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A facile synthetic strategy has been developed for size-controlled
PtCu@Ru nanorattles via co-decomposition of Ru and Cu precur-
sors in the presence of Pt nanoparticles. The presence of Pt nano-
particles induces a fast decomposition of Cu precursors, leading to
the growth of the Cu phase on the Pt seeds. The Pt nanoparticle
surface is partially alloyed with the Cu phase to form a PtCu alloy
phase. Subsequent decomposition of Ru precursors leads to the
formation of the Ru shell. The Cu layer between the core and shell
of the intermediate PtCu@Cu@Ru nanoparticle, generated as a
kinetic product, is then in situ removed by a CTAB
(cetyltrimethylammonium bromide)-induced destabilization pro-
cess to yield a novel nanorattle structure with a Pt-based core and
a porous Ru shell. The diameter of the Ru shell could be conve-
niently controlled by varying the ratio of employed Cu and Ru
precursors.

Hollow metallic nanocages or nanoframes with an inherently
high surface area are receiving great attention due to their
potential catalytic applications in important technological
fields such as fuel cells' and electrocatalytic water splitting
reactions.”™® Various methodologies are being actively sought
to prepare hollow nanostructures with desirable compositions
and structural features, and the common synthetic scheme
invariably involves the formation of a shell or framework on
the surface of a removable template and subsequent removal
of the template by etching.”*° Therefore, the dimensional
control of removable template nanoparticles is crucial for the
size control of the final hollow or frame nanostructures. The
size of hollow or frame nanostructures might have to be fine-
tuned because the electrocatalytic conversion is greatly
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affected by the interaction between the catalytic system and
electrode surface.*™® We have recently reported a facile one
pot synthesis of Ru nanocages by co-decomposition of Ru and
Cu, which involves in situ formation of a Cu@Ru core-shell
and subsequent Cu phase removal, and its usage in oxygen
evolution reaction."* However, the size control of the catalytic
Ru nanocage was possible only for a certain size range,
namely around 23.5 + 2.5 nm. The size control of the in situ
formed Cu nanotemplate has proved to be very challenging
because the size of a Cu nanoparticle is determined by a deli-
cate balance between the Cu growth and Ru-induced impedi-
ment of Cu growth. The size control of the nanocage was fur-
ther complicated by the competing Cu phase dissolution.

We noted in several cases that the formation of nano-
crystals from decomposing precursors can be greatly facili-
tated by the presence of heterophase seed nanocrystals."> >
In the presence of a suitable nanocrystalline seed, the decom-
position of template precursors can result in a complete con-
sumption of the precursors. Subsequent deposition of the
catalytic metals on the nanotemplate, followed by dissolution
of the template, would result in size-controlled hollow cages.
This points to an idea that, in the presence of seeds, the
in situ formed Cu nanocrystal templates might be size-
controlled to eventually give size-controlled hollow cages as
shown in Scheme 1. In order to test our idea, we studied the
decomposition of Cu and Ru precursors in the presence of Pt

®Pt ®Cu

o b 4

Scheme 1 Schematic synthetic strategy for size-controlled PtCu@Ru
nanorattles. The Ru frame size is determined by the thickness of Cu
layer. Violet core in final product denotes the partial surface alloying
between Cu and Pt phases.

Ru @ Pt, Cumixed core
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nanocrystal seeds at varying {Cu, Ru}/Pt ratios. Herein, we
report an unprecedented size-controlled synthesis of Ru
nanocages containing a PtCu rattle core.

A typical synthesis begins with the preparation of spheri-
cal Pt nanoparticles by decomposing Pt(acac), (0.02 mmol,
Aldrich, 97%) in oleylamine (15 mmol, Aldrich, 70%) at 200
°C for 5 min under 1 atm CO gas. The TEM image of synthe-
sized Pt seed nanoparticles is shown in Fig. S1.} The average
size was around 6.3 + 0.8 nm. Pt seed nanoparticles (0.4 mg)
dissolved in 1 mL of oleylamine were added in a slurry of
Cu(OAc), (0.02 mmol, Aldrich, 98%), Ru(acac); (0.02 mmol,
Strem Chemicals, 99%), CTAB (0.02 mmol, Aldrich, 99%),
and 4 mL of oleylamine (12 mmol, Aldrich, 70%), prepared
in a 100 mL Schlenk tube. The Schlenk tube, evacuated and
then charged with 1 atm CO gas, was heated at 280 °C for 20
min. To the cooled solution, a mixture of toluene and metha-
nol (v/v = 1/2) was added to give dark precipitates, which were
further purified by centrifugal separation. Representative
transmission electron microscope (TEM) images, X-ray pow-
der diffraction (XRD) pattern, and high-resolution TEM
(HRTEM) analysis are shown in Fig. 1. The octahedral nano-
rattles are highly uniform with an average size of 15.1 + 1.1
nm (see ESIf Fig. S2 for detailed size analysis). The monodis-
perse size distribution and the structural feature of PtCu@Ru
nanorattles are clearly demonstrated in Fig. 1a. The XRD data

Fig. 1 a) TEM and b) HRTEM images of PtCu@Ru nanorattles. c) XRD
pattern of PtCu@Ru nanorattles. d) HRTEM image with zone axis [111]
and its FFT pattern. e) STEM image and elemental mapping data. The
atomic compositions are found to be 17.9% Pt, 29.7% Cu and 52.4%
Ru.
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and fast Fourier transformation (FFT) patterns show the Zcp
(hexagonal close packing) atomic structure of Ru and fcc
(face-centred cubic) atomic structure of Pt. XRD diffraction
peaks of the Cu phase, which has a smaller atomic number,
could not be easily identified.

The atomic compositions of PtCu@Ru nanorattle are
found to be 17.9% Pt, 29.7% Cu, and 52.4% Ru. When com-
pared to previously reported Cu-doped Ru nanocages,'* a
more substantial amount of Cu appears to remain. However,
the elemental distribution of PtCu@Ru nanorattles obtained
by EDX mapping in Fig. 1e shows distinct Pt and Cu signals
from the core and the Ru signal from the shell (see ESI} Fig.
S3a). Closer examination of the elemental compositions of
the core shows that the Pt core is surrounded by the Cu layer.
The incomplete Cu removal might have resulted from the
alloying between surface Pt and Cu layer on the core Pt. The-
oretically, Pt and Cu can easily mix to form a binary alloy sys-
tem due to the negative mixing enthalpy of formation of Pt
and Cu.>**" It is notable that the shell is nearly completely
devoid of the Cu component. This seems to indicate that the
mixing between Cu and Ru is minimal, plausibly due to the
sequential deposition of Cu phase and Ru phase and due to
the incompatibility between hcp Ru and fec Cu.>>*® HRTEM
also reveals a highly polycrystalline Ru-based shell and a sin-
gle crystalline Pt-based core. The lattice distances of (011),
(101) and (110) planes were measured to be 0.207 nm, 0.204
nm, 0.205 nm, respectively, with a zone axis of [111].

The structural evolution of the PtCu@Ru nanorattles was
studied by examining the temporal images of reaction inter-
mediates in order to understand the detailed mechanism. At
the initial stage of reaction (3 min), Cu atoms deposit on a Pt
seed to form a core-shell structure. At this point, most nano-
crystals have the Pt@Cu core-shell structure as shown in
Fig. 2b, but the octahedral shape is not fully developed.
Atomic compositions of Pt@Cu core-shell nanoparticles are
found to be 91.3% Cu and 8.2% Pt. The content of Ru has
been estimated under the detection limit (0.5%) (see ESIT
Fig. S3b). As reaction proceeds, Ru deposits on the Pt@Cu
core-shell nanoparticles to form a PtCu@Cu@Ru intermedi-
ate structure and develops into an octahedron shape. Bro-
mide ions in CTAB can act as an etchant for the Cu phase,
but can also control the Cu nanoparticle morphology."* The
Cu layer between the core and shell of the PtCu@Cu@Ru
intermediate diffuses out by the action of the CTAB interme-
diate. The hollowing-out process is completed in the reaction
time of 20 min to finally give PtCu@Ru nanorattles. Further
analyses of HR-TEM studies also confirm the nanorattle
structure for the resulting nanostructure (see ESIf Fig. S4).

Interestingly, the core size gradually increases over time
(see ESIT Fig. S5 for detailed size analysis). As discussed ear-
lier, the formation of the Cu and Pt alloy phase is thermody-
namically allowed,>>" and therefore the surface alloying
between Pt and Cu explains the gradual size increase of the
core.

The deposition of Ru occurs preferably on the edges rather
than the facets, leading to the porous nature of the facet and
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Fig. 2 a) TEM image of Pt core and temporal TEM images of reaction
intermediates obtained at 3 minutes, 5 minutes and 20 minutes. b)
STEM image and elemental mapping data of sample at 3 minutes. The
atomic compositions are found to be 8.2% Pt and 91.3% Cu.

subsequent leaching of the Cu content. The nanorattles are
very robust under the reaction conditions; even after
prolonged heating at 280 °C for 2 hours under CO gas, the
nanostructures did not change. A number of heterostructures
have been synthesized through the seed-mediated
approach.>’?® In many of these cases, the structure and
shape of nanocrystal seeds play a key role in the nucleation
and growth of the secondary metal. However, in our case, the
morphology of the final product, PtCu@Ru nanorattle, seems
to be mostly affected by the surfactant CTAB or CO gas rather
than morphology of Pt seeds, since the spherical Pt nanopar-
ticle without well-defined edges and vertices would have a
minimal effect on the morphological evolution of the second-
ary metals (see ESI{ Fig. S6).

The ratios of Cu/Pt and Cu/Ru are crucial factors in deter-
mining the overall size of the CuRu shell. The size of the
PtCu@Ru nanorattle was tuned from 13.4 nm to 19.8 nm by
controlling the amount of Pt seed (Fig. 3a), and by varying
the amount of Cu precursor (Fig. 3b-d) as shown in Fig. 3
(see ESIf Fig. S7 for the size analysis). Nanorattle sizes of
13.4 nm, 15.1 nm, 16.7 nm, and 19.8 nm were obtained from
Cu/Ru ratios of 1.0 (Fig. 3a), 1.0 (Fig. 3b), 1.5 (Fig. 3¢) and 2.0
(Fig. 3d), with the amount of Pt seed nanoparticles fixed at
0.8 mg for Fig. 3a and at 0.4 mg for Fig. 3b-d (see ESI} Exper-
imental section for details). The interior void space grew as
the size of PtCu@Ru nanorattles increased, indicating that
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Fig. 3 TEM images of PtCu@Ru nanorattles with edge lengths of a)
13.4 nm, b) 15.1 nm, c) 16.7 nm and d) 19.8 nm, respectively, prepared
from Cu/Ru ratios of 1.0, 1.0, 1.5, and 2.0.

the interior void indeed results from the dissolution of the
Cu phase. At a Cu/Ru ratio of 2.0, spherical shaped PtCu@Ru
nanorattles with a size of 19.8 nm were obtained (Fig. 3d),
indicating the limit of octahedral shape control by CTAB in
fast Cu growth conditions. The ability to control the size of a
hollow nanostructure has been rarely reported, although the
size of the nanoparticle is closely linked to the overall cata-
Iytic performance. In this regard, herein reported size control
of hollow nanostructures would be very useful in designing
hollow structured nanocatalysts with optimal performance.
The oxidation states of Ru in PtCu@Ru nanorattles were
analysed by X-ray photoelectron spectroscopy as shown in
Fig. 4. The less intense Ru 3p signal was analysed instead of
the main Ru 3d signal, as the latter is always obscured by the
C 1s signal.*® The peaks located at 484.5 eV, 486.7 eV, 462.2
eV and 464.2 eV could be assigned to Ru(0) 3p;/», Ru(iv) 3py)»,
Ru(0) 3ps;, and Ru(wv) 3psj,, respectively (see ESIT Fig. S8).
When compared to our previous report on Cu-doped Ru
nanocages'? the proportion of Ru(0) in the nanorattle is
much larger in all four cases. The relative absence of the
more easily oxidized Cu component in the Ru shell of the
PtCu@Ru nanorattle has indeed preserved the Ru(0) state as
compared to the case of Cu-doped Ru nanocages. Further-
more, the predominant Ru(0) component observed in the
PtCu@Ru nanorattle is consistent with the physically
detached PtCu core and the Ru shell. In the case of the Au/
Cu,0 hollow sphere,*” the high proportion of pure Au(0) in a
hollow sphere observed by XPS data was used to confirm the
binary nature of Au/Cu,O nanocomposites. As the size of the
PtCu@Ru nanorattle increased from 13.4 nm to 19.8 nm (Fig.
4), the component of Ru(0) in nanorattles gradually
decreased. We suspect that the growth of large Cu

This journal is © The Royal Society of Chemistry 2015
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Element Peak  PeakWidth  PeakArea Element Peak PeakWidth  PeakArea

Energy(eV) FWHM(eV) (eV-ctsis) Energy(eV) FWHM(eV) (eV-ctsis)
Ru(0)3p,, 4845 340 45000(80.4%) Ru(0)3p,, 4845 3.59 33300 (74.8%)
Ru(lV)3p,, 4867 450  11000(19.6%) Ru(lV)3p,, 4867 456 11200(25.2%)
Ru(0)3p,, 4622 345 77400(78.3%) Ru(0)3py, 4622 329 47500(73.8%)
Ru(lV)3p,, 4642 369 21500(21.7%) Ru(V)3p., 4642 484 16900(26.2%)

a) Ru(0) 3ps2 b)

Ru(0) 3py,
'

Ru(0) 3py»

Ru(0) 3p1»

Intensity (a. u.)
Intensity (a. u.)
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El ¢ Peak Peak Width  Peak Area El t Peak Peak Width  Peak Area
eMEN Energy(eV) FWHM(eV)  (eVctsls) ement Energy(eV) FWHM(eV)  (eV-ctss)
Ru(0) 3pi;  484.5 259 46900 (68.0%) Ru(0)3p;; 4845 298 22700 (58.7%)
Ru(lV) 3p;; 486.7 354 22100 (32.0%) Ru(V)3p,, 486.7 420 16000 (41.3%)
Ru(0) 3ps,  462.2 347 96700 (67.3%) Ru(0) 3py,  462.2 347 33200 (61.8%)
Ru(lV) 3py, 464.2 399 46900 (32.7%) Ru(IV)3ps, 464.2 434 20500 (38.2%)
<) d
Ru(0) 3p3, Ru(0) 3py,

Ru(0) 3p1» f Ru(0) 3py» i

Intensity (a. u.)
Intensity (a. u.)
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Binding Energy (eV)

Fig. 4 X-ray photoelectron spectra of a) 13.4 nm, b) 15.1 nm, c) 16.7
nm, and d) 19.8 nm PtCu@Ru nanorattle.

nanoparticles is accompanied by the co-decomposition of a
small amount of Ru species, although with slower decompo-
sition kinetics. Higher CuRu alloy proportion in the final
shell structure might contribute to the increased number of
Ru species with higher oxidation states.

Conclusions

In summary, we have successfully synthesized size-controlled
hollow octahedral nanocrystals in the presence of Pt seeds.
The growth of the nanorattle structure is based on the fast
nucleation of Cu on the preformed Pt nanoparticles. Subse-
quent deposition of the Ru phase and removal of Cu by the
leaching effect of CTAB lead to the formation of a nanorattle.
The mixing between Cu phase and Ru phase could be mini-
mized, by completely decomposing the Cu phase assisted by
the existing Pt seeds, to form the Ru phase shell, which is in
contrast to the seedless co-decomposition of Cu and Ru pre-
cursors to form Cu-doped Ru hollow nanocages. The size of
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PtCu@Ru nanorattles could be conveniently controlled by
varying the Cu/Ru ratio. The high surface area per mass of
the hollow nanostructures would be greatly advantageous for
the catalytic performance. Further studies are also underway
to extend the synthetic concept to the preparation of size-
controlled hollow nanostructures of other metals and alloys.
It would be worthwhile to investigate the relationship
between electrocatalytic performance and nanoparticle size.
It would be also feasible to use multiply twinned seed nano-
crystals in the fabrication of hollow structures with twinned
shells; highly energetic structural features such as twinning
boundary have been closely linked to the catalytic activity of
nanoparticles.
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