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Bacterial biosynthesis of nanomaterials has several advantages
(e.g., reduced energy inputs, lower cost, negligible environmental
pollution) compared with traditional approaches. Various nano-
materials have been produced by bacteria. However, reports on
using the bacterial biosynthesis of nanomaterials for applications
with solar-thermal agents are scarce due to their narrow optical
absorption. Herein, for the first time, we proposed a bacterial bio-
synthesis of broad-absorbing tellurium nanoneedles and demon-
strated their effectiveness for solar-thermal evaporation and anti-
bacterial applications. By simple biosynthesis within bacteria
(Shewanella oneidensis MR-1), tellurium nanoneedles achieved a
superfine configuration with a length-to-diameter ratio of nearly
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20 and broad-spectrum absorbance. After integrating tellurium
nanoneedles into a porous polyvinyl-alcohol scaffold, a solar-
thermal still named TSAS-3 realized a high evaporation rate of
2.25 kg m™2 h™! and solar-thermal conversion efficiency of 81%
upon 1-Sun illumination. Based on these unique properties, the
scaffold displayed good performances in seawater desalination,
multiple wastewater treatment, and antibacterial applications. This
work provides a simple and feasible strategy for the use of
microbial-synthesized nanomaterials in solar-driven water purifi-
cation and antibacterial applications.

Introduction

In spite of 72% of the Earth’s surface being covered by water,
freshwater resources that humans can use directly are only
0.3% of this total. Moreover, the growing population and man-
made pollution has placed the world into an emergency water-
shortage scenario." The United Nations World Water
Development Report 2023 predicted that 6-billion people will be
facing water scarcity by 2050.>® Hence, the shortage of fresh-
water resources is a major waiting and urgent unsolved
problem. Seawater desalination is considered a choice for alle-
viating the escalating global freshwater scarcity.”® Many
researchers have developed engineering methods (e.g:, reverse
osmosis, distillation, electrodialysis) to try to solve this
issue.” ™ However, the technologies usually require large
amounts of input (electrical or chemical energy), which
increases the carbon load and places an enormous burden
upon the environment.””™* Thus, environmentally friendly
and energy-free methods are needed urgently.'®

Solar-thermal water evaporation is an emerging technology
that utilizes photothermal materials to convert solar energy
into heat energy for generation of interfacial water
evaporation.'®™® Solar-driven water evaporation uses only
clean fuel solar energy without input from any other type of
energy. Thus, it has been used widely in seawater desalination,
sewage purification, electric-energy generation, photothermal
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catalysis, and sterilization.’® Solar-thermal materials are key
components in the system for solar-driven
evaporation.’®*! They have achieved considerable development
in recent years, mainly based on metallic nanostructures, in-
organic semiconductor materials, polymeric materials, and
carbo-based materials.”***> Metals such as gold (Au), silver
(Ag), aluminum (Al), copper (Cu) and palladium (Pd) in the
form of nanoparticles or composites have a local surface
plasmon resonance effect to produce solar-thermal conversion.
Thus, they have been applied widely in solar-driven water evap-
oration.*® However, most of these solar-thermal materials
often require complicated chemical synthesis and nanofabrica-
tion. This can induce excessive energy consumption (e.g.,
120-600 °C and ~1000 bar) and environmental pollution due
to toxic organic solvents (e.g., PhMe and n-hexane).** Thus,
developing and designing an easier, more effective solution
free of chemosynthesis for the synthesis of solar-thermal
materials is desired.*

Bacteria, along with various enzymes, non-enzyme proteins,
peptides, and components of electron-transport species, can
achieve the biosynthesis of nanomaterials without requiring
harsh conditions or toxic solvents. Hence, they have become
potential candidates in nanomaterial synthesis to address
challenges in chemical and physical syntheses.>*™® First, bio-
synthesized nanomaterials can be produced in normal culture
media or buffered solutions free from the toxic contamination
of byproducts. Second, biosynthesis does not necessitate
additional stabilizing agents, thereby avoiding environmental
pollution and possible biosafety issues. Third, synthesizing
nanoparticles using bacteria has the advantages of high yield
and controlled morphologies.’**' Various nanomaterials,
mainly nanoparticles based on noble metals (e.g., Au, Ag, Pt,
Pd) or transition metals (e.g. Mn, Fe, Cu, Se), have been pre-
pared by bacterial biosynthesis.*>™*> However, few reports have
focused on the bacterial biosynthesis of nanomaterials with
broadband absorption, especially covering full-spectrum with
high efficiency for photothermal conversion.*® Therefore,
exploring high-performance nanomaterials via simple biosyn-
thesis is a rational approach.

In this work, we first developed a facial and high-yield bio-
synthesis of superfine tellurium nanoneedles (Te NDs) within
bacteria and applied them for solar-thermal still-based water
purification and antibacterial applications. Via bacterial bio-
synthesis, Te NDs with a length-to-diameter ratio of nearly 20
were demonstrated to have full-spectrum absorbance and
solar-thermal performances. By integrating Te NDs into a
porous polyvinyl alcohol (PVA) scaffold, the solar-thermal still
TSAS-3 achieved a high evaporation rate (2.25 kg m~> h™') and
solar-thermal conversion efficiency (81%) upon illumination (1
Sun light). These data were comparable with those of most
reported solar-thermal materials produced by chemosynthesis.
With these merits, the scaffold displayed good performance in
seawater desalination and multiple wastewater treatment, with
nearly 100% bacteria-killing performances. This work demon-
strates the feasibility of microbial biosynthesis in the develop-
ment of solar-thermal nanomaterials, and also identifies their

water
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potential in solar-driven water purification and antibacterial
applications.

Results and discussion
Synthesis and characterization of Te@SOM

Bioactive molecules and proteins present within microorgan-
isms can reduce high-valence metal ions to low-valence states,
which provides a pathway of in situ biosynthesis to obtain Te
NDs (Fig. 1A). After co-incubation with sodium tellurite
(Na,TeO3), a mixture of Shewanella oneidensis MR-1 and
Na,TeO; turned black, indicating generation of an absorber
(Fig. S1}). The absorbance of the Shewanella oneidensis MR-1
dispersion in the range 400-1300 nm showed an obvious
improvement in a concentration-dependent manner (Fig. 1B).
The improvement in absorbance of the bacterial dispersion
was also demonstrated upon co-incubation in a time-depen-
dent manner. The co-incubated sample after 6 h could reach a
plateau in absorbance improvement (Fig. 1C). These results
demonstrated that broad-absorbing Te NDs could be bio-
synthesized by S. oneidensis MR-1. To further verify the biosyn-
thesis of Te NDs, a solution of S. oneidensis MR-1 was inacti-
vated and then incubated with Na,TeO;. There was no signifi-
cant change in color in identical synthetic conditions
(Fig. S27), which indicated that living bacterial cells were the
primary factors during NDs the biosynthesis. Then, the biosyn-
thesis of Te NDs in S. oneidensis MR-1 was imaged by TEM and
elemental mapping. Vimineous Te NDs of diameter
100-150 nm were mainly precipitated within S. oneidensis
MR-1, whereas outer bacteria had no traces of Te NDs
(Fig. 1D). SEM images of S. oneidensis MR-1 with Te NDs bio-
synthesis revealed Te NDs to be distributed almost entirely
within bacteria (Fig. 1E). As a control, untreated bacteria
showed no Te NDs in bacterial cells (Fig. S371). To verify these
results, the supernatant and S. oneidensis MR-1 with Te NDs
biosynthesis were separated by simple centrifugation. Obvious
color and absorbance were absent in the supernatant, whereas
the resuspended bacterial precipitate exhibited the same
typical color and absorbance of the original mixed solution
(Fig. S4t). These results indicated that Te NDs were mainly
synthesized in situ within S. oneidensis MR-1 via biosynthesis
by living bacteria. The similar biosynthesis of Te NDs was suc-
cessfully realized in other microbes including Escherichia coli,
Pseudomonas aeruginosa, and Staphylococcus aureus (Fig. S5t).
In order to examine the fine structures of Te NDs biosynthe-
sized by S. oneidensis MR-1, the Te NDs were separated from
the bacterial cells via a typical replacement method, that was,
resuspending the bacterial precipitate in hexadecyl trimethyl
ammonium bromide (CTAB) and ultrasonication. As the TEM
image is shown in Fig. 1F, the biosynthesized Te NDs have a
superfine appearance with a length-to-diameter ratio of nearly
20. Besides, the separated Te NDs show a broad absorbance in
the visible and near-infrared region in a concentration-depen-
dent manner (Fig. 1G). For the convenience of a subsequent
application, the Te NDs covered by bacterial debris were
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Fig. 1 (A) Biosynthesis of Te NDs by S. oneidensis MR-1 (schematic). (B) Absorption spectra of a mixture of S. oneidensis MR-1 and various concen-
trations of Na,TeOs. (C) Absorption spectra of a mixture of S. oneidensis MR-1 and Na,TeOs as a function of reaction time. (D) TEM image and the
corresponding elemental mapping of tellurium of S. oneidensis MR-1 with Te NDs biosynthesis. (E) SEM image of S. oneidensis MR-1 with Te NDs
biosynthesis. (F) TEM image of Te NDs separated from bacteria. (G) Absorption spectra of Te NDs at various concentrations. (H) Diameter of

S. oneidensis MR-1 debris and Te@SOM detected by DLS.

further obtained by ultrasonication and marked as Te@SOM. As
shown in Fig. 1H, the size of Te@SOM was further measured to
be 142 nm, which agrees with the TEM image in Fig. 1D. The
negative potential of Te@SOM demonstrated that the surface of
Te NDs is attached to the bacterial debris (Fig. S67).
Furthermore, the size stability of Te@SOM is investigated and
demonstrated that the size and relevant polydispersity index
(PDI) value of Te@SOM remains relatively high stability within
7-day storage (Fig. S71). Therefore, the Te NDs synthesized in
the interior of S. oneidensis MR-1 were successfully separated
and their broad absorption capability was also demonstrated.

Preparation and characterization of TSAS

To achieve an afloat scaffold (TSAS) with good water transport
and low thermal loss, the resulting Te@SOM was in situ doped
into PVA for further co-gelation. After freezing-drying, TSAS
with various loadings of nanomaterials (weight ratio of
PVA:Te NDs of 1:1.25 (TSAS-1); 1:2.5 (TSAS-2); 1:3.75

3424 | Nanoscale, 2024,16, 3422-3429

(TSAS-3); 1:5 (TSAS-4); 1:7.5 (TSAS-5)) were fabricated
(Fig. S8t). TSAS-3 displayed good optical absorption in the
range 300-2500 nm, whereas a pristine PVA scaffold without
Te NDs doping had extremely low absorption in visible and
infrared regions (Fig. 2A). SEM images (Fig. 2B and C) indi-
cated that TSAS-3 exhibited a loose and porous microstructure
with an obvious channel, which was similar to the pristine PVA
scaffold. The abundant Te element on the surface of TSAS-3
shown by elemental mapping corresponded with the SEM
image, indicating efficient doping of Te@SOM. Next, the solar-
thermal conversion of TSAS-3 was investigated by illumination
(1 Sun) for 2 min. As shown in Fig. 2D, the temperature of
TSAS rose from 22 °C to 60 °C within 2 min of illumination.
However, the pristine PVA scaffold without Te NDs doping had
a slight temperature change of 8 °C. These results demon-
strated that TSAS-3 had good solar-thermal conversion under
1-Sun illumination. The solar-thermal stability of TSAS-3 was
also indicated by a solar-thermal experiment of five cycles

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) Absorption spectra of a pristine PVA scaffold and TSAS-3 (insets are the photographs of two scaffolds). SEM images and elemental
mapping of a pristine PVA scaffold (B) and TSAS-3 (C). (D) Solar-thermal curves and thermal images of pristine PVA and TSAS-3 under 1-Sun illumina-
tion for 2 min. (E) Solar-thermal curves of TSAS-3 upon five cycles of 1-Sun illumination. (F) Water contact angle of the pristine PVA scaffold and

TASA-3 at different times.

(Fig. 2E). To evaluate the wettability and water-transport per-
formances of TSAS-3, the water contact angle at various times
of water contact with the scaffold was measured. As shown in
Fig. 2F, the pristine PVA scaffold and TSAS-3 had a water
contact angle of 70°, suggesting the relatively good wettability
of the TSAS. After contact with water, a water contact angle of
40° for TSAS-3 was achieved within 4 s of contact, whereas that
of the pristine PVA scaffold required 7.6 s. These data demon-
strated that TSAS with Te@SOM doping had an enhanced
water-transport performance. These results indicated that
TSAS had a high ability for solar-thermal conversion under
1-Sun illumination with good water-transport performance.

Solar-driven water evaporation

Next, the solar-thermal performances of TSAS floated in water
were measured under 1-Sun illumination. As shown in Fig. 3A,

This journal is © The Royal Society of Chemistry 2024

the local temperature of TSAS reached up to 40.7 °C after
10 min of illumination of 1 Sun, whereas the pristine PVA
scaffold had a slight temperature increase under an identical
condition. The solar-thermal performance of TSAS was also
demonstrated by infrared thermal imaging (Fig. 3B). Moreover,
the solar-thermal performances of TSAS-3 retained good stabi-
lity after five solar-photothermal cycles (Fig. S9t). Due to this
efficient solar-thermal performance, the generation of inter-
facial water steam of TSAS was demonstrated further. As
shown in Fig. 3C, upon 2-Sun illumination, rapid generation
of steam was observed in a short time of irradiation when the
TSAS scaffold floated in water, indicating the feasible water-
evaporation capability of the scaffold. Thus, next we evaluated
the detailed water-evaporation performances of TSAS-1 to
TSAS-5 with various doping ratios of Te@SOM. The mass loss
of water upon floatation of the TSAS scaffold was monitored as

Nanoscale, 2024, 16, 3422-3429 | 3425
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Fig. 3 (A) Temperature curves of different scaffolds floated in water under 10 min of 1-Sun illumination. (B) Thermal imaging of the corresponding
scaffolds floated in water as a function of 1-Sun illumination. (C) Steam generation of TSAS-3 under 2-Sun illumination. (D) Mass changes of TSAS-1
to TSAS-5 upon 1-Sun illumination. (E) Evaporation rates and solar energy efficiencies of various TSAS types. (F) Stability characterization of TSAS-3
within five cycles of 1-Sun illumination (each cycle of Sun illumination lasted for 1 h).

a function of illumination duration under 1-Sun illumination
(Fig. 3D). All water samples after TSAS treatments exhibited
obvious mass loss, and the rate of water evaporation had a
typical Te@SOM concentration-dependent profile. TSAS-3 with
Te@SOM doping of 150 pg mL™" achieved the highest water-
evaporation rate (2.25 kg m~> h™") with a relatively high solar-
thermal conversion efficiency (81%) (Fig. 3E). Moreover,
TSAS-3 could realize a water-evaporation rate of 4.16 and
6.76 kg m~> h™" upon illumination of 2 Sun and 3 Sun,
respectively (Fig. S107). The relatively high stability of TSAS-3
was shown by the experiment of five cycles of water evapor-
ation (Fig. 3F). There were almost no significant changes or Te
NDs leakage on TSAS-3 after soaking in water for 2 weeks
(Fig. S11%). These results illustrated the high performance of
water evaporation and good stability of TSAS-3.

Solar-driven water purification

In consideration of its good water-evaporation performance,
the practical applications of TSAS-3 for water purification and
antibacterial applications were explored. Seawater desalination
was undertaken via solar-photothermal seawater vaporization
and vapor-collection devices (Fig. S121). As shown in Fig. 4A,
after solar evaporation, orders-of-magnitude reduction of ion
concentration (Na®, Ca**, K', and Mg>") in seawater was
achieved, and a removal efficiency of ~99.9% could meet the
requirements of the WHO. Moreover, TSAS-3 was used to deio-
nize wastewater with heavy metals via solar evaporation. All
heavy-metal ions (Fe*", Co**, Hg*", Cu*", Ag*, Cd**, Ni**, Pb*")

3426 | Nanoscale, 2024, 16, 3422-3429

in sewage were wiped out, with removal efficiency of >99.8%
being noted (Fig. 4B). The residual level of heavy-metal ions in
wastewater was much lower than the WHO standard for drink-
ing water, thereby revealing the high-performance water purifi-
cation of TSAS-3 via solar-driven water evaporation. Wastewater
with toxic dye was also treated with solar-driven water evapor-
ation of TSAS-3. As shown in Fig. 4C, the color of methylene
blue (MB)-simulated dyestuff wastewater became transparent
after solar-driven water evaporation by TSAS-3. UV-vis-NIR
absorption further demonstrated that the typical absorption
peak of MB dye was almost completely wiped out. These
results indicated the good water-purification performances of
the TSAS scaffold.

Microbial pollution is an important challenge in practical
water purification. Next, we evaluated the microbial-removal
capability of TSAS-3. Water containing 10® CFU mL™" of Gram-
negative (Escherichia coli) and Gram-positive (Staphylococcus
aureus) bacteria was treated with TSAS-3 and 1-Sun illumina-
tion, respectively. The plate-counting method was performed
to determine the residual cell concentration. As shown in
Fig. 4D, after solar-driven treatment by TSAS-3, a removal
efficiency of nearly 100% was achieved in E. coli- and S. aureus-
polluted water. Thus, TSAS-3 displayed a good microbial-
removal capability. To further demonstrate the practical poten-
tial of our method, the antibacterial performance of TSAS-3
was evaluated under 1-Sun illumination based on bacterial-
inhibition zones. As shown in Fig. 4E, upon 1-Sun illumina-
tion, TSAS-3 had an obvious antibacterial effect. The bacterial-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (A) Metal-ion residues in seawater before and after solar-driven water evaporation by TSAS-3. (B) Residues of heavy-metal-ion residual in
wastewater before and after solar-driven evaporation. (C) Absorption spectra of MB-simulated dyestuff wastewater before and after purification. The
inset shows photographs of dyestuff wastewater before and after treatment. (D) Images and statistical analyses of colonies of E. coli and S. aureus
before and after TSAS-3 treatment (scale bar: 25 mm). (E) Inhibition zones of E. coli and S. aureus upon different illumination times (scale bar:

25 mm).

inhibition zone broadened gradually with an increasing dur-
ation of irradiation, which demonstrated that the TSAS scaffold
could realize efficient bacterial killing using 1-Sun illumination.

Conclusions

We described a simple and high-yield biosynthesis of super-
fine Te NDs within bacteria with full-spectrum solar absorp-

This journal is © The Royal Society of Chemistry 2024

tion. Using this method, we developed a solar-thermal still by
integration of Te NDs into a porous PVA scaffold. The solar-
thermal still TSAS-3 exhibited superior photothermal conver-
sion and photothermal stability upon 1-Sun illumination. An
efficient solar-driven water-evaporation rate of 2.25 kg m~> h™*
under 1-Sun illumination (1.0 kW m~?) and high solar-thermal
conversion efficiency of 81% were documented, which are
comparable with most reported solar-thermal materials pro-
duced by chemosynthesis. Furthermore, the TSAS-3 still was

Nanoscale, 2024, 16, 3422-3429 | 3427
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utilized to purify natural seawater and wastewater polluted
with heavy metals, dye, or microorganisms. It achieved a high
purification efficiency that could meet the WHO standards of
potable water. The TSAS-3 still achieved nearly 100% bacteria-
killing performance on the surface of microbes. This encoura-
ging performance demonstrated the feasibility of microbial
biosynthesis in the development of solar-thermal materials,
and offers a way for solar-driven water-treatment applications.
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