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Interfacial solar steam generation by wood-based devices to produce
drinking water: a review

Roya Mehrkhah' - Elaheh K. Goharshadi'%*3 . Eric Lichtfouse*>® - Ho Seon Ahn®’ . Somchai Wongwises®'2 .
Wei Yu®'?. Omid Mahian

Abstract
Freshwater supply is declining in the context of climate change, pollution, and soil salinization, calling for sustainable
meth-ods to produce drinking water. For instance, salt water can be converted into pure water by steam generation.
Interfacial solar steam generation involves photoabsorbers consisting of a photothermal material with broad solar
absorption and a porous substrate with a thermal insulating character. Nonetheless, scaling up of classical devices for
interfacial solar steam genera-tion is actually limited by cost, biofilm formation, salt fouling, complicated fabrication
processes, and toxicity. Alternatively, wood-based devices are cheap, biodegradable, abundant, and display high fluxes of
evaporation compared with other non-biodegradable photoabsorbers. Here we review the design and applications of
wood-based solar steam generation devices, with focus on wood structure and properties, different types of devices, and
factors controlling the evaporative performance.

Keywords Freshwater - Nanomaterials - Biodegradable - Photoabsorber - Wood-based solar steam generation devices -

Pow cost .,
ntrociuctlon

Freshwater availability is essential for the survival of the
living organisms (Deng et al. 2017; Villasefior and Rios,
2018; Wang et al. 2021a, b, c, d). Today, 1.1 billion people
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suffer from water scarcity worldwide, especially in develop-
ing countries and remote areas (Ercin and Hoekstra, 2014;
Gong et al. 2021; Hassan and Yousef, 2021; Mekonnen and
Hoekstra, 2016; Mu et al. 2021; Sheng et al. 2020; Sun et al.
2020a, b; Xu et al. 2021). About 70% of water sources on
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the earth are seawater that cannot be used directly (Li et al.
2018a, b, ¢, d; Ramanathan et al. 2018). Therefore, it is vital
to find a suitable and efficient desalination method for pro-
ducing drinking water. Solar steam generation is a promising
method for desalinating saline water (Arunkumar et al. 2019;
Xu et al. 2020). Solar steam generation methods are classi-
fied into two categories: volumetric and interfacial.

Volumetric solar steam generation devices composed of
nanofluids or suspending nanomaterials in base fluids suffer
from several obstacles such as instability of the nanofluids,
high production costs, and exposure to radiation, conduc-
tion, and convection heat loss due to inevitable heating of
the bulk liquid (Amjad et al. 2018; Babita et al. 2016; Bak-
thavatchalam et al. 2020; Chen et al. 2018; Colangelo et al.
2016; Gao et al. 2019a, b; Ghafurian et al. 2020a; Gohar-
shadi et al. 2013a, b; Hajatzadeh Pordanjani et al. 2019; Li
et al. 2019b, c, a; Liu et al. 2018a, b, ¢, d; Liu and Xuan,
2017; Mahian et al. 2019; Mehrkhah et al. 2022; Pilch-wr
et al. 2021; Sheikhpour et al. 2020; Struchalin et al. 2021;
Wang et al. 2016a, b; Zareei et al. 2019; Zeiny et al. 2018).
The interfacial solar steam generation devices consist of a
double-layer photoabsorber at the seawater’s surface (Amjad
et al. 2018; Colangelo et al. 2016; Deng et al. 2017; Gao
et al. 2019a, b; Struchalin et al. 2021). The top layer is a
photothermal material that absorbs the sunlight and converts
it into thermal energy efficiently. The bottom layer, aptly
called the substrate, is a thermal insulator that continuously
pumps water to the top layer (Wang et al. 2016a, b).

In interfacial solar steam generation devices, the photother-
mal conversion is confined at the water—air interface so that
only water at the surface is heated (Gao et al. 2019a, b; Peng
et al. 2021; Zhao et al. 2020). In addition, the photoabsorb-
er’s surface temperature remains low, resulting in reduction
of radiation and convection heat loss at the photoabsorber’s
surface (Liu et al. 2017a, b, c; Ren et al. 2017; Wang et al.
2017a; Zhang et al. 2017; Zhou et al. 2016). Hence, the inter-
facial solar steam generation is an environmentally friendly,
low-energy consuming, and efficient technique compared to
the volumetric solar steam generation method that can be used
for desalinating seawater, sterilization, electricity generation,
wastewater treatment, and photothermal conversion (Darling,
2018; Ghafurian et al. 2021; Irani et al. 2021; Jin et al. 2016;
Lietal. 2018b, 2017a; Li et al. 2021a, b, ¢, d; Lin et al. 2019;
Liu et al. 2017a, b, c; Ni et al. 2016; Tao et al. 2018; Wang
et al. 2017b; Wang et al. 2021a, b, c, d; Wang et al. 2021a,
b, c, d, 20164, b; Zehtabiyan-Rezaie et al. 2021; Zhang et al.
2018a, b; Zhang et al. 2020a, b, c; Zhou et al. 2016; Zhu et al.
2019a, b, ¢, 2018a, b; Zielinski et al. 2016).

To date, different types of photothermal nanomaterials
such as noble metal nanoparticles, including Ag and Pd, semi-
conductor nanoparticles such as VO, (insulating monoclinic
phase), carbonaceous nanomaterials such as graphene and
reduce graphene oxide composite aerogels, polymers such as

polyethylene foam, and biomass carbon nanomaterials such
as porous carbonized lotus seedpods and surface-carbonized
desugaring stems of sugarcane have been used in interfacial
solar steam generation devices (Awad et al. 2018; Aziznezhad
et al. 2020; Cao et al. 2021; Chen et al. 2021; Ding et al. 2021;
Fang et al. 2018, 2017; Ghafurian et al. 2020c; Hu et al. 2017;
Huang et al. 2017; Ibrahim et al. 2020; Jilani et al. 2018; Li
et al. 2021a, b, c, d; Liu et al. 2021; Liu et al. 2019a, b, c;
Liu et al. 2018a, b, ¢, d; Noureen et al. 2021; Qin et al. 2021;
Wang et al. 2017a, b, c; Wei et al. 2021; Xing et al. 2019;
Zhang et al. 2021; Zhu et al. 2018a, b).

Several materials with hydrophilic, porous, and thermal
insulation properties have been used as a substrate, such as car-
bon foam, gauze, polystyrene foam, and polymeric compounds
in interfacial solar steam generation devices (Chen et al. 2019a,
b; Elsheikh et al. 2019; Liu et al. 2019a, b, c; Liu et al. 2015;
Qiu et al. 2019; Wang et al. 2021a, b, c, d;; Wu et al. 2019a, b,
c; Xiao et al. 2021). However, high cost, complex manufactur-
ing processes, and toxicity of such substrates limit their practi-
cal applications (Lee et al. 2020). For example, using organic
substrates such as polystyrene foam is not environmentally
friendly and can increase plastic pollution (Fang et al. 2018).
In contrast, natural materials such as wood have also been used
as a low-cost, abundant, green, and sustainable substrates (Fu
et al. 2018a, b; Huang et al. 2019; Jia et al. 2017b; Liu et al.
2018a, b, ¢, d; Wu et al. 2019a, b, c; Xu et al. 2017; Xue et al.
2017; Zhang et al. 2020a, b, c; Zhang et al. 2018a, b; Zou et al.
2021). Wood coated with suitable photothermal nanomaterials
can function as a highly efficient interfacial solar steam gen-
eration device. Here, we review the design and applications of
wood-based solar steam generation devices with focus on wood
structure, types, and stability of wood-based devices, and fac-
tors influencing on the evaporative performance.

Molecular structure of wood

The study of wood structure is highly important for
human civilization development and reducing the use of
nonrenewable resources (Jia et al. 2017b). Wood-based
substrates in interfacial solar steam generation have sev-
eral advantages, including excellent hydrophilicity, abun-
dant natural microchannels, superior mechanical stabil-
ity, light-harvesting properties, light structure, and strong
mechanical properties (Fu et al. 2018a, b; Xue et al.
2017). Wood is a good thermal insulator with low dis-
tortion and efficient water transfer properties in interfa-
cial solar steam generation (Chen et al. 2017a; Xue et al.
2017). Wood’s low thermal conductivity is important for
heat localization. In addition, natural wood is cost-effec-
tive and has high availability, a wide surface area, and
good buoyancy (Chen et al. 2017a; Liu et al. 2018a, b, c,
d). In particular, wood’s rough surface has a large surface



area, resulting in high-light absorption. Several aligned
microchannels of wood can redissolve water-soluble salts
in the water and are useful for water transfer (Chen et al.
2017a, b, c; He et al. 2019a, b; Tao et al. 2019).

Wood is composed of lignin, cellulose, and hemicellu-
lose (Jia et al. 2017b; Ren et al. 2021). Cellulose is made of
units of f-D-glucopyranose and hemicellulose (a group of
polysaccharides consisting of mannans, xyloglucans, xylans,
p-glucans, and glucomannans) and strengthens the cell wall
via interactions with lignin (Akhlamadi and Goharshadi,
2021; Jia et al. 2017b). Lignin, which is a phenolic polymer
consisting of the polymerization of monolignols, including
sinapyl alcohol, p-coumaryl alcohol, and coniferyl alcohol,
maintains stem strength and cell structure integrity (Jia
et al. 2017b). Hemicellulose and cellulose have numerous
highly hydrophilic groups including hydroxyl, which result
in excellent cell wall hydrophilicity and wood structure. Fig-
ure 1 shows an image of the molecular structures of wood.
Due to changes in the hierarchical structures, several types
of wood species have different porosities, thermal conduc-
tivities, and mechanical properties, which are suitable for
various applications (Jia et al. 2017b).

Microchannels
Water transfer in the tree, which is critical to the photosyn-

thesis process, is achieved through the rich porous struc-
ture, vertical microchannels, and pits. Changes in wood

Fig.1 Molecular structure of cellulose, hemicellulose, and lignin of
wood. Cellulose is made of units of f-D-glucopyranose and hemicel-
lulose. Lignin consists of the polymerization of monolignols, includ-
ing sinapyl alcohol, p-coumaryl alcohol, and coniferyl alcohol. Inter-
action between lignin and cellulose leads to the cell wall strength.

microstructures lead to significantly different functions in
interfacial solar steam generation (Ghafurian et al. 2020c).
The presence of microchannels in wood and their ability
to quickly transfer water allow wood to be used in several
fields, including transparent materials, water purification,
energy storage, electronic devices, building materials, and
composites (Carrillo et al. 2016; Chen et al. 2017b; Chen
et al. 2017a, b, c; Jia et al. 2017a; Jung et al. 2015; Li et al.
2016a, b; Xu et al. 2016; Zhu et al. 2016a; Zhu et al. 2017b).
Figure 2 presents the cross-section scanning electron micros-
copy images of microchannels. As shown, fiber tracheids
and vessels with different diameters act as pathways for
water transfer and the pits provide connections between the
tracheids and vessels. The capillary action of wood and its
porous and hydrophilic structure play an important role in
water transfer from roots to tree leaves (Kuang et al. 2019b;
Zhong et al. 2019).

Hardwoods and softwoods

According to microstructures, physical structure, and compo-
sitions, wood can be divided into hardwood with tracheids
and vessels and softwood with only tracheids (Gibson, 2012).
Three types of cells of the tracheids, vessels, and parenchyma
make up hardwood. The tracheids with a smaller diameter sup-
port the wood structure, and the vessels with a larger diameter
help water transfer. Softwood formed by the tracheids and
parenchyma transfers water through the pits. The tracheids
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Lignin also maintains stem strength and cell structure integrity.
Hemicellulose is a composed of polymerization of 100-200 glucose
units. Hemicellulose structure containing many branches, including
acetyl groups, is more complex than cellulose



Fig.2 Cross-sectional scanning electron microscopy images illus-
trating microchannel structure of wood and pits on the cell walls.
Water supply plays an essential role in the solar steam-generation
process, and capillarity is the primary driving factor for water trans-
port through the wood channels. Hence, the capillary effect of wood
is studied by scanning electron microscopy to determine its abil-
ity to supply water. The cylindrical wood microchannels, including

connected via the pits provide a mechanical support and trans-
fer fluids throughout wood. Hardwoods come from trees with
broad leaves whose seeds are in fruits or pods.

Common hardwoods include balsa, bass, cocobolo, elm,
locust, maple, oak, olive, padauk, and poplar. Softwoods
come from evergreen trees that have needles and cones
throughout the year. Common softwoods include cedar, pine,
and yew. Hardwoods have a more complex structure com-
pared to softwoods and therefore grow less rapidly. Despite
structural differences, hardwood and softwood have similar
microchannels and interconnected pore networks that enable
water transport in interfacial solar steam generation applica-
tions (Jia et al. 2017b). The vessels’ presence in hardwood
constitutes a significant difference between hard and soft-
woods. Hard and softwoods consist of cellulose nanofibers,
which make the natural wood very strong (Jia et al. 2017b).

Physicochemical properties of wood
Thermal conductivity

Natural wood has a very low thermal conductivity, of about
0.45 W m~! K~! for wet wood, and wood’s poor heat transfer
property helps to localize the heat in the evaporation layer. This
is because it prevents heat transfer into the wood matrix, making
wood as a thermal insulation substrate for efficient interfacial
solar steam generation (Kim et al. 2018; Wang et al. 2019a, b, c;

large-sized vessels and small-sized tracheids, are responsible for the
water transport from the bulk to the photothermally active layer of the
photoabsorber. The pits play a vital role in horizontal water transfer
to the photothermal layer. The pits function as pathways for fast salt
exchange between channels with interconnecting the vessels with the
tracheids. Reproduced with permission of Wiley from Kuang et al.
(2019b)

Zhu et al. 2018a, b). Wood has different thermal conductivities
in several directions of wood due to its anisotropic structure.
Heat conduction in the axial direction is greater than it is in the
transverse direction due to the channels’ natural alignment and
wood’s high porosity (Li et al. 2018a, b, c, d).

Wood can be cut vertically in the direction of tree growth
(Fig. 3a) and horizontally perpendicular to the direction of
tree growth (Fig. 3b). The thermal conductivity of wood
also depends on its density so that as wood density rises, the
thermal conductivity increases for both vertically and hori-
zontally cut wood (Jia et al. 2017b; He Liu et al. 2018a, b, c,
d). The different directions of wood convey the anisotropic
mechanical properties. Vertically cut woods show higher
mechanical strength compared to horizontally cut woods.
The thermal conductivities of poplar, pine, and cocobolo
vertically and horizontally cut woods were compared, and
the results revealed that the thermal conductivity of horizon-
tally cut woods (0.27, 0.32, and 0.34 W m~! K~ for poplar,
pine, and cocobolo wood, respectively) is higher than that
of vertically cut woods (0.12, 0.14, and 0.21 W m~! K7},
respectively) (Vay et al. 2015).

Density and porosity

Since the structure of several kinds of wood differs result-
ing in differences in their properties, such as density and
porosity, which can change the wood performance in inter-
facial solar steam generation applications (Jia et al. 2017b),
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Fig.3 Heat localization on the surface of a vertically cut wood and
b horizontally cut wood. An anisotropic thermal conductivity is
observed in several directions of wood. The wood microchannels
will be able to block the heat, contributing to greater heat localiza-
tion. Compared to the horizontally cut wood, the better heat localiza-
tion is observed in the vertically cut wood that is so crucial for high
steam evaporation efficiency. Reproduced with permission.(Liu et al.
2018a, b, ¢, d) Copyright 2018, Wiley. ¢ Scanning electron micros-
copy images of porous structure of poplar, olive, and cocobolo hard-

the density may vary from 175 for the balsa wood to more
than 1000 kg m~2 for some types of sandal wood. The bulk
density of natural wood, p, is calculated using the following
equation (Wang et al. 2019a, b, ¢):

=5 (1)

where m is the mass and V is the volume of wood.

Porosity, @, is an effective property of wood that affects
the interfacial solar steam generation efficiency (Y. Wang
et al. 20164, b). Different types of wood have different poros-
ities. The porosity is calculated using Eq. 2 (Ghafurian et al.
2020b):

(b)

woods and cedar, pine, and yew softwoods. Several wood types have
different porous structures. As shown in top view scanning electron
microscopy images, an obvious difference is exhibited in lumen
diameter of the vessels and tracheids in several hardwoods due to
different pore diameter distributions. Softwoods have homogeneous
pores in comparison with hardwoods. The different pore size results
in different density and porosity. Reproduced with permission of
Joule from Jia et al. (2017b)

b==,- @

where m, and m are the mass of wood before and after water
absorption, respectively. p,, is the density of water. Obvi-
ously, a decrease in the porosity results in an increase in
density (Ghafurian et al. 2020b).

Figure 3c illustrates top surface scanning electron micros-
copy images of poplar, olive, and cocobolo hardwoods, and
cedar, pine, and yew softwoods. As this figure shows, differ-
ences exist in the diameter of vessels and tracheids of hard-
woods. Various pore sizes lead to different porosities and den-
sities so that hardwoods with high porosity have low density



and high heat insulation properties. On the contrary, cedar,
pine, and yew softwoods have homogeneous pores. An obvi-
ous difference exits in the density of hardwoods. For example,
the density of poplar wood is twice as low as cocobolo wood,
resulting in a high porosity of 66%. Low difference in the
density and porosity of softwoods shows their structures that
are more uniform (Jia et al. 2017b).

Lignin is removed for accelerating the water transfer to
the surface, decreasing density, and increasing wood poros-
ity (Donaldson et al. 2018; Zhu et al. 2016b). Table 1 shows
the porosity and density of several wood types before and
after delignification. As Table 1 shows, an increase in poros-
ity and a decrease in density are observed after the delignifi-
cation process of several wood types. Among them, poplar
wood has the least density and most porosity.

Capillary action

Due to the water molecules’ cohesive forces and wood’s capil-
lary action, water is transferred from the bulk into the wood
surface (Ghafurian et al. 2020c). A trade-off between the rate
of water transfer to the evaporative surface and the rate of the
evaporation causes the solar steam to be continuously generated
and the photoabsorber’s surface remains wet during interfacial
solar steam generation (Ghafurian et al. 2020c). All following
equations have been utilized for reaching an equation describing
the effect of wood texture on the speed of water transfer from
the bulk to the evaporative surface. The flow rate through the
wood’s permeable medium caused by the arrays of microchan-
nels is calculated according to Darcy’s law (Jia et al. 2017b):
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Table 1 Density and porosity of several wood types before and after
delignification. Reproduced with permission of Elsevier from Ghafu-
rian et al. (2020c¢)

Sample p(g cm™) (%)
Before After Before After

Poplar 524.7 461.3 66.6 79.0
Grape 549.7 489.7 64.5 75.5
Pine 596.1 536.5 63.8 73.9
Plantain 618.1 559.2 63.8 73.9
Maple 619.6 565.7 59.9 68.4
Walnut 632.4 585.8 58.9 66.2
Yew 679.3 634.4 56.0 62.6
Barberry 690.0 652.0 55.5 61.0
Service 696.9 660.6 55.2 60.4
Beech 703.5 675.3 54.7 58.8
Ulmus glabra 811.9 790.7 47.7 50.3
Jujube 942.3 914.0 39.2 422

where Q stands for the flow rate per unit area (m s™'), k is
wood permeability (m?), u is the viscosity of the fluid (Pa.s),
and f is the wood thickness (m). AP is the difference of the
pressure between two ends of the microchannels (Pa) (Jia
et al. 2017b). As this equation shows, an increase in the
permeability of wood leads to the increase of flow rate in the
microchannels. The Carman—Kozeny equation is used for the
normalization of permeability (Lee et al. 2020):

k @

%_ﬁ “

where k is wood permeability. @ stands for the porosity. d,,
denotes the hydraulic diameter of the membrane. K is the
Kozeny constant. Considering the Kozeny constant increases
at a high porosity (>80%), the normalized permeability, K d,, 2,
decreases in very porous media (with > 80% porosity) resulting
in the increase of the flow rate of water (Yang et al. 2010).

Equation 3 specifies the effect of the wood texture on
water flow rate, where porosity, pores diameter, and the tor-
tuosity of the wood vessels play important roles (Ghafurian
et al. 2020b). The relationship between the flow rate and
wood texture is achieved according to Egs. 5-10:

The relationship between permeability, k, porosity, @, and
the diameter of the microchannel, d, is shown by Eq. 5:

2
s
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where 7 stands for the microchannels’ tortuosity.

The pressure caused by the surface tension and hydro-
static pressure is calculated by Eqs. 6 and 7, respectively (Jia
et al. 2017b; Zhou et al. 2019):

__4ocosd
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where o is surface tension of the air-liquid. 6 denotes the
contact angle. r stands for the radius of the pore.

P = pgp (N

where g is the gravity acceleration. p stands for the bulk
density of natural wood. f is the wood thickness.

The pressure difference, AP, that the capillarity causes is
calculated by Eq. 8:

_ 4ocost

AP
d
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where d is diameter of the microchannel. o stands for surface
tension of the air-liquid. At =0 and using Eqs. 5 and 8,
Eq. 3 can be written as follows:

_ @d* (4o
0= 3t <ﬁ - pg> )




where Q stands for the flow rate per unit area. y is the viscos-
ity of the fluid. @ stands for the porosity. ¢ is surface tension
of the air-liquid. As 6=0.072 N m~, p=1000 kg m™3, and

g=9.8m s72, doy S pg is obtained, and hence, the flow rate
dr
(Eq. 3) is rewritten as (Jia et al. 2017b):
dd o
= ues 10

Equation 10 shows the relationship between the flow
rate to the evaporative surface and wood texture, includ-
ing porosity, pores diameter, the microchannels tortuosity,
and thickness. As this equation shows, there is an inverse
relationship between wood thickness and the flow rate, so
that with increasing the microchannels’ length, the amount
of water transferred to the evaporative surface reduces. On
the other hand, according to Eq. 10, with increasing porosity
and diameter of wood pores, the flow rate increases showing
each of these parameters is crucial to achieve a high evapora-
tion efficiency in interfacial solar steam generation.

Wood-based solar steam generation devices

Wood-based solar steam generation devices play an impor-
tant role in reducing the freshwater crisis due to excellent
light absorption and water transfer capabilities as well as
heat loss prevention (He et al. 2019a, b). Several efforts
have been performed to improve the interfacial solar steam
generation performance of wood-based devices through
optimizing photothermal materials and wood substrate.
Wood-based solar steam generation devices in which the
wood substrate is treated are named as refined wood-based
solar steam generation devices and other photoabsorbers
in which wood remains unchanged are named as unrefined
wood-based solar steam generation devices. There are sev-
eral methods for wood surface treatment, including car-
bonization, flame treatment, delignification process, laser
treatment, chemical preparation of flexible wood and wood
aerogel, and channel-array design to obtain a wood-based
photoabsorber with maximum light-harvesting capabilities
(Chen et al. 2017a; Ghafurian et al. 2020b; He et al. 2019a,
b; Kim et al. 2018; Kuang et al. 2019b; Liu et al. 2019a, b, c;
Xue et al. 2017; Qian Zhang et al. 2020a, b, ¢). In addition,
both vertically and horizontally cut woods can be used in
wood-based devices to produce solar steam.

Refined wood-based solar steam generation devices

Several wood-based materials made from treated wood have
been used as a substrate for refined wood-based solar steam
generation devices. Jia et al. used several wood-based solar
steam generation devices consisting of carbonized hard

and softwoods, including poplar, pine, and cocobolo (Jia
et al. 2017b). They found there was a large difference in
interfacial solar steam generation efficiency depending on
the kind of wood. They obtained evaporation efficiencies
of 86.7, 76.3, and 46.8% under 10 sun for poplar, pine,
and cocobolo wood-based solar steam generation devices,
respectively. The poplar wood with 66% porosity had the
highest efficiency.

Carbonized mesoporous wood with long-term stability
and an antifouling property was used to absorb 99% of solar
energy and produce efficient interfacial solar steam gen-
eration. The carbonized mesoporous wood presented 87%
efficiency under 10 sun. However, due to its low flexibility,
this photoabsorber cannot be used in large-scale applica-
tions (Zhu et al. 2017a). Guobin et al. refined the wood
surface with a flame and used it as a photoabsorber. The
flame-refined wood absorbed a wide range of solar energy
and had open microchannels to transfer water to the evapora-
tive surface. The photoabsorber achieved 72% evaporation
efficiency under 1 sun (Xue et al. 2017). A flexible wood
prepared using a chemical treatment and coated with carbon
nanotubes could achieve 81% efficiency under 10 sun due
to excellent light absorption, low thermal conductivity, and
hierarchical microchannels (Chen et al. 2017a).

Zhao et al. used carbonized wood as a wood-based pho-
toabsorber and obtained 91.3% efficiency under 1 sun (Liu
et al. 2018a, b, c, d). A photoabsorber consisting of titanium
nitride and carbonized wood was used for interfacial solar
steam generation and could obtain 92.5% evaporation effi-
ciency under 1 sun (Guo and Yang, 2019). Yuming et al.
used delignified wood decorated with carbon nanotubes.
They found that the interfacial solar steam generation effi-
ciency of delignified wood coated with carbon nanotubes
improved by 20% with respect to natural wood coated with
carbon nanotubes under ambient sunlight conditions. Carbon
nanotube-delignified wood and carbon nanotubes-natural
wood achieved 73 and 60% evaporation efficiencies, which
were 12 and 18% more than that of wood only, respectively.
This is due to the creation of huge micropores in the cell
walls after the delignification process, promoting evapora-
tion rate and water transportation to the top surface (He et al.
2019a, b).

A high-performance delignified and carbonized wood
was also designed (Chen et al. 2019a, b). The delignifica-
tion process increased water transfer capacity and lowered
the thermal conductivity and heat loss in the wood structure.
Improving the wood properties via the delignification pro-
cess caused the photoabsorber to achieve an 89% efficiency
under 1 sun. On the other hand, with the carbonization of
the wood surface and designing the artificial channel-array, a
refined wood-based photoabsorber with excellent antifouling
properties was prepared. Due to high hydraulic conductiv-
ity, drilled channels acted as salt-rejection pathways and a



self-reconstructed photoabsorber was produced. This photo-
absorber exhibited 75% evaporation efficiency under 1 sun
(Kuang et al. 2019b).

To improve the evaporation efficiency, Zhang et al.
treated lumens of wood by p-toluenesulfonic acid. The
diameter of the wood lumens declined from 40 to 60 pm
to 10-20 pm after treatment, and more hydrophilicity was
observed in them. Under 1 sun, p-toluenesulfonic acid-wood
photoabsorber achieved a flux of 2.2 kg m™> h~! and 87%
evaporation efficiency (Zhang et al. 2020a, b, ¢). For improv-
ing interfacial solar steam generation, delignified wood was
prepared and coated with Fe/Pd nanoparticles for designing
single-layer photoabsorbers. A total of 103% enhancement
was observed in interfacial solar steam generation under 3
sun using this photoabsorber. In addition, a double-layer
photoabsorber composed of Fe/Pd nanoparticles and sub-
strates of delignified wood and polystyrene foam was used
with 83% evaporation efficiency under 3 sun (Ghafurian
et al. 2020c¢).

A nanostructured biopolymer hygroscopic aerogel with
a porous bilayer structure was prepared as a photoabsorber,
comprised of a lithium chloride hygroscopic agent, a wood-
derived nanofibrillated cellulose hydrophilic skeleton, and
a graphene solar absorber. The photoabsorber achieved 90%
evaporation efficiency under 3 sun (Wang et al. 2021a, b, c,
d). To enhance the interfacial solar steam generation per-
formance, several scalable techniques were used to modify
the wood surface, including thermal carbonization, laser
carbonization, coating wood with Au nanolayers, and com-
binations of these techniques. The wood coated with Au
and subsequently carbonized with a hot plate obtained the
highest evaporation flux of 4.02 kg m~2h~! at 3 sun among
all prepared wood-based solar steam generation devices
(Ghafurian et al. 2020b).

A wood modified by carbonization and coated with alu-
minophosphate could achieve efficiency and a flux of 90.8%
and 1.423 kg m~2 h~! under 1 sun, respectively (Chen et al.
2020). Fang et al. fabricated black woods using tannic acid
and Fe* for interfacial solar steam generation. The photo-
absorber exhibited 90% evaporation efficiency under 1 sun,
excellent stability in acid or base media, and desirable oil-
fouling performance (He et al. 2020).

Unrefined wood-based solar steam generation
devices

A variety of the photothermal materials have been used as
the top layer on the wood surface in wood-based solar steam
generation devices, including metal nanoparticles, semicon-
ductor, polymeric, carbon-based, and other nanomaterials.
We summarize the various photothermal materials used in
wood-based solar steam generation devices in Fig. 4.

Metal nanoparticles and semiconductor
nanomaterials

Due to absorption of a wide range of solar spectrum, metal
nanoparticles are considered as promising photothermal
materials, and they have been widely used either as nano-
particles or hybrids and composites with other nanomateri-
als in wood-based solar steam generation devices. In metal
nanoparticles, electromagnetic radiation is absorbed by
stimulating the electrons from the conduction band to higher
levels. When metal nanoparticles are irradiated, electrons are
excited from occupied states to unoccupied states, resulting
in the formation of hot electrons. The decay of hot electrons
redistributes their energy, leading to a rapid rise in metal
surface temperature (Gao et al. 2019a, b).

Plasmonic metal nanoparticles such as Au and Pd have
been extensively used in photothermal applications because
of their excellent light-to-heat conversion (Liu et al. 2017a,
b, ¢; Zhu et al. 2018a, b). Chengmin et al. coated bamboo
with noble metal nanoparticles and used it for interfacial
solar steam generation desalination (Sheng et al. 2020). Ben-
efiting from several microchannels, hydrophilicity, and low
cost, bamboo serves as an excellent substrate for interfacial
solar steam generation. Due to high optical absorptivity of
plasmonic metal nanoparticles, plasmonic bamboo presented
a maximum light absorption and showed 87% efficiency
under 10 sun. Because of the plasmonic effect of the noble
metal nanoparticles and open microchannels of wood, the
plasmonic wood in other research showed high solar absorp-
tion with 85% evaporation efficiency at 10 sun (Zhu et al.
2018a, b).

However, interfacial solar steam generation devices com-
posed of noble metal nanoparticles are much more expen-
sive, and hence, they cannot be commercialized (Bae et al.
2015). In addition, most wood-based solar steam generation
devices were unable to adsorb water pollutants, including
heavy metal ions. For this reason, Mehrkhah et al. designed
an efficient wood-based device consisting of wood coated
with FeNi and reduce graphene oxide and used as a pho-
toabsorber for interfacial solar steam generation and as a
sorbent for heavy metal removal. The high evaporation flux
of 1.50 kg m™> h™! was obtained at 1 sun (Mehrkhah et al.
2021a). Mehrkhah et al. also designed a cost-effective, non-
noble wood-based device consisting of poplar wood coated
with a FeNi/reduce graphene oxide nanocomposite, which
was simultaneously used for seawater desalination and
wastewater treatment. The as-prepared photoabsorber could
achieve 90.23% evaporation efficiency under 1 sun which
was comparable to that obtained using noble-metal wood-
based devices and completely adsorb Pb (II) from aqueous
solutions (Mehrkhah et al. 2021b).

A stable and efficient interfacial solar steam generation
device was prepared by a flexible wood aerogel coated with
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Fig.4 Photothermal materials used in wood-based solar steam gen-
eration devices. Photothermal materials include wood-based materi-
als, carbon-based nanomaterials, semiconductor nanomaterials, metal
nanoparticles, polymeric nanomaterials, and other nanomaterials such
as candle soot, waste coffee grounds, and Chinese ink. Wood-based
materials used as a photothermal material in wood-based devices
are achieved by treatment of wood surface, including carbonization,
flame treatment, delignification process, laser treatment, chemically
treatment, wood-based aerogel preparation, and channel-array design.
Noble and nonnoble wood-based devices are composed of plasmonic
metal nanoparticles such as Au and Pd due to their excellent light-

Au-reduce graphene oxide. The wood aerogel had a low
thermal conductivity, light weight, and high hydrophilicity.
The photoabsorber showed 1.394 kg m~2 h~! flux under 1
sun. During 120-h interfacial solar steam generation, brine
water was transported for evaporation during the day and
salt residues were dissolved at night, reflecting the self-
cleaning property of the photoabsorber (Qian Zhang et al.
2020a, b, c). Ebrahimi et al. coated pieces of poplar wood
with Ag nanoparticles and reduce graphene oxide and used
as a photoabsorber in the interfacial solar steam generation
of seawater. Reduce graphene oxide/Ag/wood exhibited a
high decrease in salinity and 5.99 kg m~2 h™! evaporation
flux under 3 sun (Ebrahimi et al. 2022). A double-layer pho-
toabsorber was prepared by coating poplar wood by Ag and
Pd nanoparticles, which achieved the high evaporation flux
of 4.82 kg m~2 h~! under 3 sun (Goharshadi et al. 2022).

to-heat conversion and nonnoble metal nanoparticles such as FeNi.
Several semiconductor nanomaterials such as CuFeSe,, VO,, and
black TiO, have been used in wood-based devices. Owing to low cost
and high sunlight absorption, various carbon-based nanomaterials
such as graphene oxide and carbon nanotubes have been extensively
employed in wood-based devices. Polymeric nanomaterials, including
polyethylene foam, polydopamine, and polypyrrole and other black
nanomaterials such as candle soot, Chinese ink, and waste coffee
grounds were deposited on the wood surface for preparation of wood-
based devices

Semiconductor nanomaterials exhibit unique size-
dependent physical and chemical properties that differ
from those of the bulk systems (Goharshadi et al. 2013a, b;
Goharshadi et al. 2012, 2011). They have shown promising
applications in different areas because of their facile syn-
thesis, low-cost, fine-tunable absorption spectra, and large
extinction coefficients in the near-infrared region (Gao et al.
2019a, b). Almost all semiconductor nanomaterials are in
groups IV, III-V, and II-VI, including black TiO,, MoS,,
NiO, and copper sulfides (Cu,—S,) (Ghim et al. 2018; Liu
et al. 2017a, b, c; Song et al. 2018; Zhu et al. 2016a, b,
¢). When a semiconductor is irradiated, the electron—hole
pairs are produced. The excited electrons eventually return
to lower energy levels and release energy in the form of
phonons (heat) (Gao et al. 2019a, b).



A solar absorber was introduced by coating the wood sur-
face with CuFeSe, semiconductors with a narrow bandgap
of 0.45 eV. The CuFeSe, wood showed a solar—thermal effi-
ciency of 86.2% under 5 sun because of its excellent porous
structure, low density, and the high hydrophilicity of wood
(Liu et al. 2018a, b, c, d). A photoabsorber was designed by
coating poplar wood with VO, and could achieve 75.60%
evaporation efficiency under 3 sun (Aziznezhad et al. 2020).
By coating the surface of wood with WO;_, nanorod, a
photoabsorber with 94.0% light absorption was reported.
WO;_, nanorod-coated wood could achieve an evaporation
efficiency of 82.5% under 1 sun due to its excellent heat
localization (Li et al. 2020). An efficient photoabsorber com-
posed of wood coated with carbon nanotube and decorated
by Fe,O5 nanoparticles (Fe,0;@carbon nanotube) was pre-
pared. The wood/Fe,0;@carbon nanotube device achieved
1.42 kg m~2 h™! interfacial solar steam generation flux under
1 sun (Li et al. 2021a, b, ¢, d).

Carbon-based and polymeric nanomaterials

Compared to metallic nanoparticles and semiconductor
nanomaterials, carbon-based nanomaterials are cheaper and
more abundant. Carbon-based nanomaterials also possess
excellent sunlight absorption and high light-to-heat conver-
sion efficiency (Gao et al. 2019a, b). One-dimensional to
three-dimensional carbon-based structures have been fabri-
cated as photothermal materials in wood-based solar steam
generation devices.

Li et al. coated a graphene oxide film on the wood surface
and used as an effective solar desalination photoabsorber.
The photoabsorber showed an evaporation efficiency of 80%
under 1 sun with four orders of salinity reduction (Li et al.
20164, b). A photoabsorber composed of graphene-wood
was also reported, exhibiting an interfacial solar steam gen-
eration efficiency of 91.8% under 1 sun (Kim et al. 2018). Li
et al. used bamboo charcoal as an efficient interfacial solar
steam generation device with porous structure. The bamboo
charcoal evaporator showed a high evaporation efficiency of
84% under 1 sun and an excellent stability under acidic and
alkaline conditions (Li et al. 2019a, b, c).

An efficient, hierarchical interfacial solar steam generator
was prepared containing a light absorbing layer of carbon
nanotubes/bacterial cellulose, a thermal insulation layer of
glass bubbles/bacterial cellulose, and a wood substrate for
supporting and transporting water. In interfacial solar steam
generation, a cellulose nanofiber network of bacterial cel-
lulose hydrogel significantly reduced vaporization enthalpy
and a high evaporation flux of 2.9 kg m~2 h™! and an effi-
ciency of 80% were achieved (Fig. 5a) (Guan et al. 2020).

Polymeric nanomaterials are considered to be other
photothermal materials used in wood-based devices. By

imitating the water transfer of a tree, a solar absorber was
designed consisting of air-laid paper as the tree root, poly-
ethylene foam as the soil for decreasing the heat loss, and
carbonized wood as the photothermal material. The solar
absorber showed a high efficiency of 91.30% under 1 sun
(Liu et al. 2018a, b, ¢, d). A polypyrrole-wood photoab-
sorber was prepared through the polymerization of pyr-
role monomers into the wood structure. Due to the excel-
lent light-harvesting of polypyrrole nanoparticles and the
low thermal conductivity of wood, the polypyrrole wood
achieved a high evaporation efficiency of 83% under 1 sun
(Huang et al. 2019). An efficient wood-based evaporator
consisting of natural phenolic substances and Fe** coordi-
nation exhibited an evaporation efficiency and flux of 54%
and 0.92 kg m~2 h™!, respectively (Gao et al. 2019a, b). A
photoabsorber consisting of wood and arginine-doped poly-
dopamine was synthesized, which could achieve 77% evapo-
ration efficiency under 1 sun (Zou et al. 2021).

Other nanomaterials and reverse-tree design

Apart from four important types of photothermal materi-
als, other nanomaterials are also used. For instance, a pho-
toabsorber was designed composed of wood coated with
candle soot. Due to the hydrophilicity and capillarity prop-
erties of wood as well as black candle soot surface, the as-
prepared photoabsorber achieved a relatively high flux of
0.950 kg m~2h~! under 1 sun (Z. Wang et al. 2019a, b, c).
Yang et al. coated Chinese ink on the wood surface and used
it for interfacial solar steam generation applications (Yang
et al. 2019a, b). The Chinese ink consisted of amorphous
carbon nanoparticles and graphite-like nanoplatelets. The
photoabsorber showed high absorption in a wide range of the
solar spectrum and obtained a high evaporation efficiency
of 82.2% under 1 sun.

Kim et al. prepared a cheap photoabsorber using waste
coffee grounds deposited on a wood surface. The photoab-
sorber achieved an excellent absorption of sunlight (91%).
The ball-milled activated waste coffee grounds-wood with
excellent photothermal and antifouling properties exhibited
evaporation fluxes of 1.45 kg m~2 h™! under 1 sun for one
cycle and 1.44 kg m~2 h™! for 40 cycles (Kim et al. 20204,
b).

In the reverse-tree design, wood is vertically cut in the
direction of tree growth, and hence, the pits are responsible
for water transport to the surface of the wood-based solar
steam generation devices (Li et al. 2018a, b, c, d). A wood-
based device was fabricated consisting of graphite coated
on vertically cut wood (Fig. 5b). The anisotropic thermal
conductivity of wood along with a thin graphite layer led
to the localization of solar energy at the evaporative sur-
face. Nanoscale channels and a decoupled thermal trans-
port direction in the wood structure resulted in crossplane
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Fig.5 a Preparation steps of a wood-based solar steam genera-
tor, including sunlight absorption layer and thermal insulating
layer deposited on the wood substrate. In step 1, glass bubbles and
bacterial cellulose were deposited on the wood so that in step 2,
the thermal insulating layer of glass bubbles (GB) / bacterial cellu-
lose (BC) was constructed. By embedding glass bubbles in the cel-
lulose nanofiber network, an efficient thermal insulation layer with
high capability of water transportation was formed. In step 3, carbon
nanotubes (CNTs) / bacterial cellulose as a sunlight absorption layer
was coated on the insolation layer by the process of aerosol-assisted
biosynthesis. Reproduced with permission.(Guan et al. 2020) Copy-

water transfer and a decrease in heat loss. The photoabsorber
exhibited a high evaporation efficiency of 80% under 1 sun
and 89% under 10 sun (Li et al. 2018a, b, ¢, d).

In addition, through a reverse-tree design, He et al. prepared
a photoabsorber by carbonization of a longitudinal wood sur-
face. By reverse-tree design, water transport occurred via pits
in the channels instead of the vessels and tracheids of wood.
Due to broadband sunlight absorption by carbonized surface
and the low thermal conductivity of longitudinal wood, the
photoabsorber displayed a solar-to-thermal efficiency of 89%
under 10 sun (Liu et al. 2018a, b, ¢, d). Table 2 summarizes the
evaporative performance of several wood-based solar steam
generation devices under different solar intensities.

Wood-based
solar steam generator

CNT?IBC

50 pm graphite

Graphite spray

right 2020, American Chemical Society. b Photoabsorber formed by
vertically cut and spray-coated graphite mesoporous wood. In this
work, by spray coating, a layer of graphite was spray-coated on the
wood surface. The thicknesses of the graphite layer and wood sub-
strate were chosen 50 pm and 1.5 cm, respectively, in order to achieve
an efficient wood-based device. The low thermal conductivity of
0.11 W m™" K.7! was measured for the vertically cut wood that is
beneficial for heat loss prevention. The water was transported through
pits and spirals in the vertically cut wood. The high evaporation effi-
ciency of 80% was achieved under 1 sun. Reproduced with permis-
sion of Wiley from Li et al. (2018a, b, ¢, d)

Main factors affecting efficiency
of wood-based solar steam generation
devices

Several factors affect the efficiency of wood-based solar steam
generation devices, including solar absorption, heat loss, pho-
toabsorber geometry, pore radius, and ambient conditions.

Sunlight absorption
The solar spectrum is extremely important in interfacial solar

steam generation efficiency. The sunlight absorption, a, by the
photoabsorber is calculated by Eq. 11 (Yu et al. 2019):



Table 2 Evaporation performance of several wood-based solar steam generation devices under different solar intensities

Photoabsorber Evaporation efficiency ~ Sun (kW m~2) References

(%)
Graphene oxide-wood 80.0 1 Lietal. (20164, b)
Carbonized mesoporous wood 87.0 10 Zhu et al. (2017a)
Carbonized poplar wood 86.7 10 Jia et al. (2017b)
Flame-treated wood 72.0 1 Xue et al. (2017)
Flexible wood/carbon nanotubes 81.0 10 Chen et al. (2017a)
CuFeSe,-wood 86.2 5 Liu et al. (2018a, b, c, d)
Paper-polyethylene-wood 91.3 1 Liu et al. (2018a, b, c, d)
Carbonized wood 91.3 1 Liu et al. (2018a, b, c, d)
Plasmonic wood 85.0 10 Zhu et al. (2018a, b)
Graphite-wood 80.0 1 Lietal. (2018a, b, ¢, d)
Carbonized longitudinal wood 89.0 10 Liu et al. (2018a, b, c, d)
Titanium nitride-carbonized wood 92.5 1 Guo and Yang, (2019)
Bamboo charcoal 84.0 1 Lietal. (2019b, c, a)
Carbon nanotube-delignified wood 73.0 1 He et al. (20194, b)
Drilled/carbonized wood 75.0 1 Kuang et al. (2019b)
Polypyrrole-wood 83.0 1 Huang et al. (2019)
Delignified/carbonized wood 89.0 1 Chen et al. (2019a, b)
Candle soot-wood 59.0 1 Wang et al. (2019a, b, ¢)
Chinese ink-graphite-wood 82.2 1 H. C. Yang et al. (2019a, b)
Phenolic substance-Fe>* 54.0 1 Gao et al. (2019a, b)
“Fe/Pd W5F5 78.0 3 Ghafurian et al. (2020c)
P-toluenesulfonic acid-wood 87.0 1 X. Zhang et al. (2020a, b, c)
Wood-tannic acid-Fe** 90.0 1 He et al. (2020)
Au-coated carbonized wood 83.5 1 Ghafurian et al. (2020b)
Wood @aluminophosphate 90.8 1 Chen et al. (2020)
b CuCl,-carbon-PVDF/wood 98.0 1 Tian et al. (2020)
Titanium carbide-wood 96.0 1 Ma et al. (2020)
Graphene-wood-graphene 110.0 1 Huang et al. (2020)
Plasmonic bamboo 87.0 10 Sheng et al. (2020)
WO;_, nanorod-wood 82.5 1 Li et al. (2020)
VO,-poplar wood 75.6 3 Aziznezhad et al. (2020)
¢ BAWCG-wood 91.4 1 K. Kim et al. (2020a, b)
Reduce graphene oxide/FeNi composite-wood 90.2 1 Mehrkhah et al. (2021a)
Double-layer reduce graphene oxide/FeNi-wood 92.5 1 Mehrkhah et al. (2021b)

#Fe/Pd coated on the wood and polystyrene foam with a 5 mm diameter
bCopper chloride-carbon-polyvinylidene fluoride-wood

“Ball-milled activated waste coffee grounds

J(1=R;) xq,xdA Heat loss
o= an
J g, xdA

Heat loss by the photoabsorber contains three parts, including
where R; is the reflectance of the photoabsorber’s surface. g, radiation, conduction, and convection (Cui et al. 2018).
is solar intensity. A stands for the wavelength.



Radiation

Radiation loss is calculated using the Stefan—Boltzmann equa-
tion (Cui et al. 2018):

® = All(T} - T;) (12)

where @ is heat flux. € stands for emissivity supposing that
the evaporation has a maximum emissivity of 1. A is the
photoabsorber surface area. I1 is the Stefan—Boltzmann con-
stant (5.6703x 10 W m™2 K™%). T, is the surface tempera-
ture of the photoabsorber under solar illumination. 7, is the
environment temperature.

Conduction

Conduction heat loss referring to the heat from the photoab-
sorber to bulk water is calculated by Eq. 13 (Cui et al. 2018):

@ = McAT (13)

where @ is the conduction heat energy loss, and c is the
specific heat capacity of pure water (4.2 kJ K~! kg™"). M is
the bulk water weight and AT is the temperature change of
the bulk water after evaporation. The relationship between
resistance to heat conduction and thickness of the photoab-
sorber is expressed with the following equation (Cui et al.
2018):

A%
T TCxA (14)

where (2 is resistance to heat conduction, and v is the thick-
ness of wood-based solar steam generation devices. TC
stands for the thermal conductivity.

Convection

Convection heat loss is calculated using Newton's law of cool-
ing (Cui et al. 2018):

A = HAAT (15)

where A is heat transfer rate. H is the convection heat trans-
fer coefficient. A is the photoabsorber surface area.

Photoabsorber geometry

The hydrophilicity of photoabsorbers is also of great impor-
tance due to the pumping of water from the bulk to the evapo-
rative surface. However, high hydrophilicity causes the heat
generated to be lost to the underlying water. Adjusting the
geometry of wood can tune the hydrophilic effect by govern-
ing the amount of surface water. The evaporation efficiency
of a photoabsorber depends on its geometry (Yu et al. 2019).
Photoabsorber efficiency is calculated using both thermal

efficiency and maximum water-transfer efficiency. The thermal
efficiency, 5, of the photoabsorber is calculated using Eq. 16
(Yu et al. 2019):

n(r*-71*) H(T,-T
m=<o<—'3 1i-T) H{ 0)—2>x100%
qs g qs

(16)
where H is the convection heat transfer coefficient. ¢ is
the conduction heat loss of the photoabsorber (W m™?).
g, 1s solar irradiation, IT is the Stefan—Boltzmann constant
(5.6703x 10 W m=2 K™, ¢ is the emissivity of the pho-
toabsorber surface (Ni et al. 2016), f3, is the initial tempera-
ture of the surroundings, and g, is the final temperature of
the photoabsorber surface after irradiation.g is calculated
by Eq. 17:

o (T - 7o)
-y Z 17)

where v is the photoabsorber thickness, 7C,, is the thermal
conductivity of the photoabsorber, and Z; is the distance
between the bottom part of the container and the bottom of
the photoabsorber. 7C,, is the thermal conductivity of water.
According to Eq. 17, Eq. 16 is expressed as Eq. 18:

n(r+-r1* T, —T, T, -T,
o= (lq o) v lq ) __ (0 Z") x 100%
s K (T_CP+FUH q,
(18)

The maximum efficiency of water transfer, 1,, by a pho-
toabsorber is calculated using Eq. 19 (Yang et al. 2018a, b):
hLme

= —L x 100% (19)
g

where rir; is the evaporation flux. &;, stands for the total
evaporation enthalpy of water. g, is solar irradiation.

The water flow flux (riz;) of the evaporator with different
thicknesses is obtained using Eq. 20:

_ popd
T drpv

My (20)
where p is the water density. ¢ is porosity of the wood (%).
o denotes the surface tension of water, d is the diameter of
the microchannels, and y is the fluid viscosity. 7 is the micro-
channels tortuosity in the photoabsorber.v is the thickness
of the photoabsorber. Hence, the maximum water-transfer
efficiency of the photoabsorber, 1,, is calculated through
Eq. 21 according to Eqgs. 19 and 20:

p6¢d hlv
= — X 100%
dtuv X X ? @D

qs

m



where A, stands for the total enthalpy of the water evapora-
tion. According to Eqgs. 18 and 21, the minimum between
n,; and p, in the curve of efficiency vs. thickness gives the
optimum thickness of the wood substrate that is crucial
to achieve high evaporation efficiency (Fig. 6a) (Yu et al.
2019).

Heat transfer analysis also confirms the need for opti-
mum thickness in the wood substrate. A carbonized wood
with several heights of 1, 3, and 7.5 cm were prepared, and
their evaporation fluxes were compared under 1 sun. As the
height increased (7.5 cm), a thinner water film formed on the
photoabsorber surface indicating that a thick solar absorber
may not be favorable. More heat loss through convection
and radiation also occurred as the surface temperature of
the carbonized wood increased. On the contrary, the thin
evaporator (1 cm) dissipated the heat to the bulk water by
conduction loss. As a result, carbonized wood with a 3-cm
thickness exhibited the highest evaporation flux due to the
establishment of a trade-off between the amount of surface
water and surface temperature (Zhang et al. 2019).

Pore radius

The pore radius of the wood-based solar steam generation
devices can affect evaporation enthalpy. According to clas-
sical thermodynamic theory, energy transition during water
evaporation is represented by a change in enthalpy (Tian
et al. 2020):

AvapI—Im = Hg - Hl 22)

where H,, and H, are the enthalpy of the gas and liquid phase,
respectively. The enthalpy is defined as follows:

H=E+PV (23)

where E is internal energy. V is the volume and P stands for
the pressure. Hence, gas phase enthalpy and liquid phase
enthalpy can be calculated using the following:

H,=E,+P,V, (24)

H[ =E1+P1Vl (25)

where Pg, Vg, P,, V, are the pressure and volume of gas phase
and liquid phase, respectively. The internal energy of matter

can be expressed as follows:
E=E +U=E+U""+ U™ (26)

where U'"™ and U™’ are intramolecular and intermolecular
potentials, respectively. By substituting Eq. 26 in Egs. 24
and 25, the following equations are obtained:

H, = Ejy + UM + U™ + PV, 7

H = Ey+ UM+ U™ + PV, (28)

where E;, and E}, are the kinetic energy of the gas and liq-
uid phases, respectively. U;’”’“, upm, U;"’”, U} are intra-
molecular and intermolecular potentials for gas and liquid
phases, respectively.

Accordingly, Eq. 22 can be written as follows:
A H

vap™tm

= (Ekg - Ekl) + (Ugltm _ Ulimer)
inter inter (29)
+ (Ug - U, ) +(P,V,— PV,

Water vapor is considered as an ideal gas because its inter-
molecular potential is negligible at 1 atm. Therefore, Eq. 29
can be written as follows:

A H,

vap**m

= (Ey = Eu) + (U™ = U™ ) = U 4 (aRT = P,Y))
(30)

where R is gas constant. T stands for the absolute tempera-
ture. Whether in the liquid phase or in the gas phase, kinetic
energy (Ey, — Ej;= 0) and the vibrational energy of bonds
(U;"”“ — U™ = 0) is almost the same. In the calculation of
molar phase change enthalpy, the amount of matteris n=1.
Therefore, the calculation formula for evaporating enthalpy
is obtained:

A, H, =-U""+ (RT —pV)) 3D

where U;’”” denotes the liquid water intermolecular poten-
tial. V, is the volume of the liquid water. Based on pres-
sure caused by the surface tension,P, which is calculated by
Eq. 6, Eq. 31 can be rewritten as follows (Hou et al. 2019):

Ay H,, = —U™" 4 [RT - (P+ 4“:”9 )V,] (32)
where o is the surface tension. 8 stands for the contact angle.
r is the pore size. Based on this equation, A,,,H,, depends
on the radius of the pore. The relationship curve between
pore size and AH,, is illustrated in Fig. 6b for 1 mol of water
at 298 K and 6=0.072 N m™!, and 0=0. TheaA,,,H,, value
decreases with the reduction of pore size.

Ambient conditions

Ambient conditions, including water depth, relative humid-
ity, and the salinity of the water, influence the evaporation
efficiency of wood-based solar steam generation devices.
Water depth

A synergistic effect between surface temperature and the

thickness of surface water is achievable for obtaining maxi-
mum evaporation efficiency. Since wood-based solar steam
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Fig.6 a Relationship between photoabsorber efficiency and the thick-
ness. The red line is the maximum efficiency of the photoabsorber
calculated based on the maximum mass-transfer efficiency denoted
as cyan line and the thermal efficiency denoted as green line. The
blue circles show the photoabsorber efficiency measured under 1 sun
in the experiment. Evaporation efficiency increased from 68.1% to
76.1% with increasing the photoabsorber thickness from 6 to 22 mm.
The photoabsorber efficiency decreased to 21.1%, when the thickness
exceeded 50 mm. Therefore, the optimal thickness is 22 mm so as to
achieve the maximum evaporation efficiency. These results were con-
sistent with those of the experimental studies. Reproduced with per-
mission of Elsevier from Yu et al. (2019). b Dependence of the water
evaporation enthalpy on the diameter of the pores of CuCl,-activated
pollen cell photoabsorber. The value of evaporation enthalpy for
water decreased with a reduction in the pore size. The most decrease

generation devices divert water to the evaporative surface
through a capillary effect, they can maintain a proper height
difference between the surface, which is irradiated, and
water depth. Moreover, by changing pore size, optimum
performance of wood-based solar steam generation devices
can be obtained (Kaur et al. 2019).

Relative humidity

Because a strong interaction between the photoabsorber
and the ambient plays an important role in evaporation effi-
ciency, the relative humidity of the ambient may not be an
accurate characteristic for representing the actual humidity

in the enthalpy is observed in the diameter of 2 nm, where molecules
of water are confined in the photoabsorber with 1 nm pores. Repro-
duced with permission of Wiley from Tian et al. (2020). ¢ Evapora-
tion rate (ER) under light illumination and ambient relative humidity
(RH). Evaporation rate of a balsa wood-based device was measured
under 45%, 70%, and 95% ambient relative humidity. The results
showed that by increasing the relative humidity even up to nearly
100%, no significant reduction in the evaporation rate was observed
under light. d Low- relative humidity area near hot evaporative sur-
face. Due to formation of a low-relative humidity area near the evap-
oration surface imposing a more effect on the evaporation rate with
respect to the surrounding, relative humidity of ambient plays a minor
role in solar steam generation. Reproduced with permission of Wiley
from Zhang et al. (2019)

level of wood-based solar steam generation devices. For
example, the evaporation flux of carbonized wood was meas-
ured under several ambient relative humidity (45%, 70%,
and 95%). The results revealed that evaporation flux did not
decrease significantly under light even under high ambient
relative humidity (95%) (Fig. 6¢), whereas the photoabsorber
performance in the dark decreased as relative humidity
increased, indicating that dark evaporation is strongly influ-
enced by the ambient relative humidity (Zhang et al. 2019).

A low-relative humidity area is generated near the hot
evaporative surface which is more influential in the evapora-
tion with respect to the ambient relative humidity (Fig. 6d).
Consequently, ambient relative humidity has a negligible



impact on solar evaporation. The relative humidity of this
specific area is controlled by the temperature of the illumi-
nated evaporative surface. This temperature plays a major
role in evaporation efficiency so that it should be considered
for the heat loss calculations instead of the ambient tempera-
ture (Yang et al. 2018a, b).

Water salinity

Water with high salinity may have a noticeable effect on the
evaporative performance of wood-based solar steam genera-
tion devices, while salt formation on the evaporation hot
surface significantly weakens the continuous evaporation
regardless of the long refresh time (Yin et al. 2017; Zhu
et al. 2018a, b).

Stability of wood-based solar steam
generation devices

The long-term stability of wood-based solar steam genera-
tion devices is of great importance in practical applications.
There are several ways to evaluate the stability and durability
of wood-based solar steam generation devices.

One way to evaluate the stability of wood-based solar
steam generation devices is to investigate their performance
under harsh conditions, including strong acidic and alkali
media, high temperature or long sonication time. The flex-
ible-wood/carbon nanotubes photoabsorber was exposed
under different harsh actions such as folding and twisting
in the water. In addition, the photoabsorber was soaked in
the harsh conditions of acidic, alkali, and high temperature
for 24 h, and no leakage of carbon nanotubes was observed
showing the excellent stability of the structure of flexible-
wood/carbon nanotubes (Chen et al. 2017a).

A plasmonic wood consisting of wood coated with noble-
metal nanoparticles presented an excellent stability in pure,
acid, and alkaline water. The stability of plasmonic wood
was also examined under ultrasonication for 30 min in neu-
tral, acidic, and alkaline aqueous solutions. No nanoparticles
were found in aqueous solutions, indicating the stability of
the photoabsorber during ultrasonication time (Zhu et al.
2018a, b). Polypyrrole wood was immersed under harsh
conditions (acid, alkaline, high temperature, and sonication)
for 2 h. Under these conditions, polypyrrole wood did not
change, showing that the photoabsorber is stable and suitable
for practical interfacial solar steam generation applications
(Huang et al. 2019).

To evaluate the stability of wood coated with natural phe-
nolic compound-iron complexes, its photothermal effects
were investigated under acidic (pH 4.2), neutral (pH 7),
and basic (pH 9.3) conditions. The photothermal properties
of the as-prepared photoabsorber were very similar under

different pHs and did not obviously change after 1 h show-
ing good photothermal stability of the photoabsorber (Gao
et al. 2019a, b).

A photoabsorber composed of Pd/bamboo was also stable
in acid and alkaline water even after 30-min ultrasonication.
Pd nanoparticles were attached well to wood due to their
electrostatic attractions with hydroxyl functional groups of
wood vessels (Sheng et al. 2020). The structural stability
of a solar evaporator prepared by coating MnO, nanoparti-
cles on KMnO, oxidized wood was investigated in several
harsh environments, including acid and alkaline solutions
for 24 h as well as ultrasonic treatment for 2 h. The evapora-
tor retained its black appearance, and there was no obvious
change in its structure. In addition, its evaporation perfor-
mance did not change under harsh conditions (Fig. 7a, D. Li
et al. 2021a, b, c, d).

A durability test is another way to assess the stability
of a photoabsorber. The interfacial solar steam generation
experiments were performed on carbonized wood for 100 h
under 5 sun, and the results were verified stability and scal-
ability of the photoabsorber for long-term applications (Zhu
et al. 2017a). The stability test was also performed on a
graphite-coated wood for 50 cycles (30 min for each cycle)
under 1 sun. The results showed no noticeable change in
photoabsorber performance (Li et al. 2018a, b, ¢, d). The
WO;_,-wood photoabsorber was used in interfacial solar
steam generation experiments for 60 cycles under 1 sun. The
evaporation flux of the photoabsorber remained unchanged
after 60 cycles indicating the excellent durability of the pho-
toabsorber (Li et al. 2020).

The durability test was also performed for waste cof-
fee grounds wood. It was observed that the evaporation
flux of the photoabsorber remained without any changes
during 40 cycles (Kim et al. 2020a, b). The durability of
the arginine-doped polydopamine-wood composite was
investigated by performing interfacial solar steam genera-
tion experiments during 100 cycles. There was no obvious
decrease in the water evaporation flux within these cycles.
In addition, arginine-doped polydopamine-wood remained
stable without obvious peeling and change of its shape (Zou
et al. 2021). The stability of a delignified wood coated with
Fe;O, nanoparticles was investigated by immersing in 3.5
wt% NaCl solution for 120 h. The results showed that no salt
was deposited on Fe;O,-delignified wood (Song et al. 2021).

A low-cost, scalable wood oxidized by KMnO,
(KMnO,-wood) was introduced for interfacial solar
steam generation, which showed high evaporation perfor-
mance and structural stability. The cycling performance of
KMnO,-wood in the seawater showed that it still remains
stable even after 20 cycles under 1 sun (Fig. 7b) (Li et al.
2021a, b, c, d). Cyclic stability of a carbonized bamboo was
investigated by immersing it in contaminated water for 60
cycles. After 60 cycles, evaporation flux and efficiency were
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Fig.7 a Stability of the KMnO,-wood under harsh environments
before and after immersing in the acid solution (pH 2) and alkaline
solution (pH 12) for 24 h. The KMnO,-wood remained unchanged
after this period, and no difference was observed in its black appear-
ance and structure before and after 24 h. b Evaporation rate of
the KMnO,-wood for 20 cycles in seawater (the inset shows the
KMnO,-wood images before and after cycling test). The cycling
evaporation performance of the KMnO,-wood demonstrates the evap-
oration rate achieved by the photoabsorber (1.28 kg m~2 h™! under
1 sun) did not change after 20 cycles without any degradation dis-
playing the photoabsorber is stable. Reproduced with permission of
ACS from Li et al. (2021a, b, c, d). ¢ Cyclic performance of carbon-
ized bamboo in the seawater over 60 h (inset illustrates the carbon-

very close to those of the initial cycle (Fig. 7c) (Gong et al.
2021).

A photoabsorber made by hydrophobic polyethylene
wrapped by wood cellulose aerogel and coated with a dou-
ble layer of hydrophobic soot-coated cloth/hydrophilic cloth
represented an evaporation flux of 1.277 to 1.314 kg m~>h™!
after continuous interfacial solar steam generation for 10 h
(Peng et al. 2021). A solar evaporator with an excellent self-
cleaning property was prepared by cutting out the artificial
channel and polymerizing polypyrrole on the wood surface.
The efficiency of the evaporator did not change obviously
after continuous illumination under 1 sun for 30 h in a solu-
tion of 3.5 wt% NaCl and after 40 h in a solution of 20 wt%
NaCl reflecting its stable performance in high-concentration
saline solutions (Lei et al. 2021).

Continuous water evaporation in closed devices results
in a gradual increase of water salinity in practical applica-
tions. Hence, it is necessary to investigate the performance
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ized bamboo image after 120-h solar desalination of contaminated
water and seawater). There is no difference in the evaporation rate
and efficiency after 60 cycles (1 h for each cycle). No damage is also
observed in the carbonized bamboo structure after 60 h reflecting the
cyclic stability of the photoabsorber. Reproduced with permission of
Elsevier from.Gong et al. (2021) d Weight loss of the polypyrrole-
wood device under harsh conditions for 2 h (strong acid, strong alkali,
high temperature, and sonication conditions). With a negligible
weight loss after subjecting to harsh conditions, the polypyrrole-wood
exhibited excellent structural stability that is beneficial for practical
applications. Reproduced with permission of RSC from Huang et al
(2019)

of wood-based solar steam generation devices in the NaCl
solutions with higher salinities than that of the seawater in
order to evaluate their stability with an increase in water
salinity.

He et al. showed a bimodal photoabsorber with an inter-
connected and porous microstructure. The photoabsorber
showed excellent stability in a 15 wt% NaCl solution with
an evaporation flux of 6.4 kg m~2 h™! under 6 sun, demon-
strating that it could be used for long-term desalination with
a high salinity. In fact, brine diffusion via pits, tracheids, and
vessel channels could prevent accumulation of the salt on the
evaporative surface (He et al. 2019a, b).

A photoabsorber was designed with excellent salt resist-
ance through depositing graphitic carbon layers on a wood
surface by a CO, laser. A 20 wt% NaCl solution was used
for desalination, and the photoabsorber could maintain the
salt resistance even after 2 weeks of continuous evaporation,



indicating excellent performance of the photoabsorber in
long-term desalination (Jang et al. 2020).

The mass loss percent of a photoabsorber is calculated
using Eq. 33 in order to analyze the stability (Zhu et al.
2018a, b):

m, —m,
m% = —— ) x100 (33)
m,

where m; represents weight loss, m, is dry weight after
immersion, and m,, stands for dry weight before immersion.
Huang et al. performed the stability analysis (Fig. 7d). As
illustrated, the photoabsorber shows low mass loss percent-
ages even under strong acid and alkali, high temperature, and
sonication conditions (Huang et al. 2019).

Challenges

Biofouling

Although wood as a biocompatible substrate is beneficial
in interfacial solar steam generation systems, it is vulner-
able to biofouling and biodegradation, thus affecting the
long-term performance of the photoabsorber (Huang et al.
2020). Considerable efforts have been devoted to design-
ing highly efficient and durable wood-based solar steam
generation devices with excellent pathogen resistance
(Huang et al. 2019).

When wood is floating on saline water for a long time, it
becomes easily mildewed and fragmented, leading to low
durability of wood-based solar steam generation devices.
Due to long-term floating, a dense film of pathogens cov-
ers all of the surface of wood caused by bacteria growth
and accumulation in biomass under a high-humidity con-
dition. It results in the blockage of active sites of the sun-
light absorption, which decreases the effective evaporative
surface area of wood-based solar steam generation devices
(Sun et al. 2020a, b). Hence, the internal structure of wood
and its composition should be adjusted to prevent the for-
mation of pathogens.

There are several solutions to remove biofouling
formation:

1. Noble metal nanoparticles, such as Ag nanoparticles as
photothermal materials, can be used because they have
strong antibacterial activity (Gu et al. 2021; Slavin et al.
2017). Ag nanoparticles can attach to the cell membrane
and disturb its performance (Moghayedi et al. 2017b).
The membrane of a bacterial cell is damaged by the bac-
tericidal effect of Ag ions and Ag nanoparticles (Zuo
et al. 2020). The strong interaction between Ag™ or Ag

nanoparticles and thiol groups in the enzyme of a bacte-
rial cell causes cell death (Slavin et al. 2017).

The antibacterial activity of Ag-polydopamine@wood

photoabsorber was examined against Escherichia coli.
Culturing Escherichia coli suspension with Ag-polydo-
pamine @wood for 24 h completely killed the bacteria.
Instead, the number of Escherichia coli bacteria sus-
pension cultured with raw wood did not change after
this time (Yang et al. 2020). The antibacterial activity
of poplar wood coated with reduce graphene oxide/Ag
was investigated against Staphylococcus aureus com-
pared to natural wood. The bacterial growth was totally
inhibited even at the beginning of the exposure to reduce
graphene oxide/Ag. On the contrary, bacterial growth
was not inhibited by natural wood even after elapsing
24 h (Ebrahimi et al. 2022).
Metal oxide nanoparticles, such as ZnO, Fe,O; nanopar-
ticles or other nanomaterials, produce reactive oxygen
species, including hydroxyl radicals (OH®), hydrogen
peroxide (H,O,), and singlet oxygen ('O,) through
the interaction between the cell wall of bacteria and
nanomaterials, and therefore, they could be utilized as
anti-bacterial photothermal materials (Jalal et al. 2010;
Moghayedi et al. 2020, 2017a; Rufus et al. 2016). The
reactive oxygen species production results in the death
of bacteria owing to enzymes inactivation and the per-
oxidation of lipid (Fang et al. 2006; Jones et al. 2008).

The excellent antibacterial properties of carbon nano-

tube/wood aerogel are due to reactive oxygen species
production. Carbon nanotube/wood aerogel and Escheri-
chia coli culture medium were placed in a sealed con-
tainer and exposed to near-infrared irradiation to pro-
duce a large amount of reactive oxygen species. After
24 h, a large amount of Escherichia coli bacteria were
killed, representing the large amount of reactive oxy-
gen species released by carbon nanotube/wood aerogel
assisted by near-infrared irradiation (Kim et al. 2020a,
b).
The other way to address this challenge is to use an aero-
gel wood as a wood-based solar steam generation sub-
strate. Wood aerogel not only has the properties of natu-
ral wood, such as hydrophilicity, light weight, and low
thermal conductivity, but also inhibits pathogen film for-
mation and fragility, resulting in the long-lasting stabil-
ity of wood-based solar steam generation devices. Wood
aerogel is made of a lamellar structure with well-ordered
cavities. In addition, starch and monosaccharides needed
for pathogens’ survival are chemically removed during
the aerogel preparation, which helps wood-based aerogel
develop a pathogen-resistant and self-cleaning property
and exhibit long-term stability (Qian Zhang et al. 2020a,
b, ¢).



For instance, no pathogen was grown on the pho-
toabsorber surface of the Au-reduce graphene oxide/
wood-based aerogel in comparison with that of moldy
Au-reduce graphene oxide/wood, exhibiting an excellent
pathogen-resistant property among wood aerogels (Zhang
et al. 2020a, b, c¢). To examine the biological stability of
natural wood and a thermally stable wood-derived aerogel
(prepared via the delignification process and thermal treat-
ment), they were placed on the water surface. Many patho-
gens covered the wall of tracheids in the natural wood after
60 h under 1 sun, indicating that the wood was infected
by fungus (Fig. 8a). The surface and inside of thermally
stable wood-derived aerogel had no obvious pathogen
aggregation with respect to that of moldy wood photoab-
sorber (Fig. 8b). Due to thermal treatment and removal of
pathogens’ nutrients, such as starch and monosaccharides
from wood, pathogen resistance of thermally stable wood-
derived aerogel increased (Meng et al. 2021).

4. Another way to reduce pathogen deposition on wood-
based solar steam generation devices is using graphene

in the photoabsorber structure. Owing to the sharp edges
that are able to break the integrity of the cell membrane,
graphene has excellent antibacterial capacity (Akhavan
and Ghaderi, 2010; Moghayedi et al. 2017b; Wilson et al.
2020).

Huang et al. prepared an interfacial solar steam gen-
eration device, namely laser-induced graphene wood. This
device was composed of three layers, including a superhy-
drophilic laser-induced graphene as a bottom layer for reject-
ing lipophilic organic materials, wood as a middle layer for
water transfer, and a hydrophobic laser-induced graphene
as a top layer for the prevention of salt accumulation. The
presence of oxygen functional groups in the laser-induced
graphene bottom layer significantly reduces wood decom-
position and biofouling by bacteria. The scanning electron
microscopy images show that more Escherichia coli grows
on the wood surface with respect to laser-induced graphene
wood (Fig. 8c, d) (Huang et al. 2020).

Fig.8 Morphology of the surface of a natural wood and b thermally
stable wood-derived aerogel after floating on the river for 60 h contin-
uous solar illumination. After this period, a lot of mildew was located
in the pores of wood so that the tracheids wall was covered with
numerous hyphae. After subjecting to harsh conditions, including
high humidity, bacteria accumulated in the wood microchannels lead-
ing to an infection of wood. In contrast, there is no significant mil-
dew accumulation in the thermally stable wood-derived aerogel. This
is because the nutrients needed for mold grow, including monosac-
charides and starch, were removed by thermal treatment. Reproduced
with permission of Elsevier from Meng et al. (2021). Scanning elec-
tron microscopy images of ¢ the wood and d laser-induced graphene-

wood after biofilm fixation. The insets show the structure of Escheri-
chia coli accumulated on the wood and the photoabsorber’s surface.
The scale bars in figures ¢ and d are 50 pm (the inset scale bars are
3 pm). The presence of more Escherichia coli grown on the surface
of wood compared to laser-induced graphene-wood reveals that many
oxygenated functional groups in bottom layer of this photoabsorber
help to reduce wood biofouling. The structure integrity of bacteria
cell on the wood surface was maintained while fragmenting the bacte-
ria cells on the laser-induced graphene-wood implies that bactericidal
properties of the photoabsorber causing the bacteria to be nonviable.
Reproduced with permission of ACS from Huang et al. (2020)



Salt fouling

Although numerous efforts have been performed to increase
the evaporation efficiency of wood-based solar steam gen-
eration devices, little attention has been paid to their long-
lasting stability (Zhang et al. 2020a, b, c). Salt fouling can
block sunlight and water transport to the surface, leading to a
decrease in evaporation efficiency. Therefore, the accumula-
tion of salt on the evaporative surface of wood-based solar
steam generation devices is a big challenge and the practi-
cal use of wood-based solar steam generation devices can
be limited by salt fouling (Wu et al. 2021). The fast water
loss from the vaporization interface results in a significant
increase and saturation of salt concentration on the evapora-
tive surface of the photoabsorber.

The deposited salt causes the water transfer paths to
gradually block, leading to reduction of steam generation
(Fig. 9a, b) (Finnerty et al. 2017; Li et al. 2016a, b; Ni et al.
2018; Xu et al. 2018). As these figures show, small chan-
nels (i.e., tracheids) are first blocked after 0.5 h because of
insufficient replenishment of the brine, and then, the salt
gradually extends to the whole surface after 1 h. Hence, it
is necessary to remove the salt accumulated through post-
treatments in order to use wood-based solar steam generation
devices for several cycles. Although the backwashing tech-
nique is a proper method for flexible membranes, removing
the salt accumulation certainly increases the cost (Jin et al.
2018; Kou et al. 2019; Li et al. 2019b, c, a; Ren et al. 2017).
Therefore, wood-based devices with salt-fouling properties
are highly desired (Kuang et al. 2019b).

The amount of accumulated salts from the evaporation
flux can be calculated by Eq. 34 for a solar evaporation
device (Lee et al. 2020):

mg=m,(1-52x107*$* +9-50 x 107°5) (34)

where m; is the precipitated salt mass, m,, denotes the evapo-
rated water mass, and S stands for the initial salt concentra-
tion of the brine in wt% NaCl.

There are several solutions for addressing this problem:

1. Designs of wood-based solar steam generation
devices with a hydrophobic membrane are considered to
be effective solutions in reducing salt accumulation dur-
ing interfacial solar steam generation (Hao et al. 2018; Y.
Yang et al. 2019a, b; J. Zhao et al. 2018a, b, ¢). A hydro-
phobic surface with dry characteristics offers an effective
approach for preventing salt water infiltration (Yawei Yang
et al. 2018a, b).

A wood-based device was prepared by coating a wood
with hydrophobic laser-induced graphene. This layer pre-
vented salt accumulation on the surface of the photoab-
sorber (Huang et al. 2020). Song et al. used a strategy for
continuous interfacial solar steam generation by preparing

a double-layer wood-based evaporator. The wood substrate
was delignified to improve wetting and thermal properties.
The delignification of wood provided a more hydrophilic
substrate and larger channels, allowing enhanced water
transportation and less salt accumulation (Song et al. 2021).

A photoabsorber was also prepared by coating a wood
surface with a thin layer of Fe;O, as a light absorber and
polyvinyl alcohol to improve affinity between the wood and
Fe;0,. The device’s surface was hydrophobic with a contact
angle of 132°, whereas the lowest surface of a wood sub-
strate was superhydrophilic with a contact angle of 6°. This
asymmetric wettability further promoted solar to thermal
conversion and enabled a continuous interfacial solar steam
generation in a 3.5 wt% NaCl solution. The evaporation flux
of 1.3 kg m™>h~! and efficiency of 73% were achieved under
1 sun by this photoabsorber (Song et al. 2021). The device
also presented a good antifouling property due to the fol-
lowing reasons:

1. Salts cannot deposit on the hydrophobic layer.
2. The rapid water uptake enhances the redissolution of
salts into the water.

A solar evaporator was fabricated by a hydrophobic
wood by immersing it in polydimethylsiloxane and hydro-
phobic SiO, nanoparticles and a hydrophilic solar absorber
of carbon black/polyvinyl alcohol composite coated on a
cotton. The solar evaporator could be suspended stably just
underneath the water surface due to the surface tension force
produced by the hydrophobic frame, enabling the confine-
ment of a thin film of water on the photoabsorber for salt
resistance and efficient utilization of energy. The suspend-
ing depth was kept unchanged in the brine with different
salinity leading to achieve high evaporation fluxes of 1.45
and 1.35 kg m™> h™! in highly concentrated salt solutions
of 15 and 20 wt% NaCl, respectively, under 1 sun. No salt
accumulation was observed during the evaporation process
(Y. Q. Luo et al. 2021a, b).

A double-layer photoabsorber was designed with a hydro-
phobic/hydrophilic structure for the interfacial solar steam
generation of seawater consisting of alkaline earth metal-
doped VO, nanoparticles as photothermal materials and
poplar wood as a sustainable substrate. The upper layer of
VO, @alkaline earth metals with a hydrophobic character
could prevent the salt accumulation on the surface and block
the dissolved salts underneath itself. The hydrophilic bot-
tom layer could pump the water upward. After desalination,
the Na* concentration in the seawater reduced significantly
(Aziznezhad et al. 2022).

2. The self-cleaning property caused by open micro-
channels is a phenomenon in which salt accumulated on the
evaporative surface redissolves into bulk water via diffusion,
resulting in the creation of a trade-off between salt deposited



Fig.9 Scanning electron
microscopy images illustrating
salt accumulation at the surface
of conventional wood-based
solar steam generation devices
in 20 wt% NaCl for a 0.5 h and
b 1 h under 1 sun. The small-
sized microchannels (tracheids)
with 12 pm in diameter were
first blocked after 0.5 h. After
1-h desalination, severe salt
deposit was observed at the
photoabsorber’s surface so that
large-sized microchannels (ves-
sels) with 50 pm in diameter are
also blocked. In fact, due to low
hydraulic conductivity, micro-
channels are not able to self-
regenerate quickly resulting in
salt blockage in the vessels and
tracheids after a while. Repro-
duced with permission of Wiley
from Kuang et al., (2019b). ¢
Time-elapse snapshots show
salt rejection from the surface
of a self-cleaning photoabsorber
(bimodal porous balsa wood)
under 2 sun. After 7-h light
illumination, all NaCl crystals
put on the surface of bimodal
porous balsa wood gradually
dissolved back to the brine
solution showing its excellent
salt rejection capability. Owing
to a big difference between
concentration of the brine on
the surface and the bulk brine,
the salts also dissolve back

into the bulk by diffusion and
convection. Reproduced with
permission of RSC from S. He
et al. (2019a, b)

and dissolved (Kuang et al. 2019b; Wu et al. 2019a, b, c).
This phenomenon is assigned to the difference in porosity
and hydraulic conductivities of tracheids and vessels, lead-
ing to the exchange of salt between them via pits. As a result,
solid NaCl placed on the top surface of wood-based solar
steam generation devices (high salinity) gradually dissolves
back to the bulk brine solution (low salinity) after a while,
as shown in Fig. 9c (He et al. 2019a, b).

Zhu et al. revealed that open microstructures in the
plasmonic wood photoabsorber exhibit the self-cleaning
property. Microchannels with a large diameter inhibit

salt-blocking properties so that the salts accumulated dur-
ing the day diffused back into a bulk fluid at night (Zhu et al.
2018a, b). A photoabsorber was prepared by open micro-
channels, exhibiting excellent self-cleaning properties even
after 6 h of continuous desalination under 1 sun in the salin-
ity of 3.5 wt% (Huang et al. 2019).

A self-regenerating photoabsorber was also fabricated by
drilling channels within a wood structure for long-term solar
desalination. Compared with conventional solar evaporators
(in which salt is deposited on the top surface after a short
time), the surface of the prepared photoabsorber remained



without salt after a long period. This is because the salt is
transferred fast to the bulk through drilled channels (Kuang
et al. 2019b).

Yang et al. investigated the self-cleaning mechanism of
the Ag-polydopamine @balsa wood by conducting the struc-
ture characterization of the photoabsorber. They observed
that the surface of the Ag-polydopamine@balsa wood is
mainly composed of vessel and tracheid channels with dif-
ferent porosities. The salt precipitated on the Ag-polydo-
pamine @balsa wood surface dissolved via small and large
microchannels into the seawater underneath, confirming that
the Ag-polydopamine @balsa wood has an excellent self-
cleaning capability (Yang et al. 2020).

Some holes with a diameter of 1.5 mm were drilled using
a laser on a reduce graphene oxide/Ag/wood double-layer
photoabsorber to improve the photoabsorber performance.
The evaporation efficiency of the first cycle increased from
92.91% for wood/reduce graphene oxide/Ag to 122.06%
for drilled wood-reduce graphene oxide/Ag under 3 sun. In
addition, the evaporation performance of drilled photoab-
sorber did not change even after 11 cycles (Ebrahimi et al.
2022).

Scalable applications of wood-based solar
steam generation devices

Due to sustainability, simple preparation, green, and cost-
effectiveness, wood-based solar steam generation devices
represent considerable potential for the following practical
applications:

1. Solar desalination: efficient solar desalination results in
a significant decrease of condensed water salinities meeting
freshwater standards. High evaporation flux and efficiency
in low solar intensities and high salinities, stability and dura-
bility, and antifouling properties for long-term applications
are of great importance in wood-based solar steam genera-
tion devices (Kashyap and Ghasemi, 2020). State-of-the-art
designs of the rational photoabsorbers have enhanced the
evaporation efficiency of wood-based solar steam generation
devices and provided their large-scale applications under 1
sun (Gao et al. 2018; Zhao et al. 2018a).

Tian et al. designed a rational sandwich photoabsorber,
consisting of confined CuCl,-carbon cells between two
polyvinylidene fluoride membranes, which was placed on
the wood surface (Fig. 10a). Owing to the efficient light
harvesting of porous carbon cells, along with the excellent
water transfer by the sandwich structure, the fabricated pho-
toabsorber achieved the 1.87 kg m~ h™! evaporation flux at
1 sun. Moreover, the photoabsorber exhibited an excellent
self-cleaning performance (Tian et al. 2020). A practical
desalination device was designed made from paulownia
wood coated with titanium carbide. The photoabsorber

represented the evaporation flux of 1.465 kg m~2 h™! under
1 sun (Ma et al. 2020).

Most of the wood-based solar steam generation devices
are prepared by relatively expensive photothermal mate-
rials, such as Au and carbon nanotubes, or complicated
preparation methods consuming high energy, such as high-
temperature carbonization (Wang et al. 2019a, b, c¢). Hence,
it is necessary to design low-cost photothermal materials
by an energy-saving preparation process for use in wood-
based devices that have potential for scalable and practical
applications (Gao et al. 2019a, b; Wang et al. 2019a, b, c;
Yu et al. 2019). For instance, the biomass-derived, catechol-
containing compounds coordinated with metal cations have
been used as efficient photothermal materials with cheap,
green, and convenient preparation (Lei et al. 2016; Luo et al.
2019; Wu et al. 2017).

A natural phenolic substance coordinated with Fe>* was
introduced as a wood-based photoabsorber for real-world
applications due to its cost-effective nature and high photo-
thermal conversion efficiency under 1 sun (Gao et al. 2019a,
b). A wood-based device was also prepared through the use
of low-cost household candle soot in the absence of chemical
reagents (Wang et al. 2019a, b, c). Polypyrrole-wood was
also prepared through an environmentally friendly process
and without any high temperature or carbonization treatment
(Huang et al. 2019). Yu et al. synthesized carbonized wood
($1.84 per m?) at an optimized thickness (2.2 cm), which is
highly feasible for solar desalination applications at a large
scale (Yu et al. 2019). A thermally stable wood-derived
aerogel was designed via the delignification process and
thermal treatment of wood which was cost efficient ($9.29
per kg) for practical applications (Meng et al. 2021).

2. Purification of the wastewater: the solar stills similar
to water desalination are used for wastewater treatment such
as dye degradation and heavy metal sorption (Brido et al.
2020; Deng et al. 2018; Higgins et al. 2018; Kiriarachchi
et al. 2018; Kumar et al. 2021; Lopes et al. 2021; Peng and
Guo, 2020; Soares et al. 2020; Yawei Yang et al. 2018a, b;
Yuan et al. 2020; P. Zhang et al. 2018a, b). A mesoporous
three-dimensional basswood decorated with Pd nanoparti-
cles was used for efficient wastewater treatment, including
a methylene blue solution. The plasmonic effect of Pd nano-
particles inside the wood channels caused Pd nanoparticles/
wood to appear black. Three-dimensional Pd nanoparticles/
wood exhibited a water treatment rate of 1 x 105 L m~2h~!
and 99.8% methylene blue removal efficiency (Chen et al.
2017a, b, ¢).

A carbonized wood was also used as an evaporator for
interfacial solar steam generation and a photocatalyst for
methylene blue dye removal (Yu et al. 2019). After desalina-
tion, methylene blue was removed with 100% efficiency. Zhu
et al. used carbonized daikon for the treatment of wastewa-
ter containing methyl orange dye. As illustrated in Fig. 10b,
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Fig. 10 a Fabrication and structure of the sandwich photothermal material
coated wood and evaporation modes adjustment on different membrane
structures. In this structure, CuCly-activated hierarchical porous carbon
cells (Cu-PCs) are confined between two membranes of polyvinylidene
fluoride (bottom and top layers denoted as PF; and PF,, respectively). Due
to the excellent performance of PF; in monitoring the water transfer, the
water amount in the photothermal layer (Cu-PC) became controllable.
Consequently, the decrease of water film formation around Cu-PC led to
enhancement of Cu-PC performance in obtaining high evaporation rate.
Reproduced with permission of Wiley from Tian et al. (2020). b The UV—
vis spectrum of aqueous solution of b methyl orange and ¢ rhodamine B
before and after solar thermal purification (the inserts show the color of the
solutions). The purified water was completely colorless and the dyes char-
acteristic absorption peaks disappeared. These results imply dyes concen-
trations become very low due to solar desalination. Reproduced with per-
mission of Elsevier from Zhu et al. (2019a, b, c¢) and Li et al., (2020). d,
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e Concentrations of heavy metal ions before and after desalination. After
solar photothermal purification, the concentrations of all ions significantly
reduced indicating great potential of wood-based photoabsorbers in water
treatment applications. Reproduced with permission of Elsevier from
Li et al. (2020) and Peng et al. (2021). f Photodegradation mechanism of
reactive black 5 (RBS) dye by reduced graphene oxide (RGO) /graphitic
carbon nitride (g-C;N,)/wood under solar irradiation. The electrostatically
effective interface was created through reduced graphene oxide and g-C;N,
in the photoabsorber. Due to lower Fermi level of reduced graphene oxide
than the conduction band of g-C;N,, photo-generated electrons (¢7) of
g-C;N, CB (with creating holes (h*) in valance band) transported to the
reduced graphene oxide surface. Storage of electron by reduced graphene
oxide as an effective scaffold decreased the recombination rate of e”—h*
pairs. Superoxide radicals (O,™°) and hydroxyl radicals (OH.°) were gener-
ated by charge carriers which are responsible for RB5 degradation. Repro-
duced with permission of Elsevier from Karimi-Nazarabad et al. (2021)
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they removed dye completely after desalination (Zhu et al.
2019a, b, ¢). A wastewater containing Zn**, Cd**, Pb**,
Cr** heavy metal ions was purified and rhodamine B dye
in the presence of WO;_,-wood under solar illumination
(Fig. 10c and d) (Li et al. 2020).

A candle soot-wood was also used for the interfacial
solar steam generation of saline water containing heavy
metal. The concentration of each metal ion was below the
standard limit after desalination (Fig. 10e) (Peng et al.
2021). A chemically treated carbonized wood was used as a
solar absorber and heavy metal ion adsorber. Through this
device, a higher rate of water evaporation and heavy metal
ion removal was attained with respect to carbonized wood.
Pb?* sorption capacity was also enhanced over 225% as solar
intensity increased to 3 sun (Hou et al. 2021).

A reduce graphene oxide/graphitic carbon nitride/wood
was utilized as a multifunctional device for seawater inter-
facial solar steam generation, photodegradation of reactive
black 5 dye, and Pb (II) sorption from aqueous solutions.
The dye was completely degraded under the sunlight, dis-
playing the synergistic effect of graphitic carbon nitride
and reduce graphene oxide in improving charge carriers’
separation. The superoxide radicals were mainly responsible
for the dye photodegradation (Fig. 10f). In addition, reduce
graphene oxide/graphitic carbon nitride/wood could com-
pletely adsorb Pb (II) ions within less than 5 min (Karimi-
Nazarabad et al. 2021).

3. Oil/water separation: in addition to solar-based applica-
tions, wood-based materials could also be used in oil/water
separation (Fang et al. 2021). A paper filter modified by
nanofibrillated cellulose hydrogel separated an emulsion of
hexane/water with the 89.6 L m~ h~! separation flux (Rohr-
bach et al. 2014). A toluene/water emulsion was separated

by a cellulose sponge with 99.9% efficiency (Wang et al.
2015). A polyvinyl alcohol crosslinked filter paper separated
mixtures of hexane/water with 99.9% efficiency and high
stability after 20 cycles in harsh conditions (Fan et al. 2015).

A sponge of delignified wood modified by methyltrimeth-
oxysilane had a 41 g g~! sorption capacity of chloroform
(Song et al. 2019). A composite of epoxy and delignified
wood had high-absorption capacities for several oils (Fu
et al. 2018a, b). A membrane consisting of layered double
hydroxide and filter paper separated a mixture of chloro-
form/water with the 4968 L m~2 h~! separation rate (Yue
et al. 2017). A delignified basswood coated by cellulose
exhibited efficient oil/water separation ability due to the
chemical structure of cellulose. The delignified basswood
was able to separate several mixtures of oil/water with a flux
of 41,558 Lm™2h~! (Wu et al. 2019a, b, ¢).

A wood carbon modified by hexamethyldisilazane-sili-
con dioxide had a 1.6 L m~2 oil absorption rate within 30 s
under 1 sun (Kuang et al. 2019a). A composite of delignified
wood aerogel and polydimethylsiloxane separated mixtures
of trichloromethane/water with an 99.5% efficiency (Wang
et al. 2019a, b, c¢). A filter paper/polyvinyl alcohol membrane
separated various oil/water emulsions with a separation flux
and efficiency greater than 37 L m™> h™! and 98%, respec-
tively (Xu et al. 2019).

A superhydrophobic carbon nanotubes/wood aerogel was
fabricated for efficient oil recovery. The aerogel reserved the
hierarchical structure of natural wood through the selective
removal of lignin and hemicellulose, followed by a freeze-
drying process (Zhu et al. 2019a, b, c). A sulfonated nanofi-
brillated cellulose aerogel separated a mixture of kerosene/
water with a 360 L m™ h~! flux. The aerogel showed high
stability after 20 cycles (Sun et al. 2017).



Table 3 Cost-effective performance of wood-based solar steam generation devices in comparison with other photoabsorbers

Photoabsorber Evaporation flux e(gh™'s™ References
(kgm™h™")
Arched bamboo charcoal 1.34 1340.00 Lietal. (20194, b, ¢)
*HT-wood 2.89 1333.00 Ghafurian et al. (2020b)
LT-wood 2.52 1052.00 Ghafurian et al. (2020b)
‘LT-HT-wood 2.99 1041.00 Ghafurian et al. (2020b)
Carbonized wood 1.21 657.30 Yu et al. (2019)
4Au-HT-wood 4.02 285.40 Ghafurian et al. (2020b)
Au-wood 3.54 260.20 Ghafurian et al. (2020b)
Reduce graphene oxide/Ag-wood 5.99 113.66 Ebrahimi et al. (2022)
FeNi/reduce graphene oxide double-layer wood 4.77 51.37 Mehrkhah et al. (2021a)
Reduce graphene oxide/FeNi composite -wood 4.19 41.9 Mehrkhah et al. (2021b)
Reduce graphene oxide/graphitic carbon nitride/wood 5.20 13.61 Karimi-Nazarabad et al. (2021)
IHTWS5F5 3.32 1.12 Ghafurian et al. (2020c)
°FePdW5F5 3.88 0.53 Ghafurian et al. (2020c)
fAUWSF5 4.00 0.28 Ghafurian et al. (2020c)
Pd-wood 3.20 0.05 M. Zhu et al. (2018a, b)
Polypyrrole-wood 3.80 0.11 Huang et al. (2019)
Al nanoparticles/anodic aluminum oxide membrane 1.40 0.05 Zhou et al. (2016)
Graphite-carbon foam 1.20 0.14 Ghasemi et al. (2014)
Au-TiO, membrane 2.70 0.48 Huang et al. (2017)
Au deposited nanoporous template 4.00 0.24 Zhou et al. (2016)
Copper prototype 2.88 1.01 Morciano et al. (2017)
Cermet-coated copper sheet/polystyrene foam 0.50 8.26 Ni et al. (2016)
Flexible thin-film black gold membrane 0.60 0.01 Bae et al. (2015)
Graphene oxide/carbon nanotube/nanofibrillated cellulose 1.10 10.40 Liet al. (2017b)
Graphene oxide film/cellulose/polystyrene foam 1.40 65.50 Li et al. (20164, b)
Hierarchical graphene foam 1.50 3.50 Ren et al. (2017)
Vertically aligned graphene sheets 1.60 100.05 Zhang et al. (2017)
Cu,SnSe; nanosphere /filter membrane 1.65 40.26 Yang et al. (2018a, b)
Plant cellulose wrapped cotton cores 1.70 10.30 Li et al. (2018a)
NiFe-layered double hydroxide/CuOH), 1.65 10.28 Luo et al. (2021a, b)
Quartz glass fibrous filter membrane/metal nitrate mixture 2.10 4.50 Shi et al. (2018)
Polyvinyl alcohol/polypyrrole gel 3.25 25.40 Zhao et al. (2018b)
Sponge-like hydrogel 3.00 9.32 Guo et al. (2019)
Konjac glucomannan/iron-based metal—organic/polyvinyl alcohol 3.20 214.16 Guo et al. (2020)
Cellulose-based fabric/polystyrene 0.70 233.02 Ni et al. (2018)
Multilayer polypyrrole nanosheets 1.30 60.25 Wang et al. (2019a, b, ¢)

#Carbonized wood

Laser treatment wood

“Laser treatment wood followed by the hot plate carbonization
dCarbonized wood on polystyrene foam with 5 mm diameter
¢Fe/Pd coated on wood and polystyrene foam with 5 mm diameter

fAu coated on wood and polystyrene foam with 5 mm diameter

Cost-effective performance of wood-based
solar steam generation devices

The scalability and cost-effectiveness of a solar evapora-
tor are also very important in practical applications. The

main drawbacks in the use of the current photoabsorbers,
including high-cost, complex preparation, and the need for
high sun illumination result in employing additional optical
focusing devices that largely limit practical implementations
of the photoabsorbers. Hence, the design of cost-effective



photothermal materials with superior performance, an easy
manufacturing process, and high efficiency under 1 sun is
of great importance.

For reaching this goal, the economic performance of
wood-based solar steam generation devices in terms of the
ratio of the evaporation rate to the preparation cost should be
computed (Egs. 35 and 36) (Mehrkhah et al. 2021b; Wang
et al. 2022a):

mXxA

SSG rate
Cost X p,,

Cost (Cm3h_1/$) =

(35)
where p,, is the density of water. A is the photoabsorber
surface area. sz is the water evaporation flux.

e (ke/hs) =™ (36)

where ¢ stands for the cost-effective performance of the pho-
toabsorber and ¢ denotes the preparation cost of 1 m? of the
evaporator ($ m~2). For this purpose, the water evaporation
flux and production cost of wood-based solar steam genera-
tion devices with a certain surface area, A, are calculated.
For instance, according to Eq. 35, the ratio of preparation
cost to interfacial solar steam generation rate for a labora-
tory-scaled reduce graphene oxide/ graphitic carbon nitride/
wood photoabsorber with 71, A, and the preparation cost of
520 g cm2h7!, 12.56 cm?, and 0.484 $, respectively, was
calculated as 0.07 $ cm™> h (Karimi-Nazarabad et al. 2021).
According to Eq. 36, ¢ is calculated as 332 gh™' $~! for a
porous hydrogel sponge photoabsorber with the evaporation
rate of 2.8 kg m™ h™! and preparation cost of 0.92 $ m—2
(Wang et al. 2022a, b). Table 3 compares the economic per-
formance of wood-based devices with other photoabsorbers.
As shown in Table 3, wood-based solar steam generation
devices show more cost-effective performance in interfacial
solar steam generation with respect to other photoabsorb-
ers. Although some synthetic substrates, such as polymeric
foams, seem to be more cost effective, utilization of such
nonbiodegradable substrates has a negative impact on the
environment. Therefore, wood-based devices are the most
appealing solar evaporators owing to their low cost, biodeg-
radability, abundance, ease of use, and natural, three-dimen-
sional interconnected porous structure (Wang et al. 2022a).

Conclusion

In this review, wood properties were provided which have
several promising applications in a wide range of technolo-
gies such as interfacial solar steam generation. Wood-based
solar steam generation devices have received great atten-
tion in interfacial solar steam generation because of their
high evaporation efficiency. The performance of wood-based

solar steam generation devices is affected by several fac-
tors, including the heat loss, photoabsorber geometry, wood
texture, and several environmental conditions such as water
depth, relative humidity, and water salinity.

In recent years, remarkable developments in wood-based
solar steam generation devices from the design of differ-
ent photothermal materials to treatment of wood substrates
greatly motivate this research area. However, despite the
encouraging progress in wood-based solar steam generation
devices, there are several crucial challenges in their large-
scale applications which should be taken into account:

1. Long-term chemical and physical stabilities of wood-
based solar steam generation devices are need to be con-
sidered in harsh conditions.

2. Scalability and economic-based analyses are two impor-
tant considerations. Therefore, it is desirable to develop
wood-based solar steam generation devices with scalable
and low-cost processes.

3. Salt-blocking and mildew-resistant issues are inevitable
in wood-based solar steam generation devices. Salt- and
mildew-blocking not only decrease the solar absorption
as a result from increase reflection by the deposit layer,
but they also reduce water transportation abilities due
to the blocking of the water transport routes. To date,
several solutions have been suggested for addressing this
challenge, including using metal and metal oxide nano-
particles, wood-based aerogel, graphene, hydrophobic
membrane, and wood with open microchannels.
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