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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Persulfate activation was realized under 
NIR radiation for the first time. 

• Vacancy-rich BiO2− x can activate per-
sulfate multiply under NIR radiation. 

• Sulfate radical was the key species for 
NIR-driven bacterial disinfection in 40 
min. 

• The respiration, ATP synthesis, bacterial 
membrane and enzymes, etc. were 
damaged. 

• The leakage of DNA and RNA caused the 
irreversible damage to the bacterial 
cells.  
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A B S T R A C T   

This study, for the first time, developed a novel defective BiO2− x based collaborating system, where the near- 
infrared light (NIR) irradiation (λ > 700 nm) initiated persulfate activation and photocatalytic bacterial inac-
tivation simultaneously. Vacancy-rich BiO2− x nanoplates possessed impressive NIR absorption and firstly real-
ized persulfate activation under NIR irradiation. In this collaborating system, on one hand, the persulfate can be 
transformed into sulfate radicals through light/heat activation mode directly, which would be enhanced by the 
presence of vacancy-rich BiO2− x owing to its outstanding light and heat absorption ability. On the other hand, the 
photogenerated electrons can further efficiently react with persulfate and form sufficient reactive sulfate radicals. 
The sulfate radicals, synergizing with other reactive species (O2

-, h+, etc.), achieved a 7-log Escherichia coli 
inactivation within 40 min. The systematic investigation of inactivation mechanism revealed that the reactive 
species caused the dysfunction of cellular respiration, ATP synthesis and bacterial membrane, followed by the 
severely oxidative damage to the antioxidative SOD and CAT enzymes and the generation of carbonylated 
protein. The final leakage of DNA and RNA implied the lethal damage to the bacteria cells. This work provided a 
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new insight into the persulfate associated NIR driven remediation technology of controlling microbial 
contaminants.   

1. Introduction 

The waterborne diseases caused by pathogenic microorganisms have 
posed a great threat to both the developed and developing countries. 
The ever-increasing environmental pollution and the abuse of antibi-
otics further greatly challenged the global water security-related issues. 
Therefore, the development of high-efficiency, low-cost disinfection 
technologies should be constantly emphasized. Conventional water 
disinfection technologies (e.g. chlorination, ozonation and UV irradia-
tion, etc.) although were extensively used and exhibited acceptable ef-
ficiency, they also suffered from unavoidable drawbacks (carcinogenic 
byproducts, recolonization and high energy input, etc.). Developing 
alternative disinfection technologies with high efficiency and low en-
ergy consumption is therefore urgently and valuable, but also chal-
lengeable in scientific community (An et al., 2016). 

Using inexhaustible solar energy only to disinfect water, an alter-
native green and energy-saving method, when used properly, was 
demonstrated to be practicable to ensure the water quality in regions 
with plentiful sunlight (Keane et al., 2014). However, the low efficiency, 
the need for sufficient sunlight and the small volume of treated water 
limited the wide application of this solar energy-only method. The 
semiconductor-based solar-driven photocatalytic disinfection method, 
an update version of solar-driven disinfection, offers real possibilities for 
eliminating lethal pathogenic microorganisms from drinking water, as 
the photocatalytic process can obviously accelerate the bacterial inac-
tivation rate by the photogenerated reactive species (Keane et al., 2014; 
Wu et al., 2015; Xiao et al., 2020; Sun et al., 2019; Xia et al., 2015, 2018; 
Wu et al., 2015; Xia et al., 2015, 2018). For example, as compared to the 
poor inactivation efficiency of pure photocatalysis process without 
semiconductor photocatalysts, the elemental photocatalyst red phos-
phorus showed dramatically enhanced efficiency to inactivate Escher-
ichia coli under visible light irradiation, owing to the promotion effects 
of the reactive oxygen species derived from the photogenerated carriers 
(Xia et al., 2015). However, even though the photocatalytic disinfection 
method has received enormous attention and shown great promising, 
the light response range of most identified photocatalysts are extended 
to visible light (VL) only. They cannot make full utilization of the whole 
solar spectrum, not to mention those catalysts response to UV only. 
Given the UV and VL occupy only 5% and 45% of the solar spectrum, 
while infrared light constitutes about 50% of the solar spectrum, efforts 
started to be devoted to pursuing NIR/IR-responsive photocatalysts in 
recent years (Tian et al., 2013; Li et al., 2012, 2018; Sang et al., 2015; 
Qin et al., 2010; J. Li et al., 2019; B. Li et al., 2019; Li et al., 2018; Xu 
et al., 2020). For example, Wu et al. developed a NIR-active photo-
catalytic platform composed of an upconversion nanocrystals shell and 
an Au/dark-TiO2 core, which can efficiently inactivate ampicillin so-
dium - resistant bacteria strains. The Au surface-plasmon resonance on 
dark TiO2 guaranteed the upconversion of NIR into green light, 
contributing to the NIR-triggered antibacterial activity (Xu et al., 2020). 
Although some successful NIR driven photocatalystic systems are 
developed recently for bacterial inactivation (B. Li et al., 2019; Xu et al., 
2020; Lin et al., 2019; Gorle et al., 2018; X. Zhang et al., 2020; Zhang 
et al., 2018; Q. Zhang et al., 2020; Sun et al., 2019), noble metals (i.e. Au 
(B. Li et al., 2019; Xu et al., 2020), Ag (Lin et al., 2019)) are highly 
involved to enhance the inactivation efficiency, which would inevitably 
increase the disinfection cost. Therefore, to maximize the utilization rate 
of solar energy and minimize the cost, it is highly desirable to develop 
non-precious metal photocatalysts with broader solar spectral response 
(e.g., UV to NIR region) for bacterial inactivation. The vacancy rich 
BiO2− x is a promising NIR directly responsive semiconductor (B. Li et al., 
2019; Li et al., 2018), which has already shown photocatalytic 

degradation ability toward Rhodamine B and phenol even under NIR 
irradiation (Li et al., 2018). We recently also found that the yolk-shell 
BiO2− x has potential to inactivate Escherichia coli (E. coli) under visible 
light irradiation (Sun et al., 2018). The rich vacancy presented in BiO2− x 
facilitated the trap of photogenerated electrons and formation of O2

-, 
promoting the photocatalytic activity. However, the photocatalytic ef-
ficiency is yet not satisfactory for practical use, thus additional tech-
nologies are required to elevate the disinfection efficiency. 

Intrinsically, the bacterial inactivation relied on the oxidizing power 
of reactive species. In most photocatalytic disinfection system, the 
generated effective reactive radicals are ⋅OH, O2

- and h+, etc. However, 
they possessed quite short life span in water, limiting the sterilization 
rate to a certain extent. In contrast, the sulfate radicals (⋅SO4

-) possessed 
oxidizing power comparable to ⋅OH, but are much more stable in solu-
tion. Actually, the ⋅SO4

- based advanced oxidation process (AOP) has 
been demonstrated to be useful in organic pollutants degradation (Lee 
et al., 2020; Khan et al., 2017; Anipsitakis and Dionysiou, 2003; Lutze 
et al., 2015; Antoniou et al., 2010). For bacterial inactivation, ⋅SO4

- also 
exhibits a huge potential (W. Wang et al., 2019; Yu et al., 2021; Wang 
et al., 2020). For example, Yu et al. found that the mutual interaction 
between sulfidated nano-zerovalent iron and persulfate (PS) could 
initiate the decomposition of PS to ⋅SO4

-. The formed ⋅SO4
- thus played a 

significant role in quickly eliminating the pathogenic bacteria (Yu et al., 
2021). Wang et al. also successfully decomposed PS into ⋅SO4

- by VL 
irradiation, and obtained satisfactory disinfection activity (W. Wang 
et al., 2019). Hence, the introduction of ⋅SO4

- into the photocatalytic 
system would highly possibly further promote the disinfection efficiency 
for real practical application. Generally, the sulfate radicals can be 
formed through light activation (Khan et al., 2017; W. Wang et al., 2019; 
Lau et al., 2007), heat activation (Tan et al., 2012; Gu et al., 2011), or 
metal-catalyzed activation method (Anipsitakis and Dionysiou, 2003; 
Yu et al., 2021). As for the light activation method (energy transfer re-
action), unfortunately, most focused on the UV or VL irradiation, over-
looking that NIR irradiation might be a good alternative and more 
cost-effective activation method. For heat activation method (energy 
transfer reaction), it is reported that only when the temperature reached 
up to 50 ◦C, the PS can be efficiently decomposed into ⋅SO4

- for effective 
bacterial inactivation (W. Wang et al., 2019). Differently, the principles 
behind the metal-catalyzed activation were electron transfer reactions, 
those reduction metals/metal oxides (Fe (Yu et al., 2021) and Co 
(Anipsitakis and Dionysiou, 2003), etc.) transferring electrons to PS for 
generating ⋅SO4

-. Besides, the photogenerated-electrons in photo-
catalytic system can also activate PS through electron transfer reactions. 
In this regard, when the ⋅SO4

- based AOP is combined with NIR-driven 
semiconductor-based photocatalytic process, both energy and electron 
transfer reactions can take effect to synergistically produce powerful 
reactive radicals for bacterial disinfection. However, the synergistic ef-
fect between NIR-driven photocatalysis and PS activation for bacterial 
inactivation has not been well investigated. Therefore, it is attractive to 
develop a distinctive combined system that can catalyze the PS 
decomposition through multiple ways and can also act as a 
NIR-responsive photocatalytic system for bacterial inactivation. 

Herein, vacancy-rich BiO2− x nanosheets were firstly synthesized 
using a facile one-step hydrothermal method, then collaborated with PS 
activation forming a novel NIR responsive collaboration system. The 
bacterial inactivation performances of the novel collaborating system 
under NIR (λ > 700 nm) light irradiation were studied in detail, with 
sufficient reactive sulfate radicals formed via multiple channels, which 
finally completely inactivated 7 logs of the E. coli within 40 min. 
Moreover, the bacterial inactivation mechanisms related to primary 
reactive species, cell morphology change, antioxidant enzyme activity 
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Fig. 1. (a) SEM image, (b) HRTEM images (i: SAED image; ii: lattice fringes; and element mapping of (iii) Bi and (iv) O.), (c) low temperature EPR, high resolution (d) 
O 1s and (e) Bi 4f core-level XPS spectrum, (f) EPR signals (purple circles: hydroxyl radicals; blue cubes: sulfate radicals) of the collaborating system with/without 
addition of persulfate under NIR irradiation. (g, h) Spherical aberration correction transmission electron microscope images of BiO2− x. 
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and chromosomal DNA destruction were systematically investigated. 
This work may provide a new route for developing a low-cost collabo-
rating system to fully utilize inexhaustible energy in solar spectrum for 
bacterial inactivation. 

2. Material and methods 

2.1. Synthesis of BiO2− x nanoplates 

The defective BiO2− x nanoplates were fabricated using a simple hy-
drothermal method. In a typical preparation procedure, the sodium 
bismuthate (NaBiO3⋅2H2O, 12 mmol, Sinopharm Chemical Reagent Co., 
Ltd, AR grade) and the ammonium dihydrogen phosphate (NH4H2PO4, 
12 mmol, Sinopharm Chemical Reagent Co., Ltd, AR grade) were added 
into the NaOH solution (1 M, 60 mL) firstly, followed by continuous 
stirring for 30 min. Then the obtained suspension was transferred and 
hydrothermally treated at 220 ◦C for 6 h in a 100 mL p-polyphenylene- 
based stainless steel autoclave. After the reaction, the red-brown pre-
cipitates were collected, washed several times with deionized water, and 
finally dried at 60 ◦C. 

2.2. Characterization of BiO2− x nanoplates 

X-ray diffraction (XRD) patterns for the as-prepared samples were 
determined by a Rigaku Smartlab X-ray diffractometer (Japan) with 
CuKα source irradiation (l=1.5406 Å, 40 kV, 40 mA). The Raman was 
tested on Scientific LabRAM HR Evolution (Horiba, Japan). The FTIR 
spectrum was measured by Vertex70V (Bruker, Germany). The micro-
scopic images were characterized by scanning electron microscopy 
(SEM) on a FEI Quanta 400 microscope (FEI, USA). Electron para-
magnetic resonance (EPR) spectroscopy was performed with a JES 
FA200 spectrometer (Jeol, Japan). The high resolution transmission 
electron microscopy (HRTEM), selected area electron diffraction image 
(SAED) and aberration corrected TEM images were performed on Titan 
Cubed Themis G2 300 (FEI, USA). X-ray photoelectron spectra (XPS) and 
valence band XPS spectra of the samples were recorded on ESCALAB 
250Xi apparatus (Thermo Fisher Scientific, USA) with AlKa radiation 
(1486.6 eV) X-ray sources. The obtained spectra were calibrated with 
reference to the binding energy of C1s (284.8 eV) and all peaks were 
well fitted by “XPSPEAK” analysis software. The light absorption abili-
ties of the samples were determined by UV/Vis diffuse reflectance 
spectroscopy over a range of 200–2000 nm on a PerkinElmer Lambda 
950 spectrometer (PerkinElmer, USA). 

2.3. Near infrared (NIR) driven photocatalytic bacterial inactivation 

The Gram-negative bacterium, E. coli K-12, was chosen as the model 
bacterium for mechanism study in this study. Firstly, the bacterial cells 
were harvested by centrifugation (13,000 rpm, 1 min, MiniSpin, 
Eppendorf, Germany) after incubation at 37 ◦C for 16 h in 50 mL of 
nutrient broth (Lab M, Lancashire, U.K.). Then the collected cell pellet 
was washed twice with sterilized saline (0.9% NaCl) solution and 
resuspended in the same volume of sterilized saline solution for use. 
Secondly, the cell density of the reaction solution was adjusted to be 107 

cfu/mL by uniformly dispersing 200 μL of the above freshly made bac-
terial suspension into 25 mL sterilized saline solution. Then, 20 mg of 
the catalysts and a certain amount of persulfate solution were added to 
the mixture, of which the final concentration of persulfate (K2O8S2) was 
3 mM. Finally, a 300 W Xenon lamp (PLSSXE300C, Beijing Perfect Light 
Technology Co., Ltd. China) equipped with a 700 nm cutoff filter was 
adopted as the NIR light source to illuminate the mixture and initiate the 
reaction. At fixed time intervals, aliquots of the sample were collected, 
serially diluted, immediately spread on the nutrient agar (Lab M, 
Lancashire, U.K.) plates, and then incubated at 37 ◦C for 24 h to 
determine the survival number of cells (in cfu). All the bacterial disin-
fection experiments were conducted in triplicate. 

2.4. Mechanism analysis methods 

2,3,5-triphenyl tetrazolium chloride (TTC) was used as a substrate to 
evaluate the cellular respiration activity by a colorimetric measurement. 
The concentration of the red formazan, which was reduced from TTC, 
was monitored by measuring the absorption at 460 nm. The ATP syn-
thesis ability of the bacterial cells was evaluated according to ATP 
Detection Assay Kit-Luminescence (Cayman Chemical, Item No. 
700410, USA). The superoxide dismutase (SOD) and catalase (CAT) 
activity were assessed by using the Superoxide Dismutase Assay Kit 
(Cayman Chemical, Item No. 706002, USA) and the Catalase Assay Kit 
(Cayman Chemical, Item No. 707002, USA), respectively. Protein 
Carbonyl Colorimetric Assay Kit (Cayman Chemical, Item No. 
10005020, USA) was applied to determine the levels of protein 
carbonyl. And the peroxidation extent of the lipid was investigated via 
the Lipid Hydroperoxide (LPO) Assay Kit (Cayman Chemical, Item No. 
705003, USA). The DNA and RNA leakage were measured with a 
Nanodrop spectrophotometer (Thermo Nanodrop One, USA). The fluo-
rescent staining experiment was assayed according to the LIVE/DEAD 
BacLight Bacterial Viability Kit (Molecular Probes, Item No. L7012, 
USA). The direct observation of membrane destruction was monitored 
by SEM. Firstly, the treated and untreated cells were harvested and fixed 
with 5% glutaraldehyde solution for 4 h. After washed by phosphate 
buffer solution, the cell suspension was transferred to lysine pre-coated 
FTO (Fluorine-doped Tin Oxide). The obtained FTO (loaded with cells) 
were then dehydrated in the gradient ethanol (50% EtOH, 10 min; 70% 
EtOH, 10 min; 85% EtOH, 10 min; 95% EtOH, 10 min, twice; 100% 
EtOH, 10 min, three times.) and subjected to the critical point drying 
(LADD 28002, USA). Finally, the cell membrane was observed with a 
SEM (FEI Quanta 400 F, USA) after gold-sputtering. 

For the β-D-galactosidase activity assay, 1 mL of incubated E. coli 
suspension (nutrient broth, 16 h) was recultured in 100 mL of nutrient 
broth containing 1 mM isopropyl β-D-thiogalactopyranoside (IPTG) to 
induce the synthesis of β-D-galactosidase (37 ◦C, 200 rpm, 4 h). Induced 
cells were harvested for studying the catalytic inactivation efficiency. 
Aliquots of 0.5 mL samples were collected at regular time, mixing with 
0.5 mL 2x PBS. Before addition of o-nitrophenyl-β-D-galactopyranoside 
(ONPG), the mixture can be permeabilized or not by adding SDS (so-
dium dodecyl sulfate, one drop) and chloroform (two drops) or not. The 
final ratio of them on the ONPG hydrolysis activity can reflect the 
membrane permeability. Then, 0.2 mL of 5 mM was added to the 
mixture to initiate the reaction. The reaction was kept at 37 ◦C with 
vibration for 60 min, then ended by adding 0.5 mL Na2CO3 (1 M). The 
absorbance at both 420 nm and 550 nm were measured. The ONPG 
hydrolysis rate (nmol min− 1 mL− 1), namely, the β-D-galactosidase 
enzyme activity was calculated based on the following equation. 

ONPG hydrolysis rate = A420 − A550
T×εONP

× 1.7mL
0.5mL. 

εONP represents the molar absorption coefficient of o-nitrophenol 
(ONP, A420/nM), T is the total enzymatic reaction time (min). 

3. Results and discussion 

3.1. Characterization of materials 

The sharp peaks of the as-synthesized sample in XRD pattern 
(Fig. S1) were well indexed to the cubic phase BiO2− x with JCPDS No. 
47-1057 (Li et al., 2018), indicating the successful preparation of pure 
phase BiO2− x with good crystallinity. Both Raman (Fig. S2) and FTIR 
spectra (Fig. S3) showed characteristic peaks of BiO2− x, further 
demonstrating the successful preparation of BiO2− x. As shown in the 
SEM image, the synthesized BiO2− x were hierarchically structure 
assembled by nanoplates (Fig. 1a). SAED pattern implied the 
single-crystal nature (Fig. 1b-i) of BiO2− x. And HRTEM clearly revealed 
the BiO2− x with good crystallinity possessed lattice fringe spacing of 
0.316 and 0.194 nm, corresponding to the (111) and (220) lattice planes 
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of BiO2− x, respectively (Fig. 1b-ii). The elemental mapping confirmed 
the homogeneous distribution of Bi and O elements within the nano-
plates (Fig. 1b). These BiO2− x nanoplates possessed impressive light 
absorption ability, of which the absorption range was broaden to even 
near infrared region (around 800 nm, Fig. S4) and the band gap was 
calculated to be 1.34 eV (Fig. S5), implying their promising applications 
in NIR driven photocatalysis. The photocurrent response under NIR 
irradiation also indicated its potential NIR-driven photocatalytic activity 
(Fig. S6). The low temperature (77 K) electron paramagnetic resonance 
(EPR) analysis (Fig. 1c) of the BiO2− x nanoplates showed an apparent 
peak with g-value at 2.003, revealing the rich vacancy feature within the 
BiO2− x structure (Sun et al., 2018; Li et al., 2017, 2014). Besides, the 
existence of the rich vacancy was further evidenced by the XPS analysis 
and aberration corrected TEM analysis (AC-TEM). For O 1 s core-level 
spectra of BiO2− x (Fig. 1d), apart from the peak at 529.2 eV related to 
the lattice oxygen bound to metals, a new deconvoluted peak at 
530.4 eV was identified, which was attributed to a high number of 
defect sites with low oxygen coordination (Bao et al., 2015). And the 
peak at 531.4 eV resulted from the hydroxyl groups or surface-adsorbed 
oxygen. Yang et al. (2019) The Bi 4f spectra (Fig. 1e) were characterized 
by four peaks, including a spin doublet (4f7/2 and 4f5/2) of Bi3+ at 
158.5 and 163.7 eV, and a doublet of Bi5+ at 159.1 and 164.3 eV, 
respectively. Besides, the direct observation of a lot of vacancy sites in 
different areas through AC-TEM images (Fig. 1g, h), further demon-
strating the rich vacancy feather of as-synthesized BiO2− x nanoplates. 
These vacancy-rich BiO2− x nanoplates can efficiently activate persulfate 
to form the sulfate radicals under NIR irradiation. As shown in Fig. 1f, 
the NIR irradiation of the water suspension of BiO2− x only can induce 
the formation of hydroxyl radicals. In contrast, when the water sus-
pension of BiO2− x powders, persulfate and DMPO trapping agent was 
irradiated by the NIR light for 10 min, both the signals of the hydroxyl 
radicals and the sulfate radicals were identified, indicating that the 
vacancy-rich BiO2− x was a high-efficient persulfate activator to form 
active sulfate radicals under NIR irradiation. The ESR test also 
convinced the presence of the hydroxyl radicals and the sulfate radicals 
in the collaborating system during the inactivation process. 

3.2. Bacterial inactivation efficiency 

Such NIR-sensitive BiO2− x nanosheets have shown great promise in 
activating persulfate for sterilizing bacteria under NIR irradiation.  
Fig. 2a displayed the variations of E. coli cell densities as a function of 
reaction time in various catalytic conditions. It can be found that around 
7 logs of the E. coli could be completely inactivated within 40 min by the 
BiO2− x based collaboration system under NIR irradiation (λ > 700 nm), 
which showed comparable and even much better performance than 
those published studies (Table S1). Even in the phosphate buffered sa-
line solution, the 7 logs of E. coli could still be completely inactivated 
within 60 min, demonstrating the superior bacterial inactivation per-
formance of our collaborating system (Fig. S7). However, the E. coli cells 
were highly resistant and tenacious when any specific factor was 
excluded from the collaborating system. The sole activation of persulfate 
by NIR (λ > 700 nm) irradiation could only achieve about 1.5 logs of 
cell loss, suggesting that the NIR irradiation induced heat or light acti-
vation of persulfate indeed existed, but apparently insufficient in the 
bacterial disinfection process (E. coli cell density: 107 colony forming 
units). Besides, if there was no NIR irradiation, the synergy effect be-
tween BiO2− x and persulfate also existed, but limited and unsatisfactory, 
which obtained less than 2 logs of cell loss at the initial stage and would 
regain their activity (Fig. S8). Only when BiO2− x nanoplates, persulfate 
and NIR irradiation cooperated within a collaboration system, the per-
sulfate can be efficiently activated to generate sulfate radicals (Fig. 1f). 
This is because, on one hand, BiO2− x nanoplates can be excited by NIR to 
generate carriers for PS activation through electron transfer reaction, on 
the other hand, BiO2− x can promote the heat absorption of the collab-
oration system for PS activation through energy transfer reaction. The 
thermal imaging under NIR irradiation (Fig. 2c) clearly revealed the 
positive effects of BiO2− x on promoting the heat absorption. The formed 
sulfate radicals supplemented with some other oxidative radicals, 
forming a powerful disinfection system and causing the complete inac-
tivation of ∽ 7 logs of the E. coli within 40 min. To figure out whether the 
cells treated by the collaborating system would self-repair and regrow, 
the treated cells were re-cultured under nutrient broth for 24 h. How-
ever, no colony was found based on the plate counting method 
(Fig. S9d), demonstrating the complete death rather than the dormancy 
of the bacteria cells. Moreover, the performance stability and structure 

Fig. 2. (a) The E. coli inactivation performance, and (b) the corresponding scavenger studies of the collaboration system under NIR irradiation. (c) The thermal 
imaging of BiO2− x under NIR irradiation (λ > 700 nm). 
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tolerance of vacancy-rich BiO2− x were also studied in detail. As shown in 
Fig. S10, the bacterial cells were all efficiently inactivated within 40 min 
in four repeat cycles, suggesting the vacancy-rich BiO2− x can be reused 
without loss of activity. Besides, there was negligible change in the XRD 
pattern between the used BiO2− x and their pristine counterpart, 
implying that the structure of BiO2− x was quite stable. In addition, as 
indicated by both ESR and XPS characterizations, the rich-vacancy 
features were still well preserved after cycling experiments, further 
indicating the superior structure endurance of BiO2− x for collaborating 
with persulfate to inactivate E. coli cells under NIR irradiation. 

3.3. Bacterial inactivation mechanisms and cell damage process 

3.3.1. Scavenger study 
To comprehensively understand the bacterial inactivation mecha-

nism of the efficient collaboration system, the scavenger studies were 
firstly conducted to investigate the key reactive species and their con-
tributions (Fig. 2b). The concentration of each applied scavenger was 
optimized ahead to ensure the scavenging effect but no toxic or inacti-
vation effect to the bacterial cells. The scavengers used in this study were 
sodium oxalate (0.5 mM) for h+, ⋅OH and ⋅SO4

-. Cr(VI) (0.1 mM) for e-, 
TEMPOL (1 mM) for O2

-, Fe-EDTA (0.1 mM) for H2O2, isopropanol 
(7.5 mM) for ⋅OH and ⋅SO4

-, and NaHCO3 (0.1 M) for ⋅OH and ⋅SO4
-. As 

seen in Fig. 2b, after introducing different scavengers, the inactivation 
efficiency was affected differently. Sodium oxalate was a commonly 
used hole scavenger as depicted in Eq. (1) (Bangun, 1998). In fact, so-
dium oxalate was also an efficient scavenger of ⋅OH (Eq. (2)) and ⋅SO4

- 

(Eq. (3)), but it is often overlooked, with reaction rate constant up to 106 

(Huie and Clifton, 1996). The dramatic inhibition by the sodium oxalate 
indicated the great significance of either photogenerated h+, ⋅OH or 
⋅SO4

- in the disinfection process. The poor inactivation efficiency of pure 
photocatalytic system (BiO2− x+NIR irradiation) seemed to rule out the 
importance of h+. However, the poor efficacy of the pure photocatalytic 
system might be due to the fast recombination of e- and h+. The reaction 
between Cr (VI) and e- can inhibit the recombination of the electrons and 
holes, releasing h+ for redox reactions. The addition of the Cr (VI) to 
both the pure photocatalytic system (BiO2− x+ NIR irradiation, Fig. S11) 
and the collaboration system (BiO2− x+NIR irradiation + persulfate, 
Fig. 2b) promoted the inactivation efficiency, indicating that the pho-
togenerated holes indeed made a difference to disinfection activity in 
the collaboration system. Especially, in addition to facilitating the 
dissociation of S2O2−

8 to ⋅SO4
-, the extremely fast reaction between e- and 

persulfate (Eq. (4)) (Huie and Clifton, 1996) also made the persulfate of 
the system acting as an excellent e- scavenger for releasing holes. All of 
this convinced the importance of h+ in guaranteeing the sterilization 
effectiveness of the collaboration system. 

Similarly, the addition of NaHCO3 also strikingly suppressed the 
damage to bacterial cells, as the oxidative species with strong oxidative 
ability, ⋅OH (2.8 V) and ⋅SO4

- (2.7 V), were efficiently trapped by 
NaHCO3 (Eqs. (7)–(9)) (Khan et al., 2017; Tan et al., 2012; Gu et al., 
2011; Kochany and Kochany, 1992). Given the reaction kinetics be-
tween NaHCO3 and ⋅OH ((5.7–8.5) × 106 M− 1 S− 1) and ⋅SO4

- ((2.8–9.1) 
× 106 M− 1 S− 1) were similar (Khan et al., 2017; Tan et al., 2012), iso-
propanol was applied additionally to distinguish their effects. Iso-
propanol exhibited higher reactivity towards ⋅OH (kisopropanol - hydroxyl: 
1.9 × 109 M− 1 S− 1) than ⋅SO4

- (kisopropanol-sulfate: 4.0 ×107 M− 1 S− 1) (Lee 
et al., 2020; W. Wang et al., 2019; Ahmad et al., 2013). Hence, when 
isopropanol was presented into the system, ⋅OH tended to be trapped 
rather than ⋅SO4

-, owing to the faster reaction rate. With addition of 
isopropanol, a slight reduction of the inactivation rate was observed, 
implying the unneglected role of ⋅OH in the reaction. But the role is a 
little bit limited, possibly because of the relatively low concentration of 
short-lived ⋅OH formed in the process. As compared to the significant 
inhibition from NaHCO3, the finally almost unchanged efficiency in the 
system with isopropanol suggested that, ⋅SO4

- was much more important 

as one of the major reactive species and responsible for the inactivation 
of E. coli. The formation pathway of ⋅SO4

- in this collaboration system 
can be summarized as the following three types. The NIR irradiation 
induced light or heat dissociation way (Eqs. (5)–(6)) (Antoniou et al., 
2010; Lau et al., 2007; Tan et al., 2012) and the dissociation mode by 
persulfate reacting with photogenerated e- (Eq. (4)). 

Moreover, the slight promotion induced by the addition of Fe-EDTA 
was mainly ascribed to the interaction between the ⋅SO4

- and H2O2 (Eq. 
(12)) (Lau et al., 2007). When H2O2 was eliminated by the corre-
sponding scavenger, more ⋅SO4

- was able to take part in the inactivation 
process. The elimination of O2

- by TEMPOL also alleviated the sterili-
zation effect obviously, implying the positive role of the O2

- in this 
collaboration system. Comparing with the O2

- signals of the pure BiO2− x 
suspension under NIR irradiation, the collaboration system showed 
enhanced O2

- signals according to the ESR analysis (Fig. S12), revealing 
that the superoxide radicals were formed in multiple ways. Some O2

- 

were formed through the reaction between the dissolved oxygen with 
the photogenerated electrons (Eq. (13)) (Huie and Clifton, 1996; Huang 
et al., 2020), which was thermodynamically feasible according to the 
calculated band structure of BiO2− x (Fig. S13, 14). Some were from the 
transformation of persulfate ions, as shown in Eqs. (10)–(11) (Ahmad 
et al., 2013). So, as for the collaboration system, it is the ⋅SO4

- that acted 
as the primary reactive species to sterilize the bacterial cells, accom-
panied by the promotion effects of O2

-, h+ and ⋅OH radicals. 

h+ + C2O2−
4 → ∙C2O−

4 (1)  

⋅OH + C2O2−
4 → ⋅C2O−

4 + OH − k = 7.7 × 106M− 1S− 1 (2)  

⋅SO−
4 + C2O2−

4 → ⋅C2O−
4 + SO2−

4 k = 5.6 × 106M− 1S− 1 (3)  

e− + S2O2−
8 →⋅SO−

4 + SO2−
4 k = 1.2 × 1010M− 1S− 1 (4)  

S2O2−
8 heat

̅̅→ 2∙SO−
4 (5)  

S2O2−
8 light

̅̅→ 2∙SO−
4 (6)  

⋅SO−
4 + HCO−

3 →H+ + ⋅CO−
3 + SO2−

4 k = (2.8 − 9.1) × 106M− 1S− (7)  

⋅SO−
4 + HCO−

3 → ⋅HCO3 + SO2−
4 k = 1.6 × 106M− 1S− 1 (8)  

⋅OH + HCO−
3 → ⋅CO−

3 + H2O k = (5.7 − 8.5) × 106M− 1S− 1 (9)  

H2O + S2O2−
8 →∙HO−

2 + 2SO2−
4 + H+ (10)  

∙HO−
2 + S2O2−

8 → O−
2 + ∙SO−

4 + SO2−
4 + H+ (11)  

∙SO−
4 + H2O2 → H+ + ∙HO2 + SO2−

4 (12)  

O2 + e− → O−
2 k = 1.9 × 1010M− 1S− 1 (13) 

To sum up, in the novel collaboration system, the synergy between 
BiO2− x and NIR irradiation are multiple, exerting impressive effects on 
the system. On one hand, the NIR irradiation itself can induce the 
transformation of persulfate to sulfate radicals though light and heat 
activation mode directly (Eqs. (5) and (6)). In the meantime, the heat 
absorption capacity of NIR responsive BiO2− x would further increase the 
temperature of the system, promoting the decomposition of persulfate to 
sulfate radicals. On the other hand, the NIR irradiation could activate 
BiO2− x to generate active holes and electrons for photocatalytic redox 
reactions. The persulfate can be quickly reduced by the photogenerated 
electron to produce one sulfate radical and one sulfate ion (Eq. (4)). 
Therefore, the activation of persulfate in the collaboration system is 
multi-channel, guaranteeing the sufficient effects of sulfate radicals on 
the E. coli disinfection. Furthermore, the generated O2

-, h+ and ⋅OH 
reactive species acted synergistically with sulfate radicals for well- 
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Fig. 3. (a) ATP synthesis and cell respiration, (b) SOD and CAT activity, (c) protein carbonyl and lipid peroxidation level, and (d) the leakage of DNA and RNA during 
bacterial destruction process. (e) Fluorescence microscopy images of E. coli cell (i: without treatment; ii: treated for 30 min; iii: treated for 60 min). (f) SEM images of 
E. coli cells after treated by the collaboration system for (i) 0 min, and (ii, iii, iv and v) 60 min. 
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performed sterilization process. 

3.3.2. Analysis of cell damage process 
To better understand the underlined inactivation mechanism of the 

collaboration system, a comprehensive and in-depth investigation of the 
bacterial cell damage processes was conducted. Superoxide dismutase 
(SOD) and catalase (CAT) are two types of significant antioxidant en-
zymes, involved in the self-protective system. They catalyze the con-
version of the reactive species (RSs) and detoxify them, effectively 
eliminating or mitigating the damage to the cells. Specifically, SOD can 
disproportionate •O2

- to O2 and H2O2, and CAT catalyze H2O2 to O2 and 
H2O (Xiao et al., 2020; W. Wang et al., 2019; Wang et al., 2020; Sun 
et al., 2014; Chen et al., 2011). Thus, both SOD and CAT play key roles in 
protecting the cells from those RS-induced oxidative damages. Here, the 
activity of SOD and CAT were investigated firstly. As shown in Fig. 3b. 
They both increased at the initial stage and then decreased during the 
inactivation process. The observed increment of the activity of SOD and 
CAT at the beginning indicated an activation of self-protection system 
when attacked by RSs. So, the SOD and CAT activities were stimulated to 
increase for a short period. As the inactivation process progresses, those 
generated RSs with great attack potential accumulated and over-
whelmed the limited defense capabilities of enzymes. Therefore, the 
antioxidant enzymes were severely damaged and lost their activity 
gradually. 

In bacterial cells, the evaluation of the respiration activity by 
assaying electron transport system (ETS) activity can provide a suitable 
measure of cell metabolic activity. The bacteria cells with active ETS can 
reduce water soluble tetrazolium salts (e.g. 2,3,5-triphenyl tetrazolium 
chloride (TTC)) to colored, water insoluble formazan products (Xia 
et al., 2015; B. Wang et al., 2019; Maness et al., 1999). This property can 
be applied as an indicator for the quantitative measurement of the 
respiration activity of bacteria. As shown in Fig. 3a, the respiration rate 
of E. coli cells kept falling drastically with increasing NIR irradiation 
time, indicating that with the collapse of the oxidative defense system, 
the enzymes in ETS and metabolism collapsed as well. And the 
dysfunction of the ETS implied they could no longer maintain the redox 
potential and produce protons for energy production (e.g. ATP synthe-
sis). ATP is the main biological energy currency in the cell, which is 
synthesized through the oxidation of substrate driven by the proton 
motive force produced in the respiration chain (Xiao et al., 2020; Xia 
et al., 2015; Maness et al., 1999). As expected, the ATP level decreased 
dramatically (Fig. 3a), suggesting the severe functional inactivation of 
membrane-bounded ATPase and the destruction of bacterial energy 
metabolism. 

The functional inactivation of ETS, ATPase and the associated poor 
energy metabolism showed the damages are at the energy metabolism 
functional level. It is also essential to deeply investigate the damages at 
the membrane structure level to reveal whether the RSs generated from 
the collaboration system caused the membrane disintegration. Thus, the 
oxidation extent of the cellular building blocks such as proteins and 
lipids were evaluated to reflect the disintegration of membranes. The 
lipids of the cell membrane are responsible for the fluidity and perme-
ability of membrane bilayer (Gaschler and Stockwell, 2017; Catala and 
Diaz, 2016). Lipid peroxidation indicates the oxidative injury in path-
ophysiological disorders, and can result in the formation of highly 
reactive and unstable hydroperoxides of both saturated and unsaturated 
lipids. So the estimation of lipid hydroperoxide level reflects the lipid 
peroxidation (LPO) level. The consistent growth of LPO level in Fig. 3c 
demonstrated the impairment of diffusion ability and the fragmentation 
of the bilayer. 

Normally, the fragmentation of the phospholipid bilayer would 
accompany with the increment of nonspecific permeability of the 
membrane. To further reveal the effects of RSs on the cell membrane 
permeability, β-D-galactosidase activity assay was employed accord-
ingly. Active β-D-galactosidase can catalyze the hydrolysis of o-nitro-
phenyl-β-D-galactopyranoside (ONPG), producing yellow o-nitrophenol 

(ONP) (Xia et al., 2015; Sun et al., 2014; Huang et al., 2000). It can be 
seen from the Fig. 4 that, the hydrolysis rate of ONPG dropped rapidly 
within the first 20 min, regardless of whether the cells were treated with 
chloroform (where ONPG have free access to β-D-galactosidase) or not. 
This strongly indicated the β-D-galactosidase was inactivated obviously 
by the synergistic effect from the persulfate, BiO2− x and NIR irradiation 
composed collaboration system, coincided with the bacterial death. For 
the cells that have not been treated with chloroform, the ONPG hydro-
lysis rate at the beginning was comparatively much lower, as the 
diffusion ability of ONPG across the intact cell membrane is limited by 
the barrier posed by the cell membrane and the availability of lactose 
permease. The variance of these two hydrolysis rates revealed the 
membrane permeability changes of the cells treated by the persulfate, 
BiO2− x and NIR irradiation composed collaboration system. And as 
shown in Fig. 4, the membrane permeability increased significantly after 
20 min treatment, further suggesting the impaired membrane structure. 

When proteins were oxidatively attacked, the side-chain amine 
groups on several amino acids (i.e., lysine, arginine, proline or histidine) 
of proteins can be transformed into carbonyls (Xiao et al., 2020). Protein 
carbonyl (PC) is the most general and commonly used indicator of the 
oxidation injury to the protein (Stadtman, 1990). The increase of PC 
content during the first 40 min of irradiation time (Fig. 3c), suggesting 
that the generated RSs (h+, sulfate radicals, H2O2, O2

- etc.) induced 
severe oxidation injury to protein. And for the decrease of PC after 
40 min, it may be ascribed to the further oxidation or mineralization of 
the carbonylated protein by the sulfate radical. 

However, oxidative damages might not be completely lethal to the 
bacteria cells, as self-repair and regrowth would take place under the 
right conditions. Only severe damage or loss of the genetic materials is 
lethal to the cells (Zhang et al., 2015). As seen in Fig. 3d, after treated by 
the collaborating system, both the leakage of DNA and RNA increased 
apparently, implying the complete impairment of the genetic system and 
the lethal damage to the bacteria cells by RSs during the disinfection 
process. And the observed decrease of DNA leakage after 20 min of 
treatments is highly possibly ascribed to the further disintegration 
caused by the RSs. 

In addition, the membrane destruction was more directly observed 
by fluorescent staining (Fig. 3e) and SEM observation (Fig. 3f). When 
stained by the penetrative green-fluorescent nucleic acid stain (SYTO 9) 
and the non-penetrative red-fluorescent stain (propidium iodide, PI), the 
live bacteria cells with intact membrane would emit green fluorescence, 
whereas those dead cells with incomplete membrane would emit red 
fluorescence. Before the irradiation, the initial untreated bacteria pre-
sented intense green fluorescence. After 30 min of treatment, increasing 
emission of red fluorescence was observed, suggesting a gradual loss of 

Fig. 4. β-D-Galactosidase activity and membrane permeability of the treated 
cells by the collaboration system. 
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the cell membrane integrity. The emitted intensive red fluorescence at 
60 min solidly demonstrated the disintegration of cell membranes. As 
shown in Fig. 3f, the great contrast between the well-preserved smooth 
surface (without treatment) and the rough, pitted, porous and collapsed 
morphology (treated) more intuitively proved the severe damages to the 
cells caused by the NIR irradiation, BiO2− x and persulfate collaborated 
system. 

4. Conclusions 

Based on the above results, a possible mechanism toward the 
distinctive collaborating system was proposed (Scheme 1). The NIR 
responsive BiO2− x nanoplates and persulfate formed a strong synergy 
effect under NIR irradiation. On one hand, the NIR irradiation induced 
direct light/heat activation mode of persulfate can be further enhanced 
by the involvement of BiO2− x owing to its impressive light absorption 
ability. On the other hand, the NIR irradiation could photocatalytically 
activate BiO2− x to generate active holes and electrons. The e- cannot 
only reduce persulfate to produce sulfate radical, but also can react with 
O2 to form O2

-. Therefore, the activation of persulfate in the collabora-
tion system is multi-channel, guaranteeing the sufficient effects of sul-
fate radicals on the E. coli disinfection. Then SO4

- work collaboratively 
with other reactive species (O2

-, h+ and ⋅OH) to sterilize the bacterial 
cells. After being attacked, the cell membrane and membrane-associated 
functions were gradually being destroyed, evidenced by the conforma-
tional change of the membrane and dramatic loss of the respiration 
activity and ATP synthesis capacity. This was followed by the intense 
oxidation of cytoplasmic proteins and lipids. Finally, DNA and RNA 
were leaked out, causing the complete and irreversible death of bacteria 
cells. 
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