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Computational Insights into the Structural and Electronic Properties of 

First-Row Transition Metal-Doped In2O3 Systems
Ling Meng,ab Francesc Viñesa and Francesc Illas*a

a Departament de Ciència de Materials i Química Física & Institut de Química Teòrica i Computacional 

(IQTCUB), Universitat de Barcelona, c/ Martí i Franquès 1-11, 08028, Barcelona, Spain.

b State Key Laboratory of Chemical Resource Engineering, Beijing Engineering Center for Hierarchical Catalysts, 

College of Chemistry, Beijing University of Chemical Technology, Beijing 100029, China.

Abstract

Indium oxide (In2O3) has emerged as a promising catalyst for CO2-to-methanol conversion, 
although its efficiency is limited by poor H2 activation. Inspired by recent findings that 
economical Co-doping enhances the catalytic performance of In2O3, this study employs density 
functional theory (DFT) to systematically investigate the structural stability and electronic 
properties of first-row 3d transition metals (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) doped 
In2O3, aiming to guide rational catalyst design. The present analysis shows that the electronic 
configuration of the TM dopant plays a critical role in determining its preferred doping site, 
formation energy, charge transfer, and electronic distribution. Overall, early transition metals 
(TMs) exhibit lower formation energies and thus higher thermodynamic stability, whereas late 
TMs involve higher formation energies. A strong linear correlation between formation energy 
and Bader charge transfer indicates that electron-donating ability is the dominant factor 
governing doping stability, whereas the correlation with the d-band center is moderate. The 
analysis of the projected density of states (PDOS) reveals that metals with partially d filled 
orbitals contribute significantly near the Fermi level, EF, which may enhance the electron 
transfer and catalytic activity. In contrast, metals with fully filled d orbitals display negligible 
contribution. This systematic screening of dopants offers a general strategy to enhance In2O3 
catalytic performance and provides a theoretical foundation for the rational design of cost-
effective catalysts.

*corresponding author: francesc.illas@ub.edu 
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1. Introduction

The increasing concentration of atmospheric carbon dioxide (CO2) constitutes a critical issue  

for both global warming and climate change, which triggered several strategies aimed at 

mitigating them.1,2 Carbon capture and utilization (CCU) technologies emerged as a promising 

approach to use atmospheric CO2 as an input feedstock for chemical processes leading to useful 

chemical commodities such as carbon monoxide (CO), formic acid (HCOOH), and methanol 

(CH3OH),3-6 which constitute chemical precursors for the synthesis of more complex 

chemicals and fuels. In particular, methanol, obtained from CO2 hydrogenation, is of interest 

because of its use as a bulk chemical in the industry to produce, among others, olefins, acetic 

acid, and formaldehyde,7,8 or as a potential green fuel,9 provided the used hydrogen is also 

obtained from green sources.10,11 

Despite the possible benefit of the direct catalytic hydrogenation of CO2 to methanol, a 

large scale implementation of the process remains hindered because of the CO2 high 

thermodynamic stability and its concomitant problems from the kinetic point of view.12 Clearly, 

CO2 conversion requires active and, more important, selective catalysts able to conduct the 

reaction of interest under relatively mild working conditions of temperature and pressure.13 In 

this sense, metal oxides14,15 have attracted considerable attention due to their unique chemistry 

arising from the presence of different facets and/or of defects such as oxygen vacancies, as 

elegantly explained by Pacchioni several years ago.16 Among the vast family of metal oxides, 

indium oxide (In2O3) is of particular interest because of its ability to selectively catalyze CO2 

hydrogenation to methanol production, even at rather high working temperatures.17,18 

Nevertheless, some issues still remain as open questions, since Cannizzaro et al.19 

demonstrated that, even though In2O3 exhibits excellent selectivity for methanol by effectively 

suppressing the competing reverse water-gas shift (RWGS) reaction, the overall CO2 

conversion remains limited due to the low ability of this oxide to activate and dissociate 

molecular hydrogen (H2), which in turn hampers its catalytic efficiency for CO2 hydrogenation 

to methanol.

To overcome the poor performance of In2O3 towards hydrogen dissociation, several 

strategies have been explored.20,21 These involve either metal doping or combining In2O3 with 
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other metal oxides.22 At present, most studies have focused on metal doping because this can 

enhance catalytic performance by tuning the electronic structure, redox behavior, and defect 

properties of the material.23,24 For instance, Dostagir et al.25 reported that Rh-doped In2O3 

exhibits significantly higher CO2 conversion and methanol selectivity; while Liu et al.26 

showed that a small amount of Pd doping into the In2O3 enables CO2 electroreduction to ethanol 

with a high Faraday efficiency at a low overpotential, suggesting that the conversion to ethanol 

is promoted by regulating the adsorption free energy of the CO intermediate. In both examples, 

expensive scarce metals are employed which claim for more economical and plausible 

alternatives. 

Recently, it has been shown that doping In2O3 with cobalt (Co) does not only improve 

the catalytic activity of the host oxide, but also maintains, or even enhances, its selectivity 

towards methanol.27,28 To shed light into the effect of Co doping in the properties of In2O3, 

Voccia et al.29 explored the properties of Co-doped In2O3 combining experimental 

characterization and density functional theory (DFT) simulations. The authors addressed 

several key aspects, including the effect of the presence of Co on the crystal lattice and 

electronic band structure, the oxidation state of Co in the doped system, and the impact of Co 

on the oxygen vacancy formation energy. More recently, Kapse et al. have shown that the 

presence of Co induces significant changes in the molecular mechanism of CO2 hydrogenation, 

thus explaining the origin of the experimentally observed catalytic activity.30 

Despite promising results obtained with Co-doped system, a fundamental question 

remains unresolved; whether other inexpensive 3d transition metals can achieve comparable or 

superior performance, crucial for guiding the rational design of economical In2O3-based 

catalysts. To this end, the present study aims to go beyond previous work considering just the 

effect of Co and systematically investigating the doping by the complete series of first-row 

transition metal dopants. By means of suitable density functional theory (DFT) based 

calculations, a series of properties such as the preferred doping site, the doping stability, the 

dopant Bader charge, and the effect on the density of states (DOS) are systematically evaluated. 

The outcome of this comprehensive investigation provides a deeper understanding of the role 

of dopants in modulating In2O3-based catalytic performance, while offers a valuable guidance 
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for the rational design of efficient and economically viable catalysts for CO2 hydrogenation to 

methanol. Simultaneously, DFT-based first-principles calculations serve as a powerful 

complement to experimental studies, providing atomic-level insights into structure‒property 

relationships that are difficult to capture experimentally, thereby guiding the rational design of 

catalysts in materials science. 

2. Computational details

All results reported in the present work have been extracted from DFT based calculations 

carried out using periodic models optimized by the Vienna ab initio simulation package 

(VASP).31,32 The total energy and concomitant electronic structure was obtained using the 

Perdew–Burke–Ernzerhof (PBE)33 exchange-correlation functional within the generalized 

gradient approximation (GGA), which has been shown in previous studies to reliably describe 

the structural and bonding energy characteristics of In2O3 systems.29,34 Here it is worth pointing 

out that it is well known that GGA functionals tend to underestimate the bandgap as predicted 

from the band structure.35 This shortcoming can be overcome by using more sophisticated 

hybrid functionals introducing a fraction of non-local Fock exchange,35-37 such as 

Heyd‒Scuseria‒Ernzerhof functional (HSE06). However, this significantly increases the 

computational cost, especially for large unit cells and a plane-wave basis set as used in this 

work. Moreover, the amount of Fock exchange appears to be rather material dependent,38 

which confers a semiempirical flavor to this approach. For a screening-oriented study, relative 

energy trends are more important than absolute values. Single-point calculations with the 

HSE06 functional based on PBE-optimized structures were performed on randomly selected 

dopants (Cu, Zn, Cr, and Sc), the results show that despite differences in absolute formation 

energies, the relative energy trends are completely consistent, as shown in Figure S1 in 

Supporting Information (SI). Using PBE is therefore a reasonable choice for this study. Thus, 

PBE functional can be regarded as suitable for this study.

A possible alternative is to make use of the include the so-called Hubbard U term 

correction term (i.e., the PBE+U method),29,39 which, nonetheless, implies a semiempirical 

approach as well. In this work, we uniformly adopt the PBE method (without U) for all 

calculations. This choice is justified because this study focuses on the trends in the impact of 
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different transition metal doping on thermodynamic stability and related electronic properties, 

rather than on the precise band structure or local magnetic moments, and, on the other hand, 

the choice of U values varies widely across different transition metals and literature sources, 

which could introduce artifact, systematic errors and hamper the possibility to carry out a sound 

comparison since, de facto, each systems would be treated with a different method. Finally, the 

previous work for Co-doped In2O3
29 has shown that PBE calculations qualitatively reproduce 

the main electronic structure features of this system, which is sufficient for the present purposes 

aimed at disclosing trends in In2O3 doped by 3d transition metals rather than scrutinizing the 

precise electronic details of each system. Besides, PBE is more computationally efficient and, 

hence, a suitable reasonable choice for large-scale screening. 

The valence electron density is expanded in a plane wave basis set, with a kinetic energy 

cutoff of 415 eV, and the interaction between core electrons and valence electrons is accounted 

for through the projector augmented wave (PAW) method.40,41 The convergence threshold for 

the electronic self-consistency process is set to 10‒5 eV, and structural optimization is continued 

until the residual forces on all atoms are less than 0.01 eV/Å. For Brillouin zone integration, a 

3×3×3 Monkhorst-Pack k-point grid centered at the Γ point is used. To account for long-range 

van der Waals interactions, the dispersion was accounted for in all calculations by means of 

the original D3 method with zero damping proposed by Grimme et al.42  In addition, Gaussian 

smearing was employed for total energy and density of states (DOS) calculations to ensure 

accurate energy convergence and smooth DOS curves. Considering that all dopants involve 

open shells, all calculations were carried out including spin polarization.

Phonon calculations were also performed to evaluate the dynamic stability of the doped 

In2O3 systems. The structures were further optimized before the phonon calculations, with a 

stricter electronic convergence criterion of 1×10‒8 eV and force on all atoms less than 0.001 

eV/Å. The phonon spectra were obtained using the finite-displacement method as implemented 

in the PHONOPY package.43

The most stable form of the In2O3 bulk structure used in this study is the body-centered 

cubic (bcc) bixbyite44,45 crystal structure, composed of 80 atoms (see Figure 1). There are 48 

oxygen atoms and two types of In atoms in different local environments, labeled as In1 and In2, 
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with 8 In1 atoms and 24 In2 atoms. 

Figure 1. The most stable crystal structure of bcc In2O3, consisting of 80 atoms with 32 In and 

48 O atoms (left). The 32 In atoms are further classified into 8 In1 and 24 In2 atoms (right), 

represented by green and orange spheres respectively, while oxygen atom is shown as red 

spheres.

To evaluate the stability of different neutral metal atoms doped into the In2O3 lattice, we 

define the formation energy, ∆Ef, of the doped system, as:

∆𝐸f = 𝐸In2O3+M + 𝐸In ― 𝐸In2O3 ― 𝐸M (1),

where 𝐸In2O3+M is the total energy of the metal doped-In2O3 lattice with the M atoms 

substituting an In atom on the lattice, 𝐸In2O3  is the total energy of the In2O3 cell, 𝐸In is the 

energy of a single In atom, referenced to the energy of bulk In, and 𝐸M is the energy of a 

doping metal atom, also referenced to the energy of M bulk. 

In addition, we also considered the cohesive energy, Ecoh, to evaluate the stability of the 

doped systems, as follows:

𝐸coh = (𝑁𝑀·𝐸𝑀 + 𝑁𝐼𝑛·𝐸𝐼𝑛+ 𝑁𝑂·𝐸𝑂)―𝐸In2O3+M

𝑁𝑡𝑜𝑡𝑎𝑙
(2),

here, 𝑁𝑀, 𝑁𝐼𝑛, and 𝑁𝑂 represent the numbers of doped metal, In, and O atoms in the doped 

supercell, respectively. 𝐸𝑀, 𝐸𝐼𝑛, and 𝐸𝑂 denote the energies of isolated doped metal, In, and 

O atoms. 𝐸In2O3+M is the total energy of the metal-doped In2O3 lattice with the M atom 
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substituting an In atom, similar to Eq. 1. 𝑁total is the total number of atoms in the studied 

system. To clearly show the effect of the dopant on the cohesive energy, the difference between 

the values for the undoped and doped systems, Ecoh, is also considered.

We note here that using the bulk reference avoids the problems related to the use of a 

single Slater determinant to approach the open shell multiple ground state of atoms and, also, 

the use of a broken symmetry solution and the incorrect occupancy of predicted by PBE for 

some atoms.46 Note also that the energy formation with respect to the gas phase atoms can be 

readily obtained from the cohesive energy of the metal taken from calculations or from 

experiment (see e.g. Refs. 47 and 48). With this definition, a negative value of ∆𝐸f indicates 

that doping is energetically favorable. Finally, to understand the main effects of doping on 

chemical features we rely on Bader charges and DOS analysis.

3. Results and discussion

3.1. Doping sites preference and electronic properties

As above stated, in bulk In2O3 bixbyite phase there are two different In sites; In1 and In2. The 

O atoms coordination environment around In1 differs from that around In2 (cf. Figure 1), which 

may lead to a preference for the doping transition metal (TM) atoms to occupy different 

positions. The optimized lattice parameters are consistent with previously reported values with 

deviations of at most 0.040 Å, and also a good agreement with experimental data derived from 

XRD measurements, with 0.063 Å.29 Here we first systematically investigated the stability of 

the first-row TMs (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) when substituting the In1 and 

In2 sites, which ultimately defines the subsequent doping effects. The ∆Ef is a key indicator of 

the thermodynamic stability of the doping process, and the gained results are shown in Table 

1, revealing that most TMs (i.e. Sc, Ti, V, Mn, Ni, and Zn) preferentially occupy the In2 site, 

while Cr, Co, Fe, and Cu tend to be favored on the In1 site —consistent with previous finding 

for Co.29 

This site preference is likely to be governed by the interplay between the electronic 

configuration of dopant and the local symmetry of the host sites. The In1 site, with six 

equivalents In–O bonds, provides a highly symmetric octahedral environment that may better 

accommodate metals with an electron configuration with single s orbital occupancy and half-
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filled or fully filled d-shells, such as Cr and Cu with Ar[4s13d5] and Ar[4s13d10] electron 

configuration, respectively, as well as metals with a relatively high number of d-electrons such 

as Co and Fe with Ar[4s23d7] and Ar[4s23d6] electron configuration, respectively. 

In contrast, the lower symmetry and distorted site of In2 site may allow more structural 

flexibility, stabilizing other dopants. For instance, Mn and Zn with an electron configuration 

with fully filled 4s orbitals may likely prefer In2 site. This observation suggests that, in addition 

to the occupancy of the d orbitals, the occupancy of the s orbitals may also influence the doping 

site in In2O3. Nevertheless, one must note that the electron configuration of the dopant in the 

host crystal is for sure different from that in vacuum as evidenced by the Bader charges in 

Table 1. Hence, the reasoning arguments above have to be taken with a grain of salt, and just 

as a first qualitative interpretation, because the doping site preference for first-row transition 

metal dopants in In2O3 is a complex process involving multiple factors going from the 

electronic structure of the metal, to the symmetry and geometric configuration of the doping 

site. 

Table 1. Ground state electronic configuration of the isolated atom, preferred doping site 

(In1/In2), ΔEf (eV), ΔEcoh (eV), Bader charge, Q (e), d-band center, d, in eV, local magnetic 

moment (μlocal, μB) and total magnetic moment (μtotal, μB) of the first-row transition metal doped 

In2O3 systems.

M Electronic 
configuration

Doping 
site ΔEf ΔEcoh Q d μlocal μtoyal

Sc [Ar]4s23d1 In2 -6.72 0.01 2.04 5.51  

Ti [Ar]4s23d2 In2 -5.59 0.03 2.17 0.31 0 0

V [Ar]4s23d3 In2 -3.15 -0.03 1.80 1.01 1.40 1.38

Cr [Ar]4s13d5 In1 -2.64 0.01 1.76 0.11 2.75 2.75

Mn [Ar]4s23d5 In2 -1.63 0.02 1.62 -0.40 3.58 3.71

Fe [Ar]4s23d6 In1 0.28 0.00 1.45 -0.41 1.26 1.23

Co [Ar]4s23d7 In1 0.32 0.08 1.30 -0.34 0 0

Ni [Ar]4s23d8 In2 1.15 0.09 1.25 -1.22 0.74 0.95

Cu [Ar]4s13d10 In1 1.66 0.06 1.27 -2.84 0.83 1.82
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Zn [Ar]4s23d10 In2 0.26 -0.04 1.33 -4.19 0.02 0.02

3.2. Stability and Bader charge analysis

The ΔEf shown in Table 1 and Figure 2 reveal that ΔEf increases steadily from Sc to Zn, 

indicating a gradual decrease in the easiness of doping across the series. For Sc to Mn, the 

formation energies are negative (-6.72, -5.59, -3.15, -2.64 and -1.63 eV for Sc, Ti, V, Cr, and 

Mn, respectively), decreasing in magnitude with increasing the atomic number. This supports 

that doping with this early transition metal (Sc, Ti, V, and Cr) is thermodynamically favorable, 

while Mn marks the transition towards the energetically unfavorable late transition metals. In 

contrast, the formation energies from Fe to Zn are all positive (0.28, 0.32, 1.15, 1.66, and 0.26 

eV for Fe, Co, Ni, Cu, and Zn, respectively), indicating that these doped systems have limited 

thermodynamic stability. 

Similarly, the local site symmetry and geometry of the In2O3 lattice may also influence 

the dopant formation energies. Metals that prefer the higher-symmetry In1 site (Fe, Co, Cu) 

generally exhibit higher ΔEf than those favoring the lower-symmetry In2 site (Sc, Ti, V, Mn, 

Zn), supporting the interpretation that site symmetry and local geometry significantly influence 

the doping atom stability.

Notably, Zn shows a relatively low formation energy (0.26 eV) compared to those of 

elements ranging from Fe to Cu, deviating from the general increasing trend. This anomaly 

may be attributed to the unique fully filled 4s23d10 electronic configuration of Zn, which may 

result in different charge transfer behavior or bonding with oxygen atoms when interacting 

with the In2O3 lattice. Beyond the influence of electronic configurations, dispersion interactions 

also contribute to the dopant formation energies. Without including dispersion through the 

DFT-D3 method, Fe (2.57 eV) was predicted as the most stable, followed by Co (2.63 eV) and 

Zn (2.70 eV). However, the 3d10 closed-shell configuration of Zn makes it more responsive to 

dispersion interactions, resulting in a stability gain of -2.44 eV compared to the open-shell Fe 

(-2.29 eV) and Co (-2.31 eV), as shown in Figure S2 in SI. This small difference in correction 

was sufficient to reverse their stability order, leading to the ordering Zn < Fe < Co.
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Figure 2. Formation energies (Ef) and cohesive energies (Ecoh) of In2O3 doped with first-row 

3d TMs. Ef and Ecoh correspond to the blue and yellow squares, respectively.

In addition to the ΔEf, which reflects the feasibility of doping, we also analyzed the 

cohesive energy, Ecoh, to evaluate the structural stability of the doped systems. As shown in 

Table 1 and Figure 2, all doped systems exhibit high cohesive energies within a narrow range 

(4.68 eV/atom for Zn to 4.81 eV/atom for Ti), indicating that they are all robust and structurally 

stable. Furthermore, since Sc-doped In2O3 was identified as the most thermodynamically stable 

system (ΔEf = -6.72 eV), we further assessed its dynamic stability through specifically 

including phonon calculations. The obtained phonon band structure shows no imaginary 

frequencies throughout the entire Brillouin zone, as displayed in the left panel of Figure 3, 

which is consistent with the phonon density of states (DOS) shown in the right panel. The 

corresponding reciprocal space and the high-symmetry k-paths of Γ—X—Y—Γ—Z—R—Γ—

T—U—Γ—V are shown in Figure S3 of the SI. These results confirm the dynamic stability of 

the Sc-doped In2O3 system. Meanwhile, the phonon-derived thermodynamic properties of the 

system were also calculated (Figure S4 of the SI). As the temperature increases, the free energy 

decreases while the entropy increases, consistent with thermodynamic principles. In addition, 
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the heat capacity (Cv) at constant volume was calculated using the well-known relation (Eq. 3) 

implemented in PHONOPY program,43 

𝐶v = 𝑅

𝜔max

0

ħ𝜔
𝑘𝐵𝑇

2 e
ħ𝜔

𝑘𝐵𝑇

e
ħ𝜔

𝑘𝐵𝑇 ― 1
𝑔(𝜔)𝑑𝜔 (3)

where 𝑔 is the phonon DOS, 𝜔 denotes the vibrational frequency, 𝑅, 𝑘𝐵, and 𝑇 

stand for the gas constant, Boltzmann constant, and temperature, respectively. The results 

showed that the Cv rises with temperature and becomes nearly unchanged above about 400 K, 

showing thermodynamically reasonable behavior.

Figure 3. (a) Phonon band structure of Sc-doped In2O3 along high-symmetry paths of the 

Brillouin zone, and (b) its corresponding phonon density of states (DOS).

In addition to thermodynamic and dynamic stability analyses, we performed a systematic 

spin-polarization analysis to investigate the intrinsic electronic structure and spin polarization 

effects of the TM dopants. The magnetic moments, μB, are characterized by local magnetic 

moments (μlocal) for doped metal atom, and the total magnetic moment (μtotal) for the entire unit 

cell, with results summarized in Table 1. The results show that the magnetic behavior strongly 

depends on the dopant. Sc, Ti, Co, and Zn converged to a non-magnetic ground state (μtotal ≈ 0 
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μB), which is physically sound, as Sc (3d1) and Ti (3d2) readily lose their few d-electrons to the 

surrounding oxygen atoms, allowing them to achieve a stable, non-magnetic d0 ionic state. In 

contrast, Zn possesses a stable 3d10 closed-shell configuration, which is difficult to lose these 

paired d-electrons, also resulting in no magnetic moment. Whereas Co (3d7) is a special case, 

adopting a stable low-spin state in In1 site, which leads to a zero net moment. In contrast, V, 

Cr, Mn, Fe, Ni, and Cu all exhibited magnetic ground states due to unpaired d-electrons, with 

strongly localized magnetic moments close to their total moments (μlocal ≈ μtotal). However, for 

systems like Cu, the total moment (μtotal ≈ 1.82 μB) is significantly larger than the local moment 

(μlocal ≈ 0.83 μB), indicating a strong spin polarization of the surrounding O atoms in the In2O3 

lattice.

Finally, to further understand the behavior of metal dopants in the In2O3 lattice, we 

analyzed in detail the trends of the Bader charges reported in Table 1. In all cases, there is clear 

trend to transfer electrons from the metal atom to the host oxide, so that the dopant gets 

positively charged, as expected from the rather high ionic character of the chemical bonding in 

In2O3.49  Nevertheless, results in Table 1 indicate that the doped metal atoms exhibit markedly 

different charges. For instance, Ti shows the largest +2.17 e charge, forming strong coulombic 

interactions with the surrounding O atoms of the In2O3 lattice, in line with the strong ionic 

character of the host crystal. Nevertheless, rather large differences are encountered along the 

3d series with dopants such as Ni and Cu being less charged; +1.25 and +1.27 e, respectively, 

likely due to a trend to keep the d shell almost filled. 

To better understand these trends, the correlation between the formation energies and the 

Bader charges of the doped metal atoms was analyzed in Figure 4, revealing a strong linear 

relationship with a regression coefficient of R = 0.974. This indicates that the amount of charge 

transferred from the dopant atom plays a key, determining role. Thus, a larger electron transfer 

is directly associated with a lower (more negative) formation energy, implying an enhanced 

thermodynamic stability. In contrast, those dopant metal atoms that transfer fewer electrons 

tend to exhibit higher (more positive) formation energies, indicating a reduced stability of the 

doping process.
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Figure 4. Linear correlation of the 3d TM doped In2O3 systems formation energies vs. the 

calculated Bader charges. 

3.3. Electronic structure analysis

A better picture of the electronic structure changes induced by dopant metal atoms can be 

gained from the DOS analysis, specially when projected on the elementary components, as 

done in Figure 5. These plots illustrate the distribution of the electronic states near the Fermi 

level, EF, as well as the valence and conduction band regions. Firstly, the projected DOS 

(PDOS) shows O dominancy in the valence band (from ca. -6 to 0 eV with respect EF), 

consistent with its high electronegativity and electron affinity, reflecting its role as the primary 

bonding element. In more detail, the contributions near EF arise from the hybridization of O 2p 

orbitals with In orbitals. Furthermore, In 5s and 5p electrons contribute significantly to the 

valence band, where a strong hybridization between In and O atomic orbitals agrees with the 

formation of In–O bonds with partial covalent character, as discussed in a previous work.49 

However, near EF, the hybridization becomes weaker as In is partially oxidized with a 

concomitant depletion of its 5s/5p orbitals. In the conduction band region, a higher degree of 

hybridization is observed between the 5s/5p orbitals of indium and the 2p orbitals of oxygen. 
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Figure 5. Total and PDOS of the first-row transition metals-doped In2O3 systems. All energies 

are referred to Fermi energy, EF, defined here as the maximum of the valence band.

Regarding the 3d orbital electron distributions of the TM dopants, there are significant 

differences, with complex peak features near EF, reflecting the splitting of d electron energy 

levels and their interaction with the coordination environment. Taking the early transition metal 
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Sc as an example, the ground-state electron configuration for the isolated atoms is 4s23d1. Due 

to the presence of only one electron in the 3d orbital, Sc doping tends to donate 4s and 3d 

electron density, resulting in a lower density of state near EF, with peaks primarily appearing 

in the conduction band region (E - EF ≈ 4.5 eV). 

In contrast, Ti, V, and Cr, although being also early TMs, have more 3d electrons with a 

concomitant pronounced 3d states density near EF, suggesting more active involvement of 3d 

electron states in charge transfer. For the late transition metals Fe and Co, their 3d orbital 

energy levels make a significant contribution near EF, characterized by broad and overlapping 

peaks that reflect strong hybridization between valence and conduction band edges. By contrast, 

Mn and Ni show relatively weaker 3d states contributions around EF, which may be attributed 

to differences in their distinct electron configurations and specific orbital hybridization within 

the doped systems. For Mn, with its 3d5 high-spin configuration, the strong electron-electron 

repulsion leads to d-electron localization, which is consistent with the high local magnetic 

moment (3.58 μB) showed in Table 1. This localization may limit the orbital hybridization with 

neighboring atoms, resulting in a reduced d state density near EF.50,51 On the other hand, Ni, 

with its 3d8 configuration, experiences a quite filled 3d shell, which promotes electron 

localization.52 Finally, the 3d orbitals of the late transition metals Cu and Zn exhibit typical 

characteristics near EF arising from their nearly fully 3d shell, all mainly distributed in the 

valence band region (below EF), with almost no contribution near EF. This absence of 3d orbital 

contribution near the Fermi level is a significant feature of the electronic structure of late 

transition metals, especially Zn.

The d band center,53 d, calculated following the commonly accepted approach,54 is 

usually employed as a descriptor in catalysis, especially for metallic surfaces55 where this band 

is broad enough. Indeed, this descriptor is almost independent of the density functional used,56 

which makes it especially interesting for comparing different studies. For the present systems 

with a very low dopant concentration, the d band is quite narrow. Yet, its position relative to 

EF may offer additional information of interest in catalysis, and the position is precisely 

provided by the d band center. Therefore, the d band center of the TM dopants in In2O3 was 

computed, and values listed in Table 1. 
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A clear correlation between d values and the corresponding ΔEf emerges as shown in 

Figure 6. In general, dopants with higher d band center values tend to exhibit lower (more 

negative) formation energies. For instance, Sc exhibits a d value of 5.51 eV and a formation 

energy of -6.72 eV, while Zn exhibits a d of -4.19 eV and a formation energy of 0.26 eV. 

Nevertheless, the correlation between the d band center and formation energy is only 

qualitative, with an R = 0.803, but, in any case, indicates that the d also may serve as a 

moderate descriptor for assessing the favorability of the doping process in In2O3.

Figure 6. Linear correlation of the 3d TM doped In2O3 systems formation energies vs. the TM 

d values.

The distinct PDOS features and d values among different metals clearly reflect variations 

in hybridization characteristics and electronic structure. These results offer valuable insights 

for designing and selecting TM dopants with targeted stability and electronic properties.

4. Conclusions

Based on DFT, the present study systematically investigates the properties of In2O3 doped with 

the first-row TMs, with a focus put on the structural stability and main electronic structure 

features. The results demonstrate that the electronic configurations of the dopants strongly 

influence their preferred doping sites, stability, charge transfer behavior, and PDOS features of 

the systems. Early TMs (such as Sc, Ti, V, Cr) exhibit a pronounced thermodynamic stability, 
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with generally negative formation energies, indicating a favorable doping. These metals would 

tend to substitute the relatively lower symmetry In2 site, forming more stable coordination 

environments. In contrast, formation energies for metal dopants from Fe to Zn gradually 

increase along the 3d series, with Ni and Cu exhibiting particularly high values, indicating 

more unfavorable doping processes.

Bader charge analysis further revealed that a significant charge transfer from the dopant 

metal atoms to the In2O3 lattice, with a strong linear correlation between the Bader charge and 

formation energy, suggesting that the metal electron donating ability is a key factor governing 

the thermodynamic stability of the doped system. The PDOS analysis reveals that the d state 

density near EF is strongly influenced by the 3d occupancy. The d of the metal has been 

estimated and found to exhibit a moderate linear trend with the formation energy indicating 

that this descriptor may be useful to assess the stability of In2O3 systems doped with TMs, at 

least, in a qualitative fashion. Metals with higher d, such as Sc, Ti, V and Cr, tend to form 

more stable systems, whereas those with lower d, like Cu and Zn, are associated with higher 

formation energies. 

This study systematically reveals the intrinsic relationships among structure, stability, and 

electronic properties of first-row transition metal-doped In2O3 systems. Specially, dopants such 

as Ti, V, and Cr, characterized by a high stability, strong electron transfer ability, and prominent 

d band states contribution near EF, are expected to facilitate further optimization of In2O3-based 

catalysts. These findings deepen the understanding of doping regulation mechanisms and offer 

theoretical guidance for designing efficient CO2 hydrogenation catalysts.
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