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Figure S1. Formation energy of an oxygen vacancy as a function of lattice strain compared to the
vacancy formation in bulk ceria. Yellow star represents the vacancy formation energy for
unstrained bulk ceria reported by Gopal et al 1. For creating an oxygen vacancy in unstrained ceria,
we have compared the different Ce3* locations in ceria. The most stable configuration of V&® has
2Ce" next nearest neighbored to it, which is about 0.5 eV more stable than that 2Ce®" locates
nearest-neighbored to the V&®, as shown in Table S8. For V&, the next nearest neighbored
locations of Ce3* is 0.18 eV more favored over the nearest-neighbored locations as shown in Table
S9. These findings agree well with the results reported by Ganduglia-Pirovano et al.> By
comparison, we have investigated the different Ce®* locations at -4%, -3% -2%, 2%, and 4% strain
as shown in Tables S8 and S9. The preference of Ce3* locations for both V& and V& is not
affected by strain, which is consistent with Ma’s findings®. For each vacancy formation, the energy
difference between different Ce3* locations is below 0.5 eV and the reported polaron hopping
between different Ce* locations is facile*®. In addition, vacancy formation and diffusion is not
fundamental step to the discussions on the efficient reaction pathway or TOF as shown in Figure
5 and 6 in the manuscript. Herein, all Ce3* locations are nearest-neighbored to an oxygen vacancy
or hydroxyls.
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Top Views

Side Views

Figure S2. The top and side views of labelled cerium atoms with atom numbers in the top and

subsurface layers of CeO2(111). Color legend is the same as shown in Figure 1.
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Figure S3. Spin-polarized density of states projected on O 2p and Ce 4f orbitals of strained and
unstrained CeO2(111). The O 2p and Ce 4f band centers are,labeled and marked by blue and red
arrows, respectively. The Fermi level is set to zero. The density of states are calculated using a I'-
centered 13x13x1 k-point mesh.
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Figure S4. Hydroxyl decomposition into Hz on the 2H* with the most favorable Ce®* locations
of NNsu-NNsyr, compared to Ce®* locations of NNsu-NNNsu» and NNNsus-NNsup. We found the
same transition sate (TS) for H, formation on the 2H* with different Ce®* locations, where one H
moves close to the other H leading to the breaking of one O-H. At the TS, there is only one Ce®*
locating at number 3 cerium as labelled in Figure S4. The configurations of 2H* and *+H; are
present in Figure 2 in the manuscript. For further description of the Ce3* locations refer to Figure
S2 and Table S2.
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Figure S5. Brgnsted-Evans-Polanyi (BEP) scaling relationships for the hydroxyl decomposition
to form hydrogen on the different hydroxylated CeO2(111) surfaces with different strain. The
annotation (-4%, 5H*) indicates the activation energy is calculated for a CeO>(111) surface under
-4 % strain and adsorbed with 5H.

Descriptors for Ea

“Seven pillars” describing the geometric and electronic properties, has been proposed to
contribute to the selectivity in the heterogeneous oxidation catalysis.® Capdevila-Cortada et al. ’
successfully developed the descriptor analysis in methanol conversion on doped CeO>(111).

Inspired by these investigations, we assess the following geometric and electronic descriptors:

(1) Geometric descriptors:
(a) The lattice parameter, a, which is directly affected by strain and can be experimentally
measured from the XRD8.
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(b) The Ce-O distance, rce-o, turns out ot be linearly dependent on the lattice parameter as
shown in Figure S6. Thus, we only consider lattice parameter as the geometric
descriptor in this study.

(2) Electronic descriptors:

(@) The basicity of lattice oxygen which is obtained using the O (2p) band center €0y In

addition, Ce (4f) band center, € oty is also used to describe the electron localization

on Ce 4f states and redox ability of CeO2(111). The basicity can be experimentally
assessed by studying the adsorption of the CO or NHj3 using FTIR spectroscopy®.

(b) The redox character, Ereq, Which is the energy for reduction of one Ce** to Ce®".
Temperature-programmed reduction (TPR) or isotopic exchange can directly give

information on the redox character’. The reduction energy is by the reduction

reaction Ce0, - Ce,05 + 1/2 0,.
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Figure S6. Top: the Ce-O distance, rce-o, depends linearly on the bulk lattice parameter, a. Bottom:
Ea versus the Ce-O distance for hydroxyl decomposition on the partially (gray spheres) and
excessively hydroxylated (blue diamonds) surface.
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Figure S7. Activation energy for hydroxyl decomposition as a function of the lattice parameter, a,

the reduction energy, Ered, the Ce 4f band center, ecen, or O 2p band center, eo2p). The reactions

on partially and excessively hydroxylated CeO>(111) are marked, respectively, in grey and blue.

The green line shows the scaling between Ea and a (including the data under -4% strain).
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Figure S8. Simplified free energy diagrams for hydroxyl decomposition on the partially (2H*),
fully (4H*) and excessively (5H*) hydroxylated CeO>(111) under different strain at 1000 K. A

solid line highlights the most efficient reaction pathway at each lattice strain.
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Figure S9. Simplified free energy diagrams for hydroxyl decomposition on partially (2H*), fully
(4H*) and highly (5H*) hydroxylated CeO2(111) under different strain at 1200 K. A solid line

highlights the most efficient reaction pathway at each lattice strain.
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Figure S10. Free energy of partially (2H*), fully (4H*) and excessively (5H*) hydroxylated

Ce02(111) as a function of temperature and lattice parameter. We find a linear scaling between

the operating temperature and the free energy of hydroxylated CeO>(111) surfaces such as 2H*,

4H* and 5H*. The free energy of 2H*, 4H* and 5H* can be fitted by experimentally measurable

descriptors such as temperature (T) and the lattice parameter (a) as follows:

Gy(2H) = 0.0016T — 3.4511a + 16.5280

Gy (4H) = 0.0033T — 6.0038a + 28.0780
Gy (5H) = 0.0041T — 8.8822a + 44.6850
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Figure S11. Calculated lattice parameter of doped bulk ceria as a function of the dopant ionic
radius. Numbers in parentheses denote the strain of undoped ceria with the same lattice parameter

as the doped ceria.
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Figure S13. The free energy span for WSR pathways on the partially (2H*), fully (4H*), and
excessively (5H*) hydroxylated CeO2(111) at 800 and 1000 K.
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Table S1. Lattice parameter, Ce-O bond length, O 2p eop)and Ce 4f ecear band centers of strained
Ce02(111). The centers of the O 2p and Ce 4f bands are referenced to the Fermi level.

Thiswork | a(A) | rceo (A) | coep (€V) | ecewn (€V)
CeO> 5.497 | 2.376 -1.51 2.19
+4% 5717 | 2.432 -1.56 1.76
+2% 5.607 | 2.405 -1.56 1.98
-2% 5.387 | 2.348 -1.59 2.23
-3% 5.332 | 2.336 -1.67 2.20
-4% 5.277 | 2.323 -1.64 2.24

Marcel’s work® | a (A) | rceo (A)
CeO> 5497 | 2.375
+2% 5.607 | 2.404
-2% 5.387 | 2.348
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Table S2. The locations (atomic numbers) of Ce®" states during pathways for the hydrogen
production on partially (2H*), and excessively (5H*) hydroxylated CeO>(111), under
different strain. All Ce®* states are nearest-neighbored to an oxygen vacancy or hydroxyls. Atom

numbering refers to Figure S2. The configurations of each intermediates are shown in Figure 2.

Strain | * Vo | TS1 | Vo +H20a0s | TS2 2H* TS3 +H>
4% 13 | @w3)| (4 2,4) (3,4) (4)

-3% 13 |4 @4 2,4) (3,4) (4)

2% 13 |4 @4 2,4) 1,2) @)

0% 13 | @w3)| (4 2,4) 2,3) 3)

2% 13 | @w3)| (a4 (2.4) 2,4) )

4% 13 | @4 @4 2,4) 1,2) )

4% | (1,34) | (1,2,347) (1,2347) | (1,2,3,4,8) 1234) | (234) | (34
3% | (2,34) | (1,2,34,7) (1,2,346) | (1,2347) (1.234) | 234) | (34)
2% | (1,24) | (1,2,3,4,6) (1,2,346) | (1,2,3,4,6) (1.234) | 134) | (13)
0% | (1,23) | (1,2,347) (1,2,34.8) | (1,2,3,4,8) 1,234 | 1,23 | 13)
2% | (1,34) | (1,2,3,4.6) (1,2,346) | (1,2,3.4.6) 1234) | 124 | @2
4% | (1,2.4) | (1,2,3,4,5) (12347 | (12347 1234 | 124 | @2
Strain | 3H* | 3H*+Vo® | TS1' | 3H*+Vo™" | +HoOass | TS2" 5H* Ts3" | 3H*+H:
4% | (1,34) | (1,2,34,7) 12347 | (1,2348) | 1,234) | (1,24) (1,3,4)
3% | (2,34) | (1,2,34,7) (1,2,346) | (1,2,3,4,7) 1,2347) | 1,234) | (2,34)
2% | (124) | (1,2,346) (1,2,3,4,6) | (1,2,3,4,6) (1,2347) | (1,234) | (1,2,4)
0% | (1,2,3) | (1,2,3,4,7) (1,23,4,8) | (1,2,3,4.8) 1,2347) | (1,234) | (1,2,3)
2% | (1,34) | (1,2,3,4,6) (1,2,3,4,6) | (1,2,3,4,6) (1,2347) | (1,234) | (1,2,4)
4% | (1,2,4) | (1,2,34,5) (1,2347) | (1,2,3.4,7) 1,2347) | (1,234) | (2.34)
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Table S3. Adsorption energy of 2H with different Ce®* locations (atom numbers) on unstrained
ceria. Atom numbering refers to Figure S2. NNN and NN represent Ce** locating next nearest
neighbor and nearest neighbor to hydroxyls, respectively. The subscripts of “sur” and “sub”
represent Ce®* locating in the top surface and subsurface, respectively.

Ce*" locations to the Vo™ | Atomic number of Ce** | E(2H)
NNsur-NNsur (2,3) -2.45
NNNSsub-NNsub (5,7) -2.15
NNsur-NNNsub 2,7 -2.01

Table S4. Free energies of reduced states during pathways for the hydrogen production on

partially (2H*), and excessively (5H*) hydroxylated CeO2(111), under different strain
at 800 K.
Strain | * Vosub TS1 VOU | +HpOags | TS2 | 2H* | TS3 | *+H2
-4% | 0.00 0.20 1.37 0.69 1.06 -0.24 | 220 | 0.00
-3% | 0.00 0.10 0.78 0.50 0.87 -050 | 2.39 | 0.00
-2% | 0.00 0.08 0.77 0.31 0.64 -0.69 | 2.30 | 0.00
0% | 0.00 -0.29 0.55 -0.16 0.26 -1.06 | 1.98 | 0.00
2% | 0.00 -0.59 0.03 -0.65 -0.12 -1.43 | 1.85 | 0.00
4% | 0.00 070 |-054| -1.16 -0.44 -1.79 | 1.64 | 0.00
-4% | -0.54 0.81 0.25 0.88 -0.81| 1.93 | -0.24
-3% | -0.56 0.37 0.12 0.58 -1.14 | 1.85 | -0.50
-2% | -1.08 0.08 -0.55 0.18 -1.47 | 1.52 | -0.69
0% |-1.60| -0.66 -1.38 -0.53 -2.14| 095 | -1.06
2% |-2.05| -1.26 -1.89 -1.44 -2.80 | 0.43 | -1.43
4% |-269| -221 -2.68 -2.18 -3.45|-0.13 | -1.79
Strain | 3H* | 3H*+Vo* | TS1' | 3H*+V0™" | +H204gs | TS2"" | 5H* | TS3" | 3H*+H>
-4% | -0.54 0.81 0.25 088 | 1.88 | 1.39 -0.59
-3% | -0.56 0.37 0.12 0.58 0.84 | 154 | -0.56
-2% | -1.08 0.08 -0.55 0.18 024 | 1.22 | -1.08
0% |-1.60| -0.66 -1.38 -0.53 -0.70 | 055 | -1.60
2% |-205| -1.26 -1.89 -1.44 -1.70 | -0.07 | -2.05
4% |-269| -221 -2.68 -2.18 251 |-0.74 | -2.68
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Table S5. Free energies of reduced states during pathways for the hydrogen production on the

partially (2H*), and excessively (5H*) hydroxylated CeO2(111), under different strain
at 1000 K.
Strain | * \/osub TS1 \osur +H20ads | TS2 | 2H* | TS3 | *tH:
-4% | 0.00 0.18 1.35 0.67 1.14 0.03 | 247 | 0.00
-3% | 0.00 0.08 0.76 0.48 0.95 -0.23| 2.66 | 0.00
-2% | 0.00 0.06 0.75 0.29 0.72 -041| 258 | 0.00
0% | 0.00 -0.31 0.53 -0.19 0.34 -0.78 | 2.26 | 0.00
2% | 0.00 -0.62 0.01 -0.67 -0.04 -1.15| 2.13 | 0.00
4% | 0.00 -0.72 -056 | -1.19 -0.36 -152| 191 | 0.00
-4% | -0.12 1.21 0.64 1.38 -0.26 | 248 | 0.03
3% |-0.14 0.77 0.52 1.08 -0.58 | 241 | -0.23
2% | -0.67 0.47 -0.16 0.68 -0.92| 207 | -041
0% |-1.19 -0.27 -0.99 -0.04 -158| 151 | -0.78
2% |-1.64| -0.87 -1.50 -0.95 -2.25| 098 | -1.15
4% |-2.28 -1.81 -2.29 -1.68 -2.89| 043 | -152
Strain | 3H* | 3H*+Vos® | TS1' | 3H*+Vosur | +H0a4s | TS2" | 5H* | TS3" | 3H*+H>
-4% | -0.12 1.21 0.64 1.38 | 2.38 | 2.08 -0.12
3% |-0.14 0.77 0.52 1.08 154 | 224 | -0.14
2% | -0.67 0.47 -0.16 0.68 093 | 1.91 | -0.71
0% |-1.19 -0.27 -0.99 -0.04 -001| 124 | -1.19
2% |-1.64| -0.87 -1.50 -0.95 -1.00 | 0.63 | -1.64
4% |-2.28 -1.81 -2.29 -1.68 -1.82 | -0.05 | -2.26
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Table S6. Free energies of reduced states during pathways for the hydrogen production on the

partially (2H*), and excessively (5H*) hydroxylated CeO2(111), under different strain

at 1200 K.

Strain | * Vosub TS1 Vo' | +HpOads | TS2 | 2H* | TS3 | *+H2
-4% | 0.00 0.13 1.30 0.62 1.58 0.34 | 2.78 | 0.00
-3% | 0.00 0.03 0.71 0.43 1.39 0.08 | 2.97 | 0.00
-2% | 0.00 0.01 0.70 0.24 1.16 -0.11 | 2.88 | 0.00
0% | 0.00 -0.36 0.48 -0.23 0.78 -0.47 | 257 | 0.00
2% | 0.00 -067 |-004| -0.72 0.40 -0.84 | 2.44 | 0.00
4% | 0.00 077 |-061] -1.23 -2.92 -1.21| 222 | 0.00
-4% | 0.33 1.62 1.05 2.28 035 | 3.09 | 0.34
-3% | 0.32 1.17 0.92 1.98 0.03 | 3.02 | 0.08
2% |-0.21 0.88 0.25 1.58 -0.31| 268 | -0.11
0% |-0.73 0.14 -0.58 0.86 -0.97 | 212 | -0.47
2% |-1.18| -0.46 -1.09 -0.05 -1.64 | 159 | -0.84
4% |-1.82| -1.41 -1.88 -0.79 228 | 1.04 | -1.21
Strain | 3H* | 3H*+Vo™ | TS1' | 3H*+Vo*r | +H,0ags | TS2" | 5H* | TS3" | 3H*+H:
-4% | 0.33 1.62 1.05 228 | 3.28 | 2.84 0.33
-3% | 0.32 1.17 0.92 1.98 2.30 | 3.00 | 0.32
2% |-0.21 0.88 0.25 1.58 1.69 | 2.67 | -0.21
0% |-0.73 0.14 -0.58 0.86 0.76 | 2.01 | -0.73
2% |-1.18| -0.46 -1.09 -0.05 -0.24| 139 | -1.18
4% |-1.82| -1.41 -1.88 -0.79 -1.05| 0.72 | -1.81
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Table S7. AGH, Ea and the free energy span required for the WSR on partially (2H*),

and excessively (5H*) hydroxylated CeO>(111), respectively, at 800, 1000 and 1200 K.

T=800 K 2H* 5H*

Strain AGH Ea Etotal AGH Ea Etotal AGH Ea Etotal
-4% 0.57 2.44 3.01 0 2.74 2.74 2.69 0 2.69
-3% 063 |289| 352 0 299 | 299 198 |0.70| 2.68
-2% 0.78 2.99 3.77 0 2.99 2.99 1.71 0.98 2.69

0 1.08 3.04 4.12 0 3.09 3.09 1.44 1.25 2.69

2% 1.38 3.28 4.66 0 3.23 3.23 1.11 1.63 2.74

4% 1.65 3.43 5.08 0 3.32 3.32 0.94 1.77 2.71
T=1000 K 2H* 5H*

Strain AGH Ea Etotal AGH Ea Etotal AGH Ea Etotal
-4% 0.29 2.44 2.73 0 2.74 2.74 2.84 0 2.84
-3% 035 [289| 324 0 299 | 299 212 |0.70| 282
-2% 0.50 2.99 3.49 0 2.99 2.99 1.85 0.98 2.83

0 0.81 3.04 3.85 0 3.09 3.09 1.58 1.25 2.83

2% 1.10 3.28 4.38 0 3.23 3.23 1.25 1.63 2.88

4% 1.37 3.43 4.80 0 3.32 3.32 1.07 1.77 2.84
T=1200 K 2H* 5H*

Strain AGH Ea Etotal AGH Ea Etotal AGH Ea Etotal
-4% 0.13 2.44 2.57 0.35 2.74 3.09 3.28 0 3.28
-3% 0.03 2.89 2.92 0.03 2.99 2.30 0.70 3.00
-2% 0.20 [299| 319 0 299 | 299 200 098 | 2098

0 0.50 3.04 3.54 0 3.09 3.09 1.73 1.25 2.98
2% 0.80 3.28 4.08 0 3.23 3.23 1.40 1.63 3.03
4% 1.07 3.43 4.50 0 3.32 3.32 1.23 1.77 3.00
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Table S8. Formation energy of creating one oxygen vacancy in the subsurface E(Vo™) of
CeO2(111), at -4%, -3%, -2%, 0, 2%, and 4% strain with different locations of Ce®*". Atom
numbering refers to Figure S2. NNN and NN represent Ce®* locating next nearest neighbor and
nearest neighbor, respectively. The subscripts of “sur” and “sub” represent Ce®* locating in the top

surface and subsurface, respectively.

Ce** locations to the Vo*® | Atomic number of Ce®* | -4% | -3% | -2% | 0 |2% | 4%
NNNsur-NNNsub (2,6) 251232214 175|141 |1.01
NNNsur-NNsyr (1,2) 271 | 2.48 1225 |1.90 | 1.49 | 1.08
NNNsur-NNsup (2,5) 2.84 | 262 | 242 |1.95|156 |1.05
NNsur-NNNsub (1,6) 2.75 | 2.33 [ 240 | 2.20 | 1.69 | 1.25
NNsur-NNsur (1,3) 2.73 | 2.70 | 253 | 2.23 | 1.97 | 1.56
NNsur-NNsup (1,5) 3.04 | 2.88 | 2.68 | 2.29 | 2.10

Table S9. Formation energy of creating one oxygen vacancy in the top surface E(Vo™") of
Ce0,(111), at -4%, -3%, -2%, 0, 2%, and 4% strain with different locations of Ce3*. Atom
numbering refers to Figure S2.

Ce** locations to the Vo' | Atomic number of Ce®* | -4% | -3% | -2% | 0 | 2% | 4%

NNNsu-NNNsup (5,7 322 (294|264 | 211 1.60

NNsur-NNNsyr (1,2) 319 (295 (270|219 | 1.68 | 1.15

NNsur-N Ny (2,4) 3.22 |3.03 (284 |237|1.88 | 1.37

NNsur-NNNsyb 2,7 349 (319 (294 | 246 | 1.93 | 1.46
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