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Synthesis of monodisperse and shape-controlled colloidal inor-
ganic nanocrystals (NCs) is of increasing scientific interest and
technological significance.1–8 Recently, shape control of Pt,1a,3 Pd,4

Ag,5 Au,6 and Rh7 NCs has been obtained by tuning growth
kinetics in various solution-phase approaches, including modified
polyol methods,1a,3a,b,4,5a,6a,7a seeded growth by polyol reduction,7b,c

thermolysis of organometallics,7d and micelle techniques.3c,5b,6b

Control of noble metal precursors reduction kinetics and regulation
of low-index planes (i.e., {100} and {111}) growth rates via
selective adsorption are two keys for achieving noble metal NCs
shape control. An application for noble metal NCs of well-defined
shape is in understanding how NC faceting (determines which
crystallographic planes are exposed) affects catalytic performance.2

Rh NCs are used in many catalytic reactions, including
hydrogenation,8a hydroformylation,8b hydrocarbonylation,8c and
combustion reactions.8d Shape manipulation of Rh NCs may be
important in understanding how faceting on the nanoscale affects
catalytic properties, but such control is challenging and there are
fewer reports on the shape control of Rh NCs compared to other
noble metals. Xia and co-workers obtained Rh multipods exhibiting
interesting surface plasmonic properties by a polyol approach.7a

The Somorjai and Tilley groups synthesized crystalline Rh mul-
tipods, cubes, horns, and cuboctahedra, via polyol seeded growth.7b,c

Son and colleagues prepared catalytically active monodisperse
oleylamine-capped tetrahedral Rh NCs for the hydrogenation of
arenes via an organometallic route.7d More recently, the Somorjai
group synthesized size-tunable monodisperse Rh NCs using a one-
step polyol technique.9

In this Communication, we report the highly selective synthesis
of catalytically active, monodisperse Rh nanocubes smaller than
10 nm by a seedless polyol method. In this approach, Br- ions
from trimethyl(tetradecyl)ammonium bromide (TTAB) effectively
stabilize the {100} faces of Rh NCs and induce the evolution of
nanocubes (Scheme 1).

For a typical synthesis, 0.2 mmol RhCl3 hydrate, 1 mmol TTAB,
and 4 mmol poly(vinylpyrrolidone) (PVP, Mw ) 24 000) were
added to 20 mL of ethylene glycol at room temperature. The stock
solution was heated to 80 °C and degassed for 20 min under
vacuum while stirring, producing a dark brown solution. The flask
was then heated to 185 °C and maintained at this temperature for
1.5 h under an Ar atmosphere. When the reaction was complete,
an excess of acetone was added to the solution at room temperature
to precipitate the nanocubes. The Rh nanocubes were separated

by centrifugation and washed twice by precipitation/dissolution with
ethanol/hexanes.

Transmission electron microscopy (TEM, Philips FEI Tecnai
12, 100 kV) revealed the formation of 6.4 ( 0.5 nm (diagonal)
Rh nanocubes with >85% selectivity (Figures 1, 2a, and S1a). High
resolution TEM (HRTEM, Philips CM200/FEG, 200 kV) (Figure
1 inset) indicated that the Rh nanocubes are single crystalline,
enclosed by six {100} faces. Energy dispersive X-ray (EDX)
analysis of large areas of the TEM grid suggested that a significant
fraction of the Br species was not removed by the precipitation/
dissolution steps (Br/Rh ) 0.41), and no Cl species were detected
(Figure S2). In addition, the EDX spectrum of a single Rh nanocube
showed that a small fraction of Br species were associated with
the nanocube, suggesting that TTAB should interact with the
nanocube surfaces along with the PVP. X-ray diffraction (XRD,
Bruker D8 GADDS, Co KR radiation of λ ) 1.79 Å) confirmed
the formation of face-centered cubic (fcc) Rh (Figure S3). The
calculated lattice parameter was a ) 0.3805 nm for the Rh
nanocubes (JCPDS: 0-685). The ratio of I(111)/I(200) obtained for
the Rh nanocubes is 2.44, considerably lower than that (3.62-12.5)
of Rh polygons of (111) orientation.9 X-ray photoelectron spec-
troscopy (XPS, Perkin-Elmer PHI 5300) demonstrated that the Rh
NCs were composed of ∼76 atom % Rh(0) and ∼24 atom % Rhx+

(Figure S4). The intense C 1s and O 1s peaks and the weak N 1s
peak, together with the barely detectable Br 3d peak, revealed that
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Scheme 1. Seedless Polyol Synthesis of Rh Nanocubes

Figure 1. TEM and HRTEM (inset) images of as-obtained Rh nanocubes.
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PVP molecules were more strongly adsorbed to the Rh nanocube
surfaces than TTAB molecules after washing treatment (Figure S4).

Condition-dependent experiments were conducted to reveal the
formation mechanism of the Rh nanocubes. In the absence of
TTAB, the use of RhCl3 as the precursor produced faceted but
polydisperse Rh NCs containing some tetrahedral particles (8.2 (
1.9 nm; Figures 2b and S5a), while RhBr3 as the precursor yielded
monodisperse, but not well-shaped cube-like NCs (40% cubes) (6.3
( 0.8 nm; Figure S5b). When a mix of RhCl3 and RhBr3 was
adopted as the precursor, faceted but polydisperse cube-like NCs
(39% cubes) were formed (7.6 ( 0.9 nm; Figure S5c). Using RhCl3
as the precursor and TTAB as the Br- source, monodisperse Rh
nanocubes with significantly enhanced selectivity (>85% cubes;
Figure 2a) and monodispersity were obtained with Rh3+/TTAB
) 1:5 (6.4 ( 0.5 nm; Figure 1). When Rh3+/TTAB ) 1:1,
monodisperse Rh NCs dominated by truncated cubes with exposed
{100} and {111} faces formed (6.3 ( 0.3 nm; Figure S5d). These
results strongly suggested that Br- ions from TTAB effectively
stabilize the {100} faces of Rh, and Br-/Cl- pairs regulate the
relative growth rate along the <100> and <111> directions.4c

Pt and Pd nanocubes can be also prepared by the same synthetic
procedure. Reduction of (NH4)2PtCl6 (Pt4+/TTAB )1:15) at 180
°C for 1 h produced 10.0 ( 0.8 nm Pt nanocubes (74% cubes,
20% cuboctahedra, 6% polyhedra) (Figures 3a and S1b). Reduction
of (NH4)2PdCl6 (Pd4+/TTAB )1:15) at 140 °C for 1 h generated
17.4 ( 3.2 nm Pd nanocubes (56% cubes, 23% bars, 1% rods,
and 20% polyhedra) (Figures 3b and S1c). The calculated lattice
constants were a ) 0.3913 nm for the Pt nanocubes (JCPDS:
4-802) and a ) 0.3867 nm for the Pd nanocubes (JCPDS:
46-1043) (Figure S3).

As-synthesized Rh nanocubes were deposited onto silicon wafers
by the Langmuir-Blodgett (LB) technique to form two-dimen-
sional nanoarray catalysts,9 which were then tested for pyrrole
hydrogenation and CO oxidation. For pyrrole hydrogenation, the

Rh catalysts fully hydrogenated pyrrole to n-butane and ammonia
between 303 and 343 K. The turnover frequency (TOF) did not
strongly depend on temperature (Figure S6a). Detailed catalytic
results on activity and selectivity will be presented for pyrrole
hydrogenation in comparison with a Rh(100) single crystal
elsewhere. For CO oxidation, the TOF monotonically increased
from 0.74 s-1 at 463 K to 12.7 s-1 at 503 K (Figure S6b) and was
comparable to those reported for a Rh(100) single crystal.10 The
apparent activation energy for CO oxidation was 35 kcal mol-1,
higher than that reported (25.4 kcal mol-1) for the Rh(100) single
crystal, possibly due to the adsorption of the capping ligands on
the nanocube surfaces.10

In conclusion, monodisperse sub-10 nm Rh nanocubes were
synthesized with high selectivity by a seedless polyol method. The
{100} faces of the Rh NCs were effectively stabilized by
chemically adsorbed Br- ions from TTAB. This simple one-step
polyol route can be readily applied to the preparation of Pt and Pd
nanocubes. Moreover, the organic molecules of PVP and TTAB
that encapsulated the Rh nanocubes did not prevent catalytic activity
for pyrrole hydrogenation and CO oxidation. We are now
investigating the shape-dependent activity and selectivity of the
Rh NCs for several heterogeneous reactions.
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Figure 3. TEM images of as-obtained (a) Pt and (b) Pd nanocubes.

Figure 2. Shape distributions of Rh nanocrystals synthesized in the (a)
presence and the (b) absence of TTAB.
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