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Experimental
Chemicals
Ethanol (<99.8 %, Baker), water (D.I.), NH4OH (28-30 %, Sigma Aldrich), tetraethoxysilane (TEOS, <99%, Sigma Aldrich), octadecyltrimethoxysilane (OTMS, 90 %, Sigma Aldrich), SnCl2·2 H2O (98 %, Fluka), Sb(III)acetate (99.99 %, Sigma Aldrich), K2PtCl4 (98 %, Sigma Aldrich), ethylene glycol (99.8 %, Sigma Aldrich), polyvinylpyrrolidone (55,000 mw, PVP), hydrofluoric acid (HF, 48-51%, Alfa Aesar),
ATO support
The ATO support is prepared in a multistep hard-templating procedure using SiO2 as sacrificial template. 
Briefly, for the preparation of mesoporous silica sphere templates with 220 nm diameter, ethanol (675 ml), water (127.8 ml) and NH4OH (21 ml) are mixed and stirred for 5 min. A solution of TEOS (22.5 ml) and OTMS (9 ml) is rapidly injected into the reaction mixture using a disposable syringe and the mixture is stirred for 20 h. The particles are collected via centrifugation, dried at 75 °C for 20 h without any washing and calcined in air at 550 °C for 3 h (heating rate 1 K·min‑1). Prior to use, the silica template is activated under vacuum (80 °C, 3 h). The formation of the ATO replica is achieved in a multistep process, using an incipient wetness method and taking advantage of the very low melting temperature of SnCl2·2H2O. The respective amount of Sb(III)acetate (dopant amount calculated as Sb/(Sb+Sn)), is slurried in 200 µl ethanol. The antimony precursor dispersion is impregnated into the silica template in three steps and the mixture is stirred with a spatula and sonicated (3 min) before being dried in an oven (80 °C, 3 h) after the third impregnation step. The whole amount of SnCl2·2 H2O is added, the mixture is mixed with a spatula and treated in an ultrasonic bath (60 °C, 4 x 30 min) with intermittent mixing with a spatula. Afterwards the powder is cooled to room temperature, then transferred into a crucible and calcined (550 °C, 3 h, 1.3 K·min-1). The respective residual pore volume is determined with an N2-sorption experiment and the impregnation/calcination process is repeated up to four times to achieve complete filling of the pore volume. Later experiments have shown a sufficient replication in only one impregnation/calcination step, so the number of steps was reduced to one (exact number of impregnation steps given in Table 1). Finally, the silica template was removed using HF.   



Table S1: Overview of ATO materials in recent publications tested as support materials for platinum catalysts applied in ORR. 
	Reference #
	Materials
	ATO morphology
	Cond. / S·cm-1
	Catalyst
	ECSA / m²·g-1
	SA / µA·cmPt-2 (0.9 V)
	MA /
A·gPt-1
(0.9 V)
	Aging results

	1
	SnO2/5 % Sb ATO/10 %  Sb ATO/15  %  Sb ATO/ Vulcan XC-72 reference
	40-80 m²·g-1, 12 nm size, 20-40 nm pore volume
	?
	20 % Pt (polyol) (<3 nm) on ATO (10 % Sb)
	40
	350
	150
	10000 steps (3 s, 1.0-1.5 VRHE) ECSA loss: 20 %, SA loss 85 %, MA loss: 20 %

	2
	0 %,5 %, 10 %, 15 % Sb ATO aerogel
1 %, 2 % , 5 %, 10 %, 15 % Sb ATO xerogel (600 °C)
	81/56/85/42 m²·g-1, (aerogel)
21/20/23/32/57/63 m²·g-1 (xerogel)
	2·10-5 (0%)/0.41 (2 %)/ 0.97 (5 %)/ 0.81 (10 %)/ 0.71 (15 %)
	?
	?
	?
	?
	?

	3
	0.25 %, 1 % Sb, 2 % Sb, 5 % Sb, 8 % Sb ATO
	50 m²·g-1
	0.7
	Pt (polyol) on 5 % Sb ATO
	59
	314
	320
	40000 cycles, ECSA loss: 26 % (0.6-1.0 VRHE) and 10 % (1.0-1.5 VRHE) 

	4
	0 %, 3 %, 5 %, 8 %, 11 % Sb ATO
	20-60 m²·g-1
	0.0023, 0.09, 0.83, 0.73, 0.446
	Pt (polyol), 20 %  on 5 % ATO
	20
	250
	50
	MA/ECSA unchanged (3000 cycles, 0.65 – 1.15VRHE)

	5
	0% Sb/5 % Sb/10 % Sb ATO, fibers
	26/27/35 m²·g-1
	0.001/0.7/1.0
	40 % Pt on 10 % ATO
	31
	?
	140/430 (0.85 V)
	10000 cycles (0.6-1.2 VRHE), 60 % ECSA left

	6
	9 % Sb, 20 % Sb, 30 % Sb ATO – Films (400 °C)
	Film
	140/11/0.05
	Pt, 2 µg·cm-2 (2-10 nm)
	30-37
	300/100/230
	?
	?

	7
	SnO2, 10 % Sb ATO
	80 m², 5-8 nm size, 20-50 pore volume
	?
	20 % Pt (polyol)
	17 / 35
	10 / 300
	2 /90
	10000 steps (3 s): Sb mass loss: 10 % (1.0-1.5 VRHE), 30 % (0.6 -1.0 VRHE), 40 % (0.1 -1 VRHE)

	8
	commercial ATO / ATO reduced (in H2)
	12 nm size
	?
	10 % Pt, size: 3 nm
	65 / 100
	100 / 68
	65/68
	1000 cycles (0.5-1.5 VRHE), ECSA loss 30 %, Pt mass to 90 %

	9
	ATO aerogel
	?
	?
	Pt (polyol)
	32
	100
	32
	5000 cycles (1.0-1.5 VRHE)
ECSA loss: 30 %; SA increase: 80 %, MA increase: 25 %.

	10
	commercial ATO / ATO reduced (in H2)
	Ca. 12 nm particles
	?
	5%/10%/20 % Pt (polyol and organometallic)
	40-100
	60-140
	50-100
	1000 cycles (0.5 -1.5 VRHE) ECSA loss: 30 %, MA loss: 40-50 %

	11
	10 % Sb ATO aerogel (600 °C)
	85 m²·g-1
	0.13
	25 % Pt reduction/ deposition
	24/32
	?
	?/28
	?

	12
	ATO (8 % Sb)
	50 m²·g-1
	0.02
	Thin film of Pt (10 µg·cm-2)
	
	155
	15.5
	1000 cycles (0.5-1.5 VRHE),  MA loss 26 %

	13
	4 % Sb ATO (flame combustion)
	33 m²·g-1
	40
	12.3 % Pt, 2.7 nm
	68
	750 (0.85 VRHE)
	515 (0.85 VRHE)
	5000 cycles (0.9-1.3 VRHE), 78 % ECSA left

	14
	5 % Sb ATO (hydrazine)
	115 m²·g-1
	?
	20 % Pt (3nm) borohydride method
	81
	115 (0.85 VRHE)
	94 (0.85 VRHE)
	300 cycles (0 -1.45 VRHE): 95 % ECSA left

	15
	4 % Sb ATO (flame combustion)
	125 m²·g-1
	1.2
	20 % Pt
	50
	1200 (0.8 VRHE)
	?
	5000 potential steps (30 s, 0.9-1.3 VRHE): ECSA 20 % increase

	16
	SnO2
	?
	3·10-5
	2.8 /18.4 % Pt
	60/37
	?
	?
	?

	17
	SnO2
	15 m²·g-1
	5·10-5
	20 % Pt
	20
	100 (0.8 VRHE)
	15 (0.8 VRHE)
	60000 steps (0.9-1.3 VRHE): 20 % Pt leached, particles size unchanged

	18
	SnO2 /ATO (? %Sb)
	?
	?
	20 % Pt
	20/40
	?
	?
	10000 cycles (0.6-1.3 VRHE), ECSA: stable (SnO2),75 % loss(ATO)

	19
	Pt/C (EC300 Ketjenblack)
	-
	-
	30 wt%
	ca. 50
	ca. 500
	ca. 280
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Figure S1: STEM/EDX measurements of platinum, antimony and tin for all ATO supported samples. Left: one-pot, right: two-pot samples.
Pt-commercial-ATO (reference)
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Figure S2: STEM/EDX measurements of platinum, antimony and tin for a sample supported on commercial ATO. Commercial ATO nanoparticles (Sigma Aldrich) have a surface area of 70 m²·g-1 with a broad ATO particle size distribution. The antimony doping concentration is 15 %, while the platinum loading is 19 % with an average particle size of 4.9±0.8 nm. 


Pt-HGS (reference)
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Figure S3: TEM images of Pt-HGS reference material.
ATO full spheres
[image: C:\Users\jalalpoor\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\YT1CG7YZ\JAD-JB-062-01_10 (2).tif]   [image: C:\Users\jalalpoor\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\YT1CG7YZ\JAD-JB-062-01_19 (2).tif]
Figure S4: TEM images of the ATO full spheres (11 % Sb-ATO)


Conductivity
An important specification of support materials for electrochemical applications is their electron conductivity. For ATO, multiple publications have determined conductivities for very different morphologies to values in the order of 0.02 to 1 S·cm-1 1, 12, 20-23. For highly porous materials, conductivity measurements are generally challenging due to grain boundary resistances. Therefore, determined values need to be interpreted with caution. The values compiled in Table 1 are reproduced from the detailed publication24 on the ATO supports and have been determined by impedance measurements and in a recently developed powder conductivity cell at ZBT which allows to measure the conductivity and the apparent density as a function of the compression force. In general, the conductivity values determined by the powder conductivity cell are in the expected order of magnitude. The conductivities could only be determined for selected samples, due to the large amounts of sample needed, and they are therefore not included in this manuscript.


	At F = 100 N.cm-2
	Measured ρ [g.cm-3]
	σ [S.cm-1]

	Vulcan
	0,42
	3,82E+00

	ATO (11%Sb)
	1,47
	2,37E-01

	ATO (15%Sb) commercial
	1,08
	3,19E-04

	SnO2
	1,04
	2,45E-06



CO-stripping peak analysis
[image: ]
[bookmark: _Ref521048139]Figure S5: CO Stripping experiments of all samples. A: non-normalized values. B: Normalized graph to the highest peak. C: Enlarged view of the double peak region of B.
Comparing the shape of the CO stripping graphs, several trends can be deduced: (i) The intensity of the pre-peak at 0.45 VRHE, which is a result of antimony oxidation 25, is a function of the antimony content. (ii) Antimony containing samples show a double peak for CO oxidation in contrast to the single peak of the SnO2 and a standard C support. (iii) With increasing antimony content, the CO stripping peak is shifted to lower values. (iv) The relative intensity of the first of the two parts of the double peak is increasing with increasing antimony content. (v) The last peak at 0.9 VRHE is probably related to the ATO support, as it is relatively largest for the sample with the lowest ECSA/CO oxidation charge. 
From these trends it can be deduced, that antimony causes a significant change of the CO stripping peak shape. This double peak might be due to the presence of different surface species and is frequently reported for ATO supported platinum catalysts.26-28 The sharp peak at higher potentials is caused by bare platinum sites (not influenced by antimony), while the broader peak might be a result of a facilitated co-oxidation of CO with antimony oxide species in the vicinity to platinum surface sites. Since the synthesis allowed for precise control of the platinum particle size for all samples, the respective oxidation potential might be a function of the local antimony concentration or the distance of an antimony site to a platinum site, leading to peak broadening. With increasing antimony content, two effects come into play: The intensity of the first peak increases due to a higher share of antimony (oxide) on the surface, and the overall potential is reduced, probably due to a change in the electronic effects after formation of the PtSb alloy. This alloy formation might also influence the overall amount of CO bound to the surface explaining the increased ECSA values of the high-antimony containing samples. 
The ATO support material shows an oxidative peak at ca. 0.9 VRHE and no CO stripping signal. 
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Figure S6: CV in Ar and CO stripping of the pure ATO reference material.


BOL/EOL activity and ECSA
[image: ]
[bookmark: _Ref17259444]Figure S7: Beginning- and end-of-life activity values for the AST-1.0 and AST-1.4, as well as the relative activity losses for the AST-1.4. ECSA values during AST determined by HUPD (without exchanging the electrolyte).
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Figure S8: Changes in ECSA values during an AST-1.0


Electrolyte Exchange
Antimony species present in the electrolyte might adversely influence the activity of the platinum particles by re-depositioning and poisoning. Due to obvious antimony leaching during the stress test, exchanging the electrolyte before the EOL activity test will drastically reduce the concentration of antimony species in the electrolyte. Figure S8(A) gives an overview of the influence of the electrolyte exchange on the activity of the sample after the AST. For the Pt-3 % Sb-ATO sample, the influence of the electrolyte exchange on the activity after the stress test is drastic, especially for AST-1.0. Figure S8(B, C) shows the respective values for a number of other samples and the carbon supported reference after an AST to 1.0 VRHE. For the majority of the samples, including the carbon reference, a similar, though lower (except for the Pt-commercial-ATO sample), effect can be observed. 
[image: ]
Figure S9: Influence of the electrolyte exchange on the EOL activity: “1.0 V” vs. “1.0 V EEX” for specific (A) and mass (B) activities after an AST protocol with an upper potential limit of 1.0 VRHE.



Antimony-Electrolyte
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Figure S10: Influence of antimony in the electrolyte on the ECSA value of the Pt-HGS reference sample. Measurements were conducted applying used electrolyte of a stability test of the Pt-4% Sb-ATO sample immediately after the RDE tip was dipped into the electrolyte. 
Comparing the ECSA values of the Pt-HGS sample in fresh and antimony containing, used electrolyte reveals a significant difference depending on the measuring technique. This is most probably due to parts of the platinum surface covered by antimony. However, despite the reduced antimony accumulation on platinum and suppressed alloy formation, the electrochemical performance is very comparable for the samples prepared by the two different synthesis strategies. This is probably due to the high mobility of antimony and its interaction with platinum. 
[image: ]
Figure S11: Comparison of the electrochemical performance of the 1-pot and 2-pot samples including activity determination after AST and electrolyte exchange. No significant difference detectable.

Rietveld Refinement
Table S2: Platinum cell parameters as determined from Rietveld refinement. Platinum reference taken from 29
	Sample
	Cell parameter [Å]

	(Pt-)SnO2
	3.9250 (5)

	(Pt-)2 % Sb-ATO
	3.9244 (6)

	(Pt-)3 % Sb-ATO
	3.9269 (6)

	(Pt-)4 % Sb-ATO
	3.9242 (5)

	(Pt-)11 % Sb-ATO
	3.9434 (6)

	(Pt-)11 % Sb-ATO-two pot
	3.9262(6)

	(Pt-)commercial-ATO
	3.9411 (5)

	(Pt-)commercial-ATO-two pot
	3.9271 (10) 

	Pt reference
	3.9242 (1)


















MEA and SEM/EDX measurements
Catalyst layers were sprayed via an ultrasonic nozzle (Exacta Coat FC Fuel Cell Coating System, Sono-Tek, USA) on decal (transfer) PTFE foil, fixed by a heated vacuum table. Since the platinum content [wt.%] of the catalysts tested is varying, the total number of catalyst layers sprayed was set in order to achieve a common final cathode Pt loading of 100 µgPt.cm-2. The waiting time between spraying single layers is set to allow for full evaporation of the solvents. The anodes are prepared with HiSPEC2000, 10 wt.% Pt/Vulcan XC72R (JM) via the ultrasonic spray method to reach an anode platinum loading of 50 µgPt.cm-2. The so-coated anode and cathode catalyst layers are transferred (hot pressed) onto a Nafion HP membrane (Alfa Aesar, USA) via an optimized decal procedure by a professional hot press device (Vogt GmbH, Germany). Gas diffusion structures (GDS) type H23C8 (Freudenberg FCCT, Germany) are used in the PEMFC assembly. 
[image: ]
Figure S12: SEM images and EDX mapping of the MEA after activity and stability tests (see description in afore paragraph).  
The MEAs performances and durabilities are tested in a single cell hardware with an active geometric electrode area of 25 cm2 (balticFuelCells GmbH, water temperature controlled version) with an optimized fine flow field design by ZBT. The cell and gas temperatures are set to 80 °C and the relative humidity at both anode and cathode was set to 65%. The hydrogen and air stoichiometries are set to 3.0 for the anode and the cathode at a total pressure of 2.5 atm. abs. The full MEAs electrochemical measurements are performed with an electronic load EL500/60/100 (Zentro Elektronik GmbH, Germany), Zennium workstation coupled with a potentiostat PP201 and an electronic load EL1000 (Zahner-Elektrik GmbH & Co, KG) and AC-milliohmmeter MR2212 W (Schütz Messtechnik GmbH). The accelerated stress test (AST) is performed in the same fuel cell hardware in H2/N2 mode. During the cathode AST and CV measurements, the anode is used as counter electrode and RHE, while the cathode is supplied with 11 l·h-1 N2. AST consisted of 30000 triangular potential cycles between E = 0.4 and 1.0 VRHE at a scan rate of 1 V·s-1 under ambient pressure and 65 % relative humidity. The electrochemical data is collected after the cell conditioning prior to AST cycles, then after 500, 10 000 and 30 000 AST cycles. The humidity and temperature conditions are the same as during the polarization tests and electrochemical impedance spectroscopy (EIS).
To gain additional insights on the mobility of antimony, SEM measurements were performed on an MEA after an activity and degradation test. S12 shows a cross section together with the respective EDX mapping data. The membrane can be identified by the high sulfur concentration due to sulfonic acid groups in the ionomer. On the right side of the membrane the carbon supported platinum hydrogen oxidation commercial catalyst is deposited in a smooth and thin layer. The ATO supported platinum ORR catalyst is visible on the left side of the membrane. Next to a smoothly coated layer with direct contact with the membrane the majority of the catalyst seems to be in poor contact with the membrane due to partial delamination. Additionally, the catalyst layer is at 20 µm significantly thicker than expected. This poor contact might be a relevant factor in the overall performance of the MEA. The comparison of the EDX mapping results of tin and antimony reveals an important difference. While tin is mostly concentrated in the ORR catalyst layer, antimony has visibly penetrated the membrane. Dissolved antimony thereby exchanges protons in the membrane and can significantly reduce the proton conductivity of the membrane with large impact on the MEA performance30.     


[image: ]
Figure S13: Current voltage diagram of the SFC experiments of Pt/ATO shown in Figure 5 in the main manuscript. 
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