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ABSTRACT: Intercalation of hydrogen into the palladium atomic Hydrogen Evolution Reaction PdH
layers during the growth of Pd nanoparticles can lead to the + Pd Electrodeposition x
synthesis of unique pallladium h}rdride phases.. Here, we discover AN py aq sol.

unusual nonfcc palladium hydride nanoparticle, a structure that is .

not face-centered cubic (fcc), formed through coreduction of water ) ¥ ¢

molecules and Pd ions in solution. Crystal structure determination /‘ fec

based on atomic electron tomography points to potential triclinic
unit cells, indicating the presence of more than one nonfcc phase,
with some of those being a stack of loosened and distorted close-
packed layer of atoms. The probability of finding the nonfcc phase
in single-crystalline particles varies depending on the number and
distribution of contact area with other particles. Roughly half of the
isolated and one side-coalesced single-crystal particles exhibit a nonfcc structure, while fcc dominates multiple side-coalesced single
crystals as well as polycrystal particles. These observations suggest a coalescence-induced phase transition from a nonfcc to a stable
fcc structure, due to the metastable nature of the nonfcc phases. While hydrogen is proven to be a key component for the synthesis
of the nonfcc structure, there was limited formation of the unusual phase in a H, gas bubbling system. Thus, electrochemical
pathways can be promising for the in situ creation and study of unique metastable nanomaterials.

1. INTRODUCTION Liquid TEM cell Electrochemical cell

The recent discovery of metastable hexagonal close-packed
(hep) palladium hydride (PdH,) nanoparticles synthesized in
the liquid transmission electron microscopy (TEM) cell has
proved that reduction of Pd ions in a hydrogen-rich
environment can result in the evolution of previously
unreported metastable phases.’ Electron beam irradiation in
a liquid cell dissociates water molecules to make several
chemical products including hydrated electrons and hydrogen
species, which serve as reducing agents and hydrogen sources,
respectively. However, the hcp PdH, phase is not easily
reproducible outside a TEM, with the reported synthesis

electron beam
e electron e hydrated electron 4 H,0 © H @ H, @ Pd* @ Pd°

limited to a liquid cell under special conditions that enable the Figure 1. Graphical representation of the liquid TEM cell used for
vigorous radiolysis of water. Thus, synthetic approaches of Pd hcp PdH,, nanoparticle synthesis and the electrochemical system used
that can generate these unusual phases, without the need for in this study.

electron beam-induced radiolysis, are highly desirable for the

fundamental study and eventual modular production of these H,(g), —0.23 V vs Ag/AgCl at pH 0, and 2H,0(1) + 2¢~ —
metastable particles. In the pursuit of a modular hydrogen-rich Hz(g), + 20H (aq), —1.06 V vs Aié /AgCl azt pH 14) and

syn.thesi_s appro_th that is ponreliant on .these constrai{ling reduction of Pd precursor tetrachloropalladate (PdCl,>"(aq) +
radiolysis conditions, we discovered a distinct and unique

nonfcc PAH,, through the electrochemical coreduction of water
and Pd ions Received: April 8, 2024
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The concept relies on an electrochemical system to provide
in situ a reducing agent and hydrogen through charge transfer
from an electrode to the aqueous solution containing Pd
(Figure 1). An applied negative potential induces both
hydrogen evolution reaction (HER) (2H*(aq) + 2¢~ —
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2e” — Pd(s) + 4Cl (aq), 0.361 V vs Ag/AgCl).” Considering
the evolution of hcp PdH, in a high H-to-Pd ratio
environment,' the presence of a large amount of hydrogen
during the electrodeposition of Pd ions is required for the
investigation of the emergence of an unconventional hydride
phase. In this context, constant current was forced to flow
through a working electrode to secure a certain degree of H,
production along with Pd reduction, especially since the Pd
reduction current is limited by the diftusion of Pd ions at high
overpotentials.” Constant current density from —1.5 to —30
mA/cm® was applied to the system, resulting in potentials
ranging from —1.2 to —1.8 V vs Ag/AgCl (Figure S1). An
acidic electrolyte with pH 3.3 was used to prevent aggregation
of the deposited particles.

2. RESULTS AND DISCUSSION

2.1. Structural and Chemical Characterization of
Electrodeposited Nonfcc PdH, Nanoparticles. High-
resolution TEM (HRTEM) images of the nanoparticles
formed on electrodes exhibited zone axis diffraction patterns
that do not belong to conventional fcc Pd and PdH,. These
patterns were categorized into 12 cases plus a distorted fcc-like
case, a fcc with forbidden reflection-like case,” and a rarely
observed case (Figures 2 and S2) with variance in d-spacings
suspected to be originated from different amounts of hydrogen
in the particles. While diffraction pattern cases 4, S, and 12
resembled [1213], [0001], and [0111] zone axis diffraction
patterns of hcp PdH,, respectively,' the characteristic [2110]
zone axis diffraction pattern of the hcp structure was not
observed (Figure S3). Considering that characteristic ABAB
stacking of atomic layers in the hcp structure can be validated
in a hep crystal aligned at the [2110] zone axis, the hcp phase
was presumed to be not present on the electrodes. Besides,
distorted fcc-like case resembled the [110] zone axis diffraction
pattern of fcc with a d-spacing of one (111) spot larger than
that of the other or with d-spacings of both (111) spots larger
than those in typical f-PdH,. Fcc with a forbidden reflection-
like case was not very distinguishable from the fcc [112] zone
axis diffraction pattern with forbidden reflections 1/2(131),"
which also resembled the pattern of case S with two sets of dim
spots. While these features made structure determination
challenging, the electrochemical route to synthesis provided a
platform for the creation of unique, unusual crystal structures.

Energy-dispersive X-ray spectroscopy (EDS) spectra con-
firmed that the nonfcc particle is made of Pd with a small
amount of oxygen presumably on the particle surface, which
might have come from hydroxyl ions formed during HER,
oxygen dissolved in the solution, or oxygen in the air (Figure
3ab). Moreover, a peak appeared at ~4.5 eV in electron
energy loss spectroscopy (EELS) spectra of the nonfcc
particles demonstrated that the nonfcc phase is PdH, as the
peak resembles the characteristic plasmon peak of fcc f-
PdH,>° (Figures 3c,d and S4).

2.2, Crystal Structure Determination of Nonfcc
Particles Based on Atom Electron Tomography (AET).
To elucidate the crystal structure of the nonfcc particles, atom
electron tomography (AET) with the real-space iterative
reconstruction (RESIRE) reconstruction algorithm was applied
to the data.”® The application of AET was necessary as
selected area electron diffraction (SAED) analysis was
inapplicable due to the overlap of d-spacings of nonfcc and
fcc phases as well as the low intensity of nonfcc diffraction
spots owing to the low portion of the nonfcc phase, which will

Figure 2. Structural analysis of nonfcc particles electrochemically
deposited on TEM grids via HRTEM images and their diffraction
patterns obtained by fast Fourier transform (fft). Interplanar distances
(A units) and angles between neighboring diffraction spots are
represented in diffraction patterns. Diffraction pattern case number is
denoted on the top left corner of HRTEM images. Magnification of
images without a scale bar is equal to that of the case 2 image. Scale
bars, S nm.

be discussed in detail in Sections 2.3 and 2.5 (Figure SS). It
was noted that the particles with a nonfcc structure were
deformed over the tilt series acquisition due to the electron
irradiation needed for AET (Figures S6—S10), which led to
incoherent atom arrangement in reconstructured particles as
represented in Figure S11a. However, reconstruction based on
periodicity-amplified tilt series led to a more orderly atom
arrangement in reconstructed data, though there was still
notable irregular stacking of atomic layers (Figures S11-S16),
and local periodic regions present in two reconstructed
particles were used as a basis for approximation of a unit cell
of the nonfcc phase (Particles 1 and 2 in Figures 4, S11b, and
S13b).

Determination of the unit cell was not straightforward owing
to the lack of long-range order in the reconstructed data,
necessitating the identification of the crystal system of the
nonfcc phase in advance. Based on the absence of a diffraction
pattern with two different spots with d-spacings larger than 1.5
A in orthogonal relationship and the presence of rhomboid
atomic arrangement in the local periodic region of the
reconstruction data, the nonfcc phase is proposed to belong
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Figure 3. Elemental analysis of nonfcc particles. (a) HRTEM images,
diffraction patterns, and EDS maps and (b) EDS spectra of a case 1
nonfcc particle and background carbon film. (c,d) HRTEM images,
diffraction patterns, and EELS spectra at the low loss region of case 4
and S nonfcc particles, respectively. Interplanar distances are
represented in the figures (A units). a.u., arbitrary units. Scale bars,
S nm.

to the triclinic system. Since every reflection is allowed in the
triclinic crystal system, unit cell length parameters cannot be
excessively larger than the Pd—Pd bond length in bulk fcc Pd,
2.751 A,” as it would result in a d-spacing of crystallographic
planes larger than the value observed in HRTEM analysis. In
this regard, eight neighboring atoms were selected in a local
periodic region of the reconstruction data in a manner in which
they compose each corner of a unit cell. Due to the irregularity
in the atomic array which was present even in the local
periodic region, a range of unit cell parameters were extracted
from several sets of eight atoms (Figures Sllc and S13c).
Based on the lattice parameter range, numerous combinations
of the lattice constants were examined to find unit cell
candidates of a tilt series using MATLAB. Two zone axis
diffraction patterns of each combination were compared with a
pattern obtained in the tilt series and an arbitrarily selected
pattern in Figure 2, one by one, to find the best match.

As a result, two unit cells were deduced from each
reconstructed particle, and one of each is shown in Figure 4.
For Particle 1, the lattice parameters were a = 2.85 A, b = 3.01
A, c=281A a=67° =289°and y = 118° (Figure 4e), and
for Particle 2, the parameters found were a = 3.06 A, b = 2.85
A c=294 A, a=60°p=98° and y = 124° (Figure 4f). The
other unit cell candidate of each particle can be found in
Figures S17 and S18. Unfortunately, not all unusual diffraction
patterns obtained in the HRTEM analysis were resolved by the
unit cell candidates even when minor deviation was allowed
(Figures 2, S2, S17¢,h, and S18ch), which implied that there
could be more than one nonfcc phase on electrodes.
Nevertheless, the unit cell structure of the candidates inferred
that at least some nonfcc phases are a stack of loosened and

Particle 1

Figure 4. 3D atomic structure of reconstructed nonfcc (a) Particle 1
and (b) Particle 2 with blue dots representing atom positions inside
the nanoparticles. The particles viewed from another direction where
discontinuous atomic layers were more conspicuous can be found in
Figures S11b and S13b. (c,d) High-resolution scanning transmission
electron microscopy images and diffraction patterns of Particles 1 and
2. Interplanar distances are represented in the figures (A units). (ef)
Approximated possible unit cells of Particles 1 and 2 and their
projected image onto the basal plane. Red and blue spheres are Pd
atoms in the top and bottom layer, respectively. Scale bars, 1 nm.

distorted close-packed layers (Figures 4ef, S17abfg, and
S18a,b,f,g). While the deviation from the close-packed
structure was suspected to be caused by the impregnation of
hydrogen in the Pd matrix, the H fraction x in the nonfcc PdH,
particles could not be estimated owing to the lack of
information regarding a unit cell volume of pure Pd with the
nonfcc structure, let alone the position of the H atoms in the
Pd matrix.

2.3. Coalescence-Induced Transition of the Nonfcc
Phase. It was noted that the observance probability of this
nonfcc phase was dependent on the morphology of the
particles. Electrodeposited nanoparticles were categorized into
four groups depending on their conformation: (1) single
isolated single-crystalline particle, (2) single-crystalline particle
coalesced with other particle(s) only on one side, (3) single-
crystalline particle coalesced with other particles on multiple
sides, and (4) polycrystalline particle. Probabilities of finding
nonfcc phase in single isolated single-crystalline nanoparticles
and single-crystalline particles coalesced on one side were
similar, being roughly half (Figures Sa,b and 6ab); ~65 and
~56% of analyzed particles in each category exhibited nonfcc
phase, for example, when —15 mA/cm® of current density
flowed to the electrode in a 0.1 mM Pd solution. Meanwhile,
nearly all single-crystalline particles coalesced on multiple
sides, such as particles located in the inner part of an
assemblage of nanoparticles, exhibited an fcc structure (Figure
Sc). Likewise, nonfcc structured grain was rarely observed in
polycrystal particles, irrespective of whether the particle was in
contact with others or not (Figure 5d).
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Figure S. Graphical representation, HRTEM images, and their
diffraction patterns of (a) isolated single-crystal particles, (b)
coalesced single-crystalline particles coalesced on one side like
particles positioned at the surface of agglomerates, (c) single-
crystalline particles coalesced on multiple sides like particles
positioned inside agglomerates, and (d) polycrystal particles.
Interplanar distances are represented in the figures for nonfcc
particles (A units). ZA, zone axis. Scale bars, 5 nm.

Based on this trend, we conjectured that atom rearrange-
ment involved in the coalescence process induces phase
transition from nonfcc to fcc due to the metastable nature of
the nonfcc phase. Coalescence of two particles can be
accompanied by mass redistribution throughout the internal
lattice.'”'" The rearrangement of atoms triggered by the
coalescence could assist the metastable atom array relax into a
more stable array. When coalescence occurs only on one side
of a particle, the driving force for mass redistribution may not
be always high enough to induce bulk diffusion. While heat

treatment up to 300 °C exposed a certain degree of atomic

Single crystal: isolated + coalesced on one side
a 1 b 1
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Figure 6. (ab) Estimated volume fraction of the nonfcc phase for
single isolated and one side-coalesced single-crystalline particles as a
function of (a) current density in a 0.1 mM Pd solution and (b) Pd
concentration with a current density of —15 mA/cm? (c,d) Estimated
total volume fraction of the nonfcc phase on electrodes as a function
of (c) current density in a 0.1 mM solution of Pd and (d) Pd
concentration at a current density of —15 mA/ cm?.

rearrangement as noted by the slightly changed shapes of the
particles, single isolated single-crystalline nonfcc particles did
not undergo phase transition to fcc, thus corroborating their
structural stability (Figure S19). In contrast, multiple
coalescence events happening at two or more sides of a
particle may exert a stronger driving force to trigger lattice
diffusion that leads to a phase transition toward a more stable
phase. This proposed coalescence-assisted phase transition is in
line with molecular dynamics simulations that showed the
crystallization of two amorphous Pd nanoparticles during
coalescence, which was triggered by stress accumulated at the
interface."”

2.4. Role of Hydrogen in the Formation of Nonfcc
Particles. For determination of the dominant factors that
enable the evolution of the nonfcc phase, several different
synthetic approaches were taken to verify the effects of
hydrogen, electrochemical reduction, substrate, and the Pt
counter electrode. First of all, an electrochemical potential
more positive than the water reduction potential was applied to
reduce Pd ions in a relatively hydrogen-poor environment.
Nonfcc phase particles were not observed when 0 V vs Ag/
AgCl was applied, and about 10% of single isolated and one
side-merged single-crystalline particles exhibited nonfcc
structure when —0.55 and —0.8 V vs Ag/AgCl were applied
(Figure S20). Although protons could be reduced to form H,
at —0.55 and —0.8 V vs Ag/AgCl given the HER potential in
pH 3.3 being —0.43 V vs Ag/AgCl, the amount of hydrogen
species that participated in electrochemical reactions under
these potentials would be considerably smaller than the
amount in the chronopotentiometry experiments (Figures S1
and S20a). Suppressed evolution of the nonfcc phase under
these conditions corroborated the significance of the role of
hydrogen in the synthesis of this metastable phase. In addition,
bubbling pure H, gas into Pd solution led to the formation of
nanoparticles with a small fraction, assumably less than ~10%,
of single isolated and one side-coalesced single-crystalline
particles exhibiting the nonfcc structure (Figure S21). This
result indicated that H, gas has limited capability in making the
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nonfcc phase, which is far less effective than the proposed
electrochemical reduction approach. Furthermore, electro-
chemical deposition of nonfcc particles on a CNT electrode
in place of a TEM grid electrode proved that synthesis of the
nonfcc phase is not limited to a specific substrate (Figure $22).
Likewise, formation of nonfcc particles in experiments with a
graphite counter electrode in lieu of Pt wire demonstrated that
the Pt counter electrode is not the cause of the metastable
phase evolution (Figure S23).

Given all the above, we hypothesize that the metastable
phase evolves through the codeposition of H and Pd atoms,
and the synthesis of the nonfcc phase is subject to a relative
amount of H to Pd, similar to the proposed formation
mechanism of hcp PdH, in a liquid TEM cell.' Surface
hydrides, Pd—H,q,, produced during HER"*™'° could experi-
ence deposition of H and Pd atoms on it either alternatively or
concurrently instead of participating in H, production,
resulting in H-impregnated Pd nanoparticles with unique
structures. Meanwhile, interplay of the reduction of palladium
ions by H, generated in HER and the formation of Pd—H,;
through dissociative adsorption of H, on Pd could also lead to
the formation of nonfcc PdH,, as shown in the H, gas bubbling
experiment.'”'® Tt must be noted that whether unique nonfcc
seeds were formed or not was unclear due to the challenges in
the structural analysis of particles smaller than few nanometers,
which could be partially attributed to the weak (or lack of)
crystallinity of the particles in the early stages of nucleation and
growth.'””? Still, the presence of crystallographic planes with
interplanar distances larger than the d-spacing of the (111)
plane of fcc f-PdH, in 1—2 nm-sized particles implied possible
nucleation pathways for nonfcc seeds (Figure S24).

To evaluate the influence of H, gas over electrochemically
formed H species in the development of a nonfcc phase,
relatively positive electric potentials of 0, —0.55, and —0.8 V vs
Ag/AgCl were applied to Pd solution with H, gas bubbled
simultaneously. The supply of external H, facilitated the
formation of the metastable phase and increased the
observation probability of the nonfcc phase by ~10% in all
three conditions (Figures S20c and S25). However, it was not
as productive as the electrochemical approach with more
negative electric potentials, which can be seen to be superior
for the synthesis of the metastable phase (Figure 6a,b).
Considering that the degree of supersaturation of H, near the
electrode surface reaches 9.3 during HER in a 0.1 M H,SO,
solution at 25 °C, which corresponds to 7.2 mM, while the
saturation concentration in water is ~0.75 mM,ZI’22 different
amounts of hydrogen near an electrode in the two systems
could be the cause of the distinction.

2.5. Effect of Electrochemical Variables on the
Electrosynthesis of Nonfcc Particles. For the investigation
of electrochemical conditions that promote the formation of
the nonfcc phase on electrodes, the four variables of current
density, electrodeposition time, Pd concentration, and solution
pH, were controlled. Although the comparison of electro-
chemical reduction and the H, bubbling system inferred the
correlation between the nonfcc phase and H-to-Pd ratio in
solution, the fractions of the nonfcc phase in single isolated
and one side-coalesced single-crystalline particles were
reasonably consistent at around S50% regardless of the
experimental conditions at pH 3.3 (Figure 6a,b). While the
total volume fraction of the nonfcc phase on electrodes was
estimated to be at most ~20% as nonfcc was rarely observed in
agglomerates and polycrystalline particles (Figure 6¢,d),

increasing current density or deposition time failed to bring
about notable differences, though longer deposition time
resulted in slightly more number of larger agglomerates
(Figures S26 and S27). Higher current density conditions
assumedly contributed to the enhanced H, bubble nucleation
rate rather than increasing the supersaturation level of H, or
the amount of hydrogen that can incorporate into Pd.
Likewise, a longer deposition time would have affected the
total volume of generated H,, not the supersaturation level.

However, the total volume fraction was highly dependent on
Pd concentration and pH of the solution; the total fraction was
inversely proportional to Pd concentration (Figure 6d), and
the nonfcc phase was exclusively observed in acidic solutions
(Figure S28). Higher Pd concentration increased the flux of
the Pd ion diffusing toward an electrode, and it led to a greater
number of bigger agglomerates (Figure $29). Dependency on
pH can be ascribed to polynuclear hydroxo complexes (PHC,
[Pd(OH),],) formed by the hydrolysis of Pd ions in neutral
and basic solutions.””*> The larger size of PHC could have
facilitated the formation of aggregated Pd nanoparticles™
where the nonfcc structure rarely survives.

3. CONCLUSIONS

In this study, we discovered unique metastable nonfcc PdH,,
nanoparticles through a synthesis route relying on electro-
chemical coreduction of Pd ions and water. AET-based unit
cell approximation revealed a possible triclinic loose-packed
structure of the nonfcc phase. The low observance probability
of the nonfcc phase in single-crystalline particles that were
merged with others on multiple sides, as well as polycrystalline
particles, showed the vulnerability of the metastable phase
upon atom rearrangement triggered by coalescence. For further
characterization and utilization of this metastable phase, the
development of a method that facilitates the dominant
production of isolated single-crystalline particles should be
pursued. The findings of this work can provide fundamental
insight into the in situ production of metastable phases, which,
on the long-term, can potentially be of interest for catalytic or
materials applications.
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