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A modified polyol process was developed to synthesize uniform and high-purity gold (Au) octahedra in
a refluxing 1,5-pentanediol (PD) solution by introducing the cationic surfactant poly(diallyldimethylammonium)
chloride (PDDA). Well-defined octahedral Au nanocrystals (NCs) with sizes ranging from 30 to 110 nm could
be facilely and precisely prepared in high yield by controlling the experimental parameters. Our study
indicates that the surfactant PDDA with the preferential adsorption on the {111} planes of Au nuclei plays
a crucial role for the controllable synthesis of uniform octahedral Au NCs. Moreover, the size-dependent
optical properties of Au nanooctahedra were systematically investigated. The surface plasmon resonance
(SPR) absorption peaks were red-shifted from 536 to 613 nm with the increasing sizes. It is promising that
octahedral Au NCs with the size-dependent plasmonic properties are potential candidates for a broad range
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1. Introduction

The optoelectronic and physicochemical properties of noble
metal nanocrystals (NCs) are highly dependent on the
morphology (shape and size)." For instance, the position,
quantity, and intensity of the SPR properties of noble metal NCs
show a strong correlation with their morphologies.*” The
development of selectively synthetic strategy for metal NCs with
tailored shapes and sizes has received considerable attention in
recent years due to providing an effective approach for precisely
tuning the electronic, magnetic, optoelectronic, optical, and
catalytic properties of the metal NCs.*** Au NCs, one of the
most important noble metal NCs, have been widely researched
owing to their high chemical stability and intensive SPR prop-
erties.”'® To date, a number of synthetic approaches have been
developed to afford anisotropic Au NCs in the shapes of cubes,"”
prisms,*® plates," decahedra,* trisoctahedra,* rods,*>** wires,**
dendrites,* etc. Among them, the polyol process, which has
been frequently used to prepare anisotropic metal nano-
particles, is a versatile and convenient method for the control-
lable synthesis of Au NCs.” In the polyol process, ethylene glycol
normally serves as both solvent and reductant agent in the
reaction mixture. It is well known that the formation of
a particular shape of Au NCs requires the presence of a surfac-
tant. Meanwhile, the surfactant can vary the order of free
energies of different facets through their interactions with
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the Au nuclei surface in the synthesis process, and thus
significantly affect the relative growth rates of different crystal
facets, lending to produce the final products with different
morphologies.

In particular, the octahedral nanostructure is one of the ideal
morphologies with eight equilateral triangle faces. Different
from other polyhedral Au NCs, octahedral Au NCs have much
lower surface free energy and relatively different plasmonic
properties. So far, there are several reports on the synthesis of
octahedral Au NCs by various approaches.**** To this end, Cho
and co-workers synthesized octahedral Au NCs at 125 °C for 6—
48 h in the poly(ethylene glycol) 600 solution, where the
surfactant poly(vinyl pyrrolidone) (PVP) was injected as stabi-
lizer.** Song and co-workers demonstrated that the polyol
process was developed to prepare octahedral Au nanoparticles
by introducing [Ag]" ions in the presence of the surfactant
PVP.*! In addition, Xia and co-workers reported the synthesis of
Au nanooctahedra from 16 to 77 nm by seed-mediated growth
in the presence of PVP at 80 °C.** Although the prior synthetic
strategies were able to produce octahedral Au NCs, the relatively
long reaction times, the introducing of foreign metal ions and
the multistep process were necessary to selectively synthesize
octahedral Au NCs. Therefore, it is highly desirable to develop
a straightforward and effective synthetic strategy to fast
generate high-purity Au nanooctahedra with tunable sizes for
uncovering properties and achieving fascinating applications.

Herein, an one-pot modified polyol process could provide
a feasible and effective route for the controllable synthesis of
high-purity Au nanooctahedra by introducing the cationic
surfactant PDDA in a refluxing 1,5-pentanediol (PD) solution
rather than the traditional ethylene glycol. Owing to the
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excellent adsorption abilities on the particular crystal planes,
the surfactant PDDA has been used as the capping reagent to
afford anisotropic NCs in our previous reports.”>**** Mean-
while, the presence of PD as both solvent and reductant agent in
the reaction mixture is very effective for the supply of higher
temperature environment, due to its higher boiling tempera-
ture. Additionally, the fast synthetic process requires no seed
preparation procedure and no further addition of foreign metal
ions until the formation of octahedral Au NCs. High-purity Au
nanooctahedra with tunable sizes were facilely and selectively
synthesized only by tuning the initial experimental parameters
(including the PDDA concentrations, the reaction temperatures,
and the reaction time intervals). The size-dependent optical
properties of Au nanooctahedra were systematically investi-
gated in our study. Furthermore, the morphology and optical
properties of the as-synthesized octahedral Au NCs displayed an
excellent stability over a long period of time. In general, we
would like to propose a new, straightforward and alternative
modified polyol method for the controllable synthesis of
uniform octahedral Au NCs with tunable sizes and interesting
plasmonic properties.

2. Materials and methods
2.1 Materials

1,5-Pentanediol (PD, =97.0%), gold(m) chloride trihydrate
(HAuCl,-3H,0, =49.0% Au basis), and poly(diallyldi-
methylammonium chloride) solution (PDDA, M,, = 400 000-
500 000 D, 20 wt% in H,0, =99.0%) were all purchased from
Sigma-Aldrich and used as received without further purifica-
tion. The water used in our experiments was ultrapure deion-
ized water (18.2 MQ).

2.2 Synthesis of Au nanooctahedra

For a representative synthesis of Au nanooctahedra, 0.16 mL of
PDDA solution and 0.5 mL of 20 mM HAuCl, solution in PD were
sequentially introduced into 10 mL of PD solution in a glass vial
under stirring at room temperature and ambient conditions. The
final concentrations of [AuCl,]™ ions and PDDA in the initial gold
precursor were about 1 mM and 20 mM, respectively (the molar
ratio of PDDA to [AuCl,]” ions of 20). The resulting mixture was
then capped tightly in the vial and refluxed at 220 °C for 1 hour in
an oil bath. During the reaction process, the color of solution
gradually changed from yellow to colorless in the initial step.
Afterward, a reddish color appeared, indicating the formation of Au
NCs in the reaction mixture, and finally reddish brown ended at 1 h.
The final products were harvested by centrifugation (12 000 rpm, 30
min) and washed with acetone once and with water twice to remove
excess PDDA or PD. After the purification, the as-synthesized Au
NCs were redispersed in deionized water for further characteriza-
tions and plasmonic property studies. In addition, further experi-
ments by varying the experimental parameters (including the PDDA
concentrations, the reaction temperature, and the reaction time
intervals), were also conducted to determine the different influence
factors on the controllable synthesis of typical octahedral Au NCs.
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2.3 Characterization

Scanning electron microscopy (SEM) images of the Au NC
samples were taken using a ZEISS ULTRA PLUS-43-12 operating
at 15 kV. Transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), and corresponding selected area
electron diffraction (SAED) patterns were measured on a FEI
Tecnai-G2 F30 at 300 kV. X-ray diffraction (XRD) data were ob-
tained on a BRUKER D8 DISCOVER diffractometer equipped
with the Cu Ko radiation source (A = 1.5418 A). UV-Vis-NIR
absorption spectra were collected on a Lambda-1050 dual
beam UV-Vis spectrophotometer by using the colloidal water
suspension.

3. Results and discussion

3.1 Structural characterization

Fig. 1A and B show the typical low- and high-magnification SEM
images of Au NCs synthesized in the representative synthesis. It
can be seen that the Au NCs exhibited perfectly octahedral
nanoconstructions in high yield (nearly 100%) with sharp edges
and corners as well as smooth surfaces. The average edge length
of the regular Au nanooctahedra was 75 nm with a standard
deviation of 2.5 nm (Fig. 1E). Fig. 1C displays the overview TEM
image of the typical Au nanooctahedra. It indicates that the
projection of Au nanoparticles was rhombus with uniform size.
The HRTEM image and the corresponding SAED pattern
(Fig. 1D), were performed on an individual Au octahedron (the
square region in Fig. 1C), by focusing the electron beam
perpendicular to the triangular facet of the nanoparticle. The
diffraction spots with the six-fold rotational symmetry could be
indexed to the {220} reflections of face-centered cubic (fcc) Au
nanoparticle. Moreover, the continuous fringe pattern with
spacing of 0.237 nm on the surface of the Au NC and the
diffraction spots together demonstrated that each Au nano-
particle was a single crystal with {111} lattice planes as the basal
surfaces. Fig. 1F presents the XRD pattern of such as-prepared
Au NCs sample, which further reveals that the nanoparticles
were crystalline face-centered cubic (fcc) Au with abundance of
{111} planes. Specifically, the obvious {111} diffraction peak
with exceptionally strong intensity relative to the {200}, {220},
and {222} diffraction peaks in the XRD spectrum, reflected the
preferential orientation of the NCs along {111} planes parallel to
the supporting substrate.®® In general, these above results
verified that the high-purity and uniform Au nanooctahedra
completely covered by {111} facets, could be easily obtained
through the representatively modified polyol process in PD
solution with the assistance of the cationic surfactant PDDA.

3.2 Influence factor of the concentrations of PDDA

In the representative synthesis strategy, PD, PDDA, and HAuCl,
served as solvent, polymeric capping agent, and salt precursor
in the reaction mixture, respectively. Especially, it was antici-
pated that the surfactant PDDA was a crucial factor for the
controllable and selective formation of high-purity Au nano-
octahedra with uniform size. A series of experiments were
performed by changing PDDA concentration in the initial

This journal is © The Royal Society of Chemistry 2017
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(A) Low- and (B) high-magnification SEM images of the octahedral Au NCs prepared in the representative synthesis. (C) TEM image and the

3D model (inset) of octahedral Au NCs. (D) HRTEM image and the corresponding SAED pattern (inset) taken from an individual Au octahedron
(the square region in (C)). The electron beam was perpendicular to the triangle face of the octahedral particle in (C). (E) Size distribution of the as-

prepared octahedral Au NCs. (F) X-ray diffraction pattern.

precursors and keeping other experimental parameters
constant to reveal the importance of the surfactant PDDA. When
the surfactant PDDA was absent in the reaction mixture,
[AuCl,]” ions were rapidly reduced to Au atoms, which were
then aggregated to form irregular Au NCs (Fig. 2A). Interest-
ingly, well-defined octahedral Au NCs was observed with the
increase of the PDDA concentration, as shown in Fig. 2B-G. It
can be seen that uniform Au nanooctahedra were produced, of

which the mean edge length was 50 nm with a narrow size

This journal is © The Royal Society of Chemistry 2017

distribution (Fig. 2B), when the PDDA concentration was 5 mM
in the initial precursor (PDDA:HAuCl, = 5). In addition,
octahedral Au nanoparticles with the average edge lengths of 60,
75, 80, 83, and 105 nm were selectively prepared in high yield,
while the PDDA concentrations were 10, 20, 30, 40, and 50 mM,
and the corresponding molar ratios of PDDA to HAuCl, were 10,
20, 30, 40, and 50, respectively (Fig. 2C-G). Obviously, the sizes
of octahedral Au NCs increased with the increase of the PDDA
concentration in the initial precursors. However, when the

RSC Adv., 2017, 7, 18601-18608 | 18603
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Fig. 2 SEM images of the Au NCs synthesized at 220 °C for 1 h in PD
solution containing 1 mM HAuCl, and various concentrations of PDDA:
(A) O, (B) 5, (C) 10, (D) 20, (E) 30, (F) 40, (G) 50, and (H) 80 mM in the
reaction mixture, respectively.

PDDA concentration was further increased to 80 mM
(PDDA : HAuCl, = 80), low-purity octahedral Au NCs (including
several polyhedral Au NCs) were generated in the final products
(Fig. 2H). This phenomenon was primarily attributed to high
coverage of PDDA on several other planes of Au nuclei and thus
generating the various crystal faces on the surface of Au NCs. It
almost agreed with the previous reports on the shape evolution
of metal nanoparticles by using PVP as the capping agent, where
the nanoparticles usually evolved to other shapes at the high
concentration of PVP.> As described above, the cationic surfac-
tant PDDA both as the stabilizer and as the strong shape
controller was indispensable for the formation of high-purity Au
nanooctahedra with uniform size. As a result, the modified
polyol process in PD solution by introducing PDDA presented
here was a straightforward and effective synthetic strategy for
high-yield preparation of high-purity octahedral Au NCs with
well-defined shape and tunable sizes.

The controllable synthesis of high-purity octahedral Au
nanoparticles with tunable sizes by the various PDDA concen-
trations in the reaction mixture, allowed us to fully investigate
the size-dependent optical properties of octahedral Au NCs.
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Clearly, the characteristic SPR peaks were located at 553, 567,
582, 590, 600, and 610 nm, while Au nanoparticles were
prepared by the PDDA concentrations of 5, 10, 15, 20, 25, and
50 mM, respectively (Fig. 3). The sharp absorption peaks could
be primarily attributed to the uniform shape and size of the
octahedral Au NCs. Moreover, As the PDDA concentration
reached 80 mM, the broad SPR absorption peak was appeared at
616 nm mainly from low-purity Au nanooctahedra. Accordingly,
as the size of the well-defined octahedral Au nanoparticles
gradually increased, the SPR peak was red-shifted in the
absorption spectra. This was complete the same as the previous
reports on the SPR absorption peak of octahedral Au NCs, where
the SPR peaks were red-shifted from 525 to 599 nm (the edge
length from 16.2 to 76.8 nm).*

3.3 Influence factor of the reaction temperature

In the modified polyol process, the crystal growth rate of octa-
hedral Au nanostructures and the reducing power of PD, is
greatly influenced by the reaction temperature. PD possesses
a higher boiling point (242 °C) than ethylene glycol (197 °C) and
holds sufficient solubility for dissolving Au precursors and
PDDA. Experiments at various reaction temperatures were thus
performed without varying any other experimental parameters.
At the low reaction temperature (200 °C), octahedral Au nano-
particles with a broad size distribution, as well as polyhedra and
irregular NCs, were produced (Fig. 4A). In this case, the insuf-
ficiently reducing power of PD at the relatively low reaction
temperature, influenced the generation rate of source Au atoms,
and finally went against the formation of uniform octahedral Au
NCs. Otherwise, when the reaction temperature was increased
ranging from 210 to 250 °C, high-purity Au nanooctahedra were
dominantly prepared. Meanwhile, the mean edge lengths of Au
nanooctahedra were 110, 75, 65, 52, and 45 nm as the reaction
temperatures were 210, 220, 230, 240, and 250 °C, respectively
(Fig. 4B-F). Apparently, the size of Au nanooctahedra decreased
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Fig. 3 UV-Vis-NIR absorption spectra of the Au NCs samples
synthesized in PD solution containing 1 mM HAuCly and various
concentrations of PDDA: (a) 5, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, and (g)
80 mM in the reaction mixture, respectively.
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Fig. 4 SEM images of products generated at various reaction
temperatures: (A) T=200°C, (B) T=210°C, (C) T=220°C, (D) T =
230 °C, (E) T =240 °C, and (F) T = 250 °C, respectively.

with the increase of the reaction temperature. As such, the
higher reaction temperature was propitious to enhance the
generation rate of Au atoms, and thus decrease the size of the
final octahedral Au NCs. As described above, the reaction
temperature could kinetically manipulate the reduction rate
of gold ions, and this in turn affected the initial gold nucle-
ation process, which was one of determining factors for the
morphology of the final products. Consequently, high-purity Au
nanooctahedra can be generated in a wide reaction temperature
region and the sizes of Au nanoparticles can be manipulated by
precisely changing the reaction temperature.

Fig. 5 shows UV-Vis-NIR absorption spectra of the regular Au
nanooctahedra generated at the various reaction temperatures.
The sharp SPR peak was continuously blue-shifted by the
increase of reaction temperature from 210 to 250 °C. The
characteristic SPR peaks were located at 613, 582, 573, 557, and
549 nm, corresponding to the uniform Au nanooctahedra
prepared at 210, 220, 230, 240, and 250 °C, respectively.
Nevertheless, when the reaction temperature was 200 °C,
another SPR peak with a relatively broad shape was appeared at
534 nm, owing to low-purity Au nanooctahedra. The difference
of the SPR absorption properties of Au octahedra generated at
the various reaction temperatures was consistent with that by
varying PDDA concentrations in the initial precursor.

3.4 Formation mechanism

The formation process is always an intensive topic of the
research on anisotropic Au NCs. During the octahedral

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 UV-Vis-NIR absorption spectra of the Au NCs samples gener-
ated at various reaction temperatures: (a) T=200°C, (b) T= 210 °C, (c)
T=220°C, (d) T =230 °C, (e) T =240 °C, and (f) T = 250 °C,
respectively.

synthetic process, the reactions were quenched at various time
intervals to investigate the mechanism related to the evolution
of the shapes and sizes of octahedral Au NCs. The color of the
reaction mixture changed from yellow to colorless, and to
reddish in the initial step (about 3 min). The SEM observation
displays that octahedral Au nanoparticles with a little broad size
distribution (edge lengths ranging from 30 to 40 nm) were
exclusively produced (Fig. 6A). This could reveal that the Au(u)
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Fig.6 SEM images of octahedral Au NCs obtained at different reaction
time intervals: (A) 3 min, (B) 10 min, (C) 20 min, (D) 30 min, (E) 2 h, and
(F) 5 h, respectively.
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Fig. 7 UV-Vis-NIR absorption spectra of octahedral Au NCs obtained
at different reaction time intervals: (a) 3 min, (b) 10 min, (c) 20 min, (d)
30 min, (e) 1 h, (f) 2 h, and (g) 5 h, respectively.

ions in the precursor were directly converted into zero-valent
Au(0) atoms in the PD solution under higher reaction temper-
ature rather than a multistep process from Au(im) to Au(r) and
eventually to Au(0) in the EG solution. As the reaction went on,
the mean edge length of Au nanooctahedra gradually increased.
The average edge lengths of nanooctahedra harvested at 10, 20,
and 30 min were 43, 52, and 66 nm with a narrow size distri-
bution, respectively (Fig. 6B-D). The corresponding color
evolution ranging from reddish to reddish brown was clearly
observed. Subsequently, when the reaction time interval
reached 2 h and 5 h, the color of the final reaction solution kept
reddish brown. The SEM examinations present that the uniform
Au nanooctahedra obtained at 2 and 5 h had nearly the same
edge length of 75 nm (Fig. 6E and F). In this case, Ostwald
ripening that smaller seeds dissolved and larger particles grew
to uniform sizes, might occur concomitantly with the process of
Au nanoparticles growth to afford the final products with
uniform size. Accordingly, Au nanooctahedra with tunable sizes
(30-75 nm) could be also selectively harvested by controlling the
reaction time. These results indicated that, besides the PDDA

Fig. 8
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concentration and the reaction temperature, the size of Au
nanooctahedra can be rationally manipulated over a broad
range by varying the reaction time intervals.

Fig. 7 displays the typical UV-Vis-NIR absorption spectra of
uniform Au nanooctahedra prepared by the various reaction
time intervals. As the reaction time increased from 3 min to 5 h,
the corresponding edge lengths of uniform Au nanooctahedra
gradually increased from 30 to 75 nm, and their SPR absorption
peaks were red-shifted from 536 to 582 nm. Three almost
identical SPR absorption peak positions of Au nanooctahedra at
1, 2, and 5 h, could further reveal that the growth process of
octahedral Au NCs lasted approximately 1 h. Similarly, the SPR
absorption peak position of the uniform Au nanooctahedra was
red-shifted with the increasing edge length, which was consis-
tent with the previous result from the PDDA concentration and
the reaction temperature. Additionally, the sharp absorption
peaks further confirmed that the obtained Au nanooctahedra
were uniform in the morphologies.

It is widely known that the ratio (R) of the growth rate along
the (100) to the (111) direction mainly determines the finally
geometrical morphology of a cubical crystal.®* An ideally octa-
hedral Au NC (R = 1.73) bounded by the highly stable {111}
facets is controllably generated, as a result of much faster
growth rate of the (100) direction than that of the (111) direc-
tion. In general, with the assistance of selective adsorption of
a surfactant, the crystal growth rates along the various direc-
tions can be precisely varying. Consequently, the introduction
of a surfactant with the selective adsorption on a certain crystal
plane is widely used to guide the synthesis of anisotropic metal
nanoparticles in a solution phase. The surfactant PDDA is used
as the capping agent to make anisotropic metal NCs stable by
the strongly electrostatic binding to various metal nano-
structure surfaces. In our experiment system, from the HRTEM
image and the SAED pattern of the Au NCs (Fig. 1D), we could
suppose that the surfactant PDDA was introduced to selectively
adsorb on the {111} crystal plane of Au NCs. Afterwards, the
{100} planes gradually disappeared while the {111} planes
became more dominant, and eventually generated well-defined
Au nanooctahedra. Accordingly, the surfactant PDDA played
a key role in the formation of octahedral Au nanoparticles. In

(B)
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400 1100

(A) SEM image of the octahedral Au NCs prepared in the representative synthesis after being stored in water for three months. (B) UV-Vis-

NIR plasmonic absorption spectra of octahedral Au NCs samples: (a) as-synthesized, and (b) after being stored for three months.
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addition, the surfactant PDDA is a cationic polymer and thus an
initial strong electrostatic interaction between [PDDA]" ions and
[AuCl,]™ ions results in the formation of stable ion pairs in the
reaction mixture. The reduction rate of [AuCly]” ions in the
modified polyol synthesis of Au nanooctahedra was decreased
by the stable ion pairs. Previous results indicated that the slow
reaction was propitious to the anisotropic growth of metal
nanoparticles in the presence of shape controlled polymers.*® In
the slow process, the growth of Au nuclei could be kinetically
controlled by the selective adsorption of the surfactant PDDA in
the reaction mixture. On the basis of our analysis and results,
we can concluded that the capping PDDA selectively adsorbed
on the {111} facets of Au nuclei, and then facilitated the growth
of Au NCs along the (100) direction, which leaded to the
formation of well-defined octahedral Au NCs of uniform sizes.
Moreover, the change in the morphology and plasmonic prop-
erties of Au nanooctahedra synthesized in the representative
synthesis, did not occur after being stored for three months
(Fig. 8). Therefore, we could conclude that Au nanooctahedra
synthesized by our method were excellently stable owing to the
electrostatic repulsion offered by the cationic surfactant PDDA.

Furthermore, the relatively high reaction temperatures
(above 200 °C) favored the formation of more uniform single-
crystal products, nevertheless the formation of less stable
twinned particles such as decahedra also surrounded by {111}
planes, was suppressed.” It was suggested that the reductive
process at relatively high temperature provided appropriate
conditions for controllable formation of octahedral Au NCs.
Meanwhile, oxidative etching by the O,/Cl™ pair occurred in the
reaction process, which was also propitious to selectively
remove the twinned nanoparticles to gain single-crystal Au
nanoparticles in high-purity.*”

4. Conclusions

In summary, high-purity octahedral Au NCs were fast synthesized
by the modified polyol process in a refluxing PD solution. Au
nanooctahedra with uniform sizes ranging from 30 to 110 nm
were able to be selectively and reproducibly synthesized in high
yield by using the particular surfactant PDDA both as the stabi-
lizer and as the shape controller. Structural characterizations by
SEM, XRD, TEM, and HRTEM verified that Au nanooctahedra
with {111} lattice planes as the basal surfaces, were generated
with sharp corners and smooth surfaces. The formation of well-
defined Au nanooctahedra was primarily attributed to the pref-
erential adsorption of PDDA on the {111} planes of Au nuclei that
inhibited the growth along the (111) direction. Well-defined Au
nanooctahedra with a series of tunable sizes were selectively
synthesized only by tuning the initial experimental parameters
(including the PDDA concentrations, the reaction temperatures,
and the reaction time intervals). The size-dependent plasmonic
properties of Au nanooctahedra were systematically investigated.
The SPR absorption peak of the Au nanocrystals was red-shifted
with the increase of edge length. Au nanooctahedra with the
interesting plasmonic properties are potential candidates for
wide applications related to optics, metamaterial, biomedicine,
and catalysis in the future.

This journal is © The Royal Society of Chemistry 2017
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