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ABSTRACT: The residue of antibiotics in the water has led to increased antibiotic-
resistant bacteria, harm to human health, and damage to health-beneficial healthy
bacteria. An idea of constructing S-scheme α-Fe2O3/g-C3N4 nanocomposites is
studied toward a photocatalysis application for an efficient resolution of commercial
antibiotics in wastewater. Outstanding S-scheme Fe2O3/g-C3N4 nanocatalysts are
synthesized by a straightforward method and could easily improve the recycling
property, thanks to magnetic materials. Empirical results indicate that S-scheme
Fe2O3/g-C3N4 photocatalysts can degrade commercial cefalexin and amoxicillin (20
mg L−1) under visible light, with five and nine times higher performance than that of
g-C3N4, respectively. Furthermore, the detailed evidence to propose S-scheme Fe2O3/g-C3N4 heterojunctions and comparison of
photocatalytic performance in antibiotic degradation have also been mentioned in this study.
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1. INTRODUCTION

Antibiotics such as cefalexin and amoxicillin have been
extensively used for various disease treatments for humans
and animals. However, these antibiotics are often incompletely
metabolized, leading to significant excretion into the waste-
water.1,2 The long-term accumulation of these antibiotics can
lead to severe consequences, for instance, the development of
antibiotic-resistant bacteria, harm the human health, and
damage the health-beneficial healthy bacteria.3−6 Apparently,
the conventional wastewater treatment approaches such as
filtration, adsorption, and biodegradation cannot totally
degrade the antibiotics because of their high stability and
low biodegradability.7,8

Recently, nanomaterial-based semiconducting photocataly-
sis, which uses the endless solar energy source as input energy,
is considered as an energy-effective, sustainable, environ-
mentally friendly, and low-cost strategy for the degradation of
organic pollutants.9−11 In various semiconductor photo-
catalysts, graphite carbon nitride (g-C3N4) is considered one
of the most potential candidates, owing to its unique properties
such as high chemical and thermal stability and suitable band
structure for the photooxidation applications.12−16 However,
the rapid recombination of photogenerated carriers and
ineffective light utilization of g-C3N4 materials restricted their
practical applications.17−19 Recently, various efforts have been
made, such as constructing heterojunctions, nanostructure
design, doping with other elements, protonating with acid, and
engineering nitrogen-deficiency defects.17−20 Among them, the
coupling of magnetic photocatalysts with g-C3N4 to form

hybrid materials helps enable the material collection more
easily utilizing a magnetic field.19 As an expectation, α-Fe2O3, a
semiconductor with a narrow band gap (2.0−2.2 eV), has
prospective merits such as the most stable iron oxide, low
corrosion, and accessible synthesis with low cost.21,22 In
addition, the narrow-band gap semiconductor of α-Fe2O3

harvests light effectively and expands the solar spectral
response into the visible light region that constitutes 45−
50% of the solar spectrum. Furthermore, α-Fe2O3 can
contribute as active centers to improve the photocatalytic
activity.23 Consequently, α-Fe2O3-modified g-C3N4 is consid-
ered as a highlight approach to create low-cost, efficient, eco-
friendly environmental photocatalysts. Many reports showed
that composite materials of α-Fe2O3/g-C3N4 Z-scheme
photocatalysts remarkably enhance the photocatalytic effi-
ciency in water splitting for H2 generation,24−27 CO2

reduction,18,28−30 Cr(VI) and As removal,31,32 organic dye
degradation,33−38 NO oxidation,39 and so forth. In general,
previous studies on Fe2O3/g-C3N4 nanocomposites indicated
that combining these two materials created a Z-scheme
photocatalyst, which led to superior charge transportation

Received: February 17, 2022
Accepted: February 25, 2022

Articlewww.acsanm.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsanm.2c00741
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

V
ie

t P
ha

m
 o

n 
M

ar
ch

 8
, 2

02
2 

at
 1

4:
56

:5
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Viet+Van+Pham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thao+Kim+Truong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Le+Viet+Hai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ha+Phan+Phuong+La"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hoang+Thai+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vinh+Quang+Lam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vinh+Quang+Lam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hien+Duy+Tong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thang+Quoc+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amr+Sabbah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuei-Hsien+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sheng-Jie+You"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thi+Minh+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thi+Minh+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.2c00741&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00741?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00741?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00741?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00741?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00741?fig=abs1&ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.2c00741?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf


and reduced recombination, leading to improved photo-
catalytic activity. However, a thorough understanding of the
photocatalytic model of this material system is still a big
challenge and needs to be investigated. Recently, Xu et al.
proposed a direct Z-scheme charge transfer route with bending
band energy edges of these two semiconductors, which can
proceed over the Fe2O3/g-C3N4 composites, enhancing
photocatalytic performance in H2 generation.24 This is
considered as a premise for us to expand our survey and
confirm the S-scheme photocatalyst model of α-Fe2O3/g-C3N4
heterojunctions. Moreover, the high photocatalytic degrada-
tion of commercial antibiotics (cefalexin and amoxicillin) with
a high concentration in water is still a challenge, and
developing S-scheme α-Fe2O3/g-C3N4 heterojunctions has
high a scientific and practical value. In addition, the S-scheme
photocatalyst model will be more helpful in understanding the
separation and transformation of the charge carriers than the
Z-scheme photocatalyst model. In detail, in the S-scheme
model, we could easily understand the role of the internal
electric field, band bending, and Coulombic attraction force,
which contribute to the increase in the separation of electron−
hole pairs in the α-Fe2O3 and g-C3N4 materials, leading to their
enhanced photocatalytic ability.16,40−42

In this study, we synthesized α-Fe2O3-modified g-C3N4, with
different α-Fe2O3 contents (as shown in Scheme 1) and

investigated the photocatalytic degradation of antibiotics
cefalexin and amoxicillin at high concentration for the purpose
of understanding the photocatalytic activity of α-Fe2O3/g-
C3N4 heterojunctions. The modification of g-C3N4 with α-
Fe2O3 substantially improved the photocatalytic activity for
high degradation of commercial cefalexin and amoxicillin (20
mg L−1). The photocatalytic S-scheme mechanism of α-Fe2O3/
g-C3N4 composites was confirmed from their considerably
enhanced photocatalytic activity and the optical and electro-
chemical analyses. This study delivers a potential approach for
pharmaceutical wastewater treatment employing direct S-
scheme hybrid composite photocatalysts under visible light
conditions.

2. RESULTS AND DISCUSSION
2.1. Characterizations of α-Fe2O3/g-C3N4. The mor-

phology and microstructure of the as-prepared catalysts were
observed using HRTEM images and the selected-area electron
diffraction (SAED) pattern (Figure 1). As could be observed in
Figure 1a,b, g-C3N4 shows a lamellar structure, while α-Fe2O3
is in the form of nanoparticles with a diameter of 10 nm. The
morphology of α-Fe2O3, g-C3N4, and 5% α-Fe2O3/g-C3N4
composites is also presented in SEM images (Figure S1).
Furthermore, HRTEM images of the α-Fe2O3/g-C3N4 sample,
verifying the good coupling between the two constituent

materials via adhering together. From the HRTEM image
(Figure 1c), an interplanar spacing of 0.27 nm, which
corresponds to the (104) plane of α-Fe2O3,

26 is identified.
Also, the diffraction rings in the SAED pattern (Figure 1d) of
the composite could be indexed to the (104), (113), (1010),
and (220) planes of α-Fe2O3 crystals. Moreover, as can be
observed in the high-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) image
(Figure 1e) and elemental mappings (Figure 1f−j), elements in
g-C3N4 (C, N) and α-Fe2O3 (Fe, O) are uniformly distributed.
Figure 2a presents XRD patterns of the as-synthesized α-

Fe2O3, g-C3N4, and 5% α-Fe2O3 samples (which will be
referred to as α-Fe2O3/g-C3N4 henceforth). For α-Fe2O3, the
peaks located at 24.2, 33.1, 35.6, 40.9, 49.5, 54.1, 57.6, 62.5,
64.1, 71.9, and 75.5° are well-consistent with those of hematite
(α-Fe2O3, JCPDS no. 33-0664) without the existence of a
secondary phase. This result is so far well-consistent with
SAED pattern results presented in Figure 1d. The g-C3N4
shows two characteristic peaks situated at 13.0° and 27.5°,
corresponding to (100) and (002) planes of the g-C3N4
structure, respectively.43 Furthermore, the peak belonging to
the (100) plane of g-C3N4 suggests that the as-synthesized g-
C3N4 is primarily made up of heptazine units rather than the s-

Scheme 1. Synthesis Process of α-Fe2O3/g-C3N4
Nanocomposites

Figure 1. TEM images (a,b), HRTEM image (c), SAED pattern (d),
HAADF-STEM image (e), and elemental mappings of α-Fe2O3/g-
C3N4 (f−j).
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triazine-based structure.44 For the composite sample, the
presence of characteristic diffraction peaks of both α-Fe2O3
and g-C3N4 is observed. Besides, the diffraction peak locations
are not shifted, indicating unaffected crystal structures of α-
Fe2O3 and g-C3N4 after composite construction.
The characteristic functional groups and bond vibrations of

the as-prepared catalysts were investigated by FTIR spectros-
copy (Figure 2b). The Fe2O3 presents two peaks at 469 and
542 cm−1, which are assigned to Fe−O stretching modes.45

The FTIR spectrum of g-C3N4 possesses three regions of
typical vibrations. The first broad peak populated at 3000−
3700 cm−1 is attributed to N−H and O−H stretching
vibrations. The second region around 1210−1640 cm−1 is
characteristic of C−N and CN stretching modes of aromatic
ring systems of the g-C3N4 principal structure.46 The sharp
peak at 810 cm−1 corresponds to the out-of-plane bending
vibration belonging to heptazine rings.47,48 For α-Fe2O3/g-
C3N4, all typical vibration peaks of α-Fe2O3 and g-C3N4
concurrently exist, confirming the successful construction of
the Fe2O3/g-C3N4 nanocomposite along with the above XRD
results.
To further study the surface chemical composition and

status of elements in the as-prepared materials, XPS survey
spectrum analysis was carried out and is expressed in Figure
S2. In detail, the XPS survey spectrum of g-C3N4 shows typical
peaks of C 1s and N 1s, and Fe 2p and O 1s signals
additionally appear in the XPS spectrum of the α-Fe2O3/g-
C3N4 composite. For the C 1s region (Figure 3a), the XPS
spectrum of g-C3N4 displays two major peaks at 284.8 and
288.1 eV, which are consistent with the C−C/CC and N
C−N bonds, respectively.26,48 The same result is observed in
the XPS spectrum of α-Fe2O3/g-C3N4, where two peaks are
fitted and located at 284.8 and 288.2 eV. However, the
appearance of the C−O peak at around 285.9 eV in the
composite spectrum is ascribed to carbon contamination. In
the high-resolution spectra of N 1s exhibited in Figure 3b, the
three peaks attributed to sp2-hybridized nitrogen CN−C,
tertiary nitrogen N−(C)3, and uncondensed terminal amino
groups C−N−H are situated at 398.6, 400.0, and 401.1 eV,
respectively, in g-C3N4.

49 For α-Fe2O3/g-C3N4, N−(C)3 and
C−N−H peaks shift slightly to the lower-binding energy
region. In N 1s XPS spectra, the negative peak shift of α-
Fe2O3/g-C3N4 compared to that of g-C3N4 reveals the
formation of the composite structure. Moreover, due to the
conjugated aromatic structure of g-C3N4, extended delocalized
electrons could give rise to satellite signals (π−π*) in higher-
binding energy ranges of the main C 1s and N 1s peaks. As
presented in Figure 3c, the O 1s XPS spectrum of g-C3N4
shows the main peak centered at 531.5 eV, which is ascribed to
the surface hydroxyl groups.26 In the spectrum of the α-Fe2O3/

g-C3N4 composite, three fitted peaks are represented, which
are characteristic of lattice oxygen in α-Fe2O3 (530.1 eV), the
surface hydroxyl groups (532.0 eV),15,50 and chemisorbed H2O
(533.3 eV).51 The results of XPS analyses supported the SAED
and XRD results to confirm the existence of the α-Fe2O3 and
graphitic structure of C3N4 in the composite sample.
The optical absorption properties of materials were

characterized by UV−Vis DRS. As shown in Figure 4a, α-
Fe2O3 and g-C3N4 samples have absorption edges at 676 and
433 nm, respectively. Moreover, the integration of α-Fe2O3
with g-C3N4 causes a red shift in the absorption edge of α-
Fe2O3/g-C3N4 to 452 nm. This is explained by the synergetic
effect between α-Fe2O3 and g-C3N4, which expands the light

Figure 2. XRD patterns (a) and FTIR spectra (b) of α-Fe2O3, g-
C3N4, and α-Fe2O3/g-C3N4.

Figure 3. High-resolution XPS spectra of C 1s (a), N 1s (b), and O 1s
(c).

Figure 4. UV−vis DRS spectra (a), Tauc plots (b), Mott−Schottky
plots at a frequency of 1 kHz (c), and schematic band structure (d) of
α-Fe2O3, g-C3N4, and α-Fe2O3/g-C3N4.
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absorption range of composite material and affirms its good
utilization of visible light. For optical band gap determination
from UV−Vis DRS spectra and Tauc plots (Figure 4b) were
drawn employing Tauc relation

α ν ν= −h A h E( ) n
g

1/
(1)

where α is the absorption coefficient, hν is the photon energy,
A is the proportionality constant, and Eg is the band gap
energy. Depending on whether the nature of transition in the
semiconductor is direct or indirect, the value of n is 1/2 or 2,
respectively. By extrapolating linear regions to the abscissa, the
band gap of α-Fe2O3 and g-C3N4 is about 1.97 and 2.74 eV,
respectively.
To determine the flat-band potential (Vfb), which is

considered to be too close to the conduction band (CB)
edge potential of n-type semiconductors,10 the Mott−Schottky
plot was measured. As illustrated in Figure 4c, the tendency of
n-type semiconductors was shown via positive slopes in Mott−
Schottky plots of both α-Fe2O3 and g-C3N4 materials. Vfb can
be extrapolated from the x-intercept of the linear area of the
Mott−Schottky plot via the Mott−Schottky relation. The
calculated Vfb is 0.37 and −0.49 V versus RHE for α-Fe2O3 and
g-C3N4, respectively (Figure 4c,d). Based on DRS spectra and
Mott-Schottky plots, the band structure of the α-Fe2O3/g-
C3N4 composite photocatalyst can be diagramed as shown in
Figure 4d. Therein, combining a relatively small band gap
(1.97 eV) of α-Fe2O3 and a medium band gap (2.74 eV) of g-
C3N4 will create an advantage in the S-Scheme photocatalyst
model established that will be discussed and determined using
the following empirical results.
2.2. Photocatalytic Activity Assessment of α-Fe2O3/g-

C3N4. To evaluate the photocatalytic activity and determine
the S-scheme model of α-Fe2O3/g-C3N4, commercial antibiotic
pharmaceuticals including cefalexin and amoxicillin were used
as contaminant models. The change in typical absorption peaks
of cefalexin (260 nm wavelength) and amoxicillin (228 nm
wavelength) is recorded and expressed in Figures S3 and S4. In
general, all typical absorption peaks of cefalexin and amoxicillin
are almost insignificantly shifted during the photocatalytic
reaction under visible light irradiation. Figure 5a,b exhibits the
photocatalytic degradation of cefalexin over pure g-C3N4 and
α-Fe2O3/g-C3N4 with different percentages of α-Fe2O3. The
photolysis of cefalexin and amoxicillin was also tested in the
absence of catalysts, and the results indicated that these
antibiotics are quite stable and insignificantly degraded without
the presence of photocatalysts under visible light illumination.
There seems to be a general rule in the photocatalysis of
cefalexin and amoxicillin. In detail, the photocatalytic activity
of both pure α-Fe2O3 and g-C3N4 is not good for the
degradation of both cefalexin and amoxicillin. This could be
explained due to the rapid recombination of photoinduced
electron−hole pairs in narrow-band gap materials such as α-
Fe2O3 (1.97 eV).25 Although the band gap of g-C3N4 (2.74
eV) is larger than that of α-Fe2O3, valence band (VB) edge
potential position (Figure 4d) of g-C3N4 is still disadvanta-
geous for the degradation of cephalexin, leading to a weak
activity (23.9%). When α-Fe2O3 is modified with g-C3N4, the
photocatalytic activity of g-C3N4 is significantly improved, and
the best activity is achieved with 5% α-Fe2O3. The enhance-
ment in photocatalytic performance is due to the synergetic
effect between α-Fe2O3 and g-C3N4, which helps photoinduced
carriers to separate effectively and broadens the light

absorption range of the composite material. However, when
α-Fe2O3 content in the composites exceeds 5 wt %, the
photocatalytic performance tends to decrease. This could be
explained by the light-shield effect caused by α-Fe2O3, which
inhibits the light harvesting of matrix material g-C3N4. The
investigation on photocatalytic degradation of cefalexin and
amoxicillin was also carried out with the same approach,
indicating a superior performance of the α-Fe2O3/g-C3N4
composites in the cefalexin degradation that is more efficient
than that of the amoxicillin case. Furthermore, the pseudo-first-
order kinetics following the Langmuir−Hinshelwood (L−H)
model of the degradation processes of cefalexin and amoxicillin
are also calculated and presented in Figure S5. It was found
that the photocatalytic reaction rate constant (k) values for the
photocatalytic degradation of cefalexin (a) and amoxicillin
achieved the maximum value 112.80 × 10−4 min−1 and 40.20 ×
10−4 min−1 over 5% α-Fe2O3/g-C3N4, respectively (Table S1).
From these investigations, we choose the 5% α-Fe2O3/g-C3N4
composite to survey for the subsequent experiments. For
instance, the effect of the pH value of the antibiotic solution on
the photocatalytic activity of the 5% α-Fe2O3/g-C3N4
composite is tested and displayed in Figure 5c. The
photocatalytic activity of α-Fe2O3/g-C3N4 for cefalexin
degradation at various pH values indicated that the best

Figure 5. Photocatalytic degradation of cefalexin (a) and amoxicillin
(b) over α-Fe2O3, g-C3N4, and α-Fe2O3/g-C3N4 composites with
various α-Fe2O3 percentages and initial pH dependence on the
photocatalytic degradation of cefalexin (c) and amoxicillin (d) over α-
Fe2O3/g-C3N4 ([pharmaceuticals]0 = 20 mg L−1 and [photocatalyst]0
= 0.33 g L−1]); photocatalytic removal of cefalexin (e) and amoxicillin
(f) with various amounts of α-Fe2O3/g-C3N4 ([pharmaceuticals]0 =
20 mg L−1).
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degradation efficiency (97.8%) of cefalexin is obtained at pH 7,
which is 1.5, 1.3, and 2.2 times higher than that at pH 3
(67.1%), pH 5 (72.9%), and pH 9 (44.2%). For amoxicillin,
the optimal pH value for photocatalytic degradation over α-
Fe2O3/g-C3N4 is also confirmed to be neutral (Figure 5d).
These results verify that α-Fe2O3/g-C3N4 works well in the
wide environmental pH range. Therein, the neutral solution is
the best medium for the photocatalysis of α-Fe2O3/g-C3N4
that also showed a reaction rate of 112.80 × 10−4 min−1 and
40.20 × 10−4 min−1 for cefalexin and amoxicillin degradation,
respectively (Table S2). In addition, the influence of catalyst
amount on the photocatalytic removal process is also studied
in this study. As presented in Figure 5e,f, the increase in α-
Fe2O3/g-C3N4 amount is accompanied by the enhancement in
photocatalytic degradation of antibiotics. This could be
primarily explained by the increase in target molecules (O2,
H2O, and antibiotics) adsorbed on the photocatalyst surface.
Meanwhile, under visible light conditions, the generation of
active species should also be boosted. These results indicate
that the amount of catalysts also plays a critical role in
photocatalytic activity. In addition, the constant rate k of the
degradation processes of cefalexin and amoxicillin is also
calculated and presented in Figure S6 and Table S3.
In addition to photocatalytic performance, photocatalyst

stability is also of vital importance for potential practical
application. The photocatalytic recycling stability after five
cycles of α-Fe2O3/g-C3N4 for the degradation of cefalexin and
amoxicillin solution, respectively, is shown in Figure S7a,b. The
α-Fe2O3/g-C3N4 exhibits a relatively stable photocatalytic
removal of the antibiotics, which declines only slightly after five
photocatalytic cycles. Additionally, the FITR spectrum of the
material after the reusability test (Figure S7c) is presented in
the Supporting Information. Additionally, a comparison of
some photocatalytic systems degrading cefalexin and amox-
icillin is shown in Table 1. In addition, the Fe-ion
concentration in samples before and after the photocatalytic
reaction has been determined by inductively coupled plasma-
atomic emission spectrometry (ICP-EOS). Therein, the Fe-ion
concentration in samples before and after the photocatalytic
reaction is less changed with 3.28 and 3.49%, respectively.
Clearly, the α-Fe2O3/g-C3N4 composite is a potential material
for the efficient degradation of the high concentration of
antibiotics with a small amount of the catalysts.
2.3. Empirical Evidence for an S-Scheme Photo-

catalyst Model of α-Fe2O3/g-C3N4. To further determine
the active species that mainly function in the photocatalytic
degradation of cefalexin and amoxicillin, the active-species

trapping tests were carried out. Figure 6a illustrates the
decreases in antibiotic removal after the addition of K2Cr2O7,

KI, IPA, and ascorbic acid as electron (e−), hole (h+), •OH,
and •O2

− quenchers, respectively, which reveal that the visible
light-induced photocatalytic activity of the α-Fe2O3/g-C3N4
composite is governed by e−, h+, •OH, and •O2

−. The
considerable decreases in the removal of the antibiotics
(Figure 6a,b) and the rate constant k (Figure S8) triggered
by KI also indicate that h+ radicals primarily dominate
photocatalytic reactions. It is easy to see that ascorbic acid
and KI significantly decreased the photocatalytic ability of the
α-Fe2O3/g-C3N4 composite for both cefalexin and amoxicillin
degradation. The rate constant of the photocatalytic reaction
was also calculated (Table S4) and demonstrated that the
existence of all scavengers inhibited the breakdown of
antibiotic compounds. From the active-radical trapping test
results, we can conclude that the •O2

− and h+ are primary
parameters for the photocatalytic degradation of cefalexin and
amoxicillin. Besides, Figure 6c,d shows the DMPO spin-
trapping EPR spectra of g-C3N4 and α-Fe2O3/g-C3N4 with
almost no signal in the dark. Under visible light, the signals of

Table 1. Comparison of Some Photocatalytic Systems Degrading Cefalexin and Amoxicillin

photocatalytic system antibiotic
antibiotic conc.

(mg L−1)
catalyst dosage

(g L−1)
irradiation time

(min)
photocatalytic efficiency

(%) refs

g-C3N4@ZnO/sunlight cefalexin 10 0.3 60 98.9 54
CuWO4/Bi2S3/Vis cefalexin 10 0.8 150 76 55
g-C3N4/ZnFe/Vis cefalexin 10 0.05 300 91 56
N−TiO2/ZnFe2O4/zeolite/UV−vis cefalexin 100 2 120 74 57
Bi2WO6/CNT/TiO2/sunlight cefalexin 20 0.75 70 89.7 58
α-Fe2O3/g-C3N4/vis cefalexin 20 0.33 120 71 this work

180 98
mesoporous g-C3N4/vis amoxicillin 2 1 60 96 59
CQDs/K2Ti6O13/vis amoxicillin 1 2 90 73.6 60
WO3/vis amoxicillin 1.2 0.104 180 99.99 61
α-Fe2O3/g-C3N4/vis amoxicillin 20 0.33 180 46 this work

Figure 6. Influence of scavengers on photocatalytic degradation of
cefalexin (a) and amoxicillin (b) over α-Fe2O3/g-C3N4 ([photo-
catalyst]0 = 0.33 g L−1 and [pharmaceuticals]0 = 20 mg L−1) and
DMPO−•O2

− (c) and DMPO−•OH (d) EPR spectra over g-C3N4
and α-Fe2O3/g-C3N4.
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•O2
− and •OH are clearer, proving the existence of these active

species in the photocatalytic systems containing g-C3N4 and α-
Fe2O3/g-C3N4. Notably, the

•O2
− and •OH signals are sharper

for the composite spectrum than for the g-C3N4 spectrum.
This finding reinforces the proposed S-scheme charge transfer
mechanism in α-Fe2O3/g-C3N4, which is beneficial for the
photocatalytic efficiency of the composites compared with the
raw constituent materials.
When absorbing light energy greater than or equal to the

band gap of each component photocatalyst, photogenerated
charge carriers are produced in their respective CB and VB.
However, the unfavorable CB edge energy for the reduction of
molecular O2 to

•O2
− of α-Fe2O3 and the VB edge position are

more negative than the redox potential of H2O/
•OH of g-

C3N4, making them poor photocatalysts.24 Therefore, a typical
type-II charge transfer process that causes the transfer of
photoinduced holes (h+) from the VB of α-Fe2O3 to the VB of
g-C3N4 and electrons (e−) from the CB of g-C3N4 down to
that of α-Fe2O3 could even hinder the photocatalytic activity of
the composite compared to the pristine materials. From the
results in Figure 4d, an arrangement of band structures of α-
Fe2O3 and g-C3N4 is an advantage for suggesting an S-scheme
mechanism for the degradation of antibiotics over the α-
Fe2O3/g-C3N4 composite, as regards the above experimental
results (Figure 7). As g-C3N4 with lower work functions and α-

Fe2O3 with higher work functions come in contact,24,52

electrons in g-C3N4 will flow to α-Fe2O3 until their new
Fermi level is aligned at equilibrium. Consequently, the
formation of positively charged g-C3N4 and negatively charged
α-Fe2O3 at the α-Fe2O3/g-C3N4 interface took place, which
formed an internal electric field. Meanwhile, the band edge
bending occurred for two semiconductors. Therein, g-C3N4
will bend the band edge uphill while α-Fe2O3 will curve its
band edge downhill. This S-scheme charge transfer process
orients efficiently the movement of electron−hole pairs, which
facilitates the recombination of useless photogenerated e− in
the α-Fe2O3 CB and h+ in the g-C3N4 VB via d-p conjugation
and retains useful charge carriers within each component
material. In addition, α-Fe2O3 also contributes to the
photocatalytic reaction throughout the reduction of Fe3+ to
Fe2+ to form the •OH active radical (eq 7) that has been
reported by Meng et al.53 Thus, the photocatalytic efficiency is
significantly improved. The photoinduced electrons in the g-
C3N4 CB and holes in the α-Fe2O3 VB will migrate to their
surface to participate in the O2 reduction and be consumed in
H2O oxidation, respectively, to produce •O2

− and •OH active

radicals that involved in the antibiotic degradation (eqs 2−8).
The α-Fe2O3/g-C3N4 heterojunction has improved the carrier
separation efficiency, thereby reducing the possibility of
electron−hole recombination, which is expressed in Figure
S10. Therein, the photocurrent density of α-Fe2O3/g-C3N4 is
five times higher than that of the individual α-Fe2O3 under
visible light illumination. Figure 6 demonstrates the formation
of primary reactive radicals of •O2

− and •OH, which makes this
S-scheme model superior in charge transport during photo-
catalysis. Moreover, the degradation of amoxicillin and
cefalexin over Fe2O3/g-C3N4 is nearly complete, which was
demonstrated by HPLC-MS chromatograms of amoxicillin and
cefalexin before and after the photocatalytic reaction (Figure
S11). After the photocatalytic reaction, the primary com-
pounds of amoxicillin and cefalexin almost disappeared and
formed products with smaller molecular formulas. This proves
that the α-Fe2O3/g-C3N4 nanocomposite has very high
efficiency in decomposing antibiotics.

α υ α‐ ‐ + → ‐ ‐ +− +hFe O /g C N Fe O /g C N (e h )2 3 3 4 2 3 3 4
(2)

+
→

−

−
e antibiotics

antibiotics (direct oxidation of antibiotics) (3)

+ →− • −e O O2 2 (4)

+ + →• − − +O e 2H H O2 2 2 (5)

+ → + ++ + •Fe H O Fe HO H3
2

2
(6)

+ → +− • −H O e HO HO2 2 (7)

+
→

+

+
h antibiotics

antibiotics (direct oxidation of antibiotics) (8)

3. CONCLUSIONS
In conclusion, α-Fe2O3/g-C3N4 nanocomposites were success-
fully prepared by two-step simple processes, and this material is
used to degrade commercial cefalexin and amoxicillin for the
first time. Modifying 5% wt α-Fe2O3 significantly improves the
photocatalytic activity of g-C3N4 with a fivefold and ninefold
enhancement in performance for commercial cefalexin and
amoxicillin degradation compared to that by only using g-
C3N4. In addition, the •O2

− and •OH radicals are the primary
active species in the photocatalytic degradation of commercial
cefalexin and amoxicillin. This is an empirical result to confirm
the performance an S-scheme α-Fe2O3/g-C3N4 heterojunction.
Moreover, the high stability of the α-Fe2O3/g-C3N4 photo-
catalyst is also an advantage that can be applied under practical
conditions.

4. EXPERIMENTAL PROCEDURES
4.1. Chemicals and Materials. All chemicals, iron(III) nitrate

nonahydrate (Fe(NO3)3·9H2O), gelatin (C102H151O39N31), melamine
(C3H6N6), ethanol (C2H6O), potassium dichromate (K2Cr2O7),
potassium iodide (KI), isopropyl alcohol (IPA; C3H8O), ascorbic
acid (C6H8O6), and deionized water (DI), were of high purity and
used without further purification. The commercial cefalexin and
amoxicillin originated from the DHG Pharmaceutical Joint Stock
Company (Vietnam).

4.2. Preparation of g-C3N4. Melamine was employed as a
precursor to prepare g-C3N4 through a thermal polycondensation
approach. In detail, 2 g of melamine was added to a ceramic crucible

Figure 7. Proposed mechanism for photocatalytic degradation of
antibiotics over S-scheme α-Fe2O3/g-C3N4.
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and calcined at 500 °C for 2 h in a furnace (JS Research, JSMF-30T)
under the inserted argon gas at a heating rate of 2 °C min−1.
4.3. Synthesis of α-Fe2O3. α-Fe2O3 was synthesized by a sol−gel

method, in which Fe(NO3)3·9H2O and gelatin were utilized as a
precursor and a polymerization agent, respectively. First, 4 g of
Fe(NO3)3·9H2O was dissolved in 100 mL of DI for 30 min to form
solution A. Solution B consisted of 1.5 g of gelatin in 100 mL of DI
and stirred for 30 min. Second, solution B was slowly poured into
solution A and continuously stirred for 1 h for gel formation. Third,
the gel mixture was dried at 60 °C for 6 h. Finally, the obtained
powder was calcined at 600 °C for 1 h in the air.
4.4. Synthesis of α-Fe2O3/g-C3N4 Nanocomposites. α-Fe2O3/

g-C3N4 photocatalysts were synthesized, referencing the previous
report of Houli et al.35 Briefly, g-C3N4 powder was uniformly
dispersed in ethanol by sonication. α-Fe2O3 and a Nafion solution
were then added to the above suspension and further sonicated for 1
h. The resulting mixtures of α-Fe2O3/g-C3N4 were centrifuged,
washed, and dried at 60 °C for 12 h. The composite samples with
different theoretical weight percentages of α-Fe2O3 were denoted as x
% α-Fe2O3 (x = 0.5, 1, 3, 7, and 10).
4.5. Sample Characterizations. X-ray powder diffraction (XRD)

patterns of the as-prepared materials were recorded using an X-ray
powder diffractometer (Bruker D8 Advance with Cu-Kα radiation).
The characteristic bond vibrations of photocatalysts were determined
using a JASCO-4700 Fourier-transform infrared (FTIR) spectrom-
eter. The oxidation states of samples were analyzed using an X-ray
photoelectron spectrometer (XPS) (K-Alpha, Thermo Fisher
Scientific). The ultraviolet−visible diffuse reflectance spectra (UV−
vis DRS) characterization of powder samples was conducted
employing a JASCO V−550 spectrophotometer. The surface
morphology of materials was observed through scanning electron
microscopy (SEM, JEOL JSM-IT500) and high-resolution trans-
mission electron microscopy (HRTEM, JEOL JEM-2100). Electron
paramagnetic resonance (EPR) measurement was carried out on a
Bruker EMXPlus EPR spectrometer with X-band capabilities. The
electrochemical experiments were performed on a galvanostat
(BioLogic SP-200), with a three-electrode system [the as-prepared
sample working electrode with an area of 0.5 × 1 cm2, a Pt wire
counter electrode, and an Ag/AgCl (3.0 M KCl) reference electrode].
0.5 M Na2SO4 solution was used as the electrolyte. The Fe-ion
concentration in water before and after photocatalytic degradation
was determined by inductively coupled plasma-atomic emission
spectrometry (ICP-EOS).
4.6. Photocatalytic Degradation Experiment. Photocatalytic

activities of the as-prepared samples were assessed by degrading the
commercial antibiotic pharmaceuticals cefalexin and amoxicillin under
visible light illumination at room temperature. In a typical experiment,
0.02 g of the catalyst was dispersed into 60 mL of pharmaceutical
solution (20 mg L−1). Before shining the light, the adsorption process
was conducted for 120 min in the dark to obtain adsorption−
desorption equilibrium (Figure S12). After that, the suspension was
irradiated under a solar simulator (OSRAM ULTRA VITALUX
300W with a UV cutoff filter, λ > 420 nm) as a visible light source.
The suspension was sampled at regular intervals of 30 min and
centrifuged to acquire a clear liquid. The remaining concentrations of
pharmaceuticals were detected using a UV−vis spectrophotometer
(Hitachi U-2910). For the assessment of pH-dependent photo-
catalytic activity, initial pH values of pharmaceutical solution were
adjusted with the solution of H2SO4 and NaOH.
Active-species trapping tests were performed similar to the

photocatalytic degradation experiment, with the addition of
K2Cr2O7, KI, IPA, and ascorbic acid as the scavengers. For appraising
the stability and reusability of material, the photocatalyst was
separated from the photoreactor after each cycle and photocatalytic
degradation processes were repeated under the same conditions. The
mineral level and the possible degradation of antibiotics were
identified by liquid chromatography−mass spectrometry (HPLC-
MS) over an Agilent 6200 Series TOF system and a 6500 Series Q-
TOF LC/MS system.
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