
This item is the archived peer-reviewed author-version of:

Layered silicate clays as templates for anisotropic gold nanoparticle growth

Reference:
Hill Eric H., Claes Nathalie, Bals Sara, Liz-Marzan Luis M..- Layered silicate clays as templates for anisotropic gold nanoparticle
growth
Chemistry of materials - ISSN 0897-4756 - 28:14(2016), p. 5131-5139 
Full text (Publisher's DOI): http://dx.doi.org/doi:10.1021/ACS.CHEMMATER.6B02186 
To cite this reference: http://hdl.handle.net/10067/1351780151162165141

Institutional repository IRUA

http://anet.uantwerpen.be/irua


 
 

This document is confidential and is proprietary to the American Chemical Society and its authors. Do not 
copy or disclose without written permission. If you have received this item in error, notify the sender and 
delete all copies. 

 

 
 

Layered Silicate Clays as Templates for Anisotropic Gold 

Nanoparticle Growth 
 
 

Journal: Chemistry of Materials 

Manuscript ID cm-2016-021868.R1 

Manuscript Type: Article 

Date Submitted by the Author: 22-Jun-2016 

Complete List of Authors: Hill, Eric; Centro de Investigacion Cooperativa en Biomateriales 
Claes, Nathalie; EMAT, University of Antwerp,  
Bals, Sara; EMAT-University of Antwerp, Physics 
Liz-Marzán, Luis; CIC biomaGUNE, ;   

  

 

 

ACS Paragon Plus Environment

Chemistry of Materials



1 

 

Layered Silicate Clays as Templates for Anisotropic Gold 

Nanoparticle Growth 

Eric H. Hill
1
, Nathalie Claes

2
, Sara Bals

2
, Luis M. Liz-Marzán

1,3
 

1
 Bionanoplasmonics Laboratory, CIC biomaGUNE, 20009 Donostia-San Sebastián, 

Spain 

2
 EMAT-University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium 

3
 Ikerbasque, Basque Foundation for Science, 48013 Bilbao, Spain 

 

Abstract 

 Clay minerals are abundant natural materials arising in the presence of water, 

and are composed of small particles of different sizes and shapes. The interlamellar 

space between layered silicate clays can also be used to host a variety of different 

organic and inorganic guest molecules or particles. Recent studies of clay-metal hybrids 

formed by impregnation of nanoparticles into the interlayer spaces of the clays have not 

demonstrated the ability for templated growth following the shape of the particles. 

Following this line of interest, a method for the synthesis of gold nanoparticles on the 

synthetic layered silicate clay laponite was developed. This approach can be used to 

make metal-clay nanoparticles with a variety of morphologies while retaining the 

molecular adsorption properties of the clay. The SERS enhancement of these particles 

was also found to be greater than that obtained from metal nanoparticles of a similar 

morphology, likely due to increased dye adsorption from the presence of the clay. The 

hybrid particles presented herein will contribute to further study of plasmonic sensing, 

catalysis, dye aggregation, and novel composite materials. 
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Introduction 

 Metal nanoparticles (NPs) are of great interest due to their myriad applications 

arising from nanoscale properties, which deviate from those of bulk materials.
1
 Noble 

metals are particularly interesting and have been well-studied due to their shape- and 

size-dependent physical and electronic properties.
2
 Many of these properties are granted 

or influenced by the occurrence of plasmons, which are oscillations of the electron 

density in the nanoparticle upon excitation by light.
3
 In addition to non-linear optical 

effects and improved catalysis, surface plasmons can greatly enhance the scattering of 

molecules in the vicinity of the metal surface where the plasmon is generated, and this 

effect has given rise to highly-sensitive analytical techniques such as surface enhanced 

Raman scattering (SERS), which can even reach single-molecule detection under 

certain conditions.
4
 SERS alone has led to a plethora of interesting advances in sensing 

of molecular species, ions,
5
 disease biomarkers, and other compounds, leading to 

breakthroughs in medical diagnostics,
6
 monitoring of environmental pollutants,

7
 and 

monitoring the dynamics of bacterial communication.
8
 In addition to analytical 

techniques, metal nanoparticles have been shown to have improved catalytic properties 

compared with bulk.
9
 A number of reviews cover the history of these developments, 

which have guided the synthetic efforts of metal NPs over the last 20 years.
1,2,9-11

 

Through control of the twinning and crystal structure of metal seed particles, the growth 

of the particle along different crystal facets can be directed to form anisotropic shapes 

such as triangles and rods.
12,13

 Recently, studies on the use of template materials for the 

growth of metal nanoparticles to conform to a certain shape have been performed using 

inorganic templates such as silica and biological templates such as DNA and viral 

capsids, though many of these techniques still rely on the use of seeds for some part of 

the synthesis.
9,10

 Clay particles have also been used to direct nanoparticle growth,
14

 with 

recent emphasis on layered silicate clays due to their interesting electrostatic properties 

and anisotropic shapes.    

 Clay minerals are abundant natural materials arising in the presence of water, 

which can be dispersed in liquids to form suspensions consisting of particles with a 

variety of sizes and shapes such as rods
15

 and plates.
16

 These clay particles are able to 

self-organize into complex structures
17

 and can have rheological effects resulting in a 

variety of phases such as gels
18

, glasses,
19,20

 and “ringing” gels.
21

  In addition to their 

abundance and low cost, properties of clays such as high surface area, good ion-
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exchange capacity, and recyclability have led to their use in numerous industrial 

processes. Layered silicate clays, such as montmorillonite and laponite, can delaminate 

in water to a suspension of platelets with a high aspect ratio (300:1).
19,22–24

 Studies have 

shown that through loading of organic molecules on clay particles, the intermolecular 

interactions and resulting molecular aggregates can be altered.
25

 This can result in 

different photophysical and chemical properties leading to alteration of photochemical 

processes
26,27

 such as the enhancement of organic laser dyes
25

 and reducing 

photochemical degradation.
28

 Additionally, their potential biomedical applications, such 

as drug-delivery and release and wound healing, have been the subject of recent 

study.
29–33

 We expect that the combination of plasmonic properties of anisotropic metal 

nanoparticles with the molecular adsorption of the clay will lead to improved SERS 

enhancement over a purely metal particle.  

Laponite RD (laponite) is a synthetic layered silicate clay with the chemical 

formula Na
+0.7

[(Si8Mg5.5Li0.3)O20(OH)4]
−0.7. Its specific surface area determined by nitrogen 

adsorption is 370 m
2
/g, and its density is ~2.53 g/cm

3
.
34

 A smectite-type clay, it is 

composed of disc-like particles with a thickness of ~1 nm and a diameter of 25-30 nm.
35

 

While the cation exchange capacity is 0.75 meq/g, the discs can be charged 

heterogeneously in aqueous suspensions depending on the pH.
36

 While similar to other 

natural smectite clays such as montmorillonite, the synthetic nature of laponite provides 

a clay with a narrower distribution of particle diameter and cation exchange capacity. 

Scheme 1 gives a visual representation of laponite and its crystal structure.   

 

Scheme 1. Schematic view of the morphology, surface charge distribution and crystal 

structure of a laponite clay particle. 
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While previous studies have demonstrated the potential for layered silicate clays 

to be used as supports for metal nanoparticle growth and intercalation,
26,27

 the ability to 

use the delaminated clay particles as shaped templates for nanoparticle growth has not 

been achieved. In previous studies, the resulting particles are either spherical and/or 

small (<10 nm), due to particle growth in the interlamellar spaces of the clay.
26,27

 In this 

case, the growth of the metal crystal is not influenced by the discoidal shape of the clay, 

which we found of interest toward the preparation of composite metal-clay particles, in 

particular when using fully delaminated discoidal clay particles. Following this line of 

interest, the synthesis of gold nanoparticles on the synthetic layered silicate clay 

laponite was developed in this work.  

 

Materials and Methods 

Materials 

Cetyltrimethylammonium chloride 25% (w/w) (CTAC), HAuCl4 (99.99%), L-ascorbic 

acid (99%) (AA), sodium hydroxide (98%), and hydrochloric acid (37%) were obtained 

from Sigma-Aldrich and used without further purification. Laponite RD was graciously 

provided by BYK additives. All solutions and dispersions were prepared using 

Millipore-filtered water with a resistivity of 18.2 MΩ·cm. Dispersions of laponite were 

prepared at 1 mg/mL, sonicated in a bath-type sonicator (200W, Ultrasons-H, JP 

SELECTA) for an hour, and allowed to sit for 24 hours prior to use. 

 

Synthesis of Au-Laponite nanoparticles 

In a typical synthesis, the following procedure was followed, but synthesis parameters 

were systematically varied, such as reagent concentrations, temperature (0, 28, and 60 

ºC), and pH. Laponite dispersion (8 mL, 1 mg/mL) was diluted to 100 mL with water, 

and HAuCl4 (10 µL, 126 mM) was then added under constant stirring, followed by 100 

µL of 25% CTAC (754 mM) and the solution was sonicated for 5 minutes. Upon 

removal from the sonication bath, the solution was returned to the stirring plate and AA 

(100 µL, 127 mM) was added under vigorous stirring. The pH of the laponite dispersion 

was typically 7.4, however to explore the effects of pH on charging of the edges of the 

laponite discs, reactions were also carried out with solution pH adjusted to 5.1, 3.1, 2.8, 
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and 2.5, using 0.1M HCl. An additional synthesis was carried out to study the influence 

of a long stirring time (rather than sonication of laponite with gold). To this end, 

laponite dispersions of 1 mg/mL, 0.66 mg/mL, 0.33 mg/mL, and 0.1 mg/mL were 

stirred overnight with a magnetic stirrer at 700 rpm and 25 ºC. Rapid stirring was 

applied prior to adding ascorbic acid. The appearance of a blue color within seconds of 

AA addition indicated particle formation, and the synthesis was deemed complete 

within minutes of the color formation. Particles were rinsed by centrifugation at 6500 

rpm followed by redispersion in water. 

 

Characterization  

UV-Visible absorbance spectra of particles dispersed in water were recorded with an 

Agilent 8543 UV-visible spectrophotometer. Dynamic light scattering and zeta-potential 

were measured using a Malvern Instruments Zetasizer Nano S. Samples for electron 

microscopy were prepared by vacuum-drying of a small volume (1-10 µL) of a particle 

dispersion onto the carbon film of a copper Transmission Electron Microscopy (TEM) 

grid (400 mesh size carbon film). Initial TEM characterization was performed using a 

JEOL JEM-1400PLUS with an accelerating voltage of 120 kV. Advanced electron 

microscopy, including Energy Dispersive X-ray Spectroscopy (EDX), was performed 

using a FEI Tecnai operated at 200 kV. Surface enhanced Raman scattering (SERS) 

measurements were performed on a confocal Raman microscope (micro-Renishaw 

InVia Reflex system equipped with Peltier charge-coupled device (CCD) detectors) 

using a 10× objective (N.A. = 0.85) with an excitation wavelength of either 633 nm 

with 1800 lines/mm diffraction grating, or 785 nm with a 1200 lines/mm grating.  P ≈ 

0.15 mW, integration time 10 s. Samples were prepared in glass vials with a total 

volume of 1 mL of Millipore-filtered water and 1 µM of either 4-mercaptobenzoic acid, 

1-Napthalene thiol, 2-napthalene thiol, or crystal violet. [Au
0
] was 0.25 mM for all 

particles tested. SERS results for laponite-gold particles were compared with surfactant-

free gold nanostars synthesized by a published seed-mediated growth method.
37

 

 

Results and Discussion 

Surfactant-free AuNPs on Laponite Clay 
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The formation of gold nanoparticles on the layered silicate clay, Laponite RD, was 

performed by diluting laponite in water, sonicating it together with HAuCl4, and adding 

ascorbic acid under stirring. In order to examine the effects of sonication, nanoparticles 

were also synthesized with the sonication step replaced by overnight stirring. 

Experimental details are described in the Methods section. The strong interaction 

between Au and laponite is clear even prior to the reduction step. The absorbance band 

of HAuCl4 at 310 nm shifts to 290 nm in the presence of laponite, and increasing 

laponite concentration to 1 mg/mL can even result in complete damping of the band 

(Figure S1, Supporting Information). This demonstrates formation of an AuCl3 

complex with laponite, in analogy with citrate reduction, where substitution of a Cl
-
 

ligand by OH- groups has been shown to be the initial step.
38

 Following the formation 

of an AuCl2OH
-
 complex at the laponite interface, progression towards reduction into an 

Au
1
 complex is likely to occur with the aid of SiO

-
 and SiOH groups on the faces of 

laponite. The measured laponite size of ~25 nm with a discoidal shape, and ζ-potential 

of -39 mV, are consistent with reported parameters (Table S1 of Supporting 

Information).
31

 UV-Vis spectra (Figure 1) clearly show that control syntheses using 

CTAC but not laponite result in formation of spherical AuNPs, as indicated by the 

narrow absorbance band at ~520 nm. The redshifted absorbance when laponite is 

involved in the synthesis is related to increased anisotropy of the particle shape. 

Likewise, the effect of [HAuCl4] or amount of dispersed clay on the morphology of the 

resulting AuNPs can be estimated from the UV-Vis spectra in Figures 1B and 1C, 

below. 
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7 

 

 

Figure 1. UV-Vis-NIR absorbance spectra of AuNPs grown on laponite clay. (A) 

CTAC control and particles formed with 0.1 mg/mL laponite (with and without CTAC); 

(B) Variation of laponite concentration from 0.01 to 0.2 mg/mL; (C) Variation of 

HAuCl4 amount with 0.1 mg/mL laponite. 

Au
3+

 ions in HAuCl4 are likely to associate strongly with the negatively-charged 

faces of the clay, providing a shell of adsorbed ions which could then be reduced to Au
0
 

at the clay surface upon addition of the reducing agent. One would expect that a high 
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8 

 

gold/clay ratio would result in AuNPs which are more spherical due to the overgrowth 

of gold beyond a thin layer around the discoidal clay particles or clusters thereof. This is 

indeed observed in the UV-Vis spectra, where decreased laponite and constant Au (Fig. 

1B) or increased Au with constant laponite (Fig. 1C), both show this trend, i.e. a lower-

energy band and blue color for low gold:laponite ratio and a higher energy absorbance 

band and more red color for a high gold:laponite ratio. This red-shift of the plasmon 

band and tailing into the near infrared is clear evidence of the increased anisotropy of 

the particles, and can be observed for most of the anisotropic particles presented herein. 

Influence of surfactant and reducing agent concentration on appendage formation 

The synthesis of anisotropic gold nanoparticles is generally performed with a 

stabilizing surfactant or polymer, which plays several important roles such as stabilizing 

specific crystal facets and arresting kinetic growth.
11

 In the case of layered silicates such 

as laponite, their highly anionic silicate faces have a strong electrostatic interaction with 

Au
3+

 and, when CTAC is used as a surfactant, one can also expect strong interaction 

between the faces of the laponite and the ammonium ions in CTA
+
. CTA

+
 has been 

previously used to organically modify layered silicate clays, facilitating delamination of 

the individual discoidal particles.
39,40

 Therefore, the influence of CTAC on the synthesis 

of the particles was explored. Interestingly, while previous studies involving CTAB 

showed flocculation or increased aggregation of laponite particles with CTAB, the 

addition of CTAC did not result in such flocculation, but instead facilitated 

delamination at the same ratio of surfactant:laponite.
40

 This suggests that the counter-

ion of CTA
+
 plays a strong role in the delamination of the clay particles, which may be 

of interest for future studies. In a previous study of the seedless formation of single-

crystal Au nanostars using CTAC, it was shown that both the CTAC:Au ratio and 

temperature could be used to control the degree of anisotropy in the particles.
41

 With a 

high CTAC:Au ratio (120:1), it was found that numerous single-crystal appendages 

would form. Using the same surfactant, we explored the ability to control the degree to 

which the clay-AuNPs form anisotropic appendages through variation of CTAC and 

ascorbic acid concentration. The change in nanoparticles shape was monitored by TEM, 

as shown in Figure 2. 
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Figure 2. Laponite-Au nanoparticles formed with increasing concentrations of CTAC 

(A-C) and ascorbic acid (D-F), at constant [lap] = 0.1 mg/mL, [Au] = 12.7 µM. CTAC 

was varied: [CTAC]=0 (A), 0.37 mM (B), and 1.5 mM (C), keeping [AA]= 63 µM. AA 

was varied: [AA] = 25 µM (D), 63 µM (E), 0.5 mM (F), keeping [CTAC] = 0.37 mM. 

Scale bars are all 100 nm. 
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The TEM images in Figure 2 clearly show two significant structural changes upon 

variations in the amount of CTAC or ascorbic acid added. First, the presence of CTAC 

results in slightly larger particles. From top to bottom on the left-hand side of Figure 2, 

it is apparent that with an increase in CTAC the number of finger-like extrusions 

increases, though they are not extending away from the surface, leading to increased 

particle size. This is also shown as an increase in absorbance of the plasmon band in the 

NIR (Figure S2; Supporting information). The influence of reducing agent (AA) 

concentration on the length of the extrusions was also established. With an AA:Au ratio 

of 2:1, extrusion length was up to 100 nm (Figure 2D). As the concentration of AA was 

increased, the length of the extrusions was reduced, but the total number of extrusions 

increased. The greatest AA concentration, with an AA:Au ratio of 40:1, resulted in 

particles with few short extrusions (Figure 2F). The extrusions, particularly in the 

spider-like particles in Figure 2D, appear to have a central origin which supports the 

hypothesis that single laponite particles serve as the initial site for metal salt reduction. 

While these experiments were performed with similar CTAC:AA:Au ratios as a 

previous study of seedless CTAC particles
41

, the particle morphologies obtained herein 

are different, and of a more uniform shape and size due to the particle growth being 

initially confined to the clay template. 

Measurement of the ζ-potential allowed us to determine the surface charge of the 

particles, and thereby estimating the stability of the particles in solution. Bare laponite 

has a ζ-potential of -39 mV, owing to the strong anionic character of the faces of the 

disc-like particles. Upon formation of AuNPs with laponite, the ζ-potential increased to 

-27 mV, as the gold metal coats the anionic faces of the clay disc. For those particles 

formed with laponite through overnight stirring, the particles were not only found to be 

larger by dynamic light scattering and TEM (Table S1, Figure S3), but also less stable 

in solution, with a ζ-potential of only -18 mV. The most stable particles formed on 

laponite were those where CTAC was involved in the synthesis, with a ζ-potential 

around +40 mV, the positive charge occurring from the cationic CTA
+
 surrounding the 

particles. Tabulated values for ζ-potential and particle size by dynamic light scattering 

are provided in Table S1 of the supporting information. In order to better understand 

the three-dimensional (3D) morphology of the particles, further characterization was 

carried out using high angle annular dark field scanning transmission (HAADF-STEM) 

Page 10 of 23

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11 

 

electron tomography. 3D reconstructions of representative particles for the different 

synthetic approaches are shown in Figure 3. 

 

 

Figure 3. HAADF-STEM and 3D reconstructions for laponite-Au nanoparticles of (A) 

[lap] = 80 ug/mL, [Au] = 12.7 µM, [AA]= 127 uM, similar to Figure 2A; (B) [lap] = 80 

ug/mL, [Au] = 12.7 µM, [AA]= 127 uM, [CTAC]= 0.37 mM; (C) [lap] = 80 ug/mL, 

[Au] = 12.7 µM, [AA]= 25 uM, [CTAC]= 0.37 mM, similar to Figure 2D; (D) [lap] = 1 

mg/mL, [Au] = 63.5 µM, [AA]= 423 µM, with 24 h stirring prior to AA addition. Scale 

bars are 10 nm. 

Electron tomography enables one to observe the particles from different angles, 

evidencing a flattened aspect for the simpler particles in Figure 3A and 3B. This is 
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expected to result from the templating effect of individual silicate particles prior to 

reduction of adsorbed Au ions into Au
0
 by ascorbic acid. In Figure 3C (same particles 

as in Fig 2D), the appendages coming out of the particle can be clearly observed, in 

addition to a convoluted central structure. Finally, in Figure 3D the particles 

synthesized by stirring a relatively high laponite concentration (1 mg/mL) overnight 

with gold salt, prior to ascorbic acid addition, are shown to have a richer structure which 

lends to a high surface area. These particles are also fairly large (80-100 nm), and their 

complex shape resembles a cluster of particles such as those given in Figures 2A or 3A. 

This appearance suggests that the stirring time with Au
3+

 allows the aggregation of 

multiple disc-like laponite particles into a typical house-of-cards type aggregate prior to 

reduction.
42

 Additional characterization by TEM and UV-Vis of these particles supports 

this hypothesis, as the increase in Au:lap ratio in this particular synthesis leads to larger 

final particles, where the Au ions may behave as a sort of “glue” to induce laponite 

aggregation throughout the stirring process (Figure S3). The evolution of particle size 

with different stirring times was not evaluated, but is expected to follow the previously 

reported trends in clay aggregate size over time.
43

 An important piece of information 

regarding the role of the clay discs is provided by EDX measurements of the particles, 

which reveal the colocalization of Si and Mg with Au, thus suggesting the presence of 

laponite in the particles. A representative example is shown in Figure 4.  
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Figure 4. EDX Analysis of lap-Au particles. (A) With CTAC; (B,C) Surfactant-free 

particles obtained after overnight stirring prior to reduction. Au, Mg, and Si are imaged 

in A and B. C shows the difference in elemental composition in different regions of a 

single particle.  

In Figure 4 the EDX analysis of two different types of particles is shown. Both the 

particles stabilized by CTAC (Figure 3B) and those which were stirred overnight prior 

to reduction (Figure 3D) showed co-localization of Au, Mg, and Si. In the case of the 

overnight-stirred particles, signals from Mg and Si are also outside of the Au region 

(Figure 4B). This is likely the result of either ablation of the clay causing the signal to 

spread out, or the aggregation of laponite at the surface of the gold particle. The signal 

to noise ratios of the Mg and Si measurements are much lower than that of Au due to 

lower atomic number and some overlap in the EDX peaks of Si and Au. Despite these 

complications and the low thickness of the clay particles, the Mg and Si are co-localized 

at the expected stoichiometry (Si to Mg 8:5.5).  

The influence of pH on the charge of the edges of laponite discs is well-known, 

with a pH <11 leading to positively charged edges.
43

 The transition from a neutral to a 

strongly acidic solution would in turn enhance the edge-face interactions through 

increased Coloumb interactions, resulting in increased likelihood of the formation of the 
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typical “house of cards” type of stacking observed with layered silicate clays. In order 

to study this effect, the synthesis was carried out with different amounts of HCl or 

NaOH added to the solution prior to sonication with surfactant. In the case of added 

NaOH, increased rate of particle growth is observed as is commonly known to occur in 

AuNP syntheses.
44

 On the other hand, the addition of acid to the solution prior to gold 

reduction strongly influences the particle morphology. In addition to a reduction in the 

rate of particle growth, also commonly known to occur for AuNP synthesis, increased 

HCl concentration led to the formation of particles with highly-branched structure 

(Figure S4, supporting information). The UV-Vis spectra (Figure S4A) show that as 

pH is varied between 3.1 and 2.5, the plasmon band at ~610 nm dampens and broadens, 

whereas the absorption in the infrared increases. The strong IR absorbance shows an 

increased aspect ratio (higher anisotropy) for the resulting particles. Indeed, when 

analyzing the TEM images (Figure S4B-D), the formation of highly-branched particles 

is observed, with the size of a “single particle” dramatically increasing due to the 

extended branching. Furthermore, the low contrast of the particles apparent in the TEM 

confirms that the resulting structures are thin enough to allow transmission of some 

electrons. The low contrast in TEM combined with the strong IR absorbance of these 

particles shows that they attain a thin, branched particle morphology with only minor 

changes in acid concentration.  

 

Enhanced SERS Signal of Laponite-Au Nanoparticles 

One of the major uses for gold nanoparticles is in plasmonics, and specifically the 

utilization of the electric field enhancement for molecular sensing by SERS. We 

compared the SERS enhancement by laponite-Au nanoparticles to that by well-known 

surfactant-free nanostars synthesized by a seed-mediated approach.
37

 TEM images and 

UV-Vis spectra of these particles are shown in Figure S5 of the Supporting 

Information. A comparison between surfactant-free laponite-Au nanoparticles and 

surfactant-free Au nanostars for detection of 1 µM 4-mercaptobenzoic acid (MBA), 1-

napthalene thiol (1-NaT), and 2-napthalene thiol (2-NaT) is summarized in Figure 5. In 

each case, the laponite-Au nanoparticles gave increased SERS scattering intensity as 

compared to Au nanostars. The prominent peaks of 1-NaT correspond to symmetric C-

H bending (1074 cm
-1

) and ring stretching (1475 cm
-1

), with similar modes for 2-NaT at 
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1174 cm
-1

 and 1481 cm
-1

,
45

 respectively, and ν (C-C) (1080 cm
-1

) and ring breathing 

(1590 cm
-1

) for MBA.
46

  

 

Figure 5. SERS spectra of 1 µM 1-NaT, 2-NaT, and 4-MBA. The black line denotes 

CTAC-free laponite-gold nanoparticles, while the red line denotes surfactant-free Au 

nanostars. The prominent peaks for each Raman dye are noted. [Au
0
] was 0.25 mM in 

all cases, particles were synthesized with [Lap]= 0.1 mg/mL; [HAuCl4] = 25.4 µM, and 

[AA] = 127 µM. 

Figure 5 shows that the SERS signal of three different Raman-active dyes is further 

enhanced with laponite-Au nanoparticles as compared with nanostars without laponite. 

The relative SERS enhancements of the laponite-Au nanoparticles compared with the 

seed-mediated nanostars for 1-NaT, 2-NaT, and 4-MBA were 30, 3, and 8, respectively. 

With a calculated enhancement factor (EF) of ~10
5
 for Au nanostars with MBA at 785 

nm, we can indirectly estimate the EF for laponite-Au particles at ~10
6
.
47

 In addition, 

comparison of SERS signal between 633 nm and 785 nm excitation was made for 

crystal violet (CV) and MBA. With MBA, the SERS signal was higher for laponite-Au 

particles than for nanostars at both excitation wavelengths. In the case of CV, there was 

greater signal for lap-Au NPs at 785 nm excitation, but at 633 nm excitation a high 

background was observed (Figure S6, supporting information). It has been recently 

reported that the intercalation of CV with laponite gives rise to increased fluorescence,
48

 

meaning that the anionic faces of the laponite discs are still capable of small molecule 

adsorption, which may be related to the improved SERS sensitivity for the various dyes 

studied. If molecules can still adsorb onto bare clay, i.e. clay that is not covered by gold, 

in the vicinity of the AuNP, then they can experience the enhanced local electric fields 

generated by the plasmon. This would not only explain the improved SERS, but reveals 

that these particles may be useful for studying the interactions between aggregated 

molecular species and plasmon fields. The particles of various morphologies 

synthesized in the presence of CTAC gave lower SERS enhancements than the 
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surfactant-free particles. CTAC-coated particles with shorter gold extrusions (Figure 

3B) and longer extrusions (Figure 3C) yielded ~15% and ~4% of the enhancement by 

those in Figure 5, respectively. Surfactant-free particles that were synthesized with 

overnight stirring yielded SERS enhancements of the same order of magnitude as those 

synthesized with sonication, and furthermore, better SERS enhancements were observed 

for particles with a higher lap:Au ratio (Figure S3E,F). Future studies will focus on the 

formation of molecular aggregates and studying the interaction of their excitons and the 

gold plasmon, as well as provide a means to study changes in SERS spectra when the 

Raman dyes are in an aggregated state.  

 

Conclusions and Outlook 

The synthesis of anisotropic gold nanoparticles was directed by the use of the anionic 

layered silicate clay laponite RD, both with and without the use of surfactant. The role 

of the clay particle in defining the final shape of the gold-clay nanoparticle was 

explored through varying experimental parameters such as reagent concentrations, pH, 

and type of mixing (stirring vs. sonication). Spectroscopic methods and HAADF-STEM 

electron tomography gave a thorough view of the particles, which revealed several 

salient parts of the synthesis. Firstly, the use of CTAC in the synthesis results in 

particles with a larger average diameter. Second, the formation of extrusions of Au 

away from the main body of the particles was influenced by both CTAC concentration 

and rate of reduction (AA concentration). At a fixed AA concentration, increasing 

CTAC concentration yields a larger number of extrusions. At a given CTAC 

concentration, the length of the extrusions can increase to more than 100 nm at low AA, 

but shorter and more numerous extrusions form with increasing AA. Third, the 

influence of solution pH on the edge charge of the laponite discs is reflected by 

increased particle size and elongation with decreasing pH. Finally, while the majority of 

syntheses were carried out following mixing of laponite and gold by sonication, the 

result of metal reduction following overnight stirring of laponite and gold gave a unique 

particle morphology that likely results from the formation of a cluster of laponite discs 

intercalated with Au ions.  

 Laponite has been previously used for biological applications such as drug 

delivery and wound dressings, as it has been shown to be nearly harmless against 
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mammalian cells. Within the growing field of nanomedicine and theranostics, numerous 

applications such as hyperthermia and SERS sensing involve the use of IR irradiation 

due to increased skin penetration depth. This hybrid system of layered silicates and gold 

allows tailoring of the IR absorption cross-section by two different routes; the control of 

the length of the extrusions off of the particle, and the control of the pH. Future studies 

will examine how these highly anisotropic particles with significant extinction in the IR 

can be utilized for studies of biological systems in vitro. Furthermore, the coupling of 

plasmonic modes in gold with the ability of laponite to induce dye aggregation will lead 

to further studies of plasmonic-excitionic systems. Finally, this study has broader 

implications for possibilities involving other types of layered silicate clays such as 

montmorillonite and kaolinite. Laponite RD serves as a useful example for study, as it is 

synthetic and has more uniformity than natural clays. Many of the unique rheological 

and nanoscopic effects on small-molecule aggregation and strengthening of polymer 

composites which are enabled by layered silicate clays has yet to be applied in a 

composite gold-clay system. The use of other surfactants and polymers can lead to 

different degrees of clay particle delamination, as well as changes in the diffusion of 

gold chloride to the surface of the clay. While initial studies suggest that different 

surfactants and polymers lead to different growth kinetics and resulting nanoparticle 

morphologies correlating with these effects, a comprehensive study is out of the scope 

of this work. A future direction will explore the use of laponite-gold composites for the 

formation of solid films or gels for sensing or drug-delivery. Preliminary results show 

that laponite-Au particles can be formed while retaining similar physical transitions to a 

gel or semi-gel state that is observed with bare laponite.  

Supporting Information. Additional characterization of bare laponite, seed-mediated 

nanostars, and laponite-gold particles by UV-Visible absorption, TEM, Zeta-potential 

and hydrodynamic radii, and SERS. 
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