
C OMMUN I C A T I O N

Mechanochemical synthesis and interfacial engineering of
photothermal polymer composites for solar-driven
water evaporation

Jihyo Kim1 | Dongjun Lee1 | Wansu Cho1 | Beomjoo Yang2 |

Jongwon Jung2 | Chiyoung Park1

1Energy Science and Engineering, Daegu
Gyeongbuk Institute of Science & Technology,
Daegu, Republic of Korea
2School of Civil Engineering, Chungbuk National
University, Cheongju-si, Republic of Korea

Correspondence
Chiyoung Park, Energy Science and Engineering,
Daegu Gyeongbuk Institute of Science &
Technology, 333, Techno jungang-daero,
Hyeonpung-eup, Dalseong-gun, Daegu,
Republic of Korea.
Email: parkcy@dgist.ac.kr

Funding information
Korean Government, Grant/Award Number:
2022R1A4A3029737

Abstract
Freshwater generation has been extensively studied to address the global
freshwater scarcity issue, although designing a simple, inexpensive system with
high efficiency and sustainability is complicated. Solar-driven water evapora-
tion is a promising, highly efficient water purification strategy. This paper
reports the synthesis of a hydrophilic conductive polymer and its carbon nano-
tube (CNT) composites for efficient solar-driven water evaporation via a quick
mechanochemical process. Doped polydiphenylamine (PD) and its CNT com-
posites were obtained by the simple grinding of an inexpensive eutectic-phase
monomer with oxidants, doping agents, and oxidized CNTs. The obtained com-
posites exhibited high photothermal efficiency (89.9%) and water evaporation
rate (1.41 kg m�2 h�1) under 1 sun irradiation. Dual doping and introducing
oxidized CNTs into PD enhanced the wettability, photothermal efficiency, and
water evaporation performance. This study provides an effective strategy for
the fast and facile fabrication of photothermal membranes for solar-driven
freshwater generation.
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INTRODUCTION

Although 70% of the Earth is covered by water, freshwater,
which is essential for sustaining human life, is scarce.
Approximately 60% of the global population (4.0 billion
people) faces freshwater shortages for about a month in a
year.1 Ever since the scarcity of freshwater became a global
issue, methods such as reverse osmosis,2-4 distillation of
seawater,5-7 purification of polluted water,8 and capture of
moisture in air with absorbents have been developed to
generate fresh water.9,10 Solar-driven water evaporation
using photothermal materials has attracted considerable
attention in recent years for its potential application in
addressing the crisis of clean water,11-16 as this method
relies solely on sunlight.17 As solar energy is unlimited, pow-
erful, and free, this system is almost sustainable.

To evaporate water efficiently, photothermal materials
with high light absorption, low heat conductivity,

extremely high light-to-heat conversion, and adequate
wettability have been explored.18-21 Photothermal mate-
rials can be classified as follows: metals and metal
oxides,22-25 carbon-based materials,26-30 inorganic semicon-
ductors,31,32 and polymers.33-35 Although many of these
materials exhibit adequate evaporation efficiency, achiev-
ing a material possessing all of the previously reported
properties is still challenging.

In particular, conductive polymers have been reported
as excellent candidates because they are inexpensive and
possess excellent efficiency and solar-to-heat conversion
efficiency.36 Polyaniline (PANI) and polypyrrole (PPy) are the
most well-known conductive polymers exhibiting photo-
thermal effects. PANI has shown excellent heating proper-
ties and can reach a temperature close to the boiling point
of water.37 Consequently, PANI and its various composites
have been investigated, and their photothermal conversion
efficiencies have been correlated with their doping states.38
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Our group recently reported the mechanochemical
synthesis of polydiphenylamine (PD) via simple grinding
with a eutectic liquid (EL) consisting of diphenylamine
(DPA), a benzophenone (BP) mixture, and an oxidant
(ammonium persulfate, APS).39 Prior to this study, our
group demonstrated the facile dispersion of carbon nano-
tubes (CNTs) and commercial polymer-CNT composites
using EL.40 In previous studies, an electrically healable
strain sensor was developed via the one-pot fabrication
of PD-CNT composites by simple grinding.41,42 Consider-
ing the structure of PD, which is similar to that of PANI,
this simple polymerization of PD has great synergistic
potential for the low-cost development of photothermal
materials with high energy conversion efficiency.

This paper reports the facile mechanochemical pro-
cessing of photothermal polymer-CNT composites using
EL for efficient solar-driven water evaporation. Synthe-
sized dual-doped PD (DD-PD) showed excellent solar-
thermal conversion efficiency (85.7%) and temperature
(93.4 �C) within 10 min under 1 sun irradiation. Under the
same condition, DD-PD/CNT exhibited the highest solar-
thermal conversion efficiency (89.9%) and temperature
(97.6 �C). Dual doping and simply adding oxidants during
mechanosynthesis helped modify the nature of PD from
hydrophobic to hydrophilic and increased the water
evaporation rate, resulting in excellent photothermal
polymers with a wide light absorption range and high
photothermal efficiency. Further, owing to the good affin-
ity between the EL and CNT surface, we successfully fabri-
cated hydrophilic conductive polymer-CNT composites
(with a high water evaporation rate of �1.41 kg m�2 h�1)
by simply adding oxidized CNTs during synthesis.

RESULTS AND DISCUSSION

The mechanochemical synthesis of robust aromatic skele-
tal structures with polar functional groups might be bene-
ficial for an efficient solar-driven water evaporation. In
fact, many of the methods employed to fabricate photo-
thermal membranes require tedious and solution-based
processing. Consequently, solventless processes are pre-
ferred. Our group has previously reported that the
mechanical grinding of the EL of DPA (mp = 50–53 �C,
surface tension γ = 39.3 mJ m�2 at 60 �C) and BP
(mp = 47–51 �C, γ = 45.1 mJ m�2 at 20 �C) can induce
oxidative polymerization in the presence of APS.39 Upon
grinding at room temperature, the doping agents (phytic
acid [PA] and HCl) instantly initiate polymerization and
then become dark green colored viscous prepolymers
(Figure 1). Furthermore, the simple addition of oxidized
CNTs during grinding enabled the successful synthesis of
hydrophilic conductive polymer-CNT composites (0.6 wt%
CNT). The Fourier transform infrared spectra (FT-IR)
revealed the characteristic peaks of PD (Figure S2).
The bands at 3390 and 1595 cm�1 were attributed to the
N H stretching and bending of the secondary amine,

respectively. The bands at 1500 and 1317 cm�1 were
attributed to the C C multiple bond stretching mode of
the benzene ring and the C N stretching mode of the
aromatic secondary amine, respectively.

To prepare the membrane for solar-driven water evap-
oration, the polymers and composites were dispersed in
ethanol, and then coated onto a hydrophilic PVDF mem-
brane. The morphology of CNT, coated PDs, and DD-PD/
CNTs on the supporting membrane plane surface was
observed using field-emission scanning electron micros-
copy (FE-SEM). The rigid character of PD, constructed
entirely with aromatic rings without any alkyl chains, con-
tributed to the rough morphology of the DD-PD/CNT
composite (Figure S3). Despite its rough surface, DD-PD/
CNT successfully covered the PVDF membrane, and we
observed CNT bundles evenly distributed throughout the
entire DD-PD/CNT area, both in-plane and out-of-plane
(as shown in Figure S4). Based on these findings, it is
highly likely that the CNTs were uniformly dispersed in
the DD-PD/CNT composite material, and that the dis-
persed CNT bundles in the polymer body acted as bridges
between adjacent PD domains.

The wettability of each coated membrane surface was
characterized by the contact angle test. The non-doped
PD shows a high contact angle with a water drop without
being absorbed into the polymer even after 5 min
(Figure 2a), thus indicating the hydrophobic nature of
PD. Despite the distribution of periodic secondary amines
in the backbone of PD, the conjugated aromatic chain
rendered the hydrophobicity to PD. As expected, doping
with the conductive polymer increased the hydrophilicity
of the polymers and decreased the contact angles. The D-
PD and DD-PD show contact angles of 79.4� and 67.6�,
respectively (Figure 2b,c). Additional doping of D-PD with
HCl resulted in faster water absorption (20 s), whereas
D-PD required 30 s to fully absorb the water drop under
the same conditions. Among the samples, DD-PD/CNT
shows the smallest contact angle (41.2�) and the fastest
water drop absorption (15 s) (Figure 2d). It was thus con-
firmed that doping and the introduction of oxidized CNTs
enhanced the wettability of the material.

The increased conductance and light absorption
observed in DD-PD/CNT compared to DD-PD can be
attributed to the presence of CNTs. DD-PD exhibited a
conductance of 9.8 � 10�8 S, while the conductance of
DD-PD/CNT was 1.53 � 10�7 S (Figure S5). Figure 3a
shows the UV–vis–NIR spectroscopy results of PVDF/PDs
and PVDF/DD-PD/CNT. Both membrane types demon-
strated outstanding light absorption (>96%) within the
350–1300 nm wavelength range. PD, D-PD, and DD-PD
displayed a slight decline in absorption between 500 and
700 nm, with the minimum absorption occurring at
around 560 nm, which corresponds to the green color
range in visible light. This observation can be explained
by the fact that all PDs used in this study exhibited a
greenish color. In contrast, DD-PD/CNT had the highest
absorption rate (97.5%) among all samples within the
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studied wavelength range. Owing to their high absorp-
tion rate over a wide range of wavelengths, PVDF/PDs
and PVDF/DD-PD/CNT showed extremely high rates of
photothermal temperature changes (Figure 3b). Under
1 sun irradiation (1 kW m�2), the dry non-coated PVDF
membrane exhibited the highest surface temperature of
approximately 34 �C. Surprisingly, under the same irradia-
tion conditions, dry PVDF/PD, PVDF/D-PD, and PVDF/
DD-PD were heated to 81.7, 92, and 93.4 �C, respectively
(Figure 3b,c). PVDF/DD-PD/CNT exhibited the highest
temperature under sunlight (97.6 �C) among all photother-
mal membranes. The doping of PD not only enhanced the
wettability, but also resulted in a higher temperature
change under sunlight.

For solar-driven water evaporation, a customized
device was assembled using photothermal membranes.
The melamine foam was used to fix the membranes, and
a cellulose filter steadily supplied water to the

membranes. The photothermal membranes became wet
upon their assembly on the device, and the surface tem-
perature changes under sunlight decreased due to heat
dissipation by the water molecules on the membranes
(Figure 4a). Under wet conditions, PVDF/D-PD exhibited a
temperature of 43.4 �C, which was slightly lower than
those of PVDF/DD-PD and PVDF/DD-PD/CNT (45.8 and 46.7
�C, respectively). Considering that the non-coated PVDF
membrane showed a temperature of 33 �C, all the coated
membranes showed a temperature higher by 10 �C under
wet conditions (Figure 4b). This difference resulted in a
much larger difference in water evaporation under 1 sun
irradiation (Figure 4c). The coated membranes recorded
water evaporation of more than 1.2 kg m�2 h�1, which was
almost 2.5 times higher than that of the non-coated PVDF
membrane (0.41 kg m�2 h�1). It was thus confirmed that
the water evaporation rate increased in the following order:
PVDF/PD, PVDF/D-PD, PVDF/DD-PD, and PVDF/DD-PD/CNT
having values of 1.24, 1.24, 1.34, and 1.41 kg m�2 h�1,
respectively. This is in accordance with the water wettability
and photothermal heat generation test results. It was thus
concluded that doping and the introduction of oxidized
CNTs into PD increased the water evaporation rate under
light irradiation. The PVDF/DD-PD/CNT displayed a seawater
evaporation rate of 1.11 kg m�2 h�1 under 1 sun irradiation
(Figure S6). This reduction in evaporation rate is likely due
to the presence of salts such as NaCl, which exhibit strong
electrostatic interactions with water molecules, restricting
their movement and increasing the enthalpy of water evap-
oration, ultimately decreasing the evaporation rate. These
results are consistent with findings from previous stud-
ies.43-45

We evaluated functional group changes using FT-IR
before and after exposing the oxidized CNT to 100 �C
for 6 h (as shown in Figure S7). Our results indicated a
slight decrease in C O peak intensity at 1240 cm�1,
which raised concerns about the thermal stability of
CNT. Interestingly, we found that the water evaporation
rate remained constant at 1.32 kg m�2 h�1 throughout

F I G U R E 2 Snapshots of water droplets on (a) PD, (b) D-PD, (c) DD-PD, and (d) DD-PD/CNT.

F I G U R E 1 One-pot mechanochemical synthesis of PDs and DD-
PD/CNT.

KIM ET AL. 655BULLETIN OF THE

KOREAN CHEMICAL SOCIETY



the entire duration of the experiment (as shown in
Figure S8). Although we observed a decrease in the
intensity of the C O peak in the oxidized CNT, our
results indicate that this instability did not have a signif-
icant effect on the efficiency of our system for water
evaporation.

The solar-to-heat conversion efficiency is a key fac-
tor in the photothermal water evaporation and allows

an evaluation of the actual energy conversion effi-
ciency (η), which can be calculated using
Equation (1).46,47

η¼ṁhlv
q

�100%, ð1Þ

where ṁ is the evaporation rate of water under steady-
state conditions (kg m�2 s�1), q is the intensity of the
incoming solar irradiation, and hlv corresponds to the
total heat enthalpy of the liquid–vapor phase change
including sensible and latent heat enthalpy, which can be
calculated according to Equation (2):

hlv ¼ λlv þCpΔT , ð2Þ

where λlv is the latent heat of vaporization of water at
atmospheric pressure given as 2257 kJ kg�1. Cp is the spe-
cific heat capacity of water (4.2 kJ kg�1 K�1) and ΔT is the
temperature rise of the water. The calculated solar-to-heat
conversion efficiencies of PVDF/PD, PVDF/D-PD, PVDF/
DD-PD, and PVDF/DD-PD/CNT were 78.2%, 79.0%, 85.7%,
and 89.9%, respectively.

In order to identify the most effective dispersion
amount of CNTs for optimal efficiency, various contents
of CNTs (0.1, 0.6, and 1.2 wt%) were tested in the compos-
ite, and their corresponding solar-to-heat conversion effi-
ciencies were calculated. The findings of our study
demonstrated that the composites containing 0.1, 0.6,
and 1.2 wt% of CNTs exhibited solar-to-heat conversion
efficiencies of 77.2%, 89.9%, and 72.6%, respectively.
These results suggest that various factors, including CNT
dispersion, the ratio of polymer-to-CNT, and other interfa-
cial effects, may have contributed to the observed
outcomes.34,35,37,48

CONCLUSION

Solar-driven water evaporation is among the most
promising methods for resolving the issue of freshwater
scarcity owing to its high sustainability and low cost.
This paper reported the mechanochemical synthesis of
hydrophilic conductive polymers and their CNT compos-
ites for highly efficient solar-driven evaporation of water
via fast and simple grinding. The doped conductive
polymer-CNT composite exhibited excellent solar-to-
heat conversion efficiency (89.9%) and could be heated
up to 97.6 �C under 1 sun irradiation. Additional doping
and the introduction of hydrophilic CNTs into the con-
ductive polymer successfully enhanced the water wetta-
bility and photothermal heating performance. This
study provides a facile, fast, and effective strategy for
the synthesis of conductive polymer-based photother-
mal membranes via a low-energy process for solar-
driven water evaporation.

F I G U R E 3 (a) Absorption spectra of PVDF, PVDF/PD, PVDF/D-PD,
PVDF/DD-PD, and PVDF/DD-PD/CNT. (b) Photothermal heat generation
of PVDF, PVDF/PD, PVDF/D-PD, PVDF/DD-PD, and PVDF/DD-PD/CNT in
dry conditions under 1 sun irradiation. (c) Infrared thermal images of
PVDF/PD, PVDF/D-PD, PVDF/DD-PD, and PVDF/DD-PD/CNT in dry
conditions under 1 sun irradiation.

F I G U R E 4 (a) Infrared thermal images of PVDF/PD, PVDF/D-PD,
PVDF/DD-PD, and PVDF/DD-PD/CNT in wet conditions under 1 sun
irradiation. (b) Time-dependent temperature changes of PVDF, PVDF/
PD, PVDF/D-PD, PVDF/DD-PD, and PVDF/DD-PD/CNT in wet
conditions under 1 sun irradiation. (c) Solar vapor generation
performance of PVDF, PVDF/PD, PVDF/D-PD, PVDF/DD-PD, and PVDF/
DD-PD/CNT under sunlight (AM 1.5G).
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