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A B S T R A C T   

Water evaporation is a ubiquitous phenomenon in nature. To fully explore the solar-enabled water evaporation 
can effectively alleviate the growing concern of shortage of water and also energy source. Although significant 
advances have been achieved for alternative combination of multifunctional applications to explore the unex-
ploited or wasted thermal/solar energy. However, it remains a great challenge for an effective integration of 
desired functions into one photo-thermal material for extensive harvesting solar energy. Herein, interfacial 
confined water flow and evaporation are rationally explored to realize an efficient combination of solar-heating 
enhanced water-flow-induced power generation and interfacial water evaporation. The effective solar-thermal- 
electro integration is enabled by one multifunctional Janus material via an asymmetric functionalization strat-
egy. As a proof-of-concept, a bilayer carbon nanotubes (CNTs) film/cellulose paper is employed to function as an 
efficient solar-driven evaporator. Moreover, the as-prepared CNTs-based paper can be further asymmetrically 
decorated with hydrophobic polydimethylsiloxane (PDMS) and utilized to collect electricity from the directional 
water flow under dark and light condition. The monolithic design concept is expected to effectively utilize the 
water evaporation process for integrated electricity and clean water generation.   

1. Introduction 

Water cycle is an indispensable and ubiquitous process in nature, 
which is generally constituted of water flow, evaporation and conden-
sation. In this process, effective solar irradiation can further boost the 
evaporation or transpiration behaviors for enhanced fresh water 
regeneration to fulfil essential survivals of living creatures. To highly 
convert solar energy into available resources is of great significance to 
create a sustainable future for the earth. Nowadays, with the explosive 
development of human society, growing concern of heavy consumption 
of fresh water and also energy source has aroused extensive interests in 
the field of renewable and sustainable energy technologies [1–9]. Solar 
energy that features in green and renewable property is considered as an 
inexhaustible resource to alleviate the shortage of energy and clean 

water sources [10,11]. In recent years, a variety of solar-based exploi-
tation is highly devoted to realize photovoltaic energy conversion and 
storage [12–14], photo-catalysis [15,16], photo-thermal conversion [6, 
17–19], etc. Specifically, solar-to-thermal techniques target at simple 
and direct strategies to harvest solar energy for high-efficient water 
purification [20–25], sterilization [26] and thermoelectricity [27,28]. 
As a newly emerging member, solar-driven water evaporation that fo-
cuses on local heating at water-air interface is highly promising for 
high-efficient clean water production [18,29–31]. Over the past few 
years, extensive efforts have been dedicated to developing sunlight ab-
sorbers materials, such as plasmonic metal particles [20,22], 
carbon-based nanostructures [21,32–35], bilayer wood absorbers 
[36–38], graphene aerogels [25,36], hierarchically nanostructured gels 
[39], etc. Also, the exploration of alternative combination of 
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thermoelectric materials, salinity gradient power generation or other 
potential technologies into solar absorbers system has provided an 
effective pathway for synergic utilization of solar energy [40–44]. 
However, in some cases, the current multifunctional devices are usually 
composed of non-integrated functional materials system or non-flexible 
structural composition, which may have negative effects in low envi-
ronmental adaptability. For instance, the additional thermoelectric de-
vices can remarkably increase the expenses and the rigid structural 
facilities may weaken the portability and operability. 

Water evaporation is a common phenomenon, which usually occurs 
at water-air interface. Specifically, interfacial confined water evapora-
tion that involved in the water-permeable solid materials contains two 
processes, including the capillarity induced water flow to the materials 
surface and the process of heating water to steam. Moreover, the solar- 
enhanced water evaporation can further promote the water flow pro-
cess. As a newly-developed green energy, the evaporation-driven water 
flow process that harvests thermal energy from the surrounding envi-
ronment can realize efficient power production [1,45]. Note that the 
directional protons flow is highly crucial to produce electricity, in which 
the transport pathway of water molecules should be well-established 
[46–48]. Since inhomogeneous functional groups distribution of struc-
tural materials (e.g. porous carbon membranes [1,49], graphene oxide 
(GO) films [50,51], etc.) or moisture gradient [52,53] from the envi-
ronments can both trigger the formation of water flow gradient, the 
power generator can continue to work without additional external 
stimuli. This novel approach has provided a powerful pathway to ach-
ieve continuous electricity harvesting. As a result, full exploration of the 
process of water flow and evaporation within one integrated functional 
material is considered to be an alternative and promising approach for 
realization of high-efficient solar-thermal-electro conversion [54]. 

In this work, inspired by the process of water evaporation, we 
demonstrate a concept of synergetic integration of water evaporation 
and power generation into one asymmetrically functionalized hybrid 
composed of carbon nanotubes (CNTs), cellulose paper and poly-
dimethylsiloxane (PDMS). In our system, a large-area CNTs film was 
self-assembled at air/water interface via Marangoni effect and capillary 
force driven compression strategy [55–60]. The achieved film was 
further transferred onto the surface of paper for a bilayer solar evapo-
rator [61]. In order to realize a controllable water flow channel, it was 
further asymmetrically modified with hydrophobic PDMS on the specific 
location of the paper side. As a result, a centimeter-sized water path can 
be achieved, which can efficiently drive the directional water flow for 
efficient electricity generation with/without solar illumination [1]. 
Significantly, the output power can also be prominently enhanced under 
solar irradiation. The considerable exploitation of the evaporation pro-
cess has demonstrated potential advantage for the development of 
solar-thermal-electro system. 

2. Experimental section 

2.1. Materials 

The raw carbon nanotubes (CNTs) (length, about 10–30 μm; diam-
eter, about 10–30 nm; –COOH %, about 1.5 wt%) with a purity of over 
90% were acquired from Chengdu Organic Chemistry Co., Ltd., and 
were rinsed thoroughly with anhydrous ethanol and dried in a stream of 
nitrogen before use. General chemicals in chemical reagent grade were 
used as received from Sinopharm Chemical Reagent. 

2.2. Formation of CNTs film 

The CNTs powders were firstly dispersed in anhydrous ethanol so-
lution, followed by strong ultrasonication for at least 5 h to form a 
stable dispersion with appropriate aging time. The as-prepared suspen-
sions spread onto the water surface by spray-coating method for 
appropriate volume, resulting in uniform preassembled film formed at 

air/water interface. Subsequently, a porous sponge was used to put on 
one side of the interface to quickly siphon water from the system. 
Notably, the homogenous preassembled film was closely packed to-
wards the opposite direction of the syphone direction. When the area of 
the film was not further decreased, the resulted film was ultimately 
formed, indicating a closely packed structure. 

2.3. Fabrication of CNTs/paper 

A commercial Xerox paper was gently attached onto the air side of 
the CNTs film at air/water interface. Owing to the strong capillary force 
of the fibrous paper, water molecules can be absorbed into the paper 
through the porous network of the CNTs film. Since the paper was 
thoroughly wetted, it could spread smoothly on the water surface, 
demonstrating a successful transfer of the CNTs film. The resulted CNTs/ 
paper can be directly peeled from the water surface, followed by a 
rigorous rinsing procedure using the deionized water. After drying 
process, the CNTs/paper was further treated with oxygen plasma to 
acquire a hydrophilic surface for continuous water transportation. 

Preparation of CPPH: Sylgard 184 (the ratio between component A 
and B was 1:10) solution was dropped onto specific part of the paper side 
of the as-prepared CNTs/paper film followed by a typical PDMS curing 
process (at 70 �C for 2 h). Specifically, to effectively avoid the unde-
sirable PDMS penetration into the CNTs network, the CNTs film was 
previously wetted with water. Owing to the incompatibility between 
water and hydrophobic PDMS, the PDMS polymer can be efficiently 
confined to the paper substrate. As a result, an asymmetrically struc-
tured hybrid was achieved. Specifically, in order to realize a self-floating 
behavior, the edge of resulted CPPH was encapsulated with hydrophobic 
PDMS. 

2.4. Solar vaporization experiments 

Square CNTs/paper samples (9 mm in diameter) with different CNTs 
film thickness and CPPH samples were floated on water surface in a 
plastic tube, which were irradiated by a solar simulator equipped with 
AM 1.5G. The mass changes were measured for 60 min at constant 
condition. 

2.5. Electricity generation experiments 

CNTs film on the PDMS-modified paper was decorated with 
commercially available conductive fabric composed of Ni, Cu and 
polyethylene terephthalate (PET) for an electrode, which was subse-
quently encapsulated with PDMS. A conductive carbon fiber was put 
into the water or simulated seawater (3.5 wt%). The conductive fabric 
and the carbon fiber were connected with the detector to measure the 
generated voltage and current, individually. 

2.6. Characterization 

Field Emission Scanning Electron Microscope (FE-SEM) images were 
obtained with a FE scanning electron microanalyzer (Hitachi-S4800, 4 
kV). The CNTs/paper has experienced a hydrophilic treatment using 
oxygen plasma for 80 s in a plasma cleaner (Tonson Tech TS-P05, 40 
KHz, power 200 W). Optical Transmittance of the films was probed 
using UV–vis–NIR spectra, which were obtained with a Lambda 950 
spectrophotometer from PerkinElmer Instrument Co., Ltd. USA. IR 
camera (Optris PI400) with a resolution of 382 � 288 pixels was adopted 
to record the surface temperature of the CNTs/paper and CPPH samples. 
The data was analyzed by the PI connect software. Solar simulator (HM- 
Xe500W) was employed as the light resource in lab, which was equipped 
with standard AM 1.5 G solar irradiance density spectrum. The water 
evaporation rate was accurately measured by using an electronic scale 
(GXG-JJ224BC). The current and voltage changes for power suppliers 
were recorded by CHI660E electrochemical system, digit multimeter 
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(Keysight 34461A) and a semiconductor parameter analyzer (Keithley 
4200). 

3. Results and discussion 

The schematic fabrication procedures of CNTs/PDMS/paper hybrid 
(hereby designated as CPPH) is illustrated in Fig. 1a, in which the CNTs 
film at air/water interface was in situ transferred onto one side of the 
Xerox paper. Following a typical drying process, part of the paper side of 
the resulted CNTs/paper was further asymmetrically modified by hy-
drophobic PDMS layer, aiming to prevent water permeation from the 
bulk water. To ensure a controllable water pathway and self-floating 
behavior, the edge of the CPPH was tightly encapsulated by PDMS 
(Fig. S1). Due to the hydrophobic property of PDMS with low surface 
tension, the achieved CPPH can stably float on the surface of water or 
simulated seawater. Once the CPPH was put on the water surface, water 
molecules can be pumped into the CNTs network surface via capillary 
force for continuous water evaporation under solar illumination. 
Furthermore, the well-designed asymmetric structure can significantly 
induce the water flow along specific part of the CPPH, enabling a 
spontaneous power collection. More importantly, due to the water flow 
driven electricity generation mechanism, the process can favorably 
happen with and without sunlight. The in situ transfer strategy allowed 
the formation of uniform CNTs film on the fibrous paper surface 
(Fig. 1b). 

When the hydrophobic PDMS was coated onto paper side of the 
CNTs/paper, the color of the paper could experience a remarkable 
change from white to black, in which the color of CNTs film in the 
opposite side can be highly reflected. This phenomenon may derive from 
the difference of refractive index before and after PDMS coating. 
Generally, the gaps among cellulose fibers are filled with air and the 
corresponding refractive index of air is about 1. However, the PDMS 
coating with refractive index of about 1.41 can remarkably change the 
light pathway, which can experience multiple refraction and reflection 
process. As a result, the incident light may pass through the cellulose 

paper for enhanced transmittance, endowing the black CNTs film on the 
opposite side with desirable visibility (Fig. S2). As displayed in Fig. 1c, 
the PDMS-modified part could be clearly observed with the naked eyes. 
Owing to the favorable photo-thermal feature of the CPPH, it was further 
employed as the solar evaporator, demonstrating reliable water evapo-
ration performance even under high solar intensity of 5 kW/m2 

(Fig. 1d). More interestingly, the CPPH can also function as the power 
generator driven by the capillarity induced water flow, which can both 
work with and without sunlight (Fig. 1e) [62]. Microscopically, to 
further investigate the microstructure of the CPPH, SEM characteriza-
tion was adopted. As shown in Fig. 1f and e, the interlaced tubular CNTs 
network on fibrous paper surface can provide a desirable capillary force 
for effective water absorption. To construct a controllable pathway for 
directional water flow, the PDMS that penetrated into the paper could 
effectively prevent the permeation of the water molecules (Fig. 1g). As a 
result, the water can flow smoothly across the CNTs film surface for 
efficient electricity generation. 

Due the excellent flat and flowable features of the water surface, it is 
considered as an ideal platform to realize a scalable two-dimensional 
(2D) film production and subsequent in situ transfer onto diverse tar-
gets. To form a large-area CNTs film, a sprayer was adopted to spread 
CNTs dispersion onto water surface induced by Marangoni effect 
(Fig. S3). After spraying appropriate amount of CNTs dispersion, a 
uniform preassembled CNTs film could be readily achieved. In order to 
achieve a close-packed structure, a porous sponge was used to compress 
the preassembled film to a condensed one (Fig. S3). Even the sponge was 
removed from the water surface, the formed CNTs film in large scale can 
still maintain a stable state due to the physical entanglement (Fig. S4a). 
SEM images were further employed to characterize the surface 
morphology and thickness of the acquired CNTs film. As shown in 
Fig. S4b and c, a porous structure with condensed network was clearly 
observed, in which the capillary force could be ensured to realize a 
desirable water flow. In addition, the uniform thickness of the CNTs film 
allows the formation of controllable thickness after multiple transfer of 
CNTs films (Fig. S4d). 

Fig. 1. a) Schematic of fabrication of CPPH for all-in- 
one evaporator towards simultaneous water evapo-
ration and electricity generation. b) Photograph of 
uniform CNTs/paper with favorable flexibility. c) 
Photo of hydrophobic PDMS asymmetrically modified 
CNTs/paper with apparent edges. d) Photo of abun-
dant steam generated under solar irradiation of 5 kW/ 
m2 e) The as-prepared CPPH enables the formation of 
water flow across the CNTs film to realize the power 
generation. f) SEM image of the solar absorber layer 
decorated with CNTs film. Cross-section SEM images 
of g) CNTs/paper and h) PDMS modified CNTs/paper 
with smooth morphology of PDMS, which can 
significantly prevent the permeation of water 
molecules.   
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To achieve a non-destructive transfer of the resulted CNTs film onto 
cellulose paper surface, an in situ capillarity driven transfer strategy is 
developed in our system. As schematically displayed in Fig. S5, the 
cellulose paper was gently and directly put on the air side of the CNTs 
film. Upon it was contacted with water, the water molecules driven by 
capillary force within the fibrous structure of paper could penetrate 
through the porous CNTs film into the paper. Additionally, the capillary 
force can remarkably enhance the interaction between CNTs film and 
paper, allowing the formation of tight solid-solid interface (Fig. S5). As 
shown in Fig. S6a, when the white paper was thoroughly wetted by the 
water, it could spread flat to the surface of water, which demonstrated a 
sharp contrast with the original paper. After peeling off from the water 
surface, a stable CNTs/paper was finally acquired and could endure 
rigorous washing without apparent delamination (Figs. S6b and S6c). 
Through this simple and efficient way, a large-scale CNTs/paper was 
readily achieved, demonstrating good uniformity and flexibility, which 
can be favorably folded into desired shapes (Fig. 2a). Moreover, this 
simple and reproducible interfacial transfer manner allows us to acquire 
well-controlled CNTs layer thickness with repetitive operation. A series 
of CNTs/paper with controllable thickness ranging from 1 layer to 5 
layers can be fabricated. Microscopically, the morphology and cross- 
section information of as-prepared film was confirmed by SEM images 
in Fig. 2b. It was observed that with the increase of CNTs film layers, the 
rough surface of the cellulose paper became much smoother, 

demonstrating more condensed CNTs network. Specifically, the inter-
facial transfer approach enables a non-destructive deposition of CNTs 
film on cellulose paper surface, in which the conductivity of the resulted 
paper hybrid is competitive to that of the paper formed by conventional 
transfer strategy from the water phase (Fig. 2c). Furthermore, the con-
ductivity of the CNTs/paper with a series of CNTs layers was also 
investigated in Fig. 2d, indicating a negative correlation between 
resistance and CNTs layers. 

To investigate the performance of light absorption, optical properties 
of the CNTs/paper were measured with an ultraviolet visible-near- 
infrared (UV-VIS-NIR) spectrophotometer. Compared with the original 
paper, the CNTs/paper demonstrated relatively higher absorption in all 
spectral ranges. Moreover, to optimize the evaporation performance, 
different CNTs layer thickness ranging from ~0.6 (1 layer) to ~3 μm (5 
layers) was also investigated in our system. With the increase of CNTs 
load, the absorption of as-prepared film presented a gradual increasing 
tendency (Fig. 2e). It was found that film with 5 layers can absorb almost 
95% of UV, 96% of visible, and 90% of infrared solar irradiation with a 
total absorption capacity of 93.7% over the whole solar spectrum. To 
further compare the surface temperature and corresponding distribution 
of the bilayer CNTs/paper with that of bulk water, 3 layers of CNTs film 
was adopted to measure the performance difference due to its relatively 
stable light absorption. Superior to the bulk water with equilibrium 
temperature of ~24 �C, the bilayer CNTs/paper can experience a 

Fig. 2. a) Photo of scalable fabrication of CNTs/paper with desirable foldability through an in situ capillary force driven transfer way. b) SEM images of original 
paper surface and CNTs/paper composite with a series of CNTs layers. c) The resistance comparison of CNTs film on glass substrate and the capillarity driving transfer 
onto paper surface. d) Resistance versus different CNTs layers on paper substrate curve. e) Light absorption spectra of CNTs/paper film with different CNTs layers. f) 
Temperature versus time curves of blank water and CNTs/paper. g) IR images of blank water and CNTs/paper on water surface under 1 sun. h) The vertical 
temperature distribution curve of the CNTs/paper. 
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remarkable temperature improvement from ~21 �C to ~31 �C under 1 
sun within 6 min (Fig. 2f). The bilayer structure of the CNTs/paper could 
extremely decrease the heat diffusion from the light absorber layer to the 
water subphase, which was displayed by IR images in Fig. 2g. In addi-
tion, the vertical temperature distribution of the CNTs/paper on water 
surface was also investigated in Fig. 2h, in which the temperature 
functioned as a negative correlation with depth, indicating that the heat 
was extremely confined on the CNTs/paper surface. 

Significantly, in the bilayer system, the unmodified paper can both 
act as the water pumping layer and heat isolation layer, which can 
prominently enhance the photo-thermal conversion in high-efficiency 
(Fig. 3a). To further explore the water evaporation performance of the 
CNTs/paper, a series of water evaporation experiments were conducted 
under solar illumination. The weight changes of bulk water and bilayer 
CNTs/paper with a series of CNTs film layers over time curves under 1 
sun were recorded in Fig. 3b. Superior to blank sample, the CNTs/paper 
demonstrated higher weight loss. To optimize the evaporation effi-
ciency, the correlation between CNTs film layers and corresponding 
evaporation rates were also inspected. As shown in Fig. 3c, it was found 
that with the increase of CNTs load (up to ~3 μm, 5 CNTs film layers), 
the evaporation rate represented a parabola-like tendency. As a result, 
CNTs/paper with 3-layer CNTs films demonstrated a higher evaporation 
rate of about 1.15 kg/m2. The reason may derive from the competitive 
balance between light absorption and water pumping. Excess CNTs load 
could result in smaller capillary pores of the CNTs network, demon-
strating a poor water pumping rate from the water subphase. In addi-
tion, the amplified SEM characterization of samples with 3, 4, and 5 
CNTs layers was conducted in Fig. S7. The result shows that with the 

increase of CNTs layers, the gaps among the CNTs network have become 
smaller and smaller. However, the light absorption of the above-
mentioned samples can experience a gradual and slight increase process, 
which can result in improved solar-to-thermal conversion. From Fig. S8 
it can be supposed that when CNTs layers (more than 3) increases, the 
acquired evaporation rate demonstrates a gradual decrease tendency. 
The negative correlation between light absorption and evaporation rate 
can indirectly evidence that the smaller pores severely block the water 
transportation during the solar-driven interfacial water evaporation 
process. Therefore, 3-layered CNTs load was adopted in our system. The 
mass change curves under solar intensity from 0.5 to 2.5 sun were 
recorded in Fig. 3d and the calculated evaporation rate is found to in-
crease linearly with the optical concentration (Fig. 3e). 

When hydrophobic PDMS was asymmetrically coated onto CNTs/ 
paper surface, a well-designed water pathway was achieved. As illus-
trated in Fig. 3f, PDMS-modified side of the CPPH can function as a 
water-proof layer to prevent any water penetration. As a result, water 
molecules are merely interfacially confined on the paper side of the 
CPPH, which can further penetrate into the fibrous paper and move 
across the CNTs film surface for controllable solar-driven water evapo-
ration. Moreover, IR images were captured to indirectly investigate 
water flow pathway under 1 sun illumination. As shown in Fig. 3g, the 
surface temperature distribution of the CPPH was clearly observed. The 
CNTs film on the PDMS- functionalized paper surface showed higher 
temperature than that without PDMS modification within 0.5 min. The 
result strongly evidences that water molecules cannot penetrate into the 
PDMS-modified paper. With the increase of illumination time, the sur-
face temperature difference of the CPPH was getting smaller and 

Fig. 3. a) Sketch of the water evaporation of bilayer CNTs/paper at air/water interface under solar irradiation. b) Mass change versus time curves of bulk water and 
CNTs/paper with different CNTs layers under 1 sun irradiation. c) Evaporation rate versus CNTs film layers curve. d) Mass change over time curves of film with 5- 
layer CNTs/paper under a series of sun irradiation ranging from 0.5 sun to 2.5 sun. e) The corresponding evaporation rate versus optical concentration curve. f) 
Sketch of CPPH with designed structure enabling controllable water pathway. g) IR images of CPPH on water surface under 1 sun irradiation. h) Mass change versus 
time curves of CNTs/paper and CPPH. 
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smaller. However, contributed to the high water absorption of the CNTs/ 
paper without PDMS modification, the surface temperature of CNTs film 
was still slightly lower than that of the CNTs/paper with PDMS modi-
fication. This phenomenon illustrates that water molecules experience a 
controllable flow across the CNTs film from paper side to the PDMS- 
modified paper side. Meanwhile, the control experiment was also con-
ducted to investigate the water evaporation performance of the CNTs/ 
paper with/without PDMS modification. As displayed in Fig. 3h, CPPH 
sample demonstrated higher water evaporation rate than that of the 
CNTs/paper sample, which may derive from the relatively high surface 
temperature of the CPPH. As a result, the evaporation performance of 
CPPH was not affected by the asymmetric decoration of hydrophobic 
PDMS. 

Furthermore, the outdoor experiments were also conducted to 
explore the practical performance of water evaporation. As schemati-
cally illustrated in Fig. S9a, a well-designed prototype was set up for 
water distillation. For practical application, a large-scale prototype was 
fabricated and employed to conduct solar steam generation experiments 
(Fig. S9b). In a sealed chamber, the vapor was generated from the film 
surface under solar irradiation and subsequently condensed into liquid 
when it arrived at the relatively cold condensation roof. Fig. S9c clearly 
showed that the chamber roof was covered with abundant condensed 
water droplets, demonstrating an efficient water collection. To explore 
the practical performance of distillation, two consecutive days that were 
partly sunny days with roaming cloud (10, 11 September 2017) were 
selected to collect distilled water (Fig. S9d). Attributed to the cloudy 
factor, the optical concentration varied dramatically with solar flux 
ranging from 11 to 830 W/m2. After distillation, the average evaporate 
rates were calculated, enabling 3.4 and 5.1 kg/m2 of purified water in 
the whole day, which demonstrates a significant potential for efficient 
water supply in reefs and islands (Fig. S9e). 

Since the bilayer CNTs/paper towards the application of interfacial 
water evaporation is floated on the air-water interface, there is almost 
no prominent water gradient difference in lateral surface of CNTs film. 
However, the conventional water flow-induced electricity generation is 
based on the partial insertion of carbon nanomaterials/glass into water 
for the formation of water gradient (Fig. S10a). For the realization of 
simultaneous water evaporation and power production, the partially 
inserted out-of-plane structure is converted into an in-plane one. In our 
system, hydrophobic PDMS is applied onto paper surface, which enables 
the formation of controllable water transportation pathway. The ach-
ieved asymmetric structure can realize favorable water gradient, 
resulting in directional hydrated ions migration (Fig. S10b). To further 
explore the capability of electricity generation of the CPPH, a conductive 
fabric electrode was attached onto the CNTs film (3 layers) surface on 
the PDMS-modified part, which was further encapsulated by PDMS. 
When the PDMS packaged electrode was applied on the part of CNTs/ 
paper without PDMS modification, unfavorable water wetting phe-
nomenon would happen both in fibrous paper substrate and CNTs film, 
which can severely break the interaction between CNTs film and elec-
trode. It may result in high contact resistance and undesirable delami-
nation of the applied electrode. Moreover, to avoid the undesirable 
corrosion or potential electrochemical reaction from the seawater, a 
commercially available conductive carbon fiber was employed and 
immersed into simulated seawater to construct a single electrode on 
CPPH surface as an equivalent circuit. Compared with the reported 
oxygen plasma-treated candle soot [1], there are relatively low voltage 
for CPPH using the deionized water, which is also observed in our sys-
tem. Since the salt solution can remarkably enhance the hydrovoltaic 
system, the electricity production process can be effectively improved 
[1]. 

The detailed electricity generation process is schematically illus-
trated in Fig. S11, in which the encapsulated electrodes and carbon fiber 
can achieve a circuit for water flow-induced electricity harvest. Note 
that the hydrated ions can have a directional migration inside the 
–COOH groups functionalized CNTs film network for induced voltage 

and current. Specifically, the interfacial solar heating is achieved by 
using the seawater to extract desalted water. Therefore, simulated 
seawater can both act as “precursor” of purified water and “enhancer” of 
power generator in our system. To investigate the sunlight-enhanced 
effect on the resulted generating performance, the control experiment 
was also conducted under the environments with/without sunlight. As 
schematically illustrated in Fig. 4a, contributed to the alternative 
modification of PDMS layer, the achieved electricity generator allowed 
the directional transportation of the water molecules from bulk water to 
the part of fibrous paper. Subsequently, the plasma-treated CNTs film 
allows the desirable lateral flow of hydrated ions across the surface of 
CNTs film, ensuring the directional and continuous protons flow [63]. 
Once the simulated sunlight was applied on the CPPH-based power 
generator, the water evaporation rate could be significantly enhanced 
under solar illumination, resulting in increased water gradient for 
improved power generation (Fig. 4b). As shown in Fig. 4c, the generated 
current can maintain a value of ~22 μA under the solar irradiation, 
which can be effectively adjusted by a dynamic switch of simulated solar 
source. When the solar simulator equipped with AM 1.5G was applied, 
the generated voltage could have a controllable response to the solar 
irradiation and experience a remarkable improvement from ~0.47 V to 
~0.6 V (Fig. 4d). It is noted that a continuous current signal output can 
still be observed with the current of ~6 μA even after 6 h (Fig. 4c). 

Specifically, the simulated seawater with NaCl concentration of 3.5 
wt% was employed in our system. However, it is considered that the ion 
concentration may significantly affect the resistance in the integrated 
system. Therefore, NaCl solution with a series of ion concentration of 
3.5, 7 and 10.5 wt% was used to investigate the saturated current. As 
shown in Fig. S12, the saturated current can have a prominent 
improvement ranging from ~7.5 to ~12.7 μA. The result clearly illus-
trates that the increased NaCl concentration can remarkably reduce the 
resistance of the single electrode system and increase the corresponding 
saturated current, which can be effectively tuned through the adjust-
ment of ion concentration. Additionally, the occupied area of PDMS is 
also one of the important factors during the power generation. As dis-
played in Fig. S13, the average weight content of PDMS is 38.87% in our 
system, in which the area ratio of paper and PDMS coating is about 1:1. 
Since the occupied area of PDMS on paper surface can significantly 
affect the performance of electricity production, samples with a series of 
PDMS area ratio were employed to conduct the experiments of power 
generation. As shown in Fig. S14, P is defined as the area ratio of PDMS 
and the whole paper, in which 0.25, 0.5 and 0.75 are used to explore the 
difference of corresponding electricity generation. It can be observed 
that when the P value is lower than 0.5, more PDMS area results in 
higher induced voltage. However, no remarkable increase of saturated 
voltage can be found under the circumstance of excess PDMS coating 
area with the P value of more than 0.5. The result may derive from the 
confined transportation distance of the water molecules. As a result, the 
area ratio of 0.5 is employed in our experiment. 

In addition, the sketch of equivalent circuits were also displayed in 
Fig. 4e to illustrate the difference between single electrode and double 
electrodes system. It is noted that single electrode and double electrodes 
applied on CPPH surface are referred to single system and double sys-
tem, respectively. In our experiments, the calculated resistance of single 
resistance value of the CPPH was similar to that of the double electrodes 
system (Fig. 4f). Therefore, it is supposed that the equivalent circuit can 
be further applied in our system. In addition, we have also conducted the 
control experiments of single electrode and double electrodes system. As 
shown in Fig. S15, the saturated voltage of single and double electrodes- 
based electricity generator demonstrates ~0.34 V and 0.11 V, respec-
tively. Whereas, the output saturated current of double electrodes can 
reach up to ~47 μA, which is about 10 times larger than that of the 
single electrode system without sunlight irradiation. Note that the dif-
ference in output current and voltage between single and double elec-
trode system is relatively complex due to the unidentified factors such as 
changeable contact resistance in the double electrode system. The 
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potential interface failure between hydrophilic CNTs film on paper side 
and applied electrode may experience unstable induced electricity 
generation. As a result, single electrode system is preferred in our sys-
tem. However, further detailed mechanism will be systematically stud-
ied in future work. 

Furthermore, for the combined evaporation and electricity genera-
tion applications, we have also compared our work with other related 
references, such as combined thermoelectric devices and salinity 
gradient-induced generators [27,40–42,64]. The abovementioned 
works have focused on the development of multifunctional devices with 
integrated clean water and electricity production. Based on the mech-
anism of water flow and evaporation, the solar-enhanced evaporator/-
power generator enables comparative water evaporation rate and 
highest saturated voltage under 1 sun irradiation (Fig. S16). 

Moreover, the output performance of the CPPH was further investi-
gated by connecting external loads with various resistances. With the 
step-by-step decrease of the load resistance (0.9 MΩ–0.3 MΩ), the 
output current increased correspondingly (Fig. 5a). Moreover, when the 
load resistance increased from 1 Ω to 1 GΩ, the current on the load 
resistance decreased from ~22 μA to ~0 μA and the generated voltage 
increased from ~0 V to ~0.55 V (Fig. 5b). Meanwhile, with the 
adjustment of load resistance, the output power can experience a 
parabola tendency. The maximum output power can reach up to 2.1 μW 
(Fig. 5c). As a proof of concept, our system was employed as a power 
supply to drive a raindrop detector for monitoring the water droplets, 
which was schematically shown in Fig. 5d. In our experiment, the in-
tegrated CPPH floated on the simulated seawater surface was applied to 
power the raindrop sensor for a self-powering system. The detailed 
circuit diagram and corresponding picture of the integrated system were 
also displayed in Fig. 5e. Since the CPPH was connected to the detector, 
a real-time detection could be successfully realized. The current can 

respond sensitively to the water droplets with different frequencies, 
demonstrating great potentials in self-powering platforms (Fig. 5f). 
However, there are still some problems to be considered in the current 
proof-of-concept paper-based materials, such as the potential threats of 
salts aggregates, the durability of paper-based materials, etc. In our 
system, it is of significant concern to explore of water flow and evapo-
ration process in an interface-confined system through asymmetric 
functionalization. As a cost-effective and scalable, portable and acces-
sible alternative, the paper hybrid has still represented some specific 
advantages on the filed of convenient and disposable devices. Based on 
this strategy, specially treated papers and a variety of water-pumping 
substrates can be employed to realize the synergetic multifunctional 
applications, in which the abovementioned issues are expected to be 
effectively solved. 

4. Conclusions 

In summary, the process of water evaporation in the nature has 
enlightened us to exploit the significant potentials of water flow and 
evaporation. We demonstrate a concept of asymmetric functionalization 
strategy for multifunctional photo-thermal cellulose papers towards 
integrated clean water and power production. Through a capillarity 
driven transfer strategy, the self-assembled CNTs film at air/water 
interface can be unidirectionally transferred onto the paper surface with 
homogenous morphology and controllable thickness. The as-prepared 
CNTs/paper enables good flexibility, foldability and stability, which 
can function as the solar absorber for clean water collection. Moreover, 
when it was further asymmetrically decorated with hydrophobic PDMS 
layer on specific location of the paper side, a controllable pathway of 
water flow could be achieved. The resulted directional water flow en-
ables efficient electricity generation, which can be further enhanced 

Fig. 4. Schematic illustration and photos of the water flow induced electricity generation without solar illumination a) and under 1 sun b). Real-time current c) and 
voltage collection d) with and without solar irradiation. e) Schematic of equivalent circuits, including single electrode system and double electrodes system applied 
on CPPH surface. f) Resistance column of single electrode and double electrodes system. 
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under sunlight illumination. 
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