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ABSTRACT: Gold nanorods (GNRs) support strong localized surface plasmon resonances that
can be exploited to enhance the fluorescence or catalytic properties of adjacent molecules. Coating
GNRs with silica is frequently used to functionalize their surfaces, but full encapsulation limits
the ability to control the spatial distribution of molecules and their related reactivity. For example,
locating molecules near the ends of GNRs would enable their strong longitudinal plasmon
resonance to be exploited, but such selectivity is challenging. So far, studies of anisotropic coating
have been limited and the mechanism of the adsorption onto GNRs remains unclear. Here, we
systematically investigated the anisotropic coating of the ends of GNRs with silica and the
influence of growth conditions on the formation of silica shells. Three types of nanostructures have
1
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been observed and their origins are described: fully encapsulated core-shell GNRs, GNRs with
only one end coated with silica, and dumbbell-like GNRs (dGNRs) with both ends coated. The
study was performed at around room temperature, where the solubility and micellization of the
surfactant cetyltrimethylammonium bromide (CTAB) can be tuned to affect the morphology,
stability and density of resulting silica shells. Optimized parameters, in combination with an
appropriate GNR aspect ratio, are shown to significantly improve the growth yield of dGNRs,
which become the dominant product. A protocol for a high yield synthesis of dGNRs was
developed, with a maximum yield exceeding 90 %. This study advances our understanding of the
growth mechanism of anisotropic coating of GNRs and sheds light on the optimization of siteselective coating processes. The development of anisotropic GNR-based nanostructures for
fluorescence/scattering amplifiers will be important in applications such as metal-enhanced
fluorescence, surface-enhanced Raman scattering or plasmon-enhanced catalysis.

KEYWORDS: gold nanorods, silica coating, morphology of silica shells, anisotropic coating,
formation of silica shells, nanoscale photocatalysts
1. INTRODUCTION
The use of gold nanoparticles in nanoscience has generally depended on their ability to support
strong localized surface plasmon resonances (LSPRs)1–6 and on the ease of modifications of their
surfaces.7–11 The LSPR enhances electromagnetic fields in the vicinity of the metal surfaces,12
which in turn, can be used to enhance fluorescence, light scattering, photocatalytic process and
other properties of nearby molecules.2,13–18 Gold nanorods (GNRs) in particular have emerged as
versatile platforms for these applications due to their tunable optical properties19–25 as well as their
asymmetric shape, which supports the generation of distinct transverse and longitudinal surface
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plasmon modes.26 In order for GNRs to be used as fluorescence/catalytic amplifiers, the molecules
to be stimulated should ideally be near the GNR ends, where the strong longitudinal field greatly
enhances their molecular or emission properties.27–30 However, anchoring molecules in this
specific area requires site-specific functionalization of the GNR surface.
Silica is one of the most widely used coating agents for noble metal nanoparticles.31 Due to its
optical transparency, porosity and stability,31–33 a silica shell can be modified with various
functional molecules such as photosensitizers and chemotherapeutics16,17,33 or fluorescent dyes.34–
36

Silica also has a low toxicity, driving a broad range of biomedical applications.37 Furthermore,

a silica layer can be used as a spacer between the GNR surface and adsorbates such as fluorescent
dyes, which are otherwise prone to quenching in the proximity of metals. In comparison to the
complete encapsulation by silica, coating just the ends of GNRs would facilitate more anisotropic
functionalization and more selective excitation of adjacent molecules. Such anisotropic silica
coating would be a promising step towards improving the performance of GNRs as
fluorescence/catalytic amplifiers but is technically challenging.
GNRs produced via the seed-mediated growth method have their surfaces covered with a
positively charged bilayer of the cationic surfactant cetyltrimethylammonium bromide
(CTAB).38,39 CTAB acts as an organic template for the deposition of alkoxysilanes such as
tetraethyl orthosilicate (TEOS) to mediate the formation of silica shells.40 The CTAB bilayer is
not uniformly distributed over the surface of GNRs and is assumed to be less densely packed at
the GNR ends due to their curvature.39,41–46 This makes the end-functionalization of GNRs with
various coating agents possible.13,32,41,42,44–49 The resulting anisotropic structures are particularly
suitable for photocatalysis, as they allow coating of the ends with, for example, Pd,46 TiO247 or
semiconductors,50 which can all act as catalysts, while the bare sides of GNRs can directly
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participate in oxidation reactions. For example, the LSPR-induced hot electron generation from
gold to catalysts enables more efficient electron transfer from the catalyst to molecules of the
solvent, which may be used to enhance the hydrogen production under near-infrared
illumination.47,50 Alternatively, Yin et al. demonstrated the use of magnetically active gadoliniumcoated dumbbell-like GNRs as tumor-targeted probes for photothermal therapy that are capable of
two-photon luminescence as well as being suitable for MRI as contrast agents.51 The spatial control
over the end functionalization also creates additional avenues for surface-enhanced Raman
scattering (SERS) or metal-enhanced fluorescence (MEF) which greatly benefit from the strong
longitudinal plasmon field of GNRs that can function individually45 or as dimers52 that create
signal-enhancing hot spots in the gaps between their surfaces.53
The deposition of silica on the ends of elongated nanoparticles has previously been achieved
through fine control of CTAB and TEOS concentrations.41,42,44,54 By limiting the concentration of
GNRs, thus changing the amount of TEOS available per particle, the morphology of deposited
silica shells can be varied between full encapsulation and a dumbbell-like coated GNRs (dGNRs)
with a silica sphere attached to each end of the gold core.42 Additionally, other factors such as the
aspect ratio,55 the width of GNRs or the CTAB chain length47 have been shown to play important
roles in the end-functionalization of GNRs as they all influence the density of the CTAB bilayer
on the GNR ends. Moreover, the growth temperature was found to affect the thickness of the
mesoporous silica shells,56 due to the temperature-dependent solubility of CTAB.56,57 However, to
the best of our knowledge, the influence of temperature on the anisotropic coating of GNRs with
silica has not been reported. Understanding how temperature and other parameters affect the
process of site-selective silica coating of GNRs should provide valuable insight into the
mechanism of synthesizing bespoke dGNRs. So far, mechanistic studies have been limited to
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investigation of only a few parameters at a time and often do not include quantification of reaction
yields of synthesized nanostructures.
In this work, we present a systematic study of the effect of GNR morphology and growth
conditions such as temperature and the concentrations of GNRs and CTAB on the morphology of
silica shells deposited on GNRs. Three morphologies are examined, from fully encapsulated GNRs
(core-shell GNRs) to dumbbell-like, end-coated GNRs (dGNRs) and GNRs with only one end
coated with silica (nanolollipops). It was found that variations in morphology are determined by
the interplay between all the reaction parameters and the roles of each parameter on the formation
of dGNRs are elucidated. We demonstrate a high-yield synthesis of end-functionalized GNRs with
silica at a rate exceeding 90 %, to the best of our knowledge the highest yield reported to date.
2. EXPERIMENTAL SECTION
2.1. Materials
Silver nitrate (AgNO3, S6506-5G), gold (III) chloride trihydrate (HAuCl4, G4022-1G), sodium
borohydride (NaBH4, 452882-25G), cetyl trimethylammonium bromide (CTAB, H6269-500G),
ascorbic acid (A5960-25G), tetraethyl orthosilicate (TEOS, 86578-250ML), sodium hydroxide
(NaOH, S5881-500G-M), methanol (≤ 99.8%, 32213-M) and ethanol (≥99.8%) were purchased
from Sigma Aldrich. Distilled water was used as a solvent in the synthesis of GNRs.
2.2. Synthesis of gold nanorods
CTAB-coated GNRs were prepared using an adapted standard seed-mediated growth method,38
consisting of two steps: (1) the preparation of the seed solution; and (2) the subsequent growth of
seeds in the growth solution.
10 mL of the seed solution was prepared by mixing 9.75 mL of 0.1M aqueous CTAB solution
with 0.25 mL of 0.01M HAuCl4·3H2O. The solution was then stirred for 10 min, then 0.6 mL of
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0.01M NaBH4 (prepared in ice-cold water) was added under vigorous stirring for 5 min. After that,
the seed solution was left to stand in the dark for 3 hours to allow the growth of the seeds.
10 mL of growth solution was prepared by mixing 9.5 mL of 0.1M aqueous CTAB solution with
0.5 mL of 0.01M HAuCl4·3H2O. The solution was stirred for 10 min before adding 15, 45, 50 or
60 μL of 0.1M AgNO3 to tune the wavelength maxima of the longitudinal plasmon resonance of
our GNRs to ̴ 628, 726, 742 or 748 nm (Figure S1).20 After an additional 5 min of stirring, 55 µL
of 0.1M ascorbic acid was added. The final step was the addition of 12 μL of seeds under gentle
stirring. The solution was then stored in the dark to age overnight at room temperature. The
following day, GNRs were purified via centrifugation (Sigma 1-4 Microfuge) at 12 000 g for 20
min. The supernatant was then extracted, and the pellet re-suspended in distilled water to achieve
the desired concentration.
After the purification, extinction spectra of the newly prepared GNR solution were measured
using a Lambda 2 UV/VIS spectrometer (PerkinElmer) to determine the maximum wavelength of
the longitudinal plasmon band. The concentration of the GNR solution was calculated from the
extinction at the longitudinal plasmon band maximum and corresponding molar extinction
coefficients at the longitudinal plasmon band maxima (2.6, 3.9 and 4.1∙109 M-1.cm-1 for GNRs
with plasmon resonances at 628, 726 and 742, 748 nm). The GNR dimensions and hence aspect
ratios (the ratio of length to diameter) and errors (as sample standard deviations) were measured
manually for more than one hundred nanoparticles from STEM images using image processing
software ImageJ.
2.3. Silica-coated gold nanorods
Silica coating was carried out via the modified single-step silica coating method developed by
Gorelikov.34,40 CTAB-capped GNRs, synthesized in the previous step, were centrifuged for a

6

Morphological changes of silica shells deposited on gold nanorods: implications for nanoscale photocatalysts

second time at 11 200 g for 20 min to remove excess CTAB from the solution and bring the CTAB
concentration to approximately <0.01 mM.34 Further on in the process, a close control of the
CTAB concentration is essential, which is achieved after centrifugation by removing the
supernatant and re-suspending the pellet in 1.2, 1.4 and 1.6mM aqueous CTAB solutions (3 mL)
so that final concentrations of GNRs were ̴ 0.6 nM and ̴ 1 nM. Adding CTAB solutions to pellets
ensures more accurate control over the reaction conditions. Suspensions were mixed overnight to
allow CTAB to equilibrate on the nanorod surface prior to silica coating. The next day, 12 μL of
0.1M NaOH was added to each 3mL sample to set the pH to approximately 10.5, and the solutions
were mixed for 30 min. Then, 27 μL of 20vol% TEOS in methanol was added and mixed for 5
min to homogenize TEOS in the reaction mixture. After 5 min, each sample was transferred to
three 1.5 mL centrifuge tubes (1 mL in each tube) and placed in a shaker (ThermoMixer,
Eppendorf) for shaking at 19, 21 or 23 °C and at 700 rpm overnight. At lower speed, a certain
degree of sedimentation could occur. The GNRs were then centrifuged at 8 000 g for 20 min.
Supernatant was removed from each tube and the pellet was re-suspended in 1 mL of a mixture of
ethanol and water (3:2), bringing the total volume of each sample to 3 mL. The yields of
synthesized nanoparticles were calculated from STEM images as fractions of more than one
hundred nanoparticles against their total count in each sample.
It should be noted that all samples compared in each table were synthesized in parallel. Two
batches of GNRs of different aspect ratios were used in the two separate studies presented in Table
2 and 3. Moreover, a fresh bottle of TEOS was used for the silica coating of samples in section 3.3
and 3.4. Therefore, relative lower yields of core-shell GNRs and improved yields of end-coated
GNRs for GNR2 in Table 3 compared with that in Table 2, despite the higher aspect ratio of GNRs
used in the section 3.2, could be attributed to the better reactivity of the fresh TEOS that is prone
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to polymerization. Nevertheless, comparison between the same batch of samples and the
understanding achieved is valid.
2.4. Characterization
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and
transmission electron microscopy (TEM) data were recorded on a probe-corrected JEOL
ARM200cF instrument with a cold field emission source operating at an acceleration voltage of
200 kV. Elemental mapping was performed by electron energy-loss spectroscopy (EELS) using a
Gatan 965 Quantum ER post-column spectrometer. Scanning electron microscopy (SEM) images
were acquired using a field-emission environmental scanning electron microscope (FEI Quanta
250 FEG-ESEM) with a modular STEM detector at an acceleration voltage of 30 kV. Samples
were prepared by drop-casting 5 µL of a sample solution onto a carbon-coated 300-mesh holey Cu
grid (Agar Scientific) which was left to dry at room temperature.
3. RESULTS AND DISCUSSION
3.1. Influence of temperature and CTAB concentration on the anisotropic silica coating of
GNRs
For the synthesis of end-coated nanoparticles and to identify the effect of individual reaction
conditions, CTAB-capped GNRs with an aspect ratio of ~3.3 (42.8 ± 4.3/13.0 ± 1.8 nm) and GNR
concentration ([GNR]) of ~1 nM were coated with silica via the modified single-step silica coating
method40 (Figure S1a). We first varied the concentration of CTAB ([CTAB]) to be ~1.2, 1.4, 1.6
mM at selected temperatures: 19, 21, 23 °C (Table 1). To ensure accurate [CTAB] for comparison,
GNRs were purified twice via centrifugation to reduce the residual [CTAB] (<0.01 mM) well
below working concentrations.39,48 Purified GNRs were then dispersed in CTAB solutions of
defined [CTAB]. Resulting samples were characterized via scanning transmission electron
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microscopy (STEM) (Figure 1) that revealed 3 populations of nanostructures – dGNR, core-shell
GNR and nanolollipops – with various reaction yields. Table 1 lists the experimental conditions
and corresponding yields (%) of the three populations of GNR structures.
The process of end-selective coating of GNRs is based on the same principle as the synthesis of
mesoporous silica in the presence of CTAB.58 First, alkoxysilanes (i.e. TEOS) undergo a basecatalyzed hydrolysis followed by condensation of silica precursors to form silica oligomers.
Subsequently, CTAB/silica particles, aggregates of CTAB molecules and oligomers of silica, are
formed. The final step is formation of mesopores through aggregation of CTAB/silica particles
and further deposition of CTAB molecules and monomers of silica. When silica is being deposited
on CTAB-capped gold nanoparticles, the conditions have to be set accurately so that the majority
of CTAB molecules are adsorbed on the gold surface, where CTAB serves as a structure directing
agent and promotes the aggregation of CTAB/silica particles directly on nanoparticles’
surfaces.40,58 The CTAB bilayer on the ends of GNRs is known to be less compact than that on the
sides of GNRs (Figure 1a).39,41–44 This presents less steric hindrance for the deposition of silica,
allowing hydrolyzed TEOS species to access GNR ends and condense.41,42,44,48 To achieve the
delicate non-uniform distribution of the CTAB bilayer, two populations of CTAB must be
considered - free CTAB (fCTAB) and CTAB bound to GNRs (bCTAB). High concentration of
fCTAB may cause saturation of the GNR surface with a dense CTAB bilayer,47 which
consequently raises the concentration of positively charged CTAB micelles in the solution.48 As a
result, free silica nanoparticles can be generated or GNRs will grow full shells.48 Thus, bCTAB
and components of fCTAB compete in the attraction of negatively charged, hydrolyzed TEOS
species.48 The reaction dynamics of CTAB are dependent on the reaction temperature. The Krafft
temperature represents the temperature below which micelles do not form as the maximum
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solubility of the surfactant does not reach the critical micelle concentration (CMC,~1 mM39).57 No
silica shells form bellow the Krafft temperature. For CTAB in an aqueous solution, this
temperature has been reported to be between 20 and 25 °C.56,57

Figure 1. a) Schematic representation of the distribution of CTAB on the surface of GNR and b)
a STEM image of a sample containing a representative mixture of (1) core-shell, fully encapsulated
GNRs, (2) dGNRs and (3) nanolollipops with a (4) separated silica sphere.
Table 1. Synthesis parameters and % yields of silica-coated GNRs.a
Sample

1.2a

1.2b

1.2c

1.4a

1.4b

1.4c

1.6a

1.6b

1.6c

CTAB
[mM]

1.2

1.2

1.2

1.4

1.4

1.4

1.6

1.6

1.6

GNR [nM]

1

1

1

1

1

1

1

1

1

T [°C]

19

21

23

19

21

23

19

21

23

Dumbbell
[%]

-

a

24.5

-

34.1

24.6

-

51.4

27.7

Core-shell
[%]

-

a

36.0

-

21.2

73.9

-

28.4

71.4

Lollipops
[%]

-

a

39.5

-

44.7

1.5

-

20.2

0.9

a

Yields of nanoparticles in sample 1.2b (Figure S2a) were not quantified due to non-uniform
coating.
It is apparent that temperature and [CTAB] do indeed influence the morphology of silica shells.
The yield of dGNRs and nanolollipops decreased while that of core-shell GNRs increased with
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increasing temperature. Silica coating was not observed at 19 °C and was not uniform at low
[CTAB] at 21 °C. The absence of coating for all samples at 19 °C can be explained by the low
solubility of CTAB, which is likely to remain crystallized below the Krafft point.56 At 21 °C,
sample 1.2b contained non-uniformly coated GNRs and GNRs aggregated mostly in a side-byside orientation (Figure S2a). This type of aggregation is typical for uncoated GNRs and was likely
to be induced by capillary forces during drying.59,60 The incomplete coating with 1.2 mM of
[CTAB] indicates that at 21 °C, CTAB dissolved enough to exceed the CMC, facilitating the
formation of CTAB/silica species and their subsequent aggregation on GNRs. However, the
amount of CTAB was presumably insufficient to form a uniform coating, which appeared only
after a further increase in temperature to 23 °C (sample 1.2c). As [CTAB] was increased to 1.4
and 1.6 mM, the CMC was exceeded even at lower temperature of 21 °C, and more CTAB
monomers were available for coating, facilitating the formation of silica shells at 21 °C. At 21 °C
and [CTAB] ~1.4 mM, sample 1.4b contained about four times as many end-coated GNRs as coreshell nanoparticles (78.8 %:21.2 %). When [CTAB] was increased to 1.6 mM at the same
temperature, the numbers of end-coated GNRs and core-shell GNRs changed only slightly (71.6
%:28.4 %) with a higher ratio of dGNRs in sample 1.6b. The reaction yields of end-coated GNRs
changed dramatically at 23 °C compared with results observed at lower temperatures and reached
64 % at [CTAB] ~1.2 mM, while at [CTAB] ~1.4 and 1.6 mM, the ratio reversed and over 70 %
of particles were core-shell GNRs. At 23 °C and [CTAB] ~1.6 mM, sample 1.6c also contained a
large number of silica nanoparticles (Figure S2b), indicating an abundance of CTAB. Under these
conditions, CTAB crystals completely dissolved, which led to an increased concentration of
fCTAB, exceeding that of bCTAB, as well as causing the saturation of bCTAB GNR surfaces.
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The analysis of STEM images revealed that some GNRs retained only one silica sphere, likely
due to the other being torn off by mechanical forces during centrifugation and drying (Figure 2).
Several isolated silica spheres in figure 2 show hollow, round-shaped areas which indicate that
they originally grew on GNRs. This separation is likely to be due to weak interaction between the
silica coating and the GNR, perhaps enhanced by the less compact surfactant bilayer that we
exploit for anisotropic coating.

Figure 2. STEM image of end-coated GNRs indicating isolated hollow silica spheres that have
been detached from gold cores.
It is noted that at the same [CTAB], the ratio of nanolollipops to dGNRs decreases as temperature
increases, suggesting a less porous, thus more robust silica structure, at higher temperature,
possibly related to a faster shell assembly rate resulting from the abundance of fCTAB. At low
temperatures, when the density of terminal silica spheres is low, we propose that the porous coating
is likely to be more fragile at the interface between the gold surface and terminal spheres, making
separation from gold cores easier.
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Our STEM images have shown dGNRs with separated terminal spheres as well as some dGNRs
with overlapping silica that extends from spheres to sides (Figure 3a). Figure 3b shows a TEM
image of a dGNR with a thin layer of silica on the side that connects both terminal spheres. The
thickness of the side coating can vary from a few nanometers (Figure 3b) to a thicker and more
significant overlap (Figure 3a). This side coating could affect further functionalization and result
in molecules assembling on both the silica spheres and the silica-coated sides of the GNRs. Side
layers could also hinder the oxidation efficiency of bare gold in GNRs when combined with
catalysts on their ends. As discussed below, the radius of attached spheres remains approximately
20 nm and is insensitive to growth conditions. This suggests that the growth of dGNRs is selflimiting so that once a maximum end-cap size is achieved growth stops and side layers grow from
remaining TEOS and CTAB. This is in agreement with a model that has been used elsewhere to
explain the end-functionalization of rod-like NPs and other NPs with tips and edges, in which the
functionalization occurs preferentially at curved surfaces due to their unevenly distributed CTAB
bilayer, as depicted in figure 3c.39,41,43,44,47,48 There, the condensation may proceed deeper inside
the bilayer than it would be possible on sides where the density of the bilayer is higher (Figure 3d),
which allows silica spheres to form (Figure 3S). The thickness of a CTAB bilayer is only 0.8 – 2.2
nm, which is difficult to visualize when GNRs are encapsulated in silica shells with higher density
and CTAB chains within the bilayer are compressed or bent.61,62
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Figure 3. STEM image of dGNRs and porous silica coating a) and TEM image of dGNR with a
thin, porous silica layer on the sides of GNRs b). Schematics of the growth of silica (purple) with
CTAB chains (black zig zag lines) on ends c) and sides d) of GNRs.
Figure 4 shows elemental mapping of two dGNRs of different aspect ratios, collected using
electron energy loss spectroscopy in STEM. Shell material is indicated by the strong presence of
Si, O and C, which together are indicative of the incorporation of CTAB and TEOS reaction
products inside the silica structure. The top panels are for a relatively long dGNR, for which the
growth of the silica spheres has terminated before the spheres overlap. Only a thin silica coating
is expected around the middle of the GNR. The bottom panels relate to a shorter GNR, where the
silica spheres have grown sufficiently close that the silica coating on the intervening has thickened
to produce a 'hybrid' structure that is intermediate between a dGNR and a core-shell GNR. Note
that the stronger signal intensities in the lower panels indicate denser silica for the shorter GNR.

14

Morphological changes of silica shells deposited on gold nanorods: implications for nanoscale photocatalysts

Figure 4. STEM-EELS elemental mapping of two dGNRs with (a) a high and (b) a lower aspect
ratio. (Left) A HAADF-STEM image of the spectrum image area, with contrast boosted to reveal
the relatively weak signal from the silica shell, which saturates the GNR signal. (Middle)
Elemental maps, measured using the K-edges of C, O and Si and the M4,5 edge of Au and
following background subtraction. The carbon signal is weak due to the spectrometer acquisition
timing. (Right) False-coloured map showing the distribution of (red) oxygen, (green) silicon and
(blue) gold, with silica appearing as yellow. The same area is imaged in the HAADF as in
the subsequent panels for each GNR, with the scalebar in the HAADF image indicating the GNR
size.
CTAB clearly plays a critical role in the synthesis of end-functionalized GNRs by determining
the aggregation sites for silica. As will be discussed below, the increased stability of the
coating/dumbbell morphology, higher yield of core-shell GNRs and lower yields of nanolollipops
observed at higher temperatures all rely on the abundance of CTAB incorporated in shells. The
high sensitivity to CTAB and temperature shows the importance of carefully selecting the range
of reaction conditions, as even a small deviation in either the reaction temperature or the amount
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of CTAB may lead to an irregular coating, generation of core-shell GNRs or unwanted secondary
products such as free silica particles.
3.2. The effect of the GNR concentration on the formation of dGNRs
The surface area available for adsorption on precursor GNRs and their aspect ratio are expected
to affect the growth mechanism of dGNRs. To investigate the effect of [GNR] on the synthesis of
dGNRs, we reduced [GNR] to ~0.6 nM while maintaining other parameters. The [CTAB] was set
at ~1.6 mM as the highest yield of dGNRs was produced at this condition. The data were then
compared with samples 1.6a-c in Table 2. In contrast to the absence of silica coating observed
from previous samples prepared at 19 °C with [GNR] 1nM, sample 1.6d contained over 85 % of
end-coated nanostructures. However, the morphology of product nanoparticles shifted to coreshell GNRs when the temperature was increased to 21 and 23 °C. Despite the high yield of endcoated GNRs, it should be noted that synthesis at 19 °C is very sensitive to experimental
uncertainty that impairs the reproducibility of the method.
We propose that the decrease of [GNR] at 19 °C resulted in an increased amount of CTAB and
TEOS per GNR, which established a bilayer and allowed silica shells to be formed. This also
contributed to higher yields of core-shell GNRs formed at temperatures above 21 °C (1.6e,f)
compared with [GNRs]~1 nM. This confirms that [GNR] can be used to control the synthesis/yield
of the synthesis.42
Table 2. Comparison of final growth yields of silica-coated samples with 0.6 and 1nM GNR
solutions.
Sample

1.6a

1.6b

1.6c

1.6d

1.6e

1.6f

CTAB
[mM]

1.6

1.6

1.6

1.6

1.6

1.6
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GNR [nM]

1

1

1

0.6

0.6

0.6

t [°C]

19

21

23

19

21

23

Dumbbell
[%]

-

51.4

27.7

40.5

27.4

27.7

Core-shell
[%]

-

28.4

71.4

14.5

61.0

65.7

Lollipops
[%]

-

20.2

0.9

45.0

11.6

6.6

Because [GNR] ~0.6 nM enabled the production of end-functionalized GNRs at all the
investigated temperatures, this concentration was investigated further to determine the effect of
aspect ratio on the shell morphology.
3.3. The effect of aspect ratio on the formation of dGNRs
Apart from reagent concentrations, another crucial factor in the silica coating of GNRs that has
received little attention is the aspect ratio of gold cores. Wu and co-workers showed that the right
combination of the CTAB chain length and diameter of GNRs is important for the end-coating of
GNRs with titanium oxide, as both parameters influence the density of the CTAB bilayer.47 The
diameter of GNRs was shown to determine the compactness of the CTAB bilayer by limiting the
number of CTAB chains that can cover the gold surface on curved ends. CTAB chains of different
lengths exhibit different hydrophobic interactions between molecules as well as different
hindrance to approaching coating agents. Terminal curvatures, the width of GNRs and steric
hindrance between CTAB chains all change with aspect ratio. Therefore, GNRs with various
aspect ratios may yield different numbers of end-coated GNRs and an optimal combination of
aspect ratio and [CTAB] is needed to achieve high yield synthesis.
In order to investigate the effect of aspect ratio on the growth of dGNRs, we applied our method
of anisotropic silica coating on GNRs with aspect ratios ~2.1 (34.8 ± 6.8/16.5 ± 4.2 nm) (GNR1)
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and ~3 (50.6 ± 5.3/16.6 ± 2) (GNR2) (Figure S1b,c). Two temperatures, 21 and 23 °C, were
compared. The temperature 19 °C was excluded because of the low surfactant solubility. The
amount of TEOS remained unchanged, 27 µL in 3mL solutions. Experimental conditions and
corresponding results are summarized in table 3and CTAB are a suitable combination for the
synthesis of dGNRs.47.
Gold nanorods with a low aspect ratio (~2.1) (GNR1_21 – 23) (Figure 5a) formed predominantly
core-shell GNRs and notably less dGNRs, whereas the yield of dGNRs containing GNRs with
high aspect ratio (~3) (GNR2_21 – 23) increased up to 76.0 % at 23 °C. The significant difference
in yields of dGNRs implies a clear dependence of the site-selective coating on aspect ratio. The
uniform shape of dGNRs in GNR2_23 (Figure 5b) also suggests that an aspect ratio of ~3 and
CTAB are a suitable combination for the synthesis of dGNRs.47
Table 3. Summary of experimental conditions used for the anisotropic silica coating of GNRs of
various aspect ratios, and the resulting reaction yields of synthesized nanostructures.
Samples

GNR1_21

GNR1_23

GNR2_21

GNR2_23

CTAB [mM]

1.6

1.6

1.6

1.6

GNR [nM]

0.6

0.6

0.6

0.6

LSPR [nm]

635

635

726

726

t [°C]

21

23

21

23

Dumbbell [%]

18.8

11.6

48.9

76.0

Core-shell [%]

80.5

86.6

34.4

22.9

Nanololl. [%]

0.7

1.8

16.7

1.0
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Figure 5. STEM images of a) GNR1_23 and b) GNR2_23 and c) comparison of extinction spectra
of gold cores and silica-coated GNRs.
A comparison of extinction spectra (Figure 5c) shows that wavelengths of longitudinal surface
plasmon bands of GNRs prepared at 19 °C did not shift with respect to the original GNRs as the
coating was not successful at this temperature. At reaction temperatures 21 and 23 °C, extinction
spectra were red-shifted by approximately 15 nm upon silica coating compared with uncoated
GNRs. The change in the extinction is attributed to the higher refractive index of the silica layer
compared with water, which influences the longitudinal plasmon mode due to its sensitivity to
changes of refractive index at the surface.42,44
Our results suggest that the full coating is the dominant shell morphology on short GNRs. This
is probably due to the fact that the length of rods defines the distance between two terminal silica
spheres. In the case of short rods, their terminal spheres could be in contact before reaching their
self-limiting size. When the two spheres are not energetically favorable anymore, resulting surface
diffusion and growth in the neck could lead to a core-shell structure.4 In contrast, a larger aspect
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ratio sets the ends of GNRs farther apart, which facilitates the growth of isolated silica at the
endcaps. Silica spheres on long GNRs will remain separate for longer,55 until the continuous
deposition of CTAB/silica particles increases the surface area of silica to the point where attached
spheres begin to merge into full shells. This, again, is consistent with the growth model described
above.
3.4. Tuning of the optimal growth yield
To further optimize the shape and yields of anisotropically coated GNRs and to reduce the number
of core-shell GNRs, the aspect ratio of gold cores was increased to ̴ 3.6 (44.3 ± 4.2/12.3 ± 1.9 nm)
(Figure S1d) and the amount of TEOS was varied in the range 27, 25, 23 and 21 µL. The reaction
temperature was maintained at 23 °C because in the previous step, the highest yields of end-coated
GNRs were achieved at this temperature. The decreasing amount of TEOS in combination with
the higher aspect ratio of gold cores improved growth yields of dGNRs to >87 %, reaching 91 %
when the added volume of TEOS was 23 µL, while yields of core-shell GNRs were reduced to
less than 10 % for all three samples (27, 25 and 23 µL) (Figure S4). The above yields of dGNRs
are, to the best of our knowledge, the highest values reported in studies of anisotropic silica coating
of GNRs.44,45 When 21 uL of TEOS was added, the total yield of end-coated GNRs was over 90
% but with a relatively large fraction of nanolollipops. As discussed in section 3.1, nanolollipops
originated from dGNRs with silica spheres detached from GNRs. It was reported that TEOS at
low volumes may not fully surmount the energy barrier of the CTAB bilayer on ends.45 In
these conditions, silica does not reach the gold surface and penetrates the CTAB bilayer
only partially. The resulting silica spheres could have lower density foundations and be
mechanically less robust, generating more nanolollipops. Even though detached silica spheres
were present in all samples, considerably higher yields of dGNRs (>87%) were achieved with most
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TEOS volumes used in this study (i.e., 27, 25, 23 µL), indicating an improved efficiency and
stability of the dGNR morphology. Furthermore, the thickness of silica coatings was investigated
to determine whether varying the amount of TEOS also produces different sizes of end caps. It
was found that the radius of attached silica did not vary significantly between the four samples and
remained approximately 20 nm. Varying volumes of TEOS in this region to optimize the dGNR
yield therefore did not cause significant changes in proportions of terminal silica spheres.
4. CONCLUSIONS
The present study has systemically investigated the effect of various reaction parameters on the
morphology of silica coating on GNRs. The key factor in end-functionalization of GNRs was
indicated to be the irregular CTAB layer on nanorod ends, which allows the hydrolyzed TEOS
species to directly access the gold surface and form silica shells. We observed that temperature
significantly influences the shell morphology and the final yield of dGNRs by affecting the
solubility of CTAB. The growth of silica is hampered at 19 °C due to the low solubility of CTAB
that can be, to some degree, compensated by increasing the concentration of free surfactant in the
solution. This hindrance seems to be eliminated at 21 and 23 °C, when sufficient amounts of CTAB
are dissolved and are available for the formation of CTAB/silica building blocks that assemble
into shells.
Both the temperature and variations in CTAB concentration cause a transition between the three
types of nanostructures, yielding more end-functionalized GNRs than core-shell GNRs at lower
temperatures and lower CTAB concentrations. The stability of coating improves with increasing
temperature and concentration of CTAB, gradually decreasing the number of nanolollipops with
separated terminal silica spheres. In some cases, silica can extend to the sides and create a porous
layer of varying thickness that links two terminal silica spheres and may represent a potential
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complication for further site-selective functionalization. The presence of a silica side layer
suggests that silica spheres grow first directly on ends of GNRs and then merge as a result of an
ongoing deposition of remaining CTAB with TEOS.
Our results further suggest that the aspect ratio of GNRs determines the stability of the dumbbell
shape by establishing the inter-sphere distance as well as the compactness of the CTAB bilayer.
Therefore, GNRs with higher aspect ratio seem to be better suited for end-functionalization. The
full coating was found to be the dominant shell morphology for GNRs with low aspect ratios. We
demonstrate that with the right combination of aspect ratio and reaction parameters, the dumbbell
shape as well as the yield of dGNRs may exceed even 90 %, which is the highest yield reported so
far.
The dumbbell-like morphology is an interesting platform with two binding sites on its ends that
are available for additional surface modification. A direct loading of porous coating with
fluorescence or SERS reporters is also possible, so that these nanostructures may find application
in metal-enhanced fluorescence and SERS. Fluorophores and other probes that could benefit from
the spatially restricted localization and interaction with strong longitudinal plasmon fields are an
obvious choice for investigating the enhancing potential of this nanostructure on their
performance. Moreover, due to the bare sides of gold cores, gold can directly participate in
oxidation reactions when paired with catalysts, which makes them particularly suitable for
photocatalytic systems.
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