 flow: 50 ml min , cyclohexane
as the internal standard. B-al, benzaldehyde; B-oic, benzoic acid; B-ate, benzyl benzoate.

H

H

CoBax Ce
O
B-ol

OH

TBHP

B-oic

B-al

B-ate

Scheme 1. B-ol oxidation to B-al, B-oic and B-ate using Ba-doped Co/Ce.

3.1b Effect of reaction time on B-ol oxidation activity
of Co/B0.05Ce [Co0.5/(Ba0.05Ce0.95)0.5]: The selox activity
of the Co/B0.05Ce catalyst for different time intervals for
B-ol at 80°C is shown in figure 1. The conversion of B-ol
increases from 11.5 to 73.7% with time from 1 to 8 h. The
Co/B0.05Ce showed a 73.7% conversion of B-ol and 53.1%
selectivity to B-al after 8 h. Furthermore, the increase in
time (9 and 10 h) leads to the increase in B-ol conversion
with a decrease in selectivity and yield to B-al (1.5%)
respectively. The selectivity to B-al was nearly similar
between 5 and 8 h, however, the conversion increases which
consequently leads to the increase in the yield of B-al.
Furthermore, the decrease in selectivity and yield to B-al
with an increase in time (9 and 10 h) could be due to the

excessive oxidation of B-ol and consecutive oxidation of
B-al to by-products such as B-oic and B-ate.
3.1c Effect of temperature on B-ol oxidation activity
of Co/B0.05Ce: Figure 2 shows the temperature study of
selox of B-ol using Co/B0.05Ce. The conversion of B-ol
increases (9.7 to 73.7%) with an increase in temperature
from 30 to 80°C, respectively. However, the Co/B0.05Ce
catalyst showed a 73.7% B-ol conversion, 53.1% selectivity
and 39.1% yield of B-al at 80°C. Furthermore, B-ol
conversion increased slightly to 74.2% with a decrease in
selectivity and yield to B-al (33.7 and 25.0%) respectively
at 90°C. The decrease in selectivity and yield could be due
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Figure 1. Selox of B-ol over Co/B0.05Ce at different time
intervals. Reaction conditions: 10 mmol of B-ol, 15 mmol of
TBHP, 50 mg of catalyst, temp.: 80°C, N2 flow: 50 ml min-1,
using cyclohexane as the internal standard. B-ol, benzyl alcohol;
B-al, benzaldehyde.
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Figure 2. Selox of B-ol over Co/B0.05Ce at different temperatures. Reaction conditions: 10 mmol of B-ol, 15 mmol of TBHP,
50 mg of catalyst, time: 8 h, N2 flow: 50 ml min-1, using
cyclohexane as the internal standard. B-al, benzaldehyde.
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to the increase in temperature, which leads to the overoxidation of the B-al to B-oic and B-ate.

3.2

Characterization

3.2a Powder X-ray diffraction (PXRD): Co/BxCe (x =
0/0.05/0.1) samples were characterized by means of PXRD
techniques to investigate the evolution of their structural
properties with the increase in Ba loading. The diffraction
pattern is shown in figure 3. Ceria and cobalt oxide
diffractograms are characterized by the presence of the
typical peaks centred at 2h 28.46, 33.06, 47.42, 56.3° and
31.25, 36.83, 59.33, 65.20°, respectively. Furthermore, the
diffraction peaks for the ceria can be assigned to the facecentred cubic structure of CeO2 (JCPDS 43-1002) whereas
Co represents the spinel cube of Co3O4 (JCPDS 42-1467).
The intensity of the peaks for the Co3O4 was smaller
compared to that of CeO2 in Co/BxCe.
The lower intense peaks were observed in Ba-doped
catalysts (Co/B0.05Ce and Co/B0.1Ce) compared to the Co/
Ce. The shifting of Ce peaks from 2h 28.28 to 28.30° and
28.44 to 28.72° was observed in Co/B0.05Ce and Co/B0.1Ce,
respectively. These results indicate that Ba doping in Co/Ce
could show the formation of an amorphous or a lower
crystalline phase with distortion in the ceria lattice [8]. The
peak of Ba was not observed in the catalyst; this could be

Figure 3. XRD patterns of Co/Ce and Ba-doped Co/Ce.

Table 2.

Surface area and CO2 TPD study of the catalysts.

Catalyst
name
Co/B0.1Ce
Co/B0.05Ce
Co/Ce

Surface area (m2 g-1)

CO2 desorbed (lmol g-1)

24.6
25.7
77.4

321
294
162

Figure 4. XPS spectra of Co/Ce and Ba-doped Co/Ce, Co 2p,
O 1s, Ce 3d and Ba 4d.
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Binding energies of Ce 3d.
Binding energy (eV) of Ce 3d5/2 and 3d3/2 peaks with symbol

Catalyst
name
Co/B0.1Ce
Co/B0.05Ce
Co/Ce

Figure 5.

V0
(Ce4?)

V
(Ce3?)

V0 (oxygen
vacancy)

V00
(Ce4?)

U0
(Ce4?)

U
(Ce3?)

U0 (oxygen
vacancy)

U00
(Ce4?)

Ce3?/
Ce4?

882
883
882

885
885
885

889
889
889

899
899
898

901
901
901

903
904
903

908
908
907

917
917
917

0.65
0.55
0.47

Raman spectra of Co/Ce and Co/B0.05Ce.

due to the high dispersion or lower concentration of Ba.
Table 2 shows the quantitative estimation of basic sites
using CO2 TPD. The Co/B0.1Ce, Co/B0.05Ce and Co/Ce
showed 321, 294 and 162 lmol g-1 of desorbed CO2, which
indicate that the basicity of the catalyst increases with an
increase in Ba loading. However, optimum basicity could
lead to the increase in selectivity to the B-al, whereas
increase in the basicity of catalyst (Co/B0.1Ce) increases the
selectivity for B-oic and B-ate.
3.2b X-ray photoelectron spectroscopy study: The
oxidation state and surface composition of Co/Ce and Badoped Co/Ce (Co/B0.05Ce) catalyst were analysed by using
XPS. The deconvoluted XPS spectra of Ba-doped Co/Ce
and Co/Ce catalyst are shown in figure 4. The Ba-doped Co/
Ce showed the main peaks of Co 2p3/2 at 781 and 779 eV.
These peaks correspond to the Co2? and Co3? ions,
respectively [12]. However, the catalyst also showed
peaks at 780 and 795 eV, which corresponds to the Ba
3d5/2 and 3d3/2, respectively [13]. The binding energy of
these peaks merged with those of Co. Therefore, the
deconvoluted peaks of Ba 4d were reported here to examine
the exact oxidation state of Ba. The XPS peaks of Ba 4d5/2
were observed at 88.7 and 90.2 eV. These peaks correspond

to the BaO and BaO2 species, respectively [14,15]. The
semi-quantitative analysis of the surface Ba for Co/B0.05Ce
and Co/B0.1Ce catalysts was 0.25 and 0.39 (atomic %),
respectively. However, the Co/B0.1Ce showed an increase in
the intensity of surface oxygen which could be due to the Ba
enrichment on the catalyst surface.
The binding energy of Ce 3d peaks is shown in table 3.
The complex and multi peaks of Ce 3d were observed due
to the contribution of the core level electronic transitions
relative to Ce4? (six transitions) and Ce3? (four transitions)
ions [6,13,16]. Table 3 indicates the assignments of binding
energies related to the Ce 3d5/2 and 3d3/2 of Co/B0.05Ce and
Co/Ce catalysts. The binding energies V0 and U0 represent
the presence of oxygen vacancies (U0 /V0 ) [7]. However, the
Ba-doped Co/Ce catalyst showed a higher ratio of Ce3?/
Ce4? compared to the Co/Ce. The increase in Ce3? species
on the catalyst surface was due to the presence of smaller
particles [17]. These results indicate that the Ba doping
could be responsible for the more oxygen vacancies in Co/
B0.05Ce compared to the Co/Ce. The presence of oxygen
vacancies and barium oxide and peroxide [Ba(O2)1-xOx]
could activate the B-ol and TBHP to form various radical
species responsible for the enhancement of the selox of
alcohol to B-al.
3.2c Raman study of Co/Ce and Co/B0.05Ce: Raman
study gives fundamental information about vibrations of
metal–oxygen interactions present in the lattice as well as in
the crystal. Therefore, the structural properties of Co/Ce and
Co/B0.05Ce were analysed using Raman spectroscopy and
results are shown in figure 5. Co/Ce and Co/B0.05Ce showed
the Raman bands at 452 and 454 cm-1, respectively, which
corresponds to triply degenerate F2g active mode and
symmetrical stretching vibrations of cubic-phased CeO2
[10,18]. However, the higher intense bands at 511 and 604
cm-1 were observed in Co/B0.05Ce compared to the Co/Ce.
These peaks correspond to the formation of the
Ba(O2)1-xOx oxide (peroxide) system [8,10]. Furthermore,
the weak band at 815 cm-1 was observed only in the Co/
B0.05Ce catalyst and could be due to the presence of
peroxide species on the catalyst surface [18]. These results
suggested that the Ba doping could be responsible for the
formation of highly active oxide and peroxide species in the
catalyst.
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Figure 6. SEM and elemental mapping images of (a) Co/B0.05Ce and (b) Co/Ce.
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Figure 7.

Particle-size distribution and HRTEM images of (a) Co/B0.05Ce and (b) Co/Ce.

3.2d Dispersion study of Co/Ce and Co/B0.05Ce using
elemental mapping images: The scanning electron
microscopy (SEM) and elemental mapping images of Co/
Ce and Co/B0.05Ce catalysts are shown in figure 6. The
elemental mapping images represent the dispersion of Co
and Ce in the catalyst. The Co/B0.05Ce showed the
maximum dispersion of Co on the catalyst compared to
that on the Co/Ce. The comparative energy dispersive X-ray
spectroscopy study shows that the maximum dispersion of

Co in Co/B0.05Ce could be due to the presence of Ba. The
Ba could interact with Co and Ce, which results in the
inhibition of metal agglomeration.
3.2e High-resolution transmission electron microscopy
study (HRTEM). Figure 7 shows the HRTEM images
and particle-size distribution of Co/Ce and Ba-doped Co/Ce
(Co/B0.05Ce). The hexagonal-shaped Co and rod-shaped Ba
were observed in Co/B0.05Ce. However, the particle size
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between 1 and 40 nm was observed in Co/B0.05Ce. The Ba
rod showed a length of 210 nm and a diameter of 28 nm. In
the case of Co/Ce, the hexagonal-shaped Co was observed
having a particle size ranging from 11 to 70 nm. However,
Co particle size of 1–20 and 31–40 nm was predominantly
observed in Co/B0.05Ce compared to the Co/Ce catalyst.
The Ba-doped catalyst (Co/B0.05Ce) showed the formation
of hexagonal Co3O4 with smaller particle size compared to
the Co/Ce, which indicates that Ba could interact with Co.
These results are in line with XPS and XRD studies.
The higher yield of B-al is correlated with the change in
structure, adsorption properties and active sites of Ba-doped
Co/Ce. The Ba doping could lead to the formation of defect/
distortion of Co/Ce indicated in the XRD results. Ba doping
in CeO2 was responsible for the lowering of defect formation energy [19]. The formation of the smaller particle size
was observed in Co/B0.05Ce compared to the Co/Ce and is
shown in HRTEM and XPS analyses. XPS result suggested
the presence of optimum concentration of surface adsorbed
oxygen, oxygen vacancies with lower binding energy in the
Co/B0.05Ce catalyst compared to Co/Ce. The increase in
active surface oxygen could be due to the formation of
Ba(O2)1-xOx oxide. The formation of smaller particle size
with the loosely bound oxygen could be due to the interaction of Ba with Co/Ce.
The Ba oxide–peroxide species are observed in Raman
analysis, which could activate the B-ol and form alcoholate
species. However, the loosely bound oxygen and oxygen
vacancies of catalyst could activate the TBHP and B-ol.
These active sites could favour the formation of alkoxy and
peroxy intermediates. Furthermore, it is proposed that the
smaller particles of Co in Co/B0.05Ce reacted with B-ol
through the transfer of electrons from the 3d orbital of Co to
the electrophilic oxygen of TBHP which consequently
forms Co–OH species. Simultaneously, loosely bound
oxygen of Ba(O2)1-xOx, CoCe surface could transfer protons from B-ol and form alcoholate and –OC4H9 species.
The reaction between these intermediates further gives B-al
with the removal of t-butanol.
Furthermore, a decrease in selectivity was observed with
an increase in Ba loading. The increase in Ba concentration
could increase the basicity as shown in CO2 TPD and XPS
results. The maximum basicity of the Co/B0.1Ce catalyst
could be responsible for the excessive oxidation of B-al
which leads to the formation of undesired by-products such
as B-oic and B-ate. The optimum basicity of the Co/B0.05Ce
catalyst improved the selectivity for the B-al. However, the
increase in Ba loading increases the selectivity to byproducts due to higher basicity.

4.

Conclusion

Ba-doped CoCe showed the presence of optimum acidic
and basic sites on the catalyst. The doping of Ba leads to
the formation of more labile weakly bound adsorbed
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oxygen on Co/B0.05Ce. The amorphous nature/small size
of Co and Ce, oxygen vacancies and formation of weakly
bound oxygen in Co/B0.05Ce could be due to the interaction of Ba with Co/Ce. The formation of barium oxide–
peroxide species could improve the selectivity to the
desired products due to the optimum basicity. Furthermore, the doping of Ba leads to the increase in yield of
the desired product (B-al) compared to the Co/Ce.
However, the over-oxidation of B-ol results in the formation of by-products due to the higher concentration of
Ba in Co/Ce.

Acknowledgements
The University Grant Commission is acknowledged for
financial support as BSR-start up grant having sanction
order no. F.30-379/2017 (BSR). Department of Physics, IIT
Mumbai and CSIR-NCL, Pune, India, are acknowledged for
their support in ESCA characterization.

References
[1] Kholdeeva O and Zalomaev O 2016 Coord. Chem. Rev. 306
302
[2] Centi G, Cavani F and Trifiro F 2001 Selective oxidation by
heterogeneous catalysis (New York: Kluwer Academic/
Plenum Publishers)
[3] Burange A, Jayaram R, Shukla R and Tyagi A 2013 Catal.
Commun. 40 27
[4] Zhou W, Liu J, Pan J, Sun F, He M and Chen Q 2015 Catal.
Commun. 69 1
[5] Li M, Wu S, Yang X, Hu J, Peng L, Bai L et al 2017 Appl.
Catal. A 543 61
[6] Choudhary V, Dumbre D, Uphade B and Narkhede V 2004
Mol. Catal. A 215 129
[7] Santra C, Rahman S, Bojja S, James O, Sen D, Maity S et al
2013 Catal. Sci. Technol. 3 360
[8] More R, Lavande N and More P 2018 Catal. Commun. 116
52
[9] Gao Y, Wu X, Liu S, Weng D, Zhang H and Ran R 2015
Catal. Today 253 83
[10] Radovic M, Dohcevic-Mitrovic Z, Scepanovic M, GrujicBrojcin M, Matovic B, Boskovic S et al 2007 Sci. Sintering
39 281
[11] Peneau V, Medziak P, He Q, Shaw G, Forde M, Kondrat S
et al 2013 Phys. Chem. Chem. Phys. 15 10636
[12] Deng S, Xiao X, Xing X, Wu J, Wen W and Wang Y 2015 J.
Mol. Catal. A: Chem. 398 79
[13] Tsukimori T, Shobu Y, Oka R and Masui T 2018 RSC Adv. 8
9017
[14] Bick D 2019 Performance and degradation of BaCoO3 based
perovskite catalyst during oxygen evolution in alkaline water
electrolysis (Germany: BoD – Books on Demand)
[15] Chambers S, Kaspar T, Prakash A, Haugstad G and Jalan B
2016 Appl. Phys. Lett. 108 152104

Bull Mater Sci

(2020) 43:164

[16] Arena F, Gumina B, Lombardo A, Espro C, Patti A and
Spadaro L 2015 Appl. Catal. B 162 260
[17] Loschen C, Bromley S, Neyman K and Illas F 2007 J. Phys.
Chem. C 111 10142

Page 9 of 9

164

[18] Schilling C, Hofmann A, Hess C and Ganduglia-Pirovano M
2017 J. Phys. Chem. C 121 20834
[19] Danny E, Vanpoucke P, Bultinck P, Cottenier S, Van
Speybroeck V et al 2014 J. Mater. Chem. A 2 13723

