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Introduction
Modern fuel cells have been in use for several decades, but in 
recent years they are generating  greater interest as an alternative 
to fossil fuels. Fuel cells are highly efficient and much cleaner than 
internal combustion engines, but several significant technical 
obstacles must be overcome before the wide scale adoption 
of fuel cell powered automobiles. Hydrogen is the primary fuel 
source; however there is not currently a clean, energy efficient 
method for economically producing large amounts.

Alcohols (methanol and ethanol) have been proposed as a source 
of hydrogen in fuel cells as they can be converted to hydrogen 
via onboard processes and can easily be stored and transported. 
Fuel cells that use methanol and ethanol as fuel sources are 
called direct methanol and direct ethanol fuel cells, or DMFCs and 
DEFCs, respectively. The DEFC has recently attracted attention 
because of its non-toxicity, high power density and renewability. 
To operate reliably and efficiently, these fuel cells require highly 
active, selective and stable catalysts.  

Pd supported on ZnO has shown promise for DMFC applications. 
The formation of PdZn alloy nanoparticles is the proposed 
explanation for its superior catalytic performance. However, the 
structure and formation processes of PdZn alloy nanoparticles 
from Pd/ZnO materials are not fully understood. PtSn/C 
nanocatalysts are considered one of the most effective catalysts 
for anode performance in the DEFC. The optimum Pt/Sn ratio and 
their degree of alloying, however, are not yet well understood. 

To better understand the formation processes of these alloys 
for DMFC and DMEC applications, each material system was 
analyzed at the atomic scale using the Protochips Aduro thermal 
and electrical biasing system in the TEM. The high stability of 
Aduro enables high-resolution imaging at the high temperatures 
required by these experiments. Aduro is developed around 
semiconductor devices called Environmental chips (E-chips™). 
The E-chips act as the active area for heating or electrical biasing, 
and as the sample support. Thermal E-chips use a small ceramic 
membrane with a small thermal budget. This miniaturized heater 
imparts each Thermal E-chip with high-stability for high-resolution 
imaging and fast ramp rates up to 1000 °C/ms. 

Experiment
In the first experiment the molecular complex (Ph3P)

2
(H)Pt(µ-SnPh2

)
(µ-η2-H-SnPh2

) Pt(PPh3
) and a 1:1  reaction between Ph2SnH2 and 

the Pt(0) complex (Ph3P)
2Pt(η2-C2H4

) were prepared in toluene at 
room temperature under argon atmosphere. Molecules of the first 
complex were dispersed onto Vulcan XC-72 carbon black powders 
via an impregnation method. The precursor materials were dried 
under an inert gas environment and subsequently reduced by 
the TEM electron beam in situ. In the second experiment, ZnO 
nanobelts were grown using a thermal evaporation-condensation 
method in a high temperature tube furnace to be used as the 
support material.

The deposition-precipitation of Pd was done by dipping the 
ZnO nanobelts into an aqueous solution containing a Pd(NO3

)
2 

precursor, which was reduced by the TEM electron beam in situ.

The experiments were preformed in a JEOL 2200FS in Dr. Larry 
Allard’s lab at Oak Ridge National Laboratory. The TEM is equipped 
with a CEOS Co. aberration corrector on the probe-forming optics, 
and was operated in scanning TEM (STEM) mode at 200 kV.

Discussion
In situ heating of these materials inside the TEM provided insights 
into the diffusion processes of molecules and atomic clusters. 
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Figure A shows an atomic-resolution HAADF image of a PdZn 
alloy nanoparticle obtained after in situ heating of the precursor 
sample at 400 °C for about 55 minutes.

The bright dots (layers) represent columns of Pd atoms and the 
gray dots (layers) represent columns of Zn atoms. The HAADF 
image reveals that the surface layer of the PdZn alloy nanoparticles 
probably consists of primarily Zn atoms. Figure B shows an atomic 
resolution HAADF image of the Pd/ZnO sample, obtained after 
further heating at 500 °C for about 30 minutes, clearly revealing 
an epitactical relationship between the PdZn alloy nanoparticles 
and the ZnO nanobelts. The epitactical growth of PdZn on ZnO 
support makes the catalyst more resistant to sintering.

Applications
The utilization of pre-formed and well-defined bimetallic/
multimetallic clusters as catalyst precursors provides a novel route 
to develop many different types of desirable alloy nanoparticle 
catalysts. High-resolution electron microscopy techniques also 
provide insights into the surface atomic arrangement of metal 
and alloy nanoparticles as well as their structural dynamics.

Aduro enables such in situ studies at temperatures ranging 
from room temperature to 1200 °C, without compromising 
the high-resolution performance of your TEM. Contact us to 
discuss the full range of capabilities of Aduro with Thermal 
E-chip sample supports. We can be reached at (919) 377-0800 or  
contact@protochips.com.
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Introduction 
 Alcohols, due to their easy storage and transport, have been proposed as possible 
sources of hydrogen. To convert alcohols to hydrogen via onboard reforming requires highly 
active, selective and stable catalysts.  Pd supported on ZnO has shown promising properties as 
a catalyst for onboard steam reforming of methanol to produce hydrogen [1].  The formation of 
PdZn alloy nanoparticles has been considered to be responsible for the improved catalytic 
performance of Pd/ZnO catalysts [1]. The alloy formation processes and detailed surface 
atomic structures of the PdZn nanoparticles, however, are not well understood [2-3]. We have 
recently developed a unique model nanocatalyst by preparing precursor materials consisting of 
Pd dispersed onto well-defined surfaces of ZnO nanobelts.  In situ study of the reduction 
processes of the Pd/ZnO precursor materials, using an electron microscope with sub-Ångström 
image resolution, has provided deep insights into the PdZn alloy formation processes, their 
structural evolution and the nature of the final Pd/ZnO catalysts. 
 
Materials and Methods 
 ZnO nanobelts or nanoribbons were fabricated by a thermal evaporation-
condensation method in a high temperature tube furnace [4].  The deposition-precipitation of 
Pd was accomplished by dipping the ZnO nanobelts into an aqueous solution containing 
Pd(NO3)2 as precursor salts. Because ZnO nanobelts dissolve quickly in an acidic solution, the 
pH value of the aqueous solution was maintained, by adding NaOH, between 6 and 7.  The 
precursor materials were then either reduced in a tube furnace with flowing H2/Ar gases or 
were reduced in situ inside a JEOL 2200FS scanning transmission electron microscope  
(STEM) equipped with a CEOS Co. aberration corrector which provides a nominal imaging 
resolution of about 0.07 nm.  A novel heater assembly, provided by Protochips Inc. (Raleigh, 
NC), was used to heat up the precursor materials to desired temperatures.   
 
Results and Discussion 
 Figure 1a shows an atomic resolution high-angle annular dark-field (HAADF) [5] 
STEM image of the Pd/ZnO nanobelt precursor material. The brighter dots represent individual 
Pd atoms located on top of Zn columns (grey dots).  It is interesting to note that some of the Pd 
atoms are aligned together to adapt to the lattice spacing of the Zn layers of the ZnO single 
crystals.  Figure 1b shows an atomic resolution HAADF image of a PdZn alloy nanoparticle, 
obtained after in situ heating of the precursor sample at 400°C for about 55 minutes.  The 
bright dots (layers) represent columns of Pd atoms and the grey dots (layers) represent columns 
of Zn atoms.  The HAADF image reveals that the most outside surface layer of the PdZn alloy 
nanoparticles probably consists of primarily Zn atoms.  Figure 1c shows an atomic resolution 
HAADF image of the Pd/ZnO sample, obtained after further in situ heating of the precursor at 

500°C for about 30 minutes, clearly revealing an epitactical relationship between the PdZn 
alloy nanoparticles and the ZnO nanobelts (PdZn (111)  ZnO (0001)).  The epitactical growth 
of PdZn on ZnO support makes the catalyst more resistant to sintering. The PdZn nanoparticles 
display dominant {111} facets.  The interaction of Pd with ZnO has also been investigated. 
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Significance 
The in situ investigation of the Pd/ZnO nanobelt model catalyst inside a sub-Ångström 
resolution electron microscope provided deep insights into the formation processes of PdZn 
alloy nanoparticles, their structural evolution and the surface atomic structure of the catalyst.  
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