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e of PtCu@TiO2 nanocatalysts
toward methanol oxidation reaction: from
synthesis to molecular picture insight

Nina Dimitrova,a Marwa Dhifallah,b Tzonka Mineva, b Tzvetanka Boiadjieva-
Scherzer,c Hazar Guesmi*b and Jenia Georgieva *a

The electrocatalytic production of hydrogen from methanol dehydrogenation successfully uses platinum

catalysts. However, they are expensive and Pt has the tendency to be poisoned from the intermediate

compounds, formed during the methanol oxidation reaction (MOR). For these two reasons, there has

been active research for alternative bi- and tri-component Pt-based catalysts. Herein, PtCu nanoparticles

deposited on titania were studied and proposed to be efficient MOR catalysts. The catalyst was prepared

by photo-deposition of Cu on a high-surface-area TiO2 powder support, followed by a partial galvanic

displacement of the Cu deposit by platinum. The morphology and structure of the catalyst were

characterized by physicochemical methods. The PtCu@TiO2 electro-catalyst has higher intrinsic catalytic

activity and comparable mass specific activity for MOR in comparison with a commercial Pt/C catalyst.

The experimental analyses were complemented by density functional theory-based computations. The

theoretical results revealed that the most energetically favorable Pt and Cu arrangement in the

supported PtCu nanoparticles was core (Cu)–shell (Pt) and/or phase-separated. The inter-atomic

interactions responsible for the bimetallic cluster stabilization on titania were highlighted from the

computed electronic charge distribution.
1 Introduction

Methanol is widely used as a feedstock to produce many
industrial chemicals. Methanol has also been proposed as
a source of hydrogen due to its relatively high hydrogen content,
making it attractive for a future hydrogen economy.1 Hydrogen
can be produced from methanol through a catalytic dehydro-
genation process, in particular, a photo-electrocatalytic process
over titania-supported metal catalysts.2 It is known that Pt is the
most widely used electro-catalyst in methanol oxidation reac-
tion (MOR). However, the high cost of Pt and the tendency of Pt-
based catalysts to be poisoned from MOR intermediates are the
two main reasons that motivated the development of other two-
and three-component catalysts.3,4

Among the two-component Pt-based catalysts, the bimetallic
PtCu systems have attracted an increasing attention. In addi-
tion to the formidable cost reductions that could be made, PtCu
nanocatalysts have shown higher activity compared to the
monometallic counterparts in a variety of energy-related
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catalytic processes, such as oxidation of CO5,6 and methanol,7,8

water–gas shi,9,10 and reduction of NO,11 O2,12,13 and CO2.14,15

These improved catalytic performances are oen related to the
structure of PtCu alloys, in terms of the electronic, geometric, or
synergistic effects. For instance, PtCu (111) surface with Pt-skin
and Cu-rich subsurface or PtCu nanoclusters with Cu-core/Pt-
shell have been found to exhibit superior activities toward
oxygen reduction reaction (ORR)12,13 and a signicantly greater
selectivity for N2 formation during NO reduction11 than that of
pure Pt catalysts.

Our previous experimental results showed that PtCu and
PtNi nanoparticles, supported on carbon black (Vulcan XC-72R)
demonstrated comparable or improved catalytic activity for
MOR than the commercial Pt/C electro-catalyst.16,17 These
binary systems were prepared using galvanic displacement of
electrolessly deposited Cu or Ni on carbon by Pt (trans-
metalation), due to the difference in the standard electrode
potentials (E0).18,19 It was found that PtCu lms are better
electro-catalysts for methanol oxidation than PtNi.19 It is known
that carbon is oxidized to CO2 at potentials above 0.97 V vs.
reversible hydrogen electrode (RHE), resulting in the loss of
a part of the noble metal and agglomeration. As a consequence,
the electrocatalytic activity decreases. Lately, oxide-based
supports, and in particular TiO2, have been tested as carriers
for catalysts in fuel cells operating at low temperatures. In
RSC Adv., 2019, 9, 2073–2080 | 2073
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addition, it was found that Cu can be deposited on TiO2 by
a simpler and low-temperature process of photodeposition.20

Herein, we have used a new and efficient catalyst that was
obtained by a recently reported alternative two-step method:
a photodeposition of Cu on a TiO2 powder support (containing
mainly anatase), followed by a partial galvanic displacement of
the Cu deposit by Pt, so that a practical catalyst is prepared.21

Physicochemical characterization of the obtained PtCu@TiO2

material was performed. Its electrochemical behavior towards
methanol oxidation was also studied to evaluate its activity as
a catalyst in fuel cell technology. In order to gain a better insight
into the structure of the PtCu@TiO2 catalyst, a theoretical study
at the molecular level was mandatory. For this purpose, the
energetic stabilities of small free and supported PtCu nano-
particles were analyzed. Regular truncated octahedron clusters
(rto) of Pt32Cu6 (Pt with less Cu content) representing different
alloy types (core–shell, regular alloy, phase-separated) were
considered.

The most stable surface of anatase single crystals is the (101)
plane.22,23 However, recently, it was shown24 that depending on
the preparation and particle size, the (101) surface is less
abundant on industrially produced nanostructured anatase
particles. On these nanoparticles, other low-index surfaces,
such as (100) and, to a lesser extent, (001) and (111), have been
observed by high-resolution TEM. In the present study, we
therefore focussed on the TiO2 (100) surface, which is usually
regarded as a minority plane but has been shown to be active for
several electrocatalytic reactions.25
2 Experimental and theoretical details
2.1 Preparation and characterization of the PtCu@TiO2

catalyst

The preparation of the catalyst was done according to the
literature procedure.21 In brief, the photodeposition of Cu on
TiO2 support was carried out as follows: 5 � 10�3 M CuSO4-
$5H2O (Merck, ACS reagent) was dissolved in 300 ml water
(10 min stirring). Then, 0.2 g TiO2 powder (Degussa P25) was
added to the solution of Cu precursor in the presence of formic
acid (85%, ACS reagent). The photoreduction of Cu(II) was
conducted in a reactor system, equipped with a quartz tube in
which a lamp (9W/78 UV-A) was placed. The UV light irradiation
was continued for 3 h under magnetic stirring and purging with
nitrogen. Formate ions adsorbed on TiO2 reacted with positive
holes, created in TiO2 under UV irradiation, and prevented the
reoxidation of the reduced Cu(II). The prepared Cu/TiO2

precursor was ltered and washed with puried water.
The PtCu@TiO2 catalyst was obtained by a galvanic

replacement approach, which is based on the difference in E0

between Cu and Pt ions in the solution ([PtCl6]
2�/Pt – +0.744 V

vs. NHE and Cu2+/Cu – +0.340 V vs. NHE). The Cu/TiO2

precursor was put in a 25 ml solution, containing 5 � 10�3 M
K2PtCl6 salt (Sigma-Aldrich, ACS reagent, >37.5% as Pt) and
0.1 M HCl (Aldrich). The experiment was performed under
ultrasonic stirring and N2 deaeration for 45 min. Then, the
obtained PtCu@TiO2 catalyst was ltered, washed, and dried.
2074 | RSC Adv., 2019, 9, 2073–2080
The composition of the catalyst was analyzed by energy-
dispersive spectrometry (EDS) using a scanning electron
microscope JSM 6390 equipped with a system INCA Oxford
Energy 350.

The morphology of the obtained catalytic material was
evaluated with high resolution scanning transmission electron
microscope (HR STEM) JEM 2100 with CCD camera GATAN
Orius 832 SC1000 and GATAN Microscopy Suit Soware.

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate the chemical state of the surface layers of the PtCu@TiO2

catalyst. A PHI 5600 (Physical Electronics) spectrometer was
used, equipped with PHI Multipak 9.3 soware. X-ray diffrac-
tion (XRD) characterization of the crystal structure was made by
Empyrean diffractometer. Cu anode at 30 kV, 40 mA and Cu K-
alpha radiation 1.5406 Å were used.

The electrocatalytic activity of the catalyst toward methanol
oxidation was tested and compared with that of a commercial
10 wt% Pt/C catalyst, ETEK. The cyclic voltammetry (CV)
experiments were performed in a three-electrode cell, using an
Autolab 30 (EcoChemie) system. A Pt foil and a SCE were used as
the auxiliary and the reference electrode, respectively. The CV
experiments were conducted in a deaerated 0.1 M HClO4 solu-
tion at 50 mV s�1 and 0.1 M HClO4 + 0.5 M CH3OH solution at
5 mV s�1 potential sweep rate. Electrochemically active surface
area (EASA) of Pt was dened from the charge amount of the
hydrogen adsorption/desorption region (the charge associated
with the formation or stripping of a hydrogen monolayer is 210
mC cm�2).26
2.2 Theoretical details

Spin-polarized density functional theory calculations, within
periodic boundary conditions, were performed using the plane
wave approach, as implemented in the Vienna ab initio simu-
lation package (VASP) code.27,28 The generalized gradient
approximation functional of the exchange–correlation energy
was calculated within the Perdew, Burke, and Ernzerhof
formulation of the generalized-gradient approximation (GGA-
PBE).29,30 To correct for the well-known band-gap problem of
GGA type of functionals, the Hubbard U parameter was added
by using the Dudarev's approach (PBE+U)31 with an optimal
value for the Coulomb interaction corrections of Ti electrons
Ueff ¼ 3.3 eV. The calculations included projector augmented-
wave (PAW) pseudopotentials,32,33 where oxygen 2s and 2p,
titanium 3p, 4s, and 3d, copper 3p and 3d and platinum 6s and
5d electrons were explicitly treated. The cut off energy was xed
to 400 eV.

To model nanoparticles, a cubic cell with sides of 2 nm was
chosen to provide enough spacing betweenmetal clusters in the
neighboring repeated cells. A cluster model of 38 atoms with
cubo-octahedral shape was cut from bulk fcc metal to present
(111) and (100) facets. The 38-atom cluster was selected because
size 38 is a “magic” number for the regular truncated octahe-
dron (rto) structure, which possesses high symmetry, and this
simplies the analysis of ligand adsorption.34 Moreover, as
hexagonal local arrangements is a common occurrence on the
surface of nanoparticles,35 a 38-atom cluster is oen taken as
This journal is © The Royal Society of Chemistry 2019



Fig. 1 TEM images of Cu/TiO2 precursor (a) and PtCu@TiO2 catalyst
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a model of the crystalline-like structure and thus also as
a representative of larger clusters.34,36–38 During geometry opti-
mization, all atoms were allowed to relax. The gamma point was
used in the Brillouin-zone integration. For bimetallic (BiM)
Pt32–Cu6 nanoparticles three different nanoalloy clusters rep-
resenting core–shell, phase-separated and regular alloy struc-
tures were considered.

Concerning TiO2 support, the stoichiometric surface was
chosen because according to a recent scanning tunneling
microscopy (STM) study39 almost no point defects on (100)
surfaces were found. The (100) surface is at and a channel is
formed in the [0 1 0] direction. The outermost surface layer
consists of O atoms with two different coordinations (a 3-fold-
coordinated O (3f-O) located on the terrace and a 2-fold-
coordinated Ti (2f-O) located in the channel) and Ti atoms (5-
fold coordinated). The second layer exposes fully coordinated Ti
and O atoms. To represent the anatase surface, a 5� 2 supercell
slab, two Ti–O double-layers thick, containing 240 atoms was
modeled. Slabs up to 7 double layers of TiO2 were constructed,
relaxed, and compared to the slab with two double layers, which
was found to give similar electronic and geometric character-
istics for both nanoparticles on TiO2 and bare TiO2. Therefore,
a two double-layer slab was chosen to limit computational costs.
A vacuum of 18 Å between the top of the nanoparticle and the
backside of the periodic image was ensured. The associated k-
point grids were dened from the bulk rule and the slab was
modeled with the Monkhorst–Pack40 k-point mesh of (3 � 3 �
1). The active side of the slab was allowed to relax, while the
atoms of the bottom two layers for all supercells were frozen in
their bulk positions to provide a bulk-like boundary condition
for the slab.

Geometry optimizations were performed using a conver-
gence criterion for the electronic self-consistent cycle xed to
10�6 eV per supercell. Atomic positions and lattice parameters
were both relaxed using the conjugate gradient algorithm until
all the forces were below 0.01 eV Å�1. Bader charge41 analysis
was conducted using soware from the Henkelman group.42

To evaluate the stability of free Pt–Cu nanoparticles the
excess energy per atom (Eexc) was calculated.43,44 This energetic
parameter is dened as follows:

EexcðPtmCunÞ ¼ EðPtmCunÞ � mEðPt38Þ
N

� nEðCu38Þ
N

(1)

where E(PtmCun) is the congurational energy of the BiM NP
and E(Pt38) and E(Cu38) are the DFT electronic energies of the
monometallic rto NPs45 with N ¼ 38. A negative value of excess
energy indicates a tendency to form stable nanoalloys (the
mixing is energetically favorable), and the lower the value of
excess energy, the higher the stability of the structure.

In order to evaluate the effect of the interaction of the
nanoparticles with the oxide support, the energy gained by the
system aer the deposition of the gas-phase nanoparticle on the
TiO2 oxide support was expressed as DENP=TiO2

deposition , and it was
obtained as follows,

DE
NP=TiO2

deposition ¼ EðNP=TiO2Þ � EðTiO2Þ � EðNPÞ; (2)
This journal is © The Royal Society of Chemistry 2019
where E(NP/TiO2) is the total electronic energy of the deposited
nanoparticle on the support, E(TiO2) represents the total elec-
tronic energy of the bare TiO2 support (both considered with
spin-polarization) and E(NP) is the energy of the nanoparticle
calculated in gas phase.
3 Results and discussions
3.1 Physicochemical characterization

The composition of the PtCu@TiO2 powder, obtained by EDS
elemental analysis was: Ti 44.7 wt%, O 41.8 wt%, Cu 0.8 wt%,
and Pt 12.7 wt%.

Fig. 1a and b displays the TEM images of the Cu/TiO2 and the
PtCu@TiO2 materials. The photodeposited Cu nanoparticles in
the Cu/TiO2 precursor were in an oxidized state as Cu2O. Aer Pt
deposition, the majority of Pt or PtCu crystallites, seen in
Fig. 1b, uniformly dispersed on the TiO2 support, forming
aggregates of different size.

Fig. 2a shows the XRD pattern of the Cu/TiO2 precursor.
Anatase and rutile phases (typical for Degussa P-25) can be seen.
Peaks of Cu and small peaks of Cu2O are also observed.

The diffraction diagram of PtCu@TiO2, presented in Fig. 2b,
displays that the PtCu@TiO2 catalyst contained some amount of
alloyed Pt and Cu. No specic peaks of Pt and Cu were observed,
(b).

RSC Adv., 2019, 9, 2073–2080 | 2075



Fig. 2 XRD diagrams of Cu/TiO2 precursor (a) and PtCu@TiO2 catalyst (b).
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which can be due to the small quantity of Cu remaining in the
catalyst and the distorted structure of the small nanoparticles.

XPS gave information about the chemical state of the
supercial coats of the PtCu@TiO2 catalyst. The Ti 2p region of
the XPS spectrum (Fig. 3a) indicated that Ti(IV) was only present
in the catalyst. Fig. 3b presents the Cu 2p photoelectron spec-
trum of the PtCu@TiO2. The main and the satellite peaks of Cu
2p3/2 and Cu 2p1/2 at the binding energies of 951.8 eV and
932.1 eV can be ascribed to Cu2O on the surface of copper, in
accordance with TEM analysis. The Pt 4f part of the XPS spec-
trum of the PtCu@TiO2 catalyst (Fig. 3c) had peaks of 4f7/2 at
70.17 eV and 4f5/2 at 73.54 eV. It was found that Pt in the
nanocatalyst was mainly in the zero valent metallic state,
although it was oxidized partially on the surface.
Fig. 3 XPS spectra in the Ti 2p (a), Cu 2p (b) and Pt 4f (c) binding energ

2076 | RSC Adv., 2019, 9, 2073–2080
3.2 Electrocatalytic activity

The catalytic activity of the PtCu@TiO2 powder catalyst for the
MOR was evaluated against a Pt/C catalyst. Before performing
the tests, the PtCu@TiO2-coated graphite electrode was scanned
many times in 0.1 M HClO4 between the evolution potentials of
hydrogen and oxygen. During repetitive scanning, any Cu or
Cu2O particles, not protected by Pt, were anodically dissolved.
Finally, the Pt or Pt-covered Cu particles existing on the surface
were the only electrically active species.

The experiments for MOR were carried out in deaerated
0.1 M HClO4 + 0.5 M MeOH solutions. Fig. 4a shows the CV
curves, obtained at 5 mV s�1 scan rate. The methanol oxidation
currents were normalized by the Pt EASA (je), which gives the
intrinsic activity of the catalysts. It was seen that the PtCu@TiO2
y range.

This journal is © The Royal Society of Chemistry 2019



Fig. 4 CV curves at 5mV s�1 of PtCu@TiO2- and Pt/C-coated graphite
electrodes in a deaerated 0.1 M HClO4 + 0.5 M MeOH solution: (a) the
currents were normalized by the Pt electroactive surface area (je); (b)
the currents were normalized by the mass of Pt in the catalyst (jm).

Paper RSC Advances
electrode had higher intrinsic catalytic activity for MOR than Pt/
C catalyst. The enhanced activity can be explained as a result of
interactions between Pt and Cu, Pt particles and the TiO2

support and the synergy effect of the latter on CO oxidative
removal.

The CV curves (Fig. 4b) demonstrated the specic mass
activity of the PtCu@TiO2 and Pt/C catalysts. For this, the
currents were normalized per mass of Pt (jm). The mass activity
of PtCu@TiO2 was similar to that of the commercial Pt/C cata-
lyst. The obtained result can be attributed to the more effective
dispersion and better utilization of Pt, deposited by the photo-
deposition – galvanic replacement method and alloy formation
between Pt and Cu.
3.3 DFT geometric and energetic properties

Nanoclusters of regular orthorhombic tetrahedral shape were
considered to model Pt38, Cu38 and three types of alloyed
Pt38�x–Cux (x ¼ 0 and 6) nanoparticles: (core–shell (CS(Pt32-
Cu6))), phase-separated (PhSep(Pt32Cu6)) and regular alloy
(RA(Pt32Cu6)) structures. The optimized structures of these
clusters, obtained with the DFT+U method are reported in
Fig. 5. For each type of deposited nanoclusters, two different
deposition orientations on the surface were considered: (1)
through the fcc face and (2) through the square face. All the
This journal is © The Royal Society of Chemistry 2019
PtCu@TiO2 models were relaxed to determine the energetically
most stable conguration. In Table 1 the calculated excess
energies (Eexc) of gas-phase nanoalloy clusters and their opti-
mized geometric characteristics in comparison with the
monometallic counterparts are depicted. From this analysis it
was clear that the computed Eexc were negative, which indicated
that mixing was favorable at the considered composition. This
result was expected because in the bulk PtCu alloy the mixing
was favorable. Moreover, the core–shell (CS(Pt32Cu6)) structure
with Cu in the core and Pt in the shell was predicted to be the
most stable nanoalloy structure, followed by the regular alloy
(RA(Pt32Cu6)) structure, where the six cooper atoms occupied
the centers of the hexagonal facets. In the phase-separated
structure (PhSep(Pt32Cu6)) copper atoms occupied the surface
of the cluster hexagonal facet (see Fig. 5). It, therefore, followed
that the energetically preferred organization between the two
metal components in the small PtCu nanoparticles was the
core–shell Cu–Pt with the highest possible coordination of the
Cu-atoms. Geometric analysis showed a slight volume contrac-
tion (about 1.5%) of nanoalloy clusters with respect to pure Pt.

The calculated deposition energies DENP=TiO2
deposition of the opti-

mized Pt38, Cu38, and Pt38�xCux clusters, supported on TiO2

anatase surface, are reported in Fig. 6. For the monometallic
Pt38 cluster, the deposition energy was found to be positive (0.68
eV), while it was negative for copper (�2.7 eV). For alloy clusters,
DFT calculations predicted both (CS(Pt32Cu6)) and
(PhSep(Pt32Cu6)) to be the most stable structures on the
support, with a slight energy preference (<0.1 eV) for the core–
shell structure. In contrast with its high stability in gas phase,
the regular alloy structure was revealed to be the least stable
when supported on titania. Regarding, the two competitive
CS(Pt32Cu6) and PhSep(Pt32Cu6) structures, copper was pre-
dicted to be either in the core or in the interface between the Pt
and the support. This result strongly supported our experi-
mental observation showing that for PtCu clusters, Pt mainly
covered Cu.
3.4 Electronic charge distribution

In order to understand the superior stability of the supported
CS(Pt32Cu6) and PhSep(Pt32Cu6) structures with respect to the
regular alloy one, we calculated and compared the Bader
charges (q) in the three clusters. This analysis revealed that all
the Cu atoms were positively charged, independent of the
particle structure, with q ranging from +0.39 e� to +0.50 e�. The
most positive Cu atoms were found in the PhSep(Pt32Cu6)
particle with Cu bound to the anatase surface. The Pt atoms in
all the supported structures were predominantly negatively
charged with q in the interval of�0.01 e� to �0.30 e�. The most
negative Pt atoms were those in the core–shell cluster neigh-
boring the copper atoms and in the regular alloy structure,
bound to the titania surface. Several Pt atoms in CS(Pt32Cu6)
bound to TiO2 surface were; however, positively charged with
themaximum charge q� +0.15 e�. Different charge distribution
was obtained in the supported RA(Pt32Cu6), where ve of the six
surface-bound Pt atoms were negatively charged with q ranging
from �0.05 e� to �0.3 e�. Note that the only one positive Pt
RSC Adv., 2019, 9, 2073–2080 | 2077



Fig. 5 DFT-computed nanoalloy cluster models, from the left to the right: monometallic Pt38, core–shell (CS(Pt32Cu6)), phase-separated
(Ph_Sep(Pt32Cu6)) and regular alloy (RA(Pt32Cu6)) clusters, and monometallic Cu38.

Table 1 DFT calculated excess energies and geometric parameters of
PtCu nanoclusters: phase-sperated alloy (Ph_Sep), regular alloy (RA)
and core–shell (CS) structures

Nanoparticle Eexc (eV) dM–M (Å) V (Å3)

Pt38 0 2.68 2133.40
Cu38 0 2.48 1694.91
Ph_Sep(Cu6Pt32) �0.017 2.66 2102.86
RA(Cu6Pt32) �0.036 2.66 2101.24
CS(Cu6Pt32) �0.038 2.66 2102.86

Fig. 6 Computed adhesion energies of pure and bimetallic PtCu
clusters on TiO2 anatase support.
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atom had q ¼ +0.06 e�. In the same structure, the innermost Pt
had positive charges (q in the interval of +0.1 e� to +0.2 e�).

The Bader atomic charges can be rationalized in view of the
Pauling electronegativity (c) scale. Pt is a more electronegative
atom with c¼ 2.28 as compared to c¼ 1.90 of Cu. This explains
the largest charge transfer from the core Cu to the shell Pt
atoms leading to the strongest Cu (in core)–Pt (in shell) inter-
action. In addition, the obtained larger charge transfer (�0.1
e�) from the CS(Pt32Cu6) and PhSep(Pt32Cu6) nanoclusters to
the support (positively charged Pt and Cu bound to titania)
augments the energetic stability of these two structures on
titania. The established majority of negative surface-bound Pt
2078 | RSC Adv., 2019, 9, 2073–2080
atoms in RA(Pt32Cu6)/TiO2 (vide supra) suggests that the
RA(Pt32Cu6)/TiO2 cluster is destabilized because of the
predominant charge transfer from the oxide to the rst layer Pt
atoms, which is not compensated by the amount of charge
transferred from Cu to Pt inside the cluster. This conclusion is
also corroborated from the computed positive adhesion energy
of the pure Pt38 cluster on anatase surface (see Fig. 6), showing
that the small Pt clusters cannot be stabilized on the TiO2

support. The alloying of Pt with Cu allows the platinum atoms
to gain back some charge from copper, because of the stronger
electronegativity of Pt. The amount of the charge transferred
from Cu to Pt depends on the particular arrangements between
the two metal components in the alloy cluster and determines
the relative stability of the supported PtCu nanoparticles.

In conclusion and following the above DFT structural and
energetic results, we suggest that the Pt and Cu arrangement in
the experimental bimetallic nanoparticle catalyst is of core–
shell and/or phase-separated types. A PtCu catalyst with
a regular alloyed like structure can be ruled out because of its
signicantly low energy stability when deposited on titania.

4 Conclusions

PtCu nanoparticles were deposited on TiO2 powder support
using a two-step method: Cu photodeposition – Pt galvanic
replacement. The PtCu@TiO2 catalyst demonstrated higher
intrinsic catalytic activity and similar mass specic activity for
MOR, in comparison with a commercial Pt/C catalyst. The
improved catalytic activity may be due to an effective dispersion
and utilization of Pt, Pt–Cu and Pt–TiO2 interactions.

The interatomic interactions of small clusters of Pt, Cu and
PtCu supported on titanium oxide surface were studied theo-
retically using DFT quantum chemistry computations. The
catalyst was modeled by core–shell CS(Pt32Cu6), phase-
separated (PhSep(Pt32Cu6)) and regular alloy RA(Pt32Cu6) clus-
ters, supported on (100) anatase TiO2 surface. The computed
adhesive energies revealed the former two clusters as energeti-
cally favorable, which allows us to conclude that the core–shell
and/or phase-separated like nanoparticles are formed in the
here presented PtCu@TiO2 catalyst. An additional analysis of
the computed charge distributions in the three BiM models on
(100) TiO2, highlighted the effect of a particular inter-atomic
This journal is © The Royal Society of Chemistry 2019
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arrangement in the alloy clusters on their energetic stabilization
on titania surface and conrmed the experimental
observations.
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35 E. Aprá, F. Baletto, R. Ferrando and A. Fortunelli, Phys. Rev.

Lett., 2004, 93, 065502–065506.
36 L. O. Paz-Barbon, R. L. Johnston, G. Barcaro and

A. Fortunelli, J. Chem. Phys., 2008, 128, 134517.
37 R. Ismail and R. L. Johnston, Phys. Chem. Chem. Phys., 2010,

12, 8607–8619.
38 F. Pittaway, L. O. Paz-Borbon, R. L. Johnston, H. Arslan,

R. Ferrando, C. Mottet, G. Barcaro and A. Fortunelli, J.
Phys. Chem. C, 2009, 113, 9141–9152.

39 N. Ruzycki, G. S. Herman, L. A Boatner and U. Diebold, Surf.
Sci. Rep., 2003, 529, L239–L244.

40 H. J. Monkhorst and J. D. Pack, Phys. Rev. B, 1976, 13, 5188–
5192.

41 F. W. Bader, Atoms in Molecules: A Quantum Theory, Oxford
Science, Oxford, UK, 1990.
RSC Adv., 2019, 9, 2073–2080 | 2079



RSC Advances Paper
42 E. Sanville, S. D. Kenny, R. Smith and G. Henkelman, J.
Comput. Chem., 2007, 28, 899–908.

43 C. L. Cleveland and U. Landman, J. Chem. Phys., 1991, 94,
7376–7396.
2080 | RSC Adv., 2019, 9, 2073–2080
44 A. Rapallo, G. Rossi, R. Ferrando, A. Fortunelli, B. C. Curley,
L. D. Lloyd, G. M. Tarbuck and R. L. Johnston, J. Chem. Phys.,
2005, 122, 194308.

45 R. Ferrando, J. Jellinek and R. L. Johnston, Chem. Rev., 2008,
108, 845–910.
This journal is © The Royal Society of Chemistry 2019


	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight
	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight
	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight
	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight
	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight

	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight
	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight
	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight
	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight
	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight

	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight
	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight
	High performance of PtCu@TiO2 nanocatalysts toward methanol oxidation reaction: from synthesis to molecular picture insight


