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ABSTRACT 

Density functional theory (DFT) calculations explore the stability of a single platinum atom on various 
flat, stepped and defective ceria surfaces, in the context of Single-Atom Catalysts (SAC) for the Water-
Gas Shift (WGS) reaction. The adsorption properties and diffusion kinetics of the metal strongly depend 
on the support termination with large stability on metastable and stepped CeO2(100) and (210) surfaces 
where the diffusion of the platinum atom is hindered. At the opposite, the more stable CeO2(111) and 
(110) terminations weakly bind the platinum atom and can promote the growth of metallic clusters 
thanks to fast diffusion kinetics. The adsorption of carbon monoxide on the single platinum atom 
supported on the various ceria terminations is also sensitive to the surface structure.  Carbon monoxide 
weakly binds to the single platinum atom supported on reduced CeO2(111) and (211) terminations. The 
desorption of the CO2 formed during the WGS reaction is thus facilitated on the latter terminations. A 
vibrational analysis underlines the significant changes in the calculated scaled anharmonic CO 
stretching frequency on these catalysts. 
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1. Introduction 

The pressing issue of global warming 
raises the real challenge of producing clean 
energy, in particular for the automotive industry 
and the production of pure hydrogen for proton 
exchange membrane fuel cells (PEMFC).1 
Currently, the steam reforming of methane (CH4 
+ H2O ➝ CO + 3H2) catalyzed by nickel-based 
catalysts is the most widespread hydrogen 
synthesis method at the industrial level. This 
reaction generates carbon monoxide as a by-
product which is then eliminated via the 
exothermic Water-Gas Shift (WGS) reaction, also 
producing hydrogen (CO + H2O ➝ CO2 + H2). 

To optimize this process and produce 
pure hydrogen in greater quantities, it is 

necessary to develop new catalysts. The catalyst 
historically used for WGS (Cu/ZnO/Al2O3) has 
many drawbacks.1,2 For instance, it has to 
operate continuously, not exceed 330 °C to avoid 
copper sintering and it is easily poisoned by 
oxygen and sulfur compounds such as dimethyl 
sulphide.1,3,4 This is why catalysts based on noble 
metals such as platinum,5 stable at high 
temperatures and resistant to poisons, are the 
most studied materials for WGS.6 These noble 
metal-based catalysts have nonetheless a high 
cost, which prevents their massive deployment 
at the industrial scale. Among the noble metals, 
platinum belongs to the most active materials 
for CO oxidation and WGS.7,8,9 Low amounts of 
the metal may be enough for achieving a good 
catalytic performance. The choice of the support 
is also of primary importance for WGS. Indeed, 
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platinum-based catalysts on reducible supports 
such as ceria and titania are up to thirty times 
more active than on irreducible supports such as 
alumina.7 

Concerning the reactivity, one 
hypothesis supports a bifunctional mechanism 
where platinum preferentially adsorbs CO and its 
oxidation into CO2 rather occurs at the interface 
with the reducible support. The generated 
oxygen vacancy promotes water dissociation, 
thus explaining the importance of considering 
reducible supports.7 Among them, ceria has 
been widely studied for many years because of 
its high oxygen transport and storage capacity 
associated with the change of oxidation states 
between Ce4+ and Ce3+.10,11 A strong electronic 
transfer from Pt to ceria is expected. An excess 
of oxygen especially at the Pt/CeO2 interface 
promotes the oxidation of carbon monoxide 
resulting in an activity increase for the 
metal.1,10,12 Pt/CeO2 thus appears as a very 
interesting catalyst for WGS.13 

The size of the metal particles is also of 
great importance. For Pt/CeO2 catalysts, 
nanoclusters, with a diameter of 3.8 nm and 
supported on ceria, exhibit a large turnover 
frequency (TOF)11 while outperforming single-
atom catalysts (SAC). At a smaller size of 1.4 nm, 
other authors have found a higher activity for 
reduced nanoparticles compared to highly 
dispersed Pt2+ species.14 Another key parameter 
is the change in the initial morphology of the 
catalyst, due to temperature or to gaseous 
atmosphere variations especially during the 
reaction. New active sites for WGS can indeed be 
created by reconstruction of metallic 
nanostructures.15 The control of the dispersion 
of platinum on ceria also represents a major 
challenge in the development of more efficient 
catalysts. For instance, redispersion in the 
presence of oxygen takes place from 400°C and 
allows the formation of SAC, namely Pt1/CeO2.14 

Pt/CeO2 SACs have several drawbacks 
currently preventing them from being used 

industrially. First, during the adsorption of CO, 
the Pt-C bond is very strong.15 The desorption of 
the products is thus complicated, and the 
catalytic activity of these materials is 
consequently low. Another challenge is the 
control of sintering leading to metallic 
nanoclusters, due to the high surface energy of 
this type of catalyst.15 To limit sintering, small 
amounts of platinum are used during the 
synthesis, but the corresponding catalytic 
performance is lower than those of 
nanoclusters.15 However, new treatment 
methods tend to limit sintering and stabilize 
Pt1/CeO2 catalysts. A steam treatment at T=750 
°C can create surface oxygen vacancies 
responsible for ceria activation without a 
reducing agent, promoting the formation of 
hydroxyl groups in presence of water.16,17 The 
isolated Pt atoms at the vicinity of these OH 
species are then kinetically stable at 
temperatures above 800°C and the oxidation of 
CO is greatly improved at low temperatures.16,17 
Nie et al. have compared such treatment with 
conventional high temperature ageing in air, by 
showing that an oxidizing treatment only 
generates strong Pt-O-Ce bonds which inhibit CO 
oxidation.17 Hence such a pre-treated Pt1/CeO2 
catalyst is active at 60°C and it reaches a 
conversion of 100% from 148°C, whereas a 
conventional Pt1/CeO2 catalyst only shows a 
significant performance at higher temperature 
(210°C).17 Overall the study of the surface 
sensitivity of an isolated platinum atom on 
different ceria surfaces could lead to a 
compromise between the strength of the Pt-O-
Ce bond and the dispersion of platinum. 

Experimentally, the catalyst active phase 
agglomerates on the most thermodynamically 
stable termination CeO2(111).2 Wu et al. have 
highlighted the importance of the nature of the 
surface for nanoparticle catalysts. Indeed, the 
redispersion of platinum after various oxidizing 
and reducing treatments at 600°C takes place 
only on stepped CeO2(100) but not on flatter 
CeO2(111).18 Despite significant experimental 
efforts investigating the performance of Pt-



3 

based SAC for WGS, there is a lack of operando 
measurements and characterization explaining 
the structure sensitivity. 

At the theoretical level, clean ceria 
surfaces have been extensively studied in the 
literature over the past twenty years. DFT and 
DFT+U calculations at the GGA level have shown 
that the CeO2(111) termination is 
thermodynamically the most stable surface in 
vacuum at 0 K, but also at a high temperature of 
300°C and partial oxygen pressures up to 1 
atm.19,20 The second most stable termination is 
CeO2(110). The modified CeO2(100) termination, 
where half of the surface oxygen atoms are 
removed, presents also a low surface energy, 
although less competitive than the two previous 
surfaces.20,21,22,23 (211) and (210) stepped ceria 
surfaces could be competitive as well, but very 
few computational efforts have been conceded 
to date.23 Several DFT studies have reported on 
the structure and the stability of atomically 
dispersed Pt on both low-index and high-index 
stepped ceria surfaces.24,25,26,27,28,29,30 Other 
authors have investigated the interaction of Pt 
clusters on this support. 31,32,33,34,35 Smaller 
systems such as Pt dimers on CeO2(111) have 
been modeled at the DFT+U level. Bruix et al. 
have shown that dimers form easily but they 
eventually agglomerate into larger clusters, 
confirming experimental results.36 Regarding 
theoretical models of SACs, the study of the 
adsorption of isolated platinum atoms on 
CeO2(111) has shown that the formation of 
metallic clusters on this surface was favorable.37 
The agglomeration of isolated platinum atoms 
would be more difficult on CeO2(110) and 
platinum would be here in Pt2+ form.37,38 The 
interaction between the platinum and the 
support is expected to be even stronger with the 
(100) surface.37,30 Concerning the WGS reaction 
mechanism, a few DFT studies have investigated 
the elementary steps, showing the key role of 
oxygen vacancies and carboxylate 
species.39,40,41,42,43 CO oxidation has also been 
investigated by DFT calculations on single 
platinum atom catalysts on (111), (100) and 
(110) surfaces.44,45,46 The authors have found 

that it follows the Mars–van Krevelen 
mechanism where the single platinum atom acts 
as the electron acceptor/donor in the redox 
processes during the whole catalytic cycle.44 
Several gaps remain in the state-of-the-art of 
DFT models of Pt1/CeO2 catalysts. First, only few 
studies have considered the role of van der 
Waals interactions and spin-polarization, two 
properties which can have a non-negligible 
impact on the total electronic energy, on the 
optimized structures and on consequent 
analyses. In addition, the modeled ceria surfaces 
for the adsorption of platinum are mostly the 
(111) and (110) terminations, whereas very few 
studies have highlighted the stability of isolated 
atoms on the experimentally observed (100) and 
stepped (211) and (210) surfaces. Furthermore, 
a systematic study of potential energy surfaces 
predicting the most favorable adsorption 
structures of a single platinum atom and 
diffusion kinetics on all the competitive ceria 
terminations is missing in the literature to date. 
Similarly, a study on the nucleation and growth 
of platinum clusters of a few atoms based on 
diffusion kinetics has never been reported so far. 

In this work, the structure sensitivity of 
the adsorption of an isolated platinum atom on 
different competitive ceria surfaces is explored 
by DFT+U calculations including spin polarization 
and van der Waals interactions. A systematic 
comparison of potential energy surfaces 
capturing adsorption thermodynamics and 
diffusion kinetics of Pt1/CeO2(hkl) is exposed. 
Then the adsorption of CO on the most stable 
Pt1/CeO2(hkl) catalysts is modeled and analyzed 
through thermodynamics and molecular 
vibrations. 

2. Computational Methods  

Spin-polarized DFT calculations based on the 
Generalized Gradient Approximation (GGA) have 
been performed using the VASP code (version 
6.2.0).47,48,49,50 The Perdew-Burke-Ernzerhof 
(PBE) functional51 has been chosen and the long-
range van der Waals interactions have been 
described by the semi-empirical DFT-D3 Becke-
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Johnson correction method (noted D3(BJ)).52,53 
The DFT+U approach has been implemented 
with Dudarev’s scheme54 to consider the 
localization of Ce 4f valence electrons, as 
suggested previously by other studies.55,56,57,58,59 
The semi-empirical Hubbard term Ueff has been 
set to 4.5 eV.60,61 The interactions between 
electrons and ion cores have been described by 
potentials generated by the Projector 
Augmented-Wave method.62 Valence electrons 
have been described with plane wave basis sets 
with a cut-off energy of 400 eV. For surface 
models, a large vacuum space of 15 Å has been 
considered to separate equivalent periodic slabs 
along the z axis. Concerning the dispersion in the 
Brillouin zone, a Monkhorst-Pack k-points grid of 
(13x13x13) has been chosen for the CeO2 bulk. 
For the surface models, k-point grids of (9x11x1), 
(13x9x1), (13x13x1), (7x9x1) and (7x5x1) have 
been selected for the (111), (110), (100), (211) 
and (210) terminations, respectively. The clean 
ceria surface supercells are defined in Table 1 for 
non-symmetric slabs and in Table S1 of the 
Supplementary Material for symmetric slabs. 
The adsorption of platinum and carbon 
monoxide has been modeled only on one side of 
the slabs, thus leading to non-symmetrically 
relaxed ceria systems. After geometry 
optimization (complete relaxation of symmetric 
slabs and relaxation on one side for non-
symmetric slabs), the stability of a given 
termination has been determined by evaluating 
its surface energy (J.m-2) as follows: 

E!"#$ =
(E(𝐶𝑒𝑂%(hkl)) − E(𝐶𝑒𝑂%(bulk))) 2 × A⁄  (1) 

In this formula, E(CeO2(hkl)) corresponds to the 
total electronic energy of the surface model of 
(hkl) termination. The corresponding surface 
areas A are 51, 42, 29, 72 and 66 Å2 for 
CeO2(111), (110), (100), (211) and (210) 
terminations, respectively. For symmetric slabs 
(Table S1), the computed surface energies are 
exact since both surfaces are identically relaxed 
in each case. For non-symmetric slabs (Table 1), 
the reported surface energies correspond to 

average values of relaxed and unrelaxed 
surfaces. E(CeO2(bulk)) is the total energy of the 
CeO2 bulk. For stoichiometric surface models, 
the total electronic energy of the stoichiometric 
ceria bulk is considered. For non-stoichiometric 
surface models, the total electronic energy of an 
equivalent non-stoichiometric bulk CeO2-y is 
calculated as follows: 

E(𝐶𝑒𝑂%&'(bulk)) = Nb() × E() + Nb* ×
E* + Nb() × E()&* × Nb+,-./() (2) 

NbCe and NbO correspond to the number of 
cerium and oxygen atoms of the considered 
model. ECe and EO are the energies of the isolated 
cerium and oxygen atoms (-0.90 eV and -1.67 eV, 
respectively). Finally, ECe-O (-2.62 eV.bond-1) 
corresponds to the Ce-O bonding energy in the 
stoichiometric CeO2 bulk which is derived from 
the total cohesion energy of the ceria bulk 
normalized by its number of Ce-O chemical 
bonds. 

In all the DFT+U calculations of Pt1/CeO2(hkl) 
models performed for the elaboration of 
potential energy surfaces (PES), spin polarization 
has not been considered, except for the reduced 
CeO2(111) surface, due the presence of magnetic 
Ce3+ cations associated with the oxygen vacancy. 
Nonetheless, spin-polarized DFT+U calculations 
have then been performed systematically to 
refine the adsorption structures of Pt1/CeO2(hkl), 
of which the starting geometries have been 
extracted from the lowest potential energy wells 
on the maps (see Table S2 for all the considered 
magnetic states and their relative stability). For 
the pristine and lowly corrugated (111), (110) 
and (211) surfaces, the density of points 
considered on the PES for the adsorption of Pt 
are 8 points.Å-2, 10 points.Å-2 and 6 points.Å-2, 
respectively. For the (100) and (210) stepped 
surfaces, the chosen point density is increased 
(15 points. Å-2) due to the larger corrugation and 
structure complexity. The PES have been 
interpolated from the adsorption energies 
obtained after geometry optimizations of Pt1 in 
interaction with CeO2(hkl), at specific frozen 
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positions (x,y) on regular grids (relaxing all the 
other degrees of freedom of Pt1, and of the 
surface atomic planes of CeO2(hkl)). At each (x,y) 
point of the grid, the corresponding adsorption 
energy of the platinum atom 
(Eads(Pt1/CeO2(hkl)(x,y))) has been defined as 
follows and this has helped to determine the 
most stable nucleation sites on CeO2(hkl): 

E0.!(Pt1/CeO%(hkl)(x, y)) = E(Pt1/
CeO%(hkl)(x, y)) − (E(CeO%(hkl)) + E(Pt))  (3) 

where E(Pt1/CeO2(hkl)(x,y)) corresponds to the 
total electronic energy of the Pt1/CeO2(hkl) 
relaxed system. E(CeO2(hkl)) and E(Pt) are the 
total electronic energies of the considered clean 
surface and of the isolated platinum atom, 
respectively. This definition of adsorption energy 
is general and also valid for refined adsorption 
structures. 

For all the refined geometry optimizations, tight 
convergence criteria have been considered for 
total electronic energy (10-6 eV) and residual 
forces on the nuclei (0.01 eV.Å-1). These 
convergence criteria have been lighter for the 
elaboration of PES due to the expensive 
computational effort (10-4 eV and 0.05 eV.Å-1, 
respectively). For all the geometry optimizations 
of Pt1/CeO2(hkl) non-symmetric slab models, and 
for CO adsorption, the bottom atomic layers of 
ceria have been kept frozen to the bulk optimal 
structure, whereas all the degrees of freedom of 
the surface atomic planes of ceria and those of 
Pt and CO have been completely relaxed. In the 
PES, the (x,y) coordinates of platinum have been 
kept frozen. 

To compare the absolute stability between 
Pt1/CeO2(hkl) catalysts, the excess energy (J.m-2) 
has been evaluated as follows: 

E)23 =
(E(Pt1/CeO%(hkl)) − E(Pt) − E(Bulk)) Area⁄  
(4) 

with the same definitions for each component as 
in equations (1) and (3). The excess energy, 
which is positive in our study, contains two 

contributions opposite in sign: the adsorption 
energy of the single platinum atom on a given 
CeO2(hkl) termination (stabilizing and minority 
component normalized here by the surface area) 
and the surface energy related to the cost of 
creating CeO2(hkl) with respect to the ceria bulk 
(destabilizing majority component). 

From the PES of Pt1/CeO2(hkl) catalysts, the most 
likely diffusion pathways of platinum on ceria 
can be predicted. Diffusion activation barriers 
can then be calculated along the x and y 
directions (Ea(x) and Ea(y), respectively). They 
correspond to the energy differences between 
the highest energy point along the considered 
direction and the global minimum. 

After the investigation of the adsorption of a 
single platinum atom on all the considered ceria 
terminations (nucleation process), the 
elaboration of PES for the formation of Pt dimers 
and trimers has been performed only on the 
reduced CeO2-x(111) termination (single oxygen 
vacancy) starting from the most stable Pt1 (for 
dimer formation) and Pt2 (for trimer formation) 
adsorption structures (growth processes). The 
corresponding PES have been exposed in the 
Supplementary Material (Figures S1 and S2). For 
Pt2 adsorption on the CeO2-x(111) surface model, 
three possible definitions of adsorption energy 
have been considered: first, the associative 
adsorption of a second platinum atom on the 
most stable Pt1/CeO2-x(111) relaxed structure 
(corresponding to position x=0.25 and y=0.50 in 
Figure 2b)): 

E0.!,0!!,350657)(Pt%/CeO%&2(111)(x, y)) =
E(Pt%/CeO%&2(111)(x, y)) − (E(Pt1/
CeO%&2(111)(x = 0.25, y = 0.50)) + E(Pt)) 
(5) 

Second, the adsorption of an isolated Pt2 dimer 
on CeO2-x(111): 

E0.!,.58)#(Pt%/CeO%&2(111)(x, y)) = E(Pt%/
CeO%&2(111)(x, y)) − (E(CeO%&2(111)) +
E(Pt%))     (6) 
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Third, the coadsorption of two Pt atoms on CeO2-

x(111): 

E3,0.!(Pt%/CeO%&2(111)(x, y)) = E(Pt%/
CeO%&2(111)(x, y)) − (E(CeO%&2(111)) +
2E(Pt))    (7) 

In Eq. (5)-(7), E(Pt2/CeO2-x(111)(x,y)) corresponds 
to the total electronic energy of the Pt2/CeO2-

x(111) system when the second platinum atom is 
adsorbed at positions (x,y) on the corresponding 
supercell. E(Pt2) is the total electronic energy of 
the gas phase Pt2 dimer. E(CeO2-x(111)) 
corresponds to the total electronic energy of the 
clean CeO2-x(111) reduced surface. 

Following the same ideas, the adsorption of Pt3 
trimer on the reduced CeO2-x(111) surface can be 
considered as a coadsorption of three Pt atoms 
on CeO2-x(111) or the associative adsorption of 
one Pt atom on Pt2/CeO2-x(111): 

E3,0.!(Pt9/CeO%&2(111)(x, y)) = E(Pt9/
CeO%&2(111)(x, y)) − (E(CeO%&2(111)) +
3E(Pt))    (8) 

E0.!,0!!,350657)(Pt9/CeO%&2(111)(x, y)) =
E(Pt9/CeO%&2(111)(x, y)) − (E(Pt%/
CeO%&2(111)) + E(Pt))  (9) 

In Eq. (8)-(9), E(Pt3/CeO2-x(111)(x,y)) corresponds 
to the total electronic energy of the Pt3/CeO2-

x(111) system when the third platinum atom is 
adsorbed at positions (x,y) on the optimal 
Pt2/CeO2-x(111) catalyst. 

CO adsorption has then been considered on the 
most stable adsorption sites of Pt1/CeO2(hkl) 
catalysts. Spin polarization has been included in 
all the geometry optimizations at the DFT+U 
level, and various magnetic states have been 
optimized and compared systematically (see 
Table S3). The adsorption energy of the molecule 
has been computed as follows: 

E0.!(CO@Pt1/CeO%&:(hkl)) = E(CO@Pt1/
CeO%&:(hkl)) − (E(Pt1/CeO%&:(hkl)) +
E(CO))     (10) 

where E(CO@Pt1/CeO2-y(hkl)) is the total 
electronic energy of CO adsorbed on the 
Pt1/CeO2(hkl) system, E(Pt1/CeO2-y(hkl)) being 
the total electronic energy of the most stable 
adsorption site and magnetic state of Pt1 
adsorbed on CeO2-y(hkl), and E(CO) being the 
total electronic energy of CO gas phase. 

The vibrational analysis of the optimal 
CO@Pt1/CeO2(hkl) systems has been carried out 
by using the finite difference approach on forces 
based on small variations of atomic positions 
around the optimized equilibrium geometries 
(harmonic approximation). The harmonic 
frequencies and corresponding normal modes 
have been evaluated by the diagonalization of 
the Hessian matrix obtained with atomic 
displacements of 0.02 Å. All the degrees of 
freedom of relaxed surface ceria, adsorbed Pt 
and CO have been included in the calculations. 
Vibrations have been calculated at the restricted 
level and the convergence parameters have 
been the same as those for the geometry 
optimizations. Anharmonic corrections to 
harmonic CO stretching frequencies have been 
determined by fitting the potential energy 
around the equilibrium state in the space of the 
normal mode coordinates with a third-order 
development of the Morse potential. In addition, 
all CO stretching frequencies have been scaled 
by a factor of 1.0227, chosen so that the 
calculated stretching frequency of gas-phase CO 
matches perfectly the experimental value (2143 
cm−1). 

3. Results and discussion 

3.1 Ceria surface models 
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CeO2 bulk 

To validate our methodology for describing ceria 
surfaces, the CeO2 bulk was initially optimized. In 
the crystalline structure of this insulating rare 
earth oxide (cubic fluorite structure), eight 
oxygen atoms form a cube, and each one is 
bonded to four cerium atoms within a 
tetrahedron. A 13×13×13 grid of k-points allows 
for a numerical accuracy of 2.6×10-5 eV on total 
electronic energy (equivalent to 23×23×23 k-
point grid). The calculated lattice parameter a0 
(5.42 Å) at the PBE-D3(BJ) level is very close to 
the experiment value (5.41 Å) and appears to be 
slightly more accurate than the one obtained at 
the standard GGA PBE level (5.38 Å).21,63 

Furthermore, the computed bulk modulus (187 
GPa) is also in good agreement with experiments 
(174±17 GPa).63 The bulk model is thus validated 
and serves as the starting point for the 
construction of the geometries of different ceria 
surface terminations. 

Competitive ceria surfaces 

Five ceria surface terminations were modeled: 
CeO2(111), CeO2(110), CeO2(211), CeO2(100) and 
CeO2(210). According to Jiang et al., those 
terminations present low surface energies after 
geometry optimizations at the GGA PBE level 
(0.45 < Esurf < 1.21 J.m-2).20 These surfaces have 
several possible terminations (Ce, O-top, O-
hollow, CeO2 and CeO, depending on the (hkl) 
surface orientation) which can lead to 
stoichiometric or non-stoichiometric, polar or 
non-polar systems. Pristine or modified slab 
models were considered. Among modifications, 
neutralized slab models were defined when non 
polar systems are created to represent 
intrinsically polar surfaces.22 Hence the surface 
energies of all the possible terminations of each 
surface were calculated first to determine the 
most stable systems. 

 

FIGURE 1 Lateral and top views of optimized non-symmetric slabs related to most stable clean ceria surfaces: (a) pristine, flat and 
stoichiometric (111) surface (6 atomic planes); (b), reduced non-stoichiometric (111) surface with a single surface oxygen vacancy 
(6 atomic planes); (c) pristine, flat and stoichiometric (110) surface (6 atomic planes); (d) pristine, flat and stoichiometric (211) 
surface (7 atomic planes); (e) neutralized, stepped and stoichiometric (100) surface (7 atomic planes); (f) neutralized, stepped 
and stoichiometric (210) surface (9 atomic planes). Ce and surface O atoms are depicted in light gray and red, respectively; O 
atoms belonging to underlying layers in light red. 
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The most stable terminations are depicted in 
Figure 1. All the retained surface models are 
stoichiometric; pristine and neutral for 
CeO2(111), (110), (211). Due to the high polarity 
and intrinsic instability of the two latter 
CeO2(100) and CeO2(210) terminations, half of 
the oxygen atoms belonging to the outermost 
atomic planes have been removed to neutralize 
the surface models.22 The most stable ceria 
surfaces exhibit different supercells, numbers of 
atomic planes, and k-points grids, as recalled in 
Table 1. The most stable termination of 
CeO2(111) is Ohollow-terminated (Figure 1(a)), 
whereas CeO2(110) (Figure 1(c)) and CeO2(211) 

(Figure 1(d)) surfaces have a unique mixed CeO2 
termination. The neutralized CeO2 (100) (Figure 
1(e)) and (210) (Figure 1(f)) surfaces are 
characterized by their Ostep and mixed Ce-Ostep 
terminations, respectively. The relative stability 
order obtained by calculating surface energies is 
the following: (111) > (110) > (211) > (210) > 
(100) (see Table 1). The computed average Ce-O 
bonding energies show a compatible trend with 
this result. Hence CeO2(111) is the 
thermodynamic termination for ceria with the 
lowest surface energy of 0.95 J.m-2, in agreement 
with experiments, and the relative stability order 
is similar to previous studies.20,33 A non-
stoichiometric surface model of reduced        

CeO2-x(111) has also been generated by 
considering the optimal structure of CeO2(111) 
and by creating a single oxygen vacancy on the 
relaxed side of the slab (Figure 1(b)). The spin-
polarized calculation of the clean reduced ceria 
surface has shown that the two electrons, 
released by the creation of the oxygen vacancy, 
are collected by two adjacent surface cerium 
atoms become Ce3+ at the vicinity of the vacancy, 
leading to a triplet state, which is found as the 
most stable magnetic state for the considered 
supercell. With a surface energy of 1.93 J.m-2, the 
reduced surface model CeO2-x(111) appears less 
stable than pristine CeO2(111) and (110), but 

more stable than CeO2(211), (210) and (100). 

3.2 Adsorption of Pt1 on ceria surfaces 

Pt1 adsorption on pristine CeO2(111), CeO2(110) 
and CeO2(211) surfaces  

In the case of the adsorption of a single platinum 
atom on the stoichiometric and pristine 
CeO2(111) surface model, the most stable 
position according to the PES is a bridge 
structure between two surface oxygen atoms 
(see all the equivalent lowest potential energy 
wells by symmetry on the PES in Figure 2(a) and 
the corresponding optimal structure in Figure 
3(a)), in agreement with previous 

TABLE 1 Energetics of optimized clean most stable ceria surfaces (at the unrestricted PBE-D3(BJ)+U level). The non-symmetric slabs used to consider the adsorption 
properties have been reported here and correspond to the illustrations shown in Figure 1. The bottommost atomic planes are kept frozen to the ideal bulk structure, 
while the topmost atomic planes are relaxed, thus leading to two different surfaces (relaxed and unrelaxed). The different ceria surfaces are either pristine, reduced 
with the presence of a single oxygen vacancy, or neutralized by changing the composition of the terminal atomic planes by removing oxygen atoms. The surfaces are 
either stoichiometric or non-stoichiometric (reduced) and the compositions of terminations are reported. The number of atomic planes is addressed together with the 
chosen supercells and related k-points grids. The average surface energy (J.m-2), total magnetization (µB) and average Ce-O bonding energy (eV/bond) are reported. 

CeO2-y(hkl) CeO2(111) CeO2-x(111) CeO2(110) CeO2(211) CeO2(100) CeO2(210) 
 pristine reduced pristine pristine neutralized neutralized 
 stoichiometric non-stoichiometric stoichiometric stoichiometric stoichiometric stoichiometric 
 flat flat flat stepped stepped stepped 

Termination Ohollow Ohollow Mixed CeO2 Mixed CeO2 Ostep Mixed Ce-Ostep 
Supercell p(√2 × √6)R90° p(√2 × √6)R90° p(1 × √2)R90° pC√3 × √2ER90° p(1 ×1)R90° p(2 × √5)R90° 

Number of atomic planes 6 6 6 7 7 9 
k-points grid 9×11×1 9×11×1 13×9×1 7×9×1 13×13×1 7×5×1 

Average surface energy (J.m-2) 0.95 1.93 1.46 2.01 2.61 2.44 
M (µB) 0 2 0 0 0 0 

Ce-O bonding energy 
(eV/bond) -2.53 -2.43 -2.54 -2.46 -2.42 -2.47 
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studies.24,27,28,29,30 The adsorption energy of the 
fully relaxed structure is quite exothermic (-2.97 
eV as reported in Table 2, corresponding to 
triplet for the most stable magnetic state, as 
shown in Table S2 of the Supplementary 
Material). According to the potential energy 
map, the least favorable Pt position is on top of 
surface cerium atoms. We note that the 
maximum energy difference between all the 
adsorption points of the PES is not very large 
(about 1.3 eV) and that there are many 
equivalent local minima on this surface (see 
Figure 2(a)). By considering diffusion pathways 
from the most stable position and along x and y 
axis, the predicted diffusion barriers are low 
(0.11 eV) and equivalent along both directions. 
This result suggests that a single Pt atom can 
diffuse quite easily on CeO2(111) and thus the 
formation of small clusters will not be limited by 
diffusion kinetics. 

For the adsorption of Pt1 on CeO2(110), the most 
stable position according to the PES (Figure 2(c)) 
is also a bridge-bonded structure between two 
surface oxygen atoms (Figure 3(c) for the optimal 
geometry). The potential energy map shows a 
globally stronger adsorption on CeO2(110), close 
to the minima, compared to CeO2(111), and at 
the same time, a much less favorable interaction 
close to the maxima (on top of surface cerium 
atoms). The fully relaxed best adsorption 
structure presents an adsorption energy of -3.66 
eV (Table 2, corresponding to triplet). Regarding 
diffusion kinetics, activation barriers on 
CeO2(110) are significantly different with a clear 
preference along the y axis (0.48 eV versus 1.12 
eV along x axis). This suggests a unidirectional 
diffusion of single Pt atoms along the y direction 
and thus a high propensity to form Pt dimers 
along this axis. 

In the case of single Pt adsorption on CeO2(211), 
the PES (Figure 2(d)) shows that the best position 
is once again a bridge structure above two 
surface oxygen atoms with a largely exothermic 
adsorption energy of -6.08 eV (see Figure 3(d) for 
the optimized structure and Table 2 for 
energetics, the best magnetic state being 

triplet). The overall increase of the adsorption 
strength is accompanied by a concomitant 
increase in activation barriers with 4.03 and 2.33 
eV along x and y axis, respectively. Those high 
barriers prevent surface diffusion making 
CeO2(211) a good candidate for generating single 
atom catalysts. 

Pt1 adsorption on neutralized CeO2(100) and 
CeO2(210) surfaces  

Regarding the exploration of the adsorption of 
single platinum atom on neutralized CeO2(100), 
the PES indicates that the best position (Figure 
2(e)) is a bridge-bonded structure with two 
surface oxygen atoms37 (Figure 3(e) for the 
optimal geometry). The higher metastability of 
this termination makes the adsorption process 
globally more exothermic in the whole energetic 
spectrum and even in the proximity of cerium 
surface atoms. The refined and fully relaxed 
structure of the most stable adsorption position 
presents a very strong adsorption energy of -
6.04 eV and corresponds to singlet (Table 2). 
Concerning diffusion pathways, the PES clearly 
suggests large activation barriers along x (2.12 
eV) and y axis (2.53 eV) starting from the most 
stable adsorption sites. Very strong adsorption 
and high diffusion barriers indicate a clear 
propensity to generate single atom catalysts on 
CeO2(100). 

In the case of the other neutralized termination 
CeO2(210), the PES exposed in Figure 2(f) 
confirms once again that the adsorption of a 
single platinum atom on stepped ceria surfaces 
is very strong. The presence of defects leading to 
a significant metastability of this ceria 
termination promotes its interaction with 
platinum. The best position is a fourfold hollow 
on top of four surface oxygen atoms (Figure 3(f) 
for the optimized structure). The adsorption 
energy is the largest one (-7.93 eV) registered in 
this work (Table 2). Simultaneously, diffusion 
pathways of platinum on CeO2(210) are 
completely hindered with very high activation 
barriers along x (2.91 eV) and y axis (3.29 eV). 
Hence the stepped neutralized CeO2(210) 
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system appears as the best candidate to form 
single atom catalysts. 

Pt1 adsorption on reduced CeO2-x(111) surface 

The last considered system is the adsorption of a 
platinum atom on a reduced CeO2-x(111), surface 
exhibiting a single surface oxygen vacancy 
(Figure 2(b) for the PES). The potential energy 
map (derived from spin polarized calculations) 
clearly demonstrates that the best position for 
adsorbing platinum is a top site vertically above 
the oxygen vacancy. In the optimized structure, 
platinum is bonded to three surface cerium 
atoms (see Figure 3(b)), the adsorption energy is 
quite large (-4.23 eV, Table 2) in agreement with 
previous works28 and the corresponding 
magnetic state is singlet (no spin). The potential 
energy surface is quite steep and isoenergetic 
around the most favorable position, except 
where the platinum atom is on top of cerium 
surface atoms (maximum of energy). Regarding 
diffusion kinetics, the activation barriers are high 
(1.76 eV and 1.54 eV along the x and y directions, 
respectively), indicating that diffusion is not easy 
around oxygen vacancies. Those defects could 
thus trap single platinum atoms quite efficiently. 

Comparison of Pt1/CeO2-y(hkl) systems: relative 
and absolute stability and diffusion properties  

In the previous sections, the relative stability of 
platinum adsorption on the various ceria 
terminations was determined based on 
adsorption strength. Although interesting, this 
property cannot capture the absolute stability of 

nucleation sites when all the considered ceria 
terminations are present in the catalytic system. 
The excess energy reported in Table 2 is a 
relevant stability descriptor which combines 
both the adsorption strength of the platinum 
atom and the energetic cost to create the 
nucleation site with respect to a common 
reference (ceria bulk). The order in excess 
energy is the following: CeO2(111) > CeO2(110) > 
CeO2(100) > CeO2(211) > CeO2-x(111) > 
CeO2(210). Note that the adsorption energies of 
fully optimized structures of Pt1/CeO2(hkl) (Table 
2) are close to the corresponding estimations 
from the interpolation on the PES (Figure 2), 
except for CeO2(210) where the spin polarization 
has a strong stabilizing effect on the fully relaxed 
system. In addition, the fully optimized 
geometries of Pt1/CeO2(hkl) are also very similar 
to those obtained in the PES, except for the 
stepped CeO2(211), where the position of one 
surface oxygen atom bound to platinum 
significantly relaxes. Such a global agreement 
validates our approach for elaborating potential 
energy maps. The energetic order in adsorption 
energy is the following: CeO2(210) > CeO2(211) > 
CeO2(100) > CeO2-x(111) > CeO2(110) > 
CeO2(111). Although the order is not the exact 
opposite to that of the excess energy, the 
stability of the ceria termination seems to play a 
key role in the overall adsorption process. This 
result is compatible with previous conclusions on 
(111), (100) and (111) surfaces.37 

 



11 

 

FIGURE 2 2D Potential energy maps on regular grids (x,y) (direct coordinates) for single Pt adsorption on various ceria surfaces (energetics being 
computed at the restricted PBE+U level, except for the reduced surface in (b) where PBE+U calculations were performed at the unrestricted 
level): (a) pristine flat (111); (b) reduced flat (111); (c) pristine flat (110); (d) pristine stepped (211); (e) pristine stepped (100); (f) pristine stepped 
(210) surfaces. The adsorption energy (eV) in the maps varies for the chosen ceria surface according to the reported color labeling in the vertical 
bars, defining the energetic spectrum in each case. Top views of the topmost ceria layers are drawn and superposed over the 2D energy maps to 
define in each case the correspondence between a specific energy point on the map and its geometric position on the ceria surface. Surface 
cerium and oxygen atoms are depicted in beige and red, respectively. Subsurface cerium and oxygen atoms are represented in grey and in light 
red or purple, respectively. 

 

TABLE 2 Optimized adsorption structures of a single Pt atom (see Figure 3 for geometries) on the various ceria surfaces, at the unrestricted PBE+U level 
(most stable positions according to Figure 2). In each case, the adsorption site is mentioned together with the adsorption energy (eV) referred to the 
isolated Pt atom and the clean ceria surface, the excess energy (J.m-2) referred to the ceria bulk, the total magnetization (µB), the optimal Pt-O distance 
(Å), and the diffusion activation barriers along the x and y directions predicted from the potential energy maps of Figure 2. 

Pt1/CeO2-y(hkl) CeO2(111) CeO2-x(111) CeO2(110) CeO2(211) CeO2(100) CeO2(210) 
Adsorption site Bridge O2 3-fold-hollow Ce3 Bridge O2 Bridge O2 Bridge O2 4-fold-hollow O 
Eads (eV) -2.97 -4.23 -3.66 -6.08 -6.04 -7.93 
Eexc (J.m-2) 0.96 3.06 1.52 2.66 1.93 3.91 
M (µB) 2 0 2 2 0 1.6 
d(Pt-O) (Å) 2.15 - 2.08 2.00 2.01 1.97-2.00 
d(Pt-Ce) (Å) - 2.96 - - - - 
Eact,diff(x axis) (eV) 0.11 1.76 1.12 4.03 2.12 2.91 
Eact,diff(y axis) (eV) 0.11 1.54 0.48 2.33 2.53 3.29 
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Regarding diffusion kinetics, the single platinum 
atom will easily move on the thermodynamically 
most stable CeO2(111) surface and on the 
competitive CeO2(110) termination, where 
activation barriers are remarkably low. On the 
other hand, diffusion will be quite impossible on 
the stepped CeO2(210), CeO2(211) and 
CeO2(100) terminations where adsorption is 
really strong and activations barriers too high. 
Therefore, at a low content of deposited Pt, one 
can expect a larger propensity to form small 
clusters on CeO2(111) and CeO2(110) surfaces, 
but also a significant ability to further diffuse 
during the growth process, thus making the 
control of nanoparticle size and shape quite 
difficult. In contrast, on CeO2(210), CeO2(211) 
and CeO2(100) surfaces, single-atom catalysts 
can be expected, however the strong adsorption 
on these defective terminations opens questions 
regarding the catalytic performance for the WGS 
reaction, especially for releasing the CO2 
product. The reduced CeO2-x(111) surface model 
presenting a single oxygen vacancy appears as a 
good compromise for forming platinum clusters 
of a few atoms, with a sufficiently strong 
adsorption of the platinum atom, ensuring the 
control of isolated nucleation sites, and a 
concomitant moderately activated diffusion. 
Moreover, as mentioned in the Introduction, the 
ceria support undergoes reducing treatments 
which cause the generation of oxygen vacancies. 
This justifies our choice to investigate in the next 
step the formation of Pt2 and Pt3 multimers only 
on the reduced CeO2-x(111) surface model. 

3.3 Growth of platinum dimers and trimers on 
reduced CeO2-x(111) 

A potential energy surface has been elaborated 
for the interaction of two platinum atoms with 
the reduced ceria termination, by following the 
previous idea for single atom adsorption. The 
objective is the determination of the most likely 
adsorption structures for Pt2 dimer on reduced 
CeO2-x(111), as well as diffusion kinetics related 
to the dimer generation. To evaluate the stability 
of a second Pt atom (noted Pt(2)) on the pre-

covered CeO2-x(111) surface by a first adsorbed 
Pt atom (noted Pt(1)), a regular grid of frozen 
(x_Pt(2),y_Pt(2)) positions has been considered on 
the most stable adsorbed structure for Pt(1), (see 
Figure 2(b) and Figure 3(b), where initially 
x_Pt(1)=0.25 and y_Pt(1) =0.50). 

 

FIGURE 3 Lateral and top views of the optimized and most stable 
structures of a single Pt atom adsorbed on various ceria surfaces: 
(a) CeO2(111), (b) reduced CeO2-x(111), (c) CeO2(110), (d) 
CeO2(211), (e) CeO2(100) and (f) CeO2(210) (see Table 2 for other 
details and Figure 2 for potential energy maps). Cerium atoms are 
depicted in light gray, surface oxygen in red, subsurface oxygen in 
light red and platinum in light blue. 

During the geometry optimizations, the degrees 
of freedom of Pt(1), of surface ceria atomic planes 
and of the z coordinate of Pt(2) are all allowed to 
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relax. The point density on the (x,y) grid is 
identical to that of Pt1/CeO2-x(111). On the 
resulting PES reported in the Supplementary 
Material in Figure S1, six equivalent most stable 
positions of Pt(2) around Pt(1) located in the 
vacancy are seen. For the completely optimized 
structure (see Figure S2), on the one hand, the 
computed associative adsorption energy of Pt(2) 
on Pt(1)/CeO2-x(111) is less exothermic (-3.85 eV, 
corresponding to an adsorption energy of the Pt2 
dimer of -4.45 eV) than the previously predicted 
stability of Pt(1) on the reduced surface (-4.23 
eV). On the other hand, this energy is more 
exothermic than the one for the adsorption of 
Pt(1) on CeO2(111). This latter result can be 
explained by the energy gained upon formation 
of the Pt-Pt bond. It can also be seen in the value 
of the excess energy for adsorbed Pt2 (1.85 J.m-

2), which is significantly lower than the one for 
Pt(1)/CeO2-x(111) (3.06 J.m-2). Regarding the 
optimal geometry, the platinum dimer adsorbs 
quasi-parallel to the ceria surface by binding to 
three surface cerium atoms and one surface 
oxygen (see Figure S2) and a significant 
elongation of the Pt-Pt bond (2.53 Å) is 
registered with respect to gas phase Pt2(g) (2.32 
Å). No magnetism has been found. Note in 
passing that when the two Pt atoms are very 
close, they rearrange so that one of the two 
atoms is located on top of the other one in a bent 
or vertical configuration above the ceria support. 
Such a conformation is not competitive in 
stability as shown by the PES around Pt(1). 

The determination of the most stable position of 
Pt(2) on the PES related to the platinum dimer on 
the reduced and pre-covered Pt(1)/CeO2-x(111) 
surface ((x_Pt(2) = 0.40, y_Pt(2) = 0.80) and (x_Pt(1) 

= 0.25 and y_Pt(1) = 0.50)) has served as a starting 
structure for the elaboration of another PES, 
aiming to predict the stability of a third platinum 
atom (noted Pt(3)) on the dimer pre-covered 
Pt2/CeO2-x(111) catalyst. As in the previous case, 
during the geometry optimizations, only the 
(x_Pt(3), y_Pt(3)) coordinates of Pt(3) have been 
frozen at the points of a regular grid, while 
relaxing the degrees of freedom of the other 
atoms. The corresponding PES reported in Figure 

S3 of the Supplementary Material, suggests that 
Pt(3) prefers to bind to Pt(1) located on the oxygen 
vacancy to form a flat adsorbed trimer in a bent 
configuration (see Figure S4 for the optimized 
structure). The predicted associative adsorption 
energy (-5.03 eV) is even larger than those of Pt(2) 
and Pt(1) discussed previously. This suggests 
simultaneous stabilizing effects due to the 
formation of a second Pt-Pt bond and to the 
better interaction between the Pt3 trimer and 
ceria support. Such a conclusion is reflected in 
the calculated excess energy (0.27 J.m-2) which is 
by far more stable than the optimal Pt1/CeO2-

x(111) (3.06 J.m-2) and Pt2/CeO2-x(111) (1.85 J.m-

2) systems, but also more stable than 
Pt1/CeO2(111) (0.96 J.m-2). Hence, the cost of the 
oxygen vacancy formation is largely 
compensated by the formation of a Pt trimer and 
its interaction with such a defect. Moreover, 
according to the PES of Pt1, Pt2 and Pt3 on CeO2-

x(111), the diffusion activation barrier along y 
direction of one platinum atom is the highest 
one in the case of the trimer (Eact,diff(y) = 1.80 eV)) 
and the lowest one in the case of the dimer 
(Eact,diff(y) = 1.09 eV). For Pt1/CeO2-x(111), the 
barrier is intermediate (1.45 eV). This shows that 
diffusion kinetics of small Pt clusters are strongly 
dependent on their size and the presence of an 
oxygen vacancy will tend to favor the formation 
of dimers. 

Charge transfers based on the Bader analysis 
have also been computed for single platinum 
atom, dimer and trimer supported on the 
reduced CeO2(111) surface and presented in the 
Supplementary Material in Table S4. The charge 
transfer is opposite to the usual one for single 
platinum atom on pristine CeO2(111) surface, 
going from the defective ceria support to the 
platinum atoms which become negatively 
charged. Its amplitude progressively decreases 
with the increased size of the cluster, from 0.86 
to 0.74 electron. The non-equivalence of the 
charge transfer between platinum atoms 
belonging to a given cluster is reflected by the 
asymmetry of the adsorption structure on the 
ceria support. 
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3.4 Adsorption and vibrations of CO on 
Pt1/CeO2-y(hkl) 

After having explored the structure sensitivity of 
single platinum catalysts on ceria and how the 
selected reduced (111) termination impacts on 
the growth of small clusters, the adsorption 
properties of carbon monoxide are investigated 
in this section on various SACs. Indeed, CO is one 
of the reactants in the WGS reaction, for which 
the determination of the influence of the 
structure sensitivity on adsorption 
thermodynamics is particularly interesting. The 
typical onefold top (on Pt) and twofold bridge 
(between Pt and an adjacent O atom) adsorption 
structures for CO have been considered on the 
optimal Pt1/CeO2-y(hkl) catalysts and completely 
optimized, except for the reduced surface 
model, where the bridge position cannot be built 
due to the absence of a neighboring surface O 
atom to Pt. All the corresponding results are 
given in Table 3 and Figure 4, for the most stable 
and optimized structures. There are two families 
of SACs: strongly bound and moderately bound. 
In the cases of Pt1/CeO2(111), Pt1/CeO2(110) and 
Pt1/CeO2(211), CO adsorption is really strong 
(from -3.10 to -3.46 eV) and it causes a change in 
the active site, since the Pt atom moves from a 
bridge-bonded structure with surface oxygen 
atoms to a top position, as depicted in Figure 4. 
The best CO adsorption form is top and linear on 
the platinum atom, in agreement with Koleva et 
al.’s previous works,64 reporting a stabilization of 
the Pt 5d orbitals due to a depopulation of the 
5d projected states close to the Fermi level, 
when the metal is completely covered by CO. 
The best magnetic state can be either singlet or 
triplet. On the SACs related to stepped (100), 
(210) and reduced (111) surfaces, CO adsorption 
is more moderate (from -0.94 to -2.20 eV) and 
the Pt atom stays close to its optimal position, 
during CO adsorption. CO binds either linearly on 
top (CeO2-x(111)) or through a CO2 surface 
species (CeO2(100) or CeO2(210)). The best 
magnetic state is triplet on all these ceria 
terminations. 

 

FIGURE 4 Lateral and top views of the optimized adsorption 
structures of CO on the SACs Pt1/CeO2-y(hkl): (a) CeO2(111), (b) 
reduced CeO2-x(111), (c) CeO2(110), (d) CeO2(211), (e) CeO2(100) 
and (f) CeO2(210) (see Table 3 for details and Figure 3 for optimized 
clean Pt1/CeO2-y(hkl) catalysts). Cerium atoms are depicted in light 
gray, oxygen belonging to the ceria surface and carbon monoxide 
in red, subsurface oxygen in light red, platinum in light blue and 
carbon in black. In (a-d), molecular adsorption of CO is registered 
on the ceria surfaces, while in (e-f), CO2 adsorbed species form 
during CO chemisorption. 

In the context of the WGS reaction, the activity 
of SACs is low due to the excessive strength of 
carbon monoxide adsorption and subsequent 
difficult desorption of the products. Our DFT 
models of SACs on thermodynamic terminations 
CeO2(111), (110) and (211) support those 
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conclusions on the basis of CO adsorption 
thermodynamics. On the stepped (210) surface, 
the weakening of CO adsorption strength would 
be an interesting argument in favor of its 
catalytic activity for the WGS reaction, but this 
system is too high in absolute stability. The last 
two SACs on stepped CeO2(100) and on the 
reduced CeO2-x(111) exhibit the lowest 
adsorption energy for CO (with respective values 
of -1.95 and -0.94 eV), which make these SACs 
interesting for the WGS reaction. Nonetheless, 
on the (100) surface, the adsorption of CO in a 
CO2 configuration might yield formate species in 
a H2 environment compromising the desorption 
of CO2 product. In this context, the Pt1/CeO2-

x(111) catalytic system appears as our best 
candidate for WGS with concomitant moderate 
CO adsorption strength and sufficient absolute 
catalyst stability. Hence the key role of vacancies 
in the reaction mechanism evoked 
experimentally41,42 finds here theoretical 
support. 
The last part of this study deals with the 
vibrational analysis of CO on the SACs. A 
systematic harmonic vibrational analysis of the 
relaxed degrees of freedom of the optimized 
catalytic systems has been performed, 
underlining for instance a clear relationship 
between the CO adsorption energy and the Pt-
CO stretching frequency as reported in Table 3 
(the larger the adsorption strength the stronger 

the harmonic frequency). More interestingly, 
from the harmonic normal modes associated 
with the C-O stretching frequency (the one 
related to the CO molecule in the case of CO2 
surface species), scaled anharmonic values have 
been computed so that a direct comparison with 
experiments is possible. According to our 
predictions (Table 3), the relationship between 
adsorption energy, C-O equilibrium distance and 
scaled anharmonic C-O frequency is complex. 
The four top and linear adsorption forms present 
a scaled anharmonic value in the range 1982-
2044 cm-1. From infrared reflection absorption 
spectroscopy measurements of 
Pt/CeO2(111)/Cu(111) model catalysts,65 CO first 
adsorbs on-top at step and edge sites on Pt 
nanoparticles (2066 cm−1), before adsorbing on 
their (111) facets in bridging (1875 cm−1) and on-
top (2080-2097 cm−1) positions. Those frequency 
ranges are compatible with other IR 
experiments.66,67 On reduced CeO2−x(111), a red-
shifted band at 2053 cm−1 appears, which is 
attributed to an increased π-backbonding from 
Pt to CO, as a result of a change in electronic 
metal-oxide interaction.65 In our work, a small 
red shift in frequency is also seen from 
Pt1/CeO2(111) (2044 cm-1) to Pt1/CeO2-x(111) 
(2041 cm-1) SACs, with a very good 
correspondence with measurements on Pt 
nanoparticles (from 2066 to 2053 cm-1).  

 

TABLE 3 Adsorption properties of CO adsorption on various Pt1/CeO2-y(hkl) catalysts, at the unrestricted PBE+U level (see Figure 4 for the 
optimized geometries). Adsorption site and state are reported with adsorption energy referred to gas phase CO molecule and clean catalyst 
(eV), total magnetization (µB), optimal Pt-C, Pt-O, Pt-Ce, C-O distances (Å), C-O stretching frequencies (at the scaled harmonic and 
anharmonic levels), as well as Pt-CO stretching harmonic frequencies (cm-1). For adsorbed CO2 surface species, only the highest CO stretching 
frequency has been evaluated at the anharmonic level. Note that CO frequencies are scaled due to the systematic predicted deviation 
obtained for gas phase CO with respect to measurements. 

CO@Pt1/CeO2-y(hkl) CeO
2
(111) CeO

2-x
(111) CeO

2
(110) CeO

2
(211) CeO

2
(100) CeO

2
(210) 

Adsorption site top top top top bridge bridge 
Adsorption state CO CO CO CO CO2 CO2 

Eads 
(eV) -3.46 -0.94 -3.28 -3.10 -1.95 -2.20 

M (µB) 0 2 0 2 2 -1.9 
d(Pt-C) (Å) 1.81 1.90 1.80 1.81 2.02 2.05 
d(Pt-O) (Å) 1.98 - 2.02 2.03 2.05 1.99;2.03 
d(Pt-Ce) (Å) - 3.01 - - - - 
d(C-O) (Å) 1.17 1.16 1.17 1.18 1.22;1.41 1.23;1.29 

Scaled anharmonic CO stretching (cm-1) 2044 2041 2015 1982 1681 1747 
Scaled harmonic CO stretching (cm-1) 2065 2065 2035 2002 1709 1754 

Harmonic Pt-CO stretching (cm-1) 559 415 577 575 320 338 
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Hence our DFT models are validated from a 
spectroscopic point of view. However, CO 
adsorption on stepped surface such as 
Pt1/CeO2(211) can provide a lower stretching 
frequency (1982 cm-1) for linear top adsorption 
due to a strong chemisorption (large adsorption 
energy of -3.10 eV, and significantly elongated C-
O distance of 1.18 Å). Such DFT value is closer to 
the range of measured bridge-bonded CO 
vibrations on the (111) facet of Pt nanoparticles 
(1875 cm-1), raising the possibility that ceria 
support steps and defects might be contributing 
to the experimental measurements. 
 

4. Conclusions 

In summary, density functional theory 
calculations including strong electronic 
correlation semi-empirical correction model, 
spin polarization and van der Waals interactions 
have been reported to explore the stability of a 
single platinum atom on various ceria surfaces, 
including pristine, flat, stepped, reduced and 
neutralized systems. Adsorption 
thermodynamics as well as absolute stability 
descriptor have been predicted and compared 
via a systematic exploration of potential energy 
surfaces covering the stability of the metal over 
the whole ceria support. 

Single platinum atoms exhibit the largest 
stability expressed in excess energy on the most 
stable ceria terminations, such as pristine and 
flat CeO2(111) and CeO2(110), for which the 
creation cost with respect to bulk ceria is 
minimal. Although the adsorption strength can 
reach -8 eV on stepped CeO2(210), the high 
metastability of such defective surfaces cannot 
be compensated by the adsorption of a single 
metallic atom. Thanks to the potential energy 
maps, diffusion kinetics have been evaluated 
and compared between the single platinum 
catalysts. The high stability of Pt1/CeO2(111) and 
Pt1/CeO2(110) is however linked to the high 
mobility of the single atom on these 
terminations, promoting the rapid formation of 
small clusters and their sintering. On the other 

hand, the stepped surfaces CeO2(211) and 
CeO2(210) inhibit the diffusion of platinum 
atoms, in favor of single atom catalysts, however 
their metastability is too high. Among the 
remaining terminations, the reduced CeO2-x(111) 
and stepped CeO2(100) offer a good compromise 
between intrinsic stability and moderately 
activated diffusion. 

In line with this, our study of the formation of Pt 
dimer and trimer on the reduced CeO2-x(111) 
surface points out that the presence of oxygen 
vacancies may favor the growth of dimers, and 
prevent sintering. 

To open the discussion regarding the Water-Gas-
Shift reaction mechanism on ceria-based single 
platinum catalysts, a systematic study of 
adsorption and vibrations of the carbon 
monoxide has been addressed on the various 
single atom systems. While the large CO 
adsorption strength on Pt catalysts supported on 
pristine and flat CeO2(111) and CeO2(110) or 
stepped CeO2(211) explain their weak WGS 
activity, the reduced CeO2-x(111) appears as the 
best compromise for ensuring both sufficient 
stability of single atom catalysts and moderate 
adsorption of CO reactants. The computed 
vibrational analysis directly compared to 
available measurements provides important 
validation of our DFT models, while also bringing 
new spectroscopic features helpful to interpret 
infrared measurements. This work invites 
experimentalists to explore tailored, stepped 
and defective ceria terminations in the context 
of the rational design of more efficient single 
atom catalysts active for the Water-Gas-Shift 
reaction. 
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