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Graphitic carbon nitride loaded with bismuth nanoparticles
displays antibacterial photocatalytic activity

Hui Zhang* , Ling Li, Qian-Qian Li, Tao Ma, Jia-Qi Gao, Jin-Bo Xue, Shuang Gao

Received: 7 July 2021 / Revised: 13 October 2021 / Accepted: 14 October 2021 / Published online: 21 February 2022

� Youke Publishing Co., Ltd. 2022

Abstract Metal-free graphitic carbon nitride nanomate-

rials have been widely applied in the medical antibacterial

field owing to their high anisotropy, excellent stability,

satisfactory biocompatibility, and non-toxicity. Herein, Bi/

C3N4 nanocomposites were successfully constructed by

hydrothermal method followed by loading bismuth on the

surface of graphite carbon nitride. Bi nanospheres were

tightly combined with the layered g-C3N4 surface to pro-

mote effective separation of photo-induced charges, which

results in the Bi/C3N4 composite material that exhibited

excellent photocatalytic activity under visible light. In

addition, the surface plasmon resonance characteristics of

semi-metal Bi further enhanced the visible-light absorption

of the Bi/C3N4. However, excessive Bi may inhibit the

light-trapping ability of Bi/C3N4. 1.0% Bi/C3N4 demon-

strates excellent bactericidal efficiency as high as 96.4%

against Escherichia coli (E. coli), which is attributed to the

promotion of the production of reactive oxidative species.

The enhanced mechanism of Bi/C3N4 synergistically

achieving enhanced photocatalytic antibacterial activity

under the coupling of multiple advantages was clarified,

providing theoretical guidance for its application in the

field of water disinfection and antibacterial treatment.

Keywords Carbon nitride; Bi nanospheres; Schottky

barrier; ROS; Photocatalytic antibacterial

1 Introduction

Diseases caused by bacterial infections pose a serious

threat to human health. Generally, antibiotics are widely

used to treat infections, but their abuse has resulted in drug

resistance and the occurrence of super bacteria [1, 2].

Therefore, it is imperative to develop more effective ster-

ilization techniques that do not involve antibiotics [3].

Compared with traditional sterilization methods, such as

chemical drug delivery and ultraviolet inactivation, pho-

tocatalytic technology based on semiconductor materials

has been identified as an innovative sterilization method

[4, 5]. Photocatalytic sterilization is an efficient, safe, and

environmentally friendly technology. The strong oxidizing

ability of active oxygen groups generated by semiconduc-

tors under light can cause oxidation of phospholipids and

proteins and destroy bacterial cell membranes, thereby

inactivating bacteria effectively [6].

For constructing photocatalysts, two-dimensional (2D)

materials have been widely used in the field of nanome-

dicine, due to their high anisotropy and chemical functions.

Among them, the 2D nanomaterial g-C3N4 exhibits both

green and non-toxic superiorities. All these characteristics

make it a biomedical material with unique advantages

[7, 8]. Under light, the photogenerated electrons in the

conduction band of g-C3N4 react with O2 molecules to

form superoxide radicals (�O2
-). The photogenerated holes

in the valence band can oxidize water or hydroxides to

form hydroxyl radicals (�OH). �O2
-, �OH, and h? can all be

used as oxidative active species, which can interact with
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bacteria in the environment and inactivate them by oxi-

dation [9]. By modulating the band gap, electronic struc-

ture, and carrier separation efficiency of g-C3N4, the

photocatalytic antibacterial efficiency can be optimized. To

date, many studies have confirmed the excellent properties

of g-C3N4 and its potential applications [10–13].

It is widely known that one of the keys to achieving

high-efficiency photocatalysis is to inhibit the recombina-

tion of light-excited carriers [14–20]. Currently, noble

metals are loaded onto the surface of g-C3N4 to promote

the separation of photogenerated charges [21, 22]. The

coupling of the semiconductor with the metal nanoparticle

can construct a Schottky barrier at the interface to further

accelerate the separation and transfer of photogenerated

charges in the composite. The generated photoelectrons can

be quickly transferred to the metal nanoparticle for accu-

mulation, while leaving holes on the semiconductor surface

[23]. It has been reported that g-C3N4 modified with silver

nanoparticles shows excellent antibacterial activity [24].

Although silver nanoparticles show favorable bactericidal

properties, the released silver ions are toxic and pollute the

environment [25]. Therefore, it is necessary to develop

alternative metal antibacterial additives.

Low-cost and easy-to-obtain semi-metal bismuth has

been recognized as an ideal substitute for precious metals

due to its good photocatalytic activity [26]. The role of

bismuth as an antibacterial agent has been confirmed.

Bismuth is generally believed to be a metal with relatively

low toxicity in humans. Several bismuth compounds have

been reported to remove Helicobacter pylori [27]. Bismuth

can act as an electron trap, accelerating the separation of

charges at the interface by forming a Schottky barrier.

Simultaneously, the semi-metal Bi also exhibits surface

plasmon resonance (SPR) characteristics, which can

enhance the absorption of visible light and the local electric

field to activate more carriers. Therefore, in this work,

biloading of graphitic carbon nitride was designed to obtain

a photocatalyst with high carrier separation efficiency,

wide visible-light response range, and consequently

excellent antibacterial performance. The antibacterial per-

formance toward Escherichia coli was tested by inactiva-

tion measurements.

2 Experimental

2.1 Materials

Melamine (C3H6N6, 99.5%) was purchased from Tianjin

Guangfu Chemical Reagent Co., Ltd. Bismuth nitrate

(Bi(NO3)3�5H2O, 99.0%) was purchased from Sinopharm

Chemical Reagent Co., Ltd. Polyvinylpyrrolidone

((C6H9NO)n, 95.0%) was purchased from Tianjin Guangfu

Fine Chemical Research Institute. Deionized water was

prepared and used in all experiments.

2.2 Photocatalyst preparation

Pristine g-C3N4 was prepared using the traditional thermal

polycondensation method. Typically, 3 g melamine was

annealed in a tube furnace at 550 �C in air for 2 h (at a

heating rate of 4 �C�min-1), ground, and sifted with 300

mesh sieves to obtain granular g-C3N4 powder.

According to a previous study [28], with a slight change

in procedure, Bi was loaded onto g-C3N4 by a hydrother-

mal method (Scheme 1). First, 10 ml 1mol�L-1 HNO3 was

added to 50 ml ethylene glycol under stirring, and then a

certain amount of Bi(NO3)3�5H2O and 1 g

polyvinylpyrrolidone (PVP, molecular weight approxi-

mately 58,000) was added to the solution and stirred until

complete dissolution. Then, 0.1 g g-C3N4 powder was

dispersed in the solution, stirred for 30 min, and then

sonicated for 3 min to ensure that the powder and solution

were evenly mixed. The suspension was poured into a

reactor and kept at 160 �C for 24 h. After cooling to room

temperature, the product was removed for centrifugal

separation, washed several times, and finally dried at 50 �C
for 24 h to obtain Bi-loaded g-C3N4. Four dosages (0.0027,

0.0053, 0.0106 and 0.0265 g) of Bi(NO3)3�5H2O were used

to obtain Bi-loaded g-C3N4 samples with molar ratios of Bi

to g-C3N4 of 0.5%, 1.0%, 2.0% and 5.0%. The samples

were labeled as 0.5% Bi/C3N4, 1.0% Bi/C3N4, 2.0% Bi/

C3N4 and 5.0% Bi/C3N4.

2.3 Characterization

Field emission scanning electron microscopy (FESEM,

JEOL JSM-6700F) and high-resolution transmission elec-

tron microscopy (HRTEM, JEOL JEM-2100F) were used

to observe the morphology and microstructure of Bi/C3N4

samples; meanwhile, energy-dispersive spectroscopy

(EDS) measurements were taken. The crystalline structure

of the catalysts was examined by X-ray diffraction (XRD,

DX-2700X) with Cu Ka irradiation (k = 0.15406 nm)

operating at 40 kV and 30 mA in the 2h range from 10� to
80� with a 0.02� scan step size. The functional groups were

analyzed by Fourier transform infrared spectrometry

(FTIR, NICOLET AVATAR 330) using KBr pellets in the

wave number range between 4000 and 500 cm-1.

Ultraviolet–visible (UV–Vis) diffused reflectance spectra

of the powder samples coated on FTO were recorded by

UV–Vis spectrophotometry (UV–Vis, PerkinElmer Lamb-

da950) using BaSO4 sample disk to remove the substrate.

Steady-state fluorescence spectra were measured with a

photoluminescence spectrometer (PL, F900) under an

excitation wavelength of 350 nm. A self-assembled surface
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photovoltaic (SPV) system based on a lock-in amplifier

(Model SR830-DSP) synchronized with a light chopper

was applied to detect the photovoltaic signal.

2.4 Photoelectrochemical property test

The electrochemical tests were carried out on an AutoLab

electrochemical workstation incorporating a 300-W xenon

lamp source. A three-electrode system was employed in all

tests. The catalyst powder (0.01 g) was ground together

with Nafion (10 ll) and deionized water (100 ll) and then

coated on a glassy carbon electrode and treated at 50 �C for

3 h to obtain the working electrode. Pt plate and saturated

calomel electrode (SCE) were used as the counter electrode

and reference electrode, respectively, and a 0.5 mol�L-1

NaSO4 solution was used as the electrolyte. Transient

photocurrent measurements were taken in the dark envi-

ronment with 100 mW�cm-2 illumination at 0 V (vs. SCE)

bias voltage. Electrochemical impedance spectroscopy

(EIS) measurement frequency range is from 0.01 to

100,000 Hz, and for Mott–Schottky measurement, it is

stable at 1000 Hz.

2.5 Antibacterial photocatalytic performance

The photocatalytic disinfection activity of each sample was

evaluated using an inactivation test of Escherichia coli

(E. coli). To obtain the inoculum, a single colony was

placed in 10 ml Luria Bertani (LB) medium at 37 �C in a

shaker overnight. Bacterial cells in the media were har-

vested by centrifugation, washed twice, and then diluted

with sterile phosphate buffer (PB, 0.1 mol�L-1, pH 7.0) to

1 9 103 colony-forming units�ml-1 (CFU�ml-1). In the

photocatalytic disinfection test, 10 mg photocatalyst was

added to 3 ml E. coli suspension buffer and stirred for

10 min at 300 9 10–6 before light irradiation (the non-ir-

radiated reference remained in the dark). A 300-W xenon

lamp (CHF-XM300W, Perfect Light, China) with a UV-

CUT filter (k C 420 nm) was used as a visible-light source,

and the samples were illuminated for 1 h. Thereafter, ali-

quots of the samples (80 ll each) were spread onto LB

plates and cultured at 37 �C for 18 h to form viable colony

units. The inactivation rate of bacteria was calculated as

C/C0, where Ct and C0 are the bacterial concentrations sam-

pled at a certain time and before illumination, respectively.

2.6 In vitro cytocompatibility

2.6.1 Cell culture

Fibroblast was cultured in D-MEM supplemented with

10% FBS, 1% penicillin, and streptomycin at 37 �C under

an atmosphere of 5% CO2 and 95% air.

To assess the cell cytotoxicity, 1 ll of the cell suspen-

sion (2 9 104 cells�cm-2) was inoculated in 24-well plates

and cocultured with the extract of each sample and cell

culture medium, and the cell culture medium was changed

once a day.

2.6.2 Cell viability assay

In order to visually observe the viability of adherent cells

on samples, a live–dead stain (calcein AM and EthD-1)

was used. The cells on the samples were washed three

times with PBS after 1 and 3 days. Then, 50 ll of the

staining solution was dropped onto the samples and incu-

bated for 1 h at 37 �C in the dark. Afterward, the green

living cells and red dead cells were investigated by CLSM.

Cell proliferation was evaluated quantitatively by MTT

(Sigma, the USA) assay. The osteoblasts were cultured for

1 and 3 days on 24-well plates, respectively. 900 ll
D-MEM culture medium and 100 ll 5 mg�ml-1 MTT

solution were added to samples and after 4 h, and the liquid

on the 24-well plate was removed. Then, the samples were

washed with 1 ml dimethyl sulfoxide (DMSO, Sigma, the

USA) to dissolve the crystals. Finally, the optical density

Scheme 1 Schematic diagram of synthesis process and preparation flow of Bi-loaded g-C3N4 (Bi/C3N4)
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(OD) of the solution was measured at 492 nm on a

microplate reader (Infinite F50, TECAN).

3 Results and discussion

3.1 Morphology and structure

SEM and TEM images of g-C3N4 and x% Bi/C3N4 are

shown in Fig. 1. The original g-C3N4 exhibits a layered

structure, as shown in Fig. 1a. The morphology of x% Bi/

C3N4 with different Bi loading levels was also observed. It

can be clearly seen that g-C3N4 retained the original 2D

structure when Bi nanospheres were loaded on it. As shown

in Fig. 1b–e, the presence of Bi on the surface of the

sample was also detected by EDS (Fig. 1f). The size of the

Bi nanospheres ranged from tens to hundreds of nanome-

ters. In addition, with the increase in the amount of

Bi(NO3)3�5H2O used in the preparation process, Bi loading

showed a gradually increasing trend. With the highest

loading of 5% Bi/C3N4, a large quantity of Bi nanospheres

densely covered the surface of g-C3N4. TEM images of

1.0% Bi/C3N4 (Fig. 1g) also clearly show the presence of

Bi nanospheres deposited on the surface of g-C3N4 that are

tightly bonded to each other. A closer inspection shows that

Bi nanospheres exhibit clear lattice stripes with a pitch of

2.17 nm, corresponding to the (110) crystal plane of Bi, as

shown in HRTEM image (Fig. 1h).

XRD patterns of g-C3N4 and x% Bi/C3N4 are shown in

Fig. 2a. g-C3N4 exhibited two typical diffraction peaks at

Fig. 1 SEM images of a g-C3N4, b 0.5% Bi/C3N4, c 1.0% Bi/C3N4, d 2.0% Bi/C3N4 and e 5.0% Bi/C3N4; f EDS results of 1.0% Bi/C3N4;
g TEM and h HRTEM images of 1.0% Bi/C3N4
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13.0� and 27.8�, corresponding to the (100) crystal plane

caused by the in-plane repeating structural moieties and the

(002) crystal plane caused by the p-conjugated planes in

layered structures, respectively [29]. These two peaks were

also observed for x% Bi/C3N4 samples, indicating that the

hydrothermal treatment process did not affect the structure

of g-C3N4. With the loading of Bi nanospheres, a series of

new diffraction peaks appeared in x% Bi/C3N4, which

corresponded perfectly to the characteristic peaks of ele-

mental Bi (JCPDS No. 85–1329). In addition, no other

impurity peaks were observed, revealing the formation of

Bi nanospheres in the form of a simple substance. The peak

intensity related to elemental Bi increased with an increase

in the loading amount of Bi nanospheres. The diffraction

peaks of Bi in the samples with a lower loading amount of

Bi nanospheres were inconspicuous. This is because Bi

nanospheres are present on g-C3N4 in very small numbers

and in a highly dispersed state [30]. These results suggest

that elemental Bi nanospheres were loaded on g-C3N4 with

no BiOx or other phases.

FTIR spectra of g-C3N4 and x% Bi/C3N4 are shown in

Fig. 2b. All samples exhibited three strong absorption

bands at 804, 1200–1700, and 3000–3700 cm-1 related to

carbon nitride, which are attributed to the bending vibra-

tion of the heptazine ring, the stretching vibrations of C=N,

C–N, and C–N outside the ring, and the stretching vibration

of uncondensed amino groups –NH– and –NH2 on the

edge of the aromatic ring and the water O–H adsorbed on

the surface, respectively [31]. The characteristic bands of

the x% Bi/C3N4 samples were almost unchanged after Bi

loading, suggesting that the loading of Bi nanospheres on

the surface of g-C3N4 did not change its characteristic

structure.

The bonding states between the elements in the Bi-

loaded samples were further analyzed by XPS. XPS full

spectra of the high- and low-loading-capacity catalysts

(1.0% Bi/C3N4 and 5.0% Bi/C3N4) (Fig. 2c) indicate the

presence of C, N, O and Bi in the samples. The O species

may be derived from O2 or H2O adsorbed on the surface of

the material. Fig. 2d shows the C 1s energy level spectra,

which can be deconvoluted into three peaks at 284.6, 285.6

and 288.1 eV. The peaks with a binding energy of

284.6 and 285.6 eV are attributed to the C–C bond of the

sp2 C atom bonded to the N atom and the sp2 C atom

attached to the –NH2 group in the aromatic ring [32],

respectively, while the peak at 288.1 eV is assigned to sp2

hybridized carbon (N–C=N) [33]. The N 1s pattern in

Fig. 2e can also be deconvoluted into two peaks at 398.4

and 399.5 eV. Of these, the peak at 398.4 eV is indexed to

sp2 hybrid nitrogen (C–N=C) and the peak at 399.5 eV is

identified as the tertiary nitrogen group (N–(C)3). The Bi 4f

pattern (Fig. 2f) shows two peak positions with binding

energy of 156.9 and 162.3 eV, both of which can be

indexed as Bi simple substances [34]. As a whole, 5.0% Bi/

Fig. 2 a XRD patterns and b FTIR absorption spectra of g-C3N4 and x% Bi/C3N4; c full XPS survey spectra; d high-resolution XPS
spectra of C 1s; e N 1s and f Bi 4f for 1.0% Bi/C3N4 and 5.0% Bi/C3N4
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C3N4 exhibited a peak pattern similar to that of 1.0% Bi/

C3N4, and XPS peak of Bi shifted to a low binding energy

with the increase in loading concentration, which can be

attributed to the transfer of electrons from the sp2-hy-

bridized p-conjugated g-C3N4 network to Bi. Bi accepts

electrons, and this manifests an increase in electron cloud

density. The above analysis proves that the Bi species

mainly exist in the form of Bi simple substances, are loa-

ded on the surface of g-C3N4 and interact with N atoms,

and further promote charge transfer in the catalyst.

3.2 Optical properties

To characterize the light absorption performance of g-C3N4

and x% Bi/C3N4, UV–Vis absorption spectra were recor-

ded, as shown in Fig. 3a. After the loading of Bi nano-

spheres, the light absorption capacity of the samples in the

visible-light region was improved, and the light absorption

band edge was significantly red-shifted and broadened, and

the light absorption intensity gradually increased with Bi

loading increasing, which explained the color of the sam-

ples gradually changing from light yellow to dark brown.

This may be due to the charge transfer between the Bi

nanospheres and g-C3N4 [35]. According to the Kubelka–

Munk formula [36], the band gaps of the prepared materials

were quantified, and the band gap values were estimated to

be 2.79, 2.61, 2.59, 2.53 and 2.26 eV, corresponding to

g-C3N4 and 0.5%–5.0% Bi/C3N4 samples, respectively, as

shown in Fig. 3b. This significant change in the band gap

reflects the change in the internal electronic structure of x%

Bi/C3N4, which means that there was an electron exchange

between g-C3N4 and supported Bi nanospheres [37] and

also proves that the interaction between Bi and g-C3N4

results in the formation of a Schottky junction rather than a

simple physical contact. It is widely known that semi-

metallic Bi nanospheres with precious metal-like properties

can exhibit SPR characteristics in the visible-light region,

which is also a critical reason for the increased absorbance

of x% Bi/C3N4 in the visible-light region [29]. The

improved light absorption capacity facilitated the photo-

catalytic antibacterial activity of Bi/C3N4 under visible

light.

3.3 Carrier behavior evaluation

The separation efficiency of the photogenerated electron–

hole pairs of g-C3N4 and x% Bi/C3N4 was analyzed by

fluorescence spectroscopy, and the PL spectra with an

excitation wavelength of 350 nm are shown in Fig. 4a. All

samples exhibited two strong emission peaks centered at

438 and 465 nm, which are attributed to the quantum

confinement effect and band gap transition of graphitic

carbon nitride, respectively [38]. The intensity of the

emission peak decreased significantly after Bi loading,

indicating that the separation efficiency of the photogen-

erated carriers was improved. Loading increased levels of

Bi nanospheres, which led to a higher separation efficiency.

The main reason for this phenomenon is the formation of a

Schottky junction at the interface of the Bi nanospheres and

g-C3N4 [39]. According to reports [40], the Fermi level of

semi-metal Bi is roughly at - 0.17 eV (vs. NHE), which is

more positive than the bottom of the conduction band of

g-C3N4. Therefore, the electrons generated under illumi-

nation on the conduction band of g-C3N4 can quickly

migrate to the surface of the metal Bi, which can capture

and transfer photogenerated electrons as an electron trap,

thereby separating the photogenerated charges more

effectively. Subsequently, the electrons accumulated on the

surface of the Bi nanospheres are captured by the sur-

rounding oxygen to form reactive oxidative species (ROS).

Consequently, the photogenerated carrier separation effi-

ciency of g-C3N4 can be further improved by loading Bi

nanospheres to capture and consume the photogenerated

electrons.

Fig. 3 a UV–Vis diffuse reflectance spectra and b estimated band gap obtained from K-M equation of g-C3N4 and x% Bi/C3N4
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To further verify the photogenerated charge migration

behavior at the interface between g-C3N4 and x% Bi/C3N4,

surface photovoltage tests were performed, and the results

are displayed in Fig. 4b. In n-type semiconductors, the

photogenerated holes generated under illumination move

toward the surface under the action of a self-built electric

field, thus forming a positive potential difference [41].

After the loading of Bi nanospheres, the positive photo-

voltage signal of all the samples became stronger, repre-

senting a higher charge separation efficiency. This

phenomenon confirms the capture effect of the Bi metal on

the photogenerated electrons.

By evaluating the photoelectrochemical characteristics,

the separation and transfer mechanism of charge carriers

at the interface after Bi metal is loaded on the surface of

g-C3N4 can be better understood. The Mott–Schottky

curves of g-C3N4 and 1.0% Bi/C3N4 are shown in Fig. 4c.

The positive slope of the M–S curve reflects the charac-

teristics of the n-type semiconductor. In addition, the

carrier concentration of the material can be estimated

from the M–S curve that is negatively correlated with the

slope [42]. As Bi loading increased, the carrier concen-

tration of the sample gradually increased. This is related

to the metallic properties of the loaded Bi nanospheres,

which allow more free electrons to participate in the

generation of ROS.

The tangent of the curve intersects with the x-axis, and

the intersection point can be roughly determined as the flat

band potential (Efb) of the material. Based on the test

results versus the saturated calomel electrode potential, the

Efb value of g-C3N4 and 1.0% Bi/C3N4 was determined to

be - 1.13 eV (vs. NHE) according to the empirical for-

mula [43], as shown in Fig. 4d. In n-type semiconductors,

Efb is roughly located at the edge of the conduction band

[44]; hence, the conduction band potential of g-C3N4 and

1.0% Bi/C3N4 is * - 1.13 V (vs. NHE), which is higher

than the Fermi level of metallic Bi (-0.17 eV vs. NHE).

Therefore, when Bi is in contact with g-C3N4, a Schottky

barrier is formed at their contact interface [45]. The pho-

togenerated electrons excited under visible-light illumina-

tion can quickly be transferred from the conduction band of

g-C3N4 to the surface of Bi nanospheres, thereby promot-

ing the directional migration of electrons and participating

in the formation of ROS on the surface for photocatalytic

antibacterial activity.

The effect of the Bi/C3N4 composite structure on the

charge transfer kinetics at the interface was further ana-

lyzed by electrochemical impedance, and the electro-

chemical impedance spectra of g-C3N4 and x% Bi/C3N4 are

illustrated in Fig. 4e. The size of the arc radius represents

the charge transfer rate on the electrode. The smaller the

radius is, the smaller the resistance is, which indicates a

higher charge transfer efficiency [46]. The arc radius of x%

Bi/C3N4 became smaller than that of g-C3N4 with the

increase in Bi loading, as shown in Fig. 4e, representing a

smaller impedance, which reveals that the Schottky junc-

tion formed between Bi and g-C3N4 is more conducive to

the separation and transfer of charge carriers.

Fig. 4 a PL spectra; b SPV spectra; c Mott–Schottky plots and d partial enlargement; e electrochemical impedance spectroscopy and
f photocurrent intensity of g-C3N4 and x% Bi/C3N4

1 Rare Met. (2022) 41(5):1570–1582

1576 H. Zhang et al.



The amperometric I–t method under visible light was

used to detect the light response capability and carrier

separation efficiency of the samples. Figure 4f shows the

transient photocurrent response spectra of g-C3N4 and x%

Bi/C3N4 upon exposure to visible light for 50 s under a bias

of 0 V (vs. SCE). It can be observed that all Bi-loading

samples have a higher photocurrent density than g-C3N4,

and 1.0% Bi/C3N4 exhibits the highest photocurrent den-

sity, suggesting that Bi nanospheres can capture electrons

from g-C3N4 to promote the separation of photogenerated

carriers at the interface. The photocurrent density main-

tained a high degree of stability during multiple cycles of

light on and off, signifying that the photogenerated carriers

have a stable separation efficiency. It is worth noting that

with the increase in Bi loading, the dark current of the

samples gradually increased, which is related to the

increase in carrier concentration of the materials and the

decrease in their impedance [47]. Consequently, loading Bi

nanospheres on the surface of g-C3N4 would enhance the

separation and transfer efficiency of its charge carriers

according to the above electrochemical performance

analysis.

3.4 Photocatalytic antibacterial properties

The photocatalytic bactericidal activity of g-C3N4 and

1.0% Bi/C3N4 was evaluated in phosphate buffer solution

(PB, 0.1 mol�L-1, pH 7.0) under visible-light irradiation

(k C 420 nm). Diffusion plate experiments intuitively

present different antibacterial properties of the two samples

against E. coli. According to the number of growing

colonies, 1.0% Bi/C3N4 exhibited better antibacterial per-

formance than g-C3N4 by inactivating E. coli (Fig. 5) after

1-h illumination. As shown in Fig. 6b, c, the photocatalytic

activity of 1.0% Bi/C3N4 was approximately nine times

higher than that of pristine g-C3N4, achieving a 96.4%

sterilization efficiency toward E. coli within 60 min,

whereas pristine g-C3N4 only achieved 12.3% inactivation.

Meanwhile, the bactericidal activity of g-C3N4 and 1.0%

Bi/C3N4 was negligible (Fig. 6a) under dark conditions,

suggesting that the enhanced photocatalytic bactericidal

activity of 1.0% Bi/C3N4 is not related to the toxicity of Bi

loading at C3N4. Cytotoxicity was determined by cell live/

dead staining assays, and the live/dead staining fluores-

cence images of osteoblasts cultured on the samples for 1

and 3 days are shown in Fig. 7a. These fluorescence

staining results directly confirmed that all the samples

could support fibroblast growth without appreciable cyto-

toxicity. In addition, the MTT assay was performed to

evaluate the cytotoxicity of the samples, and the results are

shown in Fig. 7b. This assay demonstrated that cells cul-

tured on x% Bi/C3N4 exhibited relatively higher viability

than those cultured on g-C3N4 throughout the incubation

period, and the results are consistent with staining fluo-

rescence. The bismuth nanospheres improved the prolif-

eration of fibroblast due to the increased surface area of Bi/

C3N4 and its non-toxic characteristics.

In the photocatalytic reaction, the electrons and holes

generated by light-excited g-C3N4 react with O2 and H2O

to form ROS, including superoxide radicals (�O2
-),

hydrogen peroxide (H2O2), and hydroxyl radicals (�OH).
These reactive oxygen species diffuse into the solution and

attack the bacteria surrounding the photocatalyst, causing

their inactivation. Among them, 1.0% Bi/C3N4 presented

the highest sterilization efficiency against E. coli under the

same conditions, and on the basis of previous reports, the

Fig. 5 Antibacterial activity characterization of samples toward E. coli: standard colony counting plate results of different samples
without and with visible-light illumination
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photocatalytic antibacterial performance of 1.0% Bi/C3N4

in this study is superior to that of many Ag- or Bi-based

photocatalysts, as shown in Table 1 [48–55]. These results

strongly indicate that stabilizing Bi nanospheres on the

g-C3N4 support and realizing the best synergy between

them is crucial for significantly boosting the antibacterial

performance. In spite of this, excessive Bi greatly reduced

the utilization of visible light by g-C3N4 due to the

absorption of most of the incident light, resulting in a

decrease in the photocatalytic activity of 2.0% and 5.0%

Bi/C3N4.

3.5 Antibacterial mechanism

It is well known that the generation of reactive oxidative

species is the main factor responsible for photocatalytic

disinfection. Therefore, different scavengers were added to

the photocatalytic reaction system to further determine

which reactive oxidative species play a pivotal role in Bi/

C3N4 photocatalytic disinfection under visible-light illu-

mination. Accordingly, sodium oxalate (2 mmol�L-1),

isopropanol (0.5 mmol�L-1), benzoquinone (BQ,

1 mmol�L-1), and Cr (VI) (0.05 mmol�L-1) were used to

trap h?, �OH, �O2
-, and e-, respectively. All scavengers

have been reported to exert no toxicity to E. coli at this

concentration level [56]. Fig. 6d shows the disinfection

performance of samples with different scavengers added

after 60-min visible-light illumination. Taking the disin-

fection process without scavenger as a control, the disin-

fection effect of isopropanol as the �OH scavenger was

basically unchanged, indicating that �OH has no effect on

the antibacterial activity, which is ascribed to the valence

band of g-C3N4 (* 1.46 eV) incapable of producing �OH
(Eh(H2O/�OH) = 2.38 V (vs. NHE)). The photocatalytic

disinfection effect changed slightly after adding sodium

oxalate, suggesting that the role of h? in the g-C3N4

valence band is not very important in the photocatalytic

process. Significantly, the presence of BQ and Cr(VI)

remarkably reduced the antibacterial performance, reveal-

ing that �O2
- is the key active substance in the photocat-

alytic disinfection process, and e- can activate O2 to

generate �O2
-.

A plausible photocatalytic mechanism of Bi/C3N4 with

enhanced antibacterial activity is proposed based on the

Fig. 6 a Bactericidal activity of g-C3N4 and x% Bi/C3N4 towards E.coli without visible-light illumination and b under visible-light
illumination (k C420 nm); c bacterial removal efficiency of prepared samples under visible-light illumination; d photocatalytic
disinfection performance of 1.0% Bi/C3N4 composite towards E.coli under visible light illumination for 60 min in presence of different
scavengers
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above experimental results. Bi was loaded onto the g-C3N4

sheets to form an interface g-C3N4. The Bi nanospheres on

the g-C3N4 sheets take effect in two ways. Under visible-

light irradiation, the photogenerated electrons transition to

the conduction band, and the photogenerated holes remain

in the valence band. Because g-C3N4 contacts Bi to form a

Schottky junction, the electrons on the CB of g-C3N4 tend

to be transferred to Bi to balance the Fermi level between

g-C3N4 and Bi, so that the electron energy on the surface of

g-C3N4 is higher than that inside the semiconductor. The

Schottky barrier formed at the interface between g-C3N4

and Bi improves the separation efficiency of the photo-

generated electrons and holes, enhancing the photocatalytic

performance of g-C3N4. Moreover, the SPR effect of Bi

nanospheres under visible-light illumination drives the

visible-light absorption range to * 500 nm, which notably

Fig. 7 a Fluorescence images of live/dead staining of fibroblast afterculturing for 1 and 3 days on g-C3N4 and x% Bi/C3N4; b MTT
assay of fibroblast seeded on different samples for 1 and3 days (error bars indicatinge means ± standard deviations: **P\0.01 and
*** P\ 0.001)

Table 1 Comparison of E. coli inactivation ability between 1.0% Bi/C3N4 and other materials

Catalyst Reaction conditions Time Removal
rate/%

Refs.

Ag/g-C3N4 300-W xenon lamp (k[400 nm) 2 h 100 [48]

PCNSs 500-W xenon lamp 2 h 96.5 [49]

g-C3N4 300-W xenon lamp (k[400 nm) 4 h 100 [50]

g-C3N4/TiO2 300-W Xe lamp (k[420 nm), 30 mW�cm-2 3 h 100 [51]

Bi2O3/Bi2MoO6 300-W xenon lamp (k[420 nm) 5 h 100 [52]

AgI/BiVO4 A 300-W Xe lamp (k[ 420 nm) 50 min 100 [53]

P/Ag/Ag2O/Ag3PO4/TiO2 LED lamps (750 W�m-2) 40 min 100 [54]

AgFeNTFS Visible-light irradiation 2 h 100 [55]

1.0% Bi/C3N4 300-W xenon lamp (k[420 nm) 1 h 96.4 This work
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promotes the light utilization efficiency of the composite

material. As shown in Fig. 8, the Fermi level of Bi is *
-0.17 eV. The conduction band of g-C3N4 is more neg-

ative than that of Bi. Thermodynamically, the photoexcited

electrons generated in the conduction band of g-C3N4 are

transferred to the Bi nanospheres, while promoting the

more effective transfer of h? excited by the light of g-C3N4

itself simultaneously, which can be used as ROS to inac-

tivate bacteria to a certain extent. According to the trapping

experiment, as the main active species in the photocatalytic

disinfection process, �O2
- is mainly produced by the acti-

vation of O2 by e- on CB. The higher levels of �O2
-

indicate the facilitation of electron separation and transfer

by Bio. The strong oxidation activity of �O2
- produced in

large quantities attacks the cell membrane, causing the

leakage of cytosol and finally kills the bacteria.

4 Conclusion

A novel Bi/C3N4 nanocomposite was prepared by loading

elemental Bi nanospheres onto the surface of g-C3N4. The

composite material exhibited more efficient photogener-

ated charge separation and transfer efficiency than pristine

g-C3N4, thereby contributing to the generation of ROS. The

SPR effect of metallic Bi also led to enhanced light

absorption in the visible-light region. The synergy of

multiple advantages resulted in the enhanced photocat-

alytic antibacterial activity of Bi/C3N4. Among them, 1.0%

Bi/C3N4 exhibited the best removal efficiency of 96.4% for

E. coli under 1-h visible-light irradiation. This work pro-

vides a new type of photocatalyst with great application

potential for photocatalytic antibacterial applications.
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