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Abstract
A cobalt-doped sodium tantalate (NaTaO3, NTO) catalyst was synthesized via a hybrid approach combining hydrothermal synthesis with a brief 
calcination step. Structural characterization through X-ray absorption spectroscopy and X-ray photoelectron spectroscopy revealed enhanced 
cobalt incorporation within the NaTaO3 matrix following the calcination treatment. This finding was corroborated by catalytic performance 
evaluations during liquid-phase p-xylene oxidation. The Co 3s X-ray photoelectron spectroscopy analysis provided direct evidence of cobalt 
existing in the tetravalent oxidation state (Co4+) within the host lattice, indicating successful substitution at tantalum sites.
Keywords: cobalt-doped NaTaO3, valence of doped Co, X-ray analysis.
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Cobalt possesses a relatively high oxidation ability among 
base metals and is used in various oxidation reactions. In par
ticular, cobalt exhibits high catalytic activities comparable to 
that of precious metal catalysts in the oxidation of volatile or
ganic compounds (VOCs) and carbon monoxide (CO).1–4 In 
this point, cobalt is considered one of the most efficient cata
lysts in terms of cost and sustainability.5 While cobalt is less 
active than precious metal catalysts in liquid-phase oxidation 

reactions, it has been used in certain alcohol oxidation reac
tions6 and H-C(sp3) oxidation reactions.7,8 Since the leaching 
and aggregation of cobalt during the catalyzing process is a 
challenge in liquid-phase oxidation reactions, supports that 
can stably retain active species to prevent leaching and aggre
gation are required.

Perovskite-type oxides have been applied in various fields 
such as catalysts,9 gas sensors,10 semiconductors,11 and solar 
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cells.12 The general chemical formula of perovskite-type oxide 
is ABO3, where the A site is occupied by relatively large radius 
metal cations (e.g. alkaline metals, alkaline earth metals, and 
lanthanides) and the B site is occupied by relatively small- 
radius metal cations, such as transition metals.13 Perovskite- 
type oxides are known for their stability against heat and 
acids, and for the ion exchangeability at the A and B sites 
with other metal ions of similar ionic radii. These unique prop
erties play an important role in catalytic use and a wide range 
of applications. For example, palladium-doped perovskite- 
type oxide catalysts have been used as excellent catalyst sup
ports because they prevent aggregation and leaching of active 
species and extend catalyst lifetime.14,15

With reference to these examples, we designed a catalyst in 
which cobalt, an active species, is incorporated into perovskite- 
type oxides, aiming for applications in liquid-phase oxida
tion reactions. Our laboratory has previously synthesized 
sodium tantalate (NaTaO₃, NTO) catalysts with cobalt add
ition and applied it to the liquid-phase oxidation of p-xylene.16

This paper clarified that the addition of cobalt enables ion ex
change to occur during synthesis, and cobalt can be incorpo
rated into the perovskite structure. The incorporation of 
metals with different valences into a perovskite structure typ
ically leads to the generation of ionic defects, changes in metal 
valence, or both.13 However, the electronic structure of cobalt 
in the NTO remains unclear. In addition, it has also shown 
that not all of the 1 wt% cobalt added is incorporated by 
hydrothermal synthesis.

In this study, we aim to determine the electronic structure of 
the incorporated cobalt, improve the synthesis method to in
crease the amount of incorporated cobalt.

Various methods exist for synthesizing NTO, including 
solid-state synthesis,17 sol–gel methods,18 and hydrothermal 
synthesis.19 Among these, hydrothermal synthesis is widely 
used due to its low temperature and simplicity. However, 
hydrothermal synthesis provides a small amount of dopant 
in the structure, so we employed a hybrid synthesis method 
that combines hydrothermal synthesis with a brief calcination 
step—the calcination step after hydrothermal synthesis is ex
pected to increase the amount of incorporated cobalt.

The hydrothermal synthesis method followed a previous 
study,16 where the catalyst was prepared by hydrothermal 
synthesis at 453 K for 24 h with 1 wt% cobalt addition and 
denoted as Co-NTO_prist. The catalyst was then calcined at 
973 K for 3 h to obtain the calcined catalyst (denoted as 
Co-NTO_973). For comparison, a conventional impregnation 
catalyst was also prepared using NTO, which was hydrother
mally synthesized at 453 K for 24 h. Cobalt loading was regu
lated to 1 wt% and calcined at 573 K for 3 h to obtain the 
catalyst (imp Co/NTO_573).

Powder X-ray diffraction (XRD) of the prepared catalysts 
revealed that the NTO had an orthorhombic perovskite struc
ture (space group: Pcmn), as reported in previous stud
ies.16,19,20 Clear peak shifts or structural changes were not 
observed in the hydrothermal catalysts with the addition of co
balt or calcination, due to the small amount of cobalt incorpo
rated (<1 wt%). In addition, in the catalysts prepared by an 
impregnation method, no cobalt-related peaks were observed 
despite all the added cobalt being present on the catalyst sur
face, which may come from the low cobalt content. It is natural 
that no cobalt-related peaks are observed for hydrothermal cat
alysts because of the increased cobalt incorporated compared to 
impregnation catalysts.

To analyze the chemical species of the cobalt, soft X-ray ab
sorption spectroscopy (XAS) measurement was carried out. 
The total electron yield method was applied, as it provides in
formation that is relatively close to the surface. The Co 
L2,3-edge XAS spectra are shown in Fig. 1. Hydrothermal 
catalyst (Fig. 1(a)) and impregnation catalyst (Fig. 1 (c)) ex
hibit a distinct shoulder around 780 eV. The shape of the spec
tra confirms that the main surface cobalt species is Co3O4.21

On the other hand, the shoulder of the calcined catalyst 
(Fig. 1 (b)) around 780 eV becomes less distinct, and the 
L2,3-edge peaks shift slightly to higher energy. In the litera
ture,21–23 it has been observed that the XAS L2,3-edge spectra 
shift towards higher energies as the cobalt oxidation state in
creases. Therefore, the change in the peak shape observed in 
the calcination catalyst can be attributed to an increase in 
the incorporated cobalt species on the surface due to calcin
ation at 973 K. In addition, the shift towards higher energies 
suggests that the incorporated cobalt has a higher oxidation 
state than Co3O4.

To confirm the chemical state of cobalt, X-ray photoelec
tron spectroscopy (XPS) measurement was performed. The 
energy was calibrated with reference to the adventitious car
bon 1s peak (284.8 eV) in the sample. Wide-scan XPS spectra 
revealed that lower cobalt concentration of Co-NTO catalyst 
compared to that of imp Co/NTO_573 (Supplementary Fig. 
S1). This means existence of incorporated cobalt species in 
Co-NTO catalyst.

The Co 2p XPS spectra are shown in Fig. 2; the Co 2p 
doublet has a peak around 780 eV assigned to Co 2p3/2 

and a peak around 795 eV assigned to Co 2p1/2. Each peak 
of the doublet is associated with a low-intensity satellite on 
the higher-energy side. The line profile and binding energy 
of the Co 2p peaks suggest that the main cobalt species pre
sent on the surface is Co3O4.24,25 On the other hand, the 
Co2p spectrum of the calcined catalyst (Fig. 2 (b)) demon
strated a broadening and a shift towards higher binding en
ergies. It is known that in the Co 2p XPS spectrum, the peaks 
shift towards higher binding energies as the cobalt valence 

Fig. 1. Normalized Co L2,3-edge XAS spectra of a) Co-NTO_prist, 
b) Co-NTO_973, c) imp Co/NTO_573.
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increases.26 Thus, similar to the XAS results, this chemical 
shift can be attributed to an increase in the cobalt oxidation 
state compared to Co3O4.

To determine the oxidation state of the incorporated cobalt 
species, Co 3s XPS spectra were analyzed. Figure 3 shows the 
Co 3s spectra for each catalyst. The 3s peak in 3d transition 
metals undergoes exchange splitting, and the splitting width, 

ΔE3s, is linearly related to the number of unpaired electrons 
in the 3d orbital.27,28 Therefore, the valence of a metal can 
be estimated by comparing its splitting width with that of a 
standard sample. Table 1 shows the exchange splitting widths 
for representative cobalt species. The Co 3s peak for the 
hydrothermal catalyst (Fig. 3 (a)) and the impregnation cata
lyst (Fig. 3 (c)) did not exhibit any splitting, indicating that 
the predominant cobalt species on the catalyst surface is 
Co3O4. In contrast, the calcined catalyst (Fig. 3 (b)) had an ex
change splitting of the 3s peak, and the lower binding energy 
peak broadened. This peak was deconvoluted into two distinct 
components; one component was identified as generated from 
photoelectrons emitted from cobalt atoms in Co3O4, suggest
ing the presence of Co3O4 that remains on the surface without 
being incorporated into the lattice. Given that Co3O4 does not 
undergo exchange splitting, the component centered at 103 eV 
is attributed to the exchange-splitting state. The higher-energy 
exchange-splitting peak is centered at 110.5 eV. Consequently, 
the calculated exchange-splitting width was determined to be 
7.5 eV, which exceeds the corresponding value for CoF3 con
taining Co3+, indicating that the incorporated cobalt is in a 
higher oxidation state than Co3+. To validate this measurement, 
the exchange-splitting width for Co4+ was predicted using the 
following equation and data presented in Table 1, which delin
eates the correlation between the exchange-splitting width, 
ΔE3s, of the 3s peak and the number of unpaired electrons in 
the 3d orbitals.

ΔE3s =
(2S + 1)G2(3s, 3d)

2l + 1 

S is the total spin of the 3d electrons, G2(3s, 3d) is the Slater 
exchange integral, and l (l = 2) is an azimuthal quantum num
ber. Considering that exchange splitting does not occur for 
3d0,30 the exchange-splitting values of CoF2 (3d3) and CoF3 

(3d4) from Table 1 were used for the estimation. Based on those 
data, the exchange-splitting width of Co4+ (3d5) was deter
mined to be 7.3 eV, which is in close agreement with the meas
ured value. This confirms that the incorporated cobalt is in the 
Co4+ oxidation state, as indicated by the Co 3s XPS results.

To summarize the results of the analysis, the main cobalt 
species on the surface of hydrothermal catalysts is Co3O4, in
dicating that hydrothermal synthesis alone does not yield a 
sufficient amount of incorporated cobalt on the catalyst sur
face. In contrast, in the calcined catalyst, the amount of incor
porated cobalt on the catalyst surface increased, and their 
oxidation state was identified as Co4+. The reason of the incor
porated cobalt species cannot be confirmed in the hydrother
mal catalyst can be attributed to two factors: first, the cobalt 
that was not incorporated appeared as Co3O4, and second, 
relatively few cobalt species were incorporated on the surface 
during hydrothermal synthesis, as cobalt is incorporated both 
in bulk and on the surface. In the present synthesis method, the 

Fig. 3. Co 3s XPS spectra of a) Co-NTO_prist, b) Co-NTO_973, purple 
plus-mark represents the main peak of Co3O4 (Co2+, 3+), dark-blue 
diamond-mark represents the main peak of incorporated cobalt (Co4+), 
light-blue reverse-triangle-mark represents the exchange-splitting peak 
of incorporated cobalt. c) imp Co/NTO_573. The lines are only a guide for 
the eyes.

Fig. 2. Co 2p XPS spectra of a) Co-NTO_prist, b) Co-NTO_973, c) imp  
Co/NTO_573. The lines are only a guide for the eyes.

Table 1. XPS exchange-splitting width of Co 3s peak.

Co species ΔE3s (eV) Ref.

CoO 4.7 Brundle et al.29

Co(OH)2 5.0 Brundle et al.29

CoF2 5.0 Carver et al.27

CoF3 6.0 Carver et al.27

Co3O4 No splitting Brundle et al.29
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Co3O4 that was not fully incorporated during hydrothermal 
synthesis was incorporated into the NTO perovskite structure 
through calcination. This process increased the proportion of 
incorporated cobalt species on the catalyst surface, facilitating 
the formation of a more suitable surface structure for catalysis.

To confirm this hypothesis, a liquid-phase oxidation reac
tion of p-xylene was carried out under the conditions of 1 
atm oxygen atmosphere, 393 K, 6 h. The results are shown 
in Table 2. Co-NTO_prist and imp Co/NTO_573, in which 
the main surface cobalt species is Co3O4, had similar 
p-methylbenzyl alcohol (PMAL) selectivity. On the other 
hand, the selectivity of Co-NTO_973 for both PMAL and 
p-toluic acid (PTA) decreased, while the selectivity for 
p-tolualdehyde (PTALD) improved. Given the results of the 
previous report,16 the improvement in PTALD selectivity 
observed in Table 2 can be attributed to an increase in the 
amount of incorporated cobalt.

In conclusion, the combined XAS and XPS analysis demon
strate that the hybrid synthesis method involving a brief cal
cination step following hydrothermal synthesis enhances 
cobalt incorporation within the NTO perovskite structure at 
the catalyst surface. Furthermore, Co 3s XPS analysis reveals 
that the incorporated cobalt exists in the Co4+ oxidation state, 
confirming substitution at tantalum sites.
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