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world abundant elements and can be cost-effectively scaled-up 
for industrial productions. Titanium is the ninth earth abun-
dant element and its metal oxide composites such as titanium 
dioxide have been intensively investigated due to the photore-
sponse capability, low cost, and high thermal stability.[20–28] 
However, owing to the intrinsic large bandgap (≈3 eV), typical 
titanium dioxide only responds to UV irradiation with wave-
length <400 nm. During the past decades, considerable efforts 
have been made to narrow the bandgap of titanium dioxide 
to absorb the solar energy in visible spectrum range.[29–31] 
The state-of-the-art studies on reduced titanium dioxides have 
narrowed the bandgap to 1.5 eV, extending the photoresponse 
of titanium dioxide to the wavelength of 800 nm and around 
40% of the total solar energy.[32–39] However, it is desirable to 
narrow the bandgap of titanium oxides further to less than 
0.5 eV in order to develop efficient full spectrum solar energy 
convertor with high solar energy utilization.

Based on the considerations above, herein we report the first 
example of using nanosized titanium sesquioxide (Ti2O3) as a 
novel light absorber for solar–thermal conversion. The fairly 
small bandgap (≈0.1 eV) endows Ti2O3 with the ability to absorb 
solar energy in the full spectrum range. More importantly, we 
find that the light absorption ability of conventional bulk Ti2O3 
can be improved when the material size is reduced to nanoscale 
as a result of enhanced light scattering among the nanoparti-
cles.[8] By combining the ultrasmall bandgap and the nanosized 
features of Ti2O3 nanoparticles, we successfully achieve a nearly 
100% internal and ≈92% external solar–thermal conversion effi-
ciency outperforming most of the conventional photothermal 
materials.

In a typical experiment, commercial Ti2O3 powders 
(100 mesh) were used as starting materials and ground to nano
particles with a ball milling time of 24 h. The powder X-ray dif-
fraction pattern of the post-ground Ti2O3 sample can be well 
indexed to a corundum phase (Figure 1a). The corundum Ti2O3 
has a trigonal structure (a = b = 5.15 Å; c = 13.61 Å) with an 
R3c space group (Figure 1b). A representative scanning elec-
tron microscopy (SEM) image of the as-prepared Ti2O3 nano-
particles indicates an average diameter of ≈400 nm (Figure 1c). 
The high-resolution transmission electron microscopy and 
the corresponding selected-area electron diffraction patterns 
reveal excellent single crystallinity of the Ti2O3 nanoparticles 
(Figure  1d,e). Notably, the micro-Raman scattering spectra 
show that there is a Raman peak shift in Ti2O3 nanoparticles 
in comparison to the bulk (Figure S1, Supporting Informa-
tion), which is probably due to the change of surface strain of 
the Ti2O3 particles during the milling process.[40,41] The energy 
dispersive spectroscopy (EDS) results indicate the existence 

Conversion of solar energy to heat is one of the most important 
aspects in solar energy harvesting. It enables a broad range of 
applications including solar power generation, chemical separa-
tion/purification, as well as seawater desalination.[1–4] In con-
ventional solar-to-heat systems, photothermal materials were 
mainly used as light absorbers to increase the absorption and 
conversion efficiency of solar energy.[5–17] For instance, metallic 
nanoparticles such as gold nanoparticles can produce heat 
through a surface plasmonic effect, dramatically increasing 
environment temperatures.[8] This phenomenon has been uti-
lized in various applications such as solar vapor generation, 
liquid–liquid phase separation, and localized water heating.[9–11] 
Besides, polypyrrole organic polymers[12–14] and carbon-based 
composite materials[15–17] have also presented photon-to-
thermal conversion ability due to their strong light absorption. 
Despite these advancements, the metallic nanomaterials only 
respond to a limited range of solar spectrum,[18] and most of 
light-absorbing organic materials suffer from aging insta-
bility.[19] Therefore, it remains a challenge to develop photo-
thermal convertors with high efficiency and stability to be easily 
scaled up for practical uses.

Generally, ideal photothermal materials must meet the fol-
lowing criteria: i) they must have a wide absorption capability 
covering the full solar spectrum range (from 250 to 2500 nm); 
ii) they must be less emissive, which ensures the largest photo-
to-heat conversion efficiency; and iii) they must be made from
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of a trace amount of silica in the as-prepared Ti2O3 nanopar-
ticles, which was possibly brought by the agate used in the 
ball milling process (Figure S2, Supporting Information). The 
chemical stability of the Ti2O3 nanocrystals at different tem-
peratures and atmospheres was further investigated. Gener-
ally, Ti2O3 nanocrystals appear in black and are stable under 
normal outdoor conditions (Figure 1f). Under air atmosphere, 
the Ti2O3 nanocrystals are stable at temperatures up to 400 °C. 
The nanocrystals transfer from corundum Ti2O3 to rutile TiO2 
at temperature above 500 °C. However, under the argon atmos-
phere, the Ti2O3 nanocrystals remain in the corundum phase 
when heated to 1000 °C (Figure S3, Supporting Information).

Density functional theory calculations were further carried 
out to understand the band features of the Ti2O3 nanoparticles 
based on the Heyd–Scuseria–Ernzerhof (HSE) exchange calcu-
lation method.[42,43] As shown by the projected and total elec-
tronic density of states (PDOS/DOS), the bandgap of Ti2O3 was 
calculated to be as small as 0.09 eV, which is in line with the 
previous reports.[44–46] The electronic states around the Fermi 
energy are mainly contributed by Ti 3d orbitals (Figure 2a). The 
high population of Ti 3d orbitals between −2 and 2 eV enables 
broad band absorption of Ti2O3 from the band edge (0.09 eV) 
to >4 eV (<310 nm), hereby, the ability of absorbing the full 
spectrum solar energy. It should be pointed out that the over-
whelming majority of photons from solar emission has signifi-
cantly higher energy than the bandgap of Ti2O3, which leads to 
the generation of above-bandgap electron–hole pairs in Ti2O3 
under sunlight irradiation. The above-bandgap electrons and 
holes then relax to the band edges and convert the extra energy 
into heat through a thermalization process (Figure 2b).[47] Note 
that the relaxation dynamics of the above-bandgap electrons 

and holes could be quite complicated, but it may be dominated 
by an acoustic-phonon scattering mechanism.[47] This is in 
stark contrast with conventional wide-bandgap semiconductors 
in which most of the light energy absorbed reemits as photons 
after recombination of electron–hole pairs near the bandgap 
edge (Figure 2b). Under a standard Air Mass 1.5 sunlight with 
an average photon energy of ≈1.6 eV, the direct thermalization 
in Ti2O3 nanoparticles may consume over 94% (≈1.51 eV) of 
the photon energy upon absorption. Meanwhile, the rest of 
the band edge energy may also contribute to the heat genera-
tion as it is already located in the infrared range and can be 
thermally absorbed through the vibration of crystal lattice. The 
ultranarrow bandgap of Ti2O3 implies that it may be a prom-
ising material for applications in highly efficient solar–thermal 
conversion.

To experimentally assess the absorption capacity, we further 
measured the diffuse reflectance of Ti2O3 nanoparticles. As 
presented in Figure 2c, the Ti2O3 nanoparticles show excellent 
absorption features over the whole range of the solar spectrum 
with an average reflectance of less than 10%. This is in con-
trast with TiO2 which only absorbs light in the UV region, or 
graphite with an average reflectance of around 20%. In addition, 
the commercial Ti2O3 powders present the similar reflectance 
feature with the Ti2O3 nanoparticles but a lower absorption 
capability. This is mainly due to the less efficient surface light 
scattering for bulk materials. Furthermore, we found that Ti2O3 
nanoparticles (≈400 nm) have the ability to absorb almost 94% 
of UV, 95% of visible, and 89% of infrared solar irradiation 
with a total absorption capacity of 92.5% over the whole solar 
spectrum (Table 1). It should be pointed out that the absorption 
efficiency of Ti2O3 nanoparticles can be improved by further 
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Figure 1.  a) X-ray powder diffraction pattern of the as-prepared Ti2O3 nanoparticles. b) Schematic representation of the Ti2O3 corundum unit cell. 
c) SEM image of the as-fabricated Ti2O3 nanoparticles. d) High-resolution TEM image of a single nanoparticle. e) The corresponding electron diffraction 
patterns of the Ti2O3 nanoparticle. f) Photograph of the as-synthesized Ti2O3 nanoparticles (left) and the commercially available TiO2 powders (right).
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reducing the particle size. As an evidence of the size effect, we 
found that the overall absorption was enhanced by around 1% 
when the average size of the Ti2O3 nanoparticles was reduced 
from ≈400 to ≈350 nm (Figure S6, Supporting Information). 
Further reduction of the nanoparticle size might improve the 
light absorption, which however will require other synthesis 
routes other than the ball milling process. Notably, the absorp-
tion ability of Ti2O3 nanoparticles is much higher than conven-
tional photosensitive titanium oxides, and it is even better than 
some carbon-based materials such as graphite.

With such high absorption capability, the Ti2O3 nanoparti-
cles are promising to produce high photothermal efficiency as 

anticipated above. The external photothermal conversion effi-
ciency ηext is defined by the ratio of the generated heat Q versus 
the irradiation energy of photon flux q: 

Q

q
extη = � (1)

We applied a modified photocalorimetric method to determine 
Q for Ti2O3 samples at an irradiation photon flux of 1 kW m−2 
produced by a solar simulator.[48] Under solar light irradiation, a 
material would be heated up from room temperature Tsurr to a 
maximum temperature Tmax at which the heat Q generated by 
the material equals the heat Qsurr dissipated to the surrounding: 

Q Q h s T T( )surr max surr= = × × − � (2)

where h refers to the heat transfer coefficient, and s is the sur-
face area of the material for heat dissipation. By investigating 
four individual compressed round pill samples of Ti2O3, we 
determined the Tmax − Tsurr of the Ti2O3 samples to be ≈24.5 °C 
(Figure 2d). The value of hs was found to be ≈3.8 mW °C−1 by 
fitting the temperature cooling stages of the samples with an 
exponential decay function (see the Supplementary Informa-
tion for details). The external solar–heat conversion efficiency 
ηext was calculated to be 92.1 ± 3.2% according to Equation (1) 
and (2). It is worth mentioning that ≈92% of the total solar 
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Figure 2.  a) PDOS/DOS of Ti2O3 nanoparticles derived from first-principles calculations. b) Illustration of the electron–hole generation and relaxa-
tion in a normal semiconductor (left) and in narrow-bandgap Ti2O3 (right). c) Diffuse reflectance spectra of commercial TiO2, graphite, commercial 
Ti2O3 powder, and Ti2O3 nanoparticles. The inserted background is a solar irradiation spectrum. d) A typical temperature–time relationship showing 
the increase in the temperature of the Ti2O3 sample under irradiation from a solar simulator and the decay trace of temperature after the irradiation 
is turned off.

Table 1.  Solar absorption of photothermal materials in different 
spectrum region.

Sample Total UVa) Visibleb) Infraredc) References

Solar 100% 7% 50% 43% [54]

Black TiO2 30–83% 5–6% 24–39% 1– 38% [32,35]

Pristine TiO2 5% 5% – – [35]

Graphite 80.5% 5.7% 40.6% 34.2% This work

Commercial Ti2O3 85.4% 6.4% 42.6% 36.4% This work

Ti2O3 nanoparticles 92.5% 6.6% 47.4% 38.5% This work

a)UV light: <400 nm; b)visible light: 400–760 nm; c)infrared light: >760 nm.
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energy was absorbed according to the diffuse reflectance meas-
urements (Table 1). It indicates that the Ti2O3 nanoparticles 
have converted almost all of the absorbed photons to heat with 
internal conversion efficiency close to 100%.

The outstanding light absorption property of Ti2O3 nano-
particles offers unique opportunities for the development of 
highly efficient solar–thermal conversion systems. As a proof 
of concept, we demonstrate the use of Ti2O3 nanoparticles for 
solar-enabled water evaporation. In our design, a thin layer of 
Ti2O3 nanoparticles was supported by a cellulose membrane to 
form a double-layer-structured device (Figure S4 and S5, Sup-
porting Information). The thin-film device is then floated on 
water surface and acted as a localized photothermal convertor. 
Under solar radiation, the Ti2O3 can efficiently heat up the sur-
face portion of water, generating steam from the water surface 
(Figure 3a). By collecting the condensed water from the steam, 
it is possible to use this design for desalination and water puri-
fication using sunlight as the only power source.[11,16]

In a typical experiment, Ti2O3 nanoparticles were first 
dispersed in water, followed by deposition on a cellulose 
membrane under vacuum condition (Figure 3b). Cellulose 
membrane was chosen as a bottom supporting layer because 
of its unique inner microporous structure and hydrophilicity 
(Figure 3c). The microporous structure of the cellulose mem-
brane enables efficient absorption of water through capillary 
effect. This effect enables more rapid replenishment of surface 
water after evaporation, while the hydrophilicity would benefit 

the water adhesion and speed up the water transfer upward. 
As an added benefit, cellulose membrane can minimize del-
eterious heat loss from Ti2O3 layers to bulk water due to its 
relatively low thermal conductivity (0.02 W m−1 K−1).[49] Under 
illumination of a solar simulator at power density of 7 kW m−2, 
the solar–thermal system can be quickly heated up in 2 min 
and generates visible steam flow on top of the water surface 
(Figure  3d and Figure S5, Supporting Information). Notably, 
when the temperature of the film surface reached 70 °C, 
the temperature at most of the other parts remains almost 
unchanged (Figure 3e). This is due to a strong localized solar 
light heating effect induced by the Ti2O3 nanoparticles.

It should be mentioned that the localized heat effect can 
significantly improve the solar vapor generation by preventing 
energy loss during heating of the bulk water.[11,16] Without 
the Ti2O3 thin-film device, we found that the temperature 
increment of bulk water was almost negligible after 15 min 
continuous solar light irradiation at 5 kW m−2 (Figure 4a). By 
contrast, under the identical illumination condition, the surface 
temperature of seawater sample with Ti2O3 thin-film device was 
heated to about 50 °C (Figure 4b). Quantitative measurements 
on the temperature variations further prove that the localized 
heating is originated from the concentration of solar energy by 
the Ti2O3 layer rather than the block of direct radiation by a cel-
lulose layer. As shown in Figure 4c and Figure S7 (Supporting 
Information), Ti2O3 thin-film device induced a much faster 
temperature increase for water on the top surface than that at 
the bottom. The temperature difference between the top and 
bottom areas continuously increased and reached ≈23 °C after 
15 min of irradiation. By contrast, the temperature difference 
in a control experiment without the Ti2O3 thin-film device was 
less than 0.5 °C, indicating the absence of localized heating. 
We further investigated the performance of solar vapor genera-
tion of Ti2O3 by monitoring the weight loss of seawater during 
evaporation. As expected, Ti2O3 induced enhanced evaporation 
efficiency under various irradiation powers. We observed evapo-
ration rates of 1.32 kg m−2 h−1 and 5.03 kg m−2 h−1 for Ti2O3 
samples at 1 and 5 kW m−2 solar irradiance, which are 2.65 and 
4.18 times higher than pure water evaporation (Figure 4d,e). 
The Ti2O3 nanoparticle-based thin-film device also presents 
higher solar vapor generation rate than graphite and commer-
cial Ti2O3 powders (Figure S8 and S9, Supporting Information). 
The durability of the Ti2O3 thin film was also investigated under 
different light illumination intensities. The film presented 
stable performances during 25 experiment cycles, indicating 
good recycle stability. Taken together, these results unambi-
tiously indicate the feasibility of using the Ti2O3 nanoparticles 
for efficient solar vapor generation.

In conclusion, we have demonstrated for the first time 
the possibility of using Ti2O3 nanoparticles as an efficient 
photothermal material taking advantage of both its narrow 
bandgap and nanoscale-sized features. The narrow-bandgap 
structure enables Ti2O3 nanoparticles to absorb the full solar 
spectrum, while the nanoscale-sized feature further enhances 
the absorption efficiency. Furthermore, we fabricated a Ti2O3 
nanoparticle-based thin-film device and validated its high solar 
vapor generation efficiency and stability, indicating its poten-
tial use in seawater desalination and purification. Considering 
the increasing demand of clean and recycle solar energy usage, 
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Figure 3.  a) A schematic diagram of the solar water steam evaporation 
design where the cellulose membrane (CM) was used to load the Ti2O3 
nanoparticle. b) Photograph of the double-layer film. c) SEM cross-
section image of the double layered film structure. d) Photograph of the 
water steam generated under solar illumination of 7 kW m−2, with the 
Ti2O3 nanoparticle-based thin film floating on top of the water. e) Cor-
responding IR photograph of (d) taken by an IR camera.
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our findings provide a promising material not only for solar–
thermal energy conversion but also for a wider range of applica-
tions such as photothermal therapy and thermal catalysis.

Experimental Section
Reagents: Commercial Ti2O3 powders (100 mesh), TiO2 (<5 µm), 

and graphite (<2 µm) were purchased from Sigma–Aldrich. Cellulose 
membrane was purchased from Merck Millipore Company. All the 
materials were used as starting materials without further purification. 
The sea water was taken from the Palawan beach in the Sentosa Island, 
Singapore.

Fabrication of the Ti2O3 Nanoparticles: Ti2O3 nanoparticles were 
obtained by the ball milling technique. Agate balls (Diameter: 10 mm 
and 5 mm) and agate containers were applied in the ball milling process. 
The milling speed was fixed at 300 rpm, and the milling process took 
24 and 48 h to produce different Ti2O3 nanoparticle sizes.

Fabrication of the Ti2O3-Nanoparticle-Based Film Device: 10 mg of 
Ti2O3 nanoparticles (average diameter: 400 nm) was dispersed well 
in 10 mL deionized (DI) water, under the assistance of ultrasonic bath. 
The dispersed mixture was deposited on the cellulose membrane 
under vacuum. The performed film was placed on a heat plate and the 
temperature was kept at 60 °C for 10 min. After cooling down, the film was 
stored in a Petri dish for further use. The fabrication of graphite and bulk 
Ti2O3 powder-based thin films followed the same procedure except that 
Ti2O3 nanoparticles were replaced with graphite or bulk Ti2O3 powders.

Characterization: The SEM image was implemented by the field 
emission scanning electron microscopy (FESEM, JEOL JSM-6340F). 

The crystallographic phases of the sample were determined by Bruker 
D8 ADVANCE diffractometer, equipped with the Cu Kα radiation source 
and LynxEye detector. Raman measurements were carried out with a 
confocal micro-Raman system (Horiba Aramis/Jobin Yvon HR800) at 
ambient conditions, using a solid state laser (excitation wavelength 
is 473 nm). Duoscan mode was used to collect the Raman data from 
the Ti2O3 nanoparticles, in order to decrease the energy focused on the 
nanoparticles. The TEM image, electron diffraction pattern, and EDS 
spectrum were collected by a FEI Titan commercial TEM, operated 
at 300 kV. The reflectance measurements were performed via Cary 
5000 UV–Vis NIR Spectrophotometer. All IR photographs were taken via 
a Fluke Ti300 Infrared Camera.

First-Principles Calculations: The electronic calculations were 
performed based on the projector augmented wave approach as 
implemented in the Vienna ab initio simulation package.[50–52] Using 
the Dudarev implementation,[53] the Hubbard Ueff (=U − J) was imposed 
on Ti 3d orbitals. First, the internal atomic positions were optimized 
with GGA+U. Then the electronic structures were studied by using the 
hybrid function based on the HSE exchange. In the HSE calculation, 
the structural optimization of electronic self-consistent interactions was 
performed using a plane-wave cut-off energy of 450 eV, and a Γ-centered 
Monkhorst–Pack k-point mesh of 5 × 5 × 5. The bandgap of 0.09 eV was 
obtained when Ueff = 0 eV.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4.  a,b) IR photographs of 10 mL beakers with seawater inside (a) and Ti2O3 nanoparticle-based thin film on top of the water surface (b), respec-
tively. The light illumination intensity is 5 kW m−2. c) Temperature difference between the top water surface and the bottom section in the beaker upon 
solar light irradiation. The red curve presents the data taken on the seawater sample with Ti2O3 thin film, while the black curve presents the seawater 
sample without the film. The light illumination intensity is 5 kW m−2. d,e) Evaporation water weights against time with and without Ti2O3 thin-film device 
under the solar illumination, under 1 kW m−2 (d) and 5 kW m−2 (e). f) Evaporation cycle performance of the Ti2O3-based thin film under different solar 
simulation light intensities. Each cycle was sustained for 1 h. All experiments were conducted at ambient temperature of 20 °C and humidity of 55%.
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