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Uniform and well-defined octahedral Rh nanocrystals were rapidly synthesized in a domestic microwave
oven for only 140 s of irradiation by reducing Rh(acac)s with tetraethylene glycol (TEG) as both a solvent
and a reducing agent in the presence of an appropriate amount of Kl, didecyl dimethyl ammonium
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chloride (DDAC), ethylene diamine (EDA) and polyvinylpyrrolidone (PVP). KI, DDAC and EDA were

essential for the creation of octahedral Rh nanocrystals. Electrochemical measurements showed
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To date, platinum group metals play an indispensable role as
efficient catalysts for some important reactions in industry.
However, due to their limited reserves and high prices, a large
number of platinum group metal nanoparticles with different
particle sizes, morphologies and surface structures have been
synthesized by means of various methods to reduce their cost.*
As a platinum group metal, Rh has good catalytic activity and
stability, and is often used as a typical catalyst for some
chemical reactions such as hydrogenation,>” nitrogen oxide
reduction,? CcO oxidation,”** cross coupling,*>**
hydroformylation,** and other chemical
reactions.” Therefore, controlled syntheses of Rh nanoparticles
with different morphologies have attracted much attention. In
recent years, people have successfully prepared Rh nano-
structures with various morphologies such as sheet,**” flower,®
polyhedron, porous ball,® multi branches, stars,*°
nanoframes**'*** and nano nail.** These Rh nanoparticles with
unique structures effectively improve the atom utilization as
well as their catalytic reaction performances. However, similar
to other platinum group metals, the difficulty of large-scale
preparation of Rh nanomaterials with single morphology and
uniform size still greatly restricts their industrial application.
Microwave irradiation has been widely used in chemical
synthesis because of its simple, rapid and efficient character-
istics as well as special heating mode from the inner. We have
synthesized many metallic nanoparticles with different shapes

in fuel cells*®?*
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a significantly enhanced electrocatalytic activity and stability for the as-prepared octahedral Rh
nanocrystals compared with commercial Rh black.

by using microwave irradiation for about 80 to 120 seconds.
Herein, we report a simple and fast strategy for the synthesis of
octahedral Rh nanocrystals under microwave irradiation with
using domestic microwave oven. In a typical synthesis, octahe-
dral Rh nanocrystals with uniform and well-defined morphol-
ogies were successfully synthesized with Rh(acac); as the
precursor, polyvinyl pyrrolidone (PVP) as the stabilizer, tri-
ethylene glycol (TEG) as both a solvent and a reducing agent in
the presence of didecyl dimethyl ammonium chloride (DDAC),
KI and ethylene diamine (EDA) under microwave irradiation in
avery short time. Meanwhile, the electrocatalytical performance
of the as-prepared octahedral Rh nanocrystals for the electro-
oxidation of formic acid was also investigated with commer-
cial Rh black as a contrast.

The TEM and SEM images of the representative Rh nano-
particles obtained under the optimal experimental conditions
are shown in Fig. 1, S1 and S2.f Wherein, the prepared Rh
nanoparticles demonstrated uniform and well-defined octahe-
dral structure with sharp edges and corners as well as smooth
surfaces (Fig. 1a and b), in which the average side length is
about 65 nm. The high-resolution TEM (HRTEM) image (Fig. 1c)
shows well-resolved continuous fringes clearly. The corre-
sponding fast Fourier transform (FFT) pattern, as the inset
shown in Fig. 1c, shows a lattice distance of 0.194 or 0.216 nm,
which can be attributed to the {200} and {111} lattice planes of
the octahedral Rh with face-centered cubic structure, respec-
tively, confirming its single-crystal nature. Furthermore, the
regular octahedral feature of the as-prepared Rh nanoparticles
can be well distinguished from SEM images, as shown in Fig. 1d
and S2.1 These results show that the octahedral Rh nanocrystals
with a single morphology can be rapidly synthesized in a great
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Fig. 1 TEM and SEM images of the as-prepared octahedral Rh
nanocrystals. (a) and (b) Typical TEM images with different scales. The
inset in (b) is the schematic illustration; (c) typical HRTEM image. The
inset is the corresponding FFT pattern; (d) SEM image.

quantity by irradiation with domestic microwave oven for only
140 s.

Fig. 2a shows the XRD pattern of the as-prepared typical
octahedral Rh nanocrystals. As can be seen, the diffraction
peaks at 26 values of 41.26, 47.95, 70.18 and 84.33° are observed,
which can be well indexed to the diffractions of (111), (200),
(220) and (311) lattice facets of metallic Rh referring to the
standard powder diffraction card (JCPDS card No. 05-0685),
respectively. This observation further confirmed their fcc Rh
structure. In addition, the narrow and sharp (111) diffraction
peak implied that the typical octahedral Rh nanocrystals
exhibited a high purity and crystallinity. The XPS spectrum was
taken for the as-prepared octahedral Rh nanocrystals and the
result was displayed in Fig. 2b, As it can be seen, two peaks
corresponding to the electron binding energies of Rh 3d;,, and
Rh 3ds,, were observed at 311.85 eV and 307.10 eV with an
interval of 4.75 eV, respectively, which were consistent with the
literature values (311.75 and 307.0 eV),* revealing Rh(0)
metallic state of the octahedral nanocrystals.

z
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Fig. 2 XRD pattern (a) and XPS spectrogram (b) of octahedral Rh
nanocrystals.
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The dependence of the morphological evolution of Rh
nanocrystals upon irradiation time was investigated. When
irradiated for 120 s, the octahedral structural Rh nanocrystals
with about 65 nm of the side length produced except for unclear
edges and corners as well as a shorter side length, as shown in
Fig. 3a. As microwave irradiation progressed to 140 s, uniform
and well-defined octahedral Rh nanocrystals with smooth
surfaces generated (Fig. 3b). While the irradiation time was
extended to 160 s, however, the vertices of some octahedral
structures were truncated although with no change of the sizes,
as shown in Fig. 3c. As the irradiation time reached 180 s, the
octahedral structural feature of most particles disappeared with
a further truncation of their vertices (Fig. 3d), which should be
ascribed to higher surface free energies for the metallic atoms at
the apexes and edges as well as a higher internal temperature
due to a longer irradiation time. These results indicated that the
optimum microwave irradiation time was 140 s for the creation
of regular octahedral Rh nanocrystals.

It was noteworthy that KI played a crucial role in controlling
synthesis of octahedral Rh nanocrystals. When no KI was used,
it would produce irregular Rh nanoparticles, as shown in
Fig. 4a. While with addition of 0.6 mmol of KI, octahedral Rh
nanostructures with blunt vertices and an average side length of
about 50 nm were generated (Fig. 4b), implying an incomplete
growth relative to the case of 0.8 mmol of KI as in the typical
experimental process (Fig. 1). Nevertheless, the amount of KI
was increased to 1.2 mmol, only less octahedral structure
features could be observed except for few obscure polyhedral
outlines (Fig. 4c). These results indicated that the existence of
KI was advantageous to the generation of octahedral Rh nano-
crystals. Generally, the eight triangular surfaces of metallic Rh
octahedron consists of (111) lattice planes. According to the
previous report,** it can be considered that the preferential
adsorption of I anions on Rh (111) planes is one of the main

100 nm

Fig. 3 TEM images of Rh nanoparticles prepared at different reaction
time. (a) 120 s; (b) 140 s; (c) 160 s; (d) 180 s.
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50 nm 50 nm

Fig. 4 TEM images of Rh nanoparticles prepared with different
amounts of DDAC or Kl under the same other conditions. (a) Absence
of KI; (b) 0.6 mmol of KI; (c) 1.2 mmol of Kl; (d) absence of DDAC; (e)
0.2 mmol of DDAC; (f) 0.6 mmol of DDAC.

factors driving the formation of octahedral structure. As
a result, a growth along (111) directions was confined and
a growth along (100) directions was facilitated, which created
octahedral structures due to anisotropic growth. However,
excessive I ions would adsorb non-selectively on the surfaces of
Rh nanoparticles, which resulted in passivation of the edges
and corners of polyhedron. In addition, an equivalent amount
of KBr or KCl was used instead of KI, respectively, to clarify the
role of I" ions under the same other conditions. As can be seen
(Fig. S3, ESIf), no octahedral Rh nanocrystal except for
agglomerated irregular nanosheets was observed in these two
contrast experiments. This may be ascribed to the change of the
precursor. In the presence of a large number of I" ions, the
precursor can be transformed to a more stable [Rhig]*~
complex.***” As a result, the reducing rate of Rh(ur) to Rh atom
decreased, which may be favourable for the nucleation of Rh
nanoparticles and the oriented growth of Rh octahedra.
Meanwhile, the influence of DDAC on the generation of
octahedral Rh nanocrystals was also studied under the same
other conditions. In the absence of DDAC, only agglomerated
irregular Rh nanoparticles were observed (Fig. 4d). When
0.2 mmol of DDAC was added, octahedral Rh nanostructures
with an average side length of about 45 nm, a smaller size

© 2023 The Author(s). Published by the Royal Society of Chemistry
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relative to the case of 0.4 mmol of DDAC as in the typical
experiments (Fig. 1), were generated accompanying with a few
irregular nanoparticles (Fig. 4e). With increasing the amount of
DDAC to 0.6 mmol, agglomerated irregular polyhedral nano-
structures formed (Fig. 4f). Thus, the addition of DDAC was also
indispensable for the growth of octahedral Rh nanostructures
under microwave irradiation. Whereas an excessive amount of
DDAC was also unfavourable for creation of the octahedral Rh
nanocrystals. Moreover, no octahedral nanostructures gener-
ated except for urchin-like Rh hierarchical superstructures
when adding an  equivalent amount of cetyl-
trimethylammonium chloride (CTAC) instead of DDAC
(Fig. S4a, ESIt). While didoctyl dimethyl ammonium bromide
(DDAB) was used instead of DDAC, the formation of octahedral
Rh structures can be still observed although accompanying with
other irregular polyhedral (Fig. S4b, ESIt). These results sug-
gested that the formation of octahedral Rh nanostructures were
strongly dependent upon the hydrophobic chains of DDAC or
DDAB but nothing to do with CI”™ or Br~ anions. The effect of
other halide ions can be ignored due to the existence of a large
number of I" ions. That is because the strength of adsorption of
I” ions on metal surfaces is generally stronger than that of CI™
or Br~ ions.*®

Accordingly, the generation of octahedral Rh nanocrystals
should be ascribed to the synergistic effect of KI and DDAC
under the above experimental conditions. We believe that
DDAC could enhance the role of I ions in generating (111)
facets of octahedral by adjusting the adsorption selectivity of I™
ions on (111), (100) or (110) facets. On the one hand, the amount
of KI would manipulate the reducing kinetics to form octahe-
dral Rh nanostructures under microwave irradiation. A slow
reducing rate was favourable for the oriented growth of Rh
octahedra due to the formation of a more stable coordinated
anion [Rhig]’~. On the other hand, the confinement of DDAC
induced the selective adsorption of I ions on Rh {111} facets
which restrained the growth along (111) directions of Rh nuclei
and prompted the growth along (100) directions. In addition,
a proper quantity of DDAC confined the deposition of Rh atoms
on {111} facets, which may be beneficial to the growth along
(100) directions. However, an excessive amount of DDAC was
unfavourable for the formation of shaped Rh nanoparticles
since they disturbed the adsorption of I anions on Rh {111}
facets.

Furthermore, it was also found that ethylene diamine (EDA)
demonstrated an important effect on the creation of octahedral
Rh nanostructures. Under keeping the total volume of the
reaction system unchanged, the significantly agglomerated
irregular polyhedral nanoparticles with sharp horns were
observed in absence of EDA (Fig. S5at). When 0.5 mL of EDA
was added, a few octahedral nanostructures began to generate
though accompanying with agglomerated irregular polyhedra
(Fig. S5bt). While the amount of EDA was increased to 1 mL,
uniform and well-defined octahedral Rh nanocrystals with flat
and smooth surfaces were produced (Fig. S5ct). However,
a more amount of EDA was added, a part of octahedral nano-
structures become deformation as well as agglomeration
(Fig. S5dt). In the reaction system, TEG as a solvent was also
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served as a reducing agent. As can be seen, even though without
adding EDA, the rhodium salt was still reduced completely to
produce metal Rh nanoparticles. With the addition of EDA,
octahedral Rh nanocrystals began to generate, while an exces-
sive amount of EDA resulted in unclear edges and corners of the
octahedral structures. Obviously, EDA demonstrated significant
effect on the morphology control of octahedral Rh nanocrystals.
It should be ascribed to the coordination adsorption of EDA on
the surface of metal particles.”® Furthermore, no octahedral
nanostructures but irregular nanoparticles or Rh dendrites
generated with using an equivalent amount of n-butylamine or
n-octylamine instead of EDA (Fig. S6a and bt). Therefore, we
suggest that EDA plays a synergistic role together with DDAC in
regulating the rate of atomic packing and nanoparticle growth
by coordination adsorption. The growth rate of nanoparticles is
faster in absence of EDA, while the growth rate slows down with
the increase of EDA dosage. An appropriate amount of EDA
facilitates the generation of uniform octahedral Rh nanocrystals
by adjusting the balance between nucleation rate and growth
rate. Nevertheless, excessive EDA makes a slower growth than
nucleation due to their extreme adsorption, resulting in obscure
appearances of some octahedral Rh nanoparticles.

In addition, PVP was also found to be important but not
essential for the formation of octahedral Rh nanocrystals.
Either without or with a few amount of PVP, octahedral Rh
nanocrystals can also produce except for a little agglomeration
(Fig. S7a and b¥). An appropriate amount of PVP contributed to
uniform and well dispersed octahedral Rh nanocrystals, while
excessive PVP caused aggregation (Fig. S7c and df). These
results indicated that PVP served mainly as a protecting and
dispersing agent for the nanocrystals.

The catalytic performance of the synthesized octahedral Rh
nanocrystals was tested by cyclic voltammetry (CV) and
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Fig.5 The CV (a) and CA (b) curves for the electrochemical oxidation
of 0.5 mol L~ HCOOH over the octahedral Rh nanocrystals and Rh
black in 0.5 mol L™t HCIO, solution, respectively.
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chronoamperometry (CA) with the formic acid electrooxidation
reaction as the model reaction system. Fig. 5a exhibits the
representative CV curves obtained for the electrochemical
oxidation of 0.5 mol L~' HCOOH over the octahedral Rh
nanocrystals and commercial Rh black in 0.5 mol L™* HCIO,4
solution, respectively. CV measurements showed the peak
current density for the octahedral Rh nanocrystals was 3.53 mA
cm™? at 0.544 V, while it was 1.01 mA cm ™2 at 0.609 V for Rh
black. The formic acid electrooxidation indicated that the
electrocatalytic activity of octahedral Rh nanocrystals was about
3.5 times that of Rh black, demonstrating an obvious
morphological dependence for their electrochemical property.
The corresponding CA curves of formic acid electro-oxidation at
0.55 V is shown in Fig. 5b. As can be seen, a higher current
retention through the whole measuring range were observed
over the as-prepared octahedral Rh nanocrystals than Rh black
though both of them showed an equivalent attenuation rate in
the initial 20 seconds. The CV curve of continuous cycle scan-
ning for octahedral Rh nanocrystals in 0.5 mol L™ HCIO,
solution showed a decrease of the electrochemical activity only
by 9.6% after 2000 cycles (Fig. S8t). These results reveal that
octahedral Rh nanocrystals exhibit a remarkably enhanced
electrochemical activity and stability compared with Rh black.
Their enhanced catalytic activity should be attributed to the
uniform geometric structure with single surface lattice.

Additionally, CO stripping voltammetry measurements were
performed. As shown in Fig. S9a,f no CO electro-oxidation
(COox) was observed for the freshly-prepared octahedral Rh
nanocrystals in 0.5 M HClO, solution. Subsequently, a current
peak for CO, appeared at 0.550 V (versus SCE) after adorbing
CO for the clean octahedral Rh-modified electrode, as shown in
Fig. S9b.T Then CO,x peak disappeared in the following second
potential scanning, as shown in Fig. S9c.T These results showed
that CO adsorbed on Rh surfaces can be easily removed in the
process of electrocatalytic oxidation, showing well CO
resistence.

In summary, uniform octahedral Rh nanocrystals could be
rapidly prepared with domestic microwave oven in only 140 s of
irradiation by reducing Rh(acac); with TEG as both a solvent
and a reducing agent, PVP as a protecting and dispersing agent
in the presence of proper quantities of DDAC, KI and EDA. The
formation of octahedral Rh nanocrystals was attributed to the
synergism of KI, DDAC and EDA. The electrochemical oxidation
of formic acid demonstrated higher electrocatalytic activity and
stability for the as-prepared octahedral Rh nanocrystals than Rh
black, displaying a significant dependence upon their
morphologies.
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