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Metal oxide supports often play an active part in heterogeneous catalysis by moderating both the structure and the
electronic properties of the metallic catalyst particle. In order to provide some fundamental understanding on these
effects, we present here a DFT investigation of the binding of O and CO on Pt nanoparticles supported on titania
(anatase) surfaces. These systems are complex and in order to develop realistic models here we needed to perform DFT
calculations with up to ∼1000 atoms. By performing full geometry relaxations at each stage, we avoid any effects of
“frozen geometry" approximations. In terms of the interaction of the Pt nanoparticles with the support, we find that the
surface deformation of the anatase support contributes greatly to the adsorption of each nanoparticle, especially for the
anatase (001) facet. We attempt to separate geometric and electronic effects, and find a larger contribution to ligand
binding energy arising from the former. Overall, we show an average weakening (compared to the isolated nanoparticle)
of ∼0.1 eV across atop, bridge and hollow binding sites on supported Pt55 for O and CO, and a preservation of site
preference. Stronger effects are seen for O on Pt13 , which is heavily deformed by anatase supports. In order to
rationalise our results and examine methods for faster characterisation of metal catalysts, we make use of electronic
descriptors, including the d-band centre and our electronic density based descriptor. We expect that the approach
followed in this study could be applied to study other supported metal catalysts.
I.

INTRODUCTION

Metal oxides find broad use as supports for metal nanoparticle catalysts1,2 in industrial applications, including ammonia synthesis3 , the Fischer-Tropsch reaction4 , the water-gas
shift (WGS)5 and steam reforming processes6 . Their high
thermal stability and typically strong interaction with metal
nanoparticles (therefore high binding strength, to anchor the
nanoparticle)7 are two of the main reasons for their use.
Strong interactions also lead to a modification of the electronic
properties of the nanoparticles, which can be exploited in catalyst design.
Titania, or titanium dioxide (TiO2 ), has been used as a
support for Pt and Co nanoparticles to catalyse the WGS8
and Fischer-Tropsch reactions9 , respectively, and finds use in
photocatalysis10,11 and other chemical applications12 .
There are three predominant phases of titania: rutile,
anatase and brookite. The latter is significantly less stable
than the other two and has fewer applications because of it13 .
Rutile is known to be the more stable of the two at ambient
temperatures in bulk14 , although difficulties in experimental
work15 mean a wide range of enthalpy change between rutile
and anatase have been reported. Theoretical calculations with
DFT do not resolve this issue, and can also predict either as the
more stable phase, depending on the choice of basis set and
functional used16 . It is understood, however, that the surface
energy contributions to the total energy are lower for anatase
compared to rutile17 , which leads to smaller (nano)particles
favouring the anatase phase. In any case, the difference in energy between the two phases is small, and anatase is stable up
to 800 ◦ C13 .
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The size and shape of metal nanoparticles can have a significant effect on their chemical properties18 , including their
catalytic properties. Small nanoparticles in particular can have
vastly different properties compared to the bulk19,20 .
For heterogeneous catalysis, the Sabatier principle suggests
that the binding energies to the catalyst of the reactants and
products of a given reaction should be neither too strong or too
weak in order to maximise the turnover frequency (TOF)21 .
Rather than calculate the binding energies of the reactants and
products in all their possible configurations for a given reaction, the binding energies of relevant smaller ligands, such as
O, OH, CO, can be used to predict the TOF instead22,23 . For
example, the adsorption energy of nitrogen on a catalyst surface can be used to predict the TOF of ammonia synthesis24 .
Depending on the reaction, this can be remarkably accurate,
and reduces the complexity of the theoretical calculations substantially.
Previous work in the literature has focused on Pt on titania as a catalyst for the WGS reaction at low temperatures25 .
This reaction produces H2 and CO2 from carbon monoxide
and water, and while a faster rate of conversion is achieved at
high temperature, the equilibrium also favours the reactants at
high temperature. Therefore, typical industrial practice is to
employ a two stage process: a high temperature shift followed
by a low temperature shift. The catalysts for these two stages
are different, mainly due to the requirement for increased thermal stability for the higher temperature reaction. Metal oxide
supported metal nanoparticles tend to become more mobile at
higher temperatures, causing them to agglomerate leading to
a loss of activity. Kwon et al.25 showed that a combination of
partially reduced graphite oxide, TiO2 and Pt nanoparticles effectively catalysed the WGS at 280 ◦ C with 80% conversion
of CO, while resisting oxidation. The latter point is important since a potential application of the WGS reaction is as a
feed for a PEM fuel cell, which needs to operate in oxidising
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conditions26 .
Both the geometric and electronic properties are affected by
the support material, even for weakly interacting metals and
supports like Pt on graphene27 . A graphene support weakens the adsorption energies of O and CO on Pt, although this
effect is diminished as the size of the nanoparticle increases.
Theoretical calculations show this contribution to the ligand
binding strength on nanoparticles larger than ∼ 2 nm is negligible.
In this work, we investigate, via density functional theory
(DFT) calculations, how the support affects the binding energies of oxygen and carbon monoxide to Pt nanoparticles,
as well as nanoparticle stability on different anatase facets.
We use existing descriptors and models to predict how this
choice of support might ultimately affect catalytic properties.
We also test our previously introduced descriptor28 , based on
electrostatic potential and electron density, to understand its
applicability to supported systems.

II.

METHODS

We have performed DFT calculations with the ONETEP29 ,
and CASTEP30 codes. ONETEP is a linear scaling DFT code
capable of simulating large systems. It employs highly localised non-orthogonal generalised Wannier functions (NGWFs) and a basis set of periodic sinc (psinc) functions, which
are equivalent to plane waves. The NGWFs are centred on
atomic sites, and are optimised on-the-fly to provide near
complete basis set accuracy, equivalent to a plane wave approach with the same kinetic energy cut-off. In the ONETEP
implementation of ensemble DFT (EDFT)31 , which was used
in order to accurately model our metallic systems, the inner
loop minimises the free energy with respect to the Hamiltonian matrix elements, while the outer loop minimises a projected functional with respect to the NGWFs32 .
For our calculations here, EDFT with a Fermi-Dirac smearing of 0.1 eV (electronic temperature of 1160 K) was used.
Core electrons are modelled with the projector augmented
wave (PAW) method33 using PAWs from the GBRV set34 . The
configuration for the explicitly modelled valence electrons in
Pt is 5d9 6s1 . The kinetic energy cut-off for the basis set was
set at 850 eV and NGWF radii of 9.0 Bohr were used. The
calculations were performed at the Γ-point only, in cells with
a 15.0 Å vacuum padding in non-periodic directions.
CASTEP is a more conventional plane wave DFT code well
suited to solid state systems. All CASTEP calculations we
performed used the density mixing scheme with a Gaussian
smearing of width 0.1 eV, ultrasoft pseudopotentials from the
same GBRV set as the PAWs used with ONETEP, and a kinetic
energy cut-off of 500 eV.
For all calculations (in both codes), the exchangecorrelation energy was described within the generalised gradient approximation (GGA) using the revised Perdew-BurkeErnzerhof (rPBE) functional35,36 . The anatase unit cell,
taken from the crystallography open database (originally from
Rezaee et al.37 ) was relaxed in bulk using the lattice optimisation procedure available in CASTEP. This unit cell was then

cleaved to expose the different facets, using terminations that
produced the correct stoichiometry and ensuring both the top
and bottom of the slab were the same.
DFT geometry relaxations were performed using CASTEP.
These involved slab relaxation and thickness convergence
testing, and nanoparticle deposition and oxygen binding calculations on Pt13 and Pt55 . Single point energy calculations
were performed on the relaxed geometries using ONETEP
which were then used to determine properties such as the projected/local density of states (PDOS/LDOS). Slab thickness
convergence testing was performed in CASTEP by adding extra layers of atoms in such a way as to: a) keep the same
surface termination, and b) preserve the stoichiometry of the
system.
For calculations of all binding energies reported in this
work we have used Equation 1
Ebinding = Ea+b − (Ea + Eb )

(1)

where the a and b in subscript refer to the separated, isolated
systems, with a+b referring to the combined system. The systems a, b, and a+b are either fully or partially geometry relaxed, as follows: clean anatase slabs have their bases fixed
(bottom 2 layers); isolated nanoparticles have no constraints;
slabs with supported nanoparticles have the same constraints
as the separated systems (i.e. fixed anatase base layers and
no constraints on the nanoparticle); anatase supports are fixed
(but the nanoparticle is not) for oxygen and carbon monoxide ligand binding calculations; isolated oxygen and carbon
monoxide molecules are fully relaxed.
For the oxygen binding calculations, Ea is taken as half the
energy of an isolated oxygen molecule, performed with spin
polarisation (to correctly describe the triplet state).
A.

Descriptors

The d-band centres were calculated as the first moment
or mean energy of the d-band, as per38 . The d-bands themselves are calculated using the inbuilt local and angular momentum projected density of states (LPDOS) method available in ONETEP. Validation of these LPDOS calculations was
performed using small systems by comparing against CASTEP
using OPTADOS39 . In both cases, the same projection scheme
was used, which projects the electronic density onto pseudoatomic orbitals of the desired angular momentum. For
all systems where both methods could be used, the resulting
PDOS plots were close to identical, as shown in Figure 1 the
supplementary material.
Our electronic descriptor, first described in our earlier
paper28 , is calculated by projecting the electronic density onto
an isosurface of the electrostatic potential of the system. Volumetric data of these two properties are generated by ONETEP
properties calculations and then an external python script is
used to extract the density on an isosurface at the desired locations. One thing to note is that the electrostatic potential is
defined to an arbitrary constant, which in plane-wave DFT is
usually based on values in the pseudopotentials, and can be
affected by many things in any given calculation. Because of
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this, care must be taken when comparing different systems, as
we do in this work. In order to make the isosurfaces equivalent between systems, we take a set of points a fixed (small)
distance away from each Pt atom in the system, average the
electrostatic potential at those points and shift the electrostatic
potential of the whole system such that the average of these
points is the same as the average obtained for an isolated Pt
atom. The assumption here is that the electrostatic potential
inside the pseudopotential region (hence the small distance
chosen) will be largely unaffected by the rest of the system,
and so can be taken as equivalent for each of our different
systems.

be a fairly rigid shift of ∼ 0.01 eVÅ−2 between our results
and theirs, although we find the (101) surface to be relatively
even more stable than the other two, if only slightly. This
may be due to the thickness of the slab used. We found a
convergence of surface energy with respect to slab thickness
to be quite slow for the (101) facet, while the others did not
suffer as much from this. The (101) still showed a significant
increase in stability with increasing thickness up to ∼ 13 Å (4
Ti layers). The other facets were converged to similar levels
(1-2% change with each added layer) by ∼ 10.0 Å (1 unit cell
length for (001), 3 for (100)).

1.
III.

RESULTS & DISCUSSION

A.

Titania Surfaces

The anatase unit cell contains 4 TiO2 units. Each Ti atom is
bound to six O atoms via four equatorial and two apical bonds
of 1.932 Å and 1.979 Å, respectively, as measured via neutron
diffraction40 .
Our anatase supports are constructed from a DFT relaxed
bulk, with lattice parameters of a = b = 3.820 (+1.0%) and
c = 9.812 (+3.3%), where the values in parentheses are the
percentage difference from experimental data40 . An overestimation of 2.5% for the c lattice parameter was reported by
Lazzeri et al.41 when using the (non-revised) PBE functional.
In this work, we focus on three low index facets: (100),
(001) and (101) which are the most prevalent and are summarised below:
(100) While the (100) facet does not have a surface energy much greater than the most stable (101) facet, the (100) is
not present in the Wulff construction of the anatase crystal41 .
This facet is made up of predominantly fivefold coordinated Ti
and twofold coordinated O, although some bulk coordinated
(threefold for O sixfold for Ti) atoms of both species are also
exposed in the grooves that are present.
(001) This facet is energetically unfavourable compared
to both the (100) and (101) facets. However, it is present in the
Wulff construction. The surface is comprised of only fivefold
coordinated Ti and twofold coordinated O.
(101) This facet is the most stable and most predominant, accounting for more than 94% of the Wulff construction
surfaces41 . As with the (100) surface, there is some twofold
coordinated O and fivefold Ti, but there is a larger fraction of
bulk coordinated atoms (compared to (100)) in this case.
TABLE I. Surface energies of different anatase facets. This work is
compared to that of Lazzeri et al.41 , denoted with ∗ (converted from
Jm−2 ).
Surface
Esurf [eVÅ−2 ]
E∗surf [eVÅ−2 ]

(100)
0.0262
0.0362

(001)
0.0533
0.0612

(101)
0.0192
0.0305

The ordering of the surface energies, given in Table I, is
the same as was found by Lazzeri et al.41 . There appears to

Deposited Pt Nanoparticles

Perhaps the most striking observation we see in Table II
is that the (001) facet binds the Pt nanoparticles much more
strongly than the (100) and (101) anatase surfaces. The very
strong binding of Pt13 to the anatase (001) facet (-4.86 eV
per interfacial Pt atom) is due to a combination of effects.
Firstly, the anatase (001) facet is known to have a higher reactivity than the other facets in several applications (see review by Vittadini et al.42 and references therein). This is attributed to its increased number of undercoordinated atoms,
especially oxygen, compared to the other low index facets.
Secondly, we observe in our geometry relaxations large distortions/reconstructions across the anatase surface upon deposition of the nanoparticle, centred around the deposition site.
In the immediate vicinity of the nanoparticle, both Ti and O
atoms are displaced, though the bridging O atoms are most
affected, with the closest all forming a bond with a Pt atom, in
some cases breaking Ti-O bonds to do so. These reconstructions contribute significantly to the calculated binding energy:
performing this calculation with a fully fixed anatase surface
weakens the binding energy to -4.01 eV (-1.34 eV per interfacial Pt atom), a reduction in binding strength of more than
10 eV. The nanoparticle on the (001) surface is also more distorted compared to the (100) and (101), with Pt-Pt coordination lower overall. The (101) and (100) anatase facets bind
Pt13 similarly to each other, with a binding strength of -1.24
eV and -1.29 eV per interfacial Pt atom, respectively.
TABLE II. Binding energies of cuboctahedral Pt13 and Pt55 , and
icosahedral Pt55 on different anatase facets. The Miller indices in
the leftmost column indicate which facet of the nanoparticle is in
contact with the support. Energies given are for the most favourable
deposition site found (where multiple calculations were performed).
Ebinding [eV]
Pt13
Pt55
Pt55
Pt55

cubo (111)
cubo (111)
cubo (100)
ico (111)

(100)
-3.87
-1.34

Anatase facet
(001)
-14.58
-12.31

(101)
-3.71
-0.42
-0.29
-2.32

The Pt55 cuboctahedral nanoparticle also binds strongly
to the (001) facet, with -2.05 eV per interfacial Pt atom.
Very similar surface reconstructions are observed, though the
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nanoparticle is less distorted due to its larger size. Again, this
effect on the surface contributes greatly to the binding energy
of the nanoparticle to the surface.
Comparing the two different sized nanoparticles, our calculations show that the larger, 55 atom nanoparticle binds to
each anatase facet considerably less strongly (from ∼2.3 eV
to ∼3.3 eV weaker for the full nanoparticle) than the 13 atom
one. The smaller nanoparticle deforms much more than the
larger one, which is due to the lower activation barrier for it to
deform/reconstruct.

(a) (101)

(b) (100)

larger nanoparticles feel an averaged effect over many atoms.

(a) cubo (111)

(b) cubo (100)

(c) cubo (111)

(d) ico

(c) (001)

FIG. 1. Geometry optimised Pt13 cuboctahedra on (a) (101), (b)
(100) and (c) (001) anatase facets. O, Pt and Ti in red, silver and
green, respectively.

While the binding strength of the Pt13 on anatase (101) and
(100) surfaces is much weaker than the (001) surface, the interaction in all cases is strong enough to deform the nanoparticle substantially. The deformed structures, seen in Figure 1,
seem to retain the 3 layers of the geometric nanoparticle, but
the facets become difficult to define and there is significant
wetting to the surface.
The Pt55 cuboctahedral nanoparticle, deposited via its (111)
facet onto the anatase (101) suface, is deformed only slightly,
with an expansion of ∼ 0.06 Å in Pt-Pt bonds in the interfacial
layer, and a contraction of ∼ 0.08 Å of the interlayer bonds of
the outermost and first subsurface layer. A greater level of
deformation is observed when the same nanoparticle is deposited on its (100) facet. In terms of bond lengths, the opposite effect is observed: interfacial Pt-Pt bonds remain largely
unchanged, contracting at most by 0.02 Å, while the bonds between the central atom of interfacial layer and its neighbours
above it increase by a much more significant ∼ 0.2 Å as the
atom is pulled toward the anatase surface, as shown in Figure
2(b). For either facet of the Pt55 cuboctahedron, the binding
to anatase (101) is very weak: -0.07 eV per interfacial atom
for the Pt55 (111) facet and -0.03 eV per interfacial atom for
the Pt55 (100) facet).
With that said, the activation barrier for a Pt nanoparticle to
reconstruct on a metal oxide surface is typically not that high,
even for nanoparticles larger than those studied here43 . This
means that at finite temperature, such reconstructions, which
could lower the free energy of the final system considerably
(and thus increase the binding energy), might become very
likely to occur. These reconstructions include wetting to the
surface, shifts to and from various motifs (icosahedra, Marks
decahedra, FCC crystals etc.) and deformation of facets, especially those in contact with the support, to reduce the total
energy. It should also be noted that the smaller nanoparticles have a heightened sensitivity to the deposition site, while

FIG. 2. Geometry optimised Pt55 cuboctahedra and icosahedron on
(a, b, d) anatase (101) and (c) anatase (001). O, Pt and Ti in red,
silver and green, respectively.

The icosahedral nanoparticle is deformed more than the
cuboctahedra in either case. The interfacial Pt atoms shift in
such a way as to sit atop surface oxygens where possible, increasing Pt-Pt bond lengths of interfacial atoms, and breaking them entirely in some cases. This causes Pt atoms in the
above layers to shift down to maintain their bonds with interfacial atoms that separate from one another. The process could
be described as a wetting to the surface, or at least the early
stages of such a process, although there is still some activation
barrier preventing this fully occurring at zero temperature.
TABLE III. Electron transfer between nanoparticle and support, calculated via Bader44 and Mulliken analyses. Units in number of e− ,
with a negative value corresponding to a transfer of electrons from
the nanoparticle to the anatase support.
Nanoparticle
Pt13
Pt13
Pt13
Pt55
Pt55

cubo (111)
cubo (111)
cubo (111)
cubo (111)
cubo (100)

Anatase facet
(100)
(001)
(101)
(101)
(101)

e− transfer
Bader
Mulliken
-0.51
-0.25
-0.56
-0.35
-0.50
-0.22
-0.54
-0.03
-0.54
0.11

Charge transfer between the support and the deposited
nanoparticle contributes to its binding strength, and also implies a shift in its electronic structure. With a Bader population analysis44 , we observe a consistent transfer of around
0.5 electrons from the Pt nanoparticle to the anatase support,
regardless of nanoparticle size or anatase facet. These results
can be seen in Table III, along with a Mulliken analysis, which
is consistent in direction of transfer (except in the case of Pt55
deposited on its (100) facet), but shows a smaller transfer in
all cases.
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B.

Effects on Ligand Binding

1.

Oxygen on Pt13

The binding energies of oxygen to Pt13 in isolation and supported on each of the anatase facets are given in Table IV.
The bridge sites are found to be the most favourable on isolated Pt13 . This is in contrast to binding energies calculated
with frozen nanoparticles27,45 , where the hollow (HCP) site is
favourable. The Pt13 nanoparticle undergoes a significant shift
in Pt-Pt bond lengths and structure upon oxygen deposition on
the atop and especially bridge sites, in a way that is not seen
with the hollow site.

[eV]
Eatop
Ebridge
Ehollow

Isolated Pt13
-2.80
-4.88
-2.04

(100)
-1.83
-1.83
-0.99

Pt13 + Anatase support
(001)
(101)
-1.90
-1.58
-1.17
-1.10
-1.10∗
-1.61∗

Given the significant changes to the nanoparticle structures
on the anatase facets, comparing sites like for like is not possible. However, some trends can still be established. There
is a weakening of the binding strength of oxygen on titania
supported nanoparticles of this size, irrespective of the titania facet they are deposited on. The strongest binding site
of oxygen on a supported nanoparticle is an atop site on a
(001) anatase facet (Figure 3c), and is ∼3 eV weaker than the
most favourable site overall on the unsupported nanoparticle,
and 0.9 eV weaker than its most favourable atop site. The
most favourable binding site on the Pt13 nanoparticle for each
anatase facet are shown in Figure 3.
It must be noted that the hollow sites on the (001) and (101)
supported nanoparticles (the latter of which is shown in Figure 3a) that were tested do not appear to be stable, relaxing
instead to a bridge site. A different bridge site on the (101)
supported nanoparticle binds oxygen 0.5 eV less strongly than
this, while for (001) another bridge site binds almost 0.3 eV
more strongly. This seems to indicate that the high levels of
disorder in these small nanoparticles have a greater effect than
the coordination of the bound oxygen. The strongest binding site of any supported nanoparticle was the top site of the
anatase (001) supported nanoparticle. Given the high level
of variation in binding between sites of the same type (atop,
bridge, hollow), and further variation arising from choosing a
different deposition site for the nanoparticle, we can only con-

(b) (100) bridge

(c) (001) atop
FIG. 3. Most favourable binding positions following geometry relaxation of O on Pt13 deposited on the (a) (101), (b) (100) and (c) (001)
anatase surface. In the case of (a), the hollow site relaxed to a bridge
site (as did all tested hollow sites). For (b), the atop and bridge sites
have the same energy, though only the bridge site is shown. O, Pt
and Ti in red, silver and green, respectively.

clude that the support weakens the binding energy of oxygen,
rather than drawing more detailed conclusions about specific
sites.
-2.47

-2.45

-2.39

-1.98

Isolated
(100)
(101)
(001)

d-projected DOS [arb. units]

TABLE IV. Binding energies of oxygen (using 0.5 O2 as a reference) on Pt13 on different anatase surfaces. Although significant
distortion of the Pt13 nanoparticles occurs upon deposition onto the
anatase support, making it impossible to define low index facets for
the nanoparticles themselves, it is still possible to assign atop, bridge,
and hollow sites. For a nanoparticle of this size, all bridge sites are
essentially edges, while top sites are vertices. There are no (100)like facets on these nanoparticles after deposition on anatase, and
oxygens on hollow sites have a coordination of 3 (rather than possibly 4). ∗ For the nanoparticles on the anatase (101) and (001) facets,
the hollow site was not stable, and minimised to a bridge site instead.

(a) (101) hollow∗

-8

-7

-6

-5

-4

-3

-2

-1

0

1

Energy [eV]

FIG. 4. d-band plots for the Pt13 cuboctahedra in isolation and on
anatase (100), (001) and (101), projected to all the Pt atoms. Vertical
dashed lines show the d-band centre, with the corresponding values
(in eV) given above. Energy is relative to the calculated Fermi energy.

It is interesting to explore if various electronic descriptors,
which typically are expected to help rationalise and even predict binding energies without explicit calculations, perform in
this case where the nanoparticle is heavily deformed due to the
interaction with the support. The d-projected density of states,

6
normally localised to atoms at the surface of a metal, has often
been used to predict the properties of that surface. In particular, the d-band model46,47 , which includes the d-band centre
and d-band width38 as descriptors, has been used over the last
2 decades for a variety of systems48 , including Pt surfaces.
The d-band centre can be used to predict binding energies of
O and other ligands on Pt surfaces as low values of the d-band
centre correlate with low binding energies and vice versa.
Because the Pt13 nanoparticles are heavily deformed upon
deposition, it is not possible to assign facets to their surface.
Therefore, for this nanoparticle, we chose to compute density of states projected onto the d-bands for all the Pt atoms
(i.e. the full nanoparticle). The obtained densities of states
are shown in Figure 4 and as we can see, there is a dramatic
drop of the d-band centre from the isolated Pt13 , which has
a value of -1.98 eV, to the cases where it is adsorbed on the
titania (100), (101), and (001) surfaces with values -2.45 eV,
-2.39 eV, and -2.47 eV, respectively. This drop correlates with
the O adsorption energies following the expected weakening
of O adsorption with decreasing d-band centre value. However, the ordering between the different supported nanoparticles is reversed, with strongest oxygen binding site on the
anatase (001) supported nanoparticle being almost 0.3 eV
stronger than that on the anatase (101) facet, while having a
d-band centre 0.08 eV lower. Once again, the geometry of the
nanoparticles strongly affects the binding strength, and the dband centre values are very similar for all supported systems.
What is also clear from the isolated Pt13 PDOS plot is that
there is no well defined “band" with only 13 atoms, and the
electronic structure more closely resembles a combination of
perturbed atomic orbitals than the metallic bands of extended
Pt systems. Nevertheless, this descriptor can still serve the
purpose of predicting the effect of a support on O binding. We
also note the interesting observation that the Pt13 nanoparticle
appears to become more metallic when supported, with a more
smeared out band structure than is present for the isolated
case. We also performed a DOS analysis on the local anatase
surface directly beneath the nanoparticle, to see whether this
also becomes more metallic. The results are given in Figure
2 of the supplementary material. In summary, we do observe
an increase in the DOS in the band gap region, with non-zero
DOS much closer to the Fermi level than for the slab alone.
Most of this contribution seems to come from the oxygen pstates. Without full conduction band calculations, however,
we cannot draw further conclusions about the band gap of the
TiO2 with a nanoparticle supported on it.
The charge transfer (Table III) and d-band centre ordering
for Pt13 on the different anatase facets is the consistent, with
the anatase (001) drawing the most electron density from the
nanoparticle and also having the lowest d-band centre, followed by the (100) and then (101) facet. As electrons near
the Fermi level are the most likely to transfer away from the
nanoparticle (they are in the highest occupied energy states
and therefore the most weakly bound), it seems sensible that
an electron depletion would cause a downward shift in the dband centre.
Another electronic descriptor, based on the electron density
at an isosurface of the electrostatic potential and developed in

previous work28 , can aid prediction of oxygen binding energy
on Pt nanoparticles. In that work, we demonstrated a useful correlation between oxygen binding energy and electron
density, provided atop, bridge and hollow sites are considered
separately. Here, we have calculated this descriptor for each
site on the isolated and supported nanoparticles and compared
them with the explicit binding energies. The results are shown
in Figure 3 of the supplementary material. For these Pt13 systems, there appears to be no obvious correlation between the
binding energy and the electronic descriptor, which we believe
is due to the small size and distorted shapes of these nanoparticles.
Overall, for the Pt13 nanoparticle, its small size and tendency to reconstruct upon deposition or even due to the binding of oxygen (on the bridge site especially) means that electronic effects cannot be studied in isolation from geometric
effects, so electronic descriptors are of limited use for such
small nanoparticles.

2.

Oxygen on Pt55

We are able to more directly compare binding sites on Pt
facets on the larger Pt55 cuboctahedon, as it is deformed far
less than Pt13 upon deposition. For the isolated nanoparticle,
there are 9 unique binding sites, as shown in Figure 5. While
we refer to the distinct facets of the cuboctahedral nanoparticle as the (111) (triangular) and (100) (square) for the sake of
convenience, it is important to note that their properties, including their geometries, are quite distinct from the extended
slabs from which they take their names49 . The finite size effects modify the lattice spacing, electronic structure and remove symmetries compared to an extended slab.
Table V shows the oxygen binding energies to the Pt55
nanoparticle. In the case of the isolated nanoparticle, we see
that the bridge (edge) site is the strongest binding at -1.59
eV, followed by a clustering of very similarly binding strength
sites, in the range -1.30 to -1.42 eV, including the atop (vertex), hcp hollow and the (100) and (111) bridge sites (which
in fact relaxed to hcp hollow sites). Distinctly lower in binding energy are the fcc hollow site, the atop (edge), and atop
(100), which have binding energy -0.91, -0.73 and -0.59 eV,
respectively.
Unlike for Pt13 , our results, which have been obtained with
full relaxation of the isolated nanoparticle-O system, are much
more in line (same energy ordering and similar absolute binding energy values) with the frozen isolated nanoparticle calculations in the literature27,45 . Again, the larger nanoparticle’s
tendency not to deform nearly as much upon oxygen adsorption is the reason for this observation.
O binding to supported Pt55 shows the support effects are
already less significant for the larger (but still only ∼ 1 nm in
diameter) nanoparticle. While the bridge, hollow and one of
the atop sites follow the same trend of the support weakening
the binding strength, the atop vertex and (100) sites show an
increase of 0.05 and 0.13 eV, respectively. While the former
∼3.5% increase is small, the latter, at ∼22%, is significant. It
is not immediately clear as to why this increase is observed,
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(a) atop sites

(b) bridge sites

(c) hollow sites
FIG. 5. The (a) atop, (b) bridge and (c) hollow binding sites calculated on the Pt55 cuboctahedron, shown here with oxygen and on the
anatase (101) support to illustrate where the binding sites we have
calculated are (relative to the support). For the isolated nanoparticle, these are all of the unique sites. Each binding energy calculation
was performed separately, they are combined here for illustrative purposes only.

TABLE V. Binding energies of oxygen (using half of the energy of
isolated O2 as a reference) to Pt55 cuboctahedral on the anatase (101)
surface. All 9 unique sites on an isolated Pt55 nanoparticle are calculated. The most favourable binding site (boldface) is the bridge
edge site in both isolated and supported cases. ∗ The (111) bridge site
relaxed to HCP hollow in both isolated and supported cases.
[eV]
edge
Eatop
Evertex
atop

Isolated Pt55
-0.73
-1.42

(101)
-0.55
-1.47

Frozen
-0.40
-1.37

Eatop
edge
Ebridge

-0.59
-1.59

-0.72
-1.50

0.06
-1.24

(111)

-1.36∗

-1.28∗

-1.03∗

-1.42

-1.30

-0.99

-1.35
-0.91
-1.32

-1.28
-0.87
-1.26

-1.05
-0.70
-1.03

(100)

Ebridge
(100)
Ebridge
hcp
Ehollow
Efcc
hollow
(100)
Ehollow

and there are many factors to consider. The atop vertex site is
the lowest coordinated (5 first neighbours) of any site, while
the (100) atop site is on the central (100) Pt atom, which has
8 first neighbours. For reference, the atop edge site has 7 first
neighbours. For the isolated system, the binding energy ordering follows the ordering of neighbours, but this is not true for

the supported system, where the edge and (100) sites switch
order. However, these two sites, as for the isolated case, are
the weakest O binding sites, at -0.55 eV for the edge site and
-0.72 eV for the (100) site, which makes them less likely to
play a role in a chemical process involving oxygen adsorption, as all other sites are preferred. These are in fact the only
sites where the energy ordering differs between the isolated
and supported systems.
In an attempt to distinguish the contribution to the O binding energies of the geometric and electronic effects of the support, we performed binding energy calculations using an isolated Pt55 nanoparticle, frozen with the geometry it had after
deposition on anatase (101). The results are given in the rightmost column of Table V. While this is obviously not a physically realistic calculation, nor a rigorous method of decomposition of energies, it can nevertheless provide some interesting
insight. With the exception of the atop (100) site, it would appear as though the geometric effects are the dominant ones,
accounting for at least 70% of the binding energy. The electronic effects are still significant, however, and do not affect
the sites in a uniform way. The bridge edge site, which is the
strongest binding site in the isolated and supported cases, is
not as strongly binding as the atop vertex site for the frozen
nanoparticle, indicating that the electronic effects are more
significant for the bridge site. In general, it seems as though
the geometric effects weaken the oxygen binding, while the
electronic effects partially counteract this, strengthening the
binding energy by a smaller amount.
We can use the d-band model again for Pt55 to assess the
electronic effects. For this larger nanoparticle, the cuboctahedral (100) and (111) facets remain well defined on the anatase
surfaces, and the PDOS can be evaluated for each individual
surface.
The two facets on the isolated system share all but one
atom. Every atom on the (111) facet is at an edge or vertex
position, which are also edges and vertices of the (100) facet.
The central atom on the (100) facet is the only atom not shared
by the two facets. It is therefore unsurprising that the PDOS
d-band projections, shown in Figure 6, are so similar in shape
(once scaled to the total number of electrons/atoms projected
onto: 9:6 in this case). Both facets also behave similarly upon
deposition, with a downward shift in the d-band centre of 0.24
eV and 0.19 eV for the (111) and (100) facets, respectively.
As per the d-band model, this should result in a decrease in
the binding energy of oxygen (and other adsorbates), which
is what we observe for most sites. We should perhaps also
observe the binding energies on the (111) facets to decrease
slightly more than on the (100), and this does appear to be
the case for the hollow sites (though by only 0.01 eV), but
not for bridge sites. There are no comparable atop sites since
there are no (111) atop sites on Pt55 that are not edge or vertex
sites. We are unable to use the d-band model here to elucidate
why the two atop (vertex and (100)) sites increase in binding
energy when supported, as the model is averaged over entire
facets, and is anyway less suited for low coordination sites.
Comparing again with the charge transfer of 0.54 electrons
(using Bader partitioning, from Table III) from the nanoparticle to anatase support, see the same trend as before: a de-
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d-projected DOS [arb. units]

-2.36 -2.12

-2.35 -2.16
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Energy [eV]
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FIG. 6. d-band DOS plots for the topmost (111) and (100) facets of the Pt55 cuboctahedra on anatase (101). Vertical dashed lines show the
d-band centre (values in eV). Energy is relative to the calculated Fermi level.

pletion of electrons coincides with a lowering of the d-band
centre. It is likely that the charge transfer we observe contributes significantly to the d-band centre shift.

the ligand relaxes to a different site. This is the case for the
(111) bridge site (supported and unsupported), which have
been excluded from the plot. The sites they relax to, (hcp
hollow), are in fact very close to the bridge site trend line (the
two purple points at 0.132 and 0.135 e− Å−3 ).
The descriptor is also sensitive to the effects of the support,
and points are not clustered by supported and isolated systems. While we see a consistent shift (with the overall trend
line) of binding energy and descriptor with the hollow sites,
this is not the case for two of the atop and one of the bridge
sites. For the two atop sites, this is because the calculated
binding energies tend This means the descriptor could be a
useful tool in assessing the suitability of these supports as catalysts for a given application.
3.

FIG. 7. Calculated oxygen binding energies against the electron density descriptor for all unique atop, bridge and hollow sites on an isolated (hollow) Pt55 nanoparticle, as well as the same sites (on the
nanoparticle hemisphere away from the interface) after deposition
on anatase (101) (filled). Each site within each group (atop, bridge,
and hollow) is distinguished by its own shape. A square signifies the
(100) site of each group, while the atop vertex and hcp hollow sites
are triangles. Finally, the atop edge, (111) bridge and fcc hollow sites
are circles.

Figure 7 shows a moderate correlation between the electronic descriptor and the oxygen binding energy, again with
a separation of different site types. Unlike in our previous
work, the hollow sites show a reversed trend, where increases
in electron density on the isosurface implies a stronger binding. Since the descriptor uses the position of an adsorbate as
initialised for a binding energy calculation, rather than a relaxed geometry (since we want to use this descriptor to avoid
explicit binding energy calculations), it performs poorly when

Carbon Monoxide on Pt55

Carbon monoxide is another important ligand to consider
when assessing nanoparticle catalysts, as it is directly involved
in many industrial chemical processes, such steam reforming
and the water-gas shift reaction, as well as being present in automotive exhaust gases. It is also useful as a probe molecule,
as carbon monoxide binding energy tends to correlate strongly
with the binding energies of larger hydrocarbons and other,
more complex molecules. Here, we have performed the same
binding energy calculations for CO as we did for oxygen on
Pt55 on the anatase (101) surface.
There are well known issues with DFT calculations of CO
binding to the Pt (111) surface slabs50 . Specifically, DFT calculations tend to overestimate the preference for hollow sites
over atop sites, in contrast to experimental results. Our results on Pt55 nanoparticles, presented in Table VI do not show
this behaviour, with the atop sites being preferred. This is
because the undercoordination of Pt atoms on edges and vertices, which are not present on extended slabs, strengthens the
binding of CO enough to reverse the order back to favouring
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TABLE VI. Binding energies of carbon monoxide to Pt55 cubo on the
anatase (101) surface. ∗ The (111) bridge site relaxed to HCP hollow
in both isolated and supported cases.
[eV]
edge
Eatop
vertex
Eatop

Isolated Pt55
-2.03
-2.12

(101)
-1.89
-1.97

Eatop
edge
Ebridge

-1.92
-1.89

-1.85
-1.82

Ebridge

(111)

-1.72∗

-1.64∗

(100)
Ebridge
hcp
Ehollow
Efcc
hollow
(100)
Ehollow

-2.12

-2.06

-1.72
-1.15
-1.65

-1.65
-1.09
-1.53

(100)

atop sites27 . As stated previously, for Pt55 , all 6 of the atoms
on each (111) facet belong either to an edge or a vertex. The
underlying issue of DFT and CO binding on hollow vs top
sites still remains, however, and should be considered when
analysing these results.
For isolated Pt55 , the (100) bridge and atop vertex sites are
the most favourable, both at -2.12 eV, followed by the atop
edge site at -2.03 eV. The addition of the support reduces the
binding strength in all cases, with the atop vertex and edge
sites seeing the largest decreases (0.15 eV and 0.13 eV), and
the (100) hollow site almost the same with a 0.12 eV decrease.
All other sites decreased fairly uniformly, by between 0.06
and 0.08 eV. In fact, the energy ordering (site preference) of
all sites is unchanged by deposition onto anatase (101). The
relaxed geometry of the supported nanoparticle with CO on
the most favourable atop, bridge and hollow site are shown in
Figure 8.
DFT calculations on extended surfaces51 suggest that the
Pt (111) surface binding sites all bind CO at around -2.0 eV,
with a small spread of about ±0.1 eV, with the fcc hollow
site falling in the middle between hcp hollow (strongest binding) and atop (weakest binding). In our case, the fcc site
binds much less strongly than the other (111) sites, and ∼0.56
eV weaker than the hcp site in particular (both for supported
and unsupported nanoparticles). By contrast, on a slab, it
is weaker by only 0.09 eV. Once again, the geometry of the
nanoparticle can explain this result: the fcc site is at the centre
of the Pt55 (111) facet, so it is less affected by the undercoordination of Pt atoms at the edges and vertices.
Following from this, we see a much larger range of binding
energies for CO on different sites compared to extended slabs,
which should mean a lower rate of CO diffusion as the free
energy change of moving site increases. The range of CO
binding energies on the Pt55 (111) facet is 0.97 eV for the
isolated nanoparticle, and 0.88 eV when supported, compared
to just 0.22 eV on an extended (111) surface.
If we take (approximate) the migration energy barrier to be
the range of site binding energies, then, at room temperature
(kb T of 0.026 eV), we would expect CO diffusion to occur
on an extended slab, and to do so via hopping events from

(a) atop vertex

(b) (100) bridge

(c) HCP hollow
FIG. 8. Optimised binding positions of CO on Pt55 cuboctahedra
on anatase (101). The most favourable (a) atop, (b) bridge and (c)
hollow binding sites are shown. O, C, Pt and Ti in red, light blue,
silver and green, respectively.

one adsorption site to another52 . The much higher range on
the Pt55 nanoparticle means this barrier is likely to be much
higher. The minor reduction in range upon deposition of the
nanoparticle suggests the support effects could improve CO
diffusion on the surface, although it still very far from the
extended slab. Also, if we consider the whole nanoparticle,
including the (100) facet, the range is actually unchanged by
the support, due to the relatively small downward shift of the
(100) bridge site compared to the atop vertex site.
Considering CO binding energies against our electronic descriptor in Figure 9 shows a reasonable correlation for atop
sites, a weak but similarly (to oxygen) reversed hollow site
correlation, and a weak reversed correlation (compared to O)
for bridge sites. While the atop and hollow sites shift in binding energy and descriptor in a consistent way upon deposition
(broadly shifting along in the direction of the trend line), this
does not happen with the bridge sites, where the (100) site
increases in electron density as the binding energy weakens.
Although the binding mechanisms to metal surfaces are different for O and CO, it is often found that the binding strength
of one correlates strongly with that of the other across a wide
variety of metal systems53 . It is therefore particularly pleasing that we see a similar correlation for CO as we did for O
with the electronic descriptor. While in the case of CO, the
descriptor does not appear to be applicable to predict bridge
site binding, it shows good correlation for top and hollow sites
and could be used to provide predictive insights for such sites.
Ultimately, this descriptor is intended as a way of screening
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FIG. 9. Calculated CO binding energies against the electron density
descriptor for all unique atop, bridge and hollow sites on an isolated
(hollow) Pt55 nanoparticle, as well as the same sites (on the nanoparticle hemisphere away from the interface) after deposition on anatase
(101) (filled). Each site within each group (atop, bridge, and hollow)
is distinguished by its own shape. A square signifies the (100) site of
each group, while the atop vertex and hcp hollow sites are triangles.
Finally, the atop edge, (111) bridge and fcc hollow sites are circles.

potential nanoparticle catalyst systems at a higher throughput
than would be possible with explicit binding energy calculations, so the somewhat low R2 values we see, particularly for
the hollow sites with CO, are still sufficient for this purpose.

IV.

CONCLUSIONS

We have carried out a computational study of the effects of
an anatase support on the binding energies of oxygen and carbon monoxide on Pt nanoparticles. First of all, as far as the adsorption of Pt nanoparticles to anatase is concerned, the (001)
facet of anatase is much stronger compared to the other facets,
and due to its presence in the Wulff construction of anatase, it
is likely that nanoparticles, at least of this size, would tend to
deposit or anchor on this facet.
For the binding of small molecules to Pt nanoparticles, we
find that the introduction of an anatase support leads to a
weakening of O and CO binding energies. The nanoparticles
we have modelled are small at ∼1 nm for Pt55 , and it might be
expected that larger nanoparticles would be less affected by
the support, given that Pt55 is already affected much less than
Pt13 . We also find that oxygen binds much more strongly to
isolated Pt13 than isolated Pt55 , in part due to the deformation
a single O can cause it to undergo, and while an anatase support reduces this binding strength by as much as 3 eV (comparing the strongest binding sites in each case), supported Pt13
still has stronger oxygen binding sites than supported Pt55 .
We see a reduction in oxygen binding of ∼0.1 eV on Pt55 ,
which is a small but potentially useful amount, demonstrating how catalysts might be tuned via the use of this support
to increase activity. If, for a given reaction, the catalytic activity is expected to be increased by a lower oxygen binding
energy than unsupported (or weakly supported on something

like graphene54 ) platinum, then an anatase support may well
be a good choice of support, as binding energy is lowered on
every low index facet tested here. Very similar decreases are
seen with carbon monoxide binding, with the anatase support
leading to lower binding energies overall. The behaviour is
more consistent with CO, with nearly all sites affected in the
same way and by the same amount, and overall site preference
remaining unchanged.
We have explored the use of electronic descriptors such
as d-band centre and electron density-based descriptors for
both isolated and supported Pt nanoparticles. For supported
nanoparticles, the descriptors can provide semi-quantitative
insights into how the binding is affected by the support, and
therefore they could potentially be used to more quickly assess which supports (or support facets) might be suitable for a
given catalytic process.
The d-band model is clearly sensitive to the introduction of
a support, and the behaviour is consistent with existing literature, and could be useful even for small nanoparticles where
the electronic structure is not fully metallic. Our electronic
density and electrostatic potential based descriptor is also sensitive to the support effects, and we see a reasonable correlation between it and explicitly calculated oxygen binding energies, as long as the different sites are considered separately.
The descriptor is also applicable to carbon monoxide, though
fails to predict bridge site binding in a convincing manner, and
the correlation is also somewhat low for hollow sites.
Interestingly, we see a consistent charge transfer of ∼0.5
electrons from Pt nanoparticles to the anatase support, regardless of nanoparticle size or anatase facet. The Pt55 nanoparticle therefore has a lower electron depletion per atom (∼4x
lower) than the Pt13 one, and a weaker O and CO binding
strength as well. Further work could perhaps explore this apparent correlation in more depth.
We also find that, at least for such small nanoparticles, it can
be very difficult to separate geometric and electronic effects,
and clearly both contribute significantly to the overall binding
strength of ligands.
Our work helps to elucidate the complex interactions between metallic nanoparticles and metal oxide supports and
provides useful insights for the design and tuning of heterogeneous catalysts.
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