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Abstract: In recent years, operando/in situ X-ray
absorption spectroscopy (XAS) has become an impor-
tant tool in the electrocatalysis community. However,
the high catalyst loadings often required to acquire XA-
spectra with a satisfactory signal-to-noise ratio fre-
quently imply the use of thick catalyst layers (CLs) with
large ion- and mass-transport limitations. To shed light
on the impact of this variable on the spectro-electro-
chemical results, in this study we investigate Pd-hydride
formation in carbon-supported Pd-nanoparticles (Pd/C)
and an unsupported Pd-aerogel with similar Pd surface
areas but drastically different morphologies and elec-
trode packing densities. Our in situ XAS and rotating
disk electrode (RDE) measurements with different
loadings unveil that the CL-thickness largely determines
the hydride formation trends inferred from spectro-
electrochemical experiments, therewith calling for the
minimization of the CL-thickness in such experiments
and the use of complementary thin-film control meas-
urements. )

The ongoing decarbonization of the energy sector heavily
relies on the up-scaled deployment of electrochemical
energy storage and conversion technologies (i.e., batteries,
fuel cells and (co-)electrolyzers) that often implement active
components based on scarce and/or expensive materials
(e.g., Ir, Pt, Co).! The required decrease in the loading of
these critical materials (or their substitution with abundant
alternatives) is guided by an improved understanding of
their properties under operative conditions that has been
fostered by the increasingly common use of in situ/operando

characterization techniques.”? Among these, X-ray absorp-
tion spectroscopy (XAS) is particularly well suited for the
study of fuel cell,® electrolyzer®™* and CO,-reduction
electrocatalysts.?**>l A common feature of these reactions
is that they imply the consumption and/or evolution of
gaseous species (i.e., H,, O,, CO, and/or CO) and that the
materials of interest are often (spectro-)electrochemically
studied in aqueous media, rather than in the polymer
electrolyte, humidified-gas-fed cells envisaged for commer-
cial applications.”) Notably, such liquid electrolyte cells
frequently display poor convection properties when com-
pared to gas-fed devices or the rotating disk electrodes
(RDEs) used by many laboratories for electrocatalyst
characterization and performance benchmarking.” This
aspect is particularly critical when studying reactions entail-
ing the consumption of gases dissolved in the electrolyte,
since the subsequent buildup of reactant concentration
gradients can influence the catalytic activity®™ and (in the
case of the CO,reduction reaction, CO,RR) product
selectivity.**! Conversely, when studying gas-evolving reac-
tions, the accumulation of bubbles within the CL-pores can
lead to a localized loss of potential control®"!* and therewith
influence the reliability of electrochemical and spectroscopic
results.

These effects can be aggravated when working with
highly loaded, thick electrodes like the ones commonly used
for in situ XAS studies. Specifically, such measurements are
often carried out in a transmission mode detection config-
uration requiring high catalyst loadings
(often >1 mge, .y cm;ezo) that can translate into >1 pm thick
catalyst layers.’™” This is in contrast with the lower loadings
typically used in the actual electrochemical devices (e.g., in

fuel cells or electrolyzers, <1 mg,ui cmg’ezo) or in thin film
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(TF-) RDE tests, which typically entail loadings <
0.1 mgcmlystcmg’ezo.[“] Despite this, electrochemical and spec-
troscopic results acquired with very different catalyst
loadings (i.e., individually optimized for each technique) are
often compared while overlooking the possible influence of
this variable and the corresponding layer thickness on the
achieved results.*>'? This becomes particularly relevant
with the ongoing upsurge of time-resolved operando/in situ
XAS electrochemistry studies,”" for which the derived
time-dependent results may be affected by the diffusion
limitations discussed above.

To shed light on this plausible effect of the CL-thickness
on time-resolved spectro-electrochemical results, in this
work we studied the potential- and time-dependent forma-
tion of palladium hydride (PdH,) using in situ XAS and
RDE measurements with different catalyst loadings. We
chose this PdH,-formation process as a probe reaction
because the concomitant increase of the Pd—Pd bonding
distance quantifiable by XAS can be used to infer the
hydride stoichiometry (i.e., the “x” in PdH,),”*' which can
be complementarily estimated through electrochemical
measurements based on the charge associated with the
electro-oxidation of bulk-absorbed hydrogen.** ! Addition-
ally, the hydride-formation process is of great relevance for
such key electrochemical reactions as the oxidation/evolu-
tion of H, or the reduction of CO, on Pd-catalysts, and has
therefore been the subject of numerous spectro-electro-
chemical studiesP***'>16 entailing a large variety of meas-
urement approaches and catalyst loadings (and correspond-
ing CL-thicknesses) that we have summarized in Table S1.

To enable this investigation, we chose to perform these
measurements on a commercial, 40 wt.-% Pd-on-carbon
(Pd/C) catalyst and an unsupported Pd-aerogel synthesized
based on an established ethanolic synthesis routel'”! and
previously extensively characterized and tested for CO,-
electroreduction.!'™ Notably, both of these materials feature
similar nanostructure sizes and corresponding electrochem-
ical surface areas (ECSAs—i.e., a mean nanoparticle size vs.
an average web thickness of ~5 vs. ~6 nm and ECSAs of
~50 vs. ~40m’g' for Pd/C vs. the Pd-aerogel,
respectively).'® However, the same two materials feature a
~5-fold difference in effective packing densities (compare
Table 1) that allowed us to produce electrodes with similar
Pd-loadings but drastically different CL-thicknesses. Fur-
thermore, we carried out these measurements in a N,-
saturated phosphate buffer with a pH of 7.3 (similar to that
of many CO,-saturated bicarbonate solutions used for CO,-
electroreduction studies)™ devoid of gaseous reactants and
within a narrow potential window (between —100 and
100 mV vs. the reversible hydrogen electrode (RHE)). Thus,
these measurement conditions should minimize the impact
of limitations in reactant-availability and/or product- (i.e.,
bubble) evacuation discussed above on the results reported
in what follows.

We started our study by assessing hydride formation in
the two materials using in situ XAS during a series of 10 min
long potential holds. For these transmission XAS measure-
ments, we used Pd-loadings of =3 vs. ~1 mgpscm_2 for Pd/

2eo

C vs. the Pd-aerogel, which led to CL-thicknesses of
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Table 1: Summary of the loadings and estimated catalyst layer
thicknesses of the Pd/C and Pd-aerogel electrodes employed in our
RDE and XAS measurements.

Electrode thickness!

Pd-loading
[Hgpacm 2] (um]
Pd/C RDE 10 ~0.2
50 ~1.0
500 ~10
XAS ~3000 ~60
Pd-aerogel RDE 50 ~0.2
500 ~2.3
XAS ~1000 ~4.7

[a] Estimated considering densities of 12 gcm ™ for Pd*" and 2 gcm™?

for the carbon support,” Nafion® ionomer-to-metal and -to-carbon
mass ratios of 0.3 vs. 0.2 for the Pd-aerogel vs. Pd/C, respectively (see
the experimental section for details), and assuming a CL-porosity of
~50% along with a negligible contribution of the Pd-nanoparticles in
Pd/C to the corresponding CL-thickness/-volume.”?

~60 um vs. ~5 um, respectively (see Table 1). The PdH,-
stoichiometries at the end of each potential hold are plotted
in Figure 1a, and were calculated from the lattice expansion
(Figure S1) derived from the fits of the Fourier-transformed
extended X-ray absorption fine structure (EXAFS) spectra
(see Figures S2 and S3 and the fitting parameters listed in
TablesS2 and S3) wusing a method previously
presented®!*1%! and described in the experimental section.
In agreement with previous studies,P*!>1*192201 hoth Pd-
based materials remain in the fully metallic form down to a
potential of 0.1V vs. the reversible hydrogen electrode
(Vgug)- Further decreasing the potential leads to a sudden
onset of hydride formation that is completed (yielding the
so-called B-PdH,-phase) at differing potentials of ~0.05 vs.
~0 Vyyg for the Pd-aerogel vs. Pd/C, respectively.

To gain more insight into the time-dependency of this
hydride-formation process, the time-resolved X-ray absorp-
tion near-edge structure (XANES) spectra acquired at each
potential were fitted through a linear combination fit (LCF)
approach using the spectra acquired at the end of the 400
and —100 mVyyg holds (displayed in Figure S4) as represen-
tative of metallic Pd vs. B-PdH,, respectively. For this, the
XANES-spectra acquired in the course of each potential
hold were divided into groups of 10 spectra, averaged, and
LC-fitted to yield the time-resolved PdH,-contents in
Figures 1b and c¢ (for which the corresponding lacks-of-fit
are featured in Figure S5). These time-dependent results
show that the rates of hydride formation largely differ
between both catalysts, whereby even at a potential of
0 Vyye entailing the complete formation of the hydride, this
process requires ~300 vs. ~550 s for the Pd-aerogel vs. Pd/
C. Additionally, this time-resolved analysis unveils that, for
the Pd/C sample, the formation of the PdH,-phase at
50 mVgyg is still in progress by the end of the 10 min
potential hold; as such, the discrepancies in the potentials of
complete hydride formation discussed above and displayed
in Figure 1a may not be caused by intrinsic differences
among these materials, but stem from an insufficient
measurement time in the case of the Pd/C catalyst.
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Figure 1. Potential-dependent Pd-hydride stoichiometries at the end of
the 10-minute potential holds derived from the fits of the correspond-
ing EXAFS-spectra (a) and time-resolved (3-PdH, contents derived from
the linear combination fits (LCFs) of the corresponding XANES-spectra
acquired at the given potentials for Pd/C (b) and the Pd-aerogel (c).
Note that the time-resolved hydride content values reported for the Pd-
aerogel in “c” were smoothed by applying a floating average over 5
points.

To investigate the possible effect of the CLs’ thickness
on these XAS-derived hydride-formation trends, we per-
formed additional RDE measurements on both catalysts
using Pd-loadings of ~50 vs. ~500 pgpdcmg’fo, whereby the
latter is set to be as close as possible to the loadings used for
in situ XAS (leading to a ~10 pm thick Pd/C CL) and the
former results in layers within the (sub)micrometer range
for both materials (see Table 1). Complementarily, the Pd/C

catalyst was also measured using a loading of 10 pgpdcmg’ezo,
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to match the <1 um CL-thickness of the thinner Pd-aerogel
layer (i.e., 0.2 pm—cf. Table 1).

The resulting linear sweep voltammograms (LSVs) used
to oxidize (i.e., de-load) absorbed hydrogen after 1 min
holds at the specified potentials are displayed in Figure 2a—
d, and their oxidation charges used to estimate the
corresponding PdH,-stoichiometries are plotted in Fig-
ure 2e—f (see Supporting Information Note 1 and Figure S6
in the Supporting Information for details on the procedures
of hydride-content quantification). Interestingly, the PdH,-
stoichiometries inferred for the Pd/C catalyst using this
electrochemical approach significantly vary as a function of
the catalyst loading, whereby the low loading, 50 ugp, cmg’ez0
electrode (Figure 2a) features large and overlapping
hydride-oxidation currents for all potential holds
<50 mVyye and no significant hydride oxidation at poten-
tials >50 mVyye. Notably, this transition from metallic Pd
to p-PdH, within a narrow potential window is perfectly
reproduced when the loading (and corresponding CL-thick-
ness) is further reduced to 10 ugpdcmg’j0 (see Figures S7a and
S8a) indicating that no layer thickness effects apply for
CLs<1pum in thickness. To analyze the nature of the
transition (i.e., equilibrium stoichiometry vs. unfinished
formation of PdH) at 50 mVygyg, the hydride oxidation peak
dependence on the holding time was investigated (Fig-
ure S7b) and the stoichiometries extracted from the charges
were plotted over time (Figure S7c). Here, the charge
increases at low holding times (i.e., 1 to 30 s) and it becomes
constant between 60 and 300s, hence indicating that the
hydride stoichiometry presented above on Pd/C at 50 mVyyg
represents an equilibrium stoichiometry at PdH (5 (i.e., a
mixed o-/B-hydride phase).

On the other hand, when the electrode loading is
increased to 500 pgpdcmg’f0 (Figure 2c¢), a much slower
increase in the hydride oxidation currents is observed when
the potential hold values are decreased, with overlapping
hydride-oxidation currents only appearing after potential
holds below 12.5 mVygye. This attainment of the maximum
stoichiometry at higher overpotentials (Figure 2e) can be
linked to a slowed PdH, -formation in the specific case of the
highly-loaded Pd/C electrode, which would agree with the
delayed PdH, -formation kinetics (compared with the Pd-
aerogel) inferred from our in situ XAS measurements (see
the discussion above and Figure 1b vs. ¢). Additionally, the
baseline cyclic voltammogram (CV) recorded at this higher
loading (Figure S2c) differs significantly from the ones
measured with 50 (Figure 2a) or 10 pgpy cmg’ezo (Figure S7a,b),
with its overlapping voltammetric features related to Pd-
(hydr)oxide formation/reduction and hydrogen ad-/desorp-
tion indicating a significant delay in these pseudo-capacitive
processes.

Contrarily, the linear potential sweeps recorded on the
Pd-aerogel at both loadings (see Figures2b and d, along
with the PdH,-stoichiometries in Figure 2f) display a con-
tinuous increase in the hydride oxidation charge over a
broad potential range extending from ~50 to &~ —50 mVyyg.
While this similarity between the results derived from
measurements with 10-fold different loadings may appear
striking, one has to consider that the 500 pgpdcmg’fo Pd-
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Figure 2. Positive-going linear voltammetric sweeps and subsequent baseline cyclic voltammograms recorded at 20 mVs™ on Pd/C (a, c) or Pd-

aerogel (b, d) electrodes after holding the potential for 60 s at the indicated values, using Pd-loadings of 50 (a, b) or 500 pgpgcm

-2
geo

(c, d), along

with the corresponding Pd-hydride stoichiometries obtained by integrating the baseline-subtracted currents recorded in the linear sweeps for Pd/C
(e) or the Pd-aerogel (f). Note that the legends in b and d are supplementary to each other.

aerogel electrode has an estimated CL-thickness of ~2 um
(see Table 1), which is only 2-fold above the ~1 pm for
which mass-transport gradients along the CL can be
considered negligible."'! This is, therefore, in agreement
with the above-discussed excellent overlap of results on the
Pd/C catalyst using loadings of 10 and 50 pgpdcmg;fO or
thicknesses of ~0.2 and a1 pum, respectively. On the other
hand, the ~100 mV potential window over which this
transition from metallic Pd to B-PdH, takes place in the
aerogel’s RDE tests appears to be broader than the
~50 mV needed for this in the in situ XAS measurements
(cf. Figure 1a). This inconsistency could be caused by the

Angew. Chem. Int. Ed. 2023, 62, €202216633 (4 of 7)

differences in the durations of the potential holds used in
each configuration (i.e., 10 vs. 1 min for in situ XAS vs.
RDE, respectively). This was confirmed by performing
additional RDE measurements at a potential of 25 mVyyg
and with different hold durations, in which we found that
the Pd-aerogel only attains a fully equilibrated p-hydride
stoichiometry (i.e., PdH.c) after 300s (see Figure S9b).
This simultaneously indicates that, in contrast to the mixed
a-/B-hydride phase found at 50 mVgyg on Pd/C, the
stoichiometries found between 50 and —50 mVyye after
potential holds of 60 s in the Pd-aerogel (Figure 2f) do not
constitute equilibrium states but rather a hydride phase that
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would have likely equilibrated as (B-PdH, after longer
potential holds.

This detailed comparison between the potential-depend-
ent hydride stoichiometries of low-loaded Pd/C vs. Pd-
aerogel CLs, unaffected by ion-/mass-transport limitations
(cf. Figures2e vs. f, respectively) unveils that these two
materials feature significant differences in their transitions
between metallic Pd and B-PdH, states. We hypothesize that
these discrepancies between the two materials stem from
intrinsic differences among the hydride-formation mecha-
nisms in their nanostructures. In this regard, one must bear
in mind that these RDE measurements entail similar Pd-
loadings and ECSAs (i.e., a comparable number of total Pd-
atoms and H-adsorption/-desorption surface sites, respec-
tively) and that the diffusion of hydrogen in the palladium
lattice is reportedly fast (i.e., featuring a room temperature
diffusion coefficient of ~10~" cm*s™', comparable to that of
liquids-in-liquids).” Therefore, we believe that these dis-
crepancies must stem from differences in the rates of the H-
adsorption step preceding H-absorption, which is in turn
possibly related to the nature of the specific surface facets
(and corresponding H-sorption properties) featured in each
of these materials.

Most importantly, the potential-dependent hydride for-
mation trends inferred from the RDE-tests contradict those
derived from the in situ XAS measurements. Specifically,
while in RDE the thin-film Pd/C electrode formed the -
hydride at all potentials <50 mVgye and featured a much
narrower mixed-phase region than the Pd-aerogel, indicating
a faster hydride formation in this Pd/C vs. the Pd-aerogel,
the opposite rates were observed in XAS experiments (i.e.,
hydride formation was significantly faster for the Pd-aerogel
vs. Pd/C—cf. Figures 1b and c). In this regard, the significant
delay in hydride formation observed in the RDE measure-
ment performed on a highly loaded Pd/C electrode strongly
suggests that this disagreement between XAS and RDE
results is entirely due to the differences in layer thickness in
each technique, which become particularly detrimental for
Pd/C (as opposed to the Pd-aerogel) due to the low density
of the carbon support and correspondingly thick CL (see
Table 1).

This strong delay in PdH,-formation in the specific case
of the highly-loaded Pd/C electrode must result from the
appearance of gradients in potential and/or limitations in
reactant availability along its CL-thickness.’**! Regarding
the latter possibility, the near-neutral phosphate buffer
electrolyte used in these measurements (with a pH of 7.3)
implies a low proton availability that would translate into
the necessity for hydride formation to proceed through the
surface-adsorbed hydrogen (H,4) resulting from water
autoprotolysis. Thus, to determine whether this proton
availability may be at the root of the observed hydride
formation delays, we performed another RDE measurement
with a high loading of 500 pgpdcm;fo, but in a N,-saturated
0.1M H,SO, electrolyte of pH~1 in which hydride
formation should proceed through the direct adsorption of
protons in the solution on the Pd-surface. The recorded
LSVs and baseline CVs are displayed in Figure S10 and
unveil a hydride formation trend similar to the one observed
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in phosphate buffer with a thin CL. Hence, the ~6 orders of
magnitude higher proton activity in this measurement
compensates for the effects induced by the large CL-
thickness previously found at near-neutral pH, and hints at
the appearance of significant pH-gradients (and correspond-
ing shifts in the applied potentials in the RHE scale) as a
possible reason for the slower hydride formation rates
observed in the measurements with a thick Pd/C CL.
Consequently, our findings are particularly relevant in the
context of CO,-electroreduction studies that are systemati-
cally carried out in quasi-neutral electrolytes whose inter-
facial pH reportedly changes in the course of the electro-
chemical reactions. [

In summary, we have found opposing trends regarding
the rates of hydride formation on Pd-nanostructures as
studied through in situ XAS or RDE measurements. By
systematically varying the catalyst loading in the latter RDE
configuration, we found that these discrepancies can be
entirely ascribed to differences in each material‘s catalyst
loadings and concomitant electrode thicknesses, whereby
the bulky electrodes often used in in situ XAS measure-
ments can significantly influence both spectroscopic and
electrochemical results and possibly lead to wrong conclu-
sions regarding the time-dependency of the studied effects.
Notably, it is highly likely that our conclusions are relevant
beyond the specific characterization method used herein
(i.e., XAS), and therefore they should be taken into
consideration in the context of any operando/in situ
measurements requiring the use of highly loaded electrodes.
As such, our results emphasize the importance of carrying
out operando/in situ spectroscopic (as well as diffraction!*"!
and scattering®?) studies of electrochemical materials
using electrode thicknesses entailing minimal mass- and/or
ion-transport limitations, which in turn calls for a decrease
of the loadings typically used in such measurements.”! For
operando/in situ XAS measurements specifically, the re-
cently developed flurescence-detected quick-XAS
method® %% presents a promising alternative allowing for
time-resolved studies with drastically reduced loadings,
therewith minimizing the impact of ion- and mass-transport
limitations on the acquired results. Most importantly, the
relevance of the conclusions derived from in situ/operando
measurements will be enhanced by such catalyst-loading
reductions, since these are also crucial for the commercial
success of most electrochemical energy conversion technolo-
gies, and can lead to changes in the performance and
stability of the materials studied through these techniques.””
On top of this, one must also bear in mind that the liquid
electrolytes in which most operando characterization studies
are performed entail a reaction environment significantly
different from that encountered in the real devices (e.g.,
with regards to reactants’ diffusivities and local
concentrations),” and that this can in turn cause discrep-
ancies in the mechanisms at play in each media (and
corresponding materials’ performance and stability).
Thus, further efforts should be devoted to carrying out
operando work both with application-relevant, reduced
catalyst loadings and in a reaction environment as close as
possible to that encountered in the real device (e.g., in the
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presence of humidified gaseous reactants and/or with
ionomer-based electrolytes).
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