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Tin dioxide is a promising catalyst support to improve the stability of proton-exchange membrane fuel cells (PEMFC) cathodes at
high voltages. However, optimizing the catalytic activity for the oxygen reduction reaction (ORR) of tin dioxide based electrocatalyst
still remains challenging. In this study, an antimony doped tin dioxide (ATO) aerogel featuring suitable physico-chemical properties
for application at a PEMFC cathode was successfully synthetized. Two platinum nanoparticles deposition methods were tested
and compared. One is a chemical reduction route (using ethylene glycol, EG), the other uses ultraviolet (UV) irradiation followed
by different thermal post-treatments. Electrocatalysts structure and morphology were analyzed by X-ray diffraction (XRD) and
transmission electron microscopy (TEM) experiments. The highest ORR mass activity measured in liquid electroly@enats25
obtained for PYATO from EG method (32 Ag! versus 27 A g for a reference P/HSAC 40 wt%). Pt/ATO turned out to be

more stable than Pt/HSAC during an accelerated stress test composed of 5,000 potential cycles between 1.0 and 1.5 V vs. RHE at
80 C.

© The Author(s) 2018. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BYhttp://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DQD.1149/2.0041806j¢s [®)sy |

Manuscript submitted December 20, 2017; revised manuscript received February 1, 2018. Published FebruaryTiis 2@p&r
is part of the JES Focus Issue on Proton Exchange Membrane Fuel Cell (PEMFC) Durability.

Proton-exchange membrane fuel cells (PEMFCs) are energy cont.0 V vs. RHE> ! The COR is more intense during start/stop or
verters producing electricity, heat and water from hydrogen and oxy-fuel starvation events, for which high potential values are reached
gen gases$? This technology can be scaled up within a large range of at the cathode sidé€E(> 1.5 V vs. RHE)'-17 Carbon corrosion oc-
power from a few W to hundreds of kW and operates at low tempera-curring at the cathode side can therefore be seVele. improve
tures (80C) thus allowing quick starts. It is tolerant to carbon dioxide the durability of PEMFC cathodes, carbon-free supports have been
(CO,) and so can be fed by air and not only by pure oxyges) (O proposed as an alternative to carbon blacks. Among metal oxides,
State-of-the-art PEMFC anodes and cathodes both require platinurwhich are thermodynamically stable in PEMFC cathode operating
(Pt) to electrocatalyze the hydrogen oxidation reaction (HOR) and theconditions, tin dioxide (Sng) appears to be the most promisitig?’
oxygen reduction reaction (ORR), respectively. The electrocatalystSnG, is an-type semi-conductor but its electronic conductivity can
are usually Pt nanoparticles supported on high-surface area carbon cae enhanced by doping with hypervalent donor elem&ntéMost
3—4 nm in diameter. The support enables ef cient Pt nanoparticle de-of the dopant elements added to the $n@trix are known to inhibit
position, ionomer insertion, (liquid) water and gas ow management. particle growth and modify the material morpholdgy* Nb-25-28

Although the initial performances of PEMFCs are now acceptableor Sh?5262%-37doped Sn@ materials have already been tested as
for industrial deployment, their lifetime and reliability still need to catalyst support. Pt/SnGbased electrocatalysts have demonstrated
be improved to render them economically competitive with batterieshigh mass activity for the ORR, sometimes surpassing that of Pt/C
and internal combustion engines. Signi cant performance losses arelectrocatalysts. Kakinuma et al. prepared 3.0 nm-sized Pt nanopar-
indeed observed during PEMFC operation, due to the degradatioticles supported on Sh-doped or Nb-doped S$FS* Both the ORR
of electrode materials. For example, a loss of electrochemical surfacenass activity and the stability of their electrocatalysts measured in
area (ECSA) is monitored over time, which is mainly caused by migra-rotating disk electrode (RDE) con guration were higher than that of
tion/aggregation of Pt nanoparticles on the carbon suggdtt disso- a reference Pt/C material. The Pt nanoparticles (3.1 nm) deposited
lution/redeposition (electrochemical Ostwald ripenig@nd/or cat-  onto Ta-doped SnDby Senoo et al. (Pt loading 15.8 wt%) also
alyst support corrosion leading to detachment of Pt nanoparfictes. showed a high mass activity for the ORR and excellent duraBfiity.
The latter process, the electrochemical carbon oxidation reactiomhis was ascribed to strong interactions between Pt and the
(COR), is thermodynamically favorable at potentials higher than 0.2SnG,-based support (Strong Metal Support Interactions, SNFSTIt
V vs. the reversible hydrogen electrode (RHE) according to Reactionis well established that SMSI modi es the electronic structure dfPt.

1: However, a recent study has shown that steric effects mlghtfa?lso be
+ 5 _ the reason of the enhanced ORR kinetics (lower activation baffier).
C+2H0 CO+ 4H"+4& E =0207VvsRHE [1] A number of works have demonstrated the interest of metal oxides to
At temperatures below 10Q and potential below 1.0 V vs. RHE, support Pt nanoparticles for use at PEMFC cathodes. However, only
the COR kinetics is considered to be reasonably slow. Howeverjn very few studies did the support present a texture compatible with
rapid and signi cant carbon weight loss has been monitored abovegood Pt nanoparticle deposition, ionomer insertion, and gas and water
mass-transport.
The work presented here lIs this gap; it is dedicated to the deposi-
Electrochemical Society Member. tion process of Pt on Sb-doped tin dioxide aerogel (ATO aerogel). Due
“E-mail: christian.beauger@mines-paristech.fr to their remarkable morphology and texture, carbon aerogels have
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alrez_ady proven their ability to ef ciently support catalysts for PEM_FC Table I. Reduction routes and thermal post-treatments applied to
applications’**> ATO aerogels are composed of aggregated particles  pyATO (impregnation/reduction method).
forming a three-dimensional network, very similar to that of carbon

aerogels. This material features a relatively high electronic conductiv-  gamples Reduction Calcination Annealing
ity (0.12 S cn¥!), and a morphology adapted to PEMFC application,

i.e. a reasonably high speci ¢ surface area of 85g%t (considering I-1 H2 (200 C, 3 h)

the skeleton density of Sn{and a bimodal pore size distribution -2 UV (300W, 1 h)

centered on 20 nm and 45 nm. These ATO aerogel-based electro- |3 UV (300W, 3 h)

catalysts have been characterized and their electrocatalytic activity UV (300W, 5 h)

toward oxygen reduction reaction evaluated in previous workin :'5 Ux (SOOW 3 E) B (200 C1 E)

this study, we focus on the impact of the Pt reduction route and that of Ig BV gggw g h; ;%r((fé)o% 3; h))

thermal post-treatments on the physico-chemical and electrochemical 18 oV (300W: 3h) b (200 C,’S h) Aif (400C, 2 h)

properties of the obtained Pt/ATO electrocatalysts. The results show
that the deposition process affects the Pt nanopatrticle size, the surface
of exposed crystallographic facets, and their crystallinity. To evaluate. T
the most promising deposition process, an accelerated stress te:lt(g:ﬁ\'ir;%t;%?] Iirr]1 gi/rN;t?O%I(%ofgrfgrhl(soe:rﬁ Ilqe(i%r)nglreiﬁ)I;:Saliinndatli-(?r)\’
(AST) mimicking start/stop cycles was performed, and the durabilityin H/N, (200 C, 3 h) followed b annealﬁw in air at 400 for 3 h
of Pt/ATO electrocatalysts compared with that of a reference Pt/C. 2 |2 L8 Th’ ducti Y d 9 di |
Herein, two Pt deposition methods are compared. The rst one,(Samp el ).' de' r?l' lé)(;t'on routes and corresponding sample names
adapted from the literatuf®?7333446-4%5 3 modi ed polyol route are summarized in fable
using ethylene glycol as a solvent and reducing agent (EG method).
The second deposition method is an incipient wetness impregnation Characterization.—X-ray diffraction (XRD) measurements were
method of ATO with a Pt salt (5PtCk, 6H,0). The reduction is  performed using an X'Pert pro Philips diffractometer (Cu K =
performed either in a reducing atmospherg/{#4 5 vol.%) or under ~ 1.5405 A). The diffractometer was operated at 45 kV and 30 mA. The
ultraviolet (UV) irradiation. The effect of thermal post-treatments in data were collected in steps of 0.Gom 20 to 90 in 2- mode with
different atmospheres (oxidizing or reducing) was also investigateda Pixcel counter.
after UV irradiation. The distribution and dispersion of Pt nanopatrticles onto the ATO
supportwere analyzed by HRTEM (high-resolution transmission elec-
tron microscopy) or HAADF/STEM (high-angular dark- eld scan-
Experimental ning TEM) using a spherical aberration probe-corrected FEI-Themis
. microscope operating at 200 kV and equipped with a Super-X system
Catalyst support synthesis route #he Sh-doped SnOaerogel (4 silicon Drift Detectors) optimized for high-speed X-ray energy-
was synthesized by a sol-gel route described in a former Work. gispersive spectrometry (X-EDS) measurements. For these TEM anal-
Briey, tin (IV) isopropoxide (Alfa Aesar) and antimony (lll) iso-  yses, each electrocatalyst powder was dispersed in isopropanol and a
propoxide (Alfa Aesar), were mixed in water and isopropanol, using drop was deposited on a lacey-carbon TEM grid.
nitric acid as a catalyst. Sol-gel parameters were cho;en as follows: TEMm images of PUHSAC were acquired using a JEOL 2010
HNO3/Sn= 0.072 mol/mol, HO/Sn= 3.06 mol/mol and iPrOH/Sn microscope operated at 200 kV.
= 119 mol/mol. The gels formed were aged at room temperature for The pt weight fractions were determined by atomic absorption
48 h, washed with isopropanol 3 times a day during 2 days, and theRpectrometry (AAS) measurements using solutions resulting from the
dried in supercritical CeX80 bars, 40C). The resulting aerogels were  gjigestion of the electrocatalyst samples (PYATO and Pt/C) in con-
calcined in air at 60 for 5 h. centrated aqua regia during 20 hours. The digestion solution was
centrifuged, diluted and injected into the AAS (PinAAcle 900T from
Pt Deposition protocols.—Two Pt deposition methods were usedPerkin Elmer) using a mixture of air and acetylene. The Pt weight
in this study. In the EG method, Pt nanoparticles are synthesized irfiraction was calculated based on a calibration curve, obtained with
solution before deposition on the support whereas in the other onstandard solutions prepared from Pt single element AAS standard
they are formed directly on the support. solution (1,000 ppm, RotiStar, Roth).
In the EG method, ethylene glycol acts both as a reducing agent The electrochemical measurements were performed using an Au-
and a stabilizer of the formed Pt nanoparticles. 140 mg #t8k, tolab PGSTAT20 and a rotating disk electrode (RDE). Catalytic inks
6 H,0 were dissolved in 100 mL of EG. The pH was adjusted to 10 by were prepared by dispersing the catalyst and Na on in ultrapure water.
adding appropriate amounts of NaOH, and the solution was re uxed atnks were formulated to obtain a constant Pt loading on the working
160 C for 30 minin argon. ATO previously dispersed in 4 mL of water electrode (WE). The quantity of Na on was adjusted to obtain the
was then added and the pH was reduced to 2 by addition, 8 same |m thickness (2 Mm@ on msupponsz) whatever the speci ¢ sur-
(Suprapur, Merck). The dispersion was left at room temperature undeface area of the supports. 80 of the catalytic suspension were
magnetic stirring during 24 h before Itration and copious washing deposited on the working electrode (glassy carbon disk, geometric
with Milli-Q grade water. area: 0.196 cf) in two steps (4QuL each) targeting a nal loading
In the incipient wetness impregnation method, 155 mg of ATO of 60 gp; CMgeom 2. The deposits were then dried at 100
(dispersed in 4 mL of water) were impregnated with 10 mL of an ~ The catalytic activity measurements and the durability test were
aqueous solution of #PtCk, 6H,0 (8.2 mg mL>t). The dispersion  conducted in two different four-electrode electrochemical glass cells,
was heated at 6@ under magnetic stirring until total solvent evap- a characterization and a degradation cell. For each of them, a glassy
oration. The resulting powder was heat-treated in air at @50r 1 carbon plate was used as the counter-electrode (to avoid contami-
h. The powder was then washed with water until elimination of all nation of the working electrode by metal cations resulting from its
chloride (CP) ions from the Itrate (CP ions were detected from dissolution), a Reversible Hydrogen Electrode (RHE) as the reference
AgCI precipitation with AgNQ solution). The PtO colloids formed electrode and a Pt wire connected to the reference-electrode was used
after the heat-treatment in air were then reduced by calcination irto Iter the high frequency electrical noise. The electrolyte was a 0.1
H2/N, (5 vol. %) for 3 h at 200C (sample I-1). Alternatively, UV M H,S0, solution freshly prepared from MQ-grade water (18.2 M
irradiation was used (mercury lamp, 500 W, 6285, from Newport). cm, 1-3 ppb TOC) and 80, (Suprapur, Merck).
Different irradiation durations were tested: 1, 3 and 5 h (samples Cyclic voltammograms (CVs) were recorded between 0.05 and
I-2, 1-3 and I-4). Lastly, different thermal post-treatments were nally 1.23 V vs. RHE at a potential sweep rate wi= 0.1 V ! in
evaluated to complete Pt nanoparticles reduction or crystallizationAr-saturated 0.1 M KSQO,. The Pt speci ¢ surface area b was
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calculated from the polarization curves in the positive-going potential
sweep using the Koutecky-Levich method.

Results and Discussion

The ef ciency of the two deposition protocols was evaluated by
considering i) the structure and the morphology of the Pt nanopar-
ticles (XRD, HRTEM and HAADF/STEM), ii) the speci c surface
area &) and iii) the electrocatalytic activity for the oxygen reduc-
tion reaction (ORR) measured in RDE con guration. The stability
of the most promising Pt/ATO electrocatalysts toward AST was also
evaluated.

It is noteworthy on Figurel that the Pt nanoparticles deposited
on the ATO aerogel surface by the EG method are essentially inter-
connected to form laments. HRTEM images even suggest that the
laments actually consist of individual crystallites of 2 or 3 nm in
diameter. Such an arrangement was not observed after similar de-
position on carbon XC7% Considering the morphology described
above (lament) it is not relevant to estimate the Pt nanoparticle
size from the specic surface area data (the Pt nanoparticles are
A i far from being spherical). XRD analysis con rmed the presence of
A - 1! , - - Pt nanocrystallites. The Pt weight fraction estimated by AAS was

e £ A2 ° o ATO 21 wt%.

R SR A IR The Pt nanoparticles deposited using the incipient wetness im-

pregnation method signi cantly differ from those obtained following
20 30 40 50 60 70 80 90 EG method. In this method, ATO was rst impregnated with the Pt
20(9) salt precursor solution, and the resulting dispersion was dried &t 60
until total evaporation of the solvent. Different reduction routes were
Figure 1. HAADF/STEM images at two magni cations (a) and XRD patterns ysed.
(b) of ATO and Pt/ATO aerogels prepared using the EG method. After reduction in H/N, at 200C for 3 h, the XRD patterns ev-
idenced Pt (111) and Pt (200) characteristic peaks on sample I-1 at
39.1 and 45.8 respectively (see Figurg). As already reported by
determined by coulometry of the under-potential desorption of HKamiuchi et al*° characteristic peaks of an intermetallic compound,
atoms (Hpq). The catalytic activity for the ORR was determined from PtSn, were also observed at 2= 29, 42 and 44. The authors
CVs performed at a potential sweep rate of0.005 V $* from 0.4 to attributed the presence of this compound to the reduction of the tin
1.05 V vs. RHE at different rotating speeds (400, 900, 1,600 and 2,50@xide phase. They also observed the formation of core-shell nanopar-
rpm). The mass activities for the ORREt 0.9 V vs. RHE were ticles, Pt@Sn@ resulting from partial oxidation of the Sn atoms

(b)
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Figure 2. XRD patterns of ATO and Pt/ATO aerogels obtained from the incipient wetness impregnation method after different reduction routes and heat-treatmen

Downloaded on 2018-02-19 to IP 77.158.181.1 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use ) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Sociefy§5 (6) F3036-F3044 (2018) F3039

Pt {111}
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Figure 3. HAADF/STEM images of Pt/ATO aerogel after heat-treatment in reducing atmosphere, I-1 (a), Pt nanoparticles lying at the edge ofaarSiQ
Neither SnQ@ nor PtSn shell is visible around the nanoparticles.

from the intermetallic compound. This phenomenon has also beetemperature of 40@, instead of 20QC, was chosen to preserve the
reported for PtYW@ by Micoud et aF° It is driven by the difference  support morphology (previously calcined at 6G0or crystallization).

in surface energy between the MOx support and the Pt nanoparticle®\fter this treatment, still no characteristic Pt patterns could be detected
During the calcination in a reducing atmosphere, sub-stoichiometriqsee Figure2, I-7). Pt nanoparticles were however clearly observed
metal oxides are formed. These are highly mobile and encapsulate then TEM images (Figurélc). Their sizes were comparable to those
Pt nanoparticles to minimize the total surface energy of the PYWO observed after UV irradiation and calcination unde¥N} (sample
compound. In this study, neither X-EDS Sn elemental maps nor high-5). Despite a higher calcination temperature (4D@s. 200C), this
resolution HAADF/STEM images acquired on Pt nanoparticles lying kind of heat-treatment in air was not ef cient enough to crystallize
at the edge of the Sn(particle (see Figur8) provided evidence of the Pt nanoparticles.

Pt core@Sn@nanoparticle structure or PtSn phase formation. These After post-treatment in HN,, Pt nanoparticles were well crys-
analyses cannot be generalized to a lot of Pt nanoparticles due to thallized and evenly distributed over the ATO surface, with diameters
dif culty of detecting PtSn phase when Pt nanoparticles are superimranging from 1 to 3 nm. To re-oxidize and separate the Pt and Sn
posed to the Sngsupport. Neither the size of the Pt nanoparticles nor phases from the PtSn intermetallic compound, the sample was rst
their distribution was homogeneous. Some relatively large Pt nanoparealcined in H/N, and then annealed in air at 4@for 2 h. The XRD
ticles, with a diameter of about 6 to 7 nm, were observed together withpatterns of the resulting sample (I-8) display only the characteristic
smaller ones of 1to 2 nmin diameter. Moreover, some Pt agglomerategeaks of metallic Pt (Figur2, 1-8). In addition, no signi cant differ-
appeared in some regions. ence in Pt particle size was observed compared to samples I-5 and I-7

As already reported, Pt nanoparticles can be deposited on MOXFigure4d).
supports using photoreducti6h The hydrogen reduction step was To conclude, from structural and morphological points of view,
thus replaced by UV irradiation. According to the analysis of TEM heat treatments performed under different atmospheres have a strong
images, the duration of UV irradiation had no in uence on the size in uence on the morphology and nature of Pt nanoparticles (metal or
distribution of the Pt nanoparticl&s(l-2, I-3 and 1-4). Whatever the
irradiation time (1 h, 3 h or 5 h), Pt nanoparticles were perfectly dis-
tributed on the ATO support. A homogeneous distribution of particles
with diameters around 2 nm was observed after 3 h of irradiation
(sample I-3, see Figuréa). 4

Nevertheless, no characteristic peak of Pt could be detected byg
XRD on samples I-2 to I-4 (see Figu®. This may be rationalized
by considering that the Pt nanoparticles are either (i) too small to
be evidenced with XRD (not likely, as similar Pt nanoparticle sizes
usually lead to clear XRD patterns), (ii) amorphous, or (jii) still not
reduced after 5 h of photoreduction (not likely, as TEM images pro
vide evidence of Pt nanoparticles, see FiglireTo determine which
hypothesis is valid, thermal post-treatments were performed to com-
plete the reduction and/or the crystallization of the Pt nanoparticles.
These consist in thermal treatments performed in hydrogen and ait
(samples I-5 to I-8, Tabl§.

After post-treatment in HN, for 1 h at 200C (I-5), Pt and PtSn
phases were detected by XRD, as in the case of I-1 (reduction unde
H./N, only). The Pt nanoparticles were still evenly distributed on the
ATO surface but their size distribution was broader: particles of about
3 nm in diameter and others of less than 1 nm were observed (se¢
Figure4b). This clearly indicates that the two-step reduction has an
in uence on both the structure and morphology of the Pt nanoparti-
cles. They are indeed smaller than after a single reduction step in H
(sample I-1) and more crystalline than after a single reduction by UV
irradiation (sample I-3). This kind of post-treatment is bene cial con-
sidering the foreseen application. However, the presence of PtSn inter-

metallic compound may in uence the electrocatalytic activity for the rjgyre 4. TEM micrographs of PUATO aerogels after UV reduction (3 h) I-3
ORR. (a), HAADF/STEM image of Pt/ATO aerogels after UV irradiatien heat

To avoid the formation of the PtSn phase while attempting to treatment: H (200 C, 1 h), I-5 (b), air (400C, 2 h), I-7 (c) and K (200 C,
crystallize the Pt, calcination was performed in air (sample 1-7). A 3 h) + air (400 C, 2 h), I-8 (d).

(a)
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TEC10V40E

N, =355
d, =35+08nm

d,=4.0nm =>ECSA=70m; g,
d,=4.3nm

Figure 5. TEM image and Pt particle size distribution of the Pt/HSAC 40 wt% catalyst used as reference (TKK TEC10V40E).

oxide, crystallized or amorphous). A promising electrocatalyst (from  Despite this smalle®s; value, the PYATO-EG electrocatalyst fea-

a materials point of view) can be obtained by UV irradiation, followed tures slightly higher ORR mass activity than the reference electrocata-

by calcination in H/N, and annealing in air (sample 1-8). lyst (32 A gt vs. 27 A g, respectively), in agreement with former
The Pt weight fraction obtained after the incipient wetness im- literature ndings?%3%-38This is usually accounted for by considering

pregnation method was estimated as 19 wt% on sample I-3 by AASa synergy between the Pt nanoparticles and the metal oxide support

Since post-thermal treatments performed on I-3 are unlikely to modify(SMSI) or preferential crystalline orientation of Pt nanoparticles and

the Pt loading of the resulting samples (I-4 to I-8), we assumed thaparticle size effects although none of these phenomena were identi ed

all samples obtained from the incipient wetness impregnation methodn this study.

feature a similar loading (19 wt%). The electrochemical signatures of the Pt/ATO-I samples strongly
Figure 5 displays TEM image and the associated particle sizedepend on the post-treatment (Fig6ts.

distribution of the reference Pt/HSAC catalyst. The Pt nanoparticles  After photoreduction (sample I-3% is very low, reaching only

are evenly distributed on the carbon support, and the mean particlé n? ge>*. This is consistent with the XRD observations showing

size range between 3 and 4 nm. the absence of Pt diffraction patterns. These results con rm that UV

irradiation at 300 W for 3 hours is not suf cient to fully reduce Pt. The

thermal post-treatment inJN, performed after UV irradiation (I-5

and I-6) is bene cial;S values are indeed signi cantly increased, in

a manner scaling with the annealing time: 1 or 3 h lead to highgr S

13 and 14.5 rhiget, respectively for samples I-5 and I-6. Annealing

in air after UV irradiation (I-7) provided a surprisingly high$alue

of 45 ? ge>L. This value is almost 3 times higher than that obtained
Initial performance of the different PtYATO aerogel after post-treatment in #N,. This signi cant difference is probably

electrocatalysts.-Figure 6 compares the base CVs of Pt/ATO- the consequence of the weaker chemisorption of hydrogen on PtSn

EG and Pt/HSAC (Figuréa) and the different Pt/ATO-I samples due to strain and ligand effects.

Electrochemical measurements.—The Pt speci c surface area
(Sy) and the ORR mass activity (MAy) at E= 0.9 V vs. RHE
of different Pt/ATO aerogel samples were determined in RDE con g-
uration and benchmarked to those of PtYHSAC.

(Figure6b). The corresponding Pt speci ¢ surface arga)@d ORR Sample I-8, obtained after UV irradiation, calcination in g¥p
mass activities determined at 0.9 V. \BRHE (MA,oy) are displayed  and annealing in air, exhibits no ORR activity. Yet its structure and
in Tablell. morphology appear promising (metallic Pt was detected by XRD and

In the positive-going potential sweep, the CVs of Pt/ATO-EG elec- good dispersion of Pt nanoparticles was observed by TEM). This
trocatalyst obtained by the polyol route and of the reference Pt/HSACabsence of ORR activity after annealing in air may be due to the re-
electrocatalyst feature the adsorption/desorption of under-potentiabxidation of Sn atoms around Pt nanoparticles, or to the encapsulation
deposited H (k) between 0.05< E < 0.40 V vs. RHE and the  of the Pt nanoparticles by Sn, restricting the access to Pt nanoparticles
formation of surface oxides (OH/O) at 0./5E < 1.2 V vs. RHE in both cases.

(Figure6a). These Pt surface oxides are reduced between E2 Electrocatalyst I-7 (UV irradiatior calcination in air) is the only
0.45 V vs. RHE on the reverse potential sweep. The positive shift ofsample from the incipient wetness impregnation method that shows
the surface oxide reduction peak observed for Pt/ATO-EG relative toa higherSy than PY/ATO obtained from the EG method (45 ga>!

that of Pt/HSAC suggests that larger Pt nanoparticles are present ovs. 32 nf ge°?).

Pt/ATO-EG, in agreement with TEM observations and the dependence Depending on the post-treatment, the incipient wetness impregna-
of this peak position on the Pt nanoparticle size. tion method resulted in various but overall lower ORR mass activities

Looking at Figure6a, the Hyq charge is obviously greater for compared to the EG method (see Talb)e
P/HSAC than for Pt/ATO-EG. The Pt speci c surface area calculated  In agreement with very o values, the ORR mass activities of
from the coulometry of the {4 desorption peaks amounts to 32 m samples I-3 and I-8 were too low to be measured. As stated above,
ge>t on PH/ATO versus 72 fge* on PYHSAC. on the one hand a single UV irradiation (I-3) is not suf cient to
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Figure 6. (a, b) Base cyclic voltammograms (Ar-saturated, 0.1 W58y) and (c, d) ORR polarization curves {@aturated, 0.1 M bSO;) measured on
PUATO-EG, P/HSAC and Pt/ATO-I samples. The ORR measurements were performed at a potential sweer@@s V £ and a rotating speed 1,600 rpm.

Positive-going potential sweep from 0.40 to 1.05 V vs. RHAE; 25 C.

reduce Pt nanoparticles, and on the other hand, annealing in air afteXRD patterns, in which no crystalline Pt could be detected on the
calcination in H/N, (I-8) probably resulted in the encapsulation of Pt samples (see Figu).
nanoparticles by SnQafter re-oxidation of PtSn. Thermal post-treatment is necessary to activate Pt nanoparticles
Although a slight difference was observed $ after different after photoreduction. Calcination irpHN, (200 C, 3 h) or air (400C,
calcination durations in HN, following UV irradiation (I-5 vs. I-6), 2 h) resulted in similar ORR mass-activity, the latter showing a much
in general the longer the calcination time, the higher the ORR massigherS, value.
activity. Moreover, it is noteworthy that the ORR mass activity of ~ To summarize, different Pt/ATO aerogel electrocatalysts were syn-
sample 1-6 (3 h of calcination) approaches that of Pt/HSAC (22 Athesized and electrochemically characterized using the RDE tech-
Optt VS, 27 A got). nique. The highest Pt speci c surface aré&a was obtained with
The sample post-treated in air (I-7) features the higBasind a the incipient wetness impregnation method, after UV irradiation and
ORR mass activity approaching that of the reference Pt/HSAC (21 Apost-treatment in air (I-7), while the highest ORR mass activity was
grot vs. 27 A got). Despite this much highers§ its mass activity  obtained with the EG method. The latter even exceeds that of the com-
remains similar to that obtained after post-treatment ifNi (1-6). mercial carbon-based electrocatalyst taken as reference (Pt/HSAC).
This can be interpreted by considering that calcination in air likely
increases the Pt crystallinity level suf ciently to permitJd but not

enough to ef ciently catalyze the ORR. This is consistent with the ~ Durability.—Owing to its better ORR activity, PUATO-EG was

Table Il. Electrochemical characterization results (RDE).

Reduction routes and heat

Set

MAo.9v

selected for durability tests. The accelerated stress test (AST) per-
formed was composed of 5,000 potential cycles with a square-wave
pro le between 1.0 and 1.5 V vs. RHE (holding time bf 3 s at

each potentiall = 80 C). This AST mimics the potential values ex-
perienced by a PEMFC cathode electrocatalyst during start/stop of
the PEMFC system or fuel-starvation events. The temperature chosen
for the AST was 80C, since it mimics the changes in morphology

Samples treatments (m?ge) (A gpe?t) and surface reactivity occurring on Pt nanopatrticles in a real PEMFC

Pt/HSAC 72 27 environment, as recently shown in RB8. The AST and the electro-
EG Chemical reduction 32 32 chemical characterizations (base CVs and ORR polarization curves)
I-3 UV (300W, 3 h) 6 _ were performed in two different electrochemical cells: this procedure
I-5 UV (300W, 3 h)+ Hy (200 C, 1 h) 13 14 guarantees the determination of the true ORR kinetics without any ad-
1-6 UV (300W, 3 h)+ H, (200 C, 3 h) 145 22 verse interference of metallic ions, which could be released during the
17 UV (300W, 3 h)+ air (400 C, 2 h) 45 21 AST5* The electrolyte composition was not changed in the AST cell,
I-8 UV (300W, 3 h)+ H (200 C, 3 h) 3 - but replaced with fresh electrolyte for each intermediate characteriza-

+ air (400 C, 2 h)

tion in the “characterization” cell. For the sake of reproducibility, the
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Figure 7. Changes of the base CVs and ORR polarization curves during an AST composed of 5,000 potential cycles with a square-wave pro le between 1.0 a
1.5V vs. RHE aff = 80 C for Pt/ATO-EG (a, ¢) and Pt/HSAC (b, d). The ORR measurements were performeesat@ated 0.1 M bSO, at a potential sweep
ratev= 0.005V $, a rotating speed 1,600 rpm and a temperaiure25+ 1 C. Positive-going potential sweep from 0.40 to 1.05 V vs. RHE.

measurements were performed three times on each catalyst (the errtztined) are in line with former literature nding%2%*”and con rm
bars represent the standard deviation). that Pt/ATO-EG is a promising alternative to Pt/HSAC for operation
The intermediate CVs recorded during the AST are displayed inat a PEMFC cathode.
Figure7. The homothetic depreciation of the coulometry required to
adsorb/desorb fj; and form surface oxides on the Pt/HSAC electro-
catalyst clearly suggests that most of the initial ECSA was lost. The
pseudo-capacitance of the electrode did not vary signi cantly during
the AST potential cycles, thereby suggesting that the Pt nanopatrticles In conclusion, ATO aerogel-based electrocatalysts were prepared
simply detached from the HSAC support, in agreement with formerusing two Pt nanoparticle deposition methods starting from the same
ndings on the same cataly$t.On Pt/ATO, the variations of the base Pt salt precursor (5PtCk). The rst one, labeled EG, is based on
CVs and ORR polarization curves were smaller. Figtadlustrates a chemical reduction route using ethylene glycol as a solvent and
the loss ofS; on Pt/HSAC: (i) the ORR polarization curve shifted reducing agent, the second one, labeled |, uses UV irradiation to
toward more negative electrode potential and (ii) the diffusion-limited reduce Pt after ATO impregnation with the Pt precursor, followed by
current decreased. In agreement with model studies on Pt/C by Rudifferent thermal post-treatments.
vinskiy et al®® and Dong et at® these changes re ect the decreased  Electrocatalysts from the EG method exhibit crystalline Pt
density of Q adsorption sites in the electrode. nanoparticles, 2—-3 nm in size, arranged in the form of laments com-
The variations in Pt speci c surface area, relative to the initial posed of agglomerated nanoparticles. The Pt specic surface area
value recorded for Pt/HSAC, are monitored against the number ofeaches 32 fge>, about half of that measured for the PYHSAC
potential cycles in Figur8a. After 5,000 potential cycles between 1.0 taken as reference {S= 72 n? ge°). Despite this difference, a
and 1.5 V vs. RHE, 75% of the initié&@ was lost for the PtYHSAC  higher mass activity for the ORR was measured for the Pt/ATO elec-
electrocatalyst. Meanwhile, the initi&, decreased by only 33% on trocatalyst compared to the Pt/HSAC electrocatalyst (32A grs.
Pt/ATO-EG. Hence, despite a lowSs, value at the beginning of the 27 A go>1, respectively).
test (most likely resulting from the presence of laments, see Fig- The electrocatalysts prepared with the incipient wetness impreg-
ure 1), Pt/ATO-EG is more robust in experimental conditions critical nation method led, after the UV irradiation step, to Pt nanoparticles
to carbon supports. The advantage in Pt speci ¢ surface area also pre&a. 2—-3 nm in size, perfectly distributed on the surface of the sup-
vails in terms of electrocatalytic activity for the ORR: both the initial port. However, no peak characteristic of crystalline Pt was detected
and the long-term ORR speci ¢ activities are slightly larger on the by X-ray diffraction.
Pt/ATO-EG electrocatalyst than on the reference Pt/HSAC electrocat- Reduction by heat-treatment under a reducing atmosphefi{H
alyst. Because of the smaller Pt speci ¢ surface area, both materialed to crystalline Pt nanoparticles, which were however too large
performed identically in terms of ORR mass activity, in agreement (7—8 nm) for the foreseen application; these nanoparticles also present
with our former ndings3® However, due to the pronounced detach- evidence of the formation of a PtSn intermetallic compound (and/or
ment of Pt nanoparticles from the HSAC support, the electrocatalyticencapsulation of the Pt nanoparticles by Sn) that is detrimental to
advantage of Pt/ATO-EG was enhanced after the AST. After 5,000electrocatalysis.
potential cycles between 1.0 and 1.5 V vs. RHE, the Pt/ATO-EG  The in uence of thermal post-treatments after the UV irradiation,
electrocatalyst achieved 1.5-fold and 3-fold enhancement over theinder either a reducing or an oxidizing atmosphere was also investi-
reference Pt/HSAC electrocatalyst, in speci ¢ and mass activity for gated. Whatever the nature of the thermal treatment, few differences
the ORR, respectively. These improved ORR performances couplegvere observed in terms of particle size and distribution on the ATO
to the apparent resistance to electrochemical corroSgmwés main- surface. However, thermal treatments have an important in uence on

Conclusions
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step ($:= 45 n? ge>t), the highest ORR mass activity was obtained
after calcining the UV irradiated Pt/ATO in a reducing atmosphere
(MAggv = 22 A go™t). These results suggest that, despite improved
Pt speci c surface area, Pt was not crystalline enough after calcination
in an oxidizing atmosphere to ef ciently catalyze the ORR. The best
mass activity for the ORR obtained after the incipient wetness impreg-
nation method was therefore still lower than for samples prepared by
the EG method or the reference Pt/HSAC. We postulate that this is
due to incomplete crystallization/reduction of the Pt salt precursor.

Among the samples compared in this study, Pt/ATO obtained by
the EG method possessed the best ORR mass activity. The durability
of this electrocatalyst was measured at@®y applying up to 5,000
potential cycles between 1.0 and 1.5 V vs. RHE. In these conditions,
Pt/ATO was much more stable than PtHSAC: the carbon-based elec-
trocatalyst lost 50% of its initial mass activity for the ORR, whereas
that of Pt/ATO increased by 25%. In consequence, ATO aerogels
prove to be credible alternatives to high-surface area carbon blacks
for application at a PEMFC cathode. Further work will now be dedi-
cated to their evaluation in a membrane electrode assembly in real-life
PEMFC operating conditions.
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