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Abstract

The thermal and optical properties in the formation of gold nanoshells on SiO, were studied by thermal lens (TL) and
absorption spectroscopy. The formation of SiO, @ Au particles was realized in four stages: First, SiO, spheres were synthe-
sized using the Stober method. Later the attachment of amino groups and the adsorption of hydroxide gold nanoparticles
on surface of silicon dioxide were realized. Finally, the growth of gold shell was obtained. The UV-Vis spectrum of SiO, @
Au nanostructures showed an absorption band in the near-infrared region around of 740 nm associated with the presence of
a gold shell on the dielectric platform. Transmission electron microscopy and scanning electron microscopy confirmed the
formation of well-defined gold nanoshell on SiO, spheres. Silicon dioxide nanospheres with an average size of 293 nm and
Au-nanoshell with thicknesses of ~ 14 nm were obtained. The high crystalline quality of Au-nanoshell was demonstrated
by X-ray diffraction. The thermal diffusivity during the different steps of formation of the gold nanoshell was studied using
absorption spectroscopy and the mode-mismatched TL. A redshift of absorption band optic was observed by UV-Vis, and

a very significant increase in the thermal diffusivity as the Au shell was completed.
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1 Introduction

In recent years, interest on SiO, @ Au core—shell nanostruc-
tures has increased as a result of the changes they have in
their optical and thermal properties compared to their homo-
geneous counterparts. The gold nanoshells or core—shell
(SiO,@Au) structures consist of a silicon dioxide sphere
surrounded by a nanometric layer of gold, i.e., metallodi-
electric colloids. Gold nanoshells are materials that have
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a highly tunable surface plasmon resonance (SPR) and are
observed as an absorption band located from the visible
region to near-infrared in the electromagnetic spectrum;
this optical property is dependent on the relative thickness
of the SiO, core and its metallic shell, i.e., core/shell diam-
eter ratio [1], when the ratio value increases, the absorp-
tion band can be displaced to longer wavelength. In infrared
region (800 nm), the water (solvent in biological systems)
and hemoglobin have minimal absorption [2]. Therefore, Au
nanoshells with intense absorption at near-infrared wave-
lengths can be used in thermal assays in vitro, in vivo and
other applications in biomedical areas, in addition to its
compatibility with biological systems [3].

While gold nanoshells have been prepared using dif-
ferent types of templates, for example, polystyrene (PS)
microspheres with average size of 700 nm were used for
the synthesis of Au shell with 10 nm of thickness [4]. Gold
shells on ~200 nm liposomes soybean lecithin were pre-
pared by Wu et al. [5]. Ag nanoparticles (~40 nm) served
as platform to grow a thin gold nanoshell (~ 14 nm) reported
by Grabowska-Jadach et al. [6]. SiO, spheres also serve as
template for the synthesis of gold nanoshells, the key factor
in the growth of metallic shell is the replacement of silanol
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(Si—OH) groups with organic ligands such as amino groups
NH,, and the amine groups form bonds with gold species
[7] The PS, liposomes and Ag templates mentioned above
have some disadvantages, because of the evaporation pro-
cess under nitrogen, and storage is required for a long time.
Si0, nanospheres with well-defined size and monodispersity
can be quickly obtained using the Stober method.

The preparation of silicon dioxide spheres decorated with
Au particles is necessary for the synthesis of nanoshells, and
a common route is the synthesis of SiO, and gold nanopar-
ticles in separate solutions, but using the citrate reduction
method, the reaction is very slow [8]; SiO, and Au solutions
are aged for several weeks, and then, the colloidal solutions
are mixed to grow a thin metallic shell on dielectric plat-
form [9]. Kadnpal et at. [8] reported the synthesis of SiO, @
Au structures using SiO, spheres of 260 nm as template,
gold shell with thickness of ~20 nm was obtained by SEM
micrographs, and the UV-Vis spectrum revealed an absorp-
tion band around 529 nm. Silica spheres (140 nm) decorated
with gold nanoparticles (3-5 nm) were mixed with HAuCl,
(0.04 mM), hydroxylamine hydrochloride (NH,OH.HCI)
and polyvinylpyrrolidone were added, the solution was soni-
cated, gold nanoshells (thickness =25 nm) were obtained,
and an absorption band around 700 nm was recorded using
UV-Vis spectroscopy [7]. Although the aforementioned
methods are efficient to synthesize core—shell structures,
it is necessary to perform more than one procedure for its
synthesis, becoming tedious methods.

The core—shell structures can be synthesized quickly and
efficiently using the one-step method. This method involves
the deposition of Au(OH); particles on SiO, spheres, with-
out the need for prior synthesis of colloidal gold, and each
Au(OH)j particle is a nucleation site to form a complete thin
shell on SiO, [10]. The growth kinetics of gold nanoshell
has been monitored by microscopy and spectroscopy tech-
niques. The formation of monomers, dimers and trimmers of
gold nanoshells was reported using TEM microscopy [11].
Bisacetonitrile gold (I) complex was deposited on silica par-
ticles (65-430 nm), and the reduction in Au® and the forma-
tion of thin shell on dielectric platform using ascorbic acid
were revealed by proton nuclear magnetic resonance ('H
NMR) spectra [12]. Oldenburg et al. [1] studied the syn-
thesis kinetics of gold nanoshells using UV-Vis spectros-
copy, a redshift of absorbance peak (520 to 800 nm) was
reported. On the other hand, thermal lens (TL) technique
has been used for study nanofluids, for example, nanoflu-
ids containing gold nanoparticle. Au nanoparticles (~5 nm)
were dispersed in water at a concentration of 3.18 mg/ml,
and thermal diffusivity of 16.8x10™* cm?/s was recorded
using photoflash technique [13]. However, to our knowl-
edge, TL has not been used to study the formation of gold
nanoshells. In this work, the thermal properties of water-
based gold nanoshell are characterized in their different
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formation stages on SiO, nanospheres using the LT. Ther-
mal diffusivity measurements of the SiO, nanospheres are
also obtained. The formation of SiO, @ Au nanostructured is
confirmed using TEM, SEM, EDS, X-Ray, XPS and UV-Vis
spectroscopy. The gold nanoshells formation was monitored
using UV—Vis and thermal lens spectroscopy.

2 Methodology
2.1 Materials

The reagents used for the preparation of the SiO, @ Au struc-
tures were: tetraethyl orthosilicate (TEOS, 99%), ammonium
hydroxide (NH,OH, 28-30% as ammonia NH;), (3-ami-
nopropyl) triethoxysilane (APTES), tetrachloroauric acid
(HAuCl,.3H,0, 99.99%), sodium borohydride (NaBH,
98%), sodium citrate dihydrate (OHC (COONa) (CH,
COONa), 2H,0, 99%) and potassium carbonate (K,COj3).
All were acquired from Sigma-Aldrich. Methanol (CH;0H
99%), ethanol (C,HsOH 99%), sodium hydroxide (NaOH
99%) were obtained from J.T. Baker. Deionized water was
employed for preparing the solutions (Millipore system with
resistivity 18.2 MQ cm)

2.2 Preparation SiO,

It was possible to prepare spherical structures of monodis-
perse SiO, with an average size of 293 nm using the Stober
method reported elsewhere [14]. Briefly, 6.5 ml of ammo-
nium hydroxide, 2.3 ml of water and 0.5 ml of TEOS were
mixed in a volumetric flask to 60 ml with ethanol. 0.075 g
of SiO, spheres clean of pollutants was functionalized
with APTES (a bifunctional molecule) at concentration of
0.012 mol/l to obtain amino groups on the surface of SiO,
spheres.

2.3 Preparation seed solution

The one-step method was used for the synthesis of gold
nanoshells [10]. The method involves in the preparation of
SiO, spheres with Au(OH); particles on surface, and this
new structure is called seed precursor. Briefly, a solution
of gold hydroxide containing 3 ml of sodium hydroxide
(0.1 mol/l) with 10 ml of HAuCl, (6.35 mol/l) was prepared.
Then, 10 ml of gold hydroxide was mixed with 0.075 g
of Si0, amino-functionalized, the mixture was heated at
70 °C with vigorous stirred during 30 min, and according to
theory, the process carried out is for homogeneous deposi-
tion of gold hydroxide Au(OH); on the surface of the SiO,
spheres [10]. The product was washed by centrifugation
(8000 rpm for 60 min) at least five times; finally, the sample
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was dissolved in 100 ml of water. The colloidal solution was
called seed solution.

2.4 Synthesis of nanoshells

The theory dictates that the each gold hydroxide nanopar-
ticle Au(OH); deposited on SiO, spheres acts as nuclea-
tion site, and each nanoparticle grows in size due to the
presence of more gold molecular precursor until its even-
tual coalescence to form a complete and continuous gold
shell around the template SiO,. For achieve this, 1.5 ml of
HAuCl, (25 mmol/l) solution was poured into a flask with
100 ml of deionized water, 60 mg of K,CO; was added and
was stirred overnight, the mix reached a pH = 10.8 contain-
ing gold hydroxide [Au(OH),]’, and the solution was called
k-gold.

Different volumetric ratios of seed/k-gold were mixed
(1:1, 1:3, 1:5, 1:9 and 1:20) with a constant volume of k-gold
of 7.5 ml, sodium borohydride (6.6 mmol/l) and sodium cit-
rate (10 mmol/l) were added, and the solution was stirred
during 30 min. The resulting colloidal solution was washed
(by centrifugation) and dried at 60 °C for 12 h until powders
were obtained.

2.5 Characterization

The formation and characterization of gold nanoshells were
carried out using spectroscopy and microscopy techniques:
For scanning electron microscopy characterization (SEM/
EDS, model JEOL JSM IT300 with Energy-Dispersive
X-Ray Spectroscopy), the samples in water were deposited
on aluminum. For UV-Vis spectroscopy (spectrophotometer
Genesys 10S, Thermo Scientific), the measurements were
taken on samples dispersed in water. For transmission elec-
tron microscopy (TEM, model JEOL JEM 1010), each of the
colloidal samples was deposited on a copper grid (covered
with a FORMVAR film) until the solvent was evaporated at

Fig.1 Thermal lens setup. The
excitation and probe beams in
mode-mismatched. PD is photo-
diode, and /o is the length of the
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room temperature. Rigaku Smartlab diffractometer in the
Bragg—Brentano configuration was used for measurements
of X-ray diffraction (XRD), the samples were analyzed in
powder using the CuK, radiation (1=1.5418 A), and the dif-
fractometer was operated at a scan rate of 0.02°/s over a 26
range of 10-90°. The XPS spectra were obtained from X-ray
Photoelectron spectrometer Thermo Scientific K-Alpha, and
a monochromated AlKa excitation line at 1487 eV was used.
To obtain the measurements, the samples were dropped on
aluminum until solvent evaporated, and the spectrometer
was calibrated using the Cls peak around 284.6 eV arising
from the adventitious hydrocarbon.

2.6 Thermallens

Thermal diffusivity was determined by thermal lens spec-
troscopy. This technique involves the incidence of an exci-
tation laser with a Gaussian profile on the sample causing
the absorbed energy transformed into heat. In this case, a
temperature gradient is established, and a change of refrac-
tive index. When a second probe laser is passed in the sam-
ple, an effect of focusing or defocusing of the light beam is
caused, and this phenomenon produced is called thermal
lens [14, 15].

The mode-mismatched dual-beam experimental arrange-
ment of thermal lens spectrometry is observed in Fig. 1, the
sample was exposed to an excitation laser (Ar*Xe), where it
is generate a local temperature increase, and also, the probe
beam (He—Ne) passes through the sample propagating until
photodiode.

The photodiode is used to detect intensity dependence
of the probe beam transmitted or propagated to far field in
center of the beam I (), to detector is [16]:

2
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where
Z, ®,\* w, PAL /dn
vegm= (@) e e

where I(¢) is the time dependent of probe beam to detector,
1(0) is the initial value of I(¢) for ¢ zero, Zc (12.89 cm) is the
confocal distance of probe beam, Z1(8 cm) is the distance
of the sample the probe beam waist, , (4.8 10~ ¢cm) and
w, (1.81x 1072 cm) are the spot size of excitation laser and
probe beam, respectively, to the sample, ¢. is the character-
istic time constant, 4, refers to the wavelength of the exci-
tation beam, /Ip is the wavelength of probe beam, D and k
are the diffusivity and conductivity thermal of sample, P, is
the power of excitation beam, A, is the optical absorption
coefficient to wavelength of the excitation laser, /o (1 cm)
is the sample thickness, and dn/dT is the refractive index
dependent temperature of sample. For measurements of ther-
mal diffusivity, metallodielectric colloids were dispersed in
deionized water, to ensure dispersion correct of particles,
and the samples were subjected in ultrasound for 10 min.

3 Results and discussion

Si0, structures were synthesized using the Stober method
[17], and the SiO, particles were used as templates for the
growth of the gold shells. The formation of SiO, structures
was investigated by SEM microscopy. A well-defined spheri-
cal structure was observed in SEM micrograph (as shown
in Fig. 2a), and the average size was approximately 293 nm
published elsewhere [14]. Inset of Fig. la corresponds to
EDS analysis by mapping, and the results revealed the
exclusive presence of oxygen and silicon similar results to

early reports [18]. Gold nanoshells were synthesized using
the one-step method (with slight modifications) proposed
by Kah and coworkers [10]. The methodology used in this
work is schematized in Fig. 2b. Stage 1 consisted of the
preparation of SiO, particles using TEOS as a molecular
precursor. As the second stage, the dielectric platform was
amino-functionalized using APTES. Au(OH); nanoparti-
cles were deposited on SiO,-NH, structures in third place.
Finally, as the last stage, stage 4 consisted of the growth
of a thin shell on dielectric platform using SiO,-Au(OH),
mixed with k-gold solution. The SiO, spheres were amino-
functionalized because Au is a metal with little affinity to
Si0,; for this reason, amino groups were anchored on SiO,
because the gold is high affinity to NH, groups [10].

Each stage during the formation of core—shell structures
was characterized by UV-Vis spectroscopy. The spec-
tra of SiO, spheres (a), SiO, amino-functionalized (b),
Si0,-Au(OH); (c) and gold nanoshells or SiO,@Au (d)
are shown in Fig. 3. Before and after functionalization of
Si0O, spheres, no absorption band was recorded in the vis-
ible or near-infrared region, and the effect in the seed solu-
tion (i.e., SiO, decorated with Au(OH); nanoparticles) was
also observed. The core—shell SiO,@ Au structures were
synthesized using a volumetric ratio 1:5 of seed and K-gold
solution, respectively, a broad spectrum with a maximum of
absorption at 740 nm was observed (spectrum d in Fig. 3),
and similar to other reports [8], as the inset shows, the char-
acteristic solution was obtained.

The growth of gold nanoshell on SiO, platform was
monitored by UV-Vis spectroscopy. For this reason, sev-
eral samples were mixed at different volumetric ratios
of seed solution and k-gold (1:1, 1:3, 1:5, 1:9, and 1:20,
respectively). Figure 4 shows UV—Vis spectra a), b), c),
d) and e) of samples synthesized according to the increase

ax OH OH N \11 -H r\“ﬂ
OH oH NE SN
o~ Si0, o Si0,-NH,
O™ |
: pI=2 &= sl pI=9 -
oH" OH . L.
0}{0*{ OH -
Stage 1% Stage 2
L )
. »

= :. —

Si0,@Au

500 nm L *
I

g
Stage 4 Stage 3

Fig.2 a SEM micrograph of SiO, spheres synthesized with 6.5 ml of ammonium hydroxide, b schematic representation of each stage during

synthesis of gold nanoshells. /nset of 1a): EDS spectrum of SiO, spheres
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Fig.3 UV-Vis spectra of a SiO, spheres, b SiO, functionalized with
NH,, ¢ SiO, with Au(OH); nanoparticles, d SiO,@Au core—shell
nanoparticles. The inset shows the colloid obtained

Mix of Seed:K-gold

Absorbance (a.u.)

T T T
400 600 800
Wavelength (nm)

Fig.4 UV-Vis spectra of SiO,@Au core—shell nanoparticles synthe-
sized with volume ratio ata 1:1, b 1:3, ¢ 1:5, d 1:9 and e normalized
spectrum of sample with 1:20 of seed/K-gold, respectively. The inset
shows the colloids solutions obtained

in the k-gold solution. The results showed an increase in
the redshift of the absorption band according to volume
k-gold, with a maximum absorption around 590, 700 and
740 nm for samples containing volumetric ratio of seed/k-
gold at 1:1, 1:3 and 1:5, respectively. The redshift effect
in the peak optical absorption is related as coalescence of
the gold layer progresses according to Oldenburg et al. [1].
The authors suggested that each gold hydroxide nanopar-
ticle Au(OH); grows in size until its eventual coalescence
(junction between particles) forms a complete and continu-
ous gold shell around the template SiO,. Here, samples

with a ratio 1:1 recorded a spectrum similar to that gold
colloid solution, and this means that the k-gold solution
was not enough to synthesize a gold shell. Increasing the
ratio of gold molecular precursor in samples 1:3, 1:5 and
1:9, a displacement to long wavelengths of absorption
band was observed. But in the sample 1:9, two absorp-
tion peaks were recorded around 860 and 550 nm, and the
band in visible region observed is related to the synthesis
of gold nanoparticles outside the nanoshells, the presence
of aggregates or incomplete shells [11]. Increasing a volu-
metric a ratio of seed/k-gold at 1:20, only absorption band
around 550 nm was recorded, and also, the red color in
the solution was observed as shown in the inset of Fig. 4,
so the synthesis of gold nanoparticles was confirmed.
According to UV-Vis spectra, a complete gold shell was
synthesized with a volumetric ratio of 1:5 (seed/k-gold),
because it has the major redshift with one absorption band
around 740 nm.

The formation of gold nanoshells was revealed through
TEM, SEM microscopy and EDS spectroscopy. Figure 5a
shows micrograph TEM of structures core—shell, spherical
particles are clearly observed, and a roughness at the edge
of each gold shell was observed, because a gold coverage
on the SiO, sphere was completed. The average size par-
ticle after shell synthesis was estimated, and a diameter
~322 nm was recorded, as shown in the inset of Fig. 4a.
The shell thickness ~ 14 nm was calculated. In this work,
the diameter ratio of core—shell was ~22:1, and values
above were reported by Kandpal et al. [8] with ratio of
~13:1. Micrographs SEM revealed spherical shape for
core—shell structures synthesized using one-step method.
Elemental mapping was recorded by EDS, and the inset
in Fig. 5b shows the silicon, oxygen and gold without any
other contaminant element [19].

Figure 6 shows the typical XRD peaks of the as-synthe-
sized gold nanoshells, the crystalline structure of the sam-
ple is well defined by the five sharp peaks at 20 values of
38.3° (111), 44.4° (200), 64.7° (220), 77.4° (311) and
81.8° (222) related for the face-cubic-centered structure
of gold, according to The CCDC/FIZ Karlsruhe assigned
deposition service number was CCDC 1881812 [14]. The
shell thickness D was determined from the Debye—Scher-

er’s equation, D = ﬂf:i’:e where A =0.15414 nm is the

wavelength of the incident radiation, f is the full width at
half maximum (FWHM) of the XRD peak, and 6 is the
Bragg angle. D value =13.5 nm of thickness gold shell was
calculated. With these results, the synthesis of polycrystal-
line shell deposited on SiO, spheres was confirmed. The
SiO, spheres had no detectable sharp diffraction peaks
corresponding to any crystalline phase, data not shown.
The elemental oxidation state of Si0,@ Au core—shell
structures was investigated by XPS spectroscopy. Figure 7

@ Springer
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Fig.5 a TEM and b SEM
micrographs of SiO,@Au
nanoshells. Insets: 5a) size
distribution histogram, 5b):
EDS spectrum of core—shell
structures

Number of Particles

315 330 345
size (nm)

500 nm
—_——

Core-shell of SiO,@Au
111

Fig.6 XRD pattern of gold 240 -
nanoshell synthesized using
one-step method
]
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Fig.7 High-resolution XPS spectra of Au®, Au*3, Si 2p and Ols
states for Si0, @ Au nanostructures
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shows the XPS spectra of the sample. For Au 4f, two peaks
are localized around 84 and 86 eV related to Au®y Au®3,
respectively, evidencing the presence of gold in a metallic
state. These spectra were similar to Sun et al. [20]. The Si
2p exhibits a peak to 103.3 eV that corresponds to lattice
silicon [21]. Finally, a clearly defined peak was observed
to 533 eV related to lattice oxygen Ols [22]. These results
confirmed the formation of core-shell structures of SiO, @
Au.

Each stage during synthesis of gold nanoshell was moni-
tored by thermal lens spectroscopy; thus, thermal diffusivity
was obtained. The colloids were dried to obtain powder. The
samples were dissolved in water to different concentrations
from 0.1 to 0.7 mg/ml. A typical spectra of the TL signal as
a function of time are shown in Fig. 8. The signal intensity
decreased with time, the open circles represent the obtained
experimental data, and the solid line represents the best fit-
ting of Eq. (1) to the experimental data.

The method Stober was used for synthesis of SiO, parti-
cles. The method involves the hydrolysis and condensation
of tetraethyl orthosilicate (TEOS), and the products obtained
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Fig.8 Thermal lens signal for a stage 1, b stage 2, ¢ stage 3 and d stage 4, during the synthesis of gold nanoshell using one-step method. The TL

signal corresponds to samples at concentrations of 0.1/ml

are Si—OH and Si—O-Si respectively. The growth in silica
particle size depends on the amount of Si—O-Si mono-
mer in a synthesis solution [23, 24]. The concentrations of
molecular precursors used in this work allowed obtained
SiO, spheres with average size of 293 nm. SiO, spheres were
characterized by thermal lens spectroscopy. The parameters
0 and ¢, were obtained fitting the thermal lens signal as func-
tion of time and thermal diffusivity was calculated using
Eq. (2). The results for 7, a range from 4.28 +0.02 X 1073
t03.50+0.09 10~ s and for 6, between 22.07 +0.62x 10~
and 5.37 +0.63 x 1072 were recorded (as shown in Table 1).
For SiO, spheres with concentrations of 0.1-0.7 mg/ml, ther-
mal diffusivity values were between 14.01 +0.09 x 10~ and
17.06+0.57 x 10~* cm?/s, and these results were similar to
early reports [25].

In the stage 2 (Fig. 2b) during synthesis of gold
nanoshells, the SiO, spheres were amino-functional-
ized using 3-aminopropyl-triethoxysilane (APTES), i.e.,
Si0,-NH, structures (Fig. 2b). Table 2 shows the values
of characteristic time (¢,) range from 4.17 +0.07 X 10735

Table 1 Parameters obtained by thermal lens spectroscopy of SiO,
spheres dispersed in deionized water

SiO, spheres

Sample Concentration D I, 0
mg/ml D (10™*cm?s) s (1073 1072

a 0.1 14.01£0.09  428+0.02 22.07+0.62
b 0.2 1439+0.14  4.16+0.04 19.17+1.24
c 0.3 15.03+0.15  3.99+0.04 12.03+2.68
d 0.4 1547+0.13  3.87+0.03 5.81+0.34
e 0.5 16.01+021  3.74+0.04 5.96+0.31
f 0.6 16.58+0.36  3.62+0.08 5.37+0.63
g 0.7 17.06+0.57  3.50+0.09 6.31+0.24

t0 3.00+0.03%x 107 s and of 6, from 8.74+0.24x 1072 to
4.74+0.31 x 1072 for SiO, amino-functionalized. The ther-
mal diffusivity values between 14.37 +0.24 x 10~ cm?/s and
20.02 +0.237* cm?/s were recorded, and the thermal values
were higher than in the SiO, spheres at all concentrations.

@ Springer
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Table2 Parameters obtained by thermal lens spectroscopy of
Si0,-NH, structures dispersed in deionized water

Si0, amino-functionalized

Sample Concentration D t. 4
mg/ml D (10"*cm?¥s) s (1073 1072

a 0.1 14.37+0.24 4.17+0.07 8.74+0.24
b 0.2 14.94+0.25 4.02+0.06 7.85+0.22
c 0.3 16.03+0.26 3.73+£0.06 8.55+0.25
d 04 17.07+0.20 3.51+0.04 7.28+0.20
e 0.5 17.98+0.21 3.33+0.03 5.96+0.29
f 0.6 18.86+0.16 3.18+0.02 4.74+0.31
g 0.7 20.02+0.23 3.00+0.03 5.06+0.22

The grafting of APTES on the silica nanoparticles caused a
change in isoelectric point (pI) of silica particles from 2 to
9 [10], and this is because amine groups have a pKa=9. In
this work, an increase in thermal diffusivity was recorded in
Si0,-NH, structures, although the mechanism of increase in
thermal parameter is unknown, similar results are reported
by Wondu and coworkers [26], the authors used the APTES
as filler and coupling agent in polymers to form thermal
interface materials, using laser flash analysis (LFA), tran-
sient method thermal conductivity was estimated, and an
increase in thermal conductivity was recorded due to the
presence of APTES [26, 27].

In the stage 3, the SiO,-NH, structures and a solution of
gold hydroxide (Au(OH);CI") were mixed under pH=_8 [28].
The electrostatic bond between cation (NH,*) and anion
(Au(OH)"; was performed; as consequence, SiO, deco-
rated with Au(OH); nanoparticles was obtained according
to Kah et al. [10]. In this work, the SiO,-Au(OH); struc-
tures (Fig. 2b) were called seed solution. The SiO,-Au(OH);,
structures to different concentrations (0.1-0.7 mg/ml) were
measured by thermal lens spectroscopy. The values for the
characteristic time (¢,) range from 3.87 +0.04 X 1073 s to
2.68+0.02x 107 s and for 6, from 6.97+0.22% 1072 to

Table 3 Parameters obtained by thermal lens spectroscopy of SiO,
decorated with Au(OH); nanoparticles in deionized water

3.82+0.09x 1072, as shown in Table 3. Thermal diffu-
sivity values were between 15.49+0.18 x 10~* cm?/s and
22.34+0.24x 10~* cm?/s, and these thermal values of
Si0,-Au(OH); were higher than SiO,-NH, structures and
Si0, spheres. The thermal increased is related to presence
metallic species on the silica particles, because metallic
increased thermal diffusivity of dielectric platforms [29].

Finally, in stage 4, the seed solution containing
Si0,-Au(OH); was mixed with a solution of gold hydrox-
ide (Au(OH),) at a volumetric ration of 1:5, respectively,
and then, sodium borohydride was added; this allowed
the growth of a thin metallic layer on SiO, spheres. Dif-
ferent concentrations of core—shell of SiO,@Au were
dispersed in water and characterized by thermal lens
spectroscopy. Table 4 shows the parameter 8 with values
from 5.43+0.24 x 107% to 0.29 +0.15x 1072, For ¢, val-
ues between 4.28 +0.02x 107 s and 3.50+0.09x 107°
s, a drastic decrease in ¢, was recorded in the last stage;
therefore, thermal diffusivity values were major than early
stages. The core—shell structures at 0.1-0.7 mg/ml recorded
thermal diffusivity values from 19.4 +0.55x 10~ cm?/s to
52.4+1.38x 10™* cm?/s, respectively. The minimum con-
centration of Si0,@ Au structures provided thermal diffu-
sivity of 19.4+0.55x 107" cm?*s that is higher than other
structures like silver nanowires [30] with 17.75x 10™* cm%/s
of thermal diffusion rate.

An increase in thermal diffusivity was recorded as pro-
gress stages formation of SiO,@ Au nanostructures. In
the stage 1, the silica particles naked recorded thermal
diffusivity values low (as shown in Fig. 9), because the
Si0, is high reflective [31] and large percentage of the
incident light is reflected. In the second stage, the grafting
of APTES on the silica nanoparticles caused an increase
in thermal parameter. Later, in the stage 3, the deposi-
tion of Au(OH); particles on SiO,-NH, favored a ther-
mal improvement, and this is due to the presence of gold
although in oxidation state [29]. Up to here, the sensibil-
ity of thermal lens spectroscopy is high because it was

Table 4 Parameters obtained by thermal lens spectroscopy of core—
shell SiO,@ Au nanoparticles dispersed in 1 ml of deionized water

Si0,-Au(OH),

Core—shell structure of SiO,@Au

Sample Concentration D 1. 4 Sample Concentration D 1, 4
mg/ml D (10"*cm?¥s) s (1073 1072 mg/ml D (10"*ecm?¥s) s (107%) 1072

a 0.1 15.49+0.18 3.87+0.04 6.97+0.22 a 0.1 19.40+0.55 3.09+0.08 5.43+0.24
b 0.2 16.44+0.17 3.65+0.03 5.44+0.34 b 0.2 26.50+0.41 226+0.03 4.43+0.12
c 0.3 17.52+0.16 3.42+0.03 6.21+0.16 c 0.3 31.60+0.51 1.89+0.03 2.97+0.05
d 0.4 18.52+0.24 3.24+0.04 5.97+0.23 d 0.4 36.90+0.76 1.62+0.03 1.47+0.03
€ 0.5 19.46+0.27 3.08+0.04 5.25+0.15 € 0.5 40.30+1.11 1.48+0.04 1.55+0.08
f 0.6 21.04+0.40 2.86+0.04 4.75+0.15 f 0.6 45.70+£1.42 1.31+0.04 0.52+0.03
g 0.7 22.34+0.24 2.68+0.02 3.82+0.09 g 0.7 52.40+1.38 1.14+0.03 0.29+0.15
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Fig.9 Thermal diffusivity of metallodielectric samples as a function
of concentration

possible to record an increase in thermal diffusivity as
there is a progress in chemical modification on dielectric
platform (according to scheme in Fig. 2b). In the stage 4,
the greatest increase in thermal diffusivity was recorded,
and this is because gold nanoshell was completed (evi-
denced in the UV-Vis spectrum c) in Fig. 4). The thermal
effect in the last stage could be explained below. The gold
is characterized by has high rate of conversion of light to
heat. The energy transformation process begins with elec-
tron—electron interactions leading hot electrons, after the
electron passes the energy to the phonon by electron—pho-
non interactions (taking place in less than femtoseconds),
resulting in a hot lattice with a temperature rise. The lattice
cools off by passing its heat to the surrounding medium via
phonon—phonon relaxation [32], and this process leads to
the heat up of the surrounding medium (water in this case).
Now, Huang and coworkers [33] reported that in Au nano-
spheres (SPR A =560 nm), the electron—phonon relaxation
time is about 3.1 picoseconds, but for gold nanoparticles
with absorption band to 860 nm, the relaxation time is
faster around 1.6 picoseconds. The authors also mentioned
that nanoparticles with tuning in the infrared region had
10% energy more than spherical. Here, the SiO,@Au
structures have an absorption band in the near-infrared
region (=740 nm); therefore, the increase in thermal dif-
fusivity could be explained by the rapid electron—phonon
relaxation. On the other hand, all samples in each stage
during synthesis of gold nanoshell showed an increase
in thermal diffusivity as concentrations of colloids were
increases, and this dependency can be attributed to the
volumetric increase in the nanoparticles that decreases the
specific heat of the water; consequently, the thermal dif-
fusivity of the colloidal suspension increases [34].

In this work, gold shells thickness ~ 14 nm (evidenced by
TEM and XRD) was grown on SiO, spheres to form SiO, @
Au nanostructures. With this, thin metallic layer provided
thermal diffusivity up to 52.4+1.38 x 10~* cm?/s, which
is higher than Au@Ag structures reported by Gutierrez-
Fuentes et al. [35]. The authors reported thermal values of
23.39+0.41 x 10™* cm?/s in Ag shells of ~ 8.5 nm. The ther-
mal difference may be due to the fact that as the thickness
of the metal shell increases, the heat transfer also increases,
according to the theoretical results reported by Nikbakht
in 2018 [36]. Finally, the use of Si0,@ Au nanostructures
provides two main advantages, optical absorption at wave-
lengths near-infrared [2] where the water has minimal
absorption coefficient. Second, the high conversion of light
to heat provides the heat transfer to surrounding medium
(evidenced by thermal lens spectroscopy). Therefore, SiO, @
Au nanostructures can be used in thermal assays in vitro,
in vivo and other applications in biomedical areas, in addi-
tion to its compatibility with biological systems.

4 Conclusion

In summary, the core—shell structures of SiO, @ Au were pre-
pared using one-step method efficiently. The metallodielec-
tric particles recorded an absorption band around 740 nm
shown by UV-Vis spectroscopy. Gold shells (~ 14 nm) were
successfully grown on SiO, spheres, confirmed by TEM,
SEM/EDS, XRD and XPS. An increase in thermal diffusiv-
ity was recorded as the Au shell was completed, i.e., stage 1
(Si0, spheres), stage 2 (Si0,—NH,), stage 3 (SiO,-Au(OH);)
and stage 4 (SiO,@Au). The thermal results suggest that
thermal lens spectroscopy can be good technique to study
growth kinetics of metallodielectric colloids with high sensi-
bility. The thermal diffusivity values of SiO,@ Au structures
recorded by thermal lens spectroscopy were higher than
SiO, spheres naked. Therefore, core—shell structures tuning
in infrared region and with a high light-to-heat conversion
rate can be used in thermal therapy, in solar cell or SERS
effect. Finally, this work can serve as a basis for further stud-
ies in photothermal assays against cancer cells.
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