Material Sciences Revista Mexicana dsifa67 041005 1-8 JULY-AUGUST 2021

Particle size and convergent electron diffraction
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Convergent beam diffraction (CBED) patterns of nanoparticles are possible. CBED of triangular prismatic shaped gold (Au) nanoparticle
with focus on diffraction pattern symmetry and forbidden reflections observed along [111] and [112] zone axes are reported in this work. It
is well known that the CBED patterns of nanoparticles of 30 nm or less in size only show bright kinematical discs. The dynamic contrast
with Kikuchi and sharp HOLZ lines within the bright discs, as observed in CBED of volumetric materials, is well observed in particles
larger of 500 nm in size. In addition, it is shown that the 1/3[422] and 1/2[311] weak forbidden reflections observed in the [111] and [112]
electron diffraction patterns of these particles do not modify the symmetry of the CBED patterns, but they disappear as the size of the particle
increases. The symmetry of the CBED patterns are always observed in concordance with the space group Fm3m (No. 225) of the Au unit
cell. The possible explanations for observing forbidden reflections are the incomplete ABC stacking due to surface termination and the
stacking faults in the fcc structure.
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1. Introduction along the 1/2 [311] direction in the [112] zone axis diffrac-
tion pattern [11-13]. In other cases, the diffraction patterns of

Faced centered cubic (fcc) nanoparticles have been exteRanoparticles show changes in their symmetry elements [9].
sively studied for almost a century due to the scientific in-

terest in their physicochemical properties which play an im- €W progresses have been also extensively done in con-
vergent beam electron diffraction (CBED) for nano-sized ma-

portant role in optics, catalysis and electronics [1-6]. Since ™. ; .
then, many studies have been carried out to understand thd rials. Normal CBED patterns of volumetric materials show
ynamic contrast within the bright discs, as well as diffuse

stability, growth processes, and crystallographic structure [3=- : ,
5]. There is now an extensive work at nanometric level eveH<IkUChI ba”f’S and sharp HOL_Z I|nes_, but the CB.ED patterns
on smaller particles and clusters [7]. Thus, during synthesis(,)f ng_noparﬂc_les only show bright kinematical _d'SCS [8]. In
particles with different shapes have been obtained, such a?éj_d't'on to this, Tehugcanero—Cuaﬁaal. [14], trylng to ob-
decahedrons, icosahedra, spheres, square, and triangular, éﬂ'@ CBED patterns in Au decahedral nanoparticles of less
with different sizes. It is worth mentioning that gold (Au) has than 30 nm in size, found that the electron beam perforated

a fcc unit cell with parameters of 0.4078 nm and space grouHﬂe Au nanopatrticles, thus concluding that the CBED analysis
Fm3m (No. 225) (PDF card 04-784) should be performed with particles larger than 30-nm-in-size

Recent advances in transmission electron microscop§P avoid the perforation [14,15].

(TEM) allow obtaining electron diffraction patterns of The main purpose of this work is to show the CBED pat-
nanoparticles as small as 5 nm in size, allowing to studyterns with diffuse Kikuchi bands and sharp HOLZ lines in

their individual structure [8-10]. In many cases, the electrorthe bright reflection discs of triangular prismatic Au particles
diffraction patterns of nanoparticles show “forbidden” reflec-larger than 500 nm, with special attention to the behavior of
tions when they are observed by TEM [11,12]. In fcc struc-the 1/3 [422] and 1/2 [311] forbidden reflections observed in
tures, the forbidden reflections are observed along the 1/the nano-area electron diffraction (NAED) patterns along the
[422] direction in the [111] zone axis diffraction pattern and [111] and [112] zone axis.
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2. On the forbidden reflections Fig. 1a). Therefore, the hexagonal prism is oriented in such a
way that, in the hexagonal and cubic notation, [0001]//[111]
Forbidden reflections in the fcc structures have been observeand [10-10]//[422]. Figure 1b) shows the projection of the
in the [111] and [112] diffraction patterns of nanoparticlesreciprocal space in the [100] direction, which corresponds
[13,16-18], and in thin films [19-27]. The source of these re-to Fig. 4 of Ref. [29], and Fig. 1c) shows the projection in
flections was described in terms of twin diffraction by Pash-the [111] direction. The corresponding representation in real
ley and Stowell [16], and Davey and Deiter [17] suggestedspace of Fig. 1 explains quite well the contrast observed in
they can be indexed as an hcp phase. Later, Moetisd,  Fig. 5 of Ref. [12].
[20] explained them in terms of an odd number of layers A,  Following the cubic notationik!), the analysis of Fig. 1
B or C in the stack along the direction [111], and Cherns [11]indicates that the 1/3 [422] reflections are at the vertices of
stated they can be produced by an additional atomic step ithe hexagonal prism on the (111) plane aligned with the [111]
thin Au films. By computer simulation, Cagtaet al. [18]  reflections. Reflections in planes (112), located at 1/2[311],
indicated that their intensity is modified by the combinationare slightly above and below the caps of the hexagonal prism,
of size and roughness of the particle’s surface. but also aligned with reflections [111].

In the case of nanostructures, Reyes Gasgal. [12]
indicated that the point or “spherical” reflections in the recip-3,  Experimental procedure
rocal space becomes “rod-like” along the normal direction
to the thinnest parameter (the [111] direction in the triangu-Particles with different shapes and sizes (from aroumpanl
lar particle) due to the shape effect. The fact that reflectionso few nanometers) were obtained by wet chemical synthe-
elongate normal to the thinnest parameter of the sample isis after modifying the polyol method, as described in de-
well known [28]. Then, using & x 2 fcc supercell in recip-  tail elsewhere [30,31]. Initially, the solution of ethylene gly-
rocal space, Reyes-Gasghal. [12] showed that the ZOLZ col (EG) with 14 ml of polyvinylpyrrolidone (PVP, Mw =
reflections for the [111] and [112] zone axes together with55,000) (0.7M, in EG) was placed in a 40 ml vial in an oil
the “top” and “bottom” FOLZ reflections points up along the bath previously heated to 18®or 30 minutes under mag-
forbidden reflections. Thus, they suggest that the origin ofetic stirring.
the “forbidden” reflections could lie in the rod-like reflections The temperature was then increased to°2806d 1 mi
when intercepting the Ewald sphere. Recently, MendozaHAuUCI4 solution (0.25 mM, in EG) was immediately added
Ramirez et al [29], based on the ideas of Davey and Deiterdropwise to the PVP solution with vigorous magnetic stir-
[17] and Morrisset al. [20], suggested once again that the ring. The solution was stirred for 10 minutes until the solu-
forbidden reflections are produced by stacking faults paralletion turned into an orange-brown color, cooled to room tem-
to the surface in the triangular prismatic particles, producingperature and centrifugated at 4000 rpm with deionized wa-
the existence of two lattices in the particles. One lattice is theer. The gold nanoparticles were re-dispersed in a mixture of
Au fcc crystal. The second lattice is a hexagonal prism along@thanol/water (1:1).
the [111] direction witha = 0.287 nm andc = 0.735 nm. For TEM observation, the solution was dissolved in
The space distribution of the forbidden reflections in recipro-ethanol and sonicated for 30 s. A drop of the solution was
cal space following the hexagonal cell referenced to the fcaleposited on a 200 mesh copper grid previously covered by
Au structure is shown in Fig. 1. Planes 111, with symmetry 6plastic collodion and carbon films. TEM microscopes JEM
mm, and planes 112, with symmetry 2, are also presented iB010F and JEM 2020HT (Jeol, Japan), with 0.19 nm point-
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FIGURE 1. 3D representation relative to the Au fcc structure of the spatial distribution in reciprocal space of the hexagonal cell generated by
forbidden reflections. The planes (111), with symmetry 6 mm, and (112), with symmetry 2, are shown. b) Projection in the [100] direction,

¢) Projection in the [111] direction.
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FIGURE 2. Secondary electron SEM images of two triangular prismatic Au particles. a) Particlé with.5 ym andh = 1.3 um, with
truncated vertices. b) Particle with= 1.2 pum andh = 1.1 um particle with rounded vertices. Particles of different shapes are observed on
top of the triangular particles.

(220)  (422)

. @ (202)

100 nm

FIGURE 3. a) TEM bright field image of a triangular prismatic particle with= 690 nm andh = 590 nm with rounded vertices. b)
NAED pattern in the [111] direction. Note the (0.249 nth)weak reflections. The insert in (B) shows the [111] diffraction pattern of a
30-nm-in-size triangular particle.

to-point resolution and with &15°C double-tilt specimen the surface of the rectangular faces is slightly curved, but it
holder, were used operated at 200 kV. A CMOS digital camdis a good approximation. Figure 2 shows two SEM images
era (Gatan, USA) was used for the digital acquisition of im-of these particles. In TEM, the diffraction patterns indicated
ages NAED and CBED patterns. A SEM JSM7800F micro-that the [111] zone axis is perpendicular to the triangular sur-
scope (Jeol, Japan) operated at 15 kV was used for the scaface of the particle. Figure 2a) shows a particle with rounded
ning electron microscopy (SEM) observations. The parameeorners, and where the parameters of lerigmd heighth

ters for the CBED patterns were: accelerating voltage 200 k\have been defined. These two parameters are used through-
beam diameter of 2.0 nm, emission current of 129 con-  out this work to describe the sizes of the particles. In the
vergence half angle of 3 mrad, and camera lengfhfrom  case particles with truncated or rounded vertices, as shown
10 to 20 cm. in Fig. 2, lines parallel to the edges were drawn to obtain
the corresponding value éfandh. Then, for the particle in
Fig. 2a),b = 1.5 um andh = 1.3 um, while for the particle

in Fig. 2b),b = 1.2 ym andh = 1.1 pm.

The obtained triangular prismatic Au particle is not quite a

straight triangular prism since, although its base is triangular,

4. Results

Rev. Mex. k5.67 041005
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FIGURE 4. a) TEM bright field image of a triangular prismatic Au particle with= 880 nm andh = 770 nm with rounded vertices.
b) NAED pattern in the [112] direction where the (0.246 nhyveak forbidden reflections are observed (indicated by the arrow). The insert
in (B) shows the [112] diffraction pattern of a 30 nm-size triangular particle.

FIGURE 5. a) TEM bright field image of a triangular prismatic Au particle with= 1.0 um andh = 825 nm with slightly rounded vertices.
b) NAED pattern in the [011] direction. No forbidden reflections are observed in this direction. The angle between [111] and [112] directions
is indicated in (B).

4.1. Electron diffraction 30-nm-in-size triangular particle where the forbidden reflec-
tions are more defined. Including the forbidden reflections,
Figure 3a) shows the bright field TEM image of a triangu-the hexagonal lattice presents the 6 mm point group.
lar prismatic Au particle with = 690 nm andh = 590 In the case of the [112] zone axis, Fig. 4a) shows the
nm with rounded vertices together with the [111] electronbright field TEM image of a triangular prismatic Au particle
diffraction pattern (Fig. 3b). In the electron diffraction pat- with b = 880 nm andh = 770. Figure 4b) shows the [112]
tern, the (0.249 nm)' weak reflections corresponding to the electron diffraction pattern and the (0.246 nrhyeflections,
1/3[422] forbidden reflections can be seen. These forbiddewhich correspond to the 1/2[311] weak forbidden reflections.
reflections are weak in intensity due to the size of the parThe insert in Fig. 4b) shows the [112] diffraction pattern of a
ticle: larger the particle, weaker is the forbidden reflection.30 nm-size triangular particle where the forbidden reflections
The insert in Fig. 3b) shows the [111] diffraction pattern of aare observed more defined. In this case, the forbidden reflec-

Rev. Mex. k5.67 041005
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FIGURE 6. CBED patterns in the [111] direction of the triangular prismatic Au particle shown in Fig. 3. a) The Kossel pattern with the 6 mm
point group; camera length 8 cm, spot size 25 nm, semi-convergence angle 3 mrad. b) The (000) disc and suf2f0}diimrs with the

6mm point group (slightly outside the zone axis); camera length 20 cm, spot size 25 nm, semi-convergence angle 3 mrad. The rings of exces
HOLZ lines in (A) show the 3 m point group.

tions produce a centered rectangular Bravais lattice with 4/2[311] forbidden reflections from which the discs shown in
point group 2. the CBED pattern come from.

In the triangular particles, the forbidden reflections were  Figure 8a) shows the [110] CBED pattern of the triangu-
only observed in the [111] and [112] diffraction patterns. Fig-lar prismatic Au particle shown in Fig. 5 in the borderline of
ure 5 shows the TEM bright field image and the corresponda Kossel condition. This pattern shows the Kikuchi lines and
ing [011] electron diffraction of a triangular prismatic Au HOLZ lines with the 2 mm point group for the whole-pattern
particle withb = 1.0 um and~ = 825 nm. Forbidden re-
flections are not observed in this zone axis and, therefore,
the centered rectangular lattice shows the point group 2. In
Fig. 5b) the [111] and [112] directions and the angle between
them, which is approximately 28are shown.

4.2. CBED patterns

The dynamic contrast with diffuse Kikuchi bands and sharp
HOLZ lines within the bright discs, are observed in parti-
cles equal or larger than 500 nm. Figure 6 shows the [111]
CBED pattern of the triangular prismatic Au particle shown
in Fig. 3. Figure 6a) shows the CBED pattern in the border-
line of a Kossel pattern and, therefore, it presents the Kikuchi
and HOLZ lines with the 6mm point group distribution. The
rings of excess HOLZ lines show the 3 m point group. Fig-
ure 6b) shows the (000) disc and surround{r0} discs
with dynamic contrast forming the 6 mm point group (al-
though slightly outside the zone axis). All these symmetries
are in agreement with the Au symmetry along the [111] di-
rection.

Forb'_dden reflections are indeed included in CBED _pat'F|GURE 7. CBED pattern in the [112] direction of the triangular
terns. Figure 7 shows the [112] CBED pattern of the trian-prismatic Au particle shown in Fig. 4 presenting the 2 point group
gular prismatic Au particle shown in Fig. 4. This pattern (slightly outside the zone axis); camera length 10 cm, spot size 25
shows dynamic contrast within the CBED discs with the 2nm, semi-convergence angle 3 mrad. The insert shows the [112]
point group (slightly outside the zone axis). The insert indiffraction pattern indicating the forbidden reflections 1 to 4 which
this figure shows the [112] diffraction pattern indicating the appear as discs in the CBED.

Rev. Mex. k5.67 041005
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FIGURE 8. CBED pattern in the [110] direction of the triangular prismatic Au particle shown in Fig. 5. a) The Kossel pattern showing the

2 mm point group as the whole-pattern symmetry; camera length 10 cm, spot size 3 nm, semi-convergence angle 3 mrad. b) the (000) disc
and surrounding by th€110} and{002} discs presenting the 2 point group (slightly outside the zone axis); camera length 18 cm, spot size

3 nm, semi-convergence angle 3 mrad.

symmetry, as expected for the fcc structures in this directionthe faces are square,tif£ b, the faces are rectangular. For
Figure 8b) shows the (000) disc surrounding by {440} = TEM observation, samples should have an average thickness
and {002} discs with dynamic contrast. The CBED pattern of 10 nm, which clearly indicate that< b, so their faces are
shows the 2 point group (slightly outside the zone axis). rectangular with length parallel toand width parallel ta.

Therefore, the CBED observed symmetries are in concor- Some approximations of th&/b ratio can be obtained
dance with the Fm3m space group of the Au fcc unit cell, androm the TEM images of the triangular prismatic particles
the forbidden reflections positions are compatible with theseeported in literature [12,29] where the thickness of the trian-
symmetries. gular particles were obtained by tilting. These TEM images
indicate that the ratia/b is between 0.1 and 0.3 [29], be-
ing the value of 0.1 suitable for the thickness to obtain the
high resolution TEM (HRTEM) images [12]. Taking an av-
Triangular prismatic particles are one of the most interesterage value of 0.2 for the ratigb, an approximation for the
ing nanoparticle shapes due to their two-dimensional growththickness of the triangular prismatic particles shown in this
their velocity growth in the plane is much greater than in thework is obtained. By performing this analysis to the particles
perpendicular direction, the [111] direction. Thanks to theshown in reference [29], the approximation for t with an error
fact that they are in different sizes and thicknesses, and th&f 14% on average is obtained. Thus, the particle in Fig. 2a)
an important question in the nanoparticles and in the fiel¢should have & of 307 nm and for the one in Fig. 2b)is of
of electron diffraction is to know the thickness value from 247 nm, approximately. For the particle shown in Fig. 3a),
which dynamic dispersion is present in the CBED patterns! = 138 nm; for the particle shown in Fig. 4a,= 176 nm;
their study indicate the range of utility of this type of pat- and for the particle shown in Fig. 5a)= 205 nm.
terns in the crystallography study of defects of the nanometric  Therefore, results indicate that when as the particle size
structures. It is well known that depending on the thicknesds above 500 nm in length and 100 nm in thickness:
of the TEM samples, the discs of the CBED pattern have or
do not have dynamic contrast [28, 32]. If the thickness is less
than the extinction distancg,, kinematic conditions will be
obtained and the discs will be bright without contrast inside.
If it is greater tharg;, the discs will present dynamic contrast.
The ¢, values of Au for (111) is 18.3 nm, for (200) is 20.2
nm and for (220) itis 27.8. o the forbidden reflections fade away.

Lett be the thickness of the triangular prismatic particles.
In this way, the lateral faces of the triangular prism can be The fact that these forbidden reflections disappear as the
square or rectangular, depending on the value &f ¢t = b, particle grows implies a possible phase transition from the

5. Discussion

e they are adequate to produce dynamic and inelastic
scattering.

e the CBED patterns show dynamic contrast with
Kikuchi bands and sharp HOLZ lines.

Rev. Mex. k5.67 041005
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hexagonal lattice arrangement that the forbidden reflectionserved when they are larger than 500 nm in size. The sym-
present towards the macroscopic fcc lattice of Au as the pametries observed in these CBED patterns are compatible with
ticle grows. For the nucleation of the triangular prismatic par-the Fm3m symmetry of the Au fcc unit cell. The weak for-
ticles there should be a seed with hexagonal symmetry; thibidden reflections 1/3 [422] and 1/2 [311] observed in the
hexagonal structure could be related with the Auhcp phasaanodiffraction patterns along the [111] and [112] zone axes
[33], but with the lattice parameters obtained from Fig. 1 forare also observed in the CBED patterns, implying that they
the Auhcp area = 0.296 nm ande = 0.484 nm. The growth ~ compatible with the Au fcc structure.

of the particle is anisotropic occurring mainly in two dimen-
sions, adding few planes in the [111] direction. As the trian- . L
gular prismatic particle reach a micron size approximately, itDeCIarat'on of competing interest

becomes less stable, and it changes to the Aufcc [33]. Wanghe authors declare that they have no known competing fi-

et al. [34] have indicated, after first-principles calculations, o . .
. ; nancial interests or personal relationships that could have ap-
that the phase transformation Auhcp to Aufcc is favored by : c
ared to influence the work reported in this paper.

the appearance of stacking faults. The stacked planes an
found in the [111] Aufcc ([0001] Auhcp) direction, Thus, the

mechanism of growth through stacking faults could exp|ainACkn0WIedgments
the triangular prismatic particles. In addition, the triangular
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number of twin planes parallel to the surface.
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