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ABSTRACT Palladium is widely used as a catalyst in pharmaceutical and chemical syntheses as well as in

the reduction of harmful exhaust emissions. Therefore, the development of high performance palladium catalysts

is an area of major concern. In this paper, we present the synthesis of highly branched palladium nanostructures

in a simple solution phase reaction at room temperature. By varying the nature of the organic stabilizer system we

demonstrate control over the reaction kinetics and hence the shape of the nanostructures. Investigations into

the structural evolution of the nanostructures show that they form from multiply twinned face centered cubic

(fcc) nanoparticle nuclei. Reaction kinetics then determine the resulting shape where ultrafast growth is shown

to lead to the highly branched nanostructures. These results will contribute greatly to the understanding of

complex nanoparticle growth from all fcc metals. The nanostructures then show excellent catalytic activity for

the hydrogenation of nitrobenzene to aniline.
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he synthesis of inorganic nanocryst-

als with controllable morphologies is

a key goal in modern materials sci-
ence and has attracted substantial interest
in recent years.' * The shape and size de-
pendent properties of nanoparticles are
well established and a fine degree of con-
trol over size and morphology can lead to
the formation of materials with specific
chemical and physical properties. Complex
morphologies, in particular, show great
promise in many applications as they often
exhibit unique electronic, magnetic, pho-
tonic, and catalytic properties.®

Palladium is well-known for its ability to
absorb hydrogen in high concentrations
and is a promising material in hydrogen
storage and gas sensing applications.®”
Nanostructured palladium also shows po-
tential as a surface enhanced Raman spec-
troscopy (SERS) substrate where the spec-
tral range and intensity enhancement have
been shown to be morphology
dependent®®
Palladium is also the most versatile and

widely used catalyst in pharmaceutical and
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fine chemical syntheses.'® Here, both ho-
mogeneous and heterogeneous palladium-
based catalysts are required to deliver high
selectivities in the desired functional group
transformations or couplings. Additionally,
palladium serves as an important catalyst
for the reduction of harmful exhaust emis-
sions. In this situation, poor accessibility and
poisoning of the metal surface can reduce
overall efficiency."’ Therefore, development
of high surface area, high performance pal-
ladium catalysts is a major concern. To be
an economically viable catalyst, the amount
of metal consumed in production must be
minimized without a reduction in catalytic
performance. Highly branched nanostruc-
tures are promising candidates as they pos-
sess a large surface area available for reac-
tion, while selectively exposing specific
(high index) crystal facets.

In the present study we demonstrate
the formation of extensively branched pal-
ladium nanostructures in a room tempera-
ture solution phase synthesis. The synthesis
is performed in a pressure reaction vessel
(Fischer—Porter bottle) which gives control
over atmospheric pressure and composi-
tion. This method has previously been
shown to be effective for the formation of
spherical metal nanoparticles.'” The use of
organic surfactant molecules to control
growth is commonly used in nanoparticle
synthesis. Here we show that by varying the
nature of the organic surfactant system we
are able control the growth kinetics and
form highly branched nanostructures.

RESULTS

In solution phase nanoparticle synthe-
sis, variation of the organic stabilizer is rou-
tinely used to control nanoparticle mor-
phology.'? Here we demonstrate through
two experiments that by changing the sur-
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factant system we can induce structural changes in pal-
ladium nanostructures. The first experiment we de-
scribe used solely oleylamine as the surfactant.
Oleylamine was selected as it has previously been effec-
tive for the shape control of platinum nanostructures
in the Fischer—Porter bottle.’®'* The second experi-
ment employed the organic surfactants oleic acid and
oleylamine in a 1:1 ratio. The addition of a carboxylic
acid functionality has previously been shown to induce
shape change in nickel colloids.'® Both reactions were
carried out at room temperature under 3 bar (1 bar =
10° Pa) hydrogen for 160 min.

Figure 1a shows a transmission electron micros-
copy (TEM) image of the reaction product when oleyl-
amine only is used as the surfactant. As can be seen in
the image, the nanoparticles consist of nanostructured
polyhedra 6 = 1.5 nm in size. Figure 1b shows a high
resolution transmission electron microscopy (HRTEM)
image of one of the polyhedra. The particle is character-
ized as a multiply twinned face centered cubic (fcc)
icosahedra viewed along a (112) zone axis.'®"”

Figure 1c shows a low magnification TEM image of
the highly branched palladium nanostructures synthe-
sized in a surfactant system containing a 1:1 ratio of
oleic acid and oleylamine. The palladium nanostruc-
tures are 85 = 15 nm in size and each particle displays
extensive branching with the branches growing radially
away from a central core. The selected area diffraction
(SAED) pattern of the nanoparticles observed is shown
in the inset and can be readily indexed to the fcc struc-
ture of palladium. Figure 1d shows a higher magnifica-
tion image of a single nanostructure. The particle
branches have a broad leaflike structure and exhibit a
rounded tip, similar to dendritic growth.'®~2° Flower-
like nanostructures have previously been produced for
Pd and Pt; however, these where grown hierarchically
from smaller nanoparticle building blocks and hence
were covered by low index facets.?'%2

The above set of experiments illustrates that chang-
ing the surfactant system directly affects the nanoparti-
cle shape. The reaction with oleylamine produced poly-
hedra as shown in Figure 1a,b. Polyhedra are commonly
formed for palladium and are widely accepted as a ther-
modynamically favored morphology.?®2*

When oleic acid is introduced, in a 1:1 ratio with
oleylamine, highly branched nanostructures are formed
which possess a high surface area to volume ratio. This
presents an interesting result as the formation of these
types of highly branched nanostructures terminated by
high index facets has not previously been observed for
palladium. In solution phase synthesis, palladium nano-
structures typically form as thermodynamically favored
polyhedra structures or 1-D nanorods.>> 27 The sur-
faces of these nanostructures are limited to low index
facets due to their lower surface—solution interface
energy.?®%°
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Figure 1. Transmission electron microscopy (TEM) images of palla-
dium nanostructures prepared after 160 min at room temperature:
(a) polyhedra nanoparticles formed using purely oleylamine as surfac-
tant, (b) high resolution image of one of the polyhedra nanoparticles
characterized as a multiply twinned fcc icosahedra, (c) highly branched
nanostructures formed using a 1:1 mixture of oleylamine and oleic
acid, and (d) high resolution image of one of the nanostructures.

Thus, by altering the nature of the surfactant sys-
tem we present a simple solution phase synthesis for
the formation of highly branched, high surface area pal-
ladium nanostructures.

Time Dependent Reactions. To investigate the mecha-
nism of growth for the highly branched nanostruc-
tures intermediates were isolated by varying the reac-
tion time of a 1:1 mixture of oleic acid and oleylamine.

Reaction times were shortened to 20, 30, 80, and
120 min, and images of the individual nanoparticles
formed are shown in Figure 2 panels a, b, ¢, and d,
respectively.

Figure 2. HRTEM images showing the evolution of the highly
branched nanostructures: (a) icosahedra with small leg begin-
ning to grow in the [112] direction; (b) tripod-shaped nano-

particle formed after 30 min; (c) intermediate morphology af-
ter 80 min; and (d) fully formed nanostructure after 120 min.
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A low magnification TEM image of the nanoparti-
cles formed after 20 min is also shown in Supporting In-
formation, Figure S1. The nanoparticles formed after
20 min were predominantly nanoparticles with poly-
hedra shapes similar to those shown in Figure 1a,b.

Figure 2a (20 min) shows a nanoparticle 14 nm in
size. Analysis of the atomic packing indicates this nano-
particle is a multiply twinned fcc icosahedra viewed
down a (112) zone axis. This is similar to the nanoparti-
cle seen in Figure 1b except the nanoparticle shown
here displays the start of single branched growth in the
[112] direction.

Figure 2b (30 min) shows a nanoparticle 45 nm in
size which displays a tripod morphology. A tripod mor-
phology forms when arm growth occurs in three sym-
metry equivalent [112] directions from multiply
twinned fcc icosahedra.*®

The particle in Figure 2c¢ (80 min) is 65 nm in size
and retains the tripod backbone with 3-fold symmetry.
However, a secondary type of growth has now occurred
from the tripod arms. This growth occurs along ran-
dom crystallographic directions and leads to a broad,
leaflike structure.

Figure 2d (120 min) displays a nanoparticle 100 nm
in size. The secondary growth has continued at various
angles away from the tripod backbone leading to a high
surface area branched structure. The final reaction
product formed after 160 min was shown in Figure 1d.
Extensive branching has occurred along radial direc-
tions from the particle core to give a highly branched
morphology.

In-Situ X-ray Diffraction. To understand the kinetics of
nanoparticle growth for the as synthesized palladium
nanostructures, in situ synchrotron X-ray diffraction
(XRD) experiments were carried out. Since it is difficult
to gain information on growth kinetics with post syn-
thetic characterization techniques, in situ XRD was
needed as a method that can measure structural dy-
namics in real time. Experiments were performed at the
Stanford Synchrotron Radiation Lightsource (SSRL) on
beamline 7—2 (see Supporting Information for experi-
mental procedure). These were carried out in a specially
made reaction cell shown in Supporting Information,
Figure S2.

Figure 3a shows the (111) reflection of palladium
tracked over the course of a typical reaction displaying
the formation of a crystalline product in a 1:1 reaction
with oleic acid and oleylamine. To ensure that the time
scale of the reaction better suited synchrotron experi-
ments, the cell temperature was raised to 35 °C; 10 °C
above that used to form the nanoparticles used in EM
observation. This leads to a slight decrease in reaction
times when compared to HRTEM experiments. The full
width at half-maximum of the diffraction peak provides
a measure of the crystallite size in the nanostructures.
This remained relatively constant throughout both ex-
periments, which is consistent with the multiply
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Figure 3. Time resolved synchrotron XRD results tracking
the growth of the palladium nanostructures: (a) in-situ XRD
results showing the evolution of crystalline palladium by
tracking the Pd(111) reflection for the 1:1 reaction, (b) peak
area vs reaction time plot for the 1:0 reaction and (c) for the
1:1 reaction.

twinned nature of the nanostructures. The lattice pa-
rameter calculated from the peak positions was inde-
pendent of reaction time and close to the bulk value in-
dicating little or no lattice strain. However, due to peak
broadening and uncertainty in the measurements some
undetected strain may be present, particularly at the
initial reaction times when the diffraction peak is at its
weakest and broadest. The measured diffraction signal
is from crystalline nanostructures in solution as there
was no deposition of product on the cell window at the
completion of the reaction.

To investigate the difference in reaction kinetics be-
tween the formation of palladium polyhedra and highly
branched nanostructures, experiments in oleylamine
and a 1:1 mixture of oleic acid and oleylamine were car-
ried out as shown in Figure 3b,c, respectively. These
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both show the continuous growth of the Pd(111) peak
area over time.

Figure 3b shows the growth of nanocrystalline palla-
dium to form palladium polyhedra when only oleyl-
amine is used (1:0 reaction). The plot shows a steady,
nearly linear increase that reaches a maximum at 45
min. The slope of the growth line is constant which in-
dicates a steady growth rate throughout the experi-
ment. The peak area then decreases as the particles
grow too large to remain in suspension and settle out
of the beam path.

When a surfactant system containing oleic acid in a
1:1 ratio with oleylamine is employed (1:1 reaction) dif-
ferent growth characteristics emerge (Figure 3c). Here,
the growth of the nanostructures progresses in three
distinct stages. Stage | shows steady initial growth with
a slope similar to the 1:0 case. In Stage Il the slope and
growth rate increases 2-fold and continues at this rate
for 10 min. Stage Il shows a further 2-fold increase in
growth rate when compared to Stage Il. The peak area
then begins to decrease as growth ceases and settling
occurs.

Growth Mechanism. The above HRTEM and XRD experi-
ments show that the growth and kinetics of formation
of highly branched palladium nanostructures are dis-
tinctly different to the formation of the palladium
polyhedra.

For the 1:0 reaction there is a relatively slow and
constant growth rate, as shown in Figure 3b, which re-
sults in the polyhedra nanoparticle shapes observed in
Figure 1a. This slow, constant growth indicates that for
the 1:0 reaction, growth occurs under thermodynamic
control to produce thermodynamically favored polyhe-
dra?’

In contrast, for the 1:1 reaction (Figure 3c) there are
three distinct growth stages leading to the formation
of the highly branched nanostructures. Each stage pos-
sesses different growth kinetics as described as follows
(Stages 1-111).

Stage . The growth rate for Stage | of the 1:1 reac-
tion is relatively slow and comparable to the growth
rate of the entire 1:0 reaction. For this stage, HRTEM
analysis shows the formation of multiply twinned fcc
icosahedral nuclei (Supporting Information, Figure S1).
This is the same polyhedra structure formed in the 1:0
reaction (see Figure 1a,b). Therefore, during the slow
growth of Stage | of the 1:1 reaction, thermodynami-
cally favored multiply twinned fcc icosahedra nuclei
form.

Stage Il. During Stage Il of the 1:1 reaction there is a
2-fold increase in the growth rate when compared to
Stage I. This indicates growth is no longer thermody-
namically controlled and kinetically controlled growth
conditions are present.?’

In solution phase synthesis of nanoparticles, kineti-
cally controlled growth conditions can lead to branched
growth. This process was observed in Figure 2a with
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the start of branched growth from a multiply twinned
icosahedra nuclei. In our case novel tripod shapes form
due to branch growth occurring along three symmetry
equivalent [112] directions from the icosahedra nuclei
(Figure 2b).3°

Therefore, as palladium crystallizes in the highly
symmetrical fcc crystal structure the formation of a
branched shapes requires both a breaking of the crys-
tal symmetry, introduced through defects in the icosa-
hedral nanoparticle nuclei, and growth conditions
which are kinetically controlled.

It should be noted that although the nanoparticles
in Stage Il are now growing under kinetic control,
growth is still occurring along selected crystallographic
directions.

Stage lll. In Stage Il there is another 2-fold increase
in the growth rate compared to Stage Il. This increase
follows the formation of the tripod branches and is due
to the start of the secondary growth observed in Fig-
ure 2¢. This secondary growth leads to a “leaflike” struc-
ture off the tripod backbone. The growth rate is now
four times as fast as in Stage | which indicates this type
of secondary growth is fast and kinetically controlled,
occurring very far from thermodynamically controlled
conditions.

Because of the rapid rate and distinctly kinetic na-
ture of the ultrafast growth, the adatom adsorption
rate does not depend on the crystal facet where adsorp-
tion occurs. Hence growth occurs along no preferred
crystallographic direction.>? This leads to randomly ori-
ented branch growth occurring in any radial direction
away from the particle core to give the highly branched
morphology.

In contrast, the extensive branching observed in
dendritic nanostructures formed in the solution phase
is dependent on crystallographic direction and is typi-
cally a result of diffusion limited aggregation or ori-
ented attachment mechanisms.'®~2° The ultrafast ki-
netic growth described here leads to branching
irrespective of the crystal facet. Therefore, this growth
provides a route toward the formation of complex
nanoparticle shapes from nuclei with any morphology
and surface energy.

Following the ultrafast growth (after 45 min, end of
stage Ill) the peak area begins to decline as the nano-
particles settle out of the beam path.

Therefore, from HRTEM and XRD experiments, the
formation of the palladium polyhedra nanoparticles is
shown to occur through slow, thermodynamically con-
trolled growth. In contrast, formation of the highly
branched nanostructures occurs through (i) the forma-
tion of multiply twinned fcc icosahedra nuclei, (i) kineti-
cally controlled branch growth to form a tripod back-
bone, and (iii) ultrafast secondary kinetic growth
occurring in any crystallographic direction from the tri-
pod arms.

\NIC
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Effect of Surfactant System on Reaction Kinetics. In the
present system, the kinetics of growth, and hence the fi-
nal particle morphology, are controlled by the surfac-
tant system. The difference in surface stabilization abil-
ity of the amine and acid functionalities determines the
growth kinetics by controlling the rate of monomer
supply to the nanoparticle surface.®

When the rate of adatom diffusion across the par-
ticle surface to stable positions is faster than the rate
of adatom adsorption, growth is thermodynamically
controlled and thermodynamically favored morpholo-
gies form. Conversely, when adatom adsorption occurs
at a faster rate, growth becomes kinetically controlled
leading to more complex nanoparticle shapes.>'

The carboxylic acid functionality of oleic acid pos-
sesses a weaker binding strength to palladium com-
pared to the amine functionality of oleylamine.>*3* In-
troducing weaker binding oleic acid (1:1 reaction) will
reduce the overall degree of surface stabilization of the
growing particle by the surfactant system. This allows
rapid adatom adsorption and kinetically controlled
growth conditions resulting in highly branched
structures.

This is in contrast to the 1:0 reaction where oleyl-
amine binds strongly to the surface of the growing par-
ticle. Therefore, the icosahedral nuclei experience
strong stabilization effects hindering adatom adsorp-
tion. Growth conditions are then thermodynamically
controlled and thermodynamically favored polyhedral
structures are maintained.

An additional experiment was performed to verify
the proposed surface capping mechanism. When purely
oleic acid is used as surfactant micrometer sized crystal-
lites form; presumably because there is not enough sta-
bilizing ability by oleic acid to restrict growth to the
nanoscale for this system (see Supporting Information,
Figure S3).

Catalysis. Highly branched nanostructures are ideally
suited to catalysis as high surface area and the pres-
ence of high index facets lead to increases in catalytic
activity. High index facets have a higher density of
atomic steps, ledges, kinks, and dangling bonds, all of
which often exhibit much higher reaction activities.>¢3”

Here, HRTEM experiments were used to probe the
nature of the surface for the highly branched nano-
structures. Figure 4a shows an HRTEM image of one of
the nanoparticle branches viewed down a (110) direc-
tion. A close up of the branch is shown in Figure 4b.
Analysis of the atomic packing in Figure 4b confirms
the presence of high index facets. The arrows point to
atomic vacancies on the branch edge which create a se-
ries of alternating (200) and (111) microfacets. These mi-
crofacets combine to form the high index (113) facet.
This is shown schematically in Figure 4c.

To test the catalytic properties, the palladium nano-
structures were supported onto activated carbon and
the resulting catalysts (Pd—NS/C) were examined and
O
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Figure 4. Analysis of the surface of one of the highly
branched nanostructures: (a) HRTEM image of one of the
particle branches; (b) close-up HRTEM image of the particle
branch showing clear atomic packing. The black arrows
point to atomic vacancies on the particle surface. (c) Sche-
matic showing how the atomic vacancies lead to high index
(113) facets.

compared to commercially available palladium cata-
lysts (Johnson Matthey 1% Pd/C 87 L) for the hydrog-
enation of nitrobenzene (see Supporting Information
for experimental procedure). The catalytic hydrogena-
tion of nitrobenzene to aniline is commonly used as a
standard test for the activity of heterogeneous catalyst
systems.®® In addition to this, the reaction has great
commercial importance in its own right, in the indus-
trial production of aniline for the polyurethane indus-
try.2® The carbon-supported palladium was used at a
1:1000 ratio with respect to the substrate, under 2 bar
of H, at 50 °C in a Buchi pressflow gas-controlled Basker-
ville autoclave.

The Pd-NS/C material reproducibly showed consid-
erable activity for the hydrogenation of nitrobenzene.
After 30 min, there was no further hydrogen uptake, in-
dicating that the reaction had reached completion.
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Subsequent analysis by gas chromatography confirmed
this, revealing that all of the starting material had been
consumed and aniline was the sole product. The forma-
tion of intermediate products such as hydroxylamines,
oximes, or para-aminophenols was not observed; the
presence of which can be observed in less active cata-
lytic systems or those that have been deliberately poi-
soned.*®

The commercially available catalyst was also exam-
ined under the same reaction conditions. In this case,
the reaction was complete within 20 min, again with
complete conversion to the desired product. However,
with the higher dispersion of this catalyst, this increase
in activity is to be expected. What is significant is that
the Pd NS/C catalysts display activities nearly the same
as that of commercially available analogues, despite the
presence of residual oleylamine stabilizing ligands. The
novel shapes of the palladium nanostructures offer the
possibility of the unique facets to provide alternative se-
lectivities for specific chemoselective reactions. The in-
vestigation into such transformations is ongoing.

CONCLUSION

In conclusion, we have synthesized highly branched
palladium nanostructures terminated by high index fac-
ets in a room temperature solution phase synthesis. By
varying the nature of the surfactant system we are able

EXPERIMENTAL SECTION

Synthesis of Highly Branched Palladium Nanoparticles. In a typical
synthesis, 0.1 mmol of palladium precursor (bis(acetonitrile) pal-
ladium dichloride, 99%, Aldrich) was added to 1 mL of toluene.
To this was added 10 equiv of organic surfactant in total. The pal-
ladium precursor was then decomposed under hydrogen in a
pressure reaction vessel (Fischer—Porter bottle). Samples were
purified by the addition of an equal amount of methanol to floc-
culate the nanoparticles, use of a centrifuge at 14 000 rpm for
collection, and subsequent washing with dichloromethane and
toluene. The samples for TEM studies were prepared by resus-
pending the precipitate in toluene. One drop of toluene suspen-
sion was placed on a copper TEM grid and allowed to evapo-
rate in ambient conditions. The TEM images and corresponding
diffraction patterns were taken on a JEOL 2010 operated at an ac-
celeration voltage of 200 keV.

Synchrotron X-ray Diffraction (XRD). Experiments were performed
at the Stanford Synchrotron Radiation Lightsource (SSRL) on
BL7-2 in a specially made reaction cell shown in Supporting In-
formation, Figure 52.*" The cell was 30 mm high and 20 mm wide
and was placed in a ceramic heating block on the beamline. It
contained a circular reaction chamber 5 mm in diameter and 1
mm thick which was aligned with the beam. The cell windows
were made from X-ray transparent Kapton (polyimide) film. A 50
wL portion of reaction solution was injected into the reaction
chamber which was then filled with 3 bar H,. The experiments
were conducted using radiation of A = 1.0 A (12.4 keV). Diffrac-
tograms were collected over the Pd(111) peak between 26 val-
ues of 18° and 22°, using step scans of 0.02°/step. Growth of the
fcc Pd(111) diffraction peak was observed and monitored every
300 s, for 70 min.

(atalysis. Pd NS/C catalysts were prepared by dissolving Pd
NS in toluene, using sonication. The resulting black suspension
was stirred at room temperature for 18 h with sufficient activated
carbon (1.0 g of activated carbon) to generate a 1% (by weight)
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to control the growth kinetics and hence the particle
morphology. The highly branched nanostructures grow
from multiply twinned fcc icosahedra nuclei via a tri-
pod intermediate. A type of secondary ultrafast kinetic
growth then occurs from the tripod intermediate along
no specific crystallographic direction resulting in highly
branched nanostructures.

The palladium nanostructures demonstrate good ac-
tivity in the hydrogenation of nitrobenzene to aniline
where the production of the desired product occurs at
a similar rate to commercially available catalysts. The
tuning of the morphology of the metal also offers the
possibility of varying the selectivity of industrially im-
portant organic transformations.

These results and the proposed growth mechanism
contribute to the understanding of the formation of
highly branched nanostructures from the highly sym-
metrical fcc crystal structure. The ultrafast kinetic
growth observed is not dependent on crystal facet en-
ergy and therefore provides a route to complex nano-
particle shapes from any nuclei morphology. The devel-
opment of a room temperature solution phase
synthesis for the formation of highly branched palla-
dium nanoparticles is important for catalytic applica-
tions where high surface area and high index facets are
known to greatly improve catalytic performance.

Pd NS/C catalyst. After this time, the resulting suspension was fil-
tered, revealing a clear filtrate. The subsequent black solid was
thoroughly washed with toluene (100 mL), methanol (100 mL),
water (100 mL), and methanol (100 mL) in order to remove any
excess ligands present. The solid was then dried in a vacuum
oven before use. The Pd NS/C was compared in the hydrogena-
tion of nitrobenzene with 1% Pd/C (Johnson Matthey, 87 L). The
test was undertaken using a Baskerville autoclave connected to
a Buchi pressflow gas controller. The reaction occurred at 50 °C,
under 2 bar of dihydrogen, and stirred at approximately 1000
rpm. In each test, 5 mL of a 0.1 M methanol solution of nitroben-
zene (containing 0.1 M of mesitylene) was used with a 1:1000
molar ratio of metal to substrate. Subsequent GC analysis was
undertaken using a CPSIL-5 column, with mesitylene as an inter-
nal standard.

Acknowledgment. R.D.T. and J.W. gratefully acknowledged fi-
nancial support from the MacDiarmid Institute and VUW. Por-
tions of this research were carried out at the Stanford Synchro-
tron Radiation Laboratory, a national user facility operated by
Stanford University on behalf of the U.S. Department of Energy,
Office of Basic Energy Sciences.

Supporting Information Available: HRTEM image of palladium
nanoparticles formed after 20 min; image of Synchrotron reac-
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