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Tight-controlling of the aspect ratios (ARs) and fine-tailoring of the crystallographic facets of gold nanorods
(GNRs) are critical for their further applications in material, biological, and medical fields. However, the high-
yield synthesis of GNRs with certain facets and ARs is still challenging because it requires grasping of various
components and complicated interactions in the reaction system. Herein, we first report the pH-adjusting
method to synthesize uniform and monodispersed GNRs in high yield with the (200) facet and fine-tuned
their ARs within an optimal pH range. Through optimizing the experimental parameters, we found that
the formation of GNRs was significantly influenced by the concentrations of silver ions and
cetyltrimethylammonium bromide (CTAB). Based on the precise control over the quantity of silver ions
and CTAB additives, we further optimized the pH in the buffer system. Under the optimized weakly

acidic conditions (pH 5.5-7.0), HAuCl, was reduced by NH,OH to form single-crystalline GNRs with
Received 10th April 2017

Accepted 2nd May 2017 a preferential growth along the [200] facet (i.e. [100] direction), which was supported by transmission

electron microscopy (TEM) and X-ray diffraction (XRD). Interestingly, there was a linear relationship

DOI: 10.1039/c7ra04051b between the ARs and pH values over a narrow pH range of 5.5-6.5. The pH-dependent reducing ability
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Introduction

Since its discovery in the 1990s,* gold nanorods (GNRs) have
attracted significant interest due to their charming properties in
optics and catalysis obtained on varying their length and
width.>® GNRs exhibit intense longitudinal surface plasmon
resonance (LSPR), whose wavelength is controlled by the ratio of
the length to the width of the GNRs (the aspect ratio, AR), as well
as a weaker transverse surface plasmon resonance (TSPR) that is
located at ~520 nm.>® The LSPR is tuned towards longer
wavelengths and into the near-infrared spectrum as the AR
increases. To date, a number of successful methods, such as
electrochemical," photochemical,’*" seed-mediated,”> and
template methods,™ have been developed to synthesize GNRs.
The seed-mediated growth method has become the most
popular approach to realize precise control over both the
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of NH,OH enhanced with the increasing pH.

longitudinal and transverse dimensions of the GNRs." The
tight-controlling of the GNR AR achieves the tunability of the
plasmon-dominated light absorption and scattering properties.
Light absorbed by GNRs is converted into heat, which is useful
for photothermal cancer therapy'*>° and the scattered light is
useful for bioimaging.'**

The capability of fine-tailoring its crystallographic facets,
which play pivotal roles in determining the affinity, specificity,
and dynamics of the interactions between the ligand molecules
and the GNR surfaces, is of the same importance as the control
over GNR ARs.>?>** Moreover, precise facet control is vital to the
optimization of the catalytic performance of GNRs. Quantitative
assignment of the crystallographic facets exposed on the
surfaces of GNRs, however, has long been a subject under
intense debate.”**?° It remains a significant challenge to
quantitatively correlate the catalytic activities with the surface
structures due to the poor control over the GNR facets.

Conventional single-crystalline GNRs are typically prepared
by seed-mediated growth in the presence of Ag', OH, and
cetyltrimethylammonium bromide (CTAB).'**"***° The first step
of this method is to synthesize gold seeds (ca. 2-4 nm in
diameter). The GNR growth is initiated by adding gold seeds
into a growth solution containing Au®, Ag"*, CTAB, and reducing
agents. The GNR size, AR, and yield are sensitive to (i) the size
and nature of the seeds (affected by the aging time and the
standing time during and after the synthesis),* (ii) the quantity
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of the Ag" and CTAB additives,*® and (iii) the pH value of the
growth solution.***¢ For example, Chou's group recently re-
ported the size-controlled synthesis of gold nanoparticles via
controlling the pH value.*® Patra and Kurdi recently researched
the role of OH™ in the formation of gold nanowires at extreme
pH values.*® The size and shape of the gold nanoparticles are
significantly affected by pH.***® Thus, high-yield synthesis of
GNRs with certain facets and ARs is still a challenge because it
requires grasping of various components and their interactions
in the reaction system.

Herein, we report that the (200) facet can be controllably
created on the surfaces of single-crystalline GNRs and their ARs
can be precisely controlled by adjusting the pH of the growth
solution. In our experiment, a simple synthesis process was
developed for high-yield GNRs by adjusting the pH of the buffer
system in the presence of silver ions and high concentrations of
CTAB. Precise control over the pH and the quantity of Ag" and
CTAB are critical to the yield of GNRs. HAuCl, is reduced by
NH,OH in the controllable solution to form single-crystalline
GNRs with a preferential growth along the [200] facet (i.e.
[100] direction), which is supported by transmission electron
microscopy (TEM) and X-ray diffraction (XRD).

Experimental

Materials and instrumentation

Chloroauric acid tetrahydrate (HAuCl,-4H,0), silver nitrate
(AgNO3), sodium borohydride (NaBH,), hydroxylamine hydro-
chloride (NH,OH-HCl), and CTAB were purchased from
Shanghai Chemical Reagent Co. Ltd (China). All the chemicals
were analytical grade reagents and used as received. Milli-Q
water (18 MQ) was used throughout the experiments. All the
glass containers were washed with aqua regia (HCI/HNO; =
3:1 (v/v), strongly corrosive) and then cleaned with Milli-Q
water.

The UV-vis absorption spectra were obtained using
a Lambda 950 UV-vis spectrophotometer purchased from Per-
kin Elmer. TEM was performed using a Tecnai F20 instrument
and operated at 200 kV. X-ray powder diffraction (XRD) was
performed using a Bruker D8 Advance/Discover diffractometer
(Bruker Co. Ltd., Germany) with Cu Ko, radiation (A = 1.5406 A).
Scanning electron microscopy (SEM) was carried out using an
S4800 instrument.

Preparation of the gold seed solution

The CTAB-capped gold seeds were prepared according to
a literature procedure.” CTAB solution (5.0 mL, 0.20 M) was
mixed with 5.0 mL of 5.0 x 10~* M HAuCl,. Freshly prepared
ice-cold 0.01 M NaBH, solution (0.60 mL) was quickly added to
the gold salt and CTAB mixture under vigorous stirring, leading
to the formation of a brownish yellow solution. The seed solu-
tion was freshly used.

The pH-controlled growth solution

The route for the synthesis of GNRs was a modified literature
procedure."*” The growth solutions were prepared as follows:
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0.10 mL of 0.01 M AgNO; was added to a CTAB solution (5 mL,
0.20 M) at 25 °C and then 1.0 mL of 5 mM HAuCl, was added
and stirred. Subsequent reduction of HAuCl, using NH,-
OH-HCI (1 mL, 0.10 M) led to the color change of the solution
from dark yellow to colorless. The pH value of the growth
solution was adjusted using 0.2 M NaOH solution and
measured using a pH meter.

GNR overgrowth

Herein, 15 pL of the as-prepared gold seed solution was added
into the pH controllable growth solutions, which were kept in
a water bath (28 °C) for 24 h. The obtained GNRs solutions were
centrifuged at 8000 rpm for 8 min and resuspended in deion-
ized water. After the removal of the excess CTAB, the final
suspensions of GNRs were analyzed via TEM, SEM, and XRD.

Results and discussion
Optimization of the experimental parameters

We synthesized GNRs following a previously reported seed-
mediated growth method using a CTAB surfactant system'>*”
with some minor modifications. To achieve a high yield of the
GNRs, we investigated the effect of (i) the quantity of the Ag"
and CTAB additives and (ii) the pH of the growth solution on the
GNR synthesis. First of all, the pH value of the growth solution
was fixed at 6.0, and 0.2 M of CTAB was selected, and different
concentrations of Ag" were examined. After this, 0 mL, 0.05 mL,
0.10 mL, and 0.15 mL of AgNO; (0.01 M) was added, and the
final concentrations of AgNO; in the growth solutions were
about 0 M, 6.6 x 107> M, 1.3 x 100* M, and 2 x 10™* M,
respectively. When AgNO; was not added, GNRs, nanospheres,
and triangle nanoparticles were produced, as shown in Fig. S1a
(ESIt). The appropriate addition of Ag* ions (1.3 x 10™* M) was
essential for the preparation of GNRs in very high yield, as
shown in Fig. Sic (ESIt). Therefore, 1.3 x 10~* M Ag" was
chosen as the optimum additive in the experiments. The effect
of Ag" during the formation of the GNRs was previously inves-
tigated and it depended on the reducing and capping agents.**
Herein, Ag" could assist the elongation of the CTAB template
and restrict the growth of the GNRs. Second, the effect of CTAB
on the synthesis of the GNRs was investigated while keeping the
pH of the growth solution at 6.0 and the Ag" concentration at 1.3
x 10~* M. Fig. S2 (ESI{) shows the TEM images of the gold
nanoparticles obtained at different concentrations of CTAB. It
was obvious that the yield of GNRs significantly increased as the
concentration of CTAB increased from 0.1 M to 0.2 M. The high
yield of the GNRs could also be obtained at a concentration of
CTAB above 0.2 M. Upon decreasing the temperature, the
higher concentration of CTAB would be easier to crystallize and
affect the GNRs synthesis. Thus, 0.2 M of CTAB was chosen as
the optimal reaction condition in the experiments. Finally, the
pH effect on the GNRs synthesis was investigated while keeping
the Ag" and CTAB concentrations at 1.3 x 10~ M and 0.2 M,
respectively. Fig. 1 shows the TEM images of the gold nano-
particles obtained under the different pH conditions. Under
weakly acidic conditions (pH 5.7, 6.0, and 6.5), the GNRs were

This journal is © The Royal Society of Chemistry 2017
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Fig.1 TEM images of the gold nanoparticles in different pH solutions:
(@) pH 5.7, (b) pH 6.0, (c) pH 6.5, and (d) pH 8.0. 0.2 M of CTAB and 1.3
x 107* M of Ag* were obtained.

synthesized as shown in Fig. la-c. Under weakly alkaline
conditions (pH 8.0), spherical gold nanoparticles with uniform
diameters of ca. 22 nm were obtained as the main products
(Fig. 1d). Thus, the weakly acidic conditions were applied in our
experiments.

Fine-tuning the AR of GNRs

The usual way to tune the ARs of GNR is to regulate the Ag"
concentrations;® herein, we tried to achieve precise control over
the ARs of the GNRs by adjusting the pH of the growth solution
from 5.5 to 7.0 in a buffer system. Fig. 2 shows the typical TEM
images and UV-vis absorption spectra of the GNRs obtained
under the different pH conditions. We found that the ARs of the
GNRs increased as the pH value of the growth solution
increased under the weakly acidic conditions. Interestingly,
a linear relationship (R* = 0.994) was observed between the ARs
and pH values in a narrow range of 5.5-6.5 (see the inset of
Fig. 2). As is well-known, the absorption spectra of the GNRs are
characterized by two bands: the transverse plasmon band (i)
located at ~520 nm and longitudinal plasmon band ()
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appearing at a longer wavelength in the visible-NIR range.***°
As Ay, is mainly dependent on the AR of the GNRs, there is a red
shift in the absorbance peak at A;, with an increase in the AR of
the GNRs. As shown in Fig. 2, the Ay, is red-shifted from 685 nm
to 860 nm, due to the increased AR of the GNRs induced by an
increase in the pH value from 5.5 to 7.0. These experimental
results indicate that the pH of the growth solution is vital for
precise control over the AR of the GNRs since pH has a strong
influence on the reducing power of NH,OH. The pH-dependent
reducing ability of NH,OH is enhanced upon increasing the
pH.*"** Moreover, the OH™ ions can play a significant role
during the synthesis of GNRs.*®

Precise control over the crystallographic facets of GNRs

For GNRs with face-centered cubic (fcc) structures, the low-
index (111) facet is thermodynamically more stable than the
(200) facet and is thus highly favored during the nanocrystal
growth.*® The XRD spectra show that the synthesized GNRs are
usually with the dominant {111} family of planes.*® Herein, we
found that the GNRs with the dominant {200} family of planes
could be synthesized if the pH of the growth solution was
adjusted within an optimal range.

We investigated the crystal structure of the as-synthesized
GNRs under weakly acidic conditions. The crystal structure of
the GNRs was first investigated using high-resolution trans-
mission electron microscopy (HRTEM) and electron diffraction
of a random individual GNR. As shown in Fig. 3a, the inter-
distance of the lattice planes was approximately 0.205 nm,
which could be indexed to the (200) surface.”* Moreover, the
electron diffraction pattern (Fig. 3b) has a highly symmetrical
dotted lattice, which reveals the single-crystalline nature of the
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Fig. 2 TEM images and the UV-vis absorption spectra of the GNRs
synthesized by adjusting the pH of the growth solution from 5.5 to 7.0.
Inset: the AR of the GNRs as a function of the pH. 0.2 M of CTAB and
1.3 x 107* M of Ag™ were selected.
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Fig. 3 (a) HRTEM image and (b) electron diffraction pattern of an
individual GNR. (c) XRD and (d) SAED patterns of the as-prepared GNRs
under weakly acidic conditions (pH in the range of 5.5-7.0).
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GNRs. The pattern could be indexed to the [011] zone axis of the
GNRs, further confirming that the GNRs were crystalline and
grew along the [200] axis. To assess the overall quality and purity
of the facetted nanoparticles, the XRD spectra and selected area
electron diffraction (SAED) patterns for the as-synthesized
GNRs were obtained and are presented in Fig. 3c and d.
Herein, four main characteristic peaks for gold at 38.34°, 44.35°,
64.72°, and 77.61° corresponding to the Miller indices (1 1 1), (2
00), (2 2 0), and (3 1 1) were observed and confirmed the face-
centered cubic (fcc) crystalline geometry of the GNRs (JCPDS file
no. 4-0783). A relatively high (200) diffraction intensity was
detected under the weakly acidic conditions (pH in the range of
5.5-7.0). This explicitly demonstrated that the as-synthesized
GNRs were primarily dominated by the {200} family of planes.
Under a low pH environment (pH 5.5-7.0), Au(1) was slowly
reduced to Au(0) and this condition was helpful for the selective
absorption of Au(0) by the {200} planes of the GNRs under the
regulation of CTAB, which capped Au(0) and bound more easier
to the {2 0 0} facet than the {111} facet.** The SAED pattern with
a relatively brighter circular ring corresponding to the (200)
surfaces further showed that the GNRs obtained were highly
single crystalline with the dominant {200} family of planes. The
high yield of the GNRs can be obtained under weakly acidic
conditions, as shown in Fig. 4.

The growth process of GNRs: insight into the growth
mechanism

We synthesized GNRs at pH 6.5 and obtained their UV-vis
absorption spectra along with the growth time. As shown in
Fig. 5, there are considerable red shifts in the A; band and
minimal red shifts in the Ay band with time, which means that
the mean length and width of the GNRs increase with the
growth time.** A;, was very sensitive to the growth time, whereas
At was comparatively less sensitive to growth time.

The proposed growth mechanism of GNRs is shown in the
inset of Fig. 5. The dynamic formation of a bilayer of CTAB on
the gold surfaces via the hydrocarbon tails may indeed provide
enough stabilization during the GNRs growth, in a zipper
fashion, for the formation of longer nanorods for longer

Fig. 4 SEM image of the GNRs obtained under weakly acidic
conditions.
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Fig. 5 The normalized UV-vis optical spectral evolution of the GNRs
under weakly acidic conditions. The A_ bands gradually red-shifted
with the growth time. Inset: the proposed mechanism for the CTAB-
directed GNR growth.

surfactant tails.*® During the formation process of the GNRs, it
was observed that a decrease or increase in the amount of Ag"
(1.3 x 10~* M) added could lead to the formation of non-rod-
shaped (quasi spherical or irregularly grown spiked) particles.
Ag' could assist the CTAB template elongation with its ability to
induce monolayer formation.’> Ag" ions could also be adsorbed
on the gold nanoparticle surface in the form of AgBr and restrict
the growth of the GNRs. Herein, fine-tuning the pH value of the
growth solution was critical for precise control over the AR and
facet of the GNRs since the pH has a strong influence on the
reducing power of NH,OH. Due to the pH-dependent reducing
ability, NH,OH is a much weaker reductant under weakly acidic
conditions than under weakly alkaline conditions. In our
experiment, the difference in the reaction rate under different
pH conditions can be judged from the change in the colour of
the solution: at pH 8.0, the growth solution immediately turned
to wine red when the seed was added; at pH 6.5, a delay in the
color change of about 1 hour was observed; at pH 5.5, a color
change from colorless to light brown was observed after 10
hours. At low pH (pH 5.5-7.0), Au(m) was slowly reduced by
NH,OH to Au(0); this condition was helpful for the selective
absorption of Au(0) by the {200} planes of the GNRs under the
regulation of CTAB, which capped Au(0) through the formation
of Au-Br bonds and bound more easier to the {200} than the
{111} facets.** However, under alkaline conditions (e.g. pH >
8.0), with the increased reducing power of NH,OH, Au(um) was
quickly reduced to Au(0), which quickly grew around the gold
seeds as the core to form the gold spheres. Thus, the pH value of
the growth solution plays an important role in the process of the
as-synthesized GNRs with special ARs and facets.

Conclusions

In summary, we proposed a simple synthesis process for high-
yield GNRs by adjusting the pH of the buffer system in the
presence of Ag" ions and high concentrations of CTAB. We

This journal is © The Royal Society of Chemistry 2017
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found that it is critical for GNRs synthesis to precisely control
the quantity of the Ag" ions and CTAB additives. Based on an
appropriate quantity of the Ag" ions and CTAB additives, we
further optimized the pH of the growth solution. Through fine-
tuning the pH of the buffer system, we achieved the precise
control over the ARs of GNRs, which were highly single crys-
talline with the dominant {200} family of planes. The synthe-
sized GNRs with (200) facets were obtained in high yield and
were uniform and monodispersed. Tight-controlling of the ARs
and the (200) facets of GNRs show great promise for their
further application (e.g. in material, biological, and medical
fields) in the future. Significantly, we found that the reducing
ability of NH,OH can be enhanced upon increasing the pH.
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