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ABSTRACT: Grain boundaries (GBs) are frequently implicated as key defect structures
facilitating metal hydride formation, yet their specific role remains poorly understood due to their
structural complexity. Here, we investigate hydrogen insertion in Pd nanostructures enriched with
well-defined Σ3(111) GBs (PdGB) synthesized via electrolysis-driven nanoparticle assembly. In situ
synchrotron X-ray diffraction reveals that PdGB exhibits dramatically accelerated hydriding and
dehydriding kinetics compared with ligand-free and ligand-capped Pd nanoparticles with similar
crystallite sizes. Strain mapping using environmental transmission electron microscopy shows that
strain is highly localized at GBs and intensifies upon hydrogen exposure, indicating preferential
hydrogen insertion along GB sites. Density functional theory calculations provide mechanistic
insight supporting these findings, showing that hydrogen insertion near Σ3(111) GBs is
energetically more favorable and that tensile strain lowers insertion barriers. These results provide atomic-level insights into the role
of GBs in hydride formation and suggest new design strategies for GB-engineered Pd-based functional materials.
KEYWORDS: Hydrogen Insertion, Tensile Strain, Grain Boundaries, Palladium Nanostructures

Metal hydride formation is a critical process because it
underpins a wide range of energy technologies and

phenomena, including hydrogen storage,1−3 metal-hydride
electrochemical energy storage,4−7 electrochemical energy
conversion (e.g., using fuel cells),3 chemical transformations
including hydrogenation and dehydrogenation,8,9 hydrogen gas
sensing,10−17 hydrogen purification,18,19 and degradation of
energy systems via hydrogen embrittlement.20−24 Under-
standing the interaction of hydrogen with metals is also
important in the context of hydrogen trapping in fusion
materials and controlling plasma processing in microelec-
tronics devices.25−28

Pd is widely studied for its metal−hydrogen interactions due
to its high hydrogen absorption capacity and fast kinetics under
ambient conditions. Early studies focused on macroscopic Pd
materials, such as single crystals and polycrystalline films.29−34

However, due to the high cost of Pd and, accordingly, the need
to utilize Pd more effectively, research has shifted toward
understanding hydride formation at the nanoscale, particularly
the effects of the size and shape of nanoparticles (NPs).
Yamauchi et al. showed that smaller Pd NPs have stronger
Pd−H interactions compared with macroscopic Pd.35 Ingham
et al. confirmed similar size effects using in situ synchrotron X-
ray diffraction (XRD),36 while Langhammer et al. demon-
strated diffusion-limited hydriding kinetics and surface tension-
controlled hydrogen desorption for Pd NPs using nano-
plasmonic sensing.37 Berlinguette et al. found that lattice-
strained vertices in Pd nanocrystals accelerate hydrogen
uptake.38 Meanwhile, Zlotea et al. observed a size-induced

phase transition from fcc to icosahedral structures in ∼2.5 nm
Pd NPs using XRD and extended X-ray absorption fine
structure (EXAFS).39 Lamberti et al. reported core−shell
behavior, where a crystalline core undergoes sharp α−β
transitions while an amorphous shell absorbs hydrogen
gradually.40 Dionne et al. used in situ scanning transmission
electron microscopy (STEM) to track β-phase nucleation in
Pd nanocubes, starting at corners and propagating along (100)
planes, with size-dependent equilibrium pressures.41,42 Monte
Carlo simulations by Ruda et al. showed that different NP
shapes lead to multiplateau behavior in pressure−composition
isotherms, unlike bulk Pd.43 Recently, interest has expanded to
bimetallic systems. Kitagawa et al. used solid-state 2H nuclear
magnetic resonance (NMR) to show hydrogen accumulation
at Pd/Pt core−shell interfaces, highlighting the role of
interfacial sites in hydride stabilization.44 Ogura et al. found
that submonolayer Au alloying on Pd(110) enhances hydrogen
uptake by lowering the insertion barrier, attributed to
electronic effects observed via angle-resolved photoemission
spectroscopy (ARPES).45

While the effects of particle size, shape, and composition on
Pd hydride thermodynamics and kinetics are relatively well
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understood, the role of structural defects, particularly grain
boundaries (GBs), remains less clear. This gap is especially
notable given that GBs are often considered key sites for
hydrogen absorption, diffusion, and phase transitions.46−48

Studying the hydride behavior at GBs is challenging due to
their structural complexity. Each GB is defined by five degrees
of freedom: three for grain misorientation and two for
boundary plane orientation. This complexity makes it difficult
to isolate specific GB types and establish clear structure−
property relationships. Only a few studies have explored this
topic. For example, atomistic simulations suggest GBs in Ni
promote hydride formation due to favorable hydrogen binding
sites.23 In Pd, modeling predicts enhanced hydrogen storage in
GB-rich nanostructures,49 and experimental methods like cryo-
atom probe tomography20 and plasmonic imaging50,51 have
started to link GB structures with hydride kinetics.

To address the lack of the structure−property relationships
for metal hydride formation at GBs, we synthesized samples in
the form of interconnected quasi-1D Pd chains with well-
defined Σ3(111) GBs, which not only allow for a detailed
characterization of the GB’s structural changes upon hydro-
genation but also enable novel responses to H uptake, using in
situ XRD and in situ TEM, and complementary computational
modeling. Experimentally, we observe a rapid phase transition
from Pd to PdHx and back, with strain mapping revealing
localized strain at these GBs. In situ high resolution
transmission electron microsocpy (HR-TEM) results suggest
that hydrogen insertion prefers the Σ3(111) GBs over the non-
GB sites, confirming their role in facilitating hydride formation.

Density functional theory (DFT) calculations indicate that
hydrogen preferentially accumulates near the concave sites in
the vicinity of GBs and further show that tensile strain at GBs
lowers the hydrogen insertion barrier.

The Pd nanostructure enriched with Σ3(111) GBs (PdGB)
was synthesized via a water electrolysis-driven Pd NP (PdNP)
assembly method previously developed by our group
(illustrated in Figure 1a).52 This strategy utilizes electro-
generated H2 and the localized high pH near the cathode to
remove citrate ligands from Pd NPs, destabilizing them and
promoting random collisions in solution.52 These collisions
result in oriented attachment predominantly at the (111)
facets,53 leading to the formation of Σ3(111) GBs.54 The GB
density in the PdGB sample was estimated to be ∼3000 μm−1

using an electrochemical method reported in the literature.55

Figure 1b−e shows TEM images and optical photographs of
PdNP and PdGB. HR-TEM images in Figures 1e and S1−S3
reveal the presence of parallel Σ3(111) GBs and several 5-fold
Σ3 GBs (Σ31 to Σ35) where five grains are arranged in a cyclic
structure around a common axis (see Supporting Information
(SI) for details on GB identification). The 5-fold twins are
believed to form through repeated oriented attachment of NPs.
This configuration promotes the creation of additional
Σ3(111) GBs through high-energy GB decomposition or
partial dislocation slipping.54 Earlier studies indicated that
approximately 15% of oriented attachment events in Pd NPs
would result in the formation of 5-fold twins.54 In the PdGB
sample, each NP typically shares ∼2−3 GBs with its neighbors
(Figure S4a,b). In contrast, we only occasionally observe a few

Figure 1. Synthesis and characterization of Pd nanoparticles (PdNP) and their grain boundary (GB)-rich assembly (PdGB). (a) Schematic of the
water electrolysis-driven assembly of PdNP into PdGB. (b, d) TEM images of PdNP. (c, e) TEM images of PdGB, showing the prevalence of Σ3(111)
GBs and 5-fold Σ3 GBs (Σ31 to Σ35). Red and green dots represent individual atoms in two domains separated by a Σ3(111) GB. (f) Crystallite
size distributions, (g) XRD patterns, and (h) XPS spectra of PdNP and PdGB.
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GB defects in the TEM images of PdNP (Figure S4c,d).
Additionally, GB-like defects were rarely observed in individual
NPs. Instead, they appeared between NPs in a few small
clusters

TEM-based size analysis reveals that PdNP and PdGB have
similar crystallite size distributions: 3.8 ± 0.5 nm for PdNP and
3.9 ± 0.7 nm for PdGB (Figures 1f and S5). This finding is
further supported by comparable XRD peak widths for both
samples (Figures 1g and S6). Using the Scherrer equation, the
average crystallite sizes were calculated to be 3.6 nm for PdNP
and 3.8 nm for PdGB from the (220) peak of their high-
resolution XRD pattern (see SI for details). The similarity in
crystallite size is crucial for this study, as the rate of Pd hydride
formation is known to depend strongly on particle size.35−37

By ensuring comparable crystallite sizes, we can isolate and
evaluate the influence of other structural features, such as GBs,
on the hydride formation behavior. The XPS spectra of Pd 3d
in Figure 1h also confirm that Pd in both samples exists in the
metallic state (Pd0).

Next, we performed in situ synchrotron XRD analysis to
examine the transition of PdNP and PdGB to their respective
hydride phases. Figure 2a,c displays the time-resolved XRD
patterns of PdNP under alternating flows of air and 3% H2 in
Ar. The Pd (111) peak, initially located at ∼16.2°, gradually
shifted to ∼16.0° after 5 min of H2 exposure, indicating the
slow formation of PdHx. Upon switching back to air, the peak
location showed minimal reversal, suggesting sluggish hydro-
gen desorption, likely due to citrate surface ligands on PdNP
that impede hydrogen atom recombination and, consequently,
hydrogen desorption. This irreversible absorption−desorption
behavior resulted in a progressive, one-directional negative
shift of the Pd(111) peak, stabilizing at ∼15.8° after several H2
on/off cycles. The overall lattice expansion of ∼2.3% in 3% H2
is close to the previously reported value of ∼2.5% under similar
conditions,40 which corresponds to a mixed α and β phase of
PdHx. In stark contrast, PdGB, with the same mass loading of
Pd as PdNP, exhibited a rapid and reversible XRD peak shift in
response to gas composition changes (Figure 2b,d). As shown
in Figure 2e, the Pd-to-PdHx transition, corresponding to the

Figure 2. In situ synchrotron XRD analysis of hydrogen-induced phase transitions. (a, b) Time-resolved XRD patterns of PdNP and PdGB under
alternating flows of air and 3% H2 in Ar. (c, d) Enlarged views of the Pd(111) diffraction peak for PdNP and PdGB. The dashed lines indicate the
switching points between air and H2/Ar gas flows. (e) Time-resolved phase transition dynamics between Pd and PdHx in the presence and absence
of 3% H2 in Ar for PdGB. (f, g) Comparison of the Pd(111) peak intensity changes between ligand-free PdNP and PdGB upon exposure to 3% H2 in
Ar.
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Pd(111) peak shift from 16.1° to 15.8°, was completed within
∼4−5 s upon exposure to 3% H2, and the reverse transition
back to metallic Pd occurred within just 1 s after switching to
air. The observed fast kinetics of PdGB cannot be attributed to
PdO removal, as similarly rapid kinetics were observed even
under air-free conditions (Figure S14). In addition, no
significant dependence of the kinetics on PdGB loading was
observed within the 50−500 μg range, which is relevant to the
loading used the in situ XRD experiments (Figure S14a−d).
The structure of PdGB did not show noticeable changes before
and after multiple H2 on/off cycles, either (Figure S15).

To isolate the effect of surface ligands on hydrogen
absorption and desorption, we prepared ligand-free PdNP by
treating the original citrate-capped PdNP with UV-ozone. This
treatment selectively removes organic surface impurities
without compromising the structural integrity of the Pd
nanocrystals,53,56 as confirmed by XRD, XPS, and TEM
(Figures S7−S9). Following ligand removal, the hydrogen-
induced phase transition became fully reversible (Figure S10),
confirming that citrate ligands indeed inhibit hydrogen
desorption. Moreover, the phase transition is significantly
accelerated relative to that of the original, ligated PdNP. Figure
2f shows the change in the Pd(111) XRD peak intensity for the
ligand-free PdNP upon exposure to 3% H2 in Ar. The phase
transition was completed in approximately 23 s�substantially
faster than the ligated sample but still much slower than the ∼5
s transition observed for PdGB (Figure 2g). These results
support that Σ3(111) GBs play a key role in facilitating rapid
hydrogen insertion into Pd.

To elucidate the relationship among Pd structure, Pd
Σ3(111) GB content, and hydrogen insertion, we performed in

situ TEM experiments on the PdGB sample. Figure 3a presents
three sequential Fast Fourier Transform (FFT) patterns
collected under 1 mbar of N2, after 1 h of exposure to 1
mbar of H2, and after H2 removal. The initial FFT pattern
displays three diffraction rings, corresponding to PdO(101),
Pd(111), and Pd(200) (from inner to outer). The presence of
PdO likely originates from the gradual surface oxidation of
PdGB upon prolonged air exposure before the in situ TEM
study. Upon H2 exposure, the innermost ring, attributed to
cubic PdO(101), disappears. The integrated FFT intensity
profile in Figure 3b shows the corresponding disappearance of
the ∼3.745 nm−1 peak (d-spacing = 0.267 nm, tetragonal
PdO(101)).57 Simultaneously, the primary Pd(111) peak at
4.340 nm−1 (d-spacing = 0.230 nm) shifts to 4.283 nm−1 (d-
spacing = 0.233 nm), indicating lattice expansion due to PdHx
formation. After the H2 flow stops, the Pd(111) peak shifts
back to its original position, confirming the reversible phase
transition. The observed shift corresponds to an approximate
1.4% lattice expansion, which is higher than the previously
reported value of ∼0.2% for NPs with a similar size under
similar H2 pressure.40 This discrepancy may arise due to the
higher H intake by PdGB.

After confirming the reversible hydriding and dehydriding
behavior of PdGB within the TEM chamber, we performed a
high-resolution analysis of a region containing characteristic
Σ3(111) GBs. Figures 3c and S13 show representative HR-
TEM images overlaid with a y-direction strain map of PdGB
under 1 mbar of N2. In this region, three parallel Σ3(111) GBs
(GB1, GB2, and GB3) are identified in Figure 3c. GB1 and GB2
are separated by 15 atomic layers, whereas GB2 and GB3 are
closer with only 4 layers between them. The strain maps were

Figure 3. In situ environmental TEM analysis of hydrogen-induced phase transitions. (a) A TEM image and FFT patterns of PdGB under the
following sequential conditions: (i) 1 mbar N2, (ii) 1 mbar H2, and (iii) after stopping H2 flow. (b) Integrated intensity profiles of the FFT patterns
shown in panel (a), plotted as a function of reciprocal space position. (c, d) HR-TEM images and corresponding y-direction strain maps of PdGB
under (c) 1 mbar N2 and (d) 1 mbar H2. (e, f) Average strain profiles as a function of position for the boxed regions in panels (c) and (d). The
minimum strain point A is ∼2 atomic layers away from GB5.
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generated via geometric phase analysis58 using average
experimental lattice parameters of 2.398 Å for Pd(111) and
2.087 Å for Pd(002), both measured under non-H2 conditions
at the same HR-TEM magnification. The local strain within
the region ranges from approximately −7% (compressive) to
+3% (tensile) with an average strain of about −1% in this
TEM image. Notably, strain tends to localize at the GBs, often
as a local maxima in either compression or tension. This is
clearly illustrated in Figure 3d, which shows the averaged strain
profile across a row of 10 Pd atoms as a function of vertical
distance. The localized strain at GBs likely originates from the
external forces imposed by neighboring NPs within the Pd
network accumulating at the network’s “connection points”
(i.e., GBs).

Upon exposure to 1 mbar of H2, the Pd lattice undergoes
expansion due to the hydrogen-induced phase transition. We
attempted to capture this transition in real-time at the same
location; however, the rapid nature of the phase change,
combined with image drift at high magnification, made it

challenging. As a result, we had to allow the system to
equilibrate for approximately 20−30 min before acquiring new
HR-TEM images. We acquired in situ HR-TEM images of the
same region in the PdGB sample before and after hydrogen
exposure (Figure S11a,b). The orientation was not ideal,
preventing unambiguous identification of the GB type.
Nonetheless, we observed an overall lattice expansion of
∼2.3% across seven atomic layers upon exposure to H2 flow
(Figure S11c). In addition, a localized change in d-spacing was
detected, spanning approximately one to two atomic layers
adjacent to the GB (Figure S11d). During this experiment, no
significant particle reorganization was observed. Unfortunately,
the particle’s orientation deviated from the perfect zone axis
upon switching back to N2, preventing accurate strain analysis
during dehydriding.

In parallel, we also selected a nearby area containing
similarly aligned parallel Σ3(111) GBs (two in close proximity
to each other and the third farther away), comparable to those
shown in Figure 3c, for structural comparison. Figure 3d shows

Figure 4. Mechanism of H insertion into PdGB. (a) Structural model of the GB-rich nanostructured Pd used in simulations of H insertion. Light
peach plane: Σ3(111) GB; magenta: H; silver: Pd; blue: a H near a Σ3(111) GB; green: a H away from the GB. (b) Calculated energy difference
for H insertion near the GB and without a GB. (c) Local atomic structures of interstitial H corresponding to the local energy minima on the
calculated potential energy surface for hydrogen insertion along a Σ3(111) GB. Insets show the local coordination environment of the inserted H in
each structure. (d) Potential energy profiles as a function of NEB configuration along the H insertion path with and without 1.6% tensile strain
along the [111] lattice direction. In both cases, the energy of the H adsorbed on the Pd surface is set to zero. (e) Average H insertion energy
depending on the number of atomic Pd layers that H inserts and insertion mode: along one plane near one GB (purple), along one plane near each
GB (green), and along two planes near each GB (cyan).
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its HR-TEM image overlaid with the corresponding strain map
of PdGB under 1 mbar of H2. The local strain ranges from
approximately 0% (unstrained) to +4% (tensile) with an
average strain of about +1%. This average strain increase upon
H2 exposure in this TEM image is consistent with the average
lattice expansion of ∼1.4% observed from the FFT diffraction
pattern measurements in Figure 3a,b. Most notably, the highest
tensile strains of approximately +2.5% to +3% are localized at
the GBs. The strain decreases rapidly with the distance from
the GBs. For instance, at point A in Figure 3f, just two atomic
layers away from GB5, the strain drops sharply from ∼+2.5% at
GB5 to +0.3%. These findings clearly indicate that hydrogen
preferentially inserts into Pd along the Σ3(111) GBs rather
than at non-GB regions.

In addition to Σ3(111) GBs, our samples contain some
other defects but at a much lower frequency, notably 5-fold
twins and mismatched GBs. In a representative 5-fold-twinned
region of the PdGB sample, we observed no measurable lattice
expansion upon H2 exposure (Figure S12). This may indicate
either that hydride does not form along the 5-fold-twin
network under our in situ TEM conditions or that the
substantial intrinsic strain of 5-fold twins accommodates
inserted H without further increasing the lattice spacing. For
mismatched GBs, quantitative lattice analysis is often
precluded due to orientation mismatch (adjacent NPs are
seldom aligned to the same zone axis), preventing high-
resolution, layer-by-layer comparison. These defects may affect
hydrogen behavior and kinetics and merit a systematic study;
however, the predominance of Σ3(111) GBs is likely the
primary driver of the accelerated hydride formation.

The atomically well-defined Σ3(111) GB structures in PdGB
enable us to construct a computational model to provide
mechanistic insight into the observed behaviors. In this model,
two parallel Σ3(111) GBs are separated by three atomic layers
and the exposed Pd surfaces are covered with a monolayer of
adsorbed hydrogen atoms (Figure 4a; see SI for details). We
compared the energy required for hydrogen insertion from a
surface site near a GB (blue sphere) versus one farther away
(green sphere). The results show that insertion from the site
farther from the GB into the first Pd sublayer is ∼0.1 eV less
favorable than insertion adjacent to the GB (Figure S16). We
also built a GB-free model with a nanostructure similar to that
of the GB-rich model (Figure 4b). We calculated their H
insertion energies for a range of configurations for comparison
(Figures 4b, S17, and S18). The result in Figure 4b shows that
the H insertion near a GB is consistently more favorable than
that at a similar location but in the GB-free region, supporting
the conclusion that GBs promote H intake, as obtained from
the experimental results.

The most favorable insertion pathway follows the GB plane
with the H atom alternating between tetrahedral and
octahedral sites along the path (①−⑤ in Figure 4c). The
highest energy barrier along the insertion pathway is ∼0.28 eV,
corresponding to the first diffusion step from the surface site ①
into the octahedral site ② in the first subsurface layer (Figure
4d). Transitions from octahedral to tetrahedral sites con-
sistently show ∼0.1 eV higher barriers compared to the reverse
direction (for example, ΔE‡

2→3 = 0.17 eV vs ΔE‡
3→4 = 0.06

eV), which is consistent with the higher stability of H at the
octahedral sites. Our calculations also indicate that the initial H
in-diffusion at the convex sites of a GB proceeds more slowly
than at the concave sites of a GB (see Figures S22 and S23).

We further found that all H configurations along the
diffusion path are stabilized under tensile strain and
destabilized under compressive strain (Figure S20). While an
expanded Pd lattice stabilizes both octahedral and tetrahedral
interstitial hydrogen atoms, the rate of this effect is larger for
the tetrahedral sites. Correspondingly, the energy barriers for
hydrogen transfer (Δ(ΔE‡)) are reduced by ∼0.02 to 0.03 eV
under +1.6% tensile strain (Figure 4d).

Finally, we analyzed the energetics corresponding to three
modalities of H insertion along the GBs (Figure 4e). Our
calculations show that at the initial stages of H insertion the
energy gain is high in all three cases. However, as the amount
of incorporated H increases, the energy gain due to H insertion
along one plane near the GB decreases sharply, while the
energy gain due to H insertion along both planes near the GBs
remains nearly constant. This insertion process is accompanied
by an increase in the Pd−Pd interplane spacing (Figure S21).
Notably, H insertion increases this d-spacing on both sides of
the mirror planes but does not affect the lattice beyond the
immediate vicinity of the GB. This localized effect of H
insertion, in particular, the symmetric strain profile shown in
Figure S21c, is consistent with the experimentally observed
strain accumulation near the GBs (Figure 3d). Moreover, the
corresponding H insertion mode, whereby H intake occurs on
both sides of each GB (cyan in Figure 4e), is the most
thermodynamically preferred and is consistent with the
observed rapid intake of H in GB-rich Pd.

In conclusion, we examined the response of nanostructured
Pd with well-defined Σ3(111) GBs (i.e., PdGB) to a hydrogen
environment using in situ XRD and environmental TEM.
Compared to Pd NPs with similar crystallite sizes (both with
and without ligands), PdGB exhibited significantly faster
hydriding and dehydriding kinetics, indicating that GBs
facilitate hydride formation. In situ TEM provided microscopic
insight into the role of GBs, revealing localized tensile and
compressive strains at GB sites, even in the absence of H2.
Upon H2 exposure, the tensile strain increased and remained
highly localized, decaying within a couple of atomic layers of
the GBs. These observations suggest that GBs serve as
preferential sites for hydrogen insertion.

Computational modeling using a structurally analogous
system provides further insight into the mechanisms of H
insertion, effects of external strain, and character of H-induced
strain distribution. The simulations showed that hydrogen
insertion near the GB is energetically more favorable than at
sites away from it and that tensile strain at the GBs lowers the
insertion barriers by ∼0.02−0.03 eV. In addition, H insertion
energetically prefers propagating along both planes near a GB.
Together, these findings provide new atomic-level insights into
the role of GBs in Pd hydride formation, highlight the potential
of leveraging GBs to design advanced Pd-based functional
materials, and offer a path for the design of high-rate H-transfer
materials.
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