
German Edition: DOI: 10.1002/ange.201601016Nanoparticles Very Important Paper
International Edition: DOI: 10.1002/anie.201601016

Modulating fcc and hcp Ruthenium on the Surface of Palladium–
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Abstract: Herein, we report an epitaxial-growth-mediated
method to grow face-centered cubic (fcc) Ru, which is
thermodynamically unfavorable in the bulk form, on the
surface of Pd–Cu alloy. Induced by the galvanic replacement
between Ru and Pd–Cu alloy, a shape transformation from
a Pd–Cu@Ru core–shell to a yolk–shell structure was observed
during the epitaxial growth. The successful coating of the
unconventional crystallographic structure is critically depen-
dent on the moderate lattice mismatch between the fcc Ru
overlayer and PdCu3 alloy substrate. Further, both fcc and
hexagonal close packed (hcp) Ru can be selectively grown
through varying the lattice spacing of the Pd–Cu substrate. The
presented findings provide a new synthetic pathway to control
the crystallographic structure of metal nanomaterials.

Metal nanoparticles (NPs) are emerging as a central nano-
material for catalysis,[1] plasmonics,[2] sensing,[3] and so on.
Many of them, such as Fe,[4] Ni,[5, 6] Ag,[7] Au,[8,9] and Ru[10] NPs
can exhibit multiple crystallographic structures (e.g. face-
centered cubic (fcc), hexagonal close packed (hcp), and body-
centered cubic (bcc)) under different conditions. In addition
to the well-studied features, such as size, composition, and
shape, the crystallographic structure of metal NPs can also
critically influence their functionalities.[11–13] Achieving the
crystallographic structure control of metal NPs which will
enable us to better explore their properties is highly desired
for synthetic methodology studies. Traditionally in the bulk
form, the structural control of a metal usually relies on
altering the temperature and pressure.[8] Such rigid and

expensive tuning methods are not suitable for practical
applications. At the nanoscale, however, the surface com-
pression or tensile stress may play a critical role in directing
the crystallographic structure.[14, 15] For instance, driven by the
minimization process of surface energy, solvent exchange will
lead to the transformation from icosahedral Au13 clusters
protected by dodecanethiol and triphenylphosphine to cuboc-
tahedral structure protected by triphenylphosphine via struc-
tural rearrangement.[15] Though much effort has been
made,[7,8] it still remains a great challenge to modulate the
crystallographic structure of metal NPs through mild chem-
ical methods.

Epitaxial growth is a versatile and facile approach to
construct core–shell, yolk–shell, or hybrid structures by
depositing a crystalline overlayer on a crystalline sub-
strate.[16–19] Taking the substrate as a seed, the crystallographic
structure of the overlayer usually preserves the same epitaxy
with respect to the substrate in the case of moderate lattice
mismatches between two materials. Otherwise, the overlayer
is either differently orientated with respect to the substrate or
randomly located on the surface of the substrate.[20] Under
given temperature and pressure, the lattice mismatch between
two materials is usually unchangeable. As such, modulating
the epitaxial or non-epitaxial mode that the overlayer adopts
to grow on the substrate cannot be implemented. An alloy is
an exception, whereas its lattice parameter is tunable at some
level by varying the composition ratio of two metals. This
unique feature may impart flexibility to designing the lattice
mismatch between the substrate and the overlayer and offer
the ability to manipulate the growth mode of the overlayer.

Ruthenium is one of the most promising metal materials
because of its importance in catalyzing a wide range of
reactions, such as synthesis of ammonia,[21] Fischer–Tropsch
synthesis,[21] and CO oxidation[22]/methanation.[23] Most
recently, Joo and Kusada have discovered the existence of
the nanoscale fcc Ru, which is not conventional and is not
favored at ambient conditions, and reported its relative
different catalytic performance with respect to the hcp
Ru.[10, 22] To date, the synthetic methodology of controlling
the crystallographic structure of Ru or its heterostructures is
still scarce.[24] Herein, we demonstrate the epitaxial growth
can be utilized to induce the fcc Ru overlayer on the Pd–Cu
alloy surface by carefully tuning the composition of bimetallic
alloy substrate. In addition, when the composition ratio of Pd
and Cu was varied, the enlarged lattice mismatch could not be
compensated and the epitaxial growth was broken. Thus, the
hcp Ru, which is the conventionally stable structure,[25]

dominated at the overlayer. This is the first report that
shows the modulating of the crystallographic structure of an
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overlayer on the same type of substrate through tunable
lattice mismatch.

Figure 1 illustrates the epitaxial growth of the fcc Ru shell
on a Pd–Cu alloy seed and the shape transformation from Pd–
Cu@Ru core–shell to yolk–shell architectures. The processes
were traced by transmission electron microscopy (TEM) at
three representative stages (0, 6, 12 hours). We first adopted
a solvothermal method to synthesize PdCu3 alloy seeds with

a homogeneous truncated octahedral shape and uniform size
(19.6� 0.8 nm), as shown in Figure 1 A (the composition ratio
was measured by inductively coupled plasma mass spectrom-
etry (ICP-MS)). The epitaxial growth was initially induced by
the galvanic replacement between Ru and PdCu3 seeds,
during which the Pd–Cu seeds gradually adopted a Pd–
Cu@Ru core–shell structure (Figure 1B). Evidenced by X-ray
diffraction (XRD) spectra, no peak appears that can be
assigned to hcp Ru and the peaks belonging to fcc PdCu3

remained roughly unshifted throughout the entire process
(Figure S1 in the Supporting Information). ICP-MS measure-
ment showed that the Pd/Cu ratio was retained at nearly 1:3.
Therefore, it was concluded that the RuIII would gradually
replace both the Pd0 and Cu0 during the evolution process
(EDS results are shown in Figure S2 and S3). As shown in
Figure 1C, the galvanic replacement finally resulted in a well-
defined Pd–Cu@Ru yolk–shell structure. The detailed one-to-
one correspondence between the TEM images at the three
reaction stages and the projections of the 3D models are
depicted in Figure 1 according to our experimental results and
hypotheses.

The aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images showed that all of the initial PdCu3 seeds were fcc
(Figure S4). The corresponding elemental mappings revealed
both Pd and Cu were uniformly distributed across the whole
particle, in accordance with the nature of bimetallic alloy. The
fast Fourier transforms (FFTs) ascribed to the atomic image
of an individual PdCu3 NP confirmed the standard fcc
arrangement orientated along the [011] direction. According
to the lattice spacing measurements in Figure S4-b, the
average crystal constant of PdCu3 (3.75 è) was between

that of Pd and Cu, which was consistent with the XRD
measurement in Figure S1.

The detailed electron micrograph of Pd–Cu@Ru core–
shell structure after adding RuCl3 solution is shown in
Figure 2A,B. Indeed, the galvanic replacement between Ru
and Pd was a slow process, which could be attributed to their
roughly equivalent redox potentials. Alloying Pd with Cu
would reduce its redox potential (Figure S5), which was
beneficial for the galvanic replacement between the PdCu3

seed and Ru.[26] Surprisingly, the crystallographic structure of
the Ru overlayer grown on the PdCu3 surface was fcc phase as
verified by the atomic HAADF-STEM images (Fig-
ure 2A,B). Indicated by the white dashed line in Figure 2B,
it was very clear that the lattice of overgrown layers followed
that of the core, showing the overgrowth of Ru was in a cube-
on-cube epitaxial fashion. The FFT of an individual particle
revealed the pattern (Figure 2D) was a standard fcc pattern
along with the [001] zone axis. The FFT patterns taken from
the regions of core (Figure 2F) and shell (Figure 2E),
respectively, further confirmed the atoms in these two areas
adopt the same stacking mode. It was worth pointing out that
the lattice spacing of core (1.90 è) was close to that of shell
(1.95 è), allowing the epitaxial growth of Ru on the PdCu3

surface. The corresponding elemental mappings clearly
illustrated the core–shell structure, in which Pd and Cu
concentrate at the center and Ru atoms located at the shell.

When extending the reaction to 12 h, most NPs evolved
into the unique yolk–shell shape, with an average core size of
14.9� 1.4 nm and shell thickness of 2.9� 0.5 nm (Figure 2G).
The key in the formation of yolk–shell structure was the

Figure 1. Schematic illustrations and corresponding TEM images of
the samples obtained at three representative stages during the
structure evolution process. A) PdCu3 seed B) Pd–Cu@Ru core–shell
NPs, and C) Pd–Cu@Ru yolk–shell NPs.

Figure 2. A,B) HAADF-STEM images, C) EDS mappings, and
D,E,F) FFT patterns of Pd–Cu@Ru core–shell nanoparticles.
G,H) HAADF-STEM images, I) EDS mappings, and J,K,L) FFT patterns
of Pd–Cu@Ru yolk–shell nanoparticles. See text for details. DF =dark
field.
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difference of the diffusion rate, which could be
referred as Kirkendall effect.[27] Pd and Cu
atoms diffused outwards faster than the inward
diffusion of Ru atoms. This difference generates
a net flux of vacancies from the surface to the
center. The vacancies then coalesce into voids
and develop preferably at the interface of the
shell and core, which enables the formation of
yolk–shell structure. Once the Ru atoms started
to grow on the surface of PdCu3, the newly
deposited surface Ru atoms would serve as
more tendentious deposition sites relative to
PdCu3 for further nucleation of Ru atoms. The
HAADF-STEM image (Figure 2H) of an indi-
vidual NP suggested that Ru overlayer main-
tained the fcc atom packing throughout the
structural evolution process, which is also sup-
ported by a sole set of diffraction patterns in the
corresponding FFT pattern (Figure 2J). To
better strengthen this conclusion, we further
compared two one-to-one FFTs of selected core
and shell regions separately, thus reconfirming
that the fcc overlayer can be induced by
epitaxial growth on an fcc substrate (Figure 2K,L). Carefully
examinations at different areas confirmed the thickness of the
Ru shells was mostly below 3 nm and the crystal phase adopts
the fcc structure (Figure S6). The corresponding elemental
mappings were measured to clarify the spatial distribution of
this trimetallic structure. Clearly shown in Figure 2I, that the
Pd–Cu alloy core is at the center of the hollow Ru shell with
a clear gap between core and shell.

To reinforce that the fcc Pd–Cu alloy was encapsulated by
the fcc Ru shell, we conducted an element-selective etching
process to elucidate the real shape and crystallographic
structure. In detail, the Ru was separated from the Pd and Cu
through to its insolubility in aqua regia (HNO3/HCl), leaving
a residual hollow Ru cage (Figure 3A). This process could be
accurately traced by the line-scan profile in Figure S7 and
EDS spectra in Figure S8, indicating the dissolution of the
Pd–Cu core. The crystallographic structure of the hollow cage
was identified by XRD (Figure 3B) and high resolution
HAADF-STEM images (Figure 3C,D,E). The low-index
XRD peaks revealed that the crystallographic structure of
Ru hollow cage was fcc phase, which was in line with the
previously discussion. The broadness of the peaks matched
the HAADF-STEM observation of the hollow Ru NP in
Figure 3C very well, which shows that the Ru shell was as thin
as 2–4 nm. The high resolution HAADF-STEM images
(Figure 3D,E) together with their FFTs from two selected
areas also evidenced the characteristic fcc orientation along
the [011] and [001] directions, respectively.

We further explored the crystallographic structure of
grown Ru overlayer on a variety of comparable Pd–Cu alloy
surface. They were synthesized using the same method with
different ratios of Pd and Cu precursors. According to the
VegardÏs law,[28] the lattice parameter of the Pd–Cu alloy
would change correspondingly by varying the composition
ratio of Pd and Cu, which gave the ability to tune the lattice
spacing ranging from that of Pd to that of Cu. Figure S9 shows

the TEM images of composition-dependent Pd–Cu alloy
seeds with comparable morphology and size. The XRD
patterns, as shown in Figure S10, evidenced that the peaks
indexed to {111}, {200}, and {220} diffractions of fcc structure
situated between the standard fcc Pd and Cu and gradually
left-shifted with the increasing Pd concentration. When Ru
was deposited on those seeds, a different crystallographic
structure of the Ru shell could be selectively obtained, whose
XRD spectra (after treatment with aqua regia) are shown in
Figure 4A. Lattice mismatch is defined as the atomic distance
ratio of Ru to Pd–Cu alloy. By building modes, the estimated
lattice mismatch between (hcp and fcc) an Ru layer and Pd–
Cu alloys is shown in Figure 4B. In addition, we try to confirm
the role of lattice mismatch on the structural preference of
different ratio of Pd–Cu alloy. Pd–Cu seeds with a minor
lattice mismatch with respect to fcc Ru, such as PdCu3 and
PdCu2.5 were beneficial for the growth of a fcc Ru shell, in
agreement with the HRTEM observations (Figure S11). The
deviation from the fcc Ru, no matter whether in higher or
smaller concentration, such as Pd (Figure S12, S13), PdCu2

(Figure S14), or Cu (Figure S15–S17), would drive the gen-
eration of the dominant hcp Ru. That is, once the lattice
mismatch was increased to demolish the epitaxial growth, the
Ru overlayer would transform to its conventional hcp
structure.

From the viewpoint of energetics, the stability of the
epitaxial film or the determination of growth modes could be
evaluated by the binding energy of two parts, that is, the
competition between chemical bonding energy, contributed
by new bonds across the interface, and the elastic energy,
caused by lattice mismatch.[29, 30] Density functional theory
(DFT) calculations in the slab periodic model showed that the
lattice constant of fcc Ru layers was 3.75 è, very close to the
experimental value (3.80 è). The calculated binding energy
of fcc Ru on the PdCu3(001) surface (¢6.85 eV/Ru atom) is
far stronger than those of fcc Ru and hcp Ru on PdCu3(111)

Figure 3. A) TEM image, B) XRD pattern, and C,D,E) HAADF-STEM images (insets are
corresponding FFT patterns) of Ru hollow cage
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ones (¢4.34 and ¢4.66 eV/Ru atom; Figure S19). So in what
follows, we focus on the situation of Ru on the exposed (001)
facet of truncated octahedral PdCu3, as verified by TEM (see
Figure 1).

The lattice mismatch between fcc Ru(001) and PdCu3-
(001) was 0.54 %, only producing an elastic energy of 0.11 eV.
In contrast, the binding energy of fcc Ru(001) to PdCu3(001)
surfaces was estimated to be up to ¢13.04 eV. In this manner,
the contribution from the lattice mismatch was less important,
and consequently, the chemical bonding energy dominated
the nucleation behavior of Ru on the PdCu3 substrate with
epitaxial growth of Ru with the same structure as the PdCu3

substrate. So the growth proceeded in a layer-by-layer
fashion, just as in our experimental observations.

By comparison, the nucleation behavior of hcp Ru on
a PdCu3(001) substrate was more complicated because an

ideal coherent interface was
extremely difficult to achieve.
To minimize the surface
energy of the substrate, the
nucleation in general
required the reduced Ru
atoms to bind to the surface
atoms as much as possible,
showing an ideal coherent
interface.[31] This allows, to
the greatest extent possible,
the contacting hcp Ru to have
the same number of and sim-
ilar arrangement of atoms as
the PdCu3(001) surface, typi-
cally the (110) surface. The
calculated surface lattice con-
stants of hcp Ru(110) were
4.28 è and 4.64 è, much
larger than that of PdCu3-
(001). More precisely, the lat-
tice mismatches along the
[100] and [010] directions of
the PdCu3(001) substrate
were up to 14.6% and
24.4%, respectively. Our fur-
ther dynamics simulations
illustrated that upon the
nucleation assumed in epitax-
ial growth, the induced elastic
energy was estimated to reach
6.39 eV, and completely coun-
teract the stacking energy
difference of ¢1.66 eV
between the hcp Ru and fcc
Ru structures. As a conse-
quence, under induced stress
conditions, the Ru atoms at
the interface (A layer; green
in top inset of Figure 4C)
moved along the [001] direc-
tion, and subsurface Ru atom
(B layer, yellow in top inset of

Figure 4C) upshifted along the [110] direction. Finally, the
hcp to fcc structure transformation was induced (Figure 4C).
Even so, the structural transformation, driven by thermody-
namics as there was a rather large contribution of the lattice
mismatch energy to the Gibbs free energy, was not sponta-
neous, and needed to overcome a barrier of at least 1.15 eV
(the red curve in Figure 4 C). All of these evidence showed
that too large a lattice mismatch would effectively hinder the
nucleation of hcp Ru on the PdCu3(001) substrate, causing
a polycrystal Ru overlayer (Figure 4 D). In principle, the
mechanism for the instability of an interface induced by the
tensile surface-stress was very similar to the Asaro–Tiller–
Grinfeld (ATG) instability.[32, 33]

In addition, the analysis based on DFT calculations also
indicates that for other Pd–Cu alloys, the advantage of the
(smaller) lattice mismatch (and/or stronger binding energy)

Figure 4. A) XRD spectra of Pd–Cu@Ru nanoparticles after treatment with aqua regia. The Pd/Cu ratios
within the initial seed are 1/2, 1/2.5, 1/3, 1/6, and 0/1, respectively (From top to bottom). B) Lattice
mismatch between (hcp and fcc) Ru and Pd–Cu alloys with the content of Pd. C) Structural transformation
of hcp Ru to fcc Ru on the PdCu3 substrate driven by the elastic energy, caused by lattice mismatch. Green,
blue and red balls correspond to Ru, Pd, and Cu atoms, respectively. D) Schematic illustrations of the
epitaxial and non-epitaxial growth of Ru on a Pd–Cu surface. E) Hydrogenation of 4-nitrochlorobenzene and
F) hydrogenation of styrene catalyzed by hcp Ru and fcc Ru.
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allows the epitaxial growth of inherently stable hcp Ru
overlayers rather than inherently unstable fcc Ru ones
(Figure 4B, Figure S20). All of these features are consistent
with the experimental observations.

To further explore the structure–activity relationship
between catalytic behavior and crystallographic phase, hcp-
dominated Ru catalysts prepared from Cu NPs (defined as
hcp Ru) were compared with fcc-dominated Ru. We per-
formed the hydrogenation of 4-nitrochlorobenzene and
styrene as probe reactions to investigate these two samples.
In the hydrogenation of 4-nitrochlorobenzene, the fcc Ru
catalyst gave more activity with over 99% conversion of 4-
nitrochlorobenzene in 60 min. In contrast, only 61 % con-
version was achieved by the hcp-dominated Ru (Figure 4E).
However, the opposite trend, that hcp Ru exhibit higher
activity than fcc Ru was observed in the hydrogenation of
styrene (Figure 4F). The conversion of styrene was over 98%
catalyzed by hcp Ru NPs compared with 53% conversion
with fcc Ru NPs catalyst. This catalytic difference may be
a result of the different adsorption behavior of the substrates
on fcc and hcp Ru NPs. Importantly, in the semi-hydro-
genation of diphenylacetylene the over-reduction product can
be largely depressed by both the fcc and hcp Ru, which may
result from poisoning effects by the generation of an Ru
substrate complex on the surface. Moreover, the stereo
selectivities of cis-stilbene can be maintained both by the
hcp and fcc Ru catalysts (Figures S21,S22).

To conclude, it has been demonstrated that the lattice
parameter plays a crucial role in controlling the crystallo-
graphic structure of Ru on the surface of Pd–Cu alloy. By
optimizing the lattice parameter of the Pd–Cu alloy substrate,
we are able to induce the unconventional fcc Ru overlayer by
epitaxial growth, accompanied by a transformation from
a trimetallic core–shell to yolk–shell structure. The trigger of
epitaxial growth can be modulated by tuning the lattice
mismatch between the alloy substrate and the overlayer,
which enables the selective preparation of fcc or hcp Ru
phases. Our findings provide a novel strategy to design
multifunctional nanomaterials, simultaneously realizing com-
position, shape, and crystallographic structure control.
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