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ABSTRACT

Pd nanocubes with an average side length of ∼10 nm were compressed up to 24.8 GPa in a diamond-anvil cell (DAC). In situ synchrotron
X-ray diffraction was used to monitor structural changes, and a face-centered cubic (fcc) to face-centered tetragonal (fct) distortion was
observed for the first time. This novel discovery not only provides new insights into the pressure-induced behavior of faceted nanocrystals
of palladium and other noble metals but also gives guidance for finding new phases in close-packed metals.

Understanding phase transformations in nanocrystal systems
is an area of considerable scientific interest.1–9 Nanocrystals
of group II–VI semiconductors (e.g., CdSe1–4 and ZnS5–8)
have been used as ideal models for phase transformation
studies, which may benefit from the relatively low transfor-
mation pressures and temperatures in their extended solids.
In contrast, a number of noble metals (e.g., Pd, Pt, Ag, and
Au) adopt close-packed configurations and are found to be
stable in the face-centered cubic (fcc) structure to extremely
high pressure (i.e., at least 77.4, 304, 91.8, and 182 GPa for
Pd, Pt, Ag, and Au, respectively10) at ambient temperature
in their extended solids, making it a great challenge to realize
their phase transformations. First-principle, total-energy
calculations on the tetragonal phases of bulk palladium found
that a shallow energy minimum exists for a face-centered-
tetragonal (fct)11 state with a small axial ratio of c/a ≈ 0.64.12

This tetragonal state was obtained and stabilized in an
extremely thin (∼1.9 nm) Pd film by an epitaxial Bain path.13

Recently, Hoffmann et al. investigated the fcc to fct

distortions in transition metals using a tight-binding function,
∆Estar.14 From their theoretical calculations, an fct structure
of Pd with c/a ) 0.98 may be more stable than its related
fcc structure. The above theoretical and experimental results
motivated us to investigate the possible fcc to fct phase
transformations in some faceted nanocrystals of Pd (e.g.,
nanocubes and nanoplates) at high pressures.

Pd nanocubes with an average side length of ∼9 nm15,16

and hexagonal nanoplates with an average thickness of ∼10
nm17 were synthesized using published procedures. Figure
1 shows a representative TEM image of the Pd nanocubes
and SEM image of the Pd nanoplates. The as-prepared
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Figure 1. Representative TEM image of the Pd nanocubes (a) and
SEM image of the Pd nanoplates (b). The nanocubes are 9 ( 2 nm
in edge length and the nanoplates are 50 ( 10 nm in lateral
dimensions and 10 ( 2 nm thick. Note that some of the nanocubes
are slightly elongated along one edge to become short nanobars.
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nanocrystals were compressed in a symmetric diamond-anvil
cell (DAC) at room temperature and studied in situ using
angle-dispersive synchrotron X-ray diffraction.18 A ruby grain
was added for pressure calibration.19 A previously unknown
fcc to fct phase transformation in noble metals was clearly
observed at 24.8 GPa in the Pd nanocubes. The crystal
structures and simulated X-ray diffraction patterns of both
fcc and fct and their transformation processes are depicted
in Scheme 1.

Figure 2 shows representative X-ray diffraction patterns
for the Pd nanocubes up to 24.8 GPa. It is interesting to
note that while the (111) peak clearly shifts to higher 2θ
(smaller d-spacing), the (200) peak was relatively incom-
pressible over the increasing pressure range from 0.3 to 9.3
GPa. Figure 3 shows d-spacings and d200/d111 values for the
Pd nanocubes at pressure from 0.3 to 9.3 GPa. The d200/d111

ratio moves further away from the ideal value 0.866 for the
fcc structure with increasing pressure, and as pressure
exceeds 12.4 GPa, the broadening of the diffraction peaks
became very obvious. At pressures >18.8 GPa, a splitting
was clearly observed for the (200) peak. Figures 2 and 3

indicate that a displacive phase transformation with a slight
deformation in the Pd nanocubes has taken place. At 24.8
GPa, the (200) peak of the pseudo-fcc Pd was fully split
into two peaks. The diffraction patterns at this pressure can
be indexed as a fct structure with a ) 3.827 Å, c ) 3.705
Å, and c/a ) 0.968.

Figure 4 shows representative X-ray diffraction patterns
for the Pd nanoplates up to 20.1 GPa. Both the (111) and
(200) peaks had clear shifts to higher 2θ with increasing
pressure. The peak broadening is very small, and no peak
splitting was observed with a pressure up to the highest value,
indicating that the nanoplates were much more stable than
the nanocubes at high pressures. This might be related to
their difference in crystallinity: nanocubes are single crystals,
while nanoplates contain stacking faults in the direction
perpendicular to the base plane.

These results bring up a number of questions about the
high pressure behavior of Pd nanocubes that need to be
explained. Why does the d-spacing of the (002) peak of the
nanocubes remain almost a constant over the pressure range
from 0.3 to 9.3 GPa? Why does the fcc to fct distortion occur
in nanocrystals but not in the bulk solid, and why does this
transition occur in nanocubes but not in nanoplates?

Scheme 1. The Crystal Structures and Simulated X-ray Diffraction Patterns of Both fcc and fct and Their Transformation Proceses. To
obtain higher contrast, we set c/a as 0.88 (,0.968) for fct when we draw the unit cell.

Figure 2. Representative X-ray diffraction patterns for the Pd
nanocubes up to 24.8 GPa. The (200) peak of the pseudo-fcc Pd
was fully split into two peaks at 24.8 GPa. The diffraction patterns
at this pressure can be indexed as a fct structure with a ) 3.827 Å,
c ) 3.705 Å, and c/a ) 0.968.

Figure 3. d-Spacings and d200/d111 values for the Pd nanocubes at
pressures from 0.3 to 9.3 GPa. While the d111 value clearly shifts
to smaller values with increasing pressure, the d200 value remains
remarkably constant over this range. This results in a d200/d111 ratio
that moves away from the ideal value 0.866 for the fcc structure
with increasing pressure.
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Silicone oil is a useful pressure-transmitting medium
because it does not dissolve and react with samples and
loading it into the DAC is relatively simple.20 It is also able
to maintain quasihydrostatic conditions up to ∼10 GPa if
there is enough oil to fully disperse the sample. This was
not the case in our experiments where the amount of liquid
silicone oil used was relatively small and the nanocubes were
not fully dispersed in the pressure medium. Therefore, the
nanocubes are not in hydrostatic conditions and shear stresses
were present. We unraveled the Debye–Scherrer rings for
the Pd nanocubes at P ) 0.3, 1.0, 3.8, and 9.3 GPa into
Cartesian (cake) plots of azimuth angle versus 2θ angle
(Figure 5). The powder diffraction rings at P ) 3.8 and 9.3
GPa appeared wavy, especially for the 200 rings. In addition,
there existed wider areas along the 200 rings at P ) 3.8 and

9.3 GPa. These results suggest that the Pd nanocubes were
in nonhydrostatic strain conditions even at P ) 3.8 GPa.

According to our X-ray diffraction data (Figures 2 and
3), we proposed a preferential alignment of the [001]
direction of the nanocubes parallel to the synchrotron beam
and diamond compression axis under nonhydrostatic com-
pression conditions. This preferred orientation makes it
difficult to see the diffraction from (002) planes with the
intensity in the 200 peak of the pseudo-fcc Pd originating
mainly from scattering of the (200) and (020) planes. The
external force produced by the two opposing diamond anvils
causes the nanocubes to preferentially contract along [001].
The nanocubes will also contract along [100] and [010]
because the total volume of the sample decreases under cold
compression. It should be noted that the nanocubes are not
in mechanical equilibrium in the earliest stages of each
compression. So the nanocubes will expand until they reach
an equilibrium state along the [100] and [010] directions
because the expansion along the [001] direction is almost
completely confined by the two opposing diamond anvils.
The above relaxation process will result in the observed
quasistationary behavior of the 200 and 020 peaks at <10
GPa. The calculated d200/d111 (Figure 3) indicates that the
phase distortion has occurred at 3.8 GPa. At this pressure,
the silicone oil is solidified but it is not yet stiff enough to
markedly distort the Pd nanocubes. With the pressure up to
9.3–12.4 GPa (Figure 2), the solidified silicone oil is stiff
enough to produce sufficient shear stress on the Pd nanocubes,
resulting in obviously nonhydrostatic conditions (peak
broadening) and weakened preferred orientation (peak split-
ting). That is why the phase distortion above 9.3 GPa
becomes the most significant. With pressure continuing up
to >18.8 GPa, the splitting of the 200 peak became
observable and the 002 peak could be clearly observed,
suggesting that the preferred orientation in the nanocubes
weakened under high compression. We did not observe the
phase distortion in the Pd nanoplates, which were under the
same experimental conditions as the Pd nanocubes. So the
observed phase distortion in the Pd nanocubes is unlikely
driven by solvent effects or possible oxidization of the
surfaces of the Pd nanocrystals.

There are numerous defects in the extended Pd solid.
It may break into irregular particles without a special shape
and a preferred crystal face when subjected to nonhydro-
static pressure. The fcc to fct distortion would not occur
for a bulk solid under these circumstances. However,
faceted nanocrystals are very stable and can keep their
special shape at high pressures because they are nearly
defect free. In the case of hexagonal nanoplates, the
external force direction is mainly along the [111] because
the exposed crystal face is the (111) and the expected
ordered arrangement leads to alignment of the [111]
direction of most of the nanoplates parallel to the
synchrotron beam and the diamond compression axis. The
fcc to fct distortion was not observed up to 20.1 GPa in
hexagonal nanoplates because the uniaxial compression
occurs along the [111] instead of the [001], but a 3C to

Figure 4. Representative X-ray diffraction patterns for the Pd
nanoplates up to 20.1 GPa. The peak broadening is negligible, and
no peak splitting was observed with a pressure up to the highest
value.

Figure 5. Cartesian (cake) plots of azimuth angle versus 2-theta
angle for the Pd nanocubes at different pressures: (a) 0.3 GPa, (b)
1.0 GPa, (c) 3.8 GPa, and (d) 9.3 GPa. The 200 rings at 3.8 and
9.3 GPa appeared wavy and wider areas existed, indicating
nonhydrostatic strain conditions even at 3.8 GPa.

974 Nano Lett., Vol. 8, No. 3, 2008



3H distortion is expected to occur in the hexagonal
nanoplates under higher pressure (i.e., >50 GPa).

On the basis of our current experimental results and
proposed mechanisms, we predict that a similar fcc to fct
distortion may be observed in cold-compressed Pt, Ag, and
Au nanocubes with {100} as the exposed crystal faces. Also,
it might be possible to observe other distortions in transition
metal nanocrystals such as a 3C to 3H and a bcc to bct
distortion.

In summary, an fcc to fct transformation was observed
for the first time in the cold-compressed Pd nanocubes. This
novel discovery not only provides new insights into the
pressure-induced behavior of faceted nanocrystals of pal-
ladium and other noble metals but also gives guidance for
finding new phases in close-packed metals.
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