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Solar water interfacial evaporation (SWIE) has attracted much attention for

harvesting clean water. Over the last few decades, researchers have developed

an innovative photo-thermal material for high-performance solar water

interfacial evaporation. For higher evaporation performance, TiO2-based

materials gain attention as a promising photo-thermal material due to their

light absorption capacity. This study compared conceptual designs of TiO2-

based materials for SWIE. Structural design and engineering strategies for

improving evaporation rates and higher thermal conversion efficiency were

reviewed. In addition, the material’s thermal stability and heat management

were analyzed. This review provides an overview of the current advances in

photo-thermal TiO2 materials to motivate research and translation efforts from

the laboratory to large-scale solar water clean water production. Additional

benefits of TiO2 materials on solar water interfacial evaporation should be

investigated beyond containers to solve interconnected water, environmental,

and energy progression.
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1 Introduction

Shortage of fresh water is a great menace to sustained world economic growth. The

scenario of scarce freshwater with increasing demand requires the development of specific

dulling strategies to overcome this crisis. Recent strategies such as reverse osmosis,

electrodialysis, membrane and thermal distillation have disadvantages including cost, need

for heavy machinery, power requirements, waste generation, and high maintenance.

Therefore, there is a need for technology that overcomes these problems and enhances

water production in an eco-friendly way. Amid the search for new technology, solar water

evaporation has emerged as an environmentally benign method of water purification. The

usage of renewable solar energy has significant industrial applications including desalination

(Liu et al., 2014), power generation (Hsieh and Lin, 2003), sterilization (Su et al., 2011),

wastewater treatment (Li et al., 2013), and hygiene systems. In the conventional solar water

evaporation process, the solar absorber collects solar energy and transforms it into thermal

energy. This photo-thermal mechanism converts energy, increases the water temperature, and
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generates steam (Jiang et al., 2017). A solar water evaporation system

that uses natural conditions or traditional methods is less efficient

due to its poor light-absorption rate and higher heat loss (Ying et al.,

2020). To optimize the current techniques, three main classes of

photo-thermal mechanisms have been developed including the

generation and relaxation of an electron hole, plasmonic localized

heating (Zhao et al., 2015) and molecular thermal vibrations

(Manuscript, 2018a). The generation of heat through thermal

vibrations of molecules promotes solar water interfacial

evaporation (SWIE) using advanced materials, allowing the

generation of vapors and efficient production of clean water

(Chen et al., 2019).

Material selection is based on high efficiency and a broad

solar spectrum of photo-thermal materials (Ye and Li, 2022) such

as plasmonic-metal nanostructures including Au (Chen H. et al.,

2010) and Al (Zhou et al., 2016), carbon-based materials

including wood-based composites (K. K. Liu et al., 2017)

including graphene oxide (GO) (Shi et al., 2017) and CNT,

semiconductors including Ti2O3 (J. Wang et al., 2017b), MoS2
(X. Yang et al., 2018), WOx (Ming et al., 2018), and NiO (D. Wu

et al., 2019), nanostructured carbon-based frameworks (Geng

et al., 2019), and conductive polymers. For efficient photo-

thermal conversion, the optical and thermal properties of

materials should be considered. Optical and thermal

properties include the material’s absorption spectrum,

absorption coefficient, thermal conductivity, heat transfer, and

loss (Zhu et al., 2018). Light-to-heat conversion efficiency can be

enhanced further by modifications such as the hybridization of

light-absorbing materials, structural composition tuning, and

multi-layer coating designs (Y. Yang et al., 2018). Despite the

exceptional optical characteristics of nanocarbon materials, these

materials are still not widely used due to some serious issues

including 1) their time-consuming synthesis methodology, 2)

expensive fabrication costs, and 3) difficulty in producing high-

quality samples that are scalable (X. Wu et al., 2019). Among

various photo-thermal materials, nanocarbon materials have

excellent features including high absorbance in a broad

spectrum, high stiffness, and self-floating ability that is

suitable for SWIE (Jiang et al., 2017). Semiconductor materials

with tunable bandgap energy also promote light-to-heat

conversion. When the energy of incident light is higher or

equal to the bandgap energy of a semiconductor, this excites

an electron hole pair and releases energy in the form of a photo-

excited electron, which causes photo-thermal conversion (Hessel

et al., 2011).

During the last few decades, the semiconductor TiO2 has

gained attention as an absorbing material due to its high

photoactivity, abundancy, high thermal stability, and low cost

(Shayegan et al., 2018). However, unmodified TiO2 possesses a

large bandgap (−3.2 eV anatase, −3.0 eV rutile, and −3.3 eV

brookite) with respect to the visible light spectrum, so efforts

have been made to expand solar absorption by narrowing the

bandgap (Ye et al., 2016) (Naldoni et al., 2012). Some effective

methods include increasing oxygen vacancy/Ti3+ impurities [25]

(Sinhamahapatra, Jeon and Yu, 2015), the hydroxylation of TiO2

(Fan et al., 2015), and doping or co-doping with metals and non-

metals (Kanakaraju et al., 2022) (Basavarajappa et al., 2020).

Modified or reduced TiO2 also has good applicability as a photo-

thermal material for SWIE because it possesses sufficient light

absorption capacity and the ability to convert light to heat, along

with the enhanced inherent properties of primitive/un-modified

TiO2 (Wang et al., 2017a) (Chen et al., 2020)(Wang P. et al.,

2019). Furthermore, these TiO2 nanomaterials have received

more attention than bulk TiO2 due to their high surface-to-

volume ratio, which leads to an increased surface area, enhanced

light absorption rate, and photo reduction rate, resulting in high

photo-activity (Li et al., 2017a).

Recent reviews published on solar water interfacial

evaporation have summarized the current development of

SWIE in terms of photothermal conversion materials,

structural design, energy management with an emphasis on

the salt-rejection capability (Zechang et al., 2022),

improvement in self salt propelling mechanisms (Sheng et al.,

2021), recent advances in photothermal materials in wastewater

purification (Li et al., 2022), effect of super-wettability on SWIE

(Luo et al., 2022), different material-based SWIE (Guan et al.,

2021) (Dong et al., 2022) (Yan et al., 2022), and many others

(Han et al., 2022) (He et al., 2021) (Bai et al., 2020). However,

when reviewing the different aspects of advances in SWIE, none

has discussed TiO2-based photothermal materials that might

empower SWIE as a whole, which is one of the most exciting

materials in solar water evaporation. Thus, the current review

aims to provide a systematic overview of the recent progress on

TiO2-based materials for SWIE. The article first provides an all-

inclusive summary of the advanced development of SWIE using

photo-thermal semiconductor materials. Subsequently, the

physical mechanism and photo-induced application of TiO2 in

SWIE are discussed. The structural tuning of TiO2 nanoparticles

(NPs) and hybridization of TiO2 nanostructures with plasmonic

metal, semiconductors, and carbon-based materials imparting

superior photo-thermal capabilities are then featured. Finally, the

conclusions and prospects of TiO2 materials and their advanced

development for efficient and productive SWIE are presented. In

addition, the review includes new achievements and guidelines

for efficient SWIE operation.

2 Modification of solar water
interfacial evaporation using
semiconductors

2.1 Basic mechanism of solar water
interfacial evaporation

Generally, during the process of solar evaporation, solar

energy is converted to thermal energy to evaporate water (Liu
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et al., 2016). Normally, this type of solar evaporation occurs in

nature, such as transpiration in plants and the evaporation of

seawater into the atmosphere recycled by rain. Usually, the

process of evaporation occurs at the air/water interphase, and

this natural process has low efficiency (Bai et al., 2020). The

modern approach for water purification by solar energy is photo-

thermal evaporation.

Like any other solar thermal application, SWIE requires a solar-

absorbingmaterial to convert light to heat. In solar-driven interfacial

water evaporation, solar absorbers (photo-thermalmaterials) receive

and absorb solar energy and convert it to thermal energy

(Figure 2B). This converted energy is used to vaporize the water

present at the interface (Liu et al., 2017) (Shang and Deng, 2016).

Solar absorbers, evaporation structures, thermal insulators, and

collectors are the main functional components of solar-driven

interfacial evaporation systems (Ying et al., 2020) (Bai et al.,

2020). For proper absorber design, some critical criteria need to

be fulfilled: 1) effective solar absorption capacity, 2) productive light-

to-heat transfer, and 3) proper thermal regulation (Manuscript,

2018a). For the design of the required solar absorber, solar absorbing

materials including nano-carbon (Ito et al., 2015), plasmonic metal

NPs (Zhou et al., 2016) (Bae et al., 2015), semiconductors, and

polymers (Manuscript, 2018a) have been investigated. These photo-

thermalmaterials have been used in the form ofmembranes (Huang

et al., 2020), foams (Manuscript, 2018a), hydrogels (Lei et al., 2021),

and porous sheets (Namboorimadathil Backer et al., 2020). In

addition to these requisite properties, the position of the photo-

thermal material plays a vital role in SWIE functioning (Figure 1A).

We categorized the various forms of solar heating as 1) bottom

heating, 2) volumetric heating, and 3) interfacial heating. In bottom

heating, heat is generated at the receiver and transferred to the bulk.

This leads to unavoidable heat loss and low solar-water conversion

efficiency. In contrast, the volumetric heating approach enhances the

evaporation efficiency using photo-thermal material dispersion

throughout the water system. However, the firm dispersion and

insensitivity toward a high temperature question its use. Compared

with the other two methods, interfacial heating is a new discovery

that has been studied widely. This method has been classified as

non-isolate and isolated solar heating. Interfacial heating localizes

the solar energy at the evaporation interface, which suppresses the

maximum heat loss while achieving high evaporation efficiency.

This is achieved by employing a photo-thermal layer floating at the

air–water interface, separated from the bulk working fluid.

Interfacial heating with confined thermal energy at the absorber

surface can be further categorized into non-isolated and isolated

interfacial heating. The only difference between the two methods is

the use of thermal insulation. Isolated interfacial heating avoids

contact between the absorber and water, thereby minimizing

massive conduction loss resulting in extremely high energy

conversion efficiency compared with non-isolated heating

(Figure 1B).

In order to alleviate heat loss encountered in the earlier

designs, a thermal insulator or substrate has become an essential

part of SWIE, not only providing lower thermal conductivity to

the system but efficient also water transport to the absorber. He

et al. (2021) presented a comparison between designs using

plasmonic materials, and they demonstrated interfacial was

more effective with a maximum water evaporation efficiency

of 85% achieved at 10 Sun (1 Sun = 1 kWm−2) (X. Wang et al.,

2017).

2.2 Semiconductors and their application
in water evaporation

Over the past few decades, tremendous efforts have been

made in material science to advance solar absorbers and

supporting substrates to improve the performance of solar

evaporation (Cao et al., 2019). Ideal photo-thermal materials

for absorbers should meet the following criteria: 1) capacity to

absorb the entire solar spectrum range (Yao et al., 2018), 2) less

emissivity assuring high photo-thermal efficiency (J. Wang et al.,

2017a), and 3) cost-effectiveness and abundant availability of the

element (Guo et al., 2018).

Semiconductors are useful as solar absorbers for SWIE

because their bandgap energy governs light-to-heat

conversion. Some examples include MoS2 (Ghim et al., 2018)

(Manuscript, 2018b), Ti-based structures (Ye et al., 2016) (Zhu

et al., 2016), NiO (H. Liu et al., 2017), CuFeS2 (Manuscript,

2018b), and Mxene (Li et al., 2017b). Semiconductors absorb

visible light irradiation with energy higher than the bandgap to

generate electron hole pairs referred to as a semiconductor

photo-excited state (Chen et al., 2020). Semiconductor excites

electron hole pairs from the Valence band (VB) and conduction

band (CB) by absorbing incident light energy equal to or higher

than the bandgap and extra energy released in the form of

photons, which is converted to heat as shown in Figures 2A,

B. (Cao et al., 2019) (Zhu et al., 2018) (Ding et al., 2021)

Semiconductors generate electron hole pairs to illuminate the

same energy as the bandgap. The energy released by the excited

electrons is radiative in the form of photons from the conduction

band and non-radiative in the form of phonons (heat). Energy

generated from phonons produces temperature distribution due

to induced local heating based on optical absorption (Zada et al.,

2020). A narrow bandgap semiconductor is widely suggested

because electron hole recombination occurs near band edges in

broad bandgap semiconductors with a narrow absorption

wavelength—generating photons also affects the photo-

thermal efficiency. The position of the VB and/or CB can be

altered by varying the size, structure, and composition of the

semiconductors, thus regulating the energy bandgap and light

absorption capabilities of the materials (Kamat, 2008). Solar

evaporation has also been recorded using hierarchical copper

phosphate (HCuPO) (Hua et al., 2017). Some Ti-based

semiconductors, such as black/reduced TiO2 (Ullattil et al.,

2018), and black/reduced TiOx (Huang et al., 2020), were
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previously exploited as innovative light absorbers for solar steam

generation.

3 TiO2-based materials for solar
evaporation

Photo-induced processes have been studied in diverse

ways. During this process, energy can be used chemically

(photocatalyst), electrically (solar cells), or thermally

(photo-thermal). Despite different processes and

applications, all the processes have a similar origin (Carp

et al., 2004). Here, we focused on TiO2 because of its

importance and its primary use as a photo-active

compound for many applications. Apart from being an

excellent photo-responsive material, its semiconductor

properties enhance water quality free from organic

pollutants in SWIE (Ding et al., 2021). Figure 3A shows the

promising properties of TiO2 as a prominent photo-

responsive candidate for SWIE, and the mechanism of this

photocatalytic property is presented in Figure 3B.

Photo-thermal materials with an irregular surface or

nanostructure ensure a high evaporation performance

(Zhu et al., 2018). In this context, TiO2 nanocomposites

including nanocages (Zhu et al., 2016), nanotubes (Liu et al.,

2021), NPs (Zhu et al., 2021), and submicrons (Wang et al.,

FIGURE 1
(A) Different types of solar water evaporation, and (B) schematic illustration of solar-driven interfacial water evaporation (isolated).
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2021) have been investigated by researchers. TiO2 NPs were

used to fabricate films, membranes, and meshes with

mechanical, thermal, and chemical stability under diverse

conditions (Li et al., 2017a). In addition, a combination of

several NPs forming a composite structure showed

remarkable properties for SWIE (Tudu et al., 2020)

(Huang et al., 2017a).

Despite these numerous advantages, TiO2 has a wide

bandgap and low absorption capacity. Of note, the bandgap

plays a vital role in functioning. Semiconductors with a narrow

bandgap offer a broad solar absorption spectrum for

photocatalysis and have the highest solar conversion efficiency

with better SWIE performance. A narrower bandgap enables

photons with low energy to excite electrons, thus extending the

FIGURE 2
(A) Illustration of electron-hole generation and relaxation in a typical semiconductor (J. Wang et al., 2017b); Reproduced with permission.
Copyright 2017 John Wiley and Sons. (B) Schematic of non-radiative relaxation in a semiconductor (Gao et al., 2019); Reproduced with permission.
Copyright 2019 Royal Society of Chemistry.

FIGURE 3
(A)Merits of TiO2 materials in solar evaporation and (B) the photocatalytic process of TiO2 semiconductors. Electrons and holes are generated
by the UV light absorption of TiO2.
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solar absorption spectrum, which is the basic criterion of SWIE

functioning. In particular, when unmodified TiO2 is subjected to

different bandgap engineering (i.e., lowering of the bandgap), it

demonstrates the same effects. For instance, Ying et al. (2020)

compared the bandgap and evaporation rates of pristine TiO2,

N-doped titanium dioxide (N-TiO2), Ti3+-doped titanium

dioxide (Ti3+-TiO2), and N, Ti3+-co-doped Ti dioxide (N,

Ti3+−TiO2) prepared using nontreatment, nitrogen doping,

self-doping, and co-doping strategies, respectively. When the

measured bandgaps were 3.24, 3.15, 2.23, and 2.40 eV,

respectively, the Ti3+-TiO2 membrane, with a narrower

bandgap, had the highest evaporation rate of 1.20 kg m−2 h−1

with a solar-heat conversion efficiency of 77.1%. Therefore, the

narrower the bandgap, the higher the evaporation rate and

effective SWIE is achieved. Ullattil et al. (2018) observed a

significant reduction in the TiO2 bandgap of around 1.23 eV

via hydrogenation with an optical efficiency near 1,000 nm in the

near-infrared region, beating the capability of pure TiO2 (anatase

or rutile form), which only captures light in the UV spectrum.

Black or reduced TiO2 (−1.5 eV) is another material that absorbs

sufficient solar energy and efficiently converts light to heat (Chen

et al., 2011) (Ullattil et al., 2018). Increasing reports based on

black TiO2 photo-thermal material have been published recently,

including Mg reduction-based black TiOx NPs (Ye et al., 2016),

unique nanocage structures of black titania (Zhu et al., 2016),

moth-eye-like nanostructures of nanocomposite black titania

(Liu and Cheng, 2018), black TiO2 synthesis using NaN3

deflagration (Zheng et al., 2020), and Ti2O3 NPs with a

narrow-bandgap (J. Wang et al., 2017a). Recently, the

development of metal@TiO2 core-shell NPs demonstrated

effective photocatalytic reactions and utilization of sunlight by

TiO2 (Tom et al., 2003). Different studies have examined the

effectiveness of TiO2-coated superhydrophobic surfaces for solar

evaporation, such as Au-TiO2 coated films (Huang et al., 2017b),

synthesis of Fe3O4-TiO2 NPs (Shi et al., 2017), and

superhydrophobic steel meshes (Zhang et al., 2015). The

metal@TiO2 has the dual advantage of both metals and TiO2

NPs to achieve remarkable photo-reactions and solar water

evaporation efficiency. The core-shell structure of TiO2

increases the internal light scattering of the TiO2 shell. A thin

film metal structure also improves the photodegradation and

evaporation rates by concentrating heat through the NPs (Huang

et al., 2017a).

3.1 TiO2-based materials under different
structural engineering methods

An ideal photo-thermal material should possess a high light

absorption capacity and cover the whole solar spectrum;

however, commercial TiO2 only absorbs UV light due to its

wide band structure. A narrow band structure of TiO2 is desired

to broaden the solar spectrum range. To narrow the bandgap,

creating oxygen vacancies, doping, and synthesis methods

creating nanostructures are the most commonly used

techniques to achieve a high solar absorption efficiency

(J. Wang et al., 2017a). For instance, Xue et al. (2022)

prepared ultrathin TiO2 nanosheets@Ti plates by the

hydrothermal treatment of Ti plates. The synthesized sample

was incorporated with polystyrene to maintain its floatation

properties on water. C, N co-doping was performed to

enhance the absorption capacity of the prepared nanosheet

structures. Furthermore, a comparative study of the

performance of TiO2 film@Ti plates and C, N co-doped TiO2

nanosheets showed the highest water evaporation rate and solar-

to-vapor conversion efficiency of about 1.57 kg m−2 h−1 and

73.5%, respectively, under simulated solar light irradiation.

Likewise, Ying et al. (2020) prepared N-doped TiO2, Ti3+

doped TiO2, and N, Ti3+ co-doped TiO2 by N2 doping, self-

doping, and co-doping techniques, respectively, and

correspondingly measured their bandgaps. The comparative

study was carried out based on their band structures to

identify a relationship between the electronic structure and

performance in solar water evaporation systems (Figures 6(1)

a, b). Among all Ti3+ doped, TiO2 showed the highest evaporation

rates of 1.2 kg m−2 hr−1 (Figure 6(1)c) with a higher solar

conversion efficiency of around 70% (Figure 6(1)d) at the

narrowest bandgap of 2.23 eV with properties of excellent

stability, pollutant degradation capability, and low cost for

clean water production.

Chen et al. (2020) prepared rutile TiO2 (L-TiO2) with

plentiful oxygen vacancies by the laser ablation in liquid

(LAL) one-step method. These TiO2 NPs were used to form

superhydrophobic nickel foams (NFs), leading to higher solar

absorption (Figures 4(2) (a,b,c)). L-TiO2 has abundant oxygen

vacancies that narrow the bandgap to improve optical

absorption. In solar water evaporation experiments, the water

evaporation rates at different temperatures increased and then

stabilized to 1.25 kgm−2h−1 with a high efficiency of 78.5%

(Figure 4(2)(d,e)) under 1 Sun radiation. The rates and

efficiency were 1.81 times those of commercial titania-based

evaporators (C-TiO2/NF) (Figure 4(2)f).

The aforementioned findings suggest that a logical design of

TiO2 nanosheets could meet advanced technology’s demand for

enhanced water filtration. Different studies demonstrated that

structural engineering is a feasible way to improve the

performance of TiO2-based systems for solar-driven water

interfacial evaporation systems.

3.2 Black/reduced TiO2—A modified
version of TiO2

During the past few decades, efforts have been made to

develop suitable light-absorbing efficient photo-thermal

materials. In this regard and in contrast to TiO2, black/
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FIGURE 4
(1) (a) Schematic diagram of the proposed mechanism for solar-driven interfacial evaporation of semiconductor materials. (b) Photocatalytic
activity of different samples under xenon lamp irradiation with time. (c) Evaporation rates under irradiation by different light intensities. (d)Measured
recycle performance of Ti3+-TiO2 (Ying et al., 2020); Reproduced with permission. Copyright 2020 American Chemical Society. (2) (a) Schematic
diagram of the preparation of an L-TiO2/NF evaporator. (b) Photograph and (c) SEM image of L-TiO2/NF. (d)Mass change of water as a function
of irradiation time with different structures under 1 Sun irradiation. Diffuse reflectance spectra of L-TiO2/NF and C-TiO2/NF. Along with solar
spectrum at the background (f) Surface temperature vs time plots for L-TiO2/NF and C-TiO2/NF exposed to one sun’s worth of radiation. The
relevant temperature distribution pictures at steady state are shown in the insets. (Chen et al., 2020); Reproduced with permission. Copyright 2020
American Chemical Society.
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FIGURE 5
(1) Mass of evaporated water as a function of the radiation time in the absence or presence of an SS mesh coated with different TiOx NPs (Ye
et al., 2016); Reproduced with permission. Copyright 2016 John Wiley and Sons. (2) (A) Evaporation rate and solar efficiency of blank water, WTiO2,
and BTiO2. (B) Images of BTiO2 bending and crumpled film. (C, D) Evaporation rates of bending and crumpled BTiO2 films (Zada et al., 2020);
Reproduced with permission. Copyright 2020 Elsevier. (3) Schematic fabrication of DP samples. (A) Evaporation rate of water. (B) Evaporation
efficiency of different samples (Zheng et al., 2020); Reproduced with permission. Copyright 2020 Elsevier.
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reduced TiO2 is a modified version that has emerged as a useful

material with excellent light absorption capacity with a tunable

and reduced bandgap depending on the extent of reduction

(Pelaez et al., 2012) (Sinhamahapatra et al., 2015). In recent

years, much effort has been made to widen the range of light

absorption of TiO2 by elemental doping (Liu et al., 2020), lattice

disorder, and defect engineering (Pan et al., 2013), where the light

absorption of a black body nano porous material was found to be

greater. Chen et al. (2011) was the first to describe the

preparation of black/reduced TiO2 as a superior light-

absorbing photocatalytic material, and subsequently,

researchers started to investigate the performance of black/

reduced TiO2 as a solar-thermal material.

Ye et al. (2016) prepared a PFOTS-modified

superhydrophobic black/reduced TiOx-coated stainless steel

mesh for SWIE. They successfully synthesized TiOx (x < 2)

NPs with different Ti/O ratios viamagnesium reduction. Higher

the Ti/O ratio, higher is the reduction that produces darker TiOx

and, as a result, boosts the efficiency of solar water conversion.

The maximum steam generation efficiency was 50.30% at 1 Sun

irradiation with the darkest TiO2 NPs when compared with bare

mesh and water (Figure 5(1)).

Recently, advances have been made in the preparation of

black/reduced TiO2 with an easy and fast route for high solar

water evaporation efficiency. Zada et al. (2020) synthesized a

random size distributed black TiO2 film with polyvinylidene

fluoride (PVDF) for a SWIE alike random close packing photonic

structure (Dong et al., 2010). The constructed BTiO2 film

possesses sufficient oxygen vacancies, surface defects with

several small cavities (due to its wide size distribution), and

improved optical absorption in the UV–Vis and NIR range

due to multiple light reflection and scattering properties. An

evaporation test based on a localized heating concept showed

the acquired efficiency for blank water, WTiO2, and BTiO2

film was 25%, 29.26%, and 77.14% (Figures 5(2)(A)),

respectively, under 1 Sun illumination. In an efficiency

study, a BTiO2 film was stable over 10 cycles (1 h each)

with high mechanical stability and robustness

(Figure 5(2)(B, C, D)).

Zheng et al. (2020) prepared a black/reduced (tunable)

colored TiO2 with defective sites and Ti3+/oxygen vacancies

(named DP-X sample) by NaN3 deflagration using an ultrafast

and one-step method while maintaining the intrinsic anatase

TiO2 structure (Figure 5(3)). They synthesized different DP-X

samples with an adjustable amount of NaN3 possessing a

diversified light absorption range. The presence of these

defective Ti3+/oxygen vacancies modified the intrinsic

energy band and increased the light absorption capacity in

the solar spectrum. Based on the evaporation rates and light

conversion efficiency of DP films, the solar conversion

efficiency of the DP-3 sample was highest at 85%, with a

steady-state evaporation rate of about 1.624 kg m−2h−1 under

1 Sun illumination.

Previous promising results revealed that black/reduced

titania sheets paired with a thermal insulating medium and a

water supply line might achieve a photo-thermal energy

efficiency of 90%, although the device becomes more complex

due to the usage of thermal insulators such as polystyrene foam

and a water supply line.Without thermal insulating management

and a water supply path, the evaporation efficiency of the black/

reduced titania sheet is limited to 50%–71%. As a result, a simple,

self-insulating, self-watering, and easier-to-use and deploy

assembly of PMs/systems with high mechanical stability/

flexibility for effective solar steam generation is required

(Zada et al., 2020). Table 1 summarizes the various studies on

black/reduced TiO2 using a potential photo-thermal material

with a higher solar conversion efficiency.

3.3 TiO2 with enhanced performance
using hybridized materials

3.3.1 TiO2 in combination with plasmonic
materials

Plasmonic-based photo-thermal therapy represents a

promising approach toward solar water evaporation through

their noble metal nanostructure (Chen H. et al., 2010). This

nanostructure has great application in the enlargement of the

absorption bandwidth, effectively enhancing the localized

thermal energy conversion capacity and significantly

improving the photo-thermal conversion efficiency as a whole

(Zhou et al., 2016) (Søndergaard et al., 2012) (Aydin et al., 2011).

When noble metallic NPs of different sizes are simulated by

incident light of a particular wavelength, free electrons oscillate

and generate an electric field, which assists plasmonic oscillation

around NPs, known as localized surface plasmon resonance

(LSPR) (Figure 6). This LSPR effect of plasmonic metal

strongly amplifies the light absorption and thermal conversion

efficiency, which enhances the complete photo-thermal effect.

Some metallic NPs such as Au and Ag are commonly used

materials for photo-thermal conversion due to their high LSPR

response toward incident light (Lalisse et al., 2015) (Chou and

Chen, 2014).

However, these metallic NPs only utilize a portion of the solar

spectrum due to the narrow spectra of the LSPR band. To

broaden the spectra of the LSPR band, different sized NPs

were assembled onto a porous film and hybridized with other

substrates (X. Wu et al., 2019). First, Wang et al. (2014) used a

plasmon-based free-floating AuNP membrane to enhance the

evaporation rate and control the process temperature leading to a

self-assembled, recyclable AuNP porous film utilizing the

maximum NPs in evaporation.

Furthermore, the bifunctional membrane incorporation of

TiO2 NPs has been developed to improve the evaporation rate.

For example, Liu et al. (2016) prepared a bifunctional TiO2-Au-

AAO membrane consisting of an Au NP plasmonic photo-
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thermal layer in combination with a TiO2 NP photocatalytic

layer that has functions in solar water evaporation and

photocatalytic degradation. These layers are supported by an

anodized Al2O3 coating (AAO) that produces clean water

through localized heating using simulated solar light. The

AAO layer covered with TiO2 NPs shows good absorbance in

the low wavelength range. Therefore, laying Au NPs underneath

the TiO2 NP layer increases light absorbance capacity due to its

plasmonic nature (Figure 7(1)). The absorption capacity also

decreases, changing the amount of TiO2 NPs in the layer. Along

with the water evaporation capability of the prepared photo-

thermal material and due to the photocatalytic activity of TiO2,

TABLE 1 Different TiO2 and black/reduced TiO2 materials with their solar evaporation and efficiency rates.

Title Light-absorbing
material

Evaporation
rates
(kg m−2 hr−1)

Evaporation
efficiency

Light
intensity
(KWm−2)

Ref

Black TiOx NP synthesis by Mg reduction of the
TiO2 nanocrystal

Black TiOx 0.081 50% 1 KWm−2 Ye et al. (2016)

Oil–water separation and solar water evaporation
using black TiO2 NPs

Black titania
nanocage

0.71 69% 1 KWm−2 Tudu et al. (2020)

Black titania with unique nanocage structure for
solar desalination

Black titania
nanocage

1.13 70.90% 1 KWm−2 Zhu et al. (2016)

Photo-thermal nanosheets of black TiO2 Black TiO2 0.36 90% 1.06 KWm-2 Namboorimadathil Backer
et al. (2020)

Bifunctional, moth-eye-like nanostructure black
titania nanocomposite

Black TiO2 and
carbon cloth

1.151 94% 1 KWm−2 Liu and Cheng, (2018)

Black TiO2 NPs from plasma synthesis Black TiO2 0.92, 1.43, 7.55 – 1, 2, 5 KWm−2 Zhu et al. (2021)

AAO-deposited dark amorphous TiOx Dark TiO2 6.37 89% 5 KWm−2 Wang et al., 2019b

Hydrophilic 3D interconnected network of
bacterial nanocellulose with black titania

– 1.26 L m−2h−1 84.30% 1.054 KWm−2 Liu et al. (2020)

TiO2 and polyanaline – 2.12 88.90% 1 KWm−2 Liu and Huang, (2013)

Ti2O3 – 1.32 92% 1 KWm−2 Wang et al., 2017b)

TiO2 nanotubes and Ti gauze – 1.41 81.30% 5.6 KWm−2 Xue et al. (2018)

Black TiO2 – 1.16 77.14% 1 KWm−2 Zada et al. (2020)

Carbon dot-decorated black TiO2 nanotube array
embedded in TiO2 foam

Carbon dot and black
TiO2

1.762 55.30% 2 KWm−2 Xue et al. (2019)

Defective black TiO2 via one-step NaN3

deflagration
Black TiO2 1.624 85% 1 KWm−2 Pan et al. (2013)

FIGURE 6
Systematic demonstration of light responses of plasmonic materials (Chou and Chen, 2014); Reproduced with permission. Copyright 2014
Royal Society of Chemistry.
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FIGURE 7
(1) (A) Structure of three layers incorporated into a bi-functional photo-thermal TiO2-Au-AAO membrane. (B) Demonstration of a bifunctional
membrane. (C) Evaporation of different samples in the presence of simulated solar light. (D) Absorption spectra of different samples (Liu et al., 2016);
Reproduced with permission. Copyright 2016 American Chemical Society. (2) (A) Illustration of a schematic of the photo-thermal conversion
process. (B) Evaporation efficiency with Ag@TiO2 NP amounts. (C) Evaporation rate, evaporation efficiency, and thermal receiver efficiency
under steady-state conditions as functions of solar irradiance (Li et al., 2017b); Reproduced with permission. Copyright 2017 Elsevier.
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the remaining water in the beaker is purified. Therefore, this

bifunctional design offers a revolutionary method for water

filtration, as well as an alternative strategy for maximizing

solar energy conversion and consumption.

Moreover, different methods were recently developed for the

preparation of metal@TiO2 core-shell NPs. In particular, Huang

et al., 2017a synthesized a compound Au@TiO2 core-shell NP

film by the vacuum filtration method, in which the core had Au

NPs spherically surrounded by TiO2 shells. In the prepared Au@

TiO2 film, both the photocatalysis and water evaporation

advantages were linked due to the presence of Au and TiO2

NPs. When compared with other NP suspensions, the Au@TiO2

film was better than the former methods at solar water

evaporation.

Despite the advantageous surface plasmon resonance effect,

Au NPs are seriously limited for solar evaporation due to their

high cost and availability. Another promising nanosized

plasmonic metal, Ag, showed an excellent LSPR effect and

had strong absorbance at a lower price (Liu and Huang,

2013). However, Ag NPs have a drawback, that is, they easily

get oxidized when exposed to air. To avoid this, Ag NPs are

embedded with metal oxides (Awazu et al., 2008). For instance, Li

et al. (2017a) synthesized a flexible Ag@TiO2 NPs floatable

membrane by vacuum drawing and filtration processes, which

provided more localized heating. It was observed that metal

coated with semiconductor oxide (TiO2) could widen the

bandwidth of plasmonic NPs and successfully enhance their

absorption capability (Figure 7(2)(A)). A water evaporation

experiment performed at room temperature by floating the

self-assembled NP membrane (NPM) showed that the solar

evaporation performance of low conductivity and densely

deposited NP membrane around 1.0 gm−2 resulted in a high

water evaporation efficiency of 69.2% under 1 Sun illumination

(Figures 7(2)(B, C)). Also, the effects of different factors,

including the density of NPM, light intensity, and membrane

durability in evaporation efficiency, were analyzed.

Although the noble metallic NPs have much potential for

photo-thermal conversion, the high cost of the raw material

prevents their mass commercial use, which unavoidably restricts

their industrial applications. Other than the comparatively

expensive noble metals aforementioned, other selective

materials such as black chromium, copper, or black nickel

have been developed and studied as solar selective coatings for

heating fluids with improved photo-thermal solar energy

conversion efficiency but with a cheap cost (X. Wu et al., 2019).

3.3.2 TiO2 with carbonaceous materials
Carbon-based materials such as photo-thermal materials are

advantageous due to their high light absorption capacity over the

entire solar spectrum. Due to their strong π-bond optical

transition, black carbon materials are the most promising

light-absorbing material. Black carbon, graphite, graphene,

TABLE 2 Solar evaporation rates and efficiencies of various hybridized TiO2 materials.

Title Light-absorbing
material

Evaporation
rates
kg m−2 hr−1

Evaporation
efficiency

Light intensity
KW−1m-2

Ref

Au@TiO2 by compound film core-shell NPs Au and TiO2 2.18 49.65% 1 KWm-2 Huang et al., 2017b

A flexible thin film Ag@TiO2 NP membrane for high
efficiency

Ag and TiO2 1 68.6% 52.7% 1 KWm−2,
5 KWm−2

Li et al. (2017b)

Ag@TiO2 core shell NP-based receiver Ag and TiO2 0.86; 10.67 53.6%, 66.9% 1 KWm−2,
10 KWm−2

Li et al. (2017a)

Laser ablation produces black Au decorated TiO2 Au nanoclusters and
TiO2

1.25 – 1 KWm−2 Gurbatov et al.
(2021)

Cu2-xSe-decorated TiO2 nanotube Cu2-xSe TiO2 2.5 kg m−2 hr−1 83.06% 1 KWm−2 Ren and Yang
(2019)

Carbon-loaded TiO2 foam from fruit juice
carbonization

TiO2 1.42 kg m−2 hr−1 59.43% 1.5 KWm−2 Wang et al. (2019b)

Pt/Au/TiO2-decorated plasmonic wood carbon Pt, Au, and TiO2 – 90.4% 1 KWm−2 Wang et al., 2019b

3D photo-thermal aerogel of Al2O3/TiO2 nanofiber Al2O3 and TiO2 2.19 91.3% 1 KWm−2 Meng et al. (2020)

Black titania/graphene oxide nanocomposite Black TiO2 and GO – 69.1% 1 KWm−2 Liu and Hou,
(2018)

Recyclable purification using Fe3O4@TiO2 NPs Fe3O4 and TiO2 – 20.8% 1 KWm−2 Shi et al. (2017)

TiO2@MoS2 microstructure nanocomposite TiO2 and MoS2 1.853 77.39% 1 KWm−2 Yuan et al. (2021)

TiO2@TiN hyperbranched nanowires on carbonized
wood (CW)

TiO2 and TiN 1.5252 94.01% 1 KWm−2 Ren et al. (2020)

Morphological alteration of TiO2 film on glassy
carbon foam

TiO2 2.23 67.1% 1 KWm−2 Kim et al. (2021)

Activated carbon TiO2 film TiO2 and C 2.1 95% 1 KWm−2 Chen et al. (2021)
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and carbon nanotubes are carbon-based materials commonly

used in SWIE. Of these, the 3D carbon nanotubes are the pre-

eminent form possessing low density, high optical absorbance

rate, excellent light-to-heat conversion efficiency, and good

mechanical and thermal stability (X. Wu et al., 2019). Despite

the high absorption range, further enhancement is needed to

increase their intensity and minimize surface reflection.

Hybrid structures, such as plasmonic or semiconductor

particle-coated nanocarbon materials, were developed to

increase the photo-thermal effect further (Manuscript,

2018a) (Liu et al., 2015). Previous studies demonstrated

that the modification of TiO2 with a carbon material

enhanced the optical absorption efficiency and improved

the stability of the system.

FIGURE 8
(1) Demonstration of the preparation of a BTCC nanocomposite (Liu and Cheng, 2018); Reproduced with permission. Copyright 2018 American
Society of Chemistry. (2) (A) Solar water evaporation performance. (B) Evaporation rates and conversion efficiency. (C)Water temperature with time
(Wang et al., 2019b); Reproduced with permission. Copyright 2019 Elsevier.
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Wang et al. (2019a) prepared a carbon-based photo-thermal

material by annealing a fruit residue and deposited the carbon

material on a porous amorphous TiO2 layer. The amorphous

TiO2 porous layer has sufficient photo-thermal conversion

and water evaporation properties but has limited light

absorption in the UV region. Therefore, the TiO2 layer was

deposited with carbon NPs by hydrothermal-assisted

annealing treatment of fruit residues (Figure 8(2)). A

membrane generated from grape residues showed a high

evaporation rate and photo-thermal efficiency of about

1.42 kg m−2 h−1 and 59.43%, respectively, (Figures 8(2)(A,

B)) under 1.5 Sun (Figure 8(2)(C)) light irradiation along

with excellent light absorption capacity in the UV–Vis–NIR

region.

Black/reduced TiO2 can be modified using carbon-based

materials. For this, Liu and Cheng (2018) fabricated a moth

eye-inspired black titania nanostructure on carbon cloth

(BTCC). Three steps were used to prepare the BTCC via

infiltration, followed by hydrothermal and sodium

borohydride reactions (Figure 8(1)).

The bifunctional BTCC-prepared nanocomposite

produces clean water via solar steam generation and

photocatalytic degradation. These TiO2-based nanorod

structures provide a large number of active sites for

photocatalytic reactions, and the carbon cloth transmits

electrons and reduces electron hole recombination. The

originating oxygen vacancies, surface disorder, and

productive light absorption path of the BTCC

nanocomposite allow full spectrum absorption for solar

evaporation and photocatalytic processes with evaporation

efficiency and vaporization rates of 94% and

1.515 kg m−2 h−1 at 1 KW m−2 light illumination,

respectively. The new concept and strategy of water

purification with bifunctional applications with improved

efficiency provides a promising and effectual solution for

clean water production.

3.3.3 TiO2 with co-semiconductors
The combination of solar-driven water evaporation and

photodegradation functions expands the useful solar light

range and generates pure water with high conversion

efficiency. Solar-driven water evaporation and

photocatalysis were improved by microstructure

engineering. Significant attempts have recently been

undertaken to enhance solar energy usage by regulating the

microstructures of solar absorbers (Yuan et al., 2021).

Regarding this, Ren and Yang (2019) designed and

synthesized a bifunctional TiO2 nanotube mesh decorated

with Cu2-xSe (CTNM). For proper utilization of solar light

by CTNM, two mechanisms were used, namely LSPR (Herzog

et al., 2014) and electron transmission (Yang et al., 2009). The

bifunctional CTNM generates pure and purified water

through a combination of solar water evaporation (photo-

thermal conversion) with a photodegradation function. The

photogenerated hot electrons aid the photodegradation

reaction on the CB of TiO2 and Cu2-xSe (Figure 9(1)).

Using an optimum amount of Cu2-xSe can improve light

absorption, and the relative conversion efficiency was near

80% under 2.5 kW m−2. Along with evaporation, a

combination of photo-thermal water evaporation and

photocatalysis reduced the concentration of the dye in the

water body, reducing the negative environmental impact of

the concentrated effluent.

Solar absorbers with a broader wavelength were also

designed using a multistage ultrathin MoS2 nanosheet

decorated with TiO2 nanowires (TiO2@MoS2) by

microstructure engineering (Figure 9(2)(A)). This

combination amplified the photo-absorption capacity with

an absorption of 96.5% and evaporation rate of

1.42 Kg m−2 h−1 (Figures 9(2)(B, C)) (Yuan et al., 2021),

respectively. To broaden the light absorption of solar

absorbers, Sun et al. (2020) co-workers developed an

effective hydrogel-based evaporator by assembling MCNT-

TiO2-SiO2-TiN. They showed that this evaporator had low

thermal conductivity and high light-to-heat conversion

capacity for interfacial evaporation. Due to these

properties, the microporous hydrogel-based evaporator had

77.39% evaporation efficiency with a 1.853 Kg m−2 h−1

evaporation rate. In addition, Tian et al. (2022) fabricated

TiO2-loaded CuO nanowire-covered Cu foam (TiO2-CuO-

Cufoam) simultaneously, demonstrating a high solar

evaporation efficiency of 86.6% with about 80.0% VOCs

removal efficiency under 1 Sun irradiation. Yuan et al.

(2021) presented a hierarchical 1D/2D TiO2 @ MoS2
core–shell network on a Ti mesh, which had efficient solar-

driven interfacial water evaporation and pollutant removal

with a high light absorption of 96.5% and a water evaporation

rate of 1.42 kg m−2 h−1 under 1 Sun.

The clear benefits of this type of connection include

increased energy and water productivity without affecting

the ecological footprint. Furthermore, multifunctional

photo-thermal materials may increase solar energy usage

and conversion efficiency through suitable hybrid

applications. Despite their high absorption properties, the

preparation of this hybrid material is complex and

expensive. Table 2 summarizes the various studies on

hybridized TiO2 photo-thermal materials projecting

comparative solar conversion efficiency.

3.4 TiO2 in solar stills - a virtual practice
A solar still is a simple and low-productive water

purification technique used in rural areas. Traditional solar

stills have low efficiency due to insufficient light absorption,

evaporation, and condensation with large heat dissipation.

Recently, micro/nanotechnology has gained attention in

improving the performance of solar stills. Many researchers
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reported studies to improve the performance of solar stills. For

instance, a group of researchers investigated the effect of NPs

mixed with black/reduced paint on solar stills and found that

their efficiency increased by 12.18% (Sain and Kumawat,

2015). Elango et al. (2015) provided a comparative study of

solar stills with and without nanofluids and reported a

performance increase of 18.63%.

Recently, Shanmugan et al. (2020) prepared a hybrid solar

still coated with TiO2 mixed with Cr2O3 on a basin liner. The

experiment compared the performance between with or without

nanolayer composition on a copper sheet at a constant water

depth in the presence of sunlight. A thermodynamic analysis of

the heat and mass transfer of newly designed single-slope single-

basin solar stills was tested with some assumptions. The presence

FIGURE 9
(1) Energy band structure diagrams of Cu2-xSe and TiO2 before and after contact. (CB: conduction band, VB: valence band, NHE: normal
hydrogen electrode) (Ren et al. 2019); Reproduced with permission. Copyright 2019 IWA publishing. (2) (A)Descriptive illustration of the preparation
process of TiO2 NWAs @ MoS2. (B, C) Comparative results of mass change, evaporation rates, and efficiency of different samples (Yuan et al., 2021);
Reproduced with permission. Copyright 2021 Elsevier.
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of a nanolayer (Cr2O3-TiO2) increased the basin temperature

during sunshine hours and in the summer and winter. Using a

nanolayer coating, a maximum daily yield of 6.1 kg m−2 hr−1 and

4.1 kg m−2 hr−1 was achieved, with efficiency of 57.16% and

36.69% in the summer and winter, respectively (Figures 10A,

B). Similar investigations were carried out studying the

performance of TiO2 at variable water depths and

concentrations of nanomaterials with/without black paint

under active and passive solar stills (Parikh et al., 2021)

(Kabeel et al., 2019). A comparative study of TiO2 NPs

with others, such as Ag and Au, revealed better

performance in terms of economic and exergoeconomic

factors (Kabeel et al., 2019).

Recently, a study reported a natural distiller in the form of an

advanced running steeped solar basin coated with a SiO2/TiO2

nanolayer with an effective thermal conductive ratio of 30%

(Figures 10C, D). This nano-coated solar basin exhibited a

thermal efficiency of 40.241%, with a collected water outlet of

about 5.893 kg m−3 day−1. Moreover, herbal extracts added to the

system helped regulate the temperature and high-purity water

collection with a view of providing microbe-free drinking water

to the masses (Gandhi et al., 2022).

4 Conclusions and future aspects

In the past few decades, solar-driven evaporation

techniques have undergone significant advancement. Here,

we reviewed the recent improvements made to high-

performance TiO2-based photo-thermal materials. For

efficient solar water evaporation, various light absorbing

materials such as black/reduced TiO2 NPs, TiO2

synthesized nanostructures with plasmonic materials,

carbon, and other semiconductors, and TiO2 with different

structural engineering methods have been summarized. Each

absorbing material has its own mechanism, absorbing

capacity, stability, strengths, and limitations. All of these

methods effectively enhanced solar water evaporation rates

FIGURE 10
(A) Schematic preparation of TiO2 NPs and Cr2O3 composite coating of a solar still. (B) Variation in absorption efficiency during sunshine hours
with and without a nanolayer coating. (WSLCB—with solar liquid coating basin area, WISLCB—without solar liquid coating basin area) (Shanmugan
et al., 2020); Reproduced with permission. Copyright 2020 Elsevier. SiO2/TiO2 nanolayer-coated steeped basin solar still (SBSS). (C) Experimental
setup view of an SBSS. (D) Schematic diagram of SBSS (Gandhi et al., 2022); Reproduced with permission. Copyright 2022 Elsevier.
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and conversion efficiency. Notably, black/reduced TiO2 NPs

exhibited excellent solar evaporation efficiency.

Moreover, hybrid structures and multifunctional photo-

thermal materials may promote solar evaporation and

conversion efficiency. Although there has been significant

progress in TiO2-based materials over the last few decades,

research on TiO2 materials related to evaporation is still in

the early stages. To further increase performance, some

challenges need to be overcome.

First, despite high evaporation rates and efficiency

(approximately 90%), due to changing environmental

conditions such as temperature, humidity, wind, and lack of

standard setup, the method used to determine parameters and

specific calculations for efficiency needs to be investigated

further. Second, studies of the structural properties and

fundamental dynamic kinetics of newly designed materials are

still limited. It should be noted that water transportation from

any surface is based on its pore structure and surface properties

like hydrophobicity and thermal diffusion. In addition to

experimental observations, simulation is another powerful tool

that can be used to optimize the fundamental behavior, the

kinetics of light, water, and vapor, and thermal diffusion.

Third, less attention has been paid to the long-term stability

and durability of light-absorbing materials in different water

sources such as industrial water, seawater, and river water. To

avoid this problem, structural integration and pore engineering

should be introduced to establish highly stable, recyclable, and

compatible solar-absorbing materials. Fourth, VOCs present in

the water will evaporate and condense on the absorbing surface,

causing fouling and clogging. Accordingly, a robust photo-

thermal structure appropriately designed will surpass the

evaporation of organic components. Overall, the use of

modified TiO2 (capable of light absorption in the entire solar

spectrum) is one of the most promising strategies, and further

research focusing on the engineering of SWIE is required.
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