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The long-term stability of Pt-based catalysts is critical to the reliability of
proton exchange membrane fuel cells (PEMFCs), and receives constant
attention. However, the current knowledge of Pt oxidation is restricted to
unrealistic PEMFC cathode environment or operation, which questions its
practical relevance. Herein, Pt oxidation is investigated directly in a PEMFC
with stroboscopic operando high energy X-ray scattering. The onset potential
for phase transition of the nanoparticles surface from metallic to amorphous
electrochemical oxide is observed far below previously reported values, and
most importantly, below the open-circuit potential of PEMFC cathode. Such
phase transition is shown to impact PEMFC performance and its role on Pt
transient dissolution is verified by electrochemical on-line inductively coupled
plasma mass spectrometry. By further demonstrating and resolving the lim-
itations of currently employed accelerated stress test protocols in the light of
metal-oxide phase transitions kinetics, this picture of Pt oxidation enables new

mitigation strategies against PEMFC degradation.

The durability of proton exchange membrane fuel cells (PEMFCs) largely
depends on the long-term stability of the costly cathodic platinum-
based state-of-the-art electrocatalyst'”. The highly corrosive environ-
ment of the cathode, where the oxygen reduction reaction (ORR)
occurs, challenges the (electro)chemical stability range of most metals,
even as noble as Pt’. This is especially true for nanoparticulate Pt under
dynamic load profiles and is magnified during particular events such as
hydrogen fuel starvation or during PEMFC start-up and shut-down.
During such events, the cathode potential was shown to possibly exceed
the open-circuit potential (OCP) of typically 1.0V vs. the reversible
hydrogen electrode (RHE), depending on the oxidant gas composition*”.
Tremendous research efforts have been dedicated to the elucidation of
Pt catalyst degradation mechanisms above the OCP, which are now
largely understood notably thanks to the recent development of in situ

and operando characterisation techniques. Among them, studies on
model Pt single crystal electrodes and commercial carbon-supported Pt
electrocatalysts (Pt/C) using (surface) X-ray diffraction (XRD)*", and/or
electrochemical on-line inductively coupled plasma mass spectrometry
(ICP-MS)***# provided evidence for distinct mechanisms of Pt dissolu-
tion. Under dynamic potential (or load) profiles, Pt dissolution was
found to be a transient process, triggered by Pt oxide-metal phase
transitions (anodic dissolution during oxidation and cathodic dissolu-
tion during oxide reduction). A general observation is that significant
transient Pt dissolution starts only at specific potentials above the OCP
(ca. 1.05-1.10V vs. RHE, depending on Pt surface structure). At such
potentials, a phase transition from metallic to (amorphous) oxide
occurs, which triggers surface Pt atoms extraction from their crystal
lattice position by adsorbed oxygen species through the place-exchange
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mechanism®. Note ‘place-exchange’ is a historical term introduced in
early seminal contribution’, but recent studies suggest that such
extraction may eventually, but not necessarily (also depending on sur-
face structure’), lead to complete Pt-O dipole inversion and the forma-
tion of subsurface oxygen at higher potentials. Also, this transformation
of Pt atoms arrangement has to be distinguished from adsorbed oxy-
genated species on Pt steps already reported to occur at much lower
electrode potentials®. Overall, it is considered from such observations
that under conventional PEMFC operation (i.e., below the OCP), 4.8 nm
Pt/C catalyst remains metallic (with adsorbed oxygen species) and
should largely exceed 5000 h lifetime with only one Pt monolayer
dissolved™?. This is not, however, validated in practice’.

It must be stated that these conclusions regarding the onset
potential for surface metal-oxide phase transition were derived from
experiments strictly involving a combination of either (i) the use of
model catalyst materials (single-crystal electrodes or thin-film catalyst
layers), (ii) the use of an electrochemical environment different from
that in a PEMFC (weakly-adsorbing aqueous electrolyte) and/or (iii) the
use of unrealistic PEMFC operating conditions (such as room tem-
perature or cathode potential range as large as 0.05-1.50 V vs. RHE). It
is thus still largely unclear how this translates to the practical PEMFC
during most of its lifetime, i.e., for cathode potentials below or at the
OCP. In fact, few studies conducted on Pt nanoalloys report the early
detection of Pt oxidation and/or dissolution at electrode potential
close to the OCP, especially when outside of ambient conditions'®***°,

Herein, the ability of high energy wide-angle X-ray scattering
(WAXS) in revealing nanocatalyst oxidation trends operando’®*** is

pushed significantly further by employing a stroboscopic measure-
ment strategy (inspired from neutron scattering’?) allowing the
acquisition of ultra-fast data with high signal quality and temporal
resolution (5ms) in PEMFC. The observed trends in Pt oxidation,
notably regarding the onset potential for surface phase transition from
metallic to amorphous oxide, are supported by theoretical calcula-
tions and challenge the current understanding derived from model
studies as well as control experiments performed on thin-film catalyst
layers in 0.1M HCIO,4 at room temperature (Supplementary Fig. S1).
After establishing a correlation between early Pt oxide phase transition
and overall PEMFC performance, the predicted transient Pt dissolution
associated with the metal-oxide phase transitions is verified by elec-
trochemical on-line ICP-MS experiments at 60 °C in 1.0M HCIO,
(Supplementary Fig. S2). Further analysis of the structural data pro-
vides first-order time constants for the oxide phase transitions in both
model and PEMFC cathode conditions. In light of these time constants,
the limitations of accelerated stress test protocols currently widely
used for electrocatalyst materials stability screening are finally
demonstrated by means of ultra-fast operando WAXS measurements.
This picture of Pt oxidation occurring in PEMFC rationalises both its
activity and stability limitations and enables new mitigation strategies
against PEMFC degradation and the development of durable Pt-based
PEMFC electrocatalysts.

Results
Figure 1 showcases the stroboscopic approach used here for operando
WAXS, reasonably supposing the structural modifications are
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Fig. 1| Stroboscopic operando WAXS to capture Pt cathode catalyst oxidation
microstructural fingerprints with high resolution during (fast) potential
cycling. a Exemplary 3D plot of 10,000 WAXS measurements (red markers) time-
stamp ¢ as a function of the electrode potential and the period-corrected time-
stamp (T being the time period of a cycle and k the cycle number measured over 75
cycles between 0.60 and 1.0 V vs. RHE at 1000 mV s™. Reduction of the 10,000
WAXS measurements in a single potential cycle (blue markers). Locally averaged
WAXS patterns were obtained by applying a moving temporal average on the WAXS
patterns (green markers). Errors bars relative to the potential and time values on
the locally-averaged WAXS pattern symbols correspond to the standard deviations
associated with the averaging process. b Signal-to-noise reduction associated with

the increased exposure time on the locally-averaged vs. raw WAXS patterns plotted
as a function of the momentum transfer Q. c Computed WAXS patterns of the 405-
atom Pt nanoparticle models when Pt surface is free from adsorbates (grey) and
when covered with oxygen (purple). The displayed two models of 405-atom Pt
nanoparticle with optimised structures highlight the changes in bulk lattice con-
stant expansion during adsorption of oxygen and surface crystallinity loss during
metal-oxide phase transition, rationalising WAXS peaks shift (orange arrow) and
intensity decrease (blue arrow), respectively. The PEM cell was operated at 80 °C
with Hy/N, at anode/cathode, 104/400 sccm flow rates, 52% relative humidity and
100 mbar backpressure. The cathode potential is corrected from the cell's high-
frequency resistance. Source data are provided as a Source Data file.
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periodical for a short potential cycling duration. Taken as example the
fastest measurement performed here (cyclic voltammetry between
0.60 and 1.0 V vs. RHE at 1000 mV s™) in Fig. 1a, 10,000 WAXS patterns
of the Pt/C catalyst collected over 75 potential cycles (5 ms exposure
time, 6 ms temporal resolution) can be sequentially reduced in one
single-cycle and locally-averaged to produce patterns reaching ca.
865 ms cumulated exposure time with only 13 ms temporal resolution.
As shown in Fig. 1b, this operation largely improves the signal-to-noise
ratio on the resulting WAXS patterns, allowing structural information
to be obtained with much improved combined precision and temporal
resolution on stable voltammograms (see Supplementary Fig. S3). This
approach was used for all the operando WAXS measurements pre-
sented here, collected from either a commercial membrane electrode
assembly (MEA, Fuel Cell Store) in an X-ray transparent PEMFC*** or a
commercial Pt/C catalyst from Johnson Matthey (JM) in a thin-film
electrochemical flow cell’*** (later referred to as ‘model conditions’)
for comparison. Transmission electron microscopy (TEM) images with
associated particle size distribution of the two electrocatalysts inves-
tigated are available in Supplementary Fig. S4. The procedure was
adapted to the different potential sweep rates used (see “Methods”).
As shown in Fig. 1c, and in agreement with previous
reports'*?*%7*° the position, shape and intensity of Bragg reflections
from metallic face-centred cubic (fcc) Pt phase are impacted by Pt
surface oxidation, as rationalised here by 405-atom models of Pt
nanoparticle. Despite the simplifying hypotheses on the nanoparticle
environment and symmetry required for reaching practical

computational time, the optimised structures (i.e., the position of each
atom) when the Pt nanoparticle is free of adsorbate or covered with
oxygen and their computed diffractograms predict qualitatively well
the experimentally observed modification of the Bragg reflections
during Pt oxidation (see in Supplementary Figs. S5, S6 and details
about theoretical calculations in the Methods). Rietveld refinement of
the WAXS patterns was used to extract the lattice constant, crystallite
size and scattering intensity of the metallic Pt fcc phase as a function of
the cathode potential (see Methods). Because electrochemical Pt oxi-
dation is a surface process, its effect on the total scattered intensity is
largely impacted by the nanoparticle size. For convenience, the scat-
tering intensity was converted to surface crystallinity loss via normal-
ising the scattering intensity by the surface atomic fraction derived
from Pt nanoparticles’ size observed by TEM (see Supplementary
Information). Complementarily, atomic pair distribution function
(PDF) analysis was also performed complementary with the Rietveld
method, to possibly gain further operando insights on the local
structure of the formed Pt oxide phase (see “Methods” and Supple-
mentary Fig. S7, S8).

Using these microstructural fingerprints for Pt oxidation,
different observations can be made from Fig. 2. Strikingly, the
critical potential value triggering the metal-oxide phase transition
is identified as being as low as 0.80V vs. RHE from the onset of
surface crystallinity loss (orange points in Fig. 2b). This is 300 mV
below the generally accepted value of 1.10 V vs. RHE from model
experiments on Pt(111) and 110 mV below a previous estimation
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Fig. 2| Revealing the critical potential for metal-oxide phase transition being at
the centre of PEMFC cathode potential range. a Metal Pt fcc lattice constant
variations and (b) surface-fraction-normalised scattering intensity variations of the
Pt fcc phase and intensity of the first non-fcc Pt-Pt distance (3.3 A) during cyclic
voltammetry experiment in PEMFC between 0.05 and 1.23V vs. RHE at 20 mVs™.
c Surface-fraction-normalised scattering intensity variations of Pt fcc phase during
cyclic voltammetry experiment in PEMFC (red markers) and in electrochemical flow
cell fed with 0.1 M HCIO, (green markers) between 0.60 and 1.0V vs. RHE at
5mVs™. d Evolutions of the surface-fraction-normalised scattering intensity var-
iations of the Pt fcc phase (orange) and intensity of the first 3.3 A non-fcc Pt-Pt
distance (blue) as a function of the fuel cell current density measured in a separated
dedicated experiment (see Methods for fuel cell testing conditions). The orange

boxes in (a, ¢) represent the PEMFC practical voltage range between 0.60 and 1.0V
vs. RHE, corresponding to the voltage of maximum power density and the open
circuit voltage, respectively. In (b, c), the scattered intensity variations of the Pt fcc
phase are normalised by their values at £=0.4 V vs. RHE and £=0.60V vs. RHE,
respectively. Errors bars correspond to the standard deviations associated with the
refinements or computation of the different parameters. The X-ray transparent
PEM cell was operated at 80 °C with H,/N, at anode/cathode, 104/400 sccm flow
rates, 52 % relative humidity and 100 mbar backpressure. The conventional cell was
operated at 80 °C with H,/O, at anode/cathode, 314/496 sccm flow rates, 100 %
relative humidity and 500 mbar backpressure. The cathode potential is corrected
from the cell's high-frequency resistance. Source data are provided as a Source
Data file.
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from Sasaki et al. on Pt/C nanoparticles in liquid electrolyte?.
Moreover, the onset of surface crystallinity loss is accompanied
by the emergence of a non-fcc Pt-Pt distance of 3.3 A (blue points
in Fig. 2b), corresponding to a relaxed hexagonal Pt oxide layer
relative to the ordered fcc phase according to Newton et al.*.
Note both the onsets of crystallinity loss and non-fcc Pt-Pt dis-
tance are still 80 mV higher than the onset of lattice expansion
(Fig. 2a), confirming the decoupling between early oxygen
adsorption and the subsequent metal-oxide phase transition.
Importantly, the onset potential for metal-oxide phase transition
of 0.80 V vs. RHE falls right into the centre of the practical PEMFC
cathode potential range i.e., between 0.60 and 1.0V vs. RHE
corresponding to the potential of maximum power density and
the open circuit voltage, respectively (see “Methods” and Sup-
plementary Fig. S9). In fact, a close comparison between oper-
ando WAXS data recorded in real PEMFC and in model conditions
of the electrochemical flow cell (Fig. 2c) highlights the drastic
differences between the two systems. Clearly, the data presented
support the conclusions reached from previous model experi-
ments regarding the rather low extent of phase-transition below
1.0V vs. RHE in the diluted electrolyte at room temperature (ca. 7
% surface crystallinity loss), but the latter reaches ca. 50-60 % in
PEMFC operated at 80°C (Fig. 2b, ¢, depending on cathode’s
history). The near-linear evolutions of the Pt fcc phase recovery
(orange points) and decreasing intensity of the first 3.3 A non-fcc
Pt-Pt distance (blue points) as a function of the fuel cell current
density measured in a separated dedicated experiment (see
“Methods” for fuel cell testing conditions) in Fig. 2b strongly
suggest that, under minimised/suppressed O, mass transport
limitation, such metal-oxide phase transition largely controls the
PEMFC performance over the full range of operation. Finally, the
observations made on the Pt/C catalyst largely transpose to a
more advanced PtCo/C bimetallic catalyst (Supplementary
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Fig. 3 | Transient specific Pt dissolution profiles from model to PEMFC-like
conditions revealed by electrochemical on-line ICP-MS experiments with
temperature control. Specific Pt dissolution profiles recorded (a) outside
(0.60-1.23 V vs. RHE) and (b) inside (0.60 - 1.0 V vs. RHE) PEMFC cathode potential
range during 3 min hold potential steps from 0.05V vs. RHE under different

Fig. S10), showing the broad significance and generality of the
presented phenomenon.

To confirm the effects of such early onset potential for metal-
oxide phase transition on Pt transient dissolution in conditions
relevant to PEMFC, specific Pt dissolution profiles from the
commercial Pt/C JM catalyst were investigated by electrochemical
online ICP-MS for different potential steps (3 min) under different
electrolyte concentrations and temperatures (see “Methods”).
The nature and balance of the different anodic and cathodic
peaks displayed in Fig. 3a, b have been largely discussed pre-
viously in the literature'>*, and the observed increase of Pt
anodic transient dissolution peak intensity (A;) as the electrolyte
concentration and temperature increase was expected**%. How-
ever, it is worth focusing on the comparison between potential
steps performed within 0.05 < 0.60 <> 1.23V vs. RHE and 0.05 <
0.60 < 1.0V vs. RHE. Contrary to the generally accepted trends in
low-concentration electrolyte and at room temperature where A;
intensity decreases with the upper potential limit*® (also observed
here), the opposite trend is found at higher electrolyte con-
centration and temperature. Quantitively, the integration of Pt
anodic dissolution rates in Fig. 3c, d reveal the surface state
reached at OCP conditions being nearly 2-fold more damaging to
Pt compared to higher potential. In fact, a recent contribution
from Fuchs et al. focusing on a Pt(100) extended surface further
described the metal-oxide phase transition as a concomitant
growth of two Pt surface oxide types. The anodic dissolution was
attributed to the fast nucleation and growth of a first, stripe-like
oxide in which extracted Pt is highly unstable against corrosion.
The second disordered (hydro)oxide phase, on the contrary, was
found to progressively passivate the surface and disable Pt anodic
dissolution at higher potentials while controlling the cathodic
dissolution during surface de-passivation. From this subtle
interplay between these two oxide species formation, Pt(100) was

b
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conditions of electrolyte concentration (pH) and temperature. ¢, d Total dissolved
Pt during the different anodic (Ay) and cathodic (C,) peak contributions from
panels (a, b), respectively. The ICP-MS measurements were performed on a com-
mercial 40 wt.% Pt/C catalyst from Johnson Matthey (JM) and the electrode loading
was 20 pgp, cm Source data for panels (a, b) are provided as a Source Data file.
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Fig. 4 | Determination of first-order rate constants and amplitudes associated
with the metal-oxide phase transitions in both PEMFC and model electro-
chemical environments. Surface crystallinity loss from operando WAXS data
recorded during potential steps between 0.60 to 1.0 V vs. RHE and 1.0 to 0.60 V vs.
RHE were fitted using a linear combination of one or two exponential functions.
Two functions were found necessary to capture two distinct steps during oxidation:
a fast process (step 1) and a slow process (step 2). This was not found necessary
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025
030
0.35

Rate constant fast step 1 (s)

during the reduction, which occurs in one single fast step (step 1). The radar chart
allows easy comparison of the fitted parameters from one electrochemical envir-
onment to the other: the total amplitude variations of surface crystallinity loss also
with the amplitudes and first-order rate constants associated with the different
steps. The filled and hollow markers correspond to the oxidation and reduction
data, respectively. The error bars represent the standard deviations associated with
the fitted parameters.

found to be the most vulnerable to anodic dissolution at a
potential of £=1.2V vs. RHE in model conditions. The present
results indicate this critical potential is necessarily lower for Pt
nanoparticles in a PEMFC. Note the associated cathodic dissolu-
tion rates C; cannot be accurately estimated from online ICP-MS
due to enhanced Pt redeposition kinetics at high temperatures, as
suggested by previous reports®*,

From combined operando WAXS and online ICP-MS experiments,
it is clear that the early onset potential of metal-oxide phase transition
occurring in PEMFC must largely account for both Pt-based catalyst
activity and stability limitations. To further guide new mitigation stra-
tegies for catalyst degradation, structural data (surface crystallinity loss)
collected during potential steps were analysed to extract the amplitudes
and first-order rate constants associated with the metal-oxide phase
transitions below the OCP during Pt oxidation and reduction (see
“Methods” Supplementary Fig. S11 and Supplementary Table S1).

As shown in Fig. 4, the Pt oxidation is divided into two steps (the
fast and slow steps are labelled step 1 and step 2, respectively) fea-
turing distinct rate constants, while the reduction proceeds in one
single fast step. Note the presence of two steps during oxidation is in
agreement with previous observations on nanoparticles from Sekizawa
et al. for larger potential excursions, and the slow step is related to
subsurface events such as the formation of subsurface oxygen*. In
general, there is a near-constant 3.5-fold increase for both the ampli-
tudes and rate constants of all steps of oxidation and reduction in
PEMFC compared to model conditions. In fact, the rate constants for
oxidation in PEMFC reach ca. 300 ms and 3.6 s for step 1 and step 2,
respectively, both contributing equally to nearly 50% of the total
amplitude of crystallinity loss. This means completing 95% of the sec-
ond step of oxidation at OCP will take 3 times these values, i.e., more
than 10s. Note the slowest time constants extracted from the fits
exceed the RC time constant® of both electrochemical cells used in this
work by at least one order of magnitude (see Supplementary Fig. S12
and Supplementary Table S2). Such slow temporal evolution questions
the concept of accelerated stress tests (ASTs) routinely employed in
the literature when screening material stability, as discussed below.

The full power of ultra-fast operando WAXS measurement was thus
used to benchmark Pt oxidation trends during fast potential cycling in
PEMFC. Different potential profiles between 0.60 and 1.0 V vs. RHE were
investigated: a 3s - 3 s square wave (inspired by the standardised AST

protocol suggested by the Fuel Cell Technical Team of the U.S
Department of Energy, DoE/FCTT*) and triangular waves at different
potential sweep rates (5, 10, 100, 500 and 1000 mV s™), the latter being
often found in the literature (see associated voltammograms in Sup-
plementary Figs. S13, S14). The results presented in Fig. 5 unambigu-
ously reveal a pronounced effect of the applied potential profile and
sweep rate on Pt structural response in PEMFC. Quantifying oxygen
surface coverage from lattice constant variation in Fig. 5a, b, whereas
maximum oxygen surface coverage reached at 1.0V vs. RHE is nearly
equivalent between the square wave and the SmVs™ triangular wave,
the maximum oxygen coverage sharply decreases for triangular waves
performed at higher sweep rates. Also, the minimum oxygen surface
coverage at 0.60V vs. RHE remains higher for any of the triangular
profiles compared to the square wave, with a clear dependence on the
sweep rate. The overall Kernel density estimations of the lattice con-
stant values for the different profiles in Fig. 5c make explicit the tran-
sition from distinct reduced-oxidised bimodal behaviour toward a
partially reduced unimodal state as the sweep rate increases. This
naturally translates into the extent of maximum surface crystallinity
losses associated with the metal-oxide phase transition in Fig. 5d. Clearly
(and as quantified as ‘cycle depth’ in Fig. 5e), the amount of extracted Pt
during a cycle significantly drops for any of the triangular profile applied
compared to the square wave, with a clear dependence on the sweep
rate. In the frame of quantifying the degradation power of an AST
profile, one can define the ‘cycle efficiency’ being the cycle depth nor-
malised by the cycle time period. As shown in Fig. 5f, the cycle efficiency
of the square-wave profile is near 35-, 24-, 10- and >100-fold higher than
the triangular waves at 5, 10, 100, and > 500 mV s™, respectively.
These observations largely agree with previous conclusions*® and
support the choice of the Fuel Cell Technical Team of the U.S.
Department of Energy (DoE/FCTT) in suggesting a square-wave profile
as a standardised AST protocol. However, it is clear that only 3s of
polarisation at 1.0 V vs. RHE is insufficient to reach the steady state of
oxidation. In light of the time constants reported here, 10 s polarisa-
tion is required to induce the Pt oxidation to be encountered in a
PEMFC device. The faster reduction process, however, is largely
completed in 3 s, which is consistent with the time constant reported
(ca. 310 ms). A more rational AST protocol between 0.6 and 1.0V vs.
RHE would thus comprise a 3s - 10 s square wave profile. Finally, the
above conclusions reached from ASTs conducted in PEMFC mostly
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Fig. 5 | Outpacing Pt oxidation in fuel cell catalyst layer during accelerated
stress tests. a Reconstructions of the applied potential cycle profiles between 0.60
and 1.0V vs. RHE: 3 s - 3 s square wave and triangular waves at 5, 10, 100, 500 and
1000 mVs™, (b) lattice constant variations with (c) associated Kernel density dis-
tribution. d surface-fraction-normalised scattering intensity variations. e Maximum
of surface crystallinity loss induced by each potential profile type (cycle depth) and
(f) rate of surface crystallinity loss induced by each potential cycle profile (cycle

Scan rate (mV s™)

efficiency). The PEM cell was operated at 80 °C with H,/N, at anode/cathode, 104/
400 sccm flow rates, 52 % relative humidity and 100 mbar backpressure. The
cathode potential is corrected from the cell's high-frequency resistance. Errors bars
correspond to the standard deviations associated with the refinement or compu-
tation of the different parameters. Source data for panels (b, d) are provided as a
Source Data file.

transpose to model experiments on thin-films at room temperature.
Because the time constant of the slowest step in oxidation is found to
be1.15s, 95 % of the oxidation proceeds in 3.45 s, and the steady state is
not reached during the 3 s - 3 s square wave (see Supplementary Fig.
S15). In that case, a 3 s — 4 s square wave profile would be more suited,
although the practical irrelevance of ASTs conducted at room tem-
perature is here further demonstrated®*’.

In summary, ultra-fast operando WAXS in both PEMFC and model
electrochemical environment has been successfully employed to
investigate Pt oxidation in PEMFC. The major finding is that the onset
potential for metal-oxide phase transition, i.e., the extraction of Pt
surface atoms from their metallic crystal phase lattice position, in
PEMFC, is as low as 0.80V vs. RHE, which is far below the commonly
accepted value and falls right at the centre of PEMFC cathode potential
range of operation. Such early Pt oxidation in PEMFC has con-
sequences for its ORR activity, as the PEMFC performance was found
to correlate to Pt surface oxidation recovery during cathodic polar-
isation under conditions minimising O, mass-transport limitation.
Beyond affecting Pt activity, electrochemical on-line ICP-MS experi-
ments performed above ambient temperature and at low pH suggest
such early extracted Pt is particularly prone to anodic transient

dissolution at the OCP (20.5-fold increase compared to model condi-
tions at 1.0V vs. RHE while only 8.3-fold at 1.23 V vs. RHE). Finally, the
determination of first-order time constants associated with the metal-
oxide phase transition revealed an overall slow process, which requires
more than 10s for near-complete oxidation at 1.0V vs. RHE. This
defines fundamental requirements for rational AST protocols, for
which informed potential cycle and profile must be used. At a fixed
potential window (here 0.6 and 1.0V vs. RHE), the presented data
suggest abandoning triangular waves of any potential sweep rate to
the benefit of 3s - 10 s square waves.

Overall, efficient Pt oxidation mitigation strategies in PEMFC must
consequently be found to significantly improve PEMFC performance
and durability. From the material science perspective, disabling Pt
oxidation seems an arduous, but not impossible task as atomic
decoration*® or particle encapsulation strategies have already shown
promising results***°, Complementarily, PEMFC system management
strategies in the fashion of those currently employed to protect the
cathode from high potential excursions during reactant gas starvation
or start-up/shut-down events could be adapted to potential limits even
below the OCP.
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Methods

Materials

Commercial membrane electrode assemblies (MEAs) were purchased
from the Fuel Cell Store and used in PEMFC without further treatment.
The S-layer, 4.84 cm?, MEAs were composed of a 60wt.% carbon-
supported Pt/C catalyst loaded at 0.5 mgp, cm™ for both anode and
cathode, a 50.8 um thick Nafion® NRE-212 membrane, and woven carbon
cloth with microporous layer as gas diffusion layers. A 40 wt.% carbon-
supported Pt/C was purchased from Johnson Matthey (JM) and used in
thin-film electrochemical flow cell without any further treatment.

X-ray transparent fuel cell operation

The MEA was mounted in a house-made X-ray transparent fuel cell lar-
gely described in previous contributions®>*, The cell was operated at
80 °C with H,/O, or H,/N, at anode/cathode, 65 °C dewpoint (52% rela-
tive humidity) and 100 mbar backpressure. After a break-in procedure
consisting of a 1h voltage hold at 0.60V in H,/O,, the cathode was
purged with N, to both fix and minimise ohmic voltage losses for the
cyclic voltammetry experiments. The cell voltage was controlled by a SP-
240 potentiostat (Biologic) equipped with a 4 A booster. Prior to any
cyclic voltammetry experiment, the high-frequency resistance (typically
0.6 Ohm at 200 kHz) was measured by means of potentio electro-
chemical impedance spectroscopy (PEIS), and the potential of the
working electrode was dynamically compensated for 85% of the ohmic
losses. Under these conditions of cell temperature, low current density
and gas backpressure, the anode can be reasonably associated to an RHE
(<2 mV shift), and the cathode potential vs. RHE given by the cell voltage.

Conventional fuel cell operation

The MEA was mounted in a commercial single-cell PEMFC casing (Scrib-
ner) and operated at 80 °C with H,/Air or H,/O, at anode/cathode, 80 °C
dewpoint (100% relative humidity) and 500 mbar backpressure with a
house-made test bench. The cell voltage was controlled by a SP-150
potentiostat (Biologic) equipped with a 20 A booster. The break-in pro-
cedure was conducted in Ho/Air (313/496 sccm) and consisted of potential
cycles between the open circuit voltage (OCV, 10 s), a100 mV s™ potential
sweep from the OCV to 0.10V, followed by 1min hold at 0.10V. The
cycles were repeated for a total duration of 1 h. The oxidant gas was then
turned to O,, and the polarisation curve was recorded using the staircase
potentio electrochemical impedance spectroscopy with a total of 14
potential steps (3min hold) between the OCV and 0.10V. The high-
frequency resistances measured at the end of all steps were used to later
correct the potential values from the ohmic losses (100%).

X-ray transparent thin-film electrochemical flow cell operation
10 uL of an ink suspension composed of 5 mg of 40 wt.% Pt/C catalyst
(M), 3600 pL of 18.2 MQ ultra-pure water (Millipore), 1446 uL of iso-
propanol and 20 pL of 5wt.% Nafion solution (Electrochem. Inc.) was
deposited on a 0.196 cm? glassy carbon substrate, thus reaching a Pt
loading of 20 pgp, cm~2. The sample was mounted in a 3-electrode flow
cell’®*, A Pt wire (2 mm diameter and 2 cm long) was used as a counter
electrode, and a commercial Ag/AgCl electrode (ET072, eDAQ) as the
reference electrode. The ~50mL cell was fed with 0.10 M HCIO,,
(Suprapur®, Merck) at a rate of 20 mL min™ using a peristaltic pump
from a 500 mL reservoir. The electrochemistry was controlled by a SP-
300 potentiostat (Biologic). The catalyst was first conditioned using 50
cycles between 0.05 and 1.23 V vs. RHE at 500 mV s™.. The temperature
of the room was regulated at 25 °C. The cell high-frequency resistance
(typically 27 Q in 0.1M HCIO,) was used to correct the electrode
potential for 85 % of the ohmic drop in a dynamic fashion.

Stroboscopic operando synchrotron wide-angle X-ray scattering
(WAXS) measurements

Synchrotron WAXS measurements were performed at the ID31 beamline
of the European Synchrotron Radiation Facility (ESRF) in Grenoble,

France. The high energy X-ray beam (77 keV) was focused on the sample
through the cells in grazing incidence configuration, and the scattered
signal was collected using a Dectris Pilatus CdTe 2M detector. The
energy, detector distance and tilts were calibrated using a standard CeO,
powder, and the 2D diffraction patterns were reduced to the presented
1D curves using the pyFAl software package®. For a fair comparison
between cyclic voltammetry experiments recorded at different potential
sweep rates, the chosen temporal resolution for the reconstructed
WAXS patterns was kept constant at ca. /60" of the cycle period T. The
WAXS measurements were performed on stable cyclic voltammograms.

Rietveld refinement of the WAXS patterns

Rietveld refinement of the WAXS patterns was performed to extract
the phase structure, crystallite size and lattice parameter using the
Fm3m structure of Pt and the Fullprof software. The instrumental
resolution function was determined by the refinement of a CeO,
standard sample. Thomson-Cox-Hastings profile function was
adopted®’. The background of patterns was described by an inter-
polated set of points with refinable intensities.

Pair distribution function (PDF) analysis

PDFs were obtained from the WAXS patterns using the
PDFGetX3 software®® up to Qmax=11.7 A7, and the instrumental reso-
lution parameters were determined from the refinement of a standard
CeO, sample. The PDFs were fitted using the fcc structure of Pt with the
PDFGUI software™, and the refined parameters where the phase scale
factor, the unit cell lattice constant, delta2 (used to account for cor-
related atomic motion effects), the isotropic coherent structural
domain size, and an overall a.d.p.

First-order rate constant determination

The lattice constant and scattered intensity variations during potential
steps were fitted using a linear combination of exponential functions
of the type:

Y=Yo +Ale*(X*Xo)/f1 +Aze*(X*X0)/tz )

where y, and x, are the fitted boundary conditions, A; and A, the fitted
amplitude variations, and ¢; and ¢, are the fitted first-order time
constants. The two exponential functions were found necessary to
capture the oxidation process while only one was sufficient to capture
the reduction. More details and numerical values of the fitted parameters
can be found in Supplementary Fig. S11 and Supplementary Table SI.

Electrochemical on-line inductively coupled plasma mass
spectrometry

A commercial electrochemical flow cell (BASi, MF-1092, cross-flow cell)
was used. The flow cell consists of two glassy carbon disks (3 mm)
aligned in series, which are embedded into PEEK material. The first disk
was used as the counter electrode, and the working electrode was in
the direction of the electrolyte flow. 3.4 uL of an ink suspension com-
posed of 5.4 mg of 40 wt.% Pt/C catalyst (JM), 1800 pL of 18.2 MQ ultra-
pure water (Millipore), 723 uL of isopropanol and 29 uL of 5 wt.% Nafion
solution (Electrochem. Inc.) was deposited on the 0.071cm? glassy
carbon substrate thus reaching a Pt loading of 20 pgp, cm~2. An Ag/
AgCl reference electrode was used. The ~4 L cell was fed with an
aqueous electrolyte at a rate of 400 uL min™ using a peristaltic pump.
The electrochemistry was controlled by an SP-300 potentiostat (Bio-
logic). The electrolyte was either 0.10 M HCIO,4 (99.999 % trace metal
basis, Merck) at room temperature (26 °C), 1.0 M HCIO, at room
temperature (28 °C) or 1.0 M HCIO, at 60 °C (temperature at the cell
outlet). In this last case, the electrolyte was heated prior to entering the
electrochemical cell (see Supplementary Information). The potential
shift of the Ag/AgCl reference electrode with temperature was cali-
brated in situ by measuring the open circuit voltage of the Pt/C
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working electrode after hydrogen evolution in the cell at both tem-
peratures (considering the Pt/C catalyst under locally saturated HCIO,
electrolyte a reversible hydrogen electrode). The flow cell was con-
nected to an Agilent 7900 ICP-MS equipped with a Micromist/Scott
nebuliser. The >Pt metal ions were detected with 0.1 s integration time
per point. Before each measurement, calibration curves were carried
out using daily prepared standard solutions of Pt (0, 10, 100, 1000
and 10000 ppt). The catalyst was conditioned also using 50 cycles
between 0.05 and 1.23V vs. RHE at 500 mVs™. The associated Pt
electrochemical surface area used for the normalisation of the ICP-MS
data was measured separately using the CO,qs stripping technique.

Computational details

Periodic DFT calculations were performed using the Vienna Ab Initio
Simulation Package (VASP)**® within the generalised gradient
approximation (GGA) using PBE” functional for exchange and corre-
lation potential and projector augmented wave pseudopotentials
(PAW)*® with a cut-off energy of 450 eV. 405 Pt atoms truncated-
octahedral clusters were computed with up to 240 oxygen atoms
adsorbed on their facets. O atoms were adsorbed on the most stable
fcc sites of the {111} facets and on the {100} ones converging into a
threefold-like site. They were set in a 3x 3 x 3 nm’ cubic unit cell. The
intermolecular facet distances between periodic surfaces were larger
than 9 A. Gamma point calculations were used, and structural relaxa-
tions were performed on all atoms. The residual forces after structural
relaxation were lower than 0.01eV/A. Simulated diffraction patterns
were obtained from the atomic positions and the Debye formula®, as
further detailed in the Supplementary Information.

Transmission electron microscopy

Transmission electron microscopy images of the investigated catalysts
were obtained using a Jeol 1400 Flash microscope operated at 120 kV
with a point-to-point resolution of 0.38 nm. The images were used to
build the particle size distribution of the catalysts by measuring the
apparent diameter of > 500 nanoparticles per sample.

Data availability

All data supporting the findings in this study are available within the
paper and the Supplementary Information/Source Data file. Main
operando WAXS data recorded during cyclic voltammetry in PEMFC
and computed Pt-405 nanoparticles models generated in this study
have been deposited in the figshare database under accession code
27902325. Source data are provided in this paper.

References

1. Kodama, K., Nagai, T., Kuwaki, A., Jinnouchi, R. & Morimoto, Y.
Challenges in applying highly active Pt-based nanostructured cat-
alysts for oxygen reduction reactions to fuel cell vehicles. Nat.
Nanotechnol. 16, 140-147 (2021).

2. Borup, R. L. et al. Recent developments in catalyst-related PEM fuel
cell durability. Curr. Opin. Electrochem. 21, 192-200 (2020).

3. Pourbaix, M. Atlas of Electrochemical Equilibria in Aqueous Solu-
tions. Materials Science Forum (1974).

4. De Bruijn, F. A., Dam, V. A. T. & Janssen, G. J. M. Review: Durability
and degradation issues of PEM fuel cell components. Fuel Cells 8,
3-22 (2008).

5. Dubau, L. et al. A review of PEM fuel cell durability: Materials
degradation, local heterogeneities of aging and possible mitigation
strategies. Wiley Interdiscip. Rev. Energy Environ. 3, 540-560 (2014).

6. Ruge, M. et al. Structural reorganization of Pt(111) electrodes by
electrochemical oxidation and reduction. J. Am. Chem. Soc. 139,
4532-4539 (2017).

7. Fuchs, T. et al. Structure dependency of the atomic-scale
mechanisms of platinum electro-oxidation and dissolution. Nat.
Catal. 3, 754-761 (2020).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Smith, M. C., Gilbert, J. A., Mawdsley, J. R., Seifert, S. & Myers, D. J. In
situ small-angle X-ray scattering observation of Pt catalyst particle
growth during potential cycling. J. Am. Chem. Soc. 130,

8112-8113 (2008).

Gilbert, J. A. et al. In situ anomalous small-angle x-ray scattering
studies of platinum nanoparticle fuel cell electrocatalyst degrada-
tion. J. Am. Chem. Soc. 134, 14823-14833 (2012).

Martens, |. et al. Probing the dynamics of platinum surface oxides in
fuel cell catalyst layers using in situ X-ray diffraction. ACS Appl.
Energy Mater. 2, 7772-7780 (2019).

Fuchs, T. et al. Driving Force of the Initial Step in Electrochemical
Pt(111) Oxidation. J. Phys. Chem. Lett. 14, 3589-3593 (2023).
Fuchs, T. et al. Anodic and cathodic platinum dissolution processes
involve different oxide species. Angew. Chem. Int. Ed. 62,
202304293 (2023).

Nagy, Z. & You, H. Applications of surface X-ray scattering to
electrochemistry problems. Electrochim. Acta 47, 3037-3055
(2002).

Cherevko, S. et al. Dissolution of noble metals during oxygen evo-
lution in acidic media. ChemCatChem 6, 2219-2223 (2014).
Sandbeck, D. J. S. et al. Particle size effect on platinum dissolution:
Practical considerations for fuel cells. ACS Appl. Mater. Interfaces
12, 25718-25727 (2020).

Kasian, O., Geiger, S., Mayrhofer, K. J. J. & Cherevko, S. Electro-
chemical on-line ICP-MS in electrocatalysis research. Chem. Rec.
19, 2130-2142 (2019).

Moriau, L. J. et al. Resolving the nanoparticles’ structure-property
relationships at the atomic level: a study of Pt-based electro-
catalysts. iScience 24, 102102 (2021).

Ehelebe, K. et al. Platinum dissolution in realistic fuel cell catalyst
layers. Angew. Chem. 133, 8964-8970 (2021).
Angerstein-Kozlowska, H., Conway, B. E. & Sharp, W. B. A. The real
condition of electrochemically oxidized platinum surfaces. J. Elec-
troanal. Chem. Interf. Electrochem. 43, 9-36 (1973).

Reddy, A. K. N., Genshaw, M. & Bockris, J. O. Ellipsometric study of
oxygen-containing films on platinum electrodes. J. Electroanal.
Chem. 8, 406-407 (1964).

Rizo, R. et al. Investigating the presence of adsorbed species on Pt
steps at low potentials. Nat. Commun. 13, 2550 (2022).
Abdel-Baset, T. et al. The Fuel Cell Technical Team Roadmap.
https://doi.org/10.2172/1220127 (2017).

Cherevko, S. et al. Dissolution of platinum in the operational range
of fuel cells. ChemElectroChem 2, 1471-1478 (2015).

Ahluwalia, R. K. et al. Potential dependence of Pt and Co dissolution
from platinum-cobalt alloy PEFC catalysts using time-resolved
measurements. J. Electrochem. Soc. 165, F3024-F3035 (2018).
DPukié, T. et al. Understanding the crucial significance of the tem-
perature and potential window on the stability of carbon supported
Pt-alloy nanoparticles as oxygen reduction reaction electro-
catalysts. ACS Catal. 12, 101-115 (2022).

Gatalo, M. et al. Importance of Chemical Activation and the Effect of
Low Operation Voltage on the Performance of Pt-Alloy Fuel Cell
Electrocatalysts. ACS Appl. Energy Mater. 5, 8862-8877 (2022).
Ronovsky, M. et al. Assessing utilization boundaries for Pt-based
catalysts in an operating proton-exchange membrane fuel cell. ACS
Appl. Energy Mater. 6, 8660-8665 (2023).

Sasaki, K., Marinkovic, N., Isaacs, H. S. & Adzic, R. R. Synchrotron-
based in situ characterization of carbon-supported platinum and
platinum monolayer electrocatalysts. ACS Catal. 6, 69-76 (2016).
Dodwell, J. et al. Open-circuit dissolution of platinum from the
cathode in polymer electrolyte membrane water electrolysers. J.
Power Sources 498, 229937 (2021).

. Chattot, R. et al. Electrochemical strain dynamics in noble metal

nanocatalysts. J. Am. Chem. Soc. 143, 17068-17078 (2021).

Nature Communications | (2025)16:936


https://doi.org/10.6084/m9.figshare.27902325.v1
https://doi.org/10.2172/1220127
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55299-3

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Chattot, R. et al. Break-in bad: On the conditioning of fuel cell
nanoalloy catalysts. ACS Catal. 12, 15675-15685 (2022).
Sheptyakov, D. et al. Stroboscopic neutron diffraction applied to
fast time-resolved operando studies on Li-ion batteries (d-LiNi 0.5
Mn 1.5 O. 4 vs. graphite). J Mater. Chem. 8, 1288-1297 (2020).
Martens, I. et al. X-ray transparent proton-exchange membrane fuel
cell design for in situ wide and small angle scattering tomography.
J. Power Sources 437, 226906 (2019).

Martens, I. et al. Imaging heterogeneous electrocatalyst stability
and decoupling degradation mechanisms in operating hydrogen
fuel cells. ACS Energy Lett. 6, 2742-2749 (2021).

Martens, I., Chattot, R. & Drnec, J. Decoupling catalyst aggregation,
ripening, and coalescence processes inside operating fuel cells. J.
Power Sources 521, 230851 (2022).

Chattot, R. et al. Beware of cyclic voltammetry! Measurement
artefact in accelerated stress test of fuel cell cathode revealed by
operando X-ray diffraction. J. Power Sources 555, 232345 (2023).
Hornberger, E. et al. Impact of carbon N-doping and pyridinic-N
content on the fuel cell performance and durability of carbon-
supported Pt nanoparticle catalysts. ACS Appl. Mater. Interfaces 14,
18420-18430 (2022).

Sekizawa, O. et al. Simultaneous operando time resolved XAF-SXRD
measurements of a Pt/C cathode catalyst in polymer electrolyte
fuel cell under transient potential operations. ACS Sustain. Chem.
Eng. 5, 3631-3636 (2017).

Toney, M. F. & Melroy, O. R. in Electrochemical interfaces. Modern
techniques for in-situ interface characterization (ed. Abruna, H. D.)
55-129 (VCH, 1991).

Petkov, V. et al. Noble-transition metal nanoparticle breathing in a
reactive gas atmosphere. Nanoscale 5, 7379 (2013).

Newton, M. A., Chapman, K. W., Thompsett, D. & Chupas, P. J.
Chasing changing nanoparticles with time-resolved pair distribu-
tion function methods. J. Am. Chem. Soc. 134, 5036-5039 (2012).
Cherevko, S., Topalov, A. A., Zeradjanin, A. R., Keeley, G. P. &
Mayrhofer, K. J. J. Temperature-dependent dissolution of poly-
crystalline platinum in sulfuric acid electrolyte. Electrocatalysis 5,
235-240 (2014).

Topalov, A. A. et al. Towards a comprehensive understanding of
platinum dissolution in acidic media. Chem. Sci. 5, 631-638 (2014).
Sekizawa, O. et al. Key structural transformations and kinetics of Pt
nanoparticles in PEFC Pt/C electrocatalysts by a simultaneous
operando time-resolved QXAFS-XRD technique. Top. Catal. 61,
889-901 (2018).

Bard, A. J. & Faulkner, L. R. Electrochemical Methods: Fundamentals
and Applications. Electrochemical Methods: Fundamentals and
Applications (John Wiley & Sons, Inc., 2001).

Stariha, S. et al. Recent advances in catalyst accelerated stress tests
for polymer electrolyte membrane fuel cells. J. Electrochem. Soc.
165, F492-F501 (2018).

Dubau, L. & Maillard, F. Unveiling the crucial role of temperature on
the stability of oxygen reduction reaction electrocatalysts. Elec-
trochem. Commun. 63, 65-69 (2016).

Lopes, P. P. et al. Eliminating dissolution of platinum-based elec-
trocatalysts at the atomic scale. Nat. Mater. 19, 1207-1214 (2020).
Xiao, F. et al. Atomically dispersed Pt and Fe sites and Pt-Fe
nanoparticles for durable proton exchange membrane fuel cells.
Nat. Catal. 5, 503-512 (2022).

Zhao, Z. et al. Graphene-nanopocket-encaged PtCo nanocatalysts
for highly durable fuel cell operation under demanding ultralow-Pt-
loading conditions. Nat. Nanotechnol. 17, 968-975 (2022).
Ashiotis, G. et al. The fast azimuthal integration Python library:
PyFAl. J. Appl. Crystallogr. 48, 510-519 (2015).

Thompson, P., Cox, D. E. & Hastings, J. B. Rietveld refinement of
debye-scherrer synchrotron X-ray data from A1203. J. Appl. Crys-
tallogr. 20, 79-83 (1987).

53. Juhas, P., Davis, T., Farrow, C. L. &Billinge, S. J. L. PDFgetX3: a rapid
and highly automatable program for processing powder diffraction
data into total scattering pair distribution functions. J. Appl. Crys-
tallogr. 46, 560-566 (2013).

54. Farrow, C. L. et al. PDFfit2 and PDFgui: Computer programs for
studying nanostructure in crystals. J. Phys. Condens. Matter 19,
0-7 (2007).

55. Kresse, G. & Furthmiiller, J. Efficiency of ab-initio total energy cal-
culations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 6, 15-50 (1996).

56. Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169-11186 (1996).

57. Perdew, J. P., Burke, K., Ernzerhof, M. & Ernzerhof, M. Generalized
gradient approximation made simple. Phys. Rev. Lett. 77,

3865 (1996).

58. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59, 1758-1775
(1999).

59. Vogel, W. X-Ray Diffraction from clusters. Cryst. Res. Technol. 33,
1141-1154 (1998).

Acknowledgements

The authors thank the ESRF for providing beamtime at ID31 and espe-
cially H. Isern and F. Russello for their support at the beamline. The
authors acknowledge the Balard Analysis and Characterisation Platform
(PAC Balard) facilities for technical support and especially thank M. Bigot
and N. Donzel for their valuable help with the ICP-MS setup. We also
thank M. Dupont and F. Lecoeur for support at the hydrogen platform.
R.C gratefully acknowledge financial support from the French National
Research Agency through the HOLYCAT project (grant number no ANR-
22-CE05-0007).

Author contributions

Operando X-ray scattering experiments. Conception: R.C., .M. and
J.D.; execution: R.C., .M., J.D., A.G. and M.S.; analysis: R.C. and M.E.
Electrochemical on-line ICP-MS experiments. Conception: C.A.C.-R.,
D.J. and R.C.; execution: C.A.C.-R., R.C. and A.G.; analysis: C.A.C.-R.
Theoretical model. Conception and execution: J.-S.F.; analysis: J.-S.F.
and R.C. Fuel Cell testing. Execution: M.S., A.G. and R.C.; analysis: M.S.
Electron transmission microscopy. Execution and analysis: A.G., R.C.,
J.D.,P.-Y.B., S.C. and D.J. supervised the work. R.C. wrote the manuscript
with input from all authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-55299-3.

Correspondence and requests for materials should be addressed to
Raphaél. Chattot.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2025)16:936


https://doi.org/10.1038/s41467-024-55299-3
http://www.nature.com/reprints
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55299-3

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:936

10


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Metal-oxide phase transition of platinum nanocatalyst below fuel cell open-circuit voltage
	Results
	Methods
	Materials
	X-ray transparent fuel cell operation
	Conventional fuel cell operation
	X-ray transparent thin-film electrochemical flow cell operation
	Stroboscopic operando synchrotron wide-angle X-ray scattering (WAXS) measurements
	Rietveld refinement of the WAXS patterns
	Pair distribution function (PDF) analysis
	First-order rate constant determination
	Electrochemical on-line inductively coupled plasma mass spectrometry
	Computational details
	Transmission electron microscopy

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




