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Gold nanostructures (AuNSs) have been studied intensively
because of their unique chemical and physical properties,"
which make them promising candidates in various applica-
tions.”) Anisotropic AuNSs, in particular, are receiving special
attention, owing to their special properties related to their
shape, size, and crystallinity.’! For example, Au nanorods
exhibit size-tunable surface plasma resonance (SPR) in the
visible and near-infrared (NIR) regimes, resulting in their
applications in biological imaging and cancer therapy.™

Understanding how crystals grow in solution is of great
importance for the shape- and size-controlled synthesis of
anisotropic nanostructures. Noble-metal nanostructures have
been used as prototypes to study crystal growth and shape
evolution.”! For example, previous studies have investigated
the evolution of Au nanocrystals from decahedrons to
cubesP?! or from nanorods to octahedrons.® Fine-tuning of
the growth kinetics at different crystal planes has shown to be
critical for the shape-controlled synthesis.!! This kinetic
control can be realized by, for example, using surface capping
molecules!”’ and foreign ions.®!

However, the aforementioned studies only investigated
AuNS:s of the single face-centered cubic (fcc) phase, or those
containing a dominant fcc phase with a small amount of
hexagonal close-packed (hcp) crystal defects, for example,
twins and stacking faults.®! Recently, silver nanostructures
(AgNSs) with mixed hep and fcc phases (with comparable
amounts of each) have been reported.”’ The introduction of
such structures with unusual phases has led to the formation
of unique AgNS architectures that are different from those
with the common fcc phase.* This difference in morphology
arises from the dimension variation related to the phase
energies.™® Although the synthesis of some hcp/fcc mixed
AgNSs has been successful, little is known about how these
structures evolve from nucleation in the solution phase.
Therefore, it is very important to understand the shape as well
as the phase development in the noble-metal nanostructures.
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Recently, graphene has attracted increasing research
interest, owing to its outstanding physical properties."”! Its
derivatives, such as graphene oxide (GO) and reduced
graphene oxide (rGO), can be produced in large amounts
by facile procedures, thus giving many applications in a
variety of fields.'”! For example, by using GO or rGO!"? as
template, many noble-metal nanostructures have been syn-
thesized. However, the obtained nanostructures were mostly
spherical or randomly shaped. Recently, for the first time, we
synthesized ultrathin hcp Au square sheets (AuSSs) on GO
sheets.™!

Herein, we report the synthesis of Au square-like plates
(AuSPs) from the hcp AuSSs through a secondary growth
step. These AuSPs contain alternating hcp and fce structural
domains, which induce the thickness variation in each AuSP.
To the best of our knowledge, this is the first time that the
shape and phase evolution of an AuNS from exclusively hcp
phase to an alternating hcp/fcc structure has been demon-
strated; the formation of this structure results from the
interplay of kinetic growth and phase stability. Importantly,
novel Au architectures can be fabricated when new structural
phases are introduced, and these structures might possess
unique chemical and physical properties for future applica-
tions.l!

The detailed synthesis of AuSPs using a secondary growth
method is described in the Experimental Section. Briefly, the
ultrathin AuSSs were synthesized by our previous method
with a minor modification," by heating a solution of HAuCl,
(4 mM) and 1-amino-9-octadecene (170 mM) in a mixed
solvent of hexane and ethanol at 58 °C for 14 h. The obtained
AuSSs (Figure 1a) were washed and redispersed in a fresh
growth solution, which contained HAuCl, (3 mm) and 1-
amino-9-octadecene (140 mm), and heated at 58°C for
another 10 h. In our synthesis process, the role of 1-amino-
9-octadecene molecules is shown below. First, they can be
adsorbed onto the surface of GO sheets to assist the
dispersion of GO in hexane, because GO sheets with
oxygen-containing groups anchored on their surfaces cannot
be dispersed in nonpolar solvents such as hexane.'"*!]
Second, they serve as the reducing agent by forming 1-
amino-9-octadecene—-AuCl complex with subsequent slow
reduction of Au* to Au’." Third, they are the stabilizing
agents that bind on the surface of formed Au nanostruc-
tures.!"”!

The secondary growth process led to the formation of
AuSPs with side lengths of 200-400 nm (Figure 1b,c). The
thickness of AuSP is not uniform over its basal plane, and the
plate is thinner in the center and thicker at one pair of
opposite edges (Figure 1b,c and Figure 2a). This variation of
thickness is also confirmed by atomic force microscopy
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Figure 1. a) TEM image of the AuSSs synthesized on GO. b,c) TEM
images of AuSPs on GO synthesized from the secondary growth of
AuSSs. d) AFM image and section analysis of a typical AuSP.

(AFM) measurements (Figure 1d). The measured thicknesses
of the center and edge are approximately 6.5 and 8.8 nm,
respectively, which includes the thickness of surfactants (1-
amino-9-octadecene) adsorbed on both sides of the AuSP.
Furthermore, we estimated the thickness of the center part of
an AuSP by measuring its folded edge under TEM, without
the adsorbed alkyl amine molecules (Figure S1 in Supporting
Information). Note that a similar method has been employed
to characterize other 2D nanomaterials, such as to identify the
layer number of graphene™ and boron nitride nanosheets!!”
and to determine the thickness of WS, and MoS, nano-
sheets.'¥! Based on the estimation from the folded edge™ of
one AuSP, the thickness in the center is 5.0 & 0.6 nm, which is
approximately 1.5 nm thinner than 6.5 nm obtained by AFM
(Figure 1d). We believe that this value of 1.5 nm arises from
the amine molecules adsorbed on both sides of the AuSP.
Therefore, after reduction of 1.5 nm, the edge of an AuSP is
approximately 7.3 nm thick.

Experimental and theoretical studies have shown that
when the dimension of a nanostructure decreases to a critical
value, the surface energy becomes dominant in the system
energy, and thus its crystal phase can deviate from that of its
bulk counterpart. For example, an Au nanobridge with
diameter of approximately 2nm generated by electron
beam thinning displayed an fcc core and hep shell;!! electro-
chemically deposited Ag nanowires with a diameter of
approximately 30 nm showed hcp structures;* and pure fcc
Co nanoparticles (bulk Co has hexagonal structure) were
obtained when their sizes were less than 20 nm.*"! Based on
our previous observation,”! the pure hcp-phase Au structures
are only stable when they have at least one dimension less
than a few nanometers (e.g. less than 6 nm in thickness for the
AuSS). It is therefore predictable that the hcp-to-fcc phase
transformation might have occurred during the growth of
AuSP from AuSS.

Figure 2b shows the selected area electron diffraction
(SAED) pattern of a typical AuSP (Figure 2a). It reveals the
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Figure 2. a) TEM image of a typical AuSP synthesized on GO. b) SAED
pattern of an AuSP. c) XRD analysis of AuSPs deposited on a glass
substrate, operated at the 260 mode. d,e) HRTEM images of the areas
designated in (a). Insets in (d,e): Fast Fourier transform (FFT) gen-
erated SAED patterns of the corresponding HRTEM images in (d,e).

superposition of SAED patterns of the fcc[110] and hep[110]
zone axes and streaks along the [111]; (or [002],) direction
induced by the random stackings of the fcc and hep phases. X-
ray diffraction (XRD) analysis conducted at the 26 mode
(Figure 2¢) shows the diffraction peaks associated with the
hcp(002) (ca. 37°) and hep(101) (ca. 41°) planes, along with
those peaks for the Au fcc planes (ICPDS 4-0784), thus
confirming the presence of both hcp and fcc structures. For
comparison, we also conducted XRD in the 6/20 mode
(Figure S2 in the Supporting Information), in which the
substrate and detector moved by 6 and 26, respectively. In this
mode, only crystal planes parallel to the substrate were
diffracted by the X-ray. This shows that the peak associated
with (022); and (110), at approximately 65° (Figure S2 in the
Supporting Information) is relatively strong compared to the
standard diffraction data (ICPDS 4-0784), because it is
associated with the basal plane of AuSP, which is parallel to
the substrate (Figure 2b).

To further understand the crystal structures of AuSPs,
high-resolution TEM (HRTEM) images (Figure 2d,e) were
taken at different areas on a typical AuSP (designated in the
dotted squares in Figure 2a). The edge area of the AuSP
(Figure 2d) shows a defect-free fcc crystal structure viewed
along the [101]; zone axis, which is confirmed by the FFT-
generated SAED pattern of the corresponding area (inset in
Figure 2d). On the contrary, the center area of the AuSP,
which is approximately 2.3 nm thinner than the edge, shows
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faulted stacking planes of both the hcp and fcc structures,
further indicated by the FFT-generated SAED pattern with
streaks along the [002], direction (inset in Figure 2¢). Note
that hcp and fcc are both close-packed structures, and their
energies are similar. Therefore, the stacking fault in one
system can actually be regarded as the presence of a segment
of the other. Taking the hcp phase as the reference, examples
of fcc stacking faults are shown in Figure 2 e, in which short-
range domains of hcp and fcc structures are also marked
accordingly. All these observations are in line with our
previous finding that the Au hcp phase prefers to exist in
thinner structures than does the fcc phase.!"

Although AuSS and AuSP are both square-like structures,
their square sides are associated with different crystal facets.
The illustration in Scheme 1 shows the relative orientations of

(110), (127), AusSP
a) fcc segments
begln to appear

AuSS
- || ‘ ” ﬂ
- e. ABAB
10}, ¢

[001], ABCAB [001]hI[111]f hep / fee

Scheme 1. Schematic illustration of the shape and phase evolution of
AuSS to AuSP. hcp=light gray, fcc=dark gray.

AuSS and AuSP during the shape and phase transformation.
When the AuSS is used as the seed for the secondary growth,
the deposition of newly reduced Au atoms on the existing Au
surface is in the [110],, [001],, and [110], directions. The
growth in the [110], direction leads to the thickness increase
of the Au structure. As the Au structure grows thicker, fcc
packing domains will form owing to the energy preference
(step a in Scheme 1). As a result, faulted stackings begin to
appear in the original hcp packing sequence, for example,
from ABAB... to ABCAB..., which gives rise to the newly
formed fcc segments. The nucleated fcc stacking faults are
randomly distributed over the initial hcp structure, as shown
in the HRTEM image of the center area (Figure 2¢) as well as
the dark-field image taken with the [110], reflection (Fig-
ure S3 in the Supporting Information). Such a lattice structure
has also been observed in hcp—fcc phase transformations in
ZnSP?"! and CoNi alloy.”? The formation of mixed stackings
creates elastic strain in the structure at the phase interfaces,™!
which drives the faster growth in the [001], (or [111],)
direction compared to the [110], (or [121];) direction. Thus,
the top and bottom edges are bound by the flat (110), /(121),
planes owing to the relatively slow growth rate normal to
these planes (as viewed in the position illustrated in
Scheme 1). Hexagon-like structure can be observed at some
intermediate stage when the reaction has occurred for
approximately 7 h (Figure S4 in the Supporting Information).
This hexagon-like structure, when its top and bottom edges
grew wider along the [001],/[111]; direction, eventually
develops into the square-like structure, that is, the AuSP
(step b in Scheme 1).

Recall that one pair of the opposite edges of an AuSP,
which is along the [001], direction, is thicker than the center
part of the structure. The possible explanation for this
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phenomenon is that once the fcc packing domains have
appeared at the edge parts, they continue to expand both
laterally and vertically to form the defect-free fcc lattice
structure. However, in the center part, which contains both
the hcp and fcc domains, the continuous increase in the
thickness requires additional energy for the phase trans-
formation from hcp to fcc. Therefore, the increase of thick-
ness at the edge is faster than in the center. This observation
demonstrates the dimension-related phase variation in nano-
structures, which has also been found in the rod-needle and
plate-belt heterogeneous Ag structures,’” InAs nanowir-
s, and ZnSe nanowires.?’!

In summary, we have synthesized Au square-like plates
(AuSPs) through the secondary growth of hcp Au square
sheets (AuSSs) on GO. The AuSPs contain the alternating
hep/fee structural domains in the center and defect-free fcc
domains at one pair of the opposite thick edges. For the first
time, we demonstrate the phase transformation from hcp to
fcc associated with shape variation in Au nanostructures
(AuNSs). We believe that the noble-metal nanostructures
with unusual crystal might have novel physical and chemical
properties. Furthermore, in the future, AuNSs with novel
morphologies can be designed and synthesized based on the
hep/fee polymorphs.

Experimental Section

Chemicals: Natural graphite (SP-1) was purchased from Bay Carbon
(Bay City, MI, USA) and used for synthesis of graphene oxide (GO).
Potassium permanganate (Sigma—Aldrich, Milwaukee, WI, USA),
H,SO, (98%, Sigma-Aldrich, Milwaukee, WI, USA), ethanol
(99.9%, absolute, Merck), hexane (technical grade, Sigma—Aldrich,
Milwaukee, WI, USA), 1-amino-9-octadecene (CH;(CH,),CH=CH-
(CH,)sNH,, 70%, technical grade, Sigma—Aldrich, Milwaukee, WI,
USA), and hydrogen tetrachloroaurate(Ill) (ACS, 99.99%, Alfa
Aesar) were used without further purification.

Synthesis of graphene oxide (GO): All glassware was washed
with agua regia (HCI/HNO; =3:1 v:v) and rinsed with Milli-Q water,
ethanol, and then Milli-Q water again (CAUTION: Aqua regia is a
very corrosive oxidizing agent, which should be handled with extreme
care). Graphite oxide was synthesized from natural graphite (SP-1) by
the modified Hummers method.""! The obtained graphite oxide was
dispersed in water or ethanol with a defined concentration and
subsequently sonicated to give GO.

Synthesis of Au square sheets (AuSSs) on GO: The AuSSs were
synthesized based on our recently reported method with a minor
modification."”! Briefly, GO in ethanol (0.5 mL, 0.2 mgmL™) was
centrifuged and re-dispersed in the growth solution (2 mL) containing
HAuCl, (4 mm) and 1-amino-9-octadecene (170 mMm) in a mixture of
hexane and ethanol (23:2 v:v). The growth was heated in a water bath
at 58°C for 14 h to obtain the AuSSs on GO. The resulting solution
was centrifuged at 5000 rpm for 10 min and washed three times with
hexane.

Synthesis of Au square-like plates (AuSPs) on GO: The above
AuSS solution in hexane was centrifuged and re-dispersed in a fresh
growth solution (2 mL) containing HAuCl, (3 mM) and 1-amino-9-
octadecene (140 mMm) in a mixture of hexane and ethanol (23:2 v:v).
The growth solution was heated in a water bath at 58°C for 10 h to
obtain the AuSPs on GO. The final solution was centrifuged at
3500 rpm for 8 min and washed three times with hexane prior to
further characterization.

Characterization: A drop of a solution containing the Au
nanostructures on GO sheets was placed on a holey-carbon-coated
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copper grid, Si/SiO,, and glass slide, and then dried in air prior to
characterization by transmission electron microscopy (TEM, JEM
2010F), atomic force microscopy (AFM, Dimension 3100 Veeco, CA),
and X-ray diffraction (XRD, Shimadzu), respectively.
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