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limitations of atomic-scale
simulations on semiconductor catalysis with
changing Fermi level and surface treatment†
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Wide band gap metal oxide semiconductor catalysts mostly exhibit very huge variations of catalytic

reaction activities and pathways depending on the preparation conditions, unlike metallic catalyst

materials. Atomic-scale modeling and ab initio calculations are extremely challenging for metal

oxide semiconductor catalysts because of two main reasons: (i) large discrepancies between

computational predictions and experiments, (ii) typical cell size limitations in modeling for dilute

level doping (<1020 cm−3) cocatalyst size-dependency (diameter >3 nm). In this study, as a new

groundbreaking methodology, we used a combination of density functional theory (DFT)

calculations and a newly derived analytical model to systematically investigate the mechanisms of

catalytic methane (CH4) oxidation activity change of CeO2. The key hypothesis that the catalytic

methane oxidation reaction can be followed by the Fermi level change in CeO2 was well

demonstrated via comparison with our multi-scale simulation and several literature reports. Our new

method was found to give predictions in the catalytic activity of wide band gap semiconductors for

variations in defect concentrations and cocatalyst coverage with advanced efficiency and accuracy,

overcoming the typical model size limitation and inaccuracy problems of DFT calculations.
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Introduction

To boost and optimize the methane (CH4) oxidation reaction
catalyzed by CeO2-based catalysts in solid oxide fuel cell (SOFC)
anodes, a number of materials engineering strategies and
mechanism studies have been performed.1 As the most widely
used routes to improve the catalytic activity of CeO2 in methane
oxidation, cocatalyst deposition and impurity doping methods
have been intensively used.2–4 Atomic scale modeling based
computational studies have been performed along with exper-
iments to understand how the catalytic methane oxidation
activities of CeO2 are highly enhanced by up to several orders
even with only very low cocatalyst coverage via cocatalyst
nanoparticle (NP) deposition and/or dilute-limit impurity
doping.5–7However, it is extremely challenging to investigate the
mechanism by experiments and density functional theory
calculation based analysis on wide band gap CeO2 (ref. 6)
because the catalytic activity of CeO2 catalysts greatly varies with
the deposited NP size and the doping concentration.8–11

In previous theoretical studies, the dopant sites on the CeO2

surface or the cocatalyst surfaces were commonly regarded as
the main active sites due to the signicantly increased catalytic
activities.12–14 For example, in theoretical studies on silver- and
copper-doped CeO2 systems, surface-doping was assumed in
the catalytic reaction modeling.15,16 However, experimental
J. Mater. Chem. A, 2024, 12, 33537–33545 | 33537
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Fig. 1 Schematic illustration of surface Fermi level modification
strategies: doping and cocatalyst.
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studies proved that the intrinsic n-type characteristic of CeO2

was even enhanced with Ag- and Cu-doping, as the dopants are
mostly segregated in the CeO2 grain boundaries.17,18 Therefore,
it is a more appropriate assumption that the doped metal
impurities in CeO2 do not participate in the surface reaction
directly, as demonstrated by several previous experimental
studies;19,20 the main roles of metal element doping in CeO2 are
not the formation of new kinds of active sites.

For the NP-decorated CeO2 catalyst case, the synergistic
effects in the methane oxidation of metallic Ni/CeO2 hetero-
junctions were explained using adsorption energy calculations
and the Mars–Van Krevelen (MvK) mechanism at the inter-
face.21,22 However, the assumption that the main contributions
to catalytic reactions are made by the active sites of cocatalyst
NPs deposited on CeO2 cannot support mechanism analysis for
many other cases. For example, the catalytic CH4 reactivity of
cocatalyst deposited CeO2 peaks only with very low coverage of
cocatalysts.23 Furthermore, some research revealed that the
dominant surface orientations,24 morphology,12,25,26 termina-
tions,22 or the atomic percentages of cocatalyst NP elements on
CeO2 largely determine the catalytic activity of metal NP deco-
rated CeO2.27,28 Such ndings contradictory to the conventional
assumptions in the modeling schemes imply that the cocatalyst
deposition and impurity doping contribute to the changed
activity of the CeO2 surface in different ways which were never
discussed. To advance the rational engineering of the wide
band gap CeO2 catalyst, further mechanism study is necessary.

In most of the previous experimental and computational
studies, the possibility that the surface electronic structure of
CeO2 is tuned by cocatalyst NPs and dopants was hardly
considered even though only low coverage of NPs improves the
catalytic activity of CeO2 in methane oxidation.2,23,29 Recent
semiconductor photochemistry studies revealed that the
surface activities of wide band gap oxide materials can be tuned
via surface Fermi level modications with metal deposition or
dopant segregation.30–32 An experimental and computational
study on the nickel nitride decorated CeO2 catalyst reported that
the electron transferred from the cocatalyst to the CeO2 support
affects the catalytic activity of CeO2.33

In recent experimental and computational research works on
wide band gap oxide materials, we demonstrated that catalytic
reactions on the oxide surface were greatly altered via manip-
ulation of the Fermi level either by doping or surface treat-
ment,34,35 whereas the importance of the Fermi level in the
catalytic reactions of CeO2 has never been discussed. Hetero-
valent dopants in CeO2 or point defects can change the bulk
Fermi level due to the changed charge carrier concentration and
accordingly band bending occurs near the surface because the
bulk Fermi level (3F(bulk)) and surface Fermi level (3F) deviate
from each other (Fig. 1).36,37 Therefore, the surface Fermi level
can be modulated by the difference between 3F(bulk) and the
degree of band bending (DVBB) (eqn (1)); when cocatalyst NPs
are loaded on the CeO2 surface, the surface Fermi level can be
directly altered by the energy band alignment with the work
function of the decorated cocatalyst NPs (Bcocat) at the equi-
librium state as shown in Fig. 1.38
33538 | J. Mater. Chem. A, 2024, 12, 33537–33545
3F = 3F(bulk) − DVBB (1)

According to the theoretical model described above, a varia-
tion of the surface Fermi level of a semiconductor determines
the favorable charge states of adsorbed species and the
adsorption energies. Since an electron transfer between
a semiconductor surface and the highest occupied molecular
orbital (HOMO) or lowest unoccupiedmolecular orbital (LUMO)
of adsorbates contributes to the Gibbs free energy change by
chemisorption, the Fermi level of a semiconductor catalyst
must be taken into account for an adsorption energy calculation
(Fig. 1).39,40 In our recent previous theoretical–experimental
combinational works, we introduced a new theoretical method
for better understanding of the relationships between the
surface Fermi level and the adsorption energy on wide band gap
semiconductors.34,35,41 We successfully controlled the surface
reaction kinetics by manipulating the surface Fermi level and
theoretically elucidated the inuence of surface Fermi level
engineering on the adsorption energy.

In this study, we investigate the mechanism of methane
oxidation and the promoting effect of doping/cocatalyst deco-
ration on the catalytic activity of CeO2 with a key hypothesis:
catalytic methane oxidation reaction activity of the CeO2 catalyst
is determined by the surface Fermi level. By using DFT calcu-
lations and our new analytical models, we proved that the
catalytic methane oxidation reactions on CeO2 are highly
dependent on the surface Fermi level. In comparison to our new
theoretical predictions with many experimental studies in the
literature, the dopant–cocatalyst synergies and cocatalyst
coverage effects were successfully explained.
This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Theory

As a method to resolve the inevitable discrepancy between the
charge transfer energetics of a semiconductor in real life and
the DFT electronic structure predictions (Fig. 2), we express the
adsorption energy of adsorbates on a semiconductor as a func-
tion of the Fermi level. In the conventional method, the Gibbs
free energies of adsorbates on catalytic surfaces have been
calculated by using the computational hydrogen electrode
(CHE) model proposed by Norskov et al.42 In this work, a Gibbs
free adsorption energy (DGads) of a methane oxidation inter-
mediate adsorbate on a CeO2 surface was expressed as

DGads = DE0 + q(3F + EVBM) + Eiso − Eper + qDV

+ DZPE +
Ð
CpdT − TDS (2)

whereDE0 is the binding energy of adsorbates on CeO2. q, 3F and
EVBM in eqn (2) are the charge states of the adsorbates, the
Fermi level that ranged over the bandgap of CeO2 (111), and the
DFT-computed eigenvalue of the VBM energy level of the CeO2

(111) slab with the adsorbate, respectively.34,35,41 For the
correction of the formation energies of nite-size supercells
with charged defects, we added slab-based correction terms,
Eiso, Eper and qDV, which are the self-interaction of the isolated
charge distribution and the energy of the model charge
embedded in the model dielectric medium under periodic
boundary conditions, respectively. DV is the difference between
the potential of the model charge system and DFT calculations.
The terms DZPE,

Ð
CpdT and DS in eqn (2) are the changes of

zero-point energy, enthalpic, and entropy contributions at
temperature T to the Gibbs free energy of an adsorbate,
respectively. A detailed description of the computational
Fig. 2 A schematic illustration of the inevitable error of adsorption
energy between real life and DFT calculations.

This journal is © The Royal Society of Chemistry 2024
method and discussion regarding the terms in eqn (2), the
charge state of adsorbates, and the adsorption energy graphs
are given in sections 1, 2, and 3 of the ESI and Fig. S1,†
respectively.
Fermi level dependent reaction pathway and energy barrier

In Fig. 3, we present how the surface Fermi level of CeO2 can
alter the methane oxidation reaction pathway and change the
reaction energy barrier. We considered the methane oxidation
reaction at 923 K (650 °C), a typical reaction temperature of
SOFC, in the reaction intermediate free energy calculations.43

Concerning the adsorption of a CH4 molecule on a CeO2 (111)
for an initiation of the CH4 oxidation reaction, the positive value
of the adsorption energy (2.75 eV) of a CH4 molecule on a CeO2

(111) surface (*CH4 formation) is not energetically favored, as
shown in Fig. S1.† On the other hand, the calculated adsorption
free energies in Fig. S2† show that negatively charged *O (*O2−)
can signicantly occupy the active sites of CeO2 when the Fermi
level of CeO2 is above 1.58 eV, as the adsorption free energy
becomes negative and competes with the adsorbate of reaction
step 1 (*CH3 formation). Therefore, the methane oxidation
reactant oxygen reservoir is O2(g) (*O

2−) with the Fermi level
below (above) 1.58 eV. The descriptions of reaction steps,
reaction pathways, and the optimized congurations of adsor-
bates are presented in Scheme S1, ESI 4, and Fig. S3.†

The free energy diagrams of the methane oxidation reactions
catalyzed by neutral (3F = 1.6 eV), extreme p-type (3F = 0.3 eV),
and n-type (3F = 2.9 eV) CeO2 with the thermodynamically
preferred intermediates and the atomic structure of each reac-
tion step are presented in Fig. 3a and b to examine whether the
Fermi level can affect the reaction pathway and energy barriers.
The detailed free energy diagrams of methane oxidation on
CeO2 with all possible intermediates are depicted in Fig. S4†. All
the excessive charges in the models were localized on inter-
mediates on the CeO2 surface. (Fig. S5†) We additionally
calculated the density of states (DOS) of each intermediate
(CH3, CH2, CH, and CHO), which can be charged during
methane oxidation, to see the effect on the change to the elec-
tronic states of CeO2. Fig. S6† shows that the adsorption of the
charged CH2 and CH resulted in the formation of gap states,
while there is no gap state formation by CH3 and CHO
adsorption. According to the calculated free energy diagram in
Fig. 3a, CH2 and CH are expected not to bind residually to the
CeO2 surface for so long but to form CHO, showing the free
energy downhill in reaction step 4. Therefore, we reason that the
change to the surface Fermi level position due to the generated
gap state by CH2 and CH adsorption can be negligible.

The charge state of *CH3 in reaction step 1 is positive (CH3
+)

on the p-type (3F = 0.3 eV) and the neutral (3F = 1.6 eV) CeO2,
and turns negative (CH3

−) on the n-type (3F = 2.9 eV) CeO2.
Since the adsorbed *O2− is stabilized on the n-type CeO2 surface
due to the stronger binding to the surface Ce ion, the formation
of *CH3

− is suppressed. According to the calculated energy
diagram in Fig. 3a, dehydrogenation reactions are all energy
downhill from the reaction steps 1 to 4, regardless of the surface
Fermi level position of CeO2. Our theoretical prediction of
J. Mater. Chem. A, 2024, 12, 33537–33545 | 33539
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Fig. 3 DFT calculations of methane oxidation on a CeO2 (111) surface with Fermi level variation: (a) calculated free energy diagrams and (b) the
atomic structures of the methane oxidation reaction pathways on the p-type (3F = 0.3 eV), neutral (3F = 1.6 eV), and n-type (3F = 2.9 eV) CeO2. (c)
Total energy barrier as a function of the Fermi level of CeO2 and cocatalyst work function. Black lines in (a) indicate the energy levels in the
reaction steps 5–7 in the methane oxidation, which are the same regardless of the Fermi level of CeO2. Solid and dashed lines in (a) indicate the
energy downhill and uphill reactions, respectively.
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energy downhills for reaction steps 1 to 4 is well consistent with
the experimental in situ observations in the CeO2 catalyst that
the CH2 group was not detected due to the too short lifetime.21

For reaction step 4 in Fig. 3a, our calculations predicted that *C
adsorption on CeO2 was not thermodynamically stable
(Fig. S3†). Instead, *CHO formation is expected to be favored
with neutral charge (q = 0) on the p-type CeO2 and negative
charge (q=−1) on the n-type CeO2. Since the adsorption energy
of *CHO− becomes more negative with the higher Fermi level of
CeO2, the energy uphill becomes larger with the CeO2 surface
Fermi level. The formation of the *CHO− adsorbate on CeO2

catalyst surfaces during methane oxidation reactions is
consistent with the experimental observations of signicant
stretching vibration frequencies of CHO− groups at 1735, 1715,
and 1704 cm−1.44,45

General methods to control the surface Fermi level of wide
band gap semiconductors include (i) impurity doping,46 (ii)
grain size control,47 and (iii) deposition of other NPs on the
surface.48 However, it is extremely challenging to lower the
Fermi level of CeO2 via impurity doping or grain size control
because even metal dopants having a smaller valence preserve
the intrinsic n-type characteristic of CeO2, as the dopants are
segregated at grain boundaries,17,18 and the size effects on
surface band bending can be valid only when the grain radius is
smaller than the charge depletion region width (<30 nm).47

However, most of the CeO2 catalysts have grain size greater than
50 nm.12,28,49 Therefore, surface NP deposition is the only
available methods. To give a quantitative insight, the total
energy barrier, the summation of the energy barriers of the
endothermic reaction steps for methane oxidation on CeO2
33540 | J. Mater. Chem. A, 2024, 12, 33537–33545
(Fig. S7†), was plotted with respect to the surface Fermi level of
CeO2 (3F) as shown in Fig. 3c.

To enhance the reactivity of methane oxidation on CeO2, the
Fermi level of CeO2 should be controlled in the following ways:
(i) hindering the strong adsorption of the O atom, so that *CH3

can dominantly occupy the active site of CeO2 and (ii) the total
energy barrier including two endothermic reaction steps for
*CH3 and *CO formation should be minimized. The adsorption
free energy diagram at where the Fermi level is in a range
between 0 eV and 1.64 eV is depicted in Fig. S8†. Our theoretical
prediction that cocatalysts have work functions between 5.06 eV
and 6.70 eV is consistent with many experimental ndings such
as for CeO2 decorated with Ni,21,26,28 Pt,50,51 Pd,1,12,52 and Au.22

When a cocatalyst is placed on a semiconductor surface, due
to the work function difference, a quadratic change in the
surface Fermi level on the semiconductor side is induced by
band bending. Then, accordingly, the reaction energy barriers
and the resultant reaction rate are also changed with the radial
distance from the interface between the cocatalyst NP and the
semiconductor as the total energy barrier of methane oxidation
is assumed to have linearity with the Fermi level (Fig. 3c).
Hence, in order to make an accurate prediction of the overall
reaction rate, it is necessary to utilize analytical models inte-
grating the changes in the reaction rates with distance from the
cocatalyst.

Analytical models for the combinatorial effect of cocatalyst
dispersion and work function

We built the analytical model for precise prediction of the
reaction rates for methane oxidation catalyzed by cocatalyst-
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d4ta03595j


Fig. 4 A schematic illustration of the analytical model for prediction in
the catalytic reactivity of CeO2: (a) a scheme of the calculation model
of the cocatalyst-loaded CeO2 to calculate the surface reaction rate;
(b) two cases of depletion region formation on the CeO2 surface. The
blue color area is the depletion region (band bending area, A), and the
red color area is the area where cocatalyst loading does not affect the
Fermi level.
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decorated CeO2 as shown in Fig. 4. Given that the work func-
tions of the predicted cocatalyst candidates are larger than that
of CeO2, we considered Schottky contact between a cocatalyst
NP and CeO2 (Fig. 4a). In the cocatalyst–CeO2 junction, the
surface Fermi level (3F(r)) and the degree of band bending
(VBB(r)) vary with the distance from the loaded cocatalyst (r),
which is presented as eqn (3) below,

3F(r) = 3F(CeO2)
− eVBB(r) (3)

With considerations of the Fermi-level-dependent adsorption
energy model and the change in the reaction rate with distance
from the cocatalysts (r), we can assume that the band bending is
induced near the cocatalyst/CeO2 interface in a radial direction
from the center of a cocatalyst.36 In general, the cocatalyst NPs
with a diameter of 1–10 nm are deposited on a CeO2 surface;48

we employed a model of hemispherical cocatalyst NPs on
a semiconductor surface to consider the Fermi level change by
the band bending near the interface of cocatalyst NPs and CeO2.
The band bending induced by the work function difference
between a cocatalyst and CeO2 can be expressed using the
Poisson equation in the three-dimensional form in a spherical
coordinate as

VBBðrÞ ¼ eNd

3r30

"
ðDþ rcocatÞ2

2
� r2

6
� ðDþ rcocatÞ3

3r

#
(4)

where Nd, 3r, 30, D, and rcocat in eqn (4) are the space charge
density, the relative dielectric constant of CeO2, which is 23,53

the vacuum permittivity (8.854 × 10−12 C V−1 m−1),54 the width
of the depletion region, and the radius of a loaded cocatalyst,
respectively. Using the xed value of r to rcocat, we can obtain the
width of the depletion region (D) by using eqn (5)

VBBðrcocatÞ ¼ fcocat � fS

¼ eNd

3r30

"
ðDþ rcocatÞ2

2
� rcocat

2

6
� ðDþ rcocatÞ3

3rcocat

#
(5)

The equation of reaction rate constant (R) can be employed
to compare the surface reaction activity of cocatalyst/CeO2 and
bare CeO2 for methane oxidation, which can be written as55
This journal is © The Royal Society of Chemistry 2024
R ¼ A exp

�
� DEbarrier

kT

�
(6)

where A in eqn (6) is the frequency factor, i.e., the number of
attempts to react by vibrations, and DEbarrier is related to the total
energy barrier that we calculated above in Fig. 3c, respectively. To
compare the reaction rate with/without cocatalysts on CeO2, we
expressed the surface reaction rate constant ratio (R1/R0) where
R1 and R0 are the surface reaction rate constants of methane
oxidation on CeO2 with/without cocatalyst at the induced band
bending area (dark green-color area in Fig. 4a) as follows

R1

R0

¼ g

ðrcocatþD

rcocat

qads
1

q0ads
exp

�
DE0

barrier � DEbarrier
1

kT

�
2prdr (7)

where qads in eqn (7) is the coverage of adsorbates. The graph of
coverage of *CH3 (q*CH3

) and *O (q*O) considering the
competing reaction between *CH3 and *O in the rst reaction
step is depicted in Fig. S9†.

Given that the functionality and selectivity of catalysts are
governed by the coverage and dispersion of a cocatalyst on
a semiconductor,56,57 the effect of cocatalyst coverage and
dispersion on the reaction rate was considered by adding the g

term in eqn (7), which is the ratio of the active site on the CeO2

surface and can be represented by eqn (8),

g ¼ 1� rcocat
2p

Asemi

(8)

where Asemi can be rewritten as rav
2p and rav is half of the

average distance between adjacent cocatalysts. The detailed
derivation of the surface reaction rate constant ratio in eqn (7) is
described in ESI 5.†

Fig. 4b shows two cases of depletion region formation on
a cocatalyst-loaded CeO2 surface. If the band bending occurs at
a wider area in the depletion region than half of the average
distance between cocatalysts, the band bending area (blue color
area A in Fig. 4b) can be distributed in all areas of the exposed
CeO2 surface, where the reaction ratio can be obtained using
eqn (7) above. On the other hand, with a decrease in the work
function and/or radius of a cocatalyst, band bending occurs at
a narrower area than half of the average distance between
cocatalysts; therefore, a at band area (red-hatched area B in
Fig. 4b) can exist on the CeO2 surface. The ratio of reaction rate
constant on the at band area ranging from rcocat+D to rav can be
calculated by using eqn (7).

In previous studies, without the assumptions of the band
bending dependency of the methane oxidation reaction on
CeO2, cocatalyst coverage effects were not fully understood.36,58

The reaction rate of methane oxidation in the band bending
area is approximately 9 times higher than that of the at band
area of CeO2 for Nd = 1019 cm−3 (Fig. 4b and S10†). This indi-
cates that the considerations of cocatalyst dispersion (coverage)
are a crucial factor due to the changed band bending and Fermi
level positions with radial distance from a cocatalyst.

Hence, the contour maps of the surface reaction rate
constant ratio (R1/R0) as a function of the cocatalyst work
function and the active sites ratio (g) were calculated using eqn
(9) and (10):
J. Mater. Chem. A, 2024, 12, 33537–33545 | 33541
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(i) rcocat + D is narrower than rav,

R1

R0

¼ g

" ðrcocatþD

rcocat

qads
1

q0ads
exp

�
DE0

barrier � DEbarrier
1

kT

�
2prdr

þ
ðrav
rcocatþD

qads
1

q0ads
exp

�
DE0

barrier � DEbarrier
1

kT

�
2prdr

#
(9)

(ii) rcocat + D is wider than rav,

R1

R0

¼ g

ðrav
rcocat

qads
1

q0ads
exp

�
DE0

barrier � DEbarrier
1

kT

�
2prdr (10)

Optimum cocatalyst coverage and space charge density
predictions

In most experimental studies on cocatalyst-deposited CeO2

catalysts, the methane oxidation reaction activities are sensi-
tively changed with the combination of many factors, such as
cocatalyst species, dispersion distance, size, and impurity
concentrations in CeO2 supports.8 To further verify our
hypothesis of the Fermi level dependent methane oxidation
reaction rate of the CeO2 catalyst, we plotted the ratio of the
reaction rate by the use of a cocatalyst (R1/R0), with contour
maps for the simultaneous variations of cocatalyst work func-
tion, coverage, and the nonstoichiometry of CeO2 in Fig. 5 using
eqn (9) and (10). The areas enclosed by the dashed curves in
Fig. 5 indicate the optimum cocatalyst deposition conditions for
high catalytic activity of methane oxidation. For a high coverage
of cocatalysts (lower g value) with high work function for Nd =

1019 cm−3 a lower reaction rate was shown than that with a low
coverage of cocatalysts (higher g value). A number of previous
experimental and theoretical studies have reported that the
high coverage of a cocatalyst on CeO2 can lower the catalytic
Fig. 5 Top: The contour map of the surface reaction rate ratio (R1/R0) of
a function of cocatalyst work function (4cocat) and the ratio of active sites
the dashed curves represent the reaction conditions for the high reactivi
between Nd and the cocatalyst dispersion on CeO2 by the changed ban

33542 | J. Mater. Chem. A, 2024, 12, 33537–33545
reaction.2,6,23,29 For example, Lustemberg et al. reported that an
undoped CeO2 catalyst particle with low NiO coverage of 0.10–
0.13 ML induces the highest reaction rate of methane oxidation,
which is in good accordance with our theoretical observation in
Fig. 5 for Nd = 1019 cm−3 (dashed circle at 0.87 < g < 0.93).6

Considering the interface between the loaded catalyst and CeO2

as the only area where the reaction dominantly takes place, Ni
and NiO on CeO2 were predicted to have a total energy barrier of
0.41 eV for the whole methane oxidation (Fig. 3c). However, with
our analytical model, we can reason that the different interface
band bending of the Ni/CeO2 and the NiO/CeO2 systems will
result in different overall reaction activity over the CeO2 active
site area.

The effects of oxidation of metal cocatalysts on the activity
of the methane oxidation reaction catalyzed by a CeO2 catalyst
have not been actively discussed before. Pd0 and Ni0 species
deposited on the CeO2 catalyst surface are commonly
oxidized and behave as the main active species in experi-
mental studies.1,12,21,59 The methane oxidation reaction
activity on the CeO2 catalyst is rather improved when the Pd
and Ni particles are oxidized to form PdO and NiO.12,59,60 The
enhanced methane oxidation reaction activity of the CeO2

catalyst by cocatalyst oxidation in the literature12,59,60 agrees
very well with our theoretical predictions in Fig. 5: the higher
reaction rate ratio of PdO/CeO2 (work function 6.00 eV) than
that of Pd/CeO2 (work function 5.60 eV) and Pt/CeO2 (work
function 5.65 eV). Considering that the work function of
bimetallic catalysts has a linear trend with different compo-
sitions of bimetallic alloys,61 bimetallic cocatalysts with CeO2

can also be used by manipulation of metal composition to
change the work function and thus the depletion region
width62–65 such as in the case of the CuNi/CeO2 catalyst re-
ported by Hornes et al.14
a cocatalyst/CeO2 (R1) to that of bulk CeO2 without a cocatalyst (R0) as
(g) with various space charge density (Nd) values. The areas enclosed by
ty of methane oxidation. Bottom: Schematic illustration of the relation
d bending potential change at the interfaces (VBB).

This journal is © The Royal Society of Chemistry 2024
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Many research studies have already been devoted to studying
the effect of oxygen vacancy formation in CeO2 on the oxidation
reaction.4,5 Due to the unique properties of the Ce4+/Ce3+ redox
pair of CeO2, the oxidation reaction on cocatalyst-decorated
CeO2 has been explained by the MvK mechanism, in which
lattice oxygen atoms of CeO2 are involved in the oxidation
reaction.21,22,66,67 However, the underlying reaction mechanisms
and active site are still controversial because the optimum
cocatalyst coverage differs with the species of cocatalyst, espe-
cially when Ce3+ species have high concentrations.12,21

The rst few cycles of methane oxidation on CeO2 can
dominantly follow the MvK mechanism. However, as the
methane oxidation takes place continuously, the oxygen
vacancy formation energy increases.68,69 Accordingly, the
contribution of the MvK mechanism to the methane oxidation,
where oxygen vacancy formation is involved, is rapidly
decreased as the Fermi level increases. Therefore, it is insuffi-
cient to explain the long-term oxidation reaction by the MvK
mechanism alone. To precisely predict the reaction conditions
of CeO2 for even long-term methane oxidation, the synergistic
effect of the formation of oxygen vacancies and the change in
band bending with increasing the surface Fermi level of CeO2

on the reaction rate should be considered.
As the oxygen vacancy formation shis the Fermi level of

CeO2 higher, the surface band bending is induced at the nar-
rower area in the depletion region width (eqn (5) and Fig. S11†).
Sm3+, Eu3+, or Zr4+ doping in Ni/CeO2 increases electron
concentration (higher Nd value) by segregation at the grain
boundary and oxygen vacancy formation. Ni NPs cluster more
densely in a few nanometers than in the depletion region width,
resulting in the high cocatalyst coverage (lower g value).4,5,7 On
the other hand, the distribution of dispersed Ni NPs of undoped
Ni/CeO2 is wider (higher g value) than that of heterovalent
dopant doped CeO2,4 which is consistent with our calculations.
Thus, our theoretical model can provide further elucidation on
the oxidation reaction on CeO2, considering oxygen vacancy
formation can change the Fermi level to heavy n-type CeO2,
allowing us to understand the mechanism, including the long-
term catalytic reaction.

Conclusions

As a new breakthrough method to solve the problem of inac-
curate adsorption energy calculations and the model size limi-
tation problem in the conventional DFT calculations for
optimizing wide band gap semiconductor catalysts, we intro-
duced a combination of Fermi level dependent adsorption
energy theory and analytical models. In this work, methane
oxidation on CeO2 (with a band gap of 3.2 eV) was used as the
casemodel. Our DFT calculation results showed that the surface
Fermi level position of the CeO2 catalyst can alter the reaction
energy barrier and also the reaction pathways, which can clearly
explain why only a few specic cocatalyst elements, such as Ni,
Pt, Pd, and Au, are used in most of the literature. The combi-
nation of the DFT calculations and a new analytical model was
used to consider the band bending effects at the cocatalyst–
CeO2 interface to accurately predict the relation between the
This journal is © The Royal Society of Chemistry 2024
methane oxidation reactivity of CeO2 and the cocatalyst
coverage. In addition, the synergistic effects of CeO2-
doping concentration and cocatalyst deposition conditions in
the methane oxidation reaction activity were successfully
explained. The newly suggested method of this work is expected
to be widely used for efficient optimization of doping concen-
tration (bulk Fermi level position) and cocatalyst materials,
without suffering from the typical cell size limitation problems
in atomic-scale modeling for DFT calculations onmodied wide
band gap semiconductor catalysts.
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