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Extending the toolbox from mono- to bi-
metallic catalysts is key in realizing efficient
chemical processes [1]. Traditionally, the per-
formance of bimetallic catalysts featuring one
active and one selective metal is optimized by
varying the metal composition [1, 2, 3], often re-
sulting in a compromise between the catalytic
properties of the two metals [4, 5, 6]. Here
we show that by designing the atomic distribu-
tion of bimetallic Au-Pd nanocatalysts, we ob-
tain a synergistic catalytic performance in the
industrially relevant selective hydrogenation of
butadiene. Our single crystalline Au-core Pd-
shell nanorods were up to 50 times more active
than their alloyed and monometallic counter-
parts, while retaining high selectivity. We find a
shell thickness dependent catalytic activity, in-
dicating that not only the nature of the surface
but also several sub-surface layers play a crucial
role in the catalytic performance, and rational-
ize this finding using density-functional-theory
calculations. Our results open up a novel av-
enue for the structural design of bimetallic cat-
alysts.
Synergy arises when two catalytically active metals are
combined such that the catalytic performance exceeds
that of the monometallic counterparts [1]. This makes
bimetallics an interesting class of materials for catalyz-
ing a variety of chemical processes ranging from selec-
tive hydrogenation [1, 5, 7], to oxidation [2, 4, 8] and
electrochemical reactions [9, 10, 11]. The main focus
has been on alloyed nanoparticles, as they are easily
accessible with standard catalyst preparation meth-
ods and allow facile tuning of their catalytic proper-
ties via the average metal composition. However, also
the arrangement in which the atoms are assembled is
crucial; gas- and thermally-induced metal redistribu-
tion can have a large impact on the catalytic perfor-
mance [12, 13, 14]. Thanks to recent advances in ma-

terial science, it is now possible to synthesize bimetal-
lic nanoparticles with precisely defined atomic arrange-
ments such as single-atom alloys [15, 16], intermetallic
structures [17] and core-shell materials [18, 19]. Yet,
the number of systematic studies linking the metal dis-
tribution to the performance of bimetallic catalysts is
limited [12, 13, 14]. In particular, the catalytic be-
havior of core-shell nanoparticles is largely unexplored,
despite successful demonstrations of core-shell cata-
lysts in electrocatalysis, where changes in the elec-
tronic properties of the shell atoms induced by the
underlying core resulted in enhanced catalytic perfor-
mances [9, 10, 11, 20].
Here, by employing colloid synthesis [19, 21], we pre-
pared a well-defined Au-Pd model system with a
precisely tunable atomic structure allowing a direct
correlation between the metal distribution, composi-
tion, crystal structure, and the catalytic performance.
Specifically, we test these catalysts in the selective hy-
drogenation of 1,3-butadiene, which is a crucial re-
action in purifying alkene feedstock for polymer in-
dustry. The challenge is to selectively convert poly-
olefins, without hydrogenation of mono-olefins which
are in large excess. Pd-based materials are active hy-
drogenation catalysts as hydrogen is easily dissociated
on the Pd-surface [22]. At low conversions, Pd cat-
alysts can be quite selective [23]. However, near full
conversion the hydrogenation of mono-olefins becomes
increasingly important [24]. By combining Pd with a
less active, more selective metal like Au, or poison-
ing it with sulfur such over-hydrogenation can be sup-
pressed [1, 25, 26, 27, 28], but not without compromis-
ing activity compared to pure Pd [5, 29].
In this work, we designed model catalysts consisting
of Au-core Pd-shell nanorods coated with a protec-
tive mesoporous silica shell (Au@Pd@SiO2 NRs) as
schematically shown in Figure 1a. The AuNRs have a
single crystalline FCC structure with {110} and {100}
surface facets exposed along the length of the rod [30].
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The Pd-shell thickness was varied by changing the Pd-
precursor (NaPdCl4= 0 – 0.08 mM) to obtain NRs with
different shell thicknesses (Figure 1b). This resulted in
Au@Pd@SiO2 NRs with an atomic Pd fraction XP d=
0.04, 0.08, 0.21 and 0.32 corresponding to NP d= 1, 2, 5
and 6 Pd layers. We ensured that the different batches
of Au@Pd@SiO2 had a similar volume by performing
the metal overgrowth for the low Pd content samples
directly on the mesoporous silica coated AuNRs and
for the highest Pd content NRs on smaller, etched Au-
cores.

The high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images,
reported in Figure 1c-e confirm that the NRs were
monodisperse in size and shape, and were ∼70 nm and
20 nm in length and diameter, respectively (see Supple-
mentary Table S2). The energy-dispersive X-ray spec-
troscopy (EDX) maps, depicting a 2D projection of the
elemental distribution (Au, Pd, and Si, are shown in
red, green and blue, respectively), clearly reveal the
Au-core Pd-shell structure and show that the rods were
homogeneous in composition meaning that every par-
ticle had a similar Pd-content in contrast to most cata-
lysts reported in literature and prepared by more con-
ventional methods. Note that there is a slightly higher
Pd content at the NR tips, which can be homogenized
via mild thermal treatment at 250 ◦C in H2, result-
ing in a smooth, epitaxial Pd on Au shell (Supple-
mentary Figure 1). The Si signal in the EDX maps
shows that each NR was encapsulated with a 18 nm
thick mesoporous silica shell. This shell protected the
particles from deformation and sintering in the sub-
sequent catalytic testing, whereas the mesopores en-
sured mass transport to the metal surface. To render
Au@Pd@SiO2 NRs suitable for gas phase catalysis, the
organic template and ligand molecules were removed
from the mesopores by washing with acidified ethanol
(Supplementary Figure 2) followed by deposition of the
NRs on a commercial silica support (Supplementary
Figure 3). The final metal loading of the catalysts was
0.02 wt%.

We tested the catalyst performance of the
Au@Pd@SiO2 NRs in the selective hydrogenation of
butadiene to butene in the presence of an excess of
propene. While keeping the metal composition of the
NRs fixed at XP d= 0.08 (NP d= 2), we studied the
effect of the metal distribution on the catalyst per-
formance. Upon increasing temperature, the metal
structure of the bimetallic NRs changed from core-
shell to fully alloyed, as evident from the EDX maps
reported in Figure 2a, with intermediate partially al-
loyed structures such as the one at 350 ◦C (see Sup-
plementary Figure 4-5 for quantification of the alloy-
ing process). Notably, the NRs exhibited an excep-
tionally high thermal stability, enabling full retention
of the particle shape while changing the atomic dis-
tribution within the nanoparticles. In Figure 2b, we
show the catalytic activity of the differently pretreated
Au@Pd@SiO2 NRs at a reaction temperature of 60
◦C. The catalytic activity is given as a turnover fre-
quency (TOF) which is expressed as the number of

butadiene molecules converted per second per metal
surface atom. The TOFs of the core-shell structured
Au@Pd@SiO2 NRs (Tpre= 250-300 ◦C) were up to 32
times higher than the partially and fully alloyed (Tpre=
350-450 ◦C) AuPd@SiO2 NRs, which can be explained
by the diffusion of less active Au atoms to the NR
surface. Furthermore, the butadiene conversion ver-
sus temperature curves (Figure 2c) show that the core-
shell structured NRs were already active at room tem-
perature, even though the metal loading was as low
as 0.02 wt% and the particle size relatively large. In
addition to the excellent activity, the core-shell NRs
exhibited a remarkably high selectivity (Figure 2b and
Supplementary Figure 6) and highly reproducible cat-
alytic performance (Supplementary Figure 7). Herein,
the selectivity was defined as the number of hydro-
gen molecules used for the conversion of butadiene to
butene divided by the total number of consumed hydro-
gen molecules. In Figure 2b, we deliberately show the
selectivity at high butadiene conversion (98%) as main-
taining high selectivity at low butadiene concentrations
is most challenging. Figure 2d displays the selectivity
of the differently structured Au@Pd@SiO2 NRs over
the full range of butadiene conversions, showing that
the selectivity was larger than 75% for all samples and
highest for the alloyed, followed by the partially alloyed
and then the core-shell catalysts.

As the core-shell structure combined an extraordi-
nary high activity while retaining high selectivity, we
further investigated the core-shell structures and stud-
ied the influence of the shell thickness on the catalytic
behavior. Herein, NRs with 1, 2, 5, 6 Pd shell layers
and XP d= 0.04, 0.08, 0.21, 0.32 were used and com-
pared to a Au and Pd reference catalyst. As it was
not feasible to synthesize well-defined monometallic Pd
rods, we prepared a catalyst consisting of spherical Pd
NPs with an average diameter of 6.1 nm on a silica sup-
port as a reference (Supplementary Figure 8). Further-
more, the monometallic Au nanorods were not active
enough (conversion ≤20 %) to compare them to the
Au-Pd and Pd catalyst at the same temperature inter-
val (Supplementary Figure 9). We therefore included
the catalytic performance of a Au on silica catalyst (d=
3.2 nm, 3.6 wt%) from literature in Figure 3 for com-
parison [28]. In Figure 3 we show that the bimetallic
core-shell NRs outperformed the monometallic Au and
Pd catalysts and that the catalytic performance was
highly sensitive to the Pd-shell thickness. In Figure
3a the catalytic activity, expressed as TOF, at a reac-
tion temperature of 45 ◦C and the selectivity at high
(98 %) butadiene conversion are plotted as a function
of the atomic Pd fraction (XP d). All core-shell struc-
tures with more than 1 Pd layer were considerably more
active than the monometallic Au and Pd NPs and ex-
hibited very high TOFs. For comparison, the TOF
of much smaller, 2-3 nm Au-Pd nanoparticles on sil-
ica (XP d= 0.05) tested under the same conditions was
0.001 to 0.1 s−1 at 60 ◦C [29]. The high activity of
the Au@Pd@SiO2 catalysts is confirmed by the con-
version profiles in Figure 3b. Interestingly, the activity
of the Au@Pd@SiO2 NRs depended non-monotonically
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on the shell thickness, with an optimal activity at 6
atomic Pd layers. The selectivity was highest for the
pure Au and Au@Pd@SiO2 NRs with NP d= 1 and low-
est for the pure Pd sample (Figure 3c and Supplemen-
tary Figure 10). By plotting the selectivity as a func-
tion of conversion we show that the selectivity drops
to lower values for all catalyst at high conversion, yet
remained above 80% for the Au@Pd@SiO2 NRs with
NP d=1 and 6. This means that the best combined ac-
tivity and selectivity was obtained with the core-shell
catalyst with NP d= 6, where the TOF was 50 s−1 at
45 ◦C and the selectivity 80% at 98% butadiene con-
version.

To understand the catalytic behavior of the core-
shell NRs, we employed density-functional-theory cal-
culations (DFT) and studied the effect of the surface
facets, Pd-shell thickness and lattice strain on the ad-
sorption energies of butadiene, propene, butene and hy-
drogen. From our reaction order measurements (Sup-
plementary Figure 11), it follows that the catalytic ac-
tivity depends on the butadiene and hydrogen pres-
sure, and is insensitive to the propene pressure. We
therefore studied the adsorption energy of butadiene
(Figure 4a) and hydrogen (Supplementary Figure 12)
as a function of the Pd-shell thickness for face centered
cubic (FCC) {100}, {111} and {110} terminated sur-
faces. For butadiene, we find a strong dependence on
the type of surface facet, with the {110} surface bind-
ing butadiene the strongest. Our results are consistent
with previous studies [24, 31, 32] on Pd and Au-Pd
single crystals reporting higher reaction rates at the
{110} surface. The {110} surface is therefore likely to
dominate the catalytic behavior of the Au@Pd@SiO2
NRs. Furthermore, since a large part of the NR sur-
face is composed of {110} facets and the activity of Pd
catalysts is mostly particle size independent [24], the
high adsorption energies at the {110} facets could, in
part, explain the high catalytic activity of our core-
shell NRs.

Next, we studied the effect of the shell-thickness on
the adsorption energies of all reactants on a {110} ter-
minated surface (Figure 4b, see Supplementary Fig-
ure 13 for the {111} and {100} surfaces). The
∼1 eV difference in binding energy between butadiene
and propene/butene explains the high selectivity of
Au@Pd@SiO2 NRs as observed experimentally. The
increased binding strength of butadiene and hydrogen
on the layered Au-Pd structures compared to pure Au
explains the increased activity of the core-shell cata-
lysts. The high adsorption energies of the reactants on
the core-shell compared to the monometallic catalysts
are likely caused by lattice strain stemming from the
lattice mismatch between the Au core and Pd overlayer
(∼4%). This is supported by the DFT results in Fig-
ure 4c showing the hydrogen and butadiene adsorption
energy for pure Pd with a Pd lattice constant and for
strained Pd with an Au lattice constant. Lattice strain
induced changes in reactant binding energies have been
observed before, for instance in the oxygen reduction
reaction on strained core-shell catalysts [9, 11]. Finally,
we note that the shell thickness dependent catalytic ac-

tivity as measured experimentally (Figure 3) does not
directly correspond to the present DFT calculations.
The Au@Pd@SiO2 NRs with NP d= 1 and 2 are less
active than might be expected based on the hydrogen
and butadiene adsorption energies. Although the EDX
analysis revealed an overall core-shell structure after
pretreatment at 250 ◦C (Supplementary Figure 4), we
cannot exclude a slight redistribution at the nanorod
surface for the Au@Pd@SiO2 NRs with NP d= 1 and
2, rendering a less pure Pd-shell and hence a less ac-
tive catalyst compared to the Au@Pd@SiO2 NRs with
NP d= 5 and 6.

Altogether, our results show three key features: i)
the core-shell catalysts are considerably more active
than their alloyed counterparts, ii) the activity and se-
lectivity of the core-shell catalysts are shell thickness
dependent and iii) the properties of Au-core Pd-shell
catalysts do not resemble those of pure Pd even when
the Pd-shell is as thick as 6 atomic layers. We as-
cribe these observations to i) strong binding of the re-
actants to the {110} facets running along the sides of
the AuNRs and ii) strain induced changes in the bu-
tadiene and hydrogen adsorption energies on Au-core
Pd-shell nanostructures. Our study highlights the im-
portance of tuning the atomic distribution in bimetallic
catalysts, and lays a foundation for the rational design
of bimetallic catalysts with optimal synergistic perfor-
mances.
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Figure 1: Our model system of monodisperse Au@Pd@SiO2 NRs with controlled Pd content and
shell thickness. a) Schematic representation of the Au@Pd@SiO2 NRs and their surface structure. b) Atomic
Pd fraction as a function the Pd-precursor (Na2PdCl4) concentration present in the synthesis mixture. c-e)
HAADF-STEM and EDX maps showing the structure and composition of Au@Pd@SiO2 NRs with XP d = 0.02
(c), 0.04 (d), 0.21 (e) and 0.32 (f). In the EDX maps Au, Pd and Si are presented in red, green and blue,
respectively.

Figure 2: Core-shell structured Au-Pd catalysts outperform their alloyed counterparts. a) EDX
maps showing core-shell (250 ◦C), partially alloyed (350 ◦C) and alloyed (450 ◦C) AuPd@SiO2 NRs with XP d=
0.08 and NP d= 2. b) Catalytic activity and selectivity of the differently structured AuPd@SiO2 NRs in the
selective hydrogenation of butadiene. c) Butadiene conversion as a function of reaction temperature of the
AuPd@SiO2NRs pretreated at different temperatures. c) Selectivity as a function of the butadiene conversion.
For all catalytic tests 20 mg catalysts with 0.02 wt% metal was used). The reaction mixture consisted of 0.3 %
butadiene, 30 % propene, 20 % H2 and He to balance the flow rate to 50 mL min−1.
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Figure 3: The catalytic performance of Au-core Pd-shell catalysts is highly sensitive to the
number of shell layers. Pd@SiO2 NRs with variable Pd-content and shell thickness were used: XP d=0.04
/ NP d=1 (red), XP d=0.08 / NP d=2 (orange), XP d=0.21 / NP d=5 (green), XP d=0.32 / NP d=6 (blue), and a
Au@SiO2 (XAu=1.0, brown) and Pd@SiO2 (XP d=1.0, black) reference sample containing spherical 3.0 and 6.1
nm particles, respectively. a) Activity expressed as TOF (s−1) at 45 ◦C (left axis) and the selectivity at 98%
butadiene conversion (right axis) as a function of the atomic Pd-fraction. b) Butadiene conversion as a function
of the reaction temperature. c) Selectivity as a function of the butadiene conversion. The metal loading for the
Au@Pd NRs with XP d=0.04-0.32 and XP d=0.02 was 0.02 wt% and 0.2 wt%, respectively. The metal loading
for the Au@SiO2 and Pd@SiO2 reference samples was 3.6 and 0.0065 wt%.

Figure 4: Crystallographic orientation of the surface facets, Pd-shell thickness and lattice strain
govern the reactant adsorption energies. a) Average adsorption energy of butadiene as a function of the
number of Pd-layers at a {100}, {111} and {110} surface. b) Schematic representation of the σ and π binding
modes and plot of the binding energy as a function of the Pd-shell thickness of hydrogen (black), propene (blue),
butene (green) and butadiene (red). c) Hydrogen and butadiene adsorption on Pd and strained Pd {111} and
{110} surfaces with a Pd (389 pm) and Au lattice parameter (407 pm), respectively.
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