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1 Introduction

ABSTRACT

High-symmetry crystals exhibit isotropic properties. Inducing anisotropy, e.g.,
by facet selective etching, is considered implausible in face-centered cubic (FCC)
metals, particularly gold, which, in addition to being an FCC, is noble. We report
for the first time the facet selective etching of Au microcrystals obtained in the
form of cuboctahedra and pentagonal rods from the thermolysis of a gold-
organic precursor. The selective etching of {111} and {100} facets was achieved
using a capping method in which tetraoctylammonium cations selectively cap
the {111} facets while Br~ ions protect the {100} facets. The exposed facets are
oxidized by O,/CI, yielding a variety of interesting geometries. The facet selective
etching of the Au microcrystallites is governed only by the nature of the facets;
the geometry of the microcystallite does not appear to play a significant role. The
etched surfaces appear rough, but a closer examination reveals well-defined
corrugations that are indexable to high hkl values. Such surfaces exhibit enhanced
Raman activity.

nanoparticle facet depends on the surface energy (y)
of the facet, and the general trend is y110) > Y100) > 7111

The crystal lattices of most metals are face-centered
cubes (FCCs), which are highly symmetrical. Because
of the large number of equal symmetry directions and
facets, anisotropic etching is difficult in FCC metals,
particularly noble metals. While anisotropic etching
is well-known among low-symmetry semiconducting
materials such as Si [1], Ge [2], and GaN [3], there are
hardly any reports on metal crystals. In this study, we
explored the anisotropic etching of Au microcrystals.
There are few reports on the anisotropic etching of
the nanoparticles of noble metals. The etching of a
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[4]. Hence, it is expected that the {110}, {100}, and {111}
facets exhibit high, medium, and low reactivities with
a given etchant. However, there are counter effects
due to the polarization [5], symmetry [6], and other
parameters of adsorbed species that influence the facet
selective etching of metal crystallites. For instance,
Br-anions bind preferentially to {100} facets [7], while
quaternary cations bind to {111} facets [8]. The etching
of a facet is a combined effect of the surface energy
and the nature of the adsorbed species. In the absence
of counter effects, etching proceeds in accordance
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with the surface energy. However, this often leads
to irregular geometries (see Table S1 in the Electronic
Supplementary Material (ESM)). The capping agent
lowers the etchant interaction considerably with the
adsorbent facets [9]. The strength of the etchant also
plays an important role in guiding anisotropic etching.
While isotropic etching occurs with a strong etchant
(eg., HNO;), no etching can occur if the etchant is too
weak. Commonly used mild etchants for noble and
semi-noble metals are H,O,[10], CN™ [11], Fe(III) [12],
Cu(I) [13, 14], Pb(II) [15], NH;[16] and O,/CI" [7]. For
instance, Pd cuboctahedra and octahedra were obtained
from nanocubes by selective etching along the [111]
direction using O,/CI" as etchant while Br~ ions protected
the {100} facets [7, 17]. Additionally, Yang et al. obtained
a variety of geometries from an Ag octahedron by
selectively etching the [100] facets using NH,OH/H,O,,
with PVP as the capping agent [16]. These studies
produced interesting nanoparticle geometries without
significantly altering the size. The etching of Au
nanoparticles, unlike that of Ag and Pd, is difficult
because Au is a noble metal. Jana et al. [18] reported
the anisotropic etching of an Au spheroid to obtain
spherical nanoparticles using CN". The electrochemical
oxidation of Au crystals has also been reported [19, 20].
Pradeep et al. used CuCl, as an etchant for the
anisotropic etching of Au nanorods, demonstrating
the selective etching of the body and tip of the
nanorods [21]. The Au nanorods were oxidized to
form spherical nanoparticles using H,O, [22,23].
However, the nature and mechanism of the etched
facets are unclear. All of the above examples pertain
to particles with a size well below 300 nm. Fan et al.
recently reported a versatile method for the selective
etching of edges and {111} facets of Au nanocrystals
with various shapes [24]. Face selective etching is
useful not only to understand the nature of the facets
but also to produce various shapes with nearly the
same size. Because anisotropic etching does not alter
the size of the nanoparticles, the obtained nanoparticles
with different shapes are the ideal systems to study
the shape-dependent properties.

We found it interesting to examine the anisotropic
etching behavior of Au microcrystals in the form of
Au polygonal plates grown in the laboratory, which
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are essentially single-crystalline with well-defined
facets [25, 26]. An advantage of these materials is that
the facet selective etching of the microplates and
the crystallographic details of the etched facets can
be visualized using common optical and electron
microscopes, unlike nanoparticles, which require high-
resolution transmission electron microscopy in order
to be seen [27]. Thus far, a successful demonstration
on large metal crystallites has not been reported.
Although such studies can be conducted using bulk
crystal surfaces, the facet selectivity is rather poor
because of the inherent surface defects and dislocations
[28]. We performed a systematic study on the selective
etching of {100} and {111} facets in various types of
Au microcrystals—cuboctahedra, hexagons, triangles,
and pentagonal microrods—using Ag(I)- and Cu(II)-
based etchants. The selective etching produced a variety
of intermediates enclosed by highly corrugated surfaces
that are indexable to high Kkl values.

2 Experimental
21 Materials

Gold chloride (HAuCly), silver nitrate (AgNO;),
tetraoctylammonium bromide (ToABr), cupric chloride
(CuCly), sodium chloride (NaCl), copper sulphate
(CuSQO,), and toluene were used. All reagents were
purchased from Spectrochem, India. The water used
in this study was double-distilled and deionized. The
Si substrates were cleaned with water, isopropyl alcohol,
and toluene and dried in N, gas.

2.2 Synthesis of Au microcrystals

We added 100 puL of ToABr in toluene (50 mM) to
75 uL of HAuCl, (25 mM) and stirred for 5 min [25].
The bottom aqueous phase became colorless, and the
top organic phase developed a red color. The obtained
AuToABr complex had nearly the same melting point
(~90 °C) and decomposition temperature (~150 °C) as
ToABr. The organic layer was pipetted out, drop-coated
on a Si substrate, and heated at 135 °C on a hotplate in
air. After the Au microcrystals were grown, they were
washed with toluene to remove any residual precursor
and then dried with flowing nitrogen.

VEN$VIE1R\JSI($YI-|!¥ gAS @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2015, 8(9): 2925-2934

2.3 Preparation of AgToABr for the {100} facets
etching

We added 25 pL of a AgNO; (25 mM) solution and
10 uL of HCl (110 mM) to a 200-uL ToABr (50 mM)
solution and stirred for 5 min [29]. Excess ToABr was
used to ensure the effective phase transfer of the Ag(I)
to the organic layer. The obtained AgToABr complex
was characterized using Fourier transform infrared
spectroscopy, thermogravimetric analysis (TGA), and
energy-dispersive spectroscopy (EDS) (see Figs. S1
and 510 in the ESM). The melting point and decom-
position of the obtained AgToABr are nearly the same
as those of ToABr and AuToABr. A 200-uL organic layer
was removed and drop-coated on the as-prepared Au
microcrystals and heated at 135°C on a hotplate in
air for 6 h. The samples were washed with toluene to
remove the unreacted precursor and then dried under
N gas.

2.4 Etching of the {111} facets

The Au microcrystallites were dipped in 1 mL of a
0.5 M CuCl, solution and then heated at 60 °C in air.
After 1 h, the solution was cooled to room temperature.
The samples were removed, washed with plenty of
water, dried in N, gas, and used for characterization.

2.5 Characterizations

Scanning electron microscopy (SEM) was performed
using a Nova NanoSEM 600 equipment (FEI Co., The
Netherlands). EDS mapping was performed using
an EDAX Genesis V4.52 (USA) attached to the SEM
column. Atomic force microscopy (AFM) experiments
were conducted using a scanning probe microscope
(Bruker Innova) with a nanodrive controller. Imaging
was performed in the tapping mode. TGA was
performed using a Mettler Toledo TG-850 in a N,
atmosphere.

3 Results and discussion

3.1 Etching of {100} facets

Au microcrystals were prepared using a method
reported recently in our laboratory [25]. In a typical
synthesis of Au microcrystals, 100 pL of precursor
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obtained by the stabilization of (AuCly)~ with ToABr
was drop-coated on a glass or Si substrate and
thermalized on a hotplate at 135 “C in air for 1 h.

At the thermolysis temperature of 60 ‘C, the growth
of the Au microcrystals proceeded in the molten start
of the precursor (AuToABr), while the decomposition
started at ~150 °C (see Fig.S1 in the ESM). In the
obtained product, two types of Au microcrystals were
observed (see Fig.S2 in the ESM)—cuboctahedron
derivatives and penta-twinned microrods—and the
latter were less abundant. In the first category, in
addition to the regular cuboctahedron, other analogous
geometries—truncated octahedra [30], hexagons, and
triangles—were observed (see Fig.S3 in the ESM).
The crystallite size was in the range of 1-10 pm.
Among these geometries, the regular cuboctahedron
was our focus in this study. It is enclosed by 14 facets:
eight triangular and six rectangular or square. As shown
in Fig. 1(a), in the conformation of a cuboctahedron,
the top and bottom facets are made of triangles, and
the side facets are enclosed by six triangular and six
rectangular or square facets, alternating [30, 31]. A
typical view of the cuboctahedron particle is depicted
in Fig. 1(a), where four triangular and three square
facets are clearly observed, which are assigned to the
{111} and {100} facets, respectively [31]. The edges
are sharp, and the surface of each face is smooth, as
shown in Fig. 1(b). To achieve anisotropic etching,

Figure 1 Typical SEM images of samples (a) and (b) as prepared
and (c) and (d) after treatment with AgToABTr for selective etching
of the {100} facets.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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various etchants, such as FeCl;, NaCl, H,O,, ToABr,
and AgToABr, were tested. Poor anisotropic etching
was observed with FeCl;, NaCl, H,0O,and ToABr (see
Figs.54-56 in the ESM), whereas facet selective
etching was achieved with AgToABr. Briefly, ~200 uL
of the etching solution, AgToABr in toluene (see
experimental section for the preparation), was added
to the obtained microcrystals, and the thermolysis
was continued at 135 °C.

The etching of the {100} facets occurred in molten
AgToABr. The products obtained at various stages of
the thermolysis were analyzed. An SEM image of a
cuboctahedron obtained after 1h of thermolysis is
shown in Fig. 1(c). Interestingly, all the {100} facets
were etched to the roughened surfaces, whereas the

{111} facets appear unaffected in the magnified images
shown in Fig. 1(d) and Fig. S7 (in the ESM) (see the
low-magnification images shown in Fig. S8 (in the
ESM)). This observation confirms the selective etching
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of the {100} facets by the AgToABr. In addition, the
edges and corners were also roughened (Fig. 1(d)). We
recall that selective etching of the {100} facet has been
examined with Ag [16] and Pd nanocrystals [7] but
not Au.

The continued etching of the {100} facet produced
concave-type deepening as shown in Fig. 2(a); however,
this disappeared during further etching, owing to the
thermodynamic instability [27].It appears that as the
{100} facets were gradually etched, a variety of inter-
mediates formed, and the {111} facets were unaffected
(Figs. 2(a) and 2(b)). However, upon extended etching,
the {111} facets decreased in area and eventually
disappeared in the final stage of the etching (Fig. 2(f)).
The Au microcrystals obtained at the intermediates
stages exhibited two types of roughened surfaces,
which are indicated as RS1 and RS2 in Fig. 2(b). The
etching along the [100] direction produced RS1, while
the corrugated surfaces that formed at the interface

0 Distance (um)

0 1 2 3

0 1 2
Distance (um)

Figure 2 (a)-(f) SEM images of Au cuboctahedra at various stages of the {100}-facet etching. (g) Schematic showing selective
etching of the {100} facet. (h) AFM topography of Au microcrystals. (i) and (j) Height profiles along the lines drawn in (h). The average
roughness of the etched {100} and unetched {111} facets is 47.2 and 4.8 nm, respectively. (k) SEM image of the Au cuboctahedron after
treatment with AgToABr in an Ar atmosphere. The corresponding EDS spectrum is shown at the top of (k). Scale bar represents 1 pm.
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of {111} and {100} facets gave rise to RS2, which was
parallel to the top and bottom {111} facets. The surface
morphology differed considerably: RS2 exhibited
well-defined corrugated steps (Fig. 2(c)), whereas RS1
exhibited an interconnected streak-like topography.
The latter corresponds to mini {110} facets, as the
angle between two adjacent mini facets is either 60°
or 120° (Fig. 2(d)) [32]. On RS2, we observe two sets
of angles between the pristine {100} facet and the
corrugated features—14.34 + 0.20° and 22.0 £ 0.3° (see
Fig. 2(c))—which, according to the calculated angles
of 14.04° and 21.8° should correspond to the {410}
and {520} facets, respectively [33]. It is interesting that
the etching of the {100} facet can lead to such high-
index facets. As the etching progresses along the [100]
direction, RS1 diminishes (Fig.2(e)), disappearing
completely in the final product. As depicted in Fig. 2(f),
the surface of the microcrystals is covered with
only an RS2-type surface. Because of the preferential
etching on the {100} facet, the surface roughness of
the {100} facet is ~10 times higher than that of the {111}
facets, and the heights of the corrugated steps are in
the range of ~50-150 nm (see AFM data in Figs. 2(h)
and 2(i)). The continued etching resulted in the for-
mation of trigonal bipyramids covered with corrugated
surfaces (Figs. 2(f) and 2(g) and Fig. S9 in the ESM).
We propose the following etching mechanism on the
basis of the aforementioned experimental observations,
drawing from the literature for examples of the
anisotropic etching of Pd nanocubes [7] and Ag
octahedra [16]. The selective etching of the Au{100}
facets involves four major steps: 1) the adsorption of
tetraoctylammonium cation (ToA*) on the {111} facets;
2) the oxidation of the atoms at the corners and edges;
3) the etching of the {100} facets; and 4) the redeposition
of Au(Ill) or Au(I) on the etched {100} facets. The ToA*
ion preferentially adsorbs on the {111} facets because
of its higher adsorption energy [8]. To confirm that
the Au{l111} facets were covered with ToA" cations,
Au microcrystals obtained from AuToABr were
partially washed, and SEM imaging was performed.
The Au{111} facets appeared to be covered with a
thin organic layer. An EDS spectrum collected from
the Au{l111} indicated a weak C K signal that is
attributed to the ToA* ligands adsorbed on the {111}
surface. No Br~ was detected in the EDS spectrum
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collected from the Au{111} facets (Fig.S11 in the
ESM). Interestingly, the SEM images reveal that the
carbonaceous species was far less abundant on the
Au{100} facets (see Fig. S11 in the ESM), which enabled
selective etching. The long alkyl chain of the ToA*
projected away from the Au{111} surface, making the
surface hydrophobic [34]. Hence, a polar etchant
such as O,/Br- may not able to attack the {111} facets.
In addition, the higher surface energy of the Au{100}
facet facilitates the selective etching of the {100} facet
[4]. Atmospheric oxygen in combination with the
halide anion available in the reaction medium (see
Fig. 510 in the ESM) can etch gold to form soluble
Au(I) or Au(Ill) complexes such as (AuX;)ToA (Au is
in the +1 state) and (AuX,)ToA (Au is in the +3 state).
The etching of the {100} facets begins at the corners
because of the high reactivity due to the low coor-
dination number and low bromide coverage [7]. As
this process continues, the atoms on the {100} facets
are etched away, and the Br~ ions are removed from
the {100} facets (see the schematic in Fig. 2(g)). The
etching of the {100} facets yields high-index facets
that are more reactive compared with the low-index
ones. The newly generated Au(Ill) or Au(I) complexes
are reduced to Au(0) via thermal reduction and are
deposited on the high-index facets (Eq. (1)).

(Au(I)/Au(D)X, o JToA —BS Au©) (1)

As described in our previous work [35, 36], Ag(I) from
AgToABr tends to deposit selectively on the Au{100}
facets owing to the underpotential deposition (UPD),
forming a monolayer or sub-monolayer of Ag(0). The
Ag monolayer stabilizes the high-index facets [37].
However, the nature of the adsorption sites remains
unclear. In the absence of Ag(I) (etching with ToABr
alone), the etched surface was rather irregular (see
Fig. S5 in the ESM). To examine the role of atmospheric
oxygen in the etching process, thermolysis was per-
formed in an Ar atmosphere. No etching occurred;
instead, the thermolysis led to the formation of AgBr
crystallites [38]. Thus, the AgBr was deposited on the
cuboctahedra, as indicated by the EDS spectrum shown
in Fig. 2(k) and elemental mapping (see Fig. S12 in the
ESM). According to the aforementioned experiments,
the plausible chemical equation for Au etching is as
follows

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Au+0,+ X" —> Au(l)/Au(IIl) + O* @)
3.2 Etching of {111} facets

Similarly, the etching of {111} facets was attempted
using a different etchant.

Fresh Au microcrystals were immersed in 1 mL of a
0.5 M Cu(l, solution at 60 °C, and the morphological
changes were examined (Fig. 3). Compared with the
{100} etching, in this case, the triangular {111} facets
were etched, and the {100} facets were intact (Fig. 3(a)).
The magnified image of Fig. 3(b) shows randomly
distributed islands formed by the etching of the {111}
facets, which is schematically illustrated in Fig. 3(c).
In contrast to the Au{100} etching, the selective etching
of the {111} facets did not yield corrugated facets. The
etching of an Au cuboctahedron along the {111} facets
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produced a set of intermediate geometries, and the
final product was a hexapod (Fig. 3(d)). To understand
the etching process and identify the active etchant
species, experiments were conducted. First, oxygen
dissolved in a CuCl, solution was removed by adding
Na,SO;, which is an O, scavenger [21]. Etching was
then performed using this solution, and interestingly,
no noticeable etching was observed, even after 12 h
(see Fig. S13 in the ESM). This experimental observation
confirms that oxygen is essential for etching Au
surfaces. To address the role of the CI-, CuSO, was
used instead of CuCl,. Here also, no significant etching
was observed (see Fig. 513 in the ESM). Similarly, the
{111} facets were etched using NaCl instead of CuCl,.
Although etching was observed on the {111} facets,
the extent of the etching was relatively low under the

Au island

— On etched facets
—— On smooth facets

\/mﬁ

02 04 06 08 10
Distance (um)

Figure 3 (a) and (b) SEM images of cuboctahedron obtained after treatment with 0.5 M CuCl,. (¢) Schematic of islands formed from
{111} facets. (d) SEM images of a hexapod obtained by the selective etching of the Au{111} facets. (e) and (f) AFM topography images
collected from various regions of a cuboctahedron. (g) Height profiles along the lines drawn in (e) and (f). (h) Plausible etching mechanism
of {111} facets.
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experimental conditions employed (see Fig. 56 in the
ESM). Interesting dendrimeric etched patterns were
observed, which may deserve a separate study. The
milder action of the Na* is mainly due to its highly
negative reduction potential (-2.71 eV). Cu(ll), on the
other hand, acts as a catalyst for the production of
intermediates such as superoxide (O:) that etch the
Au surface [21, 39]. From the two aforementioned
experiments, it is clear that Cu(ll), CI" and O, are the
active components of the etchant. It appears that
the quaternary salts adsorbed on the {111} facets of
the Au microcrystals (obtained from AuToABr) are
removed during the toluene washing because of the
high solubility of the ToABr in toluene (380 g/L) [40],
whereas the Br~ may remain intact on the {100} facets
owing to its poor solubility in toluene. Hence, the
{111} facets are easily accessible for the etchant that is
devoid of the capping agent. Similarly to the {100}
etching, the {111} etching commenced at the corner and
proceeded along the edges (see schematic Fig. 3(h)).
The islands formed by the {111} etching were separated
by ~100 nm, and their average height was ~10 nm
(Figs. 3(e) and 3(g)). As the etching progressed, the
roughness of the {111} etched facets (Fig. 3(e)) increased
by an order of one compared with that of the {100}
facets (see AFM data in Figs. 3(e)-3(g)). As previously
mentioned, we observed several geometries in addition
to cuboctahedra, such as truncated octahedra, hexagonal
plates, triangles, and pentagonal nanowires (Fig. 4).
In these cases also, the facets have smooth, with
well-defined edges and corners prior to the etching
(Figs. 4(a)—4(c), 4(h) and 4(m)). Similarly to cubocta-
hedra, cuboctahedron derivatives exhibit the selective
etching of the {100} facets with AgToABr (Figs. 4(d)-
4(f), 4(1)—4(k), and 4(n)—4(p)). Continued etching along
the [100] direction caused the formation of trigonal
bipyramidal microcrystals covered with corrugated
surfaces. In the case of Au nanowires, the selective
etching of the {100} facets produced corrugated pen-
tagonal nanowires (Figs. 4(n) and 4(o0)). However, the

tips of {111} were unaffected by the etchant (Fig. 4(p)).

On the other hand, the selective etching of the {111}
facet was observed with CuCl, (Figs. 4(g), 4(1), and
4(q)—4(s)). Notably, the anisotropic etching of the
Auf100} and Au{111} facets is purely facet-dependent
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and is independent of the geometry and size of the
Au microcrystals. The process is substantiated by
growing Au crystals ~300 nm in size and etching the
{100} and ({111} facets using AgToABr and CuCl,,
respectively (see Fig. 514 in the ESM). This process
should be applicable for smaller sizes, although the
imaging becomes more complex. In the present study,
which involved large microcrystals, the finer steps of
the etching are clarified, and the surface crystallography
of the etched facets is evident. As evidenced by the
aforementioned cases, all the intermediate stages of
the selective etching of Au microcrystals were identified
using ordinary electron microscopy, which is simply
impossible with nanoparticles owing to their small
dimensions. These larger dimensions are handy and
attractive not only in the context of the facet selective
etching phenomenon but also because of the emergence
of crystallographically well-defined nanocorrugated
surfaces over large areas. For instance, the selective
etching of the {100} facets of penta-twinned microrods
produced nanocorrugated Au microrods, while there
were no changes in the length of rods. Usually, such
corrugated nanowires are obtained only using sophis-
ticated lithography techniques [41]. To our knowledge,
this is the first report of the successful anisotropic
etching of Au microcrystals. Nanocorrugated surfaces
are interesting with regard to the surface plasmon
polaritons and their interaction with light (see Fig. 515
in the ESM) [42]. In the current literature, the facet
selective etching of metals is known only for the {100}
facets of Ag and Pd nanocrystals.

4 Conclusions

We investigated for the first time the anisotropic
etching of Au in the form of microcrystals. Specific
geometries belonging to a cuboctahedron, truncated
octahedron, hexagon, triangle, and pentagonal rod
were observed, each a few tens of microns in size and
enclosed by {111} and {100} facets. Gold etching was
performed in atmospheric O, in the presence of halides.
Selective etching of the {100} facets occurred as the
ToA" ions present in the reaction medium selectively
capped the {111} facets. Similarly, the {100} facets
were protected by the adsorbed Br~ ions while the {111}

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 4 SEM images of Au hexagons, triangles, and microrods before etching ((a)—(c), (h), and (m)), after selective {100} etching
((d)—(D), (1)—(k), and (n)—(p)), and after {111} etching ((g), (1), and (q)—(s)), respectively. Scale bar represents 300 nm.

facets were etched. Trigonal bipyramids and hexapods
were the final products obtained by the selective
etching of the {100} and {111} facets, respectively. In
both cases, the etching began at the corners and then
spread toward the edges. Complete etching produced
corrugated facets that were assigned to high indices.
The anisotropic etching of the microcrystals was
remarkable not only for producing various interesting
shapes but also for creating high-index facets over a
large surface area (hundreds of um?). More importantly,
we observed that the selective etching depended only
on the crystallography of the facets and not on the
specific geometry of the microcrystal. Owing to the
nanocorrugations, the etched surfaces exhibited

enhanced Raman signals of an analyte, whereas the
smooth surfaces exhibited no such enhancement.
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