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ABSTRACT

Palladium hydrides (PdHx) present a model system of both fundamental and applied importance:
solute-induced phase transition affects evolution and electrooxidation of molecular hydrogen in
water electrolysers and fuel cells respectively, as well as hydrogen storage, its sensing and catalysis
of many hydrogenation reactions. It is well-documented that hydrogen (H) atoms get progressively
trapped in Pd under various sorption-desorption modes, leading to embrittlement and influencing
its bulk and interfacial properties. However, the intensity and progressiveness of this phenomenon
remain little explored. Herein, by combining in situ X-ray scattering and electrochemistry, we
provide evidence of continuous expansion of the lattice of 3.6 nm carbon-supported Pd
nanoparticles during repeated H insertion/de-insertion cycles, resulting in a progressive loss of

their reversible H sorption capacity.



INTRODUCTION

Due to the unique ability of palladium (Pd) to reversibly insert (absorb) and de-insert (desorb)
large quantities of hydrogen (H) at room temperature and low pressure, the palladium-hydrogen
(Pd-H) system has been widely studied. This unique property makes Pd and its alloys attractive
materials for several applications including hydrogen storage !, separation and purification %2,
sensing *° and (electro)catalysis ®’. H atoms can be inserted into Pd by applying a Hz pressure.
The a phase (PdHx-a), corresponding to a PdHx solid solution with slightly expanded lattice
constant, first forms at low Hz pressure (< 0.01 atm). The B phase (PdHx-), corresponding to a
non-stoichiometric Pd hydride phase where H atoms occupy the octahedral lattice sites (forming a
NaCl structure), forms at higher H> pressure. H atoms can also be inserted into Pd
electrochemically, as the electrode potential (equivalent of the pressure in electrochemistry) is a
measure of effective Hz fugacity under equilibrium conditions. Similar to what was found in the
gas phase, in electrochemistry, H is first dissolved in the a phase followed by formation of the f
phase, and the two phases were shown to coexist in bulk Pd for intermediate values of x . At room
temperature and under equilibrium, the phase transition occurs at potentials of ca. 55-60 mV in

reversible hydrogen electrode (RHE) scale.

In situ techniques °'! have been frequently used to provide information concerning lattice
expansion/contraction of the Pd-H system. It is well documented that H insertion and formation of
B hydrides cause linear expansion of the Pd lattice, adversely affecting the stability of bulk Pd
samples (foils, wires, thin films), a phenomenon that is known at the macroscopic level as H
embrittlement. The Pd lattice irreversibly expands upon repeated H insertion/de-insertion cycles

13,14

12 resulting in the formation of microstructural defects, such as dislocations , and modifying

the rate of a«P phase transitions '“'°. Cycling also fragilizes the texture (distribution of



crystallographic orientations) !7 and changes the dimensions (length and thickness) '® of bulk Pd
materials while irreversible cracks and delamination were reported for Pd thin film samples ':1°.
The behavior of Pd nanocrystallites differs. Lee ef al. first reported that irreversible mechanical
deformation of Pd films is suppressed in the films thinner than 20 nm '°. Moreover, if dislocations
easily appear in bulk Pd materials, they are unlikely to form in Pd nanoparticles (NPs) smaller than
300 nm, as recently shown by Uvelstad et al. 1. According to Vogel et al. *°, H can be reversibly
inserted/de-inserted in/from 4 to 6 nm Pd NPs with no modification of the crystal structure. On the
contrary, non-closing pressure-composition-isotherm curves and more expanded lattice constant
after H de-insertion have been frequently reported for Pd nanomaterials after H insertion/de-
insertion experiments 2!2°, Recently, Liu et al. *’ investigated H trapping into carbon-supported
Pd NPs with sizes between 1.4 and 6.0 nm. They reported an increasing loss of H sorption capacity
with decreasing Pd NPs size. Density functional theory (DFT) and tight-binding calculations
supported the experimental findings, and revealed that H atoms are trapped in the subsurface
interstitial sites. However, this study was limited to a single sorption-desorption cycle in the gas

phase. Campesi et al. 2

observed that the total H sorption capacity of 2 nm Pd clusters/porous
carbon composite at 5 atm H> markedly decreases after the first insertion/de-insertion cycle and in
a less pronounced manner later on, yielding H:Pd atomic ratios of 0.78, 0.55 and 0.49 for the first,
second and third cycles, respectively. Using unsupported Pd NPs as a catalyst for ammonia-borane
hydrolysis, Jose et al. % reported that some H atoms remain trapped in the Pd lattice even after
the reaction, leading to expanded Pd lattice constant, more pronounced after 10 cycles than after

the first one. In contrast, Rather et al. % reported stable H storage capacities (measured at 25°C

and 1.7 MPa Hz pressure) for ca. 13 and 8 nm Pd NPs after up to 8 H insertion/de-insertion cycles.



Importantly, the samples were outgassed under vacuum at 200°C between successive cycles,

which may account for the apparent stability of their H sorption capacity.

With the motivation of providing comprehensive evidence of H trapping process in Pd NPs and of
clarifying the influence of this process on their long-term H sorption capacity, we combined here
in situ wide-angle X-ray scattering (WAXS), in situ inductively-coupled plasma mass
spectrometry (ICP-MS), identical-location transmission electron microscopy (IL-TEM) and
coulometric quantification of the amount of H inserted and de-inserted in/from Pd NPs. The results
show continuous expansion of the Pd lattice during repeated H insertion/de-insertion cycles,
resulting in a progressive loss of their reversible H sorption capacity and in appearance of delay in

lattice relaxation during H de-insertion.

METHODS

Details about materials, methods, and experimental techniques are presented in Supplementary

Information.

RESULTS & DISCUSSION

Figure 1a shows characteristic low- and medium-magnification transmission electron microscopy
(TEM) images of the commercial carbon-supported Pd catalyst (Pd/C) used in this study. The Pd
NPs are isolated and homogeneously distributed onto the Vulcan XC72 support. Their number-
averaged mean NP size is d,, = 3.6 + 0.7 nm (see Figure S1 in Supporting Information for
more details). The Pd content amounts to 17.6 wt.%, as determined by microwave-assisted
digestion of a given mass of catalyst in aqua regia, dilution and analysis by ICP-MS. Figure 1b

displays a typical cyclic voltammogram (CV) of the Pd/C sample recorded between 0.0 and 0.6 V



in Ar-saturated 0.1 M HClO4 (Note that all electrode potentials are referred to the reversible
hydrogen electrode, RHE). In agreement with literature, peaks 1 and 1’ can be ascribed completely
or partly to the adsorption and desorption of underpotentially-deposited H, and peaks 2 and 2’ to
the insertion (absorption)/de-insertion (desorption) of H mostly into/from the PdHx-p phase °.
The PdHx-a phase contribution can be distributed between these two features. For lower
potentials, the formation of molecular H2 (dissolved in solution) proceeds simultaneously to the

insertion of H (“tail” 3).
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Figure 1. Microscopic and electrochemical characterization of the Pd/C nanocatalyst used in

this study. a) Low- and medium-magnification conventional TEM images, and b) cyclic

voltammograms recorded on the Pd/C catalyst in Ar-saturated 0.1 M HCIlOs at a potential sweep



rate of 10 mV s™! (starting from 0.4 V by a cathodic scan). The measurements were performed

using a Pd loading of 30 pugpda cm2geo and a temperature of 25 °C.

To track the changes in structure of the Pd/C NPs during the H insertion/de-insertion process, we
performed in situ WAXS experiments at the European Radiation Synchrotron Facility (ESRF,
Grenoble) using a home-made electrochemical flow cell, previously introduced in reference '°.
A WAXS pattern measured at £ = 040V in Ar-saturated 0.1 M HClO4 is represented in
Figure 2a. It displays the expected reflections for the face-centered cubic structure of Pd. The Pd
lattice parameter obtained from Rietveld refinement analysis of the WAXS pattern was 3.8945 A,
matching with reported values for Pd films of 3.892 A and ~3.897 A obtained by Benck et al. !
and Lander et al. °, respectively. This value slightly exceeds 3.889 A found recently for the same
catalyst after cycling in alkaline solution ', and also the values for Pd powder available in the

ICDD database (e.g., 3.8874 and 3.8898 A). This can result from 0.006 A uncertainty of

calibration, as discussed in Supporting Information.
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Figure 2. Time-resolved monitoring of insertion and de-insertion of H atoms into the Pd/C

nanoparticles during cyclic voltammetry. a) Background subtracted WAXS pattern recorded in



situ on the Pd/C nanocatalyst at 0.40 V in N2-saturated 0.1 M HCIO4, and b) zoom on the Pd (220)
reflection during a 5 mV s™! cyclic voltammogram. During the negative-going potential sweep (H
insertion), the Pd (220) reflection shifts to smaller momentum transfer (Q) values and splits into
two distinct reflections, signaling the PdHx-0—f3 phase transition. The PdHx-a—f phase transition
is then completed, resulting in the formation of the PdHx-f phase. The opposite behavior is

observed during the positive-going potential sweep (H de-insertion).

A 5mV s cyclic voltammogram (CV) was then performed to sweep the electrode potential from
0.400 to 0.025 V while simultaneously recording the WAXS patterns. As seen in Figure 2b,
during the negative-going potential sweep, the Pd (220) reflection progressively shifts to smaller
Q values before splitting into two distinct reflections for 0.028 < £ < 0.056 V. Since the WAXS
pattern is the convolution of the scattered X-rays from the entire population of NPs, these two
reflections can be interpreted in two ways: (i) some Pd/C NPs turn into B phase at a lower
overpotential than others or (ii) the a and B phases co-exist in the ca. 3.6 nm Pd/C NPs. The first
scenario is likely to occur if the Pd/C NPs are not homogeneous in size and shape or if the electric
potential is inhomogeneously distributed during the CV. Influence of the WAXS pattern by
ensemble effects is very unlikely given the narrow size distribution of the Pd/C catalyst (Figure
S1) and the quasi-absence of aggregated/agglomerated Pd nanocrystallites. Moreover, the in situ
WAXS experiments were performed using an electron-conducting glassy carbon backing
electrode, a platinum counter electrode and a concentrated liquid electrolyte to prevent ohmic drop.
We thus reliably relate the two reflections to the co-existence of the a and 3 phases in the Pd/C
sample, in line with former findings of Chattot et al. for the same commercial Pd/C nanocatalyst
in N2 saturated 0.1 M NaOH!°. The WAXS patterns also show that the PdHx-o«p phase transition

is completed at £ = 0.025 V (corresponding pattern colored in red), resulting in the formation of



the PdHx-B phase with a lattice parameter of 4.017 + 0.006 A. Sweeping back the potential to

0.400 V (corresponding pattern colored in blue) leads to the PdHx-p—Pd,PdHx-a phase

transformation.
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Figure 3. Monitoring the hydrogen-induced phase transformation of Pd/C nanoparticles via the
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combination of electrochemistry and in situ WAXS. (a) H:Pdrpe ratio determined by coulometric



extraction before (blue curve) and after (red curve) 50 potential cycles between 0.025 and 0.525 V
in Ar-saturated 0.1 M HClOa4. The dashed line corresponds to the contribution of adsorbed H
calculated from Qcu charge (see Figure S2). (b) Variation of the lattice parameter and of the
H:Pdwaxs ratio in the PdHx-f phase during 50 cyclic voltammograms between 0.025 and 0.525 V
in Ar-saturated 0.1 M HCIOa. For the sake of clarity, only the lattice parameter of the predominant
(most intense) phase is plotted at a given electrode potential. The H:Pd ratio in the PdHx-$ phase
is calculated using its lattice parameter and the calibration curve reported in reference 11. (c)
Successive cyclic voltammograms between 0.025 and 0.525 V at 10mVs! (all cyclic
voltammograms started from 0.4 V by a cathodic scan). To illustrate which phase predominates in
each potential region, the CV trace is colored in blue when only Pd, PdHx-a is detected, in orange
when only PdHx-f is detected, and in green when the PdHx-a and PdHx-f phases coexist. (d)
Evolution of the Pd, PdHx-a lattice constant at 0.40 V and (e) the potential interval where Pd,PdHx-
o and PdHx-P coexist during H insertion (in black) and H de-insertion (in red). All measurements

were carried out with 30 pugpa cm™ catalyst loading in N2 or Ar-saturated 0.1 M HC1O4 at 25 °C.

To quantify the amount of H de-inserted from the 3.6 nm Pd/C NPs after insertion at various
electrode potentials, denoted below H:Pdrpe (blue curve on Figure 3a), we slightly modified the
coulometric method introduced by Sherbo er al. *'. H was first inserted into the Pd/C NPs by
maintaining a given potential between 0.00 V < E < 0.40 V for 60 s. Subsequently, the potential
was switched to £ = 0.40 V to extract H, and the H de-insertion charge was used to calculate the
H:Pd molar ratio (knowing the exact mass of Pd loaded onto the thin-film rotating disk electrode
from ICP-MS measurement). More experimental details about the coulometric quantification of
the Pd:H ratio can be found in the Supporting Information. In line with the i(E) response

displayed in Figure 1b, the insertion of H starts from ca. 0.1 V, then the H amount sharply
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increases at ca. 0.05-0.07 V and reaches a pseudo-plateau at ca. 0.02 V. Further decreasing the
electrode potential leads to an increased H:Pd ratio, which is probably overestimated since part of
the electrical charge recorded at 0.40 V arises from the electrooxidation of molecular H2 generated
during the H insertion step. The H:Pd ratio measured by this coulometric method amounts to 0.53
at 0.00 V. According to the method described above, measured H:Pd ratios comprise contributions
of inserted (in the Pd lattice) but also adsorbed H. The H quantity in the region preceding the a to
B phase transition at potentials below ca. 0.06 V on Figure 3a can be partly assigned to adsorbed
hydrogen (1 and 1° contributions in Figure 1b) with a certain contribution of PdHx-a phase
formation. The contribution of adsorbed H to the total H:Pd ratio was quantified by the copper
underpotential deposition method (Cu UPD). Briefly, the charge for the stripping of
underpotentially-deposited Cu monolayer (Qcu) was divided by two to obtain charge QOHad
corresponding to the formation of a monolayer of adsorbed H (QOnad = %2 QOcu). More details and
discussion about the Cu UPD method can be found in Supporting Information. We determined
a Onad of 0.38 £ 0.03 mC, i.e. adsorbed H contributes to 0.07 on the H:Pd ratio, leading to a real
H:Pd ratio of 0.46 at 0.00 V (see also Figure S3 and discussion in Supplementary information
for additional analysis of H:Pd ratios). The determined H:Pd ratio is low relative to what is
generally determined on bulk Pd under equilibrium conditions, which we ascribe to the finite Pd
NP size. WAXS observations nevertheless solidly establish the fact that PdHx-3 phase is formed

under the in situ conditions used here.

To gain quantitative insights into the reversibility of the H insertion/de-insertion process, the PdHx
composition vs. potential was also determined after 50 CVs between 0.025 and 0.600 V at a
potential sweep rate of 5 mV s™!. Comparing blue and red curves in Figure 3a, we found a 19 %

decrease of the H:Pdrpe ratio at 0.025 V (H:Pdrpe at 0.025V = 0.43+0.02 / 0.35+£0.02

11



before/after the 50 CV cycles, respectively), assuming that adsorbed H contribution remains the
same, consistently with the continuous decrease of the coulometric charge associated with H-
insertion/deinsertion in RDE set-up was observed during successive CVs (see Figure S4) The
observed modification of the H insertion properties is accompanied by changes in the Pd,PdHx
structure as illustrated by Figure 3b. In particular, the value of the PdHx-B lattice parameter
measured at 0.025 V is constant (4.017 £ 0.006 A) but increases from 3.895 A to 3.911 A at
0.400 V (see Figure 3d). This relative irreversible increase (~0.4 %) of the lattice parameter after
50 cycles agrees with the relative increase of nearest Pd-Pd distance of 0.73 % and 0.36 % reported
by Liu et al. for 2 and 6 nm Pd particles, respectively, after a single H sorption/desorption cycle®’.
Let us also stress that Rietveld refinement analysis of the WAXS patterns measured at 0.40 V
indicates that the microstrain values (Figure S5) increase with the number of H insertion/de-
insertion cycles (from 93 to 129 %% for the Pd/C catalyst before and after 50 CVs, respectively),
suggesting that strain progressively and heterogeneously develops within the Pd/C NPs during

repeated H insertion/de-insertion cycles.

To gain further insights into the Pd nanostructure — H sorption capacity relationship, we compared
the information provided by electrochemistry and WAXS measurements. The potential regions
where the PdHx-o or PdHx-f lattices are individually observable or co-exist are represented in blue,
orange and green, respectively in Figure 3c¢. At cathodic scans, the potential of PdHx- phase
appearance (starting point of green segments) becomes more positive with cycle number (0.056 V
and 0.106 V for the 1 and 50" cycles, respectively). Moreover, starting already from the 5% cycle,
this potential corresponds to very low charge spent for H sorption. Assuming the hypothesis of
accumulating trapped H, one can assign this shift to participation of both trapped and newly

inserted H in PdHx-B phase formation. The end of green segments/start of orange segments

12



demonstrates the same shift: lattice expansion corresponding to pure PdHx- phase starts earlier
with cycle number (0.028 V for the 1%t and 0.052 V for the 50 cycles). During the 50™ cycle, it
starts when less than a half of newly inserted H penetrates to the lattice, i.e. a lot of H undergoes
sorption into already expanded Pd. At anodic scans, the appearance of two-phase region (the end
of orange segments, and the start of green segments) shifts to more positive potentials. In the 1%
cycle, PdHx-a phase structural signatures appear when only a small portion of H is de-inserted (at
0.037 V), when in the 50™ cycle about a half of H is de-inserted before the lattice starts to relax (at
0.085 V). Moreover, lattice relaxation in the 50 cycle corresponding to the appearance of Pd

metal takes place only at ca. 0.20 V, and results in still extended PdHx-a phase lattice.

The described behavior results in a pronounced widening of the potential region in which PdHx-a
and PdHx-3 phase lattices coexist (Figure 3e). These structural changes are pronounced initially
and reach a pseudo-plateau after ca. 10 cycles (Figure 3b-d-e). The absence of correlation between
the charge spent for H insertion/de-insertion and lattice expansion-relaxation events becomes more
pronounced with cycling, and the loss of correlation is accompanied by the development of lattice

microstrain (Figure S5).

The comparison between the H:Pd ratios measured/estimated from electrochemical and X-ray
measurements is also enlightening. Using the linear calibration between the H:Pd ratio and the
PdHx-P lattice parameter reported by Benck et al .!!, the Pd lattice parameter in the PdHx-p phase
was converted into a H:Pd ratio, denoted H:Pdwaxs. As illustrated by Figure 3b, the H:Pdwaxs
ratio at 0.025 V was independent of the number of CV cycles (0.49 £ 0.035), suggesting that the
same quantity of H was inserted in the Pd/C NPs at this potential. This seems to be in contradiction
with the 19 % decrease of the H:Pdrpe ratio experimentally measured at 0.025 V (Figure 3a). As

the H:Pdrope is precisely determined by measuring the H insertion/de-insertion charge and the mass

13



of Pd deposited on the working electrode (ICP-MS measurement, see Supporting Information),
while the H:Pdwaxs is estimated from the variation of the PdHx-f lattice parameter, the difference
between the H:Pdwaxs and H:Pdrpe ratios may arise from two reasons: either the absence of
correlation between lattice expansion and reversibly inserted H amount under less equilibrium

conditions, or the detachment or the dissolution of Pd nanocrystallites during the 50 CVs.

To determine whether the changes in the lattice structure are accompanied by changes in size or
morphology of the Pd/C nanoparticles, we used identical-location aberration-corrected (high-
resolution) transmission electron microscopy (IL-(HR)TEM). Five different regions of the Pd/C
sample were imaged before/after 1,000 square potential cycles between 0.400 and 0.100 V (10 s
at each potential), Subsequently, 1,000 square potential cycles between 0.400 and 0.025 V were
performed (Figure 4), followed by 1,000 square potential cycles between 0.400 and 0.000 V (see
Figure S6). The IL-TEM images presented in Figure 4 and Figure S6 suggest that the Pd NPs
neither change in size and morphology nor detach from the Vulcan XC72 support. Interestingly,
IL-HRTEM showed slight movements of the Pd NPs after the 1,000 square potential cycles
between 0.400 and 0.025 V, in qualitative agreement with former observations by Paciok et al. on
Pt/C nanocatalysts *2. They observed that 17 % of the Pt NPs move from their initial position
during a 24 h polarization at £=-0.10 V in 0.5 M H2SOa4. Longer polarization resulted in no further
noticeable changes in their location. The results were rationalized by considering a decrease of

attractive Van der Waals forces resulting from the adsorption of H onto the Pt/C NPs.
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Fresh Aged

Figure 4. Identical-location aberration-corrected transmission electron microscopy images
illustrating slight movements of Pd nanoparticles onto the Vulcan XC72 support during
potential cycling. Aberration corrected a-b) low -magnification (x100k), c¢) medium-
magnification (x400k) and d-f) high resolution (x800k) TEM images of 20 wt.% Pd/C, a-f) before
and a’-f”) after 1,000 square potential cycles between 0.025 and 0.400 V (10 s each) in Ar saturated
0.1 M HCI1O4, T=25°C. The yellow circles point towards slight movements of the Pd nanoparticles

onto the Vulcan XC72 support. White scale bar 50 nm, black scale bar 10 nm.

To precisely estimate the amount of Pd being dissolved from the Pd/C NPs during the 50 CVs, we

33,34

used an electrochemical flow cell coupled in situ to an ICP-MS (see Refs. and Supporting

Information for more details). Figure 5 shows time- and potential-resolved Pd concentration
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profiles during the break-in procedure (composed of 400 cycles between 0.100 and 0.500 V at
500 mV s) or 25 cycles between 0.025 and 0.600 V at 5mV s'. The in situ ICP-MS
measurements show that the Pd concentration signal amounts to 10 ng L' maximum during the
break-in procedure. The 25 cycles at 5 mV s allow a better resolution in time and potential. The
dissolution of Pd initiates during the the very beginning of the anodic potential sweep, and reaches
a maximum of 10 ng L' (equivalent to about 4 ngpa g'pa) at ca. 0.05-0.10 V. Dissolution of Pd
during H-deinsertion/desorption (positive-going potential sweeps) is a striking previously
unreported result. Overall, the mass of Pd dissolved during the break-in and the subsequent 25
cycles was estimated to be inferior to 0.2 ng representing 0.003 = 0.001 % of the total Pd mass
loaded in the thin-film electrode. We can thus reliably discard any influence of the dissolution of

Pd on the change in H insertion/de-insertion properties.
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Figure 5. In situ monitoring of the amount of Pd being dissolved during successive cyclic
voltammograms. a) corresponds to the cycles between 0.025 and 0.600 V and b) to the break-in.
c) is a focus on the first five cycles. The blue and green lines are Savitzky-Golay averages (50 pts
window) of the raw data points plotted with transparency for clarity. Ar-saturated 0.1 M HCIO4,

T'=125°C.

Summarizing all experimental results, the lattice parameter in the PdHx- phase at 0.025 V remain
almost constant during repeated H insertion/de-insertion cycles. Meanwhile, the value of the
Pd,PdHx-a lattice parameter at 0.400 V continuously increases. These changes in the lattice
structure of the Pd/C NPs are neither accompanied by a noticeable change in their size and

morphology, nor with a significant release of Pd*>* ions in solution but they lead to a quantitative
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decrease of the reversible H:Pdrpe ratio. Taken all together, the results then confirm that a fraction
of H atoms remains trapped in Pd lattice at least in the timescale of our experiment, i.e. the rate of
H insertion is essentially faster than the H de-insertion rate. This hypothesis is in line with the
single-cycle results of Liu et al. for Pd NPs during gas phase H sorption ?’. The authors reported
that smaller Pd NPs are more prone to trap H, with the loss of H sorption capacity amounting to
ca. 26 % for 1.4 and 2 nm Pd/C NPs. In this work, the amount of trapped H atoms approaches
19 % for 3.6 nm Pd/C NPs, in quantitative agreement with the values of 26 % and 9 % reported
by Liu et al. for 2 and 6 nm Pd/C NPs, respectively. Complementary in situ WAXS and
electrochemical experiments revealed that (i) the Pd lattice parameter measured at £ = 0.40 V after
the 50 CVs remains constant for more than 5 minutes (see Figure S7) and that (ii) no measurable
current associated to H desorption was detected after a few seconds during the coulometric H de-
insertion experiment (see Figure S3a). We thus conclude that H de-insertion kinetics does not
undergo substantial changes during the 50 CV cycles, and that the progressive increase of the
PdHx-a phase lattice parameter after the 50 consecutive cycles, the observed H trapping and the

microstrain development are mutually interrelated events

Finally, to confirm that H atoms remain trapped into the Pd NPs, we also designed an additional
experiment, leaning on the work of Liu et al. ?’. Briefly, a thin-film of Pd/C catalyst was
electrochemically characterized before (fresh catalyst) and after 50 CVs between 0.025 and
0.600 V (aged catalyst). In line with what was found in Figure 3e, the H de-insertion charge
decreased during the 50 CVs (Figure 6a), translating into a drop of the H:Pdrpe ratio from 0.43 +
0.02 to 0.35 £ 0.02 (Figure 6b). After this second characterization, the thin-film rotating disk
electrode was removed from the electrochemical cell, rinsed with MQ-grade water and vacuum-

pumped for 10 h at 150°C to desorb the trapped H, and a characterization CV was recorded in the
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same experimental conditions as initially. The near-perfect superposition of the initial and the final
CVs, and the associated increase of the quantity of de-inserted H are unequivocal evidences that

H atoms were trapped in the Pd/C material during the 50 CV cycles.
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Figure 6. Electrochemical evidence of H trapping into Pd/C nanoparticles. a) Cyclic
voltammograms recorded on the fresh (blue curve) and aged (red curve) Pd/C catalysts and after
10 h at 150°C under vacuum (black curve). All cyclic voltammograms started from 0.4 V by a
cathodic scan and were measured at a potential sweep rate of 10 mV s’!. In b), the same color codes
are used to represent the H:PdrpEe ratio measured at 0.025 V and corrected for H adsorption. The
measurements were performed in Ar-saturated 0.1 M HCIO4 at T = 25 °C. Rotation rate 1600 or

2500 rpm for a) and b), respectively.

The results presented in this study therefore suggest that, similarly to what was observed during
catalytic reactions 2°, H atoms may trap during electrochemical insertion/de-insertion at low
enough RHE potentials. Let us however stress that trapping as studied in this work does not
corresponds to complete equilibration of Pd-H system, first of all because of unavoidably slow
phase transition *°. In frames of the time scale available for in situ structural characterization, we

solidly documented that lattice expansion and reversible H sorption are not completely correlated:
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lattice parameter hysteresis loop is shifting to more positive potentials than corresponding charge
hysteresis (compare Figures 3b and S3). This factor of finite characterization time appears also
for H trapping analysis based on irreversible lattice expansion 2’ (see additional remarks in

Supplementary Information after Figure S3).

One can assume that the expansion itself provides the traps, i.e. new defective positions supporting
stronger bonding and, correspondingly, slower de-insertion of H. This trapped H can be formally
assigned to PdHx-a phase despite its specific sorption energy, as it is stable in the lattice just at
typical PdHx-a phase pressures/potentials, and could be finally extracted under equilibrium
conditions. The amount of this trapped H can be much higher as compared to PdHx-a phase solid
solution in ideal Pd lattice. Namely, H:Pd values up to ~0.06 were reported for thin Pd films>®
and >0.03 for dispersed electrodeposited Pd 37. Our estimate of the quantity of trapped H agrees
well with these quantities. The principal aspect of our observation is generation of the traps by H

inserted in subsequent cycles, in contrast to native defects typical for some Pd materials.

The results reported here are important for a fundamental understanding of structure — catalytic
activity relationships on Pd-based nanomaterials. Indeed, according to the d-band theory pioneered
by Hammer and Norskov, trapping of H atoms into the Pd lattice drastically changes its electronic
states, broadening its d-band, and resulting in a negative shift of the d-band center. The latter in
turn will lead to a change in the catalytic properties of Pd. For example, PdHo.43 NPs were shown
to be more active for methanol oxidation reaction compared to the pure metal Pd counterparts>®,
Schmidt et al. have also recently shown that expansion of the Pd lattice leads to weaker adsorption

energy of adsorbed H, enhancing the hydrogen evolution reaction rate in acidic medium®’.
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CONCLUSIONS

In summary, our results shed fundamental light into the loss of H sorption capacity of Pd/C
nanoparticles during repeated H insertion/de-insertion cycles. By combining electrochemistry and
wide-angle X-ray scattering, we demonstrated that H atoms get progressively trapped into the Pd
lattice. H trapping progressively expands the Pd lattice, leading to stabilization of the PdHx-f3
lattice. The 3.6 nm Pd nanoparticles investigated in this study lost 19 % of their initial H sorption
capacity during successive 50 H insertion/de-insertion cycles between 0.025 and 0.600 V at a
potential sweep rate of 5 mV s'. The trapped H atoms can be desorbed by vacuum-pumping and

heating to 150°C.
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By combining in situ X-ray scattering and electrochemistry, we provide evidence of continuous
expansion of the lattice of 3.6 nm carbon-supported Pd nanoparticles during repeated H

insertion/de-insertion cycles, resulting in a progressive loss of their reversible H sorption capacity.
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