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and fault-resistant components. Nanofluids with pyro-, tribo-, or
thermoelectric properties have recently emerged as promising
solutions for realizing liquid-based energy harvesters. Yet, large
thermal gradients are required for the efficient performance of these
systems. In this work, we show that oil-based plasmonic nanofluids
uniquely combine high photothermal efficiency with strong heat s I”‘ i

localization. In particular, we report that oleic acid-based nanofluids i' i |
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containing TiN nanoclusters (0.3 wt %) exhibit 89% photothermal o
efficiency and can realize thermal gradients as large as 15.5 K/cm | it —_— % reanion
under solar irradiation. We experimentally and numerically '——————— o HeatGradent __ TEC Applications_ |

investigate the photothermal behavior of the nanofluid as a

function of solid fraction concentration and irradiation wavelength, clarifying the interplay of thermal and optical properties and
demonstrating a dramatic improvement compared with water-based nanofluids. Overall, these results open unprecedented
opportunities for the development of liquid-based energy generation systems for soft, stand-alone devices.
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B INTRODUCTION earlier. In fact, while the liquid phase is typically transparent in
the visible spectral range, the solid phase can be engineered to
effectively absorb incoming (solar) radiation.”'’ Consequently,
the dissipation of photon energy into heat within the particles
is subsequently transferred to the carrier fluid, resulting in the
overall heating of the nanofluid."""'* These features have found
promising applications in solar thermal processes, such as
solar-driven water purification or desalination."” Recent works
have focused on the use of carbon black'* and core/shell
materials'> to enhance absorption and photothermal efficiency.
Similarly, nanofluids can be enhanced with energy generation
capabilities by incorporating a solid fraction with pyro-, tribo-,
or thermo-electric properties.'® Plasmonic (metallic) nano-
particles, exhibiting highly absorbing and tunable optical
resonances, have recently emerged as effective photothermal
transducers for a wide range of applications, including water
evaporation,l‘}”w’18 sanification, desalination,"”™>* and heat
storage.””~>> Photothermal efficiencies as high as 90% have
been reported for solar thermal collectors using gold or silver

Nanoparticle-seeded fluids, also called nanofluids, uniquely
combine the advantages of liquid systems, such as efficient
advection-based energy transport and shape-adaptability, with
tunable thermal transport properties (i.e., conductivity and
diffusivity)."” This dual nature makes them appealing for a
variety of applications, from heat transfer to energy harnessing,
generation, and storage.’” In particular, nanofluids offer
unmatched reliability for flexible devices and liquid/soft
robotics, where highly stretchable and fault-resistant compo-
nents are critically needed. Moreover, by incorporating
nanoparticles with magnetic as well as pyro-, tribo-, and
thermo-electric properties, they offer new opportunities to
realize liquid-based stand-alone harvesters that can recover
energy from the environment. For example, under the
application of a thermal gradient, ferrofluids can generate an
electromotive force,* while water-based barium titanate and
titania nanofluids have shown smable power generation by
pyro- and triboelectric mechanisms.”® Moreover, the addition
of thermoelectric nanoparticles, such as Bij,Sb;¢Te; to a

water-based electrolyte greatly improved the power output of a Received: May 13, 2023
thermogalvanic cell.”® Accepted: October 9, 2023
Published: October 18, 2023
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Interestingly, the synergistic use of photothermal effects in
nanofluids, that is, conversion of electromagnetic radiation into
heat through photon absorption, could augment and sustain -
electrical power generation by the mechanisms described
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Figure 1. (a) Process of nanofluid realization with schematic representation of the role of solid fraction in photothermal conversion. Insights on the
possible application are provided in the final part of the scheme. (b) Nanoparticle size distribution in water and OA obtained with DLS (Nano ZS)
for 0.01 wt % titanium nitride concentration (left) and SEM image of the dry powder with the statistical distribution of nanoparticles obtained from
the image (right). (c) Extinction coefficient of titanium nitride in OA: red line represents the experimental data (UV-2600i) of the TiN/OA
nanofluid and blue line, the bare OA. The black lines are produced using Mie theory for 30 nm particle (dashed) and 300 nm cluster (solid).

water-based nanofluids (approximately 10 nm NPs) with a
concentration of just 0.03%v.”**”  Alternative plasmonic
materials, such as nitrides or carbides, with clear advantages
in terms of cost, chemical/thermal stability, hardness, and

—32

photon—phonon  coupling,** over their silver, gold, or

graphene counterparts,”> remain underexplored for the photo-
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thermal conversion in nanofluids, despite their plasmonic
nature and good absorption efficiencies.””**

While the nanofluid design has largely focused on the solid
fraction, both in terms of overall thermal conductivity and
photothermal response,®*” the liquid fraction plays a critical
role in heat diffusion and advection. Specifically, the solvent’s
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Table 1. Main Thermo-Physical Properties of the Solvents of Interest

k [W/(m K)] p [kg/m’]
Water 0.6 998
Oleic Acid 0.2 895

47,48
¢ U/ (kg K)] p [Pas] v [m?/s]
4182 1x1073 1% 107°
2386 26.7 X 1073 39 X 107°

thermal diffusivity influences the spatial and temporal
propagation of heat across the nanofluid. This aspect holds
particular importance in liquid-based energy harvesting,
especially in photothermal-driven systems. In this context,
thermogalvanic cells stand out as one of the most efficient
method for recovering low-grade wasted heat. By creating a
higher temperature gradient within a confined section of fluids,
two significant advantages can be achieved: (1) enhanced
device performance resulting from an increased entropy
difference between the hot and cold electrodes and (2)
reduced device sizes. Effectively trapping heat within the fluids
also presents the opportunity for a direct connection to heat
storage systems.'® In pyroelectric devices, whose power
generation depends on temporal temperature variations, a
faster thermal response can also improve the device’s
performance.”® Moreover, the larger temperature gradient
would provoke faster thermodiffusion of the nanoparticles in
the fluid, thereby increasing the temporal temperature
variation experienced. Consequently, to advance the develop-
ment of multiphase nanofluids for coupled light harnessing and
energy generation systems, a change of paradigm is needed.
Depending on the application, optimizing the nanofluid’s
temperature profile requires concurrent engineering of the
liquid phase’s thermal diffusivity and the solid phase’s optical
properties. This approach assumes particular significance in the
realm of soft robotics, where space is constrained and the
adaptability of liquids holds appeal. Confining heat within a
small fluid volume opens avenues for self-powered devices,
wherein the thermogalvanic effect could harness energy from
ambient radiation to power operations. Finally, it should be
mentioned that an emerging class of materials called porous
liquids underline the importance of this field.”” They have
recently been proposed, revealing interesting light-to-heat
conversion capability,”’ along with the possibility of tuning
their viscosity,"" providing a further degree of freedom to the
system design.

In this work, we develop plasmonic nanofluids concurrently
exhibiting efficient light absorption and enhanced thermal
gradients. This is enabled by the unique combination of an oil-
based liquid fraction (oleic acid, OA) and titanium nitride
(TiN) nanoclusters (average diameter Dyc &~ 300 nm,
individual nanoparticles dyp &~ 30 nm, Figure 1b). In particular,
thanks to the low heat capacity (c,), low thermal conductivity
(k), and high viscosity of OA, in the oil-based nanofluid, we
achieved temperature gradients that are & 6 times larger than
in the water-based one, reaching up to 15 K/cm under
broadband irradiation (xenon lamp, 1000 mW c¢m™2) and 3 K/
cm using narrow-band, mild irradiation conditions (LEDs, 40
mW cm™?). Additionally, we show that photothermal
conversion efficiencies are as high as 89% and can be obtained
at a low solid fraction of 0.3 wt %, comparable to that of
conventional plasmonic metals. Importantly, we carefully
investigate the effects of nanoparticle concentration on light
harnessing and heat localization, assessing the trade-off
between shorter light penetration depths and increased
thermal conductivity. Specifically, we show that the photo-
thermal conversion efficiency increases rapidly from 0.03 to 0.1

wt % solid fraction while preserving a good heat localization.
However, beyond 0.1 wt %, the limited penetration depth of
light and a likely increase in the thermal conductivity of the
fluid hinder further performance gains. Overall, the reported
results show new opportunities for designing and engineering
plasmonic nanofluids toward liquid-based energy harvesters for
liquid robotics applications.

B RESULTS AND DISCUSSION

In order to understand the role of the liquid component
toward high heat localization and large thermal gradients for
stand-alone energy harvesters, we prepared both water-based
and OA-based nanofluids by dispersing the TiN nanoparticles
into the liquid matrix (Figure la). Water represents a
straightforward solvent choice due to its availability and
intrinsic safety.”” Also, because of its high thermal capacity, it is
extensively used in nanofluids for heat storage applications.*’
OA, on the other hand, provides distinct thermal properties
while maintaining the characteristics of low cost and
biocompatibility. Specifically, OA has lower thermal con-
ductivity compared to water as well as higher dynamic () and
kinematic viscosities (). Thus, it is expected to enable larger
temperature gradients due to increased thermal resistance and
limited convective effects.**™*® Overall, the main thermo-
physical parameters of the chosen solvents are reported in
Table 1. We also notice that both fluids are transparent across
the visible and near-infrared (NIR) spectra (400—900 nm),
with OA exhibiting absorbance in the UV range and water
exhibiting IR light absorption.

Concerning the solid fraction, the as-received dry powder of
TiN nanoparticles was characterized using small-angle X-ray
scattering (SAXS), X-ray diffraction (XRD), and high-
resolution scanning electron microscopy (SEM), and an
average size of Dyp &~ 30 nm was estimated (Figures 1b and
S1). Since no functionalization is applied to stabilize the
nanofluid during the dispersion procedure, the formation of
nanoclusters is expected. To determine the size distribution of
these, several low-concentration nanofluids (¢ &~ 0.00S wt %)
have been analyzed using dynamic light scattering (DLS). The
average distribution is reported in the left panel of Figure 1b
for both solvents, where the dashed lines indicate the median.

It can be observed that the oil-based sample shows large
nanoclusters (do, &~ 300 nm) with a good monomodal
distribution. On the contrary, polydispersity occurs in water,
with a larger fraction of clusters around d & 100 nm and a
mean d = 140 nm. The lower sizes obtained in water are
attributed to its polar nature, which contributes to keeping
particles separated as observed in other works.”” SAXS of a
0.025 wt % oil-based nanofluid further indicates that the
average particles size composing the larger agglomerate is
around Dy, ~ 28 nm (Figure Sla), in agreement with the
SEM estimates of the dry powder. It can be concluded that in
the oil-based nanofluid, there are TiN nanoclusters with a
dimension of around 300 nm, composed of NPs with a
diameter of around 30 nm. It is interesting to notice that the
water samples were stable, and no settling occurred even after
months of rest. Contrarily, oil samples were settled after 1
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Figure 2. Experimental temperature profile recorded under xenon lamp radiation of OA and water-based titanium nitride nanofluids: (a) schematic
representation of the setup used for the characterization. (b) Temperature difference measured across the cell for different solvents and TiN
content. (c) Raw measurements (solid lines) and COMSOL model (dashed lines) of the heating profile of 0.3 wt % TiN in OA. (d) Zoom-in
image of the early stage of illumination for 0.3 wt % TiN in OA showing the delay in the heating of deeper fluid portion and (e) semi-infinite model
analysis of the fluid heating profile at an early stage of illumination with the inset representing the agreement of the steady profile in the fluid with

COMSOL model prediction.

month, as can be observed in Figure S2. Considering the time
of the experiments, these can be assumed to be stable during
measurements, but functionalization is needed to target long-
term use.

The information about the NP sizes has been used to
reproduce the extinction coefficient measured using a UV—vis
spectrometer (Shimadzu UV-2600i). In other words, the
analysis of the fluids can be summarized as the initial size of
the nanoparticles in the TiN powder was determined directly
through electron micrograph inspection. To assess the sizes of
the nanoparticles or nanoclusters in the nanofluid, we
employed DLS and SAXS. The SAXS image in the Supporting
Information clearly indicates the presence of agglomerates, as
evidenced by the uptake at low q values. However, determining
the dimensions of these clusters from these data is challenging
due to the observed uptake. Instead, DLS provided clear
evidence of cluster existence as the average dimension was
approximately 300 nm. To independently verify the estimated
sizes of the nanoparticles and nanoclusters, we relied on the
nanofluids’ extinction coefficient and compared it with
theoretical estimates based on Mie theory (see the brief
summary in SI13). We utilized a MATLAB script that utilizes
the data to calculate the extinction coefficient of nanoparticles
and nanoclusters with dimensions equal to those estimated via
DLS and SAXS. Figure Ic illustrates the excellent agreement
between the measured and calculated extinction coefficients,
further supporting the accurate analysis of the clustered nature.
Here, the spectrum of a low-concentration oil-based nanofluid
(c =0.005 wt %) is reported (red solid curve). The strong light
absorption at short wavelengths (UV region) can be attributed
to the OA (blue solid line). Instead, the extinction coefficient

of the TiN nanoclusters, calculated with Mie theory,
reproduces well the experimental nanofluid spectrum in the
vis—NIR region (gray solid line). In order to calculate the
theoretical extinction coefficient of the TiN nanoclusters, it is
essential to acquire information regarding the refractive index.
This refractive index is related to the permittivity, for which
data can be obtained from.’® Figure S9 presents the
representation of this data, along with information on other
nitrides and noble metals commonly employed for comparison
in similar studies. Finally, the small peak at 4 = 580 nm in the
nanofluid spectrum can be attributed to the plasmon resonance
of the individual TiN nanoparticles forming the nanoclusters.
Indeed, the slight red-shift of the observed peak compared to
the extinction coefficient of individual d = 30 nm TiN
nanoparticles calculated with the Mie theory (gray dashed line)
can be attributed to the presence of fatty acid chains on the NP
surface, as observed in the literature, whose influence is not
accounted for in the Mie model.>!

To characterize the photothermal response of the plasmonic
nanofluids, and in particular, their ability to create a steep
temperature gradient, we use a custom 3D printed setup
consisting of a 10 X 10 X 20 mm chamber. Up to eight type-k
thermocouples are immersed in the nanofluid along the center
line of the chamber to measure the temperature as a function
of depth and time. The chamber presents a front window of
area A = 1 cm” for illumination, and a light blocker is used to
prevent direct heating of the chamber. A discussion on the
error introduced by solvent evaporation due to heating is
reported in SI11. A schematic representation of the setup is
reported in Figures 2a and S3. We first study the photothermal
response of both water- and OA-based nanofluids with ¢ = 0.3
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Figure 3. Experimental temperature profile recorded under the LED radiation of OA-based titanium nitride nanofluids. (a) Temperature variation
in the first thermocouple recorded as a function of wavelength with comparison to water-based samples. (b) Temperature difference across the fluid
as a function of concentration with the inset showing the main thermophysical properties as a function of the solid fraction content. (c)
Temperature profile at different concentrations at A ~ 530 nm. (d) Specific heat capacity and thermal conductivity of the nanofluids, water
(dashed), and oleic acid (solid) as a function of solid fraction. (e) Temperature distribution in 0 and 0.3 wt % titanium nitride in oil-based fluids as
function depth and irradiation peak wavelength. On the left, a schematic representation of the setup is reported.

wt % of TiN nanoclusters under broadband irradiation using a
xenon lamp (A = 200—2500 nm) whose intensity is adjusted to
I =1000 W/m?> Upon illumination, the temperature increase
of the nanofluids is recorded as a function of time and position
until the system reached a steady-state condition. This is
characterized by a constant temperature difference between the
front and back thermocouples (T;(t) — Ty(t) = AT,_4(t)) as
well as a nearly constant temperature reading for each
thermocouple. For the water-based nanofluids without (with)
TiN nanoparticles, the temperature difference established
across the chamber (AT,_4(t = o)) does not exceed 3 (5)
K (Figure 2b, dashed/solid gray line), corresponding to low-
temperature gradients of 1.5 (2.5) K/cm. Indeed, in both
samples, with and without solid fraction, we observe a rather
uniform temperature increase (see also Figure S4a,b). In the
case of oil-only samples, instead, a prominent temperature
difference is obtained across the chamber, thanks to the low
thermal diffusivity and limited convection (15 K, Figure 2b red
dashed curves), leading to an overall temperature gradient of
7.5 K/ecm. Most importantly, upon addition of the TiN solid
fraction (c = 0.3 wt %), the temperature difference across the
cell reaches a maximum of 32 K (Figure 2b, red solid line),
corresponding to a temperature gradient of 16 K/cm. This
represents an increase of about 213% with respect to that of
bare OA. Additionally, the largest temperature increase
observed in the chamber (thermocouple 1) reaches
AT, op/in = Ti(t = 00) — T,(t = 0) = 60 K (Figure 2c),
which corresponds to &50% increase compared to the OA-
only sample and largely exceeds the values detected for the
water-based nanofluid (Figure S4a,d). This is due to the larger
absorption cross-section of the solid fraction in oil matrices

50110

(see Figure S4f for dyp = 30 nm, where the Mie model has
been used to account for different environments surrounding
the particles at different sizes and wavelengths). Overall, this
shows that strong light absorption of the solid fraction and
weak heat transport properties of the fluid matrix can be
combined to achieve significant heat localization and large
thermal gradients in the nanofluid.

In order to gain a deeper insight into the thermal dynamics
of the different nanofluids and understand the role of distinct
physical properties, we use a combination of analytical and
numerical (COMSOL) modeling. We observe that in the first
two min of illumination, the Fourier number is Fo < 0.2. Thus,
the system can be approximated using a semi-infinite solid with
a constant heat flux boundary condition. The analytical
solution of the temperature profile is>

T(x, t) — T(x, 0)

at
3 2‘10\/; ex}‘{ x> ] g%

erfc( X ]
k k 2Jat

where g, is the incoming heat flux, a = k/ (pcp) is the thermal
diffusivity, k is the thermal conductivity, and erfc is the
complementary error function. For the temperature depend-
ence of the main thermo-physical parameters, we referred to
existing literature values using the data to get a function that
describes that dependency. Critically, to model the combined
characteristics of solid and liquid fractions, colloidal formulas
for the specific heat capacity, density, and thermal conductivity
must be used.
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At the early time scales, convection around the chamber can
be neglected, and the incoming heat flux can be estimated from
the nanofluid extinction spectrum and the illumination
intensity. The results are reported in Figures 2e and SS5a for
OA and water, respectively, where it can be observed that the
trend of experimental data (dot) is well represented by this
analytical model (dashed lines).

To gain further insight into both the fast and the slow
dynamics of the system, we also developed a 1D COMSOL
model. Convection is used as a boundary condition on the
front/back surface of the nanofluid chamber, and the
convection coefficient increases with time (natural convec-
tion). Additionally, we adopt an estimated extinction
coefficient to model light absorption as a function of depth
in the nanofluid. Overall, using the parameters reported in
Table S1, we obtain excellent agreement with the experimental
observations across time and positions (Figure 2¢ for OA and
Figure SSb for water). In particular, we can correctly capture
the following: (i) the local temperature increase as a function
of time; (ii) the earlier temperature increase at the front
compared to the back of the chamber due to limited light
propagation inside the nanofluid and heat diffusion (see
Figures 2d and S6); and (iii) the larger temperature gradient
developed across the chamber for the OA-based nanofluid
compared to the water-based one. In particular, from the
model, we conclude that the system behavior is strongly
affected by the light penetration depth, the thermophysical
parameter of the liquid matrix (mainly specific heat capacity
and thermal diffusivity), and some environmental conditions
(T, convection around the cell).

Considering that the solid fraction influences both the
thermal diffusivity and opacity of the nanofluid, there should
exist an optimal concentration that maximizes the heat flux and
the resulting temperature gradient. In fact, an increased
concentration is expected to entail stronger extinction in the
fluid, that is, higher heat generation close to the front surface.
At the same time, a higher concentration would enhance heat
conduction, leading to a reduced temperature gradient in the
fluid. We thus studied the photothermal response of our OA-
based nanofluids as a function of concentration. In literature,
the solid fraction is typically kept lower than 0.1 wt %, also due
to the instabilities rising after this point.”” In these experi-
ments, we considered 0.03, 0.06, 0.1, 0.3, and 0.5% wt.
Moreover, to minimize the contribution of light absorption in
the fluid matrix, we used monochromatic LEDs as illumination
sources. These have been chosen in order to cover the UV—
vis—NIR part of the electromagnetic spectrum (4 = 375 nm, 4
=420 nm, A = 530 nm, 4 = 625 nm, 4 = 780 nm, A = 940 nm,
Figure S7), and the irradiance has been set equal to a constant
value of 400 W m™2

The maximum temperature increase of thermocouple 1
achieved in water- and OA-based nanofluids with concen-
tration ¢ = 0.5 wt % is reported in Figure 3a. The steady-state
temperature is extrapolated from experimental data, when the
plateau is reached. Bare OA characterization is also reported
for comparison, showing the slight absorption present in the
fluid around A = 400 nm. It is clear that the OA-based
nanofluids outperform the water-based ones at all wavelengths.
The observed peak at A, = 420 nm can be associated with a
coupled effect of absorption in both the solid and the liquid
fraction. In fact, large TiN clusters can scatter the incoming
photons, expanding their path in the liquid matrix. This
improves the conversion efficiency and helps confine the heat

in the thin layer of fluid. This phenomenon is closely
connected to the scattering theory of small particles. It is
observed and particularly evident in computations conducted
using Mie theory that the scattering cross-section decreases
with the nanoparticle dimensions. Conversely, larger dimen-
sions or cluster sizes result in larger scattering, which,
according to the theory, predominantly occurs in the forward
direction. This implies that the scattered photons have a
greater ability to penetrate the fluid. To provide a clearer
explanation, Figure S10 has been included in the Supporting
Information.

In Figure 3b, the temperature difference between
thermocouples 1 and 8 in stationary condition (T,(t = o)
— Ty(t = 0)) is reported for each LED as a function of TiN
concentration. For all wavelengths, we observe a steep increase
in the temperature difference (and hence the thermal gradient)
upon addition of 0.03 wt % TiN nanoparticle due to the
confinement of the heat source otherwise distributed in the
fluid. This transition is consistent with previous experiments
with the xenon lamp. In fact, in the case of bare fluid, the
temperature of all thermocouples was observed to vary
immediately at the radiation onset, while a time delay is
observed in the presence of a solid fraction (Figure S6). The
reason for this phenomenon has to be found in the different
distribution of the heating sources. In the case of no particles,
the light penetrates deep in the fluid, and the heat is
distributed in the fluid. Contrarily, when the particles are
present, the light is trapped in the first fluid layers, and
successively, the heat is propagated, thanks to conductivity and
convection. However, increasing the solid fraction above 0.1 wt
% does not lead to further appreciable improvements. This can
also be observed in Figure 3c, where the temperature is
reported as a function of fluid depth and concentration for 1 =
530 nm. Further insights are given observing the concentration
dependence of the thermo-physical properties like thermal
conductivity or specific heat capacity, as reported in Figure 3d.
Interestingly, the higher thermal conductivity of more
concentrated samples is compensated by their higher
absorption, resulting in an improved temperature gradient (1
K/cm at ¢ = 0.03 wt % against 1.8 K/m at ¢ = 0.1 wt %). As the
concentration increases, we also expect a reduction in the
specific heat capacity, meaning that the maximum temperature
increase will be higher, given the same energy input. Yet,
beyond =0.2 wt %, the increase in thermal conductivity is
expected to dominate (Figure 3d), and further improvements
of the thermal gradient cannot be obtained. Finally, Figure 3e
shows the temperature profile as a function of illumination
wavelength for the 0.3 wt % TiN/OA sample and the bare OA.
The maps of the other compositions can be found in Figure S8.
This clearly shows that the liquid and solid fractions work
together to capture radiation, affecting the penetration depth
across the vis—NIR spectrum.

B PHOTOTHERMAL EFFICIENCY

To estimate the photothermal efficiency of the experimental
setup under analysis, the energy stored in the fluid must be
quantified. Assuming that the temperature variation occurs
only along the depth of the cell (x-axis) and treating the yz
cross-sections as isothermal surfaces, the variation of internal
energy for the nonstationary stagnant cell can be expressed as
the integral over both space and time of the temperature. The
mathematical expression can be found elsewhere.”> Consider-
ing the limited number of temperature sensors and the finite
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constant spacing separating them and assuming that the
volume around each thermocouple is at a uniform temperature
equal to its instantaneous reading, we can compute the
experimental change in internal energy as

AU(T(, 1)) = A Ax fo " (T(x, 1))

pe (T, ))(T (i, £) — Ty)ot

where p; indicates the overall nanofluid density accounting for
solid and liquid fraction, c, the specific heat capacity, and V, the
total volume of the mixture. From this, the photothermal
efficiency of the system can be obtained as the ratio of the
energy stored in system AU and the energy input. This latter is
nothing but the radiation power, that is, the irradiance set on
the light source I impinging on the fluid’s cross-sectional area
A, multiplied by the radiation time t,,4, translating into

_ AU(T(x, 1))
T LAty

Photothermal efficiency calculations as a function of the
concentration and illumination wavelength (LED-based
measurements) are reported in Figure 4a. The profile faithfully
follows the trend of temperatures, with some slight changes in
A, due to the different times of acquisition. Remarkably,
already at 0.03 wt %, the photothermal efficiency is enhanced
by ~ 400% compared to that of the bare fluid, underlining the
role of the solid phase for light absorption. These results are in
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Figure 4. Photothermal efficiency of (a) OA-based nanofluids as a
function of titanium nitride concentration using different LED
wavelengths; (b) water and OA-based nanofluids with different TiN
concentrations under xenon lamp radiation obtained from exper-
imental data (experimental) and comparison to COMSOL
predictions (theoretical).

line with the few available literature if the radiation intensity
and the different light sources are taken into account.”*~° The
maximum value of 89% efficiency is reached for the LED 4, =
420 nm at 0.3 wt % sample due to the synergistic work of the
solid and liquid fractions. Concerning the xenon lamp
irradiation, an efficiency of 83% is calculated from the
experimental data. This is in excellent agreement with the
estimation based on the COMSOL model (Figure 4b) and
confirms the potential of oil-based plasmonic nanofluids for
applications where heat localization and large thermal
gradients are important, like thermoelectrochemical wasted
heat or radiation energy harvesting, with the possibility of
exploitation of multiphysical effects, including pyro- and
triboelectric ones. The results obtained in our study
demonstrate comparability with recent investigations on
carbon black-based nanofluids. For instance, Kosinska et al."*
conducted an experimental and theoretical analysis, reporting
efficiencies as high as # & 90%. Another notable study by
Wang et al."” focused on the photothermal activity of iron
oxide (Fe; O,), where the surface decoration of magnetite with
gold led to a 25% enhancement in photothermal conversion.
The study achieved efliciencies of up to 80%. Additionally,
Zakinyan et al. made an interesting observation regarding the
influence of magnetic fields on heat transport in the fluid,
providing valuable insights into magnetically controlled liquid
memories.”’ Future advancements could potentially involve
the utilization of multiferroic materials, which combine
magnetic and ferroelectric properties to explore synergistic
effects.

B CONCLUSIONS

In conclusion, our photothermal analysis of water- and oil-
based plasmonic nanofluids shows that careful choice of the
liquid solvent thermal properties and the solid fraction content
is critical to achieve high photothermal efficiencies as well as
large thermal gradients. In particular, the studied OA/TiN (0.3
wt %) nanofluid exhibits 83% photothermal efficiency and is
capable of achieving more than 60 K temperature increase
while sustaining a 15 K/cm temperature gradient. The
confinement of heat was remarkable already at 0.1 wt %,
with interesting dynamics under solar radiation. Furthermore,
the proposed approach could be further extended by replacing
the oil-based solvent with a liquid permeable matrix with low
thermal conductivity (i.e., hydrogels). On the other hand,
developing a stable and strong thermal gradient over an
irradiated nanofluid induces convective movements within the
fluid itself and could be used to directly transform light/heat
into active pumping (mechanical energy). Overall, the
integration of additional pyro- or triboelectric properties into
these plasmonic nanofluids would pave the way to the
development of compliant and self-healing liquid-state energy
converters for liquid robotics. It should be noticed that
amelioration could be achieved also by changing the
illumination geometry. In fact, the mechanisms of heat transfer
in this framework can be limited to convection and conduction
only. In the case of vertical illumination happening on the
bottom part of the fluid, it is expected to be a lower thermal
gradient since the Rayleigh—Benard convection would be
stronger than in the case of lateral illumination. Contrarily, it is
likely to have a larger temperature gradient if the illumination
happens at the top part of the fluid, where the transport by
convection is limited.
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B EXPERIMENTAL SECTION

Experimental Setup. To obtain information regarding the
photothermal efficiency and heat localization in titanium nitride
nanofluids, it is necessary to monitor and map the macroscopic
temperature distribution throughout the fluid with appropriate spatial
and temporal resolution. To achieve this aim, a custom, in-house 3D
printed apparatus for photothermal characterization is realized. This is
made of polylactic acid by means of a material extrusion additive
manufacturing (MEX-AM) approach. For its design, Solid-Worksand
CraftWare Pro Slicer software was used. The scheme of the setup is
reported in Figure S3. The custom-built setup gives a certain degree
of freedom in the design and warrants optical alignment among
components. To prevent heating of the fluid container, referred to as
the chamber hereinafter, an aperture is designed to limit the
illuminated area to the fluid only. The chamber dimensions are 10
mm X 10 mm X 20 mm. A lid was designed to cover the liquid,
effectively limiting the convection and evaporation of the fluid. This is
equipped with eight type K thermocouples (PeakTech TF-56), where
the positive leg is composed of 90% nickel and 10% chromium, while
the negative leg is composed of nickel alone. These were chosen due
to their suitability for use with liquids, their high resistance to
oxidation and corrosion, and their temperature range of —40 to 200
°C with an accuracy of +2.5%. The thermocouples are positioned in
the center of the chamber and aligned at a pitch distance of 2.5 + 0.5
mm. The error is attributed to the precision of the ruler utilized for
positioning the thermocouples rather than the printing accuracy as the
latter is considered negligible in comparison to the former. Data were
collected by a remotely controlled data acquisition system (DAQ)
and subsequently analyzed using MATLAB software. Consider that
the error bars depicted in the figures throughout the text are
calculated by considering the combined effects of the thermocouples’
accuracy (2.5%), the error associated with their positioning, and the
standard deviation of the data. To determine the standard deviation,
temperature data are collected in the plateau region, where stationary
conditions are achieved, and the standard deviation is computed
based on these measurements. Subsequently, the overall error is
calculated by taking the square root of the sum of the squared
accuracy and the squared standard deviation.

Dispersion Procedure. The titanium nitride (TiN) NPs used for
the experiments were supplied in powder form by PlasmaChem
GmbH (Berlin, DE). A sample series of 0.03, 0.06, 0.1, 0.3, and 0.5 wt
% concentrations was realized. In order to disperse the particles, each
sample was first stirred in the solvent for 2 h vigorously. Subsequently,
tip sonication was performed at 40 W to break agglomerates with a
duty cycle of 10 s ON and 30 s OFF. To further avoid overheating,
which might promote oxidation, a water bath was used. Finally, the
nanofluids were stored in a refrigerator (+4 °C) for 24 h. Prior to the
actual measurement, the solution was ultrasonicated in a bath to
promote dispersion and allowed to thermalize to room temperature.
The sedimentation is shown in Figure S2, where the images are
acquired in the time range of a month, leaving the nanofluids at
complete rest under the hood at room temperature. After a month,
the sample appears almost completely settled for all concentrations.
The TiN nanocluster relies on steric repulsion for stability in OA and
van der Waals repulsion in water, thanks to the polar nature of the
water molecules. In the latter, no sedimentation is observed over a
period of 2 months, so the stability is already remarkable. Concerning
the OA, the sedimentation occurs after a few weeks because of the
interaction between the oleic acid chain attached to the nanoparticle’s
surface and the ones present in the bulk of the liquid. Here, the
stability should be improved using surfactants. In the experiments, it
was decided to avoid the functionalization of the particles to avoid
contributing to the photothermal effect provoked by the latter, which
would be challenging to separate from the ones of titanium nitride
nanoparticles. However, sedimentation was considered negligible
considering the relatively short time of experiments compared to the
sedimentation time, but for practical application, this issue should be
addressed.”®

Light Source. Initially, the investigation of the temperature profile
in the fluid was analyzed using a high-pressure arc lamp (LOT-Oriel
GmbH & Co. KG, Germany). This is a xenon lamp with a wavelength
range from 200 to 2500 nm and an irradiance of #1000 W cm™>. This
first light source is used to understand the reaction of the system
under a situation of high power input. This is needed to understand
which properties of the liquid matrix are necessary to localize the heat
in a real case scenario, that is, under solar radiation. In the second
instance, LEDs were chosen as light sources for two reasons: i)
tunable irradiance, with dependence on both distance and supply
voltage and (ii) reduced bandwidth, allowing the investigation of
specific excitation. To allow a more careful control, a digital voltage
controller coupled with a user interface is used to stabilize the light
source, providing the desired power (~40 mW cm™2) and waveform.
To cover the UV, visible, and NIR (UV—vis—NIR) parts of the
spectra, six LEDs are adopted; the spectra and their deconvolution in
two Gaussian distributions are reported in Figure S7, showing peak
wavelengths of ’11’ = 375, 420, 530, 625, 780, and 940 nm.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.3c06859.

SAXS and XRD analysis of bismuth ferrite nanopowder,
information about nanofluid stability, detailed aspect of
the experimental setup, raw measurement of the
photothermal effect under xenon lamp radiation, further
analysis using semi-infinite and COMSOL models,
details about the transient modification after solid
fraction addition, LED spectra, 2D maps of nanofluids
heating at different solid fraction loading, real and
imaginary permittivity of metals and nitrides, analysis of
the nanoparticle cross-section with different sizes and
impinging light wavelengths, COMSOL model param-
eter, and discussion about solvent evaporation and Mie
theory (PDF)

B AUTHOR INFORMATION

Corresponding Author
Giulia Tagliabue — Laboratory of Nanoscience for Energy
Technology (LNET), Ecole Polytechnique Fédérale de
Lausanne, 1015 Lausanne, Switzerland; ® orcid.org/0000-
0003-4587-728X; Email: giulia.tagliabue@epfl.ch

Authors

Matteo Bevione — Empa—Swiss Federal Laboratories for
Materials Science and Technology, 8600 Duebendorf,
Switzerland; Laboratory of Nanoscience for Energy
Technology (LNET), Ecole Polytechnique Fédérale de
Lausanne, 1015 Lausanne, Switzerland; ® orcid.org/0000-
0002-6932-835X

Alessandro Chiolerio — Center for Converging Technnologies,
Soft Bioinspired Robotics, Istituto Italiano di Tecnologia,
16163 Genova, Italy; © orcid.org/0000-0001-9328-2999

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.3c06859

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This project has received funding from the European
Innovation Council and SMEs Executive Agency (EISMEA)
under grant agreement no. 964388. Parts of this research were

https://doi.org/10.1021/acsami.3c06859
ACS Appl. Mater. Interfaces 2023, 15, 50106—50115


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06859/suppl_file/am3c06859_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06859/suppl_file/am3c06859_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06859/suppl_file/am3c06859_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06859?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06859/suppl_file/am3c06859_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Tagliabue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4587-728X
https://orcid.org/0000-0003-4587-728X
mailto:giulia.tagliabue@epfl.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Bevione"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6932-835X
https://orcid.org/0000-0002-6932-835X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Chiolerio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9328-2999
https://pubs.acs.org/doi/10.1021/acsami.3c06859?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c06859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

carried out at (PETRA III) at DESY, a member of the
Helmbholtz Association. We thank Dr. Qing Chen for sharing of
her USAXS beamtime (1-20220029), as well as Dr. Matthias
Schwarzkopf and Dr. Andrei Chumakov) for assistance at the
P03 beamline. We are grateful to Dr. Frank Clemens and his
group for providing support with 3D printing. The baseline of
MATLAB code for the mathematical Mie model has been
provided by Cite As Jan Schifer (2022).>” For the adaptation
to metal nitrides of the code with multiple photon energies and
particle sizes, refer to matteo.bevionel @gmail.com.

B REFERENCES

(1) Koo, J.; Kleinstreuer, C. A new Thermal Conductivity model for
nanofluids. J. Nanopart. Res. 2004, 6, 577—588.

(2) Buongiorno, J. Convective Transport in Nanofluids. J. Heat
Transfer 2006, 128, 240—250.

(3) Chiolerio, A.; Quadrelli, M. B. Smart Fluid Systems: The Advent
of Autonomous Liquid Robotics. Advanced Science 2017, 4, 1700036.

(4) Suslov, S. A. Thermomagnetic Convection in a Vertical Layer of
Ferromagnetic Fluid. Phys. Fluids 2008, 20, 084101.

(5) Ding, T.; Zhu, L.; Wang, X. Q; Chan, K. H; Lu, X.; Cheng, Y,;
Ho, G. W. Hybrid Photothermal Pyroelectric and Thermogalvanic
Generator for Multisituation Low Grade Heat Harvesting. Adv. Energy
Mater. 2018, 8, 1802397.

(6) Bevione, M.; Garofalo, E.; Cecchini, L.; Chiolerio, A. Liquid-
state Pyroelectric Energy Harvesting. MRS Energy Sustain. 2020, 7, 38.

(7) Yu, L; Xi, Z; Li, S; Pang, D,; Yan, H; Chen, M. All-day
continuous Electrical Power Generator by Solar Heating and
Radiative Cooling from the Sky. Applied Energy 2022, 322, 119403.

(8) Xu, T.; Li, W.; Ma, Z; Qian, Y.; Jiang, Q.; Luo, Y.; Yang, J. High
Power Generation from a new Semi-Solid Thermo-Electrochemical
Cell. Nano Energy 2022, 103, 107826—107828.

(9) Minardi, J. E.; Chuang, H. N. Performance of a “Black” Liquid
Flat-plate Solar Collector. Sol. Energy 1975, 17, 179—183.

(10) Kilig, F.; Menlik, T.; Sozen, A. Effect of Titanium Dioxide/
water nanofluid use on Thermal Performance of the Flat Plate Solar
Collector. Sol. Energy 2018, 164, 101—108.

(11) Fan, W. K,; Tahir, M. Recent developments in Photothermal
Reactors with understanding on the role of Light/Heat for CO2
Hydrogenation to Fuels: A review. Chem. Eng. J. 2022, 427, 131617.

(12) Abadia, N.; Bello, F.; Zhong, C.; Flanigan, P.; McCloskey, D.
M.; Wolf, C.; Krichevsky, A.; Wolf, D.; Zong, F.; Samani, A.; Plant, D.
V.; Donegan, J. F. Optical and Thermal analysis of the Light-Heat
Conversion process employing an Antenna-based Hybrid Plasmonic
Waveguide for HAMR. Opt. Express 2018, 26, 1752.

(13) Su, F; Jinliang, X.; Xiaoqian, L.; Zhongjie, H.; Hongni, W.;
Jing, Z.; Yangyang, X.; Aibo, Z.; Dongdong, Y. Yaping, Z.
Electrostatically Assisted Construction Modified MXene-IL-Based
Nanofluids for Photothermal Conversion. ACS Appl. Mater. Interfaces
2023, 15, 14316—14328.

(14) Kosinska, A.; Balakin, B. V.; Kosinski, P. Photothermal
conversion of biodegradable fluids and carbon black nanofluids. Sci.
Rep. 2022, 12, 3398.

(15) Wang, R,; Xing, L.; Ha, Y.; Zhong, P.; Wang, Z.; Cao, Y.; Li, Z.
Photothermal Conversion and Thermal Management of Magnetic
Plasmonic Fe;O,@Au Nanofluids. Sol. RRL 2023, 7, 2300269.

(16) Kulandaivel, A.; Jawaharlal, H. Extensive Analysis on the
Thermoelectric Properties of Aqueous Zn-Doped Nickel Ferrite
Nanofluids for Magnetically Tuned Thermoelectric Applications. ACS
Appl. Mater. Interfaces 2022, 14, 26833—2684S.

(17) Zhang, W.,; Rong, S; Kunquan, L.; Ailing, J; Zexian, C.
Nanoparticle enhanced evaporation of Liquids: A case study of
Silicone oil and water. AIP Adv. 2012, 2, 042119.

(18) Trong Tam, N.; Viet Phuong, N.; Hong Khoi, P.; Ngoc Minh,
P.; Afrand, M.; Van Trinh, P.; Hung Thang, B.; Zyla, G.; Estellé, P.
Carbon Nanomaterial-based nanofluids for direct Thermal Solar
Absorption. Nanomaterials 2020, 10, 1199.

(19) Uliana, A. A.; Bui, N. T.; Kamcev, J.; Taylor, M. K;; Urban, J. J;
Long, J. R. Ion-capture Electrodialysis using Multifunctional
Adsorptive membranes. Science 2021, 372, 296—299.

(20) Bhoj, Y.; Pandey, G.; Bhoj, A,; Tharmavaram, M.; Rawtani, D.
Recent Advancements in practices related to Desalination by means of
Nanotechnology. Chem. Phys. Impact 2021, 2, 100025.

(21) Seyednezhad, M.; Sheikholeslami, M.; Ali, J. A.; Shafee, A;
Nguyen, T. K. Nanoparticles for water Desalination in Solar Heat
Exchanger. J. Therm. Anal. Calorim. 2020, 139, 1619—1636.

(22) Cavalli R; Caputo, O.; Eugenia, M. C,; Trotta, M,;
Scarnecchia, C.; Gasco, M. R. Sterilization and Freeze-drying of
Drug-free and Drug-loaded solid lipid Nanoparticles. Int. J. Pharm.
1997, 148, 47—54.

(23) Hong, Y; Ding, S; Wu, W,; Hu, J; Voevodin, A. A;
Gschwender, L.; Snyder, E; Chow, L; Su, M. Enhancing Heat
Capacity of Colloidal Suspension using nanoscale encapsulated Phase-
Change Materials for heat transfer. ACS Appl. Mater. Interfaces 2010,
2, 1685—1691.

(24) Zabalegui, A,; Lokapur, D.; Lee, H. Nanofluid PCMs for
Thermal Energy Storage: Latent heat Reduction Mechanisms and a
Numerical study of effective Thermal Storage performance. Int. J.
Heat Mass Transfer 2014, 78, 1145—1154.

(25) Darvin, J. R;; Hossain, M. S.; Nabil, M.; Uertz, J.; Mills, G.
Concentrated Ag Nanoparticles in Dodecane as Phase Change
Materials for Thermal Energy Storage. ACS Appl. Nano Mater. 2019,
2, 6187—6196.

(26) Chen, M; He, Y.; Zhu, J.; Wen, D. Investigating the collector
efficiency of silver nanofluids based Direct Absorption Solar
Collectors. Applied Energy 2016, 181, 65—74.

(27) Chen, M.; He, Y.; Huang, J.; Zhu, J. Investigation into Au
nanofluids for Solar Photothermal Conversion. Int. J. Heat Mass
Transfer 2017, 108, 1894—1900.

(28) Lalisse, A.; Tessier, G.; Plain, J; Baffou, G. Plasmonic
efficiencies of nanoparticles made of metal nitrides (TiN, ZrN)
compared with gold. Sci. Rep. 2016, 6, 38647—38710.

(29) Baffou, G.; Cichos, F.; Quidant, R. Applications and challenges
of thermoplasmonics. Nat. Mater. 2020, 19, 946—958.

(30) Naik, G. V.; Shalaev, V. M. Boltasseva, A. Alternative
Plasmonic Materials: Beyond Gold and Silver. Adv. Mater. 2013, 25,
3264—3294.

(31) Kazem, H. A;; Al-Waeli, A. H. A;; Chaichan, M. T.; Sopian, K.
Numerical and Experimental evaluation of Nanofluids based Photo-
voltaic/Thermal systems in Oman: Using Silicone-Carbide Nano-
particles with Water-Ethylene Glycol mixture. Case Stud. Therm. Eng.
2021, 26, 101009.

(32) Cregan, V.; Myers, T. Modelling the efficiency of a Nanofluid
Direct Absorption Solar Collector. Int. J. Heat Mass Transfer 20185, 90,
505—-514.

(33) Meng, Z; Li, Y; Chen, N.; Wu, D; Zhu, H. Broad-band
absorption and photo-Thermal conversion properties of zirconium
carbide aqueous nanofluids. J. Taiwan Inst. Chem. Eng. 2017, 80, 286—
292.

(34) Li, X;; Zeng, G.; Lei, X. The Stability, Optical Properties and
Solar-Thermal Conversion Performance of SiC-MWCNTs hybrid
Nanofluids for the Direct Absorption Solar Collector (DASC)
application. Sol. Energy Mater. Sol. Cells 2020, 206, 110323.

(35) Wen, J; Li, X,; Chen, W,; Liu, J. Systematical investigation on
the solar-Thermal conversion performance of TiN plasmonic
nanofluids for the Direct Absorption Solar Collectors. Colloids Surf,
A 2021, 624, 126837.

(36) Yu, Y.; Madhukesh, J. K.; Khan, U.; Zaib, A.; Abdel-Aty, A. H.;
Yahia, I. S; Alqahtani, M. S.; Wang, F.; Galal, A. M. Nanoparticle
Aggregation and Thermophoretic Particle Deposition Process in the
Flow of Micropolar Nanofluid over a Stretching Sheet. Nanomaterials
2022, 12, 977—1016.

(37) Hady, F.; Ibrahim, F.; Abdel-Gaied, S.; Eid, M. An Overview of
Heat Transfer Phenomena; Kazi, S. N., Ed.; IntechOpen: Rijeka, 2012;
Chapter 4, pp 1-10.

https://doi.org/10.1021/acsami.3c06859
ACS Appl. Mater. Interfaces 2023, 15, 50106—50115


mailto:matteo.bevione1@gmail.com
https://doi.org/10.1007/s11051-004-3170-5
https://doi.org/10.1007/s11051-004-3170-5
https://doi.org/10.1115/1.2150834
https://doi.org/10.1002/advs.201700036
https://doi.org/10.1002/advs.201700036
https://doi.org/10.1063/1.2952596
https://doi.org/10.1063/1.2952596
https://doi.org/10.1002/aenm.201802397
https://doi.org/10.1002/aenm.201802397
https://doi.org/10.1557/mre.2020.39
https://doi.org/10.1557/mre.2020.39
https://doi.org/10.1016/j.apenergy.2022.119403
https://doi.org/10.1016/j.apenergy.2022.119403
https://doi.org/10.1016/j.apenergy.2022.119403
https://doi.org/10.1016/j.nanoen.2022.107826
https://doi.org/10.1016/j.nanoen.2022.107826
https://doi.org/10.1016/j.nanoen.2022.107826
https://doi.org/10.1016/0038-092X(75)90057-2
https://doi.org/10.1016/0038-092X(75)90057-2
https://doi.org/10.1016/j.solener.2018.02.002
https://doi.org/10.1016/j.solener.2018.02.002
https://doi.org/10.1016/j.solener.2018.02.002
https://doi.org/10.1016/j.cej.2021.131617
https://doi.org/10.1016/j.cej.2021.131617
https://doi.org/10.1016/j.cej.2021.131617
https://doi.org/10.1364/oe.26.001752
https://doi.org/10.1364/oe.26.001752
https://doi.org/10.1364/oe.26.001752
https://doi.org/10.1021/acsami.2c22517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c22517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-022-07469-w
https://doi.org/10.1038/s41598-022-07469-w
https://doi.org/10.1002/solr.202300269
https://doi.org/10.1002/solr.202300269
https://doi.org/10.1021/acsami.2c06457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c06457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c06457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4764294
https://doi.org/10.1063/1.4764294
https://doi.org/10.3390/nano10061199
https://doi.org/10.3390/nano10061199
https://doi.org/10.1126/science.abf5991
https://doi.org/10.1126/science.abf5991
https://doi.org/10.1016/j.chphi.2021.100025
https://doi.org/10.1016/j.chphi.2021.100025
https://doi.org/10.1007/s10973-019-08634-6
https://doi.org/10.1007/s10973-019-08634-6
https://doi.org/10.1016/S0378-5173(96)04822-3
https://doi.org/10.1016/S0378-5173(96)04822-3
https://doi.org/10.1021/am100204b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am100204b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am100204b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.051
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.051
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.051
https://doi.org/10.1021/acsanm.9b01027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b01027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apenergy.2016.08.054
https://doi.org/10.1016/j.apenergy.2016.08.054
https://doi.org/10.1016/j.apenergy.2016.08.054
https://doi.org/10.1016/j.ijheatmasstransfer.2017.01.005
https://doi.org/10.1016/j.ijheatmasstransfer.2017.01.005
https://doi.org/10.1038/srep38647
https://doi.org/10.1038/srep38647
https://doi.org/10.1038/srep38647
https://doi.org/10.1038/s41563-020-0740-6
https://doi.org/10.1038/s41563-020-0740-6
https://doi.org/10.1002/adma.201205076
https://doi.org/10.1002/adma.201205076
https://doi.org/10.1016/j.csite.2021.101009
https://doi.org/10.1016/j.csite.2021.101009
https://doi.org/10.1016/j.csite.2021.101009
https://doi.org/10.1016/j.ijheatmasstransfer.2015.06.055
https://doi.org/10.1016/j.ijheatmasstransfer.2015.06.055
https://doi.org/10.1016/j.jtice.2017.07.010
https://doi.org/10.1016/j.jtice.2017.07.010
https://doi.org/10.1016/j.jtice.2017.07.010
https://doi.org/10.1016/j.solmat.2019.110323
https://doi.org/10.1016/j.solmat.2019.110323
https://doi.org/10.1016/j.solmat.2019.110323
https://doi.org/10.1016/j.solmat.2019.110323
https://doi.org/10.1016/j.colsurfa.2021.126837
https://doi.org/10.1016/j.colsurfa.2021.126837
https://doi.org/10.1016/j.colsurfa.2021.126837
https://doi.org/10.3390/nano12060977
https://doi.org/10.3390/nano12060977
https://doi.org/10.3390/nano12060977
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c06859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(38) Sharma, J; Gupta, U. Applications of Nanobiotechnology;
Stoytcheva, M., Zlatev, R., Eds.; IntechOpen: Rijeka, 2019; Chapter
7, pp 1-8.

(39) OReilly, N.; Giri, N.; James, S. L. Porous liquids. Chem.—Eur.
J. 2007, 13, 3020—3025.

(40) Makukha, O.; Lysenko, L; Belarouci, A. Liquid-modulated
photothermal phenomena in porous silicon nanostructures studied by
u-Raman spectroscopy. Nanomaterials 2023, 13, 310.

(41) Xin, Y,; Ning, H.; Wang, D.; Li, X.; Fan, W,; Ju, X.; Wang, H,;
Zhang, Y.; Yang, Z.; Yao, D,; et al. A generalizable strategy based on
the rule of “like dissolves like” to construct porous liquids with low
viscosity for CO2 capture. Nano Res. 2023, 16, 10369—10380.

(42) Ishii, S.; Sugavaneshwar, R. P.; Nagao, T. Titanium Nitride
Nanoparticles as Plasmonic Solar Heat Transducers. J. Phys. Chem. C
2016, 120, 2343—2348.

(43) Yang, R; Li, X; Yin, F; Shi, J; Jing, D. The mechanism of
enhanced Photothermal Conversion of Low-dimensional Plasmonic
Nanofluids with LEPs resonance. Int. ]. Heat Mass Transfer 2023, 208,
124056.

(44) Lenin, R; Joy, P. A. Role of base fluid on the Thermal
Conductivity of oleic acid coated magnetite nanofluids. Colloids Surf,
A 2017, 529, 922—929.

(45) Sagdeev, D.; Gabitov, L; Isyanov, C.; Khairutdinov, V.
Farakhov, M.; Zaripov, Z.; Abdulagatov, I. Densities and Viscosities
of Oleic Acid at Atmospheric Pressure. J. Am. Oil Chem. Soc. 2019, 96,
647—662.

(46) Ghasemi, R.; Fazlali, A.; Mohammadi, A. H. Effects of TiO2
nanoparticles and Oleic Acid Surfactant on the Rheological behavior
of Engine Lubricant oil. J. Mol. Lig. 2018, 268, 925—930.

(47) Engineering ToolBox (2023). 2023 [online] Available at:
https://www.engineeringtoolbox.com (accessed 01-04).

(48) PubChem. Oleic Acid, http://pubchem.ncbi.nlm.nih.gov,
https://pubchem.ncbi.nlm.nih.gov/compound/Oleic-Acid#section=
Deprecated-CAwebS (accessed Sept 04, 2023).

(49) Rajendran, D.; Ramalingame, R.; Adiraju, A.; Nouri, H;
Kanoun, O. Role of Solvent Polarity on Dispersion Quality and
Stability of Functionalized Carbon Nanotubes. J. Compos. Sci. 2022, 6,
26.

(50) Pfliiger, J.; Fink, J. Handbook of Optical Constants of Solids;
Elsevier, 1997; pp 293—311.

(51) Hussain, A. A.; Sharma, B.; Barman, T.; Pal, A. R. Self-Powered
Broadband Photodetector using Plasmonic Titanium Nitride. ACS
Appl. Mater. Interfaces 2016, 8, 4258—4265.

(52) Bergman, T. L.; Lavine, A. S.; Incropera, F.; DeWitt, D. P.
Fundamentals of Heat and Mass Transfer 7E; John Wiley & Sons:
Chichester, England, 2011; Vol. I1—-1048, pp 1—1048.

(53) Tharwat, F. T. Basic Principles of Interface Science and Colloid
Stability; De Gruyter: Berlin, Boston, 2018; Vol. Vol. 1, pp 97—116.

(54) Luo, Z.; Wang, C.; Wei, W.; Xiao, G.; Ni, M. Performance
improvement of a Nanofluid Solar Collector based on Direct
Absorption Collection (DAC) concepts. Int. J. Heat Mass Transfer
2014, 75, 262—-271.

(55) Verma, S. K.; Tiwari, A. K. Progress of Nanofluid Application in
Solar Collectors: A review. Energy Convers. Manage. 2015, 100, 324—
346.

(56) Liu, C.; Qiao, Y.; Du, P.; Zhang, J.; Zhao, J.; Liu, C.; Huo, Y,;
Qj, C.; Rao, Z.; Yan, Y. Recent advances of Nanofluids in micro/nano
scale Energy Transportation. Renewable Sustainable Energy Rev. 2021,
149, 111346.

(57) Lee, S.; Calcaterra, H. A.; Lee, S.; Hadibrata, W.; Lee, B.; Oh,
E.,; Aydin, K; Glotzer, S. C.; Mirkin, C. A. Shape memory in self-
adapting colloidal crystals. Nature 2022, 610, 674—679.

(58) Ahmadi, M. H.; Mirlohi, A.; Alhuyi Nazari, M.; Ghasempour, R.
A review of Thermal Conductivity of various nanofluids. J. Mol. Lig.
2018, 265, 181—188.

(59) MatScat. MATLAB Central File Exchange, https://www.
mathworks.com/matlabcentral/fileexchange/36831-matscawebt (re-
trieved May 3, 2022).

50115

https://doi.org/10.1021/acsami.3c06859
ACS Appl. Mater. Interfaces 2023, 15, 50106—50115


https://doi.org/10.1002/chin.200727223
https://doi.org/10.3390/nano13020310
https://doi.org/10.3390/nano13020310
https://doi.org/10.3390/nano13020310
https://doi.org/10.1007/s12274-023-5516-2
https://doi.org/10.1007/s12274-023-5516-2
https://doi.org/10.1007/s12274-023-5516-2
https://doi.org/10.1021/acs.jpcc.5b09604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b09604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124056
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124056
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124056
https://doi.org/10.1016/j.colsurfa.2017.06.084
https://doi.org/10.1016/j.colsurfa.2017.06.084
https://doi.org/10.1002/aocs.12217
https://doi.org/10.1002/aocs.12217
https://doi.org/10.1016/j.molliq.2018.07.002
https://doi.org/10.1016/j.molliq.2018.07.002
https://doi.org/10.1016/j.molliq.2018.07.002
https://www.engineeringtoolbox.com
http://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov/compound/Oleic-Acid#section=Deprecated-CAwebS
https://pubchem.ncbi.nlm.nih.gov/compound/Oleic-Acid#section=Deprecated-CAwebS
https://doi.org/10.3390/jcs6010026
https://doi.org/10.3390/jcs6010026
https://doi.org/10.1021/acsami.6b00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijheatmasstransfer.2014.03.072
https://doi.org/10.1016/j.ijheatmasstransfer.2014.03.072
https://doi.org/10.1016/j.ijheatmasstransfer.2014.03.072
https://doi.org/10.1016/j.enconman.2015.04.071
https://doi.org/10.1016/j.enconman.2015.04.071
https://doi.org/10.1016/j.rser.2021.111346
https://doi.org/10.1016/j.rser.2021.111346
https://doi.org/10.1038/s41586-022-05232-9
https://doi.org/10.1038/s41586-022-05232-9
https://doi.org/10.1016/j.molliq.2018.05.124
https://www.mathworks.com/matlabcentral/fileexchange/36831-matscawebt
https://www.mathworks.com/matlabcentral/fileexchange/36831-matscawebt
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c06859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

