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Photothermal effects in SiO2@Au core–shell nanoparticles have demonstrated great potential in various

applications for drug delivery, thermo-photovoltaics and photothermal cancer therapy, etc. However,

the photothermal conversion of SiO2@Au nanoparticles partially covered by disconnected gold clusters

has rarely been investigated systematically. Here, we control the surface morphology of gold clusters on

the photothermal conversion performance of SiO2@Au core–shell nanoparticles by means of chemically

adjusting the synthesis parameters, including amounts of gold salts, pH value and reducing agent. The

macroscopic variations of the photothermal heating of different nanoparticle dispersions are significantly

influenced by the nanoscale differences of gold cluster morphologies on the silica core. The

temperature rise can be enhanced by the strong near-field coupling and collective heating among gold

clusters with a relatively uniform distribution on the silica core. A numerical model of the simplified

photothermal system is formulated to interpret the physical mechanism of the experimental observation,

and shows a similar trend of temperature rise implying a reasonably good agreement with experimental

data. Our work opens new possibilities for manipulating the light-to-heat conversion performance of

SiO2@Au core–shell nanoparticles and potential applications of heat delivery with spatial resolution on

the nanoscale.
Introduction

In recent years, noble metal nanoparticles (NPs) have received
much attention in nanoscience due to their excellent optical
properties.1 Under the irradiation of the light source, the
phenomenon that the free electrons on the NPs surface interact
with the incident light is called localized surface plasmon
resonance (LSPR). In particular, the LSPR of gold nanoparticles
(AuNPs) makes it have the remarkable ability to absorb and
scatter light in a wide range of visible and near infrared regions.
AuNPs can convert the absorbed light energy into heat energy.
Thermal energy diffuses into the surrounding environment to
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raise the temperature, resulting in a nano-scale localized high
temperature.2 Based on its unique photothermal effect, AuNPs
have been extensively investigated for a variety of applications
in photothermal therapy,3–6 nano-surgery,7,8 plasmonic photo-
thermal delivery,9–11 photothermal imaging,12 plasmon
enhanced thermophoresis13 and plasmon-assisted
optouidic.14,15

The frequency of LSPR depends largely on the morphology,
size, and dielectric environment of the AuNPs.16–19 Especially,
when a cluster of AuNPs are closely aligned with each other, the
coupling between the particles becomes very important such as
in surface enhanced Raman scattering (SERS) experiments,20

and the nanogap can signicantly enhance the near-eld elec-
tromagnetic eld.21,22 When Su et al. investigated the coupling
between pairs of elliptical metal particles by simulations and
experiments, they found that the resonant wavelength peak of
two interacting particles was red-shied from that of a single
particle because of the near-eld coupling and the shi decays
approximately exponentially with increasing particle spacing.23

Moreover, researchers found that, in experiments and simula-
tions of nanoparticles, different nanoarrays, incident light
irradiation angles, and particle aggregation states could affect
the electromagnetic eld and temperature eld distribution of
nanoparticles.24–26 In the process of the light-to-heat conversion,
RSC Adv., 2020, 10, 33119–33128 | 33119
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there is a high thermal temperature gradient near the particle
surface.13

The coupling and aggregation effects of the particles affect
the distribution of the temperature eld and the photothermal
property of the whole dispersion system.27 From a practical
point of view, designing and preparing nanoparticle arrays
(clusters) with strong interaction are very important for
studying plasmon congurations. There have been many
studies on tunable LSPR by varying the gap and size of AuNPs.
Top-down methods based on planar lithographic approaches,
such as photolithography, electron beam lithography, ion beam
lithography, laser interference lithography, nanoimprint
lithography and nanosphere lithography,28–33 achieve a variety
of nanoscale patterns but are typically expensive and oen have
a low throughput, which typically limits area coverage. In
contrast, bottom-up methods based on chemical assembly offer
a cheap, fast and exible technology for preparing close-packed
colloidal particles as LSPR substrate.34–36

Guillermo et al. found that laser irradiation at high energy
produced a near-eld enhancement at the interparticle gaps,
causing the local temperature to increase high enough to melt
the tip of the gold nanorod.36 This further proves that the
coupling effect brought by the gap between the particles can
enhance its photothermal performance. Most of the existing
studies focused on the photothermal performances of AuNPs
dispersions and nanoparticle array patterned on at
surfaces,37–41 but few reported the heat generation capability of
the gold nanoparticle arrays on the surface of other nano-
spheres for their potential photothermal application.42 For
multi-component core–shell gold nanomaterials, more atten-
tion has been paid on the photothermal conversion capability of
the gold shell.43–46

In this work, we study the effects of the morphology of gold
clusters on the surface of SiO2@Au core–shell nanoparticles on
their photothermal conversion performance by changing the
amount of gold salt, the pH value of the growth solution, and
the volume and concentration of the reducing agent used in the
chemical synthesis of SiO2@Au. We introduce the equivalent
circle diameter to characterize the size of irregular gold clusters
on the surface of SiO2 and measure the direct shortest distance
between the irregular gold clusters using Image J. These
parameters are used to reveal the relationship between the
microscale morphology of SiO2@Au particle surface and the
macroscale photothermal performance. A numerical model of
photothermal conversion is formulated to quantitatively inter-
pret the experimental observations by using a commercial nite
element method (FEM) soware. The presented results can lead
to the development of advanced nanostructures for photo-
thermal applications.

Materials and methods
Materials

Amine-graed silica nanoparticles (diameter: 100 nm, Nanjing
Nanorainbow, China) were used as the core of SiO2@Au nano-
particles. Gold chloride trihydrate (HAuCl4$3H2O, 99.9%,
Sigma) was used for deposition process of seeding gold
33120 | RSC Adv., 2020, 10, 33119–33128
hydroxide (Au(OH)3) and for growing of the gold cluster on the
surface of the amine-graed silica nanoparticle. 0.1 M sodium
hydroxide (NaOH, 98%, Sigma-Aldrich, USA) solution was used
to control the pH during the Au deposition process. Potassium
carbonate (K2CO3, 99.99%, Aladdin, USA) was used to adjust the
pH of HAuCl4 for its hydrolysis to form gold hydroxide solution
for growing the gold cluster. Sodium borohydride (NaBH4,
99.99%, Fluka, USA) was used as the reducing agent to reduce
gold ions to form gold clusters on SiO2 nanoparticles. Sodium
citrate dihydrate (C6H5Na3O7$2H2O, 99%, Tianjin Zhiyuan,
China) was used in the reduction process of the gold hydroxide
to grow gold clusters.

Gold seeding on the amine graed silica core

The synthetic procedures of gold-seeded silica nanoparticles
were described in previous literatures.47,48 As illustrated in
Scheme 1, the gold-seeded silica nanoparticle consists of SiO2

core as a scaffold and the gold nanoparticles loaded on the
surface as seeds that can grow into gold shell. In this work,
graing Au(OH)3 on the surface of the amine coated silica
nanoparticles was prepared via in situ deposition to form the
gold-seeded silica.47,48 4.5 mL of 0.1 M NaOH was added into
20mL of 6.35mMHAuCl4 solution, and allowed to stir for about
15 min at room temperature before the solution became light
yellow. Then 1 mL of the amine graed silica dispersion was
added to the gold hydroxide solution at pH 6.85, and the solu-
tion was heated to 70 �C and was vigorously stirred for 1 h. Aer
successful graing of Au(OH)3 on the amine graed silica
nanoparticles, the color of the mixture turned from milky white
to lemon yellow as an indication. The obtained gold-seeded
silica nanoparticle dispersion was then centrifuged at
1000 rpm for 10 minutes, washed 3 times with ethanol and 5
times with water, and dispersed in 40 mL of deionized water.
The concentration of the gold-seeded silica nanoparticles was
approximated as 9.7 � 1011 particles per mL based on mass
calculation.

Growth of gold cluster on the surface of gold-seeded silica
nanoparticles

The gold cluster was formed via growing the Au(OH)3 nano-
particles as nucleation sites on the gold-seeded SiO2 core
surface. Gold was continuously reduced from HAuCl4 by further
adding K2CO3–HAuCl4 (K-gold) solution and the Au(OH)3
nanoparticles gradually grew in size until they eventually coa-
lesced to form a complete gold shell around the SiO2 core.47 The
K-gold solutions was prepared by addition of 60 mg of K2CO3 to
0.75 g of 0.05 M HAuCl4 diluted in 100 mL of DI water and then
stirred for 24 h at room temperature in a dark environment. The
pH of the K-gold solution is critical, as K2CO3 content controls
ionic speciation of Au3+ and the rate of reduction on the gold-
seeded silica surface.48 The pH of the K-gold solution was
adjusted by the added amount of K2CO3. The freshly prepared
NaBH4 (6.6 mM) was added as the reducing agent at 1 mL for
every 10 mL of K-gold. Meanwhile, 1 mL of 10 mM sodium
citrate dihydrate per 20 mL of K-gold was also added to slow the
reaction and stabilize the gold clusters by acting as a capping
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic procedures of the SiO2@Au core–shell nanoparticles.
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agent. Using this synthetic approach, the surface morphology of
the gold cluster on the SiO2@Au nanoparticles could be varied
by changing the volume ratio of K2CO3–HAuCl4 solution to gold-
seeded silica nanoparticle (i.e. K-gold-to-seed ratio), the pH of K-
gold solution, and the concentration and volume of NaBH4

solution for reduction reaction, respectively.

Experimental setup and procedures

The photothermal measurement apparatus contains three
components: the optical system, the uid system and the data
acquisition system as shown in Fig. 1. The optical system
consists of a continuous wavelength laser (532 nm, MGL-FN-
532, Changchun New Industries Optoelectronics Technology
Co, China), a bre collimation package (F110APC-532-FC/APC,
Thorlabs, USA), a threaded manual beam shutter (SM1SH1,
Thorlabs, USA) and optical support components. A parallel
beam with a spot size of 2.55 mmwas generated and focused on
a droplet of SiO2@Au dispersion. A laser power meter (PM100,
Thorlabs, USA) was used to measure and verify the power of the
Fig. 1 (A) Schematic of the experimental setup for characterizing the
photothermal performance. (B) Photo of the experimental setup. (C)
An image showing the laser passing through the droplet.

This journal is © The Royal Society of Chemistry 2020
laser. The uid system consists of a syringe (1 mL), an injection
metal needle (1.2 mm � 31 mm, intradermal bevel needle),
a laboratory syringe pump (750N PT-5, Hamilton, USA), a sili-
cone hose (F 0.8 � 1.9 mm) and a round glass capillary (F 1.0 �
1.5 mm, Sutter, USA). A laboratory syringe pump was used to
precisely supply a xed volume of nanoparticle dispersion
droplet on the tip of the glass capillary. In order to reduce heat
loss, the silicone hose was used to connect to the metal needle
at one end and the glass capillary at the other end. The data
collection system consists of a T-type thermocouple, and a data
logger (2701, Keithley, USA). The thermocouple was fastened
onto the glass capillary. The photos of the droplets were
captured and stored by using a digital camera.

During the experiment, the laser was turned on and allowed
to warm up for 10 minutes. The laser output power was xed at
53.6 mW. The syringe was lled with a SiO2@Au core–shell
nanoparticle dispersion (9.7 � 1010 particles per mL). 15 mL of
the dispersion was supplied from the syringe by the syringe
pump to maintain a stationary hanging droplet on the tip of the
glass capillary. The temperature proles of the droplets under
laser irradiation were measured by fully submerging the ther-
mocouple tip inside the hanging droplet. Each experimental
condition was repeated three times. The outer diameter of the
glass capillary (1.5 mm) was used as scale reference. The micro-
displacement platform was implemented to align the laser
beam on the droplet to avoid irradiating onto the thermocouple
bead. By opening the laser shutter, the temperature began to
increase as the laser irradiated the droplet. Aer 2 minutes, the
laser shutter was closed and the droplet temperature was
rapidly reduced due to the cooling by the ambient air.

In order to quantify the morphology of the gold clusters, the
average equivalent circle diameter (Dave) and the average
shortest distance among gold clusters (Lave) on the surface of
SiO2@Au were utilized in this study (examples are shown in
Fig. S4†). The area of an irregular gold cluster was rstly
measured by the soware Image J and converted to a circle with
the same area as the measured gold cluster. The equivalent
circle diameter (Dave) was then calculated according to the area
of the circle. Moreover, the ratio of interparticle distance to the
RSC Adv., 2020, 10, 33119–33128 | 33121
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particle size has been widely employed to depict the coupling
effects among plasmonic nanoparticle assembly.23,49–51 In this
study, the ratio of the average shortest distance between the
gold clusters to the average equivalent circle diameter (Lave/Dave)
was implemented to evaluate the coupling effects.
Results and discussion
Effect of volume ratio of K-gold to precursor seed particles

By varying the volume ratio of K-gold-to-seed (10 : 1, 20 : 1,
40 : 1, 80 : 1, 160 : 1, 200 : 1 and 300 : 1), various surface
morphologies of gold clusters on the gold-seeded silica nano-
particle could be obtained as shown in Fig. 2A(iii–ix), respec-
tively. Fig. 2A(i) and S1† show the TEM and SEM images of the
amine graed silica core with a diameter of 100 nm. A homo-
geneous distribution of 1.5–4 nm particles was observed on the
surface of amine graed silica under the synthesis conditions
(pH 6.85, 70 �C, 1 h) as seen in Fig. 2A(ii) and S2.† As the K-gold-
to-seed ratios were increased from 10 : 1 to 300 : 1, the gold
clusters gradually grew and eventually coalesced as a complete
shell layer. At a ratio of 80 : 1, gold clusters grew to an average
size of about 40 nm and started to coalesce together. A rough
layer of gold shell with many small grooves of 1–4 nm was
formed around the silica core at a ratio of 200 : 1. At a higher
ratio of 300 : 1, a complete shell with a thickness of about 40 nm
was formed. The insets in Fig. 2A(iii–ix) show the colors of
different SiO2@Au dispersions which mainly depend on the
morphology of gold clusters of the SiO2@Au nanoparticles. The
Fig. 2 (A) Growth of the gold seeds by reducing the K-gold solution on
increasing K-gold-to-seed volume ratios of (iii–ix) 10 : 1, 20 : 1, 40 : 1, 80
100 nm in diameter. All scale bars are 20 nm. (B) Measured UV-Vis absorp
the dispersions with different volume ratio. The intensity of the laser was fi
for different dispersions.

33122 | RSC Adv., 2020, 10, 33119–33128
UV-Vis absorption spectra of the SiO2@Au dispersions with
different gold clusters morphologies were measured as shown
in Fig. 2B. As the gold clusters gradually grow till the formation
of a fully-covered shell, the peak of the optical absorption
response was redshied from 544 nm to 676 nm and the
absorption intensity also increased from 0.093 to 1.148. The
temperature evolutions of SiO2@Au dispersions with different
gold cluster morphologies under CW laser irradiation are
demonstrated in Fig. 2C. The temperature of the SiO2@Au
dispersions increased exponentially upon laser irradiation and
reached equilibrium aer about 110 s, and then returned to the
ambient temperature aer stopping the laser irradiation. As
illustrated in Fig. 2D, no signicant temperature change was
observed in pure water and SiO2 dispersion under laser irradi-
ation (0.19 �C, 0.94 �C, respectively) but the temperature rise
(DT) of SiO2@Au dispersion droplets increased from 4.1 �C to
9.71 �C as the volume ratio of K-gold-to-seed solution increased
from 10 : 1 to 200 : 1 (Fig. 2D). However, DT decreased from
9.71 �C to 7.91 �C with further increasing the K-gold-seed ratio
to 300 : 1. This might be explained by the fact that the photo-
thermal effect is mainly induced by the plasmon resonances
occurring at the interface between the dielectric silica core and
the gold layer. This effect becomes less effective when a thick
fully-covered gold shell is formed, because the absorbed light
tends to dissipate within the thick gold shell via bulk plasmon,
leading to smaller increases in the solution temperature.52 The
photothermal conversion efficiency (hT) was also calculated for
different dispersion droplet and the results showed that hT
the gold-seeded silica (ii) to form a complete layer of gold shell with
: 1, 160 : 1, 200 : 1, 300 : 1 using an (i) amine grafted silica core size of

tion spectrum. (C) The temperature evolutions under laser irradiation of
xed at 53.6mW. (D) Temperature rise after 120 seconds laser irradiation

This journal is © The Royal Society of Chemistry 2020
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decreased as the diameter of AuNPs was increased with the K-
gold-to-seed volume ratios ranging from 10 : 1 to 40 : 1
(Fig. S3†). According to Mie theory,53 AuNPs with smaller sizes
could convert light energy into heat more efficiently compared
with larger nanoparticles. It is worth noting that for a single
particle, larger nanoparticles would generate more heat due to
their higher surface area. Hence, the observed decrease of
photothermal efficiency can be attributed primarily to the
enhanced scattering as the gold cluster size increased.37
Effect of pH on the formation of gold morphology

By xing the K-gold-to-seed ratio at 80 : 1 and 4 mL of 6.6 mM
NaBH4, six different concentrations of K2CO3 (0, 0.3, 0.6, 1.2,
2.4, 4.8 g L�1) were used to prepare K-gold solution with
resulting pH of 3.09, 8.52, 10.31, 10.38, 10.51 and 10.60,
respectively, aer being stirred overnight at room temperature
for 24 h. As the pHwas increased, the size of gold clusters on the
surface of silica core was increased and the gaps between gold
clusters were decreased, gradually forming a complete gold
shell (Fig. 3A). The UV-Vis absorption spectra of these products
show an increased bathochromic shi from 518 nm (pH¼ 3.09)
to 634 nm (pH ¼ 10.60) with enhanced gold shell perfection
(Fig. 3B). The lower pH is unfavourable for gold deposition and
leads to form small gold clusters. In the K-gold solution, HAuCl4
is hydrolysed to form [Au(OH)xCl4�x]

� (Scheme 1), and the value
of x depends on the extent of hydrolysis.54 The extent of
hydrolysis in turn depends on the pH value which indicates the
amount of OH� available for hydrolysis. It was found that the
Fig. 3 (A) The influence of pH value during metallization of gold-seede
were formed in the dispersions (iv–vi). (B) Measured UV-Vis absorption
laser irradiation of the dispersions synthesized at different pH values. The
after 120 seconds laser irradiation for different dispersions.

This journal is © The Royal Society of Chemistry 2020
pH value of the system affected the stability of the primary
AuNPs in solution, and ultimately inducing the difference in the
surface morphology of SiO2@Au core–shell nanoparticles.55

When pH ¼ 3.09, the neutral AuCl3$H2O is predominant with
trace [Au(OH)xCl4�x]

�,56 resulting in slow nucleation and
growth on the seeds with small gold clusters (Fig. 3A(i)). With
the increase of pH value, the form of Au3+ changes, gradually
forming Au hydroxylated complex. At pH ¼ 8.52 and 10.31,
[Au(OH)3Cl]

� is prevalent and optimal for surface nucleation,
leading to form gold clusters with larger size and higher
dispersion (Fig. 3A(ii and iii)). It was found that higher pH
(10.38, 10.51, 10.6) promoted the formation of more gold
nanoparticles suspended in solution other than deposition onto
the silica core (from 2 to 20 nm, Fig. 3A(vii–ix)) and rough shell
(Fig. 3A(iv–vi)). Fig. 3C demonstrates the temperature evolution
of SiO2@Au dispersions under the xed laser irradiation at
different pH value of K-gold solution. The DT of droplets was
increased from 6.14 �C to 9.22 �C as the pH value of K-gold
solution increases from 3.09 to 10.6 (Fig. 3D).
Effect of NaBH4 on gold morphology

NaBH4 was used as a reducing agent to reduce HAuCl4 in K-gold
solution and trisodium citrate is used as a stabilizer to form
smaller AuNPs. According to the aforementioned investigations
on the effects of K-gold-to-seed ratio and pH value of K-gold
solution, it can be observed that relatively uniform gold clus-
ters were formed on the silica core surface with K-gold-to-seed
ratio at 80 : 1 and pH ¼ 10.31 (shown in Fig. 2A(iv) and
d silica at 3.09, 8.52, 10.31, 10.38, and 10.51 (i–vi). Gold crystals (vii–x)
spectra of different dispersions. (C) The temperature evolutions under
intensity of the laser was fixed at 53.6 mW. (D) Temperature rise (DT)

RSC Adv., 2020, 10, 33119–33128 | 33123
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Fig. 3A(iii)). Thus, we xed these synthetic conditions and used
the corresponding concentration (c0 ¼ 6.6 mM) and volume (V0
¼ 4 mL) of NaBH4 as the reference values. The concentration
and volume of NaBH4 were then systematically varied to regu-
late the morphologies of gold clusters on the silica core surface.
Three different schemes were implemented to adjust the addi-
tion of NaBH4 as shown in Table 1.

For Scheme A, the concentration (c) of NaBH4 was xed as
the same as the reference value (c ¼ c0 ¼ 6.6 mM) while the
volume (V) was proportionally changed according to the volume
ratio between the test condition and the reference value (i.e. V/
V0). When V ¼ 0.1V0 (Fig. 4A(i)), the spherical AuNPs were
formed on the surface of silica core with a relatively large
separation distance between each other. The shape of AuNPs
gradually changed from spherical to ellipsoidal, until the gold
clusters with irregularly shape were formed and coalesced
together as the volume of NaBH4 was increased (Fig. 4A(i–vi)). In
this process, the UV-Vis absorption spectra show an increas-
ingly bathochromic shi from 542 nm to 632 nm with growing
gold cluster sizes (Fig. 4B).

For Scheme B, the volume (V) of NaBH4 was xed as the same
as the reference value (V ¼ V0 ¼ 4 mL) while the concentration
(c) was proportionally changed according to the concentration
ratio between the test condition and the reference value (i.e. n/
n0). The number of AuNPs on the surface of SiO2 was increased
as the volume of NaBH4 was increased, and the distance
between each other was decreased to form gold clusters
(Fig. 4C(i–vi)) with an increasingly bathochromic shi from
544 nm to 632 nm (Fig. 4D). Comparing the resonance wave-
length (Fig. S6(a)†) and absorbance (Fig. S6(b)†) of the UV-Vis
absorption spectra in Scheme A with that in Scheme B at the
same ratio, the resonant wavelength of the product in Scheme A
was less red-shied than those in Scheme B. However, the
absorbance in Scheme A was higher than that in Scheme B.
When the ratio is the same, the amount of NaBH4 participating
in the reaction for both schemes was equal. At the same ratio,
the gold clusters with larger size were formed on the silica core
surface in Scheme A (Fig. 4A) which made the absorption cross
section larger, resulting in higher absorbance. AuNPs with
smaller size were formed on the silica core surface in Scheme B
(Fig. 4C), which made the coupling effect between them
stronger resulting in more red-shi.

For Scheme C, the total amount of NaBH4 was xed as the
same as the reference value (n¼ n0¼ 26.4� 10�6 mol) while the
concentration and the volume were both proportionally
changed, respectively. With the same amount of NaBH4 as the
reference condition, AuNPs with small size were evenly
distributed on the SiO2 surface (Fig. 4E(iv and v)) as the
concentration of NaBH4 decreased from n0 to 0.6n0. Further
reducing the concentration, the small AuNPs grew larger to
coalesce and their distribution became nonuniform (Fig. 4E(i–
iii)), and the resonant wavelength red-shied.

Fig. 5A–C illustrate the temperature evolutions of the
SiO2@Au nanoparticle dispersions with different surface
morphologies under laser irradiations for three schemes. For
Scheme A, as the volume ratio of NaBH4 increased, DT showed
an increasing trend from 4.34 �C to 8.18 �C (Fig. 5A). Similarly,
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The influence of NaBH4 participating in metallization of gold-seeded silica nanoparticles. (A) The TEM images of SiO2@Au with different
volume of NaBH4 at V ¼ 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 V0 (i–vi) while keeping concentration constant, and (B) the corresponding UV-Vis absorption
spectra for Scheme A. (C) The TEM images of SiO2@Au with different concentration of NaBH4 at c ¼ 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 c0 (i–vi) while
keeping volume constant and (D) the corresponding UV-Vis absorption spectra for Scheme B. (E) The TEM images of SiO2@Au under different
concentration of NaBH4 at c ¼ 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 c0 (i–vi) while keeping amount of substance constant and (F) the corresponding UV-Vis
absorption spectra for Scheme C. (volume ratio of K-gold to seed: 80 : 1, and pH ¼ 10.31, V0 ¼ 4 mL and c0 ¼ 6.6 mM of NaBH4).

Fig. 5 Temperature evolutions of Scheme A (A), Scheme B (B) and
Scheme C (C) under laser irradiation. The power of the laser was fixed
at 53.6 mW. (D) Temperature rise after 120 seconds laser irradiation of
Schemes A, B and C, and the abscissa represents the ratio of c/c0 or V/
V0 (volume ratio of K-gold to seed: 80 : 1 and pH ¼ 10.31, V0 ¼ 4 mL
and c0 ¼ 6.6 mM of NaBH4).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

1/
29

/2
02

5 
5:

18
:4

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
DT increased from 3.05 �C to 8.18 �C when the concentration of
NaBH4 increased for Scheme B (Fig. 5B). For the same ratio
value in Scheme A and B, the total amount of NaBH4 was
actually the same but the surface morphologies of gold cluster
This journal is © The Royal Society of Chemistry 2020
were distinct, resulting different photothermal performances. It
was observed that the temperature rises of Scheme A and B were
close (DTA z DTB) at the ratio of 0.4. At the ratios above 0.4, DTA
became smaller than DTB, probably because of the more
uniform distribution of gold clusters on the surface and
stronger coupling effect for Scheme B. With the same ratio value
for Scheme A, B and C, the total amount of for Scheme C (n¼ n0)
was higher than Schemes A and B. Thus, DT of Scheme C was
always the highest (Fig. 5D), because more gold was reduced by
NaBH4 resulting in stronger light-to-heat conversion. For
Scheme C alone, it can be clearly observed that a more uniform
distribution of gold clusters was formed with c/c0 ¼ 0.6 and V/V0
¼ 1.67 of NaBH4 (Fig. 4E). As a result, the photothermal
conversion could be enhanced by the strong coupling effects
and the highest DT ¼ 9.64 �C was achieved among all tests.
Mechanistic interpretation of the effect of surface morphology
of gold cluster layer on photothermal conversion

In order to establish the relationship between the surface
morphology of the gold clusters and the photothermal perfor-
mance, DT of SiO2@Au nanoparticles with different morphol-
ogies of gold clusters for three schemes (Fig. 4A, C and E) are
replotted as functions of Dave, Lave and Lave/Dave in Fig. 6. Fig. 6A
demonstrates the effects of the gold cluster size (Dave). As the
size of the gold cluster was increased up to 20 nm, DT was
signicantly increased for Schemes A and B. When Dave
RSC Adv., 2020, 10, 33119–33128 | 33125
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Fig. 6 (A) The average equivalent circle diameter (Dave). (B) The average shortest distance (Lave). (C) The ratio of Lave/Dave of gold clusters on the
surface of SiO2@Au in Scheme A, B, and C; and the abscissa represents the ratio of c/c0 or V/V0 (volume ratio of K-gold to seed: 80 : 1, and pH¼
10.31, V0 ¼ 4 mL, c0 ¼ 6.6 mM and n0 ¼ 26.4 � 10�6 mol for NaBH4).
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increased above 20 nm, DT slightly increased. It is because the
scattering cross section was increased with further increasing
the gold cluster size, resulting in more the heat loss and lower
photothermal conversion. Fig. 6B demonstrates that DT was
monotonically decreased as the average distance among gold
clusters (Lave) was increased for Schemes A and B. Fig. 6C shows
that DT was decreased as the Lave/Dave was increased for
Schemes A and B, because the coupling effects became weak
with increase of Lave/Dave. When Lave/Dave was greater than about
1.3, DT dramatically decreased, implying the coupling effect
became negligible and the photothermal performance mainly
depends on the size of the gold cluster. It is worth mentioning
that themaximum temperature rise was obtained with c/c0¼ 0.6
and V/V0 ¼ 1.67 of NaBH4 in Scheme C in which the Dave and
Lave/Dave are 12.21 nm and 0.68, respectively. For a xed amount
of NaBH4, a relatively uniform distribution of gold clusters was
formed the SiO2 surface (Fig. 4E) which could induce strong
Fig. 7 Side view of DTmap of a chain of gold nanoparticles on SiO2 surfa
P¼ 1.05� 104 Wm�2 with a polarization perpendicular to the nanopartic
number for each computing case are shown in Table S2.†

33126 | RSC Adv., 2020, 10, 33119–33128
coupling effects and enhance the photothermal effect. Thus, the
photothermal effect of SiO2@Au core–shell nanoparticles
should not only be affected by the absorption cross section of
gold clusters on the SiO2 surface and the coupling effect
between them, but also by the uniformity of the distribution of
them.

In order to quantitatively understand the effects of
morphology of gold cluster, a numerical model for electro-
magnetic adsorption and heat transfer was formulated with
a commercial nite element method soware COMSOL Multi-
physics. Three representative ratios for each scheme were used
for simulation, including 0.1, 0.6 and 1.0 as shown in Fig. 4. The
model was rstly validated by a comparison with the results in
Baffou's work.24 Three key requirements imposed by the
experimental results were fullled for the cluster geometry: (1)
the particle size and interparticle distance were set according to
the Dave and Lave, respectively, measured by using ImageJ
ce submerged in water. The structure is shined form the top¼ 532 nm,
le chain. The details of gold nanoparticle size, interparticle distance and

This journal is © The Royal Society of Chemistry 2020
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soware in the experiments; (2) the number of AuNPs for each
ratio was approximated based on the ratio of the total amount
(n) of the reducing reagent (NaBH4), which determined the total
mass of the produced gold for each case; (3) the incident laser
wavelength and intensity was set as the same as the experi-
mental value. Moreover, a planar SiO2 surface was assumed for
simplicity in this study. The details for computing parameters
are shown in Table S1.† The thermal eld maps of temperature
rise at steady state for different cases are plotted in Fig. 7. It can
be observed that, the temperature rise is increased from 0.335 to
0.6 with increasing the ratio from 0.1 to 1.0 for Schemes A. It is
due to the increased adsorption cross section with more gold
reduced by NaBH4 with low ratio value and the coupling effects
caused by reduced interparticle distance with high ratio value
(Fig. S7†). For Scheme C with xed amount of gold (n ¼ n0), the
maximum temperature rise is achieved with ratio of 0.6 for. It is
mainly attributed to the strong coupling effects among small
gold nanoparticles (Fig. S7†) and collective heating effects
caused the number of AuNPs under laser irradiation. It is also
noted that weaker heating effects were observed for all the
computed cases compared to the experimental results. This is
due to the limited number of gold nanoparticles in the calcu-
lations. An appreciable temperature increase can be expected by
collective heating effects with presence of more gold nano-
particles under laser irradiation.57,58

Conclusions

In this study, we have studied the effects of surface morphology
of gold cluster on the photothermal conversion performance of
SiO2@Au core–shell nanoparticle by means of chemically
adjusting the synthesis parameters, including amounts of gold
salts, pH value of K-gold solution and reducing agent (NaBH4).
To the best of our knowledge, this is the rst time to system-
atically investigate the thermoplasmonics mechanism of
various gold clusters on SiO2@Au core–shell nanoparticle. The
morphology of gold clusters on the surface of silica core were
characterized by calculating the equivalent circular diameter of
gold clusters (Dave) and the average distance among gold clus-
ters (Lave) on the silica core surface based on the measurements
on TEM image of SiO2@Au using the soware ImageJ. Based on
the measured temperature rise of the SiO2@Au droplets and the
calculated Dave and Lave of the gold cluster, the results show the
temperature rise of the SiO2@Au dispersions depends on the
size of gold clusters when the ratio of gold clusters' equivalent
diameter to average distance among the clusters (Lave/Dave) is
greater than 1.3. On the contrary, the strong coupling effect
between gold clusters play an important role in photothermal
effect when the ratio is less than 1.3. For a given mass of gold
clusters, the maximum temperature rise can be achieved with
a relatively uniform distribution of gold clusters with which
enhanced light-to-heat conversion is obtained via strong
coupling effects and collective heating effects. In order to
interpret the observed phenomena, a chain of AuNPs distrib-
uted in a specic geometry has been simulated by using
a commercial FEM soware according to measuredmorphology
parameters from the experiment. Obtained results are in
This journal is © The Royal Society of Chemistry 2020
reasonably good agreement with experimental results and show
different photothermal conversion mechanism with different
surface morphologies of gold clusters. Our results demonstrate
a potential route to manipulate the heat generation at nano-
scale by using SiO2@Au core–shell nanoparticles.
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