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ABSTRACT: Efficient inactivation of bacteria in the sewage via a
photocatalytic process represents a promising strategy for the
efficient chemical utilization of solar energy. Herein, uniformly
dispersed Fe atoms were embedded between layers of g-C3N4
photocatalysts (CNFx), which were facilely prepared by thermal
treatment. The optimized photocatalyst (CNF100) first showed
excellent photoactivity for killing a variety of bacteria (93.0% for E.
coli, 93.9% for Salmonella, and 96.2% for S. aureus) under visible
light irradiation. The superior activity can be attributed to the
formation of shallow electron traps (Fe−N3) that can capture
excitons of excited states, which promote the charge transfer and
energy transfer process of activated adsorbed molecular oxygen,
respectively, forming reactive oxygen species, improving separation efficiency of photoexcited electrons and holes, and the Fe−N3
traps can also be used as photosensitive sites to broaden the absorption range of visible light. This strategy of constructing shallow
electronic traps lays a theoretical foundation for the design of new environmentally friendly and efficient water disinfectants.

■ INTRODUCTION
Effectively reducing the bacterial colony number in water is
crucial to solve the global public health problem.1−4 Excessive
bacteria in drinking water can induce infectious diseases such
as bacillary dysentery and hepatitis A virus, threatening human
life.5,6 For example, diarrhea caused by drinking contaminated
water infect hundreds of millions of people and kill about two
million children each year in the world.7−9 Often used water
sterilization methods mainly include chlorination, ultraviolet
and ozone disinfection, etc.2,3,10,11 However, the toxic
byproducts generated during the disinfection process increase
the risk of cancer, and the operation is complicated and
expensive.12,13 Therefore, there is an urgent need to develop a
novel antibacterial technology with high efficiency, low cost,
and universal application.
Among various antibacterial technologies, photocatalytic

disinfection, as a green and sustainable strategy,14−17 has been
widely promoted due to its rapid and efficient inactivation
effect without obvious drug resistance and side effects, and the
antibacterial process driven by solar energy is controllable,
recyclable, and has a low cost.18−20 As an exogenous
antibacterial technology, it relies on induced generation of
reactive oxygen radicals (superoxide radicals, hydroxyl radicals,
etc.) to cause bacterial inactivation without chemical additives
or harmful inactivation byproducts.21,22 Therefore, we believe
that the design of environmentally friendly and efficient
semiconductor sterilization materials show broad application
prospects, especially in water disinfection.

Graphite carbon nitride (g-C3N4), as a common semi-
conductor fungicide, has attracted great attention owing to its
terrific biocompatibility and stability.20,23,24 However, it has
some shortcomings that limit application, such as high carrier
recombination and a narrow visible light response range (400−
450 nm).25−27 Modification of transition metals has been
recognized as an important strategy that can significantly
improve the photocatalytic performance of g-C3N4.

12,28,29 Cu,
Mn, or Co atoms anchoring could greatly increase the in-plane
and interlayer carrier separation and transfer of g-C3N4,
thereby improving the photocatalytic efficiency, which in turn
exhibits excellent photocatalytic performance.28−30 These
statements confirm the fact that by introducing transition
metals into g-C3N4, the charge transfer process has been
closely studied to activate molecular oxygen to form highly
oxidizing superoxide radicals under photoexcitation, but the
accompanying energy transfer process to generate singlet
oxygen has rarely been analyzed in detail, which makes it
difficult to clarify the actual photocatalytic bactericidal
mechanism. To be sure, g-C3N4 is considered to be a strong
exciton material with low dielectric properties, and its exciton
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binding energy (evaluation of exciton strength important
index) is assumed to be extremely high, much greater than
some typical inorganic semiconductors.23,31 As mentioned
above, the huge Coulomb interaction between photoexcited
electron−hole pairs in g-C3N4 prevents the dissociation of
excitons and charge carriers, thus inhibiting the charge transfer
efficiency.23,32 Although the conspicuous influence of excitons
reduces the charge transfer efficiency, it may touch some
pivotal process of energy transfer under illumination, such as
the molecular oxygen in the ground state is activated by high-
energy excitons into singlet oxygen in the spin triplet state.23,33

Inspired by the above, the g-C3N4 catalyst modified by
transition metals was developed, which can not only
significantly improve the charge transfer of excitons but also
enhance the energy transfer of charge carriers, activating
molecular oxygen to generate a variety of active species. For
some reactions, such as water disinfection, that require a
number of free reactive oxygen species as the main
antibacterial active substance, it should be predicted that
using this type of disinfectant will show great potential and
advantage under aerobic conditions.
In this work, we reported that dispersed Fe atoms were

successfully inserted into g-C3N4 by a simple pyrolysis strategy
under a reducing atmosphere. The introduction of Fe atoms
could form Fe−N3 shallow charge trapping centers between
the layers of g-C3N4, which copromote the energy transfer and
charge transfer process of high-energy excitons, improve the
separation of charge carriers, accelerate the process of
molecular oxygen conversion to superoxide radicals and singlet
oxygen, and also broaden the response range of visible light.
Therefore, the preferred catalyst, CNF100, exhibited highly
effective and universal inhibition against E. coli, Salmonella, and
S. aureus. This provides a new idea to develop a safe and green
water disinfectant with superior sterilization.

■ EXPERIMENTAL PROCEDURES
Preparation of CNFx photocatalysts: Typically, 100 mg of the
cyclopentadienyl iron(II) dicarbonyl dimer (CIDD) was
ultrasonically dissolved in 250 mL of N,N-dimethylformamide,
and 10.0 g of melamine was added to the above solution under
magnetic stirring for 12 h. After filtering and rotary

evaporation, the red brown solid was kept for overnight
vacuum drying under 70 °C and then transferred into a tube
furnace at 550 °C for 4 h in H2/Ar (10%/90% vol) with a
heating rate of 1 °C/min, resulting the CNF100 sample, where
“100” in the subscript of CNF100 was representative of the
added mass of the CIDD. For comparison, when no CIDD was
added, the sample being prepared was labeled as CN under the
same conditions. Please note that the details of catalyst
characterization, photoelectrochemical measurement, photo-
catalytic antibacterial tests, live/dead staining, and the
calculation of DFT are presented in the Supporting
Information.

■ RESULTS AND DISCUSSION
The schematic of the prepared CNFx (Fe−N3 sites modified g-
C3N4) with inexpensive methods is presented in Figure 1A.
CNFx were synthesized via a thermal method at 550 °C for 4 h
in a reducing atmosphere using CIDD as the Fe source and
melamine to get the CNFx catalysts. XRD patterns of the CN
sample showed two main peaks at 13.1 and 27.2°, which
appeared from the (100) and (002) planes of g-C3N4, as
shown in Figure 1B,12,34 and no XRD peaks of oxides and
elemental of iron are observed in Figure 1B. Astoundingly, the
XRD diffraction angle decreased from 27.27 on the CN sample
to 27.11 on the CNF100 sample, which might explain the
increase of the interlayer distance by introducing Fe into the g-
C3N4 interlayer.

35,36 In addition, as shown in Figure S1, the
vibration peaks were observed at 1650−1250 cm−1, matching
with the heterocycles of g-C3N4,

23,28 and no absorption peaks
of the CIDD and Fe species were seen in FT-IR spectra
(Figure S1), reflecting that Fe species were evenly dispersed in
g-C3N4, which matched with XRD results. From theoretical
calculation’s standpoint, when Fe atoms were embedded
between layers of g-C3N4, the interlayer distance increased
from 3.2 Å over the optimized g-C3N4 moder (gCN) to 3.5 Å
over g-C3N4 moder modified by Fe atoms (CNFe), as shown
in Figure S2. These results indicated that the Fe atoms were
successfully embedded in the interlayer of g-C3N4 by a simple
strategy of thermal cleavage of Fe-containing organic ligands.
In addition, the morphology of all the as-prepared samples

were characterized by SEM and TEM. CN and CNF100

Figure 1. Schematic illustration of the as-prepared CNFx samples (A), XRD patterns (B), and corresponding close comparison (C).
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samples were composed of a 2D-layered g-C3N4, as shown in
Figures 2A and S3, predicting that the insertion of Fe atoms
did not destroy the layered structure of g-C3N4. As illustrated
in Figure 2B, the microstructure of the CNF100 sample
consisted of multiple layers of g-C3N4. The distribution of C,
N, and Fe elements were completely concentrated on the g-
C3N4 sheet by element mapping (Figure 2C), respectively.
Note that agglomerated Fe atoms were not observed,
reconfirming that Fe was uniformly embedded in g-C3N4 as
highly dispersed atoms, rather than elemental and correspond-

ing oxides. Moreover, the chemical states of N and Fe elements
for the prepared samples were further investigated by XPS
analysis. The high-resolution N 1s spectra of CNF100 samples
are shown in Figure 2D. It could be seen that four fitted peaks
of CNF100 samples were located in Fe 2p3/2 and 2p1/2 peaks at
713.7, 726.9 eV over Fe3+ and 710.2, 723.4 eV over Fe2+,
respectively (Figure 2D).37,38 The three simulated peaks of N
1s spectra for the CN sample were observed at 398.6, 399.6,
and 400.7 eV, corresponding to C�N−C, N−(C)3, and N−H
groups in g-C3N4,

25,39 respectively (Figure 2E). Equally, the

Figure 2. SEM (A), TEM (B), and EDX mapping (C) of the CNF100 photocatalyst. XPS Fe 2p (D) and N 1s (E) spectra.

Figure 3. Electron local function (A), charge difference distribution (B), and electrostatic potential (C) for the calculated CNFe, where the blue
and yellow electron cloud denoted the accumulated charge and depleted charge, respectively. DRS spectra (D) and density of states (E).
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CNF100 sample N 1s spectrum was successfully fitted by the
above three peaks, suggesting that the structure of g-C3N4 was
still retained in CNF100. It should be noted that the binding
energy of the N 1s peak for CNF100 was reduced to 0.4 eV with
comparison of the CN sample because of the interaction of
Fe−Nx bonding. Furthermore, the atomic ratio of the Fe
element in CNF250 was estimated to be 3.72% by XPS analysis
(Table S1).
The driving forces causing the interaction of Fe and N atoms

were deliberated by means of DFT calculations. When the Fe
atoms was inserted into the structure of g-C3N4, the
corresponding electron local function is shown in Figure 3A.
As can be seen in Figure 3A, the Fe atoms appeared to overlap
with the electron clouds of one N atom in the first layer and
two N atoms in the second layer in g-C3N4 (white dotted box),
which indicated the formation of Fe−N3 sites between layers
of g-C3N4. Similarly, differential charge distribution, as shown
in Figure 3B, was found to reduce electron cloud density for
the Fe atoms, but the corresponding change of N atoms was
contrary to this, confirming the obvious charge transfer
between one Fe atom and three N atoms. In addition, Fe−
N3 sites around the blue electron cloud was greater than the
yellow electron cloud, which further showed that these sites
induced shallow electron trapping (Figure 3B)31 and then
promoted the charge transfer, which in turn embodied superior
separation efficiency of photoexcited carriers. Moreover, the
electrostatic potential of the three layers in the CNFe model
(L1 = 14.78 eV, L2 = 15.07 eV, and L3 = 14.57 eV) was
smaller than that of gCN (L1 = L2 = L3 = 15.32 eV), as shown
in Figure 3C, which meant that CNFe was endowed with a
lower energy barrier than gCN to achieve rapid charge transfer
in the Z-direction as a result of the existence of the shallow
electron trap of Fe−N3.
The optical capture capability, as the factors to improve the

photocatalytic activity, was obtained by admeasuring the
diffuse reflectance spectroscopy (DRS) of the sample in the
200−800 nm range (Figure 3D).12,25 As exhibited in Figure
3D, the light absorption for CN (λ < 450 nm) was attributed
to the intrinsic response of the band gap, and the as-prepared

CNF100 demonstrated an increased light capture efficiency in
the visible region relative to CN, especially from 400 to 600
nm. Similarly, the DFT theoretical used to calculate the total
density of states (TDOS) was endowed with the homologous
tendency. TDOS is shown in Figure 3E, and the band gap of
CNFe and gCN was identified to be 0.64 and 1.81 eV,
respectively, with mismatching experiment consequence owing
to limitations of DFT theoretical.36 These facts suggested the
increased capture ability of visible light for g-C3N4 due to the
introduction of the Fe−N3 site.
Additionally, the separation degree of photoexcited elec-

tron−hole pairs, as one of the basic drivers of the enhancing
photocatalytic activity, was studied through the character-
ization of photoelectric properties. As displayed in Figure 4A,
the PL intensity of the CNF100 sample was lower than that of
CN, meaning that the introduced Fe sites could refrain
expressively the radiated recombination of carriers. Surpris-
ingly, the maximum wavelength of fluorescence emission red-
shifts from 445 to 470 nm with the insertion of Fe atoms into
the interlayer of g-C3N4 (Figure 4A), suggesting that the
excited charges transferred to the surface of the catalyst,
accompanied by energy transfer during the photoexcited
carrier separation process on account of the existence of
shallow electron traps.40 According to time-resolved fluo-
rescence decay spectroscopy (TRFDS) in Figure 4B, the
average lifetime (τaverage = 1.72 ns) of the CNF100 sample was
reduced compared with those of CN (τaverage = 3.59 ns),
signifying that the short singlet exciton lifetime could enhance
the dissociation of the exciton at the Fe−N3 sites to facilitate
the energy transfer process,41 increasing in the transition rate
of the electron from the excited state to the ground state26,41

and improving the catalytic performance. Meanwhile, linear
sweep voltammetry (LSV) measurements could provide
further insight into the separation efficiency of photoexcited
electron−hole pairs. As shown in Figure 4C, the current at the
threshold potential of CNF100 was significantly stronger than
that of CN, and the photocurrent of CNF100 and all Fe−N3-
modified samples (CNFx) was higher than that of CN (0.3 μA
× cm−2) at illumination, as seen from Figure 4D, especially for

Figure 4. Photoluminescence spectra (A), time-resolved transient fluorescence decay (B), cathodic polarization curves (C), and photocurrent (D).
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the CNF100 sample with the maximum current at 1.2 μA ×
cm−2, also proving the stronger separation performance of
electron−hole pairs. Moreover, the photocurrent decreased
from 1.2 μA × cm−2 for CNF100 to 0.6 for CNF500, and it may
be caused by excessive shallow traps that aggravated the
recombination of photoexcited carriers.
The superior photocatalytic performance of CNFx to g-

C3N4 was evaluated by the sterilization of E. coli and a
schematic of the corresponding antibacterial device is shown in
Figure S4. CNF100 was used as the representative CNFx
catalyst to compare with g-C3N4, as it showed the best
performance as stated in the above characterizations.
According to the results of the blank experiment (Figure
5A,B,O), there was no change in the colonies of E. coli before

(1.19 CFU mL−1 × 106) and after (1.09 CFU mL−1 × 106)
illumination without the photocatalyst, which not only
indicated that the lighting condition did not result in the
reproduction of E. coli but also confirmed that the process of
killing E. coli was driven by visible light. As shown in Figure
5C,D,O, when introducing CN as the catalyst, the colony
count decreased from 1.18 CFU mL−1 × 106 under dark to
1.04 CFU mL−1 × 106 under illumination (Figure 5C,D,O)
and the sterilization of E. coli proceeded sluggishly over CN
with a low conversion of 11.8% (Figure 5P), respectively. In
accordance with the characterization data, the sterilizing rate of
E. coli first increased with an increase of the Fe content on g-
C3N4 and then decreased (Figure 5E−O). To our delight,
CNF100 was the best photocatalyst for this killing process, and
E. coli was killed in a high efficiency of 93.0% after 30 min, as
shown in Figure 5P (the number of corresponding colonies
reduced from 1.10 CFU mL−1 × 106 to 0.08 CFU mL−1 × 106
in Figure 5O). To our expectation, the representative catalyst
(CNF100) was 7.8 times more efficient in sterilization than the
original g-C3N4. With the increase of Fe content, we observed
that the bactericidal efficiency of CNF250 and CNF500
decreased from 93.0 to 66 and 47% (Figure 5P), respectively,
which might be caused by the excessive Fe atoms forming
carrier recombination sites in the catalyst and then promoting
the recombination of photoexcited carriers, which was
consistent with the results of photocurrent. Moreover,
CNF100 still maintained superior removal efficiency of E. coli
after a six cycle test (red line, Figure 5P) and no obvious

changes of the XRD peak were observed before and after
sterilization (Figure S5), indicating that the optimized catalyst
exhibited great stability.42 The excellent antibacterial effect of
the as-prepared catalysts was further investigated by other
methods. The fluorescent dye mapping images are shown in
Figure 6A,B for before and after sterilization, respectively, and

the green and red dots denoted the living and dead cells,
respectively. It can be clearly observed that the number of
living E. coli cells was significantly less than that of without
CNF100 as a disinfectant. Needs to show that, the little red spot
was observed in Figure 6B, this possibility was ultra ascendant
sterilization activity, leading to cellular structure was
completely destroyed. Moreover, fresh E. coli showed smooth
cell membranes and cell walls (Figure 6C), while after 30 min
of visible light irradiation, many folds and breakage were
found, as shown in Figure 6D, on account of the destruction of
the cell membrane and cell wall. After all, as is known, K+
diffuses outside the cell, as the cell membrane and cell wall
break down.12 The K+ concentration of CNF100 rapidly
increased to about 70 ppm with the comparation of CN (33
ppm) after irradiation under visible light for 30 min (Figure
6E). These results reconfirmed the fact that CNFx could
destroy the cell structure, exhibiting the high photocatalytic
killing efficiency.
In order to better reflect the optimized catalyst as a

potentially useful disinfectant in the water treatment process,
the other bacteria (Salmonella and S. aureus) were further used
as targets to evaluate its satisfactory performance. The colony
images of Salmonella and S. aureus before and after sterilization
are shown in Figure 6F−M and the corresponding number of
colonies is recorded in Figure 6N. Compared with CN
(14.5%), the Salmonella sterilization rate of CNF100 (93.9%) is
significantly greater in Figure 6N. Similarly, the killing rate of S.
aureus also increased from 16.5% for CN to 96.2% for CNF100
after irradiation for 30 min (Figure 6N). Based on these, it can
be determined that g-C3N4 catalysts with Fe−N3 sites have
excellent universality, indicating that they are considered to
have broad application in water disinfection.

Figure 5. E. coli colony images of blank (A, B) and as-prepared
samples (C−N) before and after illumination, statistics on the counts
of colonies (O), and sterilization rate and cycle test (P).

Figure 6. Fluorescent dye mapping images of before (A) and after (B)
irradiation by CNF100, SEM images under the dark (C) and light (D)
by CNF100, the concentration of K+ leakage of E. coli cells (E), the
colony images of Salmonella (F−I) and S. aureus (J−M) before and
after illumination, statistics on the counts of Salmonella and S. aureus
colonies and the corresponding sterilization rate (N).
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The bactericidal mechanism in the aerobic system mainly
depends on the superoxidizing ability of reactive oxygen
species.12,13,43 When e− and h+ were quenched using potassium
dichromate (PD) and ammonium oxalate (AO), the
corresponding E. coli inactivation rate decreased from 93 to
77.2 and 60.5%, respectively (Figure 7A). In particular, the
corresponding E. coli killing rate dropped obviously to 16.8,
26.4, 32.6, and 13.4% with the scavengers of ·O2− (P-
benzoquinone, PBQ), ·OH (tert-butanol, TBA), H2O2 (Fe-
EDTA, Fe−E), and 1O2 (β-carotene, CA), respectively (Figure
7A). This indicated that CNFx photocatalysts relied on ·O2−,
·OH, H2O2, and 1O2, as the major active species during
photocatalytic inactivation, instead of e− and h+. Here, it is
needed to be stated that the generation of ·O2− and 1O2
originated from the charge transfer and energy transfer process
between the exciton and adsorbed O2 in the ground state,
respectively.33 Furthermore, the electron spin resonance signal
(ESR) of the·O2−, 1O2, and ·OH adducts of CNF100 was
stronger than that of CN under illumination (Figure 7B−D).
Curiously, the generation of ·OH in g-C3N4 was restricted by
activation of water due to the thermodynamic challenge,
whereas it was detected in this system, possibly because it can
be converted to ·OH via ·O2

− using H2O2 as an
intermediate.36,44

On considering that BET surface area of the photocatalyst
plays an important role in its photoreactivity, we measured the
nitrogen sorption isotherms of the photocatalysts. Figure
S6A,B compares the nitrogen sorption isotherms and
corresponding pore size distribution curves of the photo-
catalysts. Since the BET surface areas, pore volume, and
average pore size of all samples are similar (Table S2), the
introduction of Fe atoms did not affect the textural properties
of g-C3N4 and the enhanced photoreactivity should be
attributed to the introduction of Fe−N3 sites instead of the
BET surface area. According to these elaborations, a possible
mechanism of photocatalytic killing of bacteria was proposed
as follows: Fe−N3 sites in g-C3N4, as shallow electron traps,

captured the first excited state of charges through the electron
transfer and energy transfer process to activate molecular
oxygen and form ·O2− and 1O2, respectively, and then ·O2− was
further transformed into ·OH by the intermediate of H2O2.
Finally, these species with strong oxidizing ability destroyed
the cell membrane and cell wall of bacteria, resulting in their
death.

■ CONCLUSIONS
In summary, Fe atoms were inserted into g-C3N4 layers to
form the Fe−N3 sites by the simple thermal treatment method
with superior activity of the universality of killing bacteria
under illumination. A series of characterization in combination
with DFT theoretical calculation revealed that the sites can not
only be used as a shallow electron trap to efficiently capture
excitons into strongly oxidizing reactive oxygen species
through activation of molecular oxygen with energy and
charge transfer but also enhance the ability to capture light as
well, especially under visible light, leading to the optimized
photocatalyst (CNF100) showing excellent performance of
killing many types of bacteria. This study provides a novel
research idea for establishing shallow electron traps on the
surface of photocatalysts, which would be conducive to the
development of more universal and excellent semiconductor
sterilization materials in the future.
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(C), and ·OH (D).
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