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ABSTRACT: Pd octahedrons and cubes enclosed by
{111} and {100} facets, respectively, have been synthe-
sized for investigation of the shape effect on hydrogen-
absorption properties. Hydrogen-storage properties were
investigated using in situ powder X-ray diffraction, in situ
solid-state ’H NMR and hydrogen pressure—composition
isotherm measurements. With these measurements, it was
found that the exposed facets do not affect hydrogen-
storage capacity; however, they significantly affect the
absorption speed, with octahedral nanocrystals showing
the faster response. The heat of adsorption of hydrogen
and the hydrogen diffusion pathway were suggested to be
dominant factors for hydrogen-absorption speed. Fur-
thermore, in situ solid-state 2H NMR detected for the first
time the state of *H in a solid-solution (Pd + H) phase of
Pd nanocrystals at rt.

he hydride of Pd has been intensively investigated in

various flelds of fundamental science and technology for
developing hydrogen storage, purification filters, isotope
separation, and electrodes for metal hydride batteries." Many
investigations into hydrogen storage using bulk Pd or Pd-based
alloys have been carried out over the past half-century.'
Recently, metal nanoparticles have attracted much attention,
not only as electronic, magnetic, optical, and catalytic materials
but also as a new type of hydrogen-storage metal.” In particular,
Pd nanoparticles have been studied as a model for the
clarification of hydrogen-storage properties of metal nano-
particles.**™* The hydrogen concentration and equilibrium
pressure for the formation of Pd hydride were reported to
decrease with a decrease in the particle size.”* In addition, it was
shown that compared with bulk Pd, hydrogen atoms are
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strongly trapped inside Pd nanoparticles because of the
formation of stable Pd—H bonds.*

Very recently, in addition to size, the shape of metal
nanoparticles has been also critical to modern materials
chemistry because the intrinsic properties are strongly
correlated with their morphologies.” Pd nanoparticles exposed
with {111} facets are active for CO oxidative coupling to
dimethyl oxalate, whereas Pd nanoparticles exposed with {100}
facets are inactive for this reaction.®® Pd nanoparticles with
{100} facets exhibited higher acetylene hydrogenation activit{
and ethylene selectivity than the particles with {111} facets.”
Some recent studies have been carried out to investigate the
catalytic behaviors of different morphologies, but there are no
reports on how the shape of the nanocrystals may affect the
hydrogen storage properties of Pd. Research into the
interaction between metals and hydrogen is very important
for the development of potential applications, such as effective
catalysts for hydrogenation or advanced materials for hydrogen
storage and purification. Here, we report for the first time the
hydrogen-storage properties of shape-controlled Pd nanocryst-
als. The hydrogen-storage properties were investigated using
hydrogen pressure—composition (PC) isotherms, in situ
powder X-ray diffraction (XRD), and in situ solid-state *H
NMR measurements.

We chose Pd octahedrons and cubes to investigate the shape
effect on hydrogen-absorption properties. Pd octahedrons and
cubes enclosed by {111} and {100} facets, respectively, were
prepared in a water-based system, as reported previously.*
Figure la and 1b show transmission electron microscopy
(TEM) images of the obtained Pd octahedrons and cubes,
respectively. From the TEM images, mean diameters were
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Figure 1. TEM and HRTEM images of Pd octahedrons (a, c) and Pd
cubes (b, d).

estimated to be 11.6 nm for the octahedrons and 10.5 nm for
the cubes. The surface atomic ratios of the octahedrons and the
cubes were 25% and 21%, respectively.

From high-resolution (HR) TEM images (Figure 1c and 1d),
it was shown that both the octahedrons and the cubes have
good crystalline structures and the distances of the lattice
fringes were 2.25 A for the octahedrons and 1.97 A for the
cubes, corresponding to the lattice d-spacings of {111} and
{100} of face-centered-cubic (fcc) Pd, respectively. From the
powder X-ray diffraction (XRD) patterns (Figure S1), the
crystal sizes of Pd octahedrons and cubes were estimated by Le
Bail fitting of the XRD patterns to be 12.1 and 10.6 nm,
respectively, which is consistent with the TEM results (Figures
la and 1b).

It is known that the hydrogen-absorption/desorption process
of Pd involves a first-order transition, and the phase transition
from the solid solution (a-phase) to the hydride (f-phase)
results in an expansion in the Pd lattice."*** We elucidated the
structural change during the hydrogen absorption process
under controlled hydrogen pressure using in situ XRD
measurements at the BL02B2 beamline at the Super Photon
Ring (SPring-8)° (Figures S2 and S3). The XRD patterns were
recorded at every 10 min for each pressure. For both the
octahedrons and the cubes during hydrogen absorption, the
diffraction peaks from the fcc hydride fS-phase lattice began to
appear at 24.7° (26), in addition to the unchanged diffraction
from the a-phase solid solution Pd lattice at 25.7° (26). The
ratios of f-phase in Pd octahedrons and cubes were determined
by Rietveld refinement of the powder XRD patterns at 101.3
kPa of hydrogen pressure. The f-phase ratios for the
octahedrons and cubes were 72% and 58%, respectively, after
equivalent equilibration times at 101.3 kPa (Figure S4). The
relatively large ratio of the f-phase for octahedrons suggests
that the octahedrons absorb hydrogen faster than the cubes.

We investigated the hydrogen-absorption speed of the
octahedrons and cubes by the time dependence of XRD
measurements recorded every 5 min under 101.3 kPa of
constant H, pressure (Figures 2a, 2b, SS, and S6). For the
octahedrons, the diffraction peaks from the J-phase lattice
increased over time, while the diffraction peaks from the a-
phase decreased. Within 20 min, the f-phase became the
dominant component (Figure 2a). On the other hand, for the
cubes, the components of the a- and f-phase were almost the
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Figure 2. Time dependency of XRD patterns of (a) Pd octahedrons
and (b) cubes under 101.3 kPa of hydrogen pressure. (c) Isothermal
hydrogenation profiles of Pd octahedrons (red) and cubes (blue) at
303 K after introducing hydrogen pressure of 101.3 kPa.

same ratio over the same time period. The ratios of the S-phase
in Pd octahedrons and cubes were estimated using the Rietveld
refinement of the XRD patterns. As shown in Figure S7, it can
be observed that the f-phase ratio in the octahedrons was 77%
within 20 min, but only 56% for the cubes after the same period
of time. This result strongly supports the conclusion that
octahedrons have a faster response for hydrogen storage
compared with cubes.

To obtain direct evidence of the hydrogen storage speed of
the Pd octahedrons and cubes, the kinetics of the hydro-
genation were investigated by isothermal hydrogenation
profiles at 303 K, after introducing a hydrogen pressure of
101.3 kPa, as shown in Figure 2c. Pd octahedrons took up 0.27
H/Pd within 10 min, while the cubes absorbed 0.18 H/Pd.6
These results indicate that the octahedrons absorb hydrogen
1.5 times as fast as Pd cubes within the first 10 min. After 150
min, the octahedrons and the cubes had the same amount of
hydrogen (Figure S8).

The hydrogen-absorption process of bulk Pd is divided
mainly into three steps (Figure 3)." First, hydrogen molecules
dissociate into atoms on the surface of Pd (I — II), and then
the atoms penetrate the subsurface (II — III). Finally, the
atoms diffuse into the octahedral interstitial sites in the Pd
lattice to form the hydride (Pd—H) (III — IV). The
dissociation of hydrogen molecules into atoms (I — II) is
reported to be the rate-limiting step below 200 K, but it is
negligible at 303 K."” In this study, the diffusion of the atoms
from surface to subsurface (II — III) is considered to be the
dominant factor for hydrogen-absorption speed. The initial heat
of adsorption of hydrogen (Ey) for the Pd {100} substrate is
claimed to be larger than that for the Pd {111} substrate; i.e.,
the atoms on Pd {100} are more stable than those on Pd
{111} In addition, for Pd {111}, the hydrogen atoms can
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Figure 3. Schematic potential energy diagrams of the Pd octahedrons
{111}/H (red) and the cubes {100}/H (blue) systems.

directly diffuse into the octahedral sites.® On the other hand, for
Pd {100}, hydrogen atoms first go through tetrahedral sites and
then diffuse into octahedral sites.” The relatively large E;; and
the pathway to tetrahedral sites for Pd {100} having a high
potential barrier result in the slower hydrogen-absorption speed
of Pd {100} compared with Pd {111}. The new finding, in this
report, provides a strategy for the development of efficient
hydrogen-storage materials with a high hydrogen-absorption
speed.

To investigate the hydrogen-absorption capacity of Pd
octahedrons and cubes, the PC isotherms were measured at
303 K (Figure S9). For both morphologies, the hydrogen
concentration increased with hydrogen pressure, and the total
amount of hydrogen absorption at 101.3 kPa was 0.48 H/Pd
for the octahedrons, almost the same capacity as 0.50 H/Pd for
the cubes.’ It should be noted that the pressure of the plateau-
like region in the octahedrons, where solid solution (Pd + H, @)
and hydride (Pd—H, f§) phases coexist, became more obvious
than that in cubes. In addition, the PC isotherm of the
octahedrons returns to the starting point on desorption, unlike
the case with cubes. The obvious plateau region and the
recovery of the PC isotherms of the octahedrons support that
octahedrons have a faster response for hydrogen storage
compared to the cubes.

We performed in situ solid-state “H NMR measurements
under various deuterium gas (*H,) pressures to investigate the
states of *H in the nanocrystals (Figure 4a and 4b). For the
octahedrons during the absorption process (Figure 4a), no
signals were observed up to S kPa of *H, gas because of the low
*H, concentration (Figure $10). At 10 kPa of H, gas, a broad
absorption line appeared at 10 ppm and a signal from *H, gas at
3.2 ppm. The broad component is attributed to deuterium
atoms (*H) with restricted motion within the Pd lattice as a
Pd—2H hydride (f-phase).”™" The broad component shifted
gradually to lower magnetic field, and the chemical shift
reached 30.4 ppm at 101.3 kPa. In the desorption process, the
hydride component was shifted to higher magnetic field with
decreasing *H, gas pressure. The hydride component of the
cubes exhibited similar behavior as the octahedrons with the
formation of a f-phase (Figure 4b). The chemical shift values of
the hydride component observed for the octahedrons and the
cubes are summarized in Figure S11. It can be seen that the
shift value increases with “H, gas pressure for both the
octahedrons and the cubes, which indicates that the d band in
Pd hydride is almost filled, so the d spin correlation is
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Figure 4. In situ solid-state “H NMR spectra of (a) Pd octahedrons
and (b) cubes under the absorption/desorption process at 303 K.

weakened, and the Knight shift arising from s conduction
electrons is the dominant factor.'® It should be noted that the
chemical shift showed a hysteresis upon the absorption/
desorption process, which is analogous to the hysteresis
observed in the PC isotherms.

Interestingly, at 0 kPa in the desorption process, the broad
signal of deuterium atoms inside the Pd lattice disappeared for
the octahedrons (Figure 4a), while the signal was still observed
at 2.3 ppm for the cubes (Figure 4b). This result suggests that
hydrogen atoms are more strongly trapped and stabilized in the
lattice of the cubes compared with the octahedrons, which
results in the incomplete recovery of the PC isotherm observed
at 303 K shown in Figure S9.

At 10 kPa in the absorption process, a much broader signal in
the cubes was observed at an upfield shift (ca. —SO ppm) in
addition to the signal of H in Pd hydride shown in Figure 4b.
To clarify the origin of this broad upfield signal, we performed
in situ solid-state “H NMR measurements in the pressure range
between 5 and 20 kPa, shown in Figure 5. At 8 kPa, the upfield
signal was clearly observed, and the signal intensity decreased
with increasing “H, pressure and disappeared at 20 kPa, while
the downfield f-phase component of Pd—>H hydride increased.
Taking into consideration that these pressures correspond to
the plateau-like region, where solid solution (Pd + H, @) and
hydride (Pd—H, f) phases coexist in the PC isotherm, the
upfield signal is attributed to deuterium atoms (*H) within the
Pd lattice as the a-phase. This upfield shift observed in the Pd
cubes can be explained by the *H s spin’s being polarized by the
d spin paramagnetism of the Pd. That is, in the a-phase with a
low hydrogen concentration, the density of states at the Fermi
level of the Pd is mainly composed of a 4d band; as a result, the
spin correlation between the *H s spin and the Pd d spin is the
dominant factor to causing the upfield shift. On the other hand,
due to the obvious plateau region and high hydrogen
concentration (ca. 0.4 H/Pd at 10 kPa) in the octahedrons,
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Figure 5. In situ solid-state “H NMR spectra of (a) Pd octahedrons
and (b) cubes under absorption from S to 20 kPa.

compared to those in the cubes (ca. 0.3 H/Pd at 10 kPa)
(Figure S9), the p-phase is considered to be the main
component, resulting in the unobservable NMR signal
originating from the a-phase for the octahedrons.

Pd is one of the best known hydrogen-storage metals, and its
hydrogen-storage properties have been extensively investigated
for many years." While research on the hydride (Pd—H, f)
phase has been extensive, there is little experimental
observation on the state of hydrogen atoms dissolved in the
Pd lattice (Pd + H, «) because of the extremely low hydrogen
concentration. Solid-state NMR is very sensitive and a powerful
probe to evaluate hydrogen atoms inside metals. This is the first
direct observation of a “H NMR signal in the a-phase of Pd
nanocrystals at rt.

In summary, we have synthesized and characterized Pd
octahedrons and cubes enclosed by {111} and {100} facets for
the first investigation into the hydrogen-absorption properties
of shape-controlled Pd nanocrystals. The octahedrons can
absorb the same amount of hydrogen as the cubes, but the
kinetics of absorption change with shape. The octahedrons with
{111} facets exhibited rapid kinetics for hydrogen storage,
compared with the cubes with {100} facets, originating from
the differences in the heat of adsorption of hydrogen and the
hydrogen diffusion pathway. In addition, for the first time, we
observed the state of *H in the solid-solution phase by in situ
solid-state *H NMR measurements. These new findings provide
clues not only for the development of effective hydrogen-
storage materials but also for clarification of the catalysis
mechanism associated with hydrogen and Pd nanocrystals.
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