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H I G H L I G H T S

• Plasmonic heating effect of Au nanoparticles under continuous flow conditions.

• Optical and photothermal properties of nanofluids investigated.

• Au nanofluid showed higher absorption and photothermal performance.

• Flow rate and nanoparticles concentration affected the photothermal performance.

A R T I C L E I N F O
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A B S T R A C T

The aim of this study is to enhance our understanding on photothermal performance of plasmonic Au/TiO2

nanoparticles by conducting a well-controlled experiment under continuous flow conditions. Herein, plasmonic
heating experiments of Au nanoparticles decorated on TiO2 nanoparticles were performed using 532 nm laser
irradiation. Different parameters, such as Au loading, concentration of nanoparticles, flow rate and laser in-
tensity that could affect the optical and photothermal properties of the nanofluids were studied. The results
revealed that the photothermal performance of the nanofluids was remarkably increased in the presence of Au.
Particularly, Au nanofluid exhibits a significant higher temperature achieving up to 32 °C compared to that of
TiO2 nanofluid (22.5 °C) and water-based fluid (20.5 °C) which is attributed to the localized surface plasmon
resonance effect on the surface of Au nanoparticles. The concept of continuous-flow based plasmonic heating of
Au/TiO2 nanofluid, with considerable optical and thermal properties, is a promising approach in efficient
photothermal applications such as thermal energy supply in industrial chemical processes.

1. Introduction

The ever-growing global energy demand and environmental issues
are the major challenges that attracted great attention over the last
decades. In this direction, an increasing research interest in the field of
light harvesting energy systems, has led to the development of energy
and environmental friendly technologies through photovoltaics, pho-
tochemical and photothermal processes [1,2]. Among these technolo-
gies, photothermal energy conversion is considered as an effective and
simple process, in which incident photons are absorbed, and then
converted into heat energy. This energy is then transferred through the
working fluid. Various potential working fluids have been used to fulfill
different energy demands including industrial and residential process

heat [3], electricity and heat generation [4], cooling and refrigeration
[5] and production of methanol [6] and hydrogen [7].

The selection of the appropriate working fluid with excellent per-
formance in photothermal processes is very important. Nanofluids,
which are fluids containing dispersed solid nanoparticles in liquids with
unique thermal properties, have shown great potential to improve the
photothermal performance due to their superior absorption and scat-
tering [8–10]. The concept of nanofluids was first reported by Tyagi
and co-workers [11]. Since then, many studies investigated the feasi-
bility of nanofluids to optimize the photothermal conversion efficiency
using metal oxides [12], carbon materials [13] and metal nanos-
tructures such as Al [14], Ag [15] and Au [16]. For example, Said et al.
evaluated the performance of a solar collector through the optical
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properties of TiO2 nanofluid [17]. Promising results were observed for
NP volume fraction less than 0.1%. Otanicar et al. reported a 5% in-
crease of the photothermal efficiency of solar thermal collectors using
carbon materials and silver nanoparticles [18]. Mehrali et al. proved
that plasmonic graphene nanofluid increased significantly the volu-
metric solar thermal conversion [19]. Xuan et al. reported that Ag/TiO2

NPs exhibited good optical and photothermal properties and could be a
promising nanofluid for solar thermal receivers [20]. Zhao et al. de-
monstrated the concept of energy-efficient buildings through the de-
velopment of Fe2O3 nanoparticles for window applications [21].

Utilization of plasmonic metal nanoparticles (NPs) has been re-
ported in many photothermal processes ranging from biomedical ap-
plications [22], such as disease diagnosis and therapy, to energy har-
vesting and conversion [23,24], such as solar vapor generation.
Research has showed that metal NPs, such as Au, Ag and Cu nanofluids
with very low NPs concentration exhibit considerable photothermal
performance due to their unique characteristics such as absorption of
photons and scattering [22]. Metal nanoparticles convert the absorbed
photons to heat energy, which is then transferred to surrounded
medium, increasing the temperature. Nanostructured plasmonic metals
can excite the localized surface plasmon resonance (LSPR) effect on
their surface and enhance the local electromagnetic field [25]. This
effect can be specified as the collective resonant oscillation of free
conduction electrons confined within metallic NPs that are stimulated
by incident light [26,27]. The LSPR properties of plasmonic nano-
particles can be adjusted by altering different factors, including metallic
material, size, shape and the surrounding medium [26]. Additionally,
inter-particle distance, which depends on distribution of NPs, plays a
significant role in the photothermal behavior of plasmonic NPs due to
the presence of two different effects: thermal superposition effect and
plasmonic coupling effect. The improved thermal accumulation caused
by the heat which is transferred from nearby hot NPs can be described
as the thermal superposition effect while the effect of plasmonic cou-
pling can be considered as the thermal accumulation related to the
plasmonic coupling of nearby NPs, which can enhance the local elec-
tromagnetic field and production of heat. In case of low NPs con-
centration, where the average inter-particle distance is larger, the two
effects can be considered as negligible [28–30].

Many studies reported that due to the LSPR effect on the surface of
plasmonic nanoparticles, a significant improvement of optical absorp-
tion and photothermal performance of plasmonic nanoparticles can be
achieved. For instance, Chen and co-workers performed several ex-
perimental studies on the optical properties of metal NPs and the
photothermal conversion efficiency of thermal collectors [8,31,32]. The
results indicated that nanofluids containing Au and Ag obtained the
highest photothermal conversion efficiency. Amjad et al. showed that
the solar steam production increased by 95% in the presence of Au
nanoparticles [23]. Zeng et al. reported a significant efficiency of the
thermal collector up to 97.6% using CNT-SiO2/Ag [33]. Qin and co-
workers investigated the heat generation of gold nanoparticles for
photothermal therapy under laser irradiation [34]. Zhang et al. showed
that Au NPs possessed higher absorption compared to base fluids re-
sulting in an enhancement of the thermal collector efficiency by 80%
[35]. Jin and co-workers performed an experimental and theoretical
study on the photothermal properties of Au nanofluids for steam gen-
eration [36]. The steam production was attributed to highly localized
boiling and evaporation which caused by non-uniform temperature
distribution.

Research has indicated that Au NPs have higher chemical stability
to oxidation compared to Ag and Cu and relatively high absorption and
scattering properties, which enable them more attractive metals for
photothermal applications [32,34,37]. Although plasmonic metal NPs
have shown a good activity in photochemical processes they are not
considered as ideal materials for large-scale applications due to ag-
gregation, low stability and high-cost. For this reason, metal oxide
materials are used as supports to further enhance the functionality and

stability of metal NPs by providing a large surface area to enable a
uniform dispersion of metal [37,38]. TiO2 is one of the most promising
semiconductors that favours from its chemical and thermal stability and
has been employed as an efficient support for particularly low Au
loadings under visible light to promote effectively several plasmonic
photocatalytic and photoelectrocatalytic processes [39,40].

So far, a plethora of studies as described above has investigated the
feasibility of using free-standing metals in photothermal processes.
Although there have been many approaches in photothermal heat
generation from plasmonic nanoparticles, these studies mainly in-
vestigated the optical properties of the nanoparticles with limited
photothermal experiments and evaluation of the parameters that affect
significantly the efficiency of photothermal conversion.

Additionally, the existing technology of batch-type systems that has
been mainly used in photothermal processes has limitations in large-
scale applications due to long time-scale of operation hours [8,32].
Development of a continuous-flow system is a promising approach to
deal with the required needs of designing a system that comprises ad-
vanced light harvesting and reduction of photon loss, characteristics
that can ensure a photothermal process with high conversion efficiency
[41–43].

The aim of this study is to systematically investigate the parameters
that affect the photothermal efficiency of plasmonic nanofluids under
well-controlled experimental conditions. Herein, plasmonic heating
experiments of Au NPs decorated on TiO2 were performed under con-
tinuous flow conditions using visible laser irradiation. The developed
flow system benefits from improved heat and mass transfer, enhanced
light utilization and allows control of operating conditions over fluids.
The effect of Au loading, Au/TiO2 NP concentration and laser intensity
versus flow rate on the photothermal properties of nanofluids was ex-
plored by measuring the temperature change. Furthermore, the optical
and physical properties of Au/TiO2 NPs with various Au loadings were
characterized Finally, the photothermal performance of Au/TiO2 na-
nofluids under laser irradiation was analysed to evaluate the potential
utilization of the nanofluid in thermal supply for industrial chemical
processes.

2. Experimental

2.1. Materials

Gold (III) chloride trihydrate (HAuCl4⋅3H2O ≥99.9% trace metals
basis) and P25 Titanium (IV) oxide (particle size 21 nm, ≥99.5% trace
metals basis) nanopowders were obtained from Sigma-Aldrich. Sodium
hydroxide (Pellets, ≥98.5%) and Ethanol absolute (≥99.8%) were
supplied from Acros Organics and Fischer Scientific respectively. All
solutions were produced using milli-Q water with 18.2ΜΩ·cm re-
sistivity.

2.2. Synthesis of Au/TiO2 nanoparticles

The synthesis of Au decorated TiO2 nanoparticles was done by de-
position-precipitation (DP) method with NaOH and AuCl4⋅3H2O as
precursor (Fig. 1) [40,44]. Commercial Degussa P25 TiO2 was dried in
an oven for 24 h before use. Different wt.% of Au NPs (1, 3 and 5wt.%)
were prepared by stirring 25mL aqueous solution containing different
concentrations of AuCl4⋅3H2O. The pH of the different solutions was
controlled to 9 by adding certain amount of 0.1 M NaOH. Then, 150mg
P25 TiO2 were added to the solution while the pH was re-adjusted to 9.
The DP was performed at 80 °C under stirring for 2 h keeping the pH
stable and then the solution was under stirring overnight. The prepared
samples were washed with ethanol and milli-Q water by centrifuge.
Then, the samples were air-dried at 80 °C overnight. Subsequently, the
obtained powders were annealed at 300 °C for 4 h with a ramping rate
of 5 °C/min. The Au/TiO2 nanopowders were cooled and kept in the
dark inside a desiccator over silica gel to prevent photodecomposition
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and moisture. The final Au/TiO2 samples obtained had purple color.

2.3. Characterization of Au/TiO2 nanoparticles

Crystal structures of the synthesized nanopowders were identified
using a D8 Advance (Bruker AXS) X-Ray diffractometer (XRD) with Cu
Ka radiation (λ=1.5418 Å) and a nickel beta filter (2θ=10–80°).
Raman spectra were collected with a Renishaw microscope using
785 nm laser excitation. Transmission Electron Microscope (JEOL TEM-
1400 Plus) was utilized to characterize the morphology of Au/TiO2

nanoparticles. Further investigation on the morphology, gold loading
and particle size was performed with a high-resolution transmission
electron microscope (HR-TEM FEI Titan Themis 200) equipped with an
energy dispersive X-Ray (EDX) detector operated at 200 kV. Diffuse
reflectance spectra were obtained using a UV–Vis spectrometer (Perkin
Elmer Lambda 950) equipped with a 150mm integrating sphere using
barium sulfate as reference for background correction.

2.4. Fabrication of continuous flow PMMA container

A Trotec Speedy 300 laser cutter/engraver was used to fabricate a
continuous flow container made of polymethyl methacrylate (PMMA)
sheet. The fabricated container consisted of an inlet and outlet to allow
the continuous flow of the nanofluids. The different nanofluids were
supplied to the PMMA container utilising a syringe pump (Genie Touch,
Kent Scientific Corporation) with flow rate ranging from 0.05 to
0.4 mL·min−1. The total volume of the cell was 2mL
(2 cm×1 cm×1 cm).

2.5. Experimental set-up

A schematic illustration of the experimental set-up is presented in

Fig. 2. The continuous flow container was irradiated from the top using
532 nm laser light while the top was covered with quartz glass. During
the experimental procedure, the fabricated container was held in the air
using a clamp to prevent heating and was covered by insulated material
to reduce heat loss. Two thermocouples were installed to the data ac-
quisition unit plugged in a computer and were placed after the inlet
(before illumination) and before the outlet (after laser illumination) of
the container to monitor the temperature (Fig. S1). Temperature mea-
surements were recorded with PicoLog thermocouple data logger (TC-
08) until a thermal steady state has been reached. The starting tem-
perature of all fluids was 20.3 °C and the error bar was estimated
at± 0.1 °C.

3. Results and discussion

3.1. Characterization

The structural properties of the plasmonic NPs were identified by X-
Ray diffraction as shown in Fig. 3a. The presence of anatase and rutile
phase of TiO2-P25 was confirmed from the XRD pattern. The diffraction
peaks detected at 2θ=25°, 38° and 48° were indexed to lattice planes
(1 0 1), (0 0 4) and (2 0 0) of anatase phase while the diffraction peaks
at 2θ=27°, 41°, 54° and 63° were assigned to (1 1 0), (1 1 1), (2 2 0)
and (0 0 2) lattice planes of rutile phase of TiO2 respectively. No
characteristic peaks associated to Au were observed in the Au loaded
TiO2 samples. This can probably be attributed to the small particle size
of Au NPs in accordance with TEM analysis (NPs, ≤5 nm) and low Au
concentration. Additionally, overlap of expected Au (111, 200) reflec-
tion peaks with TiO2 anatase (0 0 4) and TiO2 rutile (1 1 1) makes it
difficult to identify Au particles.

Further investigation of the crystal structure of Au/TiO2

Fig. 1. Schematic representation of deposition-precipitation of Au decorated nanoparticles on TiO2.

Fig. 2. Schematic representation of experimental set-up for laser induced plasmonic heating under continuous flow conditions.
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nanopowders was performed using Raman spectroscopy. Raman spectra
of the different samples are shown in Fig. 3b. The characteristic bands
of anatase phase positioned at 142, 395, 515 and 638 cm−1, which
correspond to Eg(1), B1g(1), A1g+B1g(2) and Eg(2) vibrational modes
respectively, are present in all tested samples. After Au loading, no
characteristic peak corresponding to Au nanoparticles was detected.
However, for Au/TiO2 samples, by increasing Au loading, the intensity
of the main anatase peak at 142 cm−1 was slightly decreased as well as
shifted to 145 and 147 cm−1 for 3 and 5wt.% Au content respectively.
This indicates that the Au loading created lattice distortions, known as
crystalline defects within TiO2, which increased by increasing Au con-
tent. As a result, the characteristic vibrational frequency of TiO2 was
affected [45,46]. A further increase of Au content to 5 wt.%, led to a
decrease of the intensity of 395, 515 and 638 cm−1 peaks of TiO2 which
revealed the increased crystalline defects. This observation is in
agreement with the large nanoparticles identified in TEM images.

Fig. 4a shows the diffuse reflectance spectra (DRS) of bare TiO2 and
Au/TiO2 samples. The pure TiO2-P25 powder showed intense absorp-
tion below 400 nm. Contrary to pure TiO2, Au/TiO2 nanoparticles de-
monstrated a significant absorption in the visible region, particularly in
the range 500–550 nm. This effect can be ascribed to the localised
surface plasmon resonance (LSPR) of Au nanoparticles [47].

Additionally, an enhanced intensity of LSPR band at 532 nm was ob-
served by increasing Au loading from 1 to 5 wt.%, which was also in-
dicated by the color change of Au/TiO2 powders from light to dark
purple. This happens because the surface plasmon resonance wave-
length is dependent on the metal content and particle size of noble
metal [48]. The plasmon peak of Au NPs is consistent with laser irra-
diation used in our experiments.

The energy bandgap of the synthesized samples was estimated
(Fig. 4b) utilising the following Kubelka-Munk function [49]:

=

−F R R
R

( ) (1 )
2

2

(1)

The bandgap for P25-TiO2 was estimated at 3.2 eV, which is in ac-
cordance with the literature. In case of Au loaded TiO2 nanoparticles,
an increase in the Au content from 1 to 5 wt.% led to a decrease of the
band gap. Specifically, the band gap values were found at 3.07, 2.88
and 2.96 eV for 1, 3 and 5wt.% Au respectively. The decrease of the
bandgap stems from the inter-band transition of electrons of Au NPs
from the d band to the s band, which shifts the Fermi level closer to the
conduction bandgap of TiO2 [50,51].

The morphology of the samples with different Au loading (1, 3 and
5wt.%) was studied by HR-TEM. It should be mentioned that no

Fig. 3. (a) XRD pattern and (b) Raman spectra of pure TiO2 anatase (*) and rutile (o) and Au/TiO2 samples.

Fig. 4. (a) Diffuse reflectance spectra of the as-prepared samples and (b) Plots of transformed Kubelka–Munk function versus the energy of absorbed light.
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significant alternation was observed in the morphology of TiO2 sample
when Au NPs with different concentration were loaded. TEM images
(Fig. 5a-c) showed that the surface of TiO2 was uniformly decorated by
a significant amount of small Au NPs. The concentration of Au in-
creased by increasing the Au content to 3 and 5wt.%. However, the
average size of Au NPs enlarged with higher distribution upon further
increasing the gold content and a few Au NPs tended to agglomerate in
case of 5 wt.% (Fig. 5c). Specifically, nanoparticle size was calculated at
3.3, 3.6 and 8.1 nm for 1, 3 and 5wt.% respectively.

The crystalline structure of Au and TiO2 NPs was confirmed from
the ring pattern as it can be seen from the selected area electron dif-
fraction (SAED) pattern (Fig S2). The lattice spacing of 0.325 nm and
0.169 nm correspond to (1 1 0) and (2 1 1) crystal plane of rutile phase
of TiO2 while 0.235 nm correspond to (1 1 1) lattice fringe of Au.

The presence of homogeneously distributed Au, Ti and O elements
was confirmed using EDX elemental mapping (Fig. 6). Au NPs deposited
on the surface of TiO2 were clearly detected in the elemental mapping.
EDX analysis showed that the amount of Au attached on TiO2 surface
during the synthesis process was lower than the nominal one. Ap-
proximately 40% reduction of the actual gold was observed, which is in
agreement with the literature [39,40]. More specifically, the nominal
gold content was found to be 0.56, 0.84 and 1.89% for 1, 3 and 5wt.%
respectively. This trend is highly related to the fact that the number of
TiO2 adsorption sites is reduced due to high pH values of synthesis
solution leading to limited Au deposition [40]. It should be also noted,
that the deposition efficiency of this method decreases by increasing the
amount of the gold in the synthesis solution.

Fig. 5. TEM images for (a) 1 wt.% Au/TiO2, (b) 3 wt.% Au/TiO2 and (c) 5 wt.% Au/TiO2.

Fig. 6. TEM-EDX mapping for 3 wt.% Au/TiO2 sample.

M. Belekoukia, et al. Applied Energy 247 (2019) 517–524

521



3.2. Laser induced plasmonic heating

An experimental exploration of the effect of localized plasmonic
heat produced by Au NPs was performed using 532 nm laser irradiation.
Fig. 7a shows the recorded temperature profile of the different nano-
fluids (0.6 mgmL−1) under 532 nm laser excitation using a flow rate of
0.1 mLmin−1. The inlet temperature for the different nanofluids in-
cluding pure water was 20.4 ± 0.1 °C. All nanofluids presented higher
temperature under laser irradiation compared to pure milli-Q water, in
which temperature raised just ∼0.5 °C. A remarkable increase in tem-
perature of Au nanofluid under laser irradiation can be seen in Fig. 7a.
It should be mentioned that the temperature of all Au/TiO2 nanofluids
was significantly higher compared to pure TiO2 nanofluid (22.3 °C),
indicating a higher optical absorption of the nanoparticles. As expected,
the different Au loading affected significantly the temperature profile.
More specifically, the temperature reached up to 28.6 °C when 3wt.%
Au/TiO2 nanofluid was used instead of 1 wt.% Au/TiO2. However, a
further increase of Au loading to 5 wt.% resulted in lower temperature
compared to 3 wt.%. Generally, by changing the Au loading, parameters
like Au particle size, morphology of the sample as well as the metal
dispersion can be altered. The temperature decrease for higher Au
loading is related to the increase of the mean size of Au NPs and to the
formation of Au agglomerates, as can be seen from TEM images. In case
of excess Au loading, particles tend to agglomerate, resulting in limited
conversion of the absorbed energy to thermal energy and thus the
temperature increase is reduced. This phenomenon is attributed to the
plasmonic coupling effect caused by the particle interaction [30]. Ad-
ditionally, nanofluids with small metal NPs have higher thermal con-
ductivity compared to nanofluids consist of larger NPs, which results to
faster temperature increase of the nanofluid containing smaller NPs
[52]. As a result, the temperature of the nanofluid containing smaller
NPs increase faster in comparison with that of larger NPs.

The performance of different nanofluids at flow rates ranging from
0.05 to 0.4 mLmin−1 was investigated (Fig. 7b). For pure milli-Q water,
no significant change of temperature was observed with different flow
rates. In the case of nanofluids, the same trend was observed. By in-
creasing the flow rate from 0.05 to 0.1 mLmin−1 a higher temperature
was achieved while a further increase of the flow rate up to
0.4 mLmin−1 led to the lowering of the temperature. At large residence
time, the lower temperature observed is attributed to mass transfer
limitations of the nanofluid due to low flow rate (< 0.1mLmin−1)

[53,54]. Particularly, blocking effect was observed from the dispersed
NPs in the fluid in flow rates lower than 0.1mLmin−1. Under fast flow
rates, mass transport is improved but the nanofluid doesn’t remain
under illumination for sufficient time to obtain the maximum tem-
perature increase. All the different nanofluids, achieved the maximum
temperature when an optimal flow rate was set at 0.1mLmin−1. The
highest recorded temperature for 3 wt.% Au loading using
0.1 mLmin−1

flow rate was 28.6 °C, while 1.8 °C decrease was noticed
when the flow rate was set at 0.4mLmin−1.

The effect of concentration on temperature performance using 3 wt.
% Au/TiO2 was further evaluated (Fig. 8a). Four different concentra-
tions of 3 wt.% Au/TiO2, varied from 0.2 to 1.4 mgmL−1, were pre-
pared and tested under the same conditions as described above using
flow rates between 0.05 and 0.4mLmin−1. Fig. 8a shows a significant
temperature rise by increasing Au NPs concentration up to 1mgmL−1.
Among the tested nanofluids, the sample with 1mgmL−1 concentration
exhibited the highest temperature up to 31.5 °C with flow rate
0.1 mLmin−1. According to Beer-Lambert law, when the concentration
of Au/TiO2 NPs increased, the amount of suspended nanoparticles in
milli-Q water was higher, so more light was confined in the nanofluid,
resulting in higher temperature [8]. However, upon further increasing
the concentration to 1.4mgmL−1, the temperature significantly de-
creased to 26.3 °C. This phenomenon can be ascribed to a possible sa-
turation of the absorption of light caused by a further increase of the
concentration [20] Fig. S3 shows that the optical absorption of Au/TiO2

nanofluid increases up to 1mgmL−1 concentration, while a further
increase up to 1.4mgmL−1 is causing a saturation in the optical ab-
sorption of the nanofluid which can be attributed to a non-uniform
distribution of NPs causing precipitation. For high concentration of
nanofluid, laser light is mostly absorbed by the upper layer close to the
surface while the lower layers of the nanofluid will not receive enough
irradiation, resulting in increased heat loss from the surface [20,55].
Additionally, in case of high concentration, the interaction between the
particles of the nanofluid should be considered. Particularly, the pre-
sence of both thermal superposition effect and plasmonic coupling with
other NPs increases the number of resonant clusters and therefore the
probability of aggregations of NPs. In this way, plasmonic coupling
affects negatively the photothermal performance by reducing the in-
crease in the temperature [29].

Fig. 8b shows the temperature of the different nanofluids under
laser irradiation at different power densities while the concentration of

Fig. 7. Temperature of pure milli-Q water, TiO2 nanofluid and 1, 3 and 5wt.% of Au/TiO2 nanofluids for (a) 0.6 mgmL−1 concentration 0.1 mLmin−1
flow rate and

(b) 0.6 mgmL−1 concentration and flow rates 0.05, 0.1, 0.2, 0.3 and 0.4 mLmin−1.
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Au/TiO2 and the flow rate were set to 1mgmL−1 and 0.1mLmin−1

and respectively. As it can be seen, by increasing the laser power in-
tensity, the Au nanofluid’s temperature presented a remarkable raise.
Specifically, a temperature increases of 11.5 °C caused by Au nano-
particles at power density of 500mW is the highest value obtained. The
main reason for this phenomenon is that higher laser power density
leads to higher light density and thus the heat generated by Au nano-
particles will subsequently increase. In this way, by increasing the laser
intensity, a temperature rise of the heated medium can be achieved
[34].

Finally, the stability of the samples was evaluated before and after
the photothermal experiments using UV–Vis spectroscopy. UV–Vis ab-
sorbance spectra showed excellent stability of Au/TiO2 nanofluids with
a slight decrease of the absorption of 3 wt.% Au/TiO2 sample as it can
be seen in Fig. S4 in supplementary information. Additionally, the TEM
images unveiled no obvious change in the morphology and the size of
Au NPs on TiO2.

4. Conclusions

In summary, Au/TiO2 nanoparticles were synthesized utilising de-
position-precipitation method and plasmonic heating effect from the Au
nanoparticles under continuous flow conditions using 532 nm laser ir-
radiation was studied extensively. The optical properties of Au/TiO2

nanoparticles were investigated, indicating that plasmonic nano-
particles exhibited a remarkable absorption in the region 500–550 nm,
attributed to the LSPR effect excited on Au NPs’ surface. All the dif-
ferent nanofluids containing Au presented higher temperature (up to
28.5 °C) compared to pure water fluid (20.5 °C) proving the importance
of nanofluids. The fabrication of a low cost continuous flow system
offered the ability to investigate the effect of residence time of the fluid
under laser irradiation. The optimal flow rate was 0.1 mLmin−1 for all
nanofluids, and the generation of plasmonic heating for 3 wt.% Au
loading sample was further investigated by studying the effect of na-
noparticle concentration and laser intensity. The results showed that
temperature increased to 31.5 °C upon increasing laser intensity to
500mW with an optimal 1mgmL−1 concentration after which de-
creased significantly. The presence of plasmonic nanoparticles and
particularly NPs size and concentration affect remarkably the efficiency
of photothermal processes. In summary, this study offered an enhanced
understanding of the fundamental aspects of plasmon-based photo-
thermal performance under well-controlled continuous flow conditions.

The concept of continuous-flow based plasmonic heating of Au/TiO2

nanofluid, with considerable optical and thermal properties, could be a
promising approach in efficient light harvesting applications such as
thermal energy supply in industrial chemical processes. For practical
considerations, further improvements from the engineering point of
view required regarding the geometry of the continuous flow system,
minimizing potential heat loss, while enhancement of absorption
coefficient of plasmonic nanofluids is of crucial importance as well.

Acknowledgements

The Engineering and Physical Sciences Research Council (EPSRC) is
acknowledged for their financial support (project numbers, EP/
N009924/1, EP/K021796/1 and EP/R012164/2). The authors also
acknowledge the electron microscopy facility at the School of
Chemistry, University of St. Andrews, supported by the EPSRC Capital
for Great Technologies Grant EP/L017008/1.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apenergy.2019.04.069.

References

[1] Linic S, Christopher P, Ingram DB. Plasmonic-metal nanostructures for efficient
conversion of solar to chemical energy. Nat Mater 2011;10:911.

[2] Mekhilef S, Saidur R, Safari A. A review on solar energy use in industries. Renew
Sustain Energy Rev 2011;15:1777–90.

[3] Elsheikh AH, Sharshir SW, Mostafa ME, Essa FA, Ahmed Ali MK. Applications of
nanofluids in solar energy: a review of recent advances. Renew Sustain Energy Rev
2018;82:3483–502.

[4] Guney MS. Solar power and application methods. Renew Sustain Energy Rev
2016;57:776–85.

[5] Ullah KR, Saidur R, Ping HW, Akikur RK, Shuvo NH. A review of solar thermal
refrigeration and cooling methods. Renew Sustain Energy Rev 2013;24:499–513.

[6] Bai Z, Liu Q, Lei J, Li H, Jin H. A polygeneration system for the methanol production
and the power generation with the solar–biomass thermal gasification. Energy
Convers Manage 2015;102:190–201.

[7] Ozturk M, Dincer I. Thermodynamic analysis of a solar-based multi-generation
system with hydrogen production. Appl Therm Eng 2013;51:1235–44.

[8] Chen M, He Y, Huang J, Zhu J. Synthesis and solar photo-thermal conversion of Au,
Ag, and Au-Ag blended plasmonic nanoparticles. Energy Convers Manage
2016;127:293–300.

[9] Daxiong W, Haitao Z, Liqiu W, Lumei L. Critical issues in nanofluids preparation,
characterization and thermal conductivity. Curr Nanosci 2009;5:103–12.

[10] Said Z, Sajid MH, Saidur R, Kamalisarvestani M, Rahim NA. Radiative properties of

Fig. 8. (a) Temperature of 3 wt.% Au/TiO2 for 0.1 mLmin−1
flow rate using 0.2, 0.6, 1.0 and 1.4 mgmL−1 concentration (b) Temperature of 3 wt.% Au/TiO2 vs laser

power intensity for 0.1 mLmin−1
flow rate and 1mgmL−1 concentration.

M. Belekoukia, et al. Applied Energy 247 (2019) 517–524

523

https://doi.org/10.1016/j.apenergy.2019.04.069
https://doi.org/10.1016/j.apenergy.2019.04.069
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0005
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0005
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0010
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0010
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0015
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0015
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0015
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0020
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0020
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0025
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0025
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0030
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0030
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0030
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0035
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0035
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0040
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0040
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0040
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0045
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0045
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0050


nanofluids. Int Commun Heat Mass Transfer 2013;46:74–84.
[11] Tyagi H, Phelan P, Prasher R. Predicted efficiency of a low-temperature nanofluid-

based direct absorption solar collector. J Sol Energy Eng 2009;131. 041004-
041004-041007.

[12] Karami M, Akhavan-Behabadi MA, Raisee Dehkordi M, Delfani S. Thermo-optical
properties of copper oxide nanofluids for direct absorption of solar radiation. Sol
Energy Mater Sol Cells 2016;144:136–42.

[13] Ni G, Miljkovic N, Ghasemi H, Huang X, Boriskina SV, Lin C-T, et al. Volumetric
solar heating of nanofluids for direct vapor generation. Nano Energy
2015;17:290–301.

[14] Parvin S, Nasrin R, Alim MA. Heat transfer and entropy generation through nano-
fluid filled direct absorption solar collector. Int J Heat Mass Transf 2014;71:386–95.

[15] Chen M, He Y, Zhu J, Wen D. Investigating the collector efficiency of silver nano-
fluids based direct absorption solar collectors. Appl Energy 2016;181:65–74.

[16] Jeon J, Park S, Lee BJ. Analysis on the performance of a flat-plate volumetric solar
collector using blended plasmonic nanofluid. Sol Energy 2016;132:247–56.

[17] Said Z, Sajid MH, Saidur R, Mahdiraji GA, Rahim NA. Evaluating the optical
properties of TiO2 nanofluid for a direct absorption solar collector. Numeric Heat
Transfer, Part A: Appl 2015;67:1010–27.

[18] Otanicar TP, Phelan PE, Prasher RS, Rosengarten G, Taylor RA. Nanofluid-based
direct absorption solar collector. J Renew Sustain Energy 2010;2:033102.

[19] Mehrali M, Ghatkesar MK, Pecnik R. Full-spectrum volumetric solar thermal con-
version via graphene/silver hybrid plasmonic nanofluids. Appl Energy
2018;224:103–15.

[20] Xuan Y, Duan H, Li Q. Enhancement of solar energy absorption using a plasmonic
nanofluid based on TiO2/Ag composite nanoparticles. RSC Adv 2014;4:16206–13.

[21] Zhao Y, Sadat ME, Dunn A, Xu H, Chen C-H, Nakasuga W, et al. Photothermal effect
on Fe3O4 nanoparticles irradiated by white-light for energy-efficient window ap-
plications. Sol Energy Mater Sol Cells 2017;161:247–54.

[22] Jain PK, Huang X, El-Sayed IH, El-Sayed MA. Noble metals on the nanoscale: optical
and photothermal properties and some applications in imaging. Sens, Biol, Med,
Accounts Chem Res 2008;41:1578–86.

[23] Amjad M, Raza G, Xin Y, Pervaiz S, Xu J, Du X, et al. Volumetric solar heating and
steam generation via gold nanofluids. Appl Energy 2017;206:393–400.

[24] Neumann O, Urban AS, Day J, Lal S, Nordlander P, Halas NJ. Solar vapor generation
enabled by nanoparticles. ACS Nano 2013;7:42–9.

[25] Pineda A, Gomez L, Balu AM, Sebastian V, Ojeda M, Arruebo M, et al. Laser-driven
heterogeneous catalysis: efficient amide formation catalysed by Au/SiO2 systems.
Green Chem 2013;15:2043–9.

[26] Cheng H, Fuku K, Kuwahara Y, Mori K, Yamashita H. Harnessing single-active
plasmonic nanostructures for enhanced photocatalysis under visible light. J Mater
Chem A 2015;3:5244–58.

[27] Adleman JR, Boyd DA, Goodwin DG, Psaltis D. Heterogenous catalysis mediated by
plasmon heating. Nano Lett 2009;9:4417–23.

[28] Khosravi Khorashad L, Besteiro LV, Wang Z, Valentine J, Govorov AO. Localization
of excess temperature using plasmonic hot spots in metal nanostructures: com-
bining nano-optical antennas with the Fano effect. J Phys Chem C
2016;120:13215–26.

[29] Ren Y, Chen Q, Qi H, Ruan L. Hot spot effect of optical nanoantenna to enhance
localized photothermal conversion. ES Energy Environ 2019;3:74–9.

[30] Siahpoush V, Ahmadi-kandjani S, Nikniazi A. Effect of plasmonic coupling on
photothermal behavior of random nanoparticles. Opt Commun 2018;420:52–8.

[31] Chen M, He Y, Wang X, Hu Y. Complementary enhanced solar thermal conversion
performance of core-shell nanoparticles. Appl Energy 2018;211:735–42.

[32] Chen M, He Y, Zhu J, Kim DR. Enhancement of photo-thermal conversion using
gold nanofluids with different particle sizes. Energy Convers Manage
2016;112:21–30.

[33] Zeng J, Xuan Y. Enhanced solar thermal conversion and thermal conduction of
MWCNT-SiO2/Ag binary nanofluids. Appl Energy 2018;212:809–19.

[34] Qin Z, Bischof JC. Thermophysical and biological responses of gold nanoparticle

laser heating. Chem Soc Rev 2012;41:1191–217.
[35] Zhang H, Chen H-J, Du X, Wen D. Photothermal conversion characteristics of gold

nanoparticle dispersions. Sol Energy 2014;100:141–7.
[36] Jin H, Lin G, Bai L, Zeiny A, Wen D. Steam generation in a nanoparticle-based solar

receiver. Nano Energy 2016;28:397–406.
[37] Zhou N, Lopez-Puente V, Wang Q, Polavarapu L, Pastoriza-Santos I, Xu Q-H.

Plasmon-enhanced light harvesting: applications in enhanced photocatalysis, pho-
todynamic therapy and photovoltaics. RSC Adv 2015;5:29076–97.

[38] Xiao Q, Jaatinen E, Zhu H. Direct photocatalysis for organic synthesis by using
plasmonic-metal nanoparticles irradiated with visible light. Chem – An Asian J
2014;9:3046–64.

[39] Jovic V, Chen W-T, Sun-Waterhouse D, Blackford MG, Idriss H, Waterhouse GIN.
Effect of gold loading and TiO2 support composition on the activity of Au/TiO2

photocatalysts for H2 production from ethanol–water mixtures. J Catal
2013;305:307–17.

[40] Collado L, Reynal A, Coronado JM, Serrano DP, Durrant JR, de la Peña O'Shea VA.
Effect of Au surface plasmon nanoparticles on the selective CO2 photoreduction to
CH4. Appl Catal B: Environ 2015;178:177–85.

[41] Rechberger F, Niederberger M. Translucent nanoparticle-based aerogel monoliths
as 3-dimensional photocatalysts for the selective photoreduction of CO2 to me-
thanol in a continuous flow reactor. Mater Horiz 2017;4:1115–21.

[42] Erickson D, Sinton D, Psaltis D. Optofluidics for energy applications. Nat Photon
2011;5:583–90.

[43] Su Y, Straathof NJW, Hessel V, Noël T. Photochemical transformations accelerated
in continuous-flow reactors: basic concepts and applications. Chem – A Eur J
2014;20:10562–89.

[44] Mukherjee S, Libisch F, Large N, Neumann O, Brown LV, Cheng J, et al. Hot elec-
trons do the impossible: plasmon-induced dissociation of H2 on Au. Nano Lett
2013;13:240–7.

[45] Li Y, Wang H, Feng Q, Zhou G, Wang Z-S. Gold nanoparticles inlaid TiO2 photo-
anodes: a superior candidate for high-efficiency dye-sensitized solar cells. Energy
Environ Sci 2013;6:2156–65.

[46] Han T, Wang H, Zheng X. Gold nanoparticle incorporation into nanoporous anatase
TiO2 mesocrystal using a simple deposition–precipitation method for photocatalytic
applications. RSC Adv 2016;6:7829–37.

[47] Buso D, Pacifico J, Martucci A, Mulvaney P. Gold-nanoparticle-doped TiO2 semi-
conductor thin films: optical characterization. Adv Funct Mater 2007;17:347–54.

[48] Wang C, Ranasingha O, Natesakhawat S, Ohodnicki PR, Andio M, Lewis JP, et al.
Visible light plasmonic heating of Au-ZnO for the catalytic reduction of CO2.
Nanoscale 2013;5:6968–74.

[49] Murphy AB. Band-gap determination from diffuse reflectance measurements of
semiconductor films, and application to photoelectrochemical water-splitting. Sol
Energy Mater Sol Cells 2007;91:1326–37.

[50] Cui F, Hua Z, Wei C, Li J, Gao Z, Shi J. Highly dispersed Au nanoparticles in-
corporated mesoporous TiO2 thin films with ultrahigh Au content. J Mater Chem
2009;19:7632–7.

[51] Oros-Ruiz S, Gómez R, López R, Hernández-Gordillo A, Pedraza-Avella JA,
Moctezuma E, et al. Photocatalytic reduction of methyl orange on Au/TiO2 semi-
conductors. Catal Commun 2012;21:72–6.

[52] He Q, Wang S, Zeng S, Zheng Z. Experimental investigation on photothermal
properties of nanofluids for direct absorption solar thermal energy systems. Energy
Convers Manage 2013;73:150–7.

[53] Li L, Chen R, Zhu X, Wang H, Wang Y, Liao Q, et al. Optofluidic Microreactors with
TiO2-coated fiberglass. ACS Appl Mater Interfaces 2013;5:12548–53.

[54] Wang N, Zhang YP, Lei L, Chan HLW, Zhang XM. Photocatalytic microreactor using
monochromatic visible light. Adv Mater Res 2011;254:219–22.

[55] Xu J, Yan X, Liu G, Xie J. The critical nanofluid concentration as the crossover
between changed and unchanged solar-driven droplet evaporation rates. Nano
Energy 2019;57:791–803.

M. Belekoukia, et al. Applied Energy 247 (2019) 517–524

524

http://refhub.elsevier.com/S0306-2619(19)30726-3/h0050
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0055
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0055
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0055
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0060
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0060
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0060
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0065
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0065
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0065
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0070
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0070
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0075
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0075
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0080
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0080
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0085
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0085
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0085
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0090
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0090
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0095
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0095
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0095
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0100
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0100
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0105
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0105
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0105
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0110
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0110
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0110
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0115
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0115
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0120
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0120
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0125
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0125
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0125
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0130
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0130
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0130
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0135
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0135
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0140
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0140
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0140
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0140
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0145
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0145
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0150
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0150
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0155
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0155
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0160
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0160
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0160
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0165
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0165
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0170
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0170
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0175
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0175
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0180
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0180
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0185
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0185
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0185
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0190
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0190
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0190
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0195
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0195
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0195
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0195
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0200
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0200
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0200
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0205
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0205
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0205
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0210
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0210
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0215
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0215
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0215
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0220
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0220
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0220
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0225
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0225
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0225
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0230
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0230
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0230
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0235
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0235
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0240
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0240
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0240
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0245
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0245
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0245
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0250
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0250
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0250
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0255
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0255
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0255
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0260
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0260
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0260
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0265
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0265
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0270
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0270
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0275
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0275
http://refhub.elsevier.com/S0306-2619(19)30726-3/h0275

	Continuous flow-based laser-assisted plasmonic heating: A new approach for photothermal energy conversion and utilization
	Introduction
	Experimental
	Materials
	Synthesis of Au/TiO2 nanoparticles
	Characterization of Au/TiO2 nanoparticles
	Fabrication of continuous flow PMMA container
	Experimental set-up

	Results and discussion
	Characterization
	Laser induced plasmonic heating

	Conclusions
	Acknowledgements
	Supplementary material
	References




