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Facile synthesis of Pd-Ir bimetallic octapods and
nanocages through galvanic replacement and
co-reduction, and their use for hydrazine decompositiont

Maochang Liu,?® Yiqun Zheng,c Shuifen Xie,® Naixu Li,? Ning Lu, Jinguo Wang,®
Moon J. Kim,? Liejin Guo® and Younan Xia**

This article describes a facile synthesis of Pd-Ir bimetallic nanostructures in the forms of core—shell
octapods and alloyed nanocages. The success of this synthesis relies on the use of Pd nanocubes as the
sacrificial templates and interplay of two different processes: the galvanic replacement between an Ir
precursor and the Pd nanocubes and the co-reduction of Pd** and Ir** by ethylene glycol. The galvanic
replacement played a dominant role in the initial stage, through which Pd atoms were dissolved
from the side faces whereas Ir atoms were deposited at the corner sites to generate Pd-Ir core-shell
octapods. As the concentration of Pd?* in the reaction mixture was increased, co-reduction of Pd** and Ir*
occurred in the late stage of synthesis. The resultant Pd and Ir atoms were deposited onto the octapods
while the Pd atoms in the interiors continued to be etched away due to the galvanic replacement, finally
leading to the formation of Pd-Ir alloyed nanocages. The octapods and nanocages were then evaluated as
catalysts for the selective generation of hydrogen from the decomposition of hydrous hydrazine. The nano-
cages exhibited better selectivity for hydrogen generation than octapods (66% versus 29%), which can be
attributed to the presence of an alloyed, porous structure on the surface.

Introduction

Hydrogen is widely accepted as a future source of clean energy
that can address issues related to environmental pollution,
climate change, and expensive oil prices."® Many types of
nanomaterials have been explored as catalysts for the genera-
tion of hydrogen from a rich variety of chemical compounds or
materials. Owing to its high hydrogen content (8.0 wt%),
hydrazine is considered as one of the most promising chemical
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compounds for hydrogen storage.'®™” Historically, it has also been

employed as a propellant to provide power sources for unmanned
space vehicles and submarines.'”> However, it remains a critical
challenge to develop a catalyst with high activity and H, selectivity
(see ESIt for a definition of H, selectivity) at room temperature for
the decomposition of hydrazine.

Iridium nanoparticles have been widely used to catalyze
the decomposition of hydrazine. However, they only exhibited
high H, selectivity when the decomposition was conducted at
high temperatures (typically, >300 °C)."®*® In general, binary
noble-metal nanostructures are of interest for a wide variety of
applications, including decomposition of hydrazine, owing to
their tunable elemental compositions.'®?° Recently, Xu and
coworkers reported a catalyst based on bimetallic nanoparticles
for the decomposition of hydrazine.>'* They were able to
achieve a 100% H, selectivity at room temperature when Ni-Ir
alloyed nanoparticles were used as the catalyst.”® Such an
improvement not only significantly reduced the material cost
of a catalyst, but also provided an alternative route for promoting
the catalytic performance by focusing on Ir-based bimetallic
nanoparticles.

Despite this and other successful demonstrations, it is worth
pointing out that the bimetallic nanoparticles that have been
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evaluated were obtained without a precise control over morphology
and size distribution. They were often polycrystalline aggregates
with random, unknown facets exposed, according to the electron
microscopy images reported. As a result, it could be risky to
attribute the enhancement in catalytic performance to a single
parameter such as the variation in elemental composition. It is
also challenging to make the same catalyst from batch to batch
and achieve a good understanding of the effects of size
and morphology. The arguments would be more convincing if
those catalysts were fabricated with a well-defined structure
and narrow size distribution. In fact, the surface structure
has been demonstrated with a strong impact on the catalytic
performance.>**' For example, Pt nanoparticles with an unusual
tetrahexahedral shape were found to exhibit enhanced (up to
400%) catalytic activity for formic acid oxidation reaction (FOR)
and ethanol oxidation reaction (EOR) when compared with the
conventional particles.’’ Recently, bimetallic nanostructures
with concave structures or hollow interiors (cages, boxes, frames)
were also found to affect the performance of a catalyst. This is
because such a surface contained high densities of atomic steps
and kinks and thus provided more active sites for the catalytic
reaction to occur.®” This principle could be possibly employed to
enhance the catalytic performance of bimetallic nanostructures
by maneuvering their morphologies to include either concave
surfaces or hollow interiors.

Herein, with Pd nanocubes as sacrificial templates, we have
developed a facile synthesis of Pd-Ir bimetallic nanostructures
in the forms of core-shell octapods and alloyed nanocages.
Thanks to the use of Pd nanocubes in high purity and good
uniformity, both types of bimetallic nanostructures could be
obtained with a well-defined morphology and narrow size
distribution. The key to the success of morphology control relies
on the interplay of two major processes: galvanic replacement
between Pd nanocubes and an Ir precursor and the co-reduction
of Ir** and Pd*". Both types of bimetallic nanostructures could
catalyze the decomposition of hydrazine at room temperature.
Thanks to the presence of an alloyed, highly porous structure on
the surface, the nanocages exhibited much higher H, selectivity
relative to the octapods (66% versus 29%).

Experimental section
Chemicals and materials

Sodium tetrachloropalladate(u) (Na,PdCl,, 99.998%), iridium ()
chloride hydrate (IrCl;-xH,0O, 99.9%), poly(vinyl pyrrolidone)
(PVP, M,, =~ 55000), and ascorbic acid (AA) were obtained from
Sigma-Aldrich. Potassium bromide (KBr) was obtained from
Fisher Scientific. Potassium chloride (KCl) and ethylene glycol
(EG) were purchased from J. T. Baker. All chemicals were used as
received. The water used in all syntheses was de-ionized water
with a resistivity of 18.2 MQ cm.

Synthesis of Pd nanocubes

The Pd nanocubes were synthesized according to our previous
report.>® In a typical synthesis, 8.0 mL of an aqueous solution
containing 105 mg of PVP, 60 mg of AA, and different amounts
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of KBr and KCl was hosted in a vial and pre-heated to 80 °C in
an oil bath under magnetic stirring for 10 min. Subsequently,
3.0 mL of an aqueous solution containing 57 mg of Na,PdCl,
was added using a pipette. After the vial has been capped, the
reaction was allowed to continue at 80 °C for 3 h. We obtained
Pd nanocubes of different sizes by varying the amounts of KBr
and KCl. For example, Pd nanocubes of roughly 18, 10, and
6 nm in size were obtained by the use of 600 mg of KBr, 300 mg
of KBr, and a mixture of 5 mg of KBr and 185 mg of KCl,
respectively. The product was collected by centrifugation,
washed three times with water, and re-dispersed in 11 mL of
EG for future use.

Preparation of Pd-Ir bimetallic octapods and nanocages

For a standard synthesis of Pd-Ir bimetallic nanocrystals, 1 mL
of the suspension of Pd cubes (18 nm in size) and 7 mL of EG
containing 33.3 mg of PVP and 300 mg of KBr were mixed in a
25 mL three-necked flask. The mixture was heated to 130 °C in
air under magnetic stirring for 10 min. Meanwhile, 6 mg of
IrCl;-xH,0, was dissolved in 3 mL of EG and then added into
the as-prepared mixture containing PVP, KBr, and Pd cubes
using a syringe pump at an injection rate of 1.5 mL h™". The
reaction was allowed to continue in air at 130 °C for 24 h. The
mixture was then centrifuged and washed once with acetone
and three times with deionized water. The final products were
re-dispersed in 3 mL of deionized water for characterization
and catalytic test.

Catalytic decomposition of hydrazine monohydrate

Catalytic reactions were carried out at room temperature using
a protocol described by Xu and coworkers.”'>* Typically,
0.4 mL of an aqueous suspension of the Pd-Ir bimetallic
nanocrystals and 0.01 mL of hydrazine monohydrate were
sequentially injected into a two-neck flask kept at 20 °C, with
one of the openings connected to a gas burette. The gases
produced were passed through a trap containing 100 mL of
hydrochloric acid (1.0 M) to ensure absorption of ammonia.
The volume of the remaining gas was monitored by the gas
burette. The stability of the Pd-Ir bimetallic catalyst was
examined by repeating the reaction several times over the same
catalyst by adding an equal amount of hydrazine monohydrate to
the reaction vessel after completion of the previous run. The
catalyst was separated from the reaction mixture by centrifugation
and washed with deionized water once for TEM characterization.

Characterization

Transmission electron microscopy (TEM) images were taken
using an H-7500 microscope operated at 75 kV (Hitachi, Tokyo,
Japan). High-resolution TEM (HRTEM), high-angle annular
dark-field scanning TEM (HAADF-STEM), and energy dispersive
X-ray (EDX) analyses were performed using an ARM200 micro-
scope with a STEM Cs corrector and operated at 200 kv (JEOL,
Tokyo, Japan). The samples were prepared by dropping aqueous
suspensions of the nanoparticles onto carbon-coated copper grids
(Electron Microscope Sciences, Hatfield, PA) and dried in air. The
X-ray photoelectron spectroscopy (XPS) data were recorded using a
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Thermo K-Alpha spectrometer with an Al Ko source (1468.6 eV)
(Thermo Fisher Scientific, Waltham, MA). The samples for XPS
test were prepared by drying drops of the aqueous suspension
of nanoparticles on silicon substrates.

Results and discussion

As shown by Fig. 1a, the Pd cubes could be readily prepared with
a uniform shape and narrow size distribution. For a standard
synthesis of Pd-Ir bimetallic nanostructures, Ir precursor
solution was slowly pumped into a suspension of the Pd cubes
at an elevated temperature. The Pd cubes were slightly truncated
at the corners (Fig. Sla, ESIf) and minor growth of Ir at the
corner sites was observed at ¢ = 1 h (Fig. Sib, ESIf). The
deposition of Ir could be clearly observed after the reaction
has proceeded for 2 h (Fig. 1b). At this point, the overall shape
was like an octapod consisting of eight short arms with enlarged
bumps at the tips. After the reaction has been continued for 9 h,
a number of pores were found on the surfaces of the Pd-Ir
nanocrystals (Fig. Sic, ESIT). As the reaction proceeded, the Pd
and Ir atoms derived from co-reduction would still be preferen-
tially deposited at the corner sites. However, some of the Pd and
Ir atoms might also diffuse to the adjacent side faces, as shown
in our recent work.>* Eventually, the Pd cubes were transformed
into Pd-Ir alloyed nanocages with hollow interiors at ¢ = 24 h
(Fig. 1c). The average sizes of the octapods and nanocages
were 20 nm and 25 nm, respectively. This is because Ir atoms
were deposited on the Pd cubes along the [111] directions as
the reaction proceeded. Such a shape evolution process
was similar to what we have observed in the case of Pd-Pt
concave nanocubes and nanocages, respectively.*>*® Two major
processes — the galvanic replacement between Pd cubes and the
Ir precursor and the co-reduction of Pd** and Ir*" - were
responsible for the sequential formation of nanostructures with
the two unique morphologies.

To clarify the morphology, structure, and composition, the
resultant Pd-Ir nanocrystals were further characterized by
Cs-corrected HAADF-STEM, HRTEM, and EDX mapping. Fig. 2a
and b, shows HAADF-STEM images of the Pd-Ir octapods and
nanocages, revealing that the nanostructures maintained cubic
symmetry, with a slight increase in size. For the nanocages, a lighter
contrast was observed in the center relative to the edge, implying the
formation of a hollow interior. Fig. 2c and d, shows HRTEM images
of an octapod and a nanocage along the [100] zone axis. Further
measurements indicated that the octapods were enclosed by {530}
high-index facets together with a smooth surface (Fig. S2b, ESIf).
In comparison, the nanocages were covered by a rough and porous
surface, which could not be easily indexed. However, it was believed
that there were also atomic kinks and steps on the rough surface
(Fig. S2b, ESIT). Moreover, the continuously oriented lattice fringe
with a uniform spacing distance implies that the nanostructures
were single crystals. For face-centered cubic Pd and Ir, the lattice
mismatch is relatively small (1.3%), which was responsible for the
formation of a single-crystal structure.

The elemental distributions of Pd and Ir in octapods and
nanocages were determined by EDX mapping and spectral
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Fig. 1 TEM images of (a) Pd nanocubes with an edge length of 18 nm and (b, ¢)
Pd-Ir bimetallic nanostructures in the forms of (b) octapods and (c) nanocages.
The products were obtained at different stages of a standard synthesis stopped
at (b) 2 h and (c) 24 h, respectively. The scale bar in the inset of (a) is 10 nm and
applies to all other insets.

analysis. As shown in Fig. 2e, the EDX mapping of an octapod
clearly revealed a core-shell structure, with the Pd core in
the center and Ir arms in the outer shell. In contrast, for
the nanocage (Fig. 2f), both Pd and Ir were homogeneously
distributed throughout the particle, indicating the formation of
an alloy. The formation of hollow structure might be due to the
dissolution of Pd from the interior, followed by re-deposition
on the outer layer. The molar ratios of Ir to Pd were also derived
from the EDX spectra, with the values being 0.25 and 0.50 for
the octapods and nanocages, respectively. The composition
analyses were also confirmed by XPS measurements. As shown in
Fig. S2 (ESIT), the peaks located at 340.58 eV, 335.18 eV, 64.18 eV,
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Fig. 2 Characterizations of the morphology, structure, and composition of (a, ¢, ) Pd-Ir core-shell octapods and (b, d, f) Pd-Ir alloyed nanocages prepared using the
standard synthesis procedure: (a, b) HADDF-SEM images, (c, d) HRTEM images, and (e, f) STEM images and EDX mapping analysis. The brown and green colors in
(e) and (f) correspond to elemental Pd and Ir, respectively. The scale bars are 10 nm in the insets of (a), (b), (e), and (f).

and 62.78 eV could be assigned to Pd (3d;s), Pd (3dss), Ir
(4fs/), and Ir (4f;,,), respectively. Two shoulder peaks located
at 342.28 eV and 336.78 eV were observed for the product
sampled at ¢ = 1 h. They could be attributed to the presence
of PdBr,>~ on the surface of Pd nanocubes. Originally, the
surface of Pd nanocubes was capped by Br~ ions.”” As the
reaction proceeded, the Pd nanocube was coated by a layer of Ir,
leading to the disappearance of these two shoulder peaks at a
later stage. Also, as the content of Ir increased in the product,
the intensities of Ir peaks significantly increased relative to
those of the Pd peaks.

This journal is © the Owner Societies 2013

For a standard synthesis, the Ir precursor solution was
slowly pumped into the reaction mixture. We conducted con-
trol experiments to evaluate the impact brought by the injection
rate on the morphology of the final product. As shown in Fig. 3a
and b, if the Ir precursor was added in one shot by using a
pipette, the final product was mixed with many tiny Ir particles.
In this case, the concentration of Ir atoms could easily reach the
level of supersaturation. Instead of deposition on the existing
Pd cubes, it was possible for these atoms to go through
homogenous nucleation and generate tiny particles in the
solution. In contrast, when the pumping rate of the Ir precursor
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Fig. 3 TEM images of Pd-Ir bimetallic nanostructures obtained using the
standard procedure except that the Ir precursor was introduced in different
ways: (a, b) quick injection using a pipette and (c, d) injection at a rate of
0.75 mL h~" using a syringe pump. The samples were obtained at different stages
of the synthesis: (a, ¢) 2 h and (b, d) 24 h, respectively.

was reduced to 0.75 mL h™", large particles with broad size
distribution were observed in addition to the main product
(Fig. 3c and d). During the galvanic replacement, Pd atoms were
oxidized and dissolved from the nanocubes in the form of Pd**
cations. They could then be reduced by EG to form Pd nuclei
and nanoparticles. However, the presence of Ir** ions could
etch these Pd nuclei and nanoparticles back to the ionic form.
At an insufficient supply of I’* ions, the Pd nuclei could survive
and thus grow into large particles with a random size distribution.
Taken together, it is important to control the injection rate of the
Ir precursor and thus maintain the concentrations of Ir** ions and
Ir atoms within a reasonable range to avoid homogeneous
nucleation of the Ir nanoparticles and enable sufficient etching
towards the newly formed Pd nuclei.

We also investigate the effect of Br~ ions in our system. For
instance, when KBr was absent, no obvious shape change was
observed for the Pd nanocubes (Fig. 4a and b). The corners of
Pd cubes were still very sharp, indicating that galvanic replacement
between Ir’* ions and Pd nanocubes likely did not occur. When a
much larger amount of KBr was introduced (e.g,, 600 mg, Fig. 4c
and d), no difference in shape evolution was found in comparison
with the results obtained from the standard synthesis. This
phenomenon was consistent with our previous study, in which
Br~ was demonstrated to play an essential role in the galvanic
replacement between Pd nanocubes with other types of metal
ions.*® The reaction mechanism could be summarized as follows:

3Pd + 2IrBrg°~ = 3PdBr,>” + 2Ir
The reduction potential of PdBr,> /Pd (0.49 eV versus RHE)

is much lower than IrBrs’~ (0.86 €V versus RHE).*® Therefore, it
would be much easier for Pd to be oxidized in the presence of Br .
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Fig. 4 TEM images of Pd-Ir bimetallic nanostructures obtained using
the standard procedure except for the use of KBr in different amounts: (a, b) 0
and (c, d) 600 mg, respectively. The samples were obtained at different stages of
the synthesis: (a, ¢) 2 h and (b, d) 24 h, respectively.

In addition, the selective absorption of Br~ on the {100} facets
of Pd nanocubes essentially induced and controlled the aniso-
tropic deposition of Ir atoms on the {111} facets to generate the
octapods.

Another important parameter for this reaction was the
temperature. At a low temperature such as 100 °C, it was found
that the Pd nanocubes were firstly truncated at the corners and
then transformed into nanospheres with much smaller sizes
(Fig. S3a and b, ESIT). In this case, the reaction rates for both
galvanic replacement and co-reduction were reduced. There-
fore, it became more difficult for both reactions to occur.
Instead, the etching caused by Ir*" in the solution played a
dominant role and resulted in significant truncation at corners
for the Pd nanocubes. It should be noted that Ir** was a key
component for the etching process since the Pd nanocubes
could still maintain their shape in the absence of an Ir
precursor (Fig. S4a and b, ESIT). When the temperature was
increased to 160 °C, no remarkable difference was observed in
comparison with the results shown in Fig. 1b and ¢, except for a
slight increase in roughness on the surface (Fig. S3c and d,
ESIT). Taken together, an elevated reaction temperature would
favor both the galvanic replacement and co-reduction, which
are crucial for the sequential formation of Pd-Ir octapods and
nanocages.

The size of the resultant Pd-Ir octapods and nanocages
could be readily controlled by using Pd nanocubes with differ-
ent sizes as the sacrificial templates. Fig. 5 shows the Pd
nanocubes with average edge lengths of 10 nm and 6 nm,
respectively, and their evolution into Pd-Ir octapods and nano-
cages by following a standard procedure. Similarly, a slight
increase in size relative to the Pd nanocubes was also observed
for the octapods and nanocages due to the overgrowth of Ir
along the corner sites of the cubic templates.

This journal is © the Owner Societies 2013
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Fig. 5 TEM images of (a, b) Pd nanocubes with an edge length of 10 nm and
6 nm, respectively, and (c—f) the corresponding Pd-Ir bimetallic nanostructures in
the form of (c, d) octapods and (e, f) nanocages. The reaction parameters were
kept the same as for the standard synthesis except for the use of Pd nanocubes
with different edge lengths. The scale bar in the inset of (a) is 10 nm and applies
to all other insets.

Fig. 6 shows a plausible mechanism responsible for the
sequential formation of Pd-Ir octapods and nanocages. Briefly,
the Br -capped Pd nanocube was selectively etched from the
{100} facets, accompanied by the deposition of Ir atoms on the
{111} facets (corners), forming an octapod. During this period,
the galvanic replacement played a dominant role while the
co-reduction was suppressed due to a limited concentration of
both Pd** and Ir’* cations. As the concentrations of Pd** and
Ir*" increased in the reaction mixture, the co-reduction process
became accelerated. Pd and Ir atoms were deposited onto side
faces of the template to form an alloyed shell. It is worth
pointing out that the newly formed Pd atoms could not be
oxidized and dissolved again due to the formation of a Pd-Ir
alloy. Eventually, after all the Pd in the interior have been
dissolved, an alloyed nanocage with a hollow interior and
porous walls was produced. A proper injection rate of Ir
precursor solution, the presence of sufficient KBr, as well as
an elevated temperature are all crucial for the formation of the
desired products, as these parameters determined the interplay
of galvanic replacement and co-reduction.

The Pd-Ir bimetallic alloyed nanocages (25 nm in size) and
core-shell octapods (20 nm in size) were then tested as catalysts
for selective hydrogen generation via the decomposition of

This journal is © the Owner Societies 2013
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Fig. 6 Schematic illustration showing how the morphology and composition of
the Pd-Ir bimetallic octapods and nanocages changed as a function of reaction
time. Note that the Pd atoms in the newly formed Pd-Ir bimetallic walls were less
reactive relative to the Pd atoms in the original nanocubes made of pure Pd, and
thus they could survive the galvanic replacement reaction with the Ir precursor.
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hydrous hydrazine. The Pd nanocubes (18 nm in size) were
also tested as a catalyst but no gas was produced. As shown in
Fig. 7, both nanocages and octapods exhibited H, selectivity for
this catalytic reaction. Previous studies have indicated that
neither pure Pd nor Ir nanoparticles exhibited catalytic activity
toward this reaction at room temperature.>”> Therefore, the
hydrogen formation should be attributed to the bimetallic
structures associated with both products. To our knowledge,
this is the first report that Pd-Ir bimetallic nanoparticles with
well-defined structure and morphology were demonstrated
with selectivity for the generation of hydrogen from the decom-
position of hydrazine at room temperature. Moreover, the
catalytic activity of Pd-Ir nanocages was much higher than that
of octapods. In particular, the molar ratios between the gener-
ated gas and the hydrazine introduced into the reaction were
2.1 and 1.1 for the nanocages and octapods, respectively, which
corresponded to a H, selectivity of 66% and 29%. Such a
significant difference can be attributed to the different surface
compositions for the nanocages and octapods. As shown by
EDX mapping results (Fig. 2e and f), the surface region of the
Pd-Ir octapod was dominated by pure Ir while for the nano-
cage, both Pd and Ir could be found in the surface region. As
discussed in many studies, the formation of heterometallic
bonds between two metals can change the surface electronic
structure of a nanocrystal, leading to great improvement in the
catalytic performance.’’**** Accordingly, the alloyed nano-
cages with the formation of a larger number of heterometallic
bonds are supposed to show higher H, selectivity in comparison
with the core-shell octapods. In addition, the highly porous
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Fig. 7 Catalytic decomposition of hydrazine monohydrate to generate H, in the
presence of 25 nm alloyed nanocages and 20 nm core-shell Pd—Ir octapods as
the catalysts, respectively. The Y-axis refers to the mole fraction of the gas
products relative to the initially added hydrazine. An additional aliquot of
hydrazine hydrate was introduced into the reaction vessel after the completion
of each run. The insets show TEM images of the Pd-Ir nanocages (top) and
octapods (bottom) obtained after the last run of the catalytic reaction. Both scale
bars are 20 nm. The morphology of these nanostructures was essentially main-
tained during the three rounds of reactions.

surface of a nanocage could also be of great significance for the
catalytic performance since the porosity would substantially
increase the specific surface area and allow for a faster transport
for the reagents and products.***°

We have also evaluated the catalytic performance of 14 nm
Pd-Ir nanocages shown in Fig. 5e. Compared to the 25 nm
Pd-Ir nanocages, the 14 nm nanocages exhibited a faster
decomposition rate (Fig. S6, ESIf). Such enhanced catalytic
performance could be attributed to the increased surface area
for the smaller Pd-Ir alloyed nanocages. However, these smaller
nanocages showed H, selectivity (ca. 67%) similar to that of the
larger nanocages. This result indicated the essential role of the
alloyed structure on the surface in determining the reaction
selectivity.

Based on the previous reports, the mechanism involved in
the decomposition of hydrazine can be summarized in Fig. S7
(ESIT).'® Briefly, N,H, molecules firstly adsorbed onto the
surface of the Pd-Ir bimetallic surface, and decomposed into
NH,. The NH, further splits into N and H atoms, which then
combined into N, and H, molecules. The newly formed N, and
H, molecules finally desorbed from the crystal surface and
evolved as gas products.

Conclusions

In summary, Pd-Ir bimetallic nanostructures in the forms of
octapods and nanocages have been successfully prepared. The
morphology, structure, and composition of both products were
characterized using HAADF-STEM, HRTEM, and EDX. We
systematically investigated, and at the same time, optimized
the parameters involved in the reaction. In particular, a proper
injection rate, a proper amount of KBr, and a relatively high

11828 | Phys. Chem. Chem. Phys.,, 2013, 15, 11822-11829

View Article Online

temperature were found to be essential for the formation of
octapods and nanocages at different stages of synthesis. The
interplay of galvanic replacement between an Ir precursor
and Pd nanocubes, and the co-reduction of Ir’* and Pd*" is
considered to be essential for the formation of these two
unique structures in sequence. The size of these two nano-
structures could be easily controlled by using Pd cubes with
different sizes. We chose the decomposition of hydrazine as a
model reaction to test their catalytic performances. Specifically,
with an alloyed, highly porous surface, the nanocages exhibited
higher selectivity for hydrogen generation than the octapods.
The combination of galvanic replacement and co-reduction
provides a simple and effective means for rationally controlling
the morphology of bimetallic nanostructures with a variety of
different compositions.
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The H, selectivity of a catalyst

Generally, hydrazine can be decomposed to generate a mixture of N, and H, (Eq. 1) or a mixture
of NH3 and N3 (Eq. 2). The overall reaction is expressed as Eq. (3). Since the reaction according
to Eq. (2) does not generate H,, the H, selectivity, x, of a catalyst can be defined as the
percentage of decomposition according to Eq. (1). When NHjs is removed from the gas mixture,
the H, selectivity can be calcualted from the amounts of N, and H, based on Egs. (4) and (5).

N2Hz = N2 + 2H; ()
3NoH4 = 4NH3 + Ny (2)
3NLH, = 4(1-X)NH3 + (1+2X)N2 + 6xXH> (3)
N(Ng+Ho)/N(NoHe)=[(1+2X) + 6x1/3 @)
x = [3n(Na+H3)/n(NoHa)-1]/8 x 100% ©)
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Fig. S1 TEM images of Pd-Ir bimetallic nanostructures obtained at different stages of a standard

synthesis: @) 0.5 h, b) 1 h, and c) 9 h. The scale bar applies to all images.
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Fig. S2 High-resolution TEM images of the octapod and cage shown in Fig.2, ¢ and d.
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Fig. S3 X-ray photoelectron spectra (XPS) of Pd-Ir bimetallic nanostructures obtained at
different stages of a standard synthesis: a) 1 h, b) 2 h, ¢) 9 h, and d) 24 h. Black and red curves

correspond to elemental Pd and Ir, respectively.
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= 50 nm

Fig. S4 TEM images of Pd-Ir bimetallic nanostructures obtained using the standard procedure,
except that the reaction temperature was set to a, b) 100 °C and c, d) 160 °C, respectively. The

products were obtained at different stages of the syntheses: a, ¢) 2hand b, d) 24 h.
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Fig. S5 TEM images of Pd nanostructures obtained from a standard synthesis, in which no Ir
precursor was added. The samples were obtained at different stages of the same synthesis: a) 2 h

and b) 24 h, respectively.
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Fig. S6 Catalytic decomposition of hydrazine monohydrate to generate H, in the presence of 14-

nm Pd-Ir nanocages as a catalyst.
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Fig. S7 A plausible mechanism involved in the decomposition of N,H,; over a Pd-Ir alloyed
nanocage.



