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Doped skeletal copper catalysts, created by selective dissolution of aluminium from a
copper-aluminium alloy by caustic in the presence of an additive, has been imaged at very
high magnification using a TEM. The location of the additive species has been determined
by elemental mapping using an attached EDS detector. Zinc resides primarily inside the
copper ligaments while chromium resides on the outside of the ligaments. Since skeletal
copper is highly porous and extremely sensitive, conventional TEM preparation techniques
could not be used. The preparation of the TEM samples was carried out using a focussed
ion beam (FIB) miller. Several methods are outlined, along with the reasons some of them
were unsuccessful for this particular material. The successful result indicates this technique
may be used to analyse similar skeletal materials, such as nickel, cobalt, etc., which are
otherwise difficult to prepare. It may also provide a basis for high resolution imaging or
elemental analysis of other porous and/or highly sensitive materials. C© 2001 Kluwer
Academic Publishers

1. Introduction
Skeletal copper catalysts are highly porous, air-
sensitive materials made by selectively dissolving alu-
minium from copper-aluminium alloys using caustic
[1–3]. Other metals such as nickel [4] and cobalt [5] are
also successful catalysts when prepared by this method,
invented by Murray Raney [6, 7]. Until recently, no-one
had directly imaged the internal structure of these cat-
alysts, rather structural information was inferred from
surface area analysis, x-ray and electron diffraction re-
sults [2, 8–10]. The main problems in characterising the
structure arose from the small scale, the large poros-
ity and the sensitivity of the highly dispersed metal to
oxidation and/or rearrangement. However, Birkenstock
et al. [11] used the scanning electron microscope (SEM)
to image the external surface only of skeletal copper and
nickel, although the image resolution was barely suf-
ficient to see the surface structure of the coarser cop-
per catalyst, and insufficient for nickel altogether. Szot
et al. [12] tried using a transmission electron micro-
scope (TEM) for examination of a carbon replica of a
resin-impregnated sample, however it was difficult to
interpret the results in three dimensions.

Using a focussed ion beam (FIB) miller the sam-
ple may be milled and then viewed in situ, penetrat-
ing through the oxide layer on the surface. Since the
instrument operates under high-vacuum, the sample
is protected against aerial oxidation, and since metal-
lographic preparation is not required, structural rear-
rangement is minimised [13]. This method allows di-
rect imaging of the internal structure of skeletal copper

for the first time. The structure was found to consist
of a uniform three-dimensional network of fine copper
ligaments [13]. The FIB may be appropriate for imag-
ing the internal structure of other similar air-sensitive,
porous materials.

The addition of dopants to the preparation of skeletal
copper alters the structure significantly [14, 15]. The al-
tered structure corresponds to an increased surface area,
and hence activity of the catalyst. In particular, the FIB
has shown that the doped internal structure is much
finer, yet retains the same basic shape as undoped spec-
imens for both chromate and zincate additions [16, 17].
The dopants are known to be incorporated into the struc-
ture [18, 19], and it was recently shown how they be-
come incorporated [16, 17], however it has not been
possible so far to locate where the dopants reside within
the structure. This is the focus of the present work.

The three-dimensional network of doped skeletal
copper has a ligament radius of about 20–50 nm (Fig. 1).
To locate the position of chromium oxide or zinc oxide
on or within these ligaments would require elemental
mapping with a resolution of the order of a few nanome-
tres. A TEM is one of the few instruments capable
of this, however electron transparent specimens must
be typically 100–200 nm thick. Preparation of such
sections from porous, sensitive materials like skeletal
catalysts is extremely challenging. Traditional meth-
ods of TEM preparation are not suitable for this type
of sample because it is far too sensitive both struc-
turally and chemically to undergo grinding or polish-
ing. Thinning the unleached CuAl2 alloy by traditional
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Figure 1 FIB image of the internal structure of zinc-doped skeletal
copper.

electropolishing methods may remove the components
in unequal amounts, thereby affecting the structural for-
mation of the catalyst upon the leaching out of the alu-
minium and giving an incorrect result.

Use of a FIB for TEM preparation is a fairly new
technique, although it is quickly growing in popularity
[20–22]. All the previous work in this area has been
with solid, structurally and chemically stable samples.
This work will show several preparation methods that
were tried with the FIB for the porous, sensitive skeletal
copper. The aim was to obtain an elemental map of the
position of both chromate and zincate in the respective
doped systems. The methods tried might be applicable
for elemental analysis of similar porous materials.

2. Experimental techniques
The doped skeletal copper samples were made from a
52.17wt% aluminium -copper alloy from Riverside In-
dustrial Pty. Ltd. The alloy was re-melted and quenched
to ensure homogeneity. The primary phase of this alloy
was CuAl2 with a small amount of Al - CuAl2 eutectic,
in accordance with the phase diagram [23]. The alloy
was leached in 6 mol/L NaOH at 274 K overnight to
remove the aluminium, leaving the porous copper. Ei-
ther 0.025 mol/L Na2CrO4 or 0.06 mol/L Na2ZnO2 was
also dissolved in the leaching solution as an additive.

Several methods were tried to obtain high quality
samples for TEM analysis, and these will be detailed
below in Section 3. Techniques that were common to
all of them will be described in this Section.

Each sample was initially cut with a diamond saw to
about 0.5 mm thickness. The pieces were then thinned
further by grinding on 1200 grit paper to a thickness of
about 50–100 µm (edge rounding begins to occur).

Thinning to electron transparency was carried out
with a Philips FEI ×P200 FIB. Fig. 2 shows schemati-
cally the milling method. A “H”-type section was ini-
tially milled from the ground specimen, such that the
unmilled region was about 1 µm in thickness. Further
mills were then performed so that this section was
thinned to an electron transparent thickness of 100 to

Figure 2 Schematic of FIB milling to create an electron transparent area:
(a) after initial large mills; (b) after cleaning mills.

200 nm. Fig. 3 is a series of FIB images that visu-
ally show the milling steps. Fig. 3a shows a cross-
section of the unmilled material (about 75 µm thick).
Initial milling was performed using a large beam cur-
rent (around 6.6 nA). This is achieved by inserting a
large (∼500 µm diameter) beam-limiting aperture. Two
mills about 10 µm wide, about 20–30 µm thick and to
a depth of about 10 µm were performed to leave a thin
strip of material about 1 µm in thickness in the starting
material (Fig. 3b). The large aperture allows for rapid
milling (about 1 hour per mill), however the milled sur-
faces are very rough and unsuitable for the TEM. This
roughness is due not only to the broad diameter of this
beam at the aperture size (∼300 nm), but also the effect
of ion-induced channelling. Fig. 3c shows the milled
cross-section tilted over to an angle of about 40◦ from
the vertical. Away from the top surface rough verti-
cal columns can be seen. These are artefacts associated
with channelling of the ion beam at high beam current.

To remove the channelling artefacts and to reduce the
thickness of the milled section to electron transparency,
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Figure 3 FIB images demonstrating the process of TEM specimen preparation. (a) Cross-section of the unmilled section. (b) Cross-section showing a
‘H’-type initial milling. (c) Cross-section tilted by about 40◦ from the vertical showing the effect of the cleaning mill. (d) Cross-section of the finished
specimen.

a series of cleaning mills were performed. These require
a lower beam current (∼350 pA), obtained by insert-
ing a smaller (200 µm diameter) beam-limiting aper-
ture, and consist of a series of consecutive horizontal
line mills progressing gradually into the unmilled strip.
This milling is slower and more precise and not only
leaves a smoother cross-section but also removes the
channelling artefacts. This is shown in Fig. 3c, where
the left hand side has been subject to a cleaning mill,
whereas the right hand side has not. The left-hand side is
clearly smoother and the artefacts have been removed.
Cleaning mills were continued until the remaining re-
gion was about 100–200 nm thick (Fig. 3d). At this
point, the sample was thin enough to be examined in
the TEM.

Microstructural analysis and elemental mapping
were carried out on a Philips CM200 FEG-STEM op-
erating at 200 kV with an EDS detector attached.

3. Experimental methods
3.1. Resin impregnation method
A portion of CuAl2 alloy was leached overnight as de-
scribed above, then washed with water and followed

by acetone before being placed in a resin. The resin
used was “EpoThin” from Beuhler, chosen not only for
its low viscosity and hence ability to penetrate the tiny
pores, but also for its room temperature cure to avoid
unnecessary heating which would alter the sensitive
structure. Vacuum impregnating the resin protects the
sample from aerial oxidation and also provides struc-
tural rigidity. The acetone wash assisted to draw the
resin into the pores. The resin-impregnated sample was
cut with a diamond saw, thinned on 1200 grit paper and
milled as described above with the FIB. Although the
resin penetrated the pores completely, holding the struc-
ture together and protecting it, the resin reacted under
the energetic electron beam in the TEM, causing the
sample to drift slightly, but sufficiently, during exami-
nation to make elemental mapping extremely difficult.
Mapping times were typically 30 minutes and the fea-
tures under examination were distributed over a scale
of the order of a few nanometres.

3.2. Mill–Leach method
Because of the drift problem associated with the resin
sample, a second sample was tried without resin. It was
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decided to perform the milling on un-leached CuAl2
alloy, then leach briefly before quickly placing the sam-
ple into the TEM. Two thin electron transparent areas
were milled using the FIB. A conventional ∼100 nm
thick region and a thicker (∼400 nm) region just in case
the thinner region leached completely (likely since the
structural ligaments were expected to be about 30 nm
diameter). This sample was leached for about 20 min-
utes before washing and placing in the TEM. Unfortu-
nately, both thinned regions leached completely and no
electron transparent region remained.

3.3. Wedge Mill – Leach method
A similar method to “Mill - Leach”, except the elec-
tron transparent region was milled in the shape of a
wedge. The wedge consisted of an acute angle of about
50 and a length of about 5 µm. The principle was that
some of the wedge would leach completely, however
the thinnest possible region that could survive (hope-
fully being electron transparent) would be suitable for
TEM analysis. Fig. 4 shows a FIB cross-section of a
specimen milled to produce wedge-shaped sections.
Two types of wedges are shown in this Figure. Firstly,
on the left, a wedge-shaped region that decreases in
thickness from right to left. Secondly, on the right, a
wedge-shaped region that increases in thickness away
from the top surface. This method gave the successful
result for the zinc-doped material.

3.4. Leach-Mill method
Another method was tried, with the grit-paper thinned
sample being leached for a few hours before milling
with the FIB. This would ensure there was some thin
leached region to view under the TEM. Following the
FIB milling, the sample was stored under water until
the TEM was available for use. Ethanol was used to
wash the sample and allow quick drying before placing
in the TEM. This method gave the successful result for
the chromium-doped material.

Figure 4 FIB image showing possible wedge-shaped sections suitable
for TEM analysis. The wedge on the left decreases in thickness across
the section from left to right and the wedge on the right increases in
thickness away from the top surface.

4. Results
As already described, the resin reacted under the elec-
tron beam. Also, leaching after milling can completely
remove electron transparent regions. The wedge mills
worked however, and it was possible to obtain a very
high magnification image of the doped skeletal cop-
per as well as an elemental map of the position of zinc
within the structure.

The high magnificiation images in Fig. 5 show a gran-
ulated structure for the zinc-doped skeletal copper, ver-
ifying the description of “agglomerated granules” sug-
gested from x-ray diffraction results by Kalina et al.
[10, 24]. These images also clearly show the ligament
network structure as previously viewed directly by FIB
examination [13, 16, 17] (Fig. 1). This is in contrast to
the findings of Szot et al. [12] who claimed from TEM
images of carbon replicas that the structure consisted
of parallel curved rods of copper.

Fig. 6 shows a STEM image and zinc elemental map
as well as an overlayed image of the two showing the

Figure 5 TEM images of zinc-doped skeletal copper at very high mag-
nifications.
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Figure 6 Elemental map for zinc location: (a) TEM electron image;
(b) zinc signal map; (c) overlay of zinc and electron images.

relative location of the zinc. It is clear that zinc re-
sides primarily inside the copper ligaments. In contrast,
chromium was found to reside on the outside of the lig-
aments (Fig. 7). The chromium elemental map shows
a fairly even distribution of chromium across the im-
age, with possibly only a slight increase in signal at
the boundaries between the black shadows of the lig-
aments and the grey/white pore space. If the additive
was located inside the ligaments, a distinct concentra-
tion would be seen in the middle of the black shadows,
however only a weak signal is obtained in these regions,
more characteristic of a surface deposit.

Figure 7 Elemental map for chromium location: (a) TEM electron im-
age; (b) copper signal map; (c) overlay of chromium and electron images.

Aside from providing an improved knowledge of
the structure of skeletal copper, the information given
by the elemental maps in Figs 6 and 7 have also en-
abled a better understanding of the mechanisms in-
volved during the leaching reaction [16, 17]. The dif-
ferences between the chromium and zinc positions
within the copper are indicative of the different mech-
anisms involved and the different ways in which they
affect the overall copper structure. Chromium is de-
posited as Cr2O3 on the copper surface during leach-
ing by electrochemical reduction from chromate. Its
presence inhibits the copper dissolution/re-deposition
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mechanism of rearrangement, thereby maintaining a
very high surface area that would otherwise be reduced
with time. Zinc, however, deposits as an oxide upon
a drop in pH. The dissolution of aluminium at the re-
action front consumes hydroxide, promoting the de-
position of zinc oxide in this region. The zinc oxide
becomes intimately mixed with the unstable copper at
the leach front and is ultimately embedded in the lig-
aments that form. Most of the zinc oxide present on
the outside of these ligaments re-dissolves after the
leach front has passed and the pH rises to the bulk
value again. However the zinc oxide trapped inside the
copper ligaments remains, inhibiting the bulk diffusion
of the copper atoms and thereby maintaining a high
surface area. Since the zinc redissolves from the lig-
ament surface, the dissolution/re-deposition of copper
can still occur to a significant extent, and being the
main mechanism of copper rearrangement, the surface
area is ultimately still reduced with time in the presence
of zinc.

Given the success of preparing skeletal copper for the
TEM using the FIB in this way, it should be possible
to analyse other skeletal catalysts (nickel, cobalt, etc.)
in a similar way. This method may also lay the founda-
tions of ways to prepare other porous and/or sensitive
materials for the TEM that cannot be readily prepared
using current conventional methods.

5. Conclusions
It has been shown that it is possible to create a TEM
sample of a porous, sensitive material like doped skele-
tal copper by using the FIB. The TEM was able to image
the sample at very high magnifications as well as pro-
vide elemental mapping showing where the additives
lay with respect to the copper ligaments. In particular,
the chromium was found to reside on the outside of
the copper ligaments, whereas the zinc resided inside
them. This information has provided a better under-
standing of the structure of skeletal copper as well as
allowing a better analysis of the leaching mechanisms
and how the additives affect the structure. The methods
presented may provide the basis for TEM analysis of
not only other skeletal catalysts but also other porous
and/or sensitive materials.
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