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Defect-Type-Dependent Near-Infrared-Driven
Photocatalytic Bacterial Inactivation by Defective Bi,S;

nanorods

Hongli Sun*? Zhifeng Jiang*,”» Dan Wu,' Liqun Ye,™ Tiangi Wang, Bo Wang,®”

Taicheng An,*® and Po Keung Wong*®®!

Defect engineering is crucial in tailoring photocatalytic efficien-
cy, but it suffers from uncertainty in determining the vacancy
type and in which type of the vacancy can better promote the
photocatalytic efficiency. In this study, Bi,S; nanorods with bis-
muth or sulfur vacancies were synthesized to investigate their
distinct effects on the electronic structure, electron-hole sepa-
ration characteristics, and near-infrared (NIR)-driven photocata-
lytic bacterial inactivation activity. Both bismuth and sulfur va-
cancies can enhance the light absorption ability of Bi,S;. How-

Introduction

In studies of photo- and electrocatalysis during the last few de-
cades, vacancy engineering has been a quite powerful strategy
to tailor the photo- or electrocatalytic efficiency."® It has been
widely accepted that the introduction of vacancies induces the
formation of new energy levels, which can narrow the band
gap of the catalysts and thus enhance their light-harvesting
ability. For example, the introduction of oxygen vacancies sig-
nificantly improves the visible-light response in TiO,,"® BiPO,,”
Bi;O,Br,["™ BiOBr™ BiOCL"? BiO, /' and ZnO photocata-
lysts.'" In addition, the introduced vacancies can modify the
charge-transfer kinetics for efficient charge separation. Many
studies have compared the lifetime of photogenerated elec-
trons from the catalysts with and without vacancies, demon-
strating that the vacancies are beneficial to prolong the life-
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ever, the lifetime of photoinduced electrons is extended by
bismuth vacancies but shortened by sulfur vacancies. Owing
to these tendencies, Bi,S; with Bi vacancies fully inactivated
7 log E. coli cells within 40 min of NIR irradiation, displaying
better NIR-driven photocatalytic bacterial inactivation efficiency
than Bi,S; with S vacancies. This study discloses the defect-
type-dependent photocatalytic behaviors, providing new in-
sights into designing highly efficient photocatalysts.

time of photogenerated electrons."®" Li et al. evaluated the
average lifetime of photogenerated electrons from BiOBr with
and without oxygen vacancies by time-resolved photolumines-
cence spectroscopy and reported that the average lifetime of
the photogenerated electrons in BiOBr with oxygen vacancy
was more than two times that of BiOBr without oxygen vacan-
cy. They also revealed that the oxygen vacancies in BiOBr in-
duced some trapping sites as initial electron acceptors, which
significantly increased the lifetime of the photogenerated elec-
trons." Although the vacancies are of great importance to the
photocatalytic activities, some vacancy-related issues are still
ambiguous and require further study. Firstly, many studies
based on electron spin resonance (ESR) only serve to deter-
mine the presence of oxygen vacancies. However, the ESR sig-
nals can only prove the presence of unpaired electrons, which
can be formed by a deficiency of any element of a specific cat-
alyst. Thus, methods used to determine the type of vacancy
should be more diversified and precise. Secondly, as for binary
or ternary catalysts, the vacancy can be formed by a deficiency
of any element, leading to catalysts with different types of ele-
mental vacancy. However, it is not known whether all types of
elemental vacancy can promote the photocatalytic efficiency.
In fact, there is no solid evidence to show what kind of ele-
mental vacancy is good for the photocatalytic efficiency. There-
fore, it is necessary to synthesize catalysts with different types
of elemental vacancy and to study their distinct effects on the
photogenerated electron-hole separation and the photocata-
lytic activity for precise elaboration of the effects of elemental
vacancies on photocatalytic activity.

Moreover, given the increasing severe energy shortage, uti-
lization of the renewable energy, solar energy, as efficiently as
possible in photocatalytic applications occupies the top priori-
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ty. To date, the light response range of most reported photoca-
talysts are extended to visible light only, which only occupies
about 45% of the solar spectrum. As near-infrared (NIR) light
constitutes about 50% of the solar spectrum, more and more
efforts have been devoted to identifying NIR-responsive photo-
catalysts in recent years.">'¥ For instance, Li et al. explored a
metal-organic framework composite, which has efficient pho-
tocatalytic hydrogen production ability owing to its broader
spectral responsivity (from UV to NIR).' Yang et al. construct-
ed carbonitride structures that can reduce CO, even under red
light irradiation." However, as a promising approach to ad-
dress energy shortage issues, studies on the synthesis and
characterization of NIR-driven photocatalysts are still limited.
Therefore, it is highly desirable to develop photocatalysts with
broader solar spectral response (e.g., UV to NIR region) to fully
utilize the energy of sunlight.

Results and Discussion

Herein, a range of NIR-responsive Bi,S; nanorods with different
types of elemental vacancies were synthesized by varying the
solvothermal treatment time (1 h: BS-1; 3 h: BS-3; 5 h: BS-5), to
provide a platform to study their distinct effects on electronic
structure, electron-hole separation, and photocatalytic activity.
XRD patterns (Figure 1a) indicates the high crystallinity of
these prepared Bi,S; (JCPDS No. 17-0320) nanorods with a di-
ameter of about 20 nm (Figure 1b). As for BS-3, clearly re-
solved and well-defined lattice fringes can be observed from
the representative HRTEM image (Figure 1c). The adjacent lat-
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tice distances of 0.2 and 0.194 nm are equivalent to the (002)
and (501) atomic planes of Bi,S;, further demonstrating the
good crystallinity. EDX elemental mapping images (Figure 1d)
not only confirm the coexistence of Bi and S, but also indicate
the homogeneous dispersion of the two elements within the
nanorods.

By comparison of the XRD patterns and SEM images of BS-1,
BS-3, and BS-5, it can be discerned that the different durations
of solvothermal treatment did not change the morphology or
the crystal phase of Bi,S;. However, from the obtained ESR
spectra (Figure 2), BS-1, BS-3, and BS-5 samples show different
intensities of ESR signals (g~ 1.994) regardless of the absence
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Figure 2. ESR spectra of various as-prepared Bi,S; with and without NIR irra-
diation.

Figure 1. a) XRD patterns of the as-prepared bismuth sulfide. b) TEM, c) HRTEM, and d) elemental mapping images of BS-3. e-g) SEM images of BS-1 (e), BS-3

(f), and BS-5 (g).
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or presence of NIR irradiation. These results imply that they
vary from each other in the amounts of defects, owing to the
different solvothermal treatment durations. As ESR tests can
only prove the presence of defects caused by unpaired elec-
trons, it cannot determine the type of vacancy. Thus, X-ray
photoelectron spectroscopy (XPS) was applied to investigate
the atomic ratios of these three samples to find out their va-
cancy type. XPS was used to determine the Bi/S ratio mainly
because the effect of surface defects on photocatalysis out-
weighs that of bulk defects, as the bulk defects would serve as
trapping sites for the charges, hindering their further migration
to the surface active sites for interface reactions, whereas sur-
face defects would be gathering center of active charges when
electrons are trapped there, promoting the interface reactions.
For example, Kong et al. tuned the relative concentration ratio
of bulk defects to surface defects in TiO, nanocrystals, which
efficiently promoted the photocatalytic efficiency.”) XPS can be
employed as a characterization technique to investigate the
surface (up to a depth of 3 nm) chemical components and
states of the materials."*?*?" Based on this, it would be suita-
ble to explore Bi/S ratios obtained from XPS to evaluate the ef-
fects of surface defects. The Bi/S atomic ratios of the three
samples differed greatly based on the XPS analysis (Table 1),

Table 1. Bi/S and Bi,.4/Bi*" ratios of different Bi,S; samples.

Sample Bi/S Bie/Bi® "
BS-1 0.72 1.17
BS-3 0.59 2.71
BS-5 0.67 1.05

suggesting BS-1 is sulfur-deficient Bi,S; and BS-3 is bismuth-de-
ficient Bi,S;, whereas the Bi/S atomic ratio of BS-5 is close to
the theoretical value (i.e., Bi.S;), suggesting no or relatively
little element vacancy. Moreover, the surface valence states of
both bismuth and sulfur showed shifts in the binding energies
(see the Supporting Information, Figure S2), which could be at-
tributed to variations in the chemical environment caused by
sulfur or bismuth vacancies. With combination of these two
techniques, we can find that a deficiency of either bismuth or
sulfur atoms will enhance the densities of the unpaired elec-
trons and thus increase the amount of defects.

The Bi,S; samples with different types of element vacancies
were then used to investigate the defects’ structure-activity re-
lationship by determining their performance in photocatalytic
inactivation of E. coli (10’ cfumL™", 50 mL) under NIR irradiation
(Figure 3a). The population of the bacterium in the control ex-
periments (dark control with catalyst only and light control
with NIR irradiation only) remained almost unchanged after
80 min of treatment, indicating no severe inactivation effect of
the as-prepared Bi,S; towards E. coli cells and no obvious pho-
tolysis effect under NIR irradiation. However, with the combina-
tion of NIR irradiation and the various catalysts, BS-3 in particu-
lar exhibited remarkably high photocatalytic activity and could
completely inactivate approximately 7 log E. coli bacterial cells
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Figure 3. NIR-driven photocatalytic inactivation efficiency toward E. coli
(107 cfumL™", 50 mL) in the presence of various defective Bi,S; samples (a)
and BS-3 (b) for 4 cycles.

with only 40 min of NIR irradiation. The inactivation efficiency
of BS-3 was faster than that of sulfur-deficient BS-1 and BS-5.
Considering the thermal effect, the temperature variations
during the NIR-driven photocatalytic inactivation process were
monitored, which increased up to 41°C after 2 h of NIR irradia-
tion (Figure S1). As a result, the inactivation efficiency towards
7 log E. coli by bulk heating at only 41°C was studied for com-
parison. It turned out that bulk heating at 41 °C for 80 min was
not strong enough to inactivate the E. coli cells, further dem-
onstrating the prominent photocatalytic efficiency of the as-
prepared bismuth-deficient Bi,S;.The SEM images of E. coli cells
with and without treatment by Bi,S; nanorods are shown in
Figure S3. The initial untreated bacteria exhibited almost intact
rod-shaped morphology and a well-preserved full body. How-
ever, after photocatalytic inactivation, the initial well-preserved
full body collapsed severely and broken apertures could be ob-
served. These results suggest that the Bi,S; nanorods caused
severe damage to the bacteria and exhibited considerable
photocatalytic bacterial inactivation activity. To investigate the
photostability of the bismuth-deficient Bi,S;, the NIR-driven
photocatalytic bacterial inactivation process was repeated for
four cycles (Figure 3b). BS-3 was found to retain its photocata-
lytic inactivation efficiency after four cycles, implying that bis-
muth-deficient Bi,S; was quite stable under the reaction condi-
tions.
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To find out why Bi,S; with different vacancy types exhibited
different performances in the photocatalytic inactivation of
E. coli, the surface areas, light absorptivities, charge abundan-
ces, charge transductions, and charge-separation abilities of
these three samples were compared in detail. The surface
areas of Bi,S; decreased with longer solvothermal treatment
time (Table S1). Although the surface area of BS-3 was not the
largest, it had the best photocatalytic inactivation activity,
whereas the surface area of BS-1 was the highest among the
samples, but its photocatalytic efficiency was the poorest.
Therefore, we suspect that the surface area was not the key
factor in determining the inactivation efficiency. The spectral
response ranges of all three BS samples were quite wide and
extended to NIR range (Figure 4a). The onset of optical ab-
sorption was around 1000 nm, suggesting their impressive
light-absorption abilities. Compared with BS-5, which had
fewer vacancies, the onset of optical absorption for both BS-1
and BS-3 redshifted to higher wavelengths, indicating that the
vacancies promote light absorption in Bi,S; to some extent, re-
gardless of the type of vacancy. Moreover, the band-gap ener-
gies were estimated accordingly, by using Tauc’s equation, to
be 1.45, 1.62, and 1.72 eV for BS-3, BS-1, and BS-5, respectively.
BS-1 and BS-3 exhibited narrower band gaps, possibly because
the vacancy-induced state narrowed the band gap."? To gain a
better understanding of the variations between them, the va-
lence band maximum (VBM) and conduction band minimum
(CBM) positions were calculated based on the analysis from va-
lence band XPS (Figure 4b) and Mott-Schottky curves (Fig-
ure 4c). The corresponding band structures are shown in Fig-
ure 4d. Compared with BS-5, it is easier for bismuth-deficient
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BS-3, with a narrower band gap, to be excited by NIR. Al-
though there was no longer the advantage of higher conduc-
tion band potentials for BS-3, the CBM of BS-3 (—0.76 V) and
the required overpotential were still thermodynamically favora-
ble for the production of 0, .”>?! However, the CBM of sulfur-
deficient BS-1 was lowered to —0.33 V, at which value the over-
potential needed to transform O, into O,  can almost be ne-
glected. In addition, the densities of charge carriers were esti-
mated based on the characteristics of the Mott-Schottky curve
[Equation (1), taken from ref. [4]]:

Na = 2/(eo € &)[d(1/C?)/dV] ™" (M

Where Ny is the carrier density of the sample, e, is the elec-
tron charge (1.6x107°C), ¢ is the dielectric constant of the
sample, &, is the electrical permittivity of a vacuum (8.86x
107"2Fm™"), C is the specific capacity, and V is the applied bias
at the electrode. Given that all three samples are pure Bi,S;,
the charge densities of BS-1, BS-3, and BS-5 can be compared
by comparing the slopes of the linear range of the Mott-
Schottky curve. The slope of BS-3 was less than that of BS-1
(Figure 4¢), revealing that bismuth-deficient Bi,S; had a greater
charge density than sulfur-deficient Bi,S;. Possibly the higher
electronegativity of sulfur (2.58) compared to bismuth (2.02)
could cause the variations in charge density. Furthermore, the
surface valence state of bismuth was investigated in detail
(Figure S2). Apart from the characteristic peak at 161.2 eV, cor-
responding to S2p orbitals, another four peaks are deconvolut-
ed for Bi4f spectra. The peaks at 164.6 and 159.3 eV are as-
cribed to Bi4f;, and Bi4f,, of Bi*", whereas those at 163.6
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Figure 4. a) UV/Vis diffuse reflectance spectra, b) valence band XPS spectra, c) Mott-Schottky curves, and d) band structures for various Bi,S; samples.
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and 158.3 eV are ascribed to Bi4f;, and Bi4f,, of the partially
reduced Bi""! The partially reduced Bi (Bi.y) possibly results
from the reducing ability of ethylene glycol, which is used as
the solvent in solvothermal treatment process. It is worth
noting that the Bi.4/Bi*" ratio of BS-3 is roughly twice those of
BS-1 and BS-5, implying the higher abundance of electrons for
BS-3 (Table 1). This phenomenon is consistent with the analysis
of Mott-Schottky curves. Based on the above analysis, we
speculate that, Bi,S; with defects caused by bismuth vacancies
is more likely to have higher charge densities than those with
sulfur vacancies.

The photocurrent responses of BS-3, BS-1, and BS-5 were
measured under NIR irradiation (Figure 5a). The highest photo-
current of BS-3 suggests the most efficient charge photogener-
ation and the greatest possibility of good catalytic activity."”
Compared with BS-5, the photocurrent of BS-3 is significantly
increased, whereas that of BS-1 is dramatically decreased, even
though BS-1 has higher light absorption ability than BS-5.
These results indicate that the enhancement of photocurrent is
not only due to the enhanced light absorption, but also highly
related to the vacancy type, where bismuth vacancy-related
defects promote the generation of efficient photoinduced elec-
trons. As photogenerated electrons can recombine with holes,
their involvement in the photocatalytic reaction could be hin-
dered. The charge transportation and separation of the photo-
generated charges were further studied by time-resolved tran-
sient and steady-state photoluminescence (PL) spectroscopy.
For the average lifetime resolved from the transient PL spectra
(Figure 5b), BS-3 was found to have a higher average lifetime
(1125.3 ps) than BS-5 (776.1 ps), whereas the average lifetime
of BS-1 was shortened (638.3 ps), showing that the charges of
bismuth-deficient Bi,S; were transferred more efficiently with a
greatly suppressed recombination rate, whereas the photogen-
erated electrons in sulfur-deficient Bi,S; are more likely to re-
combine with the photogenerated holes. This is possibly be-
cause the photogenerated electrons trapped by bismuth va-
cancies have a slower rate of decay by recombining with
holes, leading to a longer average lifetime.'*2% The en-
hanced separation efficiency of BS-3 is further confirmed by its
steady-state PL spectrum, in which the intensity is much
weaker than in those for BS-1 and BS-5 (Figure 5¢), verifying
the better performance of bismuth-deficient BS-3 in separating
the photogenerated charges.””” However, variations of steady-
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state PL intensity and average lifetime between BS-1 and BS-5
are small, indicating that, as for the obtained Bi,S;, bismuth va-
cancies had a positive effect but sulfur vacancies have no effect
or a negative effect on suppressing the recombination rate.

To further disclose the photocatalytic bacterial inactivation
mechanism, scavenger studies were conducted to determine
the effects of those critical reactive species in NIR-driven pho-
tocatalytic bacterial inactivation. The scavengers employed in
this study include Cr"' (0.1 mwm) for e, Na,C,0, (5 mm) for h¥,
TEMPOL (1 mm; TEMPOL =4-hydroxy-2,2,6,6-tetramethylpiperi-
dinyloxy) for O,”, isopropanol (7.5 mm) for "OH, and Fe'-EDTA
(0.1 mm; EDTA =ethylenediaminetetraacetic acid) for H,0,. To
ensure the maximum scavenging effect but no toxic or inacti-
vation effects on the bacterial cells, the concentrations of each
scavenger were optimized before conducting the scavenger
study. Interestingly, after Cr" was added into system to capture
e, the inactivation efficiency reduced significantly in compari-
son to that without scavenger addition, validating that the
electrons are possible active species involved in the inactiva-
tion process (Figure 6a). The addition of sodium oxalate to in-
teract with h™" also slightly inhibited photocatalytic inactiva-
tion, suggesting that h* also contributes to the bacterial inac-
tivation process, although it is not the major reactive species.
0,7, H,0,, and ‘OH are well-known reactive oxygen species, of
which the great oxidative potential would be too large for
E. coli to endure.”® With the addition of their corresponding
scavengers, the inhibition effects were confirmed by a de-
crease in the inactivation efficiency, suggesting that O,~, H,0,,
and ‘OH are highly involved in the bacterial inactivation pro-
cess. The involvement of O, and ‘OH was further verified by
the ESR test (Figure 6b,c). Both O,” and "OH signals could be
detected for the bismuth-deficient Bi,S; within 4 min of NIR ir-
radiation. In contrast, no O, or “OH signals could be detected
under dark conditions, confirming their participation in the
bacterial inactivation process. It seems that the contribution of
O, and H,0, are slightly larger than that of ‘OH. On one hand,
this is possibly because these reactive species are formed fol-
lowing the reduction pathway [Egs. (2)-(5)]. On the other
hand, the lifetimes of O, (t,,~1 us) and H,0, (t,,~minutes
to days)*” are longer than that of "OH (t,,~1 ns).*%3" There-
fore, it would be easier for O, and H,0, than for "OH to accu-
mulate sufficiently to cause enough damage to the bacterial
cells.
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Figure 5. a) NIR irradiation-induced photocurrents, b) transient photoluminescence spectra, and c) steady state photoluminescence spectra for various Bi,S;

samples.
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Based on the above analyses, the NIR-driven photocatalytic
inactivation mechanism is proposed (Figure 7). As the spectral
response of Bi,S; extended to around 1000 nm, a NIR light
source was applied. When Bi,S; is irradiated by NIR, the inci-
dent light can be effectively utilized, owing to its prominent
light absorption ability, which can excite the electron from the
valence band to the conduction band. As discussed above, bis-
muth vacancies in Bi,S; outperform sulfur vacancies in promot-
ing the transfer of photogenerated electrons and suppressing
electron-hole recombination. Therefore, the excited electron
can efficiently transfer to the bismuth vacancy sites or bismuth
vacancy-induced states. In the meantime, the bismuth vacancy
sites also have an affinity for the adsorbed gaseous mole-

muth-deficient Bi,S;.
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cules.323 Ag a result, the adsorbed molecular oxygen in bis-

muth vacancy sites is likely to be reduced to O, by the
trapped electrons at those bismuth vacancy sites if the poten-
tial of the excited electron is sufficient for the O,/O, transfor-
mation. The CBM was determined to be —0.76 V, which is ther-
modynamically favorable for the formation of O, from O..
Moreover, some of the formed O,  is further converted into
H,O, or ‘OH. These formed reactive species, as well as the pho-
togenerated holes, then work together to attack E. coli, causing
progressive damage to the bacteria cells.

Conclusions

Bi,S; nanorods with different types of element vacancy were
synthesized using a solvothermal method for which the treat-
ment time was varied. Both sulfur and bismuth vacancies had
been demonstrated to enhance the light absorption ability of
Bi,S;. However, only bismuth vacancies led to increased charge
densities of Bi,S;, extended the lifetime of the photogenerated
charges by promoting the transfer of the electrons and sup-
pressing the electron-hole recombination. Given
these advantages, the bismuth-deficient Bi,S; dis-
played an extraordinary NIR-driven photocatalytic
bacterial inactivation efficiency, completely inactivat-
ing 7 log E. coli cells within 40 min under NIR irradia-
tion and outperformed the sulfur-deficient Bi,S;. This
study disclosed defect-type dependent photocatalyt-
ic behavior, providing new insights for designing
highly efficient photocatalysts.

Experimental Section

(]
Ha . v ; . .
\0“"{';‘(1"“’“ ° Material synthesis
” @Pphoton @ PS . . . . .
) sulfux Defective Bi,S; nanorods were fabricated using the sol-
[ . Py © Dbismuth vothermal method. In a typical synthesis, bismuth ni-
e L '\\/ sulfur vacancy trate pentahydrate (4 mmol) was dissolved in ethylene

glycol (30 mL) to form solution A, and Na,S-9H,0
(6 mmol) was dissolved in ethylene glycol (10 mL)
through sonication to form solution B. Solution B was
then added into solution A dropwise under continuous
stirring. The mixed suspension was kept stirring for an-
other 30 min, then transferred to the p-polyphenylene-
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based stainless steel autoclave for solvothermal treatment at
180°C in an oven for 3 h. The sample was denoted as BS-3. When
the treatment finished, the precipitates were filtered with a mem-
brane filter (0.2 pm, Millipore), washed several times with deionized
water and ethanol, and finally dried at 60°C. Another two refer-
ence samples were prepared under similar conditions, but the du-
ration time of the solvothermal treatment process were changed
to 1 and 5 h and the samples were denoted as BS-1 and BS-5, re-
spectively.

Material characterization

X-ray powder diffraction (XRD) patterns of the as-prepared samples
were determined by a Rigaku Smartlab X-ray diffractometer with
Cuy, source irradiation (1=1.5406 A). The microscopic features of
the as-prepared sample were characterized by scanning electron
microscopy (SEM) on a FElI Quanta 400 microscope, transmission
electron microscopy (TEM) on a CM-120 microscope (Philips,
120 kV), and high resolution TEM as well as high angle annular
dark field (HAADF) STEM on a Philips Tecnai F20 instrument.
Energy dispersive X-ray spectroscopy (EDX) attached to the HRTEM
was employed to analyze the elemental composition and distribu-
tion of the samples. Their specific surface areas and pore size distri-
butions were evaluated by the Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods. Electron paramagnetic res-
onance (EPR) spectroscopy of the samples was performed with a
JES FA200 spectrometer (Jeol, Japan). X-ray photoelectron spectra
(XPS) and valence band XPS spectra of the samples were recorded
on ESCALAB 250Xi apparatus (Thermo Fisher Scientific) with Aly,
radiation (1486.6 eV) X-ray sources. The obtained spectra were cali-
brated with reference to the binding energy of C1s (284.8 eV) and
all peaks were well fitted by “XPSPEAK” analysis software. The light
absorption abilities of the samples were determined by UV/Vis dif-
fuse reflectance spectroscopy over a range of 200-2000 nm on a
PerkinElmer Lambda 950 spectrometer. Room-temperature photo-
luminescence (PL) spectra of the samples were recorded by using
a FP-6500 fluorescence spectrometer (Jasco, Japan) with an excita-
tion wavelength of 365 nm. Time-resolved transient photolumines-
cence spectra of the samples were recorded (325 nm excitation) by
a FLS980 Multifunction Steady State and Transient State Fluores-
cence Spectrometer (Edinburgh Instruments) at room temperature.

Photoelectrochemical measurements

Photoelectrochemical studies were conducted by using a three-
electrode cell with a computer-controlled electrochemical worksta-
tion (CHI650E, Shanghai Chen Hua Instrument Company, China),
among which platinum foil (1.0x1.0 cm™), a saturated potassium
chloride-silver chloride electrode (Ag/AgCl), and the as-prepared
sample were counter, reference, and working electrodes, respec-
tively. The as-prepared samples were deposited on fluorine-doped
tin oxide (FTO) glasses, which had been cleaned with absolute eth-
anol and deionized water. In a typical preparation, the as-prepared
sample (5 mg), isopropanol (950 pL), and Nafion solution (~5% in
a mixture of lower aliphatic alcohols and water; 50 uL) were mixed
by sonication to form a homogeneous catalyst colloid. The colloid
(100 uL) was then deposited onto FTO glasses with areas of ap-
proximately 1 cm? The dried FTO glasses served as working elec-
trodes and were immersed in 0.1m Na,SO, aqueous solution. A
300 W Xenon lamp equipped with a 700 nm cutoff filter was used
as the irradiation source.
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Photocatalytic inactivation of Escherichia coli

The Gram-negative bacterium E. coli was chosen as the model bac-
terium in this study as it is a nonpathogenic and well-studied
model for laboratory experiments. E. coli was cultured in nutrient
broth (50 mL, Lab M, Lancashire, UK) at 37°C for 14 h in a shaking
incubator. 1 mL of the cultured bacterial solution was washed
twice with sterilized 0.9% saline solution (1 mL of 0.9 g NaCl dis-
solved in 100 mL water). All glassware and equipment used in the
photocatalytic reactions were washed, autoclaved, and dried. To
start a photocatalytic disinfection experiment, the washed cell, the
photocatalyst (20 mg), and sterilized saline solution (50 mL) were
mixed in a beaker and the initial cell density was adjusted to
107 cfumL™". A Xenon lamp coupled with a 700 nm long-pass filter
was employed as the near-infrared (NIR) light source. During the
photocatalytic disinfection process, aliquots of the mixture solution
were collected at equal time intervals, and serially diluted with
sterilized saline solution. Then the appropriately diluted sample
(0.1 mL) was immediately spread on the nutrient agar (Lab M, Lan-
cashire, UK. plates and incubated at 37°C for 24 h to determine
the survival rate of cells.
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