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Abstract
g-C3N4/FeOCl nanocomposites are prepared by a simple calcination method according to the different
composite mass ratios of g-C3N4 and FeOCl. The microstructure and morphology were characterized by
X-ray diffraction (XRD), �eld emission scanning electron microscopy (FESEM), high-resolution
transmission electron microscopy (HRTEM). It is found that the composite samples are mainly composed
of FeOCl phase, and the presence of g-C3N4, indicating the successful composite of the sample without
destroying the crystal structure of FeOCl. Through Electrochemical impedance spectroscopy (EIS) and
transient photocurrent response, it is found that the photoelectrochemical performance of the composite
sample g-C3N4/FeOCl-2 is stronger than that of pure FeOCl. In addition, through photo-Fenton and radical-
trapping experiments, it is found that g-C3N4/FeOCl-2 degrades 92% of Rhodamine B (RhB) within 90 min,
and ·OH radicals play an important role in the process of photo-Fenton degradation. The enhanced
photocatalytic performance is mainly ascribed to the Z-type heterojunctions between FeOCl and g-C3N4,
preventing the recombination of photogenerated electrons and holes, and improving the absorption
e�ciency of natural light. In this work, the high-e�ciency photo-Fenton performance of g-C3N4/FeOCl-2
provides a new idea about the modi�cation of pure FeOCl.

1 introduction
In recent decades, with the development of society and the rapid growth of population, more and more
countries have begun to pay attention to environmental governance, especially the control of water
pollution has always been the top priority because water is one of the indispensable resources for the
survival of life on earth (Li et al., 2021; J. H. Ma et al., 2021). In order to overcome the crisis of severe
water shortage, the advanced oxidation process has become a powerful solution for water pollution
control because of its high e�ciency, environmental protection, and no secondary pollution (Amor et al.,
2015; Wei et al., 2020). It has also attracted signi�cant attention from scholars at home and abroad (Zhu
et al., 2021). Fenton reaction and photocatalytic reaction are two outstanding representatives in the
advanced oxidation process, especially photo-Fenton oxidation (Yao et al., 2019). However, is limited by
the sluggish reaction kinetics of Fe3+ and H2O2.

Ferric oxychloride (FeOCl) is a known high-e�ciency iron-based heterogeneous Fenton catalyst, which
has shown much better FeOCl shows extremely high e�ciency in driving H2O2 to decompose into ·OH via

the Fe3+/Fe2+redox cycle than other iron compounds (Pan et al., 2021; S. Y. Qu et al., 2020). The excellent
photo-Fenton activity is attributed to the unique 2-dimensional layered structure of FeOCl and the
reducible electronic properties of iron atoms because the unique Fe-O-Fe and O-Fe-Cl linear structures of
the unsaturated iron atoms exposed on the surface of FeOCl (Fig. 1 (a)) (M. D. Chen et al., 2018; Y. P. Ma
et al., 2021). As shown of Fig. 1 (b), FeOCl was activating H2O2. However, owing to FeOCl was a narrow
bandgap semi (1.8 eV), the recombination rate of the photogenerated electron-hole pairs was low (Sabri
et al., 2020). To overcome this shortcoming, construction of heterojunctions between FeOCl and another
semiconductor to improve its ability that generated photogenerated electron-hole pairs, thereby improving
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the photo-Fenton performance of FeOCl (Luo et al., 2021). For example, FeOCl/SiO2 and FeOCl/MoS2

composites were recently reported to prove the FeOCl materials with constructed of heterojunctions could
expose more active sites, which leads to the improvement of the photo-Fenton performance of the entire
system (Liu et al., 2021; Yang et al., 2016).

As an n-type metal-free polymer, g-C3N4 has gradually become a research hotspot that it has the
advantages of non-toxicity, low cost, high stability, and simple preparation method (Li et al., 2019; V. H.
Nguyen et al., 2021). g-C3N4, which is also of a wide bandgap (2.7 eV), the low quantum e�ciency and
fast recombination rate of photogenerated carriers results in pure g-C3N4, which limits its industrial
application (Asadzadeh-Khaneghah et al., 2021; L. H. Qu et al., 2020). In order to overcome the limitation
of the bandgap of g-C3N4, the most usually used method is to use the wide bandgap of g-C3N4 to form a
heterojunction with other semiconductors, lead to increase the rate of photo-generated carriers and
enhance the photosensitization performance of the catalyst (Li et al., 2014). However, many methods
have been utilized to enhance photocatalytic activity, such as metal doping, defect generation,
morphological adjustment, noble metal deposition, and heterojunction construction (T. T. H. Nguyen et al.,
2021; Zeng et al., 2019).

In this work, g-C3N4/FeOCl heterojunctions with different mass ratios were successfully fabricated by a
simple calcination method for advanced photoelectrochemical performance and degradation e�ciency.
And the microstructure, morphology, photoelectrochemical and photocatalytic properties of the samples
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM), energy-dispersive X-ray spectroscopy (EDX), X-ray
photoelectron spectrometer (XPS), Fourier transform infrared spectra (FT-IR) and UV-vis diffuse re�ection
spectroscopy (UV-vis DRS). Electrochemical impedance spectroscopy (EIS) and transient photocurrent
response were tested to evaluate the photogenerated charges recombination and electron transportation
performance. The effects of the composite ratio on the photo-Fenton performance of the samples were
evaluated by the photo-Fenton degradation of RhB in aqueous solution under the simulated sunlight, and
the possible enhanced visible photo-Fenton activity mechanism was also proposed.

2. Materials And Methods
2.1 Synthesis of g-C3N4 materials

g-C3N4 powder is synthesized by a simple calcination method. Firstly, weigh a certain amount of
melamine (analytical grade), grind and place it �at on the bottom of the crucible, put it into the tube
furnace, which raises to 550°C with a temperature of 5°C/min in the air, and kept it heat for two hours.
Then it is naturally cooled to room temperature to obtain a light yellow powder.

2.2 Preparation of FeOCl samples
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FeOCl material is synthesized by a simple calcination method. A certain amount of FeCl3·6H2O
(analytical purity) solid was ground in a mortar for 30 min, and then heat at 250°C for 1 h in air. After
being naturally cooled to room temperature, washing with acetone several times to remove excess FeCl3,
and then dry in an oven at 60°C for 10 hours. Then the dark purple powder obtained is FeOCl material.

2.3. Preparation of g-C3N4/FeOCl nanocomposites

The synthesis method of g-C3N4/FeOCl composite material is the same as that of pure FeOCl material.
The prepared g-C3N4 and FeCl3·6H2O solids were mixed at different mass ratios of 1:15, 1:20, and 1:25,
respectively. Then the mixture was milled for 30 min and calcined at 250°C for 1 h, naturally cooled to
room temperature, washed with acetone several times to remove excess FeCl3, and then drying 60°C for
10 h in drying cabinet. The prepared powders were named g-C3N4/FeOCl-1, g-C3N4/FeOCl-2 and g-
C3N4/FeOCl-3, respectively.

2.4. Photocatalytic activity measurement and active species capture experiment

The photo-Fenton experiment uses 100 mL RhB, the initial concentration is 10 mg/L, and the
photocatalyst is 0.01 g. Adjust the initial pH of the dye solution by using 0.1 mol/L hydrochloric acid
(HCl) and 0.1 mol/L Sodium Hydroxide (NaOH). At the same time, the catalyst was added to the RhB
solution, and adjusted pH=6~7, and stirring was continued for 30 min to reach the absorption-desorption
equilibrium. Subsequently, 0.4 mL H2O2 was added, and visible light was irradiated on the suspension
immediately. Take out a small amount of solution every 30 min to measure the concentration of RhB. Use
a visible spectrophotometer (λ = 554 nm) to test the absorbance of the solution. The Lambert-Beer law
de�nes the degradation rate: (Ct - C0)/C0×100%=(A- A0t)/A0×100%, where C0 and Ct represent the initial
solution concentration. After exposure time t, A0 and At respectively is the corresponding absorbance of
the solution. In the radical-trapping experiment, p-benzoquinone (BQ), Methanol (IA), and isopropanol
(IPA) were used as capture agents for ·O2-, h+, and ·OH respectively.

3. Results And Discussion
3.1. Structure and morphology analysis

The typical XRD patterns of pure FeOCl, pure g-C3N4 and g-C3N4/FeOCl nanocomposites with different
mass ratios are shown in Fig. 1. It is obvious that that pure g-C3N4 displays one characteristic peak at 2θ 
= 27.5°, which are associated with (002) diffraction planes of g-C3N4. For pure FeOCL, the diffraction
peaks at peaks appear at 2θ = 11.16°, 26.10°,35.37°, 37.89°, 48.10°, and 61.10°, which exactly assigned to
the crystal planes (010), (110), (021), (111), (200), and (221) of the hexagonal structure of FeOCl with
JPCDS (No.72-0619), respectively. The characteristic peak shape of FeOCl is sharp and the intensity is
high from the �gure, indicating that the prepared FeOCl material has a complete crystal form and high
crystallinity. In addition, the diffraction peaks of g-C3N4/FeOCl nanocomposites with different mass
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ratios are consistent with pure FeOCl, with the introduction of g-C3N4, no obvious g-C3N4 diffraction peak
is observed, which may be attributed to the strong interaction between FeOCl and g-C3N4, resulting in the
predominant (002) diffraction peak of g-C3N4 (2θ = 27.5°) coincides with the peak at 26.10° of FeOCl.
Compared with pure FeOCl, no other impure peaks are observed for g-C3N4/FeOCl composites, indicating
that the g-C3N4/FeOCl samples have been successfully synthesized.

The features of the as-synthesized photocatalysts were examined using SEM and HRTEM. From Fig. 3 (a,
b), it is clear that the shape of pure FeOCl mainly exhibits the layered structure of cuboid nanorods, the
average thickness of the nanorod structure is about from 300 to 400 nm. Fig. 3 (c), the HRTEM image of
g-C3N4/FeOCl-2 calculates the characteristic d spacing as 0.275 nm and 0.236 nm are assigned to (120)
and (111) plane of FeOCl. Fig. 3(d), the selected area electron diffraction of g-C3N4/FeOCl-20 shows that
there are �ve obvious diffraction rings respectively corresponding to several representative crystal planes
of FeOCl (110), (210), (200), (002), (152), indicating that the crystallinity of the composite sample has not
decreased.

As shown in Fig. 4 (a), irregular black long strips are stacked together, covered with a thin layer of
transparent yarn-like substance, indicating the successful synthesis of g-C3N4/FeOCl-2 nanocomposite.
In Fig. 4 (b) shows the EDX spectra of g-C3N4/FeOCl-2 nanocomposites. It can be seen g-C3N4/FeOCl-2
nanocomposites only contain C, N ,O ,Cl, and Fe elements characteristic peaks. And the atomic
percentage and weight percentage of related elements of the g-C3N4/FeOCl-2 nanocomposite are almost
close to the nominal stoichiometry used in their respective precursors, without any impurity elements
introduced. In addition, from Fig. 4 (c-h) TEM-mapping can be seen that the Fe, O, Cl, C, and N elements
are distributed very uniformly, indicating that the g-C3N4/FeOCl-2 prepared by this method has high purity
and compact structure.

3.2 XPS analysis

Fig. 5 (a) is the XPS full spectrum of g-C3N4/FeOCl-2 material. The peaks of Fe, O, Cl, C, and N elements
can be clearly observed in the XPS full spectrum, indicating Fe, O, Cl, C, and N elements existed in the g-
C3N4/FeOCl-2 material. In Fig. 5 (b), The binding energies of 2p3/2 and 2p1/2 of Fe are 708.7 and
722.4eV, respectively (Y. Q. Chen et al., 2018). Among them, the characteristic peak corresponding to the
binding energy at 708.7 eV is Fe (II) 2p3/2 (Luo et al., 2019), which indicates that in addition to Fe(III) in
the FeOCl sample, there is also a small amount of Fe(II). Fig. 5 (c) shows that the binding energies of O
1s are 527.5 and 530.2 eV, one peak at 527.5 eV is considered to be O attached to the metal (Fe-O), while
the other at 530.2 eV is attributable to O adsorbed on the H2O molecule on the catalyst surface. Fig. 3 (d)
shows that the binding energies of Cl 2p are 195.2 and 197.8 eV corresponding to the Fe–Cl bond of
FeOCl. Fig. 5 (e) the binding energies of C1s are 286.1 and 281.3 eV, comes from sp2 N-C and sp2 C-C
bond, respectively (Ma et al., 2017). In Fig. 5 (f), the peak at 398.2 eV was allocated to N element in
tertiary N (N−C) (Asadzadeh-Khaneghah et al., 2018).
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3.3. UV-vis DRS and FT-IR analysis

UV-vis DRS to test the visible light absorption characteristics and energy band structure of pure g-C3N4,
FeOCl, and composite g-C3N4/FeOCl. As seen from Fig. 6(a), the visible light response range of bare g-
C3N4 was 250−456 nm. Compared with pure g-C3N4, the light response range of pure FeOCl and
composite g-C3N4/FeOCl both presented broad absorption over the whole region from 250 to 685 nm.
Moreover, the absorption edges of g-C3N4/FeOCl-1, g-C3N4/FeOCl-2, and g-C3N4/FeOCl-3 nanocomposites
are approximately located at 684, 685, and 676 nm in the visible light region, respectively. The visible light
response range of the g-C3N4/FeOCl nanocomposite hasn’t changed than pure FeOCl, indicating that the
introduction of g-C3N4 has little response to changing the visible light of the FeOCl. The bandgaps were
also estimated using the model proposed by Tauc:(αhv)1/ n = A(hv − Eg) (Fig. 6(b)) (Huang et al.,
2021; Varaprasad et al., 2021), the band gaps of g-C3N4 and FeOCl were 2.72 and 1.82 eV, respectively.
And The bandgap of g-C3N4/FeOCl sample is basically the same as that of pure FeOCl. It shows that
there is no obvious blueshift and redshift in the composite sample.

FT-IR analysis was used to characterize the information of chemical bonds and functional groups in the
nanocomposites. As demonstrated in Fig. 7 broad band was observed at 3300 cm−1 in the spectrum
belongs to the O─H of the H2O molecules that adsorbed on the surface of the material. At the position of

1200~1600 cm−1 of the peaks was from the C-N and C=N bonds in g-C3N4 (Ren et al., 2015). The Fe–O

bond displays the absorption band at 811.2 cm−1 in the g-C3N4/FeOCl-2 system, indicating that there is
not only the characteristic peak of g-C3N4 (Qu et al., 2019). Hence, the FT-IR measurement revealed the
existence of g-C3N4, and FeOCl of functional groups in the g-C3N4/FeOCl-2 system, which is consistent
with the results of XPS analysis.

3.4. Photoelectrochemical analysis

To investigate the photogenerated charge carrier transfer dynamics by measuring electrochemical
impedance spectroscopy (EIS) and transient photocurrent spectra. As well known, the radius of the arc in
the EIS plots corresponds to the separation e�ciency of photogenerated electron-hole pairs, the arc
radius is smaller that meant the better the separation effect of electron-hole pairs to lead to the better the
photocatalytic performance. As exhibited in Fig. 8 (a), it can be clearly seen that the arc radius of g-
C3N4/FeOCl-2 is the smallest, suggesting that the electron-hole pair separation effect of g-C3N4/FeOCl-2
is stronger than pure FeOCl and g-C3N4. Therefore, a higher high-speed charge carrier transfer at the g-
C3N4/FeOCl-2 electrodes. The transient photocurrent test is to detect the number of photogenerated
electron-hole pairs generated on the surface of the catalyst. The stronger the photocurrent intensity, the
more photogenerated electrons are generated. In Fig. 8 (b) show the increased transient photocurrent of
g-C3N4/FeOCl-2 compared with pure FeOCl, indicating that the compound with g-C3N4 can promote the

separation of e− and h+ of FeOCl.
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The type of semiconductor and �at-band potential can be measured by the Mott-Schottky test. From Fig.
9(a, b), it can be seen that the slopes of the Schottky curve of the FeOCL and g-C3N4 are positive slope,
which impled that both FeOCL and g-C3N4 are n-type semiconductors. According to electrochemical
measurements of calomel electrodes at 3000 Hz and 5000 Hz, the �at band potentials of FeOCl and g-
C3N4 are +0.037 V and -1.023 V vs SCE, respectively. Then, the measured �at band potentials vs SCE were
converted to the normal hydrogen electrode (NHE) scale by ENHE = ESCE + 0.059pH+0.242(pH=7)(Li et al.,
2021). It was known that the �at band potential of an n-type semiconductor is approximately equal to CB.
The CB position of FeOCl and g-C3N4 could be calculated to be +0.692 and -0.368 V. It can be calculated
that the valence band (VB) energy levels of FeOCl and g-C3N4 were +2.512 and +2.352 eV by the
empirical formula ECB = EVB – Eg (Zheng & Zhang, 2018).

3.5 Photocatalytic activity and Radical-trapping experiment

The photo-Fenton catalytic activity of g-C3N4, FeOCl, and g-C3N4/FeOCl samples was veri�ed by
degrading RhB solution in 90min (Fig. 10). All of the experiments were conducted by adding 0.4 mL H2O2

and the scale of pH=6~7. According to the results, FeOCl and g-C3N4 have lower RhB removal under dark
conditions compared with composite samples, indicating relatively poor adsorption e�ciency of RhB on
the as-prepared pure FeOCl and g-C3N4. Under 90 minutes of light, the degradation rates of g-C3N4/FeOCl-
1, g-C3N4/FeOCl-2, g-C3N4/FeOCl-3 nanocomposite are 80.7%,92.2% and 88.0% respectively. However, the
removal rates of pure FeOCl and g-C3N4 are 86.7% and 45.1%. The ability of the composite material to
degrade pollutants is signi�cantly improved. g-C3N4 is attached to the surface of the long FeOCl, and the
full contact between the two forms a Z-type heterojunction (Zhao et al., 2020). Promote the migration and
separation of photo-generated carriers.

In order to explore the photo-Fenton active materials of the g-C3N4/FeOCl-2/vis/H2O2 system, which was
added active materials capture agents such as isopropanol (IPA), methanol (IA) and benzoquinone (BQ)
by radical-trapping experiment (Fig. 11(a)). The degradation rate of RhB was signi�cantly reduced after
adding IPA in the suspension. And h+ also inhibited the progress of the experiment because h+ could
capture enough H2O to produce ·OH. The degradation rate of RhB didn’t signi�cantly change after adding

BQ in the suspension, showing that the photo-induced ·O2
− little in�uenced the degradation of RhB from

Fig. 11(b). The radical-trapping experiment results demonstrate that ·OH plays a most important role, h+

is secondary species, and ·O2− also participated in the degradation of RhB.

3.6 Photocatalytic mechanism

Combining the above results, both g-C3N4 and FeOCl were n-type semiconductors and the CB and VB
energy levels of FeOCl are higher than g-C3N4. Hence, the recombination of g-C3N4 and FeOCl would form
a Z-type heterojunction. When the g-C3N4 and FeOCl contacted, electrons would spontaneously diffuse
from g-C3N4 with a high Fermi level to the FeOCl from in Fig. 12 (a) (Yang, 2021). At the same time, a
built-in electric �eld will be formed at the interface and the CB and VB of g-C3N4 and FeOCl would move
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which was forming a side of heterojunction, eventually reaching a state of thermal equilibrium. The
photo-Fenton mechanism diagram of g-C3N4/FeOCl could be drawn that when sunlight irradiates the
surface of the catalyst, the CB and VB of g-C3N4 and FeOCl would produce non-equilibrium carrier
electron-hole pairs. The heterojunction of g-C3N4/FeOCl and the state of thermal equilibrium were broken.
The CB of FeOCl electrons migrated to the VB of g-C3N4 to recombine with holes, which the electrons were
gathered on the CB of g-C3N4 and a large number of holes produced on the VB of FeOCl.

According to Fig. 12 (b), H2O2 was converted ·OH and OH− by the electrons that gathered at the CB of g-

C3N4, the VB of FeOCl h+ captured H2O to convert ·OH. During this process, the H2O2 and H2O were served
as the electron and hole acceptors which the recombination of holes and electrons further were
successfully limited (Xing et al., 2020). On the other hand, on the surface Fe3+ of FeOCl material
transformed into the Fe2+ with the existence of H2O2 under the radiation of sunlight condition, and the

Fe2+ was easily reacted with H2O2 to generated the ·OH (Ye et al., 2018). In addition, owing to Standard

reduction potential (E0(O2/·O2
−)) was more positive than the CB of g-C3N4 and Standard oxidation

potential (E0(·OH/OH−)) was more negative than the VB of FeOCl, the electron on the CB of the g-C3N4

would also reduce O2 to form the ·O2
−and the h+ which produced on the VB of the FeOCl could oxide the

·OH− into the ·OH (Chen et al., 2020). Based on the radical-trapping experiment obtained the possible
photo-Fenton degradation mechanism.

4. Conclusion
In this study, all materials were both prepared by a simple calcination method. the metal-free polymer g-
C3N4 was introduced by forming the Z-type heterojunction with FeOCl, which effectively limited the
recombination of electron-hole pairs. In the Fe-based photo-Fenton system, calculated the degradation
rate of RhB under a condition of 0.01g catalyst, 0.4mL H2O2 (30%), and the initial concentration of RhB of
10 mg/L. The results show that g-C3N4/FeOCl-2 can e�ciently degrade RhB solution which had an
excellent photo-Fenton performance. Besides, H2O2 provided active substances he circulation between

Fe3+/Fe2+ in the system, as well as provides enough ·OH for the degradation of pollutants.
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Figures

Figure 1

(a) Layered crystal structure of FeOCl (b) Fe(II)−Fe(III) and H2O2 reaction cycle diagram in FeOCl
nanosheets (Sun et al., 2018)
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Figure 2

XRD patterns of pure FeOCl, pure g-C3N4, and g-C3N4/FeOCl composites
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Figure 3

(a,b) SEM and Particle size images of FeOCl, (c,d) HRTEM and Selected Area Electron Diffraction images
of g-C3N4/FeOCl-2
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Figure 4

(a) TEM, (b) EDX and (c~h) TEM-Mapping spectra of g-C3N4/FeOCl-2
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Figure 5

(a) XPS survey spectra and (b) also XPS spectra of Fe 2p, (c) O 1s, (d) Cl 2p, (e) C 1s, and (f) N 1s in the g-
C3N4/FeOCl-2
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Figure 6

(a) UV-vis absorption spectra and (b) the (αhν)2 versus hν curve of pure FeOCl, pure g-C3N4, and g-
C3N4/FeOCl composites

Figure 7

FT-IR images of the pure FeOCl, pure g-C3N4, and g-C3N4/FeOCl-2
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Figure 8

(a) Electrochemical impedance spectroscopy and (b) transient photocurrent responses  of pure FeOCl and
g-C3N4/FeOCl-2 samples.

Figure 9

(a, b) M-S plots of pure FeOCl and g-C3N4
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Figure 10

(a)The photocatalytic degradation of RhB over time and (b) plots of ln (Ct/C0) vs irradiation time for
FeOCl and g-C3N4/FeOCl samples

Figure 11

(a) radical-trapping experiment and (b) the degradation rate of

RhB under photo-Fenton catalyst g-C3N4/FeOCl-2
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Figure 12

(a) Band diagram of n-n type heterojunction and (b)the schematic diagram of photo-Fenton mechanism
of g-C3N4/FeOCl-2


