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Abstract: Nanocrystal (NC) morphology, which decides the
number of active sites and catalytic efficiency, is strongly
determined by the gases involved in synthesis, treatment, and
reaction. Myriad investigations have been performed to under-
stand the morphological response to the involved gases.
However, most prior work is limited to low pressures, which
is far beyond realistic conditions. A dynamic morphological
evolution of palladium–copper (PdCu) NC within a nano-
reactor is reported, with atmospheric pressure hydrogen at the
atomic scale. In situ transmission electron microscopy (TEM)
videos reveal that spherical PdCu particles transform into
truncated cubes at high hydrogen pressure. First principles
calculations demonstrate that the surface energies decline with
hydrogen pressure, with a new order of gH-001< gH-110< gH-111 at
1 bar. A comprehensive Wulff construction based on the
corrected surface energies is perfectly consistent with the
experiments. The work provides a microscopic insight into NC
behaviors at realistic gas pressure and is promising for the
shaping of nanocatalysts by gas-assisted treatments.

Surface properties of NCs are crucial to catalytic effi-
ciency.[1] In particular, morphology and surface structure are
highly dependent on the involved gases. Extensive work has
been devoted to studying the influence of gases on NCs
during synthesis and usage. For example, researchers utilized
gas-assisted methods to facilitate the synthesis of anisotropic
and faceted NCs.[2] Furthermore, the as-synthesized structures
were found to be largely modified by gases in the post-
synthesis treatments and reactive environments.[3] Nolte et al.
reported that rhodium NCs underwent an extension of the
(001) surface and a reduction of the (111) surface during
exposure to 3 X 10@5 mbar oxygen at 600 K.[4] Hansen and co-
workers found that the shapes of Cu/ZnO varied with the
components of gases during annealing at 220 88C with

pressures of several millibars.[5] For bimetallic NCs, Xin
et al. showed that in PtCo NCs Co migrated to the surface and
finally formed islands in an oxidative environment.[6] Tao
et al. demonstrated that stepped platinum surfaces were
reconstructed when exposed to CO at pressure above
0.1 torr.[7] The groups of Kooyman and Helveg explored Pt-
catalyzed CO oxidation by TEM, and found Pt oscillatory
behavior between faceted and spherical terminations.[3d]

Nevertheless, because of the tolerance of the equipment to
gas pressures, most early studies were performed at ultralow
pressures, which cannot truly reflect the real working
conditions of NCs. This may become a key issue when
a highly reactive gas, such as H2, is involved. To address this
challenge, in situ TEM observations under real reaction
conditions are an ideal strategy to establish advanced knowl-
edge regarding the stabilities of NC surfaces.

Our study focuses on PdCu NCs. Palladium is a model
catalyst for many reactions, and plays a significant role in
almost every aspect of hydrogen-based industries,[8] including
hydrogen purification, hydrogenation and dehydrogenation,
and methane steam reforming. However, the high cost of Pd
hampers large-scale application. Alternatives are desired to
reduce costs without a loss of performance; for example, Pd
may be alloyed with less expensive transition metals. PdCu
has been widely employed as a model Pd-alloy with excellent
ligand and ensemble effects, as supported by previous
successes.[8e,9] Even so, the response of PdCu NCs to
surrounding hydrogen has been poorly investigated, although
hydrogen is extensively involved in these reactions, especially
at atmospheric pressure.

Herein, we chose to study PdCu NCs during annealing at
about 600 K in an atmospheric pressure hydrogen environ-
ment. Atom-resolved TEM studies reveal that, although the
as-synthesized spherical PdCu NCs are stable when heated at
low pressure, they transform into truncated cubes with
distinct surface facets at 1 bar hydrogen. First principles
calculations clarified that such change is essentially induced
by hydrogen; specifically the surface energies of (001), (110),
and (111) surfaces vary with hydrogen pressure. With
corrected surface energies, a straightforward understanding
was provided by Wulff construction for H-terminated PdCu
NCs.

The highly monodisperse spherical PdCu NCs were
prepared by a modified chemical method reported in
a previous work[1a] (see the Supporting Information for
details). Pd(acac)2 and Cu(acac)2 precursors were co-reduced
in oleylamine, which was mixed with another solution
composed of oleylamine and trioctylphosphine oxide
(TOPO) and heated at 180 88C for 3 h. The as-synthesized
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PdCu NCs were dispersed on a SiN film sup-
ported across a heating chip. All the heating
experiments and in situ observations were carried
out by transmission electron microscope (TEM;
Tecnai, F20, FEI), with a single-tilt heating gas
holder (SGSH30, DENSsolutions) functionalized
with electron-transparent windows on the
bottom/top chips and heating spiral on the
bottom chip.[10] The gas pressures in the reactor
were confirmed by both the pressure gauge and
monitoring of heating power, as shown in Fig-
ure S1 (Supporting Information). High resolution
scanning TEM (STEM) analyses, including high-
angle annular dark-field (HAADF) images and
energy dispersive X-ray spectroscopy (EDX)
maps were acquired in vacuum at room temper-
ature, by Cs-corrected TEM (Titan ChemiSTEM,
FEI), operating at 200 kV.

The spherical PdCu NCs have an average diameter of
16 nm, as shown in the typical HAADF image in Figure 1a.

The ratio between Pd and Cu is 1:1, and Pd/Cu distributes
uniformly (Supporting Information, Figure S2). A high reso-
lution HAADF image of a PdCu NC (Figure 1b) shows a two
dimensional atom matrix with d-spacings of approximately
3.00 and 2.06 c. According to the powder-diffraction file
(PDF)-database of the International Centre for Diffraction
Data (ICDD), those two facets can be indexed as {100} and
{110} of the primitive cubic PdCu NCs. Although Pd and Cu
have a face-centered cubic crystalline structure, PdCu is
capable of exhibiting a primitive cube (B2) with space group
Pm3m.[1a,11] Furthermore, the dark and bright contrasts
arranged alternately along the yellow arrow indicate a long
range chemical ordering, where Cu atoms locate at the body
center of the primitive Pd matrix, as shown in the Z (atomic
number)-contrast HAADF image of Figure 1b. The structure
schematic projected along [110] is illustrated in Figure 1c,
perfectly consistent with the atomic contrast in Figure 1b.

The spherical PdCu NCs on a SiN chip were loaded into
a sealed gas reactor and exposed to 1 bar H2. To rule out the
effects of NC coalescence or sintering when PdCu NCs were
heating at 600 K,[12] the solution was heavily diluted and only
one NC appeared in the view during the recording. Figure 2a
displays a TEM image of a single spherical PdCu NC

projected along the [111] axis; six {110} diffraction spots can
be observed in the corresponding fast Fourier transform
(FFT) pattern in Figure 2e. When annealed at 600 K, the
spherical PdCu NC starts to rotate and shows smaller
curvature surfaces, as indicated by the blue dashed line in
Figure 2b. Subsequently, accompanied by roll-over and
rotation, the NC exhibits four flat surfaces (Figure 2c) and
finally becomes a truncated cube with distinct {001} and {011}
facets (Figure 2d). The FFT patterns of the TEM images are
presented in Figures 2 f–h, and the dynamic transformation is
recorded in Movie S1 (Supporting Information). Atom dis-
tribution of the PdCu cube is still uniform and the volume
before and after the transformation fluctuates only by one
percent, indicating a main intraparticle mass transport, as
shown in Figures S3 and S4 (Supporting Information). Atomi-
cally resolved STEM-HAADF images of the PdCu NCs
before (sphere) and after (truncated cube) the transformation
are shown as insets in Figure 3 (and the Supporting Informa-
tion, Figure S5), further demonstrating that there is no
segregation in the NCs. Another example projected along

Figure 1. Characterization of PdCu NCs. a) Low magnification and
b) high magnification STEM-HAADF images of PdCu NCs. c) Repre-
sentation of the PdCu crystalline structure, demonstrating that Cu
atoms are located at the body center of the primitive Pd matrix.
Key: Pd (red), Cu (green).

Figure 2. a–d) Lattice-resolved TEM images and the corresponding FFT patterns
showing the morphological evolution of the PdCu NC when exposed to H2 at 1 bar
and with heating at 600 K. Scale bar: 10 nm.

Figure 3. The surface energies and models of (001), (110), and (111)
surfaces. Key: Pd (blue), Cu (orange), and H (white). Insets: HAADF
images of the surfaces for the spherical and surface-faceted PdCu
nanocrystals.
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the [111] zone axis is presented in Figure S6 and Movie S2
(Supporting Information). Such surface faceting was not
observed at low pressures, such as 0.016 bar H2, as presented
in Figure S7 (Supporting Information).

Consequently, we conclude that the spherical B2 PdCu
NCs will transform into truncated cubes when annealed at
600 K in an atmospheric pressure hydrogen environment. To
clarify the mechanism of surface faceting, we studied the
interaction of PdCu with hydrogen, including absorption into
the bulk (solid solution or metal hydride) and adsorption on
the surface. We first rule out the possibility of PdCu hydride.
It is well-accepted that the critical temperature (Tc) for the co-
existence of a solid solution and b hydride is about 570 K (Pd
bulk), which is decreased to 430 K for nanocrystals.[13] Above
Tc, the a phase becomes dominant at 1 bar H2. Thus for pure
Pd nanocrystals, there is only an a phase at 600 K and 1 bar
hydrogen. Furthermore, the a/b-phase transition is accom-
panied by an increase in H concentration.[13] However, the
hydrogen solubility was found to be reduced with Cu
concentration by alloying Pd with Cu.[14] Therefore, we can
expect that no PdCu hydride will form at 600 K and 1 bar
hydrogen. Additionally, we performed test calculations on the
possible H2 absorption or adsorption models, as shown in
Figure S8 (Supporting Information). Structure stability and
total energies support that H atoms prefer to adsorb on the
surface rather than diffuse into the bulk of PdCu.

To further clarify the effect of hydrogen adsorption on the
surface faceting, theoretical calculations were performed on
the PdCu surface energy with or without hydrogen adsorp-
tion. It has been proposed that adsorbate adsorption could
largely modify the surface energy in equilibrium by the
adsorption energy Eads, and the coverage of atoms (q), based
on pure surface energy (ghkl), as shown in Equation (1),[15]

gint
hkl ¼ ghkl þ q

Eads

Aat
ð1Þ

where ghkl is the (hkl) surface energy of unit area, q is the
surface coverage, Eads is the adsorption energy, and Aat is the
surface area per surface atom.

ghkl and q were acquired by Equations (2) and (3).

g ¼ Eslab
PdN CuN

@N Ebulk
PdCu

2 A
ð2Þ

q ¼ pK
1þ pK

ð3Þ

Where Eslab
PdN CuN

is the energy for the PdCu slab, Ebulk
PdCu is the

bulk energy of PdCu, A is the (hkl) surface area, T is the
temperature, p is gas pressure, and K is the Langmuir
isotherm constant, containing the temperature and adsorp-
tion energy terms. Eads is acquired by monolayer H adsorption
on the Pd-termination model, as discussed in Figure S9
(Supporting Information). Other calculation details are
found in the Supporting Information.

Based on Equations (1)–(3), the calculated values (ghkl,
Eads, Aat, and q) of (001), (110), and (111) surfaces are listed in
Table S1 (Supporting Information), according to which the
surface energies of PdCu NCs under different pressures are

extracted, as shown in Table S2 (Supporting Information).
The relative stabilities of different surfaces are presented in
Figure 3 in terms of specific surface energies, which clearly
shows that, the surface will be heavily hydrogenated at the
hydrogen pressure of 1 bar, leading to a new order of the
surface energies, gH-001 (0.90 J m@2)<gH-110 (0.99 J m@2)< gH-111

(1.06 J m@2). A comprehensive Wulff construction was devel-
oped by assuming that only those low-index facets are
exposed on the PdCu NCs. Based on the surface energies at
1 bar H2, a three dimensional configuration of PdCu NC was
reconstructed in Figure 4, which shows perfect consistency
with our experiments, both from the [100] and [111] zone axes.

Besides such thermodynamic factors, adsorbed hydrogen
promoting surface diffusion also plays a significant role in
the transformation,[16] which is supported by the fact that the
PdCu NCs retain the as-synthesized shape (round) when
heating in vacuum (10@7 bar) at 600 K. Moreover, when the
PdCu NCs were exposed to 0.016 bar at 600 K, the surface
energies of (001), (110), and (111) decreased but were quite
close, thus the PdCu NCs prefer to retain the as-synthesized
spherical morphology.

In conclusion, using a sealed gas reactor we recorded the
in situ surface faceting of PdCu NCs under a hydrogen
environment at atmospheric pressure. Combined with theo-
retical calculations, it is clarified that the surface faceting
essentially results from hydrogen termination, which can
remarkably improve the stability of (001). Traditionally, the
characterization of nanocatalysts is performed under vacuum
or ultralow pressures, resulting in a knowledge gap with real
applications at atmospheric pressure. Our work demonstrates
that gas nanoreactors can effectively fill this gap. This study
conceptualizes the use of simple post-synthesis treatments to
achieve the surface faceting of alloyed NPs, thereby

Figure 4. TEM images and Wulff constructions of the PdCu NCs
projected from specific directions: a) and c) [100]; b) and d) [111].
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facilitating the tailoring of their physical and chemical
properties for catalytic applications.
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