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Abstract: Ceria-titania interfaces play a crucial role in different 
chemical processes but are especially promising for the photocatalytic 
splitting of water in the visible region when Pt is added to the system. 
However, the complexity of this hierarchical structures hampers the 
study of the origin of their outstanding properties. In this article, the 
structural, electronic and optoelectronic properties of CeO2/TiO2 
systems containing 1D, 2D, and 3D particles of ceria are analyzed by 
means of density functional calculations. Adsorption sites and 
vacancies effects have been studied to model Pt adsorption. Density 
of states calculations and absorption spectra simulations explain the 
behavior of these systems. Finally, these models are used for the 
screening of other metals that can be combined with this 
heterostructure to potentially find more efficient water splitting 
photocatalysts. 

Introduction 

The reducibility of TiO2 and CeO2 makes these oxides suitable for 
a wide range of applications, especially in catalysis.[1, -4] They can 
be used as supports for metal nanoparticles, usually in oxidation 
or reduction processes,[ 5 , 6 , 7 ] or for absorbing photons in 
photocatalytic reactions.[ 8 , 9 ] Although there are many studies 
demonstrating the activity of these two oxides individually, recent 
reports have pointed out the benefits of combining ceria and 
titania.[ 10 , 11 ] Solid solutions of these two oxides can be 
synthesized with different structures depending on the content of 
each cation. While anatase is the predominant structural feature 
when the Ce content is below 10%, fluorite-like structures are 
formed when the Ti amount is lower than 30%.[10] This solid 
solution has shown promising results for different reactions such 
as NH3 oxidation,[10] desulfurization applications,[ 12 ] water-gas 
shift (WGS) reaction [ 13 ] and photo degradation of organic 
molecules. [14] 
Ceria-titania systems go beyond the formation of solid solutions. 
In the literature, heterostructures combining these two oxides 
have become common in the past five years. TiO2 clusters on 
CeO2 (111) reduce the vacancy formation energy and enhances 
the oxidation power of this catalytic substrate.[15] However, it is the 

inverse configuration, CeO2 on TiO2, which has attracted more 
attention. Nanoparticles of ceria on a rutile TiO2(110) single 
crystal or on anatase powders exhibit unique structural and 
electronic properties not seen for bulk ceria.[16 -19 Size effects and 
a strong oxide-oxide interaction are responsible for this 
phenomenon.[16 - 19] In this aspect, a ceria-titania interface 
presents an exceptional activity for the dehydrogenation of 
methanol to formaldehyde at very low temperatures[20] or water-
gas shift reaction if Pt is adsorbed on the surface.[21] 
Among all potential applications for this system, photocatalysis 
stands as the most promising. Ceria nanostructures (e.g. 
nanocomposites or nanotubes) on TiO2 are widely applied to 
catalyse the reduction of nitro compounds,22 the photoreduction 
of CO2 to methanol[23 24] and methane[24] degradation of organic 
contaminant[25, 26, 27] or microorganism elimination.[28] The photo-
catalytic behaviour of the system seems to be strongly correlated 
to two factors: i) the interface between the two oxides.[25, 29, 30] and 
ii) metals adsorption on its surface.[16] Near Edge X-Ray 
Absorption Fine Structure (NEXAFS) and UV-vis measurements 
have proved that the deposition of CeOx nanoparticles on TiO2 is 
an efficient way to modify the chemical and electronic properties 
of both oxides.[16] The authors of this work suggested the 
preferential presence of Ce3+ cations at the interface, which 
creates mid gap states which absorb photons in the visible region. 
These findings have been confirmed by DFT calculations.[17] 
Furthermore, it was found that the growth of the ceria is influenced 
by the strain originated by the lattice mismatch between ceria and 
titania. High-angle annular dark-field scanning transmission 
electron microscopy (HAADF STEM) imaging demonstrates that 
ceria exists in a hierarchical structure with clusters, chains, and 
nanoparticles in samples with increasing ceria loadings ranging 
from 1 to 6 wt % on the titania support.[17, 18] 
 
The photoactivity of these hierarchical structures can also be 
modified by the adsorption of metal nanoparticles. The 
nanostructures of ceria dispersed on titania seem to have a 
stronger interaction with metals than seen in the case of bulk 
ceria.[16 - 19] It has been reported that Au/TiO2-CeO2 catalyst 
actively photo-oxidizes 2-propanol.[31] Ni has also been used on 
these mixed-oxide systems for CO2 methanation.[32] However, Pt 
is the most adsorbed noble metal on CeO2-TiO2 nanostructures 
as photocatalyst.[16,17,33] For instance, when compared to plain 
TiO2 or Pt/TiO2, Pt/CeOx/TiO2, seems to be promising for the 
photocatalytic splitting of water in the visible region.[17] However, 
it is still unclear how metals modify the electronic properties of this 
system and enhances its photocatalytic performance.[16]  
 
In this article, we analyze the interaction of Pt atoms with well-
characterized CeOx/TiO2 nanostructures. The impact of the Pt 
adsorption on the electronic structure are examined in detail and 
their effects in the absorption spectra are rationalized to 
understand the photocatalytic properties of the system. These 
results are used later to perform a systematic study in which Pt is 
substituted by other metals to accelerate the prediction of systems 
with potentially similar or higher activity.  
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Results and Discussion 

Pt adsorption. To the best of our knowledge, there are no studies 
of Pt adsorption on these hierarchical structures in which an 
interface with TiO2 significantly changes the properties of the 
system compared to CeO2 clean surfaces[34,35], or clusters.[36] To 
this end, we adsorbed single Pt atoms on all 3D, 2D, and 1D ceria 
nanostructures (Figure 1 and Figure S1-S3) which have been built 
using HAADF STEM images.[17] The adsorption energies of Pt on 
the 3D nanocluster are included in Table 1 and the adsorption 
sites are depicted in Figure 1e. Adsorption energies on the 3D 
cluster facets, exposing the CeO2 (110) surface, range between -
2.36 and -2.73 eV which are closer to values reported for CeO2 
(110) clean surfaces (-2.62 to -2.80 eV).[ 37 ] The CeO2/TiO2 
interface sites present higher adsorption energies (-2.60 to -3.27 
eV) than those of the facets. Although these values cannot be 
directly compared to those obtained for CeO2 (111) steps (-5.0 to 
-6.7 eV), [ 38 ] both, the CeO2/TiO2 interface and steps act as 
preferential adsorption sites compared to the CeO2 cluster facets 
or the clean TiO2 surface. The adsorption of the Pt at the top of 
the nanoparticle presents the highest adsorption energy for this 
structure (-4.89 eV). This is very close to the -5.16 eV value 
reported for the (100) surface[37] with a very similar atomic 
arrangement. This adsorption energy is similar to the values 
obtained for the 2D model where the Pt is adsorbed on top oft he 
Ceria layer (Figure S4). No significant changes were found in the 
adsorption energies for the 2D model when 2 (-5.23 eV) or 5 (-
5.28 eV) layers of CeO2 were used and they are very close to the 
values reported for the clean (100) CeO2 surface (-5.16 eV). [37] Pt 
was also adsorbed on the TiO2 (112) surface to elucidate its 
preference for one or the other oxide obtaining, in this case, an 
adsorption energy of -2.80 eV. This value is higher than other 
obtained at the 3D cluster facets but considerably lower than 
those of sites close to the interface or the corner. Adsorption 
energies at the interface or in the 1D CeO2 monomer (-2.7 eV) are 
closer to the values obtained for the TiO2 surface than Eads 
obtained for the (100) CeO2 surface.  

 

Figure 1. (a) and (b) Monomer (1D) CeO2 cluster on TiO2 (112) 
surface. (c) Interface (2D) model between CeO2 (100) and TiO2 
(112) surfaces. (d) and (e) Pyramidal (3D) CeO2 (100) cluster on 
top of TiO2 (112) surface. CeO2 monomer is highlighted in a blue 
circle in (a) and (b). I+x, surf. and subsurf. labels indicate the 
different oxygen layers where vacancies can be created. The Pt 
adsorption sites are included in (d): 1= corner; 2, 3 = facet; 4, 5= 
interface. Atom colors: Ce = white, Pt = cyan, O = red, Ti = grey. 
 

Table 1. Pt adsorption energies, Eads, for the 1D, 2D, and 3D CeO2 
hierarchical structures and TiO2 (112) surface. Eads in eV. 

Model Site Eads 

3D 
Corner -4.89 

Facet -2.36-2.73 

Interface -2.60-3.27 

2D - -5.23 

1D - -2.7 

TiO2 (112) - -2.80 

Pt and oxygen vacancies interaction. Vacancies and Ce3+ can 
modify the interaction between the Pt atoms and the surface. In 
order to evaluate the influence of vacancies on Pt adsorption, Pt 
atoms were adsorbed on 2D models with 2 CeO2 layers and with 
vacancies at different positions (Table 2). Vacancy formation 
energy, EV, is calculated as: EV= ECeO(2-x)/TiO2 +0.5EO2– ECeO2/TiO2, 
where ECeO2/TiO2 and ECeO(2-x)/TiO2 are the DFT energies obtained 
for the stoichiometric and non-stoichiometric (one oxygen 
vacancy) respectively. Similarly, the variation on the Pt adsorption 
energy when in the presence of vacancies, DEads, and the 
variation of vacancy formation energy with a Pt atom adsorbed 
with respect the clean surface, DEV, are defined as: 

DEads = Eads(Vac)- Eads 

DEV = EV(Pt)- EV 

where Pt and Vac labels indicate whether adsorption energies or 
vacancy formation energies are calculated on a system with a Pt 
atom or a vacancy respectively.  

Table 2. Pt adsorption energies with vacancies, Eads(Vac); variation of Pt 
adsorption energies with vacancies with respect to the stoichiometric 
system, DEads, vacancy formation energy with a Pt atom adsorbed, 
EV(Pt), and variation of vacancy formation energy with a Pt atom 
adsorbed with respect the clean surface, DEV at different vacancy 
positions in the 2D model. Eads, DEads, EV, and DEV in eV.  

Position Eads(Vac) DEads EV(Pt) DEV 

Surface -3.93 1.3 3.67 1.32 

Subsurface -4.68 0.55 2.94 0.57 

Interface -5.1 0.13 2.95 0.16 

I-1 -4.94 0.29 3.11 0.30 

I-2 -5.31 -0.08 3.93 -0.06 

The data shown on Table 2 indicate that oxygen vacancy 
formation reduces the Pt adsorption energies compared to the 
stoichiometric system regardless of the vacancy position. This 
trend is more important when the vacancy is close to the Pt atom 
either at the surface or subsurface, reducing the Pt adsorption 
energy, DEads, between 1.3 eV and 0.55 eV. However, this effect 
is moderate when the vacancy is at the interface or in the TiO2 
phase (I-1 and I-2 sites). The vacancy formation energy is also 
modified when Pt is adsorbed. While there are not important 
modifications in the vacancy formation energy at the interface or 
the TiO2 phase with respect to the clean surface, surface and 
subsurface vacancies are clearly destabilized by the Pt 
adsorption around 1.32 eV and 0.57 eV respectively. A similar 
trend, was reported by Vayssilov et al in Pt cluster on CeO2 
nanoparticles.[39] They found that the vacancy formation energy, 
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EV, in ceria increases because of the adsorption of Pt and it is only 
reduced if there is an oxygen reverse spillover on the Pt 
nanocluster. This effect stems from the overreduction of the ceria 
phase where each vacancy reduces the ceria phase creating two 
Ce3+ polarons and the Pt atoms also donate electron density to 
the surface.[37] That is why, the trend is attenuated if the vacancy 
and the Pt are not close to each other. 

Electronic structure. Understanding the electronic properties of 
these hierarchical structures is a first step to explain their 
photocatalytic behaviour. Density of states, DOS, for the 2D 
system with vacancies, CeOx/TiO2, with adsorbed Pt atoms, 
Pt/CeO2/TiO2 and with Pt and vacancies, Pt/CeOx/TiO2 are shown 
in Figure 2. There are common features in all cases: i) the valence 
band is mainly constituted by the O 2p states of both oxides, ii) 
the bottom edge of the conduction band corresponds to the Ce 4f 
band and iii) the Ti 3d band is located between the Ce 4f and Ce 
5d states. The most important differences are in the mid-gap 
states which have been decomposed by projecting the DOS on 
each atom, pDOS. Systems with vacancies present a mid-gap 
state just below the Fermi energy. Both, TiO2 and CeO2, are n-
type semiconductors so, in principle, vacancies can generate Ti3+ 
or Ce3+ atoms. However, as a consequence of a strong oxide-
oxide interaction,[48, 49] pDOS clearly demonstrates that this mid-
gap state corresponds only to Ce3+ for the CeOx/TiO2 system or 
Ce3+ and Pt for the Pt/CeOx/TiO2 system. When the area of the 
mid-gap state of the CeOx/TiO2 system (see blue line in Figure 2 
inset) is integrated, we found that the peak represents 2 electrons 
localized in two different Ce atoms around the vacancy. 
When Pt is present on the system, another two Pt 5d states 
appear between the Ce3+ mid gap state and the valence band, 
just below and above -1.0 eV. These Pt 5d states seem to be the 
main reason for the band gap reduction and the absorption in the 
visible region of the spectra.[16] However, absorption spectra were 
computed in order to confirm the influence of Pt and the 
differences between all the hierarchical nanostructures.  

 

Figure 2. Density of states, DOS, for the 2D system with vacancies, CeOx/TiO2 
(upper panel), with adsorbed Pt atoms, Pt/CeO2/TiO2 (middle panel), and with 
Pt and vacancies, Pt/CeOx/TiO2 (bottom panel). Inset with the mid-gap states 
area have been included. Projected density of states color code: O = red; Ce = 
orange; Ti = grey; Pt = blue. 

Optoelectronic properties. Previous studies have not detected 
significant differences among the absorption spectra of 1D, 2D 
and 3D hierarchical structures. Thus, our 2D interface model has 
been selected to simulate the electronic absorption spectra and 
to compare with the experimental results in order to reduce the 
computational cost. All the calculated spectra have been shifted 
to the blue region because of the well-known band gap 
underestimation by GGA functionals. In this regard, experimental 
TiO2 spectra were used as a reference aligning the peaks that 
correspond to the O 2p – Ti 3d transition by a shift of 0.3 eV 
(Figure 3a). This shift was applied to all the simulated spectra 
obtaining good agreement with experimental spectra (Figure 3a).  
The intensity of all the spectra was also normalized to obtain a 
straightforward comparison between calculated and reported 
experimental spectra.[18] The TiO2/CeO2 interface spectrum 
presents features not seen in the spectra of TiO2 and CeO2 
separately. The edge of the main adsorption band is clearly 
shifted to lower energies compared to the main bands in TiO2 and 
CeO2. This can be explained by the DOS examined in the 
previous section. The position of the Ce 4f band at lower energies 
than the Ti 3d band opens the door to a new O 2p (TiO2) → Ce 4f 
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transition. At the same time, the greater number of vacancies at 
the interfaces creates mid-gap states that are the responsible of 
the small tail of the band beyond 500 nm (Figure 3a). When Pt is 
adsorbed, the absorbance in the 500-700 nm region increases 
(Figure 3b) with respect to the TiO2/CeO2 system. The origin of 
this effect, also observed in the calculated spectra, is the 
appearance of Pt 5d states in the middle of the gap. 

 
Figure 3. Calculated (solid) and experimental17 (dashed) absorption spectra for 
(a) TiO2 (red), CeO2 (blue), CeOx/TiO2 (green) and (b) Pt/CeOx/TiO2 (yellow). 

Effects of late transition or noble metals. Once the main 
features and transitions of the adsorption spectra have been 
analyzed, the validated model can be used for looking for new 
candidates with potentially similar or higher activity than Pt. A 
screening was performed to explore and simulate the behavior of 
other transition metals. It is appropriate to include certain caveats 
here. The systems must present absorbance at the visible region 
of the spectra to act as water-splitting photocatalyst, however, 
their activity is also related to other variables such as the role of 
mid-gap states as charge recombination centers. We have 
simulated the adsorption spectra of the TiO2/CeO2 interface 
substituting Pt by Ni, Pd, Cu, Pt and Au (Figure 4). Cu, Ag and Au 
atoms do not improve the absorbance in the 500-700 nm region 
with respect to Pt, but among the group 10 metals some promising 
results appear. The Ni/CeOx/TiO2 system interface presents an 
absorption spectrum very similar to the Pt/CeOx/TiO2, with Ni 
being considerably cheaper than Pt. Moreover, Pd even 
increases the absorbance in that region. If the origin of this 
behavior stemmed from the mid gap states created by the metal 
adsorption, there should be a connection between the DOS and 
the absorption spectra of each system. To substantiate such a 
relationship, the projected DOS of the metals for the different 
M/CeO2/TiO2 models were integrated in the mid-gap region 
(Table S1, Figure S5). Two well-differentiated groups were 
identified: one constituted by Pd, Ni and Pt and a second one 
composed by Cu, Ag and Au. The electron integration shows that 
Pd, Ni and Pt exhibit more electrons in the mid-gap region, 
explaining the features observed in the simulated electronic 
spectra. 

Figure 4 Calculated absorption spectra for M/CeOx/TiO2 interfaces. Colors: Ni 
= red, Pd = green, Pt = purple, Cu = orange, Ag = light blue, Au = brown.  

Conclusions 

The electronic and optoelectronic properties of TiO2/CeO2 
hierarchical nanostructures and the Pt/TiO2/CeO2 system have 
been studied to explain their properties as photocatalyst for the 
splitting of water in the visible region. Preferential adsorption sites 
were stablished for 1D, 2D and 3D ceria models and compared 
with previous literature for clean CeO2 surfaces, cluster and steps. 
Pt-oxygen vacancy interaction was analysed to explain the 
adsorption behaviour of this metal on these models. We found 
that the relative position of the Ce 4f band explains the shift of the 
main O 2p-M band in the absorption spectra. Pt mid-gap states 
are crucial for the optical properties of the system in the visible 
region. The concordance between experiment and simulations 
not only explains the behaviour of this system but also open the 
door to predict the properties of other possible candidates. 
Promising results have been obtained using Ni and Pd as 
adsorbed metal at the interface resulting in a higher density of 
states in the gap and, as a consequence, increased absorption in 
the visible region. 
 

Computational details and model 

Density functional theory (DFT) calculations were performed 
using the generalized gradient approximation (GGA) exchange 
correlation functional proposed by Perdew et al.[ 40 ] and the 
projector augmented wave method (PAW)[41,42] as implemented in 
the Vienna Ab-initio simulation package (VASP) 5.2 
code.[41,43,44,45] In all these calculations the electronic states were 
expanded in a plane-wave basis set with a cutoff energy of 400 
eV. DFT+U formalism was used to adequately represent the 
electronic structure of the 4f states of Ce atoms, especially to 
localize Ce3+ species. The Hubbard U term was included using the 
rotationally invariant approach proposed by Dudarev et al.,[46] in 
which the Coulomb U and the exchange J parameters are 
combined into a single parameter Ueff = U − J. A Ueff of 4.5 eV 
was used for 4f Ce orbitals which was self-consistently estimated 
by Fabris et al.[ 47 ] using the linear-response described by 
Cococcioni and de Gironcoli.[48] This Ueff is in the range of values 
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usually proposed in the literature (4.5−5.5 eV) for CeO2 and other 
cerium oxides based materials. [49,50,51,52,53,54] A Ueff parameter of 
4.5 eV was selected for the 3d states of Ti atoms to reproduce the 
experimental values of the gap between the Ce3+ 4f and Ti3+ 3d 
levels observed in the valence photoemission spectra of the 
Ce/TiO2 (110) system.[19] We have used different k-point meshes 
depending on the model. While 1D and 3D models were 
calculated using a 1´1´1 G-centered mesh, a 3´3´1 G-centered 
mesh was used for the 2D models. A cutoff of 400 eV was used 
in all the calculations. As validation test, Pt adsorption energies 
were calculated with a higher cutoff (500 eV) and denser k-mesh 
(4´4´1) in the 2D model. The adsorption energies are modified in 
less than a 3%. Optical spectra were simulated using the 
imaginary part of the frequency-dependent dielectric function 
ε2(ω), as proposed by Gajdoš et al.[55] 
TiO2 (110) surface is usually chosen to model rutile TiO2 surface 
because of its stability, however, following previous microscopy 
data, our models are based on CeO2 particles exhibiting (001) 
facets that were growth on TiO2 (112) surface facets.[16, 17] The 
polar nature of both surfaces, called type 3 according to Tasker 
classification,[56] was stabilized by reconstruction. In these cases, 
half of the charges from the top layer were moved to the bottom 
layer quenching the dipole moment of the slab.[56] As a 
consequence of the presence of a ceria-titania interface, a net 
dipole moment still remains after the reconstruction so dipole 
corrections were added to ensure the convergence of the self-
consistent field.[57, 58] To describe the interface between a ceria 
particle and the titania support, different models were built to 
study the chains, clusters and nanoparticles experimentally 
characterized by microscopy.[18] Conventional TiO2 (-112) lattice 
vectors a and b were not used but (a+b) and (a-b), [110] and [1-
10], directions in order to minimize the misfit of TiO2-CeO2 
surfaces. This slab is denoted as (√2×√2) R45 TiO2(−112) in 
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ARTICLE 
Interfaces and Pt:  Ceria-titania 
interfaces play a crucial role in different 
chemical processes but are especially 
promising for the photocatalytic 
splitting of water in the visible region 
when Pt is added to the system.  In this 
article, the structural, electronic and 
optoelectronic properties of 
Pt/CeO2/TiO2 systems containing 1D, 
2D, and 3D ceria particles are 
analyzed by means of density 
functional calculations. 
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