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We propose a theoretical approach to describe quantitatively the heating process in aqueous

solutions of dispersed TiN nanoparticles under solar illumination. The temperature gradients of
solution with different concentrations of TiN nanoparticles are calculated when confinement ef-
fects of the container on the solar absorption are taken into account. We find that the average
penetration of solar radiation into the solution is significantly reduced with increasing the nanopar-
ticle concentration. At high concentrations, our numerical results show that photons are localized
near the surface of the solution. Moreover, the heat energy balance equation at the vapor-liquid
interface is used to describe the solar steam generation. The theoretical time dependence of tem-
perature rise and vaporization weight losses is consistent with experiments. Our calculations give
strong evidence that the substantially localized heating near the vapor-liquid interface is the main
reason for the more efficient steam generation process by floating plasmonic membranes when
compared to randomly dispersed nanoparticles. The validated theoretical model suggests that
our approach can be applied towards new predictions and other experimental data descriptions.
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1 Introduction . : . o
materials for replacing conventional materials in nanoplasmon-
Nanoplasmonics is a rapidly growing field in the areas of pho- ics

tothermal therapy 2, plasmonic-based solar cells®, and high-
efficiency photovoltaics®. Plasmonic materials are typically as-
sociated with metals or metal-like materials which have negative
real part of their permittivity in a given range of wavelength and
models of their dielectric functions include a Drude term. Cur-
rently, most plasmonic systems are designed using noble metals
such as gold or silver. The plasmonic properties are strongly
dependent on size, shape, and structurel™ thus they are eas-
ily tunable. However, the low-melting-point property of noble
metal nanoparticles restricts thermal-related applications, which
operate at high temperatures. In this context, transition metal ni-
trides, such as TiN, have been proposed as alternative plasmonic

The advantages of TiN are stable thermodynamic properties at
high temperatures, easier fabrication, and high affinity to existing
standard silicon devices, and lower cost of production, which is
important for devices at larger scales?19. Although the ceramic
material has similar optical spectrum in the near infrared and vis-
ible regimes to the gold counterpar, its real permittivity has
a much smaller magnitude due to smaller carrier concentration
than gold or silver. In addition, the optical properties of TiN can
be tuned easier by changing the processing conditions#.

The enhanced optical absorption capabilities of plasmonic
nanoparticles can also be exploited for solar energy harvesting
applications. Besides the storage of solar energy or its con-
version into electricity, it is possible to directly transfer the solar
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energy into solutions to heat up and vaporize the solution. The
solar steam generation process can decrease salinity levels of sea-
water and produce clean water'Z.

In solar steam generation and solar energy conversion, theo-
retical understanding for quantitative prediction of solar-induced
temperature increase and vaporized weight loss has been lacking.
A simple theoretical analysis using the heat transfer equation was
proposed by Neumann et al.’® to understand the bubble forma-
tion surrounding a single gold nanoshell in the heating process
in a solution containing the nanoparticles. However, the analy-
sis provides only qualitative explanations for the phenomenon of
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temperature increase and bubble generation. Other studies are
the heat transfer models associated with finite element analysis
to calculate: (i) temperature gradient of a plasmonic nanostruc-
ture deposited on a glass substrate 19 and (ii) the time evolution
of temperature in a nanoparticle solution®? under simulated solar
irradiation.

Recently, we introduced a new plasmonic heating model for the
time-dependent temperature increase of the gold-nanoshell solu-
tion under solar irradiation!. This model assumed homogeneous
temperature in the solution at given time during the heating pro-
cess. Although the numerical results in Ref.2! agree well with
experimental data at low concentrations of the nanoshells, the
model overestimates the absorbed solar energy at high concen-
trations.

In this work, we theoretically investigate the application of TiN
nanoparticles to solar energy harvesting. A theoretical approach
is proposed to calculate the time-dependent thermal gradient and
describe evaporation processes for a wide range of concentra-
tions. It is demonstrated that the numerical results can agree
with experimental data without introducing any adjustable pa-
rameters, which broadens the applicability of this model in prac-
tice. The theory-experiment agreement is also used to evaluate
our physical description for the confinement effects of the solu-
tion container on the photothermal conversion.

2 Theoretical background

We consider the solar thermal heating and steam generation of
an aqueous solution of TiN nanoparticles. The volume of solu-
tion is Vj, and the radius of nanoparticle is R. As electromagnetic
radiation passes through these systems, the nanoparticles absorb
the energy of radiation and dissipate into thermal energy to heat
up the liquid medium. The sunlight absorption and photother-
mal conversion is described using Mie scattering theory and heat
transfer equations. Here, we ignore radiative and convective heat
losses in the solution. Since the typical plasmonic photothermal
experiments are conducted in very dilute solutions, even the dens-

AT(XJ’-,ZJ) =

I(1-Z)a /f B
72pc A exp

1+4B2«t

By considering an effective absorption coefficient incorporating
the effects of the water and dispersed nanoparticles, Eq. can
be extended to the dilute solution. The experiments of Ref.© are
conducted in a beaker (diameter D =4 cm and height H = 1.6
cm). Thus, the effective absorption coefficient can be modeled as

o(w) = {

where a,, is the absorption coefficient of water2, N is the num-
ber of particles per unit volume in the solution, and Q. is the

0, (@) +NQey for
1/H for
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est TiN nanoparticle concentration in Ref® (107! vol %) has an
average nanoparticle separation of ~ 32R. Thus, all nanoparti-
cles can be considered to be randomly dispersed and completely
isolated in the solution.

To calculate the spatial temperature profile in the solution of
TiN nanoparticles under solar illumination, we adopt an analytic
solution of a heat energy balance equation of thermal response of
a semi-infinite substrate. In the case of no heat loss and instan-
taneous absorption optical energy during a heating process, the
change of the temperature distribution function at coordinate (x,
y, z) of a metal slab obeys the governing equation2

_ laAT 1(1—<@)OC87132()62+y2>670tz7 (1)

K or K
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where z is the depth direction, I is the laser intensity at the wave-
length A, and ¥ = K/pc is the thermal diffusivity with K being
the thermal conductivity of water. Also, Z is the reflectivity of
the medium, B is the inverse of the laser spot radius, and « is

the absorption coefficient of the metal slab. Taking the Laplace
transform of the above equation in r gives

2 A7 p 3A_T(x,y,z,p)
AT - =
\V4 (%%LP) K at

_ I(l*%)deiﬁZ(XeryZ)eiaz. (2)
pK

Since the analytical solution of Eq. is even with respect to x
and y, one can obtain the Laplace transformed solution by using
the standard Fourier integral theory22

I(1-R)ax —(4s%) /45
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AT (x,y,z,p) =

Then the spatial and temporal temperature changes are
obtained by simply taking the inverse Laplace transform

of Eq. (3). The analytical expression of AT(x,y,z,t) is
_ 2okt —z 2axt’ +z
erfe seterte (22525 [ar, @)
{ ( 2V kt! > 2V kt!

(

extinction cross section calculated using Mie scattering theory<+

The first relation in Eq. reflects Beer-Lambert law for the
nanoparticle solution in a bulk state with no confinement effects.
The second relation corresponds to a confinement condition of
trapped photons inside a beaker that is thermally isolated around
its circumference as reported in Ref.?. By assuming that the pho-
ton mean free path is limited by the height of the beaker, the ab-
sorption coefficient can be taken as the inverse of H as the second
relation of Eq. (5).

In calculation of Mie scattering, the host medium is water with
the dielectric function ¢,(w) ~ 1.77. The TiN nanoparticles are
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nonmagnetic. The complex dielectric function of TiN is described
using a generalized Drude-Lorentz model, which is fitted by ex-
perimental data for thin film materials>,

2 2 2

) @y
W Mromrecs ®

- r 2 ]
o(o+ilp) = of ; — 0F —iY;0

€(0) = €

where €. = 5.18 is the permittivity at infinite frequency. Also,
wp ~ 7.38 €V, and I'p ~ 0.26 eV are the plasma frequency and
the Drude damping parameter at the jth mode, respectively. The
Lorentz oscillator strengths are wy; ~ 6.5 €V and @y > = 1.5033
eV, the Lorentz energies are ay; = 4.07 eV and wy, = 2.02 &V,
and the Lorentz damping parameters are y; = 1.42 eV and y; =
1.42 ev2,
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The calculated optical spectrum of TiN nanoparticle is rela-
tively close to that of the gold counterpartl"13. For nanopar-
ticles of 50-nm radius dispersed in water, our numerical calcula-
tions show that the resonance wavelength of the surface plasmon
of TiN sphere is at about 600 nm, while that of gold sphere is
located at approximately 530 nm. The results are in accordance
with prior work. Consequently, one expects that the response
of solution of TiN nanoparticles under illumination of electromag-
netic fields to behave qualitatively in the same manner as that of
gold nanoparticles. Moreover, it also suggests the Eq. is still
valid when applied to TiN solutions.

Since the considered solution of TiN nanoparticles is exposed
under simulated sunlight and the reflectivity of solution environ-
ment is relatively small, we can approximate % ~ 0 and rewrite

Eq. (4) to be

o, 1500 o B2(x% +y?) okt 2okt —z 2okt +z
AT (x,y,7,t :/ dt'/ dA =22 ex (— ) {efazerfc <7>+eazerfc (7)}, 7
(e 2,1) 0 300 2pc P 1+4B2kt’ ) 1+4B2kt’ 2V kt! 2V kt! 7
[
where E; is the solar spectral irradiance of AM1.5 global so- tion, one has
lar spectrum. Since the electromagnetic radiation of the XES- D2
40S1 solar simulator is in the 300-1500 nm wavelength range, nThCATvurface(t) = —LAm, C))

the lower and upper limit of the integral in Eq. are 300 and
1500 nm. We note that the wavelength range of operation de-
pends on the particular devise used as a sunlight simulator, and
the upper limit can reach 4000 nm in particular devices. We as-
sume that the spot size is infinite, thus f = 0. In the solution,
p = 1000 kg/m? is approximately the mass density of water and
¢ =4200 J/kg/K is the specific heat of water.

The derivation of Eq. is based on an important assumption
that the substance absorbs instantaneously the laser light energy.
The assumption is very plausible in the case of laser light since
the intensity is high. The intensity of solar illumination, however,
is approximately 100 mW /cm? which is much smaller than the
laser intensity, meaning that this assumption may need to be re-
evaluated. Nevertheless, even in this case Ref.18 has shown that
the instantaneous light absorption leads to reasonable results for
the description of solar illumination of nanoparticle solutions.

After obtaining the thermal gradient by using Eq. (7)), the spa-
tial distribution of temperature rise is averaged for different con-
centrations to compare with experimental data. The averaged
increase of temperature is

1 H
ATuve(t) = E/O AT(x7y7Z7t)dZ. (8)

At the liquid-vapor interface, we assume that the convective
heat transfer is approximately cooled down by evaporation. If
there is no thermal dissipation into the environment, the weight
loss in the vaporization process is essentially determined by the
temperature discrepancy between the solution surface and sur-
rounding medium. Thus according to the energy balance equa-

where ATy, fqc.(t) is the time dependence of temperature differ-
ence at the liquid-steam interface, 4, is the convection heat trans-
fer coefficient, and Am is the vaporized weight of water. &, can
vary from 50 to 10000 W/(m?K) depending on the materials<®.
For example, for free (natural) convection, h. = 500 W/ (m2K),
while for steam media k. = 10000 W/(m?K). In this work, we
consider the heat transport of hot water in a breaker at the liquid-
steam interface. Since the vaporization process occurs under the
simulated sunlight illumination, thus the coefficient is approxi-
mately 10000 W/(m?K). Also, L =2.26 x 10° J/kg is the specific
heat of evaporation of water.

3 Numerical results and discussions

Figure [1) shows the comparison between our theoretical calcula-
tions and experimental data for the time-dependent temperature
increase of water and solutions of TiN nanoparticles. The exper-
imental data is taken from Ref.®. The numerical results without
the confinement effects are shown in Fig. [Th. One finds that in
this case AT,,.(¢) is underestimated, if we compare with the ex-
perimental data for pure water, and TiN nanofluid of 10~* and
1073 vol %.

A better agreement with the experimental data is obtained by
taking into account confinement effects, as shown from Fig. [Ip.
However, the theoretical curve corresponding to TiN nanofluid of
10~ vol % almost overlaps with that of water. The result suggests
that the contribution of this amount of nanoparticles to the effec-
tive absorption is minor in our model. The TiN nanofluid with
concentration of 10~* vol % is an extremely dilute solution, thus
the simulated sunlight passes through the entire system rather
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easily.

At higher concentrations (> 1073 vol %), the calculations in
Fig. are in a good agreement with the experiments without
any adjustable parameters. These findings reveal that the average
penetration depth of photons, 1/a(w), is reduced and less than
the solution height. This also indicates that the electromagnetic
field of the incident light on average is absorbed before reaching
the bottom of the breaker. Additionally, our proposed assumption
for the confinement effect is reasonable and gives a good qualita-
tive physical picture for the optical absorption. The time depen-
dence of temperature at concentration of 10~2 vol % is slightly
above that of 103 vol % but is nearly unchanged with increase of
the concentration up to 10~! vol %. One can see similar trends in
the experiment®, Thus, this model provides good predictions for
new experiments.

16 (a)' T T T T T T T T T
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Fig. 1 (Color online) Time dependence of the average temperature rise
for nanoparticle solutions with different concentrations of TiN nanoparti-
cles calculated using Eq. (/) with (a) no confinement effect, and (b) con-
finement effect (Eq.(5)). Curves correspond to theoretical calculations
and scatter points are experimental data taken from Ref..

Figure |2h schematically shows the system to calculate its tem-
perature profile using Egs. and (7). Figures [2b-f show the
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density plots of AT for different concentrations of nanoparticle il-
luminated by solar light after r = 1200 s. In the case of pure water,
the local temperature rise at 0.8 cm below the air-liquid interface
(the center of the solution) is approximately 8.87 K which is rel-
atively less than AT, =~ 9.37 K. The numerical results in Fig.
show that for a very dilute solution with 10~# vol %, the TiN
nanoparticles have a minor effect on the temperature distribu-
tion. At the hottest spot area of the system (z = 0), the calculated
temperature increase at the surface is 10.45 K, which is different
than the experimentally reported value of AT (r = 1200s) = 11.63
K for a similar system®. At a higher concentration of nanoparti-
cles (1073 vol %), the local temperature rise (up to 14.5 K) near
the air-liquid interface agrees very well with the experiments in
Ref.®. Our calculations indicate that an increase of nanoparti-
cle concentration greater than 0.01 vol % does not significantly
change the temperature profile in the solution, which is also con-
sistent with the measurements in Ref.©. The thermal gradient is
very broad and the temperature deviation between the top and
bottom of the glass beaker is significant. The light-to-heat con-
version process is highly localized near the surface and rapidly
decays towards the bottom of the container. This is attributed
to a substantial reduction of the optical mean free path with the
increase of TiN nanoparticle concentration in the solution.

It is further instructive to study the time-dependent weight
change of the water/TiN nanoparticles system in the heat con-
version process, which gives important insight in the solar va-
por generation. Figure [3| shows the time dependence of weight
changes for solutions with 10~#, 10~3, 10~2, and 10~! vol % con-
centration calculated by using Eq. (9). The theoretical curves,
particularly for lower concentrations (< 10~% vol %), agree quan-
titatively with experimental data in Ref.. It is hard to see a math-
ematical form of the weight loss as a function of time based on
experimental data points since they relatively fluctuates. How-
ever, other researchers have reported less noisy measurements for
solar steam generation!827°30, One can see a rather linear time
dependence of weight water evaporation in Ref. 1827130 which
also agrees with our theoretical analysis. At higher concentra-
tions (> 0.001 vol %), Eq. (9) suggests the time dependencies
of the vaporized weight are unchanged with increase of the TiN
particle density.

Equation (9) contains dependence of mass changes to the tem-
perature deviation between surface and vapor medium. This is
helpful to consider different systems for solar steam generation,
which have floating particle membranes at the air-liquid interface
and submerged particle membranes on the bottom of the glass
beaker®?. Our model suggests that floating photothermal agents
on the solution surface provides larger temperature difference at
the air-liquid interface than distributing randomly them in the
solution, because the densification significantly increases the col-
lective heating effects. Furthermore, floating photothermal mate-
rials on the water surface can reduce heat dissipation compared
to randomly disperse the photothermal agents in the water.

4 Conclusions

A theoretical approach has been proposed to describe the plas-
monic heating process and solar steam generation in a solution
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Fig. 2 (Color online) (a) Schematic illustration of the solar-irradiated beaker. Spatial contour plots of the temperature rise in Kelvin’s unit after 1200s
under solar illumination calculated using Eq.(7) and taking y = 0 in the solution of TiN nanoparticles having a concentration of (b) 0 vol %, (c) 0.0001

vol %, (d) 0.001 vol %, (e) 0.01 vol %, and (f) 0.1 vol %, respectively.
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Fig. 3 (Color online) Theoretical (solid lines) and experimental (data
points) vaporized weight of water and TiN nanofluid with several con-
centrations as a function of time.

of dispersed TiN nanoparticles under solar illumination. We have
calculated the temperature gradient in a finite solution from the
analytical solution of the heat transfer differential equation. In-
creasing the number of TiN nanoparticles leads to an increase
of absorbed energy by the nanoparticles, resulting in a steeper
increase of the time-dependent temperature profile. The penetra-
tion depth of the simulated sunlight in water is reduced at higher
concentrations and much less than the height of solutions. We
have examined the validity of the approach by calculating temper-
ature profiles compared with reliable experimental data, which is
instrumental in evaluating the advantages and limitations of this
model. These numerical results also suggest that the local heating
at the solution surface is significantly enhanced when plasmonic
materials are localized near the liquid-vapor interface. The den-
sification of nanoparticles increases the temperature difference
between air and liquid at the interface compared to solutions of
random nanoparticle distribution. From the predicted tempera-
ture increase profiles, we have theoretically estimated the vapor-
ized weight by assuming the evaporation process is strongly de-
pendent on the temperature deviation between the solution and
environment. The approach provides a guidance to design effi-
cient solar steam generation applications.
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