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Biogenetic nanocomposites research provides valuable methods for the green synthesis of nanomaterials. As a dissimilatory metal-reducing
bacterium, Shewanella oneidensis MR-1 is used to reduce Ag’ to Ag nanoparticles (Ag NPs) (diameter about 10 nm) under anaerobic
conditions, resulting in the in-situ formation of Ag NPs immobilised on TiO, nanotubes (TNTs) (Ag/TNTs nanocomposites). The loading
amount of Ag nanocrystals on the TNT surface can be controlled easily through adjusting the AgNO; concentration and further influence
visible-light absorption efficiency of Ag/TNTs nanocomposites by decreasing the Ag loading amount. Ag/TNTs nanocomposites show
superior photocatalytic efficiency under simulated sunlight than single TiO, nanomaterials. Moreover, the photocatalytic capacity of
Ag/TNTs nanocomposites synergistic by S. oneidensis MR-1 is further enhanced and the degradation ratio of methylene blue reaches

92.3% within 30 min which attributed to a synergistic effect.

1. Introduction: Nowadays, Shewanella oneidensis widely
distributed in the environment is intensively studied for the
preparation of nanomaterials due to its considerable reductive
capacity [1]. As Gram-negative bacteria are widely distributed
in nature, S. oneidensis MR-1 can synthesise nanomaterials by
transferring electrons generated by its metabolism through
anaerobic respiration. The role of S. oneidensis MR-1 in the
respiratory pathway is very prominent, and it is not necessary to
express specific degradation to release the electrons extracellularly
so that S. oneidensis MR-1 can not only mediate the synthesis
of nanomaterials but also synergise nanocomposites to exhibit
more excellent catalytic degradation ability for pollutants and
significantly improve catalytic degradation efficiency [2].

TiO, nanotubes (TNTs) have been regarded as promising
candidates as photocatalysts due to the large surface-to-volume
ratio, rich activity sites, and direct pathways for charge transport,
which make them have better photocatalytic efficiency than trad-
itional TiO, nanoparticles (NPs) [3, 4]. However, it can utilise
only 5% of total solar energy irradiating because of its wide band
gap and exhibit a high-recombination rate of photo-generated
electron/hole pairs, which restrict the application of TNTs in photo-
catalysis [5, 6]. Synthesising heterostructures on the surface
of TNTs can produce a built-in electrical potential and reduce the
recombination of electron—hole pairs thereby improving photo-
catalytic performance [7]. Recently, the noble metal/semiconductor
heterojunctions, such as Au/TiO,, Pt/TNT, Pd/TiO,, and Ag/'WO;
are valuable options [8—10]. Among the noble metals, Ag is
particularly attractive because of its much lower cost and
application in catalysis, which can reduce the band gap and increase
the use of visible light [11, 12]. In terms of environment, the
decrease of Ag loading on TiO2 reduces the pollutant degradation
efficiency as well as COD removal. Also, this decrease has a
slight effect on solution toxicity [13]. The Ag-doped TiO, photo-
catalytic process increases the overall removal efficiencies to 98,
and 96% of TOC and COD, respectively [14].

Traditional strategies of synthesis of nanocomposites including
sol—gel, chemical reduction, and ultraviolet (UV) irradiation are
generally accompanied by rigorous synthetic conditions, toxic
reducer, or high consumption of energy [15, 16]. The microbial
approach can synthesise the nanocomposites with mild conditions
and few chemicals are used in the process. Nowadays, there are
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some green synthesis approaches for metal [17-19] or metal
oxide [20] NPs using natural extracts. Currently, S. oneidensis
MR-1 is rarely reported for synthesising composites and it is only
used to synthesise single nanomaterials such as numerous metals
[21-23] and metal sulphide [24]. However, composite materials
have better performance, here we synthesise nanocomposites
using S. oneidensis MR-1.

In this study, Ag NPs were in-situ synthesised on TNTs by
S. oneidensis MR-1. The photocatalytic activity was researched
according to the degradation capability for methylene blue (MB).
This process rarely adds chemical reagents, avoiding secondary
pollution to the environment. Owing to the wide distribution of
the microbial sources and environmental friendliness, the method
has attracted much attention. It also provides a new idea for
the combination of biological means with chemical methods to
complete environmental restoration.

2. Experimental

2.1. Materials: Anatase TiO, powder (99.8%, about 25 nm in
diameter) was purchased from Aladdin Chemistry (Shanghai,
China). All chemicals were analytically pure and used without
further purification. AgNO; dissolved in a modified basal mineral
medium (MBMM) to form AgNO; solution and MBMM was
prepared using 20 mM N-(2-hydroxyethyl) piperazine-N'-2-
ethanesulphonic acid and 10 ml stock solution with trace elements
in each litre with pH adjusted to 7 using NaOH solution. The
detailed formulation of the trace elements could be found in our
previous article [2].

S. oneidensis MR-1 was inoculated in serum bottles overnight in
Luria—Bertani (LB) medium which contained 100 ml LB medium
at 30 °C with shaking (150 rpm) for 24 h. Then the bacteria were
collected by centrifugation (6000 rpm) for 20 min and washed
with MBMM for three times under aseptic conditions.

2.2. Preparation of TNTs: TNTs were also synthesised in
accordance with the process that we published in our previous
article [2].

2.3. Synthesis of Ag/TNTs nanocomposites: A total of 1 wt%
sodium dodecyl benzene sulphonate (SDS) was prepared in 25 ml
of MBMM, and then added a certain quantity of TNTs and
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300 mg of polyvinylpyrrolidone with stirring for 4 h at room
temperature. Then, AgNO; was added to the TNTs dispersed
solution.

To remove dissolved O,, the sterilised MBMM was passed
with N, for 10min, and then injected with 2ml of the
above silver nitrate/TNTs dispersed solution using a sterile
syringe. Subsequently, the collected S. oneidensis MR-1 was
inoculated in the serum vial getting an initial concentration of
5 x 0 colony-forming units (CFU)/ml. Serum vials were cultured
at 30 °C 150 rpm shaker for 120 h. Finally, the product mixture
was first centrifuged (5000 rpm) for 20 min to remove the bacteria,
then harvested by high-speed centrifugation (10,000 rpm) for
20 min. The product was washed twice with deionised water and
dried at 60 °C for 24 h. Different kinds of Ag/TNTs nano-
composites with mass percentages of Ag (5, 10, and 20 wt%)
were synthesised.

2.4. Characterisation: The morphologies of the as-prepared materi-
als were observed with energy dispersive X-ray (EDX) analysis and
TEM (JEM-2010, Japan). XRD (Rigaku Corp., SmartLab 9KW,
Japan) spectra were performed using a Bruker D8-Advance X-ray
diffractometer with Cu Ko source (A=1.54178 A). X-ray photo-
electron spectroscopy (XPS, Thermo Fisher, ESCALAB 250Xi,
USA) was performed to determine the valence states of the
various elements in the nanocomposite. The optical absorption of
the TNTs and Ag/TNTs nanocomposites was characterised using
the ultraviolet—visible (UV—vis) diffuse reflectance spectroscopy
(DRS, Hitachi, U-4100, Japan).

2.5. Photocatalytic activity: To examine the photocatalytic activity
of the Ag/TNTs nanocomposites, MB solution was degraded
at ambient temperature and pressure under a 300 W iodine—tungsten
lamp chosen to simulate a sunlight source with a wavelength range
from 350 to 1000 nm. The distance of the lamp relative to the
solution is 20 cm and is fixed during the whole experiment.

Then 25 mg photocatalyst was dispersed in 50 ml 40 mg/l MB
solution with magnetic stirring for 1h in the dark to reach the
adsorption equilibrium. Sampling was performed at regular
intervals, the MB concentration was analysed at 664 nm using a
UV-vis spectrophotometer. The photocatalytic activities of
different photocatalysts were determined under the same conditions
(The amount of photocatalyst and the volume of the dye solution
were kept constant.).

3. Results and discussion

3.1. Morphological analysis: The morphology of TNTs, Ag/TNTs
nanocomposites, and S. oneidensis MR-1 is shown in Fig. 1. In
Fig. la, the as-prepared TNTs, which are shown have a typical
tubular structure with a uniform outer diameter of about 10 nm
and a length of 100—150 nm. The formation mechanism of TNTs
is described in our previous article [2].

As shown in Fig. 15, Ag NPs with a diameter of about 15 nm are-
prepared on the TNTs. Fig. 1c shows the forming situation of
Ag/TNTs nanocomposites using S. oneidensis MR-1. A lot of
TNTs are fixed on the cell wall of S. oneidensis MR-1. Some
TNTs’ surface is blank, but a certain amount of Ag NPs is
synthesised on the other nanotubes. During the synthesis process,
electrons are generated from S. oneidensis MR-1 metabolic reaction
and transmitted from the cytoplasmic membrane to the extracellular
TNTs through the anaerobic respiratory pathway constructed
with the MtrA-MtrB-MtrC gene cluster in S. oneidensis MR-1
[25]. Since SDS is an anionic surfactant, Ag" ions can be easily
attracted to the surface of the TNTs and accept the electrons to
form Ag NPs.

The high-resolution TEM (HRTEM) result (Fig. 1d) of the
Ag/TNTs nanocomposites demonstrates the interface region
between Ag NPs and TNTs. The lattice fringe spacing between
two adjacent crystal planes is 0.35 nm, which corresponds to the
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Fig. 1 Morphological analysis of TNTs, Ag/TNTs nanocomposites, and S.
oneidensis MR-1

a TEM image of TNTs

b TEM image of Ag/TNTs nanocomposites

¢ TEM image of Ag/TNTs nanocomposites and S. oneidensis MR-1

d HRTEM image of Ag/TNTs nanocomposites

Fig. 2 EDX image of Ag/TNTs nanocomposites

(101) lattice planes of anatase. The lattice fringe spacing of
0.235 nm is attributed to the (111) lattice planes of Ag (0) [26].

3.2. EDX analysis: The EDX image (Fig. 2) proves the presence
of the three elements, O, Ti and Ag come from TNTs and Ag
NPs (Cu comes from copper mesh), which confirms the successful
synthesis of Ag/TNTs nanocomposites.

3.3. XRD analysis: Fig. 3 shows the XRD results of TNTs and
Ag/TNTs nanocomposites. The diffraction peaks of 26 values of
25.4°, 32.5°, and 49.8° correspond to the (110), (020), and (022)
planes of anatase phase TiO, (JCPDS No. 21-1236). Besides,
the diffraction peaks at 26 values of 38.7°, 44.7°, 65.1°, and
77.9° can be associated with the (111), (200), (220), and (311)
crystal faces of the face-centred cubic crystalline silver (JCPDS
36-1451). The results imply that Ag/TNTs nanocomposites are
formed successfully.

3.4. XPS analysis: The XPS is carried out to confirm the structure
of Ag/TNTs nanocomposites. The C, O, Ti, and Ag elements can be
found in Fig. 4a. The high-resolution O 1s XPS curve can be fitted
into three peaks at 530.4, 532.4, and 533.2 eV (Fig. 4b), which are
assigned to Ti-O, C-O, and C=O0, respectively. As shown in
Fig. 4c, the high-resolution Ag 3d XPS spectrum has two peaks
at 368.2 and 374.28 eV, belonging to the Ag 3ds, and Ag 3d;»
orbits, respectively.

The spin—orbit splitting of the Ag 3d energy level with a value
of 6.1 eV confirms that the Ag element is presented as Ag’ in the
Ag/TNT NPs [27]. Two binding energies at 464.78 and
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Fig. 3 XRD patterns of Ag/TNTs nanocomposites
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Fig. 4 XPS analysis

a XPS spectra of Ag/TNTs nanocomposites: survey scan spectrum
b High-resolution spectra of C 1s

¢ High-resolution spectra of Ti 2p

d High-resolution spectra of Ag 3d

AgITNTs
104 P TNTs

0.8+
064

0.4+

adsorbance

024

0.0+

0.2

T T
300 400 500 600 T0O 800
wavelength,nm

Fig. 5 UV-Vis DRS of TNTs and Ag/TNTs nanocomposites

459.02 eV are ascribed to the Ti 2p;,, and Ti 2p3, orbits (Fig. 4d),
respectively, and the peak at 459.02 eV is attributed to the Ti*" in
TiO, [28]. The binding energy shift of Ag 3d and Ti 2p proves
that some electrons may be transferred from TNTs to Ag® owing
to the strong interaction between Ag and TNTs.

3.5. DRS analysis: The Ag/TNTs nanocomposites show an absorp-
tion region of 330-600 m is observed in the visible-light region
compared with TNTs (Fig. 5).

It can be attributed to the fact that Ag NPs increase the absorption
of TNTs in the visible-light range. Therefore, doping with a
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Fig. 6 Photocatalytic activity results of different catalysts for MB under
simulated sunlight
a Photocatalytic degradation of MB by photocatalysts and Ag/TNTs
nanocomposites (5 wt% of Ag) assisted by S. oneidensis MR-1
(5% 10° CFU/ml)
b Absorbance curves of MB in the photocatalysis process by Ag/TNTs
nanocomposites (5 wt% of Ag) assisted by S. oneidensis MR-1
(5% 10° CFU/ml)

transition metal ion such as silver is an effective method for a
visible-light response.

3.6. Photocatalytic results and mechanism: Photocatalytic activities
of different catalysts for MB under simulated sunlight are tested,
and results are obtained by measuring the concentration of residual
MB and listed in Fig. 6.

As shown in Fig. 6a, the photocatalytic capacity of TNTs is
superior to P25 because of the larger surface area with a better
adsorption capacity. As compared with TNTs, Ag/TNTs nano-
composites show superior photocatalytic performance. The
Ag/TNTs with Ag 5 wt% exhibited the best photocatalytic capacity.
Through 80 min irradiation, the degradation ratio of MB reaches
87.7%. Based on the surface plasmon resonance mechanism [11,
29], when metal NPs adsorb photons, great electric fields form
on the surfaces of nanocomposites. This local electric field not
only promotes the generation of photo-induced charges locally in
TiO, but also reduces the band gap of TiO, which lets TiO, to
make use of visible light. With the utilisation of visible light,
more light-excited electrons and holes are generated. The heteroge-
neous structure of Ag/TNTs nanocomposites promotes the transfer
of electrons and the separation of electrons and holes, and the
Schottky barrier between TNTs and Ag NPs reduces the recom-
bination of electron—holes. The holes on the surface of TNT react
with hydroxyl ions in solution to form hydroxyl radicals (*OH)
and electrons react with dissolved O, to form superoxide anion
(057), and superoxide anion (O37) can also transform to
hydroxyl radicals (*OH) through a series of steps [30] as shown
in Fig. 7. Both hydroxyl radicals (*OH) and superoxide anion
(057) can act as an oxidant with strong oxidising for degradation
of dyes. All of these result in higher photocatalysis efficiency of
Ag/TNTs than TNTs (Fig. 7).
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Fig. 7 Formation of hydroxyl radicals and degradation of MB

Moreover, the degradation ratio of MB by Ag/TNTs synergistic
with S. oneidensis MR-1 can be further increased to 92.3%
within 30 min. Fig. 6b shows the absorbance curves of MB
by Ag/TNTs nanocomposites (5 wt% of Ag) synergistic by
S. oneidensis MR-1. The absorbance value with the maximum
wavelength (664 nm) of MB decreases apparently at 30 min in
the photocatalysis process.

As an excellent electron donor, S. oneidensis MR-1 can release
a number of electrons, but it does not show well degradation
capacity alone for dye. A possible reason is the lager redox potential
between S. oneidensis MR-1 and dyes which restrict electrons
transfer from S. oneidensis MR-1 to dyes. Through the addition
of metal NPs or nanocomposites [31-33], it acts as an electrons
relay to change electrons transfer step. When electrons transfer
from S. omeidensis MR-1 to dyes through Ag/TNTs nano-
composites, this change of reaction step presents a decrease of
activation energy of the reaction between S. oneidensis MR-1 and
dye, thereby improve the reaction rate of dye degradation. At the
same time, because of the excellent change transfer capacity,
adsorption, and stability of TNTs, electrons on the surface of
TNTs also can react with adsorbed O, to form superoxide anion
(O37) and hydroxyl radicals (*OH) which also can degrade dyes.
The presence of S. oneidensis MR-1 provides more electrons
which not only transfer to dye through Ag/TNTs nanocomposites
but also transform to superoxide anion (O3 7) and hydroxyl radicals
(*OH) on the surface of Ag/TNTs nanocomposites. These changes
make Ag/TNTs nanocomposites play more roles in catalytic
degradation of dye, so Ag/TNTs nanocomposites assisted with
S. oneidensis MR-1 show better catalytic degradation capacity
than alone Ag/TNTs nanocomposites.

The degradation ratio of MB by Ag/TNTs nanocomposites
assisted by S. oneidensis MR-1 (5x 10® CFU/ml) can be further
enhanced to 92.3% in 30 min which was demonstrated in Fig. 3a.
Here, the role of S. oneidensis MR-1 is not only used as a metal
reducer but also as a model organism for microbial degradation
of organics, which has been reported in the previously published
article [34]. Electrons produced by organic carbon oxidation
in the cell are transmitted via a breathing passage constituted by
cytochrome proteins to extracellular electron acceptors [35].
Owing to the superior conductivity, TNTs can change the electrons
flow from S. oneidensis MR-1 to generate “OH. On the one hand,
the charge density of the surface of TNTs is increased which
promotes the production of *OH. At the same time, the adsorption
capacity of TNTs is utilised to adsorb MB to the surface of TNTs,
which increases the efficiency of MB degradation by light and thus
establishes a connection between MB and S. oneidensis MR-1.
However, excess Ag NPs can fabricate the recombination centre
of photo-generated holes and electrons, which lowers the photo-
catalytic activity. The photocatalysis mechanism of Ag/TNTs
nanocomposites and the synergistic effect of S. oneidensis MR-1
are shown in Fig. 8.

The reusability of Ag/TNTs nanocomposites is evaluated, and
a cyclic experiment is performed. After completion of one catalytic
reduction cycle, the intermixture is centrifuged, and a fresh batch
of MB is added. As shown in Fig. 9, the catalyst can be successfully
recycled and reused for no more than four cycles. After three
cycles, the conversion of MB reaches 65.5%, thus, the Ag/TNTs
nanocomposites present relatively high reusability for catalytic
reduction of MB.
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Fig. 9 Reusability of the Ag/TNTs nanocomposites as a catalyst for the re-
duction of MB

4. Conclusions: A facile biosynthesis method under benign
conditions assisted by S. oneidensis MR-1 is applied for in-situ
preparation of Ag/TNTs nanocomposites. Uniform spherical Ag
NPs with about 15 nm diameter are prepared on TNTs using
S. oneidensis MR-1, in which electrons are generated and trans-
mitted through breathing passages to the surface of TNTs and
used to form Ag’. Ag/TNTs nanocomposites display improved
photocatalytic efficiency compared to single TNTs and P25 under
simulated sunlight in the degradation of MB. The degradation
ratio of MB can be further enhanced to 92.3% after 30 min by
Ag/TNTs nanocomposites synergistic with S. oneidensis MR-1.
Such a promising bacterially-based synthesis procedure may have
potential valuable inspirations not only for green synthesis of
nanocomposites but for efficient contaminant biodegradation.
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