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Structural investigations of copper nanorods by high-resolution TEM
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Well-defined long Cu rods having a length of the order qirh and diameters of several nanometers were
prepared by reduction of copper compounds. After deposition on amorphous carbon films, high-resolution
transmission electron microscopy and electron diffraction were performed in order to explain the structure of
the rods. By applying computer simulations with multislice calculations, the particle structure was obtained.
The rods were held to be truncated decahedra with a fivefold symmetry. It could be shown that most particles
were oriented in th¢001] direction with respect to the substrate for one of the five deformed tetrahedral
subunits, i.e., the fivefold axis very often was parallel to the surface of the substrate. It was also proven that the
Cu fecc bulk structure containing stacking faults had to be excluded as a possible structural model. Also,
truncated icosahedral structures or icosahedra with additional intermediate planes did not serve to explain the
experimental process. Icosahedra are often observed together with decahedral structures for particles with a
spherical-like morphology. Due to the presence of surfactant, only growth in the direction of the fivefold axis
of decahedra was possible, resulting in long needlelike rods.

INTRODUCTION transmission electron microscogitRTEM), together with
electron diffraction, is one of the most important techniques
During the last few years extensive efforts had been unemployed in the structural determination of small nanopar-
dertaken to control the size and shape of nanocrytdistal  ticles (clusters in the size range of 1-10 nfi**In order to
nanopartidejsz are of great advantage because of their elecstudy the reactivity of such particles, data of the structure in
tronic propertied™® compared to the bulk phase, additionally combination with possible catalytic activities together with
they very often act as active cataly3t€olloids can be used defined size distribution are of great importance.
as templatésto control the siz&*®°and shapk*°~12of par-
ticles. In terms of the growth of.particles, some ana_logies SYNTHESIS OF COPPER METAL RODS
between surfactant self-assemblies and natural media have
been proposetlin both cases, the growth of particles needs The copper metal particles are prepared by reduction of
a supersaturated medium where the nucleation takes plac6u(AOT),, in CuAOT),-isooctane-NaCl-water colloidal
Increasingly, chemists are contributing to the synthesis ofelf-assemblies. Hydrazine is used as the reducing agent,
advanced materials with enhanced properties by using collowith an overall concentration of 0.15 M and the reaction
dal assemblies as templates. In previous papers, it was shovakes place under aNitmosphere starting immediately after
that oil in water micelles can be used to control the size ohydrazine has been added to the colloidal solution. In a pyrex
spherical copper metal particl2é® Recently, it was demon- tube, 3 ml of 5<10 2M Cu(AOT),-isooctane are mixed
strated that the shape of copper metal particles strongly devith 36.1 ul of 107*M sodium chloride previously dis-
pends on the colloidal structure in which the chemical reducsolved in water. The GAOT),, water, and chloride concen-
tion of copper () bis (2-ethylhexylsulfosiccinate trations are %1072, 0.55, and 103®moldm 3, respec-
[CU(AOT),] takes placé 12 When the template is made of tively. The system is kept for 20 h at room temperat(@@-—
interconnected cylinders, long rods of copper are obtained22 °C). Then, 21.9ul of 20.6 moldm 3 hydrazine is added
Slight changes in the experimental conditions induce distincto the colloidal solution which is vigorously stirred. Under
modifications of the shape and size of the rdi€?Unfor-  these conditions, the ratio of CAOT), to hydrazine is equal
tunately, these studies lack in not having been structurallyo 1/3. The colloidal assembly immediately turns dark, which
studied. In the present paper, we report, information on thé due to the reduction of QAOT), to CuO) and the solu-
structure of such rods. The technique of high-resolutiortion becomes darker with time. After 2 h, a drop of the so-
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FIG. 2. Detail of a copper rod. The right image represents the
PS. The reflection spots are labeled from 1 to 8 with lattice param-
eters: dy;=0.211nm, d,=0.332nm, d;=0.566nnm, d,=d;
=0.184 nm,d5=dg=0.252 nm, andlg=0.148 nm. The angle be-
tween planes represented by reflections 5 and 6 is 27°.

atomic resolution, it was observed that many rods showed
almost the same orientation. An example of a particle show-
ing such a typical orientation is presented in Fig. 2. Here
only a small part of the center of the rod is displayed to-
gether with the calculated PS, from which the following data
could be obtained.

Three pairs of equatorial reflections marked as 1, 2, and 3

FIG. 1. Overview electron micrograph Cu rods with an electrongre observed together with sideband reflections at the top and
optical magnification of 57 000. the bottom of the PS marked as 4, 5, 6, 7, and 8. These

reflections correspond to the lattice parametec;

lution is placed on a carbon film supported by a copper grid=0.211nm, d,=0.332nm, d;=0.566nm, d,=d;
and examined by TEM. Investigations which were per-=0.184 nm,ds=dg=0.252 nm, andig=0.148 nm. The ac-
formed a few minutes after the hydrazine was added to theuracy is of the order of-2%.
colloidal system shared the presence of water in oil intercon- Reflections 1, 4, and 7 resemble data very close to the
nected cylinder$? In terms of the local C(AOT), number Cu(111), (200, and (020 plane spacings, respectively
of molecules at the interface, this turns out to be much highe0.2087, 0.1808, and 0.1808 \nThe angle betwee(200)
than the overall concentration given above. Thus, when thand (020) is 87°. The small deviations can be attributed to
chemical reduction starts, the space is limited by the waterdeformations within the particle. The appearance of #0€)
in-oil cylinders in a very high supersaturation regime. Theand (020 reflections together with thg111) reflection
copper nuclei formed are close to the interface, which favorgroves that the particle must consist of more than one sub-
crystallization in a preferential direction. With time, the pro- unit (twinning). This finding will be discussed in below
duction of copper nuclei is reduced and the viscosity at théstructure of the particlgs Reflections 5 and 6 represent
interface remains still high. Finally, slow crystallization, planes with an angle of 27° with respect to each other. The
which allows the controlling of the physical parameters, alsajata of these and the other reflections will be explained in
allows the formation of long rods of copper. detail further below.

HRTEM OF Cu RODS TILT SERIES OF HRTEM IMAGES

In order to study the structure of the Cu rods, HRTEM In order to obtain more information on structural details
was performed. The images were obtained with a Philipsve also performed tilt series of the rods. The long axis of the
CM200 FEG microscope operating at 200 k\Cq rods was always taken as the tilt axis. The tilt angle with
=1.35mm, with an information limit better than 0.18 nm. respect to the substrate of the above shown particle, cf. Fig.
Together with the high-resolution images, electron diffrac-2, was defined as 0°. Surprisingly, after tilting the particles, a
tion was also performed and, finally, after digitizing the im- periodic sequence could be observed, i.e., every 36° a com-
ages with a pixel size of about 0.03 nm, the power spectrplete repetition of the image, clearly displayed in the PS, was
(P9, i.e., the square of the Fourier-transform of the imageachieved|cf. Figs. 3c) and c)]. A second different con-
were calculated. figuration by tilting around+ and —18° was also observed.

To demonstrate the successful preparation of long thifThe reflections obtained underl8° tilt angles; cf. Figs. &)
rods having a length of the order ofidm and diameters of and Gc) are labeled 1, 2, and 3. Here again, the data obtained
about 25 nm, overview electron micrographs of low magni-as 0.206, 0.207, and 0.179 nm closely resemblé1h#& and
fication were taken. In Fig. 1 such an overview image is(200 reflections of Cu, respectively. The angle between
shown. The total image size corresponds to 80Qplanes which are represented by reflections 1 and 2 is 71.5°.
X 1150 nnd. The PS of Figs. &) and &c), however, resemble that of a

With respect to larger magnification, i.e., images with[110] zone axis image of the fcc structure although the peri-
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FIG. 3. Tilt series of sample 1: From top to
bottom:+36°, 0°, and—36°. (a) Electron diffrac-
tion. (b) HRTEM image.(c) PS.

odic repetition for fcc structures as observed in the tilt seriemlong [111].1>'® However, model calculations showed that
does not exist. Again it is held that the deviations are due tehe typical reflections labeled 5 and 6 in Fig. 2, with 27°
distortions in the rods. This conclusion is also strongly sup-angles of the corresponding net planes, could never be ex-
ported by the splitting of most reflections in the PS. Twoplained by the fcc structure whatever the stacking. The same
typical examples of tilt series by 0%:36°, and*18° are  applied to the reflections labeled 1, 4, and 7. Such structure
shown in Figs. 3 and 4 and 5 and 6. In secti@h of the  ¢ould also not explain the periodic appearance of the diffrac-

figures the electron diffraction is show() displays the real  tjon spots or the reflections in the PS after tilting around the
image, andc) shows the calculated PS. From the real imaggong axis by+36° or +18°, respectively.

it can be seen that for tilt angles 0° and36° the central

parts of the images show atomic resolution with strong con-
trast. The particles tilted by 18°, however, show a different ) 19
behavior. Here, only on the left or right part can lattice It is well known~**that small Cu clusters, smaller than

planes be visualized, respectively. An interpretation thereofPout 5 nm diameter, show the structure of decahedra or

B. Decahedral and icosahedral structure

will be given below. icosahedra, i.e., particles with fivefold symmetry, when pre-
pared by the inert gas aggregation technigft/. This find-
STRUCTURE OF THE PARTICLES ing was also supported by the theoretical approaches of Refs.

24 and 25, and results on electron diffraction of Ref. 26.

Decahedral particles consist of five deformed tetrahedral
The appearance of superstructure lines along the axis afubunits. The common edge of the five subunits represents

the particles suggested an fcc structure with stacking faultthe fivefold axis which is larger by 5% than the other edges.

A. fcc with stacking faults

FIG. 4. Tilt series of sample 1: From top to
bottom: +18° and—18°, (a) Electron diffraction.
(b) HRTEM image.(c) PS. Three pairs of reflec-
tions in the PS are labeled by 1, 2, andd3.
=0.206 nm, d,=0.207 nm, andd;=0.179 nm.
The angle betweed, andd, is 71.5°.
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FIG. 5. Tilt series of sample 2: From top to
bottom: +36°, 0°, and—36°. (a) Electron diffrac-
tion. (b) HRTEM image.(c) PS.

Icosahedral particles consist of 20 deformed tetrahedral sulfer the fcc tetrahedral subunit. However, the angle between
units. The deformation must be introduced in order to avoid111) and (-1-11) surfaces, i.e., top and bottom planes, is
gaps between the faces of adjoining subunits. The structurgbout 75°. It should also be mentioned that due to the defor-
of such multiply twinned particles was discussed in detailmation of the subunits, the lattice spacings for th&l) and
elsewheré’ For the present preparation, a structure with(-1-11) spacings, which are equal, are slightly different from
fivefold symmetry—but now as large truncated decahedrathe (1-1-1) and (-11-1) spacings, which are also equal. In
or, in other words, decahedral particles with additional interFigs. 7a) and 7b) the directions of the electron beams are
mediate (110) planes—was introduced. The orientation of 0°, £36°, and+18°, respectively. From this model it is ob-
the particles with respect to the substrate was assumed to beus that viewing perpendicularly t®01), as indicated by
[001] for one of the five deformed tetrahedral subunits whicharrow 0° in the figure, a tilt by+36°, as shown by the ar-
was previously defined as tilt angle 0°. Figuréa)and qb) rows, always gives the same image. Furthermore, by tilting
show decahedral models viewed along the fivefold axisaround +18°, another differently structured pattern is ex-
which is defined in analogy to the fcc structure as[the0]  plained. It is also obvious from the model in Figby that
axis. This axis is common for all five subunits. The subunitsfor different tilts lattice planes can be imaged only in the
are labeledrl1,....;T5. Each consists of foufl1ll) surfaces, outer right or left parts. For 0° viewing, from3 (-11-1)

ie., (111, (-1-11, (1-1-1), and (-11-1. The (1-1-) and planes are imaged, and from% (1-1-1) planes are imaged.
(-11-1) surfaces are common faces for neighboring subunitsior +36° viewing,(-11-1) planes ofT5 and(1-1-1) plane of
and the angle between the two planes is 72° instead of 70.5°1 are imaged. In the case ef36° tilts from T1 and T2,

FIG. 6. Tilt series of sample 2: From top to
bottom: +18° and—18°. (a) Electron diffraction.
(b) HRTEM image.(c) PS.
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18° -18°

FIG. 7. Decahedral model particle viewed along the fivefold |Snrm

axis. The deformed subunits are labeled....T5. The arrows indi- N e o , g >
cate the directions of the electron beam by tilting the mog@#10° R * L3 _ =
and =36°. (b) =18°. . ’ ;

(1-1-1) and (-11-1) planes are imaged, respectively. The
other reflections in the PS and diffraction images will be )
explained by means of computer simulations below. Fromd ||:|G. t8 lMoc;IeIs{hcalcu(ljgftfed m;aggs etmtq PS f|0:r trunI(:aftIetci decﬁ:e'
Fig. 7(b) it can be concluded that under18° the (001 ral partices for three ditierent onentations. From Jeft to rght.

| T2 which lel to the b . d fivefold axis, in[001] direction and in §1-10] directions[parallel
planes ofl z, W_ Ich are para} € 9 € beam, are imaged on,, a (001 pland, i.e., 0° and 18°, perpendicular to the fivefold axis
the left-hand side only, while this occurs ferl8° on the

_ . for the latter two.
right-hand side. For the latter case, ttt®1) planes ofT5

are imaged. 0° tilt: Reflections 1, 4, and 7 labeled in Fig. 2 belong to
By using the multislice techniqu& computer simulations  the (111) and (200) families. Reflection 1 is produced by
for truncated decahedral particles consisting of 8224 atomsubunitsT3 andT4, cf. Fig. 7a). However, T3 produces a
were performed. The truncation is such that eight intermedi¢1-11) reflection whileT4 is responsible for &1-1-1) reflec-
ate(110 planes are obtained. The particle has a diameter afion, these reflections are equal in spacing and position in
5.9 nm and a length of 6.2 nm. The calculation was per+eciprocal space, as can be seen from the diffraction patterns
formed for the above-discussed typical tilt angles of 0°in Fig. (a). Reflections 4 and 7 are th®20 and (200
+18°, and =36°. The corresponding PS were also calcu-reflections, respectively, which are scattered froin There
lated. As expected, the periodic repetitions could also bere also two weaker reflections visible in Fig. 8, i@.10
achieved by the model calculation. Figure 8 shows modelsand (220). They are created by all subunitsl-T5. How-
computer simulations, and PS for such truncated decahedryer, from the diffraction patterns in Fig(ed the (110 re-
viewed along the fivefold axig 110] direction, in a[001] flection is not visible. This reflection is also not imaged in
direction, and parallel to @01) plane([1-10] direction, i.e.,  Fig. 2. In real fcc structures this reflection is forbidden and
tilt angles 0° and 18°, respectively, for the latter two orien-appears to be very weak in the model calculation, seeing as
tations. Obviously, a long rod would not be expected to behere is a small deviation from the fcc structure.
oriented along the fivefold axis with respect to the substrate. In the diffraction image of Fig. @) the orientations of the
This orientation was not observed in the case of the presentlgcattering subunits are tHell2], [1-12], and [001] direc-
prepared rods, although this is often observed for sphericdlons for fcc structures, although deviations from this struc-
particles? which will not be discussed here. For both tilts, ture exist. This interpretation is only given in analogy to the
all reflections visible in the PS of the experimental image ardcc structure seeing that the decahedral structure is not a
also obtained in the PS of the computer simulations. crystallographic symmetry. The dashed lines belong to the
The diffraction images shown in Figs. 3—6 show more[-112] orientation of T3 and the[1-12] orientation of T4.
reflections than given in the PS of the images and the comFhe full lines are from th¢001] oriented subuniT 1. Indices
puter simulations. We therefore show magnified images obf the reflections are given in the figure. The angle between
the diffraction images of Figs. 3 and 4 for 0° and 18° tilts in (020) and(200) [cf. Fig. 9a)] is slightly smaller than 90¢cf.
Figs. 9a) and 9b), respectively. Most of the reflections are the angle betweed, andd; in Fig. 2 is 879, which again is
labeled by their corresponding Miller indices. In both casegdue to the deformation of the tetrahedral subunits for the fcc
different directions corresponding to different subunits arestructure in order to create the decahedral structure.
observable. For each direction a corresponding lattice is =*36° tilt: By this tilt the reflection patterns are the same
drawn in the images: one with dashed lines with the indicess for 0°. However, the reflections there are caused by dif-
given in italic letters, and the other with solid lines with ferent subunits. For thél11) family, T1 andT5 for +36°
indices in bold letters. There are many reflections visibleandT1 andT2 for —36°. For the(200) family, T3 for +36°
which do not lie on the lattices. They correspond to multipleandT4 for —36°. The(220) reflection is again due to all five
diffraction spots whose origins will be discussed for somesubunits. In the diffraction image in Fig(&, the reflections
examples. are again obtained by the scattering of different subunits in
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FIG. 9. Magnified image of electron diffraction from FiggaB
and 4a). (a) 0° and +36° orientations. Dashed ling=112] and
[1-12] directions with italic characters of Millers’ indices scattered
from T3 andT4 for 0°, T1 andT5 for +36°, andT1 andT2 for
—36°. The indices are only given for the subuh& in a 0° tilt. Full
line: [001] direction scattered frori1 for 0°, T3 for +36°, andT4
for —36°. The indices are only given fdrl. The (220 reflections
are created from all five subunits for all tilig) +=18°. Dashed line:
two directiong[1-1-1] and[-11-1] from T4 andT5 for positive tilt
and fromT2 and T3 for negative tilt. Full line: directiorf1-10]
from T2 andT5 for positive and negative tilts, respectively. The
(220) reflections are created for both tilts from all five subunits.

different orientations. For-36°; these are fronT5 in the
[1-1-2] orientation, fromT1 in the[-11-2] orientation, and
from T3 in the [00-1] orientation, respectively. For36°,
they are fromT1 in the[1-1-2] orientation, fromT2 in the
[-11-2] orientation and fromT4 in the [00-1] orientation,
respectively.
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+18°tilt: As mentioned before, the PS for the titts18°
resemble the pattern for 4410] zone axis image for the fcc
structure. In Fig. 8 only the computer simulation-618° tilt
is shown. As explained above, it can be seen from Fib) 7
that only half of the image shows atomic resolution. The
reflections labeled 1,...,3 in Fig. 4 can be explained as fol-
lows: Reflection 3 is th€002) reflection, and reflections 1
and 2 are th€11-1) and (111) reflections created by2. In
the diffraction image shown in larger magnification in Fig.
9(b), more reflections are visible. The indices are given for
the case of a+-18° tilt. Three orientations of different sub-
units are again equivalent to the fcc structure with distor-
tions. The dashed lattice with italic letters for the indices are
in the[1-1-1] and[-11-1] orientations fofT4 andT5, and in
the [1-10] orientation for the lattice marked with full lines.
The latter orientation applies for subufii2 in the case of
+18° tilt. The (220 reflection is caused by all five subunits.
The scattering for—18° tilt can be explained in a similar
way. However, the scattering subunits arg, T3, andT5,
respectively. Again all five subunits caus€220) reflection.

As can be understood from diffraction patterns in larger
magnification shown in Figs.(8) and 9b) reflections caused
by multiple effects can be identified. All reflections which
are not positioned on the two lattices in reciprocal space are
caused by multiple effects. Only the reflections labeled in
Fig. 2 are explained here. However, there are more multiple-
scattering reflections present in the diffraction patterns which
can also be explained in a similar way. Reflection 5 can be
explained as scattering by an overlap of reflections 1 and 7.
Reflection 6 is caused by the negative of reflection 1 and by
reflection 4. Reflection 3 is then produced as a multiple-
scattering effect by an overlap of reflection 5 and the nega-
tive of reflection 6. Reflection 2 is caused by multiple scat-
tering of reflections 1 and-3. Reflection 8 is a multiple
scattering from reflections-1 and 6.

We also checked the structures of icosahedral particles
with additional intermediate planes stapled along one five-
fold axis. Icosahedra are also possible structures for small
spherical-shaped Cu clustéfs1° This model, however, was
not in agreement with the experiments and was therefore,
excluded.

The structure of copper rods as prepared according to the
presentation above can be explained clearly as truncated
large decahedra. Obviously, due to the additional surfactant
in the present preparation at the decahedral nuclei, the
growth is hindered and can only take place in fa&0] di-
rection, i.e., the fivefold axis, resulting in well-defined long
rods.
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