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Abstract Antibiotic misuse has resulted in the emergence

of superbugs, warranting new antibacterial methods. Sur-

face amorphisation oxygen vacancy-rich porous Sn3Ox

nanosheets in situ grown on Ni foam are successfully

designed via a simple, one-step hydrothermal method,

resulting in enhanced photoelectrochemical (PEC) bacte-

rial inactivation. In this system, the porous structure enri-

ches its surface with oxygen vacancies, which can extend

the absorption spectrum into the near-infrared region, while

oxygen vacancies can enhance the separation of electron–

hole pairs. Most importantly, the sheet-like porous

structure enhances surface active sites and increase the

contact area between bacteria and electrodes. Therefore,

the reactive oxygen species produced during the PEC

process can directly act on the surface of bacteria and is

100% effectively against drug-resistant Gram-positive and

Gram-negative bacteria in water within 30 min. This study

acts as a foundation for the development of novel photo-

electrocatalyst electrodes for efficient water purification.

Keywords Oxygen vacancy; Photoelectrocatalysis;
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1 Introduction

Global antimicrobial drug abuse currently is an extremely

serious issue, with ‘‘superbug’’ infections killing at least

700,000 people annually [1, 2]. The number of deaths is

expected to increase to 10 million per year by 2050 [3, 4].

Various disinfection techniques, such as ultraviolet (UV)

irradiation [5], ozonation [6], and chlorination [7], have

been widely used to inactivate drug-resistant bacteria.

However, those disinfection techniques consume large

amounts of chemicals, producing harmful by-products, and

are energy-intensive, contributing to climate change

[8–11]. Furthermore, since most drug-resistant bacteria live

in water, their inactivation is challenging [12, 13]. It is

critical to develop new antibacterial agents that can

effectively kill drug-resistant bacteria in water without

causing antibiotic resistance, ensuring safe drinking water.

Photocatalytic purification has recently garnered signifi-

cant attention because of its environmental friendliness,

safety, excellent stability, and high reusability [14–18].

Reactive oxygen species (ROS), which can be generated on a
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photocatalyst exposed to light, can effectively kill bacteria

[19–22]. Most importantly, solar light is the most abundant

free renewable energy source that can be used as the light

source for the photocatalytic system [23, 24]. A large number

of photocatalysis, including TiO2, have been discovered, and

present an economical, effective, and environmentally

friendly oxidation process for purification [25–28]. Fur-

thermore, these inorganic nanomaterial antibacterial agents

would not cause bacteria to develop drug resistance [29–31].

Because of the large band gap (approximately 3.20 eV),

conventional TiO2 can only absorb ultraviolet (UV) light and

is therefore inactive in the visible spectral range, with bac-

tericidal efficiency far from optimal for real-world applica-

tions [32–34]. Furthermore, nanomaterials are difficult to

recycle and are bound to cause secondary pollution when

used for water purification [35–37].

The photoelectric approach successfully bridges the gap

in current photocatalysis and provides a multitude of

potential advantages: (1) Quick electron transport via direct

contact between the substrate electrode and photocatalytic

active material [38, 39]. (2) A large number of photocat-

alytically active sites to assure high photoelectric conver-

sion efficiency [40, 41]. (3) The photoelectric catalytic

electrode is simple to remove from the solution, produces

no secondary pollution, and can be reused [42, 43].

Recent studies have demonstrated photoelectrocatalytic

application in the environment and energy fields [44–46].

Zhang and colleagues [47] successfully grew MoS2/MoOx

on the Ti film electrodes, demonstrating excellent bacterial

inactivation activity (the bacteria inactivation efficiency of

Escherichia coli (E. coli) reached 99.9999% in 2 h). Ye

and colleagues reported the development of a three-di-

mensional (3D) lupine-like TiO2/Sn3O4 heterostructure

photoanode with a high water-splitting performance [48].

According to previous research, a Sn3O4/Ni foam pho-

toanode was synthesised via enhanced photoelectrocat-

alytic degradation of polyacrylamide. Sn3O4 is an oxide

with a layered structure of mixed valence Sn2? and Sn4?

and a band gap of approximately 2.8 eV [49]. It has been

established that Sn3O4 can harvest visible light and use it to

catalyse the organic degradation of various compounds

[50]. Thus, Sn3O4 may exhibit a higher potential for pho-

toelectrocatalytic bacterial inactivation than TiO2.

In this study, surface amorphisation oxygen vacancy-

rich porous Sn3Ox nanosheets were grown on Ni foam

using a simple, one-step hydrothermal method, resulting in

enhanced photoelectrochemical (PEC) bacterial inactiva-

tion properties. This method is simple, convenient, and safe

when compared to the traditional H2 post-processing

method for generating oxygen vacancies. With the

enhancement of the PEC performance, the photo anode

killed bacteria with an antibacterial efficiency of up to

100% in 30 min.

2 Results and discussion

Firstly, the Sn3O4 nanosheets were grown in situ on Ni

foam surfaces using a hydrothermal method similar to our

previous research [51]. During the nucleation of Sn3O4,

ascorbic acid was added to obtain an oxygen vacancy-rich

Sn3O4. Ascorbic acid with reducing properties an adsorb

oxygen atoms and increases the oxygen vacancy concen-

tration of the material. To facilitate the distinction, we

referred to the Sn3O4 that was mixed with ascorbic acid

during the preparation process as Sn3Ox. Scanning electron

microscopy (SEM) and transmission electron microscopy

(TEM) were used to examine the morphologies and

structural characteristics of the samples. Figure S1a shows

a clear 3D network structure of the Ni foam, with the

branches interlacing to form pores of varying sizes. The Ni

foam has a smooth surface (Fig. S1b). 3D foam-like net-

work structure is still present growing Sn3O4 on the surface

(Fig. 1a). The high-resolution SEM image (Fig. 1b), how-

ever, shows that Ni foam is uniformly covered by Sn3O4

nanosheets with diameters ranging from 500 to 800 nm.

Furthermore, as shown in Fig. 1c, the thickness of Sn3Ox

nanosheets is approximately 30–40 nm. The thickness of

Sn3Ox layer coating on the Ni foam is approximately

3.8 lm (Fig. 1d). Sn3Ox was separately synthesized and

exhibits a spherical structure composed of nanosheets

agglomerated into micro flowers (Fig. S2). TEM results

indicate that both the Sn3O4 (Fig. S3) and Sn3Ox (Fig. 1e)

have a nanosheet structure, which is consistent with SEM.

High-resolution TEM (HRTEM) image (Fig. 1f) shows a

crystalline lattice characteristic of Sn3Ox. The lattice fringe

spacing measured is approximately 0.35 nm, correspond-

ing to the (101) plane of the triclinic structure of Sn3Ox.

Sn3Ox structure becomes porous owing to ascorbic acid

regulation. The pores are approximately 2 nm in size.

Furthermore, an amorphous layer is formed on the surface

of Sn3Ox.

Based on the X-ray diffraction (XRD) results (Fig. 2a),

the 2h peak diffraction peak is identified at 44.5�, 51.8� and

76.4� corresponding to Ni (JCPDS No. 04-0850) (111),

(200) and (220), respectively. The 2h peak diffraction at

27.1�, 31.7�, 32.3�, 37.1�, 50.0�, 60.9� and 63.5� are con-

sistent with Sn3O4 (JCPDS No. 16-0737) (111), (210),

(121), (130), (301), (042) and (312), respectively. These

findings strongly reveal that Sn3O4/Ni foam is successfully

prepared, as no other impurity peaks are observed. The

structure of the samples was investigated using Raman

spectroscopy (Fig. 2b). Raman peaks of Sn3O4 at 70, 82,

136, 165 and 235 cm–1 can be seen in Sn3O4/Ni and Sn3Ox/

Ni foam photoanodes, indicating that Sn3O4 nanosheets

have been successfully loaded onto the surface of Ni foam.

Figure 2c shows the optical capabilities of the samples.
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Sn3O4 nanosheets spectrum is typical of wide bandgap

oxide semiconductors, with an intense absorption band and

steep cut-off at 440 nm. Sn3O4/Ni and Sn3Ox/Ni foams

absorb more light in the visible to near-infrared (NIR)

spectral region than pure Sn3O4 nanosheets.

The surface chemical compositions and composing

elements of these catalysts were then investigated using

X-ray photoelectron spectroscopy (XPS). The broad-scan

spectrum of Sn3Ox/Ni foam photoanode is shown in

Fig. S4; Sn 3d, Ni 2p and O 1s peaks are observed, con-

firming that the sample elements contain Sn, Ni and O. Sn

3d signals are decomposed into two characteristic peaks,

Sn 3d3/2 and Sn 3d5/2, with components at 495.55 and

486.70 eV corresponding to Sn2?, respectively, and

Fig. 1 a, b SEM images of Sn3Ox nanosheet/Ni foam; c, d SEM images of surface amorphization oxygen vacancy-rich porous Sn3Ox

nanosheets on Ni foam; e TEM and f HRTEM images of surface amorphization oxygen vacancy-rich porous Sn3Ox nanosheets on Ni
foam

Fig. 2 a XRD patterns of Sn3O4/Ni foam and Sn3Ox/Ni foam photoanode; b Raman spectra of Sn3O4/Ni foam and Sn3Ox/Ni foam
photoanode; c UV–Vis spectra of Sn3O4, Sn3O4/Ni foam and Sn3Ox/Ni foam photoanode; high-resolution XPS spectra of d Sn 3d, e Ni
2p and f O 1s

1 Rare Met. (2023) 42(5):1508–1515

1510 L.-W. Wang et al.



components near 494.55 and 486.05 eV corresponding to

Sn4?, respectively (Fig. 2d).

These findings confirm the presence of Sn2? and Sn4? in

Sn3Ox/Ni foam. The characteristic peaks in Ni 1s spectra of

Sn3Ox/Ni foam are attributed to Ni salt, Ni 2p2/3 and Ni

2p1/2 at 861.08, 855.65 and 873.83 eV, respectively

(Fig. 2e). Furthermore, O 1s XPS profile could be fitted to

two characteristic peaks. The 530.2 eV peak is caused by

oxygen atoms bound to the metal, while the 531.4 eV peak

is caused by defect sites with low oxygen coordination,

indicating the presence of oxygen vacancies.

To evaluate PEC performance of Sn3Ox/Ni foam

photoanode, it is used to accelerate the processing of

E. coli in water under light irradiation with a 0.8 V bias.

When compared to Ni and Sn3O4/Ni foam photoanodes,

the Sn3Ox/Ni foam photoanode shows the highest E. coli

inactivation performance (Fig. 3a). Figure 3b shows the

direct E. coli inactivation properties by Sn3Ox/Ni foam

photoanode under different conditions. In the control

group, the bacterial population remains unchanged after

40 min of exposed to Sn3Ox/Ni foam photoanode. It has

been demonstrated that Sn3Ox/Ni foam photoanode is

nontoxic to bacteria. However, under light irradiation or

0.8 V bias, approximately 1.7 and 2.2 log of E. coli was

inactivated in 40 min. In contrast, E. coli is completely

inactivated after 30 min of PEC treatment at 0.8 V bias

and light irradiation. Reducing the bias potential of

0.2–0.8 V significantly increases the bacterial inactiva-

tion efficiency, indicating that the photocatalytic abil-

ity is positively related to the applied external bias

(Fig. 3c).

Furthermore, to demonstrate the broad-spectrum bacte-

ricidal effect, we tested Gram-negative bacteria, Gram-

positive bacteria, and drug-resistant bacteria (chloram-

phenicol-resistant E. coli (Chlr E. coli) and methicillin-

resistant Staphylococcus aureus (MRSA)), as shown in

Fig. 3d, e. These findings demonstrate the universality of

PEC oxidation in the treatment of various bacteria.

SEM was used to study the morphology of Chlr E. coli

before and after treatment to decipher the antibacterial

behaviour. As shown in Fig. 3f, before treatment, Chlr

E. coli presented an intact cellular structure with a typical

rod-like shape. Chlr E. coli is severely misshapen and

fractured after PEC oxidation, indicating that the generated

ROS sabotage the bacterial cell wall. This result is also

confirmed in the bacterial live/dead assay, distinguishing

the live bacteria (stained in green) and dead bacteria

(stained in red). As shown in Fig. 3f, initially, almost none

of Chlr E. coli are killed. Following PEC oxidation, all

bacteria turned red, indicating mortality.

Fig. 3 E. coli inactivation under different conditions: a comparison of Ni foam, Sn3O4/Ni foam and Sn3Ox/Ni foam; b comparison of
light, 0.8 V bias and light ? 0.8 V bias; c bias potential varying from 0.2 to 0.8 V, where *p\0.05, **p\0.01, ***p\0.001 indicate
significant differences compared to control group; d PEC inactivation of different bacteria (E. coli, Chlr E. coli, S. aureus and MRSA); e
corresponding photographs of bacterial colonies; f SEM images of Chlr E. coli before and after PEC oxidation for 30 min, and
corresponding fluorescence microscopic images (where C is terminal concentration of bacteria and C0 is e concentration at t = 0 of
experiments)
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The photoelectric properties were tested to clarify the

sterilization mechanism. In the dark, Sn3O4/Ni and Sn3Ox/

Ni foam photoanodes display extremely weak current

densities, as shown in Fig. 4a. When the photoanodes are

illuminated with light, an anodic photocurrent occurs,

which increases as the bias potential increases. The flow of

the photogenerated electrons through the outer circuit

causes the photocurrent. As shown in Fig. 4b, Sn3Ox/Ni

foam photoanode demonstrates a significantly higher pho-

tocurrent than the Sn3O4/Ni foam photoanode, attributed to

the improved charge separation and interfacial charge

transfer in the photoanode. Furthermore, when the bias is

varied (0.2, 0.4, 0.6 and 0.8 V), Sn3Ox/Ni foam photoanode

exhibits fast and reversible photocurrent responses for each

on and off cycle and the photocurrent density increases as

the bias voltages increase (Fig. S5).

According to the electrochemical impedance spec-

troscopy Nyquist analysis, the charge transfer resistance of

electrodes, which is inversely proportional to the rate of

charge transfer in the PEC process, can be calculated using

the diameter of the fitted semi-circle [52, 53]. The obtained

Nyquist plots of Sn3O4/Ni and Sn3Ox/Ni foam photoanodes

are shown in Fig. 4c. Nyquist plots of Sn3O4/Ni and Sn3Ox/

Ni foam photoanodes show semicircles. The low ohmic

resistance of the as-fabricated photoanode suggests a fast

charge transfer. Furthermore, the impedance is reduced

further under light illumination, demonstrating that illu-

mination promotes faster carrier transport on the surface.

When compared to Sn3O4/Ni foam, the impedance of

Sn3Ox/Ni foam is reduced, indicating that the separation

and transfer of photogenerated charges from Sn3Ox/Ni

foam yields the most efficient and fastest charge transfer

performance that would improve PEC activities.

Furthermore, electron paramagnetic resonance (EPR)

spectroscopy was carried out at 25 �C to demonstrate the

formation of oxygen vacancies following ascorbic acid

reduction. As shown in Fig. 4d, a single EPR signal asso-

ciated with oxygen vacancies was observed in both Sn3O4

and Sn3Ox. However, the signal of oxygen vacancies in

Sn3Ox is significantly higher than in Sn3O4, contributing to

enhanced light absorption and the separation of photo-

generated carriers.

Fig. 4 a Current–voltage curves in dark and under light irradiation of Sn3O4/Ni foam and Sn3Ox/Ni foam photoanodes; b photocurrent
density ON–OFF curves of Sn3O4/Ni foam and Sn3Ox/Ni foam photoanodes; c EIS Nyquist plots under dark and light irradiation of
Sn3O4/Ni foam and Sn3Ox/Ni foam (impedance is a complex number, Z0 and Z00 represent real and imaginary parts, respectively);
d EPR spectra of Sn3O4 and Sn3Ox nanosheets
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Based on the above experimental results, we propose a

mechanism for PEC charge transfer and bacterial inacti-

vation that occur on Sn3Ox/Ni foam photoanode, as shown

in Fig. 5. Sn3Ox initially absorbs visible light to generate

electron and hole pairs. The available wavelength range

can be extended to the NIR region by forming a porous

structure rich in oxygen vacancies. Under light irradiation,

electron–hole pairs are formed, and the electron holes

remain separated at the applied voltage and do not rapidly

compound. On the photoanode, the generated holes from

Sn3Ox can react with H2O to produce �OH, which has the

strongest oxidising ability of any ROS. Furthermore, �O2
–

is produced on the cathode by electron reduction of O2.

Sn3Ox/Ni foam has a porous structure, and the rough sur-

faces of the photoanode increase the contact area with

bacteria. Further, the ROS produced directly acts on the

bacteria, resulting in an excellent bactericidal effect.

3 Conclusion

To summarise, surface amorphisation oxygen vacancy-rich

porous Sn3Ox nanosheets in situ grown on Ni foam were

successfully designed via a simple, one-step hydrothermal

method, resulting in enhanced PEC activity for bacterial

inactivation. PEC characterisation demonstrated an

enhancement in photoelectric catalytic performance owing

to a broadened absorption spectrum and effective separa-

tion of the electron–hole pairs. This outstanding photo-

electrocatalyst demonstrated a 100% antibacterial effect in

water against drug-resistant Gram-positive and Gram-

negative bacteria. This surface amorphisation oxygen

vacancy-rich porous Sn3Ox nanosheet strategy can inspire

the design and fabrication of other PEC systems for effi-

cient photoelectrocatalytic bacterial inactivation.
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