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Abstract

Recently, interfacial solar-driven evaporation has received tremendous attention due to its potential for enhancing
solar thermal conversation ability via heat localization at the evaporation interface. Diverse materials and
configurations have been explored to boost the evaporation using plastic foam as the thermal insulator at the cost of
complex assembly and environmental threats. Herein, we demonstrate a biodegradable, cost-effective, and scalable
three-dimensional (3D) cotton paper-based solar steam generator prepared by one-step laser-induced forward transfer
in the ambient atmosphere. The as-prepared evaporator has excellent solar absorption ability. The defining advantages
of this method are that it can easily form a 3D structure and it is free from hazardous raw material involvement and
waste generation. With further novel design by using a natural air gap instead of artificial plastic material to insulate
the steam generation area and the underlying bulk water, the as-prepared evaporation system can achieve a high
evaporation rate of 1711 g m2 h* with a corresponding efficiency of 83% under one sun illumination. Such solar
vaporization functions offer new insights into the future development of high-performance solar steam generators

through an environmentally friendly and cost-effective pathway.
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1. Introduction

Social development hindrances due to freshwater scarcity are becoming increasingly worthy of attention. The
annual solar radiation energy is equivalent to 1000 times the energy consumed by the entire human population during

the same period [1]. As a facile and effective technology for seawater desalination, solar-driven water purification

technology has attracted tremendous attention in recent years. High-efficiency solar evaporation can provide a new
possibility for off-grid sterilization, domestic heating in coastal areas, electricity generation, and sewage treatment
apart from seawater desalination [2-4].

In the early development stage of solar evaporation, the limited freshwater separation rate induced by the poor
light absorption ability and the non-negligible heat loss makes it not sufficient to fulfill the daily demands of human
[5-7]. Among various emerging photoabsorbing materials, plasmonic nanoparticles [8-10], semiconductors [11-13],
and diverse carbon-based materials [14, 15] have been extensively investigated for achieving near full broadband solar
absorption. Due to their high material cost or complicated fabrication processes, it is still challenging to use them for
large scale applications. As shown in Table 1 [16], the durable metallic nanoparticles are mainly pricey noble metal
material (Au [17], Pd [18]), limiting their mass production. Semiconductors with narrow bandgaps, such as TiOy (x<2)
nanoparticles [19], can offer an impressive wide-spectrum absorption ability. Nevertheless, the large-scale
implantation value of such material is heavily degraded due to the extensive use of costly magnesium as a reducing
agent. The emerging achievements of carbon materials seem to provide a new possibility in developing inexpensive
solar generators, challenges remain in terms of tedious synthesis process [20], and high-temperature annealing
treatment [21], which will also limit their practical use. It is thus essential to develop a solar steam generator with

systematic considerations of high photothermal ability, low cost, and high environmental friendliness.

Table 1. Solar evaporation efficiency and material cost photothermal materials [16]

Type of materials Work Solar evaporation  Unitcost Scalability Reference
Efficiency (%) US$ per
gram
Plasmonic metals AUNR/AUNS/paper 87 384 Yes [17]
Pd NPs/wood 85 1394 Yes [18]
Semiconductors  Black TiOx coated stainless 50 5.47 No [19]

steel mesh




Black titania film 70 5.47 No [22]

Diverse carbon Exfoliated graphite/carbon 85 1.9 Yes [5]
materials foam
rGO/BNC 83 580 No [20]
GO film on cellulose 80 122 Yes [23]
wrapped polystyrene foam
Graphene foil supported 89.6 602 Yes [24]

porous graphene sponge

Apart from limited light absorption ability, thermal conduction to underlying seawater accounts for the main
reason for low light-to-vapor conversion efficiency in solar evaporation. By avoiding heating the entire evaporation
system and sacrificing solar energy, methods of localizing heat at the evaporation interface have been widely
considered as effective measures to enhance the photothermal conversion efficiency [25, 26]. In recently reported
works, plastic foam with low thermal conductivity (~0.04 W m* K1) is commonly used as the thermal separators
between photoabsorber materials and seawater to suppress heat conduction loss [6, 27, 28]. For the first demonstration
of this approach, insulated and hydrophilic carbon foam was used by Ghasemi et al. [5] to achieve heat localization.
These structural characteristics helped achieve solar thermal efficiency up to 85% at 10 kW m™2. After that, some
interfacial solar vapor generators can realize high solar-vapor efficiencies approaching 60%-87% at 1000 W m 2 [29-
31]. Recently, the hierarchical Ti foams/PU sponge evaporator reported by Yin et al. [32] could even achieve
extremely high water evaporation efficiency of 90%. Nevertheless, the assembly process is labor-intensive and limited
to lab-scale production. The large difference in hydrophilicity of the high-cost light absorbers and physical insulators
makes the whole devices suffer from a high risk of detachment on a natural fluctuating water surface. The suppressed
water supply highly impairs the evaporation rate. Under this condition, the evaporator prone to be overheated under
long-term illumination, especially in the edge areas where the heat exchange with the surrounding environment is
rapid, which in turn further inhibits evaporation. Designing and fabricating eco-friendly solar absorbers that have a
strong water pumping and storage capacity in themselves is therefore important. Furthermore, chemical material
consumption, complicated assembly processes, and plastic pollution remain as challenges for a greener development
of solar interfacial evaporation devices.

Herein, we demonstrate an innovative design of a three-dimensional (3D) cotton paper-based porous evaporator
that operates above the water surface, taking advantage of the natural air gap as a thermal insulator to the underlying

cold water. The one-step laser printing method is used to transfer laser-induced graphene on the surface of cotton



paper to harness the solar flux directly in the ambient environment [33-35]. The selection of cotton paper as the
substrate for the fabrication of 3D evaporator is critical. As a cost-effective, flexible, and biodegradable agricultural
product, cotton has excellent water absorption properties and extremely low thermal conductivity (~0.035 W m* K?)
[14]. Wet multilayer cotton paper with mesoporous fibers can form an interconnected open 3D structure, which
significantly amplifies the effective evaporation surface. Additionally, since the entire evaporator is designed to be
located above the water surface instead of floating on it, the air gap formed can serve as an insulator to reduce heat

loss. In the usual room temperature environment (25 ‘C, RH 45%), air enjoys a low thermal conductivity (0.025 W

m k1), and only 4.3% of that of water [36]. Although the thermal conductivity of air slightly increases with increasing

temperature, this advantage is still considerable. Even in an extreme environment of 100 ‘C, which is difficult to reach

for most solar evaporators during operation, the thermal conductivity of the humid air is only 0.032 W m* k%,

2. Experimental section

2.1. Materials and fabrication of 3D laser-printed evaporator

A commercial polyimide film of thickness 0.05 mm was used for subsequent laser processing without
pretreatment. The cotton paper substrate was supplied by Mannings Commercial Chain Co., Ltd. The 1064 nm laser
source (DMG Lasertec 40) for the 3D printing process was fixed at 3 W with a scanning rate of 400 mm s—1 in an
ambient environment. Taking advantage of the laser-induced forward transfer method [33, 34], graphene was
deposited on the surface of cotton paper underneath the polyimide film. The resultant light trapping paper was

laminated with layers of untreated substrate paper to form a 3D evaporation structure.

2.2. Steam generation and outdoor desalination test

The steam generation experiments were conducted at ambient temperature and humidity of around 23 °C and
58%, respectively. A calibrated Newport solar simulator (LCS-100 94011A) was used to provide constant one sun
illumination (1000 W m2). Real-time detection and recording of the mass changes were performed on an analytical

balance (Mettler Toledo MS205DU) connected to a computer via RS 232 serial ports. K-type thermocouples were



used to monitor the temperature distribution of the entire system. Both the temperature and humidity of the air gap

layer under steady-state were measured by a high precision temperature and humidity meter (Victor 231).

2.3. Measurement and characterization

A LabRAM HR 800 Raman spectrometer with a laser source of 488 nm was used to collect the Raman spectra of
the as-printed graphene on cotton paper. The SEM images and optical spectra of both the pristine cotton paper and
laser synthesized light-absorbing paper were characterized. The absorbance efficiency A (%) can be obtained through
the formula: A=1-T-R, where the transmittance and reflectance efficiency are represented by T (%) and R (%),
respectively. Thus, the optical absorption ability across the full solar spectrum can be calculated by the formula Az, =

[ A1da
[1a2

. Here, I (W m?) is irradiance and A (nm) is the wavelength based on the air mass 1.5 global (AM 1.5 G)

irradiation spectra.

3. Result and discussion

The configuration and additive manufacturing process of the cotton paper-based evaporator are schematically
illustrated in Fig. 1. Interfacial vapor generation that localizes photothermal conversion to the water/air interface is an
effective method to reduce heat loss. As the configuration shows in Fig. 1a, the insulated foam has been widely used
as floating support for interfacial evaporation. However, as discussed above, this method suffers from a high risk of
detachment, overheating in the central area of the evaporator, and plastic pollution. In this work, we first demonstrate
the method by taking advantage of a natural air gap for thermal insulation illustrated in Fig. 1b. Fig. 1c presents the
process of laser-induced graphene transfer. The polyimide film was directly placed above cotton paper so that the
laser-generated graphene could be deposited on the cotton paper as photoabsorbers in an ambient atmosphere (Fig.
S1). A small power (5 W) laser post-treatment was conducted to provide an annealing effect and to make sure the
generated graphene and cotton paper substrate were closely integrated. At the same time, it enhances hydrophilicity
by further shortening the cotton fibers and creating more defects on the transferred graphene flakes. Here, the untreated
cotton paper severs as wicking material to ensure a sufficient and continuous supply of water to all the 3D evaporation

sites (Fig. 1d). 12 cm? of cotton paper can reach water saturation within 130 s (Fig. S2). By calculating the weight



gain of the cotton paper after being fully wetted by pure water, the water absorption rate was found to be as high as
29 kg m2 h't, which is almost ten times the current interfacial evaporation data published in the related literature.
Pristine cotton paper is not adequate for the high absorption of broadband wavelength light. As shown in the optical
spectrum (Fig. 2a), the as-printed cotton paper enjoys a high absorptance of 0.98, indicating a unique opportunity for
developing effective photoabsorbers. The chemical composition of the transferred graphene was characterized by the
Raman spectrum, as shown in Fig. 2b. The G peak and the 2D peak was at 1580 cm™ and 2700 cm™?, respectively.
The D peak at 1350 cm™ was contributed by the sp? bonds of the graphene flakes with disordered orientation. SEM
images (Fig. 3a-d) revealed the microscopic structures of both the pristine and the laser-treated cotton paper. The
pristine cotton paper shows a 3D porous and loose structure formed by randomly connected long and thin fibers (Fig.
3a), with relatively smooth and compact surfaces (Fig. 3b). After the laser transfer process, layers of fuzzy graphene
flakes deposited on the surface of cotton paper can be observed as in Fig. 3c. Due to the instantaneous high heat of
the laser, the fibers were significantly shortened and roughened. With zoom-in observation (Fig. 3d), extensive
randomly distributed micro-sized pores can be observed among the deposited graphene, which act as channels for
both water delivery and vapor escape. Small-scale pores benefit the formation of water clusters containing several to
dozens of water molecules during the solar steam generation process, which contributes to reducing the evaporation
enthalpy.

Here, samples of 2 layers, 4 layers, 6 layers, 8 layers, 10 layers, 15 layers, 20 layers, and 25 layers assembled by
cotton paper using the method described above were studied under the same experimental conditions. The ambient
temperature and humidity were calibrated at 24 °C and 58%, respectively. Temperature changes of the evaporation
surface, the distance of 5mm beneath the water surface, and the air gap were all recorded. The thermal behavior as
shown in Fig. 4a, proved that the laser-transferred graphene has ideal photothermal conversion capability. All the
samples were able to achieve a stable temperature around 40 °C in the initial 40 min under one sun intensity. For a
fixed solar intensity, higher operation temperature typically indicates lower energy transfer efficiency. The evaporator
with fewer layers of cotton paper showed the fastest heat response. A temperature as high as 41 °C stabilized within
17 min for the evaporators with no more than 6 layers. As the number of layers increased, the evaporator surface
temperature showed a downward trend, which means an enhanced cooling effect caused by more intense evaporation
behavior. The large difference between the temperature of the evaporator surface and the water body confirmed the

adiabatic effect of the air gap, indicating its outstanding scalability for reducing the downward conduction heat losses.



At the end of the evaporation process, the water temperature had only risen by less than 4 °C. It is worth noticing that,
since there were higher temperature rises in the test site close to the water surface, the underlying bulk water remained
at a preferable lower temperature. Moreover, the hot end of the air layer was always on top while the cold end was
always below, so the heat transfer mechanism here was mainly heat conduction. The humid air thermal conductivity

of the mixture can be estimated as a function of mixture temperature with relative humidity [36, 37].

1 —_yn XiAi
mixture — Li=1yn A
Yj=1%jAij

@)
where i rure represents the thermal conductivity of humid air (W m™ k), x and A are defined as the molar fraction
and the thermal conductivity of each component in the mixture, respectively. 4;; is the interaction parameter of the
components. For this humid air system, there are only two components: water vapor and dry air, which are represented
by “v” and “da” in the math formulae, respectively. For this humid air system, the interaction parameters between
vapor and dry air are given respectively:
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In Eq. (2) and Eq. (3), M, is the equivalent molecular weight of water vapor, taking 28.97. M, represents the
equivalent molecular weight of dry air, taking 18.02. u,, and 4, in Ns m™ are the corresponding viscosity of vapor
and dry air, respectively.

The specific calculation process derived from Eqg. (1) can be displayed as follows:

Amixture -

Xda'Ada Xy Ay (5)
XdatXv'Ada-v  Xv+Xda'Av-da

When the temperature of the air layer is 30°C, 1,4, and A, are 0.025 and 0.020 W m! k%, respectively. The molar
fraction values of x,, and x,, in the previous expression are calculated by,

_ Mmixture
Xda = Maq Aga (6)
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where, M,,,;s-ure 1S the equivalent molecular weight of wet air. a,, and a,, are the mass fraction of dry air and vapor

in the system, respectively. q (Kg) represents the quality of water in wet air containing 1 kg of dry air.

_ RH%-P(T)
q=0622 Po—RH%P(T) 8)

where RH% and P, (Pa) are the relative humidity and pressure of the environment (air gap layer in the steam
generation experiment), respectively. And P(T) (Pa) denotes the water vapor saturation pressure at a humid air

temperature of T (°C). Then Eq. (5) can be simplified as Eq. (9).

Ada Ay
Amixture - 1 MdaA + 14g My 4 (9)
+q My, Sda-v qua v—da

In the steady-state, the relative humidity and temperature in the closed test chamber were 95% RH and 31 °C,
respectively. Based on Eqg. (2-9), the theoretical thermal conductivity of the air gap layer during the operation was
calculated to increase from 0.025 W m* K1 to 0.027 W m™ K at the end of the experiment. Although the thermal
conductivity slightly increases with temperature and humidity, it remains at a very favorable level.

Contributed by the high-water absorption and adequate micro capillary capacity, multilayer cotton paper forms a
large volume 3D evaporator readily. When the number of layers increased from 2 to 25, the dark evaporation rate
increased from 331 to 504 g m2 h'! because of the amplified evaporation area, as showed in Figure 3b. The evaporation
component exhibited a temperature significantly lower than the underlying water, indicating the evaporative heat
dissipation. The evaporation rate and corresponding energy conversation efficiency under one sun illumination are
plotted in Figure 3c. When the total number of cotton paper layers is below 15, the evaporation rate gradually increases
from 1183 to 1721 g m h%. This enhancement is mainly due to the enlarged 3D structure and the increased amount
of saturated water therein. For comparison, without processed-cotton paper as the photothermal conversion mediator
and 3D structure amplifier, the evaporation rate of pure water is 360 g m2 hl. However, with a further increase in
layers, there is a slight downward trend in evaporation efficiency. Excessive water content sacrifices the solar energy
and impedes timely and adequate heating of the solar interfacial evaporator. This is also the reason why the evaporation
surface temperature drops when the number of layers is increased to a certain extent.

Evaporation efficiency 1 (%) is another important factor in evaluating the photothermal performance of 3D solar
steam generation systems and can be calculated as:

n= mh/CoptPO (10)



where 1 denotes the mass loss while reaching steady-state deducing dark field evaporation, A (kJ mol™?) is the latent
enthalpy of water vaporization, C,,, is the optical concentration (as for this work is free from optical accessories, so
Cope is equal to 1 here), p, refers to the solar irradiation intensity (1000 W m2). As shown in Fig. 3c, the 1 of the 10-
layer sample was calculated to be 83%, demonstrating that the cotton paper-based 3D evaporator can achieve high
solar illumination utilization. Further increase of the cotton paper layers impairs efficiency and it is mainly due to the
boosted evaporation under darkfield conditions. It is deduced that a rapid decline in efficiency will be the result of a
continued increase in the number of layers. Effective control of the number of layers is of great importance for the
cost and assembly labor-saving in actual applications. Moreover, the stability of the 10-layer evaporator was
investigated. Before testing, the sample was immersed in water for 12 hours. As shown in Fig. 5, the performance
remains stable for 100 cycles, ensuring long-term stable water purification ability. Economic viability based on the
evaporation performance and the cost is a vital consideration factor for real-world applications. According to a related
research [38], a median intake of 3.7 liters of water satisfies one's daily freshwater consumption needs. Taking into
account the changeable environmental factors, when the average operation period is 5 hours (from 10:00 am-3:00 pm)
a day, only 0.45 m? of laser-processed 10-layer cotton paper is needed, and the retail cost at such amount is ~ US$ 5
in this experiment. Since more than 65 million tons of cotton fibers produced every year [39], the cost of cotton paper
can be as low as ~ US$ 0.25 m for bulk purchase (pricing data obtained from Alibaba.com), which is only one-third
of the unit price of the cotton paper we purchased in this laboratory work. The estimated industrial mass-produced
cotton paper-based steam generator costs $ 3.22 only with an area of 0.45 m2. The specific cost estimation process is
provided in Supplementary Information Note 2.1.

The simple solar still shown in Fig. 6a was used to perform the outdoor solar steam generation experiment on a
partly sunny day with dramatically varying solar intensity (9 Jun 2019). Under natural sun conditions, an average
evaporation rate of 720 g m2 h' could be obtained. This difference from the laboratory-derived data was mainly due
to the limited space that caused the sharply rising humidity in the whole solar still. The condensation of water droplets
blurred the film and affects light transmission, which was also an important reason for the decrease in evaporation
efficiency. A more optimized solar still device will get better results. As shown in Fig. 6b, the laser-processed cotton
paper can be used for real-world applications, with a tailored laying area on the seawater surface. This configuration
is more resistant to wind and waves and makes it easier for evaporator recycling as well as desalinated seawater

collection. Besides, it is critical to understand the production cost associated with purified water. Water production



cost estimation of large scale solar still was also conducted according to the cost model and solar still developed by
Cao.et al. [16] and Chen.et al. [40], respectively. Indicated by the cost accounting results reported in Ref. [16], the
unit cost to produce clean water by solar steam generation ranged from US$ 0.007 L to US$ 0.0675 L. In contrast,
our work’s water production cost is only US$ 0.003 L, showing a very superior cost-to-benefit ratio. The specific
calculation process can be found in Supplementary Information Note 2.2. Moreover, the commonly used commercial
desalination method is mainly reverse osmosis distillation, which suffers from high electricity consumption,
complicated pretreatment procedures, and mass production of carbon dioxide. The solar energy-driven steam
generation system is free from the dependence of electricity, further making it applicable in remote regions. Thus, our
work provides the benefits of both low prices and high environmental friendliness.

Table 2 compares some of the water evaporation efficiencies and green index of recent reports focused on solar
steam generation. Here, direct laser printing synthesis has a great advantage in green chemistry due to free from
hazardous raw material involvement and additional waste generation. Although some evaporators based on carbonized
biomass, such as logs [21, 41], mushrooms [42], daikon [43], and lotuses [44], are also environmentally friendly and
raw materials used also cheap, the processing of these materials is difficult to get rid of the high-temperature treatment
in a costly inert gas environment. The cost efficiencies of these methods are highly degraded by tedious processing
procedures. Meanwhile, due to incompletely controllable shape and low decay resistance, their long-term evaporation
performance and large-scale promotion in the oceans are limited. As a kind of naturally degradable crop product with
minimal effect on the ecosystem, cotton paper can be obtained by simple weaving processes and is able to be freely
tailored, suggesting that our approach has the merits in terms of abundance, non-toxicity, simple processing and high

scalability.

Table 2. Comparison of evaporation performance under 1 sun and green index of different works

Work Evaporation  Efficiency Free from Free from Free from Reference
efficiency chemicals  waste special
(kg m?2h7) generation processing
condition
3D printing 1.71 83% \ \ \ Our work

processed cotton-

paper




Au/Ag-cotton 1.4 86.3% V \ x [11]

fibers

Cotton-CuS 1.63 94.9 X X X [45]
Carbonized 1.475 68% N N X [42]
mushroom

Carbonized wood 1 ~70% \ \ x [41]
Carbon lotus 1.3 86.5% \ \ x [44]
Surface-modified  1.18 73.3% X X X [46]
sponge

Calcinated 1.98 92% \ \ x [28]
melamine sponges

Multilayer  Ppy 1.38 95.33% x x \ [4]
nanosheets

Carbon nanosheet 1.48 93% X X X [15]
frameworks

PVA-Ppy gels 3.2 94 X X X [47]
Surface tailored 2.6 91% X X X [48]
PVA hydrogel

MOF derived 1.22 84.3% X X X [49]
porous carbon

materials

Au nanorods 1.34 84.1% X x \ [9]
decorated GO

Au@Bi2M0Os- 1.69 97.1% X x X [10]
CDs

3. Conclusions

In summary, we have demonstrated a scalable and economical cotton paper-based 3D solar steam generator
prepared by a laser-induced graphene transformation process in an ambient atmosphere. The novel one-step evaporator
exhibits high light-trapping efficiency of 98.5% over a broad optical spectrum. Moreover, a new design using an air
gap as the thermal insulator to suppress the heat conduction loss helps the multilayer cotton paper-based evaporator
achieve a maximum evaporation rate of 1711 g m2 h** with a corresponding efficiency of 83%. The thermal

conductivity of the air gap layer can always be kept below 0.028 W m-* K during operation, even superior to many

11



plastic foams, such as nylon. To our best knowledge, these evaporation values outperform most of the solar-driven
evaporators that have been reported without the application of artificial insulation material and optical accessories.
Furthermore, this high efficiency and biodegradable laser-processed cotton paper evaporator is expected to provide a
workable solution for solving the freshwater crisis in a greener chemistry approach. Our work also provides

inspirations for the future development of high-performance solar-driven evaporators at a low cost.
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Figure captions

Fig. 1 Design of cotton paper-based 3D solar vapor generation device. (a)Schematic illustration of using plastic foam
as a thermal insulator. (b)Schematic illustration of using an air gap as a thermal insulator. (c) Laser processing process

(d) Assembly process of multilayer evaporator.

Fig. 2 Characterization of cotton paper before and after laser processing. (2) Raman spectra of the processed cotton

paper. (b) UV-vis absorption spectra of cotton paper before and after graphene-deposited.

Fig. 3 Microstructures observation of cotton paper before and after laser processing. (a) SEM image of the untreated
cotton paper. (b) Zoom-in SEM image of the untreated cotton paper. (c) SEM image of the laser-treated cotton paper.

(d) Zoom-in SEM image of the laser-treated cotton paper.

Fig. 4 Solar evaporation performance of cotton paper-based evaporator. (a) Schematic illustration of photothermal

conversion capability of the evaporator. (b) Saturated water weight and dark evaporation rate of multilayer evaporator.

(c) Evaporation rate under one sun illumination. (d) Evaporation efficiency under one sun illumination.

Fig. 5 Long-term evaporation cycle performance of the 10-layer evaporator.

Fig. 6 (a) Photo of solar still used in the outdoor experiment. (b)Schematic illustration for a real-world application

example of the cotton paper-based steam generator on the coast.
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