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Abstract. This study investigates the impact of nitrogen (N) and boron (B) doping
on the electronic structure and optical properties of ceria (CeO>) using a combination
of density functional theory plus U (DFT+U) and the GFN-XTB method. The
calculations of electronic parameters and population analysis indicated that doping
with N and B reduces the surface Lewis acidity of ceria, decreases the bandgap, and
narrows the edges of the valence band and conduction band. These findings offer
valuable insights into comprehending the photocatalytic performance of CeO;-
based materials.
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1. Introduction

Ceria (Ce0O3) has emerged as a prominent photocatalyst due to its unique electronic
properties, high oxygen storage capacity, and excellent chemical stability. These
characteristics make ceria a valuable material for a wide range of applications, including
environmental remediation, water splitting, and the degradation of organic pollutants. The
efficiency of ceria as a photocatalyst is largely determined by its ability to absorb light,
generate electron-hole pairs, and facilitate charge transfer processes that drive
photocatalytic reactions [1], [2]. Despite its promising attributes, pristine ceria faces
certain limitations that hinder its photocatalytic performance. One major challenge is its
wide bandgap, approximately 3.2 eV [3], which restricts its ability to absorb visible light.
This limitation means that under solar irradiation, ceria can only utilize a small fraction
of the solar spectrum, thus reducing its overall photocatalytic efficiency. Moreover, the
high recombination rate of photogenerated electron-hole pairs in ceria further diminishes
its photocatalytic activity, as it limits the availability of charge carriers for photocatalytic
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reactions. To address these challenges, doping ceria with various elements has been
extensively explored as a strategy to enhance its photocatalytic performance [4].

Among the various dopants, nitrogen, and boron have attracted significant attention.
Doping ceria with nitrogen and boron introduces new energy levels within the band
structure of ceria, which can effectively reduce its bandgap and extend its light absorption
into the visible region of the solar spectrum [4]-[7]. This modification is crucial because
visible light constitutes a significant portion of the solar spectrum, and its effective
utilization is key to improving the overall efficiency of photocatalysts. Nitrogen doping
is particularly interesting due to nitrogen’s ability to introduce localized states near the
valence band, which can narrow the band gap and enhance visible light absorption.
Additionally, nitrogen doping can influence the electronic structure and improve the
separation and migration of photogenerated charge carriers, thereby reducing the
recombination rate of electron-hole pairs [4], [5]. Similarly, boron doping offers another
pathway to modify the electronic properties of ceria. Boron can introduce acceptor states
and alter the charge distribution within the ceria lattice [6], [7]. This can lead to improved
charge carrier dynamics and potentially enhance photocatalytic activity by increasing the
number of active sites available for catalytic reactions.

The motivation for this research lies in the potential to significantly enhance the
photocatalytic efficiency of ceria by understanding and optimizing the effects of nitrogen
and boron doping. By providing detailed theoretical insights into the electronic and
optical changes induced by these dopants, this study aims to guide the design of more
efficient ceria-based photocatalysts, contributing to advancements in sustainable energy
and environmental technologies.

2. Content
2.1. Models and computational methods

The Ce02 (111)-(3x3x 3) surface was employed to represent the CeO; substrate.
The (111) surface of ceria was selected because it is the most stable, as demonstrated by
the XRD pattern of CeO: [8]. All slabs were periodically replicated, with a vacuum gap
of 15 A. N-doped and B-doped CeO- structures were generated by replacing an oxygen
atom in the first layer with a single nitrogen or boron atom (Figure 1).
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Figure 1. Models of CeO: (a), N doped CeO: (b) and B doped CeO- (c); color codes:
yellow - cerium, red - oxygen, blue - nitrogen, green - boron
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All optimization computations were carried out utilizing density functional theory
(DFT) methodologies as implemented in the CP2K software [https://www.cp2k.org/].
The exchange-correlation potential was treated using the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) spin-polarized functional [9].
Wavefunctions were expanded with a double-zeta valence polarized (DZVP) basis set,
augmented by an auxiliary plane-wave basis with a cutoff energy of 250 Ry. Core
electrons were represented by norm-conserving pseudopotentials [10]. Brillouin zone
integration utilized a reciprocal space grid that included only the I'-point. Dudarev's
method for DFT+U calculations was applied to describe the Ce 4f electrons [11]. A U-J
value of 8.0 eV was employed, corresponding to a simulated bandgap value of 3.18 eV
for ceria. Additionally, van der Waals (vdW) interactions were incorporated using DFT -
D calculations based on the Grimme D3 method to precisely estimate interaction forces [12].

Several parameters were calculated and analyzed to assess the electronic and optical
properties of the N/CeO, and B/CeO, materials, including ionization potential energy
(IP), electron affinity (EA), and band gap (Eg). The latter was calculated as the energy
difference between the LUMO and HOMO of the studied systems. From the IP, EA, and
Eg values, we evaluated the energies of the valence band (Evg) and conduction band (Ecs)
using the following formulas:

EVB =/A{_Ee—i_O'SEg (1)

Ecs =B - Eg (2)
where Ee = 4.5000eV is the energy of a free electron on the hydrogen scale, and y is the
absolute electronegativity calculated as: y = (IP + EA)/2 with IP and EA representing the
ionization potential and electron affinity, respectively.

Additionally, parameters such as the global electrophilicity index (GEI), which
characterizes the Lewis acidity of the material surface, and the images of the frontier
molecular orbitals (HOMO and LUMO), were analyzed to elucidate the impact of N and
B doping on the electronic structure of ceria. All the electronic parameters IP, EA, and
GEI of the studied system were calculated using the GFN-xTB method [13].

2.2. Results and discussions

Based on the optimized models of the CeO2, N/CeOz, and B/CeO; structures using
the DFT+U method, various geometric parameters and Mulliken atomic charges are
presented in Table 1. Additionally, the total bond order (BO) values between the N and
B atoms and the Ce and O atoms are provided, with the values in parentheses representing
the bond order between N/B and the three nearest Ce/O atoms.

In the pristine structure of ceria, oxygen atoms are symmetrically distributed, forming
bonds with three cerium atoms, resulting in a total bond order of 1.476. Each oxygen atom
carries a partial negative charge of -0.581 e. When oxygen is replaced by nitrogen or
boron, this symmetry is disrupted, particularly in the case of boron. This disruption is
evident from the variations in bond lengths and bond angles to the three nearest cerium
atoms. Notably, when N and B substitute for O in the CeO: structure, they form bonds
with both cerium and oxygen atoms. Consequently, the negative charge on nitrogen and
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boron atoms is significantly reduced compared to the original replaced oxygen atom.
Specifically, the charge on nitrogen is -0.227 e, meanwhile, the charge on boron is +0.442 e.

Table 1. Geometric parameters and atomic charges

System d(X-Ce), A <CeXCe, degree g(X), e BO
CeO; 2.345 - 2.346 109.25 - 109.33 -0.581 1.476 (O —Ce)
N/CeO> 2.498; 2.508; 109.50; 100.41; -0.227 1.632**
2.677 100.89 (N—Ce: 0.913;
N-O: 0.449)
B/CeO- 2.891; 3.197; 81.58; 83.55; 83.42; +0.442 1.807**
3.198; 1.259* (B—Ce: 0.674;
B-0: 1.039)

Note: X represents O, N, and B corresponding to CeO2, N/CeO-, and B/CeO.,
respectively; *: distance from B to the nearest O atom; **: the value outside the
parentheses represents the total bond order of the doping atom with the atoms in CeOg,
while the values inside the parentheses denote the partial bond orders for each type of bond.

This significant change in atomic charge is consistent with the calculated bond orders
between N or B and the cerium and oxygen atoms in ceria. Nitrogen forms a total bond
order of 1.632, primarily bonding with cerium atoms. In contrast, boron forms a total
bond order of 1.807, but it predominantly bonds with oxygen atoms rather than cerium
atoms. This difference in bonding behavior can be attributed to the distinct chemical
characteristics of nitrogen and boron. Nitrogen is a typical non-metal with strong
electronegativity, leading it to form more stable bonds with cerium atoms. On the other
hand, boron's non-metallic nature is less pronounced, resulting in a bonding preference
with oxygen atoms. The disruption of symmetry and the changes in bonding
characteristics due to N and B doping have significant implications for the electronic
properties of ceria.

The impact of N and B doping on the electronic properties of ceria was analyzed
through the IP, EA, and GEI values of the system (Table 2).

Table 2. Calculated IP, EA and GEI of the studied systems

System IP, eV EA, eV GEl, eV
CeO2 5.6567 3.3510 4.3987

N/CeO> 5.6116 3.3014 4.2985

B/CeO> 5.5060 3.1982 4.1037

The analysis of the results reveals that nitrogen doping decreases the ionization
potential and the electron affinity of ceria. Similarly, boron doping results in the reduction
of both IP and EA values. These alterations in IP and EA, induced by the incorporation
of N and B, lead to significant changes in the global electrophilicity index, which serves
as an indicator of the Lewis acidity of the material's surface. Specifically, the GEI for
both N/CeO2 and B/CeO, systems shows a decrease when compared to the pristine CeOa,
suggesting a reduction in the Lewis acidity of the ceria surface. This phenomenon can be
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attributed to the binding of N and B atoms to the surface Ce atoms, which reduces the
number of free Lewis acidic sites available.

The relationship between surface Lewis acidity and the photocatalytic activity of
photocatalysts is quite complex and plays a critical role in enhancing photocatalytic
performance. Therefore, from a theoretical standpoint, the introduction of non-metallic
bases such as N and B does not enhance the photocatalytic activity of ceria through the
mechanism of increased surface acidity. This contrasts with the effects observed when
doping with transition metals such as Fe [14].

Additionally, various parameters related to the optical properties of the doped
materials were calculated. Table 3 and Figure 2 provide a detailed presentation of the
calculated values for absolute electronegativity, band gap, energies of the valence band,
and conduction band. These values are crucial for understanding the impact of doping on
the electronic structure and optical behavior of the materials, further elucidating the
effects of N and B doping on ceria's photocatalytic properties.

Table 3. Calculated y, Eg, Evs, and Ecg of the studied systems

System % eV Eg, eV Evs, eV Ecs, eV
Ce0O> 4.5039 3.1809 1.5939 -1.5862
N/CeO2 4.4565 2.9563 1.4365 -1.5235
B/CeO 4.3521 2.6674 1.1821 -1.4779
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Figure 2. Relative positions of the valence and conduction band energies
of CeO2, N-doped CeO., and B-doped CeO>

The absolute electronegativity and band gap values of pristine ceria are higher
compared to those of the N- and B-doped systems. The reduction in the band gap for
N/CeO2 and B/CeO2 enhances their ability to absorb visible light, which is a critical factor
in the design of photocatalytic materials. Since visible light constitutes a significant
portion of the solar spectrum, the ability to utilize this light more effectively can
significantly improve photocatalytic efficiency. In addition to reducing the band gap,
doping with N and B also alters the energetic positions of the valence and conduction
bands. Specifically, the presence of N and B results in a decrease (in magnitude) in both
the valence band potential and the conduction band potential. This trend is consistent with
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the effects observed when non-metal dopants are introduced into other photocatalysts,
such as graphitic carbon nitride [15] and TiOz [16]. These shifts are more pronounced in
the B-doped system compared to the N-doped system. The changes in the valence and
conduction band potentials have significant implications for photocatalytic activity. By
narrowing the band edges, N and B doping not only enhance the absorption of visible
light but also modify the redox potentials of the photocatalyst.

Figure 3 illustrates the HOMO and LUMO images of CeO,, N/CeO., and B/CeOs,.
Understanding the composition of the HOMO and LUMO provides valuable information
for analyzing the charge transfer capabilities of the photocatalyst.

HOMO LUMO

CeO2

Figure 3. HOMO and LUMO images of CeO2, N/CeO2, and B/CeO> systems

The HOMO and LUMO orbitals of CeO primarily derive from the oxygen atoms.
Upon substitution of oxygen with nitrogen, the p atomic orbitals of nitrogen also
contribute to the HOMO and LUMO orbitals in the N/CeQO2 system. However, in the case
of B/CeO, there is a notable absence of contribution from the p atomic orbitals of boron
to the HOMO and LUMO orbitals. This observation suggests a distinct electronic
interaction between boron and the CeO2 matrix compared to nitrogen doping.

It is important to note that during light absorption by a photocatalyst, electron
transitions may occur not only between the HOMO and LUMO orbitals but also involving
other molecular orbitals with varying energy levels. Therefore, a comprehensive
evaluation of UV-VIS spectra is essential to understand the optical properties and
potential charge transfer mechanisms. However, the computation of UV-VIS spectra for
the studied systems is challenging due to the presence of cerium with 4f subshell
electrons, which complicates the electronic structure calculations. Further theoretical and
experimental investigations are warranted to overcome these challenges and accurately
predict the optical properties of N- and B-doped CeO> systems.
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3. Conclusions

In summary, employing the DFT+U method in conjunction with the GFN-xTB

method, the structural configurations of CeO2, N-doped CeO., and B-doped CeO:
materials were optimized. The computational results reveal significant alterations in the
electronic structure, surface acidity, bandgap, and band edges due to the presence of
nitrogen and boron dopants. These findings provide valuable insights for understanding
the photocatalytic performance of CeO»-based materials and offer guidance for future
experimental studies and applications in various fields, including environmental
remediation and energy conversion processes.
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