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Non-classical behaviour of higher valence dopants in chromium (III) oxide by a 

Cr vacancy compensation mechanism 

 

John J Carey, and Michael Nolan* 

*Corresponding author: Michael.nolan@tyndall.ie  

Tyndall National Institute, University College Cork, Lee Maltings Complex, 

Cork, Ireland  

 

Abstract  

Modification of metal oxides with dopants that have a stable oxidation in their parent oxides 

which is higher than the host system is expected to introduce extra electrons into the material 

to improve carrier mobility.  This is essential for applications in catalysis, SOFCs and solar 

energy materials.  Density functional theory calculations are used to investigate the change in 

electronic and geometric structure of chromium (III) oxide by higher valence dopants, 

namely; Ce, Ti, V and Zr. For single metal doping, we find that the dopants with variable 

oxidation states, Ce, Ti and V, adopt a valence state of +3, while Zr dopant has a +4 

oxidation state and reduces a neighbouring Cr cation. Chromium vacancy formation is greatly 

enhanced for all dopants, and favoured over oxygen vacancy formation. The Cr vacancies 

generate holes which oxidise Ce, Ti and V from +3 to +4, while also oxidising lattice oxygen 

sites. For Zr doping, the generated holes oxidise the reduced Cr
2+

 cation back to Cr
3+

 and also 

two lattice oxygen atoms. Three metal atoms in the bulk lattice facilitate spontaneous Cr 

vacancy occurs from charge compensation. A non-classical compensation mechanism is 

observed for Ce, Ti and V; all three metals are oxidised from +3 to +4 which explains 

experimental observations that these metals have a +4 oxidation state in Cr2O3. Charge 
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compensation of the three Zr metals proceeds by a classical higher valence doping 

mechanism; the three dopants reduce three Cr cations, which are subsequently charge 

compensated by a Cr vacancy oxidising three Cr
2+

 to Cr
3+

. The compensated structures are 

the correct ground state electronic structure for these doped systems, and used as a platform 

to investigate cation/anion vacancy formation. Unlike the single metal doped bulks, 

preference is now given for oxygen vacancy formation over Cr vacancy formation, indicating 

that the dopants increase the reducibility of Cr2O3 with Ce doping showing the strongest 

enhancement.  The importance of the correct ground state in determining the formation of 

defects is emphasised. 

 

1. Introduction  

Chromium oxide is a reducible oxide with many different oxidation states from Cr
2+

 to Cr
6+

 

that can crystallise in different phases of CrO, Cr2O3, Cr2O5 and CrO3 with the corundum 

structure of chromium oxide (α-Cr2O3) that is shared with Al2O3, Ti2O3, α-Fe2O3 and V2O3.
1, 2

 

being the most thermodynamically stable phase at low temperatures and pressures.
3
 

Chromium (III) oxide crystallises in a hexagonal crystal structure with experimental lattice 

vectors of a=b=4.96Å and c=13.599Å, cell angles of α=β=90
◦
 and γ=120

◦
 determined by x-

ray diffraction,
4
 and belongs to the   ̅  space group.  The Cr

3+
 cations are coordinated to six 

oxygen anions in an octahedral geometry, while the oxygen anions have a tetrahedral 

geometry bonding to four Cr
3+

 cations. Cr2O3 is anti-ferromagnetic with a magnetic ground 

state structure of alternating ‘-+-+’ Cr
3+

 layers throughout the material, similar to magnetic 

phases of Hematite,
5, 6

 and is a dielectric with a wide fundamental band gap (> 3eV) that is 

half way between a Mott-Insulator and charge transfer semi-conductor,
7, 8

 since the valence 

band maximum (VBM) and conduction band minimum (CBM) are a mixture of Cr 3d and O 
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2p state, characterised by electron-energy loss spectroscopy,
9
 and x-ray photoemission 

spectroscopy.
10, 11

  Cr2O3 has been a very useful material for a wide range of applications and 

extensively studied in oxygenation catalysis,
12-16

 hydrogen generation,
17-19

 high temperature 

methanol synthesis,
20-22

 as an anode material for Li-ion battery applications,
23, 24

 in gas 

sensors,
25-27

 solid oxide fuel cells,
28

 protective coatings
29, 30

 and adhesion promoters.
31

  The 

fundamental properties of Cr2O3 for these applications can be altered and potentially 

improved by substitutional doping of the lattice Cr sites with an aliovalent dopant species.  

Substitutional doping of the host cation site can alter the electronic structure and transport 

properties of the material, and promote different charge carrier mechanisms, such as lattice 

oxygen vacancy formation and mobility. This approach has been extensively used to improve 

the material properties of interest, for example photocatalytic activity of TiO2
32-39

 and 

enhancing the oxygen vacancy formation and storage capacity (OSC) of CeO2.
40-50

  A dopant 

species that has a stable valance state in its parent oxide which is lower than its host oxide is 

termed a lower valence dopant, while a metal species that has a higher valence in its parent 

oxide is termed a higher valence dopant.  

Doping has been used for Mg doping of Cr2O3 to improve the mobility of holes to greatly 

enhance the p-type conductivity in the material for optoelectronic devices,
51-53

 and has been 

extensively studied by both theory and experiment.
54-59

 Mg doping can enhance the 

conductivity of Cr2O3 and co-doping with Mg/N has also shown promising p-type behavior.
55

 

However the growth conditions, namely Cr-rich/O-poor or Cr-poor/O-rich, of Cr2O3 can play 

a key role in the appearance of p-type conductivity; Mg-Cr2O3 is p-type under Cr-rich/O-poor 

conditions as the Mg dopant is not charge compensated.
57

  Charge compensation in lower 

valence doping of Cr2O3 occurs by spontaneous generation of oxygen vacancies that release 

electrons into the host by a reduction process, killing the holes. This is detrimental to p-type 

conductivity. However, consideration of charge compensating species is vital to correctly 
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describe the ground state electronic structure.
24, 40, 41, 60-62

 If the system is not charge 

compensated the material is not charge neutral which can lead to issues in calculating 

properties, such as over-binding of electron rich adsorbates.  

The introduction of higher valence dopants (HVD) in bulk metal oxides is expected to 

provide additional electrons into the material for improved electron carrier concentrations and 

mobility; an example of this would be a metal cation with a 4+ oxidation state that 

substitutionally replaces a Cr
3+

 cation on its lattice site. The classical, and generally accepted 

mechanism for this process is the creation of an effective positively charged site on the doped 

cation site, and the electron rich dopant can reduce neighbouring Cr
3+

 cations to Cr
2+

 (    
 ): 

     
  

 

 
       

          
       

         (Reduction process)   (3) 

Where M is a HVD that has an oxidation state of +4, and    
  is the metal substituting a Cr

3+
 

lattice site with an effective positive charge. The excess valence electron(s) from the HVD 

can then remain on the metal dopant lattice site or can reduce neighboring Cr cations from 

Cr
3+

 to Cr
2+

 by an electron hopping process (n-type conductivity), similar to the hole hopping 

mechanism (p-type conductivity) for LVDs in metal oxides.   

As the system now has a positively charged dopant site (   
 ), a compensation process will 

charge balance the system by either formation of negatively charged defects such as Cr 

vacancies (   
   ) or oxygen interstitials (  

    in a similar manner to charge balancing hole 

formation in LVDs by oxygen vacancy formation (  
   .

40, 41, 62
 The process of charge 

balancing for HVDs to so that overall charge neutral system is obtained takes place as 

follows: 

     
      

            
     

           (Chromium Vacancy Formation) (4) 

     
              

    
          (Oxygen Interstitial Formation) (5) 
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Where   is an empty site in the bulk chromia lattice that can be occupied by an oxygen 

interstitial (  
  ). The Chromium vacancies compensate by creating hole states on local lattice 

oxygen species which are then filled by the extra electrons introduced into the system from 

the dopant species, while oxygen interstitials introduce holes into the system that can also be 

filled from the excess electrons. These charge compensating processes create charge neutral 

defect pairings, [    
     

   ] or [    
    

  ], in a similar manner to Frenkel [  
     

  ] and 

Schottky [    
       

    neutral defects that can occur in undoped chromia, where DFT 

calculations show that Frenkel defects are more stable.
63

 
64

 

The substitutional doping of Cr2O3 with Ti
4+

 replacing a Cr
3+

 lattice site is assumed to be a 

HVD process with Cr vacancies forming to compensate the dopant.
27, 65

 The process is 

expected to improve n-type conductivity from the excess electrons, however oxidation of the 

material occurs with the system exhibiting p-type conductivity,
65

 as expected with LVD of 

chromia like Mg-Cr2O3.
56

  This behavior is in contrast to the isostructural Fe2O3 system, 

where Ti doping displays n-type conductivity arising from an enhancement in free electron 

carrier concentration and mobility.
66, 67

  Low Ti doping concentrations increase the n-type 

carrier concentration under oxygen poor conditions donating electrons to the conduction band 

by a polaron hopping mechanism. Under oxygen rich conditions Fe vacancies (   
   ) are the 

main defect compensation process.
68

   

There is some debate over the origin of conductivity in Ti doped Cr2O3, whether it is n-type or 

p-type under different oxygen conditions (high/low). The question of the Ti dopant oxidation 

state, either +3 or +4, will clearly impact on the nature of the proposed mechanisms.
69-74

  A 

recent study combining x-ray photoelectron spectroscopy, x-ray adsorption near-edge 

spectroscopy and density functional theory calculations by Kaspar et al.
75

 found that Ti
4+

 is 

present replacing a Cr
3+

 site by comparing structural disorder between theory and experiment, 

and Cr vacancies are the dominant defect at high Ti
4+

 concentrations that are present from a 
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compensation mechanism.  At low Ti concentrations, oxygen interstitials are the proposed 

compensating defects, and this study showed that the presence of these compensating defects 

can resolve the nature of n-/p- type conductivity in Ti doped Cr2O3.  The authors however 

assume that Ti
4+

 is present at all O2 partial pressures and that either Cr vacancies/O 

interstitials are formed without consideration of other dominant defects such as oxygen 

vacancies, as explored for undoped and Mg doped chromia.
57

  This ambiguity with Ti doping 

in chromia and its effect on the electronic structure, as well as defect formation requires 

further insights from theory. In particular oxygen vacancy formation is of interest in 

promoting the reducibility of chromia. To our knowledge, Ti is the most examined HVD 

dopant in chromia, and it is interesting to examine other HVDs in chromia to explore in a 

broader sense charge compensating mechanisms, oxygen vacancy formation and their effect 

on the electronic structure of chromia.  

Density functional theory calculations with a Hubbard +U correction (DFT+U) applied to the 

Cr 3d and O 2p states are used to investigation cation and anion vacancy formation in a select 

number of HVD (M = Ti, Ce, V, Zr) in Cr2O3. Ti, Ce and V can have +3 (M2O3) and +4 

(MO2) oxidation states, indicating that they could be present as either in bulk Cr2O3, while Zr 

is a non-reducible oxide with only one stable oxidation state of +4 (ZrO2). Our calculations 

indicate that Ti, Ce and V have +3 oxidation states for single metal doping of Cr2O3, and their 

+3 oxidation state are maintained when increasing to three metal dopants. However, 

spontaneous formation of Cr vacancies occurs by a charge compensating process for the three 

metal doped structures, oxidising the three M
+3

 dopants to M
4+

 by a non-classical 

compensation mechanism. 

For Zr doping in Cr2O3, the classical mechanism for a +4 HVD occurs, as the Zr
4+

 atom 

reduces neighbouring Cr
3+

 to Cr
2+

 cations. The charge compensating Cr vacancy reoxidises 

the lattice Cr
2+

 species to Cr
3+

 providing the neutral charge ground state.  Once the charge 
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neutral ground state for each doped structure is established, the formation energies for cation 

and anion vacancies is investigated. We show that for one metal dopant as an example of the 

incorrect electronic ground state, cation vacancy formation is promoted while supressing 

anion vacancies compared to the undoped structure; however once the correct charge neutral 

ground state is established by the defect structure [    
     

   ], then the vacancy mechanism 

is altered to favour the formation of anion over cation vacancies to facilitate electron injection 

into the lattice.  

2. Methodology  

All calculations were performed using density functional theory (DFT) with the generalised 

gradient approximation (GGA)
76

 and the Perdew Burke Ernzerhof (PBE)
77

 exchange 

correlation functional as implemented in the Vienna ab initio Simulation Package (VASP).
78-

80
  The valence electrons are expanded by a plane wave basis set and the electronic 

interactions between the core (Cr:[Ar], O:[He], Ce:[Xe4], Ti:[Ar], V:[Ar], Zr:[Kr]) and 

valence (Cr 3d
5
 4s

1
, O 2s

2
 2p

4
, Ce 4f

1 
5d

1
 6s

2
, Ti 3p

6
 3d

2
 4s

2
, V 3p

6
 3d

4
 4s

1
, Zr 4s

2
 4p

6
 4d

2
 

5s
2
) electrons is described by the projected augmented wave method.

81, 82
 To correctly 

describe the on-site coulombic interactions of the highly correlated valence electrons in each 

doped system, a Hubbard +U correction
83, 84

 of U=+5eV and U=+5.5eV is applied to the Cr 

3d and O 2p states,
6, 64

 as well a +U=5eV for the Ce 4f,
40, 41

 and +U=4.5eV for the Ti and V 

3d.
34, 35, 85

  

The optimisation of the Cr2O3 bulk was carried out at a series of constant volume calculations 

between ±0.2% of the experimental lattice constant were the atom positions, cell vectors, and 

angles were allowed to relax.  These were tested at different plane wave cut-off energies and 

k-point sampling grids as described previously.
64

  The structures were deemed converged 

when the forces on all ions were below 0.02 eV/Å
3 

and the electronic convergence was 1x10
-8
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eV.  The energies for each volume was fitted to the Murnaghan equation of state
86

 which 

alleviates issues associated with Pulay stress. The parameters used for all bulk calculations 

were a plane wave energy cut off of 500eV and a Monkhorst-Pack
87

 k-point sampling grid of 

4x4x4. The minimum energy structure was found to deviate from the experimental structure 

by 2.48%
4
, with a = b =  5.084 Å and c = 13.94 Å. With these technical parameters, the 

computed formation energy of bulk Cr2O3 is 2.75 eV / atom, which compares with the 

experimental value of 2.38 eV / atom
88

. 

The Cr2O3 bulk lattice was expanded to a (2x2x2) supercell with composition Cr96O144, which 

was converged using the computational set-up above, with a reduced k-point sampling grid of 

(2x2x2). To study doping of Cr2O3, a single metal dopant species (Ce, Ti, V, Zr) was 

substituted onto a Cr
3+

 cation site, to give a doping concentration of 1.04%. Chromium 

vacancy formation (Cr vac) was examined in metal doped system by removing all symmetry 

equivalent Cr cations around the dopant cation in nearest and next nearest neighbour 

positions. The formation energy for the Cr vacancy (E[Cr
vac

]) is calculated from: 

E[Cr
vac

] = (E[MCr94O144] + yE[Cr1] ) – E[M:Cr95O144]    (6) 

Where E[Mx:Cr94O144] is the calculated energy of metal doped Cr2O3 containing a Cr 

vacancy, E[Cr1] is the reference energy of metallic Cr, and E[M:Cr95O144] is the calculated 

energy for metal doped Cr2O3 with no Cr vacancy. The position of the most stable oxygen 

vacancy (O
vac

) was explored in the same approach and the oxygen vacancy formation energy 

(E[O vac]) was calculated from: 

E[O
vac

] = (E[M:Cr95O143] + ½ E[O2] ) - E[M:Cr95O144]    (7) 

Where E[M:Cr95O143] is the calculated energy for the metal doped bulk containing an O 

vacancy, and E[O2] is the calculated energy of gaseous O2 in a vacuum with a Hubbard +U 

correction of +U=5.5eV applied to the O 2p states. 
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The different oxidation states of the metal cations compared to the host Cr oxidation state 

means that we have to consider how to charge balance these oxidation state differences. If the 

metal dopants have a +4 oxidation state in Cr2O3, they can donate an electron to the host 

oxide to reduce a Cr
3+

 cation (equation 3), or a combination of three substitutional metal 

dopants is charge compensated by the spontaneous formation of a Cr vacancy, giving a 

[    
     

   ] defect. This then gives the correct electronic ground state for higher valence 

doping in Cr2O3. To determine the lowest energy configuration for three metal dopants, a 

range of Cr lattice sites were replaced by a dopant in nearest and next nearest neighbour sites 

relative to the single metal dopant to find the lowest energy arrangement of two dopants 

species in the Cr2O3 bulk (see structures and relative energies in the supporting information 

Figures S1 – S4). From the lowest energy distribution of two dopants, a third metal dopant is 

explored similarly to find the lowest energy arrangement for three metal dopants in the Cr2O3 

lattice (see structures and relative energies in the supporting information Figures S5 – S8), at 

a dopant concentration of 3.125%. The compensation mechanism by Cr vacancy formation is 

explored by examining the removal of different Cr cations in nearest and next nearest 

neighbour sites. Upon finding the structure with the most stable arrangement of the three 

metal dopants and compensating Cr vacancies, [    
     

   ], this is used as the correct 

ground state structure to explore cation and anion vacancy formation. The calculation of the 

formation energies for the Cr and O vacancies in the charge compensated structures follow 

equations 6 and 7. The effect of the dopant on these defects is compared to the undoped 

Cr2O3 bulk and the single metal doped structures.  
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3. Results:  

3.1 Chromium and oxygen vacancy formation in metal doped Cr2O3 

A discussion on the detailed geometric and electronic structures, and energetics of vacancy 

formation for the undoped Cr2O3 lattice is presented in the supporting information, figures S9 

– S10. For reference the computed Bader charges on Cr
3+

 cations and O
2-

 anions are 4.0 

electrons (e
-
) and 7.3 e

-
. The number of valence electrons on Cr is 6 and on oxygen 6 

electrons, giving net Bader charges of +2 and -1.7 electrons. We prefer to quote the computed 

Bader charge for cations and ions in this paper and will give the number of valence electrons 

where Bader charges are first quoted. The computed spin magnetisations are 3.0 µB and 0.0 

µB for Cr
3+

 and O
2-

 species.  

The calculated local structures for the single Ce, V, Ti and Zr dopants in bulk Cr2O3 along 

with the geometric and electronic information are shown in the supporting information 

figures S11 – S17. We note that the oxidation states of Cr and the dopants with one metal 

dopant in bulk Cr2O3 are +3 for Ce, V, Ti and Cr, with computed Bader charges of 9.9 e
-
, 

11.0 e
-
, 9.9 e

-
 and 4.0 e

-
, while the computed spin magnetisations are 0.98 µB, 1.92 µB, 0.89 

µB and 3.0 µB; the valence charges are 12, 11 and 10 electrons for Ce, V and Ti. For Zr 

doping the oxidation states are +4 and +2 for Zr and Cr, with computed Bader charges of 9.4 

e
-
 (12 valence electrons from Zr) and 4.6 e

-
. The computed spin magnetisations are 0.03 µB 

and 3.7 µB.  

Chromium vacancy formation in Ce, Ti, V and Zr doped Cr2O3 was explored by examining a 

number of Cr lattice sites in nearest, next nearest and next next nearest neighbour positions 

relative to the dopant cation. The calculated formation energy for the most stable Cr vacancy 

site in each of the doped structures are given in Table 1. Each of the dopants greatly lowers 

the formation energy for Cr vacancies in Cr2O3. Ce and Ti show similar formation energies, 
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while V has the highest formation energy and Zr doping has the lowest formation energy. The 

geometric and electronic structures for the lowest energy Cr vacancy in each of the doped 

structures is presented in the supporting information. There is a deficit of three electrons after 

formation of the Ce vacancy. The oxygen holes (denoted O
-
) so formed have a computed 

Bader charge of 7.0 e
-
 and a spin magnetisation value of 0.7 µB, typical of such defects in 

metal oxides
35, 40, 41, 48, 64

. As Figure S13 shows, only two oxygen holes are formed in each of 

the doped Cr2O3 structure while it would be expected that three oxygen holes form. On closer 

inspection, the Ce, Ti and V dopants cation are in fact oxidised from M
3+

 to M
4+

 with 

calculated Bader charges of 9.6 e
-
, 9.6 e

-
 and 10.8 e

-
, respectively. The calculated spin 

magnetisation values for the Ce, Ti and V dopants is 0.0 µB, 0.0 µB, and 1.0 µB, further 

supporting the M
4+

 oxidation state. A different mechanism is seen in the Zr-Cr2O3 lattice, as 

the previously reduced Cr
2+

 cation in Zr-Cr2O3 is oxidised to Cr
3+

, with a calculated Bader 

charge of 4.0 e
-
 and a calculated spin magnetisation value of 3.0 µB. 

 

Table 1: The calculated formation energy for chromium vacancies (Ef [Cr vac]), and oxygen vacancies (Ef[O 

vac]) in single metal atom, M, doped (M= Ce, Ti, V, Zr) Cr2O3. 

 Ef [Cr vac] 

(eV) 

Ef [Ovac] 

(eV) 

Cr2O3 4.59 4.11 

Ce – Cr2O3 2.60 3.89 

Ti – Cr2O3 2.56 4.09 

V – Cr2O3 3.65 4.45 

Zr – Cr2O3  1.70 3.50 
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Oxygen vacancy formation is explored in a similar manner to Cr vacancy formation by 

considering all oxygen sites around the dopant site. The calculated formation energies for the 

most stable oxygen vacancy position in doped Cr2O3 are shown in Table 1. Ce and Zr doping 

decrease the oxygen formation energy compared to undoped Cr2O3, with Zr having the lowest 

O vacancy formation energy. Ti doping has a similar O vacancy formation energy to the 

undoped Cr2O3 bulk, while V doping increases the oxygen vacancy formation energy in 

Cr2O3. The calculated O vacancy energies indicate that Ce and Zr doping will improve the 

reducibility of Cr2O3 while Ti and V will not.  

Oxygen vacancy formation releases two electrons into Cr2O3, reducing two Cr
3+

 cations to 

Cr
2+

 cations (Figure S15). The reduced Cr
2+

 cations have computed Bader charges of 4.5 e
-
 

and a computed spin magnetisation value of 3.7 µB. The Ce, Ti and V dopants maintain their 

M
3+

 oxidation state (calculated Bader charges of 9.9 e
-
, 9.9 e

-
 and 11.2 e

-
 and

 
spin 

magnetisations of 1 µB, 1 µB and 2 µB, respectively). The Zr dopant maintains its M
4+

 

oxidation state with a calculated Bader charge of 9.4 e
-
 and a spin of 0 µB. In Zr-Cr2O3 three 

reduced Cr cations are present from a combination of the Zr HVD and the oxygen vacancy. 

The calculated O vacancy formation energies are generally larger than the Cr vacancy 

energies as the hole formation from the Cr vacancy to oxidise the dopants and lattice O is a 

more favourable process than reducing lattice Cr cations by electron release from the O 

vacancy. The geometric and electronic structures for the lowest energy O vacancy in each of 

the doped structures is presented in the supporting information.  

 

 

3.2 Charge compensation, chromium vacancy formation and oxygen 

vacancy formation in three metal doped Cr2O3   
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Higher valence dopants with a +4 oxidation state in Cr2O3 are expected to donate one 

electron into the system, and three dopants will donate three electrons. These electrons can be 

charge compensated by the spontaneous formation of Cr vacancies giving the neutral defect 

pair [    
     

   ].  This provides the charge compensated ground state electronic structure 

for the investigation of Cr and O vacancy formation.  

The most stable structures for three Ce, Ti, V and Zr dopants in Cr2O3 are shown in Figure 1. 

The three Ce dopants prefer to be nearest neighbour to one another, with two dopants in the 

same Cr layer and the third dopant in the next Cr layer below. For three Ti dopants, the 

preferential arrangement of Ti atoms is in three consecutive Cr layers. When three V atoms 

are doped into Cr2O3, two V atoms prefer to be nearest neighbour to each other in the same 

Cr layer with the third atom in the next nearest Cr layer above the two atoms. The three Zr 

dopants are distributed over three different Cr layers.  The metal dopants maintain their 

distorted octahedral geometries with similar calculated dopant -oxygen bond distances as the 

single metal dopant (see supporting information Table S1).  

The computed Bader charges for the dopants are 9.8 e
-
 (x2) and 9.7 e

-
 for Ce, 9.9 e

-
 (x3) for 

Ti, 11.0 e
-
 (x3) for V, and 9.4 e

-
 (x3) for Zr.  The calculated spin magnetisations for each 

dopant are 1.0 µB (x2) and 0.9 µB for Ce, 0.89 µB (x3) for Ti, 1.9 µB (x3) for V, and 0.0 µB 

(x3) for Zr.  The calculated Bader charges and spin magnetisations indicate that the three 

metal dopants maintain a similar oxidation state as single metal doping; the three metals Ce, 

V and Ti have an oxidation state of M
3+

, each Zr dopant has an M
4+

 oxidation state. The Cr 

cations have computed Bader charges and spin magnetisations similar to those for a single 

metal dopant. 

The calculated PEDOS plots for three metal dopants in doped Cr2O3 are shown in Figure 2. 

The presence of Ce, Ti and V occupied defect peaks in the valence to conduction band region 
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is characteristic of their M
3+

 oxidation state. The  absence of a Zr-derived defect peak in Zr-

doped Cr2O3 indicates that the Zr dopants have an M
4+

 oxidation state. Since the Zr dopants 

have a higher oxidation state than Cr, this means that three electrons (one per Zr dopants) are 

donated to the Cr cations in Cr2O3, reducing three Cr cations to Cr
2+

. These reduced Cr 

cations have calculated Bader charges of 4.5 e
-
 and spin magnetisations of 3.7 µB.  The 

associated PEDOS plots of these reduced Cr cations are shown in the bottom panel of Figure 

2(d) and they show the presence of occupied Cr 3d peaks in the band gap supporting the 

assignment of Cr
2+

 oxidation state from the Bader charges and spin magnetisation values.  

 

 

Figure 1: The calculated local structure for the lowest energy arrangement of three (a) Ce, (b) Ti, (c) V and (d) 

Zr in Cr2O3. The grey and red spheres are the lattice positions of the Cr and O atoms, while the white, dark grey 

and turquoise spheres are the lattice positions of the Ce, Ti/V and Zr dopants. The light green spheres are the 

positions of the reduced Cr cations. 

Page 14 of 36AUTHOR SUBMITTED MANUSCRIPT - JPCM-109325.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



15 
 

 

 

Figure 2: The calculated PEDOS plots for three (a) Ce, (b) Ti, (c) V and (d) Zr doped Cr2O3.  The red, orange 

and green lines are the p, d and f states while the purple and light green lines are the reduced Cr 3d states. The 

top of the valence band is aligned to 0 eV and the black dotted line shows the position of the Fermi level 

 

3.3 Charge Compensation via Chromium Vacancy Formation 

Charge compensating mechanisms are important in a wide range of applications such as 

SOFC,
92, 93

 and understanding their mechanism is important. The difference in oxidation state 
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between the metal dopants and the host Cr cations is compensated by formation of a Cr 

vacancy. Each Cr vacancy produces three holes which compensate the three electrons 

introduced by three dopants. The calculated formation energies for the most stable charge 

compensating Cr vacancy sites in doped Cr2O3 are given in Table 3. The negative formation 

energies for Ce, Ti and Zr doped Cr2O3 indicate that the Cr vacancy will form spontaneously 

and charge compensate the dopant. We note that for V doping that although the Cr vacancy 

formation energy is positive, it is rather low compared to Cr vacancy formation in undoped 

Cr2O3, which suggests that charge compensation also takes place. We confirm this by a 

hybrid DFT calculation using the screened hydrid Heyd-Scuseria-Ernzerhof (HSE06, 25 % 

HF exchange, screening length of 10 Å) exchange-correlation functional for which the 

computed Cr vacancy formation energy is -1.35eV. The negative formation energies for these 

charge compensating vacancies have also been found in DFT calculations of charge 

compensation in other metal oxides and hybrid DFT tends to yield more negative formation 

energies than DFT+U 
35, 40, 41, 48, 64

   

 

Table 3: Computed formation energies (PBE+U) for the charge compensating Cr vacancy in metal doped Cr2O3 

(with three metal dopants).   

 Ef [Cr comp]  

(eV) 

3Ce – Cr2O3 -0.18 

3Ti – Cr2O3 -0.64 

3V – Cr2O3 +0.81 

3Zr – Cr2O3  -2.02 
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The position of the lowest energy charge compensating Cr vacancy in each doped structure is 

shown in Figure 3. For Ce doping, the preferential position of the charge compensating Cr 

vacancy is nearest neighbour to the three Ce dopants and in the same Cr layer as two of the 

Ce dopants. This allows relaxation of the local atomic structure around the Ce dopant sites, 

which is important as Ce has a larger ionic radius than Cr. The lowest energy position of the 

charge compensating Cr vacancy is similar in Ti-Cr2O3 and Zr-Cr2O3. This site is in a nearest 

neighbour position to the three metal dopants and in the same cation layer as one of the 

dopant sites. For V doping, the stable Cr vacancy site lies in in the Cr layer between the pair 

of V dopants and the single V dopant.  

The calculated Bader charges for the metal dopants after charge compensation are; 9.6 

electrons (x3) for Ce, 9.6 electrons (x 3) for Ti, 10.8 electrons (x3) for V and 9.4 electrons 

(x3) for Zr.  The calculated dopant spin magnetisations are 0 for Ce, Ti and Zr and the V 

dopants each have calculated spin magnetisations of 1.1 µB. For charge compensated Zr-

Cr2O3, the previously reduced Cr cations are now reoxidised and the Bader charges are 

similar to those for oxidised Cr
3+

 cations in Cr2O3.  These results for the charge compensated 

doped Cr2O3 systems indicate that a non-classical charge compensation mechanism takes 

place. The Cr vacancies oxidises the originally +3 Ce, Ti and V dopants to +4 cations.  For 

3Zr-Cr2O3, the traditional charge compensating mechanism by the Cr vacancy oxidises the 

reduced Cr lattice cations back to Cr
3+

 takes place. We relate this to the reducibility of Ce, Ti 

and V which means that a +3 oxidation state is stable for each dopant.  
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Figure 3: The calculated local structures for the lowest energy position of the Cr charge compensating vacancy 

in three metal (a) Ce, (b) Ti, (c) V, and (d) Zr doped Cr2O3. The grey and red spheres are the lattice positions of 

the Cr and O atoms, while the white, dark grey and turquoise spheres are the lattice positions of the Ce, Ti/V 

and Zr dopants. The black sphere is the position of the charge compensating Cr vacancy.  

 

The calculated PEDOS plots for charge compensated doped Cr2O3 are shown in Figure 4. 

The absence of dopant derived occupied defect peaks in the band gap in the charge 

compensated structures indicates that the metals dopants exist in an oxidised +4 oxidation 

state for Ce, Ti and V doping. For Zr-Cr2O3, the previous  Cr 3d occupied defect peaks in the 

band gap also disappear, which further supports the mechanism of reduction of Cr lattice 

cations to the +3 oxidation state. The absence of defect peaks in all systems indicates that 

these doped systems are indeed charge neutral and we now turn to investigating cation and 

anion vacancy formation.  
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Figure 4: The calculated PEDOS plots for the three metal doped structures with the Cr charge compensated 

vacancy for (a) Ce, (b) Ti, (c) V and (d) Zr doped Cr2O3. The red, orange and green lines are the p, d and f 

states. The top of the valence band is aligned to 0 eV and the black dotted line shows the position of the Fermi 

level 

 

 

 

3.4 Chromium vacancy and reducing oxygen vacancy formation 

The removal of a second Cr vacancy from charge compensated doped Cr2O3 results in 

formation of the oxidising Cr vacancy.  The calculated formation energies for the lowest 

energy configuration for the most stable oxidising Cr vacancy in each doped structure are 

given in Table 4. From the calculated formation energies, we can see that while Ce, Ti and Zr 
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doping promote Cr vacancy formation over Cr2O3 in the sense of lowering the formation 

energy relative to undoped Cr2O3, the energy cost is still rather larger, being 3.34 eV for the 

most favourable Ti-Cr2O3 system. V doping actually increases the formation energy of the 

oxidising Cr vacancy.  

 

Table 4: The calculated formation energies for the Cr vacancy in the three metal doped Cr2O3 bulks. 

 Ef [Cr vac]  

(eV) 

Cr2O3 4.59 

3Ce – Cr2O3 3.62 

3Ti – Cr2O3 3.34 

3V – Cr2O3 4.81 

3Zr – Cr2O3  3.30 

 

The lowest energy positions for the most stable Cr vacancy are shown in Figure 5.  The 

position of the Cr vacancy is next nearest neighbour to the dopants and forms in the same Cr 

layer as the charge compensating Cr vacancy in Ce-, Ti- and V-doped Cr2O3. With Zr, the Cr 

vacancy forms in the next-next nearest neighbour positions to the three Zr dopants and in the 

Cr layer above the Cr compensated vacancy. All dopants are found to maintain their 

geometries as in the doped structures with similar bond lengths. From calculated Bader and 

spin magnetisation values, the dopants maintain their +4 oxidation states with similar Bader 

charges and spin magnetisations as the charge compensated structures. In structure, the Cr 

vacancy forms three holes on nearest neighbour O atoms. These are identified by calculated 
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Bader charges and spin magnetisation of 7.0 e
-
 and 0.7 µB, respectively. These value are  

typical of localised oxygen holes from these DFT+U computations
35, 40, 41, 48, 64

.  

 

 

Figure 5: The calculated local geometries for the lowest energy position for the active Cr vacancy in (a) Ce, (b) 

Ti, (c) V and (d) Zr doped Cr2O3.  The grey and red spheres are the lattice positions of the Cr and O atoms, 

while the white, blue, yellow and turquoise spheres are the lattice positions of the Ce, Ti, V and Zr dopants. The 

black sphere is the position of the charge compensating Cr vacancy, the purple sphere is the Cr vacancy, and the 

light blue spheres are the O
-
 species.  

 

The calculated PEDOS plots after Cr vacancy formation are given in Figure 6. The lack of 

dopant electrons states in the band gap confirms that the dopants are in a +4 oxidation state 

and the major contributions of the dopants are to the CB states. The lower panel of the 

PEDOS plots show the PEDOS of the O
-
 lattice species for which three unoccupied O 2p 

peaks are visible between 0.8 – 1.2 eV above the VB. These states are characteristic of hole 

states on the lattice O atoms.  
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Figure 6: The calculated PEDOS plots for the active Cr vacancy for (a) Ce, (b) Ti, (c) V and (d) Zr doped Cr2O3. 

The red, orange and green lines are the p, d and f states.  The light blue, dark blue and maroon lines in the 

lowest panel on the plot are the O 2p states for the O
-
 species.  The top of the valence band is aligned to 0 eV 

and the black dotted line shows the position of the Fermi level.  

 

The formation of the reducing oxygen vacancy in doped bulk Cr2O3 was investigated by 

trialling all possible inequivalent lattice oxygen lattice sites to determine the site of the lowest 

energy vacancy site.  The calculated formation energies for most stable reducing oxygen 

vacancy in each doped structure are given in Table 5.  All dopants decrease the formation 

energy of reducing oxygen vacancies compared to undoped Cr2O3 indicating that HVDs 
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could enhance the reducibility of Cr2O3.  Ce shows the greatest enhancement in oxygen 

vacancy formation in doped Cr2O3, while V shows the smallest effect. These energies 

indicate that Ce is the higher valent dopant of choice to improve the reducibility of Cr2O3. 

We propose that this arises from the larger ionic radius of Ce
3+

 that can distort the local 

geometry, as also discussed for alkali doped Cr2O3
89

.  

 

Table 5: The calculated formation energies for the oxygen vacancy in three metal doped Cr2O3. 

 Ef [O vac]  

 (eV) 

Cr2O3 4.11 

3Ce – Cr2O3 2.83 

3Ti – Cr2O3 3.04 

3V – Cr2O3 3.83 

3Zr – Cr2O3  3.14 

 

The atomic structures for the most stable oxygen vacancy in each doped structure are shown 

in Figure 7. All dopant species have similar geometries, with similar M-O bond lengths as 

their local geometry in the charge compensated structures.  The position of the most stable O 

vacancy is in the layer below that layer containing the charge compensating Cr vacancy for 

all dopants. The vacancy site is next nearest neighbour to the dopants in each structure. For 

Ti-, V-, and Zr-doped Cr2O3 structures, the calculated Bader charges and spin magnetisations 

indicate that the dopants maintain their +4 oxidation states with similar computed values to 

Cr vacancy compensated doped structures. The formation of an oxygen vacancy reduces two 

nearest neighbouring Cr lattice cations to Cr
2+

, which now have computed Bader charges of 
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4.5 e
-
 and spin magnetisations of 3.7 µB. These Cr

2+
 cations have a four-coordinate square 

planar geometry, as shown in figure 7. For Ce doping, a different reduction mechanism is 

observed as the oxygen vacancy reduces a nearest neighbour Cr cation and one of the Ce 

dopants. The reduced Cr dopant has a calculated Bader charge of 4.5 e
- 
and a computed spin 

magnetisation of 3.7 µB, while the reduced Ce
3+

 dopant has a Bader charge of 9.9 e
-
 and a 

spin of 1 µB.  

 

 

Figure 7: The calculated local geometries for the lowest energy position for the active O vacancy in (a) Ce, (b) 

Ti, (c) V and (d) Zr doped Cr2O3.  The grey and red spheres are the lattice positions of the Cr and O atoms, 

while the white, blue, yellow and turquoise spheres are the lattice positions of the Ce, Ti, V and Zr dopants. The 

black sphere is the position of the charge compensating Cr vacancy, the purple sphere is the active O vacancy, 

and the light green spheres are the Cr
2+

 species. 

 

The calculated PEDOS plots for the most stable oxygen vacancy structures for each dopant 

are shown in Figure 8. The reduction of one Ce dopant and one Cr cation in Ce-Cr2O3 is 
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further confirmed by the appearance of occupied Ce 4f and Cr 3d peaks around 1 eV above 

the top of the VB in the band gap, consistent with Cr
3+

 and Cr
2+

 species. For the Ti-, V-, and 

Zr-Cr2O3 structures, the reduction of the two Cr lattice cations to Cr
2+

 is indicated by the 

appearance of occupied Cr 3d defect peaks around 1eV above the top of the VB and no 

PEDOS peaks characteristic of reduced cations. In Ti- and V doped structures, these defect 

peaks have the same spin, while in 3Zr doped Cr2O3 the Cr 3d defect peaks have opposing 

spins. 

 

Figure 8: The calculated PEDOS plots for the O vacancy for (a) Ce, (b) Ti, (c) V and (d) Zr doped Cr2O3. The 

red, orange and green lines are the p, d and f states.  The orange and purple lines in the lowest panel on the plot 

are the Cr 3d states for the Cr
2+

 species.  The top of the valence band is aligned to 0 eV and the black dotted line 

shows the position of the Fermi level. 
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4 Discussion 

The effect of higher valence doping of Cr2O3 with Ce, Ti, V and Zr on the electronic 

structure, cation oxidation states and cation/anion vacancy formation is investigated using 

DFT, within the PBE+U formalism. Upon incorporation onto a Cr lattice site, Ce, Ti, and V 

dopants have a +3 oxidation state, rather than the +4 oxidation state that may be expected by 

substituting into a reducible oxide. The reason for this is that these dopants can access 

multiple oxidation states, in particular the +3 oxidation state. By contrast, the Zr dopant has 

the +4 oxidation state that would be expected for a higher valence dopant and one Cr cation 

reduces to Cr
2+

. Only this oxidation state is possible with non-reducible Zr..  

For doping of one Cr lattice site in Cr2O3, giving a doping concentration of 1%, Cr vacancy 

formation is promoted and would be more favourable than O vacancy formation. The Cr 

vacancy formation is facilitated by the flexible oxidation state of Ce, Ti and V as they are 

oxidised to the +4 oxidation state after Cr vacancy formation. With Zr doped Cr2O3, the holes 

generated by the Cr vacancy oxidise a previously reduced lattice Cr
2+

 cation and this helps to 

lower the Cr vacancy formation energy compared to the other dopant species as Cr 

reoxidation is probably more favourable than the oxidation of the other metal dopants as 

indicated by the lower Cr vacancy formation energy (Table 1). 

Upon increasing the concentration of dopants to 3 %, the Ce, Ti and V dopants maintain their 

+3 oxidation state, and the three Zr dopants in the lattice maintain their +4 oxidation state but 

reduce three neighbouring Cr cations. For all metal dopants with this concentration, a charge 

compensation mechanism occurs by spontaneous formation of a Cr vacancy. Different 

mechanisms are observed depending on whether the metal dopant has a variable or non-

variable oxidation state. The charge compensation process for Zr doping follows the classical 

mechanism, by which the higher valence dopants reduce three lattice Cr cations which are 

then compensated by the generation of holes from the Cr vacancy to give the charge neutral 
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ground state electronic structure. This mechanism is not observed for the metal dopants with 

varying oxidation states, where we see a non-classical mechanism as the formation of the Cr 

vacancy proceeds by charge compensation that oxidises the metal dopants from M
+3

 to M
+4

.   

Once the correct ground state electronic structures for the doped systems has been 

established, the calculated formation energies for Cr and O vacancies show that O vacancy 

formation is favoured over Cr vacancy formation in all doped systems.  The Ce, and Ti 

dopants promote oxygen vacancy formation to a greater extent than V and Zr since Ce and Ti 

are highly reducible oxides in their MO2 structures. By contrast, doping at 1%, with a single 

metal atom without charge compensation promotes Cr vacancy formation.  

The change in promoting vacancy formation from Cr vacancies in the single metal doped 

system to O vacancies for a higher concentration of metal dopants is caused by the different 

description of the ground state electronic structures. The single metal dopants have a +3 

oxidation state for Ce, Ti and V, with a reduced Cr cation in the Zr doped system.  The 

formation of the Cr vacancy tries to compensate these charges by oxidising the M
3+

 dopants 

to M
+4

 and Cr
2+

 to Cr
3+

 cation in Zr-Cr2O3, which may over stabilise the vacancy formation 

energy.  For the three metal dopants with a Cr vacancy in Cr2O3, the structures are charge 

compensated, irrespective of the compensation mechanism and provide the correct electronic 

structure to investigate the cation and anion vacancy formation energies.  

The non-classical behaviour of dopant charge compensation formation of a Cr vacancy was 

not considered in previous studies,
64-66,72,73

 which have debated if Ti exists in a M
3+

 or M
4+

 

oxidation state. The experimental studies have found that Ti is incorporated as an M
4+

 dopant 

species. We have shown whether we consider a low Ti concentration (single metal doped 

systems) or larger Ti concentration (three metal doped systems), Ti
4+

 will always for either 

by more facile Cr vacancy formation or Cr vacancy charge compensation and this will hold 
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for Ce and V dopants, which we propose will have a +4 oxidation state when doped into 

Cr2O3.   

Doping with higher valence dopants is explored as an approach to inject electrons into the a 

metal oxide and it would be expected that a further electron donation process such as anion 

vacancy formation will not be favoured due to the presence of excess electrons. However, as 

we describe a charge neutral system that has formed by charge compensation, the correct 

defect process is therefore described and these higher valence dopants thus improve 

reducibility of bulk Cr2O3. The electron donation process therefore in metal doped Cr2O3 is 

by an oxygen vacancy mediated process, rather by electron donation from the dopant cations. 

In experimental systems, it is probable that the three metal doped cluster description in the 

bulk Cr2O3 lattice for this study is more likely to exist since doping concentrations are 

typically greater than 10% and the distribution of doped metal cations will resemble the Cr 

vacancy compensated structures.   

The results of this study have implications in considering the doping mechanisms for higher 

valence doping in Cr2O3 for catalyst design and transport layers in energy harvesting 

materials. Cr2O3 cannot be a p-type semi-conductor, or a hole conducting layer by higher 

valence doping of these selected metal dopants. The non-classical behaviour of high valence 

metal doped Cr2O3 will trap holes generated by Cr vacancies by favouring a dopant 4+ 

oxidation state or a charge compensating mechanism by a Cr vacancy formation, which 

neutralise any holes that may be generated. Also, the classical mechanism for Zr doping will 

also trap holes by donation of electrons from the Zr dopant. The dopants will achieve charge 

neutrality and favour formation of oxygen vacancies which will then inject electrons into the 

bulk system that can combine and kill any other holes that may be present.  The promotion of 

oxygen vacancy formation and increased reducibility of Cr2O3 by these dopants have useful 
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applications in oxygenation catalysis such as methanol synthesis, or electrolyte materials in 

solid oxide fuel cells.  

 

5 Conclusion  

 Density functional theory (DFT) calculations using the Perdew-Burke-Ernzerhof (PBE) 

exchange correlation functional within the generalised gradient approximation (GGA), and 

the Hubbard +U correction (PBE+U) applied to the Cr 3d and O 2p states, were used to 

investigate higher valence doping of Ce, Ti, V and Zr in Cr2O3.  Ce, Ti and V dopants are 

found to have a +3 oxidation state, while Zr metal has a +4 oxidation state in the Cr2O3 

lattice.  Cr vacancies generate holes in the lattice and oxidise the Ce, Ti, V dopants from M
3+

 

to M
4+

 and also lattice O
2-

 to O
-
, while for Zr doping the reduced lattice Cr cation and two 

lattice O are oxidised. All single metal dopants promote Cr vacancy over O vacancy 

formation, which is attributed to the over-binding of the charged atoms by the holes and the 

incorrect description of the ground state electronic structure. The bulk lattice with three metal 

dopants show that each of the metal dopants maintain their oxidation states similarly to the 

single metal systems, and a Cr vacancy compensated mechanism occurs in each of the doped 

Cr2O3 structures. For the Ce
3+

, Ti
3+

 and V
3+

 a non-classical compensation mechanism is seen 

to happen where all three metals in the bulk lattice are oxidised to M
4+

 by spontaneous 

formation of a Cr vacancy. The charge compensating process in the non-reducible Zr cation 

doped Cr2O3 structure proceeds by a classical mechanism where the reduced lattice Cr 

cations by the Zr dopants are oxidised by the holes generated from the spontaneous Cr 

vacancy. This explains the experimental observations that Ti doped in Cr2O3 exists in a +4 

oxidation state and predicts that both Ce and V will also be seen as +4 dopants in Cr2O3 by a 

similar mechanism. The charge compensated structures provide the correct ground state 
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electronic structure to investigate cation and anion vacancy formation.  The compensated 

structures show that O vacancy formation is favoured over Cr vacancies, which is opposite to 

that observed for the single metal doped structures, providing further evidence that single 

metal doping with these dopants will provide an incorrect description of the electronic 

structure.  These dopants thus increase the reducibility of Cr2O3 which have implications in 

rational design of catalysts and oxygen conducting layers in energy harvesting materials.   
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