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Bi-functional water-purification materials derived
from natural wood modified TiO, by photothermal
effect and photocatalysisT
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As one of the sustainable and renewable materials, the carbonization of natural wood is generally
considered as a low-cost, environmentally friendly method to fabricate carbon materials. Natural wood,
by surficial carbonization, can possess an excellent photothermal effect, low heat loss, and easy water
transportation in the solar water desalination process based on the unique structures, leading to high
solar water desalination performance. Here, we design and construct a composite of commercial P25
nanocrystal-loaded semi-spherical wood with surficial carbonization at the semi-spherical end (P25/wC-
s-s), which is beneficial for light harvesting and water evaporation due to the semi-spherical structure-
induced large surface area. The composite displays bi-functions of high solar-to-vapour energy
efficiency and an intriguing photo-degradation efficiency for organic pollutants in the solar water
purification process. The research provides a novel approach to engineering an efficient, stable, and low-
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Introduction

Recently, the shortage of water resources is becoming increas-
ingly serious, caused by increased population and human
activity-related water contamination." The large-scale use of
aromatic organic compounds in industry, modern agriculture,
and our daily life is the main origin of organic pollutants in
natural water.*® Hence, to address the global water issue, on the
one hand, it is needed to build awareness of water conservation
and reduce pollution emission, and on the other hand, the
development of new technologies for the removal of these
pollutants from impaired water and harvesting clean water
from natural water.**®* Photo-degradation of organic pollutants
by various inorganic semiconductor nanocrystals or enrichment
of hazardous pollutants using porous materials with specific
surface area as adsorbents in water treatment has been
considered as an effective strategy for water purification.*™® In
addition, the solar water generation technology, utilizing solar
energy to evaporate water from polluted water or seawater, has
been widely explored in the field of water engineering to obtain
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cost bi-functional device for the photothermal/photoelectronic conversion of water treatment.

fresh water."”?* In combination with these processes, the
aforementioned technologies could play a more effective role in
dealing with the shortage of water resources and improve the
environment of the global water system. Following this idea, an
ingenious framework involving the integration of solar-thermal
conversion, photocatalytic degradation, and physical adsorp-
tion as well into a composite is proposed in the research.

The light absorption ability of photothermal materials is
determined by their intrinsic properties and also affected by the
surface area and the optical path length.*® As one of the most
promising photothermal materials, carbon has been intensely
studied in the solar-thermal desalination of seawater due to its
strong light absorption ability in the range of the full spec-
trum.>*** In contrast to other precursors for the preparation of
carbon materials, natural wood has abundant porous structures
related to aligned channels inducing the long optical path
length, beneficial for the light absorption and water trans-
portation and evaporation on the top of wood carbon by capil-
lary force.’*”*° Hence, to immensely boost the solar water
generation performance, the wood carbon was used as a solar
absorber by the carbonization of natural wood with semi-
spherical structures to maximize surface area for the enhance-
ment of solar energy harvesting based on the interaction of
much more carbons with photons. Some pioneering research
works on the surficial carbonization of wood provided a feasible
solution to lower heat loss to the environment and keep the
absorption capability of solar energy in the process of solar
water evaporation.’?”3%** Herein, a tree-inspired material,
white oak block that was manufactured in a semi-spherical
shape at one end, was used as a precursor to prepare porous
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wood carbon by the surficial carbonization of the semi-
spherical end (defined as wC-s-s); and P25-based nano-
materials that have been broadly employed as photocatalysts for
the degradation of organic pollutants were immobilized on the
surface of wood without carbonization.**** Finally, the
composite P25 loaded wC-s-s (defined as P25/wC-s-s) was used
to study the solar water evaporation and photo-degradation of
organic pollutant rhodamine B (RhB) from the polluted
seawater.

Results and discussion
Morphology, microstructure, and textural property

The natural wood of white oak was processed into small blocks
of 3 cm in diameter and 2.5 cm in height along its growth
direction. One end of a small wood block was polished to form
a semi-spherical shape (Fig. 1a, left). Afterwards, the semi-
spherical end was placed on a conventional hot plate with
a heating mantle that was filled with quartz sand to uniformly
carbonize the semi-spherical end at a controllable temperature
of 400 °C to produce the heterostructures of surficially
carbonized wood blocks (Fig. 1a, medium). The carbonized
thickness of wC-s-s can be adjusted by the carbonization time,
and the carbon layer of wC-s-s is around 0.6 cm in thickness if
a wood block is thermally treated for 25 min (WC-s-s-25)
(Fig. S11). Commercial P25 nanocrystals with diameters of
~50 nm were sonicated in ethanol to form uniform suspensions
and loaded on the surface of wC-s-s-25 to achieve the P25/wC-s-
s-25 composites by a simple drop-casting method (Fig. 1a,
right). The scanning electron microscopy (SEM) image (Fig. 1b)
revealed that a large number of pores with diameters of ~20 um
were identified from the carbonized surfaces of wC-s-s, origi-
nating from vessels and fibre tracheids of cellular structures
(Fig. S21). These aligned pores grow along the vertical direction
to form transport channels that were not damaged after
carbonization (Fig. 1¢). P25 nanocrystal (Fig. S31) loaded wC-s-s-

Fig. 1 (a) Optical photograph of the wood block with semi-spherical
shape at one end, wC-s-s-25, and P25/wC-s-s-25 (from left to right);
SEM images of (b) porous structures of wC-s-s-25 from top view, (c)
well aligned channels of wC-s-s-25 from the cross-section, and (d)
P25/wC-s-s-25.
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25 were successfully prepared and confirmed by SEM image
showing many white aggregates (Fig. 1d) and X-ray diffraction
(XRD) pattern (Fig. S4t). The Raman spectrum of P25 peaked at
144,197, 396, 515, and 638 cm ™, corresponding to the Raman
shifting of anatase TiO,, and 144 and 445 cm™" assigned to the
E, modes of rutile TiO, can be observed from that of P25/wC-s-s-
25,*%% further suggesting the formation of the composite

(Fig. S57).

Optical property and photothermal effect

The light absorption ability of photothermal materials serves as
a key factor in determining their performance for solar water
generation. Porous microstructures of wC-s-s-25 play an
important role in enhancing the absorption by elongating the
optical path.”*® The UV-Vis-NIR spectrum of wC-s-s was
measured and showed strong light harvesting behaviour
throughout the whole solar spectrum ranging from 350 to
2000 nm (Fig. 2a, black), particularly from 350 to 1000 nm, in
which solar energy is concentrated (Fig. 2a, red). The absor-
bance of wC-s-s-25 is much higher than that of natural wood
(Fig. 2a, wine). Hence, the superior light absorption ability of
wC-s-s-25 is dominantly attributed to the surficial carbonization
of natural woods.

After loading P25 nanocrystals on the surfaces of the carbon
domain, the as-formed composites show a similar absorption
spectrum to wC-s-s-25 (Fig. 2a, blue), revealing that P25 nano-
crystals do not affect the light absorption ability of black
carbons. On these bases, P25 nanocrystals with relatively low
light absorption ability within the whole solar spectrum range
should preferentially be immobilized on the surfaces of wood
domains to achieve the photo-degradation of organic pollutants
by minimizing the impact of carbons on the light shield.
Predictably, the separated structures of photothermal materials
and photocatalysts are beneficial for solar-thermal conversion
and photo-degradation performance.

To intuitively understand the photothermal effect, IR
imaging was conducted to monitor the temperature change of
wC-s-s-25 upon light irradiation. Fig. 2b shows the temperature
of wC-s-s-25 rises from 31.1 °C to 47.2 °C under simulated
sunlight irradiation (1 kW m~?) for 1 min, and the highest
temperature can reach 61.8 °C within 5 min. Furthermore, the
photothermal effect of wC-s-s-25 floating on water was studied.
Under the conditions, wC-s-s-25 displayed a similar
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Fig. 2 (a) Spectrum of sunlight, and UV-visible absorption spectra of
wC-s-5-25, P25/wC-s-s-25, and wood block (from top to bottom),
and (b) IR images of wC-s-s-25 in air (upper) and floating on water
(lower) upon irradiation of simulated sunlight for 0, 1 and 5 min (from
left to right).
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temperature change at 1 sun, and the equilibrium temperature
was as high as about 56.8 °C with irradiation for 5 min (Fig. 2b,
lower). The phenomenon is attributed to the heterostructures of
the partially carbonized wood, in which carbon components are
served as a solar collector and wood components reduce heat
loss. Hence, the completely carbonized wood block with a semi-
spherical end (wC-c-s) showed low temperature after light irra-
diation due to high heat loss (Fig. S6at). Solar-thermal conver-
sion efficiency cannot be affected by P25 nanocrystals, and P25/
wC-s-s-25 displayed a similar temperature change to wC-s-s-25
at 1 sun (Fig. S6bt). In contrast, a natural wood block with
a semi-spherical end floating on water showed a low equilib-
rium temperature (~40.1 °C) upon 1 sun irradiation for ~5 min,
which was mainly attributed to weak thermal conductivity and
light absorption ability and low solar-thermal conversion effi-
ciency of natural wood.

Solar water evaporation and RhB photo-degradation of RhB

Before the performance of our designed bifunctional evaporator
P25/wC-s-s-25 for the purification of seawater that was taken
from the Yellow Sea (coordination: E121.58, N38.90) was care-
fully examined, the wC-s-s-25 evaporator floated on the seawater
(60 mL) filled in a 100 mL glass beaker, and the time-dependent
water evaporation driven by solar energy upon the irradiation of
simulated sunlight were performed. According to the amount of
vaporized water plotted in Fig. 3a (black), the average solar
water evaporation rate (r) of wC-s-s-25 was 1.02 kg m >h " at 1
sun within 1.5 h after the subtraction of the weight of water
from the evaporation of seawater without any evaporators. It is
noted that the cross-section area of wood carbon is used to
calculate the rate. Solar-to-vapour energy efficiency (), which
is a key indicator to gauge the performance of solar water
evaporation, is calculated according to the following eqn (1),

Nn = M 1)
wherein m is the mass flux, A is the sensible heating, A;y is the
enthalpy of liquid-vapor phase change of water, and I is the
intensity of incident light on the surface of the evaporator at 1
sun.*>** Hence, 1y, of wC-s-s-25 is up to 72.1% based on eqn (1)
(Fig. 3b). The wC-s-s-25 evaporator exhibits a similar solar water
evaporation performance in the seawater in the presence of
organic pollutant RhB; the solar water evaporation performance
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Fig. 3 Solar water generation performance of different schemes: (a)
time-dependent evaporation water weight at 1 kW m™2, and (b)
evaporation rate and solar thermal receiver efficiency of different
evaporators under irradiation at 1 kW m~2 for 90 min.
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was not seriously affected by P25 nanocrystals based on the
calculated r and ny, (Fig. S71). Natural wood block shows an
inferior solar water evaporation performance (r: 0.34 kg m™>
h™; ne: 24.6%) possibly due to low solar energy harvesting
ability (Fig. 3a and b). In addition to the intrinsic properties of
photothermal materials, the structures of the materials can
deeply influence their solar water evaporation performance. The
flattened surface structures have a smaller surface area in terms
of spherical surface structures if both blocks possess the same
cross-section area, and thereby the wood block with two flat
ends surficially carbonized at one end for 25 min (wC-f-s-25)
shows lower solar water evaporation performance (7: 0.86 kg
m > h™% gy 60.5%) compared to wC-s-s-25 (Fig. 3a and b).
Given the high thermal conductivity of carbon leading to heat
loss to bulk water and the environment, the completely
carbonized wood blocks with a semi-spherical end (wC-c-s)
show inferior solar water evaporation performance (r: 0.77 kg
m~> h™%; g, 54.8%) (Fig. 3a and b) in terms of wC-s-s-25.

On this basis, we further discussed the effect of the thickness
of carbonization layers, generally determined by carbonization
time, and the thickness of surficially carbonized wood blocks on
solar water desalination capability. Various photothermal
materials of wC-s-s with different carbonization times exhibit
different performances of solar water generation (Fig. S8at).
These results reveal that wC-s-s with too thin or too thick carbon
layers are not favourable for solar water desalination. While the
thickness of the carbon layer is ~0.6 cm (carbonization time: 25
min), the as-made wC-s-s-25 is considered as the best evapo-
rator that enables the balance of solar energy harvesting and
heat loss. In addition, if carbonization time is kept at 25 min,
the photothermal materials of wC-s-s with different thicknesses
(2,2.5, and 3 cm) show slightly different solar water evaporation
performance (Fig. S8b¥).

Generally, water evaporation on the top carbon layer can
induce a capillary force to continuously drive seawater to flow to
the top layer for desalination; this would induce the formation
of salt crystals on the carbon layers of the evaporator after
irradiation for 24 h at 1 kW cm 2 (Fig. S9at), causing the
evaporation efficiency to decrease due to these salt crystals
hindering light absorption of carbon. In our case, these salt
crystals were easily removed from the surfaces of carbon layers
when the evaporator with salt was kept in the seawater over-
night (Fig. S9b¥). Hence, wC-s-s can be considered as a self-
regeneration solar evaporator that is allowed to reuse in desa-
lination with the stable performance of solar water evaporation
if the evaporator is alternately irradiated by simulated sunlight
at 12 h intervals (Fig. S107).

TiO, has been considered as a conventional photocatalyst for
the degradation of organic pollutants based on its low cost in
the preparation process and high stability of chemical/photo
etching resistance."** P25 nanocrystals (5 mg) were dispersed
in seawater (60 mL) containing RhB with a concentration of 1 x
10~° M upon irradiation at 1 kW ecm > for 1.5 h. Prior to photo-
degradation, the mixture was stirred in darkness for 1 h to
eliminate the influence of the adsorption of RhB on the pho-
tocatalytic capability of P25 nanocrystals. Almost all RhB was
removed according to absorbance change of RhB at 554 nm

RSC Adv, 2022, 12, 26245-26250 | 26247
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within 1 h (Fig. 4a). The contribution of photo-degradation to
absorbance change is about 92% (Fig. 4e and f). After the
subtraction of RhB degradation without introducing P25
nanocrystals (Fig. 4b), the photo-degradation efficiency of P25
against RhB is about 75% (Fig. 4f).*> On this basis, bifunctional
P25/wC-s-s-25 composites, including 5 mg of P25, were used for
the study of photo-degradation against the RhB dye. Before light
irradiation, a 100 mL glass beaker with a P25/wC-s-5-25
composite floated RhB solution (60 mL) was kept in the dark
for 1 h to fully adsorb (~15.9%, Fig. 4e and f). Afterwards, the
beaker was irradiated under simulated sunlight irradiation, and
the photo-degradation efficiency against RhB was about 76%
within 1.5 h according to the absorbance of RhB dyes at 554 nm
(Fig. 4c). In contrast, if P25/wC-s-s-25 was replaced by wC-s-s-25,
the photo-degradation efficiency against RhB dyes was
decreased to 15.4% under otherwise identical conditions
(Fig. 4d-f). The result reveals that the enhanced photo-
degradation performance of P25/wC-s-s-25 is significantly
dependent on P25 nanocrystals. In the photo-degradation
process, to reduce the impact of water evaporation induced by
the wC-s-s-25 evaporator on experimental results, water was
added to the photo-degradation system according to the
amount of water evaporated. In comparison with P25 powder,
P25/wC-s-s-25 shows slightly lower photo-degradation perfor-
mance within 1.5 h. The phenomenon is mainly due to the need
for RhB dyes to diffuse to the vicinity of P25/wC-s-s-25 that
allows producing free radicals, such as hydroxyl radical (OH")
and superoxide radical (0, ),**** facilitating the trans-
formation of RhB dyes to CO, and other oxidation products;
thereby, if extending the irradiation time to 3 h, the RhB dye was
completely degraded by P25/wC-s-s (Fig. S11t). To confirm the
RhB dye degradation by O," and OH' radicals, when the scav-
enger of tert-butanol was added to the system, the degradation
reaction of the RhB dye was inhibited (Fig. S121).** The result
reveals the possibility of the RhB dye being degraded by O," and
OH’ radicals.
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Fig. 4 UV-visible absorption spectra of RhB solution after adsorption
and irradiation by simulated sunlight at different times in the presence
of different materials: (a) P25, (b) none, (c) P25/wC-s-s-25 and (d) wC-
s-s-25, (e) time-dependent photo-degradation of RhB dyes by
different materials after subtraction of RhB adsorption, and (f) photo-
degradation of RhB dyes within 1.5 h after RhB adsorption. Insets are
optical images of the RhB solution.
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To further explore its potential practical application in water
treatment, the recyclability of bifunctional P25/wC-s-s-25 for
solar water evaporation and dye degradation was examined. In
detail, the composite was placed into a glass beaker containing
RhB solution in seawater. The r of P25/wC-s-s-25 is still as high
as ~0.96 kg m~> h™" at 1 sun after 6 runs of experiments
(Fig. S131). As for the photo-degradation of P25/wC-s-s-25, the
reduced amount of RhB in the system decreases from ~92% to
~85%, which is mainly attributed to the decrease in the
adsorption ability of P25/wC-s-s-25, and the photo-degradation
efficiency of P25/wC-s-s-25 against RhB is still ~74%
(Fig. S14t). In addition, natural sunlight was used as a light
source to provide solar energy; thereby, the experimental
equipment was placed outdoors (Dalian, China) for 10 h from
8:00 to 18:00 in August. The total amount of water evaporated is
~5.12 g (Fig. 5a). Owing to different irradiance intensities of
natural sunlight at different times (Fig. S15%), different rates of
water evaporation can be detected within 10 h at different time
ranges (Fig. 5a), and the average r of P25/wC-s-s-25 is as high as
0.72 kg m~> h™" after the subtraction of the weight of water
from the evaporation of seawater without any evaporators.
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Fig. 5 (a) Time-dependent solar water generation performance of

P25/wC-s-s-25 and (b) time-dependent photo-degradation of RhB
dyes by P25/wC-s-s-25 after RhB adsorption under natural sunlight
from 8:00 to 18:00.

Fig. 6 Schematic diagrams of solar water generation and photo-
gradation of RhB dyes using P25/wC-s-s-25 bifunctional materials. CB
and VB represent the conduction band and valence band of P25,
respectively.
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Similarly, RhB dyes can also be degraded by natural sunlight;
P25/wC-s-s-25 exhibits the highest photo-degradation efficiency
against RhB dyes from 12:00 to 14:00 (Fig. 5b). P25/wC-s-s-25 as
a bifunctional self-regeneration solar evaporator by the spon-
taneous removal of salt in seawater overnight shows the stable
performance of solar water generation and RhB degradation for
10 days without any treatment.

The mechanism of the heterostructures of P25/wC-s-s-25 for
solar water evaporation and photo-degradation of RhB is clearly
revealed in Fig. 6. The semi-spherical carbon layers above the
surfaces of seawater fully absorb solar energy that can be con-
verted into thermal energy, driving water evaporation from
aligned pores by capillary force. The light absorption of P25
nanocrystals loaded on the surfaces of the wood domain is
almost not affected by carbon layers, and the P25 photocatalyst
is excited to generate electrons and holes, leading to the
formation of O," and OH' by reacting with O, and H,O,
respectively. Finally, RhB dyes are degraded by both O," and
OH' radicals through an oxidation process.

Conclusions

In summary, we have successfully fabricated low-cost bio-based
bifunctional water-purification materials of P25/wC-s-s-25 by
tge surficial carbonization of wood blocks at the semi-spherical
end and drop casting the surface of the wood zone with
commercial P25 nanocrystals. The as-made P25/wC-s-s-25
exhibits bifunctional properties of solar water evaporation with
70.6% solar-to-vapour energy efficiency and photo-degradation
of RhB dyes with 76% efficiency upon irradiation at 1 kW cm™>
for 1.5 h. The high performance is mainly attributed to (i) large
surface area induced by porous structures and spherical struc-
tures, leading to the improvement of light absorption and water
evaporation, and (ii) the separated heterostructures between P25
and carbon layers do not influence each other on light harvest-
ing, maximizing solar energy collection by P25 and carbon. This
research comes up with a simple strategy to produce cost-
efficient water purification systems, in which not only clean
and potable water can be obtained, but some organic pollutants
can be degraded from the polluted seawater by natural sunlight,
potentially addressing the issue of global freshwater shortage
and environmental pollution.

Note that since the microstructures of the white oak are
related to its origin and age, the different white oak could lead
to the possibility of low reproducibility in solar water generation
performance. Nonetheless, the important conclusion is that the
carbonized wood blocks with spherical structures show higher
solar water generation performance than the carbonized wood
blocks with flattened structures.
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