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ABSTRACT: We have developed an efficient strategy for
the production of stable f-palladium hydride (PdH,,;)
nanocrystals with controllable shapes and remarkable
stability. The as-synthesized PdH,,; nanocrystals showed
impressive stability in air at room temperature for over 10
months, which has enabled the investigation of their
catalytic property for the first time. The prepared PdH 43
nanocrystals served as highly efficient catalysts in the
oxidation of methanol, showing higher activity than their
Pd counterparts. These studies opened a door for further
exploration of f-palladium hydride-based nanomaterials as
a new class of promising catalytic materials and beyond.

alladium-hydrogen system, including palladium hydride

material, is a long known system that attracts broad
interest for their potential applications as hydroﬁgen sensor,'
hydrogen storage,”* and hydrogen purification.”” Particularly,
the f-phase palladium hydride garnered considerable attention
due to its high hydrogen capacity.”” The preparations of -
palladium hydride nanostructures have been demonstrated by
directly exposing surface cleaned palladium nanomaterials to
hydrogen gas,'’ applying negative potential to palladium in
electrochemical cell,'" and by heating palladium nanostructures
in NaBH, solution.'”'? A recent work reported the synthesis of
shaped palladium hydride nanocrystals."* However, studies on
the shape-controlled synthesis of f-palladium hydride nano-
structures have been sparse, and the reported palladium hydride
nanotructures were not stable, preventing further studies of this
interesting nanomaterial system.

Here we report efficient strategies enabling the synthesis of
stable, shape-controlled f-palladium hydride nanocrystals and
show that these are promising catalysts for chemical reactions.
In a typical one-step synthesis, 8 mg palladium(II)
acetylacetonate (Pd(acac),) was mixed with 10 mL N,N-
dimethylformamide (DMF). The solution was then kept at 160
°C for 4h before it was cooled down to room temperature. The
products were collected by centrifuge and washed several times
with ethanol for following characterizations (Figure. 1).
Selected area electron diffraction (SAED) pattern (Figure
1A) of the resulting material (Figure 1B top insert) indicated a
polycrystal sample of fcc structure with a lattice parameter of
around 0.400 nm, 2.8% larger than that of the palladium (0.389
nm). At the same time, energy dispersive spectrum (EDS) test
showed only palladium present (Figure SIA) ruling out the
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Figure 1. (A) SAED of PdH,,; nanocrystals. (B) HRTEM image of
PdH,,;, top inset: TEM image of the PdH,,; nanocrystals where
SAED was taken, yellow dot indicated the area where HRTEM was
taken; bottom inset: FFT of HRTEM. (C) XRD of f-palladium
hydride. XPS valence band structure of (D) PdH,,; and (E) Pd.

existence of impurities. High-resolution transmission electron
microscopy (HRTEM) image (Figure 1B) of the resulting
crystal, together with fast Fourier transform (FFT) (Figure 1B
bottom insert), showed a {111} interplane distance of 0.231
nm, again consistent with fcc structure with a lattice parameter
around 0.400 nm.

The powder X-ray diffraction (XRD) (Figure 1C) pattern
indicated fcc packing with a lattice parameter around 0.3996
nm, consistent with transmission electron microscopy (TEM)
observation. The XRD pattern also suggests the resulting
material to be f-palladium hydride, with an H:Pd ratio of 0.43
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based on lattice parameter and composition relationship within
palladium-hydrogen system.'*™'® In order to further confirm
the formation of PdH;,; we used X-ray photoelectron
spectroscopy (XPS) to extract valence band structures (Figure
1D,E) of Pd and PdH, 4, which showed bandwidth of 4.19 eV
for Pd and 3.78 eV for PdH, 43, respectively. Additionally on the
band structure of PdH,,;, a peak close to the Fermi level at
0.71 eV and a small shake up close to the end of the valence
band at 6.39 eV were also observed, consistent with reported
values for f-palladium hydride.'”~** Furthermore, the Pd 3d
core of PdHg,; shifted 0.29 eV to higher binding energy
compared to that of Pd (Figure S1B), also consistent with
previous repor‘c.22

Importantly, our PdH,,; nanocrystals showed much higher
stability compared to previous reports.'*~'* After 10 months’
storage in air at room temperature, no change was observed in
XRD spectra, indicating stable structures and composition
(Figure S2A). Even in the annealing test at elevated
temperatures, PdH,,; nanocrystals showed no significant
XRD change after 2 h annealing at 300 °C in Ar (Figure
S2B). Interestingly when H, is introduced into the annealing
atmosphere, transformation from PdH,,; to Pd was observed
(Figure S2C). We suggest the original PdH,,; surface might
have been passivated with minute oxide, leading to the excellent
stability and that extra H, in the annealing atmosphere may
activate Pd surface for hydrogen release, although the exact
mechanism for the remarkable PdH,,; stability demands
further studies.

To understand the formation process of PdH, 43 nanocrystals
during synthesis, we tracked the products at different durations
into the reaction. It was observed that the solution color turned
from orange to black at 15 min into the reaction. XRD of the
product collected at this point indicated the formation of pure
palladium. Around 30 min into the reaction, XRD spectrum
indicates a lattice parameter of 0.3970 nm, corresponding to
H:Pd ratio around 0.33. And after 1 h, XRD peak shifted to
even a lower angle, showed a lattice parameter of 0.3993 nm,
and corresponded H:Pd ratio around 0.42. No significant shift
of XRD peaks was observed at 4 h compared to 1 h, with a
lattice parameter of 0.3996 nm (Figure 24, Table S1) and H:Pd
ratio around 0.43. The XPS valence band spectra also showed
the same change from Pd to PdH,,; (Figure 2B). These
observations suggest that Pd nanocrystals formed first and then
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Figure 2. Time tracking (A) XRD during the synthesis of PdH,,; with
reaction times of 15 min, 30 min, 1 h and 4 h and (B) XPS during the
synthesis of PdH,4; with reaction times 15 min, 30 min, 1 h and 4 h.
(C) Schematic about formation of PdH,,; in DMF.

transformed in situ to PdH, ;. As it was reported that catalytic
decomposition of DMF can produce hydrogen gas in situ,”> ™"’
we suggest that the catalytic decomposition of DMF on the
surface of the initially formed Pd nanocrystals provided
hydrogen gas, which then was absorbed into the Pd
nanocrystals to form PdH, 4; at the later growth stage. Indeed,
the production of hydrogen gas during reaction was detected
with gas chromatography coupled with barrier discharge
ionization detector, which provided direct evidence that the
decomposition of DMF provided hydrogen source for the
formation of PdH, 4; during synthesis (Figure SS). In addition,
our control experiments without DMF, but with ethylene glycol
and benzyl alcohol, while keeping other conditions same,
showed no p-palladium hydride formation (Figure S4A),
indicating the key role of DMF during the synthesis of
PdH, ;. In another control, when Pd(acac), was replaced with
Na,PdCl,, the $-palladium hydride phase could still form in the
presence of DMF (Figure S4B), suggesting precursors did not
play import roles in PdH,,; formation.

Understanding the formation process of PdH 43, particularly
the role of DMF in providing hydrogen in situ to transform the
preformed Pd nanocrystals, we further showed that we could
transform presynthesized pure Pd nanocrystals into S-palladium
hydride phase by annealing them in DMF at 160 °C for 16h
(Figure S4C). Following this success, we designed a two-step
approach to achieve shape-controlled synthesis of S-palladium
hydride nanostructures using presynthesized Pd nanocrystals.
Pd nano-polycrystals (Figure 3A), nano-tetrahedra (Figure 3B),
and nanocubes (Figure 3C) were synthesized using reported
methods,” which were then dispersed and annealed in DMF at
160 °C for 16 h. The transformation from Pd to f-palladium
hydride was achieved for all Pd nanostructures treated, and it
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Figure 3. TEM images of (A) Pd nano-polycrystals, (B) Pd nano-
tetrahedra, (C) Pd nanocubes, (D) PdH,,; nano-polycrystals, (E)
PdH,,; nano-tetrahedra, and (F) PdH,,; nanocubes. (G) XRD
comparison of Pd nano-polycrystal before (A) and after conversion
(D). (H) XRD comparison of Pd nano-tetrahedra before (B) and after
conversion (E). (I) XRD comparison of Pd nanocubes before (C) and
after conversion (F).
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was found that their shapes were maintained after the
transformation (Figure 3D—F). All final f-palladium hydride
nanocrystals were confirmed by XRD (Figure 3G—I) to be
PdH, ;. HRTEM, FFT (Figure S6), and XPS valence band
structure (Figure S7) showed consistent results, confirming
successful conversion from Pd to PdH,,,.'*™* Additionally,
stability studies showed these PdH,4; nanostructures (nano-
polycrystals, nano-tetrahedra, nanocubes) similar stability
(Figure S8).

After successfully obtaining stable and well-shaped Pd and
PdH, ,; nanostructures, we explored the catalytic properties of
these PdH, 43 nanocrystals and compared them to their pure Pd
counterparts (Table 1, Figure 4).

Table 1. Comparison of Catalytic Activities of Pd and
PdH, 4; in Methanol Oxidation Reaction with Specific
Activity Compared at 0.85 V vs Reverse Hydrogen Electrode

samples specific activity (mA/cm?)
Pd nano-polycrystals 0.822
PdH,4; nano-polycrystals 1.046
Pd nano-tetrahedra on carbon 0.886
PdH, 4; nano-tetrahedra on carbon 1.228
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Figure 4. CV of methanol oxidation, performed in N, saturated, 0.1 M
KOH with 0.1 M methanol, scan rate is 10 mV/s, normalized by
electrochemical surface area. Comparison between (A) Pd nano-
polycrystals and PdH, 4; nano-polycrystals and (B) Pd nano-tetrahedra
and PdH, ,; nano-tetrahedra.

We chose electrochemical methanol oxidation reaction
(MOR) in alkaline media as a model reaction to test the
catalytic properties of these PdH,; nanocrystals. In addition
their activities were compared to those of the Pd nanostructure
counterparts before the transformation (Figures 3A,D,G and
$9). It was found that PdH,,; showed higher MOR specific
activity compared to Pd (Table 1) for both nano-polycrystals
and nano-tetrahedra. In addition, we observed that during CO
stripping test (Figure S10), the CO stripping peak showed up
at lower voltage on PdH, ,; compared to Pd, indicating weaker
CO adsorption on PdH, 43, possibly resulting from the larger
lattice parameter and the different valence band structure of
PdH,,;. As CO is a known intermediate during MOR, whose
presence can poison the catalysts,””’" we suggest that the
weaker CO binding on PdH,4; helps to enhance its catalytic
efficiency in MOR. In addition it was observed that PdH,;
tetrahedra showed better activity than PdH,,; polycrystals,
showing a similar trend as Pd nanocrystals with {111} facet
showed better electrochemistry activity than Pd black, which is
polycrystalline."*

In summary, we have developed a simple yet efficient
approach to obtain stable $-PdH,,; with controllable shapes,
utilizing the in situ produced hydrogen gas from the catalytic
decomposition of DMF to transform Pd nanocrystals in

solution. Importantly the obtained PdH;,; nanostructures
showed remarkably high stability for palladium hydrides,
remaining stable for 2 h under 300 °C in Ar and up to 10
months at room temperature in air. The ability to obtain stable
and shaped PdH,,; allowed us to explore the catalytic
properties of PdH,,; for the first time. It was found that
PdH,4; is indeed catalytically active and showed higher catalytic
activity for MOR when compared to the Pd counterparts. It was
also revealed that faceted PdH,,; nanocrystals showed better
activity than its polycrystal counterparts, which is worthy of
further exploration for property tailoring. The remarkable
stability demonstrated in palladium hydride nanostructures can
open up great opportunities for exploring this material system
for various applications.
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