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In situ transmission electron microscopy is used to obtain atom-resolved im- 
ages of copper nanocrystals on different supports. These are catalysts for 
methanol synthesis and hydrocarbon conversion processes for fuel cells. The 
nanocrystals undergo dynamic reversible shape changes in response to changes 
in the gaseous environment. For zinc oxide-supported samples, the changes are 
caused both by adsorbate-induced changes in surface energies and by changes 
in the interfacial energy. For copper nanocrystals supported on silica, the 
support has negligible influence on the structure. Nanoparticle dynamics must 
be included in the description of catalytic and other properties of nanomate- 
rials. In situ microscopy offers possibilities for obtaining the relevant atomic- 
scale insight. 

The size, shape, and structure of a nanoma- 
terial affect its catalytic, optical, and electron- 
ic properties in ways that are difficult to 
predict (1-4). Procedures for synthesis of 
nanoparticles with well-defined shapes offer 
possibilities for addressing these issues (1- 
4). The stability of the synthesized shapes is 
not, however, guaranteed. In situ studies of 
metallic nanoparticles for applications in ca- 
talysis have shown that the state of the ma- 
terial may change from the as-synthesized 
state and may depend on the conditions en- 
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countered during catalysis (5-9). In situ spec- 
troscopic methods now allow direct investi- 
gations of the nanoparticles (10-15) under 
catalytic relevant conditions, but complemen- 
tary atomic-level, real-space information on 
the dynamic structure and morphology 
changes of metallic particles under similar 
conditions has not been available (16). 

Transmission electron microscopy 
(TEM) provides real-space images with a 
resolution of down to 0.1 nm. However, 
TEM has been used mainly for ex situ 
studies of the atomic structure of supported 
nanoparticles after various treatments (17- 
21). In the first in situ TEM study (22) of 
catalysts in a reactive gas at elevated tem- 
perature, the resolution was about 2 nm. 
Later developments have demonstrated a 

resolution down to 0.23 nm (23), allowing 
imaging of the largest lattice spacing in 
noble metals such as Pt (23) and Ru (9). To 
get detailed structural information on im- 
portant catalytic metals, such as Fe, Ni, and 
Cu, a resolution of at least 0.18 nm is 
required. Here, we used a recently devel- 
oped in situ TEM facility (9), which after 
some further modifications provides image 
resolution of about 0.14 nm during expo- 
sure of the sample to reactive gases and 
elevated temperatures. 

In the following, we focus on Cu nano- 
particles with diameters of 3 to 6 nm dis- 
persed on ZnO and silica supports. The Cu/ 
ZnO system represents the industrial metha- 
nol synthesis catalyst (24). This system is 
also attracting interest in connection with 
conversion of hydrocarbons and alcohols for 
fuel cells (25), and the methanol synthesis 
reaction has been considered a prototype re- 
action for understanding complex metal/sup- 
port interactions. Previous in situ extended 
x-ray absorption fine structure, x-ray diffrac- 
tion, and Fourier transform infrared experi- 
ments on Cu/ZnO methanol synthesis cata- 
lysts (6-8, 26-28) have shown that the struc- 
ture and catalytic activities of the Cu particles 
are strongly influenced by the gaseous envi- 
ronment (6-8, 26, 28). The effects appear to 
be dependent on the nature of the support 
because silica-supported Cu particles exhibit 
different behavior (6, 26). 

Model catalysts were prepared by impreg- 
nation of a ZnO or silica support with an 
aqueous solution of Cu-acetate (29). The Cu 
metal nanocrystals were produced in situ by 
reduction of the CuO precursor in pure hy- 
drogen for 1 hour at about 5-mbar pressure 
and at a temperature of 280?C. TEM images 
such as Fig. 1A confirm the presence of 

Fig. 1. In situ TEM images (A, 
C, and E) of a Cu/ZnO cata- 
lyst in various gas environ- 
ments together with the cor- 
responding Wulff construc- 
tions of the Cu nanocrystals 
(B, D, and F). (A) The image 
was recorded at a pressure 
of 1.5 mbar of H2 at 220?C. 
The electron beam is parallel 
to the [011] zone axis of 
copper. (C) Obtained in a gas 
mixture of H2 and HO2, H2: 
H2O = 3:1 at a total pres- 
sure of 1.5 mbar at 220?C. 
(E) Obtained in a gas mix- 
ture of H2 (95%) and CO 
(5%) at a total pressure of 5 
mbar at 220?C. 
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metallic Cu particles on both supports. To 
study the response of the Cu particles to 
variations in the gas composition, we ex- 
posed the catalyst to more oxidizing condi- 
tions by adding H20 to the hydrogen gas 
(Fig. 1C) and reducing conditions by adding 
CO to the hydrogen gas (Fig. 1E). Upon each 
change in gas composition, the particles 
changed their shape. Images were recorded 
during these dynamic changes. The pictures 
shown in Fig. 1, A, C, and E, represent 
equilibrium shapes of Cu/ZnO (recorded after 
about 1 hour of gas exposure), and such 
images are used in calculations of the inter- 
face and surface free energies. 

In the images of Cu nanocrystals on ZnO, 
lattice fringes from both Cu and ZnO can be 
resolved. For ZnO, the (011) lattice spacings 
of 0.25 nm and the (012) spacings of 0.19 nm 
are readily observed. In certain instances, 
even spacings of about 0.14 nm correspond- 
ing to the (112) or (103) planes were seen 
under the high-temperature in situ conditions. 
For the supported Cu particles, lattice fringes 
with separations of 0.21 and 0.18 nm are 
seen. These are assigned to the Cu (111) and 
(200) planes, respectively. On the basis of 
this information and the observed angles be- 
tween the terminating planes, the exposed 
facets of the projected particle can be identi- 
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fled as the (111), (110), and (100) low-index 
planes (Fig. 1B). We can also determine 
which facet of the Cu particles is in contact 
with the ZnO support. 

The detailed structural and morphological 
in situ data allow us to determine the surface 
free energies (y) and the work of adhesion 
(W). Previously, such quantitative informa- 
tion could only be obtained from ex situ 
microscopy observations (30) or from scan- 
ning tunneling microscopy studies under 
ultrahigh vacuum (UHV) conditions (31). On 
the basis of the Wulff construction (32), we 
extracted the energies (Table 1) by measur- 
ing the length of the projected facets and the 
height of the copper particles (31). Under the 
imaging conditions (1.5 mbar of H2 at 
220?C), the hydrogen coverage on the differ- 
ent Cu facets is low (28), which explains the 
agreement with the surface free energies ob- 
tained for Cu single-crystal surfaces in vacu- 
um (Table 1). Assuming that only low-index 
facets are present on the Cu particles, we can 
reconstruct the full three-dimensional shape 
of the supported Cu particle from the surface 
free energies in Table 1. A two-dimensional 
projection along the viewing direction ([011] 
in Fig. 1A) of the Wulff construction model 
(Fig. 1B) matches the observed shapes of the 
crystals. Image simulations with the EMS 

Fig. 2. TEM images showing the reversible shape change of a Cu nanocrystal. The same Cu 
nanocrystal is imaged at 220?C under (A) H2 at 1.5 mbar, (B) H2:H20 (3:1) at a total pressure of 
1.5 mbar, and (C) H2 at 1.5 mbar. 

Table 1. Relative surface free energies (Yhkl and y*) and work of adhesion (W) for a Cu/ZnO catalyst in 
different gases. The values given in parentheses are surface free energies calculated for Cu single crystals 
in vacuum (39). All quantities are given relative to y 1.vac't the surface free energy for the (111) facet of 
Cu in vacuum. W = 1 - y*/Y11.vac , where yil,vac =- 1.952 J m-2 and y* = 

(Yinterface 
- 

Ysubs)/'Y11,vac. 
The H2/HO2 values are scaled assuming W to be the same as in the case of H2. The H2/CO values are 
scaled assuming yhkl to be the same as in the case of H2. 

H2 H2/H20 H2/CO 

'YlOO 1.08 ? 0.03 (1.10) 0.61 ? 0.03 1.08 ? 0.03 
Yiio 1.11 ?0.02 (1.15) 0.57 ? 0.03 1.11 ? 0.02 
'Yiii 1 0.59 ? 0.02 1 
'Y* 0.09 + 0.05 0.09 + 0.02 -0.54 ? 0.05 
W 0.91 ? 0.05 0.91 ? 0.02 1.54 ? 0.05 

(33) and RHODIUS (34) software packages 
support the assumption that the relative abun- 
dance of high-index planes is very low. In 
pure hydrogen, the majority of the Cu parti- 
cles appear to be in contact with the ZnO 
support with their (111) facet, as also ob- 
served for Cu particles prepared by vapor 
deposition under UHV onto various atomical- 
ly clean ZnO faces (35). In our case, the 
termination of the ZnO at the interface varies 
from particle to particle, indicating weak in- 
teraction and no strong preference for the Cu 
particles to decorate specific ZnO facets un- 
der these conditions. 

The addition of water to the hydrogen gas 
transforms the Cu crystals into a more spher- 
ical morphology (Fig. 1C). From the project- 
ed shape, it appears that the Cu crystals are 
terminated by a higher fraction of (110) and 
(100) facets than in pure hydrogen. Hence, 
the (110) and (100) facets of the crystals are 
stabilized with respect to the (111) planes 
(Fig. 1D, Table 1). At the interface, however, 
the contact area between (111) planes of Cu 
and the ZnO surface is not changed substan- 
tially. This suggests that water adsorption on 
the different exposed Cu facets is the main 
driving force for the gas-induced surface re- 
constructions and resulting reshaping of the 
Cu particles. 

If the H2/H20 gas mixture is replaced 
again by pure hydrogen, the Cu crystals re- 
vert to their original form (Fig. 2). The shape 
transformations were found to be reversible 
both when the same particles were followed 
during the gas changes (Fig. 2) and in mea- 
surements on a statistically significant num- 
ber (-150) of randomly chosen particles af- 
ter each gas treatment. Similar changes were 
observed for silica-supported Cu nanocrystals 
subjected to these gas mixtures, providing 
further evidence that the above changes are 
mainly caused by adsorption of H20 on the 
Cu particles. 

Addition of the more reducing gas, carbon 
monoxide, to the hydrogen gas results in 
more marked changes. The Cu particles are 
observed to transform into disclike structures 
caused by an increased wetting of the ZnO 
support (Fig. 1E). The interfacial area in- 
creases by about 50%, suggesting a large 
change in interface energy. Similar changes 
are not observed for Cu nanoparticles on 
silica, suggesting a key role of the ZnO sub- 
strate. The high-resolution images show that 
the surface of the Cu particles on ZnO is now 
terminated predominantly by (111) and (100) 
facets with the Cu (111) facet parallel to the 
interface. The projected Wulff construction 
(Fig. IF) was obtained by assuming that the 
addition of CO only changes the Cu/ZnO 
interface energy and not the relative Cu sur- 
face energies. This is probably a good ap- 
proximation because the surface coverage of 
hydrogen and CO is relatively small under 
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the conditions used here (6, 28). It has been 
proposed that a change in the oxidation po- 
tential of the gas may change the oxygen 
content in the ZnO surface and thereby the 
interface energy (6, 7, 28). A low oxygen 
content will give a strong decrease in the 
Cu/ZnOx interface energy because of a partial 
(or full) reduction of the ZnO surface layer. 
On the other hand, at large oxygen contents, 
the ZnO surface is completely oxidized (low 
concentration of oxygen vacancies) and the 
interface free energy is high. 

Previously, detailed information on gas- 
induced structural transformation has been 
obtained with single-crystal model systems 
exposed to conditions quite far removed from 
those used in industrial catalysis. Thus, it has 
been difficult to relate the information direct- 
ly to catalysis, and this has been referred to as 
the material and pressure gaps in catalysis 
(16). Our results show that insight can now 
be obtained at more realistic conditions and 
for quite complex nanoparticle systems with 
many different surfaces and interfaces. The 
observed dynamic restructuring of the cata- 
lyst also demonstrates that the relevant active 
sites are generated during the catalytic reac- 
tion. This further emphasizes the need for in 
situ studies at all the conditions that a catalyst 
will experience. Such studies may provide 
important information regarding the concen- 
tration of different type of surface sites (on 
low index planes, comers, steps, etc.) under 
various conditions (36). The structure sensi- 
tivity and dynamic morphology changes may 
then be incorporated into a microkinetic de- 
scription of the catalytic reactions with the 
approach discussed earlier (28). Previously 
descriptions of catalysis have had to rely on 
assumptions regarding the nature of the ex- 
posed surfaces. 
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Lateral Hopping of Molecules 

Induced by Excitation of 

Internal Vibration Mode 
T. Komeda,' Y. Kim,1 Maki Kawai,l* B. N. J. Persson,2 H. Ueba3 

We demonstrate electron-stimulated migration for carbon monoxide (CO) 
molecules adsorbed on the Pd(110) surface, which is initiated by the excitation 
of a high-frequency (HF) vibrational mode (C-O stretching mode) with inelastic 
tunneling electrons from the tip of scanning tunneling microscopy. The hopping 
phenomenon, however, cannot be detected for CO/Cu(110), even though the 
hopping barrier is lower than in the CO/Pd(110) case. A theoretical model, which 
is based on the anharmonic coupling between low-frequency modes (the hin- 
dered-translational mode related to the lateral hopping) and the HF mode 
combined with electron-hole pair excitation, can explain why the hopping of 
CO is observed on Pd(110) but not on Cu(110). 
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The diffusion of adsorbed species on surfaces 
can be controlled thermally to some extent. 
The nonthermal control of surface migration 
of adsorbates (using electron excitation) 
could have many applications. Only a few 
studies have shown that electron irradiation 
can induce nonthermal transfer of surface 
species (1, 2), a process called electron-stim- 
ulated migration (ESM). Atoms can be ma- 
nipulated with the scanning tunneling micro- 
scope (STM) (3), and excitation of the adsor- 
bate-substrate vibrational mode induces var- 
ious surface phenomena such as desorption 
(4), dissociation (5), and rotation of adsor- 
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The diffusion of adsorbed species on surfaces 
can be controlled thermally to some extent. 
The nonthermal control of surface migration 
of adsorbates (using electron excitation) 
could have many applications. Only a few 
studies have shown that electron irradiation 
can induce nonthermal transfer of surface 
species (1, 2), a process called electron-stim- 
ulated migration (ESM). Atoms can be ma- 
nipulated with the scanning tunneling micro- 
scope (STM) (3), and excitation of the adsor- 
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bates (6). For example, the rotation of C 2H 
on Cu is enhanced with the excitation of C-H 
stretching vibrational mode (7). However, 
the detailed mechanism of the coupling be- 
tween the rotation of the molecule and the 
vibrational mode is still an open question. 
Here, we demonstrate ESM caused by tun- 
neling electrons for CO molecules adsorbed 
on Pd(l10), which is initiated by the excita- 
tion of a high-frequency (HF) vibrational 
mode (C-O stretching mode, -240 meV). 
The hopping phenomenon, however, cannot 
be detected for CO/Cu(110) in spite of the 
much lower hopping barrier than for CO/ 
Pd(l 10). The underlying mechanism is exam- 
ined by a theoretical calculation that includes 
anharmonic coupling between low-frequency 
(LF, -25 meV) modes (the hindered-transla- 
tional mode related to the lateral hopping) 
and the HF mode, as well as the vibrational 
damping of the HF mode caused by electron- 
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