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hotothermal effect of PANi fabrics
with plasmonic nanostructures†
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and Katsunori Wakabayashi c

The photothermal energy conversion in hanging and floating polyaniline (PANi)-cotton fabrics is

investigated using a model based on the heat diffusion equation. Perfect absorption and anti-reflection

of wet hanging PANi-cotton fabrics cause quick transfer of total incident light into water confining nearly

100% of the sunlight. As a result, a hanging membrane is found to have more attractive properties than

a floating above water fabric. We find, however, that the photothermal properties of a floating PANi-

cotton membrane can greatly be enhanced by dispersing TiN nanoparticles in the water below the

fabric. The calculated temperature gradients for TiN nanoparticle solutions show that the absorbed

energy grows with increasing the nanoparticle density and that the photothermal process occurs mostly

near the surface. The collective heating effects depend on the size and density of nanoparticles, which

can further be used to modulate the photothermal process.
I. Introduction

Photothermal effects have been studied intensively because of
their wide range of applications for efficient solar vapor gener-
ation,1 optical data storage,2 alternative cancer therapy,3,4 anti-
bacterial activities,5 and radiative cooling.6 Under illumination
of light, free electrons are collectively excited on the surface of
photothermal agents. Due to surface plasmon resonance, which
provides the abilities of structures to conne and enhance
electromagnetic elds, the absorbed optical energy thermally
dissipates into the surroundings and increases the temperature
of the medium. To tailor photothermal phenomena for desired
purposes, one oen takes advantage of the spatial inhomoge-
neity of the electric elds and temperature distributions in the
electron density. Additionally, it has been shown that noble
metals and alternative plasmonic materials provide high effi-
ciency of light-to-heat conversion.7,8 Also recently, researchers
have started exploring environmentally friendly polymers,
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different types of wood, and non-metal materials in photo-
thermal applications.9

Finding ways to use solar energy effectively is at the research
forefront currently since renewable sources are needed for
energy consumption. However, enhancing solar energy storage
capabilities and increasing light-to-heat conversion efficiency
are challenging. To avoid heat losses in a photothermal process,
one of the most promising strategies is a direct energy transfer
from the Sun to water for seawater desalination. Apart from
using broadband solar perfect absorbers,9 it is possible to use
nanostructures1,10–15 to improve solar energy absorption and
increase water heating and steam generation. Several solar
photothermal systems1,10–15 consist of dispersed nanostructures,
and submerged and oating plasmonic membranes, which are
made of porous materials, wood, plasmonic nanoparticles, and
graphene oxide.15,16

The theoretical understanding of solar steam generation and
energy conversion has been advanced by investigating different
scenarios. For example, Neumann et al. have used a simple form
of the heat diffusion equation to describe phenomenologically
the photothermal formation of air bubbles around gold nano-
shells in a solution.17 Other researchers have used nite
element analysis to solve heat transfer equations to determine
temperature distributions of a single plasmonic structure on
glass substrate under simulated solar irradiation.18 In recent
works,10,14 we have investigated new plasmonic heating models
to calculate time-dependent temperature gradients of gold
nanoshell and titanium nitride (TiN) nanoparticle solutions
under solar irradiation. TiN has been known as an alternative
plasmonic material, which overcomes several limitations of
noble-metal materials (like gold) in terms of hardness, chemical
RSC Adv., 2020, 10, 28447–28453 | 28447
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Fig. 1 Schematic illustration of (a) the hanging PANi fabric membrane;
(b) floating PANi fabric membrane; (c) a simplified layer-like repre-
sentation, where the thickness L1, L2 and thermal conductivity k1, k2 of
each layer are shown. The corresponding layer thicknesses for the
considered structures are also shown for the hanging and floating
membranes. We take k1 ¼ 0.637 Wm�1 K�1 and k2 ¼ 0.6 Wm�1 K�1, L1
¼ 2 mm, L2 ¼ 0 for panel (a), and L2 ¼ 3 cm for panel (b), as reported in
ref. 9. The TiN nanoparticles in panel (b) are randomly dispersed and
have spherical shape with radius R. The simulated sunlight is uniform
and has a spot size of 8 cm � 8 cm.9 The effective projected diameter
of the floating and hanging fabrics is 2wz 6.324 cm, which is less than
the light spot size of 8 cm.N is the density number of particles, and r, z
are the cylindrical coordinates.
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and physical stability, a high melting point, and biocompati-
bility.14 Our models capture the collective effects of the nano-
particles and can quantitatively describe, for the rst time, the
vaporization processes for a wide range of particle concentra-
tions. Although our theoretical results agree well with experi-
ments,10,14 their validity is somewhat limited by the fact that the
solutions were considered to be uniform with a uniform
distribution of nanoparticles.

In this work, the solar heating of hanging and oating on the
surface of water polyaniline-cotton fabrics is theoretically
investigated. Polyaniline (PANi) is an environmentally friendly
low cost conducting polymer. The fabrics can be used in elec-
tronic packaging areas.19–21 In photothermal applications, some
of its attractive properties are good conductivity, high absorp-
tion in the near infrared regime, and lack of toxicity. Recently, it
was reported that a hanging fabric has capabilities for denser
connement of sunlight energy as compared to a oating one
on seawater.9 The higher densication of energy leads to
a greater temperature rise and enhanced photothermal
conversion. This has been explained by the less thermal dissi-
pation into the medium underneath the oating cotton and
presence of two free surfaces of the hanging one leading to
acceleration of evaporation. Our theoretical model provides
qualitative and quantitative description of the results in ref. 9
and it shows how the photothermal capabilities of the oating
fabric can be much increased using plasmonic nanoparticles
dispersed in the water. These nanoparticles absorb sunlight
energy and effectively convert this to heat. By calculating steady-
state thermal gradients in these two systems including TiN
nanoparticles randomly dispersed into solutions below the
oating fabric, we nd that the enhancement of solar energy
harvesting depends on the density of the nanoparticles and
their size. Remarkably, this approach can be applied to inves-
tigate photothermal responses of multilayered systems.

II. Theoretical background

A schematic representation of the systems under consideration
is shown in Fig. 1. A wet by seawater hanging PANi-cotton fabric
(Fig. 1a) is attached by the edges of two vertical walls. The
hanging cotton is exposed to the Sun which increases its
temperature and leads to vaporization of the seawater. As
a result, the water steam then condenses to form clean water
droplets falling down into a container under it. The oating
PANi-cotton membrane (Fig. 1b) rests on top of a layer of
seawater which contains randomly dispersed TiN nano-
particles. The fabric enables passing of sunlight through it
without reection heating up the entire seawater TiN nano-
particle solution. The water steam generation occurs at the
liquid–air interface instead of up and down surfaces of the
hanging system. Although the physical mechanisms of solar
driven photothermal effects in these two systems are different,
one can give a common two layer structural representation
(Fig. 1c). Specically, the layer with thickness L1 denotes the
layer containing the fabric cotton, while the layer with thickness
L2 denotes the solution layer underneath the fabric. For clarity,
L1 and L2 are also shown in Fig. 1a and b. The corresponding for
28448 | RSC Adv., 2020, 10, 28447–28453
each layer thermal conductivities k1 and k2 are also shown. The
sunlight, assumed to be uniform, heats up a spot whose size is
8 cm � 8 cm, as reported in ref. 9.

For the system in Fig. 1b, the effective thermal conductivity
of the L2 layer, which contains the aqueous TiN particle solu-
tion, is calculated by

keff ¼ k2(1 � h) + kTiNh, (1)

where kTiN z 29 W m�1 K�1 is the thermal conductivity of bulk
TiN22 and h ¼ 4pNR3/3 is the volume fraction of TiN nano-
particles. Here, we approximate keff in a mean-eld manner. For
the particle density N ranging from 1010 to 1018 nanoparticles
per m3, keff z k2.

We note that the hanging PANi-cotton membrane has
stronger photothermal effects than the oating one. This is due
to a vaporization process facilitated by the fact that the hanging
cloth has air under and above it. To further enhance the pho-
tothermal process in the hanging PANi fabric is to take advan-
tage of plasmonic properties of metallic nanoparticles.1,11–14

However, incorporating metal-like materials inside fabric
reduces its anti-reective properties, which leads to decreasing
the temperature rise and worsening of the conversion process.
However, the solar thermal heating process of the oating
fabric system can be improved by using plasmonic nano-
particles dispersed in the water. While most such nanoparticles
This journal is © The Royal Society of Chemistry 2020
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are made of noble metals, recently TiN systems have been
shown as attractive alternatives due to their improved fabrica-
tion and stability as well as greater tunability.10,23,24 Here we
consider TiN spherical nanoparticles randomly dispersed in the
water under the oating PANi-cotton membrane (Fig. 1b) in
order to explore possibilities of enhancing its photothermal
process.

The temperature rise is governed by the heat diffusion
equation, which in cylindrical coordinates (r,z) is written as,

k1;2

�
1

r

d

dr

�
r
dDT

dr

�
þ d2DT

dz2

�
¼ pðr; zÞ; (2)

where DT h DT(r,z) is the temperature change and p(r,z) is the
power or energy absorbed per unit volume. Since the PANi-
cotton fabric is a perfect absorber,9 the absorption of the solar
incident ux occurs at the surface (z ¼ 0) of the substance and
there is no heat source meaning that p(r,z) ¼ 0 in each layer.
Thus eqn (2) becomes

1

r

d

dr

�
r
dDT

dr

�
þ d2DT

dz2
¼ 0: (3)

By using Hankel transformation of DT(r,z)
(DTðr; zÞ ¼ ÐN

0 Qðu; zÞJ0ðruÞudu where J0(ru) is the Bessel func-
tion of the rst kind).25 Eqn (3) is re-written as

�u2Qðu; zÞ þ d2
Qðu; zÞ
dz2

¼ 0: (4)

and its solution is

Q1,2(u,z) ¼ A1,2(u)e
�uz + B1,2(u)e

uz, (5)

where A1(u), B1(u), A2(u), and B2(u) are parameters determined
by boundary conditions, which include continuity of the heat
ux and temperature at surfaces. For the system in Fig. 1c, one
nds

�k1vQðu; zÞ
vz

|
z¼0

¼ JðuÞ;

Q
�
u;L1

�� ¼ Q
�
u;L1

þ�;
�k1vQðu; zÞ

vz
|
z¼L�

¼ �k2vQðu; zÞ
vz

|
z¼L1

þ
;

�k2vQðu; zÞ
vz

|
z¼ðL1þL2Þ

¼ hQðu; z ¼ L1 þ L2Þ;

(6)

where h is the convective heat transfer coefficient and J(u) is
the Hankel transform of the incoming light ux. Since the spot
size of sunlight is greater than the effective size of fabrics w, the
absorbed solar light intensity is taken to be P0s 0 for r# w and
0 for r $ w. The Hankel transform of the incident intensity is

JðuÞ ¼
ðw
0

P0J0ðruÞrdr ¼ P0

wJ1ðwuÞ
u

: (7)

By solving numerically eqn (6) and (7) and taking the inverse
Hankel transform, one obtains DT(r,z). According to ref. 9, the
hanging photothermal fabric absorbs 100% of light at all
This journal is © The Royal Society of Chemistry 2020
wavelengths. Further considering that the authors in ref. 9 have
used a standard solar simulator (Oriel Newport 69911) with 300
to 2500 nm wavelength range, we nd that

P0 z
Ð 2500
300 Eldlz 1000 W cm�2 with El being the solar spectral

irradiance of the AM1.5 global solar spectrum. The heat transfer
coefficient h at the water-to-air interface in the fabric is about
60 W m�2 K�1.26

As described in ref. 9, for the oating photothermal fabric,
the optical energy is mainly harvested by a water layer of 3 cm
below the PANi-cotton membrane. The membrane plays a role
of antireection coating and the absorbed sunlight on the fabric
is supposed to quickly pass into water. Ref. 9 reports that only
20% of sunlight is passed through the system.9 Thus,

P0 z
Ð 2500
300 Elð1� e�awðlÞL2Þdlz 256:4 W cm�2 with aw(l) being

the absorption coefficient of the water solution.27 The absorbed
energy quantitatively agrees with ref. 9. The heat transfer coef-
cient h between liquid and a substrate is �1000 W m�2 K�1.26
III. Results and discussions

We rst consider how the temperature in both PANi-cotton
fabrics changes in time. For this purpose we utilize an expo-
nentially decaying function found from solving an energy
balance equation in homogeneous and open systems under
light irradiation.28,29 This analytical expression is typically
applied to a certain wavelength light, however, it is expected
that such a solution is applicable in the cases studied here
where light is a superposition of wavelengths. The time
dependent temperature function is

T(t) ¼ Tmax � (Tmax � T0)e
�Bt (8)

where Tmax and T0 are the maximum andmedium temperatures
in the photothermal process, respectively. Also, the exponential
decay constant is independent of the incident sunlight wave-
lengths and it given as B ¼ hS/msCs, where S is a surface area of
the container, ms and Cs are the mass and heat capacity of
a solution, respectively, as reported in ref. 28 and 29. The
wavelength-dependent absorption affects only Tmax. Aer tting
eqn (8) with the experimental data in ref. 9 for the average
surface temperatures of the hanging and oating PANi-cotton
fabric under solar illumination, we nd: (1) for the hanging
photothermal fabric, Tmax ¼ 39.95 �C, T0 ¼ 21.1 �C, and B ¼
0.0578; (2) for the oating photothermal fabric, Tmax¼ 30.86 �C,
T0 ¼ 24.25 �C, and B ¼ 0.00776. The experimental data points
and the theoretical curves are shown in Fig. 2. The medium
temperature (T0 ¼ 24.25 �C) in the case of the oating
membrane is higher when compared to the measured one
(z21.5 �C). One reasonmay be due to the measurement process
in experiment. The experimental data gives T(t ¼ 0) ¼ 22.7 �C
and this leads to sequential deviation. However, overall, the
theoretical ttings show a very good agreement with the
experimental results.

The spatial distribution of the steady-state temperature is also
calculated using eqn (5)–(7) for the hanging and oating PANi-
cotton fabric in the absence of nanoparticles (N ¼ 0) when
RSC Adv., 2020, 10, 28447–28453 | 28449
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Fig. 2 Experimental9 and theoretical (eqn (8)) temperature at the
surface (z ¼ 0) of the hanging and floating PANi-cotton membrane as
a function of time under sunlight irradiation. Discrete data points and
solid curves correspond to the experimental data and theoretical
calculations, respectively.

Fig. 3 Spatial contour plots of the steady-state temperature increase
in Kelvin units in (a) hanging and (b) floating PANi-cotton fabrics
calculated by eqn (5)–(7) with parameters given in the caption of Fig. 1.
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exposed under solar irradiation. Numerical results are shown in
Fig. 3 using parameters from the experimental report in ref. 9.We
nd that DT(z) signicantly changes in the hanging fabric and
the photothermal conversion process is highly localized within
the membrane because of the rapid decay in the outside air
region. We also obtain that the average temperature at the
surface of the hanging PANi-cotton fabric is about 41 �C (aver-
aging T(r,z ¼ 0) with respect to r near the center of surface). In
the case of the oating PANi-cotton membrane, the calculated
surface temperature is approximately 30.7 �C, which is very close
to z30.86 �C as shown in Fig. 2 and ref. 9. Since the vaporized
weight of water is essentially determined by the temperature
discrepancy at the liquid–air surface,10 the water in the hanging
fabric vaporizes faster than that in the oating counterpart.
These are quantitatively consistent with prior experiments.9

In the presence of TiN nanoparticles, the absorbed light energy
and the absorption coefficient of the solution are increased. We
consider the case of dilute aqueous nanoparticle solution whose
absorption coefficient is given by the Beer–Lambert law10

a(u) ¼ aw(u) + NQext, (9)

where Qext is the extinction cross section theoretically calculated
by Mie scattering theory,30 which is

Qext ¼ 2p

x2

XN
n¼1

ð2nþ 1ÞReðan þ bnÞ; (10)

where

an ¼ m2jnðmxÞ½xjnðxÞ�
0 � mjnðxÞ½mxjnðmxÞ�0

m2jnðmxÞ
h
xhn

ð1ÞðxÞ
i0

� mhn
ð1ÞðxÞ½mxjnðmxÞ�0

bn ¼ mjnðmxÞ½xjnðxÞ�
0 � jnðxÞ½mxjnðmxÞ�0

mjnðmxÞ
h
xhn

ð1ÞðxÞ
i0
� hn

ð1ÞðxÞ½mxjnðmxÞ�0

(11)
28450 | RSC Adv., 2020, 10, 28447–28453
where x ¼ kR, k ¼ u
ffiffiffiffiffiffiffiffiffiffiffiffi
3wðuÞ

p
=c is the wavenumber in water, c is

the speed of light, 3w(u) is a dielectric function of water, jn(x) is
the spherical Bessel function of the rst kind, hn

(1)(x) is the

spherical Hankel function of the rst kind, m ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ðuÞ=3wðuÞ

p
,

and 3(u) is the dielectric function of TiN.
The complex dielectric function of TiN is tted by a gener-

alized Drude–Lorentz model10,23 with experimental data for thin
lm. The analytical expression of this model is

3ðuÞ ¼ 3N � up
2

uðuþ iGDÞ þ
X2

j¼1

uL;j
2

u0;j
2 � u2 � igju

; (12)

where 3N¼ 5.18 is the high-frequency permittivity, upz 7.38 eV
is the plasma frequency, and GD z 0.26 eV is the Drude
damping parameter.23 Also, uL,1 z 6.5 eV and uL,2 ¼ 1.5033 eV
are the Lorentz oscillator strengths, u0,1 ¼ 4.07 eV and u0,2 ¼
2.02 eV are the Lorentz energies, and g1 ¼ 1.42 eV and g2 ¼
0.87 eV are the Lorentz damping parameters.23 Aer calculating
Qext by eqn (10) and (11), the absorbed energy is found as

P0 z

ð2500
300

El

�
1� e�½awðlÞþNQext �L2

�
dl: (13)

The spatial distribution of the surface temperature for the
oating PANi-membrane above an aqueous TiN nanoparticle
solution is calculated using eqn (5)–(7) with parameters for the
absorbed energy and eqn (13) as described above. Results for
DT(r,z ¼ 0) for different concentrations of nanoparticles with
50 nm radius are shown in Fig. 4. At the hanging edges less
incident light hits the water surface, thus there is greater
decrease in DT(r,z ¼ 0) when compared with the center of the
membrane. The temperature at the hottest spot of the system (r
¼ z¼ 0) as a function of log10 N is shown in the inset. Given that
the TiN nanouid is a dilute nanoparticle solution, the optical
energy absorbed by the nanoparticles themselves plays a minor
role in the effective absorption process. For the case of N# 1013
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The maximum temperature of DT of the floating PANi-cotton
fabric as a function of nanoparticle radius when the volume fraction h

¼ 5.236 � 10�7 is fixed. The inset shows the same functional depen-
dence at a fixed nanoparticle density N ¼ 1015 particles per m3 (inset).

Fig. 4 Temperature distribution at the surface (calculated by eqn (5)–
(7) and (13) with parameters given in the caption of Fig. 1) of the floating
PANi-cotton fabric at different densities of TiN nanoparticles of R ¼
50 nm in unit of nanoparticles per m3. The inset shows the maximum
surface temperature as a function of the density number.
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particles per m3, the temperature gradient is almost constant
such that DT(r,z ¼ 0) z 9.2 K.

As the concentration is increased, more electromagnetic
energy is trapped inside the solution due to increased optical
absorption. This leads to an overall increased of the tempera-
ture gradient. Particularly, DT(r,z¼ 0)$ 20 K as N$ 1015. When
N$ 1018, this average surface temperature can increase by 36 K,
which is about 1.8 times larger than for the hanging fabric
whose DT(r,z¼ 0)z 19.6 K. At a given nanoparticle density, the
surface temperature can be increased by extending the effective
projected size of fabrics w. Based on eqn (7), we nd that the
heat ux J(u) grows with w and it raises DT(r,z ¼ 0).31

Considering the weight of vaporized water Dm, which is
linearly proportional to DT(r,z ¼ 0),10 we determine that the
evaporation process using the hanging fabric can be nearly
surpassed by the oating membrane with the help of dispersed
plasmonic nanoparticles with an appropriate density. For N $

1018, the solution has sufficient amount of nanoparticles to
absorb total sunlight. In this case, the heat source remains
nearly unchanged and the mass of water is much larger than
that of nanoparticles. Thus, DT(r ¼ 0, z ¼ 0) becomes saturated
as seen in the inset of Fig. 4.

The photothermal process for the oating membrane can
further be tuned by changing the size of the TiN nanoparticles.
In Fig. 5 we show results for DT(r ¼ z ¼ 0) of the oating PANi-
cotton fabric calculated using eqn (5)–(7) and (13) by keeping
the concentration and volume fraction constants. It is noted in
this case that despite the presence of many particles with small
R, their individual optical extinction is small. At the same time,
larger particles have greater extinction cross section but the
number of particles is small. This trade-off between number
and size of nanoparticles affects T(r ¼ z ¼ 0) signicantly, such
that the collective heating process exhibits its best performance
when R ranges from 50 nm to 60 nm, as seen in Fig. 5. It is found
that this is characteristic behaviour for larger concentrations.
This journal is © The Royal Society of Chemistry 2020
However, for N # 1015 increasing the particle size leads to an
increase of Qext. This type of monotonic growth of DT(r ¼ z ¼ 0)
with the nanoparticle radius is shown in the inset of Fig. 5. Prior
work32 suggests that Qext of a single particle is altered by its
neighbors as the nearest neighbor interparticle separation is
less than 4R. Thus, for N $ 1/(4R)3 or h $ 0.0654, Qext changes.
IV. Conclusion

We have investigated the photothermal process in hanging and
oating above water PANi-cotton fabrics under solar illumina-
tion. For this purpose, we consider the heat transfer differential
equation to numerically calculate the temperature gradient in
various cases. The model is validated by available experimental
data in ref. 9. The PANi-cotton fabric is found to be an anti-
reective coating in the frequency range from 300 nm to
2500 nm.9 Thus, the hanging fabric absorbs the total light ux
and perfectly converts it into heat which results in temperature
increase. The oating fabric also absorbs 100% of the solar
energy but the absorbed energy is quickly transferred into the
underneath water layer. Thus, the solar thermal heating of the
oating system is less effective than that of the hanging one.

To enhance the photothermal effects of the oating fabric,
we consider random dispersion of TiN nanoparticles in water.
Increasing the nanoparticle density signicantly enhances the
energy absorption in solutions and reduces the penetration
depth of sunlight, which further leads to an increased temper-
ature prole. Since the vaporized weight of water is proportional
to the temperature deviation at a liquid–air interface,10 photo-
thermal effects and solar evaporation in the case of the oating
fabric can be much improved surpassing the performance of
the hanging fabric. The density and size of TiN nanoparticles
can also be used for further modulations of the surface
temperature. The approach gives an excellent tool for designing
effective applications related to solar photothermal heating.
RSC Adv., 2020, 10, 28447–28453 | 28451
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