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We report the inversion of the role of Au(i) chloride, from a gold
precursor to an etchant, for the synthesis of smooth and spherical
AuNPs with nanoscale size tunability in a one-pot-system. Inversion of
the role of Au(in) chloride was achieved by regulating the ratio between
the reducing agent and Au(in) chloride.

Introduction

Among metal nanoparticles, gold nanoparticles (AuNPs) have
been actively studied because of their high biocompatibility,
stability, and excellent catalytic, electrical, and optical proper-
ties.'”® In particular, the localized surface plasmon resonance
(LSPR) of AuNPs allows them to be used for diverse optical
applications, including sensing,”” surface-enhanced Raman
scattering,” surface-enhanced fluorescence,” and plasmon
resonance energy transfer.” It is widely known that the LSPR of
AuNPs is greatly affected by their size, shape, and morphology.
Thus, numerous studies have been conducted to control these
factors."*'* However, AuNPs synthesized via bottom-up strate-
gies based on wet chemistry usually have faceted structures and
are poly-crystalline and polydisperse in size and shape.*®
Recently, single-crystalline, smooth and round AuNPs have
been developed with uniform optical properties. For instance,
Xia et al. reported the synthesis of single-crystalline spherical
AuNPs via a seed-mediated method."*® Yi et al. reported the
preparation of highly spherical and monocrystalline AuNPs
using a cyclic process. In addition, Mirkin and co-workers
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synthesized universal AuNP seeds through iterative reduction
and oxidation processes.*® Notably, even nanoscale changes in
the gap size can considerably change the interparticle coupling,
leading to dramatic variation in the electromagnetic coupling of
clustered metamolecules and superlattice metamaterials.>"**
Thus, fine size-tunability of AuNPs over the nanometer scale is
very important.

We herein present a novel strategy to synthesize smooth and
highly spherical AuNPs with nanometer scale tunability and
monodispersity through a facile and reproducible etching
method. It should be pointed out that this process is induced by
spontaneous inversion of the role of Au(u) chloride (AuCl,™)
from a precursor into an etchant without the introduction of an
additional etchant.

In general, researchers have used various types of etchants to
control the shape and size of AuNPs.>* In this study, we used
a AuCl, -cetyltrimethylammonium chloride (CTAC) complex
for the oxidative etching of AuNPs, which was previously re-
ported by Halas et al*® and studied in detail by Liz-Marzan
et al.”” In our study, gold sources can act as a gold precursor
during the initial AuNP synthesis process and as an etchant
during the subsequent etching process. The exchange of the
role of AuCl,~ was achieved by controlling the molar ratio
between the reducing agent and AuCl, . In addition, we found
that a balance between the surface diffusion rate and etching
rate of Au atoms on the AuNP surface is very important for the
subsequent etching process to induce a size decrease without
any morphological transformation. We could fine-tune the size
of AuNPs in a facile manner by extracting the samples in
a timely sequence, similar to that reported for quantum dots.>®

Results and discussion

We synthesized AuNPs through a seed-mediated and stepwise
growth process (Fig. 1).*® By rapidly reducing the gold precursor
(AuCl, ") with sodium borohydride (NaBH,) in the presence of
cetyltrimethylammonium bromide (CTAB), we synthesized
single-crystalline gold clusters (Au-clusters). Subsequently, an
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Fig.1 Schematic of stepwise growth and etching of AuNPs with Au(in)
chloride functioning as a precursor and etchant.

ascorbic acid (AA) solution was injected, as a reductant, into the
mixture containing CTAC, Au-clusters, and AuCl, " to synthesize
primary AuNPs. Thus, Au-clusters functioned as seeds for the
synthesis of primary AuNPs with CTAC ligands. For larger
AuNPs, denoted as secondary AuNPs, primary AuNPs were used
as seeds instead of Au-clusters. Accordingly, the gold source
solution was slowly injected into the mixture of primary AuNPs,
CTAC, and AA to synthesize secondary AuNPs. Final sizes of
both primary and secondary AuNPs were found to be inversely
proportional to the amount of seeds used. To obtain smooth
and spherical AuNPs, the growth must be controlled by ther-
modynamics rather than kinetics.”**® Hence, we used CTAC
instead of CTAB in which bromide ions have strong binding
affinity to Au atoms and ions as a capping agent, because its
weak binding affinity to the AuNP surface and the gold ion
enables the balance between surface diffusion of gold atoms
and gold deposition on the AuNP surface.** Furthermore, the
capping of AuNPs with CTAC is highly beneficial: CTAC can be
easily replaced with other ligands for further applications.*
CTAC capped AuNPs can also be an ideal building block for self-
assembly and potential drug carriers.*"*

For the feasibility of the synthesis, we conducted the whole
process at room temperature (25 °C). The surface diffusion rate
is mainly dependent on the temperature, and for gold atoms, it
is sufficiently high at room temperature.'”**-** Thus, we tried to
control the rate of gold deposition by adjusting the amount of
AA to attain an optimum value, at which smooth spherical
AuNPs would be formed. Fig. 2a shows the transmission elec-
tron microscopy (TEM) image of the primary AuNPs. As
observed, the primary AuNPs are highly monodisperse with
a size of 9.2 nm. UV-vis spectroscopy data are presented in
Fig. S2at magenta line. Notably, when primary AuNPs were
further reduced with different amounts of AA, secondary AuNPs
with different morphologies were produced (see Fig. 2b-d).
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Fig. 2 TEM images of (a) primary AuNPs and secondary AuNPs
prepared with (b) 60, (c) 110, and (d) 160 pL of AA. Scale bar: 50 nm;
inset scale bar: 20 nm.

When 60 uL of AA was used, the size distribution was broad
because of the insufficient amount of the reducing potential, as
shown in Fig. 2b and S1at (scanning electron microscopy (SEM)
image). On the other hand, when 160 pL of AA was used,
branched AuNPs were formed (Fig. 2d and Sict). Because the
presence of excessive AA led to over-deposition of gold atoms -
on the AuNPs - with specific crystal-growth directions, it was
hard to achieve a balance between gold deposition and gold
surface diffusion on the AuNP surface. Consequently, AuNPs
did not grow spherically under this condition. In contrast, 110
uL of AA was found to be appropriate to achieve a balanced rate
between gold deposition and surface diffusion, and in turn,
spherical secondary AuNPs were obtained (Fig. 2c and S1bf¥).
Thus, if a reductant that has either stronger or weaker reducing
power than AA was used, the shape of the AuNPs will become
different and the amount of reducing agent needed to synthe-
size spherical AuNPs will be significantly varied. To confirm the
uniformity of the synthesized AuNPs, we analysed them with
UV-vis spectroscopy and Dynamic Light Scattering (DLS)
(Fig. S2). Only a single DLS peak was observed for the spherical
secondary AuNPs. On the other hand, the DLS spectra of the
branched AuNPs showed double peaks attributed to the rota-
tional diffusion mode arising from their anisotropic shape
(Fig. S2b¥).2%*”

When 110 pL of AA was used, we found that the size of the
secondary AuNPs slowly decreased, while the spherical shape
was retained as the reaction progressed. Thus, by extracting
samples in a timely sequence from the same batch, we were able
to obtain smooth AuNPs with 1 nm-scale size tunability (Fig. 3).
We identified that the crystalline structure of AuNPs, which
went through the etching process, retained the inherent
spherical single crystal structure, as approved by high-
resolution TEM (Fig. 3b). This etching process is proved by

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Variation in size and UV-vis spectra of secondary AuNPs as a function of reaction time. (a) TEM images of secondary AuNPs with reaction
time varying from 60 min to 120 min. Scale bar: 50 nm; inset scale-bar: 20 nm. (b) Selected area electron diffraction pattern for individual
secondary AuNPs (reaction time: 60 min). (c) UV-vis spectra of secondary AuNPs with different reaction times. (d) Variation in the extinction and

diameter of secondary AuNPs as a function of reaction time.

the decrease of extinction at 400 nm which presents the
concentration of Au(0) (Fig. 3c).>” The intensity of the absor-
bance peak is affected by the concentration and size of the
AuNPs.” In this experiment, the number of AuNPs is kept
identical due to the restriction of nucleation at the growth stage.
Thus, the variation in the intensity of extinction and size of the
AuNPs is related. The intensity of the UV-vis spectra decreased
as the etching proceeded, indicating a decrease in the size of the
AuNPs (Fig. 3c and d). In addition, the AuNPs showed absor-
bance values comparable to those calculated on the basis of Mie
theory (Fig. S37). This confirmed the formation of smooth and
spherical AuNPs with high monodispersity.

We hypothesized that unreduced AuCl, ions induced etching
of the AuNPs, because of the lack of AA and the variation of the
molar ratio between AA and AuCl,” ([AA]/[AuCl,"]) occurring
across the reaction (Fig. S4,1 schematic of the AuNP-etching
model). According to the stoichiometric reduction reaction of
gold, an [AA]/[AuCl, ] ratio of 1.5 was required to fully reduce
AuCl, ™ to Au(0). For 110 pL of AA, [AA]/[AuCl, ] corresponded to
1.1. Thus, it was not sufficient to fully reduce the whole AuCl, " in
the growth solution, resulting in the eventual etching of the
AuNPs. In addition, [AA]/[AuCl, ] continuously changed because
the AuCl, solution was slowly injected into the growth solution,
instead of a one-shot injection. In this sense, [AA]/[AuCl, "] in the
latter part of the reaction is relatively smaller than the ratio in the
former part of the reaction, which leads to the retardation of the
reduction reaction.

The reduction of AuCl, ™ in the presence of AA occurs in two
steps. In the intermediate stage of the reduction of AuCl,™ to
Au(0), AuCl, " is formed because of the low reducing power of
AA.** To prove our hypothesis, we monitored the concentrations
of AuCl,” and AuCl,” over time using UV-vis spectroscopy
(Fig. 4). We separately measured the extinctions of AuCl, -
CTAC and AuCl, -CTAC complexes, to monitor the amounts of
AuCl,” and AuCl, , respectively. Notably, the inherent

This journal is © The Royal Society of Chemistry 2019

absorbances of AuCl, and AuCl,~ without CTAC were different
from those with CTAC (see the UV-vis spectra of CTAC and
AuCl, ™ in Fig. S5at). For the yellowish AuCl, -CTAC complex,
two peaks were observed at 228 nm and 321 nm. The extinction
at 321 nm contributed to the yellowish color, as both the color
and extinction at 321 nm disappeared after the addition of AA
(Fig. 4a). On the other hand, for the AuCl, -CTAC complex,
which was transparent under ambient light, a distinct peak at
243 nm was observed. These results indicated that the amounts
of AuCl, -CTAC and AuCl, -CTAC complexes in the AuNP
solution mixture could be separately measured. To monitor the
exact concentrations of AuCl, -CTAC and AuCl, -CTAC
complexes, we separated the as-synthesized solution (AS) into
supernatant (SP) and nanoparticle solutions (NP) and measured
the extinctions of AuCl, -CTAC and AuCl, -CTAC complexes
individually (Fig. S5b¥).

In the initial stage of the growth, two extinction peaks were
observed at 541 nm and 695 nm for AuNPs reduced for 20 min

243nm
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Fig. 4 Mechanism of AuCl,  —CTAC-derived AuNP etching. (a) UV-vis
spectra of AuCl, —CTAC and AuCl, —-CTAC complexes. (b) UV-vis
spectra of NP obtained from AS with different reaction times. (c) UV-vis
spectra of SP obtained from AS with different reaction times.
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(NPs-20 min) and at 549 nm and 760 nm for AuNPs reduced for
40 min (NPs-40 min) (see Fig. 4b). This indicates the formation
of anisotropic AuNPs with a branched morphology, similar to
the case of gold nanorods previously reported.*® However, once
the growth proceeded due to the surface diffusion of gold
atoms, smooth and spherical AuNPs were formed, and a single
extinction peak was observed at 528, 526, and 526 nm for AuNPs
reduced for 60, 80, and 100 min, respectively (Fig. 4b and S67).
After 20 min of the growth, the characteristic extinction peak of
the AuCl, -CTAC complex appeared at 243 nm. The peak
intensity decreased within 40 min of growth because of the
reduction of the injected AuCl, -CTAC complex by AA in the
solution, and its consumption, resulting in the deposition on
AuNPs (Fig. 4c, red arrow). After 60 min of the reaction, the
AuCl,; -CTAC complex extinction peaks emerged at 228 nm and
321 nm, indicating the inversion of the role of AuCl,  from
a gold precursor into an etchant.

As AA was consumed during the reduction reaction, AA
became insufficient in the latter part of the reaction. Thus,
retardation of reduction of the AuCl, -CTAC complex and
etching of AuNPs could have happened. Although the amount
of AA left was small, the intensity of the AuCl, " —CTAC complex
extinction peaks continuously decreased because slow reduc-
tion reaction continued to progress (60-100 min in Fig. 4c). In
consequence, the injected AuCl,” was found to play time-
dependent multiple roles: a gold precursor in the beginning
of the reaction and an etchant in the end.

The role of AuCl,™ as an etchant depended on the retarda-
tion of the reduction reaction caused by the lack of AA. We
varied the amount of AA to check its role in detail during the
synthesis of secondary AuNPs. The extinction peak showed that
the retardation of reduction depended on the amount of AA, as
expected. When a small amount of AA was used (70 pL), rela-
tively high-intensity extinction peaks of the AuCl,”-CTAC
complex emerged early in the reaction indicating early inversion
of AuCl,” into an etchant (40 min in Fig. S7at). As the etching
rate was very high under this condition, there was no balance
between etching and diffusion, which resulted in the formation
of non-spherical AuNPs (Fig. S7ct). However, the extinction
peaks of the AuCl, -CTAC complex did not appear when a large
amount of AA was used (130 pL), indicating the absence of
inversion (Fig. S7b and ct). Through these data, we confirmed
that an optimum amount of AA is a prerequisite to change the
role of the AuCl, -CTAC complex: from a gold precursor to an
etchant in the one-pot system. In addition, we prepared large
AuNPs in the range 70-80 nm using the same method (Fig. S81),
as these AuNPs with considerably large scattering cross-section
can be used for diverse optical applications.

Conclusions

In summary, we successfully demonstrated that the size of
smooth and spherical AuNPs could be fine-tuned across various
size ranges through etching in a one-pot system. Notably, we
found that the role of AuCl,” could be changed: from a gold
precursor to an etchant, depending on the amount of the
reducing agent. A balance between the chemical etching rate
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and surface diffusion rate was found to be critical to maintain
the spherical shape of AuNPs. As demonstrated, this strategy is
a simple and powerful method to control the size of highly
uniform AuNPs, and it can be used for various applications,
such as plasmonic coupling and optical interference between
AuNPs and fluorescent dye molecules, depending on the size of
the AuNPs.
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