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A B S T R A C T

Development of strong metal-support interaction (SMSI) and its influence on the catalytic performance of the Pt/
Ti0.8Mo0.2O2-C system, a representative of the mixed oxide-carbon composite supported Pt electrocatalyst family,
were investigated. Structural, surface chemical and electrochemical properties of the as-prepared Pt/
Ti0.8Mo0.2O2-C catalyst and its counterparts reduced in the 150–450 ◦C temperature range were compared. TEM
elemental mapping confirmed the widespread formation of Pt-oxide-C triple junctions in all catalysts. XPS
revealed electronic interaction between the Pt particles and the oxide both in the as-prepared and the reduced
catalysts, moreover, demonstrated that transport of Mo to the surface of Pt is initiated by reduction in the
150–250 ◦C range. Electrochemical measurements pointed out the durability of these Pt-bound Mo species,
which also enhance the oxygen reduction activity of the catalyst. Based on the results of 10,000-cycle stability
tests, reductive pretreatment between 250–350 ◦C is recommended for enhancing the properties of Pt/
Ti0.8Mo0.2O2-C catalysts by SMSI.

1. Introduction

1.1. Oxide and oxide-carbon composite supports for Pt electrocatalysts

Catalyst stability is a key issue in heterogeneous catalysis; it is as
important in determining the performance of a catalyst than its activity
or selectivity. In particular, special emphasis is placed on long-term
stability/reusability in industrial processes [1]. While deactivation
mechanisms of catalysts used in gas phase thermally activated processes
were relatively well understood, stability concerns of catalysts working
in electrochemical reactions under aqueous environments were identi-
fied as pressing issues only in the last one or two decades, mostly with
the advent of interest towards electrochemical energy conversion
devices.

Among these devices, fuel cells generate electrical energy from the
chemical energy released during oxidation of hydrogen or alternative
readily convertible fuels through a controlled electrochemical process

[2]. Polymer electrolyte membrane fuel cells (PEMFCs) represent a
particularly important class of fuel cells distinguished by their remark-
able efficiency and environmentally benign features, fast start-stop and
low operation temperature, which are relevant in small or medium-sized
portable or mobile applications [3]. It is generally accepted that the
major obstacle of the widespread utilization of polymer electrolyte
membrane fuel cells is the lack of stable and affordable electrocatalysts
[4,5]. Indeed, state-of-art PEMFCs are still constructed with platinum
electrocatalysts on high surface area carbon supports. Previous works
have clarified the behavior of the Pt/C catalysts at both the anode (in the
hydrogen oxidation reaction, HOR) and cathode (in the oxygen reduc-
tion reaction, ORR), recognized their limited activity in ORR and iden-
tified their degradation pathways such as poisoning with trace amounts
of CO from the hydrogen feed, dissolution-redeposition-Ostwald
ripening of Pt or electrocorrosion of the carbonaceous support [6–8].
Nevertheless, in spite of many years of intense research [5,8], the
commercially viable solution for the electrocatalyst question of the
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PEMFC industry is still to use catalysts with extremely high Pt loading,
which keeps the price of the cells high and raises sustainability concerns.

It has to be noted that using bimetallic catalysts consisting of alloys
of Pt with an oxophilic metal turned out to be a good strategy for
enhancing the activity of the Pt/C system in ORR. The alloying elements
can involve transition metals [9,10] or post-transition metals like Zn
[11] or Sn [12–15] often in the form of ordered Pt3M-type alloys [16,
17]. The beneficial effect of the alloying element is attributed to modi-
fying the electronic structure of the catalyst nanoparticle, resulting in
less poisoning by oxygenated spectator species like OH− [18]. However,
dissolution of the alloying element in the acidic milieu of the electrode
[18] or even spontaneous rearrangement of the surface structure [19]
still leads to stability problems with these types of electrocatalysts.

As an oxophilic transition metal, Mo also seems to be a useful
cocatalyst in a Mo-Pt bimetallic system. However, the low miscibility of
Mo in Pt, along with the large negative redox potential of the Mon+/
metallic Mo couple, render the synthesis of supported Mo-Pt alloy
nanoparticles quite difficult [20]. In spite of this, available reports
indicate that bimetallic Mo-Pt catalysts indeed are active in ORR [21,
22], in addition to their excellent electrooxidation capability of CO at
low potentials [16,23–25]. Nevertheless, apart from the synthesis
problems, these kind of alloy electrocatalysts suffer from severe Mo
leaching under the working conditions of PEMFCs [26].

Since the stability issues of the Pt/C catalysts are at least partly due to
the weak interaction between the platinum nanoparticles and the carbon
support, replacement of the latter with an appropriate oxide providing
stronger metal-support bonds is a natural idea. Indeed, Pt catalysts on
TiO2 [27,28], SnO2 [29,30], MoO3 [31,32] or WO3 [33–35] supports
were proposed for PEMFC applications; in these systems the
nanoparticle-stabilizing ability of the support may be completed by a
synergic co-catalytic effect arising around the metal-oxide junction,
resulting, e.g. in enhanced CO tolerance. However, these oxides are
often difficult to prepare with suitably high specific surface area and
their electrical conductivity is generally too low for electrocatalytic
purposes. Moreover, dissolution of the non-noble metal cations from the
oxides in acidic medium is quite probable.

An emerging approach focusing mostly on enhancing the multi-
functionality of the support, together with increasing its conductivity, is
the utilization of mixed oxides, which is typically realized by intro-
duction of a doping element into the TiO2 matrix. Tungsten [36,37],
niobium [38–43], molybdenum [44–46] and tin [47,48] are among the
frequently studied dopants. In these systems the effect of the dopants on
the catalyst activity can be utilized without concerns related to their
dissolution, as they remain protected from the aggressive milieu by the
titania matrix.

A common feature of the listed oxides is that Pt nanoparticles
deposited on them exhibit a range of metal-support interaction phe-
nomena. These may influence the geometrical and/or the electronic
structure of the metal particles, involving charge transfer between the
metal and the support, but, under specific circumstances, transport of
cations from the support to the metal can also occur. Traditionally, this
last effect is denoted as strong metal-support interaction (SMSI) [49,50].
Formation of interfacial active sites combining properties arising from
both the support and the metallic particle is also a frequent observation
[49]. A brief overview of the different manifestations of metal-support
interaction is given below in Section 1.2.

Although the stabilization effect of metal-support interactions on the
Pt particles is documented in electrocatalytic processes [51–55], and
activity enhancement of the oxide-supported Pt particles in the ORR is
frequently connected to electronic structure changes associated with
electron transfer from the oxide towards Pt [44,46,56], systematic in-
vestigations of the metal-support interactions, in particular, their ma-
terial transport aspects induced by specific pretreatments, was generally
out of the scope of these studies.

As it was described above, neither alloy catalysts nor undoped or
doped oxide-supported systems offer a complete solution for the

requirements of PEMFC electrocatalysts. In an emerging approach, the
need for high surface area and electrical conductivity, good corrosion
resistance and high extent of stabilization of Pt is realized by an oxide-
carbon composite support. The most frequent choice for the oxide
component of the composite is TiO2, which is indeed very stable under
both reducing and oxidizing conditions in acidic medium, while offers
anchoring sites for Pt nanoparticles [56–61], although other oxides were
also tested [62].

TiO2 modified with dopants was also proposed for preparation of
multifunctional mixed oxide – carbon composite supports with the
general formula Ti(1-x)MxO2-C (M stands for the doping metal). Although
the literature on this subject is not as extensive as in the case of carbon-
free mixed oxide supports, several examples can still be given, for
example Ti(1-x)SnxO2–C (x: 0.1–0.3) [63], Nb0.07Ti0.93O2–C [64] and
Ti0.9Ir0.1O2–C [65] hybrid support materials were investigated. In our
previous efforts W, Mo and Sn were identified as promising dopants for
development of novel mixed oxide – carbon composite supports of Pt
electrocatalysts in PEMFC applications [66–71]. In these studies, fine
tuning of the synthesis of the support for W, Mo or Sn dopants, different
oxide/carbon ratios or carbon materials were described. Physicochem-
ical investigations completed with laboratory electrochemistry mea-
surements [66–71] and studies in fuel cell test equipment [72,73]
indeed confirmed the performance and the longevity of these electro-
catalysts, especially in the HOR at the anode of PEMFCs. It was estab-
lished that the rutile polymorph of TiO2 is preferred for complete
incorporation of the dopant into the titania matrix, which is the pre-
requisite for long-term stability. At the same time, the atomic closeness
of the incorporated dopants and Pt along the perimeter of the metal
particles resulted in formation of active sites responsible for the good
electrocatalytic performance e.g. in CO oxidation at low potentials [74].

The focus of the mentioned studies was on the structural properties
and electrochemical performance of the as-prepared mixed oxide – car-
bon composite supported catalysts. Since Pt and the oxide component of
the composite represent a couple in which development of a range of
metal-support interactions, involving SMSI is expected, it was plausible
to assume that the properties of the Pt/Ti(1-x)MxO2-C system can be
further enhanced by pretreatments inducing transport of species from
the oxide towards Pt. Nevertheless, while significant transfer of Sn to-
wards the Pt particles was observed in a Pt/Ti0.8Sn0.2O2-C system hy-
drogenated at only 200 ◦C, resulting in massive Sn-Pt alloying, the
beneficial effect of the pretreatment on the stability of the catalyst was
relatively limited [70]. On the contrary, in case of the Pt/Ti0.8Mo0.2O2-C
catalysts, a short preliminary study indicating better long-term behavior
after reduction at 250 ◦C [75] confirmed that it is worth performing a
detailed study of the effect of the reductive pretreatment on the struc-
ture and performance of the Mo-containing composite supported
electrocatalysts.

Nanostructure/nanoparticle preparation methods, involving those
used for synthesis of multicomponent materials, result very often in
systems in metastable state. Structural changes under elevated temper-
atures or reaction conditions, which are manifested as instability of the
as-prepared system, can be regarded as relaxation steps towards a more
equilibrium situation. Considering that development of SMSI is actually
a similar relaxation process towards a lower energy state, the hypothesis
behind the present study is that Pt particles decorated by support oxide-
related species due to SMSI must be inherently more stable than either
the clean, as deposited particles or those obtained from synthesis routes
resulting in bimetallic particles.

The present work focuses on exploring the possibilities offered by
SMSI for modulating the properties of Pt/Ti0.8Mo0.2O2-C catalysts. To
our knowledge, apart from our short report [75], such investigations
were not conducted on similar Mo-containing mixed oxide – carbon
composite supported systems. First, a Pt/Ti0.8Mo0.2O2-C catalyst with
solid electrocatalytic performance and good long-term stability was
selected; it was established in our previous works [69] that a system
prepared using HNO3-glucose-functionalized carbon with mixed
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oxide/carbon mass ratio of 50/50 is a perfect candidate for this study
offering optimal balance between oxide-Pt interactions and longevity. A
series of reduced catalysts were prepared by annealing this as-prepared
material at various temperatures in the 150–450 ◦C temperature range
in hydrogen. Then the structural and surface chemical properties of the
as-prepared and the reduced catalysts were related to their electro-
catalytic performance (activity in the HOR, ORR and CO electro-
oxidation). During these investigations, a semiquantitative
photoelectron-spectroscopic tool was tested for confirming material
transport from the support towards Pt. Finally, the degradation of the
catalysts was evaluated in 500-cycle and 10,000-cycle electrochemical
stability tests in comparison with reference Pt/C catalyst, in order to
identify the influence of SMSI on their most important properties.

1.2. Overview of metal-support interaction effects

One of the best summaries of the physics behind metal-support in-
teractions can be found in [50].

The growth mode of the metal on the support, determining also the
shape of the supported particles, is governed by the relationships be-
tween the surface free energies of the metal and the support, along with
their interfacial free energy. A modulating factor of the particle geom-
etry is that the crystalline structure of the metal nanoparticle can align to
the lattice of the support, resulting in particles with strained lattices, as
observed for Pt/SnO2 in ref. [76].

A ubiquitous interfacial process driven by the alignment of the
electronic band structure of the metal and the support is the interfacial
charge transfer. This can be a short-range effect, e.g. associated with
interfacial bond formation, but in case of metal particles on semi-
conducting oxides, long-range charge transfer, resulting in Schottky
barrier formation is frequently observed. Key descriptors predicting the
nature of the charge transfer are the reactivity of the metal towards the
components of the support (e.g. heat of oxidation of the metal in case of
oxides) and difference in the work function between the metal and the
support [49,50]. A classic example for the long-range electron transfer is
the Pt/TiO2 junction: in this system electrons from the n-type semi-
conducting TiO2 migrate to Pt, resulting in an electron-rich, negatively
charged metal particle, surrounded by an oxide region with positive
space charge [50]. The interfacial charge transfer occurring at different
length scales can, therefore, contribute to enhancing the bonding of the
metal particle to the support, along with modification of its electronic
structure.

Another geometric manifestation of metal-support interactions is the
transport of support-originated cations to the surface of the metal par-
ticles. The ultimate case of this SMSI phenomenon is the complete
encapsulation of the metal particle by the (partially reduced) support
material as first observed for the Pt/TiO2 couple [50]. While the driving
force for this effect is reduction of the total surface free energy of the
system, formation of mobile cations seems to be facilitated by presence
of defects in the support material and their transport is accelerated by
the strong electric field generated by long range electron transfer.
Accordingly, this SMSI effect can most easily be induced by reductive
pretreatment of high work function, oxidation resistant metal particles
deposited onto reducible oxides like TiO2, SnO2 [77], CeO2 [78], etc.
Depending on the mutual properties of the metal and the support,
decoration of the metal particles by the support material may be
accompanied by further reactions such as alloying, as observed in the
Pt/SnO2 [77] system.

An important feature of supported catalysts is that specific syner-
gistic reaction sites may develop along the perimeter of the metal-
support interface, where, for example, a reactive species activated on
the metal particle can react with another species formed on the support
[49]. This bifunctional effect explains the CO oxidation activity of Pt at
low potentials when in contact with a range of metal oxides [27–35].

Importantly, recent investigations revealed that SMSI-like phenom-
ena are not restricted to Pt-group metals deposited onto reducible oxides

and they can be initiated by more gentle treatments than the high-
temperature reduction of the classical scenario. For example, it was
pointed out that replacing the hydrogen atmosphere by a CO2-H2 gas
mixture resulted in a substantial decrease of the encapsulation temper-
ature in Rh/TiO2 or Rh/Nb2O5 systems through adsorbate-mediated
activation of the oxide [79]. SMSI-like material transport was reported
under oxidative conditions in metal-oxide couples not sensitive for SMSI
in the classical sense (Au/ZnO [80]). The discovery of the concept of
reaction-induced SMSI, where encapsulation accompanies surface
oxidation or reoxidation of an originally non-oxidic or at least
non-reducible oxide support Au/Mo-carbide [81], Ni/BN [82], Au/MgO
[83], allowed the design of SMSI-stabilized catalysts on redox-inert
supports. The progress in the field, therefore, effectively broadens the
choice of the metal/support couples in which the functionality can be
tuned by SMSI [51].

2. Experimental

2.1. Catalyst synthesis

In a previous study Pt/Ti0.8Mo0.2O2-C type electrocatalysts were
compared on different carbonaceous supports (native and functional-
ized Black Pearls 2000, Vulcan XC-72), with varying oxide/carbon ratios
[69]. The results indicated that both the use of functionalized carbon
and decreasing the amount of oxide resulted in better homogeneity and
higher durability of the catalyst [69]. Using this knowledge, a catalyst
with 50/50 oxide/carbon weight ratio prepared on HNO3-glucose--
functionalized carbon was selected for the purposes of the present work.

Functionalization of the Black Pearls 2000 carbon previously pre-
treated in nitrogen at 1000 ◦C with HNO3 and glucose, along with
characterization of the resulting material, was described in [68]. Func-
tionalized carbon with 22 % of the surface oxygen-containing functional
groups was used in this study. According to previous investigations,
these functionalities involved both carboxylic, lactone, phenol or
ether-like species from the nitric acid treatment and hydroxyl groups
from the glucose treatment [68]. Flow chart and the details of the
Ti0.8Mo0.2O2-C composite synthesis and Pt loading of the composite
support via a modified, NaBH4-assisted ethylene-glycol reduc-
tion-precipitation method can be found in [69]. The starting material of
the present study, the freshly synthesized Pt/Ti0.8Mo0.2O2-C catalyst on
the composite support containing 50 wt.% of Ti0.8Mo0.2O2 and 50 wt.%
HNO3-glucose-functionalized Black Pearls 2000 carbon, loaded with 20
wt.% Pt, is denoted as the as-prepared Pt/TiMoC throughout the paper.

Following the synthesis of the as-prepared catalyst, fractions of the
material were reduced in hydrogen flow under atmospheric pressure in a
quartz reactor at temperatures 150 ◦C, 250 ◦C, 350 ◦C and 450 ◦C for
2 hours, to induce the SMSI effect. These hydrogen treated electro-
catalysts are identified by a suffix corresponding to the temperature of
the reduction. For example, the catalyst pretreated at 150 ◦C in
hydrogen flow is denoted as Pt/TiMoC-150H, etc.

2.2. Structural characterization

Specific surface area of the composite support, the as-prepared cata-
lyst and selected reduced catalysts were determined from nitrogen
adsorption measurements in a Thermo Scientific Surfer automatic
volumetric adsorption analyzer. Structure of the synthesized materials
involving both the as-prepared and reduced catalysts was investigated by
X-ray diffraction (XRD) analysis using a Philips model X’PERT MPD and
PW 3710-based PW 1050 Bragg–Brentano parafocusing goniometer,
utilizing CuKα radiation, a graphite monochromator, and a proportional
counter. The microstructure of the catalysts was characterized by
Transmission Electron Microscopy (TEM); the studies were performed
by a Cs-corrected FEI Titan Themis microscope operating at 200 kV
yielding a HRTEM resolution of 0.09 nm. Pt particle size distribution
histograms were determined by measuring the diameters of at least 600
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randomly selected metal particles from five micrographs of each sample,
all collected from non-aggregated regions. Spatial distribution of the
components was explored by using the Scanning Transmission Electron
Microscopy (STEM) capabilities of the microscope, in connection with
energy-dispersive X-ray spectroscopy (EDS) detection. High-resolution
micrographs were evaluated and processed using the ImageJ software
[84].

2.3. Surface chemistry studies

Surface characterizations were conducted using X-ray photoelectron
spectroscopy (XPS) with an Omicron EA 125 electron spectrometer. The
instrument was operated in the constant analyser energy mode with a
pass energy of 30 eV, providing a resolution of approximately 1 eV.
Photoelectrons were excited by MgKα radiation. To assess the impact of
the reductive treatment, the investigation of the catalysts in their initial,
air-exposed state was completed by in situ hydrogen exposure steps in
the high-pressure/high-temperature treatment chamber of the spec-
trometer. These in situ hydrogen treatment steps were performed for 1 h
in 300 mbar H2 at room temperature and 100 ◦C. Data collected after
each treatment phase were processed using the Casa XPS software [85],
which involved fitting the data with a combination of Gaus-
sian–Lorentzian peaks, after removal of a linear or Shirley background.
Binding energies were referenced to the main C 1s peak of graphitic
carbon at 284.4 eV. Quantitative analysis was performed with the XPS
MultiQuant software [86,87], assuming a homogeneous distribution of
components as described in prior studies [74].

Although the spectral modeling strategy for determination of Mo
chemical states was presented in detail previously [74], a short
description is still appropriate here. In the fitting procedure of the Mo 3d
spectra, the completely oxidized Mo6+ ionic state was represented by a
simple spin-orbit doublet with its 3d5/2 component around 232.5 eV; the
3d5/2/3d3/2 intensity ratio (1:0.66) and doublet separation (3.1 eV)
were based on reference spectra of a MoO3 sample. The Mo4+ contri-
bution was modeled by a complex line shape arising from coexistence of
differently screened final states, with the leading peak around 230 eV;
the line shape was derived from measurements on MoO2. Mo5+ and
more reduced states with the exception of Mo4+ were described by
spin-orbit doublets with the same line shape (peak separation, intensity-
and full-width-at-half-maximum-ratios) as in the case of Mo6+, but with
lower binding energies (with a 3d5/2 binding energy around 231 eV for
Mo5+ and with even lower values of more reduced states if needed). The
binding energy ranges of these ionic states were selected consistently
with our previous work on the Pt/Ti(1-x)MoxO2–C systems [72,74,88]
and the relevant literature [89–91].

As it was discussed in ref. [70], because of inelastic mean free path
reasons, conventional quantitative XPS measurements are rarely sensi-
tive to decoration of Pt nanoparticles by an ultrathin overlayer. How-
ever, the intensity ratio of a low kinetic energy (i.e. low inelastic mean
free path, very surface-sensitive) and a high kinetic energy (i.e. higher
inelastic mean free path, more bulk-sensitive) Pt feature can serve as an
indicator of the buried or exposed state of the surface Pt species. In ref.
[70] it was pointed out that the intensity ratio of the Pt NOO Auger peak
(64 eV kinetic energy) and the Pt 4f photoelectron peak (1180 eV kinetic
energy for MgKα excitation) indeed followed the encapsulation of Pt by
Sn-oxide after reductive pretreatment of a Pt/Ti0.8Sno0.2O2-C catalyst.
Accordingly, the intensities of these peaks were recorded using the same
settings of the electron spectrometer (fixed retard ratio set to 7) during
the in situ hydrogen exposure experiments performed on the as-prepared
and reduced Pt/TiMoC electrocatalysts.

2.4. Electrochemical characterization

The electrochemical measurements were carried out in a standard
three-electrode electrochemical glass cell using a Biologic SP150
potentiostat and the EC-LAB software package. The applied electrolyte

was 0.5 M H2SO4. The catalyst ink was prepared using a Nafion solution
(DuPont™ Nafion® PFSA Polymer Dispersions DE 520), isopropanol
(Molar Chemicals) and ultrapure water (18 MΩ cm, produced by Milli-
pore equipment). Glassy carbon electrode (d= 0.3 cm, geometric surface
A= 0.0707 cm2) was used as working electrode, Pt wire was used as
counter electrode and reversible hydrogen electrode (RHE) as reference
electrode. All potentials are given on RHE scale.

As-prepared and reduced samples were measured by means of cyclic
voltammetry (CV) and COad stripping voltammetry completed by short
(500 CV cycles) and long-term (10,000 CV cycles) stability assessment.
The details of the catalyst ink composition and electrocatalytic mea-
surements were described in our previous work [69]; the Pt loading of
the electrodes was 10 µg cm− 2.

In order to evaluate the activity of the samples in the HOR and ORR,
steady-state polarization measurements were carried out in the H2 or O2
saturated 0.5 M H2SO4 solution using rotating disk electrode (RDE) with
the same diameter as during CV measurements. The ORR measurements
were done at six different rotation speed (225, 400, 625, 900, 1225,
1600 rpm) by sweeping the potential between 1.0 and 0.3 V with 10 mV
s− 1 sweep rate. HOR polarization curves were recorded by sweeping the
potential between 0.0 and 0.3 V at 400, 625, 900, 1225 and 1600 rpm
rotation speeds, using a sweep rate of 10 mV s− 1 [92,93].

For comparison, a commercial reference Pt/C electrocatalyst
(Quintech C-20-Pt, on Vulcan) with 20 wt.% Pt loading was also studied
by the same methods described above.

The electrochemically active surface area (ECSA) of Pt was deter-
mined from the charge required to oxidize the monolayer of under-
potentially deposited hydrogen [94] using conventional baseline
correction as described in ref. [69]. The measure of the ECSA loss after N
(N: 500 and 10,000) cycles of the stability test is the ΔECSA value
defined in Eq. 1 [69]:

ΔECSAN = {1 − (ECSAN/ECSA1)}×100% (1)

where ECSAN and ECSA1 are the values of the electrochemically active
Pt surface area measured in the Nth and the first cycle on the same
sample, respectively.

3. Results

3.1. Microstructure of the electrocatalysts

The N2 adsorption isotherms of the TiMoC composite, the as-prepared
Pt/TiMoC electrocatalyst and the catalysts reduced at 150 ◦C and 450 ◦C
(Figure S1 in the Supplementary Materials) were qualitatively similar,
reflecting the nature of the composite support. The shapes of the iso-
therms were characteristic for the mixture of a mesoporous carbon and a
mesoporous metal oxide component. Specific surface area values were
around 400 m2/g and only minor changes occurred both upon Pt
deposition and reductive pretreatments. A concise discussion of the
adsorption isotherms and pore size data can be found in the Supple-
mentary Materials (Figure S1 and Table S1).

Structural characteristics of the as-prepared Pt/TiMoC electrocatalyst
and its reduced counterparts were compared by XRD and TEM, while the
surface chemical features were explored by XPS. The X-ray diffracto-
grams are shown in Fig. 1, the electron micrographs are summarized in
Figs. 2-3 and in Figures S2-S4 of the Supplementary Materials, while the
most important quantitative observations are summarized in Table 1.

Certain physicochemical characteristics of the TiMoC support and
the as-prepared Pt/TiMoC catalyst were described in [69]. Composition
data collected in Table 1 were consistent with those reported in [69] for
the as-prepared Pt/TiMoC. While the nominal mixed oxide/carbon
weight ratio of the composite support was 50/50, the higher apparent C
content measured by XPS was repeatedly observed for these systems and
the deviation was related to the occurrence of large mixed oxide ag-
glomerates [69,74]. At the same time, composition data determined by

C. Silva et al. Materials Research Bulletin 182 (2025) 113114 

4 



STEM/EDS varied around the nominal 50/50 value, although their
scatter was considerable due to the very local nature of the method. The
Pt content determined by bulk-sensitive techniques such as ICP or EDS
was close to the nominal 20 wt.%; the much higher value measured by
XPS indicated the surface location of Pt. The Mo/Ti atomic ratio derived
from XPS was close to both the nominal value and to the data obtained
from bulk-sensitive measurements, suggesting homogeneous molybde-
num incorporation into the rutile-TiO2 phase. Importantly, reductive
pretreatment caused no significant change in the mixed oxide/carbon
mass ratio or the Mo/Ti atomic ratio. The slight decrease of the apparent

Pt content measured by XPS after reduction at elevated temperatures
suggested some growth of the Pt particles, as confirmed by TEM
investigations.

In Fig. 1 XRD patterns of the TiMoC composite (measured before Pt
loading) and the Pt-loaded as-prepared Pt/TiMoC electrocatalyst are
compared with those of the reduced samples. For orientation, the re-
flections expected from metallic Pt (JCPDS 04-0802) and rutile TiO2
(JCPDS 21-1276) are shown as bar graphs. As it was mentioned in our
previous works [68,72], the synthesis of this composite resulted in
exclusive formation of the rutile-TiO2 phase; no separated crystalline

Fig. 1. X-ray diffraction patterns of the (a): non-platinized TiMoC composite, (b): as-prepared Pt/TiMoC electrocatalyst and its reduced counterparts obtained after
treatment at (c): 150 ◦C, (d): 250 ◦C, (e): 350 ◦C and (f): 450 ◦C in hydrogen flow. Reflection positions for rutile TiO2 and Pt are shown in the bar graphs.

Fig. 2. Bright field TEM micrographs (at the top), size distributions (in the middle), HAADF micrographs and Mo elemental maps of the as-prepared and reduced
Pt/TiMoC electrocatalysts (at the bottom).
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anatase TiO2 or Mo-oxide phases were detected. Nevertheless, a shift of
the rutile reflections with respect to those of pure TiO2 indicated
distortion of the unit cell as a result of Mo incorporation [69,95]. The
amount of Mo built into the rutile lattice (~18%) was very close to the
nominal Mo content, giving another indication of the almost complete
Mo incorporation. Pt loading caused no changes in the structure of the
mixed oxide; however, broad reflections from nanosized Pt particles
appeared. Estimation of the Pt particle size with the Scherrer equation
suggested the formation of 2–3 nm crystallites in the as-prepared
Pt/TiMoC. This fine particle size is the characteristic feature of the
applied modified NaBH4-assisted ethylene glycol reduc-
tion–precipitation technique [67]. Reductive pretreatment resulted in a
slight narrowing of the Pt reflections, indicating some growth of the
metal particles to 3–4 nm during the 150 ◦C treatment step. Essentially
no changes were observed after H2 treatments at higher temperatures,
demonstrating the particle stabilizing capability of the composite sup-
port. Reflections arising from the oxide phase of the composite remained
unchanged during the reductive pretreatments.

In Fig. 2 transmission electron micrographs of the as-prepared
Pt/TiMoC catalysts and its counterparts reduced at 250 ◦C, 350 ◦C and

450 ◦C are shown. High resolution micrographs and elemental maps of
Pt/TiMoC-250H are presented in Fig. 3, while similar images for the
other studied catalysts are given in Figures S2-S4 in the Supplementary
Materials. In principle, micrographs of both the as-prepared and the
reduced catalysts revealed relatively homogeneously dispersed dark
nanoparticles over the support. According to either EDS elemental maps
recorded in the STEM mode of the microscope or to d-spacing values
measured on high resolution micrographs (see Fig. 3 and Figures S2-S4),
these nanosized features were identified as Pt particles. The contrast of
the oxide component was quite similar to that of the carbonaceous
backbone; nevertheless, elemental maps at lower magnification showed
congruent distribution for Pt, Ti and Mo (e.g. Figure S2, as-prepared
Pt/TiMoC electrocatalyst), while smaller Ti-rich oxide particles among
the Pt particles were revealed at higher magnification (e.g. Fig. 3,
Pt/TiMoC-250H or Figure S3, Pt/TiMoC-350H). Similarly, high resolu-
tion micrographs confirmed the coexistence of Pt particles and rutile
features over the carbonaceous backbone (Fig. 3 and Figures S2-S4) in
both the as-prepared and the reduced catalysts.

A key feature responsible for the electrocatalytic behavior of these
catalysts is the relationship between the distribution of Mo and Pt.

Fig. 3. TEM images of the Pt/TiMoC-250H electrocatalyst (at the top) and HAADF image and elemental maps of Pt, Ti and Mo obtained in the selected fragments (at
the bottom). Color code: Pt (blue), Ti (red), Mo (green).

Table 1
Composition and structural characteristics of the as-prepared and reduced Pt/TiMoC electrocatalysts.

Sample/
Treatment

Catalyst composition (wt.%) Atomic ratios Pt particle size (nm)

XPS STEM/EDS XPS STEM/EDS

Oxide/Ca Pt Oxide/C Pt Mo:Ti Mo:Ti XRD TEM

Pt/TiMoC 33/67b 39b n.a. 18b,c 1:4.3b 1:5.7b,c 2–3 2–3
Pt/TiMoC–150H 30/70 35 n.a. n.a. 1:4.5 n.a. 3–4 n.a.
Pt/TiMoC–250H 31/69 39 53/47 25 1:4.3 1:4.9 3–4 2–3.5
Pt/TiMoC–350H 28/72 34 35/65 15 1:4.1 1:4.7 3–4 3–4
Pt/TiMoC–450H 29/71 33 44/56 17 1:4.3 1:4.8 3–4 3.5–4.5

a Calculated without the Pt content
b From ref. [69]
c Measured by ICP
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Occurrence of Mo in the vicinity of Pt was demonstrated by overlapping
the HAADF-STEM micrographs of the catalysts with the elemental maps
of Mo (at the bottom of Fig. 2). Due to the contrast mechanism of the
HAADF imaging, the most strongly scattering Pt particles were the
brightest features. Significant Mo enrichment coincided with larger
oxide particles (such as at the lower left corner of the image of Pt/
TiMoC-450H in Fig. 2), but Mo signals were consistently detected over
the Pt-covered regions, regardless to the pretreatment state of the
catalyst. It has to be mentioned that noise in the elemental maps was
reduced by averaging over several pixels. Although the area of averaging
was kept under the characteristic size of the Pt particles, it resulted in a
more washed image than the HAADF micrograph. Considering this
together with the fact that microscope settings providing slightly
different sensitivity and spatial accuracy were used in collecting the
maps for the different catalysts, looking for more subtle details in these
elemental distributions is impractical.

The relatively homogeneous appearance of the electrocatalysts is in
agreement with the conclusions of ref. [69], where it was established
that increasing the amount of the carbonaceous fraction of the com-
posite support results in increasing homogeneity of the catalyst.

The Pt particle size distributions of Fig. 2 suggest that the reductive
pretreatment resulted in some growth of the catalyst particles. In
agreement with the XRD data, the Pt particle size was around 2 nm in the
as-prepared Pt/TiMoC system. Upon reduction, a fraction of the particles
coalesced, providing a broader size distribution with a tail towards the
larger particles. While the typical Pt particle size remained in the 2–3 nm
range after the 250 ◦C reduction step, a slight shift towards larger values
was observed after reduction at higher temperatures (see also Table 1).
Nevertheless, Pt remained finely dispersed even after hydrogen treat-
ment at 450 ◦C.

At the same time, the elemental maps of Figs. 2-3 and Figures S2-S4
indicate that the reductive pretreatment had very little effect on the
distribution of Mo or Ti. In both the as-prepared Pt/TiMoC catalyst and
its reduced counterparts close coupling between the oxide component
and Pt was evidenced, resulting in ample formation of Pt/oxide/carbon
triple junctions in all investigated systems.

3.2. Surface chemistry of the as-prepared and reduced electrocatalysts

Previous XPS studies established that the response of the Pt-MoOx-
containing surfaces, such as the Pt/Ti(1-x)MoxO2–C composite supported
electrocatalysts or a model system consisting of an ionic Mo monolayer
on Pt to hydrogen exposure at room or slightly elevated temperatures is
determined by spillover of hydrogen activated on Pt towards the oxide
[74]. Hydrogen treatment of the Pt/Ti(1-x)MoxO2–C catalysts with indi-
rect Mo-Pt connections at the Pt/oxide junctions resulted in significant
reduction of the Mo component to mainly the Mo4+ but to a smaller
extent to a Mo2+-3+-like state. In case of Mo ions directly deposited on
Pt, however, reduction of Mo to the metallic state was observed, leading
to the formation of a Mo-Pt surface alloy which was only partly
re-oxidized after subsequent air exposure. This observation allowed to
develop a method for spectroscopic identification of Mo species in direct
contact with Pt. In ref. [75] we found that the sensitivity of the method
was enough to demonstrate transfer of Mo towards Pt during reductive
pretreatment at 250 ◦C. The same approach, consisting of in situ
hydrogen exposure of the samples in the electron spectrometer, was
applied in the present work to probe the changes in the oxide-Pt inter-
action induced by the reductive pretreatment at various temperatures.

XPS investigation of the as-prepared Pt/TiMoC electrocatalyst
revealed features consistent with previous results on Pt/Ti(1-x)MoxO2–C
composite supported systems [72,74,88]. Shortly, the Pt content was
almost exclusively metallic with the Pt 4f7/2 peak at 71.3 eV binding
energy; trace amounts of ionic Pt appeared due to storage under atmo-
spheric conditions. The Ti content was completely oxidized as evidenced
by the Ti 2p3/2 peak at 458.7 eV. The C 1s spectrum was adequately
modeled by the combination of the asymmetric line shape of graphitic

carbon (main peak at 284.4 eV) and small (few percent) contributions of
singly (peak at 286–286.4 eV) or more oxidized (peak around 288 eV)
carbon atoms. The appearance of these oxygen-bound carbon species
was the consequence of the use of functionalized carbon for composite
preparation [68]. The Mo 3d spectrum (illustrated in Fig. 4, panel A,
uppermost trace) was processed as described in [74]; it was dominated
by signals from Mo6+ ions (Mo 3d5/2 binding energy at 232.5 eV), but
deconvolution revealed the presence of smaller amounts of Mo5+ (231.2
eV) and Mo4+ (229.8 eV) states as well.

As it was mentioned above, in order to explore the changes in the
surface chemical state of the catalysts induced by the reductive pre-
treatment, XPS data were collected in both the as-received (air exposed)
state of the electrocatalysts and after in situ H2 exposure in the electron
spectrometer. Pt 4f, Mo 3d, Ti 2p and C 1s binding energies recorded
during these experiments are collected in Table S2 and theMo 3d spectra
are presented in Fig. 4.

As it can be seen in panel A of Fig. 4, the Mo 3d spectra of all catalysts
were very similar in the air exposed state. The dominant contribution
arose from the Mo6+ ionic states (with a 3d5/2 binding energy around
232.5 eV); the asymmetry on the low binding energy part of the
spectrum indicated the presence of more reduced Mo species and was
adequately modeled byMo5+ (3d5/2 binding energy slightly above 231.0
eV) and Mo4+ (around 230.0 eV) contributions. However, a closer
comparison of the low binding energy tails of the Mo 3d spectra of the
as-received catalysts suggested the presence of a further, very weak
component (accounting for only a few percent of the total Mo signal) in
the spectra of all reduced catalysts. Curve fitting indicated a
3d5/2 binding energy around or slightly below 229.0 eV for this new
component. This value is too low for Mo4+ or even the unstable
Mo2+-3+ observed during annealing of Pt/Ti(1-x)MoxO2–C catalysts in
hydrogen (around 229.5 eV) but is entirely consistent with metallic Mo
alloyed with the Pt surface [74]. The presence and assignment of this
new component was confirmed by the in situ room temperature
hydrogen exposure experiment: although the Mo5+-Mo4+ contributions
increased in all catalysts on the expense of the Mo6+ peaks, a particular
enhancement of the low binding energy tail region due to increase of the
metallic signal was evident only in the reduced samples especially in
those pretreated at or above 250 ◦C. These reductive
pretreatment-related new Mo signals coincided with the Mo 3d doublet
of the Mo-Pt surface alloys. Therefore, XPS investigations combined
with in situ hydrogen exposure demonstrated the appearance of new,
special Mo species in all reduced catalysts, which were very easily
reducible to a metallic, Mo-Pt surface alloy-like state. As these Mo spe-
cies were missing from the as-prepared Pt/TiMoC catalyst, one can
conclude that they were transferred to the Pt as the result of the
reductive pretreatment, in analogy with the strong metal-support
interaction phenomenon. Our observations indicate that a pretreat-
ment temperature of 150 ◦C is enough for initiating this transport pro-
cess. Comparison of the spectra of the reduced catalysts after in situ
hydrogen exposure suggests that there may be a correlation between the
pretreatment temperature and the extent of Mo transport to Pt, although
the low signal intensity and the overlapping nature of the different Mo
contributions hinder the quantification of this effect.

In a supporting experiment, the as-prepared Pt/TiMoC catalyst was
annealed in hydrogen in the electron spectrometer at temperatures
ranging from room temperature to 300 ◦C. Mo 3d spectra recorded
during this series are presented in the Supplementary Materials section
as Figure S5. Not surprisingly, the behavior of the Mo 3d peaks was very
similar to that described in ref. [74] for a similar electrocatalyst: gradual
reduction of Mo occurred, due to spillover of hydrogen activated on Pt
towards the oxide. The reduction of Mo was almost completely revers-
ible upon air exposure. In order to follow the exposed/buried state of Pt
during this experiment, the variation of the intensity ratio of the low
kinetic energy Pt NOO Auger peak and the high kinetic energy Pt 4f peak
was also recorded (see also Sect. 2.3 in the Experimental section) and is
shown in Fig. 5.
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The intensity ratio (Fig. 5) revealed an initial increase, a maximum
around 200 ◦C hydrogen treatment temperature and a clear decrease
after treatments at higher temperatures. The increase of the ratio at the
beginning of the reduction series can be attributed to desorption of
surface contaminants, resulting in more exposed Pt surface species.
However, the decrease at temperatures higher than 200 ◦C suggested
burial of the Pt surface by foreign species, which as described above, can
be identified as Mo species originating from the support. The decrease of
the ratio after air exposure can be attributed to oxidation of the partly

reduced Mo layer. Adsorption of atmospheric contaminants was less
important: outgassing the sample at 100 ◦C after the air exposure did not
change the measured ratio beyond the experimental uncertainties.

Although the conditions of this in situ hydrogenation series were
different from that of the reductive pretreatment used in catalysts
preparation, the results still confirm that material transport towards Pt
occurred mainly from 200 ◦C treatment temperature.

While the reductive pretreatment did not influence the Pt 4f and Ti
2p spectral line shapes, a slight but reproducible variation of the Pt 4f7/2
and Ti 2p3/2 binding energies with respect to the C 1s peak of the
graphitic carbon component was induced by the in situ hydrogen expo-
sure in the electron spectrometer in case of all investigated samples
(Table S2). We believe that the small shift of the Pt peaks towards lower
and the Ti peaks towards higher binding energies is due to electron
transfer from the oxide towards the Pt particles; this effect is presumably
the manifestation of the electronic aspect of the metal-support interac-
tion. Our observations suggest that this kind of electronic coupling can
be enhanced under reductive conditions. At the same time, it can be
observed both in the as-prepared and reduced electrocatalysts, so it is not
connected to the reductive pretreatment.

3.3. Electrochemical characteristics of the as-prepared and reduced
electrocatalysts

The electrocatalytic properties of the as-prepared Pt/TiMoC material
and its reduced counterparts treated in hydrogen at 150 ◦C-450 ◦C were
investigated by electrochemical measurements in a classic three-
electrode system as well as by a RDE technique. The study consisted
of CV, COads stripping voltammetry and stability evaluation through
continuous cycling (500 and 10,000 cycles) within the potential limits of
0.05–1.00 V. RDE measurements were used to assess the activity in the
ORR and HOR. The results were compared with data obtained on a
commercial reference Pt/C catalyst.

Fig. 6 presents a summary of the cyclic voltammograms for both the
as-prepared and the hydrogen pretreated electrocatalysts. To get infor-
mation about short-term changes of the catalysts, CVs were recorded
before and after short 500-cycle stability tests. The voltammograms
primarily revealed features related to platinum. In the 0.05–0.35 V po-
tential range desorption/adsorption peaks attributed to under-
potentially deposited hydrogen were observed; these peaks signify the

Fig. 4. Mo 3d spectra of the as-prepared Pt/TiMoC electrocatalyst (a), the reduced electrocatalysts Pt/TiMoC-150H (b), Pt/TiMoC-250H (c), Pt/TiMoC-350H (d), Pt/
TiMoC-450H (e), and a Mo-Pt surface alloy containing metallic Mo ((e), from [74]). Panel (A): as-received (air exposed) state of the catalysts. Panel (B): in situ
hydrogen exposed state of the catalysts (300 mbar H2 treatment at room temperature in the preparation chamber of the electron spectrometer for 1 h).

Fig. 5. Variation of the Pt NOO (64 eV)/Pt 4f (1180 eV kinetic energy) in-
tensity ratio during in situ reduction of the as-prepared Pt/TiMoC catalyst in the
electron spectrometer completed by air exposure. The hydrogen exposure steps
were performed in 300 mbar H2 for 1 h at the temperatures indicated below the
graph. The error bars represent scatter of the ratio which was mainly due to
uncertainties in the measurement of the Pt NOO intensity. Several measure-
ments were performed in duplicate, indicating the good reproducibility.
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reversible adsorption and desorption processes associated with
hydrogen at the electrode surface. These signals are related to the
accessibility of Pt to hydrogen and were used to estimate the ECSA of the
catalysts. Furthermore, the voltammograms depicted oxidation/reduc-
tion peaks of Pt above 0.80 V. Importantly, a redox peak pair associated
with molybdenum was consistently observed in the potential range of
0.38 to 0.53 V. The presence of these redox peaks in the voltammograms
serves as a clear confirmation of an active interface between the plat-
inum nanoparticles and the surface Mo species within the composite
support [67–69,88,95,96]. Observations described above were further
supported by comparing CVs of the composite support and the as-pre-
pared Pt/TiMoC electrocatalyst (Figure S7 in the Supplementary Mate-
rials). Marginal changes of the support were revealed during the
500-cycle stability test. At the same time, CVs in Fig. 6a and 6b or 6c
and 6d indicate that the Mo oxidation/reduction peak pair became
somewhat weaker during the 500-cycle aging in case of the as-prepared
electrocatalyst, while hardly any change occurred in case of the reduced
catalysts.

The electrochemically active Pt surface area of the electrocatalysts
measured in the first cycle (ECSA1) is listed in Table 2. While a relatively
high ECSA value was obtained for the as-prepared Pt/TiMoC catalyst, a
small but consistent decrease was observed for all reduced catalysts. It
should be noted that for all reduced samples, according to Table 2, quite
close ECSA1 values (lying within the range of the experimental errors)
were obtained in the range of 55.7±1.9 m2/gPt, regardless to the
reduction temperature.

The ECSA loss (ΔECSA) with respect to the number of stability test
cycles was determined from charges associated with hydrogen desorp-
tion in the initial and subsequent cycles (500th or 10,000th) (for details
see ref. [69] and Experimental part). The ECSA decrease of the reduced
catalysts can be explained by either a decrease of the accessibility of the
Pt surface by adsorption of impurities and/or partial encapsulation by
mobile Mo oxide species or by slight increase of the Pt particle size
during the reduction treatments [75]. Although TEM investigations
indeed revealed some particle growth (see Fig. 2), the ECSA change
observed during the 500-cycle short-term stability test (Fig. 7a) indi-
cated that partial blocking of the catalyst surface after the reduction
pretreatment is more important. Namely, as shown in Fig. 7a, an initial

increase of the ECSA of the reduced catalysts was observed in all cases
during the first 100–150 cycles (although the 5–10% change was just
slightly higher than the range of uncertainties), which can be interpreted
as surface cleaning of the catalyst, eliminating impurities or oxides that
could potentially impede hydrogen adsorption [92].

After ca. 200 cycles decrease of ECSA was recorded in all reduced
catalysts (see Fig. 7a), however, this decline remained moderate, with
the relative loss consistently smaller than that of the as-prepared sample
or the reference Pt/C catalyst, indicating improved stability due to the
reductive pretreatment.

In the preparation of composites, the goal of carbon functionaliza-
tion was to increase the density of functional groups, leading to
increased hydrophilicity and improved interaction between the carbon
and the growing rutile-TiO2 phase, which has some positive effect on the
formation of a uniform layer of very fine mixed oxide NPs over the
carbonaceous backbone [68]. Numerous examples in the literature
indicate that catalysts of this type have better dispersion of metal
nanoparticles, improved electrocatalytic performance and increased

Fig. 6. Cyclic voltammograms of the as-prepared ( ) and 150 ◦C ( ), 250 ◦C ( ), 350 ◦C ( ) and 450 ◦C ( ) reduced Pt electrocatalysts obtained before (a, c) and

after the 500-cycle stability test (b, d). Recorded in 0.5 M H2SO4 at 100 mV⋅s− 1, T= 25 ◦C.

Table 2
Electrochemical performance of the reference Pt/C and Ti0.8Mo0.2O2-C com-
posite supported Pt catalysts: the position of the main CO oxidation peak
determined from the COads-stripping analysis, ECSA and its changes during the
short- and long-term stability tests and current density measured in the ORR at
0.80 V.

Sample ECO,max, mVa) ECSA1,
m2/gPt

ΔECSA500,
% b)

ΔECSA10,000,
% b)

j @ 0.8 V,
mA/cm2c)

Pt/TiMoC 745 d) 68.1 ± 3.0 8.1 32.2 1.09
Pt/TiMoC-150H 745 d) 54.2 ± 2.4 2.8 27.5 1.38
Pt/TiMoC-250H 745 d) 53.9 ± 2.7 3.0 23.8 1.68
Pt/TiMoC-350H 755 d) 57.0 ± 1.9 -2.9 22.1 1.51
Pt/TiMoC-450H 755 d) 57.7 ± 2.4 0.6 28.0 1.55
Pt/C 795 87.2 ± 2.3 12.7 47.8 1.63

a) The position of the main CO stripping peak;
b) ΔECSA500 and ΔECSA10,000 were calculated from the charges originated

from the hydrogen desorption in the 1st and 500th or 10,000th cycles according to
the Eq. 1 (see Experimental part);
c) Current density at 0.80 V measured in RDE experiments at 900 rpm;
d) Center of two overlapping CO stripping peaks.
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stability [97–99]. Thus, Pt/TiO2/C catalysts synthesized using
glucose-pretreated Vulcan XC-72 had excellent ORR activity and high
durability during accelerated stress tests [100].

Our previous studies revealed that the as-prepared Pt/TiMoC catalyst
prepared using HNO3-glucose-functionalized carbon with mixed oxide/
carbon ratio of 50/50 was among the best ones in the long-term stability
tests, significantly surpassing the performance of Pt/C references [69,
75]. This result is reflected in Figure 7b; however, even lower ECSA loss
values were recorded for the reduced catalysts. Reductive pretreatments
performed at 250 ◦C or 350 ◦C had the most beneficial effect on the
stability, resulting in ECSA loss of some 20% after 10,000 polarization
cycles (see Table 2). A somewhat worse behavior was found for the
catalyst reduced at 450 ◦C. Analogous results in terms of stability were
observed in PtNiMo ternary alloy [101]; in that study the introduction of
acid-resistant Mo atoms in the alloy stabilized the near-surface Pt atoms,
which resulted in significantly higher catalyst stability compared to
reference Pt/C.

The changes of the shape of the cyclic voltammograms obtained
during the 10,000-cycle stability test for the as-prepared Pt/TiMoC and
reduced Pt/TiMoC-350H electrocatalysts are demonstrated in Figure 8;
the corresponding cyclic voltammograms obtained on other reduced
catalysts are presented in Figure S6 in the Supplementary Materials. As
shown in Fig. 8b, on the reduced catalyst, the slight changes in the
voltammograms are mainly related to features associated with hydrogen
desorption/adsorption in the 0.05–0.35 V potential range and Pt
oxidation/reduction peaks above 0.80 V. The difference between
as-prepared and reduced catalysts is mainly related to the double-layer
region (cf. cyclic voltammograms in Figs. 8a and 8b): for the reduced
Pt/TiMoC-350H catalyst, the double-layer region remains almost un-
changed, indicating an increase in the stability of the system after
reductive pretreatment. While, as shown in Fig. 8a, the Mo oxidation/
reduction peaks of the as-prepared Pt/TiMoC catalyst undergo more

significant changes.
Efficient CO electrooxidation is crucial for maintaining the perfor-

mance and durability of fuel cell systems [4], as the presence of CO can
poison catalysts and degrade their activity over time [2]. The ability of
molybdenum to adsorb hydroxyl groups (OHads) according to a bifunc-
tional mechanism is responsible for the increased CO tolerance of
Mo-containing catalysts at very low electrode potentials [102,103].

COads stripping voltammetry studies were performed to assess the
activity of the as-prepared catalyst and its reduced counterparts in CO
oxidation as depicted in Fig. 9. As it was discussed in our previous works,
the most important indicator of the low potential CO electrooxidation
activity of these catalysts is the enhancement of current in the pre-peak
region (0.05–0.50 V), preceding the main CO oxidation peak. The pre-
peak region involves contributions from the oxidation of weakly
bound CO on Pt by spillover of OH species formed on neighboring Mo
sites, as well as from the Mo redox feature [88]. It should be noted that
these “pre-peaks” are typical for Ti, Ta, W, and Mo suboxide-containing
Pt electrocatalysts [104,105]. Thus, its presence in the COads stripping
voltammogram demonstrates the close proximity of Pt and easily
reducible Mo species [49,68,106,107]. It must be noted that, according
to the literature, a decrease or even disappearance of the Mo redox peaks
after long-term cyclic polarization is usually accompanied by a decrease
of the “pre-peak” intensity and a shift of the main CO electrooxidation
peak towards a higher potential [108].

In agreement with our previous works, favorable CO electro-
oxidation performance was observed for both the as-prepared Pt/TiMoC
catalyst and its reduced counterparts. However, the pre-peak region of
the reduced catalysts was in all cases more pronounced than that of the
as-prepared system. Even more importantly, while significant decrease of
the current density in the pre-peak potential range was observed for the
as-prepared catalyst after the 500 cycle short-term stability test, practi-
cally no change occurred in the reduced materials. The most plausible

Fig. 7. ECSA change during 500 CV cycles (a) and 10,000 CV cycles (b) for the as-prepared Pt/TiMoC ( ) and its reduced counterparts: Pt/TiMoC-150H ( ), Pt/

TiMoC-250H ( ), Pt/TiMoC-350H ( ) and Pt/TiMoC-450H ( ). Results obtained on the reference Pt/C ( ) were included for comparison. ECSAN/ECSA1: com-
parison of the ECSA measured after N cycles normalized to ECSA measured in the 1st cycle of both the as-prepared and H2-reduced catalyst as a function of the
number of cycles (N).

Fig. 8. Cyclic voltammograms of the as-prepared Pt/TiMoC (a) and Pt/TiMoC-350H (b) electrocatalysts obtained during 10,000-cycle stability test. Recorded in 0.5 M
H2SO4 solution with 100 mV s− 1 sweep rate, T= 25 ◦C.
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interpretation of this finding is the enhancement of the Mo-Pt coupling
during the reductive pretreatment, which is achieved by transfer of Mo
to the surface of the Pt particles, as discussed in the previous section.
Importantly, both short- and long-term aging tests (Figs. 7 and 8) indi-
cate the very strongly bound, stable nature of these Mo species formed
during the reductive pretreatment process. While in Mo-Pt alloy elec-
trocatalysts leaching of Mowas observed [24], we believe the stability of
the Pt-bound Mo species obtained in this study reflects the more equi-
librium nature of the catalyst formation via SMSI compared to other
synthesis routes like co-reduction [20,24] used for preparation of alloy
catalysts.

It should be noted that a relatively broad main peak, corresponding
to the oxidation of CO strongly bonded to Pt, was observed on all the
samples at about 0.75 V (see Fig. 9 and Table 2) with a good agreement
with previous research [75]. Its slight shift towards less positive po-
tentials than in Pt/C is another sign of the enhanced CO electrooxidation
capability of the Mo-containing Pt systems, which can be attributed to
the electronic aspects of the metal-support interaction.

Although – predominantly because of their good CO electrooxidation
capabilities – the Pt/Ti(1-x)MoxO2-C composite supported electro-
catalysts are mainly recommended for HOR, it may be worth to inves-
tigate their properties in the ORR as well. The activity of the as-prepared
and reduced catalysts was tested in the ORR in a three-electrode system
using RDE in 0.5 M H2SO4 solution saturated with O2. Catalytic activity
was investigated after 10 cycles of cleaning at six rotation speeds (for
details see Experimental part). The expected current density increase in
the potential dynamic polarization curves at higher rotation rates (not
shown) was demonstrated for all catalysts, indicating faster diffusion of
oxygen to the surface of catalysts.

To compare the investigated catalysts, potential sweeps in the
kinetically controlled, mixed kinetic-diffusion controlled and the
diffusion-limited regions measured at 900 rpm are depicted in Fig. 10a-
b. As can be seen from Fig. 10a-b, very similar values of diffusion-limited
current densities were achieved on the reference Pt/C and all reduced
catalysts with the exception of the as-prepared Pt/TiMoC catalyst. In the
presence of an intact, non-porous catalyst layer, the diffusion-limited
current density (jlim) on the working electrode should theoretically al-
ways be the same, since it depends solely on the rotation speed ac-
cording to the Koutecký–Levich equation. However, according to the
literature, the lower jlim can be attributed to reversible oxide formation/
reduction on Pt [109] or to the different morphology and/or structural
characteristics of the support. However, it should be noted that the de-
viation of jlim values observed in Fig. 10a was within the range of ex-
pected relative measurement errors mentioned byMayrhofer et al. [110]

for jlim values observed in the ORR measurements on carbon-containing
supported catalysts which was about 10%.

The onset potential of ORR for all the samples was close to that
observed on Mo-doped composite supported catalysts and was around
965 ± 10 mV [93], indicating high activity in this reaction. As shown in
Fig. 10a-b, in the case of the mixed kinetic-diffusion controlled region,
the ORR current density measured on the catalysts reduced at or above
250 ◦C was very close to or even exceeded that of the reference
Pt/C catalyst. However, the current density of the as-prepared sample (at
0.8 V vs. RHE) was a bit lower compared to those of the reference Pt/C or
the reduced samples (see Fig. 10a and Table 2). The same conclusion is
reflected by tabulated mass activity data in Table S3 (Supplementary
Materials). Comparable literature results related to ORR investigation
on Pt/Ti0.7Mo0.3O2 catalyst [44] attributed the enhancement over the
performance of Pt/C to the electronic synergic interaction between Pt
and the support, together with the enhanced structural and chemical
stability in acidic and oxidative environments provided by the
Ti0.7Mo0.3O2 support [45]. XPS investigations described in Sect. 3.2
confirmed the occurrence of electronic metal-support interaction in the
presently investigated catalysts. The importance of the synergistic
metal–support effect betweenMo oxide and Pt to achieve improved ORR
catalytic activity was also highlighted in refs. [111,112].

Electrochemical performance of the reference Pt/C, as-prepared and
reduced Ti0.8Mo0.2O2-C supported Pt electrocatalysts in the HOR by the
RDE technique at 900 rpm was compared in Figs. 10c-d. It can be seen
from Figs. 10c-d that the potential dynamic polarization curves obtained
on these electrocatalysts after 10 cycles of cleaning were very similar,
the observed differences being within the expected measurement errors.
As shown in Figs. 10c-d, on all catalysts, the current associated with the
HOR increases sharply and reaches a limiting plateau at approximately
0.05 V.

This fact is not surprising and is well documented in the literature,
indicating that in acid solution on platinum electrodes the rate of
hydrogen oxidation reaction is usually too high to measure the differ-
ence in activity of different catalysts by RDE [113–115]. Nevertheless, it
can be concluded that, regardless of pretreatment, all these catalysts are
active in the HOR.

4. Discussion

In Section 1.2 a short overview of the main aspects of the metal-
support interactions was presented. As it was described in Section 3,
several manifestations of these interactions were indeed identified in the
present work.

Fig. 9. Effect of the reduction temperature on the electrocatalytic performance of the Pt/TiMoC catalysts: (a) as-prepared ( ) and reduced at 150 ◦C ( ) and 250 ◦C

( ) catalysts, and (b) catalysts reduced at 350 ◦C ( ) and 450 ◦C ( ). The COads stripping voltammograms were recorded in 0.5 M H2SO4 before (solid curves) and

after 500 cycles (dashed curves) of the stability test. Polarization rate: 10 mV⋅s− 1, T= 25 ◦C.
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Photoelectron spectroscopy combined with in situ hydrogen exposi-
tion (Fig. 4) clearly demonstrated appearance of very easily reducible
Mo species after the reductive pretreatment, which, as pointed out in our
previous work [74], is a convincing sign of the transport of Mo species to
the surface of the Pt particles. Although less obvious than in the case of
the Ti0.8Sn0.2O2-C composite supported Pt electrocatalyst [70], semi-
quantitative analysis of the exposed/buried nature of Pt using the in-
tensity ratio of low and high kinetic energy Pt features also indicated
that Pt started to be somewhat buried after reductive pretreatment
above 200 ◦C (Fig. 5), which is consistent with migration of Mo species
to its surface during reductive pretreatment in this temperature range.
At the same time, the latter result also involves that the decoration layer
on Pt is discontinuous or very thin, in contrast with the Pt particles
alloyed with tin after reductive pretreatment of the Pt/Ti0.8Sn0.2O2-C
system, where relatively thick tin oxide overlayer forms under oxidative
conditions [77].

Electrochemical investigations also pointed into the direction of
reductive pretreatment-induced material transport. As mentioned above
in connection with the bifunctional effect, the prerequisite for easy CO
electrooxidation at low potentials (i.e. for enhanced CO tolerance of the
electrocatalyst) is the strong coupling of Pt and the oxide. Our previous
works, in particular, [88] demonstrated that reducible surface Mo spe-
cies play a key role in the CO electrooxidation, thus COads stripping
voltammetry can be regarded as the most sensitive probe of the Pt-Mo
coupling among the electrochemical methods used in this work. As
described in Sect. 3.3 (in particular, in connection with Fig. 9), reductive
pretreatment clearly enhances the CO electrooxidation ability of the
electrocatalyst and increases the long-term stability of this feature. This
result indicates the enhancement of the Mo-Pt coupling after reductive
pretreatment and demonstrates the improved stability of the formed
Mo-Pt bifunctional sites. The most plausible explanation for this

behavior is the appearance of Mo species on the Pt particles, as
concluded from the spectroscopic investigations.

TEM investigations with routine analysis settings, as described in
Sect. 3.1, demonstrated the close vicinity of Mo and Pt both in the as
prepared electrocatalyst and its reduced counterparts. However, elec-
trochemical studies revealed enhanced Mo-Pt coupling and XPS studies
indicated migration of Mo to the surface of the Pt particles, demon-
strating that the material transport aspect of the metal-support inter-
action can indeed be evoked in the Pt/Ti0.8Mo0.2O2-C composite
supported electrocatalyst system. At the same time, no evidence was
found for encapsulation of the Pt particles by TiOx or TiMoOx even at the
highest applied pretreatment temperature, which, on the one hand, is a
favorable property of the system as encapsulation results in drastic loss
of active sites, and, on the other hand, indicates that Mo cations as
surface species or as structural defects in the rutile lattice of the mixed
oxide are much more mobile than Ti cations as shown schematically in
the graphical abstract of this work.

As mentioned above, material transport of SMSI is usually connected
to long range interfacial charge transfer. Not surprisingly, this electronic
interaction was very frequently observed in catalysts where metal-
support interactions are assumed to determine the activity, especially
in oxide-supported Pt systems. The typical method of investigation was
X-ray absorption spectroscopy, where features around the Pt L-edge can
be used to probe the d-band occupancy [44,46]. Core level shifts
observed in the Pt XPS spectra can also be used for this purpose [56].
According to data collected in Table S2 of the Supporting Materials, the
Pt- and the support-related binding energies (Ti, but also the metal oxide
related O 1s component around 530 eV, not shown in Table S2), refer-
enced to the graphitic C 1s peak of the support, showed a clear shift into
opposite direction upon even room temperature hydrogen exposure. The
decreasing Pt 4f binding energies and the increasing Ti 2p and O 1s

Fig. 10. Electrochemical characterization of the reference Pt/C and the Pt/TiMoC catalysts by RDE measurements at 900 rpm: Pt/C ( ), as-prepared Pt/TiMoC ( )
and Pt catalysts reduced at 150 ◦C ( ), 250 ◦C ( ), 350 ◦C ( ) and 450 ◦C ( ). (a, b) ORR curves obtained in O2-saturated 0.5 M H2SO4; (c, d) HOR curves obtained in
a H2-saturated 0.5 M H2SO4. Recorded at 10 mV s− 1, T= 25 ◦C. The currents were normalized to the geometric area of the glassy carbon electrode.
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binding energies were consistent with the migration of electrons from
the support towards Pt, as expected for these systems. Although it is
difficult to judge the extent of charge transfer in the air-exposed
(as-received) state of the catalysts, in our opinion the described change
upon only a slight reduction demonstrates the presence of the electronic
interaction in the investigated systems. Nevertheless, it appears that this
interaction is invariably present in all catalysts and it is difficult to
establish a clear connection between its magnitude and the reductive
pretreatment.

Accordingly, the experimental results described in the manuscript
clearly demonstrated the development of SMSI in the investigated sys-
tem, resulting in a clear connection between the improvement of the CO
electrooxidation capability of the reduced catalysts and the transfer of
Mo species to the Pt particles. Moreover, the slight activity enhancement
of the reduced catalysts in the ORR with respect to the as-prepared Pt/
TiMoC system or the Pt/C reference, as depicted in Fig. 10 or tabulated
in the Supplementary Materials (Table S3), can probably also be
ascribed to the metal-support interactions. Here, both the co-catalytic
effect of the Mo species on Pt and the electronic interaction can
contribute to the improved behavior.

As far as the stability of the catalysts is concerned, introduction of the
mixed oxide – carbon composite support instead of pure carbon has a
clear benefit [66–74], as the oxide provides much stronger binding sites
for the Pt particles than the relatively inert carbon surface, or, in other
words, the metal-support interaction is much more pronounced in case
of the composite support than in pure carbon. One of the most encour-
aging observations of the present work is that reductive pretreatment
can further improve this stabilization effect, which was reflected not
only by the lower relative ECSA losses of the reduced catalysts in the
long-term stability test, but also by the small changes of the Pt size
distribution, especially above the 200–250 ◦C reduction temperature.
Since both the electronic and the material transport aspects of SMSI
were present in those reduced catalysts, the most plausible explanation
for the better stability is the development of SMSI during the reductive
pretreatment. In fact, this reasoning is in line with recent literature re-
sults summarized, e.g. in [49,51,78], where SMSI is identified as a way
for improving stability of Pt electrocatalysts proposed for fuel cell
applications.

5. Conclusions

Composites of transitional metal doped TiO2 and carbonaceous ma-
terials represent an emerging class of multifunctional supports proposed
for Pt electrocatalysts in PEM fuel cells. Beneficial metal-support in-
teractions developing at the Pt-oxide-carbon junctions contribute to
higher activity and better stability of the catalysts, which may allow
design of effective electrodes with decreased Pt content. Since Pt and the
oxide component of the composite support are prone to strong metal-
support interaction (SMSI), during which the Pt particles are deco-
rated by partly reduced species originating from the oxide, the focus of
the present work is to explore the development of SMSI and its influence
on the catalytic performance in these electrocatalysts.

A Pt/Ti0.8Mo0.2O2-C catalyst was prepared using HNO3-glucose-
functionalized carbon with mixed oxide/carbon mass ratio of 50/50.
Fractions of the as-prepared material were subjected to reductive pre-
treatment in hydrogen at various temperatures in the 150–450 ◦C range.
Structural and surface chemical properties of the resulting catalysts were
studied by N2 physisorption, XRD, TEM, STEM-elemental mapping and
XPS completed with in situ hydrogen exposure experiments. Catalytic
functionality was assessed by cyclic voltammetry, COads stripping vol-
tammetry and rotating disk electrode measurements in the presence of
H2 and O2. Stability was investigated by aging experiments consisting of
500 (short-term) and 10,000 (long-term) potential cycles.

Apart from a limited increase of the size of the Pt particles from 2–3
nm to 4 nm, explained by the competition between Ostwald ripening
and the stabilizing effect of the support, structural investigations did not

reveal significant differences between the as-prepared and the reduced
catalysts. Most importantly, elemental maps confirmed the atomic
closeness of Pt and the oxide component in all cases, without noticeable
change in the spatial distribution of Mo or Ti during the reductive pre-
treatment. Special XPS investigations, designed to be sensitive for Mo-Pt
interactions, however, evidenced transfer of mobile Mo species to the
surface of the Pt particles during reductive pretreatment already at
150–250 ◦C. These Pt-bound Mo species were easily reducible to a
metallic surface alloy state upon hydrogen exposure, while became at
least partly re-oxidized during air exposure.

Results of the electrochemical investigations were consistent with
the surface chemical observations. Features arising from Mo-Pt in-
teractions were detected in the CVs and COads stripping voltammograms
of both the as-prepared catalyst and its reduced counterparts, confirming
the excellent low potential CO oxidation ability of all catalysts. How-
ever, a more pronounced pre-peak region in the COads stripping vol-
tammograms of the reduced samples pointed to a more intimate Mo-Pt
coupling in these systems, which can be related to the appearance of Mo
species on the surface of the Pt particles. Moreover, the remarkable
stability of the pre-peak region during short- and even long-term sta-
bility tests was an indicator of the longevity of these Pt-bound Mo
species.

The activity of the electrocatalysts in the HOR was not influenced by
the appearance of the Mo species on Pt. However, a clear enhancement
in the ORR performance was observed in the reduced systems, which, in
spite of the ECSA decrease accompanying the pretreatment, became
comparable to that of Pt/C, demonstrating the beneficial effect of the
closer Mo-Pt coupling on the ORR activity. This result suggested that the
mixed oxide-carbon composite supported electrocatalysts, especially
after reductive pretreatment, may be useful not only at the anode but
also at the cathode electrode of PEMFCs.

Comparison of the long-term stability of the investigated catalysts
confirmed the better aging behavior of the as-prepared Pt/Ti0.8Mo0.2O2-
C with respect to the Pt/C reference. However, even smaller ECSA loss
was recorded for the reduced catalysts. On the basis of these studies,
reductive pretreatment between 250–350 ◦C can be recommended for
optimizing the properties of Pt/Ti0.8Mo0.2O2-C catalysts by SMSI.
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[12] G. Samjeské, S. Nagamatsu, S. Takao, K. Nagasawa, Y. Imaizumi, O. Sekizawa,
T. Yamamoto, Y. Uemura, T. Uruga, Y. Iwasawa, Performance and
characterization of a Pt–Sn (oxidized)/C cathode catalyst with a SnO2-decorated
Pt3Sn nanostructure for oxygen reduction reaction in a polymer electrolyte fuel
cell, Phys. Chem. Chem. Phys. 15 (2013) 17208, https://doi.org/10.1039/
c3cp52323c.
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Mo-doped mixed oxide–carbon composite supports for Pt-based electrocatalysts:
the nature of the Mo-Pt interaction, Catal. Today 366 (2021) 31–40, https://doi.
org/10.1016/j.cattod.2020.04.004.
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