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a b s t r a c t

A series of Au–Pd/SiO2 catalysts have been prepared by the electroless deposition of Au onto a Pd/SiO2

catalyst. A kinetically stable, electroless bath consisting of AuðCNÞ�2 and N2H4 (i.e., Au source and reducing
agent) was developed and optimized, allowing for incremental coverages of Au on Pd to be obtained,
while avoiding deposition onto the SiO2 support. The structural and electronic properties of the catalysts
were characterized using hydrogen titration of oxygen-precovered Pd, scanning transmission electron
microscopy with energy dispersed X-ray spectroscopy, Fourier transform infrared spectroscopy, and X-
ray photoelectron spectroscopy. The results suggest that Au was deposited on all types of Pd surface sites
(e.g., planes, steps, kinks, edges) in a non-discriminatory fashion, with a net electron transfer from Pd to
Au. The catalysts were evaluated for propylene hydrogenation, revealing significantly enhanced turnover
frequencies at elevated fractional coverage of Au on Pd (hAu P 0.60). The enhanced catalytic activity can
be explained by the disruption of continuous Pd ensembles by Au deposition, which prevents formation
of the multiply bonded and less reactive propylidyne, while permitting formation of highly reactive and
weakly p-bonded propylene.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Transition metals are often combined to form bimetallic cata-
lysts that have enhanced or unique catalytic properties for various
industrial and environmental processes [1]. Often, these supported
bimetallic catalysts are prepared either by precipitation or by
impregnation routes. However, such methods often do not effec-
tively control the distribution or homogeneity of metals on the
substrate, which directly affects the catalytic performance [2].
For the case of Au–Pd bimetallic catalysts, many alternative prep-
aration methods have been used, owing to the importance of these
catalysts for CO oxidation, vinyl acetate synthesis, hydrodesulfuri-
zation reactions, selective oxidation of alcohols to aldehydes or ke-
tones, alkenes to epoxides, and oxidation of hydrogen to hydrogen
peroxide [3–14]. Simultaneous reduction of soluble Au and Pd salts
by alcohols (such as ethanol, ethylene glycol, or glycerol) in the
presence of polyvinylpyrrolidone (PVP) to prevent agglomeration
of the suspended, colloidal metal particles has been used to pre-
pare supported Au–Pd catalysts [14–16]. Comparison of catalysts
produced in this manner with those prepared by incipient wetness
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y87@gmail.com (M. Detwiler),
illiams), monnier@cec.sc.edu,

Youngstown State University,
and co-impregnation methods, indicated that formation of Au–Pd
bimetallic alloy catalysts was favored by the PVP method [14,15].
However, calcination at 400 �C was required to completely remove
the PVP component; such high temperatures may have adverse ef-
fects on morphology and surface composition of bimetallic parti-
cles. Regardless, this preparation method has produced catalysts
exhibiting higher activities for hydrogenation of aromatic ring
compounds than either monometallic Pd or Au catalysts, presum-
ably due to the existence of small Pd ensembles by Au-enriched
surfaces of Au–Pd alloys [14,15,17–19].

Prati [20–24] has used activated carbon or polyvinyl alcohol
(PVA) to immobilize Au–Pd sols prepared by in situ reduction
(using BH�4 ) of solutions containing Au and Pd salts to prepare
Au–Pd bimetallic alloys. Despite slight Pd leaching and particle
agglomeration, the Au–Pd alloys showed significantly higher activ-
ity towards various alcohol oxidation reactions compared to their
monometallic counterparts. Ketchie et al. [11] prepared Au–Pd cat-
alysts using a sol-methodology similar to that of Prati, but reported
that both bimetallic and monometallic particles were formed.
Analysis by EXAFS indicated that for the bimetallic particles prefer-
ential coverage of Pd by Au rather than formation of bimetallic al-
loy particles occurred, indicating a high degree of sensitivity to
specifics of the preparative method. Hutchings [25,26] has also
extensively used sol-immobilization methods using polyvinyl
alcohol (PVA) to synthesize carbon and titania-supported Au–Pd
bimetallic alloys; calcination at 400 �C was required to remove
the PVA additive from the surfaces of the bimetallic particles.

http://dx.doi.org/10.1016/j.jcat.2009.12.024
mailto:rebelli@cec.sc.edu
mailto:detty87@gmail.com
mailto:mas@cec.sc.edu
mailto:willia84@cec.sc.edu
mailto:monnier@cec.sc.edu
mailto:monnier@engr.sc.edu
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


J. Rebelli et al. / Journal of Catalysis 270 (2010) 224–233 225
The TiO2-supported particles consisted of a Pd-rich shell over a Au-
rich core, while the carbon-supported particles were homogeneous
alloys. Both catalysts were more active for benzyl alcohol oxidation
than bimetallic catalysts prepared by impregnation methods [27].

The above-mentioned routes for preparation of Au–Pd catalysts
can be considered as bulk methods, where predetermined weights
of Au and Pd salts are combined to form bulk particles that com-
bine the two components in either some type of layered structure
or an alloy (or both types) of the desired composition. When cou-
pled with the high calcination temperatures needed to completely
remove the organic binders (PVA, PVP, ethylene glycol, etc.), the fi-
nal surface may not reflect the optimum, or intended, surface com-
position to give the desired activity or selectivity for a particular
catalytic reaction. Electroless deposition (ED) is a preparative
methodology that provides a way to catalytically deposit in a con-
trolled manner a second metal only on the surface of a pre-existing
metallic surface (i.e., not on support) [28–33]. Thus, bimetallic sur-
face compositions can be more effectively controlled to permit
more precise correlation of catalyst composition with performance
[33] using much lower amounts of the second metal. For example,
using sol-immobilization methods to produce a supported 1 wt.%
(Au + Pd) catalyst [26], 0.65 wt.% Au was used. However to prepare
a Au–Pd catalyst by ED of Au using a 2 wt.% Pd/SiO2 as the base cat-
alyst, only 0.5 wt.% Au was required to give 50% coverage of the Pd
surface by Au (Fig. 6 in this manuscript). In addition, bimetallic cat-
alysts prepared by ED do not require high-temperature calcination
and/or reduction treatments, thus avoiding high-temperature
restructuring effects. Moreover, this method is applicable for the
preparation of virtually all bimetallic compositions [30] as long
as the overall redox reaction of the reducible metal salt by the
reducing agent is thermodynamically favorable.

Previously, we have used ED to deposit a variety of metals,
including Ag, Cu, and Pt on supported monometallic Pt, Pd, Co,
and Ru catalysts [28,29,32,33]. In each case, it has been necessary
to formulate ED baths that contain a suitable reducing agent,
reducible metal salt, and optional salt stabilizer, that are kinetically
stable, yet reactive enough to deposit a metal onto the pre-exis-
tent, monometallic catalyst surface. These electroless baths have
been formulated for the deposition of both partial and multiple
metal layers. Bimetallic catalysts such as Ag–Pt/SiO2 [33] and
Cu–Pd/SiO2 [32] have shown improved performance for selective
hydrogenation of 3,4-epoxy-1-butene (EpB), a highly functional
olefin. In the case of electrocatalysts for PEM fuel cells, ED-derived
Pt–Co/C and Pt–Pd/C catalysts have allowed for more efficient use
of the expensive Pt component and higher oxygen reduction activ-
ity for the case of Pt–Co/C [28,29].

The present communication focuses on the synthesis of Au–Pd/
SiO2 bimetallic catalysts using electroless deposition methods. The
paper describes the development and formulation of a stable and
selective Au electroless bath (EB) composition, using AuðCNÞ�2 as
the Au source and N2H4 as the reducing agent. The ED bath is tuned
to give mostly catalytic deposition of Au on the Pd surface. How-
ever, once the primary metal (Pd) surface is diluted enough by
Au, autocatalytic deposition of Au on Au surfaces becomes domi-
nant. Thus, a series of Au–Pd/SiO2 bimetallic catalysts have been
prepared with incremental coverages of Au on Pd. The extent of
deposition and the surface distribution of Au have been deter-
mined using chemisorption, high-resolution scanning transmission
electron microscopy (STEM), energy dispersed X-ray spectroscopy
(EDS), Fourier transform transmission infrared (FTIR) spectroscopy
of adsorbed CO, and X-ray photoelectron spectroscopy (XPS). The
catalysts have also been evaluated for simple olefin (propylene)
hydrogenation as a probe reaction to better understand the nature
of the Au–Pd interaction. Since this reaction is considered to be
structure insensitive and catalyzed only by platinum group metals,
catalyst performance can be used to determine whether the Au
component induces either ensemble and/or electronic effects on
the active Pd surface sites.
2. Experimental

2.1. Materials

Potassium dicyanoaurate, KAu(CN)2 (99% purity Au basis,
68 wt.% Au overall), was used as the gold precursor and hydrazine
(35 wt.% N2H4 solution) as the reducing agent for the electroless
bath, both supplied by Sigma–Aldrich. The basic pH conditions
were maintained during ED using a NaOH solution (EM Science).
De-ionized water (made using Milli™-Q system) was used to pre-
pare all the aqueous solutions. The primary monometallic catalyst
used for ED was 1.85 wt.% Pd/SiO2 (8.6% Pd dispersion) supplied by
BASF Catalysts LLC. Palladium dispersion was calculated from the
hydrogen titration of oxygen-precovered Pd sites as described in
characterization section. The silica support had a surface area of
100 m2/g with 0.75 cc/g pore volume and an overall particle size
of 150–300 lm.

2.2. Catalyst preparation

The optimized electroless bath contained AuðCNÞ�2 and N2H4 in
a 1:30 molar ratio. Typical bath volumes used were 100 ml per
gram of monometallic catalyst (see Section 3 for concentration
ranges). During ED at room temperature, the bath was continu-
ously stirred and the pH was maintained between 8 and 10 using
a concentrated NaOH solution. Liquid samples (�2 ml) were col-
lected and filtered using 5 lm mesh syringe filters at various time
intervals to monitor the time-dependent concentration of Au in the
EB. The collected liquid samples were analyzed for Au concentra-
tion by AA spectroscopy. After the completion of ED (deposition
time �90–120 min), the slurry was filtered and washed repeatedly
until all AuðCNÞ�2 and other water soluble ligands (e.g., CN�, etc.)
were removed. Ag(NO)3 (1 M) was added to the washed liquid to
detect the presence of residual CN� ions which could form AgCN,
a white precipitate. The washed catalyst was dried in vacuum at
room temperature and then stored in glass vials at ambient condi-
tions. By varying the initial Au concentration in the electroless
baths, a series of Au–Pd/SiO2 bimetallic catalysts with different
Au loadings were synthesized. For comparison, a 2 wt.% Au/SiO2

sample was prepared using a traditional incipient wetness (IW)
method [34]. After impregnation, the sample was dried in a vac-
uum oven at �60 �C and then reduced at 200 �C under flowing
H2 for 1 h.

2.2.1. Liquid phase characterization
UV–Visible (UV–Vis) absorption spectra were measured using a

Shimadzu UV-2101PC scanning spectrophotometer. The samples
(test and reference) were each loaded into a rectangular quartz
cuvette of one cm width and three cm length. The sample measure-
ment was made with respect to a reference scan of the solvent (i.e.,
water) at pH 9.0. The sample holder was equipped with a thermal
jacket connected to an external chiller so that both test and refer-
ence cuvette temperatures could be controlled effectively. A small
magnetic stirrer was rotated inside the cuvette to maintain realis-
tic ED conditions.

Atomic absorption (AA) spectroscopy was performed on a Per-
kin–Elmer 3300 and used to determine the elemental concentra-
tions of Au, Pd and Si during ED. In addition, the weight
percentages of metals in the final bimetallic catalysts were also
determined by digesting 0.04 g of sample in aqua regia at 120 �C
for 4 h and then diluting (�20 times) with DI water before analysis.
A set of standards (known concentration of each specific element)
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was prepared to calibrate the instrument before the actual mea-
surements were made.

2.3. Catalyst characterization

Chemisorption using hydrogen pulse titration of oxygen-pre-
covered Pd was performed using a Micromeritics Autochem II
2920 automated chemisorption analyzer to determine the concen-
tration of surface Pd sites following ED of Au. Prior to titration,
approximately 0.1 g sample was reduced in flowing 10% H2 at
200 �C for 2 h, then exposed to 100% Ar flow for 1 h at 200 �C to re-
move chemisorbed hydrogen from the metal surface. After cooling
to 40 �C in flowing Ar, the sample was exposed to 10% O2/balance
Ar for 30 min to saturate the Pd surface with adsorbed atomic oxy-
gen. Following exposure to 100% Ar for 30 min to remove residual
O2, the sample was ready for pulse flow H2 titration. At room tem-
perature the adsorbed atomic oxygen reacts rapidly with the 10%
H2/balance Ar pulse (pulses repeated at 4 min intervals) to form
H2O and replace the adsorbed oxygen atom with atomic hydrogen.
Hydrogen consumption was quantitatively determined by means
of a high sensitivity thermal conductivity detector below the sam-
ple cell. Hydrogen pulses were continued until no further uptake of
H2 was observed. Hydrogen titration of O-precovered Pd was used
rather than H2 chemisorption because of problems associated with
formation of bulk b-palladium hydrides; likewise, chemisorption of
CO was not used due to uncertainties of CO/surface Pd stoichiom-
etry. At the timescale used for H2 pulse titrations, H2 rapidly reacts
with adsorbed O atoms to form H2O and to cover the vacant Pd site
with atomic H without formation of b-palladium hydride [35].

FTIR spectroscopy was used to detect adsorbed CO on the metal
surface. Spectra were collected using a Thermo Electron model
4700 FTIR spectrometer with a liquid nitrogen-cooled MCT detec-
tor. In these measurements, a 0.015 g sample was pelletized into
a disk of 1 cm diameter, and then placed in a temperature-con-
trolled flow cell [32,33]. The samples were reduced in H2 for 1 h
at 200 �C, cooled to 25 �C in He, and then exposed to 1% CO in
He. After 30 min, the flow cell was purged with pure He to remove
any physisorbed and gas-phase CO. All the spectra were referenced
to an initial background spectrum taken prior to CO exposure. The
FTIR spectra were analyzed and the peaks were resolved using
Peaksolve software (Galactic). The spectra were initially baseline
corrected, and during peak deconvolution, the type of peak, height
and width parameters were constrained accordingly.

Scanning transmission electron microscopy (STEM) and energy
dispersed X-ray spectroscopy (EDS) were used to determine nano-
particle size distributions and bimetallic compositions, respec-
tively. Measurements were performed using a JEOL 2100F
equipped with a CEOS Cs corrector system. High angle annular
dark-field (HAADF) STEM images were acquired on a Fischione
Model 3000 HAADF detector with a camera length such that the in-
ner cut-off angle of the detector was 50 mrad. A solid-state Si(Li) X-
ray detector from Oxford Instruments was used to collect the EDS
data. Quantification was made using Inca TEM software which uses
theoretical k-factors for its thin film, microanalysis algorithm.
Holey-carbon coated Cu grids were dipped into finely powdered
catalysts samples for examination under the microscope. The effec-
tive particle diameter was calculated assuming spherical particles
by measuring the surface area of bright spots on the captured
dark-field images. If the particle had irregular or chain-like struc-
tures, the surface was divided into multiple particles at the obser-
vable grain boundaries. Several images at different locations were
captured for each catalyst sample to measure overall effective sur-
face area/particle size distribution. For all histograms, a minimum
of 60–80 particles were measured.

X-ray photoelectron spectroscopy measurements were carried
out on a Kratos AXIS Ultra DLD XPS system equipped with a hemi-
spherical energy analyzer and a monochromatic Al Ka source. The
Al Ka source was operated at 15 keV and 150 W, incident at 45�
with respect to the surface normal. The pass energy was fixed at
40 eV for the detailed scans. The samples were reduced at 200 �C
for 1 h and cooled to 25 �C in Ar, using a separate catalysis cell in
a controlled environment. Since the SiO2 support is an insulator,
a charge neutralizer was used to compensate the substrate charge
during XPS measurements. All spectra were corrected using
103.4 eV as a reference for Si 2p binding energy (BE). The spectra
were fitted to a Shirley–Linear background using XPSPEAK soft-
ware version 4.1. Appropriate peak positions and area constraints
were used for peak splitting of 4f and 3d electrons. The FWHM
was maintained constant at �1 eV for Pd 3d and Au 4f electrons.

2.4. Kinetic evaluation

Propylene hydrogenation reaction studies were carried out in a
thermostatically jacketed, tubular stainless steel reactor to main-
tain low reaction temperatures (0–15 �C). The internal diameter
of the reactor was 0.19 in. Approximately 20 mg of catalyst diluted
with 2 g of SiO2 was supported on glass wool in the reactor. The
catalyst was prereduced at 200 �C in 10% hydrogen for an hour
and cooled down to 10 �C to initiate the reaction. A mixture of
5% propylene, 20–95% hydrogen and balance helium was fed to
the reactor at 400 SCCM and one atm overall reaction pressure.
The reactor feed and products were analyzed using in-line sam-
pling methods and an HP 5890 gas chromatograph equipped with
a thermal conductivity detector. Reaction rates, feed conversions,
and turnover frequencies (TOFs) were calculated and compared
for both monometallic and bimetallic systems.
3. Results and discussion

3.1. Electroless bath development

To electrolessly deposit a second metal (i.e., Au) onto a mono-
metallic catalyst, a thermodynamically unstable, but kinetically
stable, electroless bath is required. A typical electroless bath is
made up of a metal source, reducing agent, and solvent (typically
water) [29,33]. In some cases, the bath is modified by addition of
other chemical reagents to improve the stability, efficiency and/
or to provide better control over deposition kinetics. A wide variety
of gold electro-deposition and autocatalytic ED baths are commer-
cially available due to their extensive use in electronic/semicon-
ductor coating applications [30,36–43]. In the case of catalyst
synthesis, the applicability of the ED bath depends on various fac-
tors like concentrations of metal ion source, reducing agent, mono-
metallic catalyst, pH, and temperature since the goal is to have
controlled rates and amounts of the metal to be deposited.

3.1.1. Choice of metal sources and reducing agents
The present EB is configured using potassium dicyanoaurate,

KAu(CN)2 as the Au source. The negative standard reduction poten-
tial for AuðCNÞ�2 ðE

o
AuðCNÞ�2

¼ �0:60 VÞ is favorable for the formation
of kinetically stable electroless solutions with long life times. In
addition to stability, AuðCNÞ�2 is resistant to galvanic deposition
of Au on Pd. In order to reduce the stable AuðCNÞ�2 ion to metallic
Au, a relatively strong reducing agent such as hydrazine is used
[44]. The choice of reducing agent may also influence the type of
deposition (i.e., catalytic or autocatalytic) that will occur, and thus
the surface morphology and structure of the deposit [45,46].
During the initial step of electroless deposition, the monometallic
(Pd) catalyst surface activates the reducing agent. For the metals
considered here, Au has a higher oxidation capability compared
to Pd, which should result in catalytic deposition of Au on the Pd
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surface being favored at submonolayer coverages of Au. At latter
stages of ED, as the Pd surface becomes covered by Au, both cata-
lytic and autocatalytic ED deposition will likely occur [47–49].
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3.1.2. Bath stability and kinetics of deposition
One of the most important aspects of an electroless bath is its

kinetic stability, or the ability to maintain the secondary metal in
a positive oxidation state in an aqueous solution during the time
period it is being catalytically reduced onto the primary metal.
The electroless bath becomes kinetically unstable when the soluble
Au+ is reduced to metallic Au� in solution before being electrolessly
deposited on the pre-existing metal surface.

To determine bath stability and possible formation of Au� in
solution, UV–Visible spectroscopy was used. Typically, Au particles
<10 nm yield a pink/purple, colored solution with a broad UV–Vis-
ible absorption band between 500 and 650 nm [36,50,51]. Fig. 1
shows a typical set of time-dependent UV–Visible spectra for a
AuðCNÞ�2 =N2H4 bath at room temperature and pH 9. The transition
from a stable solution to an unstable one is first observed as a
broad peak emerging from 530 to 700 nm after 24 h of bath life-
time. After 36 h, the bath becomes completely unstable with large
Au agglomerates exhibiting a dark pink/purple, colored solution
with a high intensity peak. Because the amount of Au deposition
is dependent on the concentration of AuðCNÞ�2 in solution, the sta-
bility of ED bath at various concentrations of AuðCNÞ�2 (at constant
N2H4 concentration) is summarized in Fig. 2. The results indicate
that AuðCNÞ�2 concentrations 60.045 mM are stable for at least
24 h and should function as stable ED baths, even when the con-
centration of N2H4 is two orders of magnitude greater than the
AuðCNÞ�2 concentration.

The kinetic dependencies of AuðCNÞ�2 , N2H4, and surface Pd site
concentrations for Au deposition were also examined in more de-
tail. The data for AuðCNÞ�2 dependency are summarized in Figs. 3
and 4. The deposition curves in Fig. 3 indicate that SiO2 alone does
not result in deposition of Au, but that Pd is required for catalytic
deposition. While not so obvious from Fig. 3, higher concentrations
of AuðCNÞ�2 in solution give more rapid rates of deposition. This is
shown in Fig. 4, and application of the power rate law formalism
indicates approximately first order dependency for AuðCNÞ�2 . Like-
wise, kinetic dependencies for N2H4 and Pd surface site concentra-
tions are shown in Figs. 5 and 6, respectively. In all cases, to obtain
true deposition rates of Au on Pd, only initial rates were used in
order to avoid contributions from autocatalytic deposition of Au.
The results indicate Au deposition is essentially zero order for
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concentration. The kinetic dependencies are consistent with the
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Table 1
Optimized conditions for stablea electroless baths at pH 8–10 and 25 �C.

EB component EB composition

Gold source AuðCNÞ�2 < 0:20 mM
Reducing agent (RA) [N2H4] < 50 mM
Order of RA oxidation capability Pd > Au

a At least 4 h stability.
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reactivities of the individual components; AuðCNÞ�2 is a thermody-
namically stable species and reduction of this anion should be the
slowest step, as indicated by the near first order dependency. Con-
versely, the activation of N2H4, considered to be a relatively strong
reducing agent, should be quite facile and, not surprisingly, exhib-
its a near zero order dependency. The half-order dependency for Pd
site concentrations is not obvious, but may indicate two Pd sites
are required for Au+ reduction and deposition. While hydrazine
can be considered a four electron donor in alkaline baths, it may
also consume two electrons to form ammonia [52]. As such, higher
concentrations of hydrazine are recommended for reasonable Au
deposition rates. The optimal N2H4 : AuðCNÞ�2 molar ratio for desir-
able ED rates, while maintaining kinetic stability, was chosen to be
�20:1 for the preparation of the Au–Pd bimetallic catalysts in this
study, even though AuðCNÞ�2 offers a relatively wide stability range
due to its high negative reduction potential.

Finally, the choice of solution pH is critical, not only for deter-
mining the kinetics of electroless deposition, but to suppress elec-
trostatic adsorption of AuðCNÞ�2 on the SiO2 surface. The formation
of true bimetallic catalysts requires that ED occurs only on the cat-
alytic Pd sites and not on the SiO2 support. This surface charge-
based interaction between AuðCNÞ�2 and SiO2 can arise if the pH
of the solution is below the point of zero charge (PZC) for silica
(between 2 and 6 [53]). Thus, solution pH > 6 should maintain
the SiO2 in a deprotonated state and minimize interactions with
AuðCNÞ�2 . Even though the rate Au deposition increases with basi-
city, in this study, the pH was always maintained <10 to prevent
gelation of SiO2 and loss of mechanical stability of the support.
Taking all these factors into account, the stable life time and opti-
mized electroless deposition composition are summarized in
Table 1.

3.2. Synthesis, characterization, and evaluation of Au–Pd/SiO2

catalysts

3.2.1. Synthesis
A series of Au–Pd/SiO2 bimetallic catalysts were prepared to ob-

tain increasing coverages of Au on Pd. The bath concentrations
were chosen at kinetically stable conditions such that complete
deposition occurs within the first 60 min. Two grams each of the
various Au–Pd/SiO2 catalysts were synthesized at room tempera-
ture and pH 9 by varying initial AuðCNÞ�2 concentrations. The
time-dependent Au deposition profiles are shown in Fig. 3; the cat-
alysts exhibit loadings of up to 2.01 wt.% Au on Pd/SiO2.

3.2.2. Characterization
To evaluate the effectiveness of the ED process for deposition of

Au on Pd, catalysts were characterized by chemisorption using the
method of hydrogen titration of oxygen-precovered sites [54,55].
Fig. 7 shows H2 uptake plotted as a function of Au weight loading
as measured using AA spectroscopy. As Au wt.% increases, H2 up-
take decreases linearly up to approximately 0.5 wt.% Au. At higher
Au loadings, H2 uptake decreased only marginally. The solid line in
Fig. 7 shows the theoretical H2 uptake expected for Pd/SiO2, assum-
ing only catalytic deposition of Au on Pd in a 1:1 Au:Pd surface
atomic ratio. In this case, 0.31 wt.% of Au is required for one theo-
retical monolayer. It is evident from Fig. 7 that the experimental ED
profile diverges from the theoretical line even at low Au loadings
and that autocatalytic deposition occurs even during the early
stages of Au+ deposition.

According to electrochemical anodic oxidation studies [49],
hydrazine should be preferentially oxidized on Pd compared to
Au, resulting in catalytic deposition of submonolayer coverages
of Au on Pd. However, the presence of CN� ligands in solution
has been shown to enhance autocatalytic deposition of Au
[56]. This appears to occur in our case and autocatalytic deposi-
tion is observed at early stages of deposition and increases fur-
ther at higher Au loadings. Of course, autocatalytic deposition
should also increase as the concentration of available surface
Pd sites decreases (0.5 reaction order for catalytic deposition in
Fig. 6).

High-resolution STEM and EDS measurements were performed
to measure the particle size distributions and bimetallic particle
compositions of selected catalysts. Fig. 8 shows HRTEM images
and histograms of the particle size distributions for monometallic
Pd/SiO2 and 2.01 wt.% Au–Pd bimetallic catalysts. For monometal-
lic Pd/SiO2, approximately 30% of the particles are 4 nm in diame-
ter, while the remaining are scattered over a wide range (up to
30 nm) creating a broad particle size distribution. In addition,
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many of the larger particles are in the form of agglomerates/clus-
ters with irregular, long chain-like structures. For such structures,
effective particle diameters were reported. After the addition of Au
to Pd, the size distribution is slightly skewed towards large effec-
tive particle diameters (see Fig. 8) as expected since the addition
of Au to the Pd particles should increase overall particle diameters.

The bimetallic catalyst compositions were examined using EDS
for a minimum of eight particles of different size ranges (effective
particle diameter varied from 4 to 20 nm as shown in Table 2); all
particles showed bimetallic composition. If the rate of Au deposi-
tion is independent of Pd particle size, the smaller Pd particles
should have higher Au atomic percentages, as observed for parti-
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cles <4 nm. For larger Pd particles, i.e., 4–20 nm, the bimetallic
compositions determined from EDS were similar to the bulk com-
positions determined by AA spectroscopy. These observations sug-
gest that the Au electroless deposition is independent of Pd surface
morphologies and particle sizes.

The bimetallic nanoparticle surfaces were also characterized by
FTIR measurements of CO adsorption at 25 �C. The FTIR spectra ob-
tained after 30 min of He purge (to remove residual gas-phase and
weakly adsorbed CO [57,58]) are shown in Fig. 9. For both Pd/SiO2

and Au–Pd/SiO2 catalysts, CO stretching bands were observed in
both 2000–2100 cm�1 and 1800–2000 cm�1 regions, due to linear
and multiply-coordinated CO on Pd sites, respectively [59]. In the
case of Pd/SiO2, the linear region was deconvoluted into two peaks
centered at 2077 and 2047 cm�1, which are attributed to linearly
bonded CO molecules at low coordination sites (i.e., defects like
corners, steps and kinks of Pd(1 1 1) and Pd(1 0 0)) [60,61]. The re-
gion between 1800 and 2000 cm�1 contains several overlapping
features, which are resolved by curve fitting into peaks at 1978,
1938, 1876, and 1812 cm�1. These peaks are associated with CO
vibrations arising from bridged and threefold multisite adsorbed
species. Specifically, peaks at 1978 and 1938 cm�1 can be assigned
to twofold, bridged CO species on low index planes such as
Pd(1 1 0) and Pd(1 0 0), respectively [59,61–63]. The peaks at
1876 and 1812 cm�1 are consistent with CO adsorption on three-
fold hollow sites on Pd(1 1 1) surfaces [59,64].

In the case of bimetallic surfaces, the intensity of both bridged
and linear CO–Pd bands decrease, indicating lower CO uptake
due to electroless deposition of Au on Pd. However, the relative
intensity ratios of linear, bridged, and threefold hollow CO
adsorption peaks were not significantly altered with deposition,
suggesting that Au is being indiscriminately deposited on all Pd
surface sites. In such a situation, the intensities of all bands would
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/SiO2 and (b) 2.01 wt.% Au–Pd/SiO2.



Table 2
EDS particle compositions for Au–Pd/SiO2 and comparison to AA* analysis.

Effective particle size (nm) Atomic composition (%)

0.16 wt.% Au–Pd/SiO2 1.53 wt.% Au–Pd/SiO2 2.01 wt.% Au–Pd/SiO2

Au Pd Au Pd Au Pd

<4 48 52 n/a n/a n/a n/a
4–10 5 95 27 73 40 60
10–20 6 94 25 75 27 73
Bulk composition* 5 95 31 69 37 73

2100 2000 1900 1800 1700 1600 1500

Wavenumber (cm-1)

 Pd/SiO
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 0.16 ML Au-Pd/SiO
2

 0.26 ML Au-Pd/SiO
2

 0.62 ML Au-Pd/SiO
2

 0.88 ML Au-Pd/SiO
2

Fig. 9. Transmission FTIR spectra of CO adsorption on monometallic Pd/SiO2 and
bimetallic Au–Pd/SiO2 catalysts.
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be expected to decrease, but the shape of the spectra would remain
roughly constant. Thus, the results suggest that Au electroless
deposition on Pd is not particularly favored on any of the various
Pd surface planes or other sites (i.e., steps, edges, kinks) that are ex-
posed. These results are in agreement with the recent work of
Schaal et al. [32] who also used FTIR of CO to show that ED of
Cu2+ (using a pH 9 solution with HCHO as the reducing agent) on
Pd/SiO2 also resulted in non-specific deposition on all Pd sites.
Thus, the non-discriminatory nature of ED on Pd surfaces may be
more due to the nature of Pd rather than the selection of reducing
agent or reducible metal ion. In addition to decreases in intensity,
FTIR peaks shift by varying degrees (10 cm�1 for linear and
25 cm�1 for non-linear CO on Pd) to lower frequencies at the high-
est weight loadings of Au. Such frequency shifts could result from
electronic interaction between Pd and Au, as has been reported
previously for AuPd alloys [14,15,65,66]. However, it is difficult
to rule out other explanations for the shifts, such as decreased di-
pole coupling due to Pd surface site dilution as reported by Schaal
et al. [33] for the Ag–Pt/SiO2 system.

To explore the possibility of electronic interactions between Au
and Pd, XPS measurements were performed and the results were
summarized in Fig. 10. For Au, the high intensity 4f7/2 peak was
monitored, while for Pd the less intense 3d3/2 peak was monitored
because the 3d5/2 peak overlapped with the Au 4d5/2 peak. At the
highest Au loading (2.01 wt.% Au, �0.88 ML Au), the Au 4f electron
binding energy (BE) was �0.20 eV lower than that for the Au/SiO2

(�2.0 wt.% Au) reference catalyst. As the Au loadings decreased,
the Au 4f BE shifts further from �82.8 eV downward to 82.3 eV,
increasing the negative shift to �0.8 eV versus the reference Au/
SiO2. However, for the Pd 3d electrons, only a very small shift
(<0.1 eV) was observed since relatively few Pd atoms are associ-
ated with the deposited Au and contribute to the measured Pd
3d XPS signal; the great majority of the Pd atoms are associated
with the bulk of the Pd particle. For bimetallic catalysts, BE shifts
could arise from changing particle sizes [67] or electronic interac-
tions [68] between metals. In the present case, the particle size dis-
tributions are relatively constant and broad enough for the Pd and
Au–Pd catalysts that they can be considered relatively constant for
the entire compositional range. Consequently, the observed nega-
tive shift with decreasing Au loading is most likely due to elec-
tronic interactions, with a net transfer of electron density from
Pd to Au.

In addition to BE shifts, the bimetallic surface/near surface com-
positions were also determined from the XPS measurements. The
individual peak intensities were integrated and the atomic ratios
of Au/Pd were compared to the surface compositions from chemi-
sorption experiments and the bulk compositions measured by AA
(Fig. 11). Since XPS experiments reflect the atomic composition
of the top several layers (penetration depth �5 nm), the autocata-
lytic deposition of Au on Au should give higher Au/Pd ratios than
either chemisorption (surface) or AA (bulk) measurements.
Although the ratios mismatch for the bulk and surface composi-
tions, they vary in a near linear manner with Au wt.% loadings up
to 0.58 wt.% Au (�50% coverage of Au on Pd obtained by chemi-
sorption analysis). As observed in chemisorption experiments for
low Au wt loadings, the deviation of bulk and surface measure-
ments indicates the occurrence of both autocatalytic and catalytic
ED processes. At higher Au wt.% loadings (above 0.58 wt.% Au), the
autocatalytic process clearly dominates the deposition of Au.
3.2.3. Catalytic evaluation
The Au–Pd/SiO2 bimetallic catalysts were evaluated using pro-

pylene hydrogenation, a structure-insensitive reaction where the
catalytic activity of metals has been found to be independent of
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particle size and surface structure [69,70]. In order to examine
the intrinsic activity of Pd with increasing Au loadings, turnover
frequencies (TOFs) for C3H6 conversion were calculated using the
exposed Pd sites measured by chemisorption. All catalysts deacti-
vated somewhat when brought on stream; thus, turnover frequen-
cies were calculated both initially and after 16 h on stream. Fig. 12
shows TOFs plotted versus coverage of Au on Pd. At lower Au
coverages (hAu 6 0.4), both the initial and 16 h on stream TOF
values increased only slightly with Au loading and were quite sim-
ilar to the values for Pd alone, indicative of a structure-insensitive
reaction. By contrast, at Au coverages hAu P 0.4, the initial TOF
values increased much more steeply; however, after 16 h on-line,
much of the higher activity has been lost due to a higher extent
of deactivation. Regardless, even after deactivation, the TOFs were
still 4–5 times higher than for Pd/SiO2.

The hydrogenation reaction mechanism proceeds by competi-
tive adsorption of propylene and dissociative adsorption of hydro-
gen on the Pd surface [71]. The adsorption of propylene is assumed
to proceed through a 1,2-di-r bonded species that undergoes step-
wise hydrogenation to form propane. However, if insufficient ad-
sorbed hydrogen is available to rapidly hydrogenate the di-r
species to propane or if the surface geometry of Pd ensembles per-
mits, the di-r bonded propylene may undergo dehydrogenation to
form more propylidene and, consecutively, propylidyne. Both ter-
minally bonded species are very stable and strongly bound to the
0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

TO
F 

(s
ec

-1
)

Fractional Au coverage on Pd/SiO2

 Initial
 After 16 hrs

Fig. 12. Hydrogenation of propylene on 2.01 wt.% Au–Pd/SiO2@400 SCCM, 10 �C,
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Pd surface with propylidyne preferably bonded in threefold hollow
sites on the (1 1 1) surface. By extension from the work of Somorjai
and coworkers [72–74] for the hydrogenation of ethylene on Pt
surfaces, the formation of a more weakly, p-bonded propylene in
an atop position on Pt or Pd sites is more likely to be the active spe-
cies for hydrogenation of propylene. Somorjai noted that the rate of
hydrogenation of p-bonded ethylene was 106 times higher than for
ethylidyne and that because the di-r bonded ethylene was com-
petitively and unfavorably adsorbed with ethylidyne on the same
threefold sites, it actually played only a minor role in ethylene
hydrogenation. If we extrapolate from ethylene to propylene, we
may also conclude that p-bonded propylene is the key intermedi-
ate in propylene hydrogenation. In this context, we can better ex-
plain the effects of high Au coverages on the Pd surface. At high
fractional coverages of Au on Pd, the Pd surface is broken into
ensembles that prevent formation of the multiply bonded and less
reactive propylidyne while permitting formation of the highly
reactive and weakly p-bonded propylene. Note that deviation from
structure insensitivity is only observed at hAu P 0.6; at these cov-
erages the Pd ensemble sizes are quite small, particularly for the
hAu = 0.88 sample.

The earlier results for FTIR of CO indicated that Au deposition
was essentially non-discriminatory; thus, Au deposition occurs
on all Pd surface sites. We can also rule out the possibility that
Au migration or surface restructuring occurs at the reaction condi-
tions of 0–20 �C since all catalysts were pretreated at 200 �C in H2/
He for 2 h prior to reaction; these pretreatment conditions were
identical to those used before chemisorption measurements were
made for the Au–Pd/SiO2 samples.

We cannot rule out the possibility that the structure sensitivity
may be due to electronic effects since the XPS results indicated
transfer of e� density from Pd to Au. The formation of e�-deficient
Pd sites may result in preferential electrophilic attack at the e�-rich
C@C double bond of propylene to favor the formation of p-bonded
propylene. However, this effect should result in a linear increase in
activity with Au coverage, not the abrupt increase in activity at
hAu P 0.6. The formation of Au-induced Pd ensembles provides a
better explanation for the observed reactivity trends.

Catalyst deactivation can also be explained by the existence of
Pd ensembles. While the formation of p-bonded propylene is fa-
vored for the ultra small Pd ensembles, sites available for dissocia-
tive H2 adsorption become limited. At these conditions, extended
lifetime of the adsorbed C3H6 species may lead to the formation
of propylene oligomers that are unreactive at conditions of low
temperature and low H2 partial pressures [73,75]. This type of sur-
face fouling should be more dramatic for smaller Pd ensembles
than unmodified Pd or low Au loading surfaces, since the availabil-
ity of Pd surface sites for H2 adsorption is much more limited. The
Pd site concentration for Pd/SiO2 is approximately 8.5 times higher
for the unmodified Pd catalyst than the hAu = 0.88 sample. Consis-
tent with carbon-based fouling, complete activity could be re-
stored after 20% O2 post treatment for 1 h at 100 �C.

To determine whether higher H2 partial pressures would lower
the extent of deactivation, the reaction was conducted over the PH2

range 0.05–0.95 atm for both Pd/SiO2 and 2.01 wt.% Au–Pd/SiO2

(hAu = 0.88 sample); the results are shown in Fig. 13. Deactivation
for Pd/SiO2 was essentially independent of H2 partial pressure,
indicating that the formation of strongly bound propylene species
such as propylidene and propylidyne controlled the extent of foul-
ing. However, for the Au–Pd/SiO2 sample, deactivation was greatly
suppressed by increasing the H2 concentration from 5% to 95%,
consistent with the formation of small Pd ensembles for the Au-
modified Pd catalyst. The higher H2 pressures permit adequate sur-
face concentrations of hydrogen on the Pd surface to readily hydro-
genate the weakly bound propylene species. The combination of
very small, Au-induced Pd ensembles and higher H2 pressures
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results in the formation of a stable, reactive catalyst for propylene
hydrogenation.
4. Conclusions

It has been shown that Au–Pd/SiO2 catalysts with incremental
coverages of Au on Pd can be prepared using electroless deposition
of Au onto a Pd/SiO2 catalyst. A kinetically stable, electroless bath
consisting of AuðCNÞ�2 and N2H4 was developed and optimized in
order to selectively deposit the Au on Pd (as opposed to the SiO2

support), while avoiding formation of undesired Au clusters/nano-
particles in solution. Characterization of ED-derived catalysts using
hydrogen titration of oxygen-precovered Pd, STEM with EDS, FTIR,
and XPS reveal several features of the ED process and bimetallic
catalyst structure. Hydrogen titration of oxygen revealed that ED
proceeds via both catalytic (Au on Pd) and autocatalytic (Au on
Au) pathways in the initial stages, with the latter pathway domi-
nating at high fractional Au coverages (hAu P 0.50). The catalyti-
cally deposited Au was found to deposit on all types of Pd
surface sites (e.g., planes, steps, kinks, edges) in a non-discrimina-
tory fashion, as adjudged by the results of STEM/EDS and FTIR mea-
surements. Finally, XPS measurements are consistent with the
above-mentioned conclusions, and reveal a net electron transfer
from Pd to Au that varies with the extent of Au loading.

The catalytic performance of these catalysts was evaluated for
propylene hydrogenation, which is typically a structure-insensitive
reaction. However, it was found that elevated fractional coverages
of Au on Pd (hAu P 0.60) resulted in enhanced TOFs for this reac-
tion. Such enhanced rates are a result of Au-disrupted Pd atom
ensembles, which prevent formation of multiply bonded and less
reactive propylidyne, while permitting formation of highly reactive
and weakly p-bonded propylene. The higher degree of deactivation
in these very active bimetallic catalysts can also be explained by
disrupted Pd ensembles. Such small ensembles have decreased
capability for dissociative H2 adsorption, resulting in more surface
fouling than for unmodified Pd or low Au-loaded surfaces.

Overall, the results reported here further demonstrate that ED
provides an avenue to rationally prepare bimetallic catalysts with
controlled composition. Indeed, the present interesting (and per-
haps unexpected) catalytic results for propylene hydrogenation
show the enhanced fundamental insight that can be obtained by
systematically preparing a wide range of bimetallic compositions
with relatively small increments of surface coverage. This promis-
ing method is thus now being employed by our group to prepare
bimetallic catalysts for a variety of catalytic reactions (e.g., liquid
phase oxidation of glycerol) relevant to production of renewable
fuels and chemicals.
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