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ABSTRACT 

Ceria is a promising cathode material in Solid Oxide Electrolysis Cells (SOEC) because ceria 

can become a mixed electronic and ionic conductor through doping, which enables a high 

surface area for electrocatalysis. Here, we systemically investigate the effect of strain on the 

electrocatalytic water splitting reaction (WSR) for renewable hydrogen production on CeO2(111) 

by using density functional theory corrected for on-site Coulomb interactions (DFT+U). We find 

tensile strain stabilizes the reduced states of ceria such as oxygen vacancies and surface 

hydroxyls, while compressive strain destabilizes the reduced states. These trends are explained 

by a downshift of the Ce 4f orbital energy under tensile strain and agree with the larger size of 

the Ce3+ ion than the Ce4+ ion. Our results show that hydroxyl decomposition into H2 has the 

highest activation energy along the WSR pathway (Ea) and that the free energy of hydroxyl 

formation (ΔGH) prior to hydroxyl decomposition can act as a thermodynamic barrier to the 

WSR. Compressive strain (< -3.0%) correlates strongly with increased WSR activity on 

CeO2(111) because it reduces the total barrier (ΔGH+Ea). Strain also effectively engineers the 

reaction pathway of the WSR at T >1000 K. By comparing the total reaction barrier on different 

hydroxylated surfaces, the WSR is found to proceed readily via a Ce-H intermediate on 

excessively hydroxylated CeO2(111) under tensile strain because of the lower barrier, while the 

WSR proceeds preferentially and readily on the partially or fully hydroxylated CeO2(111) under 

compressive strain. In addition, a direct mapping between the most efficient WSR pathway and 

strain at different operating temperatures provides a better understanding on the efficient WSR 

on the CeO2(111) by strain engineering, which sheds light on electrocatalysis on oxide catalysts. 

 

KEYWORDS: Sustainable Hydrogen Production, Ceria, Strain Effect, DFT Simulations, 

Descriptor Analysis 
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INTRODUCTION 

Production of clean fuel with zero carbon emissions can be facilitated by sustainable production 

of hydrogen1,2. The electrocatalysis of the water splitting reaction (WSR) powered by renewable 

energy (such as wind energy and solar energy) provides a promising approach to achieve this 

goal1,2. Compared to low temperature electrolysis cells, solid oxide electrolysis cells (SOEC) 

may efficiently reduce water to hydrogen at low overpotentials by utilization of waste heat at 

higher temperatures.3–5 However, electrodes in SOEC are mechanically unstable because of 

cracking at the triple phase boundaries (TPBs) between the gas channels, the solid electrolyte 

and the electrode.4,6  The important scientific challenge for achieving renewable hydrogen 

production in SOEC is to develop an earth-abundant, stable and active catalyst, which can extend 

the WSR from the limiting TPBs to a two-phase boundary with a much wider surface area and 

promote the WSR. 

  As a good mixed ionic and electronic conductor, ceria (CeO2) has been widely used in many 

catalytic processes not only as a support, but also as an efficient active component in redox 

reactions such as oxygen storage in three-way catalysts7–9, water-gas shift reaction10–12 and 

production of fossil fuel using solar thermochemical cycles13,14. Ceria has also attracted 

significant interest among the identified materials for electrocatalysis of the WSR in SOEC due 

to several superior properties: (i). the ceria/gas interface is accessible to both ionic and electronic 

carriers as well as gas molecules, which can extend the reaction zones from the TPBs to a two-

phase (ceria/gas) boundary15,16, (ii) the fast ionic conductivity facilitates the reaction activity of 

ceria. The reactions associated with H2 production, and H2O splitting on ceria have been studied 

extensively, demonstrating that the catalytic behavior of ceria can be influenced by its mixed 

valence Ce3+/Ce4+ redox states, the mobility of oxygen ions (oxygen vacancy diffusion)3,17,18 and 

the positive entropy contribution that is associated with the 𝑓! → 𝑓" transition19.  

Electrocatalysis of the WSR on ceria includes several steps3: oxygen vacancy diffusion to the 

surface, water adsorption near the oxygen vacancy (VO), water dissociation into hydroxyls 

(H#O$%& +	2Ce'( + V) + O#* → 2OH* + 2Ce'() and finally hydroxyl decomposition to release 

hydrogen ( 2OH* + 2Ce'( → 𝐻# +	2Ce+( + 2O#* ). On excessively hydroxylated ceria, 

however, water dissociation and release of H2 might involve the formation of a Ce-H 

intermediate (H#O$%& +	2Ce'( + V) → OH* + Ce+( + Ce4+𝐻* → 𝐻# +	2Ce+( + O#*)17. Both 
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theoretical and experimental studies have found OH species 17,20 play an important role in 

limiting the WSR activity in ceria-based catalysis and demonstrated that the rate-determining 

step (RDS) of the WSR on ceria is associated with the oxidation of Ce3+ to Ce4+ during hydroxyl 

decomposition into H2.3,17  

  To overcome the limitations of hydroxyl decomposition, strain engineering is a promising 

approach due to its significant influence on the local atomic structure and chemical reactivity.21–

26 Because the variation of strain is an unavoidable consequence during the fabrication of 

nanostructured ceria and ionic incorporation into ceria, the strain effect on ceria has been widely 

reported25–33, although the focus has mostly been on oxygen formation and oxygen ionic 

transport.27–33  Even though impressive progress has been made on understanding reaction 

pathways and reaction mechanism for the WSR on ceria17,19,20, the fundamental understanding of 

the effect of strain on the reaction kinetics and the formation of intermediates (such as oxygen 

vacancies, hydroxyls and their mixed phase) that, determines the reaction pathways remains 

unclear. Here, the effect of strain on the formation of oxygen vacancies, hydroxyls and oxygen-

hydroxyl mixed phases on the CeO2(111), as well as the effect on the activation barriers for 

oxygen vacancy diffusion, water dissociation into hydroxyls and the following hydroxyl 

decomposition is systematically investigated by performing DFT+U calculations. In addition, we 

provide a direct mapping between the most efficient WSR pathway and strain at operating 

temperature. Our investigations provide insights into the strain effect on the thermodynamics of 

WSR intermediates and reaction kinetics. 

 

METHODS 

Spin polarized DFT calculations are performed using the Vienna Ab-initio Simulation Package 

(VASP)34,35, with the Perdew-Becke-Ernzerhof (PBE) functional36. The ionic cores are described 

by projector augmented wave method (PAW)37 and the wave functions are expended in plane 

waves with an energy cutoff of 550 eV. The exchange and correlation is approximated including 

aspherical gradient corrections within the PAW augmentation spheres (using standard PAW 

potentials). We use the DFT+U approach38 to describe electron localization on the 4f states of the 

reduced cerium atoms. The value of effective Hubbard U term used in this work is 4.5 eV, which 
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has been an appropriate correction to ensure electron localization on Ce3+.39–44 On the other hand, 

lower values of U appear to be required to match experimental reduction and CO adsorption 

energies.45,46 

  Using a dense Г-centered 8×8×8 k-point mesh, the calculated bulk equilibrium lattice constant 

of ceria is 5.497 Å, which is well consistent with both theoretical (5.497 Å26,27,42,47) and  

experimental values (5.411 Å48). The Г-centered 8×8×8 k-point mesh is also used to calculate 

lattice constants of doped ceria, Ce3MO8, where M=Al, Ga, Ni, Pb, Pr, Gd and La. The CeO2(111) 

surface (Ce12O24) is built as a 2 × 2 repeated surface unit cell consisting of three O-Ce-O atomic 

layers as shown in Figure 1. The O-Ce-O atomic layer in the bottom is kept fixed in the bulk 

geometry. We introduce a vacuum layer with a thickness of 15 Å to reduce interaction between 

periodic images. Both compressive (-) and tensile (+) lattice strain is applied in the CeO2(111) 

plane. The Ce-O bond lengths of strained and unstrained CeO2(111) agree well with values 

reported by Capdevila-Cortada et al.26, as shown in Table S1 in the supporting information (SI). 

A Г-centered 3×3×1 k-point mesh is used for optimization of all surfaces. Density of states are 

recalculated using a Г-centered 13×13×1 k-point mesh.  

  For the identification of transition states and activation energies for oxygen vacancy diffusion, 

water dissociation into hydroxyls and hydroxyl decomposition releasing H2, we use the climbing 

image nudged-elastic band method as implemented in VASP 49 with a tolerance of 0.03 eV /Å.  

 

Figure 1. Atomic structure of the CeO2(111) model slab. 
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RESULTS AND DISCUSSIONS 

The reaction between water, oxygen vacancies and lattice oxygen is strongly exothermic on 

unstrained ceria17,43,50,51  

H2Oads+ 2Ce3++VO+O2-→2OH-+2Ce3+ 

while the hydroxyl decomposition to H2 has a high kinetic barrier17 

2OH-+2Ce3+→H2+ 2Ce4++2O2- 

However, on excessively hydroxylated ceria (above 1 monolayer H*), surface oxygen anions 

(O#*) are unavailable and H2O dissociating on oxygen vacancies react with either subsurface O2- 

or surface Ce, through e.g.17 

H2Oads+ 2Ce3++VO→OH-+Ce4++Ce4+H- 

which is expected to significantly alter the thermodynamics of the WSR. We therefore consider 

the WSR on partially (2H*), fully (4H*, 1 monolayer H*) and excessively (5H*, above 1 

monolayer H*) hydroxylated CeO2(111) under strain in the following. 

Strain effect on the formation of reduced CeO2(111) 

The most likely reaction pathways via 2H*, 4H* or 5H* surface structures include creating one 

oxygen vacancy in the subsurface (VOsub), which then moves to the surface (VOsur), followed by 

water adsorption, hydroxyl formation and hydrogen desorption through pathways presented in 

Figure 2. Along these reaction pathways, the ability to create an oxygen vacancy plays an 

important role in the further formation of the reduced CeO2(111) for electrocatalysis of the WSR. 

As noted in Figure S1 (the locations of Ce3+ in defected ceria are presented in Figure S2 and 

Table S2 in the SI), creating an oxygen vacancy in the top surface and in the subsurface of pure 

CeO2(111) is facile compared to creating vacancies in hydroxylated CeO2(111). When the 

surface is covered by 3 hydroxyls (3/4 monolayer hydroxyl), the oxygen vacancies in the 

subsurface of the expansively strained CeO2(111) is very unstable compared to the oxygen 

vacancies created in bulk ceria. The formation energy of creating an oxygen vacancy in the 

unstrained or compressively strained CeO2(111) follows the order: VOsub  < VOsur  < VOsur(3H*) < 

VOsub(3H*). In addition, the formation energy of these oxygen vacancies decrease gradually as 
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increasing of the lattice strain, consistent with Ma et al’s findings28. Under tensile strain, creating 

one oxygen vacancy becomes much easier in hydroxylated CeO2(111) than under compressive 

strain. These findings indicate that, due to the difficult formation of the oxygen vacancy-

hydroxyl mixed phases, the formation of fully and excessively hydroxylated CeO2(111) require 

more energy than the formation of partially hydroxylated CeO2(111).  

 

Figure 2. Schematic illustration of the hydrogen formation on the partially (2H*), fully (4H*) and 

excessively (5H*) hydroxylated CeO2(111). 3H* represents that the surface is reduced by three 

hydroxyls (3/4 monolayer hydroxyl). VOsub(3H*) and VOsur(3H*) represent one oxygen vacancy in 

the subsurface and in the top surface of the 3H* surface, respectively. Black and grey spheres 

show the oxygen vacancy in the subsurface and top surface, respectively. 

In Figure 3(a), we show the average hydrogen adsorption energy (EH) at different hydrogen 

coverages (ƟH) on strained CeO2(111). For coverages up to one monolayer, hydrogen adsorption 

results in formation of surface hydroxyl and is exothermic. However, the hydrogen adsorption 

energy when forming hydroxyls on CeO2(111) increases dramatically as the hydroxyl coverage 

increases from 1.0 to 1.25, where the surface model now either has five hydroxyls in total by 
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forming an unstable subsurface hydroxyl or a Ce-H moiety in the surface. In addition, EH at each 

hydrogen coverage decreases as the lattice strain increase. When the lattice is expanded by 4.0%, 

EH decreases significantly, and the formation of the excessively hydroxylated CeO2(111) 

becomes as facile as the partially hydroxylated CeO2(111) under no strain. Analysis of the 

projected density of states shows a downshift of the Ce 4f band center of CeO2(111) under 

tensile strain (Figure S3), which in turn leads to higher stability of electrons localized on Ce 4f 

orbitals in expansively strained ceria. Thus, it is easier to form reduced ceria by creating oxygen 

vacancies or formation of hydroxyls as the lattice expands. The easier reduction of ceria under 

tensile strain also agrees with the larger size of the Ce3+ ion than the Ce4+ ion. 

 

Figure 3. (a) Average hydrogen adsorption energy (EH) on strained CeO2(111) as a function of 

hydrogen coverage ƟH. (b) Comparison between the EH of Ce-H and subsurface hydroxyl (subO-
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H) at ƟH= 1.25 under different lattice strain. (c) Top views of the hydroxyls on CeO2(111) under 

different hydrogen coverage. 

  In addition, lattice strain effectively modify the most stable configuration of the excessively 

hydroxylated CeO2(111) as shown in Figure 3(b). Being an important intermediate in the 

hydrogen production along the highly H covered pathway, the excessively hydroxylated 

CeO2(111) has two possible configurations: (i) H binding to a Ce atom in the top surface (Ce-

H)17,52, (ii) H binding to an oxygen atom in the subsurface (subO-H), as shown in the Figure 3(c). 

For unstrained CeO2(111), average hydrogen adsorption energy in the subO-H is about 0.16 eV 

more negative than in the Ce-H. The energy difference between the two configurations increases 

with increasing the tensile strain. By contrast, the energy difference between the Ce-H and subO-

H gets smaller with increasing compressive strain. As the surface is compressed by 4.0%, Ce-H 

rather than subO-H is the most stable configuration of the excessively hydroxylated CeO2(111), 

which indicates that the Ce-H is a likely intermediate for hydroxyl decomposition on excessively 

hydroxylated CeO2(111). The strain effects on the formation of the most stable 5H* may further 

adjust the hydroxyl decomposition on the Ce-H. Hydrogen formation via a Ce-H intermediate 

has been reported to have a low reaction barrier and might provide an efficient reaction pathway 

for the WSR on ceria surfaces.17 The choice of the U value affects H chemisorption energy on 

ceria.53 We recently showed that reducing the U value from 4.5 to 3 eV could stabilize Ce-H by 

about 0.6 eV relative to subO-H on unstrained CeO2(111)43, which indicates that Figure 3(b) 

possibly overestimates the strain required for Ce-H to become more stable than subO-H. 

  Therefore, strain effectively regulates the formation of reduced CeO2(111) and the most stable 

intermediates during the WSR, which may influence the kinetics of each reaction steps along 

partially, fully and highly H covered pathways. 

Strain effect on the reaction barriers at each reaction steps during the WSR 

on reduced CeO2(111) 

Using DFT+U based NEB calculations, we determine the activation energy for oxygen 

vacancy diffusion, water dissociation, and hydroxyl decomposition along partially, fully and 

excessively hydroxylated pathways under different lattice strain (the Ce3+ locations are presented 

in Figure S2 and Table S2). There is a strong strain dependence of the barriers for oxygen 
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vacancy diffusion from its most stable subsurface position to the most stable top surface position 

as presented in the Figure 4. The diffusion of the oxygen vacancy becomes more facile as the 

lattice expands, likely because of the larger space available for the diffusing oxygen ion. The 

efficient strain control of the ionic conductivity in ceria also gives insight into the fast ionic 

diffusion in doped ceria, where local tensile strain is realized.  

The following step of water dissociation on the reduced CeO2(111) is very facile, with no 

barrier along the partially17,43,54 and fully hydroxylated pathways17,43 and about 0.25 eV barrier 

along the excessively hydroxylated pathway under >-3.0% strain. However, the water 

dissociation has an activation barrier larger than 1.0 eV as the lattice is compressed by larger 

than 3.0% because the hydrogen binding to subsurface O becomes weak, c.f. Figure 3(b). It has 

been reported that the oxygen vacancies favor the formation of hydridic H species via H2 

dissociation on ceria, where H- occupies the vacant O lattice positions55. By comparison, we find 

the presence of an oxygen vacancy in ceria favors the formation of OH via water dissociation, 

where OH from H2O is easily accommodated in the vacant O position. Our previous results show 

that hydroxyl-oxygen mixed configurations like 2H*+Vo or 3H*+Vo are unstable intermediates 

during WSR17, which easily react with adsorbed H2O to form 4H* or 5H*, respectively, where 

H2O dissociating on oxygen vacancies reacts with either subsurface O2- or surface Ce when the 

surface is fully hydroxylated.17,43 

  In contrast, the activation barrier for the hydroxyl decomposition, the RDS during WSR3,17, is 

regulated differently by strain. Firstly, we have compared the different locations of the Ce3+ ions 

around the hydroxyls, e.g. 2H*. We found that the configuration of 2H* with Ce3+ as nearest 

neighbor to the adsorbed H has the most stable Ce3+ configuration as shown in Table S3 in the 

supporting information. That the relative stability of adsorbed H on ceria strongly depends on the 

Ce3+ locations agrees well with previously reported findings53. However, we find the same 

transition state energy for H2 formation on the 2H* surfaces with different Ce3+ locations, as 

shown in Figure S4 in the supporting information. The highest and lowest energy along the 2H* 

pathway is therefore independent of the Ce3+ locations immediately before the hydroxyl 

decomposition into H2. The activation energy for hydroxyl decomposition on the partially, fully 

and excessively hydroxylated CeO2(111) increases as the lattice expands, which arises from the 

stabilization of hydroxylated CeO2(111) under tensile strain, as shown in the Figure 3. As we can 
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see from Figure 4, the WSR over the fully hydroxylated CeO2(111) has similarities to the 

hydroxyl formation and decomposition on the partially hydroxylated CeO2(111).17 A significant 

drop in the activation energies for hydroxyl decomposition on the excessively hydroxylated 

CeO2(111) when the lattice is compressed by more than 3%, is noted from Figure 4, because the 

most stable intermediate for hydrogen production changes from the subO-H to Ce-H by strain 

engineering. Our result are consistent with that the activation energy for breaking the Ce-H bond 

is much easier than breaking an O-H bond during hydroxyl decomposition.17 Therefore, because 

of the strain effects on the formation of the reduced CeO2(111) by forming oxygen vacancies, 

hydroxyl-vacancy phases or hydroxyls, the activation energies at each reaction step during the 

WSR on the reduced CeO2(111) are correspondingly regulated by strain, which give guidelines 

on how to reduce the reaction barrier at the RDS and improve the reaction efficiency of  the 

WSR on ceria using strain engineering. 

   In addition, there exists a Brønsted-Evans-Polanyi (BEP)56 scaling relationship (shown in 

Figure S5) between the activation energy of hydrogen formation, Ea, on the different 

hydroxylated CeO2(111) surfaces and the reaction energy (△E=EFS-EIS, the energy difference 

between the initial and the final states) because of the similar geometries of the initial and the 

transition states. As presented in Figures S6 and S7, the calculated Ea for strained ceria also 

correlates with the lattice parameter, a, which is an experimentally accessible descriptor for the 

activation energy of the hydroxyl decomposition. 

    



12 
 

 

Figure 4. Reaction barriers for oxygen vacancy diffusion from the most stable subsurface 

position to the most stable top surface position, the formation of 5H* via water dissociation 

(H2Oads+3H*+VO→5H*) as well as hydroxyl decomposition on the partially (2H*→H2+*), fully 

(4H*→H2+2H* ), and excessively (5H*→H2+3H* ) hydroxylated CeO2(111), under different 

lattice strain. The calculated diffusion barrier of an oxygen vacancy in unstrained ceria is 

compared to reported barriers in bulk ceria (0.46-1.08 eV).57 The water dissociation on the 

partially and fully hydroxylated CeO2(111) has negligible activation energy.  

Strain engineering of the thermodynamics of the WSR on reduced CeO2(111) 

To calculate the relative free energy of the reduced CeO2(111) along each reaction pathway, we 

use an a DFT-based  thermodynamics approach described in Ref.17. First, the clean CeO2(111) is 

chosen as the reference surface. Reduced CeO2(111) surfaces then form via reactions between 

oxygen vacancies and water molecules at the referenced surface. In a SOEC, oxygen vacancies 

are produced at the anode by evolving oxygen. Oxygen vacancies then diffuse through the solid 

electrolyte to the cathode, where oxygen vacancies react with water to produce hydrogen through 
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the WSR. The net reaction is the splitting of water into H2 and O2 driven by an external power 

source. The chemical potential of oxygen at the ceria cathode is chosen such that H2O (1 bar) and 

oxygen vacancies are in equilibrium with H2 (1 bar), which corresponds to the SOEC being at 

the equilibrium potential of the net reaction.   

  Here, we draw simplified free energy diagrams for hydroxyl decomposition on the partially 

(2H*), fully (4H*) and excessively (5H*) hydroxylated CeO2(111) under different strain, at 800 

(Figure 5), 1000 (Figure S8) and 1200 K (Figure S9). The free energy of intermediates and 

transition states for the full reaction pathways is given in Tables S4-6.  In addition, 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 shown in Figure S10. 

  As noted in Figure 5, in the unstrained system at 800 K, the activation barrier for the WSR on 

the partially, fully and excessively hydroxylated CeO2(111) is, 3.04, 3.09, and 1.25 eV, 

respectively. The result shows that under a certain strain, breaking the H bonding to the 

CeO2(111) surface becomes easier as more hydroxyls form on the CeO2(111) surface. The WSR 

via a Ce-H intermediate on the excessively hydroxylated CeO2(111) requires the lowest 

activation energy, compared to the reactions on the partially and fully hydroxylated CeO2(111). 

At 800 K, the most stable reduced state is the fully hydroxylated CeO2(111), compared to which 

the formation of the partially and excessively hydroxylated CeO2(111) is unfavorable.  

  To evaluate the turnover frequency (TOF) of the WSR, we use the energetic span model 58,59. 

For each reaction path over the 2H*, 4H* and 5H* surfaces, we identify the TOF determining 

intermediate (TDI) and the TOF determining transition state (TDTS), which are the states along 

the pathway which maximize the energetic span between the TDI and the TDTS. Consider as an 

example unstrained CeO2(111) at 800 K, where the transition state for hydroxyl decomposition  

to H2 on the 5H* surface has lower free energy than on the 2H* and 4H* surfaces, which makes 

the transition state for the hydroxyl decomposition to H2 on the 5H* surface the TDTS. On the 

other hand, the TDI occurs with the 4H* surface. The energetic span can then be approximated 

by 𝛿E = Ea + ΔGH, where Ea is the activation energy for hydroxyl decomposition and ΔGH= GH - 

G*, where G* = min({Gi}) is the free energy of the most stable reduced state of the ceria. In this 

way, the energetic span model includes the fact, that the excessively hydroxylated surface, which 

has low activation energy for H2 formation, is rather unlikely to form due to the low stability 
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compared to the fully hydroxylated surface. Transition states for e.g. oxygen vacancy diffusion 

and water dissociation, and reduced states with both oxygen vacancies and hydroxyl are included 

in the energy span analysis, see Tables S4-6, but left out of Figure 5 and Figures S8 and S9 for 

clarity. 

  By strain engineering, the activation barrier (Ea) for hydrogen production along each reaction 

pathway increases with increasing tensile strain, while Ea decrease with increasing compressive 

strain. The increase in stability of reduced ceria with tensile strain and the BEP relation for 

hydroxyl decomposition to H2 explain this trend. The variation of ΔGH for 2H* with strain 

follows the same trend as Ea, because formation of the 2H* happens through oxidation of more 

reduced surfaces such as 4H*. This oxidation becomes increasingly difficult with increasing 

tensile strain. However, ΔGH of 5H* varies with strain in the opposite way, where ΔGH decreases 

with increasing tensile strain and increases with increasing compressive strain (Table S7). The 

5H* surface is formed by reduction of less reduced surfaces such as the 4H* surface, which again 

is facilitated by tensile strain. Thus, considering the effect of strain on both Ea and ΔGH, the 

WSR proceeds preferentially through the 5H* surface at 800 K and 1000 K. At 1200 K, the 5H* 

surface becomes very unstable, especially under compressive strain, and the formation of the 5H* 

surface becomes very difficult, leading to hydrogen production preferentially proceeding over 

the 2H* or 4H* structures under < -3% strain. Therefore, the preferred reaction pathway for the 

WSR on CeO2(111) can be controlled by engineering the strain of ceria because the strain affects 

the formation of hydroxyls. 

   Overall, the fastest WSR is found at -4.0% strain, where it preferentially proceeds through the 

5H* structure at 800 K. At 1000 and 1200 K, the reaction, however, proceeds faster through the 

2H* or 4H* structures, as presented in Figures S8 and S9, respectively. The effect of temperature 

on the free energies of reduced CeO2(111), synergizes with the effects of strain on the activation 

barriers for the WSR contributes to the variations of the best pathway for the WSR on the 

CeO2(111).  

   A possible way to achieve compressed ceria surfaces could be through core shell particles 

where a thin CeO2 shell covers a suitably doped ceria core. The lattice constant of doped ceria 

largely decreases by incorporating ions with a smaller radius than Ce4+ as shown in Figure S11, 

where the dopant ionic radius taken from the database of ionic radii60 is compared to calculated 
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lattice constants of doped ceria. A decrease of the lattice constant in doped ceria with decreasing 

dopant ionic radius is confirmed by experiments,61 and can be further decreased when the dopant 

concentration is increased.62 Thus, using dopants with smaller ionic radius than Ce4+ is possible 

to reach < -3% compressive strain, which has great potential to increase the WSR activity on 

ceria. Doping the particle core with e.g. Ga3+ ions might lead to vacancy migration from the core 

to the particle surface, thereby setting up a dipole layer or space charge region. Although our 

theoretical model fixes the chemical potential of oxygen vacancies from the H2-H2O equilibrium, 

modifications of intermediate energies in response to the dipole layer are not included in the 

above treatment. However, vacancy migration from the bulk can be avoided by co-doping with 

small, high valence ions such as Nb5+. Migration of dopants to the surface can directly influence 

catalytic activity63, and we previously showed Gd dopants facilitates the formation of oxygen 

vacancies, hydroxyls, and hydridic H species at the rate-determining step43. 
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Figure 5. Simplified free energy diagrams for hydroxyl decomposition on the partially (2H*), 

fully (4H*) and excessively (5H*) hydroxylated CeO2(111) under different strain, at 800 K. The 

most efficient reaction pathway under each strain is highlighted by a solid line. 
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Figure 6. TOF of the WSR along the fastest pathway (the 2H*, 4H* or 5H* path) versus lattice 

strain at 800, 1000 and 1200 K. 

  A direct mapping between the total free energy required for the WSR (ΔGH+Ea) and strain at 

different temperatures gives insights to evaluate electrocatalysts of the WSR by strain 

engineering, as presented in Figures S12 and S13 with corresponding data listed in Table S7.  

The total energy span for the fastest WSR pathway increases (largely) as the strain increases, 

which on the other hand shows that compressive strain improves the reaction rate. At 800 and 

1000 K, the WSR with the lowest free energy span, proceeds through the excessively 

hydroxylated CeO2(111) surface as shown in Figure S12. However, a significant drop in the free 

energy span under -3% strain at 1200 K is noted from Figure S12, where the most efficient 

reaction proceeds on the partially hydroxylated CeO2(111) because of a large increase of the 

required total free energy for the 4H* and 5H* pathways combined with a decrease of the energy 
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span along the 2H* pathway as noted. In addition, Figure 6 shows the forward TOF of the WSR 

calculated by the energetic span model 

𝑇𝑂𝐹 = 	
𝑘-𝑇
ℎ exp ;

−𝛿𝐸
𝑘-𝑇

> 

along the best pathway versus lattice strain at 800, 1000, and 1200 K. The WSR preferentially 

proceeds on the excessively hydroxylated CeO2(111) at 800 and 1000 K, while it proceeds 

readily on the partially or fully hydroxylated CeO2(111) under compressive strain at higher 

temperature (>1000 K).  At high temperature, strain effectively determines the reaction pathway 

of the WSR. Our findings provide a direct mapping between experimentally accessible 

descriptors and kinetic parameters and help explain the WSR pathway under a given strain and 

operating temperature. 

CONCLUSIONS 

By using DFT+U calculations, we investigated the WSR on the CeO2(111) as well as the effect 

of lattice strain on the formation of the intermediates, reaction barriers and reaction pathways. It 

is found that the formation energy of oxygen vacancies, vacancy-hydroxyl phase and hydroxyls 

decrease gradually as the lattice strain is increased because of downshifts of Ce 4f band center, 

which provides a strong support for the strain engineering on the formation of intermediates 

during the WSR. Then the activation barriers at each reaction steps during the WSR on the 

reduced CeO2(111), are correspondingly regulated because of the strain effects on formation of 

the reaction intermediates. Strain effectively controls the formation of the Ce-H intermediate 

along the excessively hydroxylated pathway, which is proved to have a low reaction barrier for 

the hydroxyl decomposition.  

  By studying the thermodynamics of the WSR on the reduced CeO2(111), we find that strain 

effectively adjusts the reaction pathway of the WSR at T >1000 K. The WSR proceeds via a Ce-

H intermediate on the excessively hydroxylated CeO2(111) under tensile strain. While it 

proceeds preferentially and readily on the partially or fully hydroxylated CeO2(111) under 

compressive strain. In addition, the free energy of hydroxyl formation (ΔGH) prior to hydroxyl 

decomposition can act as a thermodynamic barrier. The sum (ΔGH+Ea) of the hydroxyl formation 

energy (ΔGH) and the activation barrier (Ea) for the hydroxyl decomposition at the RDS during 
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the WSR, determines the reaction rate of the hydrogen production on the strained and unstrained 

CeO2(111). Our findings show that compressive strain (< -3.0%) correlates strongly with 

increased WSR activity on CeO2(111) because of the reduction of ΔGH+Ea. CeO2(111) 

compressively strained by more than 3.0% has high activity for the WSR along the partially or 

fully hydroxylated pathways at 1200 K. Thus, incorporating the ceria with carefully selected 

metal dopants, which facilitates the formation of excessively hydroxylated ceria (low ΔGH) and 

has a stable Metal-H intermediate (low Ea for hydrogen formation via a Metal-H intermediate), is 

predicted to significantly improve the reaction efficiency of the WSR on the ceria.  

   Therefore, Our findings provide guides on how to improve the reaction efficiency of WSR on 

the CeO2(111) by strain engineering, which can be extended to electrocatalysis on other oxide 

catalysis.  
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