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ABSTRACT: Electrocatalyst supports stable to high potential are required for the proton exchange
membrane fuel cell cathode. Electrocatalyst supports based on tantalum doped tin oxide (Ta: SnOy)
were prepared by electrospinning. The dopant amount was varied between 0 (undoped SnO2, TO)
and 7.5 at.%, and the resulting materials were characterized for their morphology, composition,
structure, porosity and electrical properties. Platinum nanoparticles prepared by a microwave
assisted polyol method were deposited with different loadings on 1 at.% Ta doped SnO:
(1Ta:Sn02), selected for its highest electrical conductivity of 0.09 S cm™'. Their electrocatalytic

properties towards the oxygen reduction reaction (ORR) were compared with those of the same
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particles deposited on carbon black and those of a commercial carbon supported Pt catalyst.
Pt/1Ta:SnO> showed higher ORR activity and stability at high potential than Pt/C. In particular,
the electrocatalyst with the lowest Pt loading (7 wt%) presented high mass activity and stability
which, from XPS analysis, is suggested to result from very strong metal support interaction. These
results indicate that amongst tin oxides doped with pentavalent metals such as niobium (Nb:SnQ3),
antimony (Sb:Sn0O7) and tantalum, Ta:SnO; has the advantage of both higher conductivity than

Nb:Sn0O,, and greater stability in the fuel cell voltage range than Sb:SnO».

KEYWORDS: Electrocatalysis, alternative supports, tin oxide, strong metal support interaction,

corrosion resistant supports.

1. INTRODUCTION

State-of-the-art cathodes of proton exchange membrane fuel cells (PEMFC) are based on Pt
nanocatalysts supported on high surface area carbons. Great advances have been made in the
fundamental understanding and experimental development of electrocatalysts aimed at reducing
the noble metal content [1]. However, Pt-based catalysts supported on carbonaceous materials
suffer from stability issues due to carbon corrosion at the potentials as high as 1.5 V (vs RHE)
experienced by the cathode e.g. in start/stop conditions [2]. This leads to decrease in the surface
area of the support with subsequent sintering and detachment of the catalyst particles [2,3]. The
search for corrosion resistant materials meeting the electrocatalyst support requirements, including
high electrical conductivity, porosity, and surface area, represents a great challenge for the
development of durable PEMFC cathodes. With this aim, a range of materials and chemical

compositions have been investigated, from graphitized carbons and conducting polymers to
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transition metal nitrides, carbides, borides and oxides [4-7]. Electrocatalysts deposited on
nanostructured transition metal oxides have demonstrated high electrochemical stability at high
potential [8—12] with good electroactivity, which was attributed to their strong electronic
interaction with these supports [13—15]. Tin oxide has been widely considered as an alternative to
carbon [16,17] due to its high conductivity compared to other metal oxides, due to the presence of
oxygen vacancies and non-stoichiometric SnO»5 [18]. In order to increase its conductivity, tin
oxide is mostly employed in composites with carbon e.g. as a protecting layer preserving the
conductivity of the support [19-21] or n-doped with pentavalent ions [22] including niobium [23—
28] and antimony [15,24,36-38,26,29-35] providing an extra electron as charge carrier.

Several studies have established antimony doped tin oxide (Sb:Sn0O2) as a promising support. It
presents higher electrical conductivity than the niobium doped (Nb:SnO») counterpart, of the same
order of that of carbon (10 - 1 S ecm™ at 20 °C [29,30,32,34,35,37]) combined with a remarkable
stability to electrochemical corrosion that extends its utilization to applications where potentials
even higher than 1.5 V vs RHE are reached [39,40]. The chemical stability of Sb:SnO; has been
investigated in the wide range of potentials achievable during PEMFC operating conditions,
revealing limitations strongly related to surface segregation of antimony. Significant leaching of
antimony has been detected at very high potentials (> 1.9 V vs RHE), which is not relevant for the
targeted application, but also at potentials as low as 0.4 V vs RHE. Different stability limits have
been reported for Sb:SnO» materials and related to the different synthesis conditions.[24,32,36,41].

To overcome the drawbacks of SnO> doped with Nb and Sb, doping with tantalum (of ionic
radius similar to those of Sn(IV), Nb(V) and Sb(V)) [18] has already led to highly conducting and
stable materials [18,42]. Catalyzed with Pt nanoparticles, tantalum doped tin oxide (Ta:SnO2)

fused aggregated structures demonstrated greater activity than commercial Pt/carbon black in
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rotating disk electrode (RDE) testing [43], also transposed in membrane-electrode assembly
(MEA) characterization [44] with low noble metal loading [45].

The morphology of the tin oxide materials also plays a role, by affecting the catalyst layer
structure and thus proton, electron and gas transfer. Therefore, specific synthesis [46] and
deposition [45] methods of SnO2 nanomaterials are being developed to control its porosity and
architecture. With this aim, our group developed tin oxide supports by electrospinning, giving rise
to fiber-in-tubes nanostructures with inter-grain, inter-fiber and intra-fiber porosity. The limits of
these support materials in terms of electronic conductivity (Nb:SnO) [28,47] and potential
window of stability (Sb:SnO») [40,48] were highlighted. Here, we describe the preparation of
electrospun SnO; fibers doped with another pentavalent ion, tantalum (Ta:SnO>). In particular, the
doping degree was varied and optimized with regards to electrical conductivity and surface area.
Ta:SnO> fibers were used to support two different loadings of Pt nanoparticles synthesized by a
microwave assisted polyol method. This work presents the physico-chemical and electrochemical
characterization of Ta:SnO»-based electrocatalysts and an outlook for the development of ceramic

supports for PEMFC.

2. EXPERIMENTAL

2.1 Preparation of Ta:SnO2 nanofibers
Tantalum doped SnO> (Ta:SnO») fibers were prepared by electrospinning according to

previously reported syntheses of similar materials[15,37,49]. 0.017 to 0.124 g of TaCls (99 %,
Sigma-Aldrich), corresponding to doping levels between 0 (undoped SnO») and 7.5 at.%, were

added to a solution of 1.04 g of SnCl> (98 %, Sigma-Aldrich) and 0.9 g of polyvinylpyrrolidone
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(PVP, average Mw ~ 1,300,000, Sigma-Aldrich) solution in ethanol (99.8 %, Fluka)/ N,N-
dimethyl formamide (DMF, 98 % min., Fluka) = 1.8. The mixture obtained was stirred for 48 h to
obtain a homogeneous solution that was electrospun at 20 °C on a rotating drum (Linari Nanotech)
using an applied voltage of 15 kV (auto-reversing high voltage power supply Spellman
CZE1000R), a needle-collector distance of 10 cm and a flow rate of 0.3 mL h™! (KDS 100 Legacy
syringe pump, KD Scientific). The as-prepared TaCls-SnClo/PVP fibers were calcined at 600 °C
for 4 h in air at a heating rate of 5 °C min™! to remove the carrier polymer and to allow formation
of the fully inorganic fibers. The resulting samples were labelled xTa:SnO; where x indicates the

atomic concentration of tantalum dopant ranging from 0.5 to 7.5 at.%.

2.2 Preparation of Pt/Ta:Sn0O;

A microwave-assisted polyol method [50] was used for the preparation of Pt catalyst
nanoparticles. In a typical experiment, hexachloroplatinic acid (67 mg, 99.9 % Alfa Aesar) was
dissolved in ethylene glycol (EG, 108 mL, 99.8 %, Sigma Aldrich) and the pH was adjusted to
11.2 with NaOH (1 M solution in EG). The solution obtained was heated at 165 °C for 4 minutes
at 160 W in a microwave reactor (MiniFlow 200SS Sairem). The Ta doped-SnO; was added to the
resulting Pt nanoparticle suspension to achieve a low (ca 10 wt.%) and high (ca 35 wt.%) Pt
loading on the synthesized support materials after lowering the pH to 2 using H>SO4 (1 M solution
in EG). The suspension was stirred for 48 hours, and then the Pt/Ta:SnO> was recovered by
filtration, washed with Milli-Q® grade water and ethanol, and dried at 80 °C for 24 h. Further
thermal treatment at 160 °C for one hour was performed to remove any traces of EG or its
degradation products from the Pt surface. The same procedure was carried out for the preparation
of Pt nanoparticles deposited on Vulcan XC-72R carbon black (Cabot) by adding 60 mg of support

to the previously synthesized Pt nanoparticle suspension to achieve a Pt loading of ca 30 wt.% for

S5



comparison of electrochemical activity and stability with the Ta:SnO- based electrocatalysts. The
samples were labelled yPt/xTa:SnO> and yPt/Vulcan where y indicates the Pt loading (wt%) on

Ta:SnO; fibers and carbon black, while x refers to the Ta at.%.

2.3 Physico-chemical characterization of Ta:SnO; and Pt/Ta:SnO;
The morphology of Ta:SnO; and Pt/Ta:SnO; was analyzed using a Hitachi S-4800 scanning

electron microscope (SEM), a FEI Quanta FEG 200 equipped with energy-dispersive X-ray
spectroscopy (EDS) analysis and a JEOL 1200 EXII transmission electron microscope (TEM)
operating at 120 kV, equipped with a CCD camera SIS Olympus Quemesa (11 million pixels). For
TEM analysis the samples were suspended and sonicated (VWR Ultrasonic Cleaner) in ethanol,
then deposited onto carbon-coated copper grids. The average sizes of Pt and Ta:SnO; materials
were determined by measuring 200 selected objects using the ImageJ software.

Powder X-ray diffraction (XRD) patterns were recorded at 20 °C in Bragg-Brentano
configuration using a PANalyticalX’pert diffractometer, equipped with a hybrid monochromator,
operating with CuK,, radiation (A = 1.541 A). A step size of 0.1° 20 within the 20 domain from 20
to 70 °.

X-ray fluorescence (XRF) analysis was used to determine the tantalum content of Ta:SnO> and
the Pt loading on Pt/Ta:SnO>. For analysis of Ta, 50 mg of sample were analyzed as flat pellets (8
mm diameter) by pressing powdered material at 2.2 tons for 5 min. A calibration line was obtained
after carrying out a similar procedure for the preparation of five standards ranging from 0 to 8 at.%
of TaxOs (99 wt.%, Sigma Aldrich) and SnO». For analysis of Pt, samples were prepared by
grinding 50 mg of supported electrocatalyst with 25 mg of cellulose. The powder was placed in a
cavity in an H3BO3 matrix and subsequently pressed to obtain a pellet of 32 mm diameter with

scanned surface of ca. 12 mm. The same protocol was used to prepare eight standards using 5, 10,
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15, 20, 25, 30, 35 and 40 wt% of Pt black (Alfa Aesar) and Ta:SnO; to obtain a calibration line.
The XRF analyses were performed with a PANalytical Axios Max spectrometer fitted with a Rh
(4 kW) tube, and equipped with a LiF200 crystal and Omnian software.

Nitrogen adsorption/desorption isotherms on Ta:SnO> materials were determined at -196 °C by
means of a Micromeritics ASAP 2020 apparatus after outgassing overnight at 200 °C under
vacuum (1073 Pa). The specific surface area (Sper) was calculated by using the Brunauer-Emmett-
Teller (BET) equation and taking 0.162 nm? as the cross-sectional area of one N> molecule. The
pore-size distribution was calculated from the adsorption branch of the adsorption-desorption
isotherms by the Barrett-Joyner-Halenda (BJH) equation.

The electronic conductivity of Ta:SnO; (in form of pellets as prepared for XRF analysis) was
determined at 20 °C from resistance measurements carried out using a conductivity cell equipped
with four gold electrodes and using the Van der Pauw calculations.

Raman spectroscopy analysis of Ta:SnO; fibers was performed on a LabRAM Aramis IR2
(Horiba Jobin Yvon) equipped with a blue laser diode (A =473 nm, 17 mW on doped tin oxide)
and a long working distance objective x 50.

The surface chemical state of the materials was investigated by X-ray photoelectron
spectroscopy (XPS) on an ESCALAB 250 (Thermo Electron). The X-ray excitation was provided
by a monochromatic Al K, (1486.6 eV) source and the analyzed surface area was 400 pm?. A
constant analyzer energy mode was used for the electron detection (20 eV pass energy). Detection
of the emitted photoelectrons was performed perpendicular to the sample surface. Data
quantification was performed in the Avantage software, removing the background signal using the

Shirley method. The surface atomic concentrations were determined from photoelectron peak
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areas using the atomic sensitivity factors reported by Scofield. Binding energies of all core levels

are referred to the C-C bond of C 1s at 284.8 eV.

2.4 Electrochemical characterization of Ta:Sn0O; and Pt/Ta:SnO;

The electrochemical analyses were carried out at 20 °C using a Pine bipotentiostat model
AFCBPI in a conventional three-electrode cell composed of a reversible hydrogen electrode
(RHE, reference electrode), a glassy carbon rotating disk electrode (RDE, (working electrode,
geometric area 0.196 cm?) and a platinum wire (counter electrode). All the potential values are
referred to the RHE and the current densities are reported as current per geometric electrode area.
To prepare the catalyst ink, 3 mg of 7-34Pt/1Ta:SnO; electrocatalyst were dispersed in 83.8-423,6
uL of Milli-Q grade water, 251.5-1271 pL of ethanol (Aldrich) and 17.1 pL 5 wt% Nafion®
EW1100 solution in alcohols (Aldrich). For the references, 3 mg of 56.7 wt% Pt/C (HiSPEC 9100
from Johnson Matthey, 2.6 nm particle size measured by TEM) and 3 mg of 30 wt% Pt/Vulcan (Pt
nanoparticles deposited on carbon black Vulcan XC-72R (Cabot)) were mixed, respectively, with
568 and 373.3 pL of Milli-Q grade water, 2.3 and 1.12 mL of ethanol (Aldrich) and 17.1 pL of a
5 wt% Nafion® EW 1100 solution in alcohols (Aldrich). Catalyst inks were sonicated (VWR
Ultrasonic Cleaner) for 9 min and 7 pL aliquots were deposited onto the RDE surface with a
micropipette and dried in air. The Pt loading onto the electrode was 21.3 pg cm™ for all
electrocatalysts.

Cyclic voltammetry (CV) was performed in N> saturated 0.1 M HClO4. The electrochemical
surface area (ECSA) was calculated based on hydrogen desorption peaks in the range 0.05 V to
0.4 V vs RHE after double-layer correction, assuming a monolayer hydrogen adsorption charge of
210 pC cm™ for the Pt surface. For the accelerated stress tests specifically probing the corrosion

resistance of the support, 6,000 cycles were performed between 1.0 V and 1.6 V vs RHE with a
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scan rate of 100 mV s [51]. Every 100 cycles, one cycle between 0.025 V and 1.2 V with a scan
rate of 20 mV s was performed to determine the ECSA and evaluate its decay over the high-
voltage cycling. The ORR curves were recorded using linear sweep voltammetry at 1,600 rpm in
O; saturated 0.1 M HCI1O4, varying the potential from 0.1 V to 1.2 V vs RHE at a scan rate of 20
mV s, All the ORR curves performed in O,-saturated solutions were corrected by subtracting the
background capacitive current obtained in an in Np-saturated 0.1 M HCIO4. Previous to the
measurements, the curves were also IR corrected (measure of the electrolyte resistance and
compensation with 85 % of this value).

To assess the Pt electrocatalyst stability on 7Pt/1Ta:SnO>, 10,000 cycles were performed
between 0.6 V and 1.0 V vs RHE with a scan rate of 500 mV s [51]. Every 100 cycles, ECSA
was evaluated.

Mass (MA) and specific activity (SA) values were calculated by dividing the kinetic currents
obtained applying the Koutecky-Levich equation by the mass of Pt deposited onto the RDE or the
Pt ECSA, respectively.

Potentiostatic accelerated stress tests (AST) were performed by holding the working electrode
potential at 1.5/1.6/.7/1.8/1.9/2.0 V vs RHE for 4 hours in 0.5 M H>SO4 at 80 °C. The ink was
prepared by dispersing 20 mg of 1Ta:SnO; in 4.29 mL ethanol/water solution (3/1 v/v) and 97.1
uL of 5 % Nafion® EW1100 dispersion in alcohols (Aldrich). After ultrasonication (VWR
Ultrasonic Cleaner), the entire volume was deposited onto a Ti foil by manual spraying on a hot
plate at 70 °C to remove the solvent. Inductively coupled plasma-mass spectroscopy (ICP-MS,
Agilent 7900) measurements of 10 mL of the electrolyte solution after chronoamperometry were
performed after addition of 1 mL of aqua regia to dissolve any solids. During the experiment the

electrolyte was not exchanged, therefore the dissolved elements accumulated. The reported
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concentration values for every applied potential were obtained by subtracting those measured in

the precedent steps.

3. RESULTS AND DISCUSSION

3.1 Morphological, structural and textural characterization of electrospun Ta:SnO;

The chemical composition of the tin oxide materials prepared using different amounts of

tantalum, determined by XRF and SEM-EDX analysis, is provided in

Table 1. The results obtained with the two techniques are consistent and in agreement with the

nominal amount of Ta.

Table 1. Ta content (Ta at.%) in Ta:SnO> materials obtained by XRF and SEM-EDX analyses.

Sample

0.5Ta:Sn0O»

1Ta:Sn0O;

1.5Ta:Sn0O;

2Ta:SnO;
5Ta:Sn0O;

7.5Ta:Sn0O»

Nominal XRF

0.5

1.0

1.5

2.0
5.0

7.5

0.51

1.02

1.51

1.98
5.05

7.48

Ta at.%

SEM-EDX

0.53

1.04

1.52

2.01
4.88

7.43

SEM analysis was carried out to investigate the morphology of the electrospun materials bearing

different amounts of tantalum (Figure 1). All samples had fibrous porous structures, formed by
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primary nanoparticles. On increasing the Ta content, the morphology progressively evolved from
dense fibers to fiber-in-tubes at 1.5 at.% Ta. Such morphology was observed previously when
doping electrospun SnO> with Nb and Sb [15,49]. In particular, the conditions of this
morphological transition were investigated and interpreted for Nb doped SnO> [49] and ascribed
to the presence of the doping agent via the diffusion of the dopant to the outer structure [52,53].
In this work, tantalum is seen to drive the formation of fiber-in-tubes above the 1.5 at.% threshold.
The average diameters of the Ta:SnO- fibers/tubes increased with increasing the Ta amount, from
138 nm (0.5Ta:Sn0O») to 170 nm (7.5Ta:Sn0;) (Figure S1, Supporting Information). In contrast,
as evidenced by TEM analysis, the size of the primary particles composing the fibrous materials
progressively decreased with Ta concentration, from 18 nm (0.5Ta:Sn0O,) to 8 nm (7.5Ta:SnO>)

(Figure 2 and Figure S2, Supporting Information), in agreement with the particle growth inhibition

promoted by the presence of the doping agent in tin oxide [54].

Figure 1. SEM micrographs of 0.5Ta:SnO; (a), 1Ta:SnO: (b), 1.5Ta:SnO: (c¢), 2Ta:SnO> (d),

5Ta:SnO: (e) and 7.5Ta:SnO> (f). The scale bars correspond to 600 nm.
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i, coom
Figure 2. TEM micrographs of 0.5Ta:SnO> (a, al), 1Ta:SnO; (b, b2), 1.5Ta:SnO> (c, cl),

2Ta:SnO; (d, d1), 5Ta:Sn0O: (e, el) and 7.5Ta:SnO; (f,f1).
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XRD diffractograms for Ta:SnO; materials with different Ta doping levels are depicted in Figure
3. Similar diffractions peaks were obtained for all electrospun materials, which can be indexed to
polycrystalline tetragonal P42/mnm rutile cassiterite SnO> structure (JCPDS 41-1445). No
evidence for segregated tantalum/tantalum oxide phases was detected at any of the doping levels

investigated.

110
101
211

0 200 221
111 200 02 310112,

1
M

T T T T
20 30 40 50 60 70
20 (%)

Intensity (a.u.)

Figure 3. XRD diffraction patterns for undoped and doped tin oxide with the Ta at.% indicated in

the figure (0-7.5 at%).

This confirms a homogeneous distribution of tantalum(V) ions in the SnO; lattice (rather than a
mixture of the respective oxides), which is facilitated by their similar ionic radius and electronic
configuration [18]. The varying Ta doping level led to two main structural effects observed in the
diffractograms: (i) By increasing the tantalum atomic concentration the diffraction peaks
broadened, indicating a decrease in the average crystallite size, estimated from the Scherrer
equation as 18.6 nm for 0.5Ta:SnO> to 8.7 nm for 7.5Ta:SnO; (Table 2). These results are in
agreement with TEM observations (Figure S2, Supporting Information) and with the known

phenomenon of particle growth inhibition ascribed to the doping agent in metal oxides [12,15];
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(i1) Diffraction peaks slightly shifted to lower 20 positions on increasing tantalum doping levels
up to 2 at.% (from 26.7 to 26.6 °), while at higher Ta contents the diffraction peaks were observed
at their initial position (and even at slightly higher, 26.8 °, at 7.5 at.%). The shift to lower angles
of XRD lines at increasing level of Ta indicates an increase of the unit cell volume, which is in
agreement with the slightly higher ionic radius of Ta>* (0.73 A) than that of Sn** (0.69 A), and
which is consistent with the insertion of Ta>" into the SnO; lattice.

Raman spectroscopy was also used to assess the effect of Ta doping on distortion of the SnO»
rutile structure. Raman spectra of undoped and doped SnO; electrospun materials are reproduced
in Figure 4. No lines at wavenumbers characteristic of Ta;Os [55,56] were detected in the whole
set of samples, in agreement with XRD results, confirming the tin substitution with tantalum. For
all the samples, peaks centered at 630 and 772 cm™ are observed, which can be attributed to the
Ajgand By, fundamental modes of tetragonal rutile [57]. E, fundamental modes at 470 cm™! are
barely visible as overlapped with other features. As the tantalum atomic concentration was
increased up to 2 at.%, the A1z band progressively broadens and shifts to lower wavenumbers,
however returned to the same frequency at higher Ta contents. At the same time, the B2g (and Eg)
modes shift and merge with A1g, being barely distinguishable at Ta concentrations greater than 1.5
at.%. The redshift and broadening of the active modes correspond to the phonon confinement effect
due to decrease in primary particle size [58—66]. Another effect of the increase in Ta concentration
in SnO2 up to 2 at.% is the appearance of lines from Raman-forbidden modes in the range 250 to
700 cm™!. The appearance of these lines indicates lowering of crystal symmetry (disorder, defects)
and confinement-induced relaxation of selection rules [60—66] due to the decrease in crystal size
induced by the doping agent. For higher Ta concentrations (5 and 7.5 at.%), the intensity of the

forbidden modes decreased, indicating a return to a more ordered structure.
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Figure 4. Raman spectra of tin oxide fibers doped with 0-7.5 at.% Ta.

Nitrogen adsorption-desorption isotherms were recorded to determine the influence of Ta dopant
concentration on the specific surface area and porosity of Ta:SnO». The isotherms, (Figure S3a,
Supporting Information), show hysteresis in the relative pressure range of 0.7-1.0, which is
sorption behavior typical of mesoporous materials, type IV according to the [UPAC classification
[67]. The calculated pore size distribution (PSD) is depicted in Figure S3b. On increasing the
tantalum content, a significant increase in the BET surface area was observed, with a decrease in
average pore size (Figure S3b) and pore volume (Table 2). Furthermore, the PSD evolved from
bimodal (centered at 14 and 28 nm) to monomodal (centered at 14 nm from 5 at.%). This evolution
can be correlated to the trend in the size of nanoparticles composing the Ta:SnO, fibers, which
decreases on increasing Ta content, implying that the developed porosity is due to intrafiber and
interparticle surfaces. Similar results were observed for vanadium [68] and tantalum [46] doped-

SnO; nanomaterials.
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Table 2. Textural parameters obtained from nitrogen adsorption/desorption isotherms and average

crystallite obtained by XRD analysis size for undoped and doped tin oxide (xTa:SnO,) materials.

Sample SBET Pore volume Average pore size  Crystallite size (nm)
(m*-g™) (em’-g™) (nm) (XRD)

SnO> 20 [49] n.d. n.d. 19.4

0.5Ta:SnO, 24 0.167 24 18.6

1Ta:SnO2 27 0.153 23 17.6

1.5Ta:SnO2 30 0.145 21 16.3

2Ta:SnO, 32 0.136 19 14.7

5Ta:Sn0O2 58 0.114 14 9.9

7.5Ta:SnO2 63 0.109 12 8.7

n.d. not determined

3.2 Surface analysis of Ta:SnO; fibers
High resolution XPS spectra of Sn 3d and Ta 4d core levels are depicted in Figures 4a and 4b,

respectively. XPS of tantalum is usually approached through the Ta 4f level (at 22-24 eV) since it
gives rise to the most intense signal. However, in presence of Sn, Ta 4f emission peaks are hidden
by the stronger emission (at about 25 eV) from Sn 4s [69]. Therefore, the Ta 4d emission line was
used to investigate the chemical state and the concentration of tantalum in Ta:SnO> samples. The
peak positions of Sn 3ds» and Sn 3d32 (486.6 and 495.0 eV) and spin-orbit splitting of 8.4 eV
correspond to Sn(IV) [52,70]. The presence of Sn>" on the material surface cannot nevertheless be
excluded [49], due to the intrinsically oxygen-deficient structure of SnO>[18,71]. Considering the
binding energies of the doublets (230.4 and 242.0 eV) and the spin-orbit splitting at 11.6 eV, the
Ta 4ds» and Ta 4ds» peaks can be assigned to Ta(V) [72]. Ta/Sn atomic ratios calculated by
integration of the XPS peaks (Table 3) were in agreement with the values obtained by XRF and

SEM-EDS (
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Table 1).
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Figure 4. XPS core level spectra of Sn 3d (a), Ta 4d (b) and O 1s (c) for of tin oxide fibers doped

with 0-7.5 at.% Ta.

This result indirectly indicates that Ta is homogeneously distributed through the material and is

not segregated at the surface or within the inner part of the fiber (as in Sb [48] and Nb [49] doped

electrospun tin oxides).

Table 3. XPS derived Ta/Sn and O/Ta+Sn atomic ratios for electrospun Ta:SnOs.

Sample
SnO2
0.5Ta:SnO»
1Ta:Sn0O,
1.5Ta:SnO>
2Ta:Sn0O>
5Ta:SnO>

Ta/Sn

O/Ta+Sn
1.25
1.33
1.37
1.40
1.42

1.44
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7.5Ta:SnO2 0.073 1.45

Sn 3d doublets (Figure 4a) of Ta:SnO; undergo progressive shift to higher binding energy on
increasing the amount of Ta in SnO up to 5 at.%. For higher Ta concentrations, the peak position
returned to the same value that for undoped tin oxide. Also, an increase in the peak asymmetry
with the amount of tantalum was observed. These results are consistent with the observations of
structural analysis (XRD, Raman spectroscopy), and might suggest that the shift toward higher
binding energy is due to distortion of the rutile structure upon doping with increasing amounts of
tantalum. Similar results have been already reported for structural changes induced by thermal
treatment [60] or doping [15,73]. The O 1s high resolution spectrum for undoped SnO, (Figure 4c)
exhibit a broad peak between 528 and 535 eV, which is deconvoluted into two contributions, a
peak at 530.5 eV, assigned to O ions in the oxide lattice structure, and a peak at 531.6 eV to H>0,
OH or CO surface-adsorbed species [74,75]. A progressive shift of the oxide peak to higher
binding energy was observed as the amount of dopant increased up to 5 at.%. For higher tantalum
contents, the peak position was the same as for the undoped material. The O/Sn+Ta atomic ratio
(Table 3) 1s lower than the expected value of 2, indicating oxygen vacancies in the tin oxide based
materials [18,71], The O/Sn+Ta ratio increases as the tantalum content increases up to a value of
1.45 for 7.5 at.% Ta. This ratio never reached the expected value of 2 for stoichiometric SnO»,
which is compatible with the existence of oxygen vacancies. The latter decrease when increasing
the Ta amount. It is worth to notice that the extremely low Sn/O ratio of 1.25 for the undoped oxide
is not representative of its stoichiometry, but in agreement with the presence of oxygen deficient

SnOz, and Sn** at the surface (XPS analysis) [49].

3.3. Electrical conductivity of Ta:SnO: fibers
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Electrical conductivity measurements were carried out on all the samples with Ta content
ranging from 0 to 7.5 at.% (Figure S4, Supporting Information). The conductivity increased (from
1.1 10 S ecm™! for undoped SnO>) by increasing the degree of doping, to reach a maximum value
of 0.09 S cm™ at 1 at.%. Similar results were obtained for Nb and Sb doped electrospun SnO>
where the maximum conductivity was obtained for 5 at.% Nb (0.02 S cm™) and 10 at.% Sb (1.02
S cm™), respectively [37,49]. Further increase in the carrier concentration led to a decrease in
conductivity due to a decrease in their mobility [71]. The higher conductivity of tantalum than
niobium doped SnO> was reported previously for doped SnO» nanoparticles and films [43,76]. Due
to the different measurement methods used, the absolute values of these electrical conductivity
values cannot be compared (of the order of 10%/10 S cm™! for the nanoparticles and 10%/10° for
the films). These results suggest that the higher electrical conductivity determined for 1Ta:SnO»
may be correlated to the maximum distortion and/or defects in SnO; rutile structure indicated by
the structural and surface analyses described above.

This trend in electrical conductivity is consistent with values predicted by DFT calculations and
confirmed by experimental data for Ta:SnO; thin films by Worsdale et al. [76], where the
maximum conductivity at 1 at.% was ascribed to the limited dopant solubility and to the Jahn-
Teller lattice distortion lowering the donor state with increasing dopant concentration.

Because of its highest electrical conductivity among the synthesized materials, 1Ta:SnO; was

selected for further electrochemical characterization as electrocatalyst support.

3.4 Electrochemical stability of 1Ta:SnO;

The corrosion current of Ta:SnO; was negligible, as expected for a metal oxide [12,20]. Ta:SnO»
fibers were submitted to potential holds from 1.5 to 2 V vs RHE in acidic medium at 80 °C (Figure

S5, SI). Oxidation currents were followed by chronoamperometry, while the support integrity was
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evaluated by quantifying the release of Sn and Ta ions into the electrolyte by ICP-MS (Figure 5).
For polarization at 1.6 V vs RHE, 0.1 ug L™ of Ta and 2.48 ug L' of Sn were released. The loss
of tantalum was ca. 2.6 times lower than the stoichiometric ratio (1:99) of the elements in 1Ta:SnO>
(already validated by XRF, XPS and SEM-EDX). At the end of the experiment, 0.10 wt% of Ta
was dissolved vs 0.021 wt% of Sn (see Table S1). The loss of elements into solution may result
from Ta:SnO> detachment from the electrode as well as to a preferential loss of Sn. For 10 %
Sb:SnO:; fibers, we earlier determined [48] release at 1.6 V vs RHE of 5.5 ug L' of Sb and 22.6
ug L' of Sn, which (taking into account the different at.% of doping agent) demonstrates the higher
stability of tantalum doped oxide compared to the antimony counterpart. The instability of Sb-
SnO> was ascribed to the segregation of antimony at the surface of the material (which facilitates
its dissolution and leads to a decrease in the electrical conductivity [77]), which has not been

observed for Ta:SnO,, which may explain its higher stability.
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Figure 5. ICP-MS analysis of Sn and Ta detected in the electrolyte (0.5 M H>SOs) during the 4-

hour chronoamperometry experiments at 80 °C from 1.5 to 2.0 V vs RHE.

3.5 Morphological and structural characterization of Pt/1Ta:Sn0O>
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Pt nanoparticles were synthesized by microwave assisted polyol method and deposited onto
1Ta:SnO; with loadings of 7 and 34 wt% and onto carbon Vulcan with a loading of 30 wt. %
(determined by XRF and EDS analysis). TEM micrographs (Figures 6 and S6, Supporting

Information) demonstrated a uniform dispersion of the metal particles on the supports, with an

average diameter of 3.2 nm.
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Figure 6. TEM micrograph and the corresponding Pt size distribution histograms of a) 34 %

Pt/1Ta:SnO> (a, b) and 7 % Pt/1Ta:Sn0O: (c, d).

The XRD pattern of 34Pt/1Ta:SnO; (Figure S7, SI) confirms the presence of lines of the face-
centered cubic structure of Pt (20 = 39.7, 46.2 and 67.41, JCPDS 004-0802) in addition to the

diffraction lines corresponding to tetragonal cassiterite SnO-. In agreement with TEM results, the
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average diameter size of Pt crystallites on Ta:SnO> calculated from the Scherrer equation on

Pt(111) was 3.4 nm.

3.6 Surface analysis of Pt/1Ta:Sn0O:

X-ray photoelectron spectroscopy (XPS) was carried out to investigate the surface chemical state
of the Pt/1Ta:SnO; bearing different amounts of electrocatalyst. The analysis of Pt, Ta, Sn and O
elements was performed. Figures 7c and d depict the XPS spectra of the Sn3d and Ta4d core level,

respectively.
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Figure 7. XPS core level spectra of a) Pt4f and b) Ols for 1) Pt/Vulcan, 2) 34Pt/1Ta:SnO; and 3)
7Pt/1Ta:Sn0O2, ¢) Sn3d and d) Tad4d for 1) 1Ta:SnO> (Pt/Vulcan for Pt4f spectrum) 2)

34Pt/1Ta:SnO2 and 3) 7Pt/1Ta:Sn0O».

The deposition of Pt nanoparticles on Ta:SnO; did not change the oxidation state of Sn and Ta
(based on the binding energies of the doublets and spin-orbit splitting, see Table 4), however a
shift to higher binding energy (+ 0.3 eV) was observed when compared to the non-catalyzed

Ta:Sn0Os.
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Table 4. Binding energies (B.E.) values forPt 4f, O 1s, Sn 3d and Ta 4d for Pt/Vulcan, 1Ta:SnO,

34Pt/1Ta:SnO; and 7Pt/1Ta:Sn0O,.

Sample B.E. Pt 4f (eV) BE. Ols BE. Sn 3d BE. Ta 4d
(eV) (eV) (eV)
A 7/2/52 B 7/2/52 O¥/OH,HO 5/2/3/2 5/2/3/2
Pt/Vulcan 71.6/749  72.4/715.7 - - -
1Ta:Sn0> - - 530.8/531.8  487/495.4 230.6/242.2

34Pt/1Ta:SnO, 71.4/74.7 72.2/75.5 531.2/532.3  487.3/495.7 230.9/242.5
7Pt/1Ta:SnO2  70.9/74.1 71.6/74.8 531.2/532.3  487.3/495.7 230.9/242.5

Similar results were obtained for O1s core level spectra displayed in Figure 7b, presenting a shift
to 0.4 eV higher binding energy (Table 4). This effect has already been observed and attributed to
the strong metal support interaction leading to a charge transfer from the oxide to platinum,
inducing a local increase of the electron density on Pt [14,15]. In addition, an increased proportion
of the O (OH,, H,0)/O (O%) is observed after deposition of Pt NPs, indicating their partial
oxidation on the surface. In Figure 7a is displayed the Pt4f region of 7Pt/1Ta:SnO, 34Pt/1Ta:SnO»
and Pt/Vulcan. Pt was present in metallic form since Pt4f7,,/Pt4fs» doublet was observed (A bands)
and a second doublet at higher binding energy (B bands) was also present (Table 4) and related to
PtO.4s and/or Pt(OH), [15,78] due to partial surface oxidation already demonstrated by the O 1s
spectra. A downshift of 0.2 eV is noted comparing 34Pt/1Ta:SnO; to 30Pt/Vulcan in agreement
with the Sn 3d, Ta 4d and O 1s XPS results discussed above, consistent with the SMSI hypothesis.
It is known that n-doping in semiconductors leads to the creation of a donor level near the
conduction band. As a result, the Fermi level moves upward, close to the conduction band, and the

work function decreases [79]. According to the literature on SMSI, the supported metal phase has
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a larger surface energy and work function and lower Fermi energy than the support [80,81]allowing
electron transfer from the oxide (higher Fermi level) to the metal (lower Fermi level). In this work,
such electron transfer is demonstrated by the binding energy shift on opposite directions of the
SnO> and Pt core levels after the Pt deposition: the electron density increased on Pt (BE negative
shift) and decreased on SnO: (BE positive shift). BE shifts were already reported for Pt/SnO; in
some cases in opposite directions compared to the results of this work [14,82—84]. This may be
due to a more complex description of the SMSI, involving not only charge transfer, but also
changes in the lattice parameters [85] and interfacial alloy formation [83].

It is worth noting the enhanced downshift of 0.7 eV for 7Pt/1Ta:SnO», suggesting a stronger
SMSI effect and electron transfer. This phenomenon may be ascribed to the more efficient contact
area of isolated particles with the support due to the lower particle loading. The increased shift of
Pt BE with decreasing metal loading has already been reported by Rabis et al. [82], who further

related this phenomenon to an increased ORR activity.

3.7 Electrochemical characterization of Pt/1Ta:SnO;

Cyclic voltammograms recorded on Pt/1Ta:SnO, samples with Pt loadings of 7 and 34 wt% in
nitrogen-saturated HC1O4 presented the typical hydrogen adsorption/desorption peaks as well as
oxide formation and reduction on platinum (Figure S8, Supporting Information). For comparison,
the same characterization was performed on 30Pt/Vulcan prepared with the same protocol, and on
HiSPEC 9100. The ECSA values were obtained based on the hydrogen desorption peaks. Very
similar values were obtained for Pt on carbon (80 m? g! for the Pt/Vulcan and 78 m? g'! for the
HiSPEC 9100), in agreement with the surface areas calculated considering the Pt nanoparticle
diameter. The ECSA for the Pt/1Ta:SnO; samples greatly depended on the Pt loading, being 48

m? g! for 34Pt/1Ta:SnO; and 73 m? g! for 7Pt/1Ta:SnO>. The higher ECSA for the lower metal
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loading may be ascribed to the better accessibility of the surface sites of the electrocatalyst due to
the better dispersion on the support (isolated particles), considering its low developed surface area
(Seer =27 m?-g"). The ECSA of 7Pt/1Ta:SnO; is similar to that of Pt/Vulcan, where the Pt loading
was 30 wt% on a higher surface support (ca 250 m?-g™! for Vulcan vs 27 m?-g! for 1Ta:SnO»).
Past reports [23,25,34,35,43,86—89] indicated a large range of ECSA calculated for Pt deposited
onto undoped and Nb/Sb/Ta doped tin oxide (18-84 m?-g™!"). Further, the ECSA of 34Pt/1Ta:SnO,
48 m? g’!, is the same as that of similar Pt catalyzed fiber-in-tubes prepared with otherwise identical
method (33 wt.% Pt/Nb:SnO and 37 wt.% Pt/Sb:SnO> (47 and 44 m? g!, respectively) [15]. It was
considered that encapsulation of the metal particles associated with strong metal-support
interaction could lower the ECSA [90]. In the light of the present results, the agglomeration of the
nanosized catalysts due to the high loading compared to the low surface area of the support may
also explain the reduced electroactive available sites and lower electrochemical specific surface
area of the deposited Pt.

In Figure 8 are depicted the linear sweep voltammograms recorded in Oz-saturated 0.1 M HC1O4
on 7Pt/1Ta:Sn0O,, 34Pt/1Ta:Sn0O>, 30Pt/Vulcan and HiSPEC 9100. The corresponding Tafel plots
are presented in Figure S9 (Supporting Information). The diffusion-limited current was lower for
the high loaded 34Pt/1Ta:SnO, compared to the other electrocatalysts, which may indicate
incomplete electrical contact of the catalyst with the support [88], possibly ascribed to the higher

loading and consequent agglomeration of Pt particles.
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Figure 8. ORR polarization curves recorded at 1,600 rpm in O saturated 0.1 M HCIOs, at a scan
rate of 20 mV s’ (a) and ECSA variation (measured in N» saturated 0.1 M HCIOs, at a scan rate
of 20 mV s!) upon electrochemical cycling up to 1.6 V vs RHE (b) for Pt nanoparticles deposited
on 1Ta:SnO; (34 wt % Pt in black, 7 wt% in grey) and Vulcan (in blue) and for commercial Pt/C
electrocatalyst (in red). The linear sweep voltammograms were recorded at the beginning and end

of the accelerated stress test (BoT, full lines, and EoT, dotted lines).

The ORR mass (MA) and specific activity (SA) values at 0.9 V vs RHE of Pt deposited on the
Ta doped SnO; fibers and on carbon black and HiSPEC 9100 are listed in Table 5. Pt/1Ta:SnO>
electrocatalysts exhibited the highest specific and mass activities reported for Pt deposited on SnO»
supports doped with Ta [43,45] or other heteroatoms [15,16,43,86,88,89,23-27,29,30,33]. The
specific activity was the same for both Ta:SnO»-based electrocatalysts (640 uA cm™) and, in
agreement with the different ECSA, the mass activity increased from 307 A gp' for

34Pt/1Ta:SnO; to 465 A gpi'! for 7Pt/1Ta:SnOx.

S27



Table 5. Electrochemical specific surface area (ECSA), ORR mass activity (MA) and specific
activity (SA) values obtained at 0.9 V vs RHE in 0.1 M HCIO4 for the different electrocatalysts

before (BoT) and after the accelerated stress test consisting in 6,000 cycles from 1.0 to 1.6 V vs

RHE (EoT).
Electrocatalyst Pt ECSA BoT/[EoT| MA BoT /[EoT] SA BoT /[EoT]
loading (m?g") (Agh (LA cm?)
(Wt%)
34PY/1Ta:Sn0; 34 48 + 1/[30 +1] 307+11/[154£9]  640+20/[513+25]
Pt/Vulcan 30 80-£2/[34+2] 180£17/[65+16]  225+15/[185+21]
commercial PYC 57 78+1/[32+1] 180+11/[90£10]  231+20/[281=19]
7PY/1Ta:Sn0; 7 73+1/[59+1] 4659/[323+11]  640+20/[53816]

Such high electrocatalytic activity can be attributed to two different phenomena: (i) Ta doping
at 1 at.% may create oxygen vacancies in SnO; that could enhance the ORR activity [91]; (ii) the
strong metal-support interaction between Pt and the doped metal oxide can modify the electronic
structure of platinum with electron transfer from the support promoting the electrocatalysis
[14,15,90,92]. The SMSI also induces lattice strain in the Pt nanoparticles deposited onto metal
oxides with decrease in the activation energy for oxygen disassociation on their surface, and
therefore enhancement in their ORR electrocatalytic activity [85].

We already demonstrated by an XPS study and discussed the SMSI effect on Pt on Sb:SnO»
[15], and similar results were obtained in this work on Pt/Ta:SnO» (Table 4). Here the exceptional
electroactivity enhancement, especially for the low loaded electrocatalysts (7Pt/1Ta:SnO3), can be
ascribed to the optimal metal loading, the Pt particle distribution and the electrical contact with the

support.
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In order to investigate the stability of the Ta:SnO; based electrocatalysts, an accelerated stress
test (AST) at high voltage specifically designed to assess the support degradation was applied. The
evolution of ECSA and ORR activity was monitored, and the corresponding results at beginning
(BoT) and end of test (EoT) are shown in Table 5 and Figure 8.

After 6,000 cycles between 1.0 and 1.6 V vs RHE, the decay in electrochemical surface area
(Figure 8b) and ORR activity (Figure S9 in Supporting Information and Table 5) was lower for
the oxide-based than for the carbon-based electrodes, and in particular for the low-loaded
Pt/Ta:SnO,: ECSA loss of 37 % for 34Pt/1Ta:SnO; and of only 19 % for 7Pt/1Ta:SnO», vs 58 %
for Pt/Vulcan and 60 % for HISPEC 9100. This result is evidently due to the higher resistance to
corrosion of the metal oxide support compared to carbon [12,15,16,24,29,30,40,89], as already
demonstrated by the degradation test described above and the results depicted in Figure 5. The
stability of the low-loaded Ta:SnO;-based catalyst, similar to that recorded for 33Pt/Nb:SnO» [15],
may also derive from a stronger interaction with the support (all particles are in contact with
Ta:SnO: and no particle-particle interactions take place). The 7Pt/1Ta:SnO; electrocatalyst also
demonstrated the higher retention of mass activity (70 %), while the MA of the other
electrocatalyst was reduced by a factor of two. The exceptional mass activity and its retention after
cycling at high potential of 7Pt/1Ta:SnO; could be ascribed to the higher interaction with Ta:SnO-,
leading to promoted electrocatalysis and stronger anchoring. XPS results indeed demonstrated a
greater shift to lower binding energy of the Pt 4f peaks for the low loaded electrocatalyst (Figure
7a), highlighting the higher interaction and electronic transfer from tin oxide to the metal. 7 wt %
represents the optimal Pt loading on a support of low surface area as 1Ta:SnO», allowing a

homogeneous nanocatalyst distribution avoiding any metal nanoparticle-nanoparticle interaction
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and improving electrical contact with the support, finally leading to high electrochemical activity
and stability.

An accelerated stress test to characterize the Pt electrocatalyst degradation was performed with
a reduced upper limit of 1.0 V vs RHE for 7Pt/1Ta:SnO,. The decay in electrochemical surface
area and in mass/specific activities were slightly lower (Table S2, Supporting Information) than
those obtained at the end of the AST designed for degrading the support (up to 1.6 V vs RHE),

suggesting that the instability was mainly driven by the Pt electrocatalyst than by Ta:SnO».

4. CONCLUSION

In SnO> fibers doped with different amounts of Ta, 1 at.% Ta doped tin oxide (1Ta:Sn0O,)
exhibited the highest electrical conductivity (0.09 S-cm™) attributed to the structural distortion
indicated by XRD, XPS and Raman spectroscopy. A very high ORR mass activity at 0.9 V vs RHE
of 0.47 A-mg p' was obtained for Pt/1Ta:SnO, with an ultra-low Pt loading (7 wt.%), to our
knowledge the highest reported for metal oxide-supported electrocatalysts. In addition,
electrochemical stability up to 1.6 V vs RHE was observed, with ECSA and mass activity retention
of 81 and 70 %, respectively. These exceptional activity and stability amongst metal oxide
supported catalysts were attributed to the strong interaction between Pt and Ta:SnO, for which
XPS analysis provided evidence as well as to the high ECSA allowing for isolated nanoparticles
well dispersed on the support. Improved synergy between support and catalyst leads to highly
active and durable Ta:SnO»-supported electrocatalysts, however the ultra-low platinum loading
presents a challenge yet to be addressed in the preparation of functional cathode fuel cell catalyst

layers.
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Figure S1. Fiber diameter distribution histograms of a) 0.5Ta:SnO», b) 1Ta:Sn0O», ¢) 1.5Ta:Sn0O»,
d) 2Ta:Sn0», e) 5Ta:SnO; and f) 7.5Ta:SnO; from SEM images.
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electrocatalyst (in red). The data were recorded at the beginning and end of the accelerated stress

test (BoT, full lines, and EoT, dotted lines).
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Table S1. Percentage of Ta and Sn elements leached from Ta:SnO> upon the indicated applied
potentials.

Applied potential (V) Ta dissolved (wt%) Sn dissolved (wt%)
1.5 0.010 0.0019
1.6 0.015 0.0022
1.7 0.017 0.0028
1.8 0.019 0.0035
1.9 0.017 0.0045
2.0 0.018 0.0056
Total
0.10 0.021
dissolved

Table S2. Electrochemical specific surface area (ECSA), ORR mass activity (MA) and specific
activity (SA) values obtained at 0.9 V vs RHE in 0.1 M HCIO4 for the different electrocatalysts
before (BoT) and after the accelerated stress test consisting in 10,000 cycles from 0.6 to 1.0 V vs
RHE (EoT).

Electrocatalyst Ptloading ECSA BoT/[EoT] MA BoT /[EoT] SA BoT /[EoT] (nA
(Wt%) (m?gh 0.6-1V) (Agh cm?)

7Pt/1Ta:Sn0O> 7 73£1/[611] 465+9/[354£11]  640+20/[580+20.3]
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