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We demonstrate a general strategy for the highly selective synthesis of
Rh-based multi-metallic nanoframes through preferential etching of 3d
metals, including Cu and Ni. Compared with Rh—Cu nanooctahedrons/C,
Rh—Cu nanooctahedral frames/C show greatly enhanced activity toward
hydrazine decomposition at room temperature.

Noble metal nanomaterials with unique chemical and physical
properties have attracted decades of broad interests due to their
promising applications in various fields such as photonics,"
sensing,”* and catalysis.*® In particular, noble metal nanocatalysts
are widely used in industrial catalysis, environmental remediation,
and renewable energy processing; however, their large-scale and
economical utilization is limited by the high cost of noble metals
because of their scarce elemental abundance in the earth. Therefore,
there is strong demand for the development of an atomically
efficient approach for the synthesis of high-performance noble metal
nanocatalysts with high activity, selectivity and durability but at low
consumption of noble metals.

In recent years, several common strategies have been developed
to achieve highly efficient and low-cost noble metal nanocatalysts.
For instance, the shape control of noble metal based nanocrystals
tunes the catalytic activity and selectivity by preferentially exposing
efficient reaction sites (e.g;, high Miller index facets).”® Moreover,
alloying noble metals with light transition metals can not only
reduce the precious metal content, but can also elevate the reactivity
of the nanocatalysts.”" In particular, building open structures, such
as hollow,”” porous structures’® or nanoframes (decahedral,"*
cubic," octahedral,"® dodecahedral'’), has drawn increasing atten-
tion because nanoparticles (NPs) with high surface areas can supply
reactants with molecular accessibility and possess high atom utiliza-
tion efficiency. To date, metal nanoframes have been obtained by a
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few wet chemistry approaches, including one-pot methods,**

templating methods with galvanic replacement or Kirkendall
effect,'>'®'® and etching methods through preferential corro-
sion of the less-noble metal elements for multi-metallic NPs with
alloys'”?*® or core-shell structures."**' Monometallic Au,"***
Pt,”* and multi-metallic Pt-Pd,"® Pt-Cu,">'® Au-Ag,"® Pt-Ni,'"*°
and Au-Pt-Ni*® nanoframes were prepared by these strategies
and displayed noteworthy material properties.

Rh-based catalysts are widely applied in heterogeneous and homo-
geneous catalysis.”* Amongst the platinum group metals, rhodium is
on the top rank of the rarest and the most expensive ones worldwide.
Therefore, it is essential to look for novel high-performance Rh-based
nanocatalysts with the lowest Rh content. Developing robust
framework-like Rh-based catalysts will surely be a feasible way to
achieve the abovementioned objective with a high-efficiency utilization
of Rh resources. To date, only a limited number of studies have been
reported for the syntheses of Rh-based nanoframes.”***® These
syntheses required the oxidative corrosion of noble metal Pd cores,
which served as the sacrifice templates. For example, Rh cubic
nanoframes were synthesized by removing the Pd core from Pd-Rh
bimetallic nanocubes with a core-frame concave structure.”

In this communication, we report on a general approach for the
highly selective synthesis of Rh-based (including Rh-Cu, Rh-Ni and
Rh-Pd-Cu) nanoframes by employing 3d metals (i.e. Cu and Ni) as
the sacrifice agents. Due to their open structure with more active
Rh sites exposed and high molecular accessibility throughout the
porous structure, the Rh-Cu nanoframes showed much faster
hydrazine decomposition reaction rates than their solid counter-
parts and the as-prepared Rh/C at room temperature.

As shown in Scheme 1, we first synthesized monodispersed
Rh-Cu nanooctahedrons (NOHSs) via an oleylamine (OAm)-mediated
solvothermal route (see Experimental section in the ESIt), then
prepared Rh-Cu NOHSs/C by using acetic acid (HAc) to clean their
surfaces after loading the NPs on to carbon black. Taking advantage
of the differences in resistance to oxidative corrosion between Rh
and Cu by O,/HCl, we finally converted Rh-Cu NOHs/C to Rh-Cu
nanooctahedron frames/C (NOHFs/C) via a preferential etching of
Cu in hot HCI solution.
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Scheme 1 Synthetic protocol of Rh—Cu Nanooctahedrons (NOHs) and
Rh-Cu Nanooctahedral frames/C (NOHFs/C).

Fig.1 TEM image (a) and magnified TEM image (b) of Rh—Cu NOHs.
HRTEM image (c) and EDS line scan profiles (d) of Rhn—Cu NOHs. Inset in
panel b is the size distribution histogram of Rh—Cu NOHs.

The transmission electron microscopy (TEM) image (Fig. 1a) and
magnified TEM image (Fig. 1b) show that Rh—Cu NOHSs sized 21.9 +
4.3 nm were prepared via the co-reduction of RhCl; and CuCl, using
OAm as both the solvent and the reductant at 180 °C. The X-ray
diffraction (XRD) pattern of the Rh—-Cu NOHs exhibited three main
peaks belonging to (111), (200), and (220) planes in turn, agreeing
with the standard data of fcc Rh and Cu (Fig. S1, ESIt). As shown in
the high-resolution TEM (HRTEM) image of Rh-Cu NOHs (Fig. 1c),
the lattice fringes showed inter-planar distances of 0.217 nm and
0.188 nm, corresponding to the (111) and (200) planes, respectively.
The value of 0.217 nm falls in between 0.220 nm for the fcc Rh(111)
and 0.209 nm for the fcc Cu(111), indicating the formation of Rh—-Cu
alloy. As illustrated in the TEM images with different incidence
directions, the shape of these NPs was of octahedron enclosed with
eight (111) facets (Fig. S2, ESIt). The molar ratio of Rh/Cu in the
NOHs was further determined to be 37:63 by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) analysis. In addi-
tion, high-angle annular dark-field scanning transmission electron
microscopy-energy dispersive X-ray spectroscopy (HAADF-STEM-
EDS) line scan analysis was used to analyze the distribution of Rh
and Cu in a single Rh—-Cu NOH. Fig. 1d shows an inhomogeneous
elemental distribution in the NOHs. The segregation of Rh species
on the surface of Rh-Cu NOHs was observed.

Rh-Cu NOHs were loaded on carbon black under ultrasonic
treatment to prevent the NPs from aggregating. Subsequently, the
carbon supported Rh—Cu NOHs were treated in HAc to remove most
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Fig. 2 TEM image (a), HRTEM image (b), EDS line scan profiles (c), and
EDS elemental mapping images (d) of Rn—Cu NOHs/C.

of the capping agents of OAm on the surfaces (Fig. 2a),> as
evidenced by the appearance of a very weak absorption peak of an
N-H stretching vibration (ca. 3300 cm™* in Fig. S3, ESIt), together
with a weak signal of an N 1s peak (ca. 398 eV in Fig. S4a, ESI) in the
X-ray photoelectron spectroscopy (XPS) spectra after the treatment.
Moreover, small doses of Cu on the surfaces were leached during the
HAc treatment process, as the Rh/Cu molar ratio in NOHs/C
increased from 37:63 to 43:57, and the main XRD peaks shifted
a little to the lower angle (Fig. S1, ESIt). The inter-planar distances of
the lattice fringes were essentially unchanged, and the morphology
had no evident change (Fig. 2b). EDS line scan profiles (Fig. 2c) and
elemental mapping images (Fig. 2d) show that more Rh was
enriched on the surface of the NOHs, compared with the interior
of the NPs. The XPS result (Rh/Cu = 72:28) vs. the ICP result (Rh/Cu
= 43:57) further illustrated the enrichment of Rh on the surfaces
after HAc treatment. After OAm was washed off from the NP
surfaces, a large fraction of surface Rh without the surfactant was
oxidized because of the instability of the nanosized Rh particles, as
revealed by the XPS results shown in Fig. S5a (ESIt). While copper
was mainly distributed in the interior of the NPs, the valence of
copper was zero under the protection of the surface Rh atoms, thus
the 2pj, peaks corresponded to Cu® (Fig. S5b, ESIt).

Oxidative etching in the presence of oxygen and proper coordina-
tion ligands (such as oleylamine,"” halogen ions®® and dimethyl-
glyoxime®) offers a versatile route to transform the composition and
the shape of metal nanocrystals. Furthermore, acid leaching is also a
facile approach to control the formation of nanoporous or concave
structured metals.*® Compared with Rh (¢°Rh(m)/Rh(0) = 0.76 V vs.
RHE), Cu (¢°Cu(u)/Cu(0) = 0.34 V) has a lower reduction potential,
thus Cu atoms are more susceptible to being oxidized than Rh atoms
in HCl solution in the presence of dissolved oxygen, and the selective
etching reactions are given as follows:

M + m/40, + nCl~ + mH" - MCI?™" + m/2H,0

This journal is © The Royal Society of Chemistry 2015
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As shown in Fig. S6 (ESIt), Rh tends to segregate at the edges and
surface layers of Rh-Cu NOHs, as with the case of Pt in Pt-Ni
octahedrons® and Pt-Ni polyhedrons.”” When Cu atoms were
etched, a small portion of Rh atoms was also removed from the
Cu rich regions. Due to the segregation of Rh species on the edges,
the atoms on the edges were barely dissolved; therefore, the NPs
could retain their nanooctahedral frameworks, as illustrated in Fig. 3
and Fig. S7 (ESIt). After etching with HCI solution in air, the main
XRD peaks of the NOHFs/C shifted further to the lower angle with
reduced crystallinity (Fig. S1, ESIt), which was caused due to the
increased lattice spacing and the destruction of the crystals (Fig. 3b),
owing to the majority of Cu atoms being dissolved. Furthermore, the
molar ratio of Rh/Cu was greatly increased from 43:57 to 73:27. The
elemental mapping images (Fig. 3c) and HAADF-STEM-EDS line
scan profiles (Fig. 3d) show the hollow structure for NOHFs/C. The
XPS result (Rh/Cu = 88:12) vs. the ICP result (Rh/Cu = 73:27)
illustrated the further enrichment of Rh on the frame surfaces, and a
greater proportion of Rh was oxidized (Fig. S5a, ESIt), possibly due
to the formation of a more open framework with more edge and
stepped atoms.

The above route was extendable for the syntheses of trimetallic
Rh-Pd-Cu and bimetallic Rh-Ni nanoframes. Pd is oxidative-etched
easily in the solution of halogen ions with the addition of FeCl;
(ref. 21) or RhCl;.*® We found that Pd and Cu in the NPs could be
dissolved by HCl/O,, despite the absence of metal ions. Fig. S8a (ESIT)
shows that Rh—Pd-Cu NPs (Rh/Pd/Cu = 16:14:70, as measured by
ICP analysis) were polyhedrons with an average size of 30.4 nm. The
XRD pattern (Fig. S9, ESIt), HRTEM image (Fig. S10, ESIT) and EDS
line scan profiles (Fig. S8b, ESIT) of NPs indicated the formation of a
Rh-Pd-Cu alloy. The enrichment of Rh on the surface and enrich-
ment of Cu in the interior appeared in Rh-Pd-Cu NPs, and the
element distribution of Pd was basically like that of Cu. During the
treatment of Rh-Pd-Cu NPs/C using HAc, some Cu contents were
removed (Fig. S9 and S11, ESIt) and the value of Rh/Pd/Cu became

25 nm

overlay

Fig. 3 HAADF-STEM image (a), HRTEM image (b), EDS elemental mapping
images (c) and EDS line scan profiles (d) of Rh—Cu NOHFs/C.
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21:18:61. Pd atom is inclined to be oxidative-etched into a PACl,*~
complex ion under the co-existence of O,, Cl™, and H';?® therefore,
when Pd was introduced into the Rh—Cu system, the etching process
of NPs was accelerated, the time of etching reduced from 9 h to
25 min and the temperature of etching reduced to 60 °C from 80 °C.
The HAADF-STEM image (Fig. S8c, ESIf), EDS line scan profiles
(Fig. s8d, ESIt), and TEM images (Fig. S12, ESIT) demonstrated the
nanoframe structures of Rh-Pd-Cu NPs/C (Rh/Pd/Cu = 55:11:34).

Rh-Ni multi-twinned polyhedrons with an average size of
50.5 nm (Fig. S13 and S14, ESIt) and Rh-Ni porous nanoframes/C
(Fig. S13, ESIt) were prepared by the same route. For Rh-Ni, because
the standard reduction potential of Ni(u)/Ni(0) (—0.257 V) is lower
than that of Cu(u)/Cu(0) (0.34 V), a higher reaction temperature
(210 °C) is necessary to reduce the Ni(u) cation using OAm as the
reductant. During the treatment of Rh-Ni NPs/C using HAc, more Ni
content was removed due to the lower reduction potential than Cu
species and the higher level of non-noble metal content (Ni/Rh =
77:23 vs. Cu/Rh = 63:37, as measured by ICP analysis). After
treatment in HAc for 12 h, some microporous structure (Fig. S15,
ESIt) appeared with corroded Ni (Rh/Ni = 38:62). After further
etching with O,/HCl, the Rh-Ni NPs became more porous
(Fig. S13c, ESIY), along with a markedly increased Rh/Ni molar
ratio (64:36).

Rh-based NPs have been known to act as efficient and
selective catalysts that can readily accelerate hydrazine decomposi-
tion into hydrogen®*** and have drawn much attention as hydrous
hydrazine (N,H,-H,O) is a promising liquid material for hydrogen
storage (with a hydrogen content as high as 7.9% by weight).***> The
hydrazine decomposition mainly includes two reactions: complete
decomposition, H,NNH, — N,(g) + 2H,(g) (reaction 1); and incom-
plete decomposition, 3H,NNH,, — 4NH;(g) + N,(g) (reaction 2). We
investigated the catalytic properties of Rh-Cu NOHs/C and Rh-Cu
NOHFs/C for hydrous hydrazine decomposition. For comparison, we
also tested the catalytic properties of Rh/C, Cu/C, Rh; ;Cu/C catalysts
prepared via NaBH, reduction (Fig. S16, ESIt).

As shown in Fig. 4, no evident activities were observed for
carbon black or Cu/C catalysts. It was found that Rh,Cu alloys

| —=— Carbon black (C)
1.84 —e—curc
{—*—Rh, ;CuiC
~1.54——rnc

{—<—Rnh-cu NOHs/C
Z'1.2 { —»—Rh-Cu NOHFs/C
<

N
=09
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+.,0.6
=
< 0.34

0.0
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Fig. 4 Time course plots for the decomposition of hydrous hydrazine (1.0 M)
in aqueous solutions over different Rh-based nanocatalysts (molar ratio:
Rh/N,H,4 = 1:100) and Cu/C (molar ratio: Cu/N,H4 = 1:100) at 298 K. Each
data point is the average of three independent measurements.
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could not catalyze hydrazine decomposition due to the negative
effect of Cu,*® and we noted that the catalytic activity of Rh; ;Cu/C
was very low. Interestingly, we found that Rh-Cu NOHs/C and Rh-
Cu NOHFs/C could catalyze hydrazine decomposition, because of
the enrichment of Rh on the surfaces, according to the XPS results.
During acetic acid treatment, most of the copper atoms on the top
surface layers were removed. After HCI etching, more copper atoms
were removed, so the population of copper atoms on the top surface
layers was much lower. According to the XPS results, for the surfaces
of NOHs and NOHFs, the molar ratios of Rh/Cu were 72:28 and
88:12, respectively. The turnover frequencies (TOFs) on the basis
of the data at 50% completion of hydrazine decomposition
were 21.8 moly, molg, ' h™', 11.1 moly, molg, ' h™', and
33.7 moly;, molgy, ' h™! for the Rh/C, Rh-Cu NOHs/C, and Rh-
Cu NOHFs/C, respectively. Compared with the Rh/C, the same
amount of Rh in the Rh—Cu NOHs/C exposed much less active
sites attributed to the much bigger sizes of Rh—Cu NPs. As a
result, the integration between the less active sites of Rh and
the negative effect of Cu led to weaker catalytic activity. We
further observed that the TOF of Rh-Cu NOHFs/C was three
times that of Rh-Cu NOHs/C. Rh-Cu NOHFs/C had a much
higher initial reaction activity than Rh-Cu NOHs/C, even higher
than Rh/C, because NPs with open structures, thin edges and
higher Rh/Cu value would hold larger specific surface areas,
and expose more active sites and more stepped surfaces, with
the deepening of the etching process employed in this study.

As also illustrated in Fig. 4, the molar ratios between the
generated H, and N, gases and the initial hydrazine were 1.30,
1.04, and 1.17 for the Rh/C, Rh—Cu NOHSs/C, and Rh—Cu NOHFs/C,
respectively, which corresponded to a H, selectivity of 36.2%, 26.5%,
and 31.4%, respectively. (The H, selectivity could be calculated as y =
(34 — 1)/8 [/, = n(H, + N,)/n(H,NNH,)]).** Rh-Cu NOHs/C possessed a
lower H, selectivity than Rh/C because of the negative effects of Cu,*
while Rh—Cu NOHFs/C possessed a slightly higher H, selectivity than
Rh-Cu NOHSs/C, and a slightly lower H, selectivity than Rh/C, maybe
because of the reduced negative effects caused by the increasing Rh/
Cu molar ratio. Before and after the first cycle of catalytic reactions,
the Rh/Cu ratios were 43:57 and 43:57 for the Rh-Cu NOHSs/C,
73:27 and 74:26 for Rh-Cu NOHFs/C. After four cycles of catalytic
reaction, there was no obvious structural damage for Rh—-Cu NOHFs/
C (Fig. S17, ESIt), showing the robustness of the microstructure of
the nanocatalysts tested during the catalytic processing.

In summary, we developed a versatile wet chemistry approach for
the highly selective synthesis of Rh-based nanoframeworks, including
Rh-Cu NOHFs/C, Rh-Pd-Cu nanopolyhedral frames/C, and Rh-Ni
porous nanopolyhedral frames/C through preferential etching effect
of 3d metals, including Cu and Ni. Due to their more accessible active
sites exposed on the robust porous structure, Rh-Cu NOHFs/C
showed rather higher catalytic activity for hydrazine decomposition
than Rh-Cu NOHSs/C at room temperature. This study has provided a
powerful and practical synthetic strategy for the selective fabrication
of a novel noble metal based nanoframeworks for maximizing the
atomic utilization efficiency of noble metals in the nanocatalysts with
high catalytic performances for many other heterogeneous catalytic
reactions of wide applications.
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