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Supplementary Information

Two Metal dopant Distribution
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Figure S1: The distributions of two Ce dopants in bulk Cr2O3. The energies are given relative to the most stable configuration at 0 eV. All energies are given in eV. Colour scheme is the same as the main text.
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Figure S2: The distributions of two Ti dopants in bulk Cr2O3. The energies are given relative to the most stable configuration at 0 eV. All energies are given in eV. Colour scheme is the same as the main text.
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Figure S3: The distributions of two V dopants in bulk Cr2O3. The energies are given relative to the most stable configuration at 0 eV. All energies are given in eV. Colour scheme is the same as the main text.
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Figure S4: The distributions of two Zr dopants in bulk Cr2O3. The energies are given relative to the most stable configuration at 0 eV. All energies are given in eV. Colour scheme is the same as the main text.

Three Metal dopant Distribution
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Figure S5: The distributions of three Ce dopants in bulk Cr2O3. The energies are given relative to the most stable configuration at 0 eV. All energies are given in eV. Colour scheme is the same as the main text.
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Figure S6: The distributions of three Ti dopants in bulk Cr2O3. The energies are given relative to the most stable configuration at 0 eV. All energies are given in eV. Colour scheme is the same as the main text.
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Figure S7: The distributions of three V dopants in bulk Cr2O3. The energies are given relative to the most stable configuration at 0 eV. All energies are given in eV. Colour scheme is the same as the main text.
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Figure S8: The distributions of three Zr dopants in bulk Cr2O3. The energies are given relative to the most stable configuration at 0 eV. All energies are given in eV. Colour scheme is the same as the main text.

Undoped bulk Cr2O3 
The relaxed hexagonal unit cell for Cr2O3 is shown in Figure S9(a) and with the calculated partial (quantum number l and ion decomposed) electronic density of states (PEDOS) plot in Figure S9(b).  The Cr cations have a distorted octahedral geometry, while the O anions have a distorted tetrahedral geometry. The Cr-O bond distances are 2.02Å (x3) and 2.06Å (x3). The calculated Bader charges for the Cr3+ cations and O2- anions are 4.0 e- and 7.3 e- while their calculated spin magnetisation values are 3.0 µB and 0.0 µB respectively. 
The calculated PEDOS plots shows that the valence band (VB) and conduction band (CB) are primarily composed of a mixture of Cr 3d and O 2p states, where the CB is particularly dominated by Cr 3d states. The calculated fundamental band gap between the valence band maximum (VBM) and conduction band minimum (CBM) is 2.60 eV which is underestimated compared to the experimental value of 3.3 eV, but is within the reported ranges for DFT:GGA calculations.57, 61
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Figure S9: (a) The calculated Cr2O3 bulk unit cell, and (b) the calculated Cr2O3 PEDOS.  The grey and red spheres are the lattice sites of the Cr3+ cations and O2- anions with their respective bonding geometries outlined. The green and red lines are the Cr 3d and O 2p states in the PEDOS plot with the top of the valence band aligned to 0eV and the dotted line is the position of the Fermi level. 

Chromium and Oxygen vacancy formation in undoped Cr2O3
The calculated formation energy for a Cr vacancy in undoped Cr2O3 is 4.59 eV while the calculated formation energy for an O vacancy in Cr2O3 is 4.11 eV. The formation energies show that O vacancy formation is more favourable than Cr vacancy formation, indicating that they are easier to form in undoped bulk Cr2O3 bulk. These energies are used as a reference point to examine the effect doping has on cation and anion vacancy formation in Cr2O3. 
The calculated local structures and associated PEDOS plots for Cr and O vacancy formation in undoped Cr2O3 are shown in Figures S10 (a) and (b).  The removal of a Cr3+ cation to form a lattice Cr vacancy (Figure S10 (a)) creates three holes on three neighbouring O anions which are identified by the change in Bader charges that reduce from 7.3 e- (O2-) to 7.0 e- (O-) while their spin magnetisation values increase from 0.0 µB to 0.7 µB. The oxidation of the lattice O anions is reflected in the PEDOS plot which shows unoccupied O 2p peaks associated with the holes on the O atoms that lie above the Fermi level (lower panel of the PEDOS plot). These defect peaks are located around 1eV above the VBM with the two O- species below the Cr vacancy having α spins and the O- species above the Cr vacancy having a β spin. The overall spin for a Cr vacancy is 1 (doublet). 
The formation of an oxygen vacancy favours partial reduction of four Cr cations nearest to the O vacancy. Various attempts were made to try and localise the electrons to reduce two Cr cations, but the lowest energy configuration was that shown in Figure S10(b). The reduced Cr cations were identified by the change in Bader charge which was increased from 4.0 e- (Cr3+) to 4.25 e- (Cr(3-δ)+), and an increase in their computed spin magnetisations from 3.0 µB to 3.3 µB.  The reduction of the Cr cations can be seen in the PEDOS plot with the appearance of occupied and unoccupied Cr 3d defect peaks in the band gap at 0.85eV and 2.13eV, above the top of the VB, respectively. The two reduced Cr cations in the Cr layer above the O vacancy contribute to the α spin Cr 3d defect peaks while the Cr cations in the layer below the vacancy contribute to the β spin Cr 3d defect peaks. The overall system spin is 0 µB (singlet). 
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Figure S10: The calculated local geometry and corresponding PEDOS plot for a (a) Cr vacancy and (b) O vacancy in Cr2O3.  The grey, red, blue and green spheres are the lattice sites for the Cr3+ cations, O2- anions, hole sites (O-) and reduced Cr2+ cations, while the black spheres show the location of the vacancy. The green, red lines are the Cr 3d and O 2p states, while the O 2p hole states are shown by the marron, blue and orange lines, and the reduced Cr 3d states are the purple lines. The top of the valence band is aligned to 0eV and the position of the Fermi level is indicated by the dotted line. 

Metal doped Cr2O3 structures
[bookmark: _Hlk487464243]The calculated local structures for the Ce, V, Ti and Zr dopants in bulk Cr2O3 are shown in Figure S11. All dopants maintain the octahedral coordination of the Cr cation with M-O bond distances and ionic radii given in Table 1. Each of the dopants distort the local structure in the Cr2O3 bulk, with the largest changes in M – O distances seen for the Ce3+ dopant which has a larger ionic radius than Cr3+ while the changes in local structures for Ti and V are not as significant as the M – O distances are similar since they have similar ionic radii (Table 1). For Zr dopant, the M – O bonds in the layer above the dopant are elongated to 2.19Å from a Cr – O distance of 2.05Å which is a considerable change. 
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Figure S11: The calculated local structure for the single M dopants (M= Ce, Ti, V, Zr) in Cr2O3.  The grey and red spheres are the Cr3+ cations and O2- anions, while the grey sphere shows the lattice position of the metal dopant. 




Table 1: The cation ionic radius and calculated M - O bond distances (M= Ce, Ti, V, Zr) for metal doped Cr2O3. 
	
	Ionic Radius
(Å)
	Bond distances
(Å)

	Cr2O3
	0.62
	2.02 (x3), 2.05 (x3)

	Ce – Cr2O3
	1.01
	2.22 (x3), 2.44 (x3)

	Ti – Cr2O3
	0.67
	2.04 (x3), 2.11 (x3)

	V – Cr2O3
	0.64
	2.02 (x3), 2.09 (x3)

	Zr – Cr2O3 
	0.72
	2.01 (x3), 2.19 (x3)



The computed Bader charges for the Ce, and Ti dopants are 9.9 e-, while V has a Bader charge of 11.0 e- and Zr has a Bader charge of 9.4 e-. The spin magnetisation values for the dopants are calculated to be 0.98 µB and 0.89 µB for Ce and Ti. V and Zr have computed spin magnetisations of 1.92 µB and 0.03 µB, respectively. The calculated Bader charges and spin magnetisation values indicate that Ce, Ti and V have +3 oxidation states, not the +4 oxidation state that could be expected while Zr has the expected oxidation state of +4. 
The +3 oxidation state in the dopants is further supported by the PEDOS plots shown in Figure S12. There is an occupied metal dopant peak in the energy gap between the valence and conduction bands of Cr2O3 at ca. 1.8 eV and 1.2 eV for Ce/Ti and V, respectively. The presence of a defect peak in the band gap is consistent with a M3+ oxidation state for these dopants.48, 90, 91  The absence of a defect peak in Zr-Cr2O3 PEDOS supports the M4+ assignment, and thus Zr being a HVD in Cr2O3 reduces a Cr3+ cation to a Cr2+ cation as shown by the appearance of β-spin occupied Cr 3d defect peaks around 1eV and 2eV above the top of the VB, in the lower panel of Figure S12(d). The position of this reduced Cr cation relative to the Zr dopant in Cr2O3 is shown in Figure S11, which has a computed Bader charge of 4.5 e- and a spin magnetisation value of -3.7 µB.
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Figure S12: The calculated PEDOS plots 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, and the top of the valence band is set to 0 eV while the calculated position of the Fermi level is shown by the black dotted line. 

The electronic and geometric structures for Cr and O vacancy formation in doped Cr2O3
The lattice position of the lowest energy Cr vacancy configuration for each doped structure are shown in Figure S13. The most stable Cr vacancy position is nearest neighbour to the Ce, Ti and Zr dopants in the same Cr layer as the dopants, while the Cr vacancy preferentially forms in the next nearest neighbour position in the Cr layer above the dopant for V doped Cr2O3. For Ce-Cr2O3 and V-Cr2O3 the dopant maintains the distorted octahedral coordination geometry, while Ti and Zr have changed to a five-coordinate distorted trigonal bi-pyramidal geometry after formation of the Cr vacancy.  
The formation of a Cr vacancy in Cr2O3 leads to a deficit of three electrons in the bulk lattice, which results in formation of three holes. The lattice positions of the oxygen holes (denoted O-) is shown in Figure 5 by the bright blue spheres which are identified by having a calculated Bader charge of 7.0 e- and a spin magnetisation value of 0.7 µB. 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 M3+ to M4+ 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 M4+ oxidation state. A different mechanism is seen in the Zr-Cr2O3 lattice, as the previously reduced Cr2+ cation in Zr-Cr2O3 is oxidised to Cr3+, with a calculated Bader charge of 4.0 e- and a calculated spin magnetisation value of 3.0 µB. 
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Figure S13: The calculated local structure for the most stable Cr vacancy position 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 location of the Cr vacancy and the light blue spheres are the positions of the O- holes. 

The formation of two oxygen holes and oxidation of the metal dopant (Or lattice Cr in Zr-Cr2O3) arising from Cr vacancy formation is further shown by the PEDOS plots presented in Figure S14. Hole formation in doped Cr2O3 bulks is indicated by the appearance of α and β spin unoccupied O 2p states above the Fermi level in the lower panel of the PEDOS plots that are associated with the O species coloured with light blue spheres in Figure S13. For Cr vacancy formation in Ce, Ti and V doped Cr2O3, the absence of an occupied metal defect peak in the band gap of the PEDOS plots, as seen for metal doped Cr2O3 (Figure S12 (a) – (c) ), further supports oxidation of the metal cations from M3+ to M4+. The absence of reduced Cr2+ 3d defect peaks in Zr-Cr2O3 (Figure 4 (d)) supports its oxidation to Cr3+ by Cr vacancy formation. 
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Figure S14: The calculated PEDOS plots 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 while the light blue and maroon lines are the oxygen hole (Oh) 2p states. The top of the valence band is aligned to 0 eV and the black dotted line shows the position of the Fermi level. 

The site of the most stable O vacancy in each doped structure is shown in Figure S15. The most stable oxygen vacancy in Ce-Cr2O3 is nearest neighbour to the dopant in the O layer above. The formation of this vacancy changes the coordination geometry of the Ce dopant to three-fold trigonal pyramidal. The oxygen vacancy preferentially forms next nearest neighbour in the O layer below the V dopant, and next next nearest neighbour in the O layer above the dopant in both Ti-Cr2O3 and Zr-Cr2O3, while all dopants maintain the distorted octahedral coordination geometry. 
Oxygen vacancy formation releases two electrons into Cr2O3, reducing two Cr3+ cations to Cr2+ cations with their location in the doped bulk structures shown by the light green spheres in Figure S15. The reduced Cr2+ cations are identified by the computed Bader charge of 4.5 e- and a computed spin magnetisation value of 3.7 µB. The Ce, Ti and V dopants maintain their M3+ oxidation state with 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 M4+ 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. 
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Figure S15: The calculated local structure for oxygen vacancy formation 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, dark grey and turquoise spheres are the lattice positions of the Ce, Ti/V and Zr dopants. The black sphere is the location of the O vacancy and the light green spheres are the positions of the reduced Cr cations.

The calculated PEDOS plots for the most stable oxygen vacancy in Ce, Ti, V and Zr doped Cr2O3 are show in Figure S16. The presence of an occupied dopant defect peak in the valence to conduction band energy gap further confirms that Ce, Ti and V maintain their M3+ oxidation state. The absence of a defect peak in Zr-Cr2O3 shows that Zr has an M4+ oxidation state. The occupied Cr 3d peaks in the band gap, shown in the lower panel of the PEDOS plots, are associated with the reduced Cr cations (Figure S15). The presence of three reduced Cr cations in Zr-Cr2O3 is shown in Figure S16(d) by three occupied and three unoccupied defect peaks, composed of  two α-spin peaks and one β-spin peak. 
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Figure S16: The calculated PEDOS plots 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 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.
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