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ARTICLE INFO ABSTRACT

Keywords: Synthesizing efficient catalysts to degrade hazardous pollutants in wastewater, especially in alkaline conditions,

G'C§N4 . is pivotal for water remediation. A magnetically separable Z-scheme FeSiB metallic glass (MG)/g-C3N4 photo-

;e&B r?netallhc glass catalyst with high activity under visible-light irradiation is prepared via ball milling. The photocatalyst exhibits a
eterojunction

sufficient degrading capability to acid orange 7 (AO7) in acidic, neutral and alkaline solutions, and also shows
excellent reusability. The photocatalytic efficiency of the composite can be optimized by modifying the weight
ratio of FeSiB MG and g-C3N4 powders. Heterojunction structure is formed at the interface of g-C3N4 and FeSiB
MG due to the shearing stress from ball milling, leading to the improvement of the separation efficiency of the
photo-generated electron-hole pairs. This results in the enhancement in photocatalytic activity for the composite.
Besides, the FeSiB MG/g-CsN4 photocatalyst can be recycled from solution conveniently due to their high
saturation magnetization. This study offers a magnetically separable photocatalyst that can degrade azo dyes at

Z-scheme photocatalyst
Dye degradation

universal pH conditions.

1. Introduction

Azo dyes are widely used in printing and dyeing industry, and cause
serious environmental problems as their azo bonds are strong and
difficult to be decomposed naturally [1]. Different kinds of materials,
including zero-valent iron (ZVI), bimetallic nanoparticles, metal oxide
semiconductor photocatalysts, etc., have been developed to degrade
hazardous pollutants, especially azo dyes, from wastewater [2,3]. Most
of these materials have several shortcomings, such as difficulty in stor-
age, limited reusability and efficiency. Recently, metallic glasses (MGs),
which have a short-range ordered and long-range disordered atomic
structure, are widely reported to be promising catalytic materials for
wastewater remediation [4,5]. The excellent catalytic property origi-
nates from their thermodynamically unstable nature and a large amount
of active reaction sites on the surface [6]. Specifically, Fe-based MGs
have attracted the most research attentions due to their low-cost and
high efficiency [1]. Fe-based MGs have been reported for their efficient

degradation and good reusability for a large variety of pollutants,
including azo dyes, arsenic and nitrate [7-9]. The FeSiB MGs show
efficient electron transfer capability to generate hydroxyl radicals (¢OH)
for dye degradation due to their randomly packing structure with weak
atomic bonding [10]. FeCrNiMoWSiB MG matrix composite manufac-
tured by selective laser melting shows a remarkable catalytic reusability
up to 45 times in sulphate radical-based reaction due to their extremely
low surface decay [11]. Annealing the MGs to induce formation of
multiphase nanocrystals can bring a compelling rejuvenation in the
catalytic efficiency in Fe-based MGs [5,12]. However, there is still pre-
senting great impedances of Fe-based MGs before they can be industri-
ally applied in wastewater remediation largely because of their limited
catalytic efficiency. Besides, the Fe-based MGs reported up to date
mostly degrade pollutants through Fenton-like or reduction reactions,
which are only effective in acid or neutral wastewater [13,14].
Improving the degradation efficiency of Fe-based MGs in alkaline solu-
tions is also important.
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Furthermore, graphite carbonitride (g-C3Ny) is a well-known semi-
conductor photocatalyst. The g-C3N4 shows high photocatalytic activity
and good reusability due to its narrow band gap (2.7 eV) and high
chemical and thermal stability [15-18]. However, the fast recombina-
tion of photo-generated electron-hole pairs, as well as poor absorption of
visible-light irradiation, decreases the photocatalytic efficiency of g-
C3Ny4 [19-21]. Moreover, the reliability is also a bottle-neck problem for
g-C3N4 powders. Some composites, including Ag>S/K-g-CsNg4 [22],
Ag3PO4/P-g-C3N4 [23], and g-C3N4/Bi405IZ [24], have been synthesized
to overcome the shortcomings of g-C3N4. Among them, the magnetically
separable crystalline iron oxides/g-C3N4 composites, such as Fe;O3/g-
C3Ny4 and Fe304/g8-C3Ny, not only facilitate the recycle of g-CsN4 pow-
ders, but also enhance the photocatalytic performance by accelerating
the separation of electron-hole pairs, encouraging the interfacial charge
transfer, and increasing adsorption of visible-light irradiation[19,25].
As Fe-based MGs contain a large amount of unsaturated ZVI on the
surface, Fe-based MG/g-C3N4 composites should have better photo-
catalytic performance. However, rare report about MG/g-C3N4 com-
posite has been made. Besides, the arrangement of atoms in amorphous
matrix is completely different from the arrayed atoms in crystalline al-
loys [6]. How the unsaturated ZVI in amorphous matrix affect the
atomic configuration and electronic structure at the interface between
MG and the semiconductor material remains uncovered. How this
unique MG/semiconductor material interface affects the charge transfer,
vacancy construction and light adsorption, and thus contributing to the
photocatalytic activity is still a very challenge field.

In addition, g-C3N4 is commonly used as a platform to build Z-
scheme catalytic systems because of its high specific surface area and
low charge recombination rate [26]. The Z-scheme junction is one kind
of photocatalysts with heterojunction structures, and it can simulta-
neously possess the wide light-absorption range, strong redox ability,
and efficient separation efficiency of photo-generated carriers [27-29].
Many Z-scheme hybrid photocatalytic systems have been successfully
constructed and show satisfactory photocatalytic efficiency under
visible light, such as BiOI/g-C3N4 [30], CuBip04/WO3 [31], TiOy/g-
C3N4 [32], g—C3N4/ZnO [33], CdS/COl_xS [34], and MgTizOS/g'C3N4
[35]. Motivated by the above works, we tend to construct a magnetically
separable MG/g-C3N4 composite with Z-scheme heterojunction struc-
ture that can facilitate dye degradation efficiently and uncovers the
photocatalytic pathway for this composite.

Fe7gSigB13 MG, which has been produced in an industrial-scale due
to their excellent soft magnetic properties, shows superb capabilities in
degrading organic contaminants in wastewater [36,37]. Previous re-
searches have proved that ball milling is an effective method to intro-
duce the structure disorder, vacancy and surface defects into materials
[38], which has the potential to offer active sites for trapping photo-
induced carriers and also reduce the recombining rate of electron-hole
pairs, and thus improving the catalytic activity. Thus, in this work, we
facilely ball milled g-C3N4 powders and Fe;gSigB13 MG powders to
synthesize FeSiB MG/g-C3N4 photocatalysts, and evaluate their catalytic
performance through the degradation of acid orange 7 (AO7) dye. The
photocatalytic efficiency of the FeSiB MG/g-C3N4 composites can be
optimized by modifying the FeSiB MG/g-C3N4 ratio. The composite can
degrade AO7 efficiently at pH ranging from 2 to 10, showing prominent
environmental adaptability. Besides, the FeSiB MG/g-C3N4 composite
exhibits superior saturation magnetization that can facilitate the recycle
process. Heterojunction structure is formed at the interface of FeSiB
MG/g-C3Ny, leading to the increase of the separation efficiency of
electron-hole pairs.

2. Materials and methods
2.1. Materials

Alloy ingots with a nominal composition of Fe;gSigB;3 (in atomic
percentage) were made by arc melting the raw materials of Fe (99.99 wt
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%), Si (99.99 wt%), and B (99.99 wt%) in a purified argon atmosphere.
FeSiB MG powders were fabricated using a high pressure argon gas at-
omization system, where induction heating was employed to melt the
ingots and then the melts were injected through a nozzle with a 0.8 mm
diameter under flowing argon gas, which had a dynamic pressure
measured at 0 to 8 MPa.

The g-C3N4 powders were synthesized according to the previous
reported procedures [39]. Specifically, 6 g of melamine powders were
placed into an alumina crucible, which was subsequently calcined at
823 K for 4 h with a heating rate of 5 K/min. After cooling down to room
temperature, the received g-CsN4 bulk was ground into powders. The
sodium hydroxide (NaOH) used in this work was purchased from Gre-
agent. The sulphuric acid (H2SO4) was provided by Chron Chemicals.
The acid orange 7 (C16H11N2NaO4S, AO7) was procured from Xiya Re-
agent. The tert-butylalcohol (C4H;(0), benzoquinone (CcH405) and so-
dium oxalate (NayC204) were provided by Sinopharm Chemical Reagent
Co., Ltd. All the above regents were in AR grade.

To synthesize the FeSiB/g-C3Ny4 heterojunction photocatalyst, 5 g
mixture of FeSiB and g-C3N4 powders were added into a zirconia ball
milling pot with 3 mL ethanol then milled at 500 revolutions per minute
(rpm) for 3 h. The mass ratio of FeSiB MG powders to g-C3N4 powders of
1/4,1/2,1/1, 3/2 and 2/1 was separately adopted, with the obtained
samples hereafter denoted as FeSiB/g-C3Ny-1/4, FeSiB/g-C3Ny-1/2,
FeSiB/g-C3N4-1/1, FeSiB/g-C3N4-3/2 and FeSiB/g-C3N4-2/1, respec-
tively. For comparison, the Fe304/g-C3N4 composite is also prepared in
the same way for the FeSiB/g-C3Ny-3/2 sample.

2.2. Characterization

The curves of magnetization were measured in a changing magnetic
field ranging from —740 to 740 Oe on a Lake Shore 7407 vibrating
sample magnetometer (VSM). X-ray diffraction (XRD) patterns of all
samples were obtained using a Bruker D8 Advance X-ray diffractometer.
Scanning electron microscopy (SEM) analyses were performed on a FEI
Sirion 200 scanning electron microanalyzer with an energy dispersive X-
ray spectroscope (EDS). Transmission electron microscopy (TEM) and
high resolution transmission electron microscopy (HRTEM) observa-
tions were performed on a JEOL JEM2100 microscope with an energy
dispersive X-ray (EDX) spectroscopy. The UV-Vis diffuse reflectance
spectrum (DRS) was performed using a Hitachi UV-3010 spectropho-
tometer, utilizing BaSO4 as a functional reference. Photoluminescence
(PL) spectra of all the samples were collected utilizing Varian Cary
Eclipse spectrophotometer at 325 nm excitation wavelength. The
Brunauer-Emmett-Teller (BET) surface area was determined by nitrogen
adsorption desorption on an ASAP 2460 analyzer. The X-ray photo-
electron spectroscopy (XPS) was conducted on a PHI 5300 ESCA system
with Al Ka (1486.6 eV) X-ray source to investigate the binding energies
of the elements of the surfaces. The charge calibration was carried out
using C 1 s (284.80 eV) as charge compensation. About 20-30 mg
powder was fixed on the sample stage with conductive tapes for each
XPS test. The band energy of FeSiB MG was measured using ultraviolet
photoelectron spectroscopy (UPS) on a PHI 5000 ESCA system with the
pass energy of 2.60 eV and sample bias of 0 V.

Photoeletrochemical measurements were performed using an elec-
trochemical workstation (CHI660E, Shanghai, China) under a three-
electrode system. Moreover, the Ag/AgCl electrode, Pt foil, and the
photocatalyst were utilized as the reference electrode, counter elec-
trode, and working electrode, respectively. To prepare the working
electrode, 1 mg photocatalyst was dispersed in 1 mL ethanol containing
40 pL Nafion with sonication. Then, 20 pL of the above solution was
dropped onto ITO glass (20 x 20 x 2.3 mm®) with an area of 100 mm?,
and then dried at room temperature for 24 h. Before irradiation, 0.1
moL ! NaySO4 solution was inlet with N5 to remove the gas dissolved in
electrolyte. The transient photocurrent response and electrochemical
impedance spectroscopy (EIS) characterization tests were conducted in
an irradiation reaction vessel using a UV-visible light (PLS-SXE 300D/
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300DUV, Beijing Perfectlight).
2.3. Photocatalytic activity

The photocatalytic performance of all the as-prepared samples were
evaluated via the degradation of AO7 under visible-light irradiation.
UV-visible light was used as the source of visible light. In a typical
photocatalytic measurement, 250 mL (20 mg/L if not noted) AO7 so-
lution was made using deionized water in a 500 mL beaker. The pH (pH
= 7 if not noted) of the solution was adjusted using 1 mol/L NaOH and
5% HySO4. A water bath was used to maintain the temperature of the
solution (T = 298 K if not noted). A certain amount of photocatalysts (1
g/L if not noted) were added into the solution, which was then stirred
mechanically at a fixed speed of 120-130 r/min. At selected time in-
tervals, 3 mL of the solution was drawn up using a syringe and then the
absorbance of filtered supernatants was measured by UV-Vis spectro-
photometry. In terms of cyclic tests, the powders after each of the
degradation experiments were extracted from the aqueous solution with
amagnet, and then cleaned with deionized water for 20 s before the next
cycle. Additionally, to carry out the active species trapping experiments,
the C4H;00, CgH402 and NayCp04 were introduced to the reaction sys-
tem as scavengers of eOH, ¢0O3 and h™, respectively.

3. Results and discussion
3.1. Microstructure of the photocatalysts

Fig. 1 is the schematic illustration for the synthesizing process of
FeSiB/g-C3N4 composites. The FeSiB and g-C3N4 powders are ball-milled
to form the composites with a heterojunction structure. Fig. 2a shows
the XRD patterns of the as-received FeSiB and g-CsN4 powders. The
FeSiB powders display only a broad diffuse diffraction characteristic at
20 = 45° without any detectable sharp peak on its XRD pattern, sug-
gesting an amorphous feature. The XRD pattern of g-C3N4 powders has a
strong and distinct diffraction peak at 20 = 27.5°, representing the
typical interlayer-stacking peak (00 2) with an interlayer gap of ~ 0.326
nm for g-C3N4 [40]. All the XRD patterns of ball-milled FeSiB/g-C3N4
composites with different FeSiB contents (Fig. 2b) match well with the
corresponding peaks from g-C3N4 and FeSiB powders, implying the
successful synthesis of the FeSiB/g-C3N4 composites. It is noted that the
intensities of diffraction peak of g-C3N4 at 27.5° decrease gradually with
increasing the FeSiB content. Similar results have also been found in the
preparation of Fe;03/g-C3N4 photocatalysts [25], where the intensities
of diffraction peak at 27.5° became weaker as Fep;O3 content increased.
This phenomenon suggests that the crystallization of g-C3Ny is gradually
inhibited with the introduction of FeSiB MG powders.
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Fig. 2. XRD patterns of (a) FeSiB and g-C3N,4 powders, (b) FeSiB/g-C3N4-1/4,
1/2,1/1, 3/2, 2/1 photocatalysts.

3.2. Photocatalytic and magnetic properties
The UV-Vis absorbance spectra of the filtered AO7 solutions are

recorded after adding the photocatalysts at different reaction time, as
shown in Fig. 3a-d. The maximum adsorption peak at 485 nm arising

FeSiB/g-C,N,

Fig. 1. A schematic illustration for facile fabrication of the FeSiB/g-C3N, photocatalyst.
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Fig. 3. UV-Vis absorbance spectra of AO7 solutions during the photocatalysis using (a) FeSiB/g-C3N4-3/2, (b) g-C3N4, (c) Fe304/8-C3Ny, (d) FeSiB, insets are visible
color change of AO7 solution. Normalized concentration change of AO7 solution during the photocatalysis using (e) FeSiB/g-C3N4-1/4, 1/2,1/1, 3/2, 2/1 and (f) g-
C3Ny4, Fe304/8-C3Ny, FeSiB, FeSiB/g-C3Ny-3/2 photocatalysts. (g) The In (Co/Cyp) vs. time curves of g-C3N4, Fe304/g-C3Ny4, FeSiB, and FeSiB/g-C3N4-3/2 photo-
catalysts. (h) Normalized concentration change of AO7 solution at different degradation cycles during the photocatalysis using FeSiB/g-C3N4-3/2 photocatalysts.

from the azo chromophore of AO7 is proportional to the dye concen-
tration in solution. This peak becomes weak as the reaction time in-
creases, indicating the decolorization of AO7. The concentration of the
solution using the FeSiB/g-C3Ny4-3/2 photocatalyst decreases signifi-
cantly within the first 10 min, while the catalysts of g-C3N4, Fe304/g-
C3Ny4 and FeSiB present a much slower performance. The color changes
of the solutions shown in the insets of Fig. 3a-d further confirm the
exceptional degradation efficiency of the FeSiB/g-C3N4-3/2 photo-
catalyst. The solution is almost clear after degradation by the FeSiB/g-
C3N4-3/2 photocatalyst for 10 min; by contrast, the solution retains
yellow after degradation for 10 min when employing the catalysts of g-
C3Ny, Fe304/8-C3N4 and FeSiB, respectively.

Fig. 3e shows the normalized concentration changes of the AO7 so-
lution in the process of degradation using FeSiB/g-C3N4-1/4, 1/2, 1/1,
3/2, 2/1 photocatalysts. By increasing the FeSiB content, the time
required to decompose 80% AO7 using the FeSiB/g-C3N4 photocatalysts
becomes gradually shorter. However, there is a limit for the improve-
ment of the degradation efficiency with increasing the FeSiB content, as
evidenced by the same amount of time for degradation by FeSiB/g-C3Ny-
3/2 and FeSiB/g-C3Ny4-2/1. Thus, the FeSiB/g-C3Ny4-3/2 is considered as
the optimized composition to degrade AO7. Fig. 3f compares the
normalized concentration changes of the AO7 solution in the process of
degradation using g-C3N4, Fe304/g-C3Ny4, FeSiB and FeSiB/g-C3Ny-3/2.
It is evident that 80% of AO7 is removed after 20 min irradiation using
the FeSiB/g-C3N4-3/2 photocatalyst, while more than 50% of AO7
remain in the solutions that using g-C3Ny4, Fe304/g-C3Ny or FeSiB. This
indicates that the FeSiB/g-C3N4-3/2 photocatalysts possess superior
photocatalytic capability compared with g-C3Ny4, Fe304/g-C3N4 and
FeSiB samples.

The curves of the normalized concentration change of the AO7
degradation using g-C3N4, Fe304/g8-C3Ny, FeSiB and FeSiB/g-C3N4-3/2
photocatalysts are in line with the pseudo-first-order kinetic model. To
investigate quantitatively the reaction kinetics, the reaction rate con-
stant (k) is calculated based on Equation (1):

In (9) =kt
G

where k is the reaction rate constant (min’l), Co and C; are the initial
of concentration and the instantaneous concentration at time t for the
AQ?7 solution respectively. Accordingly, the curves of In (Cy/Cy) vs. time
are shown in Fig. 3g. The k of AO7 degradation using FeSiB/g-C3N4-3/2

@

photocatalysts (0.027 min~?) is 9.0, 6.8 and 1.4 times that of g-C3N4
(0.003 min 1), Fe304/g-C3N4 (0.004 min~'), and FeSiB (0.019 min™1),
respectively, in the same experimental conditions. These results
demonstrate that the photocatalytic capability of g-C3N4 can be effi-
ciently enhanced by introducing FeSiB under visible-light irradiation.
Based on the results shown above, the FeSiB/g-C3N4-3/2 photocatalyst
exhibits an excellent ability to degrade AO7 solution in the photo-
catalytic reaction.

In addition, Fig. 3h shows the reusability of the representative
composite photocatalysts (FeSiB/g-C3N4-3/2). All the photocatalytic
reactions using FeSiB/g-C3N4-3/2 photocatalysts can achieve 80%
decomposition of AO7 in less than 50 min in the first 5 cycles, suggesting
that the FeSiB/g-C3N4-3/2 photocatalysts can be recycled for at least 5
times before obvious deactivation of the photocatalytic activity. The 6th
cycle shows a slow degradation rate, decomposing only 55% of AO7
within 50 min. To analyze the reasons for the decline of photocatalytic
activity, the content of elements on the surfaces of FeSiB/g-C3N4-3/2
before and after the 5th cycle are analyzed by EDS, and the data are
summarized in Table 1. The amount of oxygen on the surface of FeSiB/g-
C3Ny4-3/2 before reaction is too small to be detected by EDS, but sharply
increases to 22 at.% on the sample after the 5th reaction cycle. The EDS
data confirms that the passivation layer is formed on the surface of
FeSiB/g-C3Ny-3/2 photocatalysts after the 5th reaction cycle. Besides,
some literatures indicated that the formed passive layer on the surface of
amorphous alloys cause reduction in dye degradation performance
[14,41,42]. Thus, the reason for the declined photocatalytic activity
after the 5th cycle is formation of the passive layer on the surface of
FeSiB/g-C3Ny-3/2 photocatalysts. Note that, the cycle number reported
for the g-C3N4 powders or their composite powders to degrade organic
compounds is generally 3-5 times. The FeSiB/g-C3N4-3/2 photocatalyst
synthesized in this work possesses a comparable reusability.

Fig. 4 shows the effect of different pH values (ranging from 2 to 11)
on the degradation efficiency for the FeSiB/g-C3N4-3/2 photocatalyst. It
is clear that the dye degradation efficiency is fast under acid, neutral,

Table 1
EDS analysis of FeSiB/g-C3N4-3/2 photocatalysts before reaction and after the
5th reaction cycle (at.%).

Composites Fe Si B C N O
FeSiB/g-C3N4-3/2 before reaction 37 3 - 36 24
FeSiB/g-C3N4-3/2 after reaction 41 2 - 24 11 22
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Fig. 4. Effect of pH on the normalized concentration change of AO7 solution
during the photocatalytic reaction using FeSiB/g-C3Ny4-3/2 photocatalysts, with
inset showing the derived k at different pH.

and alkaline conditions. The 96%, 88%, 82%, 81%, and 80% of AO7 is
degraded within 20 min at pH = 2, 3, 7, 9, and 10, respectively. The k of
the reactions at different pH shown in the inset of Fig. 4 further confirms
that the FeSiB/g-C3N4-3/2 photocatalyst has an excellent photocatalytic
efficiency at pH ranging from 2 to 10, which makes it suitable for in-
dustrial applications. The reasons that FeSiB/g-C3Ny-3/2 photocatalysts
sustain high degradation efficiency at pH ranging from 2 to 10 but not at
pH = 11 are as follows. When the initial pH < 10 (<pHyyc, pzc stands for
the point of zero charge) [43,44], the surface of photocatalyst is still
positively charged and the dye molecules with a sulfuric group are
negatively charged, which is favourable for their adsorption onto the
photocatalyst surface [43,44], and thus the composite still has high
degradation efficiency. When pH = 11 (>pHp,), the photocatalyst
surface becomes negatively charged and the surface could be easily
covered by corrosion products, which will decrease the number of
reactive sites and inhibit the electron transfer [43,44]. Thus, the pho-
tocatalytic activity of FeSiB/g-C3N4 at pH = 11 is greatly decreased.
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Magnetic properties of the synthesized FeSiB/g-C3N4 composites are
studied and compared with Fe304/g-C3N4 composites at room temper-
ature, as seen in Fig. 5a. Evidently, the FeSiB/g-C3N4-3/2 composite
exhibits much larger saturation magnetization (Ms) compared with the
Fe304/g-C3N4 composite, indicating that the addition of FeSiB powders
leads to more improved magnetic properties. Furthermore, the My of
these composites is enhanced with increasing the FeSiB content in
composites. Besides, the inset of Fig. 5a shows that the FeSiB/g-C3N4-3/
2 composite have lower residual magnetism (M;) than the Fe30,4/g-C3N4
composite. This suggests that it is much easier for the FeSiB/g-C3N4-3/2
composite to be demagnetized and dispersed in the AO7 solution, which
is beneficial for the degradation process. The photos of the FeSiB/g-
C3Ny4-3/2 composite powders in deionized water with the magnet
applied and removed are shown in Fig. 5b. It shows that the FeSiB/g-
C3Ny4-3/2 composite powders can be separated from the solution when
applied magnetic field, and then disperse uniformly in the solution after
removing the magnetic filed. The above results clearly indicate that the
FeSiB/g-C3Ny-3/2 composite can be an ideal candidate photocatalyst
that can be magnetically separable for environmental applications.

3.3. Morphology, electronic structure and optical property of
photocatalysts

The morphologies of FeSiB, g-C3N4, and FeSiB/g-C3N4-3/2 catalysts
are analyzed by SEM as shown in Fig. 6. Most of FeSiB MG powders are
in ellipsoidal or globular shape (Fig. 6a), while the g-C3sN4 powders are
in small agglomerate and irregular blocks (Fig. 6b). After ball milling the
FeSiB powders with the g-C3N4 (Fig. 6¢ and d), a layer of small sphe-
roidal particles is attached uniformly on the surface of large powders,
enabling the formation of binary heterostructure. Furthermore, the TEM
image of FeSiB/g-C3N4-3/2 photocatalyst in Fig. 7a shows the coexis-
tence of two kinds of microstructures, irregular powders wrapped by
another phase. The HRTEM image in Fig. 7b confirms both of the phases
are amorphous, which is consistent with the characteristics of FeSiB and
g-C3Ny4 phases. The EDX mappings of FeSiB/g-C3N4-3/2 photocatalyst
are provided in Fig. 7c-f. Fe is only detected on the small particles, while
C and N are almost homogeneously distributed on the whole bulk. This
reveals that the small particles are FeSiB MGs, while the large powders
are g-C3Ny4. Based on the above morphological, microstructural and
elemental analyses, we propose that the composite is made of FeSiB
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Fig. 5. (a) Magnetization curves of FeSiB/g-C3N4-1/4,1/2,1/1, 3/2, 2/1 and Fe304/g-C3N,4 photocatalysts, with insets showing the residual magnetism (M;). (b) The
FeSiB/g-C3Ny4-3/2 photocatalysts in aqueous solution when applying or removing a magnet.



F. Miao et al.

50 nm

Applied Surface Science 540 (2021) 148401

Fig. 7. (a) TEM image of FeSiB/g-C3N4-3/2 photocatalysts, (b) HRTEM image of FeSiB/g-C3N4-3/2 photocatalysts. (¢c) TEM image of FeSiB/g-C3N4-3/2 photo-
catalysts. (d)-(f) The EDX mapping of framed sample in (c), showing the elemental distribution of Fe, N and C, respectively.

powders wrapped by g-C3Ny. Also, at the boundary of FeSiB and g-C3Ny,
heterojunction structure is formed, which can facilitate the transport of
photo-generated charge carriers and enhance the photocatalytic activity
[45-47].

In order to understand the electronic structures of the g-C3N4, FeSiB
and the FeSiB/g-C3N4-3/2 photocatalysts, XPS analyses were carried out
on the samples and the results are shown in Fig. 8. As shown in Fig. 8a,
the peaks of the C 1 s spectrum for the g-C3N4 can be attributed to C-C

(284.47 eV) and C-N3 (287.90 eV) [48-50]. The binding energy values
for C 1 s in the FeSiB/g-C3N4-3/2 photocatalyst are observed at 285.02
eV and 288.35 eV, which present a slight positive shift compared with
those for g-C3Ny4. The peaks of the N 1 s spectrum for the g-C3N4 shown
in Fig. 8b can be attributed to C-N-C (398.37 eV), N-C3 (400.17 eV)
[48-52], and charging effects (404.43 eV) [49,51,52]. For FeSiB/g-
C3Ny4-3/2, these three peaks shift slightly to 398.98 eV, 400.97 eV, and
404.89 eV, respectively. As the binding energies of C 1 s and N 1 s shift
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positively in FeSiB/g-C3N4-3/2 compared with in g-C3Ny, the electrons FeSiB in Fig. 8c, the peaks are deconvoluted to 710.60 eV and 714.35 eV
from C and N atoms may enrich the electron density around Fe, Si and B assigned to the oxidized Fe>*/Fe3* ions [8,13]. For the Si 2p spectrum of
atoms [53]. Fig. 8c-f show the XPS spectra of Fe 2p3/2,Si2pand B 1s FeSiB in Fig. 8d, the two peaks locating at 98.83 eV (5i% and 101.38 eV
for FeSiB and FeSiB/g-C3N4-3 photocatalysts. For Fe 2p3/2 spectrum of (Si*") are detected [13]. For B 1 s spectrum of FeSiB in Fig. 8e, one peak
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Fig. 9. (a) UV-visible DRS curves of g-CsNy4, FeSiB, FeSiB/g-C3N4-1/4, 1/2, 1/1, 3/2, 2/1 and Fe30,4/g-C3N,4 photocatalysts; (b) (Ahv)? vs. band gap energy (eV),
inset is UPS spectrum of FeSiB; (c) PL spectra of g-C3Ny4, FeSiB, FeSiB/g-C3N4-1/4, 1/2, 1/1, 3/2, 2/1 and Fe304/8-C3N4 photocatalysts; (d) Electrochemical
impedance spectroscopy and (e) transient photocurrent profiles of FeSiB/g-C3Ny4-3/2, FeSiB, and g-C3Ny; () Effect of trapping agents on the degradation efficiency of

AO7 solution.
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at 191.53 eV is deconvoluted, which come from B3t [8,13]. As the
binding energies of Fe 2p3/2 (710.44 eV, 714.30 eV), Si 2p (98.69 eV,
101.18 eV) and B 1 s (191.46 eV) shift negatively in FeSiB/g-C3N4-3/2
compared with those in FeSiB, the electrons from C and N atoms may
enrich the electron density around Fe, Si and B atoms [53]. The cause of
these positive and negative shifts may be that the electronic structure of
g-C3N4 and FeSiB is altered to develop the heterojunction [54]. Fig. 8f
illustrates the XPS spectra of the O 1 s for g-C3Ny, FeSiB, and FeSiB/g-
C3Ny4-3/2 photocatalysts. Only one peak is observed for g-CsN4 at
531.30 eV, whereas two peaks are detected at 531.30 eV and 529.87 eV
for FeSiB and FeSiB/g-C3N4-3/2 photocatalysts. The peak at 531.30 eV
can be attributed to the O atoms from Oy adsorbed on the sample sur-
faces [55,56]. The peak at 529.87 eV is assigned to oxygen defects [56],
indicating that oxygen vacancies are formed on the surfaces of FeSiB/g-
C3Ny4-3/2 photocatalyst. The oxygen vacancies after introduction FeSiB
into g-C3N4 can enhance the optical properties of the material [57,58].
Thereby, the XPS results not only further confirm that the FeSiB/g-C3Ny-
3/2 photocatalyst are successfully prepared, but also uncover that the
electronic structure change in the composite boost its photocatalytic
activity.

Fig. 9a illustrates the DRS curves of the g-C3N4, FeSiB MG, Fe304/g-
C3Ny4 composite and FeSiB/g-C3N4 composites. The band gap absorption
edge of g-C3Ny is around 458 nm, suggesting that only the visible light
with a wavelength less than 458 nm can be absorbed by g-CsN4. In
addition, FeSiB MG powders show a wide range of light absorption up to
632 nm. As expected, all the composites display the absorption capacity
of an extended visible light region (488-524 nm), which suggests that
composites have superior light absorption capacities than g-C3N4. Also,
the band gap energies of the samples are estimated from the plots of
(Ahv)? vs. band gap energy (eV) [59], as shown in Fig. 9b. It is worth
noting that the band gap energies of g-C3N4 and FeSiB are about 2.68 eV
and 2.09 eV, respectively. Compared with the g-C3Ny4, all composites
have narrower band gaps and FeSiB/g-C3N4-3/2 has the narrowest band
gap (2.37 eV), implying that the FeSiB/g-C3Ny4-3/2 photocatalyst can
absorb more visible light to enhance the photocatalytic activity.

Besides, the UPS spectrum of FeSiB was measured and analyzed, as
illustrated in the inset of Fig. 9b. According to the linear intersection
method, the cut off energy (Ecyt off) and Fermi energy (Epermi) of FeSiB
are 0.54 eV and 16.74 eV, respectively. Notably, the valence band en-
ergy (Eyp) is related to the ionization potential (&) [60-62], which can
be calculated according to Equation (2):

@ = hv + Ecut off — EFermi (2)

where hy is the photon energy from He I source as 21.22 eV. Thus, the
value of @ is 5.02 eV for the FeSiB (vs. vacuum). Based on the rela-
tionship between the vacuum energy and the normal hydrogen electrode
(NHE) potential [62], the Eyp of FeSiB is calculated to be 0.58 eV (vs.
NHE). Then the conduction band energy (Ecg) of FeSiB is calculated
based on Equation (3):

Ecg = Evg —E, 3

where E; is the band gap energy of the semiconductor, Ecp and Eyp
are the conduction band (CB) and valence band (VB) edge potentials,
respectively. According to the DRS and UPS spectrum analyses, the band
gap energy of FeSiB is about 2.09 eV and the VB of FeSiB is about 0.58
eV, so the CB of FeSiB is —1.51 eV.

PL spectra of all samples have been measured to evaluate the
recombination rate of photo-generated electron-hole pairs, whereas the
recombination rate is positively correlated to the fluorescence intensity
[59,63]. As shown in Fig. 9¢, g-C3N4 powders exhibit the highest fluo-
rescence intensity, while FeSiB has the lowest fluorescence intensity,
and all the composites show much lower fluorescence intensity than g-
C3Ny. It indicates that introduction of FeSiB or Fe3O4 into g-C3Ny4 indeed
depresses the recombination rate of photo-generated electron-hole
pairs. It can be seen that the FeSiB/g-C3N4-3/2 composites show the
lowest PL fluorescence intensity among all the composites, indicating
the lowest recombination rate of electron-hole pairs. In addition to PL
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analysis, the transient photocurrent response and EIS characterization
tests are also executed to investigate the charge migration in the FeSiB/
g-C3Ny4-3/2 composite.

Fig. 9d shows the transient photocurrent response of FeSiB, g-C3Ny,
and FeSiB/g-C3Ny4-3/2 samples. All of the three samples can produce
photocurrent quickly under UV-visible light irradiation. Nevertheless,
the FeSiB/g-C3N4-3/2 has the highest generated photocurrent density,
while g-C3N4 shows the lowest. In general, an improved photocurrent
demonstrates the stronger capability in producing and migration of the
photo-generated charge carriers under light illumination [64-69]. The
data in Fig. 9d indicate that the doped FeSiB improves the photo-
conversion efficiency of g-CsNy effectively. A similar result is obtained
from the EIS analyses, as shown in Fig. 9e. The smallest arc radius in-
dicates the lowest electron transfer resistance of FeSiB/g-C3N4-3/2
among the three samples, which benefits the transport of the photo-
excited carriers and results in an improvement of charge separation ef-
ficiency [66-68].

3.4. Active species trapping experiments and mechanism of photocatalytic
activity enhancement

According to previous studies, large quantities of different active
species, such as hydroxyl radical (eOH), superoxide radical (eO3) and
photo-generated holes (h™), are involved in the photocatalytic process.
To elucidate the photocatalytic mechanism in this work, different
scavengers are used during the degradation of AO7 using the FeSiB/g-
C3N4-3/2 photocatalyst. The changes of AO7 concentration with reac-
tion time using different radical scavengers are shown in Fig. 9f. It is
clear that 90% of AO7 is degraded after adding tert-butylalcohol (5
mmol L) into the photocatalytic reaction solution, which illustrates
that eOH does not participate in the degradation of AO7. Only 50% of
AO7 is degraded when benzoquinone (5 mmol L) is added into the
photocatalytic reaction solution, which illustrates that ¢O3 participates
in the degradation of AO7. Moreover, the photocatalytic degradation
efficiency is significantly inhibited after adding sodium oxalate (5 mmol
L'Y) into the same degradation, confirming that h* plays a critical role in
the degradation reaction of AO7. These results confirm that ¢03 and h™
play the most important parts in the photocatalytic degradation of AO7
using the FeSiB/g-C3N4-3/2 composite.

The higher photocatalytic activity of the FeSiB/g-C3N4-3/2 photo-
catalyst mainly originates from the formation of suitable heterojunction
structure between g-C3N4 and FeSiB. Under visible-light irradiation, the
photo-generated electrons (e”) continuously transfer from VB to CB in
both g-C3Ny and FeSiB, leaving holes (h™) on the VB of both g-C3N, and
FeSiB. As metallic FeSiB has higher density of free electrons than g-C3Ny,
a p-n junction (n-FeSiB/p-g-C3N4) can be formed in FeSiB/g-C3N4-3/2
photocatalyst [70], creating an internal electric field. The n-FeSiB region
is positively charged, while the p-g-C3N4 region has the negative charge
under equilibrium. Thus the photo-generated h™ flow to the negative
pole (p-g-C3Ny) and the photo-generated e” move to the positive terminal
(n-FeSiB). Besides, the CB of FeSiB (-1.51 eV) is more negative than that
of g-C3N4 (-1.12 eV), and the VB of g-C3N4 (1.56 eV) is more positive
than that of FeSiB (0.58 eV). The photo-generated e in the CB of FeSiB
can migrate to the CB of g-C3Ny, and the photo-generated h" in the VB of
g-C3Ny4 can migrate to the VB of FeSiB. Thus, the migration directions of
the photo-generated e” and h' in the CB and VB of g-C3Ny and FeSiB are
opposite to the transfer directions of the e and h' in the p-n junction. It
inevitably leads to a fast combination of the photo-generated electron-
hole pairs in the CB of g-C3N4 and the VB of FeSiB, which is well known
as the Z-scheme recombination [70,71]. Besides, the Z-scheme mecha-
nism is verified by the TEM and EDX analyses of the FeSiB/g-C3Ny-3/2
sample after photoreduction of Pt. As shown in Fig. 10, more Pt nano-
particles are deposited on the surface of FeSiB than that on g-C3Ny,
which means FeSiB has more electrons in VB to attract the photoreduced
Pt. Here we propose Z-scheme charge transfer pathway for FeSiB/g-
C3N4-3/2 heterojunction [72], where the photo-generated electrons in
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Fig. 10. (a) TEM image for FeSiB/g-C3N4-3/2 after photoreduction of Pt, (b) the magnified view of the region A in (a), (c-d) EDX results for the selected region A and

B in (a), respectively.

the CB of g-C3Ny4 can transfer to the VB of FeSiB. Then g-C3Ny4 act as the
oxidation center due to the accumulation of photo-generated holes,
while FeSiB become the photoreduction center.

Based on the above discussion, the photo-generated charge transfer
and separation on FeSiB/g-C3N4-3/2 composite is proposed and shown
in Fig. 11. The photo-generated e” on CB of g-C3N, transferring to the VB
of FeSiB to recombine with h™ there via the heterojunction interface.
Thus, the photo-generated e gathers in the CB of FeSiB, while the h™
stays in the VB of g-C3Ny, then the separation process of photo-generated
electron-hole pairs is improved.

Besides, based on the result from UPS analysis, FeSiB MG has a CB

A |
WA
-3.0— _7’].‘€
FeSiB A07
§ -2.0=——| O, Degradatlon products
e leee
== N o | ©006cs
AT i~ e §j— L ¥
‘;é ; @ @ > —7/|\€
= = ® ® Recombine @ @ |
E 0.58 ik Iy
S = ———— — ()
VB ® ® @ @6
1.0 =
Degradation products
1.56fm===m = e~
2.0 — s01 J® @@ VS

Fig. 11. Mechanism diagram of FeSiB/g-C3N4-3/2 photocatalysis. The VB is
valence band and CB is conduction band.

potential (-1.51 eV) that is more negative than Oy/e03 (-0.33 eV)
[59,73], suggesting that the accumulated e” in CB of FeSiB is able to react
with Oy to produce O3, which then oxidizes the AO7 molecules.
Meanwhile, the reactions can take place between the e in the CB of
FeSiB and O, to produce H,O5 as the CB potential of FeSiB is more
negative than that of Oy/H30; (+0.68 eV), and then the H,O2 molecules
can react with e” to produce —OH [74]. Since the VB potential of g-C3Ny4
(1.56 eV) is smaller than those for ¢OH/—OH (+2.38 V) and ¢OH/H50
(+2.72 eV), the photo-generated h™ oxidizes the AO7 dye molecules
directly instead of reacting with —OH and H»O to form eOH radicals
[74,75]. The above analyses are in good agreement with the findings
from the active species trapping experiments, which reveals that O3
and h' take charge during the photocatalytic degradation of AO7. Based
on the above analyses, the four steps of the photocatalytic degradation
of AO7 are illustrated in details as follows:

FeSiB/g-C3N,4 + hv—FeSiB (e + h') + g-C3N,4 (e + h") (4)

FeSiB (e” + h™) + g-C3N4 (e” + h")—>FeSiB (&) + g-CsN4 (h1) (5)

FeSiB (e) 4+ Oy— FeSiB 4+ ¢03 (6)

05 + h™ + AO7— degradation products (7)

Finally, in addition to the charge separation, the specific surface area
is also believed to be an important factor for photocatalytic activity
[22-24,66,67]. The BET surface areas of the as-synthesized samples are
investigated by Ny-adsorption experiments. According to BET analyses,
the surface area of FeSiB, g-C3Ny, FeSiB/g-C3Ny-1/4, FeSiB/g-C3Ny-1/2,
FeSiB/g-C3N4-1/1, FeSiB/g-C3Ny4-3/2, FeSiB/g-C3Ny4-2/1 are 1.0, 6.8,
3.2, 3.1, 2.9, 2.6 and 2.4 mz/g, respectively. The addition of FeSiB
amorphous powders causes only a slight reduction on the surface area of
g-C3Ny. This excludes the possibility that the variation in surface area
induces the enhanced charge separation in affecting the photocatalytic
process.
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4. Conclusion

In summary, the magnetically separable Z-scheme FeSiB/g-C3N4
photocatalyst composed of FeSiB MG powders wrapped by g-CsNy4 are
prepared via ball milling. This work provides a magnetically separable
photocatalyst that can degrade azo dyes at universal pH conditions. The
main conclusions are as follow:

e The FeSiB/g-C3Ny4-3/2 photocatalyst possesses sufficient degrading
capability in acidic, neutral and alkaline AO7 solution, and also ex-
hibits excellent reusability. The enhancement of photocatalytic ac-
tivity of FeSiB/g-C3N4 composite can be ascribed to the improved
separation efficiency of the photo-generated e and h'.

e The high magnetic saturation of the FeSiB/g-C3N4-3/2 photocatalyst
allows them to be recycled magnetically.

e The active species trapping experiments confirm that the dominant
active species are O3 and h™ in the photocatalytic process.
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