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1 Experimental

S1.1 Graphene oxide synthesis

Graphene oxide (GO) was synthesised using a modified Hummer's method reported previously
[1]. In a 5 dm? beaker, 1 dm? of 96 wt.% H>SO4 (Suprapure, Merck, Germany) was mixed with
110 cm? of 85 wt.% H3POa. Graphite (Imerys, Switzeland) was added, followed by KMnO4
(99.9%, Carlo Erba) increments every 24 h, totalling 5 wt. eq. (a total mass of five times the
mass of graphite). After two days of stirring, the reaction was quenched with ice and 30 wt.%
H>0O» until coloured changed from purple to yellow. The resulting GO settled overnight, and the
supernatant was replaced with ultrapure water. Additional washing steps included dispersion in
5 wt.% HCI, centrifugation, and re-dispersion in ultrapure water with multiple cycles. The final

GO suspension was treated with a homogeniser for 1 h in an ice bath.

S1.2 Pt-Co(Ni) catalyst synthesis

The synthesis involved producing Ketjenblack (KB) and reduced graphene oxide (rGO)
supported Co(Ni)/KB composite materials using the pulse combustion reactor reported
previously [2]. For Co/KB, 75.4 g of Co(AcO)2-4H20 (99.9 wt.%, Sigma Aldrich) and 30 g of
KB EC300J (Nouryon, Netherlands) were mixed in 1 dm® of ultrapure water. Similarly, for
Ni/KB synthesis, 75.4 g of Ni(AcO),-4H>0 (99.9 wt.% Sigma Aldrich) were utilised. In the
case of Co/rGO, 25.0 g of Co(AcO)-4H>0 was dissolved in 1 dm® of ~14 g GO dm > ultrapure
water suspension. These precursors were mixed vigorously using a homogeniser for 10 min
before introduction to the pulse combustion reactor. In summary, materials were synthesised in
a reactor utilising a specialised combustor. The combustor receives air through a valve powered
by a blower, and the airflow is measured with a thermal mass flow meter. The fuel, CsHs, is
regulated by another meter and controller. The appropriate ratio of fuel to air is set by adjusting
the blower speed or fuel flow. Additionally, C3Hg can be mixed with N2 to control pressure
fluctuations in the reactor. These fluctuations impact temperature and gas composition, leading
to more efficient fuel combustion with reduced O, amount. The combustor features a secondary
inlet for C2Ha, injected to enhance the reductive atmosphere. A T-section enables the spraying
of precursors into the hot zone of the reactor where the precursors are introduced to the flue gas
where nanoparticles form on KB or rGO support. Co(Ni)/KB composites are collected with an
electrostatic filter. The intermetallic Pt-alloy electrocatalysts, were prepared by depositing Pt
nanoparticles on the prepared Co/KB, Ni/KB or Co/tGO composites through the double
passivation galvanic displacement method reported previously [3]. The composites with
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deposited Pt nanoparticles were further thermally annealed for intermetallic crystal phase
formation in Ar atmosphere at 700 °C for 5 h. Finally, all the prepared catalysts, including Pt-
Co/KB, Pt-Ni/KB and Pt-Co/rGO, underwent chemical activation, following established

procedures [4] which involve acid treatment followed by multiple washing cycles.

S1.3 In-situ XAS cell

The core of the cell consisted of a PTFE block (5 cm % 6 cm % 2 cm) with a milled cavity (2 cm
x 2.5 cm % 0.4 cm, corresponding to 2 cm®). A 2 cm X 2 cm square was cut from a GDE and
affixed to the cavity from the inside using Kapton tape (80 pum), such that the catalyst layer of
GDE faced outward and was additionally sealed with Kapton tape.

Duralumin plates, each 1 cm thick, were mounted on both sides of the PTFE block. The rear
plate was planar, while the front plate featured a conical hole (2 to 3 cm in diameter), positioned
above the GDE to allow X-ray transmission through the catalyst layer. A PEEK spacer
(Spectra/Mesh, Spectra Laboratories) was inserted between the PTFE block and the front
duralumin plate to ensure proper sealing.

The assembly was finalised with insulating components: a rear layer made from 1 c¢cm thick
inorganic aluminosilicate fire-resistant composite, and two 0.5 cm thick PTFE plates on the
outermost sides. These outer PTFE plates extended vertically by 1 cm beyond the core cell body
and served as support legs. The duralumin plates were equipped with two 35 W cylindrical
heating cartridges (diameter 2.5 mm, length 30 mm, Omega, USA). Temperature was monitored
via a thermocouple (SSRTC, Omega, USA) inserted into the PTFE block and regulated by a
home-built PID temperature controller.

At the beginning of each experiment, 1.6 cm?® of 95 wt.% H3POs solution (prepared from
crystalline H3PO4 and demineralised water) was pipetted into the pre-heated cell. The cell was
heated to 100, 140, 160, or 180 °C. A fresh GDE sample was used at each temperature and
absorption edge to avoid signal degradation. XAS spectra were acquired at the Pt Ls-edge and
the Co and Ni K-edges. . Each in-situ measurement lasted 4 h during which XAS spectra (each
3 min long) were continuously recorded. The average time delay between acid injection into
the pre-heated cell and end of acquisition of the first XAS spectrum was around 12 min. Exact
delay times for individual experiment are reported in the following sections. Each individual
scan required 3 min for completion. The measurements were performed in fluorescence (PIPS
detector) mode. The corresponding metallic foils were measured simultaneously with the
samples to align the energy. The same software and the same data processing as in the case of

ex-situ samples were used.
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Figure S1.1: In-situ XAS measuring cell. All dimension in mm. Photographs were taken on millimeter paper to
provide a scale reference



2 ORR activity of the catalysts in aqueous HCIO at 25 °C
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Figure S2.1: Tafel slopes, K-L, kinetic currents of pristine catalysts calculated from various revolution rates (400-
900-1600-2500 rpm); RDE electrode, 25 °C, 10 uQmetais cm 2 of catalyst, 0.5 mol dm=3 HCIO4, 10 mV s, corrected

for background currents and uncompensated resistance, Tafel slope evaluated in high overpotential region



Table S2.1: ORR kinetic parameters of H3PO4 leached catalysts determined in 0.1 mol dm—3 HCIO4 at 25 °C. LSV,
1600 rpm, 20 mV s%, corrected for background currents and uncompensated resistance, use of corresponding
Eogrr,i,r, thin film on GC RRE (10 ugmetais cm 2 of catalyst after leaching in 97.6 wt.% H3sPO, at 180 °C for 0-72 h)

Degradation Tafel slope / ESCAco/ jex I mA m
Catalyst type time / h mV dec? cm? mg*
Pristine 82.0+1.3 50.0 + 3.6 6.7+1.9
1 98 +2 36.7+1.1 37.8+4.0
3 100 + 7 40.3+6.0 30.6£4.9
Puc 8 93+2 40.9+43 16.6+1.0
24 96+ 1 32.4+2.0 23.7+40
72 88+1 285+ 1.5 8.0£0.3
Pristine 60.6 £0.5 92.7 £8.7 30.8+24
1 104 + 3 89.1+1.1 26.9+21.4
3 105 + 2 57.4+6.5 45.5+6.1
PLCo/kB 8 100+ 2 76.5+5.7 37.2+13.0
24 105 +5 72.3+0.6 50.6 +13.5
72 93+1 56.8 +1.0 15.6 +£0.9
Pristine 85.7+2.9 113.0 + 16.3 68.0£0.1
1 108 + 2 81.0+6.9 31.6 +14.3
3 113+ 4 68.3+45 60.0+6.2
PL-ColrGO 8 93+1 740+ 25 21.8+1.6
24 114 +5 531+ 1.4 65.0 +18.3
72 100 + 3 56.5+0.8 220+ 4.5
Pristine 68.0 + 3.5 64.0+4.2 6.9+29
1 90+2 53.5+1.8 274 +£7.7
3 94 +1 57.6+4.5 23.6+7.2
PLNI/KB 8 100+ 6 543+ 1.6 30.5+14.7
24 102+ 4 61.6 +0.7 60.1+24.4
72 0+1 51.5+0.3 163+04
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Figure S2.2: ORR kinetic parameters of H;PO4 leached catalyst determined in 0.1 mol dm=3 HCIO, at 25 °C. LSV,
1600 rpm, 20 mV s, corrected for background currents and uncompensated resistance, use of corresponding
Eorr,1 thin film on GC RRE (10 u@metais cm 2 of Pt/C catalyst after leaching in 97.6 wt.% H3sPO4 at 180 °C for 0-
72 h)



3 Leaching of the catalyst powders in concentrated H;PQ,4 at 180 °C
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Figure S3.1: Survey X-ray photoelectron spectra of the catalyst samples before and after leaching in 97.6 wt.%

H3PO,4 at 180 °C for 0, 1, 3, 8,24 and 72 h
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Figure S3.2: High-resolution X-ray photoelectron spectra of the catalyst samples before and after leaching in
97.6 wt.% H3PO4 at 180 °Cfor 0,1, 3,8,24 and 72 h

Table S3.1: Weight ratio of Pt to non-Pt metal (ppyx xrr) Of the catalyst samples before and after leaching in 97.6
wt.% H3PO, at 180 °C for 0, 1, 3, 8, 24 and 72 h, XRF

Degradation time /h ~ Pt-Co/KB Pt-Co/rGO Pt-Ni/KB
0 145+0.2 8.1+0.1 5.3+0.02
1 22.1+0.4 15.7+0.2 6.4+0.03
3 20.6 £0.5 16.6 0.2 6.4+0.03
8 235+05 13.1+0.2 6.4+0.04
24 27.6+0.6 13.8+0.2 6.5+0.03
72 36.3+0.8 18.3+0.2 6.4 +0.05
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Figure S3.3: Distribution of Pt and Co mass fraction in multiple alloy particles, TEM/EDS spot analysis, Pt-
Co/KB catalyst, pristine and after leaching in 97.6 wt.% HsPO, at 180 °C for 24 h, indication of specific particles

on the x-axis
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Figure S3.4: Distribution of Pt and Co mass fraction in multiple alloy particles, TEM/EDS spot analysis, Pt-
Co/rGO catalyst, pristine and after leaching in 97.6 wt.% H3sPO4 at 180 °C for 24 h, indication of specific particles

on the x-axis
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Figure S3.5: Distribution of Pt and Ni mass fraction in multiple alloy particles, TEM/EDS spot analysis, Pt-Ni/KB
catalyst, pristine and after leaching in 97.6 wt.% H3sPQO, at 180 °C for 24 h, indication of specific particles on the

X-axis
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Figure S3.6: Raman spectra of catalysts before and after leaching in 97.6 wt.% H3;PO, at 180 °C for 24 h

Table S3.2: Crystallite size interpreted from Pt(111) reflection of the catalyst samples before and after leaching
in 97.6 wt.% HsPO, at 180 °C for 1, 3, 8, 24 and 72 h, XRD, triplicate measurements were taken only at time O h

and 24 h, the other times are represented by one sample only

Degradation time /h  PY/C Pt-Co/KB  Pt-Co/rGO
0 270+0.04 3.15+0.12 310+0.02
1 45 4.0 3.4
3 4.8 4.3 3.3
8 5.2 4.7 3.2
24 570+0.89 5.08+0.10 3.45+0.07
72 6.3 5.3 3.5
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Figure S3.7: XRD patterns of catalysts before and after leaching in 97.6 wt.% H3PO, at 180 °C for 24 h
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Figure S3.9: XRD patterns of Pt-Co/KB before and after leaching in 97.6 wt.% HsPO, at 180 °C
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Figure S3.10: XRD patterns of Pt-Co/rGO before and after leaching in 97.6 wt.% H3PO, at 180 °C
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Figure S3.11: TEM distribution size analysis of Pt-Ni/KB before and after leaching in 97.6 wt.% HsPO, at 180

°C, two-sample t-test showed that the difference between the mean particle sizes was not statistically significant

(p = 0.079)
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Figure S3.12: XAS spectra of Pt/C before and after leaching in 97.6 wt.% H3sPO, at 180 °C, Pt-edge
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Figure S3.13: XAS spectra of Pt-Co/KB before and after leaching in 97.6 wt.% H3PO, at 180 °C, Pt-edge
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Figure S3.14: XAS spectra of Pt-Co/KB before and after leaching in 97.6 wt.% H3PO, at 180 °C, Co-edge
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Figure S3.15: XAS spectra of Pt-Co/rGO before and after leaching in 97.6 wt.% HsPO, at 180 °C, Pt-edge
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Figure S3.16: XAS spectra of Pt-Co/rGO before and after leaching in 97.6 wt.% HsPO, at 180 °C, Co-edge
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Figure S3.17: XAS spectra of Pt-Ni/KB before and after leaching in 97.6 wt.% HsPO, at 180 °C, Pt-edge
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Figure S3.18: XAS spectra of Pt-Ni/KB before and after leaching in 97.6 wt.% H3sPO, at 180 °C, Ni-edge
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Figure S3.19: coordination number Pt-Pt of Pt/C, in-situ XAS in 95 wt.% H3PO4, GDE 1 MQmetais CM™~2, error bars
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Figure S3.21: coordination numbers of Pt-Co/rGO, in-situ XAS in 95 wt.% H3zPO4, GDE 1 Mgmetais cm 2 (for the
in situ measurements of the Pt-Co/rGO, EXAFS fitting at the Co K-edge was not feasible due to the poor signal
quality. This limitation is likely related to the low concentration of Co in the alloy combined with the inherently
lower data quality of rapid in situ acquisitions (3 min per scan). Moreover, the alloy undergoes compositional
changes during dissolution under these experimental conditions, further reducing the signal-to-noise ratio and

preventing a reliable fit of the Co K-edge), error bars of EXAFS fit (not between replicates)

i Pt-Ni/KB 140 °C Ni-edge 12 ~ Pt-Ni/KB 140 °C Ptfedge : ‘
Slope Ni-Pt: 7.18 ] [ De!a);z 16 min Slope Pt-Ni: 0.32 ‘ Delay = 6 min
Slope Ni-Ni: 0.42 T N Slope Pt-Pt: 1.61 | F—-CNp i
10 T - 1 10§ £ CONpy py I
8 }
6 IT I =
A
‘ | 9 AN g
‘ ‘ 1 ,; :/&;pd AININT
1 5 e z—ﬂfﬁ{* ]
0 . ! 0
0 50 100 150 200 0 50 100 150 200
t/ min t/ min
H o
- _ PL-Ni/KB 180 °C Ni-edge 12 —PENVKBI80 "G Ptgdge
= 1 . -Ni: -0. | Delay = 6 min
Slope Ni-Pt: 2.99 Delay = 13 min Slope Pt: N|‘ 0.78 -
Slope N:-Ni: 2.66 I " Slope FEPE 64 -CONpy
10 I . £ CNpy py |
8 ‘
Z i 1 sl AT w117 ]
3 1 U1 1 A 4
4 & P 1! A N A I/ \~
1% 7 L LN HV( -
4 : | i W y A‘v ‘ ] l ’
L B T T T b
Al TIDL l\;:F Nﬁ"‘*“ HLAT J'f ;:K"L\AA J\. [\ /
! AN s G R (I T
2] 2 I rU LR il il M
| |
| |
0 : 0 ‘ . s |
0 50 100 150 200 0 50 100 150 200
t/ min t/ min

Figure S$3.22: coordination numbers of Pt-Ni/KB, in-situ XAS in 95 wt.% H3PO4, GDE 1 Mgmetais M2, Ni-edge 7

point average, error bars of EXAFS fit (not between replicates)

Table S3.3: Crystallite size interpreted from Pt(111) reflection of the catalyst samples, pristine and post-mortem

XAS in 95 wt.% HsPQ, at various temperature, after ~4 h (specificized in table), XRD, GDE 1 MQmetals M2

Catalyst type Degradation temperature /] °C Degradation time / min Pt (1 1 1) / nm
Pristine (GDE) — 3.8
100 261 (4 h 21 min) 3.3

Pt/C
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140 247 (4 h 7 min) 3.6

160 255 (4 h 15 min) 3.9

180 257 (4 h 17 min) 4.2
Pt-Co/KB Pristine (GDE) — 4.0

140 246 (4 h 6 min) 3.6

180 252 (4 h 12 min) 3.8
Pt-Co/rGO Pristine (GDE) - 4.8

140 247 (4 h 7 min) 3.2 (101)

180 254 (4 h 14 min) 3.4 (101)

;pristine ——100°C 140 °C —.160 Cc° ——180°C

Intensity / a.u.

———_—T/\T—\___A ‘ : A .

40 50 60 70 80 9 100 110
20()

Figure S3.23: XRD patterns of Pt/C, pristine and post-mortem XAS in 95 wt.% HsPO, at various temperature,
after ~4 h (specificized in Table S3.3), XRD, GDE 1 M@metais M2

—— pristine ——140 °C 180 °C

Intensity / a.u.

20(°)

Figure S3.24: XRD patterns of Pt-Co/KB, pristine and post-mortem XAS in 95 wt.% H3PO, at various
temperature, after ~ 4 h (specificized in Table $3.3), XRD, GDE 1 Mgmetats M 2
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Figure S3.25: XRD patterns of Pt-Co/rGO, pristine and post-mortem XAS in 95 wt.% HsPO, at various
temperature, after ~4 h (specificized in Table $3.3), XRD, GDE 1 Mgmetais M2
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4 Activity of the catalysts thin film on RRE in concentrated H3;PQOy at elevated

temperature
0 =
0
-0.1
-0.1

|—pPwC Vb —mm
—— Pt-Co/KB ,P,tt{go /KB
05+ Pt-Co/rGo 120 ° ! Pt-Co/rG
—PE c 05 PrCoGo 140 °C
—Tafel — Tafel
-0.6 : - - : -06L- n " . N )
-4 2 0 2 4 7 2 0 2 4 6
log (j, /A m?) log (j, /A m?)
0 0

Pt-Co/rGo
—— Pt-Ni/KB
— Tafel

-4 -2 0 2 4
log (j, /Am™) log (j, /Am™)

Figure S4.1: Tafel slope, RRE using revolution rate 2500 rpm; GC electrode, 10 Qmetais CM™2, 97.6 Wt.% H3POy,

180 °C, 5 mV s corrected for background currents and uncompensated resistance, use of corresponding Eggg g1
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Table S4.1: Summary of ORR kinetic parameters determined by LSV on RRE using revolution rate 2500 rpm; GC

electrode, 10 uGmetats CM 2, 97.6 Wt.% H3PO4, 5 mV s corrected for background currents and uncompensated

resistance, use of corresponding Eogg g7, @ represents charge transfer coefficient

Catalyst type Temperature /°C  jex/ MA m?2  Tafel slope/mVdec? a/l

Pt/C 120 9.6 -133 (R? = 0.997) 0.584 +0.002
140 17.7 -127 (R? = 0.989) 0.645 + 0.007
160 22.4 -120 (R? = 0.994) 0.716 = 0.004
180 29.3 -108 (R? = 0.994) 0.831 £ 0.005

Pt-Co/KB 120 16.1 -122 (R = 0.986) 0.641 +0.009
140 29.7 -108 (R? = 0.946) 0.760 + 0.041
160 44.6 -98 (R? = 0.993) 0.877 + 0.006
180 59.7 -104 (R? = 0.998) 0.862 + 0.002

Pt-Co/fGO 120 1.30 -121 (R? = 0.996) 0.643 £ 0.003
140 2.30 -111 (R?2=0.972) 0.736 £ 0.021
160 3.49 -104 (R? = 0.987) 0.829 + 0.011
180 5.54 -98 (R? = 0.998) 0.920 + 0.002

Pt-Ni/KB 120 1.8 -118 (R? = 0.988) 0.658 + 0.008
140 4.9 -116 (R? = 0.952) 0.703 £ 0.034
160 10.7 -115 (R? = 0.997) 0.746 £ 0.002
180 25.4 -107 (R? = 0.996) 0.841 +0.003
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Table S4.2: Activation energy of ORR; methodology according [5] determined by LSV on RRE using revolution
rate 2500 rpm, GC electrode, 10 uQmetais cM 2, 97.6 Wt.% H3PO4, 5 mV st corrected for background currents and
uncompensated resistance, use of corresponding Eogg g, Co,cONCENtration of dissolved oxygen in HsPO4 at a
given temperature [6-9], H*concentration in HsPO,4 at a given temperature [10, 11] and a charge transfer

coefficient from Table S4.1.

Use of AG¢/ kJ m0|71

Catalyst type

Pt/C Jex 26.7 + 1.1 (R*=0.96)
= 16.9+ 1.9 (R>=0.89)
Py, 191x17(R*=091)

Pt-Co/KB Jex 32.3+0.5 (R*=0.98)
. 22.2+0.7 (R*=0.97)
Py, 257+06(R?=097)

Pt-Co/rGO Jox 35.4+0.2 (R?=0.96)
P, — 249%02(R*=099)
Py, 283+02(R?=0.99)

Pt-Ni/KB Jex 64.8 £ 0.1 (R*=0.99)

F..  55.1%0.1(R?=0.99)
Fy.  586%0.1(R?=0.99)
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