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Solar-thermal utilization is one of the important ways of energy utilization at present and in the fu-
ture. Nanofluids play a key role in photothermal conversion. In this work, the low-dimensional plas-
monic TiIN/MWCNTs nanofluids were firstly proposed. The photothermal conversion properties of low-
dimensional plasmonic nanofluids was systematically investigated. The analytical results indicated that
the heat transfer and optical properties of plasmonic nanofluids were significantly enhanced. Specif-
ically, thanks to the expanded light absorption by the LSPR of nano-TiN and the enhanced thermal
transport by its low-frequency phonon (LFP) resonance with MWCNTs, the photothermal conversion effi-
ciency can reach 68.1% with 10 ppm TiN/MWCNTs nanofluids, which was 22.9% higher than that of the
MWCNTs nanofluids. And the photothermal conversion efficiency of TiIN/MWCNTs nanofluids (40 ppm)
reached 76.4%. Furthermore, through the simulation and experimental results, this paper explained the
mechanism of the enhanced solar-thermal conversion performance of nanofluids from the perspective of
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1. Introduction

The use of clean and renewable energy has emerged the future
direction of development in the world [1]. Solar energy has been
one of the most promising renewable energy sources due to its
sustainability and environmental friendliness [2]. So far, solar en-
ergy has been utilized mainly in the form of photovoltaic (PV) [3],
photochemical conversion [4], and photothermal conversion. And
photothermal conversion is one of simplest forms of solar utiliza-
tions [5]. The selection of the working medium is critical in light
to heat process. However, the traditional working mediums (water,
thermal oil, etc.) cannot meet the current heat transfer demand
gradually [6].

For this reason, investigators have done a lot of work to im-
prove the heat collection efficiency [7,8]. Nanofluid is a novel heat
transfer media [9], which is prepared by formulating nano particles

Abbreviations: TiN, Titanium nitride; MWCNTs, Multi-walled carbon nanotubes;
LSPR, Localized surface plasmon resonance; LFP, Low-frequency phonon; ITT, In-
terfacial thermal transport; EG, Ethylene glycol; PCe, Photothermal conversion ef-
ficiency; EM, Electromagnetic; HV, Horizontal vibration; VV, Vertical vibration.
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into conventional working media to form a homogeneous fluid.
Due to the excellent heat transfer properties, nanofluids can be
used in various fields, including desalination [10], machining [11],
heating [12], thermal exchangers [13], and solar collectors [14,15].

Recently, the plasmonic nanofluids based on localized surface
plasmon resonance (LSPR) nanoparticles have been noticed in the
field of solar thermal applications. The LSPR phenomenon ap-
pears when plasmonic nanoparticles are excited by light at specific
wavelengths, which could cause collective oscillation of free elec-
trons, and then leading to significant enhancement of their own
absorption and scattering of light [16]. In particular, when plasma
is integrated into solar technology, it achieves ultra-broadband of
solar energy absorption since it provides significant potential for
size-, shape- and coupling-driven spectral structuring and adjust-
ments of material absorption behavior [17]. It has been found
that plasmonic nanofluids can enhance the light absorption in-
tensity of the heat-conducting fluids at specific wavelengths with
pretty low concentration effectively [18]. Wen’s group prepared
plasmonic nanofluids by using silver (Ag) nanoparticles [19]. It was
found that only 6.5 ppm of nanofluids were required to increase
the heat captured by solar collectors by 144%. The team also stud-
ied the photothermal application process of gold (Au) nanofluids
[20]. The photothermal conversion efficiency was found to increase
with increasing mass concentration, but in a non-linear manner.
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Nomenclature

r The radius of the TiN nanoparticles

a The shape coefficient

m The optical constants

Lavit s The standard solar radiation spectrum

n The photo-thermal conversion efficiency

m The mass of working fluids

Cp The constant-pressure heat capacities of working
fluids

Ey The experimental uncertainty

$ The particle spacing

Mallah et al. [21] prepared the plasmonic nanofluids with mixed
Ag nanoparticles and found that the efficiency of solar collectors
could be enhanced by about 85% with only 0.001 wt.% concentra-
tion. However, the high price of precious metals has certain limita-
tions in industrial applications, so it is urgent to find or design new
nanomaterials with both good economy and high performance.

It has been demonstrated that titanium nitride (TiN) nanopar-
ticles have the similar LSPR effect of noble metals nanoparticles
with mature production technology and low cost [22,23]. Wang
et al. [24] showed that TiN nanoparticles can absorb a wide
range of visible and near-infrared light compared to carbon nan-
otubes, Ag, Au, graphene, and metal sulfides. It indicated that
TiN nanoparticles can produce LSPR effects in visible light and
longer wavelengths, but its absorption peak was narrow so the
single-component TiN nanofluids often cannot be well regulated or
achieve wide-domain absorption [25]. And the scattering of solar
photon energy from ultraviolet (UV) to deep infrared (IR) is so sig-
nificant that almost no single material or structure can collect all
of its portion. Therefore, it remains a challenge to make nanofluids
based on nano-TiN to have more abundant application scenarios in
the solar thermal conversion process.

As a result, researchers have compounded two (or more)
nanoparticles to synthesis the hybrid nanofluids and then exploit-
ing the interparticle coupling effects to improve deficiencies in the
thermal network, stability or photo-thermal properties of nanoflu-
ids. The hybrid nanofluids can provide the potential to match the
solar radiation spectrum and consequently achieve broadband so-
lar thermo-absorption on the basis of the complementary optical
absorption properties of the different nanoparticles [26,27]. Some
scholars have already investigated the photothermal conversion of
hybrid plasmonic nanofluids such as Ag@TiO, [28], Au/SiO, [29],
Ag-Au [30] nanofluids etc. Furthermore, The solar-thermal conver-
sion of Au/TiN nanofluids was investigated by Wang et al. [31]. The
light absorption capacity of the hybrid nanofluids was enhanced
due to the superposition of the dual plasmon resonance effect.

Meanwhile, the heat transfer properties of nanoparticles are
also one of the crucial factors in determining the efficiency of light
to heat conversion. The phonon refers the quantized energy of lat-
tice vibrations. The phonon heat transfer is the main mechanism
of heat transfer in most carbon based materials [32]. The multi-
walled carbon nanotubes (MWCNTSs), as a kind of one-dimensional
nanomaterials, are crystalline materials with tightly arranged car-
bon (C) atoms, and their regular crystal structure and sp? structure
of carbon atoms have excellent conductivity for phonons. There-
fore, MWCNTs have a relatively outstanding axial thermal conduc-
tivity. However, at the microscopic level, the transport properties
of phonons at the interface are distinct compared to those in the
nanoscale region. The different phonon transport modes of the
components in the hybrid materials lead to the interface being the
main region of phonon scattering [33]. This phenomenon leads to
unavoidable phonon scattering at the interface between MWCNTSs,
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which limits the interfacial thermal transport (ITT) of MWCNTs
[34]. It has been demonstrated that the coupling of low-frequency
phonon (LFP) modes between low-dimensional nanoparticles con-
tributes to thermal transport [35]. This enhanced is attributed to
the activation of the LFP mode in nanoparticle-induced MWCNTSs.
It enables the redistribution of LFP modes into the C atoms of the
interface, which activates resonance with the LFPs of the nanopar-
ticles, thus enabling more heat transfer across the contact. Further-
more, one-dimensional MWCNTs have many excellent mechanical,
electrical, chemical, and optical properties [36].

According to the above, the TiN and MWCNTs were firstly
applied to construct the low-dimensional plasmonic nanoparti-
cles. The optical extinction properties of low-dimensional compos-
ites were computed by the finite-difference time-domain (FDTD)
method. In addition, the stable TIN/MWCNTs nanofluids were pre-
pared by combining sanding and ultrasonic. The optical absorption
and the thermal conductivity of TIN/MWCNTs hybrid nanofluids
were studied. Meanwhile, the solar-thermal conversion processes
of TiN/MWCNTs nanofluids were comparatively investigated by ver-
tical mode, the experimental schematic diagram was denoted in
Fig. 1. In this paper, the concept of low dimensional plasmonic
nanofluids is proposed for the first time, and the mechanism of the
enhancement of its photothermal conversion performance was ex-
plained from the perspective of phonon heat transfer. We believe it
could provide a unique solution to broaden the spectral absorption
bandwidth and enhance the photothermal conversion of nanoflu-
ids.

2. Experimental
2.1. Materials and characterization techniques

Titanium nitride (>99.9%, 20 nm) nano-powders were pur-
chased from Deke Daojin Science and Technology Co., Ltd (Bei-
jing, China). Carbon nanotubes (CNTs, >99.4%) were supplied by
Chengdu Organic Chemistry Co., Ltd. (Chengdu, China). Ethylene
glycol (EG, AR) and polyvinylpyrrolidone (PVP-K30, LR) were sup-
plied by Chron Chemical Co., Ltd (Chengdu, China).

The morphologies of nanoparticles were examined by a SU8220
scanning electron microscope (SEM, HITACHI, Japan). Raman spec-
tra of MWCNTs and TiN/MWCNTs hybrid nanoparticles was mea-
sured by using the HORIBA Scientific LabRAM HR Evolution.

2.2. FDTD simulation of nanoparticles

Maxwell’'s equations were a set of fundamental equations that
explain electromagnetic phenomena and they could be used to de-
termine the interaction of electromagnetic waves with particles.
The electromagnetic (EM) field distribution around the nanoparti-
cles can be solved by combining the dielectric additional equations
and suitable boundary conditions. The extinction characteristics of
the material can be obtained by processing the EM field quantities.
Thanks to the flexibility and accuracy of FDTD method, it could be
employed to calculate the EM wave interactions between light ra-
diation fields and arbitrary complex nanostructures [37].

In the process of numerical solution by FDTD, the construction
of the model and the selection of boundary conditions were mainly
considered [38]. A particular model of nano-TiN loaded on MWC-
NTs was shown in Fig. 2. In this model, MWCNTs had a radius of
20 nm and a length of 220 nm. Then the perfectly matched lay-
ers were selected for the simulation area to absorb almost all the
incident waves. And the grid size was 1 x 1 x 1 nm. EG with re-
fractive index of 1.4318 was set as the simulated background, and
the simulated light source was a total-field scattered-field (TFSF).
Since the solar light was non-polarized light, it could be decom-
posed into two independent linearly polarized light with the same
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Fig. 1. Experimental schematic diagram of the TIN/MWCNTs hybrid nanofluids.

(a) Horizontal vibration

(b) Vertical vibration

” Polarization direction of source

-_—

Incident direction of soure

TIN nanoparticles

MWCNTs nanoparticles

Fig. 2. The particular model of TIN/MWCNTs composites (r represented the radius of the TiN nanoparticles.).

intensity in vertical and horizontal directions. On this basis, the in-
teraction of TiN/MWCNTs hybrid nanomaterials with light was ex-
plored and analyzed by FDTD.

2.3. Preparation of MWCNTs slurry

Firstly, the MWCNTs slurry with high concentration was pre-
pared by sand milling method. The main equipment used in this
step was a horizontal sand mill (NIZZOLI® 4, Puhler China) (Fig. 3).
The horizontal sand mill was composed of stainless-steel stirring
container, stirring medium grinding chamber and motor. The inner
volume of stirring medium grinding chamber was about 450 ml.
The device also had a control panel, a feeding system and a bead
separator, which were not shown in the figure. The outer wall of
the sanding chamber has a cavity about 3 c¢m thick, which was
filled with EG to form a circulating cooling system during oper-
ation of the machine. The grinding media of the sand mill were
solid zirconium oxide (ZrO,) beads with diameters of 0.4-0.8 mm,
and the mass of zirconium oxide beads used in this paper was
750 g. A 0.3 mm diameter separator was used at the outlet of the
sanding chamber to separate the beads from the MWCNTSs slurry.

In the preparation process, MWCNTs, PVP-K30 (dispersant,
2 wt.%) and the corresponding EG were first mixed in a stirring
vessel at 500 rpm for 15 min. Then the cyclic grinding mode
was installed to further disperse the slurry by feeding the pre-
mixed suspension into the grinding chamber, the grinder speed
was 2000 rpm during grinding, and then the treated MWCNTSs
slurry would flow back into the stirrer vessel. Finally, a slurry of
MWCNTs (4 wt.%) was obtained. Then, MWCNTSs slurry was diluted
to the desired concentration by simple stirring and ultrasonic.

2.4. Preparation of low-dimensional plasmonic nanofluids

To begin with, the MWCNTs nanofluids (10 ppm) were added
in a beaker. Then, the TiN of different mass were added sepa-
rately. The TIN/MWCNTs nanofluids with different concentrations
were obtained by ultrasonic shaking for 2 h with an ultrasonic pro-
cessor (Scientz Biotechnology Co., China, 500 W,20 kHz). Among
them, the mass ratios of MWCNTs to TiN nanoparticles were 1:1,
1:2, 1:3, 1:4, and 1:5, which were labeled as R1, R2, R3, R4, and
R5, respectively. The 10 ppm MWCNTs nanofluids was labeled as
RO. In addition, the pure EG with PVP-K30 dispersant was set as a
blank control group.
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2.5. Optical properties

A UV-Vis spectrophotometer was employed to characterize
the optical properties of nanofluids. In a typical experiment, the
nanofluids sample was put into a standard quartz cuvette (optical
path = 1 cm) and tested in a range of 190-1100 nm. Each sample
was measured five times to reduce experimental error.

2.6. The photothermal conversion

The solar-thermal conversion properties of TiN/MWCNTs hybrid
nanofluids were investigated using the self-made photothermal ex-
perimental device (Fig. 4). During the experiments, a cubic quartz
cuvette (optical path = 40 mm) was used to hold the nanoflu-
ids sample in order to minimize the influence of external light,
as well as reducing the heat loss. The cuvette was surrounded by
the polystyrene and a tin foil as the outermost layer. Next, a CEL-
HXF300 xenon lamp (China) was applied as a sunlight simulator. It
was worth mentioning that the direction of incidence of the lamp

photothermal experimental device.

source was perpendicular to the direction of gravity. The light in-
tensity was confirmed at a certain distance using a HD2302 solar
radiometer (Delta-Ohm, Italy). To fully detect the temperature vari-
ation of the nanofluids at different locations, the temperature vari-
ation of the samples under different light paths was measured by
a multi-threaded thermometer (JK804, Jin Ailian Electronic Tech-
nology Co., China) (four sensors were placed evenly). And the ex-
perimentally obtained temperature data were transferred to a data
processor through a recording unit (Omega-TC08), while the tem-
perature change curve of the samples was recorded. The exposure
time of the simulated xenon light source was 3000 s. The data
recording interval was 10 s. The timing ended when the sample
cooled naturally to room temperature.

2.7. Performance indices and error analysis

The optical absorption properties of nanomaterials could be
characterized by its extinction coefficient. The scattering proper-
ties and extinction efficiency of simple spherical particles were re-
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lated to the shape coefficient a and the optical constants m of the
particles according to the Mie theory [39]. The a and m could be
expressed as Eq. (1) and Eq. (2):

7D
— = 1
a== (1)
m:na+u<a
np

(2)

where D was the diameter of the particle (nm), A denoted the
wavelength of the incident light (nm), n represented the refractive
index of the particles, and x meant the light absorption index of
the nanoparticle.

In particular, for spherical nanoparticles, whose particle size
was significantly smaller than the wavelength of incident energy,
the Mie theory can be simplified to calculate using Rayleigh scat-
tering theory when o « 1 and o | m — 1 |« 1. From Rayleigh scat-
tering theory, the absorption factor (Qg), scattering factor (Qs), and
extinction factor (Q.) of nanoparticles were expressed by Egs. (3),
(4), and (5), respectively:

2 2 2 4 2
Qa:4a1m{m 1[l+a (m l)m +27m +38“ 3)

m2 42 15\ m2+2 2m2 +3
8 4 m2—12
Qe=Qu+Qs (5)

where Im was the imaginary part of the complex number. Since
the volume fraction of TiN/MWCNTs nanoparticles was less than
0.6% and the particle size was less than 50 nm, it could be consid-
ered that the nanofluids were in an independent scattering state
[40]. The extinction coefficient Kpp of TiN/MWCNTs nanoparticles
was calculated by Eq. (6) according to Rayleigh scattering theory:

3¢0yQe
6

7 (6)
where d, was the average particle size of nanoparticles. The ex-
tinction coefficient K, of EG can be derived by using Eq. (7) which
was based on the Beer-Lambert law [20]:

—InT(A
- T o)
where T(A) and b were the transmittance of nanofluids and op-
tical path length (cm), respectively. In this study, the optical path
length was 1 cm. The extinction coefficient of nanofluids K,; could
be approximated by summation the corresponding extinction coef-
ficients of nanoparticles and EGs as Eq. (8):

Ky = Knp + Ky (8)

For further exploration of the optical properties of the hy-
brid nanofluids, the absorbed solar power spectrum I4(A) of the
nanofluids was discussed and defined according to Eq. (9) [41]:

IW(A) = lavr 5[ 1 — e THP] (9)

where the wavelength range (1) was 280-1100 nm, and Ispq 5 was
the standard solar radiation spectrum.

The solar weighted absorption fraction was derived from
Eq. (10) [42]:

[ans[1— e T®P]da
S lam s (A )dA

An energy balance-based model was applied to calculate the
photo-thermal conversion efficiency (PCe, 1) [43], as shown in
Eq. (11):

Knp =

K,

F(x) = (10)

dAT
(mep +msCps) — = + BAT +CAT? = nAly5(X) (11)
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where m and mg were the mass of working fluids and the cuvette,
respectively (kg); cp and c,s were the constant-pressure heat ca-
pacities, J/(kg- °C); AT was the temperature change at time t (s);
B and C were heat dissipation coefficients; A (m?) was radiation
area. The nanofluids concentration in this experiment was rela-
tively low, so ¢, could be approximated as the constant-pressure
heat capacity of EG. The values of B and C could be confirmed
from the energy balance at the end of the radiation, as indicated
in Eqgs. (12) and (13):

(mcp+m5cp,s)ddATT +BAT +CAT?>=0 (12)

Bt C
-1 _ . - Y_ =
AT '=D exp( G st,3> 5 (13)

where B, C and D could be obtained by fitting the data points of
the cooling process.

When the temperature of the nanofluids reached equilibrium, n
could be calculated by Egs. (14) and (15):

BAT + CAT? = nAlgy 5(X) (14)
_ BAT4CAT? (15)
T Alpns(A)

The experimental errors in the photothermal conversion exper-
iments were caused by different measurement errors, which in-
cluded the relative errors in the weight of the nanofluids (m), the
temperature of the thermocouples (T), the optical depth (I) and
the radiation intensity (I). Thus, the experimental uncertainty (Ej)
[44] could be expressed as Eq. (16):

2 2 2 2 2
oo (8) () () (2) (%) oo

The weight of nanofluids was measured by using an analyti-
cal balance (accuracy +0.0001 g), the nanofluids temperature was
measured by a thermocouple meter (accuracy +0.1 °C), the optical
range was measured by a vernier caliper (accuracy £0.02 mm), and
the spectral irradiance was measured by a solar radiometer (accu-
racy +£2%). The calculation by substituting the experimental data
showed that the maximum relative error of the photothermal PCe
measured in this experiment was 3.13%.

3. Results and discussion
3.1. Characteristics

The morphologies of different nanoparticles were displayed in
Fig. 5. The nano-TiN were spherical with a diameter of about
20 nm and some agglomeration existed (Fig. 5(a)). MWCNTs were
long straight cylinders with a tube diameter of about 10 nm
(Fig. 5(b)). The SEM images of TiN/MWCNTs hybrid nanoparticles
was demonstrated in Fig. 5(c). The above results indicated that TiN
nanoparticles were distributed on the surface of MWCNTs. More-
over, the hybrid TIN/MWCNTs nanofluids was prepared successfully
and they processed good stability (Support Information Section S1).

3.2. EDTD results

The accuracy and validity of the simulations were verified by
comparing the simulation results of the real part (Re) and imagi-
nary part (I;) of the dielectric constants of the TiN nanoparticles
and MWCNTs models with the results in the literature (Support-
ing Information Section S2.1). Moreover, the calculation results of
the FDTD method agreed well with the Mie theory values, and the
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Fig. 5. SEM pictures of nanoparticles: (a) TiN, (b) MWCNTs, (c) TiN/MWCNTSs.

FDTD model exhibited excellent accuracy (Supporting Information
S2.2, Fig. S4). In summary, the simulated values of the model es-
tablished in this study provided some guidance for the later exper-
iments, and the credibility of the simulation results was achieved.

The results of the absorption cross-sectional area and electric
field distribution for two different incidence modes were presented
in Fig. 6. The radius (r) of TiN nanoparticles was 20 nm. When the
horizontal vibration mode (HV mode) was conducted on the MWC-
NTs particles, based on Fig. 6(a), the resonance peaks of the double
TiN nanoparticles were observed to be blue-shifted with the in-
crease of the TiN nanoparticle spacing. In addition, the absorption
intensity weakened and gradually resembled the shape of the res-
onance peaks of the single nanoparticles with the same resonance
peak position. When the number of nano-TiN changes from 1 to
2, the maximum increase of absorption cross section was 44.4%
at 6 =1 nm, which proved that the LSPR resonance effect gener-
ated by multiple nanoparticles could enhance the absorption of the
light. In particular, when the particle spacing 6 decreased from 50
to 1 nm, the horizontal vibrational incident light skewed the TiN
nanoparticle resonance peak position by 56 nm. On the contrary,
when the incident light vibrates vertically (the direction of the in-
cident polarized light was perpendicular to the direction of the
center axis of MWCNTs) (Fig. 6(c)), the distance of TiN nanopar-
ticles increased, their resonance peaks were red-shifted, and the
resonance intensity was slightly enhanced, but the difference with
the intensity of single TiN nanoparticles was not significant. The
incident light shifted the resonance peak position of TiN nanopar-
ticles by 5 nm under vertical vibration. When the number of TiN
nanoparticles was 2 and § was 1 nm, the absorption cross section
was 7.7% larger than that of the single TiN particle. It indicated that
the incident light of perpendicular resonance had an inhibitory ef-
fect on the internal electric field resonance of the particles, but the
effect was not obvious.

Simultaneously, the electric field intensity distributions of the
two-particle system in the surrounding area of the incident mag-
netic field horizontal vibration (Fig. 6(b)) and the vertical vibra-
tion mode (VV mode) (Fig. 6(d)) were depicted. The electric field
of the nanoparticle interaction was significantly enhanced for the
incident horizontally vibrating linearly polarized light with a spac-
ing of 1 nm, which was about three times of the electric field in-
tensity around the single particle. It was attributed to the reso-
nance between TiN nanoparticles, which enhanced the absorption
ability of electromagnetic waves and effectively increased the ab-
sorption cross section (Fig. 6(b)). The interaction between the two
nanoparticles was quite weak when the spacing was 50 nm, and
the electric field distribution around the two particles was simi-
lar to that of the isolated nanoparticles. The electric field intensity
inside the gap of particles with the same particle spacing and inci-
dent vertical vibrational line polarization light did not change due

to the suppression of the resonant electric field inside the parti-
cles. Therefore, during the photothermal conversion of nanoparti-
cles, the incident light of horizontal vibration mainly excited the
nanoparticles to produce heat. Moreover, the resonance enhance-
ment and peak shift of the HV mode were more prominent than
those of the VV mode. It was indicated that the HV mode plays
a major role in influencing the nanostructure under the superpo-
sition of the two modes. In addition, we also explored the influ-
ence of TiN nanoparticles percentage on the light absorption per-
formance (Section S2.3). The results indicated that the increase of
particle number and the nanoparticles in a homogeneous electric
field environment were beneficial to the light absorption of the
multi-particle system. Similarly, the effect of TiN nanoparticle size
on the light absorption performance was studied (Section S2.4).
The analysis results showed that increasing the size of nanopar-
ticles in a certain range can effectively enhance the PCe. Thus, the
intensity and width of spectral absorption could be enhanced by
using low-dimensional plasmonic nanostructure.

3.3. Optical properties of nanofluids

The excellent light absorption properties of nanofluids is the
prerequisite for their high PCe. The stronger the absorption of inci-
dent light by the nanofluids, the more sufficient energy was avail-
able for photothermal conversion. In Section 3.2, the LSPR effect of
the hybrid nanoparticles was verified theoretically by FDTD simula-
tions. Next, the optical absorption properties of the hybrid nanoflu-
ids were evaluated from an experimental point of view. The UV-vis
spectra of TINMWCNTs nanofluids were shown in Fig. 7(a). Over-
all, the TiN/MWCNTs hybrid nanofluids could effectively reduce the
EG transmission rate by a maximum of 80.88%. In addition, the ab-
sorption intensity was increased with the weight ratio from RO to
R5, which indicated that the solar absorption of EG could be sig-
nificantly improved by the addition of nanoparticles. It was similar
to the conclusion in FDTD. Specifically, the spectral transmittance
of RO nanofluids was about 50% in the range of 400-1100 nm,
which was about half of that of EG. And the spectral transmit-
tance of nanofluids gradually decreased as the concentration of
TiN nanoparticles increased. The average spectral transmittance of
R4 nanofluids was as low as 2.4%, and the average spectral trans-
mittance of R5 nanofluids was only 0.8%. The reason could be at-
tributed that LSPR of TiN nanoparticles enhanced and broadened
the absorption ability of incident light by the fluid. The transmit-
tance indicated that the TIN/MWCNTs hybrid nanofluids could trap
solar radiation and could positively affect the PCe.

The curves in Fig. 7(b) represented the theoretical absorption of
the spectral irradiance with the TiN/MWCNTs nanofluids, and the
area under the curves expressed the solar energy absorbed by the
nanofluids (calculated by Eq. (9)). It is another important factor in
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Fig. 6. Numerical simulation results of FDTD for the TiN/MWCNTs dual nanoparticle system. (a) and (b): Numerical simulation results in HV mode; (c) and (d): in VV mode.

evaluating the optical properties of nanofluids. It was obvious that
the absorption of EG was incomplete and could only reach about
10%. Similarly, the absorption of MWCNTs nanofluids (R0) was only
55%. In contrast, R1 nanofluids (10 ppm) could already theoretically
absorb 75% of solar energy, and the curve of R5 nanofluids almost
coincided with the solar radiation spectrum curve. This indicated
that the LSPR of the nano-TiN improved the light absorption ca-
pacity of the whole system. In addition, it was noteworthy that the
light-trapping ability of the nanofluids was influenced by the con-
centration of TiN nanoparticles significantly. However, when the
concentration reached a certain level, the effective capture of so-
lar energy by nanofluids would encounter a bottle neck. In other
words, R4 and R5 nanofluids can absorb almost all the solar ra-
diation. Thus, it was essential to study the optimal combination
of nanomaterial properties and concentrations for the solar energy
absorption processes.

Furthermore, the selection of the optimal fluid depth in solar-
thermal conversion was an unavoidable issue. The use of nanoflu-

ids as light absorbing media for collectors could reduce the fluid
depth effectively. However, if the fluid depth was small, it would
not be able to convert and store enough incident energy [45].
Therefore, choosing the right fluid depth was very important. A
plot of the energy weighted absorption fraction versus optical
penetration distance for TIN/MWCNTs nanofluids was illustrated
in Fig. 7(c) (calculated by Eq. (10)). The solar energy weighted
absorption fraction of the nanofluids could be seen to increase
with the penetration distance. At the same time, the nanoparti-
cle concentration had a significant effect with respect to the so-
lar energy weighted absorption fraction. Particularly, the energy
absorption fraction of RO nanofluids was 55.1% (optical penetra-
tion depth = 1 cm), which was 26.6% lower than that of 75.1%
for R1 nanofluids. This demonstrated that TiN nanoparticles could
enhance the light absorption properties of TiN/MWCNTs nanoflu-
ids. In addition, the solar energy weighted absorption fraction of
R5 was already close to 100% when the penetration distance was
1 cm. This meant that only extremely thin nanofluids layers were
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required to achieve efficient solar energy absorption, which was
highly beneficial for its photothermal conversion process.

3.4. Thermal conductivity of nanofluids

The heat transfer characteristics of nanofluids would directly
affect its photothermal conversion characteristics. Nanofluids with
high thermal conductivity are able to transfer heat to the low tem-
perature nanofluids in a timely manner. This could avoid the en-
hanced heat radiation to the environment due to the high tem-
perature of the nanofluids surface. Therefore, nanofluids with high
thermal conductivity can reduce heat loss and hence increase PCe.

LFP is important for carrying thermal energy [46]. Raman spec-
troscopy was used to study the changes in phonon vibration modes
of MWCNTs after decorated with TiN nanoparticles. By applying
514 nm excitation, it was found that nano-TiN has a similar ef-
fect as nano-Au to blueshift the G-band and second-order G’-band
of MWCNTSs (Fig. 8) [35]. Blueshift is an equivalent p-type doping
effect which can induce the transformation of some sp? (graphite-
like) C—C bonds to some weak sp> (diamond-like) bonds without
affecting the surface structure of MWCNTs. The decrease in C—C
bonds strength can induce a decrease in curvature energy owing
to the sp?—sp? transition. This caused a decrease in the frequency

of the low-frequency breathing phonon mode [47]. Therefore, the
Raman shift offered evidence of the contribution of TiN nanoparti-
cles to the induction of LFP vibrations of C atoms in MWCNTs.

To investigate the effect of LFP mode on the heat transfer pro-
cess, the thermal conductivity of the TiN/MWCNTs nanofluids was
measured (Section S3). The results indicated that the addition of
both MWCNTs and nano-TiN could effectively improve the per-
formance of EG in terms of thermal conductivity. In Fig. 9, the
thermal conductivity of hybrid nanofluids was positively correlated
with both temperature and concentration. At the room tempera-
ture, the thermal conductivity of RO was increased by 3.7% com-
pared to EG. Furthermore, the thermal conductivity of R5 was in-
creased by 10.9% compared with the RO nanofluids.

In addition, the thermal conductivity of nanofluids formed by
the continued addition of nano-TiN to the MWCNTs nanofluids was
further improved (Fig.S8). This is due to the LFP resonance ef-
fect between TiN nanoparticles and MWCNTs. TiN containing abun-
dant LFP modes can induce low-frequency vibrations of C atoms in
MWCNTs to excite more long-wave phonons (Fig. 10). The num-
ber of LFPs in the interfacial C atoms gradually increases with
the increase of the number of participating TiN nanoparticles. A
large number of LFP modes can be generated on nano TiN sur-
face, which may induce LFP vibrations in MWCNTs to benefit ITT
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[48,49].Since the LFP mode carries the dominant lattice vibration
energy [50], the heat conduction of the MWCNTs-TiN-MWCNTs
system will be enhanced accordingly. Hence, the thermal con-
ductivity of TiN/MWCNTs hybrid nanofluids was improved, which

could be more conducive to rapid heat transfer in the photother-
mal conversion process.

3.5. Photothermal conversion efficiency

A special coupled flow and solar thermal model was employed
in this study (Fig. 11), which used solar radiation perpendicular
to the gravity direction (Fig. 11(b)). In general mode (Fig. 11(a)),
the energy conversion process in the lower nanofluids layer was
depended on the heat conduction in the upper layer. Also, since
the highest temperature of the nanofluids occurred on the up-
per absorbing surface, it might cause higher heat loss to the en-
vironment. To a certain extent, the acceleration of the motion of
nanoparticles along the direction of gravity caused by heat conduc-
tion intensified the accumulation of nanoparticles at the bottom.
Through the lateral solar radiation, the nanofluids would move up-
ward after heating due to density drop and volume expansion. Af-

terwards, it replenished by a cooler fluid along the other side to
form a working cycle. Compared with the general model, this inter-
nal heat cycle accelerated the heat transfer of the nanofluids and
reduced the temperature difference. In addition, it promoted the
thermal motion of nano materials, thus reducing the movement of
nanoparticles toward the bottom and keeping the particles inside
the absorber from accumulating.

The original temperature rise curves of TIN/MWCNTSs nanofluids
were presented in Fig. S 10. The energy absorption of TiN/MWCNTs
nanofluids after 3000 s of illumination was exhibited in Fig. 12(a).
In total, the light source provided 1560 ] of energy during this
time, while the EG could only uptake 770 ] of energy. After adding
MWCNTs, the energy absorption value of RO increased to 864 ],
which was 12.21% higher compared to EG. After adding different
concentrations of nano-TiN, it was obvious that the energy absorp-
tion values of the hybrid nanofluids followed a trend of increasing
and then decreasing with the concentration. The energy absorp-
tion of R4 nanofluids to the simulated light source reached the
maximum value of 1192 ], which increased by 37.96% compared
with RO. The results again demonstrated that TIN/MWCNTs could
trap solar radiation more efficiently and convert it into thermal
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energy owing to its LSPR effect and excellent phonon transport
capability.

In this experiment, an equation model considering the heat loss
of nanofluids was used (Eq. (15)). The PCe and temperature rise of
TiN/MWCNTs nanofluids were plotted against nanofluids concen-
tration in Fig. 12(b). It was shown from the figure that the reg-
ularity of the PCe was consistent with the temperature rise, and
both showed an increasing and then decreasing trend with the in-
crease of nanofluids concentration. Specifically, the PCe of RO was
55.4% with the addition of MWCNTSs, which was increased by 6.1%
relative to EG. Meanwhile, with the introduction of nano-TiN, the
efficiency of R1 reached 68.1%, while with the increasing content
of TiN, the efficiency of R4 was enhanced by 54% compared to
the base fluids. It proved the excellent PCe of TiN/MWCNTSs hy-
brid nanofluids. Two main reasons can be attributed to this phe-
nomenon. (1) nano-TiN possessed LSPR effects, so its combination
with MWCNTs could improve light absorption. (2) The LFPs res-

10

onance of zero-dimensional TiN nanomaterials with MWCNTs fa-
cilitates the interfacial heat transport and improves the thermal
conductivity. Similar to the energy absorption, the peak efficiency
appeared at R4 nanofluids, which was 76.4%. The efficiency of R5
nanofluids was slightly lower than that of R4 at 74.2%. The reason
for this might be that the high concentration of nanofluids had cer-
tain surface absorption properties. This meant that the heat trans-
formed by the nanofluids was mainly concentrated at the surface
of the fluid, and the temperature difference with the external envi-
ronment as well as the deep fluid increased. Eventually, it leads to
increased heat loss. Thus, the PCe eventually trended downward.
All in all, the above findings in the photothermal part confirmed
the high PCe of TIN/MWCNTs nanofluids. And the R4 nanofluids
could almost completely absorb the sunlight and achieved a PCe
of 76.4%. In other words, further increasing the concentration of
nanoparticles would have no significant effect on the improvement
of the PCe. In specific application situation, the particular con-
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centration should be carefully considered by determining the ef-
ficiency, fluid depth and preparation cost.

4. Conclusions

In this study, the low-dimensional plasmonic TiN/MWCNTSs
nanofluids were prepared. And the mechanism of the enhancement
of its photothermal conversion performance was explained from
the perspective of phonon heat transfer.

(1) FDTD numerical simulations disclosed the coupling effect
among TiN nanoparticles and MWCNTs. Experiments demon-
strated that the light absorption performance of the low-
dimensional plasmonic nanofluids was enhanced because of the
LSPR effect of TiN nanoparticles. And the maximum absorption
fraction of TiN/MWCNTs hybrid nanofluids can reach 98% (R5).

(2) The addition of both MWCNTs and TiN nanoparticles could ef-
fectively improve the thermal conductivity of EG. And the ther-
mal conductivity of the nanofluids formed by the continued ad-
dition of TiN nanoparticles to MWCNTs nanofluids was further
improved. This is owed to the LFP resonance effect between TiN
particles and MWCNTs.

(3) Owing to the unique LSPR effect and LFP mode of TiN/MWCNTs
nanofluids, the PCe of nanofluids showed a parabolic pattern
with increasing concentration. And the maximum PCe of low-
dimensional plasmonic nanofluids reached 74.2% (40 ppm).
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