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Transition metals doped effects
for the crystal stabilization

of the cerium oxides with the first
principle calculation

Takaki Nishimura?, Tatsuya Kodama?, Sakane Genta? & Tomohiko Ishii***

In recent years, hydrogen energy has been attracting attention, and the hydrogen gas production
using solar thermal energy has been conducted. The studies of Kodama et al. were reported that the
cyclic reaction can efficiently produce the hydrogen gas through a two-step thermal redox reaction
with the cerium oxide. The transition metal doping into the cerium oxide improved the reaction
efficiency. We considered the doping effect on the thermal two-step redox reaction. As a result of

the calculation by the DV-Xa method, it was clarified that the doped cerium oxide becomes a strong
bond, the large BOP value without changing the ceria crystal structure in the two-step thermal redox
reaction. The theoretical calculation results corresponded to the reaction efficiency improvement of
the thermal reaction in experimental results.

In recent days, the global hydrogen gas production is about 700 billion Nm?, enough to supply the fuels for more
than 600 million fuel cell vehicles. However, about half of the hydrogen gas is made from natural gas. Nearly
1/3 of the hydrogen is made of crude oil in the refineries. And most of the hydrogen gas is consumed in the
refineries’. From this background, many studies have also been reported on the sustainable production of the
hydrogen energy from solar thermal energy, focusing on solar energy that can be used permanently?~. Solar
energy irradiates energy from the sun to the earth, typed by renewable energy. It is equivalent to about 4 million
EJ (1 EJ=10187) per year®.

The amount of energy theoretically extracted could be about 19,000 EJ, and the amount of energy that can
be technically extracted is estimated to be only about 1900 EJ. It is also estimated to consume just about 20 EJ
energy per year in human living. If we could convert a vast amount of solar energy into other energy, we could get
enough energy for our living’. So, it makes sense to use solar energy for hydrogen energy production. In addition,
various studies have been conducted on the supply chain, such as the transport and operation®. Hydrogen gas is
also transported by tanker and truck after being converted into liquid hydrogen or liquid fuels such as methanol,
ammonia, and methylcyclohexane (MCH). The basis for producing hydrogen energy is also making significant
progress, so the importance of hydrogen energy production is increasing">°. In laboratory experiments'!-¢,
many hydrogen gas production demonstration experiments using beam down solar concentrators have been
conducted'’-%, and it is expected that commercialization of hydrogen gas production will become possible.

In hydrogen gas production, a two-step thermal redox reaction is used. The two-step thermal redox reac-
tion is a cyclic redox reaction consisting of a reduction reaction (Ist step: Eq. 1) with oxygen desorption at high
temperatures (> 1000 °C) and an oxidation reaction (2nd step: Eq. 2) with oxygen adsorption at low temperatures
(<1000 °C). In the thermal oxidation reaction (2nd step), it is possible to decompose water molecules and effi-
ciently produce hydrogen gas under high temperature steam'.

Ist step : MyOy — MxOy_s5 + §/20; (1)

2nd step : MxOy_s + §H,O — MOy + §H, ()
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In addition to the hydrogen production reaction, the thermal redox reaction can also be used for CO, reform-
ing methane?, so the application of the two-step thermal redox reaction is wide.

In the two-step thermal redox reaction, various metal oxides have been used as catalytic reaction ceramics
to improve hydrogen gas production efliciency. Ehrhart et al. used hercynite (FeAl,O,) at the beginning of the
hydrogen gas production study®. Wong et al. explored thermochemical heat storage (TCS) materials using ther-
mal redox reactions in Co;0,/CoO and Mn,0,/Mn;0,*. Other research groups have also reported the two-step
thermal redox reactions such as Mn,0;/Mn;0,, C0;0,/Co0, and CuO/Cu,0%*°. Kodama et al. have reported
various hydrogen-producing materials using Fe;O,/c-YSZ, NiFe,0,*, NiFe,0,/m-ZrO,, Fe;0,/m-Zr0,*,
Fe;0,/m-ZrO,/MPSZ*%. Among these experiments, the research on cerium oxide has been promoted in recent
years®**~¥. Cerium oxide is a type of lanthanoid oxide (CeO,) used as an Oxygen Storage Capacity (OSC) material.
It was found to be applied to a catalyst and a thermal two-step redox reaction.

In the hydrogen gas production studies, it was found that cerium oxide increases the hydrogen gas production
efficiency and the redox reaction cyclability®®. Furthermore, doping transition metals into cerium oxide showed
further the efficiency, and cyclability has also been reported®>*. Cho et al. have investigated the doped ceria as an
operational test*!. A 3 kW sun-simulator irradiated the redox reactive foam devices. Among other things, Jacot
et al. have reported good experiments and theoretical research on the CO, reduction and water splitting*2. The
report showed the various doped cerium oxide. Hf-, Zr-, and Ta-doped cerium oxides were reported to have a
high reaction efficiency. Many studies have been reported using electrolysis as well as thermodynamic hydrogen
generation*>**, Nowadays, Zhao et al. showed the suitable materials for the electrolysis, the HER catalysts*.

Although it is clear from the experimental facts that cerium oxide-based materials are effective, the following
point should be more reported like the paper (Jacot et al.)*2.

(i) The hydrogen gas production properties of doped cerium oxide exceed those of pure cerium oxide.

As a specific point, we decided to focus on the stability of the crystal structure. It is the bond strength between
the metal ions and the oxygen ions in the cerium oxide. The thermal reduction reaction means that the oxygen
ions in cerium oxide are defective, while the thermal oxidation reaction is that the oxygen is taken into the cerium
oxide crystal. So, the oxygen atoms adsorption and desorption are the critical matter during the thermal redox
reaction. In addition, the experimental fact is that the transition metal doping improves the reaction efficiency
and cyclability. It was expected that the transition metal doping into cerium oxide changes to chemical bonds
suitable for the redox reaction cycle. We tried to solve question (i) based on these hypotheses.

This study aims to theoretically explain the experimental facts concerning the above question (i) contents by
using DV-Xa molecular orbital calculation. The DV-Xa method was developed by D. E. Ellis (Northwestern Uni-
versity) and H. Adachi (Kyoto University)*~>!. The self-consistent field method (SCF method) was proposed by
Hartree in 1928 and included the Hartree-Fock-Slater method proposed by J. C. Slater™. The electronic potential
proposed by Slater is called “Xa potential,” and the DV-Xa method is another name for the Hartree-Fock-Slater
method. The DV-Xa method has the advantage of numerically evaluating the electronic state. Therefore, accurate
calculation results can be obtained for the d- or f-orbitals of the metal atoms. Due to the above advantages, the
DV-Xa method is used in the theoretical calculations for cluster models of the doped cerium oxide.

Result and discussion

Evaluation of BOP. In the metal-doped ceria, it was suggested that the stability of the ceria crystal structure
was improved by doping the transition metals, as described in the introduction. We used the BOP value as a
parameter of bond strength to discuss the stability of the ceria crystal structure. If the BOP values become larger,
there is more overlap in the wave functions between the two atoms, and the bond becomes a strong bond. The
detail of the calculation is described at the last of the paper. In this study, to discuss the stabilization of the metal-
doped crystal structure, we consider the bond strength between the doped metal atom (M) and the surrounding
oxygen atoms in the M@Ce,,04°*" cluster model. We discuss the stability of the crystal structure in the doped
ceria by comparing the BOP values between the M-O two atoms.

At first, we focused on the doping of Mn, Fe, Co, and Ni as the 3d-orbital transition metals to discuss the
doped ceria with Mn, Fe, Co, and Ni reported by Kodama et al.. We also report the theoretical calculation results
of the ceria with Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn as doped-metal species.

The BOP table for the M@Ce,,04°* cluster models, M = Ce (non-substitution) and M =Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn (substitution), is shown in Table 1. The horizontal items show the type of the doped metal, and the
vertical items show the valence of the doped metal. The valence of the doped metal was varied from tetravalent
(M*) to trivalent (M**) in each 0.05 valent, and each cell was colored by gradient according to the obtained BOP
values, blue and red for larger and smaller values, respectively.

As can be seen from Table 1, comparing the BOP values change with the doped metal species and the BOP
values with the valence changes, it was found that the BOP value changes are more marked in the difference of
the doped metal species. With and without doping the transition metal, the difference shows that the BOP values
are large in transition metal-doped ceria than in undoped ceria. This calculation result means that the transition
metals doping into ceria would stabilize the ceria crystal structure. If the ceria crystal structure is unstable and
its structure completely collapses in the redox reaction, the efficiency of the thermal redox reaction would show
less reactivity because it will not have cyclability. On the other hand, if the crystal structure is stable without the
collapse of the metal-doped ceria, the reactivity and cyclability of the thermal two-step redox reaction will be
enhanced. Moreover, Kodama et al. reported that thermal redox reactivity increases with Mn or Fe doped ceria.
So, it was suggested that the interatomic bonding in Mn- and Fe-doped ceria becomes stronger than in undoped
ceria. It makes the crystal structure stabilization more suitable for thermal redox reactions.

The calculated BOP values were compared with the experimental results of each metal-doped ceria (doped
with M =Mn, Fe, Co, Ni). The calculated BOP values of Mn and Fe doped ceria had larger than that of Ni and Cu
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doped ceria. Therefore, the bond between the doped metal atom and the surrounding oxygen atoms is strong in
Mn and Fe doped ceria, which relates to the stoichiometric thermal redox reaction. The bond is weak in Ni and
Cu doped ceria, which relates to the nonstoichiometric thermal redox reaction. From this fact, it is understood
that when the bonds are strong. The doped ceria crystal does not easily collapse, while when the bonds are weak,
the doped ceria crystal easily collapses. The BOP values suggest the contribution of doping to the stabilization
of the crystal structure of ceria. Moreover, the BOP values were arranged in M=V, Cr, Mn order for each doped
metal species. In the future, we plan to clarify the relationship between structural stability by doping and the
oxygen adsorption /desorption reactions through thermodynamic calculations.

Next, the results will be described in the case of doping into the ceria with the 4d and 5d transition metal
and the lanthanoid metal elements. We report the results of doped ceria with Zr to Cd of the 4d transition metal
element, Hf to Hg of the 5d transition metal element, and La to Yb of the lanthanoid metal element.

Table 2 shows the BOP values of the M@Ce,,04°* cluster model, M = Ce (unsubstituted) and M =4d and
5d transition metal elements and the lanthanoid metal elements. The substituted metal elements are arranged
according to the periodic table, with the group and the period on the horizontal and the vertical axis, respectively.
The valence of the substituted doped metal is set at quadrivalent (M**), and the colors of each cell by gradient
according to the obtained BOP value, blue and red for larger and smaller values, respectively.

Table 2 suggested that the metal-doping with the 3d transition metals stabilizes the ceria crystal structure
rather than with the lanthanoid metals. In addition, focusing on the group of doped metal elements, the result
of the BOP value was larger in the order of the 3d, 4d, and 5d transition metals. In doping with the 3d, 4d, and
5d transition metal elements, it was easily understood that the stability was changed due to the number of
electrons occupied by the outermost orbitals. The bond between the doped metal atom and the oxygen atom
(M-0) became more stabilized by doping with the 5, 6, and 7 group metals. On the other hand, doping with the
lanthanoid metals, which have the f-orbital in the outer shell, the stability in the ceria crystal structure could
not be effective.

Table 2 shows the doping usefulness of the transition metal atoms with d-orbitals, and the stability depends
on the number of electrons occupied by the d-orbitals. In addition, when the 4d and 5d transition metals were
doped, the crystal structure was more stable than the 3d transition metals. Therefore, it was considered that the
index for the suitable hydrogen production materials was given about the metal-doped ceria material, which
has not yet been synthesized.

Evaluation of p-DOS. The BOP change depending on the doped metal is described in “Evaluation of BOP”
Section. Although all of them have the same crystal structure of the fluorite type, the difference in the bond
strength could be explained by the magnitude of the interaction between the doped metal and the oxygen atom
in the M@Ce,,04°" cluster model. Here, it is described the features of the doped ceria with the 3d transition
metals, and the relation between the doped metal atoms and the oxygen atoms. The p-DOS results show the 3d
orbital of the transition metal and the 2p orbital of the first nearest oxygen atom in each M@Ce,,04*** cluster
model. The detailed calculation results are shown in SI. 1 to 12.

Figure 1 shows the p-DOS in each transition metal’s 3d orbitals, and Fig. 2 shows the p-DOS in the 2p orbitals
of the oxygen atom in each 3d transition metal-doped M@Ce,,04*" cluster model (M =Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Ce). The vacuum level was set as 0 eV as the reference level in both cases. From Fig. 1, doping into
ceria significantly changes the electronic state of the 3d orbitals. The d-orbital levels are shifted to lower energy
as the atomic number of the doped metal increases. On the other hand, Fig. 2 shows little change in the peak
position or peak shift regardless. This result suggested that the effect of doping the transition metal was small
on the electronic state of oxygen.

Therefore, it was suggested that the interaction between the oxygen atom and the cerium atoms affected the
bond state between the doped metal atom and the oxygen atom (M-O). In other words, the stabilization of the
ceria crystal can be achieved by doping transition metal atoms which do not prevent the spatial expansion of
electrons on cerium and oxygen atoms. It is because most of the bonds in the ceria crystal are composed of the
bonds between the cerium atoms and the oxygen atoms (M-0). The bond strength shown in Tables 1 and 2
results depends on the doped central metal.

Next, Figs. 3 and 4 show the result of doping the 4d and 5d transition metal into the ceria. The p-DOS in the
2p orbital of oxygen in Figs. 3 and 4, as in Fig. 2, shows little change in the peak position or peak shift. These
results also indicated that there is no significant difference in the behavior of electrons on oxygen atoms and that
doped transition metal atoms determine the stability in the ceria crystal structure.

It was suggested that the bond strength is formed by the interaction between the doped metal atoms and the
oxygen atoms. We confirmed whether the bond strength (the BOP value) between the doped metal atom and
oxygen atoms (M-O) is related to the HOMO and LUMO levels and the bandgap in each metal-doped ceria. In
Table 3, LUMO and HOMO levels and the bandgap are based on the reference level as the vacuum levels in the
M@Ce,,04°" cluster model. Figure 5 shows the values summarized in Table 3 regarding energy levels on the
vertical axis and each doped metal on the horizontal axis. The LUMO and HOMO levels and the bandgap of each
M@Ce,;,04°* cluster model are related to the stability in Table 1. The vanadium(V) doped ceria has the lowest
bandgap of 0.066 eV, the BOP value of 1.567 (V**) is the largest BOP value among the 3d metal-doped ceria.

The bandgap is the largest at 1.376 eV in the undoped ceria, with the BOP value of 0.692 (Ce**). It is the
smallest BOP value compared to the 3d transition metal-doped ceria. However, there is no relationship, such
as a smaller bandgap tends to have larger BOP values, or a larger bandgap tends to have smaller BOP values.
Next, the HOMO and LUMO levels are explained. The highest HOMO level is 7.638 eV with the V-doped ceria,
while the lowest HOMO level is 7.222 eV with the undoped pure ceria. At first, there seemed to be a correlation
between the HOMO level and the BOP values. However, there is no correlation between the stability of the ceria
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Figure 1. p-DOS for the 3d orbitals of the doped metal atoms in the M@Ce,,04°" cluster model, the vacuum
level is the reference energy level (M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ce).
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Figure 2. p-DOS for the 2p orbitals of the oxygen atoms in the M@Ce,,04*** cluster model, the vacuum level is
the reference energy level (M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ce).

crystal structure (BOP values) and the HOMO level, as a similar relationship between the BOP values and the
bandgap. Figure 5 shows the LUMO level colored blue and the HOMO level colored red. It indicates no signifi-
cant difference in the LUMO levels in each metal-doped ceria. Therefore, there is also no relationship between
the LUMO level and the BOP value.

The HOMO, LUMO levels, and the bandgap results for 4d and 5d transition metals show similar results to
the 3d transition metal-doped ceria. Therefore, there is no relationship between the BOP values and the HOMO,
LUMO levels, or bandgap values for each metal-doped. The results of each detailed calculation are summarized
in SI 3,4, 5,and 6.
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Figure 3. p-DOS for the 2p orbitals of the oxygen atoms in the M@Ce;,05** cluster model, the vacuum level is
the reference energy level (M =Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Ce).
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Figure 4. p-DOS for the 2p orbitals of the oxygen atoms in the M@Ce,,04°** cluster model, the vacuum level is
the reference energy level (M =HI, Ta, W, Re, Os, Ir, Pt, Au, Hg, Ce).

In Fig. 6, p-DOS in the 2p orbitals of the oxygen atoms are shown in each 3d transition metal-doped M@
Ce;,04%" cluster model (M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ce). The HOMO level in each M@Ce,,04***
cluster model is the reference level. As shown in Fig. 2, there is no difference in the shape of the peak profile,
but there is a difference in the peak positions. It was considered that a slight energy shift is one of the effects of
metal doping into ceria.

Evaluation of bonding orbitals and antibonding orbitals. The difference in the bond strength
between the doped metal atom and the surrounding oxygen atoms (M-O) greatly affects the stability of the
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Ti \% Cr Mn Fe Co Ni Cu Zn Ce

4.00 1.435 [1.567 1.513 1.453 1.391 1.315 1.187 1.047 0.935 0.692
395 1.435 1.567  1.512 1452 1391 1314 1.187 1.046 0.935 0.691
390 1.434 1.566 1.512 1452 1.390 1314 1.186 1.046 0.934 0.690
3.85 1.433 1.566  1.511 1.451 1.390 1.313 1.186 1.045 0.934 0.689
3.80 1.433 1.565  1.510 1.450 1.389 1313 1.185 1.045 0.933 0.688
3.75 1.432  1.565 | 1.510 1.450 1.388 1.312 1.185 1.045 0.933 0.687
3.70 1.432  1.565 | 1.509 1.449 1.388 1.312 1.185 1.044 0.932 0.686
3.65 1.431 1.564  1.508 1.448 1.387 1.312 1.184 1.044 0.932 0.685
3.60 1.431 1.564  1.508 1.448 1.387 1311 1.184 1.043 0.931 0.684
3.55 1.430 1.564  1.507 1.447 1.386 1.311 1.183 1.043 0.931 0.683
3.50 1.430 1.563 | 1.506 1.447 1.386 1.310 1.183 1.042 0.931 0.682
345 1.429 1.563  1.506 1.446 1.385 1.310 1.182 1.042 0.930 0.681
3.40 1.428 1.562  1.505 1.445 1.385 1.309 1.182 1.042 0.930 0.679
335 1.428 1.562  1.504 1.445 1.384 1.309 1.181 1.041 0.929 0.678
330 1.427 1.562 | 1.504 1.444 1.383 1.308 1.181 1.041 0.929 0.677
325 1.427 1.561  1.503 1.444 1.383 1.308 1.180 1.040 0.928 0.676
320 1.426 1.561 1.502 1.443 1.382 1.307 1.180 1.040 0.928 0.675
3.15 1.426 1.561 1.502 1.442 1.382 1.307 1.180 1.039 0.927 0.674
3.10 1.425 1.560 1.501 1.442 1.381 1306 1.179 1.039 0.927 0.673
3.05 1.424 1560 1.501 1.441 1.381 1306 1.179 1.039 0.927 0.672
3.00 1.424 1.560 1.500 1.440 1.380 1.305 1.178 1.038 0.927 0.671

Table 1. The BOP table for the M@Ce;,04°¢* cluster models (M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ce). The
maximum value (1.967) is set to blue and the minimum value (0.671) to red. Each cell is colored by gradient
according to the obtained BOP values, blue for larger and red for smaller values.

1234 [ s]e6|7]8]9]10]mn|12]13[14[15]16]17]18

—

1.435 1.567 1.513 1.453 1.391 1.315 1.187 1.047 0.935
1.563 1193511995 1.860/1.718 1.605 1.372 1.095 0.975
1.615 1,984 2,117 1.980/1.825 1.710 1.494 1.173 0.958

nRAnRnE

0.692 0.854 0.870 0.867 0.867 0.867 0.874 0.874 0.881 0.891 0.899 0.907 0.908 1.125

Table 2. The BOP table for the M@Ce,04*** cluster models is arranged according to the period and group

of the periodic table. When the maximum value (2.117) is set to blue and the minimum value (0.509) to red,
each cell is colored by gradient according to the obtained BOP value, blue and red for larger and smaller values,
respectively.

LUMO | HOMO | Gap
Ti 8.592 7.638 0.954
\% 8.708 8.642 0.066
Cr 8.617 8.492 0.125
Mn 8.585 8.300 0.285
Fe 8.537 8.099 0.439
Co 8.615 8.362 0.253
Ni 8.613 8.142 0.472
Cu 8.607 7.893 0.714
Zn 7.744 7.606 0.137
Ce 8.598 7.222 1.376

Table 3. The LUMO (eV), HOMO (eV)level, and the bandgap (eV) in each M@Ce,,04*** cluster model based
on the reference level as the vacuum level.
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Figure 5. The LUMO (eV), HOMO (eV) level, and the bandgap (eV) in each M@Ce,,04*** cluster model is
based on the reference level as the vacuum level, as described in Table 3. The HOMO level is colored in blue, and
the LUMO level is colored in red. In the undoped pure ceria, the HOMO and LUMO levels are colored in black.
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Figure 6. p-DOS for the 2p orbitals of the oxygen atoms in the M@Ce,,04*** cluster model, the HOMO level in
each M@Ce,,04*" cluster model is the reference energy level. (M=Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ce).

ceria crystal structure. Bonding and antibonding orbitals in molecular orbitals will be described in this section.
Interactions between the doped metal atom and the surrounding oxygen atoms in each M@Ce,04*** cluster
model are explained by interpreting the bonding and antibonding orbitals. The detailed calculation results are
shown in SI. 19 to 27.

In Fig. 7, the bonding orbitals between the metal atom and the surrounding oxygen atoms are shown on the
right. The antibonding orbitals are shown on the left for each doped metal atom, based on the reference level as
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Figure 7. Energy levels of the bond composition between the doped metal and the oxygen atoms are based on
the reference level as the vacuum level in the M@Ce,,04>*" cluster model (M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Ce). The bonding and antibonding orbital components are on the right and left sides, respectively.
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Figure 8. Energy levels of the bond composition between the metal 3d orbitals and the oxygen 2p orbitals are
based on the reference level as the vacuum level in the M@Ce,,04*¢* cluster model (M =Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Ce). The bond composition between the metal 5d orbitals and the oxygen 2p orbitals are in the
undoped ceria. The bonding and antibonding orbital components are on the right and left sides, respectively.

the vacuum level in each M@Ce,,04** cluster model. From Fig. 7, the peaks of the bonding orbital component
are concentrated around at 5-7 eV except for the Zn-doped ceria. It means that there was no difference in the
factors which strengthened the bonds even if the kind of the doped metal changed. However, focusing on the
antibonding orbital component, the peak of the antibonding orbital component shifts to the lower energy side.
So, when the atomic number of the doped metal atom is increased, the orbitals of the antibonding component are
more occupied below the HOMO level. Then, it was suggested that more electrons are occupied in the antibond-
ing orbital component, which weakens the bonds between the doped metal atom and the oxygen atoms (M-0O).

Next, it is shown the bonding and antibonding of the 3d orbitals of the doped metal atom and the 2p orbitals
of the oxygen atoms in Figs. 8 and 9. Then, the energy level in Fig. 8 is based on the reference level as the vacuum
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Figure 9. Energy levels of the bond composition between the metal 3d orbitals and the oxygen 2p orbitals are
based on the reference level as the HOMO level in the M@Ce,;,04** cluster model (M =Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Ce). The bond composition between the metal 5d orbitals and the oxygen 2p orbitals are in the
undoped ceria. The bonding and antibonding orbital components are on the right and left sides, respectively.

level, in Fig. 9 is based on the reference level as the HOMO level in each in the M@Ce ,04*" cluster model. In
Fig. 8, the distribution of the bonding and antibonding orbital components, whose peak does not change in Fig. 7.
It indicated that the bonding between the doped metal atom and the oxygen atoms depends on the magnitude
of the interaction. The interaction is between the 3d orbitals and the 2p orbitals of the oxygen atoms. When the
doped metal changes, there is no change in the orbital bonding component between the 3d orbitals of the doped
metal atom and the 2p orbitals of the oxygen atoms. It was suggested that these factors are reflected in the BOP
results shown in Table 1. From the result in Fig. 9, it can be clearly seen that the antibonding orbital component
increases below the HOMO level.

Compared Figs. 1 and 2 with Fig. 8, it was understood that the peak shifts of the 3d orbitals shown in Fig. 1
are as well as the antibonding peaks in Fig. 8. The peak shifts of the p-DOS in the 2p orbitals in Fig. 2 are as well
as the bonding peaks in Fig. 8. This result supports the fact that most of the bonding orbitals are occupied by
the 2p orbitals of the oxygen atoms, while most of the antibonding orbitals are occupied by the 3d orbitals of the
doped metal atom. The antibonding orbital component is mainly occupied by the 3d orbitals of the doped metal
atom, and the energy level also changes depending on the doped metal elements.

Here, it is shown that the electronic state of the 2p orbitals of the oxygen atoms does not change even in the
case of not only the 3d transition metal-doped but also 4d and 5d transition metal-doped. The results of the bond
composition between the metal 4d, 5d orbitals and the oxygen 2p orbitals show in Figs. 10 and 11 based on the
reference level as the HOMO level in each M@Ce,,04*" cluster model. From these results, the energy level of the
antibonding orbital component changes while the bonding orbital component does not change. This tendency
is like the case of the 3d transition metal-doped. Moreover, the magnitude of the bonding orbital is higher in
order of the 3d, 4d, and 5d orbitals. Based on the spread of the d-orbital, it was suggested that the 5d transition
metal doping stabilizes the cerium oxide crystal structure, as shown in Table 2.

From the calculation results of the bonding and antibonding components between the d orbitals of the doped
metal atom and the 2p orbital of the oxygen atom, it was considered that the oxygen atom is affected by the cerium
atoms more than the doped metal atoms in the cerium oxide crystal. As shown in Table 2, the bonds between
doped metal atoms and oxygen atoms with d-orbitals in their outermost shell orbitals are strong.

As shown in Fig. 12, the wave function spread in the 3d orbital (#24 t,,: d,, orbital) around the Cu metal
atom is smaller than that in the case of the V doped. This result suggests that the d-orbitals can stabilize the ceria
structure in the outermost shell orbitals. An appropriate number of electrons must be occupied in the outermost
shell orbitals of the doped metal. Examples are given for the 3d transition metals doping into the ceria, and the
same applies to the case for the 4d or 5d transition metals doping into the ceria. Therefore, when a metal classified
into groups 5, 6, or 7 is doped, the bonds between the doped metal atom and the oxygen atom become stronger.
The repulsion between electrons occupied on the d-orbital of the doped metal atom and those occupied on the
2p orbital of oxygen is not too large, and the electrons occupied on more d-orbitals can participate in the bonds
between the doped metal atom and the oxygen atoms.

As shown in Table 2, the strong bond is in the order of 3d, 4d, and 5d orbitals. It is attributed to the interaction
between the 2p orbitals (the oxygen atom) and the d-orbitals (the doped metal atom). Then, more electrons can
be shared with the 2p orbitals of the oxygen atom in the 5d orbitals. In other words, it is important for stabilizing
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Figure 10. Energy levels of the bond composition between the metal 4d orbitals and the oxygen 2p orbitals are
based on the reference level as the vacuum level in the M@Ce,,04*¢* cluster model (M = Zr, Nb, Mo, Tc, Ru, Rh,
Pd, Ag, Cd). The bond composition between the metal 5d orbitals and the oxygen 2p orbitals are in the undoped
ceria. The bonding and antibonding orbital components are on the right and left sides, respectively.
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Figure 11. Energy levels of the bond composition between the metal 5d orbitals and the oxygen 2p orbitals are
based on the reference level as the vacuum level in the M@Ce,,04*¢*cluster model (M = Hf, Ta, W, Re, Os, Ir, Pt,
Au, Hg). The bond composition between the metal 5d orbitals and the oxygen 2p orbitals are in the undoped
ceria. The bonding and antibonding orbital components are on the right and left sides, respectively.

the ceria crystal structure to dope the metal atoms that do not prevent the spatial spread of cerium atoms and
electrons on oxygen atoms in the ceria crystal.

Conclusion

In the case of the d-orbital metal doping, the stability of the interatomic bond can be predicted by the overlap of
the wave functions between the d-orbitals of the doped metal and the 2p orbitals of the first nearest oxygen atom.
As for the case of transition metal doping in the cerium oxide, the effect of doped metal atoms can be discussed
by focusing on the interaction of the outermost orbitals of each atom. By evaluating whether the bonding orbitals
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Figure 12. Comparison of the wave functions (visualized by VESTA) of the bonding orbitals: t,, (# 26) in V
doped and Cu doped ceria are visualized, the isosurface level is set to 0.025 for both.

between the metal and oxygen atoms are classified as the bonding or antibonding orbitals, it is possible to predict
the stability of the crystal structure when the metal atoms are doped into ceria.

A theoretical study was carried out to solve the problem of (i) as mentioned in “Result and discussion” section,
considering that the stabilization of crystal structure leads to the improvement of the cyclicity and efficiency of
thermal redox reactions. Then, the stabilization of the crystal structure was discussed, focusing on the bonds
between the doped metal atom and the oxygen atoms (M-0). Specifically, we concluded that the following fac-
tors stabilize the crystal structure when the metal atoms are doped in cerium oxide.

I. The outermost shell orbital of the doped metal atom must be a d-orbital.
II.  The appropriate number of electrons must be occupied by the d-orbitals in the doped metal atom.
III.  The principal quantum number of the d-orbitals of the doped metal atom must be large.

This study found that the cerium oxide crystal structure is stabilized depending on these factors. In addition,
the doped ceria was expected to improve the cyclicity of the two-step thermal reaction and function as a hydrogen
generating material whose crystal structure does not collapse during the thermal redox reaction.

Method

First principle calculation. This study aims to explain theoretically by using the DV-Xa method. The cal-
culating principle of the Xa method is adopted as a special case of a density functional approach based on the
Hohenberg-Korn (HK) theorem®**. The HK state that the ground state energy of a system (assumed to be non-
degenerate) is uniquely determined as a function of electron density.

N
p(r) =Y W),
k=1

where N is the number of the sample points. The Wy is a one-electron wavefunction, which obeys the Har-
tree-Fock-Slater equation,

HWY, = ExVy,

Consequently, the one-electron Hamiltonian H is given by

! (1’/) Exc
— + L, (3)
|r r

1 /
H=—5Vi2+V(r)+/d[b]r 5

where V(r) is the Coulomb potential of the nuclei. In the local density approximation (LDA), the last term of
Eq. (3) is approximated in the form of Exc/6p = d(pexc)/d p. In the Xa method, exc(p) is the exchange energy
of free electron gas multiplied by a constant a:

3 13

exc(p) = —6a {*P} , 4)
4

Setting a=0.7 usually makes a good approximation. A self-consistent equation is given from the Egs. (3) and

(4). This one-electron approximation is the self-consistent field method (SCF method) proposed by Hartree in

1928 and includes the Hartree-Fock-Slater method proposed by J. C. Slater®. The electronic potential proposed
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Figure 13. The image of the bond overlap population (BOP) is shown. The color spread is replaced as the wave
function in each atom.

by Slater is called “Xa potential,” and the DV-Xa method is another name for the Hartree—Fock-Slater method.
The DV-Xa method was developed by D. E. Ellis (Northwestern University) and Hirohiko Adachi (Kyoto Uni-
versity)*’~>!. The molecular wavefunctions were expressed as linear combinations of atomic orbitals (LCAO)
obtained by numerically solving the Hartree-Fock-Slater equations in the atom-like potential derived from the
molecular potential. Thus, the atomic orbitals as basic functions are automatically optimized for the molecule.
The matrix elements in the secular equation,

(H — ES)C = 0,

are derived from the weighted sum of integrand values at sampling points. The overlap charge densities are parti-
tioned into atomic charges by means of the Mulliken population analysis®>~” in the self-consistent charge (SCC)
method that was used to approximate the complete self-consistent field. The atomic potentials for generating
the basic functions are derived from the spherical average of the molecular charge density around the nuclei,
considering of the potential tail of the neighboring atoms. The DV-Xa method has the advantage of numerically
evaluating the electronic state of a substance because the secular equation is solved by the numerical integration.
Therefore, accurate calculation results can be obtained for the d- and f-orbitals of the metal ions. Due to the above
advantages, the DV-Xa method is used.

Mulliken population analysis. Considering the linear combination of atomic orbitals (LCAO), the wave
functions of a £ th molecular orbital at an atomic orbital i is shown in below.

¢e =Y CieXis

The Slater’s basis function denotes the LCAO coefficients C and several atomic orbitals x. Then, the qf;- is the
overlap integral S;; multiplied by the LCAO coefficient Ci¢ x Cjs.

qu = CiCje [ x (r) xj(r)dr = Ci¢Cj(Syj,

These Mulliken analyses allow for an overlap charge of the wavefunctions between atoms. The electrons shared
between A and B atom (Fig. 13) are called the effective shared charge (bond overlap population): Q4p. The f is
the number of occupied molecular orbitals £ th molecular orbital.

Qij = Zf[qu’
4

Qup = Z Z Qijs

i€cA jeB

In this study, the effective shared charge is defined as the bond strength between atoms. From the value of
the BOP, we assumed how the crystal structures can be stable.

Calculation models and terms.  We prepared the Ce;;04°* cluster model to research the electronic states
of the cerium atoms and the oxygen atoms. Then, the central cerium atom is substituted for the other metal
atom. We tried to see the metal (M) doped effects in Ce;,MO4*** models. The Ce;,MO¢**" models mean the
central cerium atom changes of the Ce;;04*** models one after the other. The Ce;,MO4*** models were named
M@Ce,,04".
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We calculated the electronic structures of the M@Ce,,04*¢* cluster model composed of 12 cerium (Ce)
atoms. It has the quadrivalent per Ce atom and 8 oxygen ions (O%), in which the central atom (M) is substituted
with another metal atom (M = 3d, 4d, and 5d transition metals, and the lanthanoid metals) in each calculation
model. In other words, we substituted the central M atom with the 3d (M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn),
4d (M =Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd), and 5d transition metal (M =Hf, Ta, W, Re, Os, I, Au, Hg), or the
lanthanoid metal (M =La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Ho, Tm, Yb, Lu). Then, M =Ce doped
model (Ce@Ce ,04** =Ce 304°*") means that the cluster model is the pure cerium oxide with no substitution.
The reported experimental data determined the absolute coordinates of the calculated cluster model. The M@
Ce,04** cluster model has a high symmetry of the fluorite type structure (Fm-3 m), and the lattice constant of
5.411 A. It has the central metal atom(M), the 8 oxygen atoms around the central atom, and 12 cerium atoms
located outside each oxygen atom.

The calculations are performed self-consistently until the difference in orbital populations between the initial
and final states of the iteration by means of the DV-Xa molecular orbital method is less than 0.0005 electrons.
The calculations were also performed considering the Madelung potential in each cluster model (Supplementary
Information).

Data availability
All data generated or analysed during this study are included in this published article.

Received: 20 January 2022; Accepted: 2 June 2022
Published online: 16 June 2022

References

1. Ball, M. & Wietschel, M. The future of hydrogen — opportunities and challenges. Int. J. Hydrog. Energy 34(2), 615-627 (2009).

2. Chueh, W. C. et al. High-flux solar-driven thermochemical dissociation of CO, and H,O using nonstoichiometric ceria. Science
368(330), 1797-1801 (2010).

3. Scheffe, J. R., Weibel, D. & Steinfeld, A. Lanthanum-strontium-manganese perovskites as redox materials for solar thermochemical
splitting of H,O and CO,. Energy Fuels 27(8), 4250-4257 (2013).

4. Hao, Y., Yang, C. K. & Haile, S. M. Ceria-Zirconia solid solutions (Ce,_,Zr,O,_s, x < 0.2) for solar thermochemical water splitting:
a thermodynamic study. Chem. Mater. 26(20), 6073-6082 (2014).

5. Ermanoski, L., Miller, J. E. & Allendorf, M. D. Efficiency maximization in solar-thermochemical fuel production: challenging the
concept of isothermal water splitting. Phys. Chem. Chem. Phys. 16(18), 8418-8427 (2014).

6. Kabir, E., Kumar, P, Kumar, S., Adelodun, A. A. & Kim, K. H. Solar energy: potential and future prospects. Renew. Sustain. Energy
Rev. 82, 894-900 (2018).

7. Blanco, J. et al. Review of feasible solar energy applications to water processes. Renew. Sustain. Energy Rev. 13(6-7), 1437-1445
(2009).

8. Tatsuya, K. Japan aims at establishing a hydrogen-based society—can solar thermochemistry contribute?" J. Solar Energy Eng.
141(2), (2019).

9. De-Le6n Almaraz, S., Azzaro-Pantel, C., Montastruc, L. & Domenech, S. Hydrogen supply chain optimization for deployment
scenarios in the Midi-Pyrénées region, France. Int. J. Hydrog. Energy 39(23), 11831-11845 (2014).

10. Reuf, M. et al. Seasonal storage and alternative carriers: a flexible hydrogen supply chain model. Appl. Energy 256(15), 113311
(2019).

11. Gokon, N., Nagasaki, H. A. & Kodama, T. Thermochemical two-step water splitting cycles by monoclinic ZrO,-supported NiFe,O,
and Fe;0, powders and ceramic foam devices. Sol. Energy 83(4), 527-537 (2009).

12. Gokon, N., Takahashi, S., Yamamoto, H., & Kodama, T. New solar water-splitting reactor with ferrite particles in an internally
circulating fluidized bed, J. Sol. Energy Eng. 131(1), (2009).

13. Gokon, N, Tatsuro, M., Kondo, N. & Kodama, T. Thermochemical two-step water splitting by internally circulating fluidized
bed of NiFe,0, particles: Successive reaction of thermal-reduction and water-decomposition steps. Int. J. Hydrog. Energy 36(8),
4757-4767 (2011).

14. Gokon, N, Sagawa, S. & Kodama, T. Comparative study of activity of cerium oxide at thermal reduction temperatures of 1300-1550
°C for solar thermochemical two-step water-splitting cycle. Int. J. Hydrog. Energy 38(34), 14402-14414 (2013).

15. Gokon, N., Izawa, T. & Kodama, T. Steam gasification of coal cokes by internally circulating fluidized-bed reactor by concentrated
Xe-light radiation for solar syngas production. Energy 79, 264-272 (2015).

16. Cho, H. S., Kodama, T., Gokon, N., Bellan, S. & Kazuo, Y. Buoyancy-opposed volumetric solar receiver with beam-down optics
irradiation. Energy 141, 2337-2350 (2017).

17. Kodama, T., Gokon, N. Matsubara, K. & Sakurai, A. Heat collection/heat storage device using sunlight, PCT Int. Appl. (2014).

18. Kodama, T., Gokon, N. & Matsubara, K. Solar thermochemical water splitting cycles utilizing concentrating solar radiation. J. Jpn.
Inst. Energy 94(1), 35-41 (2015).

19. Kodama, T., Gokon, N., Cho, H. S., Bellan, S., Matsubara, K. & Inoue, K. Particle fluidized bed receiver/reactor with a beam-down
solar concentrating optics: Performance test of two- step water splitting with ceria particles using 30-kWth sun-simulator, in AIP
Conference Proceedings, 2033 (1, SolarPACES 2017: International Conference on Concentrating Solar Power and Chemical Energy
Systems), (2018).

20. Kodama, T., Cho, H. S., Inoue, K., Saito, T., Watanabe, S., Gokon, N. & Bellan, S. Particles fluidized bed receiver/reactor with a
beam-down solar concentrating optics: First performance test on two-step water splitting with ceria using a Miyazaki solar con-
centrating system, in AIP Conference Proceedings, 2126(1, SolarPACES 2018), 180011 (2019).

21. Ferreira-Aparicio, P. ef al. A transient kinetic study of the carbon dioxide reforming of methane over supported Ru catalysts. J.
Catal. 184, 202-212 (1999).

22. Gokon, N., Osawa, Y., Nakazawa, D. & Kodama, T. Kinetics of CO, reforming of methane by catalytically activated metallic foam
absorber for solar receiver- reactors. Int. J. Hydrog. Energy 34(4), 1787-1800 (2009).

23. Ehrhart, B,, Coker, E., Siegel, N. & Weimer, A. Thermochemical cycle of a mixed metal oxide for augmentation of thermal energy
storage in solid particles. Energy Proc. 49, 762-771 (2014).

24. B. Wong, “Thermochemical heat storage for concentrated solar power” Final Report for the US Department of Energy, San Diego,
CA, USA, (2011).

25. Carrillo, A. J,, Serrano, D. P, Pizarro, P. & Coronado, J. M. Thermochemical heat storage based on the Mn,05/Mn;0, redox couple:
influence of the initial particle size on the morphological evolution and cyclability. J. Mater. Chem. A 2(45), 19435-19443 (2014).

Scientific Reports |

(2022) 12:10103 | https://doi.org/10.1038/s41598-022-14180-3 nature portfolio



www.nature.com/scientificreports/

26.

27.

Bielsa, D., Zaki, A., Arias, P. L. & Faik, A. Improving the redox performance of Mn,05/Mn;O, pair by Si doping to be used as
thermochemical energy storage for concentrated solar power plants. Sol. Energy 204, 144-154 (2020).

Bielsa, D., Zaki, A., Faik, A. & P. L. Efficiency improvement of Mn,0;/Mn;0, redox reaction by means of different operation
strategies, in AIP Conference Proceedings, AIP Publishing LLC, 2126(1), 2019.

28. Schrader, A. ]., Muroyama, A. P. & Loutzenhiser, P. G. Solar electricity via an Air Brayton cycle with an integrated two-step thermo-
chemical cycle for heat storage based on Co;0,/CoO redox reactions: Thermodynamic analysis. Sol. Energy 118, 485-495 (2015).

29. Alonso, E., Pérez-Rabago, C., Licurgo, J., Fuentealba, E. & Estrada, C. A. First experimental studies of solar redox reactions of
copper oxides for thermochemical energy storage. Sol. Energy 115, 297-305 (2015).

30. Fresno, E, Yoshida, T., Gokon, N., Fernandez-Saavedra, R. & Kodama, T. Comparative study of the activity of nickel ferrites for
solar hydrogen production by two-step thermochemical cycles. Int. J. Hydrog. Energy 35(16), 8503-8510 (2010).

31. Gokon, N., Yamamoto, H., Kondo, N., & Kodama, T. Internally Circulating Fluidized Bed Reactor Using m-ZrO2 Supported
NiFe204 Particles for Thermochemical Two-Step Water Splitting, J. Solar Energy Eng. 132(2), 2010.

32. Gokon, N., Kodama, T., Nagasaki, A., Sakai, K. & Hatamachi, T. Ferrite-loaded ceramic foam devices prepared by spin-coating
method for a solar two-step thermochemical cycle. Proc. ASME 2, 439-449 (2009).

33. Gokon, N. et al. Fe-doped manganese oxide redox material for thermochemical energy storage at high-temperatures. AIP Conf.
Proc. 2126, 210003 (2019).

34. Trovarelli, A. Catalytic properties of ceria and CeO,-containing materials. Catal. Rev. Sci. Eng. 38, 439-520 (1996).

35. Trovarelli, A. Structural and oxygen storage/release properties of CeO, -based solid solutions. Comments Inorg. Chem. 20, 263-284
(1999).

36. Steele, B. C. H. & Heinzel, A. Materials for Fuel-Cell Technologies. Nature 414, 345-352 (2001).

37. Yue, L., Fu, Q. & Stephanopoulos, M. E. Low-temperature water-gas shift reaction over Cu-and Ni-loaded cerium oxide catalysts.
Appl. Catal. B 27(3), 179-191 (2000).

38. Cho, H. S., Kodama, T., Gokon, N., Kim, J. K, Lee, S. N., & Kang, Y. H. Development and experimental study for hydrogen pro-
duction from the thermochemical two-step water splitting cycles with a CeO, coated new foam device design using solar furnace
system, in AIP Conference Proceedings, 1850(1, SOLARPACES 2016), 2017.

39. Gokon, N,, Suda, T. & Kodama, T. Thermochemical reactivity of 5-15 mol% Fe Co, Ni, Mn-doped cerium oxides in two-step
water-splitting cycle for solar hydrogen production. Thermochim. Acta 617, 179-190 (2015).

40. Gokon, N, Suda, T. & Kodama, T. Oxygen and hydrogen productivities and repeatable reactivity of 30-mol%-Fe-, Co-, Ni-, Mn-
doped CeO, ; for thermochemical two-step water-splitting cycle. Energy 90, 1280-1289 (2015).

41. Cho, H. S., Kodama, T., Gokon, N., Bellan, S. & Nishigata, N. Experimental study of Mn-CeO2 coated ceramic foam device for
two-step water splitting cycle hydrogen production with 3kW sun-simulator. AIP Conf. Proc. 2303(1), 170004 (2020).

42. Jacot, R., Moré, R., Michalsky, R., Steinfeld, A. & Patzke, G. R. Trends in the phase stability and thermochemical oxygen exchange
of ceria doped with potentially tetravalent metals. . Mater. Chem. A 5(37), 19901-19913 (2017).

43. Miller, H. A. et al. Green hydrogen from anion exchange membrane water electrolysis: a review of recent developments in critical
materials and operating conditions. Sustain. Energy Fuels 4(5), 2114-2133 (2020).

44. Kumar, S. S. & Himabindu, V. Hydrogen production by PEM water electrolysis. Mater. Sci. Energy Technol. 2(3), 442-454 (2019).

45. Zhao, Y. et al. Ultrastable molybdenum disulfide-based electrocatalyst for hydrogen evolution in acidic media. J. Power Sources
456, 227998 (2020).

46. Adachi, H., Tsukada, M. & Satoko, C. Discrete variational Xa cluster calculations. I. Application to metal clusters. J. Phys. Soc. Jpn.
45, 875-883 (1978).

47. Satoko, C., Tsukada, M. & Adachi, H. Discrete variational Xa cluster calculations. II. Application to the surface electronic structure
of MgO. J. Phys. Soc. Jpn. 45, 1333-1340 (1978).

48. Adachi, H., Shiokawa, S., Tsukada, M., Satoko, C. & Sugano, S. Discrete variational Xa cluster calculations. III. Application to
transition metal complexes. J. Phys. Soc. Jpn. 47, 1528-1537 (1979).

49. Adachi, H. & Taniguchi, K. Discrete variational Xa cluster calculations. IV. Application to x-ray emission study. J. Phys. Soc. Jpn.
49, 1944-1953 (1980).

50. Adachi, H., Mukoyama, T. & Kawai, J. The DV-Xa Method for Design and Characterization of Materials, in Hartree-Fock-Slater
Method for Materials Science, Springer Series in Materials Science (ISBN 978-3-540-31297-0): Berlin, Heidelberg and New York,
84, (2005).

51. Slater, J. C. A Simplification of the Hartree-Fock method. Phys. Rev. 81, 385 (1951).

52. Hohenberg, P. & Kohn, W. Inhomogeneous electron gas. Phys. Rev. 136, B864 (1964).

53. Kohn, W. & Sham, L. J. Self-consistent equations including exchange and correlation effects. Phys. Rev. 140, A1133 (1965).

54. Mulliken, R. S. Electronic population analysis on LCAO-MO molecular wave functions. I. J. Chem. Phys. 23, 1833 (1955).

55. Mulliken, R. S. Electronic population analysis on LCAO-MO molecular wave functions. II. Overlap populations, bond orders,
and covalent bond energies. J. Chem. Phys. 23, 1841 (1955).

56. Mulliken, R. S. Electronic population analysis on LCAO-MO molecular wave functions. III. Effects of hybridization on overlap
and gross AO Populations. J. Chem. Phys. 23, 2338 (1955).

57. Mulliken, R. S. Electronic population analysis on LCAO-MO molecular wave functions. IV. Bonding and antibonding in LCAO
and valence-bond theories. J. Chem. Phys. 23, 2343 (1955).

Acknowledgements

The authors appreciate Prof. H. Adachi (Kyoto Univ.) for permission to use a computational program. The authors
express thanks to Drs. F Izumi (Nat'] Inst. for Materials Sci., Japan) and K. Momma (Nat'l Museum of Nature
and Sci.,Tokyo) for permission to use a 3D visualizing program “VESTA”

Author contributions

T. N. performed the research tasks such as the theoretical calculation. T.K. and T.I. designed this project. G.S.
gave us new interpretation and the meaningful data (in Fig. 12). T.N., T.K,, and T.I. contributed to the discussion
of the results. T.N. and T.L revised the manuscript.

Funding
T.I is supported by JSPS KAKENHI Grant 20H00362.

Competing interests
The authors declare no competing interests.

Scientific Reports|  (2022) 12:10103 | https://doi.org/10.1038/s41598-022-14180-3 nature portfolio



www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-14180-3.

Correspondence and requests for materials should be addressed to T.1.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:10103 | https://doi.org/10.1038/s41598-022-14180-3 nature portfolio


https://doi.org/10.1038/s41598-022-14180-3
https://doi.org/10.1038/s41598-022-14180-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Transition metals doped effects for the crystal stabilization of the cerium oxides with the first principle calculation
	Result and discussion
	Evaluation of BOP. 
	Evaluation of p-DOS. 
	Evaluation of bonding orbitals and antibonding orbitals. 

	Conclusion
	Method
	First principle calculation. 
	Mulliken population analysis. 
	Calculation models and terms. 

	References
	Acknowledgements


