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 A B S T R A C T

Electrochemical energy conversion involves both steady-state and transient phenomena, with the latter being 
difficult to probe under realistic conditions. Conventional in-situ/operando X-ray absorption spectroscopy often 
lacks time resolution and provides mainly qualitative insights. In this study, we show that the 𝛥𝜇 XANES 
method, applied on the Pt/H3PO3 system, enables potential-dependent tracking of surface speciation and 
relative changes in adsorbate populations. It distinguishes H3PO3 concentrations and reveals competition for Pt 
sites among O-, H-, CO-, H3PO3- and H3PO4-derived species. Despite XAS being bulk-sensitive, 𝛥𝜇 yields indirect 
yet reliable surface information. Coupled with time-resolved fixed-energy X-ray absorption voltammetry 
(FEXRAV), the transient evolution of the Pt electronic structure is monitored during CO stripping, revealing 
dynamic electronic changes that precede the maximum electrochemical oxidation current. The complementary 
use of FEXRAV and 𝛥𝜇 XANES correlates these transient electronic responses with the underlying surface 
speciation, providing mechanistic insight into competitive adsorption on Pt. Machine learning validation 
confirms predictive power despite low signal-to-noise ratio. This establishes the combination of 𝛥𝜇 XANES 
and FEXRAV as a versatile tool for probing interfacial dynamics in fuel cells, electrolyzers, and CO2 reduction 
technologies that can be readily implemented at conventional XAS beamlines.
1. Introduction

The global transition to renewable energy relies heavily on elec-
trochemical processes for large-scale applications, including fuel cells, 
electrolyzers, direct N2 and CO2 reduction, and photoelectrochemistry. 
Achieving this goal requires a detailed atomic-level understanding of 
electrocatalytic processes at the catalyst interface [1–3]. Significant 
progress has been made in real-time visualization of electrochemical in-
terfaces, supported by advanced methods with improved temporal and 
lateral resolution, often coupled with artificial intelligence to deepen 
mechanistic insights into efficient electrocatalysis [4–12]. Among the 
wide range of analytical techniques, X-ray absorption spectroscopy 
(XAS) has emerged as a powerful tool to probe electrocatalysts under 
relevant conditions.
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Numerous ex-situ studies using X-ray absorption near edge structure 
(XANES) and extended X-ray absorption fine structure (EXAFS) on 
electrocatalysts are reported in the literature [8,13,14]. However, these 
focus on quasi-steady-state systems that do not reflect the dynamic 
rearrangements, multiple active sites, and complex adsorption patterns 
present under operating conditions, where the key reaction interme-
diates are formed and consumed on very short timescales and which 
traditional XAS cannot resolve. For this reason, in-situ and operando 
approaches have gained significant attention for detecting these short-
lived reaction intermediates thereby revealing reaction mechanisms [9,
15–29]. Time-resolved methods such as QEXAFS and energy-dispersive 
XAS (EDXAS) have provided insights into electrochemical reaction 
kinetics (such as oxygen reduction or hydrogen evolution reactions), 
achieving sub-second resolution [30–37]. Despite their value, these 
https://doi.org/10.1016/j.surfin.2026.110279
Received 22 April 2026; Received in revised form 29 July 2026; Accepted 1 Augus
vailable online 24 August 2026 
468-0230/© 2026 The Authors. Published by Elsevier B.V. This is an open access a
t 2026

rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.sciencedirect.com/journal/surfaces-and-interfaces
https://www.sciencedirect.com/journal/surfaces-and-interfaces
https://orcid.org/0000-0002-6879-3583
https://orcid.org/0000-0002-8866-9651
https://orcid.org/0000-0002-7727-008X
https://orcid.org/0000-0002-1581-247X
https://orcid.org/0000-0002-2986-692X
https://orcid.org/0000-0001-9064-4982
https://orcid.org/0000-0002-2726-5389
https://orcid.org/0000-0003-2258-8688
https://orcid.org/0000-0003-2422-6234
https://orcid.org/0000-0002-0394-0634
https://orcid.org/0000-0003-1159-2956
mailto:bruna.lobo@uni-bayreuth.de
mailto:rameshwori.jalan@uni-bayreuth.de
https://doi.org/10.1016/j.surfin.2026.110279
https://doi.org/10.1016/j.surfin.2026.110279
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfin.2026.110279&domain=pdf
http://creativecommons.org/licenses/by/4.0/


B. Ferreira Gomes et al. Surfaces and Interfaces 98 (2026) 110279 
techniques remain limited by data volume, narrow energy ranges, 
operando constraints, and the requirement for dedicated instrumen-
tation available at only a limited number of synchrotron beamlines. 
Consequently, there remains a need for practical and broadly acces-
sible time-resolved approaches that can be readily implemented at 
conventional XAS beamlines while providing simultaneous informa-
tion on catalyst states and adsorbates under dynamic electrochemi-
cal conditions. More recently, attention has therefore turned to two 
complementary approaches: fixed energy X-ray absorption voltamme-
try (FEXRAV), [38–57] and the 𝛥𝜇 XANES method [4,58–61] which, 
when used together, enable tracking a catalyst’s transient electronic 
responses and identification of surface adsorbates under realistic condi-
tions. Originally developed by Ramaker and co-workers, the 𝛥𝜇 XANES 
methodology uses a reference spectrum acquired in the electrochem-
ical double-layer region, where the Pt surface exhibits a relatively 
stable composition and no significant faradaic processes occur. Differ-
ence spectra generated relative to this reference are then interpreted 
through comparison with FEFF-calculated fingerprints, enabling the 
identification of surface adsorbates and their adsorption geometries [4].

While these methodological developments have significantly ex-
panded the scope of operando XAS, their application to technologically 
relevant systems such as high-temperature proton exchange membrane 
fuel cells (HT-PEMFCs) remains limited, particularly in resolving com-
petitive adsorption processes under dynamic electrochemical condi-
tions. In particular, there is a need to correlate the dynamic evolution 
of adsorbates and time-resolved electronic responses in systems where 
multiple species simultaneously interact with the catalyst surface and 
transient effects play a decisive role. HT-PEMFCs use polybenzimi-
dazole (PBI) membranes imbibed with H3PO4 for proton conduction 
at temperatures above 120 ◦C. Under realistic operating conditions, 
H3PO4 can leach out and either adsorb strongly on Pt catalytic sites, 
thereby slowing down electrode kinetics, or be reduced to H3PO3 at the 
anode in the presence of H2 at lower electrode potentials [62–64]. Both 
H3PO3 and CO — another well-known poisoning species in PEMFCs 
— compete for Pt active sites and get oxidized in similar potential 
ranges [5,65]. Despite its recognized formation in HT-PEMFCs, the 
competitive adsorption behavior of H3PO3 and its influence on hy-
drogen adsorption remain insufficiently understood. Establishing these 
fundamental adsorption mechanisms in a controlled half-cell configura-
tion at 25 ◦C is a necessary step toward future operando investigations 
under realistic HT-PEMFC conditions. In our previous work, we identi-
fied these adsorbed species on Pt/C using 𝛥𝜇 XANES, establishing their 
spectroscopic fingerprints under steady-state conditions but without 
addressing the relation between 𝛥𝜇 signal intensity, surface cover-
age, and competitive site occupation. In the present study, we extend 
our previous qualitative identification approach [5] by systematically 
correlating changes in 𝛥𝜇 XANES intensity with electrochemical observ-
ables, allowing relative changes in surface speciation and competitive 
adsorption to be tracked. By integrating steady-state 𝛥𝜇 XANES for 
surface speciation with FEXRAV for tracking transient Pt-specific elec-
tronic responses during potential cycling, we investigate the dynamic 
evolution of competitive adsorption under controlled electrochemical 
conditions. This combined approach enables direct insight into adsorp-
tion, site blocking, and removal processes involving H, CO, O-, and 
H3PO3-derived species under controlled electrochemical conditions.

Importantly, although XAS is typically regarded as a bulk-sensitive 
technique, we show that 𝛥𝜇 XANES enables the extraction of indirect 
yet reliable information on surface composition under conditions where 
soft-XAS or X-ray photoelectron spectroscopy (XPS) would be restricted 
due to vacuum requirements and limited catalyst loading. Finally, 
we evaluate the consistency of the observed relationships between 
experimental conditions and spectroscopic responses using machine 
learning procedures capable of predicting 𝛥𝜇 XANES features under 
specific conditions. The model was trained not only on the Pt/C data 
presented here but also on Pt alloys, confirming the systematic nature 
of the observed trends and highlighting the potential for extension to 
2 
non-noble metal catalysts. This establishes a powerful and versatile 
framework for probing adsorption dynamics under realistic electro-
chemical conditions, broadly applicable to key electrochemical energy 
conversion reactions.

2. Results and discussion

Dynamic changes on Pt catalyst surface revealed by Fixed Energy X-ray 
Absorption Voltammetry (FEXRAV)

Fixed-Energy X-ray Absorption Voltammetry (FEXRAV) was em-
ployed to follow transient Pt-specific electronic responses during the 
electrochemical measurements. As summarized in Fig.  1, the fluores-
cence intensity at a selected energy within the Pt L3-edge white-line re-
gion (11,568 eV) was recorded continuously during cyclic voltammetry 
and correlated with the applied electrode potential. The time derivative 
of the fluorescence signal, 

(

𝑑𝐹 𝑙𝑢𝑜
𝑑𝑡

)

, highlights potential regions in 
which the Pt X-ray absorption changes most rapidly, providing an 
element-specific voltammetry-like profile that can be directly compared 
with features observed in the electrochemical response [66]. Unless 
otherwise explicitly stated, the term ‘‘FEXRAV analysis’’ refers through-
out this work to the analysis based on 

(

𝑑𝐹 𝑙𝑢𝑜
𝑑𝑡

)

. A detailed description of 
the energy selection, signal synchronization, alignment, interpolation, 
and data treatment is provided in the Experimental Section.

First CV cycle: CO stripping
Fig.  2 compares the cyclic voltammograms and the corresponding 

FEXRAV responses recorded during the first anodic cycle, in which 
the Pt surface is initially saturated with adsorbed CO. In the absence 
of H3PO3, the anodic scan exhibits the characteristic CO stripping 
peak in the CV (Fig.  2A), while the corresponding FEXRAV response 
(Fig.  2B) displays a pronounced negative feature in the same poten-
tial region. The FEXRAV profile reproduces not only the position of 
the CO oxidation process but also the two shoulders observed in the 
electrochemical response, demonstrating that the derivative treatment 
provides an element-specific voltammetric-like signal closely following 
the Pt-related electrochemical transformation while suppressing contri-
butions from parallel processes that do not significantly modify the Pt 
electronic structure.

The negative-going FEXRAV feature should not be interpreted sim-
ply as a reduction of Pt. Instead, it represents the rapid electronic 
reorganization of the Pt surface accompanying CO removal. During 
this process, several phenomena occur simultaneously, including the 
disappearance of Pt–CO bonds, changes in the occupation of Pt 5d 
states, adsorption of oxygenated species (OH), the onset of Pt oxide 
formation, and the associated modification of the Pt L3-edge spectral 
shape. Together, these changes produce a substantial decrease in the 
fluorescence intensity at the selected fixed energy, resulting in the 
intense negative derivative observed during CO stripping. This inter-
pretation is consistent with the 𝛥𝜇 XANES measurements, discussed 
in detail in Section ‘‘Steady state adsorbed species on Pt catalyst 
surface’’, which showed that CO adsorption produces a significantly 
larger spectral modification than H3PO3 adsorption under equivalent 
conditions.

Beyond the CO stripping region, a small positive feature appears 
at approximately 0.95–1.0 V (Fig.  2B). Since this signal occurs within 
the potential range where Pt oxide formation is expected, and oxide 
formation is known to increase the Pt L3-edge white-line intensity, this 
feature is assigned to the initial formation of Pt–O species.

During the cathodic scan, the positive FEXRAV response observed in 
the Hupd region coincides with hydrogen adsorption on Pt. This result 
indicates that hydrogen adsorption also modifies the Pt electronic struc-
ture sufficiently to produce a measurable change in the fluorescence 
intensity, although substantially smaller than that associated with CO 
removal.

When 200 μmol L−1 H3PO3 is added (Fig.  2C and D), the negative 
FEXRAV feature becomes less intense and loses one of its shoulders, 
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Fig. 1. Diagram illustrating the FEXRAV method from fixed-energy selection to the generation of the element-specific voltammetric-like signal (𝑑𝐹 𝑙𝑢𝑜∕𝑑𝑡 vs. 
potential). The fixed energy point to follow (Efix) was chosen to be 11,568 eV.
Fig. 2. Comparison between cyclic voltammetry and FEXRAV during the first CO stripping cycle. (A) Cyclic voltammogram recorded in 1 mol L−1 H3PO4 after 
CO adsorption. (B) Corresponding FEXRAV response obtained from the time derivative of the fluorescence intensity measured at the Pt L3-edge. (C) Cyclic 
voltammogram recorded in 1 mol L−1 H3PO4 containing 200 μmol L−1 H3PO3 after CO adsorption. (D) Corresponding FEXRAV response. Shaded regions highlight 
the Pt-related electrochemical processes identified by both techniques.
closely following the modification observed in the CO stripping voltam-
mogram. Simultaneously, the positive feature associated with Pt oxide 
formation is no longer detected, while the hydrogen adsorption re-
sponse also decreases in intensity. These observations indicate that 
H3PO3 modifies the adsorption of CO and alters the distribution of 
available Pt surface sites, while simultaneously suppressing Pt oxide 
formation within the detection limits of the FEXRAV measurement.

Second CV cycle: CO-free surface
The second voltammetric cycle (Fig.  3) was recorded after complete 

removal of the adsorbed CO layer and therefore reflects only the 
intrinsic surface processes occurring on Pt.

In the absence of H3PO3 (Fig.  3A and B), the anodic scan begins with 
hydrogen desorption, which appears as a negative FEXRAV feature due 
to the decrease in fluorescence intensity accompanying the removal of 
adsorbed hydrogen. At higher potentials, the fluorescence derivative 
becomes positive, consistent with the formation of Pt oxide. During the 
3 
subsequent cathodic scan, the FEXRAV signal becomes negative in the 
potential region corresponding to Pt oxide reduction and subsequently 
increases again within the Hupd region, where hydrogen is readsorbed 
onto the Pt surface. The close correspondence between the electro-
chemical and spectroscopic responses confirms that FEXRAV selectively 
follows the electronic changes occurring on the Pt surface throughout 
the complete voltammetric cycle.

In the presence of 200 μmol L−1 H3PO3 (Fig.  3C and D), the 
FEXRAV features associated with Pt oxide formation and reduction are 
no longer observed, indicating that H3PO3 strongly suppresses oxide 
formation under the investigated conditions. In contrast, the hydrogen 
adsorption and desorption features remain detectable, although both 
exhibit reduced intensity and modified shape. In particular, the hydro-
gen desorption region changes from two well-defined shoulders in the 
absence of H3PO3 to a single broader feature when H3PO3 is present. 
This behavior indicates that H PO  alters the distribution of Pt surface 
3 3
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Fig. 3. Comparison between cyclic voltammetry and FEXRAV during the second voltammetric cycle after complete removal of adsorbed CO. (A) Cyclic 
voltammogram recorded in 1 mol L−1 H3PO4. (B) Corresponding FEXRAV response obtained from the time derivative of the fluorescence intensity measured at 
the Pt L3-edge. (C) Cyclic voltammogram recorded in 1 mol L−1 H3PO4 containing 200 μmol L−1 H3PO3. (D) Corresponding FEXRAV response. The disappearance 
of the Pt oxide-related FEXRAV features in the presence of H3PO3 indicates suppression of Pt oxide formation, while the modified Hupd adsorption/desorption 
features reveal changes in the distribution of active Pt surface sites.
sites participating in hydrogen adsorption, consistent with competitive 
adsorption between hydrogen and phosphorous-containing species.

FEXRAV analysis of competitive adsorption and Pt surface poison-
ing by H3PO3

One of the initial motivations of this work was to evaluate whether 
FEXRAV could track the evolution of Pt surface poisoning by H3PO3
through changes in the integrated signal and to compare these changes 
with those obtained from the corresponding integrated electrochemi-
cal response. Since adsorption of H3PO3 also modifies the CO strip-
ping response, both the Hupd and CO stripping regions were investi-
gated by comparing the integrated cyclic voltammetry signals with the 
corresponding integrated FEXRAV responses (Figure S1).

Although both techniques clearly respond to the presence of H3PO3, 
the evolution of the integrated signals differs substantially. In the 
cyclic voltammograms, the CO stripping charge initially increases after 
the first addition of H3PO3, followed by a progressive decrease with 
increasing concentration. The Hupd charge shows a non-monotonic re-
sponse to increasing H3PO3 concentration, with slight variations at low 
H3PO3 concentrations followed by a stark decrease at higher concentra-
tions. In contrast, the integrated FEXRAV signals do not follow the same 
trend. The Hupd-related contribution exhibits only a slight increase 
at low concentrations before decreasing sharply at the highest con-
centrations, whereas the CO stripping contribution decreases rapidly 
during the first additions of H3PO3, remains nearly constant over 
the intermediate concentrations, and decreases again at the highest 
concentration.

These observations demonstrate that, despite the close qualitative 
correspondence between cyclic voltammetry and FEXRAV, the two 
techniques probe different physical quantities. Cyclic voltammetry 
measures the overall faradaic response, whereas the 𝑑𝐹 𝑙𝑢𝑜

𝑑𝑡  signal re-
flects the magnitude and rate of the electronic changes occurring at 
the Pt atoms monitored at the selected X-ray energy. Consequently, 
identical changes in electrochemical charge do not necessarily produce 
proportional changes in the FEXRAV response.
4 
To better understand these differences, the individual cyclic voltam-
mograms and FEXRAV profiles obtained at each H3PO3 concentration 
are presented separately in Figure S2. Both techniques show progressive 
modifications of the two characteristic CO stripping contributions. In 
the cyclic voltammograms, the relative intensity of the two peaks 
changes with increasing H3PO3 concentration, accompanied by small 
positive shifts in their peak potentials. In contrast, the corresponding 
FEXRAV features appear systematically at potentials approximately 
10–30 mV lower than the respective electrochemical peaks and exhibit 
considerably larger shifts with increasing H3PO3 concentration. Con-
sidering the estimated synchronization uncertainty of approximately 
±3.3 mV (or ±6.7 mV under the conservative assumption of a full acqui-
sition interval), these offsets cannot be explained solely by uncertainty 
in the temporal alignment procedure.

The lower potential of the FEXRAV response suggests that mod-
ifications of the Pt electronic structure begin before the maximum 
faradaic oxidation current is reached. This behavior is consistent with 
the fact that, during CO stripping, adsorption of oxygenated species, 
particularly OH, precedes complete CO oxidation to CO2. Since these 
oxygenated intermediates modify the electronic structure of Pt before 
the electrochemical oxidation reaches its maximum rate, FEXRAV de-
tects the onset of these electronic changes earlier than the current 
maximum observed in cyclic voltammetry.

To further investigate the origin of these two contributions, both 
the electrochemical and FEXRAV peaks were deconvoluted into two 
individual components (Figures S3 and S4), and the corresponding peak 
positions and integrated areas are summarized in Figure S5. According 
to previous studies on polycrystalline Pt, the lower-potential contribu-
tion, centered near 0.75 V vs RHE, is predominantly associated with 
CO oxidation on low-coordinated Pt sites, such as (100)- and (110)-
like domains, whereas the higher-potential contribution near 0.85 V is 
mainly attributed to Pt(111) terrace sites, where CO is more strongly 
stabilized [67,68].
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The electrochemical peak areas show that the low-potential contri-
bution increases with H3PO3 concentration, whereas the high-potential 
contribution initially increases after the first addition and then de-
creases markedly at higher concentrations. This behavior suggests 
that competition with H3PO3 preferentially displaces CO from low-
coordinated Pt sites, leading to the redistribution of the remaining 
adsorbed CO toward Pt(111)-like terraces. The FEXRAV-derived peak 
areas reveal a preferential suppression of the low-potential contribution 
but with a markedly different evolution. The low-potential FEXRAV 
feature progressively disappears as the concentration of H3PO3 in-
creases, indicating that removal of CO from these sites no longer 
produces a significant electronic perturbation because they become 
preferentially occupied by H3PO3. Since 𝛥𝜇 XANES measurements 
(discussed in Section ‘‘Steady state adsorbed species on Pt catalyst 
surface’’) demonstrated that CO adsorption produces a substantially 
larger modification of the Pt L3-edge than H3PO3, replacement of CO 
by H3PO3 naturally results in a much weaker FEXRAV response.

In contrast, the higher-potential FEXRAV feature initially persists 
and reaches a maximum near 1×10−4 mol L−1 before decreasing at 2×
10−4 mol L−1. This behavior is consistent with an initial redistribution 
of CO toward Pt(111)-like terrace sites after preferential occupation 
of the low-coordination sites by H3PO3. Once these preferential sites 
become saturated, H3PO3 begins to compete with CO for adsorption 
on the terrace sites as well, leading to the subsequent decrease of the 
higher-potential contribution. Together, these results demonstrate that 
FEXRAV provides complementary information to conventional electro-
chemistry by directly revealing how adsorption-induced modifications 
of the Pt electronic structure evolve during competitive adsorption, 
rather than simply following the overall electrochemical charge.

Although competitive adsorption provides a consistent explanation 
for the experimental observations, additional processes may also con-
tribute to the Pt surface changes observed during CO stripping. In 
particular, one such process is the direct chemical interaction between 
H3PO3 and oxygenated Pt surface species. Previous electrochemical 
studies have shown that H3PO3 can react with PtOx surface species, 
consuming surface oxides while being oxidized to H3PO4, thereby 
shifting the equilibrium toward reduced Pt [63]. Although the present 
experiments do not allow the contribution of this process to be quanti-
fied, it may partially reinforce the suppression of oxygenated Pt species 
observed throughout this work. Taken together, the experimental ob-
servations are most consistently explained by competitive adsorption. 
Adsorbed H3PO3 may reduce the availability of Pt sites involved in 
Pt-OH formation, thereby decreasing the population of reactive Pt–
CO/Pt–OH ensembles required for CO oxidation through the Langmuir–
Hinshelwood mechanism [68]. At the same time, H3PO3 competes 
directly with CO for adsorption sites, redistributing the remaining CO 
over the Pt surface.

In the present data, these effects are primarily reflected by changes 
in the relative peak areas and by an increasing separation between the 
FEXRAV and electrochemical peak potentials, rather than by a pro-
nounced positive shift of the high-potential CO stripping peak. In par-
ticular, the progressive shift of the high-potential FEXRAV contribution 
toward lower potentials indicates that the electronic reorganization of 
the remaining CO-covered Pt sites begins earlier as the concentration 
of H3PO3 increases. Since the corresponding CV peak remains nearly 
unchanged at approximately 0.85–0.86 V vs. RHE, these electronic 
changes precede the maximum faradaic rate of CO oxidation and should 
not be interpreted as an earlier conversion of CO to CO2. Instead, the 
results suggest that FEXRAV detects the onset of Pt electronic structure 
modifications associated with competitive adsorption and the forma-
tion of oxygenated intermediates before the electrochemical oxidation 
current reaches its maximum. Together, these findings suggest that 
the poisoning effect of H3PO3 extends beyond simple site blocking. By 
influencing the formation of oxygenated Pt species, H3PO3 may also 
modify the surface reaction pathways responsible for catalyst activity.
5 
While FEXRAV provides time-resolved, element-specific information 
on the evolution of the Pt electronic structure during potential cy-
cling, the measured response reflects the combined effect of several 
concurrent processes, including CO removal, hydrogen adsorption, Pt 
oxidation, and adsorbate-induced modifications of the Pt electronic 
structure. Consequently, although FEXRAV reveals when these elec-
tronic changes occur and how their intensity evolves with H3PO3
concentration, it does not directly identify the surface species respon-
sible for each contribution. To obtain this information, complementary 
𝛥𝜇 XANES measurements were performed. Unlike FEXRAV, which 
follows the kinetics of the electronic response, 𝛥𝜇 XANES provides 
potential-dependent snapshots of the Pt surface under well-defined 
electrochemical conditions, allowing the contributions from adsorbed 
CO, hydrogen, oxygenated species, and H3PO3 to be distinguished. The 
combination of both techniques therefore enables correlation of the 
dynamic FEXRAV features with the underlying surface speciation, pro-
viding a comprehensive picture of the competitive adsorption processes 
occurring on the Pt surface.

Steady state adsorbed species on Pt catalyst surface (𝛥𝜇 XANES)
In contrast to our earlier work [5], where 𝛥𝜇 XANES was employed 

primarily to assign spectroscopic fingerprints to individual adsorbates, 
the focus here shifts toward tracking relative changes in adsorbate 
populations through variations in 𝛥𝜇 signal intensity. By systemati-
cally varying the H3PO3 concentration and correlating the resulting 
𝛥𝜇 XANES features with electrochemical observables and the transient 
electronic response obtained by FEXRAV, we demonstrate that relative 
changes in 𝛥𝜇 amplitude reflect changes in surface speciation and 
competitive site occupation. This approach enables discrimination not 
only between different adsorbed species, but also between their rela-
tive contributions under single-adsorbate and competitive adsorption 
conditions.

The results presented in Fig.  4 show the intensity of the 𝛥𝜇 XANES 
signal as a function of the concentration of H3PO3 in a 1 mol L−1
H3PO4 electrolyte, with a Pt/C catalyst, at three different potentials. 
The three potentials were selected because the following adsorbed 
species are predominantly present on the Pt surface at these potentials: 
H at 0.1 V, H3PO3 at 0.5 V, and O at 1 V. The 𝛥𝜇 XANES features 
were compared with 𝛥𝜇 spectra calculated using FEFF (dotted lines). 
To follow the changes in intensity with increasing concentrations of 
H3PO3, the simulated characteristic signatures of H, H3PO3, and O are 
added for comparison. The same experiment was conducted in the 
presence of CO to evaluate the competition for active sites between 
CO and H3PO3. Since the binding energies of CO are well-known, the 
comparison between single and competitive adsorption allowed for the 
elucidation of H3PO3 adsorption [69].

At more negative potentials within the range of the CV, the ad-
sorption of H on the Pt surface is expected. According to Fig.  4A (see 
also Figure S8), the characteristic feature (which swings from negative 
to positive as the relative energy E increases) is anticipated for H 
adsorption, while the presence of H3PO3 (adsorbed in its tetrahedral 
form, see Figure S7) is observed with its own characteristic feature: a 
positive signal near 0 eV. It should be noted that accurately pinpointing 
the positions of 𝛥𝜇 features is quite challenging, and here we rely 
more on the relative positions of signals from different species. In 
this context, the presence of H3PO3 causes a reduction in the positive 
signal intensity (around the 10 eV region), while a new feature emerges 
around 0 eV, similar to the shape observed with the FEFF-simulated H 
spectrum.

At 0.5 V and therefore right within the double layer region (Fig.  4C 
and Figure S9), a minimal amount and constant coverage of adsorbed 
species is expected, as no faradaic processes are anticipated in this 
region. It is known that H3PO4 species or anion species from the 
electrolyte in general can be adsorbed in this potential range [5]. 
However, since the reference spectrum is obtained in 1 mol L−1 H PO
3 4
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Fig. 4. 𝛥𝜇 XANES measurements were conducted at various potentials and different H3PO3 concentrations. The experiments were performed in electrolytes 
saturated with N2 (A, C, and D) and CO (B). The measurements were performed at the following potentials: 0.1 VRHE (A and B), 0.5 VRHE (C), and 1.0 VRHE
(D). Dotted lines represent the FEFF-simulated characteristic signatures. The measurements were performed in 1 mol L−1 H3PO4 electrolyte with the addition of 
H3PO3. The corresponding 𝛥𝜇 XANES spectra for the datasets presented in Fig.  4 are shown in greater detail in the Supporting Information (Figures S8–S11), 
highlighting the evolution of the spectral features with increasing H3PO3 concentration. All measurements were performed in 1 mol L−1 H3PO4 electrolyte with 
the addition of H3PO3.
at 0.5 V, the features observed here are directly related to the adsorp-
tion of H3PO3 on Pt. Interestingly, the feature increases with rising 
H3PO3 concentration, reaching a maximum that likely corresponds to 
the formation of a stable multilayer on the Pt surface with a defined 
adsorption capacity, as previously reported for H3PO3 [63]. It is also 
important to note that at the highest studied concentration, 2 × 10−4
mol L−1, the simulated 𝛥𝜇 feature indicates that H3PO3 adsorbs to Pt 
through P–O–Pt bonds, suggesting a tetrahedral structure motif. This 
is distinctly different from the adsorption of this species at relatively 
high concentrations (10−2 mol L−1), [5] which predominantly adopts 
a pyramidal configuration (P–Pt). FEFF calculations for the two main 
possible configurations are shown in Figure S7.

At more positive potentials (Fig.  4D and Figure S10), the formation 
of Pt oxides is expected, hence the predominant feature is the adsorp-
tion of oxygen. According to FEFF simulations, this is characterized by 
a negative signal around 0 eV and a positive one around 5 eV. With 
the addition of H3PO3, a reduction in the intensity of the signal at 
5 eV and a broadening in the region is observed, further indicating that 
H3PO3 is (co-)adsorbing and occupying active sites on Pt. This could 
explain the decrease in catalytic activity when the concentration of 
H3PO3 increases. Recently, it was shown that at this potential H3PO3
is oxidized to H3PO4 by water, while producing H2 [63,70]. The pro-
gressive suppression of the oxygen-related 𝛥𝜇 feature with increasing 
H3PO3 concentration is consistent with the disappearance of the Pt 
oxide-related FEXRAV signal observed during the second voltammetric 
cycle, further supporting that H3PO3 inhibits Pt oxide formation under 
the investigated conditions.

In the presence of CO (Fig.  4B and Figure S11), a similar effect to 
that observed for H species is noted: the higher the concentration of 
H3PO3, the lower the intensity of the feature associated with CO, and 
the increase in intensity around 0 eV is characteristic of the presence of 
H PO . Compared with Fig.  4A, the feature associated with the H PO
3 3 3 3
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species is not as evident within the range of 0.1 to 0.4 V. Therefore, 
even though there is a clear competition between CO and H3PO3, the 
H3PO3 species in its tetrahedral configuration (observed at low concen-
trations) has a lower adsorption energy than CO species, but definitely 
adsorbs stronger than H species. This interpretation is fully consistent 
with the FEXRAV results, where CO removal dominates the transient 
spectroscopic response owing to its much larger perturbation of the 
Pt L3-edge compared to H3PO3. Consequently, adsorption of H3PO3
primarily modifies the intensity, position and relative contribution of 
the CO-related FEXRAV features through competitive adsorption rather 
than generating an equally intense spectroscopic signature of its own.

Machine learning predictions of XANES spectra
Given that traditional first-principles methods, such as DFT, are 

computationally demanding, and experimental XANES measurements 
are both costly and time-consuming, the use of machine learning (ML) 
models to predict XANES was explored. By leveraging ML, we aimed to 
develop a faster, data-driven approach to predict spectra based on ex-
perimental conditions, reducing the need for extensive measurements. 
The experimental conditions associated with the previously discussed 
XANES spectra served as inputs to train a ML model designed to predict 
the 𝛥𝜇 XANES spectra in the vicinity of the Pt edge (refer to the Method-
ology section for comprehensive details). We employed the random 
forests algorithm, as developed by Breiman, [71] for this task. Although 
prior research demonstrates successful use of ML models, for example in 
performing inverse design using datasets comprising approximately 30 
experiments, [72] we expanded our dataset to enhance model accuracy. 
This decision is further motivated by the need to predict not merely a 
single data point, but a complete XANES spectrum (consisting of at least 
7 data points). We incorporated additional experimental conditions and 
corresponding spectra from similar materials to refine our ML model 
further.
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The model’s performance was evaluated on all 16 curves of the test 
set, from which four selected XANES spectra are illustrated in Fig.  5. 
Because the XANES curves are continuous with a number of points 
per curve much higher than the dataset size of only 76 experiments, 
only selected points of the curves were used as ML features (circles 
vs. squares in Fig.  5). Overall, the model achieved for the test set a 
Mean Absolute Error (MAE) of 0.0058 and 𝑅2 = 0.88. Comparing the 
test error with the training error (MAE = 0.0031, 𝑅2 = 0.97) shows 
that some overfitting is present in the ML model employed. Further 
reducing overfitting via hyperparameter optimization is difficult due 
to the relatively small number of experiments in the current dataset. 
A detailed description of the predictions, training errors and variance 
analysis of the model is available in the Supporting Information. The 
available dataset comprises only 76 experiments, which inevitably 
limits the complexity of the ML model that can be trained without 
overfitting. Consequently, the present model should be regarded as a 
proof of concept demonstrating that meaningful relationships between 
experimental conditions and 𝛥𝜇 XANES spectra can already be learned 
from relatively limited experimental data. Within the experimental 
domain represented by the available data, the trained model gener-
alizes to previously unseen combinations of experimental conditions. 
Expanding the dataset with additional catalyst compositions and oper-
ating conditions will be necessary to improve the model robustness and 
extend its applicability to chemically distinct catalyst systems.

Beyond the limitations imposed by the dataset size, it should be 
noted that the Random Forest model was trained exclusively on Pt-
based catalyst systems, and the inclusion of Pt alloys was intended to 
improve predictive accuracy within this chemical space rather than to 
generalize across metal families. Consequently, the model’s ability to 
predict 𝛥𝜇 XANES spectra for non-noble metal catalyst systems remains 
untested, and its current performance metrics (test MAE = 0.0058, R2

= 0.88) should be interpreted as reflecting interpolation within Pt-
based chemistry rather than extrapolation to fundamentally different 
electronic structures and adsorption mechanisms. The moderate gap 
between training and test error is consistent with the limited size of 
the dataset (76 experiments) rather than with memorization of specific 
spectral signatures, as the model retains substantial predictive power 
on held-out data. Nonetheless, extending this approach to non-noble 
metal systems would require dedicated experimental efforts to establish 
whether the learned relationships reflect transferable physical descrip-
tors of the Pt L3-edge response or are specific to Pt-based electronic 
structure.

Using ML for XANES prediction offers significant advantages, in-
cluding faster and more efficient spectral predictions compared to com-
putationally expensive first-principles methods and time-consuming 
experimental measurements. By reducing the need for extensive syn-
chrotron beamtime, ML lowers costs while optimizing experimental 
conditions to achieve desired spectral features with minimal trial and 
error. Additionally, ML models extract valuable insights from the 
datasets, like feature importances, enhancing spectral interpretation 
and material characterization.

Beyond serving as a proof of concept, the machine-learning analysis 
presented here provides an independent validation of the adsorption 
trends extracted from 𝛥𝜇 XANES. By learning the relationship between 
experimental conditions and spectral response, the model confirms that 
the observed spectroscopic trends are systematic rather than anecdotal, 
despite the inherently low signal-to-noise ratio of operando 𝛥𝜇 XANES. 
The ML results further support the interpretation of the combined 𝛥𝜇
XANES and FEXRAV measurements by demonstrating that the spectro-
scopic response evolves consistently with the experimentally observed 
changes in surface speciation and Pt electronic structure. Importantly, 
this approach demonstrates the potential to predict spectroscopic re-
sponses prior to beamtime allocation, thereby extending the practical 
impact of the combined 𝛥𝜇 XANES–FEXRAV methodology.
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3. Conclusion

Our results show that H3PO3 strongly blocks Pt active sites, com-
peting with H and CO and suppressing oxygen adsorption, even at low 
concentrations. Beyond reducing the number of available active sites, 
H3PO3 also modifies their distribution, altering both the electrochem-
ical response and the evolution of the Pt electronic structure. These 
findings highlight the critical role of phosphorus-derived contaminants 
in limiting HT-PEMFC performance and demonstrate the necessity of 
designing catalyst surfaces with enhanced resistance to such poison-
ing effects. The combined use of FEXRAV and 𝛥𝜇 XANES provides a 
comprehensive view of these competitive adsorption processes, by cou-
pling transient electronic structure dynamics with direct information on 
surface speciation.

The unique capability of FEXRAV to follow transient changes in 
the Pt electronic structure in real time enabled the dynamic tracking 
of CO removal and its competition with H3PO3. Rather than repro-
ducing the electrochemical current, FEXRAV selectively probes the 
magnitude and kinetics of the electronic changes occurring at Pt during 
potential cycling. This technique is not only complementary to 𝛥𝜇
XANES but also represents a decisive step toward establishing prac-
tical design principles for catalyst optimization. By linking transient 
structural changes to electrochemical behavior, FEXRAV bridges the 
gap between fundamental spectroscopic observation and operational 
catalyst design. Specifically, it enables the identification of operating 
potentials that minimize site blocking, supports the rational design of 
Pt alloys with improved tolerance to to contamination by phosphorus-
containing species, and guides strategies to mitigate performance losses 
in HT-PEMFCs.

In turn, the 𝛥𝜇 XANES method isolates surface-specific spectral 
changes while the nanoparticle core remains largely unaffected. How-
ever, this technique can only be reliably applied to catalyst systems 
where core stability is ensured, as any bulk restructuring would com-
promise its surface sensitivity. Under such conditions, 𝛥𝜇 XANES be-
comes particularly powerful for investigating the competition of dif-
ferent adsorbates for active sites. While FEXRAV identifies when rapid 
electronic changes occur during the electrochemical process, 𝛥𝜇 XANES 
identifies the surface species responsible for these changes under well-
defined electrochemical conditions. The combination of both tech-
niques therefore enables direct correlation between dynamic electronic 
response and surface speciation, providing mechanistic insight that 
cannot be obtained from either technique alone.

Finally, the machine learning model, trained on both Pt/C and Pt 
alloy datasets, validates the robustness of the combined spectroscopic 
approach and underscores its predictive capability across a broader 
class of catalysts. By reducing the reliance on extensive trial-and-error 
experimentation and costly synchrotron campaigns, ML-assisted XAS 
analysis significantly accelerates the discovery and optimization of new 
electrocatalysts and shows promise for extension to non-noble metal 
catalyst systems.

Overall, this work establishes a clear methodological advance be-
yond qualitative operando spectroscopy by demonstrating that the 
combination of 𝛥𝜇 XANES and FEXRAV provides complementary access 
to steady-state surface speciation and transient electronic structure dy-
namics during competitive adsorption. Rather than measuring the same 
quantity, the two techniques probe different but directly related as-
pects of the catalyst surface, allowing the dynamic electronic response 
observed by FEXRAV to be interpreted in terms of the underlying 
adsorbate population identified by 𝛥𝜇 XANES. The ability to simul-
taneously resolve surface composition, transient electronic changes, 
and predictive spectral trends represents a significant step toward 
a comprehensive operando description of electrocatalytic interfaces. 
Beyond the methodological advance, the combined analysis provides 
new insight into the poisoning mechanism of phosphorus-containing 
impurities on Pt, suggesting that H PO  exhibits a preferential affinity 
3 3
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Fig. 5. Comparison between the experimental (blue squares) and predicted (red circles) points of the XANES spectra of four experiments (subplots A to D) selected 
from the test set. The full experimental curve (dashed gray line) is also shown for guiding the eyes.
for low-coordination Pt sites, commonly associated with (100)/(110)-
like domains and surface defects. Such preferential adsorption not only 
competes directly with CO for adsorption sites but may also suppress 
the formation of oxygenated Pt species at these reactive sites, thereby 
modifying the interfacial reaction pathways involved in CO oxidation.

In the context of HT-PEMFCs, these findings provide a basis for un-
derstanding how H3PO3 contamination modifies Pt surface availability 
and the formation of oxygenated surface species, linking site-specific 
competitive adsorption to the altered interfacial processes underlying 
catalyst poisoning. These findings establish a mechanistic framework 
for interpreting phosphorus poisoning under HT-PEMFC operating con-
ditions and provide a basis for the rational development of more 
poison-tolerant Pt electrocatalysts.

4. Experimental

4.1. Chemicals

Phosphoric acid crystals (99.999% purity for trace metals, prod-
uct number 310271), isopropyl alcohol (ACS grade, product number 
59300), and phosphorous acid crystals (99% purity for trace metals, 
product number 215112) were sourced from Merck. A 5 wt% Nafion 
solution, was acquired from Quintech (product number 13102). Pt 
nanoparticles supported on Vulcan XC-72 were used (40 wt%, Pt/C, 
HiSPEC 4000 by Johnson Matthey). Deionized water used in the exper-
iments was of an ultra-high purity grade, with a resistivity of 18.18 MΩ
cm. Gas diffusion layers (GDL) for the gas diffusion electrodes (GDE) 
were the Sigracet 38 BB from SGL Carbon.

4.2. Electrode preparation – Gas diffusion electrode

The working electrodes, WE, were prepared as gas diffusion elec-
trodes (GDE) using the spray coating method. The ink composition 
included 500 mg of Pt/C (Pt loading 20 wt%), 500 mg of Nafion solu-
tion (5 wt%), and 16 mL of isopropanol. The ink underwent sonication 
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for 30 min in an ice bath to ensure thorough mixing and homogeneity 
before use. This ink was then deposited onto the gas diffusion layer (5 
× 5 cm2). The final catalyst loading was 1 mgPt cm−2.

4.3. In-situ cell

A half-cell was adapted for in-situ XAS measurements during elec-
trochemical experiments (Fig.  6). The cell consists of a PTFE body 
with a capacity for 100 mL of electrolyte. A window at the back of 
the working electrode (GDE) is sealed with Kapton (DuPont) tape to 
prevent leaks. This cell is used in fluorescence mode. It is impor-
tant to note that in-situ measurements by transmittance require more 
adaptations to the electrochemical cells, as the presence of bubbles 
and electrolyte can directly affect the beam path, thereby hindering 
signal detection. Therefore, we chose a more robust cell, specifically 
adapted for fluorescence measurements. The setup includes a working 
electrode (GDE), a reference electrode (Ag/AgCl KCl saturated), and 
a counter electrode (Pt mesh). This arrangement facilitates controlled 
electrochemical reactions while concurrently allowing for the exami-
nation of samples under a synchrotron beam (fluorescence mode). All 
experiments were carried out at 25 ◦C.

4.4. XAS measurements

4.4.1. EXAFS fit
The XAS measurements were performed at the beamline P65 at 

DESY (Hamburg). EXAFS (Extended X-ray Absorption Fine Structure) 
spectra normalization was performed using the range of 150 to 950 eV 
above the absorption edge with the aid of Bessy software. Post-
normalization, the spectrum was processed using the SimXLite software 
for EXAFS fits. Scattering paths were constructed using the FEFF8.4 
software. The primary shells considered were Pt−Pt and Pt−O. The 
energy alignment was performed considering the Pt foil as reference. 
The parameter S20 used was 0.95. To simplify the fitting process, the 
Debye−Waller factor values, 2𝜎2, were standardized at 0.002 Å2 for 
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Fig. 6. In-situ EC-XAS electrochemical half-cell.

Pt−O, while for Pt−Pt, these values were adjusted freely. Fittings were 
executed in k space, within the ranges 𝛥k = [2.0 − 15.8] Å−1 and 
𝛥R = [1.0−3.5] Å. The fit parameters, including bond distance and 
coordination number, exhibited an error margin of approximately 10%. 
The R-factor was always smaller than 10.

4.4.2. 𝛥𝜇 XANES
The 𝛥𝜇 XANES approach was utilized to assess the information 

about the species adsorbed on Pt. This involved calculating the ab-
sorption coefficient, 𝜇, using Bessy software, followed by normalization 
of the data. To align the normalized data, a Pt foil was used as the 
benchmark. The 𝛥𝜇 values were determined by deducting the baseline 
measurement at 0.5 VRHE, double layer region, in 1 mol L−1 H3PO4, 
from 𝜇𝐸,[H3PO3](adsorbate/Pt), recorded under various electrolyte com-
position and potentials, as outlined in Eq. (1), which is a common 
practice in similar half-cell studies [4,5,59]. The 𝛥𝜇 XANES analysis 
covered an energy range from −20 to 30 eV, relative to the Pt L3−edge 
at 11,564 eV.
𝛥𝜇𝐸,[H3PO3] = 𝜇𝐸,[H3PO3](adsorbate/Pt)

− 𝜇0.5VRHE , [H3PO4]=1 mol L−1 (double layer) (1)

4.4.3. Machine learning
A ML model was trained using six experimental parameters used 

to prepare and test the electrodes: [H3PO3], applied potential (E vs. 
RHE), gas (N2 or CO), [H3PO4], [HClO4], and catalyst (Pt on vulcan 
carbon, PtCo on vulcan carbon, and PtCo_rGo). The trained model 
predicted 𝛥𝜇 XANES at seven different energy values (in eV) relative 
to the Pt L3 edge: −5, −2, 0, 2, 5, 10, and 15, arbitrarily chosen 
to describe the experimental spectra. The dataset comprised of 76 
experiments and six features. An initial screening of different models 
was performed, from where Random Forests (RF) was chosen due to 
its better performance. The dataset was shuffled and split into training 
(60 samples or ca 80%) and test (16 samples) sets using a random seed 
of 42. Hyperparameters like the number of estimators or depth of the 
tree were not optimized due to the very small size of the dataset, so 
that default values (e.g., 100 estimators, no maximum depth of tree, 
split criterion = ‘gini’) were used. After training the RF model with the 
training set, predictions of 𝛥𝜇 XANES were performed on the test set to 
evaluate the generalizability of the model, as well as on the training set 
to analyze overfitting. The model variance was investigated by splitting 
the dataset using 100 different random seeds and averaging the Mean 
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Absolute Error (MAE) and the coefficient of determination, 𝑅2. The 
code for the ML model was written in Python 3 and standard Python 
packages were used (e.g., scikit-learn, pandas, numpy). General results 
about predictions, training errors and variance analysis, as well as the 
link to access the code are shown in the SI.

4.4.4. Single edge energy (FEXRAV)
Fixed-Energy X-ray Absorption Voltammetry (FEXRAV) was em-

ployed to obtain time-resolved, element-specific information during 
the electrochemical measurements. The methodology consisted of three 
main steps, summarized in Fig.  1. First, conventional XANES spectra 
were collected under representative electrochemical conditions to iden-
tify an excitation energy sensitive to changes in the Pt electronic struc-
ture. The fixed excitation energy was selected within the white-line 
region based on the largest fluorescence-intensity variation between 
the investigated states. An excitation energy of 11,568 eV at the Pt L3-
edge, approximately 5 eV above the white-line maximum, was selected 
for the FEXRAV measurements. The fluorescence intensity at this fixed 
energy was then continuously recorded during potential cycling and 
normalized by the incident X-ray intensity (𝐼0).

Synchronization: The fluorescence signal at 11,568 eV was ac-
quired at approximately 3 points per second, corresponding to a tem-
poral resolution of approximately 0.33 s per point and, at a scan rate 
of 20 mV s−1, a potential resolution of approximately 6.67 mV per 
acquired point. Since the potentiostat was not directly integrated with 
the spectrometer acquisition system, the electrochemical and fluores-
cence data were synchronized during post-processing. The fluorescence 
sequences were temporally aligned using the reproducible fluorescence 
change observed at 0.1 V vs. RHE as a common reference point (Fig-
ure S6). Following temporal alignment, the potential-versus-time data 
recorded by the potentiostat were interpolated onto the fluorescence 
time series, allowing each fluorescence measurement to be assigned 
to its corresponding electrode potential. The aligned fluorescence data 
were subsequently differentiated with respect to time to obtain 𝑑𝐹 𝑙𝑢𝑜

𝑑𝑡 , 
which was plotted as a function of the corresponding interpolated elec-
trode potential. This treatment highlights potential regions associated 
with rapid changes in the Pt L3-edge fluorescence response, providing 
a transient Pt-specific electronic response that can be correlated with 
features observed in the electrochemical data.

Synchronization uncertainty: The uncertainty associated with the 
temporal alignment procedure was estimated by determining the posi-
tion of a representative fluorescence maximum using three independent 
approaches: (i) visual inspection, (ii) selection of the highest sampled 
point, and (iii) Origin Peak Analyzer. Based on the spread between 
these methods, the alignment uncertainty was estimated to be ap-
proximately ±3.3 mV. Even under the conservative assumption of a 
full acquisition interval, this alignment uncertainty would increase to 
±6.7 mV at a scan rate of 20 mV s−1.

4.4.5. Electrochemical measurements
Electrochemical measurements were conducted using the Biologic 

potentiostat (model SP-300). The electrolyte employed was 1 mol L−1
H3PO4, which is a doping agent in membranes used in HT−PEM fuel 
cells. A volume of 100 mL of this electrolyte was utilized for all 
electrochemical measurements. The gas flow was regulated using mass 
flow controllers (Bronkhorst).

4.4.6. EC-XAS in-situ measurements
The electrochemical measurements were conducted in three steps:
Step 1: 𝛥𝜇 XANES — Chronoamperometric measurements were 

carried out at different potentials (from 0.1 to 1 VRHE), during which 
XAS spectra (Pt L3−edge, 3 scans) were acquired. This step was crucial 
for obtaining spectra at different potentials, later used to derive 𝛥𝜇
XANES features. A potential of 0.5 VRHE in the electrolyte without any 
additives (1 mol L−1 H3PO4) served as the reference spectrum for 𝛥𝜇
XANES acquisition.
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Step 2: This stage focused on the adsorption and removal of CO 
from the Pt surface in both the absence and presence of H3PO3 at vari-
ous concentrations (0, 2 × 10−6, 1 × 10−5, 2 × 10−5, 1 × 10−4, 2 × 10−4

mol L−1). H3PO3 aliquots were directly added to the electrochemical 
cell and the following steps were followed:

• XAS with CO adsorbed: A potential of 0.1 VRHE was applied 
during the electrolyte saturation with CO (30 mL min−1). After 
10 min, while still bubbling CO and under a constant potential of 
0.1 VRHE, 3 spectra were acquired. The goal here was to obtain 
the 𝛥𝜇 XANES feature for CO as an adsorbate.

• Removal of excess CO: Excess CO in the solution was removed 
using N2 bubbling (20 min, 300 mL min−1) while maintaining a 
constant potential of 0.1 VRHE. This step is essential to remove 
CO dissolved in the electrolyte.

• FEXRAV measurement: CO stripping was synchronized with XAS 
measurements using the fixed energy method. Here, a specific 
energy, in this case 11,568 eV, was selected, and the XAS signal 
intensity was measured concurrently with cyclic voltammetry. 
During this process, the solution was continuously flushed with 
N2. Two CV cycles were measured at 20 mV s−1 from 0.1 to 1.0 
VRHE.

• The preceding steps were repeated for each concentration of 
H3PO3.

Step 3: 𝛥𝜇 XANES — After CO removal, XAS spectra were obtained 
for 3 different potentials (0.1 VRHE for hydrogen adsorption region, 
0.5 VRHE for the double layer region, and 1 VRHE for the Pt−O region). 
This stage was key to tracking changes in various 𝛥𝜇 XANES features 
and thereby understanding the competition of H3PO3 for active sites on 
Pt at different potential ranges.

4.4.7. FEFF 8.4 calculations
The 𝛥𝜇 XANES profiles were generated through simulations using 

the FEFF 8.4 software. These calculations involved both a Pt6 Janin 
cluster in its basic form and the same cluster with added adsorbates. We 
derived the differential spectra by comparing the simulated 𝜇 values in 
a similar manner to the processing of experimental difference spectra 
(Eq. (2)). The simulations focused on the adsorbed reaction intermedi-
ate species that are most commonly encountered during operation of 
HT-PEM cells, namely H, O, CO, and H3PO3. In an effort to streamline 
the simulation process, the H3PO3 molecule was represented as PO3. 
During the FEFF8.4 simulation process, emphasis was placed on a 
single predominant atom, as combining contributions from various Pt 
atoms in the cluster showed negligible impact on the final simulated 
signatures. The expected 𝛥𝜇 signatures for surfaces containing different 
adsorbates were obtained by linear combinations of the theoretical 𝛥𝜇
features generated from the FEFF calculations (Figure S13). 
𝛥𝜇species = 𝜇species(adsorbate/Pt6) − 𝜇clean(clean Pt6) (2)
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