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A B S T R A C T

The existing literature suggests it is particularly difficult to access the catalytically relevant, and relatively
complex, intermetallic γ-brass crystal structure through traditional nanoparticle (NP) synthesis techniques. We
introduce a simple and rational approach to access this phase in M-Zn (M=Pd, Cu, Ni) systems as silica-
supported single-phase nanocrystals. This hybrid approach involves the initial synthesis of supported M/SiO2

through traditional approaches (dry impregnation and strong electrostatic adsorption) followed by heating to
high temperatures in the presence of a stoichiometric amount of metallic Zn in an evacuated closed system for
several hours. We demonstrate the generality of this method with three different catalytically important bi-
metallic systems: Pd-Zn, Ni-Zn and Cu-Zn. Of these three, Pd-Zn is by the far the most popular in terms of
catalytic applications and yields the smallest particle size (∼8 nm). We tested the influence of various synthesis
parameters on phase purity and particle size distribution in case of the synthesized γ-brass Pd-Zn/SiO2 supported
catalysts and provide general guidelines towards optimization of synthesis. Upon transformation of Pd/SiO2 to γ-
brass Pd-Zn/SiO2, a precipitous drop in CO adsorption and a 25 kJ/mol increase in the ethylene hydrogenation
barrier is observed, indicating the catalytic active sites are significantly modified as a result of alloying. We
anticipate these catalysts may find applications in various Pd-catalyzed chemistries.

1. Introduction

A major focus in the field of heterogeneous catalysis is to design
catalytic materials with increasing activity and selectivity [1–3]. The
state-of-the-art is the synthesis of strategic bimetallic materials where
the catalytic propensities of traditional active atoms (Pd, Ni, Pt) are
modulated by the presence of a second metal (Zn, Ag, Bi) [4,5] due to
electronic and geometric effects [3,6,7]. Crystalline bimetallic catalysts
are typically of two types: (i) alloys and (ii) intermetallics (although
other significantly more complex multi-metallic catalysts, often em-
ploying specific core-shell or porous architecture are present in recent
literature [8–15]). Intermetallics have well-defined and periodic atomic
site occupancy whereas alloys are randomly substituted solid solutions.
This essentially means any bulk measure related to active site geometry
(such as x-ray absorption spectroscopy (XAS), CO-FTIR, etc.) in the case
of alloys is an average over millions of unit cells whereas for an inter-
metallic the values are intrinsic to each unit cell, making intermetallic
compounds excellent model systems for studying catalytic structure-
function correlations [16].

Innumerable bimetallic catalysts (both alloy and intermetallic) have
been examined for a large variety of chemistries and are often found to
outperform their monometallic counterparts. For example, Pd-Ag alloys
are the industrial standard for acetylene semi-hydrogenation in an
ethylene rich stream since the inclusion of Ag has a huge positive im-
pact on the ethylene selectivity compared to pure Pd [17]. Ni-Ga in-
termetallic catalysts have better selectivity during hydrogenation
[18–20] and improved ability for CO2 reduction to methanol and hy-
drocarbons [21,22] compared to pure Ni. Pt-Sn catalysts have excellent
hydrocarbon dehydrogenation ability for light alkanes [23–25]. Several
Pt-M catalysts are proposed as better formic acid dehydrogenation
catalysts since they have significantly lower selectivity to CO (in favor
of CO2) and are more active than Pt [26–29]. Pt-M catalysts show better
activity compared to Pt for the electrocatalytic reduction of oxygen and
serves as superior cathodes for low temperature fuel cells [30,31].

Of all bimetallic systems, one of the most widely studied are the M-
Zn materials where M is typically a d-block element such as Ni, Cu, Pt or
Pd. Zn can form a large number of alloys and intermetallics with most p-
and d-block elements and its inclusion can often improve catalytic
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performance for a wide range of chemistries. For example, Pd-Zn is one
of the most widely studied catalysts for methanol steam reforming [32].
Pd-Zn is also effective for partial methanol oxidation, methanol dehy-
drogenation, acetylene and butadiene semi-hydrogenation and ester
hydrogenation [33–37]. Ni-Zn catalysts find application for semi-hy-
drogenation [38], selective dehydrogenation [39], and other poten-
tially useful chemistries such as hydrazine oxidation [40] and synthesis
of 2,5 dimethylfuran [41]. Pt-Zn has been tested by Miura et al. to be a
more effective formic acid dehydrogenation catalyst than Pt [42].

Typically, all Zn based catalysts reported in literature are of the
form M3Zn (α phase) or M1Zn1 (β phase) [30,36,42–45]. The α-phase is
an alloy (random substituted solid solution) and is often visualized as
an FCC cell (similar to the majority element M) where one of the four
atoms in the unit cell is replaced by Zn [43,46] while the β-phase ty-
pically has a tetragonal unit cell and its active surface is modeled as
alternating M and Zn atoms [36,38,43,46]. However, Zn is also known
to form a very stable, Zn-rich, γ-brass phase with a wide range of cat-
alytically relevant metals (Fig. 1) which has received less attention in
the catalytic community [47]. This phase is an intermetallic and has a
large (∼0.9 nm) 52 atom unit cell which crystallizes as the I-43 m space
group. The unit cell is described as 2 interpenetrating 26-atom poly-
hedrons at (0, 0, 0) and (0.5, 0.5, 0.5) [48]. One such polyhedron is
illustrated in Fig. 1. The crystal structure has four symmetrically in-
equivalent lattice sites – inner tetrahedral (IT, multiplicity of 8/unit
cell), outer tetrahedral (OT, multiplicity of 8/unit cell), octahedral (OH,
multiplicity of 12/unit cell) and cuboctahedral (CO, multiplicity of 24/
unit cell) [48].

The γ-brass phase is thermodynamically stable and easily accessed
by traditional high temperature diffusion synthesis [50–53]. Despite
having obvious advantages such as exceptional composition control and
exclusion of support effects [54], the major drawback of this traditional
synthesis approach is that the particle size is typically on the order of

microns, and have a surface area of only ∼1m2/g. This low surface
area makes the materials unappealing for commercial catalytic appli-
cations. In this publication, we will demonstrate the γ-brass phase can
be synthesized at a catalytically-relevant particle size (d ≤ 10 nm) in a
supported form through a simple two-step approach.

Very few reports exist where the γ-brass phase has been accessed in
the form of catalytically relevant high surface area NPs [55,56] even
though it may have significant catalytic implications because of its
unique, periodic crystal structure and ability to create isolated (in-
cluding single atom [49]) active sites. For example, Spanjers et al. re-
ported the bulk Ni-Zn γ-brass phase is about twice as selective for
acetylene semi-hydrogenation as the corresponding β or α bulk phases
possibly due to an increase in the Ni-Ni distance in the crystal lattice
[38].

Cable and Schaak [55] synthesized the prototypical Cu5Zn8 γ-brass
NPs with a bimodal particle size distribution with the majority of the
metal mass forming relatively large particles (∼70 nm). A notable
disadvantage of this synthetic protocol is that an initial (nominal)
composition of Cu:Zn=1:8 is required to obtain a final composition of
Cu:Zn=5:8; there was no logical explanation for this stoichiometric
mismatch. This clearly highlights colloidal synthesis approaches lack
generality for extension to other M-Zn γ-brass bimetallic systems. On
the other hand, using a traditional bulk synthesis approach, Mukho-
padhyay et al. [56] synthesized a large Cu5Zn8 ingot from a stoichio-
metric starting composition and optimized the subsequent ball milling
step. However, utilizing this approach, the particle size could not be
reduced below ∼150 nm even after several days of ball milling. To our
knowledge, no literature is available regarding the synthesis of Pd-Zn or
Ni-Zn γ-brass phase as supported NPs. It was found that even when a
sufficiently large Zn source is present to stoichiometrically form the γ-
brass phase only the β phase could be achieved for both Pd-Zn
[36,37,55,57,58] and Ni-Zn [44,45] through established synthesis

Fig. 1. (top) Elements which form γ-brass phase with Zn
(marked in blue). (bottom) Illustration of the sites in the γ-
brass structure: inner tetrahedral (IT, red), outer tetra-
hedral (OT, blue), octahedral (OH, green), and cubocta-
hedral (CO, orange). Reprinted with permission from re-
ference [49], copyright 2017, American Chemical Society.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)
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approaches.
In the current paper, we introduce a simple yet effective approach to

reliably access γ-brass phase NPs supported on silica. We demonstrate
the same synthesis principle extends to three different M-Zn systems:
Pd-Zn, Ni-Zn and Cu-Zn. Our synthesis bears conceptual similarities
with the methods introduced by Miura et al. [42] and (to a lesser ex-
tent) Onda et al [59] (see Section S1 for comparison). However, to our
knowledge this work represents the first successful synthesis of silica-
supported M-Zn γ-brass catalysts through a generalized approach. We
have not extended the current work to other refractory or reducible
oxides; therefore, the application of our approach may potentially be
limited to silica. The reactivity difference between Zn with M versus the
support will dictate the success, and therefore extension of the method
to other supports.

Of the three M-Zn systems examined in this work, we focused a
majority of our efforts on the Pd-Zn system since it yielded the smallest
γ-brass particles and has the highest catalytic relevance of the three
synthesized M-Zn intermetallics. We present a parametric study of the
various synthesis parameters to reduce the Pd-Zn particle size to< 10
nm, close to the state-of-the-art for such well-defined intermetallic
nanocrystals [16].

2. Experimental section

2.1. Synthesis of M-Zn/SiO2 γ-brass NPs

2.1.1. Step 1: synthesis of M/SiO2 NPs
A SiO2 (Sigma Aldrich, Davisil Grade 62, 60–200 mesh) supported

monometallic catalyst was synthesized initially through two different
synthesis techniques – dry impregnation (DI) and strong electrostatic
adsorption (SEA). For DI, an aqueous solution of the appropriate pre-
cursor (ammonium tetrachloropalladate ((NH4)2PdCl4, Alfa Aesar),
tetraaminepalladium chloride (Pd(NH3)4Cl2, Alfa Aesar), copper sul-
phate hemipentahydrate (CuSO4·2.5H2O, Sigma Aldrich), nickel nitrate
hexahydrate (Ni(NO3)2·6H2O, Sigma Aldrich) or iridium trichloride
(IrCl3, Sigma Aldrich)) was added dropwise to the silica gel along with
periodic mixing until the powder attained a wet clay texture (i.e., in-
cipient point) and then dried (in static air) for 40min at 110 °C. The
concentration of the solution was intentionally made such that this
process needed to be repeated 3× to reach the desired loading (5% or
9%). The relatively high weight loading allows for easy characterization
and confirmation the desired phase-pure γ-brass phase NPs formed.
After impregnation, samples were dried overnight at 110 °C in static air
and then calcined and reduced (∼150mL/min) in a tube furnace
(Thermo Scientific) according to one of the following two protocols:

Protocol 1: Calcined in ultra-zero air (Praxair) for 5 h at 700 °C fol-
lowed by reduction in hydrogen (5% in Ar, Praxair) for 2 h at the same
temperature. A slow heating ramp of 1 °C/min up to the set point of
700 °C was used.

Protocol 2: Calcined in ultra-zero air (Praxair) for 5 h at 400 °C fol-
lowed by reduction in 5% hydrogen for 2 h at 250 °C. A heating ramp of
∼1.7 °C/min was utilized to reach the set point of 400 °C. The furnace
was naturally cooled from 400 °C to 250 °C after the calcination step.

Unless otherwise mentioned Protocol 1 has been used in this
manuscript.

For SEA synthesis, tetraaminepalladium chloride was used as the
precursor and the pH of the aqueous solution was adjusted to ∼11
before addition of the support [60]. The pH was maintained by drop-
wise addition of either 0.5 or 1.5M NaOH solution and measured with a
calibrated pH meter (Thermo Scientific). We pretreated catalysts syn-
thesized by the SEA method using Protocol 2.

2.1.2. Step 2: Zn Inclusion to form γ-brass M-Zn silica-supported catalysts
The material (M/SiO2) prepared in Step 1 is mixed with a stoi-

chiometric amount (Pd:Zn= 0.19 atomic ratio) of metallic Zn (Alfa
Aesar, 99.9%) and loaded in alumina crucibles (LSP Ceramics). The

crucibles are plugged with a small amount of quartz wool (Technical
Glass Products) and placed inside homemade quartz ampoules.
Ampoules were evacuated to ∼50 mTorr and sealed using a flame
torch. The evacuated ampoules are then heated to 750 °C in a box
furnace (Thermo Scientific Lindberg Blue M) for 12 h (unless otherwise
mentioned, see Section 3.2). The choice of temperature is standard for
thermal diffusion based bulk synthesis and provides a sufficiently large
Zn vapor pressure (Figure S1) for sufficient Zn inclusion into M
[38,49–51,53,61–63]. The materials thus synthesized are directly
characterized without any further processing (calcination, reduction,
etc.).

A Pd-free catalyst was prepared to provide an estimate for back-
ground reactivity during ethylene hydrogenation. Zn powder was
added to as-purchased silica gel followed by heating for 72 h at 750 °C
under vacuum (similar to Step 2). The ratio of silica to Zn was identical
to that used for the 5% Pd/SiO2 sample.

2.2. Synthesis of bulk Pd-Zn materials

Bulk Pd-Zn materials were synthesized as reference materials for x-
ray absorption spectroscopy (XAS) analysis. We synthesized Pd10Zn42
(γ-brass) and PdZn (β) by heating stoichiometric amounts of metallic Pd
(99.99% Alfa Aesar) and Zn granules (99.99% Sigma Aldrich) under
vacuum at 750 °C for 24 h in the same set-up as the Step 2 of our NP
synthesis. The resultant ingots were ground to powder in a Spex Sample
Prep ball mill for 2 h under N2 atmosphere and using Vertrel XF
(Dupont) as a fluidizing agent. After milling, the materials were an-
nealed under vacuum at 500⁰C for 3 days. X-ray diffractograms in
Figure S2 provide evidence the desired phases were synthesized by the
solid-state diffusion approach.

2.3. Characterization

2.3.1. X-ray Diffraction (XRD)
X-ray diffraction of the synthesized materials were performed on a

PanAnalytical Empyrean instrument using Cu Kα radiation. The full
experimental conditions are available in a previous publication from
our group [49].

2.3.2. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-
OES)

Elemental Analysis was performed on an Agilent 700 series ICP-
OES. The samples (∼10-15mg each) were dissolved in 1.8 mL HF and
3mL freshly prepared aqua regia and the resultant solution was diluted
to 16mL in DI water prior to analysis. ICP-OES was performed on the
M/SiO2 materials (to calculate the required amount of Zn for Step 2 of
the synthesis) and the synthesized bimetallics. The instrument was ca-
librated before each experiment with pure metal standards (1 mg/mL,
High Purity Standards). Standards of different concentrations were
prepared by diluting the commercial stock solutions with a known
amount of DI water. The linear regression of the standard calibration
curves were used to calculate the metal concentration(s) of the syn-
thesized (acid digested) samples.

2.3.3. Transmission Electron Microscopy (TEM) and Scanning
Transmission Electron Microscopy-Energy Dispersive Spectroscopy (STEM-
EDS)

Both TEM and STEM-EDS was performed on a FEI Talos microscope
with an acceleration voltage of 200 kV. The samples were suspended in
ethanol via sonication and then drop-cast on a Cu (or Mo when mea-
suring Cu samples) grid. The sample-loaded grid was air dried over-
night at room temperature and then further dried at 110 °C for
∼20min. For estimation of the average particle size and corresponding
distribution, ∼100 particles were counted in each case. The Fiji soft-
ware package was used for this purpose [64].
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2.3.4. CO Chemisorption
CO (99.99%, Airgas) chemisorption experiments were performed on

a Micromeritics ASAP 2020 at 35 °C. For chemisorption experiments,
Pd/SiO2 (100mg) and Pd-Zn/SiO2 (250mg) were dried at 120 °C for 2 h
in He (UHP, Praxair) and then reduced at 250 °C for 5 h in H2 (UHP,
Praxair) in-situ. The reason for using a larger mass in case of the bi-
metallic sample is the anticipation that the particle size increases upon
Zn inclusion resulting in a dilution of the surface Pd by Zn. The irre-
versible amount of CO chemisorbed onto the surface was determined as
the difference in the CO uptake between the first (chemisoption+
physisorption) and the repeat analysis (physisorption). A Pd:CO ratio of
1:1 is assumed to estimate the particle size from the irreversible uptake
of CO [65].

2.3.5. X-ray Absorption Spectroscopy (XAS)
XAS experiments were performed at the Advanced Photon Source,

Argonne National Laboratoryusing beamlines – 20-ID-B, 9-ID-B or 10-
ID-B MRCAT. All spectra were collected by hand pressing the sample,
appropriately diluted in silica or boron nitride (measurement of each
sample and each edge required different amounts of dilution because of
the difference in the metal loading), in a standard cylindrical “6-
shooter” holder. Data was collected in transmission at both the Pd
Kedge (24350 eV) and Zn K edge (9659 eV) with reference foils used for
edge alignment. For each edge, data was typically acquired ∼200 eV
before the edge jump and up to ∼1000 eV post-edge. The experimental
data was analyzed using the Demeter software package [66,67] while
employing a simultaneous fit of the k, k2 and k3 weighted Fourier
transforms. Full details of the fitting procedure are provided in Section
S3 of the Supporting Information.

2.3.6. X-ray photoelectron spectroscopy (XPS)
XPS experiments were performed using a Physical Electronics

VersaProbe II instrument equipped with a monochromatic Al Kα x-ray
source (hν=1486.7 eV) and a concentric hemispherical analyzer.
Charge neutralization was performed using both low energy electrons
(< 5 eV) and Ar ions. The binding energy axis was calibrated using
sputter cleaned Cu (Cu 2p3/2= 932.62 eV, Cu 3p3/2= 75.1 eV) and Au
foils (Au 4f7/2= 83.96 eV) [68]. Peaks were charge referenced to CHx

band in the C 1 s spectra at 284.8 eV. Measurements were made at a
takeoff angle of 45° with respect to the sample surface plane. Quanti-
fication was done using instrumental relative sensitivity factors (RSFs)
that account for the x-ray cross section and inelastic mean free path of
the electrons.

2.4. Catalytic ethylene hydrogenation (Proof of catalytic activity)

Ethylene hydrogenation is a sensitive probe reaction to demonstrate
the modified (relative to Pd) catalytic behavior of the bimetallic Pd-Zn
catalyst. γ-brass Pd-Zn/SiO2 (15mg, synthesized by SEA, calcination/
reduction by Protocol 2) and 5% Pd/SiO2 (13mg of an approximately
homogenous mixture of 5mg Pd/SiO2 and 1260mg SiO2) were reduced
at 200 °C for 4 h in hydrogen (UHP) in a fritted tubular flow reactor
(10mm I.D., ChemGlass) and then held at that temperature for 20min
under He (UHP) to preclude effect of potential hydride formation on
reaction kinetics.

The catalyst was cooled under He to the desired reaction tempera-
ture and equilibrated for 30min before introduction of reactants. The
reactant stream consisted of a mixture of ethylene (250 Torr, 99.99%,
Praxair), hydrogen (250 Torr) and balance He. The total volumetric
flow rate maintained by Tylan mass flow controllers was 30mL/min.
The effluent gas was analyzed online with an Agilent 7890 GC fitted
with a GS-Alumina PLOT column (d=0.5mm, l=30m length). For
each catalyst, an Arrhenius plot was constructed in the temperature
range 30–45 °C. Differential conversion (< 10%) is ensured in each
case. The first point is repeated at the end of the experiment to ensure
the catalyst did not change over the course of the study.

During synthesis of the γ-brass Pd-Zn catalyst, we identified the
formation of a Zn2SiO4 impurity (see Section 3.1 and 3.2). In order to
confirm the measured reactivity for the hydrogenation of ethylene
originates from Pd-Zn, we synthesized a sample containing only
Zn2SiO4-ZnO supported on SiO2 and tested its ethylene hydrogenation
activity under the same reaction conditions mentioned above.

3. Results and discussion

3.1. Proof of synthesis of supported, phase-pure γ-brass NPs

We demonstrate the ability to synthesize phase-pure Pd-Zn γ-brass
NPs through the method introduced above by initially focusing on the
production of large NPs to enable more facile characterization and
unequivocal identification of the γ-brass phase. Since our approach
includes Zn addition to a preformed Pd particle, we intentionally used
large(r) Pd NPs supported on silica to ensure we synthesized com-
mensurately large Pd-Zn/SiO2 NP (see section S2). We used a nominal
Pd loading of 9 wt. % Pd/SiO2 (determined to be 8.34% by ICP-OES)
synthesized using ammonium tetrachloropalladate as the Pd precursor.
After the inclusion of Zn, we initially characterized the supported cat-
alyst by XRD (Fig. 2a). It is immediately obvious all Pd peaks from the
Pd/SiO2 starting material disappeared (Fig. 2a) and a completely un-
ique phase formed due to the inclusion of Zn. The only crystalline phase
detected after synthesis is the γ-brass Pd-Zn phase; the diffraction peaks
for the γ-brass phase are sharp and well defined due to the large size of
the Pd-Zn nanoparticles. As further confirmation, fast Fourier transform
of the HR-TEM in Fig. 2b and c revealed the crystalline nature of the as-
synthesized NPs. The diffraction spots can be indexed to the γ-brass Pd-
Zn phase with the brightest spot corresponding to the (330) plane (d
=0.211 nm), consistent with the highest intensity XRD peak at 2θ
∼42°.

The particle size distribution is unimodal having an average dia-
meter of∼ 40 nm with a few significantly larger agglomerated particles
identified (Fig. 2d). STEM-EDS (Fig. 2e) was utilized to identify the
compositional distribution on a single particle basis. Fig. 2f demon-
strates very little spread in the Pd:Zn ratio with the majority of the
individual particles falling within the compositional bounds of the γ-
brass phase (marked by black lines on Fig. 2f, Pd-Zn phase diagram
presented in Figure S3). A STEM-EDS linescan (Figure S4) was per-
formed along an arbitrarily chosen particle and the Pd:Zn ratio re-
mained nearly constant along the entire diameter of the particle (d ∼
36 nm) supporting our XRD results that complete alloying has been
achieved with no significant core-shell formation in the NPs. XRD failed
to detect any impurity phases, but we detected a small amount of
Zn2SiO4/ZnO in the form of highly dispersed particles on the support by
STEM-EDS. Based on STEM-EDS quantification it is estimated to be
∼0.5mol % with respect to SiO2 (Figure S5). There is no evidence from
TEM observations (Fig. 2b) to suggest these Zn2+ impurities nucleate
around or envelope the Pd-Zn particles. The Zn2SiO4 phase appears to
be the result of a distinct side reaction between metallic Zn and the
support which is significantly less favorable than the Pd alloying step
since the majority of the Zn is included into Pd-Zn γ-brass phase. If a
majority of the Zn preferred to either react with the SiO2 or evaporate,
we would not have achieved phase pure γ-brass NPs since we started
with a stoichiometric amount of metallic Zn.

XAS can provide strong evidence of alloying as well as its catalyti-
cally relevant consequences — geometric and electronic effects. Table 1
summarizes the value of derived parameters describing the fitted
EXAFS data (fits presented in Figure S6). The details of the fitting
technique are presented in Section S3. Table 1 clearly demonstrates the
γ-brass phase Pd-Zn has significantly lower Pd-Pd coordination in
comparison to the Pd-Zn β-phase indicating the possibility of extreme
Pd site-isolation in an inert Zn matrix.

Fig. 3 shows a comparison of the Pd K-edge XANES spectra of the
bulk γ‒Pd10Zn42, γ-Pd-Zn/SiO2, β-PdZn and a Pd foil. The bimetallic
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samples show strong perturbations from the Pd foil, indicating the
formation of an alloy. The broadening of the features beyond the edge
are also signatures of the hybridization changes (so called “electronic
effect” [7]) in the bonding commonly associated with alloying [69].
Furthermore, the spectra of the supported γ-Pd-Zn/SiO2 lies directly on
γ‒Pd10Zn42, strongly suggesting the supported material is of the same
phase as the bulk material.

XPS was performed on the freshly prepared Pd-Zn/SiO2 γ-brass
material (Figure S7). Both Pd and Zn are present on the surface, but it is
relatively enriched in Zn ((Pd:Zn)surface∼1:12, (Pd:Zn)bulk ∼ 1:5).
There may be different explanations for this apparent surface segrega-
tion. Our XPS instrument has no in-situ sample treatment with high

vacuum sample transfer capability. As a result, samples were exposed to
air which may have resulted in enriching the surface with Zn. Further,
the Pd signal is quite small and suffers from interference with the much
stronger O 1 s signal making accurate quantification difficult. In any
case, it is well-known that surface composition may vary significantly
under different reactive environments [70–73] and hence is not an
intrinsic property of the catalyst, but should be evaluated under specific
situations using highly specialized equipment such as Ambient Pres-
sure-XPS (as discussed in the publications sited above). The Pd 3d5/2
peak is seen to be shifted by ∼0.6 eV (to 335.7 eV) relative to the

Fig. 2. (a) XRD pattern of γ-brass Pd-Zn/SiO2 (black) and parent 9% Pd/SiO2 before Zn inclusion (blue), (b) HR-TEM image, (c) FFT of HR-TEM image with the
brightest spots indexed, (d) particle size distribution determined through TEM, (e) STEM-EDS elemental mapping of NPs and (f) individual particle Pd:Zn atomic ratio
determined by STEM-EDS of as-synthesized γ-brass Pd-Zn/SiO2 described in Section 3.1. All sharp XRD features in (a) match the γ-brass crystal structure. The spots in
(c) match with the Pd-Zn γ-brass phase in terms of d-spacing reported in the ICDD PDF4 database. The two black lines in (f) indicate the compositional bounds
(15.4–24 at% Pd, [47]) of the Pd-Zn γ-brass phase while each blue circle represents the composition of an individual NP. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Fitted EXAFS parameters (coordination numbers interatomic distances and
Debye Waller factors) for the bulk and NP Pd-Zn materials.

γ‒Pd10Zn42 γ-Pd-Zn/SiO2 β‒PdZn

CNa Pd-Zn 10.0 ± 0.9 9.4 ± 1.3 7.9 ± 0.3
CN Zn-Pd 3.6 ± 0.2 2.4 ± 0.3 7.9 ± 0.3
Rb Pd-Zn 2.63 ± 0.01 2.63 ± 0.01 2.61 ± 0.002
σ2c Pd-Zn 0.010 ± 0.001 0.011 ± 0.001 0.008 ± 0.0003
CN Pd-Pd 0.6 ± 0.5 1.0 ± 0.8 4.2 ± 1.1
R Pd-Pd 2.95 ± 0.02 2.95 ± 0.03 2.87 ± 0.01
σ2 Pd-Pd 0.003 ± 0.003 0.006 ± 0.005 0.015 ± 0.003
CN Zn-Zn 5.1 ± 0.7 5.3 ± 1.9 2.5 ± 1.0
R Zn-Zn 2.64 ± 0.01 2.65 ± 0.01 2.90 ± 0.01
σ2 Zn-Zn 0.010 ± 0.001 0.016 ± 0.004 0.010 ± 0.003
CN Pd total 10.6 ± 1.4 10.4 ± 2.1 12.1 ± 1.4
CN Zn total 8.7 ± 0.9 7.7 ± 2.2 10.4 ± 1.3
E0 Pd 0.95 ± 1.0 0.45 ± 1.7 −3.3 ± 0.6
E0 Zn 0.93 ± 0.4 0.64 ± 0.8 2.2 ± 0.3

a Coordination number.
b Interatomic distance in Å.
c Debye Waller factor.

Fig. 3. XANES spectra of Pd foil (magenta line), Pd-Zn/SiO2 γ-brass NPs (black
dash line), bulk γ-Pd10Zn42 (red line) and bulk β-PdZn (blue line). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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standard Pd foil (335.1 eV). This shift does not overlap with either the
formation of a Pd oxide (336.1–336.5 eV for PdO and 337.7–338.3 eV
for PdO2) or a Pd-Si compound (336.1–337 eV) [74] and hence may be
attributed to an electronic effect of Zn alloying to Pd, consistent with
our previous XANES experiments.

3.2. Effect of synthetic parameters on final bimetallic particle size

Our synthesis approach is a sequential combination of two well-
known techniques – support impregnation with a metal precursor so-
lution followed by a high temperature diffusion step to introduce Zn
into pre-formed Pd NPs. This provides two distinct directions for
parametric optimization as discussed below.

3.2.1. Control of Pd-Zn particle size based on parametric variation during
the synthesis of Pd/SiO2 (Step 1)
3.2.1.1. Metal loading. In this section, we examined the impact of metal
loading on the final size of the Pd-Zn γ-brass phase NPs. We synthesized
nominally 5% Pd/SiO2 (actual weight loading of 4.4% by ICP) by DI
using ammonium tetrachloropalladate. Protocol 1 was followed for the
calcination-reduction steps for comparison with the 9% Pd/SiO2

catalyst which previously served as a proof-of-principle material that
nanoscale Pd-Zn γ-brass particles can form by our sequential synthetic
approach. We added a stoichiometric amount of Zn and followed the
high temperature synthesis (Step 2) procedure previously outlined. The
synthesized material is phase pure Pd-Zn γ-brass as determined by XRD
(Figure S8). We found the Pd-Zn particle size decreased as the Pd metal
loading in the parent Step 1 material is reduced from 9 to 5% (note that
if the Pd loading in the Step 1 material is reduced, the amount of Zn
added in Step 2 is also proportionately reduced to maintain
stoichiometric Pd:Zn ratio in each case). In particular, the Pd-Zn
average diameter was ∼40 nm when the Pd loading in the
monometallic Step 1 material was 9% but the bimetallic particle size
reduced to ∼25 nm for the nominally 5% Pd/SiO2 catalyst.

The as-synthesized 5% Pd/SiO2 (synthesized by either DI or SEA)
represents our standard catalyst (prepared according to the Step 1
preparation procedure) followed by impregnation with a stoichiometric
amount of Zn. The reason for this is the weight loading of 4.3 wt. %
(actual) of Pd was the maximum achievable with SEA which is im-
portant for comparison with catalysts synthesized by DI, a synthesis
approach not weight loading limited.

3.2.1.2. Pd precursor. We studied the influence of the Pd precursor on
the synthesis of the Pd-Zn γ-brass phase and the resulting Pd-Zn
bimetallic particle size distribution. Tetraaminepalladium chloride
was substituted for ammonium tetrachloropalladate to synthesize a
5% Pd/SiO2 through DI (calcination-reduction according to Protocol 1)
followed by the inclusion of Zn. XRD revealed the γ-brass phase is the
only bimetallic phase present, while TEM analysis revealed there is no
significant effect of Pd precursor on the particle size. Fig. 4
demonstrates the particle size distribution of the 5% Pd/SiO2 and the
corresponding Pd-Zn/SiO2 samples synthesized using
tetraaminepalladium chloride as the Pd precursor.

For the remainder of this sub-section, we utilize tetra-
aminepalladium chloride as the Pd precursor since a Pd cation (rather
than anion) source is mandatory to impregnate SiO2 at high pH by SEA
[60]. Although, we demonstrated the choice of Pd precursor has no
influence on the final particle size distribution of the bimetallic Pd-Zn,
we opted to use the same precursor throughout the remainder of the
parametric study to enable direct comparison between catalysts syn-
thesized by the different methods.

3.2.1.3. Calcination-reduction protocol. We examined the influence of
the calcination-reduction protocol on the size of the bimetallic Pd-Zn
particles. As expected, we found the lower pretreatment temperatures
in Protocol 2 (compared to Protocol 1) yielded smaller monometallic Pd

particles in Step 1 and bimetallic Pd-Zn γ-brass particle after Step 2
(Fig. 4). The average Pd-Zn particle size from Protocol 2 is ∼14 nm
compared with ∼25 nm for Protocol 1. Zn2SiO4 (willemite) diffraction
peaks became much more prominent when Protocol 2 is used for the
calcination-reduction of the parent Pd/SiO2 compared to Protocol 1
(see below for more details) even though clear γ-brass peaks are visible
(Figure S8). No other peaks (Pd, Zn, ZnO or Pd-Zn bimetallic phase) are
identified in the diffractogram.

3.2.1.4. Method of Pd impregnation on SiO2. As the final parametric
variation in Step 1, we used SEA instead of DI to synthesize the parent
Pd/SiO2 catalyst. As previously mentioned, the nominal loading of Pd is
5 wt. %, tetraaminepalladium chloride is used as the Pd precursor and
Protocol 2 is used for the calcination-reduction pretreatment. The
particle size for the parent Pd/SiO2 synthesized by SEA is ∼ 6 nm.
After the inclusion of Zn, we found the final average particle size
increased to ∼8 nm, a substantial reduction in particle size compared
to DI-synthesized Pd/SiO2 with a similar Pd loading.

XRD revealed the presence of distinct Zn2SiO4 (willemite) peaks as
the only impurity phase (Figure S8), having similar intensity to the
previous case (Step 1 – 5% Pd/SiO2 material synthesized by DI and
calcined and reduced according to Protocol 2 prior to Zn impregnation).
STEM-EDS suggests Zn2SiO4 peaks originate from a few very large
Zn2SiO4 particles formed on the support (Figure S8) during synthesis
rather than an increase in the concentration of the finely dispersed
Zn2SiO4 particles mentioned in Section 3.1.

Figs. 5a and b demonstrate the particle size distribution is much
improved (with almost no agglomerated particles) compared to all
previous syntheses. Fig. 5c demonstrates at the single particle level, the
Pd:Zn ratio measured by STEM-EDS falls within the compositional
bounds of the γ-brass phase. This further confirms Zn trapped as
Zn2SiO4 represents a relatively small fraction of the total Zn (because
we started with a stoichiometric amount of Zn) added, but appear as
prominent peaks because of large particle size and the biased nature of
XRD towards larger crystallite size.

The monometallic Pd particle size has a significant effect on the
final bimetallic particle size. The final bimetallic particle size can be
predicted based on simple mass balance arguments (Supporting
Information section S2). However, there is a 5–20% discrepancy be-
tween theoretical and experimental values (Table S1) and the % dis-
crepancy becomes more positive (theory overestimates actual value) at
smaller particle size. At this point the exact reason for this behavior is
unknown but it may arise from partial violation of our assumptions
while calculating the theoretical value (particle is spherical and there
are no crystal defects, see footnote “b” in Table S1). It is also note-
worthy that our particle size distribution always has considerable
spread (with a long ‘tail’ towards higher diameters compared to a
Gaussian distribution) possibly due to high temperature agglomeration
induced by the high temperatures required for Zn inclusion.

Optimal synthesis of monometallic NPs has been a focus of research
for many years now and this experience can be directly translated into
our synthesis approach to further optimize the average diameter and
particle size distribution of bimetallic NPs. However, in this context,
there is likely a particle size limit below which the γ-brass phase cannot
be achieved. Calculations by Mukhopadhyay et al. [56] demonstrated
the Cu5Zn8 γ-brass crystal structure is thermodynamically unfavorable
(based on free energy of formation arguments [75]) below a crystallite
size of 8 nm. We observed our synthetic approach is also sensitive to
particle size. By SEA, we synthesized a parent 2.5% Pd/SiO2 with an
estimated (by CO chemisorption) average particle diameter of ∼ 3 nm.
Upon addition of a stoichiometric quantity of Zn to form the γ-brass
phase and heating at 750 °C for 12 h, the XRD pattern revealed β-phase
Pd-Zn was the only bimetallic phase present. Zn2SiO4 peaks were also
detected but no unreacted monometallic Zn or Pd peaks could be
identified. This observation is qualitatively consistent with the existing
literature since the numerous approaches reported for the synthesis of
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Pd-Zn invariably use small (sometimes even single atom) Pd particles
and consistently form the β-phase even when sufficient Zn is provided
to access the γ-brass phase (also see Section S1) [36,37,57,58]. It is also
consistent with our observation that larger Zn2SiO4 agglomerates form
as the diameter of the parent Pd particle (in Step 1) decreases below
∼10 nm suggesting Zn integration into the Pd NPs is dependent upon
Pd particle size. If the particle size is below a certain threshold dia-
meter, the side reaction of Zn with the support begins to compete with
the formation of the γ-brass phase.

3.2.2. Influence of vacuum heating (diffusion) time after Zn addition (Step
2)

In this section, we determine the mechanism of γ-brass phase for-
mation and the time required to transform Pd/SiO2 into the inter-
metallic Pd-Zn γ-brass phase. Two pathways (direct and sequential) are
possible for the synthesis of the γ-brass phase.

Path 1: Pd+Zn → Pd-rich alloy (∼Pd3Zn) + Zn → β-phase (∼Pd1Zn1)
+ Zn → γ-phase (∼Pd2Zn11)

Path 2: Pd+Zn → γ-phase

Fig. 4. (top) Particle size distribution for (a) 5% Pd/SiO2 treated using Protocol 1 and (b) the corresponding Pd-Zn/SiO2 γ-brass catalyst. (bottom) Particle size
distribution for (a) 5% Pd/SiO2 treated using Protocol 2 and (b) the corresponding Pd-Zn/SiO2 γ-brass catalyst. The monometallic particle size histograms are colored
green with black patterning while the bimetallic particle size histograms are colored solid red. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. (a) TEM image, (b) particle size distribution and (c) individual particle-by-particle STEM-EDS determined composition of γ-brass Pd-Zn/SiO2 using the parent
5% Pd/SiO2 synthesized by SEA. Black lines in (c) indicate the compositional bounds of the Pd-Zn γ-brass phase [47].
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Since we require the ability to unequivocally identify the γ-brass
phase and estimate its purity, we utilized the 9% Pd/SiO2 sample (re-
ported in Section 3.1) to ensure sharp and distinct XRD peaks can be
identified and characterized. We used four different heating times
(12 h, 6 h, 3 h and ½ h at a constant temperature of 750 °C) for the
inclusion of Zn in Pd/SiO2 (Step 2). Phase-pure γ-brass Pd-Zn NP for-
mation was confirmed by XRD for the samples heated for 3–12 h. There
does not appear to be any significant change in the peak shape due to
the increased heating time (Fig. 6a), indicating 3 h is sufficient to obtain
phase-pure γ-brass Pd-Zn NPs. For a heating time of ½ h, the peaks are
distinctly broader (indicating crystal disorder/defect) but can still be
indexed to the γ-brass phase. However, a ZnO peak is clearly visible as
indicated in Fig. 6b. Considering the extreme oxophilic nature of Zn,
this ZnO peak likely represents unconsumed metallic Zn which was
oxidized upon exposure to ambient.

Fig. 6c shows the variation in the Pd:Zn ratio as a function of the
time for high temperature (750 °C) Zn inclusion. The ICP-determined
(blue points) Pd:Zn ratio increases (from a starting value of 0.19) with
time, indicative of a small amount of Zn loss due to evaporation. The
average composition (15–20 particles) of the bimetallic particles were
also determined for the two extreme cases using STEM-EDS (red
points)1. In the sample heated for 12 h, ICP and STEM-EDS determined
compositions are nearly identical indicating most of the Zn is in-
corporated in the bimetallic particles leaving only a very small fraction
of Zn to form silicates or oxides. However, for the sample heated only
for a ½ h, there is a substantial difference between the composition
determined by ICP-OES and STEM-EDS. The significantly higher Pd:Zn
ratio (Fig. 6c) of the STEM-EDS (red data point) compared to the ICP
(blue data point) indicates a substantial amount of Zn is present on the
sample but not incorporated into the Pd NPs. Fig. 6d provides visual
confirmation of two adjacent particles with very different composition.
The particle on the left has a higher than average ICP-determined Pd:Zn
ratio (but within the bounds of γ-brass phase), while the second particle
contains no Pd and is likely ZnO. However, it should be noted that all
points (red and blue) in Fig. 6c lies well within the compositional
bounds of the γ-brass phase (15.4–24 at% Pd). The above experimental
evidence, particularly given that solid-state high temperature diffusion
is a rather slow process, suggests Path 2 is dominant. However, the
kinetics appears to be too fast and does not allow us to rigorously study
the synthesis mechanism by the current ex-situ approach.

The average particle size and the corresponding distribution for the
12 h and 1/2 h samples were examined by TEM. Interestingly, the time
for high temperature Zn inclusion has little influence on particle size
(Figure S9) of the γ-brass NPs indicating no significant sintering oc-
curred during the high temperature Zn inclusion step (Step 2). Our
results suggest the size of the NPs is solely determined by the initial size
of the Pd/SiO2 seed particles (Step 1) and there is a particle size
threshold required for the formation of the γ-brass phase. The formation
of the γ-brass phase is facile and can be completed within 3 h at 750 °C
with high phase purity and crystallinity if the diameter of the initial
monometallic Pd particle is above a threshold size.

3.3. Proof of catalytic active site modification after Zn inclusion

The combination of characterization techniques prove the inclusion
of Zn into the supported Pd NPs results in a change in the bulk crystal
structure of the NPs due to the formation of the γ-brass phase. In this
section, we probe the effect of Zn inclusion on the catalytic behavior.

The catalytic surface is first probed through a comparison of CO ad-
sorption on the parent Pd/SiO2 and the corresponding Pd-Zn/SiO2

catalysts. The 5% Pd/SiO2 catalyst synthesized by SEA and its corre-
sponding γ-brass bimetallic were used for this study since they contain
the smallest monometallic and bimetallic NPs, respectively. Fig. 7a and
S10a demonstrates appreciable CO uptake on the monometallic cata-
lyst. The particle size determined by chemisorption is estimated to be
∼7.5 nm, in good agreement with our TEM determined particle size of
6 nm. The discrepancy may be attributed to our choice of 1:1 Pd:CO
binding stoichiometry [65,76]. However, for Pd-Zn/SiO2, we found
negligible uptake of CO (Fig. 7a and S10b). This observation establishes
Zn inclusion has significantly modified the catalytic active site. Pre-
viously Zhou et al. [36] and Meyer et al. [6] used DFT calculations to
show the CO adsorption enthalpy decreases by ∼100 kJ/mol on Pd-Zn
(β-phase) compared to Pd. Experimental evidence also demonstrates
chemisorbed CO desorbs from a Pd-Zn alloy surface at temperatures as
low as −73 °C [77,78] compared to about 120 °C on Pd/SiO2 [79]. Our
material contains significantly more diluted (in Zn) Pd sites and much
greater Pd site isolation (see EXAFS data in Table 1) than the Pd-Zn
materials cited above and a complete suppression of CO adsorption may
be considered strong evidence of surface alloying with respect to Pd (no
Pd shell, no finely dispersed non-alloyed Pd NPs). However, this result
does not confirm the presence of exposed surface Pd (a Zn or ZnO shell
will give the exact same data for CO chemisorption).

We employed low temperature (< 45 °C) ethylene hydrogenation as
a probe reaction to identify the presence of Pd on the surface of the
intermetallic NPs. Ethylene hydrogenation is facile on Pd but not cat-
alyzed by Zn (or ZnO) at low temperatures and serves as a highly
sensitive probe to identify the presence of Pd on the catalyst surface.
Further, ethylene hydrogenation is famously insensitive to nanoscale
structure (particle size and shape) [80–82] and hence a kinetic com-
parison (turnover frequency (TOF) or apparent activation energy) be-
tween Pd/SiO2 and Pd-Zn/SiO2 can be directly interpreted as the effect
of Zn alloying and isolation of Pd active sites in an inert Zn matrix. In
our study, the Pd/SiO2 material had to be severely diluted
(∼4000 ppm) to maintain differential conversion and it is likely that
despite our best efforts some heterogeneity existed. Therefore we used
Arrhenius plots (Fig. 7b) and apparent activation barriers (which are
insensitive to metal loading, dispersion and catalyst amount) for com-
parison of the Pd and Pd-Zn materials (instead of TOF). On pure Pd, the
apparent activation energy is 38 kJ/mol, consistent with literature [83].
In contrast, the Pd-Zn γ-brass catalyst has a barrier of 63 kJ/mol clearly
indicating the catalytic capabilities of Pd are modified (rather than lost)
with Zn inclusion. This modification is likely due to changes in the
catalytic active site through geometric and electronic effects identified
through XAS and XPS experiments [6].

The evidence presented above clearly establishes at least the aca-
demic utility of these materials in better understanding the effect of Zn
inclusion and the role of Pd site-isolation in many commercially im-
portant catalytic reactions [16,32]. However, such specific catalytic
studies are beyond the scope of this current paper.

4. Extension to additional γ-brass phases: Ni-Zn, Cu-Zn and Ir-Zn

Our two-step synthesis technique was extended to other catalyti-
cally relevant M-Zn systems with the ambition of synthesizing the
corresponding γ-brass phase NPs. We used 9% Ni/SiO2 (d ∼ 48 nm) or
Cu/SiO2 (d ∼ 38 nm, DI, Protocol 1) as the Step 1 material. The
synthesis was successful for both Ni-Zn and Cu-Zn as the γ-brass phase
was the only bimetallic phase formed with a very small amount of
Zn2SiO4 identified as an impurity in Ni-Zn (Fig. 8a). The average par-
ticle size was significantly larger compared to the corresponding Pd-Zn
case (as discussed in Section 3.1). For Cu-Zn, the particle size was es-
timated to be ∼50 nm, while for Ni-Zn, the particle size was ∼100 nm
(Fig. 8b–d). It is evident that while our synthesis technique can be di-
rectly extended to other transition metals, its performance (in terms of

1 ICP considers all of the Zn present in the sample irrespective of its oxidation
state (metallic or Zn2+). Zn which has escaped the crucible as Zn vapor is not
accounted for by ICP-OES. STEM-EDS elemental quantification has been done
exclusively for the bimetallic particles and does not consider Zn in Zn2+ or pure
metal form present on the support due to either incomplete alloying or parallel
Zn2SiO4 or ZnO formation.
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generating smaller NPs) is by far the best for Pd. It should also be noted
extension to γ-brass Ni-Zn and Cu-Zn is intended to demonstrate the
versatility of our approach and no efforts have been made to optimize
the synthesis of Ni-Zn and Cu-Zn NPs. It is quite conceivable sig-
nificantly smaller Cu or Ni-Zn γ-brass materials may be synthesized
through approaches discussed in Section 3.

As a final example, we attempted to synthesize the Ir-Zn γ-brass
phase, which is a line compound (Ir2Zn11) [50,84]. For our particular
synthesis technique (using 5% Ir/SiO2) we found a small amount of an
Ir-Zn γ-brass phase formed but the majority of the Zn preferred to form
Zn2SiO4 (Figure S11). Most of the Ir remained in metallic form as
qualitatively determined by XRD. It appears our simple and novel 2-

Fig. 6. (a) XRD pattern after different Zn diffusion times at 750 °C during Step 2. All sharp features correspond to the Pd-Zn γ-brass phase. (b) XRD pattern after
heating for ½ h at 750 °C. The peaks are broader than in (a) and a distinct ZnO peak is observed. (c) Effect of Zn diffusion time (at 750 °C) on average composition
measured by ICP (blue) and STEM-EDS (red). During STEM-EDS only bimetallic particles are considered. The starting Pd:Zn ratio in each case was 0.19. The y-axis
range shown in the plot corresponds to the γ-brass composition window. (d) STEM-EDS (red=Pd, green= Zn) of adjacent Pd-rich γ-brass bimetallic and Pd-free ZnO
NPs after Zn inclusion for a ½ h at 750 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. (a) Irreversible CO chemisorption on 5% Pd/SiO2 (SEA, Protocol 2, black squares) and the corresponding γ-brass intermetallic NPs (red circles). (b) Arrhenius
plots for ethylene hydrogenation on 5% Pd/SiO2 (red circle) and the corresponding Pd-Zn/SiO2 γ-brass phase catalyst (black squares). Reaction mixture was 250 Torr
ethylene, 250 Torr hydrogen and balance helium. The data point at 40⁰C (1000/T=3.19) was repeated in each case and the error was within 3% (∼0.1% in terms of
absolute conversion) between the first and repeat point and cannot be distinguished on the plot. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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step synthesis approach can be generalized for several transition state
metals (Pd, Ni and Cu) but is still not a universal technique for the
synthesis of every M-Zn γ-brass phase (Fig. 1).

5. Conclusion

We developed a generalized synthesis technique for accessing M-Zn
(M=Pd, Cu and Ni) γ-brass phase NPs supported on SiO2. Willemite
(Zn2SiO4) is the only impurity detected and no other bimetallic (or pure
metal) phases formed (remained) during the transformation of sup-
ported M/SiO2 to γ-brass M-Zn/SiO2 by inclusion of Zn in Pd through
high temperature bulk diffusion. Phase identification was confirmed by
both XRD and electron microscopy (TEM+STEM-EDS). We tested
several variables to optimize the synthetic procedure for SiO2-sup-
ported Pd-Zn γ-brass NPs and conclude the final bimetallic particle size
is controlled by the size of the Pd particle in the parent Pd/SiO2 catalyst
rather than the high temperature Zn inclusion step. The smallest par-
ticle size reported here (∼8 nm) is comparable to the state-of-the-art for
similar bimetallic systems [16]. Although our approach was successful
for Pd-Zn, Cu-Zn and Ni-Zn, suggesting a general approach to supported
γ-brass nanoparticles, we found the synthesis of the line compound, γ-
brass Ir-Zn of low yield, demonstrating the proposed hybrid approach
requires optimization for each M-Zn system. The choice of M also has a
strong effect on the bimetallic particle size distribution with Pd yielding
the highest dispersion. We demonstrate γ-brass Pd-Zn/SiO2 is active for
the low temperature hydrogenation of ethylene even though the CO
adsorption capacity of the parent Pd/SiO2 catalyst is significantly

suppressed by the inclusion of Zn. Future prospects for intermetallic γ-
brass NP catalysts include selective hydrogenation, formic acid de-
composition and the oxygen reduction reaction due to favorable geo-
metric and electronic properties of the γ-brass phase.
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