
Supplementary material: General embedded cluster protocol for accurate modeling

of oxygen vacancies in metal-oxides

Benjamin X. Shi,1 Venkat Kapil,1, 2 Andrea Zen,3, 4 Ji Chen,5 Ali Alavi,6, 1 and Angelos

Michaelides1, 7, 8

1)Yusuf Hamied Department of Chemistry, University of Cambridge, Lensfield Road,

Cambridge CB2 1EW, United Kingdom
2)Churchill College, University of Cambridge, Storey’s Way,

Cambridge CB3 0DS
3)Dipartimento di Fisica Ettore Pancini, Università di Napoli Federico II,

Monte S. Angelo, I-80126 Napoli, Italy
4)Department of Earth Sciences, University College London, Gower Street,

London WC1E 6BT, United Kingdom
5)School of Physics, Peking University, Beijing, 100871, China
6)Max Planck Institute for Solid State Research, Heisenbergstraße 1, 70569 Stuttgart,

Germany
7)Department of Physics and Astronomy, University College London, Gower Street,

London, WC1E 6BT, United Kingdom
8)Thomas Young Centre and London Centre for Nanotechnology, 17-19 Gordon Street,

London WC1H 0AH, United Kingdom

1



CONTENTS

S1. XC functional dependence of O2 binding energies 4

S2. XC functional dependence of the O vacancy (Ov) relaxation energy in rutile TiO2 4

S3. Convergence of point charge and effective core potential boundary length 5

S4. Basis set convergence 6

A. DFT 6

B. LNO-CCSD(T) 7

S5. Basis set and frozen core correction from small clusters 10

S6. XC functional dependence of rutile TiO2 and rocksalt MgO lattice parameters 11

S7. Bulk limit Ov formation energies from supercell calculations 11

S8. Complexity of designing a quantum cluster series 12

A. Range of shapes for a given size 12

B. Ambiguity in the O anion spatial arrangement for stoichiometric clusters 13

S9. Finding smaller converged clusters with the SKZCAM approach 13

S10. Basis set correction for RDF size convergence in MgO 14

S11. Quantum cluster RDF size convergence 15

A. MgO 15

B. TiO2 16

S12. Odd-even oscillations in TiO2 surface 17

S13. LNO threshold convergence 18

S14. Final Ov formation energy estimates 19

S15. Assessing differences to the ∆CCSD(T)
PBE method 21

2



References 22

3



S1. XC FUNCTIONAL DEPENDENCE OF O2 BINDING ENERGIES

The O2 binding energies quoted in Table S1 were calculated using:

Ebind = 2E[O]−E[O2], (1)

where E[O] and E[O2] are the total energies of the O atom and O2 molecule, both in the unrestricted

triplet state. We have used the same O2 geometry obtained from R2SCAN structural optimizations,

with the O atoms separated by 1.207 Å.

TABLE S1. O2 binding energy predicted by DFT XC functionals as well as at the B2PLYP, LMP2,

LNO-CCSD and LNO-CCSD(T) correlated wave-function theory (cWFT) levels. DFT calculations were

performed at the def2-QZVPP level. cWFT methods (including B2PLYP) were computed through a

CBS(TZVPP/QZVPP) extrapolation with a 1s frozen core on the O atoms.

XC functional Ebind (eV)

PBE 6.22
BP86 6.15
BLYP 5.86
TPSS 5.49
SCAN 5.52
PBE0 5.38
HSE06 5.33
B3LYP 5.32
ωB97X 5.41
B2PLYP 5.36
LMP2 5.65
LNO-CCSD 4.80
LNO-CCSD(T) 5.16
Experiment1 5.22

S2. XC FUNCTIONAL DEPENDENCE OF THE O VACANCY (OV) RELAXATION

ENERGY IN RUTILE TIO2

Table S2 shows the change in relaxation energy for different semilocal XC functionals in TiO2

bulk and its (110) surface. The relaxation energy, Erel., is defined as:

Erel. = E[D-MO]−E[r-D-MO], (2)
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where E[D-MO] and E[r-D-MO] are the energies of the unrelaxed and relaxed defected structures,

containing an Ov, respectively. We observe a wide range of around 0.45 and 0.22 eV in the

relaxation energies for the bulk and surface just at the semilocal XC functional level.

TABLE S2. Relaxation energy of the Ov defect in the closed-shell singlet state in TiO2 bulk and its (110)

surface. The bulk calculations were performed in a 192 atom (2
√

2×2
√

2×4) supercell whilst the surface

calculations were performed in a p(2×4) asymmetric supercell slab where the top two layers were allowed

to relax.

XC functional TiO2 bulk TiO2 surface

LDA 1.29 2.29

PBE 1.45 2.27

PBEsol 1.32 2.30

R2SCAN 1.00 2.08

S3. CONVERGENCE OF POINT CHARGE AND EFFECTIVE CORE POTENTIAL

BOUNDARY LENGTH

Table S3 quotes the change in EOv for a embedded cluster of the TiO2 surface as the point

charge (PC) and effective core potential (ECP) regions are changed in length. TiO2 surface is

used as the example as it represents the system that is most difficult to converge. We see that the

changes in EOv are all small (∼0.01 eV) for substantial changes in both the PC and ECP regions,

suggesting our chosen parameters of 7 Å and 40 Å are sufficient for this system.

5



TABLE S3. Change in O vacancy formation energy (EOv) as point charge (PC) and effective core potential

(ECP) regions of an embedded cluster are changed. Values are computed at the PBE-DFT level with a def2-

SVP basis set. The quantum cluster region consists of 31 Ti ions, taken from the quantum cluster series

produced via the SKZCAM approach.

ECP (Å) PC (Å) EOv

7.0 30 5.501

7.0 40 5.513

10.6 40 5.513

S4. BASIS SET CONVERGENCE

A. DFT

Our basis set tests on the smallest converged clusters (SCCs) of the four studied systems in

Table S4 shows that at the PBE0 level, def2-TZVPP and def2-QZVPP EOv values are within 0.02

eV, indicating that they are both converged. def2-SVP shows large differences up to 0.3 eV from

the def2-QZVPP basis set.

TABLE S4. Convergence of the O vacancy formation energy (EOv) with basis set size in the SCCs of

rocksalt MgO and rutile TiO2, in their bulk and surface, for the def2-SVP, def2-TZVPP and def2-QZVPP

basis sets. Calculations were performed at the PBE0 level.

MgO bulk MgO surface TiO2 bulk TiO2 surface

def2-SVP 7.33 6.66 6.10 5.39

def2-TZVPP 6.97 6.37 6.06 5.42

def2-QZVPP 6.99 6.39 6.07 5.41
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B. LNO-CCSD(T)

During our basis set tests, we tested three commonly used basis sets: def2, aug’-cc-pVXZ

(A’VXZ) and aug’-cc-pwC’VXZ (A’C’VXZ) basis set families. For the latter two basis sets, only

the O ions have been augmented with diffuse functions, with the cc-pVXZ and cc-pwCVXZ basis

sets placed on the metal cation for the A’VXZ and A’C’VXZ basis sets respectively. In Figure S1,

the basis set convergence of these three basis set families at the LNO-CCSD(T) level are plotted for

a MgO bulk (with 6 Mg ions) and surface (with 5 Mg ions) quantum cluster – small quantum clus-

ters obtained through the SKZCAM approach. We have also compared EOv for small He or large

Ne frozen core on the Mg cation. As shown in these tests, the use of the CBS(TZVPP/QZVPP) ba-

sis set extrapolation with the def2 basis set with a large Ne frozen core shows excellent agreement

(to less than 0.1 eV) compared to the most accurate calculation: CBS(QZ/5Z) with the A’C’VXZ

basis set family using a small frozen core. We have performed a similar comparison for the TiO2

systems in Fig. S2 and obtain good agreement of around 0.1 eV as well. The quantum clusters used

for the bulk and surface consisted of 3 and 2 Ti ions respectively, all obtained from the SKZCAM

approach.
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FIG. S1. Convergence of the O vacancy formation energy (EOv) with basis set size in (a) bulk and (b)

surface MgO for the def2, A’VXZ and A’C’VXZ basis set families. A He and Ne frozen core on Mg is

tested for both sets. Two point basis set extrapolations for DZ/TZ, TZ/QZ and QZ/5Z combos are also

plotted for the respective basis set families. These calculations were all performed with “Tight” LNO

thresholds.
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FIG. S2. Convergence of the O vacancy formation energy (EOv) with basis set size in (a) bulk and (b)

surface TiO2 for the def2, A’VXZ and A’C’VXZ basis set families. A Ne and Ar frozen core on Ti is tested

for both sets. Two point basis set extrapolations for DZ/TZ, TZ/QZ and QZ/5Z combos are also plotted for

the respective basis set families. These calculations were all performed with “Tight” LNO thresholds.
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S5. BASIS SET AND FROZEN CORE CORRECTION FROM SMALL CLUSTERS

We computed the change in EOv at the LNO-CCSD(T) level moving from CBS(TZVPP/QZVPP)

with large frozen core (Ar for Ti and Ne for Mg) to CBS(A’C’VTZ/A’C’VQZ) with small frozen

core (Ne for Ti and He for Mg) for several small tractable quantum clusters, created through the

SKZCAM approach, in the bulk and common surface planes of rocksalt MgO and rutile TiO2.

These clusters were used to estimate any deficiencies for using the CBS(TZVPP/QZVPP) with

large frozen core in the SCCs of the four systems, which we use to compute a correction. For

MgO surface, we have been able to compute the CBS(A’C’VTZ/A’C’VQZ) value for the explicit

SCC and this value was quoted in our final best estimates. For the other clusters, we have taken

the average difference from the computed clusters as a correction to CBS(TZVPP/QZVPP) values

on the SCC.

TABLE S5. EOv difference (in eV) at the LNO-CCSD(T) level moving from CBS(TZVPP/QZVPP) with

large frozen core (Ar for Ti and Ne for Mg) to CBS(A’C’VTZ/A’C’VQZ) with small frozen core (Ne for

Ti and He for Mg) for small MgO and TiO2 quantum clusters. For some clusters, such as those consisting

of the first RDF shell in MgO surface and TiO2 bulk, we have not computed this difference because these

structures are “unphysical” since the O vacancy is not fully coordinated by metal cations. We have also

computed the corrections at the B2PLYP, LMP2 and LNO-CCSD levels.

# of RDF shells MgO bulk MgO surface TiO2 bulk TiO2 surface

1 0.06 0.08

2 0.09 0.07 0.07

3 0.15 0.10

4 0.16

Final correction - LNO-CCSD(T) 0.06 0.16 0.09 0.07

Final correction - LNO-CCSD 0.06 0.14 0.07 0.14

Final correction - LMP2 0.04 0.13 -0.14 -0.21

Final correction - B2PLYP 0.00 0.05 -0.02 -0.04
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S6. XC FUNCTIONAL DEPENDENCE OF RUTILE TIO2 AND ROCKSALT MGO

LATTICE PARAMETERS

TABLE S6. Lattice parameters for the conventional unit cells of rutile TiO2 (a, c and u) and rocksalt MgO

(a) predicted by LDA, PBE, R2SCAN and HSE06 exchange-correlation functionals in DFT compared to

experiment. Calculations were performed in VASP with an 800 eV energy cutoff with 9 × 9 × 14 and

9×9×9 k-point meshes for TiO2 and MgO respectively. R2SCAN gives the best agreement of the lattice

parameter out of all the studied functionals.

Functional
Rutile TiO2 Rocksalt MgO

a c u MAE (%) a Error (%)

LDA 4.553 2.922 0.3038 0.70 4.163 1.25

PBE 4.646 2.967 0.3050 0.61 4.251 0.83

R2SCAN 4.600 2.960 0.3045 0.18 4.206 0.23

HSE06 4.583 2.945 0.3052 0.18 4.203 0.31

Experiment2,3 4.587 2.954 0.3047 4.216

S7. BULK LIMIT OV FORMATION ENERGIES FROM SUPERCELL

CALCULATIONS

Table S7 lists the bulk limit values used in Fig. 3 of the main text. Other than TiO2 surface, the

other systems only required PBE bulk limit values. PBE0 calculations were performed for TiO2

surface for reasons discussed in Sec. III B of the main text. These calculations are expensive and

to circumvent some of these computational costs, a smaller (2×4) supercell slab was used for the

PBE0 calculations with finite size correction to the (2× 6) supercell slab approximated by PBE.

The difference of these two numbers for PBE is added as a correction to the (2× 4) supercell

calculation of PBE0 to approximate its results at the bulk limit.
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TABLE S7. O vacancy formation energy (EOv) computed for rocksalt MgO and rutile TiO2, for both their

bulk and surface forms. The EOv values were obtained using the corresponding DFT O2 molecular binding

energy from Table S1.

MgO bulk MgO surface TiO2 bulk TiO2 surface (2×4) TiO2 surface (2×6)

PBE 6.64 6.12 5.61 5.10 5.07

PBE0 5.47 5.44

S8. COMPLEXITY OF DESIGNING A QUANTUM CLUSTER SERIES

A. Range of shapes for a given size

In Fig. S3, the O vacancy formation energy for randomly shaped quantum clusters of rutile

TiO2, both in its bulk and common surface plane is plotted. All of the studied quantum clusters

are negatively charged with O anions placed to ensure no dangling bonds on the Ti cations, with

the only difference being different spatial arrangements of the Ti cations. These EOv are computed

at the def2-SVP PBE-DFT level and we find that there can be a wide range of over 0.3 and 0.8 eV

for the bulk and surface respectively.
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FIG. S3. Illustrating the range of O vacancy formation energy (EOv) that can be found for different shapes

for a given size of quantum cluster for both rutile TiO2 bulk and surface systems.
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B. Ambiguity in the O anion spatial arrangement for stoichiometric clusters

For the 3 Ti ion quantum cluster in Fig. 2 of the main text, we have computed EOv for several

quantum clusters. There is the singular red point corresponding to the cluster created by the

SKZCAM approach. There is no ambiguity in the O anion positions since we have used the robust

rubric of removing all dangling bonds on the Ti cations. On the other hand, for a stoichiometric

quantum cluster of the same size, there can be several O anion configurations for the same Ti

cations and we show six such possibilities in Fig. S4. These clusters have a wide range of EOv

spanning over 1.0 eV in Fig. 2 (c) of the main text, with no intuition and easy way to find the

“optimal” O anion configuration. The number of possible configurations is expected to become

even larger as we go to larger quantum clusters.

FIG. S4. The quantum cluster, created through the SKZCAM approach, involving 3 Ti ions for bulk rutile

TiO2 is visualized in the red box. In the blue box, we give six possible stoichiometric clusters involving the

same 3 Ti ions, but with different O anion spatial arrangements.

S9. FINDING SMALLER CONVERGED CLUSTERS WITH THE SKZCAM

APPROACH

In Sec. III A of the main text, we have described the SKZCAM approach to find small con-

verged quantum clusters. Based on the radial parameter (i.e. including RDF shells based on dis-

tance from the Ov), we find a 22 Ti ion quantum cluster, consisting of the first ten RDF shells.

From this quantum cluster, smaller converged clusters can be found by considering the removal of

RDF shells closer to the Ov. In Fig. S5, we show the change in EOv when shells, numbered by

distance from Ov, are removed from the quantum cluster. We find that removal of the 7th RDF

shell leads to little change in EOv at a substantial decrease in size to a cluster with 18 Ti ions – the
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smallest converged cluster described in the main text.
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FIG. S5. Change in O vacancy formation energy (EOv) when Ti cation shells corresponding to different

RDF peaks are removed from the 22 Ti ion cluster.

S10. BASIS SET CORRECTION FOR RDF SIZE CONVERGENCE IN MGO

To aid the speed of calculations and because larger basis sets suffer from linear dependencies at

larger cluster sizes, we have performed size convergence calculations in MgO using the def2-SVP

basis set. To allow comparison to the bulk limit, we have shifted the def2-SVP EOv values for

all of the studied quantum clusters by a correction to the def2-TZVPP level computed from their

average difference for a few clusters beyond the SCC, as shown in Table S8.
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TABLE S8. The difference in the def2-SVP and def2-TZVPP O vacancy formation energy (EOv) for a

few quantum clusters larger than the smallest converged cluster for MgO bulk and surface. A correction is

computed from the average difference, which we then apply to the def2-SVP EOv of all the studied clusters

for the respective system in Fig. 3 of the main text.

MgO bulk

# of Mg ions SVP TZVPP Difference Correction

38 7.010 6.637 -0.373
-0.372

68 7.009 6.638 -0.371

MgO surface

# of Mg ions SVP TZVPP Difference Correction

17 6.380 6.121 -0.258

-0.25521 6.369 6.117 -0.253

25 6.364 6.112 -0.253

S11. QUANTUM CLUSTER RDF SIZE CONVERGENCE

A. MgO

Tables S9 and S10 shows the change in EOv at the LMP2 level as the quantum cluster size is

increased for MgO bulk and surface respectively. For both of these systems, the smallest converged

cluster (SCC) obtained at the PBE-DFT level, highlighted in bold, has errors w.r.t. the largest

studied cluster of less than 0.05 eV. LNO-CCSD(T) results are also shown for the MgO surface in

Table S10 and we observe a similar size convergence behavior as at the LMP2 level.
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TABLE S9. Change in O vacancy formation energy (EOv) with cluster size – generated using the SKZ-

CAM approach – at the LMP2 level for bulk MgO. Errors were calculated w.r.t. the largest computationally

tractable cluster. Calculations were performed in MRCC 2020 at the def2-TZVPP level with “Normal”

LNO threshold settings.

# of RDF peaks # of Mg ions LMP2 Error

1 6 7.68 0.38

2 14 7.48 0.17

3 38 7.33 0.02

4 68 7.31 0.00

TABLE S10. Change in O vacancy formation energy (EOv) with cluster size – generated using the SKZ-

CAM approach – at the LMP2 and LNO-CCSD(T) level for the (001) MgO surface. Calculations were

performed in MRCC 2020 at the def2-TZVPP level with “Normal” LNO threshold settings.

# of RDF peaks # of Mg ions LMP2 Error LNO-CCSD(T) Error

1 4 7.14 0.25 6.84 0.26

2 5 7.05 0.17 6.76 0.18

3 9 6.98 0.09 6.68 0.10

4 17 6.93 0.05 6.62 0.04

5 21 6.88 -0.01 6.55 -0.03

6 25 6.85 -0.04 6.53 -0.05

7 29 6.84 -0.04 6.52 -0.06

8 33 6.87 -0.01 6.56 -0.02

9 41 6.88 -0.01 6.57 -0.01

10 42 6.88 0.00 6.58 0.00

B. TiO2

Figure S6 plots the deviation of EOv w.r.t. the 21 Ti ion SCC for TiO2 surface. For clusters

larger than the SCC, there is little change in the HF, LMP2 and PBE0 levels, all to within the gray
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0.05 eV error bar. PBE shows strong deviations due to the aforementioned odd-even oscillations

in Sec. S12. At the SCC size, the PBE EOv of 5.00 eV shows good agreement to the supercell

calculation (5.07 eV) and we have established good agreement (to within 0.03 eV) for the PBE0

functional in the main text.
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FIG. S6. Deviation in the O vacancy formation energy (EOv) from the 21 Ti ion SCC for quantum clusters

larger and smaller than the SCC of TiO2 surface at the PBE, PBE0, HF and LMP2 levels of theory.

S12. ODD-EVEN OSCILLATIONS IN TIO2 SURFACE

The poor convergence of the TiO2 surface with cluster size (Fig. 3 (d) in the main text) is

a result of the presence of odd-even oscillations in EOv as Ti ions are appended along the two

crystallographic axes of the TiO2 surface. These odd-even oscillations in EOv are illustrated in

Fig. S7. Starting from a base quantum cluster (e.g. Structure 1), we have appended additional Ti

ions along the [110], [001] and [1̄10] directions of the cluster to create larger clusters along those

directions, as seen in Fig. S7 (a). The change in EOv for increasing cluster size along these three

directions is depicted in Fig. S7 (b). We observe large oscillation amplitudes in EOv in the range

of 0.4 and 0.2 eV for the [1̄10] and [001] directions respectively, with no oscillations in the [110]

direction.
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FIG. S7. Observed odd-even oscillations in O vacancy formation energy (EOv) as Ti ions are added along

the [110], [001] and [1̄10] crystallographic directions of the (110) rutile surface. Starting from structure 1 of

panel (a), we created larger clusters by appending additional Ti ions along these directions, whilst keeping

the cluster symmetric around the O vacancy – colored in yellow with a black outline. Calculations were

performed at PBE-DFT level with def2-SVP basis set.

S13. LNO THRESHOLD CONVERGENCE

Table S11 compares the deviation of EOv computed at the “Loose”, “Normal” and “Tight” LNO

threshold settings w.r.t. canonical CCSD(T) results for a MgO (001) surface cluster with 5 Mg ions

(consisting of the first two RDF shells). Our results indicate that Normal settings give accuracy to

within 0.03 eV or less compared to canonical CCSD(T), better than chemical accuracy (0.04 eV).

We expect these conclusions to hold for other systems as well and have not performed these tests
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due to the computational cost of canonical CCSD(T) calculations.

TABLE S11. EOv computed at the “Loose”, “Normal” and “Tight” LNO threshold settings compared to

canonical CCSD(T) results for MgO (001) surface cluster with 5 Mg ions (consisting of the first two RDF

shells). Errors are quoted w.r.t. canonical results. Calculations were performed using the A’VXZ basis set

(e.g. cc-pVXZ and aug-cc-pvXZ basis sets on the Mg and O ions respectively) at the double-zeta (DZ) and

triple-zeta (TZ) levels. Complete basis set extrapolation with these two basis sets was performed using

parameters taken from Neese and Valeev4.

LNO threshold DZ Error TZ Error CBS Error

Loose 6.57 −0.05 6.78 −0.14 6.91 −0.19

Normal 6.59 −0.03 6.89 −0.02 7.07 −0.02

Tight 6.60 −0.02 6.91 −0.01 7.09 0.00

Canonical 6.62 0.00 6.91 0.00 7.09 0.00

S14. FINAL OV FORMATION ENERGY ESTIMATES

Table S12 shows the final estimates of EOv for various DFT levels as well as correlated wave-

function methods. Values are given for both the case where the appropriate O2 binding energy from

Table S1 is used as well as when a correction using the experimental binding energy is applied.

As can be seen, the use of the experimental binding energy correction lowers the mean absolute

error (MAE) w.r.t. LNO-CCSD(T) of the GGA functionals (i.e. from 0.85 eV to 0.32 eV for PBE),

but this correction does not significantly change the errors for other methods since they match

experimental binding energies sufficiently well already (see Table S1). The only major exception

is LMP2, with errors that increase by ∼0.2 eV upon using the experimental binding energy.
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TABLE S12. EOv estimates at various levels of DFT XC functional approximations for the SCCs of

rocksalt MgO and rutile TiO2, in their bulk and common surface planes. The final estimate of the B2PLYP,

LMP2, LNO-CCSD and LNO-CCSD(T) are also given. The first half of the table gives the results when the

O2 binding energy corresponding to the appropriate method is used to compute EOv whilst the second half

gives results when the experimental binding energy of 5.22 eV1 is applied instead. Errors are given w.r.t.

the final LNO-CCSD(T) estimate. The computational details for these calculations can be found in the main

text. The final mean absolute error (MAE) row excludes the LMP2 and LNO-CCSD methods.

Method binding energy

MgO Bulk Error MgO Surface Error TiO2 Bulk Error TiO2 Surface Error MAE

PBE 6.66 -1.02 6.15 -1.03 5.67 -0.72 5.00 -0.55 0.83
BP86 6.85 -0.83 6.31 -0.87 5.71 -0.68 5.06 -0.50 0.72
BLYP 7.11 -0.56 6.54 -0.64 5.66 -0.73 4.91 -0.64 0.64
TPSS 6.87 -0.81 6.34 -0.85 5.86 -0.53 5.15 -0.41 0.65
SCAN 7.43 -0.25 6.74 -0.44 6.27 -0.12 5.43 -0.12 0.23
PBE0 6.99 -0.69 6.39 -0.79 6.07 -0.32 5.41 -0.14 0.49
HSE06 7.06 -0.61 6.46 -0.73 6.08 -0.31 5.40 -0.15 0.45
B3LYP 7.41 -0.27 6.76 -0.42 6.05 -0.34 5.32 -0.23 0.32
ωB97X 7.34 -0.34 6.79 -0.39 6.28 -0.11 5.49 -0.06 0.23
B2PLYP 7.58 -0.10 7.01 -0.17 6.12 -0.27 5.52 -0.03 0.14
LMP2 7.84 0.16 7.41 0.23 6.40 0.01 5.52 -0.03 0.11
LNO-CCSD 7.95 0.27 7.24 0.06 6.72 0.33 5.64 0.09 0.19
LNO-CCSD(T) 7.68 – 7.18 – 6.39 – 5.55 –
MAE 0.55 0.63 0.41 0.28

Experimental binding energy

MgO Bulk Error MgO Surface Error TiO2 Bulk Error TiO2 Surface Error MAE

PBE 7.16 -0.49 6.64 -0.51 6.16 -0.20 5.50 -0.02 0.31
BP86 7.31 -0.34 6.77 -0.38 6.18 -0.19 5.52 0.00 0.23
BLYP 7.43 -0.22 6.86 -0.29 5.98 -0.39 5.23 -0.29 0.30
TPSS 7.00 -0.65 6.47 -0.68 5.99 -0.37 5.28 -0.24 0.49
SCAN 7.57 -0.08 6.89 -0.26 6.42 0.06 5.58 0.06 0.11
PBE0 7.07 -0.58 6.47 -0.68 6.15 -0.21 5.49 -0.04 0.38
HSE06 7.12 -0.53 6.51 -0.64 6.14 -0.22 5.45 -0.07 0.37
B3LYP 7.46 -0.19 6.81 -0.34 6.10 -0.26 5.37 -0.15 0.24
ωB97X 7.43 -0.22 6.88 -0.27 6.37 0.01 5.58 0.06 0.14
B2PLYP 7.65 0.00 7.08 -0.07 6.19 -0.18 5.59 0.06 0.08
LMP2 8.06 0.41 7.63 0.48 6.62 0.26 5.74 0.21 0.34
LNO-CCSD 7.74 0.09 7.03 -0.12 6.51 0.14 5.43 -0.09 0.11
LNO-CCSD(T) 7.65 – 7.15 – 6.36 – 5.52 –
MAE 0.33 0.41 0.21 0.10
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S15. ASSESSING DIFFERENCES TO THE ∆CCSD(T)
PBE METHOD

In this section, we have performed our own calculations to understand the observed discrepancy

of 0.83 eV between our LNO-CCSD(T) EOv of 7.68 eV for MgO bulk with the value of 6.85 eV

by Richter et al.5 using the ∆CCSD(T)
PBE approach. The ∆CCSD(T)

PBE method of Richter et al. determines

EOv through the embedded cluster approach with the following equation:

E∆CCSD(T)
PBE

Ov = ECCSD(T)
Ov [Mg6O9]−EPBE

Ov [Mg6O9]+EPBE
Ov [Mg14O19], (3)

where the first two terms on the right computes the difference in EOv between CCSD(T) and

PBE in a small Mg6O9 quantum cluster whilst the last term is the EOv for a converged Mg14O19

quantum cluster. Both clusters are visualized in Fig. S8.

FIG. S8. The (a) Mg6O9 and (b) Mg14O19 quantum clusters used to study the Ov in the work of Richter et

al.5.

In Table S13, we have recomputed the EOv from the ∆CCSD(T)
PBE approach and compared each of

the individual terms in Eq. 3 to assess where differences may arise. The EPBE
Ov [Mg14O19] system

used by Richter et al. allowed for relaxation of the Mg ions close the Ov, whilst in our work, we

have not allowed for this relaxation. If no relaxation around the Ov is used, as we have done in

this work, Richter et al. would obtain a EOv of 6.97 eV compared to 6.85 eV for the relaxed clus-

ter. Thus, relaxation effects in the Mg14O19 cluster accounted for 0.12 eV in the difference w.r.t.

our LNO-CCSD(T) estimate. Our calculations with LNO-CCSD(T) with “Tight” LNO thresh-

olds, using the same A’C’VXZ basis set and frozen core treatment as Richter et al. produces a

∆LNO-CCSD(T)
PBE value of 7.73 eV, which is ∼ 0.1 eV higher than our best EOv estimate using a large

38 Mg ion cluster in Table S12. Thus, there is still a large difference w.r.t. the values obtained by

Richter et al. even if the ∆CCSD(T)
PBE method is reproduced.
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Considering the individual terms of Eq. 3 in both our calculation and that of Richter et al. in

Table S13, we find that the the PBE EOv value obtained from the Mg6O9 and Mg14O19 clusters

are similar between the two studies. There is a increase of 0.08 eV for the two clusters in our

study due to the use of different lattice parameters (R2SCAN in this work whilst PBE was used by

Richter et al.). The main culprit for the different EOv values between the two studies lies within

the EOv value computed with CCSD(T) or LNO-CCSD(T) on the Mg6O9 quantum cluster.

TABLE S13. The ∆CCSD(T)
PBE computed values of EOv from the supplementary material of Richter et al. as

well as explicit calculations on the same quantum clusters which we performed in this study.

ECCSD(T)
Ov [Mg6O9] EPBE

Ov [Mg6O9] EPBE
Ov [Mg14O19] ∆CCSD(T)

PBE

Richter et al.5 7.09 7.18 7.06 6.97

This work 7.84 7.25 7.14 7.73

We have shown above that 0.2 out of the 0.8 eV difference between our best LNO-CCSD(T)

estimate and the ∆CCSD(T)
PBE estimate of Richter et al. arises due to differences in lattice parameter

and inclusion of relaxation effects by Richter et al.. The remaining 0.6 eV gap could arise from

differing electrostatic embedding environments (e.g. point charge and ECP regions) between the

two studies. Our work and others6 have indicated that cWFT methods are highly sensitive to

the electrostatic embedding environment compared to DFT and this requires careful convergence,

such as those in Table S9 or Fig. 4 of the main text.
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