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ABSTRACT: Previous studies on the structural and
functional properties of rhodium are based on the face-
centered-cubic (fcc) structure in the bulk form. Here we
report the first discovery of the hexagonal-close packed
(hcp) rhodium in the nanoparticle form. The hcp Rh can
be directly synthesized by solvothermal reaction or by
electron-beam induced decomposition of Rh monolayers.
The hep Rh nanoparticles are stable under electron beam
irradiation. Compared with the fcc structure, the hep Rh
nanoparticles show a large lattice expansion (6% larger
atomic volume). The first-principles calculations suggest
that the lower surface energy of hcp Rh leads to the size
effect in the crystal structure.

he crystal structure of a material is a fundamental property
that strongly affects the mechanical, electrical, magnetic,
optical, and catalytic properties. In the noble metal elements
(Ru, Rh, Pd, Ag, Os, Ir, Pt, Au), only Ru and Os have the
hexagonal close-packed (hcp) structure in the bulk form, while
all of the others, including rhodium, have the high-symmetry
face-centered-cubic (fcc) structure at all temperatures. The
crystal structures of noble metals are stable even at high
pressures, although the pressure-induced polymorphic tran-
sitions in many materials have been known for a long time.”
Interestingly, recent studies have shown that the nanoparticles,
nanowires, or nanosheets of noble metals may have different
crystal structures, showing a strong size effect.” Ruthenium
nanoparticles with fcc and hep structures were reported to
show different size dependences of the activity in CO oxidation
reactions, because of the differences in the electronic states and
surfaces in the fcc and hep structures.”™* Theoretical data and
experimental evidence revealed that (1120) oriented hcp and
dhep palladium films deposited on W (100) show obvious
ferromagnetism, in comparison to the naturally nonmagnetic
fce structured palladium bulk form.®
Rhodium has been extensively investigated as an effective
catalyst in the reduction of nitric oxide in automobile exhaust,’
hydrogenation reactions,” and asymmetric hydroformylation of
olefins,® to name a few. In the past, studies on chemical and
physical properties of rhodium were exclusively based on the
fcc structure, such as the synthesis and characterization of
rhodium-based catalysts,” the chemisorption and reaction of
small-molecule gases on rhodium surfaces,'® and the geometry,
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magnetic, and electronic properties of Rh clusters.'" Very little
research except a few theoretical simulations considered the
hep structure.'” Here, we report the first experimental
identification of hcp-structured rhodium, which has been
obtained through two different routes.

The first route is the electron-beam induced decomposition
of rhodium monolayers. During the high-resolution trans-
mission electron microscopy experiments, we found the
structure of free-standing monolayers of Rh to be sensitive to
high energy electron irradiation. Because of the large surface
energy of Rh monolayers, some atoms would pile up to form
nanocrystals, leaving nanovoids in the remaining monolayers. A
typical aberration-corrected TEM image of the nanoparticles
and the corresponding diffractogram are given in Figure la and
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Figure 1. Typical aberration-corrected TEM images of rhodium
nanoparticles prepared via (a) the electron-beam induced decom-
position of Rh monolayers, and (b) the solvent thermal synthesis. The
electron diffractograms are shown in (c) and (d), respectively. As
indexed in the diffractograms, the particles have the hcp structure,
except the bottom left part in (b), which has the fcc structure.
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1b, respectively, showing the hcp structure viewed along the
[1120] zone axis. The inset shows a simulated image of the hcp
structure, which matches well with with the experimental
image. At the top edge of the particle, there is a thin layer of the
fcc structure viewed along the [110] zone axis, as outlined by a
red line.

Figure 1b shows a typical image of the nanoparticles
synthesized directly using the solvent thermal method. There
were two nanoparticles: the right one is an hcp particle
observed along the [1120] direction, while the left one
consisted of an hcp particle (upper part) and an fcc particle
(bottom part). The inset shows a simulated image of the fcc
structure. The red arrow indicates a twin boundary in the fcc
particle.

For all the hcp particles identified, the lattice parameters
were measured to be ay,, = 2.78 A and Chep = 4.64 A, giving the
unit cell volume of 31.1 A%, or 15.5 A’ per atom. The lattice
parameter of the fcc particles was measured to be ag. = 3.88 A,
giving the unit cell volume of 58.4 A%, or 14.6 A’ per atom.

Figure 2 shows the equations of state for bulk fcc and hep
structures calculated with the first-principles method. The
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Figure 2. Equations of state of the fcc and hep structures of Rh. In the
bulk form, the hcp structure has negligible lattice expansion relative to
the fcc structure.

energy of the hcp structure is higher than that of the fcc
structure up to 200 GPa. It is consistent with the fact that the
bulk form of the hcp structure has never been observed before.
The optimized lattice parameters of the hcp structure are ay,, =
2.722 A and ¢, = 4.386 A, giving the unit cell volume of 28.46
A3 or 14.23 A? per atom. The optimized lattice parameters of
the fcc structure are ag,. = 3.829 A, giving the unit cell volume
of 56.70 A3, or 14.17 A® per atom. For the DFT calculations
with the GGA approximation (used in this study), it is usual
that the absolute lattice parameters are slightly overestimated,
and the bulk modulus is underestimated, but the relative values
can be well reproduced. In the bulk form, the hcp structure has
a small volume expansion (0.4%) relative to the fcc structure.
The bulk moduli of the two structures also have the same value
(252 GPa).

Lattice strain is considered to play an important role in the
catalytic reactions.'’ Previously, a large amount of studies
revealed that the lattice strain in the surfaces of Rh changes the
adsorption of atoms or molecules on the surfaces.'* Mavrikakis
et al. found that surface reactivity increases with lattice
expansli:)n, following a concurrent upshift of the metal d
states.
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Although the hcp structure has a small volume expansion
(0.4%) relative to the fcc structure in the bulk form, the
measured hcp nanoparticles have a volume expansion of 6%
relative to the fcc nanoparticles. According to the equations of
state, a volume change of 6% would require a pressure as high
as 20 GPa in the bulk form. This “huge” lattice expansion of the
hep nanoparticles can be well noticed in the following two-
dimensional lattice mapping of the two structures. We
measured the strain distributions in the Rh nanoparticles of
both hcp and fec structures. Here we use the area of the
triangles formed by the nearest neighbors to represent the
lattice expansion, which is shown in Figure 3a and 3b. It is
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Figure 3. Strain mapping in the nanoparticles shown in Figure 1.
There is large lattice expansion in the hcp nanoparticles.

obvious that the lattice of the hcp structure is significantly
expanded relative to the fcc structure, consistent with the
measured lattice parameters described above. The large lattice
expansion in the hcp structure provides another factor to tune
the reactivity and/or selectivity of Rh-based catalysts.

At the nanometer scale, the surface properties are of crucial
importance for the structural stability and practical applications.
Surface energy and work function are the two fundamental
properties of metal catalysts that influence a wide range of
surface phenomena in the preparation and application of
catalysts, including the grain shape, the formation of grain
boundaries, and the adsorption and desorption in catalytic
reactions. '™ In this study, the surface energies and work
functions of surfaces of hep and fcc Rh have been investigated
using first-principles calculations.

Several low-index surfaces, ie. (111)¢, (110);, (100);.,
(311)gy (1120)y, (0001)y, (10T0)y,, and (1012),, have
been studied. For each surface, a series of models with a
thickness range of 2—20 A were considered. The calculated
surface energies are plotted in Figure 4. For the hcp rhodium,
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Figure 4. Surface energies of low index surfaces in fcc and hep Rh.
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there are two low energy surfaces, (0001) and (1010), while the
fcc rhodium has only one, (111). Their surface energies have
the order (0001), < (111)g. < (1010)y,,. Furthermore, high
energy surfaces of hcp Rh are generally more stable than those
of fcc Rh, with the order (IOTZ)hCP < (11§O)hcp ~ (100).. ~
(110)g. < (311)¢,. Therefore, from the surface energy point of
view, the small size would stabilize the hcp Rh, which has a
lower energy surface relative to the fcc structure.
Additionally, surface energies show different degrees of size
dependence. The low energy surfaces, such as (0001)hcp,
(111);,, and (IOTO)hcp, show little size dependence. For the
surfaces with relatively higher energies, however, the surface
energies increase rapidly with as the thickness decreases to less
than 10 A. In our experiments, the size of the Rh particles are in
the range 1—5 nm; thus, further theoretical analyses are based
on the data from the surface models with a thickness of ~15 A.
The work functions of the low-index surfaces were also
calculated, as shown in Figure S. They are in the range 4.3—5.3
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Figure S. Work functions of Rh in the hcp and fec structures.

eV, in the order (0001)yg, > (111)g, > (1010)y,, & (100)¢ >
(1012),¢p & (311)g > (1120)p,g, & (110)g. The trend follows
the empirical rule that the work function is lower for loosely
packed surfaces, which have relatively higher energies.'”

An understanding of the relative stability and formation
mechanism of the hcp Rh is necessary for efficient synthesis and
further study of its properties. Based on the first-principles
calculations and Wulff construction method, the surface energy
and total energy of nanoparticles of fcc and hcp Rh were
calculated. The Wulff construction is a method to determine
the equilibrium shape of a crystal, as shown in Figure 6. The
Gibbs—Wulff theorem says that the length of a vector drawn
from the crystal center and normal to a crystal face will be
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Figure 6. Equilibrium crystal shapes of fcc Rh and hep Rh simulated
by Wulff construction method.
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proportional to its surface energy. Table 1 lists the main
simulation results. For fcc Rh, there are 8 (111) facets, 6 (100)

Table 1. Main Parameters of Equilibrium Crystal Shapes
Simulated by Wulff Construction Method”

surface energy number of area
structure  surface [eV/A%] facets proportion

FCC 111 0.1271 8 66.95%
100 0.1484 6 14.83%

110 0.1507 12 6.36%
311 0.1520 24 11.86%
HCP 0001 0.1242 2 16.92%
1010 0.1290 6 45.34%
1012 0.1435 12 37.74%

1120 0.1493 - 0.00%

“Surface energies for slabs of about 15 A thick were used.

facets, 12 (110) facets, and 24 (311) facets. Among them, the
(111) facet as the lowest energy surface occupies 66.95% of the
total surface area. For hcp Rh, there were 2 (0001) facets, 6
(1010) facets, and 12 (1012) facets. There are no (1120) facets
due to its high energy. The two low energy surfaces (0001) and
(1010) occupy 62.26% of the total surface area. For particles of
equal volume, the surface energy of hcp Rh is lower than that of
fcc Rh.

Figure 7 shows the total energies of fcc Rh and hep Rh as a
function of particle volume. Since the bulk energy of fcc Rh
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Figure 7. Size-dependence of the total energies of fcc Rh and hep Rh.
The energy difference between the two structures becomes smaller as
the volume decreases.

(=726 eV/atom) is lower than that of hcp Rh (—7.23 eV/
atom), the total energy of the hcp particle is still higher than
that of the fcc particle in the size range considered in this work,
consistent with the fact that there are still more particles in fcc
than in the hcp structure. As the particle size decreases,
however, the proportion of the surfaces increases. As a result,
the lower surface energy of the hcp structure would
compensate the bulk energy to a larger extent at smaller
particle sizes, giving a smaller energy difference between the
two structures.

As the particle size becomes too small, say less than 100
atoms (about 1.3 nm in diameter), most atoms being present at
the surfaces, the division of the total energy into the bulk and
surface energies would be less reliable. In this case, all the atoms
in the particle have to be treated on an equal footing.
Therefore, the relative stability of the hcp and fcc nanoparticles
becomes a structure problem of clusters. We note that Chien et
al. predicted low energy Rh clusters with the hcp stacking
sequence.'” It is highly possible that the hcp stacking forms at
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the nucleation stage, where the particle size is so small that the
hep stacking is more stable than the fcc stacking.

As described above, the hcp-type Rh nanoparticles can be
formed by either electron-irradiation-induced decomposition of
Rh monolayers or directly synthesized by solvothermal
reaction, and the hcp-type would not transform into the fcc
structure during the observation in TEM. It indicates that the
hep-type Rh is intrinsically stable at a very small size. This is in
contrast to the case of gold. Huang et al.*® found that the
irradiation of a high-energy electron may induce the trans-
formation of gold from the metastable hcp structure to the fcc
structure, which is the stable structure for gold in both the bulk
and nanoparticle forms. Compared with gold, the high stability
of the hcp Rh nanoparticles can be attributed to its high
melting point [T,,(Au) = 1064 °C, and T,(Rh) = 1964 °C].
Therefore, it would require much higher energies to induce
phase transformations in Rh.

In summary, quantitative analysis using aberration-corrected
high-resolution transmission electron microscopy reveals the
existence of hcp Rh and a large lattice expansion in the new
phase compared with the well-known fcc Rh. Theoretical
calculations indicated that the lower surface energy of Rh
provides the stability for hcp Rh at small sizes. Although the
bulk energy of hep Rh is higher than that of fcc Rh, as the size
of the nanoparticles decreases, the surface energy plays a more
important role, leading to stable hcp Rh. Systematic
experimental and theoretical studies are required to answer
questions such as, “At what exact size the hcp structure is more
stable than fcc?”, “How the temperature affect the relative
stability?”, “Can alloying with other elements or the adsorption
of molecules modify the structure?, and How?”. The answers to
these questions would guide the synthesis of pure hcp Rh
nanoparticles and give a clearer picture about the physical and
chemical properties of Rh.
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