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Abstract: Biosynthesised hanocomposites have attracted growing interests attributed to their ‘green’ synthesis nature in recent
years. Shewanella oneidensis MR-1, a dissimilatory metal-reducing bacterium, was used to reduce palladium (Il) nitrate to
palladium (0) nanoparticles (Pd NPs) under anaerobic conditions, resulting in the in situ formation of Pd NPs immobilised on
TiO, nanotubes (TNTs) (Pd/TNTs nanocomposites). The Pd/TNTs nanocomposites were characterised by transmission electron
microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, energy dispersive X-ray, and electron spin resonance,
respectively. The results indicated that Pd NPs are successfully grown on the TNTs without aggregation. Photocatalytic
degradation of methylene blue (MB) by Pd/TNTs nanocomposites under simulated sunlight was also investigated. Pd/TNTs
nanocomposites had photocatalytic efficiency superior to that of single TiO, nanomaterials. The photocatalytic activity of Pd/
TNTs nanocomposites can be enhanced by S. oneidensis MR-1. The results showed that after only 10 min, the degradation

ratio of MB reached 98.7% by Pd/TNTs nanocomposites when simultaneously assisted with S. oneidensis MR-1.

1 Introduction

Shewanella oneidensis widely distributed in environments is
intensively studied for the bioremediation of environmental
contaminants [1]. It has been used for the reduction of numerous
metals [2—4] and metal sulphide due to its considerable reductive
capacity [S]. One-dimensional TNTs have been broadly utilised as
photocatalytsts because of their advantages, such as exhibiting the
same order of magnitude as their absorption wavelength in the
ultraviolet (UV) region, large surface-to-volume ratio and direct
pathways for charge transport and rich activity sites [6, 7]. All of
these advantages provide TNTs with better photocatalytic
efficiency than traditional TiO, nanoparticles (TiO, NPs).
However, there are still several common drawbacks, including its
wide band gap and the high recombination rate of photoexcited
electron—hole pairs, which restrict the wide application of TNTs in
photocatalysis [8, 9].

To overcome these drawbacks, a variety of materials are
introduced on TiO, to yield heterogeneous photocatalysts [10, 11]
that can offer several potential benefits: first, the utilisation of light
is enhanced in a larger range from UV light to visible light; second,
heterostructures at the interface of heterogeneous photocatalysts
create a built-in electrical potential, which can reduce the
recombination of electron—hole pairs [12]. The doping of noble
metal nanoparticles such as Au, Ag, Pt and Pd is a valuable option
[13—15]. Through irradiating noble metal nanoparticles with UV
light/visible light, intense electric fields are generated which
promote the generation of photoexcited electrons [16]. Meanwhile,
the Schottky barrier at the interface of noble metal/TiO, effectively
enhances the electron—hole pair separation and transfer [12].
Among the noble metals, Pd is chosen because of its relatively low
cost and high work function, which favours the electrons transfer
[17].

Conventional approaches [18, 19] to the synthesis of these
nanoparticles are generally accompanied by the use of toxic or
dangerous chemicals and high consumption of energy under
extreme conditions. The bio-inspired approach can synthesise the
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nanomaterials under mild conditions and fewer chemicals are
involved in the production process. So far, little information is
available about to heterogeneous photocatalysts synthesised by S.
oneidensis MR-1 and their application in the photocatalytic
degradation of methylene blue (MB).

In this present study, we wanted to combine the green synthesis
of nanomaterials by S. oneidensis MR-1 with their use in
environmental bioremediation. Pd NPs were fabricated on TNTs in
situ by a reducing agent, S. oneidensis MR-1. The morphology and
characterisation of the structure of the Pd/TNTs nanocomposites
were explored. The photocatalytic activity of the as-prepared Pd/
TNTs nanocomposites with the synergistic effects of S. oneidensis
MR-1 was evaluated according to the degradation capability for
MB. The results of our work provide a simple, environmentally
benign and cost-effective route for the fabrication of the noble
metal/TNTs nanocomposites with well-defined nanocrystalline
structure.

2 Experimental
2.1 Materials

Palladium nitrate (Pd (NOj3),-xH,0) and anatase TiO, powder
(99.8%, ~25-30nm in diameter) were obtained from Aladdin
Chemistry Co., Ltd. (Shanghai, China).

Polyvinylpyrrolidone (PVP) and sodium dodecyl benzene
sulfonate (SDS) were all analytically pure. These reagents were
used directly without any further purification. Pd (NOj3) solution
was prepared by dissolving it in a modified basal mineral medium
(MBMM), which was composed of 20 mM HEPES (N-(2-
hydroxyethyl) piperazine-N'-2-ethanesulfonic acid) and 10 mL of a
stock solution of the trace elements in each litre, with the pH being
adjusted to 7 using sodium hydroxide. The detailed compositions
of trace elements can be found elsewhere [11].

A single bacterial colony of S. oneidensis MR-1 from an
overnight culture in Luria—Bertani (LB) medium was inoculated
into serum bottles containing 100 mL of LB medium at 30°C on a
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Fig. 1 TEM images

(a) TNTs, (b) Pd/TNTs nanocomposites (1 wt% of Pd), (¢) Pd/TNTs nanocomposites
and S. oneidensis MR-1, (d) HRTEM image of Pd/TNTs nanocomposites (The inserted
figure is EDS image of Pd/TNTs nanocomposites.)

shaker (150 rpm) for 24 h. The bacteria were collected in their later
stationary phase by centrifugation (6000 rpm, 20 min) and washed
with MBMM three times under sterile conditions.

2.2 Preparation of TNTs

TNTs were synthesised via a simple hydrothermal process [20]
without the use of an autoclave. Typically, 2 g of commercial
anatase TiO, powder was added to 100 mL of 10 mol L™! NaOH,
and the mixture was refluxed for 48 h at 120°C. The resulting
product was diluted with distilled water before filtration. The
collected titania nanotubes were rinsed twice by stirring overnight
with 0.1 mol L' HCI at 70°C and was thoroughly rinsed with
distilled water. The TNTs were then prepared by an annealing at
400°C for 1 h.

2.3 Synthesis of Pd/TNTs nanocomposites

SDS was dissolved in 25mL of MBMM resulting in a
concentration of 1wt%, followed by the addition of a certain
amount of TNTs and 300 mg of PVP with vigorous stirring for 4 h
at room temperature. Finally, palladium nitrate was added to the
dispersed TNTs solution.

The sterilised MBMM was sparged with N, for 10 min to
remove dissolved O, from the serum vials, and 2 mL of the above
palladium nitrate/TNTs turbid liquid was subsequently injected
into the MBMM through a sterile syringe. After that, the collected
S. oneidensis MR-1 were inoculated into the serum vials through a
sterile syringe resulting in an initial cell density of 5 x 106 CFU mL
~1 All serum vials were cultured on a 150 rpm shaker at 30°C. At
the end of the process (120 h), the reaction mixture was first
centrifuged (5000 rpm, 20 min) to remove the bacteria, and the Pd/
TNTs nanocomposites were subsequently harvested by high-speed
centrifugation (10,000 rpm, 20 min) using an ultracentrifuge. The
collected nanocomposites were washed twice with deionised water
and ethanol and finally dried at 60°C for 24 h. Three kinds of Pd/
TNTs nanocomposites with different mass percentages of Pd (1, 4
and 8 wt%) were prepared to compare their photocatalytic capacity.

2.4 Characterisation

Morphology and particle size were observed using energy
dispersive X-ray (EDS) analysis and transmission electron
microscopy (TEM). Powder X-ray diffraction (XRD) spectra were
obtained using a Bruker D8-Advance X-ray diffractometer with a
Cu Ka source (1=1.54178 A). X-ray photoelectron spectroscopy
(XPS) was performed using a Rigaku SmartLab electron
spectrometer. UV—vis absorption spectra were measured with a
Lambda 900 UV—vis spectrophotometer (Perkin-Elmer) operated at
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a resolution of 1 nm. The electron spin resonance (ESR) spectra
were obtained using a JEOL (JES-FA200) instrument with a

sensitivity of 7 x 10? spins-(0.1 mT) 1.

2.5 Photocatalytic activity

The photocatalytic activity of the Pd/TNTs nanocomposites was
evaluated by the degradation of MB solution at ambient
temperature and pressure. A 300 W iodine-tungsten lamp with a
wavelength range from 350 to 1000 nm was chosen to simulate a
sunlight source. In a typical experiment, 25 mg of photocatalysts
was dispersed in 50 mL of 40 mg/L MB solution, and the
suspension was subsequently stirred for 1 h in the dark to reach the
adsorption equilibrium. Next, the suspension was irradiated for 1 h
under the iodine-tungsten lamp. At a defined time interval, the MB
concentration was analysed at 664nm using UV-vis
spectrophotometer. The photocatalytic activities of TiO, NPs,
TNTs, S. oneidensis MR-1, Pd/TNTs nanocomposites and Pd/TNTs
nanocomposites with S. oneidensis MR-1 were determined under
the same conditions. As a comparison, a blank experiment was also
conducted without any photocatalyst.

3 Results and discussion
3.1 Characterisation of Pd/TNTs nanocomposites

The morphology and structure of TNTs, Pd/TNTs nanocomposites
and S. oneidensis MR-1 are shown in Fig. 1. As shown in Fig. 1a,
the TNTs are a typical nanotube structure with a uniform outer
diameter of ~10 nm and a length of approximate 100-200 nm. The
formation mechanism of TNTs is proposed as follows [21].
Through the treatment of anatase TiO, in 10 M NaOH at 120°C,
the layer-structured intermediate product Na,Ti;O7 is formed, and

then Na* ions are gradually replaced by water molecules in the
hydrothermal process. Due to this replacement, the layered titanate
particles exfoliate, and single nanosheets curl up to produce TNTs
in their final form. In Fig. 1b, Pd NPs with a diameter of ~6-8 nm
are uniformly loaded on the surface of TNTs. Fig. 1c exhibits the
formation of Pd/TNTs nanocomposites with the help of S.
oneidensis MR-1. Many TNTs are adsorbed on the cell wall of S.
oneidensis MR-1. The surface of some TNTs is blank, but a small
amount of Pd NPs emerges on the surface of other nanotubes. In
the synthesis process for the nanoparticles, S. oneidensis MR-1
plays an important role as electron donor. Electrons are generated
in S. oneidensis MR-1 and are transmitted from the cytoplasmic
membrane to the extracellular TNTs via an important anaerobic
respiratory pathway constructed with the MtrA-MtrB-MtrC gene
cluster of S. oneidensis MR-1 [5]. Since SDS is an anionic
surfactant, Pd2" ions can be attracted to the wall of the TNTs easily
and then accept the electrons and finally form Pd NPs. The
HRTEM image (Fig. 1d) of the Pd/TNTs nanocomposites displays
the region of the interface between the Pd NPs and TNTs. The
lattice fringe spacing between two adjacent crystal planes of the
nanotubes was determined to be 0.35 nm, corresponding to the
(101) lattice plane of anatase. The lattice fringe spacing of 0.22 nm
is attributed to the (111) lattice plane of Pd (0) [22-24]. The EDS
spectrum (inserted figure of Fig. 1d) confirms that three elements,
O, Ti and Pd, which come from TNTs and Pd NPs, also exist in the
Pd/TNTs nanocomposites. These results imply that high-purity Pd/
TNTs nanocomposites with heterostructures are successfully
formed.

Fig. 2 shows the XRD patterns of TNTs and Pd/TNTs
nanocomposites (1 wt% of Pd). The diffraction peaks at 20 =25.6°,
37.7° and 47.8° appeared in both patterns of TNTs and Pd/TNTs
nanocomposites and can be associated with the (101), (004) and
(200) planes, respectively, of anatase phase TiO, (JCPDS
No.12-1272). No characteristic diffraction peak of Pd is detected in
the XRD patterns of Pd/TNTs nanocomposites due to the small
particle size and low loading amounts of Pd NPs [25]. On the other
hand, the characteristic peak belonging to Pd (JCPDS No.02-1439)
at 48.1° overlaps the (200) diffraction of anatase TiO,.

XPS is used to obtain information (existence and valence state)
of Pd and Ti on the surfaces of Pd/TNTs nanocomposites (1 wt% of
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Fig. 2 XRD patterns of TNTs and Pd/TNTs nanocomposites (1 wt% of Pd)
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Fig. 3 High-resolution XPS spectra
(a) Ti 2p, (b) Pd 3d of Pd/TNTs nanocomposites (1 wt% of Pd)

Pd). The high-resolution XPS spectra of Ti 2p and Pd 3d are shown
in Figs. 3a and b, respectively. In Fig. 3a, two binding energies at
464.5 and 458.7 eV are ascribed to the Ti 2p;, and Ti 2p3p
orbitals, respectively, and the peak at 458.7 eV is ascribed to the
Ti*" in TiO,[26]. The binding energies at 336.4 and 341.8 eV in
Fig. 3b are ascribed to 3ds;, and 3d3, of Pd (0), respectively,
which confirm the successful doping of Pd (0) on the TNTs. The
distance between the two peaks is 5.4 eV, which further confirms
the metallic Pd (0) is the only phase of palladium in present [17,
27].

The ESR spectroscopy method using 5,5-dimethyl-1-pyrroline
N oxide (DMPO) as a spin-trapping reagent has been widely
accepted as an efficient method to measure hydroxyl radical (*OH)
formation. The ESR spectra for TNTs, Pd NPs and Pd/TNTs
nanocomposites (1 wt% of Pd) under visible light irradiation are
shown in Fig. 4. No obvious spectrum signature for TNTs is
observed, indicating that single TNTs cannot adsorb visible-light to
drive photochemical redox reactions. In contrast, there is a strong
spectrum signature for Pd NPs and Pd/TNTs nanocomposites with
an intensity ratio of 1:2:2:1, suggesting that hydroxyl radicals
(*OH) are largely formed by the Pd NPs and they further reacts
with MB, resulting in photocatalytic degradation. The spectral
signature for Pd/TNTs nanocomposites is clearly stronger than that
for single Pd NPs, indicating that TNTs play a highly important
role in the enhancement of photocatalysis for Pd/TNTs
nanocomposites. By comparing the ESR results among single
TNTs, Pd NPs and Pd/TNTs nanocomposites, Pd/TNTs
nanocomposites clearly have a wider utilisation range and stronger
utilisation efficiency for sunlight in photocatalysis.

According to the local electric-field enhancement mechanism,
intense electric fields form on the surfaces of nanomaterials
through the absorption of photons by metal nanoparticles [16, 28].
The great enhancement of the intensity of the electric fields of local
plasmonic ‘hot spots’ affirmed by the finite-difference time-
domain method promote the generation of photoinduced charge
locally in TiO,. The doping of Pd NPs on TNTs not only realises
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Fig. 4 Hydroxyl radical ESR spectra of Pd/TNTs nanocomposites (1 wt%
of Pd), pure Pd NPs, and pure TNTs formed in aqueous dispersions in a
Pyrex vessel containing ~20 mg sample after 5 min irradiation by visible
light (filter: A > 450). In the system, the concentration of DMPO is 0.4 mol
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Fig. 5 Scheme I: Formation of hydroxyl radicals and degradation of MB

the local electric field enhancement but also reduces the band gap
of TNTs to utilise visible light. Through absorption of visible light
with an appropriate frequency, photo-excited electron—hole pairs (e
“—h*) are generated in TNTs. Since the work function of Pd NPs
(~5.2 V) is higher than the electron affinity of anatase TiO, (~4.2
eV) [12], photo-excited electrons transfer from the conduction
bands of TNTs to Pd NPs and a Schottky barrier at the interface of
TNTs and Pd NPs reduces the recombination of electron—holes.
The holes transfer to the surface of TNTs and react with hydroxyl
ions in solution to form hydroxyl radicals (*OH). In contrast, the
electrons on Pd NPs can also transform into hydroxyl radicals
(*OH) through several reactions with dissolved O, [14]. As a
strong oxidant, these hydroxyl radicals (*OH) react with MB to
realise photocatalytic degradation. The formation of hydroxyl
radicals (*OH) is proposed in Scheme 1 (see Fig. 5).

3.2 Photocatalytic activities of Pd/TNTs nanocomposites

The photocatalytic activity of Pd/TNTs nanocomposites is
evaluated by measuring the concentration of MB under simulated
sunlight and is shown in Fig. 6. As shown in Fig. 6a, the
photocatalytic degradation of MB is carried out without any
catalyst in the blank experiment, and no obvious change in the MB
solution is observed. TiO, NPs with an average diameter of 25 nm
(P25) show a certain photocatalytic capacity under simulated
sunlight using an iodine-tungsten lamp, because the wavelength
range is from 350 to 1000 nm, which covers the absorption range
of TiO, NPs (<387 nm). The photocatalytic capacity of TNTs is
improved and is better than P25 due to the larger surface area of
TNTs, leading to a better adsorption capacity. Compared with
TNTs, Pd/TNTs nanocomposites show outstanding photocatalytic
capacity. Through only 10 min irradiation, the degradation ratio of
MB reaches 96.0%. The degradation ratio of MB by Pd/TNTs
nanocomposites assisted by S. oneidensis MR-1 can be further
enhanced to 98.7% in only 10 min. Fig. 6b shows the absorbance
curves of MB in the photocatalysis process by Pd/TNTs
nanocomposites (1 wt% of Pd) assisted by S. oneidensis MR-1.
The absorbance value of MB at the maximum wavelength (664
nm) decreases abruptly after 10 min in the photocatalysis process
and there is only very small absorbance value of MB after 50 min
photocatalysis. The same results can also be obtained through
comparison of the colour change of the solution. The
photocatalytic capacities of Pd/TNTs nanocomposites with three
different mass percentages of Pd (1, 4 and 8 wt%) are investigated,
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Fig. 6 Visible-light photocatalytic degradation curves of MB by different
catalysts

(a) Photocatalytic degradation of MB by P25, TNTs, Pd/TNTs nanocomposites (1 wt%
of Pd) and Pd/TNTs nanocomposites (1 wt% of Pd) assisted by S. oneidensis MR-1 (5
x 10° CFU mL_l), (b) absorbance curves of MB in the photocatalysis process by Pd/
TNTs nanocomposites (1 wt% of Pd) assisted by S. oneidensis MR-1 (5 x 100 CFU

mL_l), (¢) Photocatalytic degradation of MB by Pd/TNTs nanocomposites (1, 4 and 8
wt% of Pd) and Pd/TNTs nanocomposites (1, 4 and 8 wt% of Pd) assisted by S.

oneidensis MR-1 (5 10 CFU mL ™1

and the results (in Fig. 6¢) show the best photocatalytic capacity of
Pd/TNTs nanocomposites with lower percentages of Pd (1 wt%). A
possible reason is that the higher surface coverage of Pd NPs
decreases the accessibility of the active sites inside the TNTs
reported by Mohapatra [29]. The results in Fig. 6c show a
comparison of the photocatalytic capacities of three Pd/TNTs
nanocomposites with different mass percentages of Pd (1, 4 and 8
wt%) all enhanced by assistance with S. oneidensis MR-1.

Due to the local electric-field enhancement, higher utilisation of
sunlight and the Schottky barrier at the interface, more light-
excited electrons and holes generate, separate and transfer to the
surfaces of Pd/TNTs nanocomposites compared with single TiO,
nanomaterials, and more hydroxyl radicals (*OH) are generated to
enhance the degradation of MB adsorbed on the surface of Pd/
TNTs nanocomposites. The huge surface area of the nanotubes
induces the adsorption of a greater number of MB molecules,
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Fig. 7 Schematic illustration of the mechanism of photocatalytic activity
for MB by Pd/TNTs nanocomposites and the synergistic effect of S.
oneidensis MR-1

which also enhances the photocatalytic efficiency of Pd/TNTs
nanocomposites. For these reasons, the photocatalytic efficiency of
Pd/TNTs nanocomposites is better than that of TNTs, and TiO,
NPs exhibited the worst efficiency.

In our studies, S. oneidensis MR-1 plays two important roles,
both in synthesis of Pd NPs and in the photocatalytic degradation
of MB. Electrons generated in S. oneidensis MR-1 transfer through
breathing passages to Pd/TNTs nanocomposites and take part in the
degradation of MB. With the help of S. oneidensis MR-1, Pd/TNTs
nanocomposites exhibit superior photocatalytic capacity. The same
results have been reported in previous studies. The whole
photocatalysis mechanism of Pd/TNTs nanocomposites and the
synergistic effect of S. oneidensis MR-1 are shown in Fig. 7.

4 Conclusion

Spherical Pd NPs measuring ~6-8 nm in diameter are prepared in
situ on the TNTs surface with the help of S. oneidensis MR-1 under
benign conditions to form a heterojunction structure with TNTs.
The Pd/TNTs nanocomposites show much higher photocatalytic
efficiency than single TNTs and P25 under simulated sunlight in
the degradation of MB. This improved efficiency, which is due to
local electric-field enhancement, higher utilisation of sunlight and a
Schottky barrier at the interface of Pd/TNTs nanocomposites. In
the reduction of Pd*", S. oneidensis MR-1 acts as an electron
donor. Conversely, S. oneidensis MR-1 assists Pd/TNTs
nanocomposites in the photocatalytic degradation of MB, and the
degradation ratio of MB reaches 98.7% after only 10 min. Such a
promising bacterially based synthesis procedure may provide
valuable implications for combining green synthesis of
nanocomposites with contaminant biodegradation.
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