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in the Poly(N-vinyl-2-pyrrolidone) Matrix via Reduction of HAuCly
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Single-crystalline octahedral gold nanocrystals bounded by
(111) facets were obtained as a major product via the reduction
of HAuCly in poly(N-vinyl-2-pyrrolidone) matrix by the control
of the heating temperatures and PVP/Au ratios.

Control of the morphology of metal nanocrystals with well-
defined shapes has received intense attention due to the interest
of electronic, optical, magnetic, and catalytic properties.! Con-
cerning with the methods of shape-controlled synthesis, two ap-
proaches have been mainly used. One is the template-directed
method. The reduction of metal ions in solutions is carried out
in the presence of solid templates, such as mesoporous inorganic
materials,” polymers,® and carbon nanotubes.* The other is the
crystal growth method. The key point of this method is selective
interaction between the capping ligands, such as surfactants,
polymers, and small molecules, and the specific face of nano-
crystals to avoid the growth of their facets. Using this method,
various shapes of gold and silver nanocrystals including plates,’
rods,® blanched nanocrystals,”8 and cubes® have been prepared
in solutions. However, reports concerning octahedral gold nano-
crystals have been very limited'%!! and the preparative condition
requires higher heating temperature of 250 °C.!!

Here, we report shape-controlled synthesis of gold nano-
crystals in the poly(N-vinyl-2-pyrrolidone) (PVP) matrix via
the reduction of HAuCly. The anisotropic growth of gold nano-
crystals was promoted in the polymer matrix rather than in solu-
tion.'? Because the slow diffusion'® of gold atoms and the pro-
tection of gold atoms by PVP have been achieved in the polymer
matrix to avoid rapid aggregation, resulting the single-crystalline
octahedral nanocrystals bounded by {111} facets as a major
product by controlling the reaction conditions of heating temper-
ature and PVP/Au ratio.

A series of PVP matrix including gold ions was prepared by
drying the mixture of aqueous solutions of HAuCly and PVP
(My, = 40,000) at 50°C for 30 min on a glass substrate (molar
ratio of repeating unit of PVP/Au = 5, 10, 25). The reduction
of gold ions in the PVP matrix was conducted by heating from
50°C under the condition of 2°C/min and held at 125°C for
24h, 150°C for 2h, and 170°C for 1 and 24 h, respectively.
The color of the matrix changed from pale yellow to reddish vio-
let. The completion of the reduction of gold ions was confirmed
by the disappearance of their absorption at 320 nm. The reduc-
tion of gold ions may proceed by the reducing action of macro-
radicals formed during degradation of PVP by radicals derived
from hydroxyl peroxide, which remained in commercially avail-
able PVP.!%

The XRD pattern of the obtained PVP matrix shows sharp
peaks corresponding to the {111}, {200}, and {220} diffraction
peaks of Au’, which demonstrates the formation of crystalline

Figure 1. a) TEM image of an octahedral gold nanocrystal. The
arrows show [100] directions. b) Corresponding electron diffrac-
tion pattern taken with the incident beam perpendicular to the
panel (a). The spots (boxed and circled) could be indexed as
the {200} and {111} diffractions, respectively. c) HRTEM im-
age of the edge of the octahedral gold nanocrystal as marked
by a black frame shown in panel (a).

Au® with face-centered cubic (fcc) structure. In addition, the
UV-vis absorption spectrum of PVP matrix obtained under the
condition of PVP/Au = 10 at 125°C shows a relatively sharp
plasmon absorption at 547 nm, similar to that of PVP-capped
gold nanoparticles with similar size. This indicates that the gold
nanocrystals are well dispersed in the PVP matrix. The morphol-
ogies of the gold nanocrystals were characterized by transmis-
sion electron microscopy (TEM), selected-area electron diffrac-
tion (SAED), and high-resolution TEM (HRTEM). Comparing
with the present polymer matrix method, the reduction of gold
ions in the presence of PVP in aqueous solution afforded mixture
of spherical nanoparticles, plates, and multiple-twinned parti-
cles.'*

To clarify the 3D shape of gold nanocrystals by TEM
(Figure Sla, see Supporting Information),'® the observations at
five different angles, 45, 20, 0, —20, and —45°, were performed
by tilting the sample holder (Figure S1b-S1d), respectively.'® As
a result, the ratios of nanocrystals obtained under the condition
of PVP/Au = 10 at 125°C are octahedron (77%), disordered
multiple twin (DMT) (vide infra) (15%), triangular plate (4%),
decahedron (2%), and irregular shapes (2%), respectively.

SAED and HRTEM were performed to investigate the mor-
phologies of the nanocrystals precisely. The octahedral nano-
crystal (Figure 1a) was perpendicularly incidented by electron
beam for taking the SAED pattern (Figure 1b). Taking account
of the spots indicated by a box and circles corresponding to
the {200} and {111} lattice planes of fcc gold, respectively, it
is estimated the zone axis is [110]. Compared with the TEM im-
age (Figure 1a), it is revealed that the octahedral nanocrystal is a
single crystal bounded by {111} facets and its two corners point
toward the [100] directions. HRTEM image (Figure 1c) also sup-
ports the results of the SAED pattern. The HRTEM image taken
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Table 1. Ratios of shape under the different conditions of temperatures, PVP/Au, and times

Ratio/%

Entry Temperature/°C PVP/Au Time/h -
Octahedron DMT Others?*

1 125 10 24 77 15 8

2 150 10 2 65 25 10

3 170 10 1 40 54 6

4 170 10 24 39 61 0

5 170 25 24 21 79 0

6 170 5 1 75 13 12

2Others contain triangular plate, decahedron, and irregular shapes.

from the [110] direction shows the lattice planes continuously
extend to the whole nanocrystal without stacking faults or twins,
indicating a single crystal. The lattice fringes are separated by
2.4 A corresponding (111) planes of fcc gold. In addition, the
fringes face parallel to the four sides of the octahedral nanocrys-
tal (Figure la). These results also suggest that the octahedral
nanocrystal is bounded by {111} facets.

HRTEM and SAED pattern of DMT indicate that DMT is
composed of thin and fine crystals and disordered twins with
six boundaries between six triangular crystals (Figure S2).!6
On the other hand, the triangular nanoplate and the decahedron
are twin with boundary parallel to the (111) planes between the
top and bottom (Figure $3)'¢ and multiple twin composed of five
tetrahedral crystals bounded by {111} facets (Figure S4),'6 re-
spectively. Most of the obtained polyhedral gold nanocrystals
were bounded by the {111} facets, because of the lowest surface
energy (Yain < Yooy < Yaiy)' and selective adsorption of
PVP to {111} facets of gold nanocrystals.'%%14

The reaction conditions were investigated to clarify the ef-
fect of temperatures and PVP/Au ratios for the ratio of octahe-
dron (Table 1). When the temperatures of heating treatment be-
came higher under the condition of PVP/Au = 10, the shorter
heating time was enough to complete the reaction (Table 1,
Entries 1-3). Furthermore, the heating time did not affect the
ratio of shape, based on the results under the condition of
170°C for 1h and for 24 h (Table 1, Entries 3 and 4). As the
temperature increased from 125 to 150 and 170 °C, the ratio of
octahedron decreased from 77% to 65% and 40%, respectively
(Table 1, Entries 1-3). While the average size of octahedron
defined as opposite side distance became larger from 12 £ 2 to
13 £ 2 and 33 &£ 5 nm, respectively, because of faster nucleation
and faster growth at higher temperature.

As the PVP/Au ratios decreased from 25 to 5 under the con-
dition at 170 °C (Table 1, Entries 3-6), the ratio of octahedron
increased up to 75% for PVP/Au = 5 (Figure S5).'® While
the average size of octahedron became larger from 27 £ 6 to
66 = 10nm. In the case of PVP/Au = 2, the aggregated bulk
gold was produced because the amount of PVP was not enough
to avoid the rapid aggregation of gold nanoparticles. Therefore,
the ratio of the octahedron increase under the conditions at lower
temperatures or of lower PVP/Au ratios.

As described above, PVP acts as mild reducing agent. Thus,
the higher PVP/Au ratio causes rapid nucleation to produce
the crystals with stacking faults, inducing twinned structure,
DMT. On the other hand, the lower PVP/Au ratio causes slower
nucleation to form the single-crystalline seeds and rapid growth
to afford the octahedral nanocrystals.

Thus, single-crystalline seeds were formed through the slow

nucleation under the condition of lower temperature and lower
PVP/Au ratio and grew to become single-crystalline octahedral
nanocrystals in the present work. These correspond to the
well-known results that the final structure of nanocrystals strong-
ly depends on the initial structure of seeds."

In summary, the anisotropic growth of gold nanocrystals
was promoted in the PVP matrix via the reduction of HAuCly.
This synthetic procedure is very simple and easily produces
single-crystalline octahedral gold nanocrystals bounded by
{111} facets as a major product by controlling the conditions
of heating temperatures and PVP/Au ratios.
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