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ALD SnO; Protective Decoration Enhances the Durability of a Pt Based
Electrocatalyst

Catherine Marichy®®, Giorgio Ercolano® Gianvito Caputo®$, Marc G. Willinger® Deborah Jones¢, Jacques Roziére®,
Nicola Pinna®", Sara Cavaliere®"

Electrospinning and atomic layer deposition (ALD) have been coupled to prepare functional hetero-structures with potential application in
fuel cells. Electrocatalysts comprising platinum (Pt) nanoparticles dispersed onto electrospun carbon fibers were selectively decorated with
tin dioxide (Sn0Oz) using ALD. The presence of SnO: led to a considerable enhancement of the catalyst durability during voltage cycling.

Introduction

Research on proton exchange membrane fuel cell (PEMFC) electrocatalysts has been mainly focused on
understanding and improving their activity towards the kinetically limiting oxygen reduction reaction (ORR) at the
cathode (and methanol/ethanol oxidation reaction at the direct alcohol fuel cell anode). Significant advances in this
regard have been achieved by tuning the size and morphology of the Pt nanocatalyst and elaborating alloys.[%]
However, performance degradation over time has emerged as a critical aspect complementary to the electrocatalyst
efficiency, and has been extensively studied.2! This issue, together with the low abundance of Pt in the Earth’s crust
and thus its cost, has a great impact on hindering the commercialization of PEMFC and the consequent development
of a sustainable hydrogen-based economy. The two predominant and interacting processes affecting electrocatalyst
lifetime are the corrosion of the carbon-based support and the agglomeration and detachment of the Pt
nanoparticles leading to the loss of active surface area under specific cell operating conditions.

At potential higher than 0.207 V vs. RHE (reversible hydrogen electrode), carbon is oxidized into CO,.E! At potentials
encountered in normal PEMFC operation (0.6 — 0.9 V) the kinetics of the oxidation reaction are sluggish, while under
dynamic processes, such as start-up and shut down, it is accelerated as a direct consequence of high potential values
reached by the cathode, for example due to local fuel starvation!®! (> 1.2 V). Furthermore, the presence of Pt particles
accelerates the phenomenon catalyzing the reaction by providing highly reactive transient oxygen radicals.[] Carbon
corrosion results in detachment/agglomeration of catalyst nanoparticles and a decrease in active surface area and
performance, as well as in an increase in hydrophilicity and loss of porosity of the catalyst layer which negatively
affect the mass-transport of gases and water management.[2b] Concerning the degradation of the nanocatalyst, it
must be considered that under standard conditions platinum is thermodynamically unstable at pH values lower than
0 and at potentials greater than 1.0 V, and that the increase in potential and temperature is detrimental for the
catalyst stability.[®! Together with the detachment related to support oxidation, three other mechanisms are
reported in literature:[2e: 71 Pt nanocrystal migration and coalescence, and Pt dissolution and re-precipitation on the
support (electrochemical Ostwald ripening) or in the membrane (“Pt band”). Poisoning of the Pt surface with
contaminants from the fuel and air, such as CO4, NOy, SOx, H.S, NHs and small organics, leads to the loss of
electrocatalyst activity and fuel cell performance.[8

Several strategies are employed to mitigate the degradation of PEMFC electrodes. To enhance the stability of the Pt
based electrocatalyst, several alloys with noble and non-noble metals in binary and ternary catalysts have shown to
be an effective route against dissolution and detachment.[?l Use of core-shell nanoparticles and tuning of the catalyst
morphology have also proved to be elegant approaches to improve the performance of Pt-based electrocatalysts.[10
In order to avoid support corrosion, novel carbon nanostructured materials e.g. carbon nanotubes and nanofibers
have been developed demonstrating improved stability.[11] In this regard electrospinning has emerged as a straight-
forward and readily up-scalable method to prepare 1D nanomaterials applicable in fuel cell electrodes.[!2l Another
approach is to replace carbon by alternative materials such as transition metal oxides, e.g. TiO, and SnO,, with
intrinsic high electrochemical stability.[!3] The interaction of such oxides with platinum may also promote
electrocatalytic activity through the so-called strong-metal-support-interaction.l4] Nevertheless, the drawback of
metal oxides in general, is their low electrical conductivity that can in some cases be overcome by doping!%3] or by
using carbon based composite materials.[26]



In this work a promising composite electrocatalyst support
material was elaborated based on electrically conducting carbon
nanofibres (CFs) prepared by electrospinning and decorated with
non-conducting stabilizing SnO, using atomic layer deposition
(ALD). In particular, the protecting tin oxide was deposited
directly onto the Pt decorated CFs. This approach has been
recently applied in heterogeneous catalysis, where porous Al,O3
ALD film stabilized Pd particles!’Z) and in electrocatalysis where
ZrO, was deposited around Pt particles previously protected with
an organic layer.[28] Morphology, surface analysis, electrocatalytic
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properties towards ORR and the electrochemical degradation of
such novel electrocatalysts were investigated. The addition of
SnO, permitted a remarkable increase of the catalyst durability
without reducing Pt activity. So far ALD has been coupled to
electrospinning to prepare a Pt electrocatalyst on fibers!29l. Here
ALD allows the protection of both the electrocatalyst and the
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support, while keeping intact their intrinsic catalytic activity and
electrical conductivity, respectively. The unhindered activity may
result from the very low and controlled amount of material

o
o

5 6 7 8 9 10N
Size (nm)

172 3.4 85 @€ 778 90 10N 1 2 3 4

Size (nm)

Figurel. a, c) TEM images and b, d) particle distribution obtained from TEM analysis

deposited on the one hand, and the preferential growth of tin
dioxide on the carbon fibers on the other hand.

of a,b) Pt/CFs, c, d) SnO,/Pt/CFs before cyclic voltammetry.

Results and discussion

The CFs comprise electrospun polyacrylonitrile fibers stabilized
at 280 °C and graphitized under inert atmosphere at 1000 °C.
The as-obtained fibers present an Ip/ls ratio in Raman
spectroscopy of 1.7 comparable to that of commercial carbon
nanotubes.[29 Investigation of the electrical properties using a
four probe method demonstrates electrical conductivity
comparable to that of carbon black Vulcan XC-72, a
conventional electrocatalyst support.[21]

Pt nanoparticles (NPs) were deposited onto the fibers using a
microwave assisted polyol method.[22l TEM images (Figure 1)
show a quite good Pt dispersion with a few aggregates. The size
distribution (see Table SI.1 in Electronic Supplementary
Information ESI and Figure 1b) is centered at 2.3 £ 1.0 nm, while
a domain size of 2.9 nm was determined by XRD. A small
amount of SnO; was deposited in a controlled manner using a
non-aqueous sol-gel ALD approach.23] The number of ALD
cycles was set for ~1 nm thick SnO, coating on Si reference
wafer. No noticeable change on Pt nanoparticle distribution
(Figure 1 and Table SI.1) was observed after deposition. It was
previously demonstrated that the SnO, deposition approach
used leads to granular rather than continuous coating, especially on graphitized carbon.[23-22] However, no clear
evidence of SnO; is visible in TEM images due to the very low amount of SnO, deposited and the amorphous state
of the oxide.[22]

Indeed, the HRTEM images in Figure 2 show that after ALD the Pt surface remains clean and comparable to uncoated
CFs. Dark field STEM image recorded on coated samples (Figure 2d) reveals tiny clusters (red arrows), almost not
visible in bright field (Figure 2c), dispersed onto the carbon, which could be attributed to SnO,

XPS analyses were performed on SnO,-coated samples to confirm the presence of the metal oxide and the Pt loading.
Table SI.2 reports the weight percentage of Pt, Sn, O and C in the sample. In the high resolution scan across the Sn
3d region of Figure 3a the two Sn3ds/; peaks at 486.9 eV and 495.3 eV confirm the presence of tin in an oxidized
state.[23 25] The calculated stoichiometric ratio Sn/O in our samples, utilizing the O 1s peak at 530.7 eV attributed to
the metal oxide, is 0.54, in good agreement with value reported in the literature!15al and confirms the presence of
tin in the oxidation state (IV).28 Platinum, tin, oxygen and carbon were also observed in the survey spectrum.
Looking at the high resolution scan across the Pt 4f region (Figure 3b) mostly Pt in O oxidation state is detected. It is
worthy to note a very small shift of the two Pt4fs; and Pt4f;/, peaks to lower binding energy compared to Pt/CFs,

Figure 2. a, b HRTEM images of Pt/CFs and SnO,/Pt/CFs before cyclic voltammetry. c, d
STEM images of SnO,/Pt/CFs in bright and dark field.



which can be attributed to a slight increase of the local electron density due to charge transfer from SnO, to Pt
resulting from strong metal-metal oxide interaction.[22]

In order to evaluate the impact of the presence of tin oxide on the electrocatalyst accessibility and performance,
cyclic voltammetry (CV) in a N, saturated 0.5 M aqueous H,SO, was performed and is presented in Figure 4a.
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Figure 3. XPS spectra of Sn0,/Pt/CFs (full line) and Pt/CFs (dotted line). High resolution
scans across a) the Sn 3d and b) Pt 4f edges, respectively.
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Figure 4. Cyclic voltammetry at 50 mV/sin a 0.5 M H,SO, solution saturated with N,. b)
ORR Tafel plot for uncoated (dotted line) and SnO,-decorated carbon fibers (full line).

Similar profiles are observed for Pt/CFs with and without SnO,. Both electrocatalysts clearly showed H adsorption
and desorption peaks at 0.05-0.3 VI[28l 3s well as PtO formation and reduction peaks at 0.7-0.9 V. The Pt
electrochemically active surface area (ECSA) was determined from H adsorption and desorption: no significant
change of ECSA is noted between Pt/CFs (27 m2/gp:) and SnO,-decorated Pt/CFs (29 m2/gp:). Similar and comparable
values have been previously reported for other carbon nanofiber based Pt catalysts with similar loading.[1c 29 Thus,
the presence of SnO, does not seem to influence the overall electrochemical behavior of the samples, proving that
the coating does not prevent reacting species from reaching the catalyst. One can therefore conclude that the
deposited SnO; particles does not cover the Pt NPs, but must be preferentially deposited onto the carbon support.
This is also supported by the fact that a retarded nucleation process on noble metal substrates was already
demonstrated in the literature.2% Indeed an onset of deposition was noted on a Pt support;2%l in the case of HfO,
ALD from HfCls and H,0, 30-50 cycles are required to initiate the growth.2%< This behavior has been attributed to
the relative inertness of noble metals toward hydroxylation that is required for the creation of anchoring sites. 200
No oxide is present to initiate the growth and different mechanisms that on oxide or silicon may occur at the early
stage, e.g. it was shown that Pt surface provides a different bonding environment for ALD HfO,.31 Furthermore a
significant lattice mismatch between Pt and metal oxide may also restrict the nucleation of grains leading to a
nucleation delay.3%! Considering the growth rate and the low number of cycles performed here (20 cycles), no real
growth on the Pt NP surface may occur as the offset may have not been reached, even though deposition of few
SnO; clusters on the metal particles cannot be completely excluded. On the other hand, the functional groups
available on the surface of carbon fibers promote the nucleation of SnO; even after only few cycles.32] Therefore,
SnO; should grow preferentially from oxygen functional groups present onto the carbon substrate in proximity to
the Pt catalyst nanoparticles, permitting a strong metal-metal oxide interaction without significant shielding effect.
A schematic representation of the electrocatalyst surface is shown in Figure 5.
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Figure 5. Schematic representation of the SnO,(blue)/Pt(yellow)/CFs (black) surface.



To confirm that the electrocatalyst activity is not hindered by the presence of tin dioxide, ORR was performed in an
0O, saturated 0.5 M aqueous H,SO, at different rotating electrode speeds (Figure S1.2). No loss of the performance
was noted in the presence of the metal oxide as shown by the ORR mass activities (Table SI.3). The calculated
number of electrons involved in the oxygen reduction mechanism using the Koutechy-Levich analysis is ~ 4 for both
electrocatalysts as expected for Pt, suggesting a mechanism that does not involve production of H;0,.23]
Furthermore, the corresponding kinetic currents involved were calculated and are reported in the Tafel plot in Figure
4b. Even though at low current density similar kinetic currents are noted for unprotected Pt/CFs and SnO,/Pt/CFs, a
significant decrease in potential is observed for Pt/CFs compared to the SnO, decorated electrocatalyst. This
suggests a beneficial effect of SnO,-coated fibers at higher potential values, which we attribute to the proximity of
platinum to the metal oxide and its promoting catalytic effect (Figure 5).

In order to evaluate the durability of the electrocatalyst, an accelerated degradation protocol was applied by cycling
from 0.6 to 1.2 V at 100 mV/s for 10,000 cycles and monitoring the electrochemical surface area decrease every
100t cycle performing a CV from 0.05 to 1.2 V at 50 mV/s. Figure 6 presents the ECSA as a function of the cycle
number and shows a reduced ECSA loss for the SnO,-decorated catalysts compared to pristine Pt/CFs
electrocatalysts. In a previous study, the significant ECSA loss and thus catalyst degradation over cycling has been
defined as the major issue for electrospun CFs.[21] SnO,-decorated Pt/CFs samples maintained an active surface area
around 20 m2/gp by the end of the cycling, while the loss of Pt active surface on unprotected carbon fibers was much
more significant. The loss is halved with addition of SnO; as reported in Table SI.4 and thus a positive influence of
SnO; decoration with respect to degradation over cycling is clearly demonstrated. This result is in agreement with
the high electrochemical stability reported in the literature of the metal oxide, used either as additive or as
replacement for conventional carbon-based electrocatalyst supports.[152 34]

To further confirm the protecting role of the tin oxide component on the Pt/CFs, an accelerated corrosion test was
performed in conditions providing information on degradation under fuel starvation and reverse current at the
cathode side (1.4 V/RHE, 80 °C, 0.5 M H,SOq4, 2h). The corrosion is quantified in terms of loss of material by the effect
of electrochemical oxidation.23! For carbon based materials the corrosion reaction is well known:

C+ H;0 - COz + 4H* + 4e- Refl2b]

From integration of the oxidation currents over time (oxidation charge) it is possible to estimate the carbon loss into
CO; from the Faraday law. Figure 6b presents the currents obtained versus time for ALD SnO, protected and
unprotected samples. It is evident that the oxidation charge is lower for the former (3.2 C/mg, carbon loss 12.6 %)
than for the pristine CFs (5.3 C/mg, carbon loss 16.2 %). This accelerated test clearly proves that the metal oxide is
able to cover and partially protect the carbon support from corrosion (see Figure 5).
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Finally, TEM studies were performed on the 5 % Pt loaded CF catalysts with and without SnO; after CV prolonged
cycling (Figure 7a,c). It is evident that the amount of Pt remaining on the fibers after 10,000 cycles is much higher
on the SnO; coated CFs (Figure 7b) than on the non-protected CFs (Figure 7a). A better dispersion of the particles is
also observed in the presence of the oxide. For both samples, growth of Pt nanoparticles is noted with a size
distribution (Table SI.1) increasing from ~2 nm before to either 7 nm or 4.9 nm after cycling for Pt/CFs and
Sn0,/Pt/CFs, respectively, indicating that Ostwald ripening is almost suppressed by SnO; surrounding the noble
metal particles (Figure 5). It must be also noted that a narrower particle distribution is obtained in the presence of
the metal oxide (Figure 7b,d) Therefore the improved durability is probably related not only to the protection of
carbon from corrosion but also to a better stability, adhesion and confinement onto CFs of Pt NPs in presence of
SnOz.
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Figure 7. TEM images a,c) and b,d) particle distribution from TEM analysis of a,b) Pt3%-CFs and c,d) SnO,-Pt>%*-CFs after 10,000 potential cycles.

Experimental

Polyacrylonitrile (PAN, Mw=150,000, Sigma Aldrich) based carbon fibers were prepared combining electrospinning
with thermal treatment as already reported.2ll 8 % (w/w) PAN solution in N,N-dimethylformamide (DMF, 98%,
Sigma Aldrich) was feed to a metallic needle via a syringe pump with a flow rate of 1 ml/h. An electric field of 15 kV
was applied between the needle and a metallic rotating drum collector (from Linari Engineering) placed 10 cm away.
As-prepared PAN fibers were collected in the form of non-woven mats. Fiber carbonization was realized by a two-
step thermal treatment. First an oxidative stabilization was performed at 280 °C for 1 h followed by a carbonization
for 1 h under N, at 1000 °C using a heating ramp of 1 °C/min.

CFs were loaded at 20 % (w/w) with Pt NPs synthesized by a microwave assisted polyol synthesis.[152]
Thermogravimetric analysis was performed in air up to 800 °C (10 °C/min) using a Netzsch TG 439 thermobalance
to determine the Pt loading on Pt/CF electrospun fibers.

After Pt deposition, the differently heat-treated CFs were coated with SnO, by nonaqueous ALD.[23] Based on
approaches used for CNT coating,[28! Pt/CFs were contained during the deposition inside of a “tea bag” made of
Kevlar mat. Tin tert-butoxide and acetic acid were used as metal and oxygen source, respectively.23] Depositions
took place in exposure mode home-made reactor at 175 °C and 20 ALD cycles were performed.

Structural characterization was performed by X-ray diffraction on a PANAlytical X’'pert powder diffractometer
equipped with CuKa radiation (A = 1.542 A). The Pt crystallite size was estimated by the Scherrer equation using the
Pt(111) diffraction line at 39.7°.

Bright field TEM images were acquired on a Philips CM 200 LaB6 microscope operated at 200 kV. Phase contrast and
STEM images were acquired on a Jeol-ARM200F equipped with a cold field emission gun and operated at 200 kV.
X-ray photoelectron spectroscopy was performed using a Physical Electronics PHI 5700 spectrometer with a non-
monochromatic Mg K, radiation (300 W, 15 kV, hv = 1253.6 eV) as excitation source. Spectra were recorded at a 45°
take-off angle by a concentric hemispherical analyzer operating in the constant pass energy mode at 25.9 eV, using
a 720 um diameter analysis area. Core level C 1s, O 1s, Pt 4f and Sn 3d signals were recorded. Powdered solids were
mounted on a sample holder without adhesive tape and kept overnight in a high vacuum chamber before they were
transferred inside the analysis chamber of the spectrometer. Each region was scanned with several sweeps until a
good signal to noise ratio was observed. The pressure in the analysis chamber was maintained below 10-7 Pa. PHI
ACCESS ESCA-V6.0 F and Multipak 8.2b software packages were used for acquisition and data analysis. A Shirley-
type background was subtracted from the signals. Recorded spectra were always fitted using Gauss—Lorentz curves
in order to determine the binding energy of the different element core levels more accurately. The accuracy of the
binding energy (BE) values was within +0.1 eV. Electrochemical analyses were carried out in a three-electrode cell
comprising a gold (chronoamperometry) or glassy carbon (other voltammetric characterizations) rotating disk
electrode (RDE) (working electrode geometric area 0.196 cm?), a reversible hydrogen electrode (RHE, reference
electrode) and a platinum wire (counter electrode), and a Pine bipotentiostat model AFCBP1. All the potential values
are referred to the RHE. Catalyst ink was prepared by mixing 10 mg Pt/CF catalyst with 108.5 pl of 5 % (w/w)



aqueous/alcoholic solution of Nafion, 300 pl of ethanol and 30 ul of DI water. After 20 min of sonication, 7 pl of ink
was deposited onto the electrodes and dried for 10 min to obtain a total Pt loading of 32 pg on the RDE tip. CV was
performed in 0.5 M H,SO4 solution saturated with either N, or Oz on glassy carbon electrode after deposition of the
electrocatalyst. In particular ECSA determination was performed by CV in 0.5 M H,SO4 solution saturated with N;
cycling between 0.05 and 1.2 V (vs RHE) at a speed of 50 mV/s while ORR tests were performed by linear sweep
voltammetry in 0.5 M H,SO, saturated with O, between 0.2 and 1.2 V (vs RHE) at a scan speed of 20 mV/s and RDE
rotating speeds of 400, 900, 1600 and 2500 RPM.

Cyclic voltammetry based accelerated degradation tests were performed by cycling between 0.6 and 1.2 V at 100
mV/s for 10,000 cycles measuring the ECSA every 100t cycle at 50 mV/s.

Potentiostatic accelerated stress tests were performed by holding the gold working electrode potential at 1.4 V vs
RHE for 2 hiin 0.5 M H,SO,4 at 80 °C. Pt/CFs before and after SnO, ALD were characterized by TEM using a LaBe Philips
CM 200 microscope working at 200 kV.

Conclusions

By combining original synthetic approaches, i.e. electrospinning, microwave-assisted synthesis and atomic layer
deposition, a novel electrocatalyst was elaborated with significantly improved stability over cycling. The addition of
SnO; permitted a remarkable increase of the catalyst durability and even a slight increase in the Pt activity. Regarding
the different characterizations presented in this work, it can be safely concluded that ALD of SnO, allows the
protection of both the electrocatalyst and the support, while keeping intact their intrinsic catalytic activity and
electrical conductivity, respectively. Lower corrosion of the carbon support, moderate aggregation of Pt particles
and improved stability, adhesion and confinement on CFs of Pt NPs were observed when the electrocatalyst is
decorated with tin oxide. The protection of Pt/CFs with metal oxide halves the degradation of the electrocatalyst
over prolonged electrochemical cycling. Furthermore unhindered activity of Pt was observed suggesting no growth
on the noble metal and preferential grow of tin dioxide on the carbon fibers although metal — metal oxide interaction
seems to occur due to the proximity between these CF-supported components. It must be stressed that the
successful selective SnO, decoration is only based on the difference in reactivity and density of anchoring sites of
the Pt and CFs, without need of a protective organic layer around Pt, for example. Finally, this work certainly paves
the way to the elaboration of modified carbon-based electrodes for fuel cells and related energy applications.
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