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ARTICLE INFO ABSTRACT

Keywords: Design of composite support materials based on Sn-doped TiO2 and carbon is one of the strategies to develop
Anode Pt electrocatalysts corrosion-resistant and CO-tolerant Pt electrocatalysts for polymer electrolyte membrane (PEM) fuel cells. As the
TiSnOy

synthesis methodology may have crucial influence on the structural and functional properties of the composites,
different preparation routes for the novel support materials are explored and compared. Ti(;5SnxO2-C (x:
0.1-0.3) composites with different mixed oxide/carbon ratios were prepared by two sol-gel-based synthesis
routes, namely (i) the introduction of a Sn precursor after the formation of the TiOy-rutile nuclei on the carbon
backbone (route A), and (ii) simultaneous introduction of Ti and Sn precursors, resulting in good mixing of the
Sn- and Ti-sol before the addition of the carbon (route B). The bulk and surface microstructure of the composites
and the electrocatalysts obtained by their Pt-loading were investigated in detail. The incorporation of tin into the
TiOy-rutile unit cell was confirmed by X-ray powder diffraction and Raman spectroscopy; the results indicated
doping levels in good accordance with the amount of tin precursor. The advantages of composites and Pt elec-
trocatalysts obtained via synthesis route B were that they do not contain segregated Sn° or SnO, phases, have a
more homogeneous/uniform mixed oxide distribution over the carbon backbone, and the electrochemically
active surface area values (~60-80 m?/gp;) are twice as high as those of catalysts with similar compositions
synthesized by method A. A common feature of the composites prepared by routes A and B was the presence of a
tin oxide-rich overlayer identified by X-ray photoelectron spectroscopy. As a consequence, the electrocatalytic
behavior of the catalysts was not influenced by the Ti/Sn ratio and was mainly dependent on the synthesis
method used in the preparation of composite support materials. Elemental maps confirmed the formation of
areas where Pt and the Sn doping element were in atomic proximity to each other, which means a favorable
interaction either for the bifunctional mechanism or the electronic ligand effect. An increase in carbon content in
composite materials led to an increase in both catalytic activity and long-term stability. The results of electro-
chemical studies showed that Sn-containing Pt catalysts with a high carbon content (75wt%) are the most
promising for potential use both as an anode and a cathode for PEM fuel cells.

Ti-based mixed oxide—carbon composite
CO-tolerance
Sn-Pt interactions

1. Introduction technology for future sustainable energy systems. Due to their low
operation temperature/pressure requirement and high energy density,

Satisfying the energy needs of humanity without the formation of Polymer Electrolyte Membrane (PEM) fuel cells comprise the most
toxic or harmful substances is a particularly important task. Fuel cells important type of fuel cells for different applications from automobiles
are regarded as important alternative energy converters and key to small-scale electricity generation. The market penetration of PEM fuel
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cells is mainly prevented by their high cost. The most expensive
component of these cells is the electrocatalyst, which accounts for about
one-third of the total cost [1]. Currently, Pt supported on high surface
area carbon (Pt/C) is still the most widely used state-of-the-art catalyst
in PEM fuel cells, although it is prone to electrocorrosion under steady
operating conditions of the cells (0.6-0.9 V), start-up shutdown period,
fuel starvation or polarity reversal, all of which lead to loss of activity [2,
3]. This problem, along with the limited efficiency of the Pt/C catalyst in
the oxygen reduction reaction (ORR), is usually compensated by high Pt
loadings, especially at the cathode electrode.

In order to facilitate widespread use of PEM fuel cells, development
of more affordable systems is needed, which involves replacement of the
traditional Pt/C electrocatalysts with more corrosion resistant and
cheaper ones [4]. Therefore, the key challenge is to develop (i) highly
active and durable Pt and Pt-based catalysts and (ii) highly stable
catalyst support materials with adequate electrical conductivity, excel-
lent corrosion resistance and superior proton transport properties [5].

Another problem that has to be taken into account with the Pt/C
electrocatalysts is their sensitivity to CO poisoning, which makes
hydrogen fuel from steam reforming unsuitable for PEM cells without
further purification [6]. A common approach to solving the problem of
CO-related catalyst poisoning is to use a oxophilic surface metal with
co-catalytic properties located in atomic proximity to the Pt [7]. In
general, reactive hydroxyl groups are more easily formed on the oxo-
philic dopant than on Pt, which not only facilitates the easy oxidation of
the CO impurity through the so-called bifunctional mechanism at the
anode [8-10], but is also beneficial in the much slower process at the
cathode electrode [11,12]. Among the strategies using oxophilic addi-
tives to improve the CO tolerance of anode Pt electrocatalysts, the most
common are (i) the development of binary and ternary Pt alloys, (ii) the
use of Pt-based electrocatalysts in combination with metal oxides, (iii)
and the replacement of carbon supports with transition metal oxides
[13,14].

Despite the fact that reducible oxophilic metal oxides are valuable
co-catalysts or supports for PEM fuel cell electrocatalysts, their disso-
lution under cell operating conditions is still a serious problem, since
dissolved metal cations can be absorbed by the polymer membrane,
resulting in the loss of its ability to conduct protons [15]. In addition to
this, the crossover of dissolved metal cations through the membrane
with subsequent deposition on the cathode Pt catalyst suppresses the
ORR rate due to blocking of Pt sites, which leads to rapid oxidation and
deactivation of the cathode catalyst [16,17].

The serious leaching problems may be avoided by using the oxide of
the oxophilic component as support or support modifier if it is stable in
the expected potential window. In general, metal oxides exhibit better
thermodynamic stability and higher corrosion resistance in acidic en-
vironments than their corresponding metallic forms. Considering this, it
would be desirable to use more stable metal oxide-based support to
improve the stability of the catalyst.

Numerous studies have been conducted to develop metal oxides (e.
g., TiO2 [18-20], WO3/WOy [21-25], M0oOy [26,27] and SnO5 [28,29])
with high corrosion resistance as potential support materials for elec-
trocatalysts [30], which can also act as co-catalysts for enhancing cat-
alytic activity. It is necessary to emphasize that in the literature on this
topic, special attention is paid to increasing the stability of metal oxides
in acidic environments using effective approaches (e.g., the creation of
oxides with special structures and heterostructures) [31].

Among the transition metal oxides, titania and tin oxide have pri-
marily attracted extensive attention of researchers as promising support
materials for fuel cell applications, since they are assumed to be chem-
ically inert and stable even under harsh cathodic conditions [32]. In ref.
[33], based on studies of Pt electrocatalysts supported on MoOs, SnOs,
NbyOs, Tay0s, TiOy, and WOs3 oxides, performed using experimental
protocols simulating realistic fuel cell operation conditions, it was
concluded that Pt/SnO; has superior performance in terms of electro-
chemical activity and dissolution resistance.
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Unfortunately, it should be noted that the generally rather low
electrical conductivity of metal oxides is a serious problem for their
widespread use as a support for electrocatalysts. The simplest and most
frequently used method for increasing the conductivity of oxide-based
supported catalysts is both their mixing with carbon powder [34] and
the preparation of carbon-containing oxide-based composite support
materials (e.g., SnOg-based [35-43] and TiOs-based [44-47] ones). It is
necessary to mention that noble metal-mixed oxide-carbon triple junc-
tions, leading to a strong interaction of the active metal with the com-
posite support, play an important role in increasing the stability and
activity of the catalytic systems, which has been confirmed not only
experimentally, but also by density functional theory (DFT) calculations
[48]. For example, it has been demonstrated [49] that a promising
composite support material based on electrically conductive carbon
nanofibers (CFs) decorated with non-conductive stabilizing SnO, pro-
vides high catalyst stability to the SnOy/Pt/CFs electrocatalyst.

According to the literature [50], in the field of electrocatalysis the
most attractive novel oxide-type support materials include
sub-stoichiometric metal oxides (e.g., Ti4O; and Ebonex), nano-
structured metal oxides (e.g., nanowires [51] and nanofibers of SnO5
[52,53]) and metal-doped oxides. Among the listed methods for
improving electrical conductivity, the most common is the introduction
of an appropriate dopant through cationic substitution, assuming that
doping does not radically change the chemical stability of the host oxide
lattice. Based on metal-doped oxide, a novel class of electrocatalysts
including Pt supported on various transition metals (M)-doped TiOy (M:
W [54], Mo [55,56], Nb [57,58], Ta [59,60], Sn [61], etc.) has been
developed for potential use in PEM fuel cells.

It should be noted that the combination of titania and tin oxide in Ti-
Sn mixed oxide composite materials can be very interesting from many
points of view. Well-established sensing properties of SnO for reductive
gases, combined with the good chemical stability of TiO5 at high tem-
peratures, stimulate the research on the application of TiO2-SnO; solid
solutions, for example, in gas detection [62]. In the literature there are
numerous variants of methods for obtaining Sn—doped TiO, materials by
the sol-gel [63-67], co-precipitation [68], solvothermal synthesis
method [69], mechanochemical synthesis [70,71], the citric acid com-
plexing method [72], plasma-enhanced chemical vapor deposition [73],
template-based liquid phase deposition method [74] and
fluoride-mediated chemically induced self-transformation strategy [75].
It is important to note that the successful Sn doping into the TiO; lattice
with a replacement of the Ti** position led to a phase transition from
anatase to rutile for TiO5 samples. In turn, this also provides indirect
evidence of Sn doping into TiO5 [76,77].

Several attempts have been made to prepare Pt electrocatalysts
supported on supports containing Ti-Sn mixed oxides. Thus, Tig 7Sng 302
nanoparticles with appropriate surface area of 125.7 m? g~! and elec-
tronic conductivity of about 1.07x10™* § em™?, which is significantly
higher than that of the undoped TiO NPs (1.42x1077'S cm’l), were
successfully used as the cathode catalyst support in PEM fuel cells [61].
Compared with the Pt/C (C: Vulcan XC-72), the Pt/Tij 7Sng 302 catalyst
shows enhanced stability under both high potential hold (at 1.4V for
10h) and potential cycling between 0.6 and 1.2V vs. NHE.

In ref. [78], Sn/Ti ratios in the Ti;_xSnyO- (x: 0.1-0.3) solid-solution
and Ti;.xSnx02/C (C: Vulcan XC-72) ratios in hybrid Ti; xSnyO2-C sup-
port materials were systematically optimized in terms of their perfor-
mance as supports for methanol electrooxidation. The best
characteristics were obtained on the 20 wt% Pt/Tig ¢Sng.102-C electro-
catalyst, which exhibits higher activity and durability compared to
Pt/TiO2-C and commercial Pt/C.

Our approach is the development of mixed oxide—carbon composite
supported Pt electrocatalyst. In our previous studies this concept was
implemented by synthesizing anode Pt electrocatalysts supported on a
conductive and corrosion resistant composite consisting of oxophilic
metal M (M: W, Mo)-doped TiO, and various carbonaceous materials
[79,80]. In such a unique material system, the corrosion resistance and
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nanoparticle-stabilizing ability of TiO,, the good co-catalytic properties
of doping metals as well as the large surface area and high conductivity
of active carbon are combined (see Scheme 1). As noted earlier, to
overcome the leaching of oxophilic metals in an acidic electrolyte, the
ideal solution is the development of composite supports in which the
co-catalyst metal can be stabilized by incorporating it into the rutile
phase titanium dioxide lattice. The strong interaction between Pt, the
TiOg-rutile phase and the dopant M (M: W, Mo, Nb, and Sn) can be
exploited to improve the electrocatalytic properties. The role of transi-
tion metal dopant is to facilitate the oxidation of CO at much lower
potentials than pure Pt on anode electrode as well as to improve activity
in the much slower process at the cathode side.

The most important task of this method is to improve the synthesis of
composite support, i.e., the formation of a uniform coating of the carbon
backbone with small mixed oxide crystallites (without sintering into
large agglomerates) and the complete incorporation of the dopant M,
which prevents its dissolution [81]. Indeed, as shown by our results
obtained in a three-electrode electrochemical cell [82] and tests carried
out in fuel cell [83,84], Pt electrocatalysts supported on W- or Mo-doped
rutile — carbon composites were not only resistant to CO poisoning, but
also, due to the presence oxide-carbon-Pt triple junctions, showed much
better long-term stability compared to the reference Pt/C. However,
Sn-based composite support systems have not yet been dealt with in our
laboratory.

Thus, our aim is to develop an optimized synthesis route for the
preparation of novel Ti(;.x)SnyO2-C (x: 0.1-0.3) composite supported Pt
electrocatalysts using both our multistep sol-gel synthesis developed for
Mo-containing composites, and a new synthesis route based on the
simultaneous addition of Ti and Sn precursors, which is hypothesized to
lead to the formation of a precursor of Ti-Sn mixed oxides before the
addition of carbonaceous material. Using a combination of structural,
spectroscopic and electrochemical methods we have analyzed the effect
of the Ti/Sn and mixed oxide/carbon ratios in the support on the CO
tolerance, activity and stability of Pt electrocatalysts prepared by both
preparation routes, to determine the optimal composition for the com-
posite supported catalyst with 20 wt% Pt loading. A comparison of the
activity of the best Sn- and Mo-containing Pt catalysts has been carried
out in order to study the effect of the type of doping metal M in the Ti(;.
0Mx02-C composite as a strategy for improving the electrocatalytic
performance of these catalytic systems.

2. Materials and methods
2.1. Materials

The Ti(1.x)Snx02-C (x: 0.1-0.3) composite supports were prepared
using Black Pearls 2000 (Cabot Corporation, denominated as BP) as the
carbonaceous material. Ti and Sn precursor compounds were titanium-
isopropoxide (Ti(O-i-Pr)4, Sigma-Aldrich, 97%) and tin (IV) chloride-5-
hydrate (SnCly x 5 H0, Honeywell Riedel-de Haén GmbH, 98%). For
the composite synthesis, nitric acid (HNO3, Molar Chemicals, 65%, a.r.)
and ultrapure water (18 MQ cm, produced by Millipore equipment)
were used.

The Pt precursor for electrocatalyst synthesis was hexachloroplatinic

Incorporated dopant can not dissolve
easily in the acidic media of PEMFC

C- materials — conductivity,
| ) template for appropriate SSA:
~ P.I. T M O C ~ Black Pearls 2000,

/ I (] —X) x~27 Vulcan XC-72,
_— GO derived carbon,
Stability I GhP

M- oxophilic metal (W, Mo, Sn) —
CO tolerance for the supported Pt catalyst

Active metal

Scheme 1. Our strategy for development of Pt electrocatalysts with improved
CO tolerance and corrosion resistance for implementation in PEM fuel cells.
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acid hexahydrate (HoPtClgx6 Ho0O, Sigma-Aldrich, 37.5% Pt). Ethanol
(99.55%), HCl (37%), ethylene-glycol (EG, 99.8%) and sodium boro-
hydride (NaBHy4, 99.95%) (all obtained from Molar Chemicals) were
also used for Pt loading.

The catalyst ink for the electrochemical studies was prepared using a
Nafion solution (DuPont™ Nafion® PFSA Polymer Dispersions DE 520),
2-propanol (i-C3HsOH, Molar Chemicals, 99.9 V/V%, a.r) and ultrapure
water (see above). The gases (Ha, N, Ar) used in this work were prod-
ucts of Linde Gaz Magyarorszag Zrt. with 5.0 purity. Reference 20 wt%
Pt/C electrocatalyst (C: Vulcan XC-72) was the product of Quintech.

2.2. Preparation of Ti(1.,)Snx02—C (x: 0.1-0.3) composite materials and
Pt electrocatalysts

At first, for the synthesis of new type of tin-containing composites,
the technique we developed for TiypgMog 202-C materials with mixed
oxide/carbon ratio of 75/25 was adapted [82] (route A).

As shown in Fig. 1, in route A the Sn precursor was introduced after
the aging step, the purpose of which was the formation of the TiO,-rutile
phase deposited onto carbon backbone. In comparison to route A, the
main difference in the preparation of composite materials via route B is
that the precursor of Sn was introduced immediately after the formation
of the transparent Ti-sol, before the addition of the carbon and the aging
step (Fig. 1, route B). Table 1 summarizes the quantities of the titanium
and tin precursors as well as amount of the carbonaceous material used
in the synthesis of support materials.

Our previous studies [82] showed that the incorporation of doping
metal M into the TiOy-rutile lattice occurs during high-temperature
treatment (HTT) in Ar. It should be emphasized that in route A the
HTT step, similar to the synthesis procedure developed for
Mo-containing composites, was carried out at 600 °C for 8 hours. It
should be noted that in synthesis route B, given that Sn doping promotes
the conversion of anatase to rutile at lower temperatures compared to
that observed for the undoped TiO» [85], the final temperature of the
HTT step in Ar was reduced to 500 °C. It was confirmed by supporting
experiments that the effect of the heat treatment temperature on the
surface properties of the supports is relatively low in the 500-600 °C
range, thus the change of the temperature does not affect the compa-
rability of the materials.

As shown in Table 1 the samples were identified by a unique iden-
tifier, which contains the nominal composition of the composite mate-
rials denoted by the nominal weight percentage of the mixed oxide with
respect to the carbon content, along with the nominal molar ratio of Sn
in the mixed oxide: e.g., 75Sn01 means the composite of 75 wt%
Tig.9Sngp.102 — 25 wt% C.

It should be noted that in the preparation of composites with high
carbon content (75 wt%) it is important to provide additional HNOg
before starting the aging procedure to maintain the appropriate acidity
of the synthesis mixture (for more details see Table 1).

In addition, our preliminary results demonstrated [81] that when
preparing composite materials with the Tiyp gMog 202/C= 25/75 ratio,
aging the synthesis mixture at room temperature for 4 days is not always
sufficient to prepare a pure TiOs-rutile phase. The difference between
the preparations of the 25Sn02 and 25Sn02-7 samples with high carbon
content was the duration of the aging step, which was 4 and 7 days,
respectively (see Figure S1 of the Supplementary Materials). Thus, the
indication in the abbreviation of the 25Sn02-7 composite (see Table 1)
means that the aging step is not the commonly used 4 days, but it is 7
days.

Composite support materials were loaded with 20 wt% Pt via a
modified NaBHy-assisted ethylene-glycol (EG) reduction-precipitation
method (for details see ref. [82]).

The designation of the catalysts additionally indicates the support
synthesis route (A or B): e.g., Pt/75Sn01/B means Pt catalyst supported
on 75 wt% Tip.9Sng.102-25 wt% C composite, which was prepared by
synthesis route B.
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Route B Tin precursor: Route A
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Stirring,

Ti(O-i-Pr),

Aging,
25°C, 4 days

HTT in Ar

1
1
1
_L Evaporating,
] 1 500 or 600°C, 8 h

65°C

Drying,
80°C

25°C,5h T

Carbonaceous
materials

Fig. 1. Preparation steps of Ti(;_xSnyO>-C composites with Tig.x)SnxO2/C= 75/25 mass ratio via routes A and B; HTT: high-temperature treatment.

Table 1

Nominal composition and preparation details of the Ti¢;.x)SnkO2—C (C: Black Pearls 2000) samples with the different Ti/Sn and Ti¢; x)SnxO2/C ratios.
Sample Samples nominal composition TiO, sol Suspension of carbon Sn prec” @)

H,0 (mL) HNO; (mL) Ti prec’ (mL) C(g) H,0 (mL) HNO; (mL)

75Sn01 75Ti0.0Sn0,102-25 C 23.47 2.628 2.298 0.25 10.0 - 0.3024
75Sn02 75Tip.gSng 202-25 C 19.29 2.160 1.889 0.25 10.0 - 0.5593
75Sn03 75Ti.7Sn0 302-25 C 15.18 1.760 1.539 0.25 10.0 0.090 0.7501
25Sn02 25Tip.8Sn0.202-75 C 6.43 0.72 0.630 0.75 241 1.441 0.1864
255n02-7¢ 25Tip.8Sn0.202-75 C 6.43 0.72 0.630 0.75 241 1.441 0.1864

2 Ti precursor compound: titanium-isopropoxide (Ti(O-i-Pr)4, 97%);
b gn precursor compound: tin (IV) chloride pentahydrate (SnCl4x5 H»0, 98%);
¢ The duration of the aging step was 7 days.

2.3. Physicochemical characterization

X-ray powder diffraction (XRD) patterns were obtained in a Philips
model PW 3710 based PW 1050 Bragg-Brentano parafocusing goniom-
eter using CuKo radiation (A= 0.15418 nm), graphite monochromator
and proportional counter. Silicon powder (NIST SRM 640) was used as
an internal standard. Lattice parameters were determined using a full
profile fit (Pawley-fit) [86]. The cell parameters of the crystalline phases
were determined from the fitted values.

Nitrogen physisorption measurements were carried out at temperature
of liquid nitrogen using Thermo Scientific Surfer automatic volumetric
adsorption analyzer (Thermo Fischer Scientific, Berlin, Germany). The
specific surface area was calculated by the BET method in the range of
relative pressures from 0.05 to 0.30.

Transmission Electron Microscopy (TEM) studies of the samples were
made by use of a JEOL 2100 transmission electron microscope equipped
with high resolution polar piece. In addition, the microstructure was
also investigated by TEM using a FEI Titan Themis 200 kV Cs—corrected
TEM with 0.09 nm HRTEM resolution. The structure has been identified
by Selected Area Electron Diffraction (SAED). The scanning transmission
electron microscopy (STEM) capabilities of the microscopes were uti-
lized in recording of high resolution elemental maps by the energy
dispersive X-ray spectrometry (EDS). Evaluation and processing of the
high resolution micrographs was performed using the ImageJ software
[87]. The samples for TEM analysis were prepared by dripping a few
drops from the material suspension of the powder in ethanol on a mi-
croscopy grid with a carbon membrane.

Scanning Electron Microscopy (SEM) measurements on the samples
were performed with a scanning electron microscope Vega II LMU model
from Tescan (Brno, Czech Republic), equipped with an energy dispersive
X-ray (EDX) spectrometer Bruker Quantax 200 (Bruker Physik-AG,
Karlsruhe, Germany), at the following operational parameters: acceler-
ating voltage 30 kV, measuring time 1200 s, working distance around
17 mm, counting rate 0.4 kcps.

Raman spectra were recorded on a LabRAM HR Evolution spec-
trometer from Horiba Jobin Yvon (HORIBA France SAS), with a laser
radiation at wavelength of 633 nm. The spectra were recorded at room
temperature in the extended scan mode in the 50-2000 cm™! range.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed using an EA 125 electron spectrometer manufactured by OMI-
CRON Nanotechnology GmbH (Germany). MgKa (1253.6 eV) radiation

was used as excitation source and data were acquired with 1 eV spectral
resolution (30 eV pass energy). The powdered composite supports and
catalysts were suspended in isopropanol and drops of this suspension
were dried onto stainless steel sample plates. Spectra were processed
with the CasaXPS package [88] by fitting the measured data with a
combination of Gaussian-Lorentzian peaks using a Shirley-type back-
ground, while quantitative evaluation of the data was performed with
the XPSMultiQuant package [89,90], during which a homogeneous
depth distribution was assumed for all components as described in our
previous studies. Chemical states were identified using the NIST data-
base [91], the publication [92] or other literature as indicated. Binding
energies were related to the lowest binding energy contribution of the C
1s envelope, which was assigned to graphite-like (sp>-hybridized) car-
bon in the carbonaceous backbone (284.4 eV).

2.4. Electrochemical characterization

The measurements were performed in a conventional three-electrode
electrochemical glass cell using a Biologic SP150 potentiostat and the
EC-LAB software package. The applied electrolyte was 0.5 M HySO4. The
working glassy carbon (GC) electrode (d= 0.3 cm, geometric surface
area A= 0.0707 cmz) was polished before each test to remove any traces
of organic impurities. The details of the catalyst ink composition and
electrocatalytic measurements were described in our previous work
[82]; the Pt loading of the electrodes was 10 pg cm~2. Pt was used as
counter electrode and the reference electrode was reversible hydrogen
electrode (RHE). All potentials are given on RHE scale.

For CO,qs-stripping voltammetry, the electrolyte was saturated with
CO for 30 min and then purged with Ar to remove CO dissolved in the
electrolyte and physically adsorbed on the surface of the working elec-
trode. Forward polarization from 50 mV to 1000 mV (vs. RHE) was
applied with 10 mV s™! scan rate.

Electrocatalytic performance of the Pt electrocatalysts was studied
by cyclic voltammetry (CV) and CO,qgs-stripping voltammetry measure-
ments combined with stability test involving 500 polarization cycles and
the second CO,gs-stripping voltammetry measurement. After stability
test, the electrolyte was changed to fresh one to avoid the re-deposition
of the dissolved metals. In the long-term stability test, the samples were
submitted to cyclic polarization at a 100 mV s~ ' scan rate for 10,000
cycles between 50 and 1000 mV potential limits (these measurements
took about 54 hours).
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The electrochemically active Pt surface area (ECSA) of the electro-
catalysts was determined from cyclic voltammograms recorded by
10 mV s~ ! scan rate between 50 and 1000 mV potential window. The
charge required for oxidation of the underpotentially deposited
hydrogen was calculated [93] using conventional baseline correction as
described in our previous study [82].

The change of the electrochemically active surface area of Pt during
the stability test after N cycles of polarization is presented as ECSAy (N:
500, 2500, 5000 and 10,000) normalized to ECSA; measured in the 1%
cycle on the same sample (ECSAN/ECSA;). Thus, the loss in ECSA during
N-cycle stability test (AECSAy) was calculated from the charges origi-
nated from the hydrogen desorption in the 1%t and N cycles according
to the Eq. 1 [82]:

AECSAN= {1-(ECSAN/ECSA1)}x100% @

Catalytic activity of the catalyst samples was tested in the ORR by
rotating disc electrode (RDE) technique as described in our previous
study [94]. The ORR measurements were done in O, saturated 0.5 M
HSO4 solution. The diameter of RDE electrode and Pt loading used in
these experiments was the same as during CV measurements. Polariza-
tion curves were recorded by cathodic scan sweeping the potential be-
tween 1000 and 200 mV with 10 mV s ' sweep rate, rotating the
electrode at 225, 400, 625, 900, 1225 and 1600 revolutions min '
(rpm).

Catalytic activity in the hydrogen oxidation reaction (HOR) was also
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investigated by RDE method in hydrogen saturated 0.5 M H2SO4 solu-
tion at 400, 625, 900, 1225 and 1600 rpm. Polarization curves were
recorded by anodic scan sweeping the potential between 0 and 300 mV
with 10 mV s™! sweep rate. The diameter of RDE electrode and Pt
loading used in these experiments was the same as during CV and ORR
measurements.

Electrochemical performance of Sn-containing Pt electrocatalysts
was compared with commercial reference 20 wt% Pt/C (Quintech).

3. Results and discussion

3.1. Comparison of the structural characteristics of the Ti(;.x)Sn,02-C
composite support materials and related Pt electrocatalysts

The success of the synthesis of the Sn-doped TiO,-based composites
with different Ti/Sn ratios using either route A or B was confirmed by
XRD measurements, which provide information on the phase composi-
tion of the samples. Diffraction patterns of the Ti(;.xSnxO2—C (x: 0.1, 0.2
and 0.3) composite materials before and after the HTT and after Pt
loading are shown in Fig. 2 (left panel: for route A, right panel: for route
B), while the results of the measurements are summarized in Table 2.

The exclusive presence of rutile-type TiOs crystallites (with no
indication of anatase TiOy phase) in the XRD patterns of the samples
studied before HTT was demonstrated for both synthesis routes,
although the crystallinity of the material from route A seems to be
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Fig. 2. XRD patterns of the Pt/75 wt% Ti(;.x)SnxO2—25 wt% C composite materials before (a) and after (b) HTT as well as after Pt loading (c). Synthesis route A (left
panel) and route B (right panel): x= 0.1 (l), x= 0.2 (l) and x= 0.3 (.). v- Rutile, @- Sno, {)- Sn0y, *- Pt, x- internal standard (Si: narrow reflections around 28°
and 47°).
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Table 2
Structural properties of the Tig.x)SnO2—C composite materials prepared by
routes A and B.

Sample SBET Total HTT attice Shgybst.»
D (m?/ pore (Phase, %) parameters, %
a _— b

& ::;;7;)‘ R/ sn% A
nm SnO,

75Sn01/ 374 0.95 99/ 1/0 a= 4.610, 7-8
A 29 c= 2.970

755n02/ 438 1.24 99/ 1/0 a= 4.620, 14
A 22 c=2.985

75Sn03/ 390 0.66 95/ 2/3 a= 4.625, 23
A 20 c= 2.988

758n01/ 378 0.78 100/ - a= 4.608, ~9
B 18 c= 2.975

755n02/ 390 0.67 100/ - a= 4.610, ~10
B 12 c=2.982

755n03/ 424 0.68 100/ - a= 4.625, ~25
B 11 c= 2.988

255n02/ 1185 1.77 100/ - a= 4.622, ~20
B 9 c= 3.004

25Sn02/ 1168 1.68 100/ - a= 4.622, ~20
B-7 10 c= 3.004

@ Specific surface area (Spgr) and total pore volume of the composite support
materials determined by N, physisorption measurements;

b Lattice parameters of the rutile phase obtained after HTT (pure rutile TiO5:
a=4.593 A, c= 2.959 A).

higher (see Fig. 2, subpanels a).

After the HTT step, the changes in the lattice parameters (certain
distortions compared to the pure rutile TiO, lattice parameters) ob-
tained from the reflection angles confirmed the incorporation of tin into
the TiOy-rutile unit cell (see Table 2). The degree of Sn incorporation
correlated with the amount of tin precursor. For Ti(;_xSnyO2—-C with x=
0.1, 0.2 and 0.3 the amount of tin in cation substitution position (Sngypst)
was 7, 14 and 23% for route A and 9, 10 and 25% for route B. The
slightly lower degree of Sn incorporation calculated for these samples
compared to the nominal tin content may be an indication of the pres-
ence of disordered tin oxide species. Unfortunately, the relatively low
signal-to-noise ratios made it difficult to accurately determine cell pa-
rameters, even in the presence of an internal standard, thus the uncer-
tainty of these incorporation values is high, especially for the composites
with low mixed oxide content.

At the same time, as shown in Fig. 2 (left panel, b), the presence of a
very small amount of metallic Sn (1-2%) after HTT was revealed in the
samples prepared via route A. Metallic tin can be formed as a result of
carbothermal reduction of tin oxide [95]. It should be noted that very
small reflections characteristic to Sn oxide were also found, but only in
the composite with the highest nominal Sn content (see Fig. 2, left panel,
b). As shown in Fig. 2 (right panel, b), such peculiarities were not
detected in the composites prepared by route B.

As demonstrated in Table 2, the oxide crystallite size was signifi-
cantly higher for route A (20-29 nm), while route B resulted in rela-
tively well-dispersed oxides (9-18 nm).

Actually, the formation of relatively small particles of Sn-doped TiOy
oxide materials is consistent with the observation that the introduction
of tin inhibits sintering of rutile crystallites during HTT [85].

After the deposition of Pt by a modified NaBHy-assisted ethylene
glycol reduction-precipitation method [80] (Fig. 2 (left panel, c)), the
reflections of the Sn® and SnO, phases completely disappeared for the
composites from route A. As shown in Fig. 2 (subpanels c), in all Pt
catalysts platinum was present in nanodispersed form, as evidenced by
the small grain size estimated using the Scherrer formula (2.5-3.5 nm).

The presence of the typical TiO, rutile type Raman-active optical
phonon modes and the absence of lines associated with the SnO, phase
was also confirmed by Raman spectroscopy measurements performed on
Ti(1.5Snx02-C (x: 0.1, 0.2 and 0.3) composite materials obtained via
route A (see Figure S2 of the Supplementary Materials). As shown in
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Figure S2, these composite materials exhibit distinct Raman character-
istics for both Ti-O-Ti bonds and C-C/C=C bonds with a high degree of
distortion [96-98] (for more details see Chapter 2.1 in the Supplemen-
tary Materials).

According to the nitrogen physisorption measurements (see Table 2),
the specific surface area (Sggr) of Sn-containing composites meets the
requirements for promising electrocatalyst supports, which should be >
100 m? g~ [99]. Sggr and pore volume values of the composites pre-
pared by route A are quite similar to those obtained by route B. As can be
seen from data in Table 2, in the case of using the same carbonaceous
material the Spgr of Ti(.x)SnxO2-C composites mainly depends on the
mixed oxide-to-carbon ratio. As the content of carbonaceous material in
composites increases, the Sggr also increases. It has to be mentioned that
the Sggr of the parent Black Pearls 2000 carbon is 1635 m? g_1 [100].

TEM overview images of the 75 wt% Ti(1.x)Snx02-25 wt% C com-
posite materials with various Ti/Sn ratios prepared by route A are
compared in Figure S3 (Supplementary Materials, top row), while
higher magnification images are presented in Figure S4. A characteristic
feature of the samples was the presence of nanorod-type larger crystal-
lites (with length around 50-80 nm and width around 20 nm) often
grouped into flower-like agglomerates, while small elongated or quasi-
spherical oxide particles with sizes around 5-20 nm were more or less
homogeneously mixed with carbon (Figure S4, Supplementary Infor-
mation). The onion-like structure of the carbon material can also be well
recognized. Electron diffraction confirmed that both the larger oxide
elements and the smaller ones were predominantly rutile. The co-
existence of large mixed oxide nanorods and much better dispersed
oxide nanoparticles, resulting in a certain structural inhomogeneity of
the composite, was also documented for the Ti(;.x)MoxOo-containing
systems, especially for those containing higher amount of mixed oxide
[82].

TEM images of the Pt/Ti(;.x)Snx02—C (x: 0.1-0.3) electrocatalysts on
supports prepared by route A are presented in Figure S3 (Supplementary
Materials, bottom row). The morphological features of the non-
platinized composites were well retained: the anisotropic rod-like
oxide crystallites and their flower-like agglomerates were easily
observable, while EDS analysis (not shown) demonstrated the presence
of tin and titanium also in areas not covered by these large oxide as-
semblies. The latter regions can be identified as those containing a
relatively homogeneous oxide-carbon mixture. The importance of the
multidimensional structure formed by Pt/SnO, flowers, which enhances
the electrode conductivity and leads to higher electrocatalytic activity
and better long-term stability compared to the rod structure of Pt/SnO5
and Pt/C, has been demonstrated in ref. [28].

Higher magnification micrographs of the Pt-loaded electrocatalysts
on supports prepared by route A are shown in Fig. 3.

Pt nanoparticles can be observed as well dispersed, uniformly
distributed 2-4 nm sized objects with dark contrast on the surface of all
catalysts (see Fig. 3), in agreement with the XRD results (Fig. 2, left
panel, c¢). According to electron diffraction and measured lattice plane
distances, these features were metallic Pt nanoparticles (Figure S5
(Supplementary Information) and Fig. 3). The Pt nanoparticles were
uniformly distributed on both the large oxide features and on the more
homogeneous regions. They were frequently associated with oxide ele-
ments (Figs. 3e and 3f), but were also present on seemingly oxide-free
carbon regions (Fig. 3d). HRTEM images occasionally suggested the
presence of very small oxide particles with brookite structure (Fig. 3e).
In some cases Pt particles had a tendency to cluster on the large mixed
oxide TiSnOy formations (see Fig. 3c).

HAADF image of the selected fragment of the Pt/755n02/A catalyst
and EDS elemental maps obtained over this area are presented in Fig. 4a
and b-c, respectively. As shown in Fig. 4b, the distributions of Ti, Sn and
O elements were always closely correlated and the elemental ratios
corresponded well to the expectations (Ti/Sn ~ 4:1 and Ti/O ~ 1:2). In
addition, neither pure Ti nor pure Sn-containing features were detected.
Usually, the TiSnOy was O-deficient. Elemental maps confirmed (see
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Fig. 4. HAADF image of the selected fragment of the Pt/75Sn02/A catalyst (a) and EDS elemental maps of Ti, Sn, O (b) and Pt, Sn elements (c) obtained over this

area. Color code: Ti (pink), Sn (red), O (blue) and Pt (green).

Fig. 4c) that there are regions where Pt and the Sn doping element were
located in close proximity to each other providing in this way surface
ensemble sites suitable for bifunctional mechanism.

Figure S6 (Supplementary Materials) shows the HAADF images and
STEM-EDS elemental maps of the selected fragment of the composite
support material with Ti/Sn= 90/10 (top) and related Pt/75Sn01/A
catalyst (bottom). In particular, Ti/Sn ratios measured by STEM-EDS on
the nanorod-like crystallites or their flower-like agglomerates coincided
very well with the nominal composition data (Ti/Sn ~ 9:1 and Ti/O ~
1:2). However, it is not excluded that in composites prepared by route A
certain amount of tin is also distributed over the carbon. The elemental
distribution pattern of Pt in the Pt/75Sn01/A catalyst shown in
Figure S6 (bottom) confirmed that Pt settled on both the large mixed
oxide features and on the more homogeneous parts of the composite
support.

In contrast with the systems prepared by route A, the micrographs of
the Pt electrocatalysts supported on composites prepared via route B

revealed a much more homogeneous microstructure at both lower
(Figure S7, Supplementary Materials) and higher (Fig. 5)
magnifications.

A distinctive feature with respect to the materials obtained by route
A was the lack of the nanorod-like oxide particles or the flower-like big
TiSnOy agglomerates. Instead, faceted rutile particles in the 10-15 nm
size range as well as weakly crystallized and/or graphitized C-rich re-
gions were evidenced. The microstructure of the supports was quite
similar; no effect of the different Ti/Sn ratios was obvious. The supports
were covered by 2-3 nm metallic Pt particles as confirmed by electron
diffraction and lattice spacing data (Figure S7 (Supplementary Mate-
rials) and Fig. 5). There was no correlation between the sizes of either
the Pt or the oxide particles and the nominal tin content of the supports.

Micrograph of the Pt/75Sn02/B catalyst taken in HAADF mode along
with the corresponding Pt, Sn and Ti elemental maps is shown in Fig. 6.
As expected, Pt crystallites produced the strongest contrast in the
HAADF image, but oxide particles were also easily observable. Tin was
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Fig. 5. TEM images of the Pt/75 wt% Ti(1xSnx02-25 wt% C composite supported electrocatalysts prepared by route B: x= 0.1 (a, d), x= 0.2 (b, e) and x= 0.3 (c, f).

Fig. 6. (a) HAADF image of a selected fragment of the Pt/75Sn02/B catalyst, (b) overlay of the HAADF image and Sn elemental map as well as (c) elemental maps of

Pt, Ti, and Sn obtained in this area. Color code: Ti (blue), Sn (red), and Pt (green).

almost exclusively detected in the oxide particles and its distribution
was congruent with that of Ti or oxygen (not shown). Nevertheless, the
edge of the oxide crystals was often dominated by tin signals, suggesting
Sn enrichment at the surface of the particles.

Regarding the TEM image of the composite materials with high
carbon content (75 wt%), even smaller mixed oxide nanoparticles with
size lower than 10 nm were observed (Figure S8 of the Supplementary
Materials). Taking into account the spatial distribution of oxide crys-
tallites in these two samples, we can assume a fairly homogeneous oxide
coating. The catalysts contained 2-3 nm size metallic Pt particles uni-
formly dispersed over the composite surface.

SEM/EDX technique was used for the investigation of the
morphology of composite supported Pt electrocatalysts; selected results
obtained on the Pt/Tig gSng 202-C catalysts with high and low carbon

content prepared using composites synthesized via route B are shown in
Figure S9 (Supplementary Materials). EDX results obtained on Pt/Ti(;-
x)Snx02-C electrocatalysts are summarized in Table S1 in the Supple-
mentary Materials (results obtained on composites prepared by route A
are also included and reflect, to some extent, the significant in-
homogeneity of these materials demonstrated by TEM). The main result
of these investigations was that Ti/Sn ratios were quite close to the
nominal values both in composites and Pt electrocatalysts. In fact, it is
not surprising in case of the composites, since the method we used to
prepare Tigx)SnxO2—C supports does not involve steps where loss of tin
or titanium would be expected (see Fig. 1). On the other hand, the
minimal difference between the results presented in Table S1 and the
nominal Ti/Sn values for Pt electrocatalysts, demonstrated the lack of
partial dissolution of tin during Pt loading. This is in contrast with the
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case of catalysts containing Mo, where dissolution of the less stable (not
incorporated into the TiOy lattice) Mo species was noted during Pt
loading [80].

Surface composition of selected supports and electrocatalysts was
determined by XPS; the results are compared to the more bulk-sensitive
EDX data in Table 3.

A general feature of the samples prepared by route A was that the
surface oxide/carbon ratio strongly deviated from the nominal value:
the apparent carbon content deduced from the XPS spectra was much
higher than expected. EDX data (see Table 3) for composite materials
indicated the same tendency although to a somewhat smaller extent.
However, we have shown [94] that the Pt content obtained from the
EDX data strongly depends on the areas chosen for analysis: thus, the Pt
content in the catalysts is close to nominal only in mixed oxide-rich
regions, and in carbon-rich areas less Pt is present. Therefore, EDX
measurements of the Pt-loaded catalysts have usually focused on
oxide-rich regions, and the resulting TiSnOy/C mass ratio in the
analyzed area is typically higher than the nominal value (for more de-
tails see Table S1 in the Supplementary Materials).

It should be noted that the phenomenon of unexpectedly high
apparent surface carbon content (deduced from XPS) was also observed
in the case of Mo-doped titania-carbon composites, especially at high
nominal oxide contents and was traced to the co-existence of large,
flower-like oxide agglomerates with much more dispersed ones, i.e., to
the significant inhomogeneity of the composite [82,101]. TEM analysis
of the composites prepared by route A indeed convincingly demon-
strated this kind of inhomogeneity in the Ti(; x)SnxO2-C systems.

In a supporting experiment, the formation of the large oxide ag-
glomerates was traced to the high-temperature treatment. A 755n02/A
composite without HTT was subjected to a simulated heat treatment
between 300 °C and 600 °C in Ar in the preparation chamber of the
electron spectrometer and the composition/surface chemistry changes
were followed by XPS. The results are summarized in the first five rows
of Table S2 in the Supplementary Materials. A larger change of the
oxide/carbon ratio after the 300 °C annealing step suggested that the
sintering of the oxide occurred already in the initial stage of the HTT;
after higher-temperature steps, only much smaller increase of the
apparent carbon content was seen. The Ti/Sn ratio indicated consis-
tently very high but gradually decreasing tin excess. It has to be noted
that neither the oxide/carbon ratio nor the Ti/Sn ratio changed too
significantly between the 500 °C and 600 °C steps, while both treatments
resulted in considerable reduction of the Sn content.

Composition results for composite supports and electrocatalysts ob-
tained by route B are also summarized in Table 3.

In this case, very good agreement was experienced between the
nominal and the apparent oxide/carbon ratio determined by XPS. The
situation was similar concerning the Pt/support mass ratio in the studied
electrocatalyst samples. In good agreement with the results

Table 3
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demonstrated by TEM (see Fig. 5), this result suggests much better ho-
mogeneity of the samples on the length scale of the information depth of
XPS (10 nm). Thus, much better oxide dispersion and/or coverage of
carbon with less predominance of the flower-like aggregates is
confirmed also by XPS, along with homogeneous distribution of the Pt
particles.

A common feature of the composites prepared by route A and B was
the very high surface tin content. While Ti/Sn ratios measured by EDX
were close to the nominal values (see Table S1 or Table 3), the apparent
Sn content found by XPS was much higher: in samples from route A it
was equal to or even exceeded the Ti content. In comparison, in mate-
rials from support preparation route B, the surface tin excess was clearly
lower, suggesting a somewhat more homogeneous mixing of tin and
titanium in the mixed oxide phase. Nevertheless, the nominal 4:1 Ti/Sn
ratio was still not approached.

The significant tin excess can be explained by the surface enrichment
of tin. Indeed, the high resolution elemental maps in Fig. 6 also sug-
gested the formation of a tin-rich overlayer on the rutile particles.

The Ti/Sn ratios measured on the 755n02/A or 755Sn02/B composites
and their platinized counterparts confirmed the lack of significant tis
dissolution during Pt loading. As a result of the high surface concen-
tration of Sn in these systems, significant influence of the Sn-Pt in-
teractions on the electrocatalytic behavior can be expected.

It should be noted that the described behavior of tin is in a good
agreement with the XPS observation of Sn-doped TiO, materials
showing pronounced segregation of Sn on the rutile-TiO, surface and
demonstrating a much bigger apparent tin surface concentration
compared to the nominal bulk value [85]. Based on experimental data, it
has been shown that surface tin enrichment is highest at low bulk doping
levels and decreases at higher doping levels, indicating the saturation of
surface sites with segregated dopant.

The thermal stability of the 75Sn02/B composite was also investi-
gated in a supporting experiment consisting of simulated HTT in Ar in
the electron spectrometer between 500 °C and 700 °C (see Table S2). Up
to 600 °C, practically no change occurred in the apparent oxide/carbon
ratio, which can probably be explained by the stabilizing effect of the Ti-
Sn mixing against oxide sintering during HTT. This behavior is in clear
contrast with the composites prepared by route A, where oxide sintering
was evident already after HTT at 300 °C-400 °C. Nevertheless, a slight
but clear decrease of the oxide content of the 75Sn02/B composite after
annealing to 700 °C in Ar indicated that HTT above 600 °C may not be
advisable.

Fig. 7 compares the changes of the Sn 3d spectra of the 755n02/A
and the 75Sn02/B composites during the simulated HTT series
mentioned above. The dominant chemical state in both cases was Sn**
with the Sn 3ds,; peak around 487.0 eV [91,92,102]. Nevertheless,
above a certain temperature, the appearance of a weak metallic signal at
484.8-485.0 eV indicated the onset of tin reduction. However, once

Surface composition data obtained by XPS and EDX on selected samples containing composites prepared by routes A and B.

Sample ID Ti/Sn (at/at) sn% TiSnOy/C (Wt%/wt%) Pt/support (Wt%/wt%)
Nom" EDX XPS Nom® EDX XPS¢ EDX XPS

Route A

755n02/A° 4/1 5.8:1 1.17:1 10% 75/25 59/41 52/48 - -

Pt/75Sn01/A 9/1 11.8:1 0.75:1 3% 75/25 82/180° 55/45 22.1/77.9 27/73

Pt/75Sn02/A 4/1 5.5:1 0.57:1 3% 75/25 84/16° 57/43 18.6/81.4 31/68

Route B

75Sn02/B 4/1 n.a. 1.62:1 <1% 75/25 n.a 73/27 - -

Pt/755n02/B 4/1 5.1:1 2.05:1 <2% 75/25 91/9% 82/18 21/79 21/79

Pt/255n02/B 4/1 5.1:1 1.83:1 3% 25/75 46/54° 24/76 21/79 21/79

2 Nom: nominal values;

b

¢ Calculated without the Pt content;
d

e

Sn° fraction with respect to the total tin content; values of 2-3% are at the detection limit;

Data estimated from the results of the 600 °C step of the in situ simulated HTT series in the electron spectrometer;
EDX studies have focused on regions rich in mixed oxides, so the carbon content data is significantly lower than nominal.
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Fig. 7. Sn 3d spectra of the 755n02/A (A) and the 75Sn02/B (B) composites during simulated HTT in 300 mbar Ar in the electron spectrometer. Please note the

difference in the temperature range.

again the much better stability of the support prepared by route B was
evident: while the carbothermal reduction started around 400 °C and
became quite significant after HTT at 500 °C in 755n02/A, the amount of
metallic tin was undetectably small after 500 °C and remained marginal
after 600 °C HTT in 75Sn02/B. Nevertheless, annealing of the latter
composite above 600 °C resulted in strong reduction. This observation
was taken into account when setting the HTT temperature of the sup-
ports prepared by route B to 500 °C.

The simulated HTT experiments of the 755n02/A and the 75Sn02/B
composites confirmed the lack of significant structural rearrangements
in the 500-600 °C range in both systems. Therefore, decreasing of the
HTT temperature in the systems prepared by route B does not compro-
mise the comparability with supports prepared by route A.

Although the vast majority of tin was in the Sn** state both in the
75Sn02/A composite and the two electrocatalysts on supports from
route A (Table 3), a small metallic contribution was evident in all cases.
It should be noted that the data for the non-platinized composite were
collected during the simulated HTT experiment, thus they represent a
different situation than the air-exposed case obtained after the regular
HTT. While the XPS results on the presence of metallic tin are in qual-
itative agreement with XRD observations made on the non-platinized
composites, the much larger metallic Sn content found by XPS is prob-
ably due to the lack of air exposure. As metallic tin was present already
in the non-platinized composites, it is difficult to determine how
appearance of metallic tin in the Pt-loaded electrocatalysts is related to
direct Pt-Sn interactions (i.e., the very easy reducibility of tin in atomic
closeness to Pt [103]), which may play a role in the formation of the
traces of reduced tin species in systems prepared via route B (see
Table 3).

In summary, physicochemical characterization revealed significant
structural differences between the composites obtained by routes A and
B. The composite material prepared via route A had inhomogeneous
microstructure, resulting in coexistence of TiSnOyx agglomerated into
large flower-like clusters and a more uniformly distributed nanosized
oxide, while in the 75Sn02/B composite the formation of relatively
small particles of Sn-doped TiO; oxide materials was evidenced, which is
consistent with the observation that the introduction of tin inhibits
sintering of rutile crystallites during HTT. Both materials contained
significant excess of ionic tin on their surface, although this tin excess
was more stable against carbothermal reduction in case of the systems
prepared by route B.

10

3.2. Electrocatalytic properties

3.2.1. Electrochemical behavior of the electrocatalysts prepared by route A

Based on the obtained results (high degree of Sn incorporation,
required Spgr, uniformly distributed 2-4 nm sized Pt nanoparticles)
there is reason to assume that the obtained composites could serve as
promising supports for Pt electrocatalysts.

Since one of our goals is to check the effect of Sn, used as a doping
metal in the composite, on the electrochemical behavior of Pt/Ti(.-
0Snx02-C electrocatalysts with different Sn content (x: 0.1-0.3), first
the catalysts prepared by route A were investigated using CV, COgyqs
stripping voltammetry and short (500-cycle) stability test performed by
continuous cycling between 50 and 1000 mV potential limits (see
Table 4 and Fig. 8).

As demonstrated in Fig. 8a, Ti(x)SnxO2—-C composite supported Pt
electrocatalyst showed enhanced CO tolerance: the CO started to be
oxidized at about Eco onset= 200 mV. The position of the maximum of
the main CO oxidation peak observed on the CO,qs stripping curves for
various Pt/Ti(1.x)SnxO2-C electrocatalysts is summarized in Table 4. On
Sn-containing composite supported catalysts two overlapping CO,qs-

Table 4
Electrochemical performance of the Ti(; 5 SnyO2>—C composite supported 20 wt%
Pt electrocatalysts.

Sample Eco,max MV* ECSA,, AECSAsgo,  AECSA10,000,
m%/gp” %" %"
Pt/755n01/A 765 (sh: 705) 327425 75 39.0
Pt/755n02/A 775 (sh: 705) 33.6+24 9.2 50.8
Pt/755n03/A 765 (sh: 705) 31.6+27 16.6 n.m.
Pt/755n01/B 785 (sh: 675) 585+14 7.3 42.7
Pt/755n02/B 775 (sh: 675) 50.3+3.0 9.1 49.8
Pt/75Sn03/B 775 (sh: 675) 546 +18 16.7 n.m.
Pt/255n02/B 775 (sh: 435,675) 687 £1.0  12.9 45.8
Pt/255n02/B-7 775 (sh: 435,675) 78.2+1.0 11.8 36.5
Pt/C 795 87.2+23 127 47.8

sh= shoulder; n.m.: not measured.

 The position of the main CO stripping peak measured on fresh catalysts;

> The average ECSA; value obtained on fresh catalysts in four parallel
measurements;

¢ AECSAsoo and AECSAjg000 Were calculated from the charges originated
from the hydrogen desorption in the 1% and 500" or 10,000 cycles according to
the Eq. 1 (see Experimental part);
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Fig. 8. Effect of the Ti/Sn ratios in Ti(;.xSnyO2—C composite materials on the electrochemical performance of the catalysts prepared by route A. CO,gs stripping
voltammograms of the electrocatalysts obtained (a) before and (b) after the 500-cycle stability test; (c) CVs of the fresh electrocatalysts, and (d) ECSA change during
500 CV cycles: comparison of the ECSA measured after N cycles normalized to ECSA measured in the 15t cycle (ECSAN/ECSA,) of the Pt/75Sn01/A (I), Pt/75Sn02/A
(I) and Pt/75Sn03/A (I) catalysts as a function of the number of cycles (N). Recorded in 0.5 M H,SO4 at 10 mV-s~! (a, b) and 100 mV-s* (¢), T= 25 °C.

electrooxidation peaks at around 705 and 765-775 mV were observed
(see Fig. 8a and Table 4). Our previous study showed that on the
reference Pt/C catalyst, the main CO,qs stripping peak is located at a
more positive potential (ca. 795 mV [82]), but, for example, on Sn-Pt/C
alloy-type catalysts CO electrooxidation occurs at ~ 700 mV [103].

It should be noted that, compared to our catalytic systems, oxidation
of CO on the Pt/Tig 9Sng.102—C catalyst of similar composition, prepared
by the mixing of mixed oxide with Vulcan XC-72 carbon black [78],
commences at much more positive potentials (Eco,onset= 707 mV).

Somewhat surprisingly, the electrochemical performance of the
electrocatalysts did not depend on the nominal Ti/Sn ratio in composite
materials. The CO,q4s stripping voltammograms obtained on the different
catalysts were very similar; the observed difference is within the
reproducibility of electrochemical measurements (see Fig. 8a). The
possible reason for this behavior is the presence of a segregated tin oxide
surface layer. Indeed, XPS indicated a very high apparent surface tin
content (see Table 3), which correlated only weakly with the nominal tin
content, suggesting the formation of such an overlayer in all catalysts.
Thus, the Pt-tin oxide connections responsible for the CO tolerance can
be equally abundant, regardless of the nominal Ti/Sn ratio. Moreover,
the low Eco,onser Value indicates that compared to the TipoSng102-
containing Pt electrocatalysts presented in ref. [78], this preparation
method provides a significantly larger number of specific Pt sites, where
Pt and Sn atoms are in atomic proximity. Accordingly, the electro-
chemical behavior of the catalysts prepared via route A reflected the
known characteristics of SnO,—containing Pt systems, confirming the
importance of direct Pt-Sn interactions for improving catalytic activity.

In some cases, after 500 cycles of the stability test, a small shift (ca.
10 mV) of the main CO stripping peak can be observed toward less
positive potential values compared to that obtained over fresh samples
(see Pt/75Sn02/A sample in Fig. 8b). This kind of shift can be an indi-
cation of slight agglomeration of Pt nanoparticles [104]. However, it
should be emphasized that TiOs-based catalytic systems, due to the
strong interaction between the titania and the Pt nanoparticles, usually
have increased stability [105,106].

In the cyclic voltammograms of Fig. 8c, the region between 50 and
350 mV contains the typical adsorption/desorption peaks of
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underpotentially deposited hydrogen on the Pt surface. As can be seen
from Fig. 8c, the shape of the CVs obtained on catalysts with different Sn
contents was very similar (voltammograms were almost congruent and
overlapped each other); the same trend was observed with the COqqs
stripping voltammograms (see above for explanation).

It should be noted that the electrochemical double-layer region
remained practically unchanged during prolonged polarization (not
shown), indicating good stability of the Sn-containing composite sup-
port materials. However, as shown in Fig. 8d, the stability of the Sn-
containing composite supported Pt electrocatalysts decreased with
increasing tin content in the composite materials. A similar tendency
was observed on Mo-containing 20 wt% Pt/75 wt% Ti(1.x)M0x02-25 wt
% C catalysts with Ti/Mo= 80/20, 70/30 and 60/40 ratios [80].

Thus, the technique we developed for Mo-containing composite
materials (route A) can also be used for the preparation of Sn-containing
composites demonstrating good stability. However, this method and the
composites obtained in this way had the following drawbacks: (i) the
formation of a small amount of metallic Sn phase, which disappears after
Pt deposition, (ii) certain inhomogeneity of the composite materials (the
formation of TiSnOy agglomerated in flower-like clusters), and (iii)
relatively low electrochemically active Pt surface area of the catalysts
(~30 m® gp).

To avoid these issues, the synthesis of the composite was modified:
the alternative route B was introduced (Fig. 1, route B) and the final
temperature of the HTT was decreased as described above.

3.2.2. Electrochemical behavior of the electrocatalysts prepared by route B

Influence of the order of adding tin precursor compound during the
synthesis of composite materials along the route A and B on the elec-
trochemical characteristics was demonstrated on Fig. 9.

As can be seen from Fig. 9, mixing Sn and Ti precursors prior to the
addition of carbon resulted in a marked increase in both the ECSA of Pt
(Fig. 9a) and CO electrooxidation peaks (Fig. 9c). However, as can be
seen from Fig. 9c, this did not affect the position of the maximum of the
CO oxidation peaks in the voltammograms. It can be assumed that
similar active centers are formed during the preparation of composites
by both methods, but the surface concentration of these centers in the
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(a) CVs, (b) ECSA change during 500 CV cycles, (c) CO,qs stripping voltammograms, and (d) results of the RDE measurements at 900 rpm in ORR (the reference Pt/C
(I) was included for comparison). The voltammograms were recorded in 0.5 M H,SO4 before (solid curves) and after 500 cycles (dotted curves) of the stability test.

Sweep rate: (a) 100 mV-s~! and (¢, d) 10 mV-s~!, T= 25 °C.

composites obtained by synthesis route B is higher. As shown in Fig. 9b,
the decrease of the ECSA over 500 polarization cycles on catalysts pre-
pared from a composite prepared by different synthesis routes (A or B)
with the same Ti/Sn ratio was very similar. As emerges from Table 4, on
catalysts with Ti/Sn ratio of 80/20, the loss of the ECSA after the 500-
cycle stability test (AECSAs5qp) was about 9%. This indicates good sta-
bility of tin-containing catalysts, regardless of the method of preparing
the composite (A or B).

Fig. 9d compares the electrocatalytic activity in the ORR of Pt/75Sn02
catalysts prepared by route A and B measured by RDE technique at
900 rpm in Op-saturated 0.5 M HsSO4 solution; for comparison, the
behavior in this reaction of a commercial reference Pt/C catalyst was also
shown under similar conditions. As shown in Fig. 9d, the activity of the
Pt/75Sn02/B catalyst was superior to that of the Pt/75Sn02/A, but the
ORR current density in the mixed kinetic-diffusion controlled region on
the fresh reference Pt/C catalyst was higher compared to the composite
supported Pt catalysts with 75 wt% mixed oxide. According to the liter-
ature, the lower limiting current density, which is usually observed on
oxide-containing catalysts, can be explained by the slower diffusion of
oxygen through the oxide layer covering Pt nanoparticles [107,108].

In addition, as can be seen from Table 4, the ECSA values of the
electrocatalysts prepared by route B were approximately two times
higher compared to the catalysts synthesized by route A. Thus, the
electrocatalytic behavior of catalysts prepared using composite mate-
rials obtained by a new synthesis route based on thorough mixing of Ti
and Sn precursors before the addition of the carbon (route B) is in all
respects superior compared to the activity of catalysts prepared with
composites synthesized by route A.

As shown in Figure S10 of the Supplementary Materials, similar to
the results obtained with the catalysts prepared via route A, there is
practically no difference in the behavior of electrocatalysts with various
Ti/Sn ratios containing composites synthesized by route B: the CO,qs
stripping voltammograms recorded before and after stability test
(Figures S10a and S10b, respectively) and CVs (Figure S10c) obtained
on different catalysts were almost identical and overlapped each other.
It should be noted that the observed difference is within the reproduc-
ibility of electrochemical measurements (see Figure S10, Supplementary
Materials). The slightly smaller peak maximum obtained for the catalyst
with the highest tin content correlates well with the smaller ECSA value
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measured in comparison to the other two catalysts. In addition, the
diluting effect of tin in Sn-Pt surface alloys leads to a decrease in the
concentration of bridge bonded CO, and the diminishing back-donation
from the Pt d-orbitals to non-bonding orbitals of CO results in weaker
adsorption of linearly bonded CO, too [109]. The change in the elec-
tronic ligand effects eventually leads to a shift of the shoulder and the
main CO peak towards slightly smaller positive values and a decrease in
their intensity.

As can be seen from Figure S10d, in good agreement with the results
obtained on the catalysts obtained via route A, increasing the tin content
in the composite materials leads to a decrease in the stability of Sn-
containing electrocatalysts. This was the reason why 10,000-cycle
long-term stability experiments were not carried out on catalysts with
a Ti/Sn ratio of 70/30.

Effect of TiSnO/C mass ratio on the electrochemical performance of
the electrocatalysts with low (25 wt%) and high carbon content (75 wt%)
was presented in Fig. 10. Moreover, the effect of the duration of the aging
step (4 or 7 days) used during preparation of composite with a high
carbon content (75 wt%) via route B (see Figure S1, Supplementary
Materials) on the electrocatalysts performance was also included
(compare the behavior of the Pt/255n02/B and Pt/255n02/B-7 samples).
As can be seen from Fig. 10a, the increase of the carbon content in
composite materials leads to the following increase of the ECSA of Pt in
related catalysts. In particular, the shape of the voltammograms and
ECSA values (see Table 4) are comparable to those mentioned in the
literature for Pt/Tip.9Sng 102—C catalyst with oxide/carbon mass ratio of
30/70 (68.9 m? g™1) [78].

As shown in Fig. 10c, the position of the maximum of the CO
oxidation peaks on the voltammograms is independent of both the aging
step duration (4 or 7 days) and the TiSnO/C mass ratio. Based on these
results, it can be assumed that the increase in the carbon content in the
composite materials prepared by route B leads to a further increase of
the number of catalytically active sites responsible for enhanced CO
tolerance. In this regard, it should be emphasized that among the pre-
pared series of samples, catalysts with a carbon content of 75 wt% have
the most homogeneous structure of the oxide coating on the carbon
backbone. According to the literature, CO oxidation and ORR on Sn-
containing electrocatalysts follow a bifunctional mechanism in which
Sn sites provide OH,gs species at less positive potentials than the active
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stability test. Sweep rate: (a) 100 mV-s—! and (c, d) 10 mV-s~!, T= 25 °C.

metal [36,37,40,99], or the surface SnOy species participate in the
chemisorption of O, as 027, which is the first and limiting step of the
ORR [29].

In our recent study, it has been demonstrated [82] that the position
of the main CO,q; stripping peak on 20 wt% Pt/Tip gMo0g 202-C catalysts
with 75 wt% mixed oxide in composite (705 mV) was shifted towards
less positive potentials by 70 mV with respect to the main peak observed
on the catalysts with 75 wt% carbon (775 mV). However, in contrast to
systems containing Mo, results obtained on Sn-containing composite
supported catalysts show that the peaks position in the CO,¢s stripping
voltammograms is independent of the mixed oxide/carbon ratio.

As can be seen from Fig. 10b, increasing the carbon content of the
catalyst leads to an insignificant decrease in short-term stability
compared to the Pt/75Sn02/B.

The comparison of the results of the RDE measurements obtained at
900 rpm in the ORR on the reference Pt/C and electrocatalysts with low
(25 wt%) and high carbon content (75 wt%) prepared by route B was
presented in Fig. 10d; the effect of the duration of the aging step (4 or 7
days) used in composite preparation on the performance of catalysts in
the ORR was also demonstrated. Potentiodynamic (10 mV s~*, negative
sweep) oxygen reduction current densities obtained in Oy-saturated
0.5 M H,SOy4 at six rotation rates on the catalysts presented in Fig. 10d
were compared on Figure S11 (Supplementary Materials). The expected
current density increase in the potential dynamic polarization curves at
higher rotation rates (see Figure S11) was demonstrated for all catalysts,
indicating faster diffusion of oxygen to the surface of catalysts.

As already noted above, the presence of a high content of mixed
oxide (75 wt%) in catalysts negatively affects the activity in the ORR
compared to the reference carbon supported Pt catalyst. However, as
shown in Fig. 10d, the difference between the reference Pt/C and two
catalysts with 25 wt% mixed oxide almost disappears. Thus, based on
the results of these measurements, we can conclude that among the
studied Sn-containing catalytic systems, electrocatalysts with a high
carbon content (75 wt%) prepared by route B are the most promising.

The activity of these catalysts is comparable to the results obtained
on the Pt/TipyMog 30, catalytic system, where the increased activity
compared to Pt/C was explained by the presence of electronic syner-
gistic interaction between Pt and Tig7Mog 302 support [55].

The influence of the preparation route used for composite support
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materials synthesis (A or B) and the effect of the TiSnOy/C mass ratio in
the composite on the loss of the ECSA during the 10,000-cycle stability
test were compared in Fig. 11. The values of the electrochemically active
Pt surface area loss (AECSA1¢,000) were also included in Table 4.

As shown in Fig. 11a, in long-term stability tests over 10,000 cycles,
comparable stability was obtained on electrocatalysts with the same
composition. In this series of experiments, the best stability was ob-
tained on a catalyst with high carbon content prepared with an aging
step of 7 days (see Pt/255n02/B-7 sample in Table 4 and Fig. 11b).

Comparison of the electrocatalytic characteristics of Mo- and Sn-
containing 20 wt% Pt/Tip gM 20o—C (M: Mo, Sn) electrocatalysts with
a high carbon content (75 wt%) was presented in Figure S12 (Supple-
mentary Materials). For this purpose, a well-characterized Pt/Tij gM-
00.202-C electrocatalyst with a mixed oxide/carbon ratio of 25/75,
which was recently developed by us [82,94] was selected.

As shown in Figure S12 of the Supplementary Materials, the Mo- and
Sn-containing electrocatalysts were compared by means of CV
(Figure S12c¢) and COyq stripping voltammetry (Figure S12a) completed
by 500-cycles stability test (Figure S12d) and the second CO,gs-stripping
measurement (Figure S12b). In addition, electrocatalytic activity of
these samples was also tested in the ORR (Figure S12e) and the HOR
(Figure S12f). The results of these measurements show that the activity
and stability of the novel tin-containing catalyst match or in some cases
even exceed (e.g., ORR activity) the performance of the molybdenum-
containing catalyst. This comparison shows that Sn-containing electro-
catalysts can be not only promising CO-tolerant anode electrodes but
also cathode catalysts for potential use in PEM fuel cells.

4. Conclusions

Comparison of two techniques for preparation of tin-containing Ti(;-
0SNx02-C (x= 0.1, 0.2 and 0.3) composites, one being the adaption of
the method previously developed for Mo-containing composite mate-
rials (route A), and another modified by the simultaneous introduction
of the precursors of Sn and Ti at the beginning of the synthesis (route B),
revealed very significant structural differences between the electro-
catalyst supports obtained by the two routes. XRD, nitrogen phys-
isorption measurements, TEM, SEM/EDX, XPS and Raman spectroscopy
were used to characterize the bulk and surface microstructure of the
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composites and their Pt-loaded counterparts. The change in the TiO,
lattice parameters measured after HTT by XRD confirmed the incorpo-
ration of tin into the rutile unit cell for both synthesis routes and the
degree of Sn incorporation was in good accordance with the amount of
tin precursor. However, the composite materials prepared via route A
had metallic Sn in a small amount (1-2%) and an inhomogeneous
microstructure, expressed in the coexistence of TiSnOy agglomerated
into large flower-like clusters and a more uniformly distributed nano-
sized oxide. In addition, after Pt loading, electrocatalysts exhibited
relatively low ECSA (~30 m? gpil). On the contrary, composites and Pt
electrocatalysts obtained via synthesis route B did not contain segre-
gated Sn® or SnO, phases, had a more homogeneous/uniform distribu-
tion of mixed oxide, and the ECSA values were comparable to those
obtained on Mo-containing composite supported Pt catalysts with
similar composition (~60-80 m? gl?tl).

A common feature of the composites prepared by routes A and B was
the presence of a tin oxide-rich overlayer, as pointed out by XPS. As a
consequence of this, the electrocatalytic behavior of the catalysts was
not influenced by the Ti/Sn ratio and was mainly dependent on the
synthesis method used in the preparation of composite support mate-
rials. Elemental maps confirmed that in this type of electrocatalyst there
were areas where Pt and the Sn doping element were in close proximity
to each other, which ensured favorable surface sites both for the
bifunctional mechanism and the electronic ligand effect.

A noticeable increase in both the ECSA values and the CO electro-
oxidation activity was observed on catalysts prepared using composite
materials synthesized via route B. An increase in carbon content in
composite materials led to an increase of both catalytic activity and
long-term stability. In addition, electrochemical stability tests showed
that the best long-term stability result was obtained on the catalyst
supported on composite with 75 wt% of carbon prepared with an
extended aging period of 7 days. The results of electrochemical studies
showed that Sn-containing Pt catalysts with a high carbon content
(75 wt%) are the most promising for potential use both as an anode and
a cathode for PEM fuel cells.
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