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Abstract

A magnetically separable photocatalytic g-C;N,/NiFe,0, nanocomposite was obtained via a two-step method. In the first
step, the magnetic NiFe,O, nanoparticles were acquired in a few minutes by ionic liquid self-combustion approach which
significantly reduced the synthesis time of nanocomposites. Besides, the research of g-C;N,/NiFe,O, nanocomposites for
the visible-light-driven degradation of methylene blue in the absence of H,O, was detailed. Compared with pure g-C;N, and
NiFe,0,, the as-prepared nanocomposites with NiFe,O, doping of 12% manifested the enhanced photocatalytic activity and
stability after three cycles for degrading methylene blue, and the photocatalytic process followed first-order reaction kinetics.
Trapping experiments demonstrated that the H* and OH® scavengers are the main active species and O,°~ has a small effect

for visible-light-driven degradation of methylene blue.
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Introduction

Recently, nano-semiconductor materials have drawn increas-
ing interest in various fields, such as photocatalysis (Fu
et al 2018), photothermal conversion (Chen et al. 2020),
heat transfer (Turkyilmazoglu 2019a, b) and electroca-
talysis (Gao et al. 2019a, b), and so on. Among them, the
research on photocatalysis mainly focuses on the rational
design and preparation of semiconductor photocatalysts
(Lee et al. 2016; Han et al. 2009). Up to now, various pho-
tocatalysts such as TiO, (Oseghe and Ofomaja 2018), ZnO
(Yu and Yu 2008), BiOX (x=Cl, Br, I) (Lei et al. 2019),
BiVO, (Booshehri et al. 2017), CdS (Mao et al. 2016),
g-C;N, (Chidhambaram and Ravichandran 2017) etc. have
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been explored for organic degradation, splitting water, and
photocatalytic reduction of CO,. Among these photocata-
lysts, g-C3N,, as a metal-free photocatalyst with a narrow
bandgap of ~2.7 eV (Wang et al. 2009), has been widely
used for degrading organic pollutants and splitting water for
hydrogen production under visible-light irradiation due to
its attractive properties, including low cost, simple synthe-
sis method, unique electronic structure, and good stability
(Gao et al. 2015; Wang et al. 2012; Ye et al. 2016). Never-
theless, there are still some shortcomings with g-C;N, as
photocatalysts because of the low electrical conductivity,
deficient utilization of visible light (<460 nm) and rapid
recombination rate of charge carriers, which make it poor
photocatalytic performance (Chen et al. 2016; Miao et al.
2018; Lam et al. 2016). To overcome these drawbacks, lots
of methods have been adopted for improving photocatalytic
activity and optical absorption of g-C;N,, such as morphol-
ogy modulation, doping other elements, and combining vari-
ous semiconductors to construct g-C;N,-based heterojunc-
tions or nanocomposites (Liu et al. 2016; Wu et al. 2017;
Moreira et al. 2019). Among these strategies, coupling with
narrow bandgap semiconductors is a particularly effective
approach to restrain the recombination of photo-generated
electron—hole pairs and strengthen the visible-light absorp-
tion ability, which are crucial to the photocatalytic reaction
process (Fang et al. 2019; Wang et al. 2018; Li et al. 2019;
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Shi et al. 2018). Moreover, it is still difficult to extend the
practical application when using g-C;N, as photocatalysts
due to difficult separation from wastewater and resulting in
secondary pollution. Therefore, some efficient efforts have
been made to combine g-C;N, with a magnetic material,
such as g-C;N,/Fe;0, and g-C;N,/MFe,0, (M =Ni, Co,
Ca etc.) nanocomposites (Kumar et al. 2013; Hassani et al.
2018; Vadivel et al. 2016), which have showed higher pho-
tocatalytic and recycling properties.

In recent years, on account of the photodissolution of iron
oxide phase during the photo-degradation process (Bey-
doun et al. 2000), combining g-C;N, with spinel MFe,0,
has excited interest for photocatalytic field. Unfortunately,
there are still some drawbacks: (1) the synthetic strategy of
MFe,0, nanomaterials is time consuming (at least 3-5 h) or
need high reaction temperature (at least 500 °C) (Liu et al.
2018; Ji et al. 2015; Palanivel et al. 2019), which would
affect seriously the synthesis process and yield of g-C;N,/
MFe,0, nanocomposites; (2) g-C;N,/MFe,0, nanocompos-
ites always perform photocatalytic process adding H,O, to
organic dye solutions to enhance the photocatalysis activity
(Ji et al. 2015; Palanivel et al. 2019; Huang et al. 2015).

Ionic liquid self-combustion synthesis is an attractive
technique for the long-scale preparation of different oxides
due to its fast process, only a few minutes (Li et al. 2011,
2014, 2015). In the synthesis process, metal nitrates and
urea or ammonium nitrate were used as oxidizers and fuels,
respectively. Considering the advantage of ionic liquid
self-combustion synthesis technique, if the reaction time
of MFe,0, nanoparticles is significantly reduced, the long-
scale g-C;N,/MFe,0, nanocomposites would be gained in
a short time. As far as we know, the synthetic process of
g-C;N,/NiFe,0, (CNNFO) nanocomposites has still con-
sumed long time and CNNFO nanocomposites for the visi-
ble-light-driven degradation of methylene blue (MB) in the
absence of H,0, has not been studied in previous reports.

In the present work, we acquired CNNFO nanocompos-
ites through a two-step method. Magnetic NiFe,O, nano-
particles in a few minutes by ionic liquid self-combustion
synthesis in the first step, which significantly reduced the
synthesis time of magnetically separable CNNFO nanocom-
posites. Then the photocatalytic performance of CNNFO
nanocomposites was evaluated through degrading MB in
aqueous solution without H,O, under visible-light irradia-
tion and the photocatalytic mechanism was also proposed.

Experimental section

Synthesis of NiFe,0, NPs

To synthesize NiFe,O, NPs, ionic liquid self-combustion
synthesis method was used. Typically, 0.01 mol iron(III)
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nitrate nanohydrate (Fe(NO;);-9H,0) was mixed with
0.005 mol nickel(II) nitrate hexahydrate (Ni(NO5),-6H,0),
0.003 mol triethylamine hydrochloride (C4H;sNHCI), and
0.025 mol urea. Then, the solid mixtures were heated on an
electric stove until the formation of homogeneous solutions.
After cooling down to room temperature, the NiFe,O, NPs
were collected by fully grinding.

Synthesis of g-C;N,/NiFe,0, nanocomposites

The CNNFO hybrid nanocomposites with NiFe,O,-doping
content of 8-15% were gained by a heating melamine and
NiFe,0, method. A typical experiment for the synthesis
of 12% CNNFO hybrid nanocomposites was as follows:
5 g of melamine powder and 0.6 g of NiFe,O, were mixed
homogeneous by grinding with an agate mortar, and then
the mixed powder was put into a porcelain boat and heated
to 550 °C for 3 h with a heating rate of 10 °C min~' in air
atmosphere. The reddish brown obtained product was col-
lected after grinded with an agate mortar. The pure g-C;N,
product acquired according to the above-mentioned method
without NiFe,O, doping.

Characterization

X-ray diffraction (XRD) measurements were carried out
on Bruker D8 X-ray diffraction diffractometer with Cu Ka
radiation. X-ray photoelectron spectroscopy (XPS) analysis
was performed using a PHI Quantum 2000 scanning ESCA
Microprobe spectrometer. The morphology and structure
images were obtained by a Hitachi S-4800 scanning electron
microscopy (SEM) and a JEOL-2100 transmission electron
microscopy (TEM). The UV-Vis diffuse reflectance spectra
(DRS) were recorded on a Hitachi U-4100 spectrometer. The
photoluminescence (PL) spectra were observed through a
Hitachi F-4600 fluorescence spectrophotometer. It is worth
noting that the mass of the g-C3N, in 12% CNNFO com-
posite should be equal to that of g-C;N, to fairly compare
the PL intensity between g-C;N, and 12% CNNFO during
the PL tests.

Adsorption and photo-degradation experiments

The photocatalytic performance of pure g-C;N,, NiFe,0,,
and different mass fraction of CNNFO hybrid nanocompos-
ites was investigated by degrading MB in aqueous solution
under visible-light irradiation (300 W Xe lamp with a UV
cutoff filter to provide visible light with 4 >400 nm), and
the adsorption ability of these samples was assessed through
the adsorption experiments of MB in the dark. In a typi-
cal procedure, 0.050 g photocatalysts were dispersed into
100 mL of 50 mg L~! MB aqueous solution. First of all,
the suspension was stirred in the dark for 0.5 h to ensure
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the adsorption/desorption equilibrium of MB on the surface
of photocatalysts at room temperature. After that, the lamp
was turned on and 4 mL of the suspension was collected in
15 min intervals, centrifuged, and filtered to remove the pho-
tocatalysts. Then the concentration of MB was monitored
through UV-Vis spectroscopy at 664 nm.

Determination of active species

To probe the active species in the photocatalytic reaction
process, 1 mmol L™! of isopropanol (IPA), 1,4-benzoqui-
none (BQ), and ammonium oxalate monohydrate (AO) were
added into MB solution and utilized as OH®, O,*~, and H*
scavenger before the photocatalysis process, respectively.

Results and discussion

Structure and morphology properties
of photocatalysts

Figure 1 shows the XRD patterns of the as-prepared pho-
tocatalysts, including pure g-C;N,, NiFe,0,, and different
mass fraction of CNNFO nanocomposites. For pure g-C5N,,
the diffraction peaks at 13.1° and 27.4° are assigned to (100)
and (002) facets of g-C;N,, which represent the in-planar
repeat period of the tri-s-triazine units and interlayer-stack-
ing peak of the C—N melon networks, respectively (Ye et al.
2013). For pure NiFe,O,, the typical diffraction peaks appear
at 18.4°,30.3°, 35.7°, 37.3°, 43.3°, 53.8°, 57.3°, and 63.0°,
which can be matching well with (111), (220), (311), (222),
(400), (422), (511), and (440) facets of NiFe,O, (JCPDS
54-0964), respectively (Ji et al. 2015). Notably, the char-
acteristic peaks of Fe,O; or NiO phases were not detected,
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Fig. 1 XRD patterns of pure g-C;N,, NiFe,0,, 8%, and 12% CNNFO
nanocomposites

which illustrates that there is no impurity in the synthesis
pathway of NiFe,0,. Compared with the pure g-C;N, and
NiFe,0,, the XRD patterns of 8% and 12% CNNFO nano-
composites appear as the characteristic peaks of both g-C;N,
and NiFe,0,, which indicates that NiFe,O, nanocrystals
have been successfully attached to the g-C;N, nanosheets.

The surface composition and chemical states of the
12 wt% CNNFO nanocomposite were investigated through
XPS measurements, and the spectra of as-prepared photo-
catalysts are shown in Fig. 2. The survey spectra (Fig. 2a)
reveal that the hybrid nanocomposite consists of C, N, Ni,
Fe, and O elements. The C 1s high-resolution spectra of as-
obtained CNNFO nanocomposite (Fig. 2b) shows two obvi-
ous peaks at 284.8 and 288.2 eV, which should be assigned
to the sp? C—C bonds from carbon-containing contamina-
tions and sp>-bonded carbon of N-C=N in the graphitic
structure, respectively (Liu et al. 2017). Three peaks were
resolved in the N 1s resolution spectrum of the nanocompos-
ites (Fig. 2c), which were 398.9, 400.4, and 401.7 eV cor-
responding to sp* hybridized aromatic N atoms (C=N-C),
sp3 hybridized N atoms (H-N—(C);) and C-N-H structure,
respectively. In Fig. 3d, the Ni 2p spectra of the nanocom-
posite can be fit into two typical strong peaks at 855.5 and
872.7 eV, which are assigned to 2p 3/2 and 2p 1/2 of Ni 2p,
respectively; and two small peaks at 861.7 and 879.6 eV
correspond to the satellite peaks of Ni 2p 3/2 and Ni 2p 1/2,
respectively (Zhao et al. 2018). This confirms that the Ni in
CNNFO nanocomposite exists in+2 oxidation state. Two
strong peaks of Fe 2p spectrum at 710.8 and 724.5 eV can
be attributed to Fe 2p 3/2 and Fe 2p 1/2, respectively, which
illustrates that the oxidation of Fe in CNNFO nanocompos-
ite is+3 (Zhao et al. 2018). Through deconvolution of the
high-resolution O 1s spectra, three peaks at 529.7, 531.0,
and 532.2 eV are attributed to the metal-oxygen bonds and
oxygen atoms in the hydroxyl groups and absorbed water
(Gao et al. 2019a, b).

Figure 3a—c show SEM images of pure g-C;N,, NiFe,O,,
and 12% CNNFO nanocomposites, respectively. The as-
prepared g-C;N, (Fig. 3a) is composed of an irregular
nanosheet structure, whereas the pure NiFe,O, product con-
sist of nanoparticles with the range of size about 90-200 nm
(Fig. 3b). As can be seen from the Fig. 3b, the as-obtained
pure NiFe,O, nanoparticles have partly a little agglomera-
tion. Figure 3c displays that NiFe,O, nanoparticles were
successfully deposited on g-C;N, nanosheets in the 12%
CNNFO nanocomposites, which is consistent with the TEM
image of Fig. 3d. The HRTEM image (Fig. 3d-1) confirms
that the nanoparticle attaching to the g-C;N, nanosheet in
TEM image is identified as NiFe,O, with the (311) crystal
face, and the result is also consistent with the SAED image
(Fig. 3d-2).

Figure 4a displays the UV—Vis DRS of as-prepared sam-
ples, which can illustrate the light absorption ability of the
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Fig.2 XPS spectra of 12 wt% CNNFO nanocomposite: a survey spectra, b C 1s spectra, ¢ N 1s spectra, d Ni 2p spectra, e Fe 2p spectra, d O 1s
spectra

Fig.3 SEM images of pure
g-C;N, (a), pure NiFe,O, (b),
and 12% CNNFO composites
(¢). d TEM image of 12%
CNNFO composites. d-1
HRTEM image of the NiFe,O,
nanoparticles. d-2 SAED
pattern of the the NiFe,O,
nanoparticles

photocatalysts. It can be seen that the adsorption edge of ~ with the pure g-C;N, nanosheets appeared. The enhanced
pure g-C;N, nanosheets was around 460 nm. However, the  light absorption of the CNNFO nanocomposites may pro-
CNNFO nanocomposites showed a much stronger absorp-  mote the generation of more electron—hole pairs, which will
tion in the visible-light range, and a red shift in comparison ~ improve the photocatalytic performance. Figure 4b shows
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Fig.4 a UV-Vis diffuse reflectance spectra (DRS); b bandgap energy of the as-prepared photocatalysts

that the bandgap energy of pure g-C;N, and NiFe,O, was
about 2.6 and 1.53 eV respectively, which corresponded to
the above results. When NiFe,O, nanoparticles were intro-
duced to g-C;N,, the energy level of CNNFO would be
changed and hence the optical adsorption property could
be broaden in visible region. The bandgap of 12% CNNFO
nanocomposites (E,=2.14 eV) is lower than pure g-C3N,.

Photocatalytic performance

The adsorption and photo-degradation performances of the
as-prepared samples under visible-light irradiation were
evaluated (Fig. 5a). The initial and actual concentration of
the MB solution is labeled C, and C, respectively. It can be
found that the as-prepared samples show excellent adsorp-
tive capacities. Obviously, the adsorption efficiency of the
12% CNNFO nanocomposites reaches to 31.1%, which is the
highest adsorption capacity compared to the other samples.

The photo-degradation reaction got under way after the
light was switched on to irradiate the photo-degradation
system. As shown in Fig. 5a, the decrease of the MB con-
centration is faster and more effective with the 12% CNNFO
nanocomposites than with pure g-C;N,, NiFe,0,, and other
ratio of CNNFO nanocomposites. Specifically, the photo-
degradation efficiency of MB dye reaches as high as 90%
after 45 min irradiation with the 12% CNNFO nanocompos-
ites, and after exposed to visible light for 75 min, the photo-
degradation of MB achieves terminus, which can be clearly
shown from the image of the MB color change (Fig. 5a
inset). Figure 5b displays the plots of In (C/C,) versus irradi-
ation time, which illustrates that the photo-degradation pro-
cess was a first-order kinetic reaction. As shown in Table 1,
the photo-degradation rate of 12% CNNFO was nearly seven
times higher than that of pure g-C;N,. Compared with the
photo-degradation activity of 12% mechanically mixed sam-
ple, the as-prepared 12% CNNFO nanocomposite still shows

the best photo-degradation performance, which directly
demonstrated the successful combination of g-C;N, and
NiFe,0,. The UV-Vis DRS results of mechanically mixed
sample and 12% CNNFO nanocomposite were shown in Fig.
S1. It can also verify the existing interaction between g-C;N,
and NiFe,0, in 12% CNNFO composite, which is in favor of
the photocatalytic activity. Due to the magnetism of the 12%
CNNFO nanocomposite (Fig. Sc inset), the photocatalyst
can be easily separated from the MB dye solution and recy-
cled for the photo-degradation system. Figure 5d shows the
12% CNNFO nanocomposite can keep high photocatalytic
capacity after three uses, which illustrates the structure of
the photocatalyst was stable.

The mechanism discussion of the enhanced
photocatalytic activity

To reveal the mechanism of the photocatalytic performance,
the intensity of PL emission spectra of the as-prepared pho-
tocatalysts was recorded to characterize the separation effi-
ciency of photo-generated carriers in pure g-C;N, and mass
12% CNNFO composite. As shown in Fig. 6, the PL peak
intensity of 12% CNNFO composite is decreased remark-
ably compared with that of pure g-C;N,, indicating that the
hybridization nanocomposite with NiFe,O, nanoparticles
can inhibit the recombination of photo-generated elec-
tro—hole pairs compared with the pure g-C;N,. That is, the
lifetime of charge carriers in 12% CNNFO is longer than that
of pure g-C;N,, which is beneficial for the improvement of
photocatalytic activity.

To research the charge transfer and recombination rate
of the 12% CNNFO nanocomposites, EIS study was car-
ried out in electrolyte (Fig. 7). As is well known, a smaller
radius in a Nyquist plot illustrates a small charge transfer
resistance in photocatalytic process. Figure 7 shows that the
charge transfer resistance of 12% CNNFO is smaller than
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Fig.5 a Photocatalytic degradation of MB by the as-prepared photo-
catalysts under visible-light irradiation, the inset shows the MB color
change at different irradiation time. b Kinetic fit diagram. ¢ Photo-
catalytic degradation performance comparison between 12% CNNFO

Table 1 First-order kinetic constant of the photo-degradation process

Samples k (min™") R?

g-C3N, 0.0075 0.9889
NiFe,O, 0.0057 0.9792
8% CNNFO 0.0271 0.9740
12% CNNFO 0.0513 0.9714
15% CNNFO 0.0279 0.9874

the pure g-C;N, under visible-light irradiation, manifesting
that a more facile charge transfer occurred in 12% CNNFO
nanocomposite. That is, an effective separation and trans-
fer of photo-generated electron—hole pairs appeared in the
process of the photo-degradation when 12% CNNFO com-
posites were used as photocatalysts, resulting in enhancing
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and 12% mechanically mixed, the inset images show the separation
ability of the CNNFO photocatalyst dispersed in water using a per-
manent magnet. d Recyclability of the 12% CNNFO photocatalyst for
the degradation of MB

higher photocatalytic activity. This evidence agrees with the
above PL result.

As is well known, the mechanism of photo-degradation
pathway can use different scavengers to trap the reactive spe-
cies such as electrons, holes, OH®, and O,*, which generate
in the process of the photo-degradation (Samadi et al. 2019;
Padervand 2016). Thus, the photo-catalytic mechanism
over 12% CNNFO nanocomposites was explored through
the trapping experiments of free radicals and holes. Isopro-
panol (IPA), 1,4-benzoquinone (BQ) and ammonium oxalate
monohydrate (AO) were used as three different scavengers
for trapping OH®, O,*~, and H* (Hu et al. 2019). Figure 8
shows that the photocatalytic activity had a relatively a lit-
tle change upon the addition of BQ as a O,°~ scavenger,
confirming that O,*~ plays small effect during the photo-
degradation process. However, when AO and IPA were
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ite

conducted as hole and OH® scavengers, a remarkable change
was observed compared with the absence of scavenger under
similar conditions, indicating that the H" and OH® scaven-
gers are the main active species in the reaction system.
Figure 9 shows the schematic drawing of the MB photo-
degradation over CNNFO nanocomposites. Under the vis-
ible-light irradiation, electrons on the VB position for both
g-C;N, and NiFe,0, were excited to the CB position. Due to
the lower CB level of NiFe,0,, electrons on the CB position
of g-C3N, can easily be transferred to the CB of NiFe,0,
and holes on the VB position of NiFe,O, were transferred
to the VB of g-C;N,, which can suppresses the recombi-
nation of the photo-induced carriers, leaving more charge
carriers as reactive species. The roles of electrons and holes
are as follows: the electrons on the NiFe,O, CB react with
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Fig.8 Active species trapping experiments using a series of scaven-
gers
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Fig. 9 The proposed mechanism of the reaction process

0, and H* to generate OH®, which serves as a scavenger
to degrade MB; because the CB value of g-C;N, is lower
than that of O,/0,°” (Zhang et al. 2009), the photoactivated
electrons on the CB can easily reduce O, to O,; the holes
directly degrade MB adsorbed on the CNNFO surface. All
of reactive species including OH®, holes, and O, are thus
beneficial for the degradation of MB under visible-light
irradiation.

Conclusion

In summary, the CNNO nanocomposites were prepared
via a two-step method. It is worth noting that the magnetic
NiFe,O, nanoparticles were acquired in a few minutes
by ionic liquid self-combustion synthesis approach in the
first step which significantly reduced the synthesis time of
magnetically separable CNNFO nanocomposites, and in
the absence of H,0, solution, the CNNFO nanocomposite
could still be performed on the enhanced photo-degradation
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activity under visible-light irradiation. The reason for this
result can attribute to the efficient light absorption and sepa-
ration of charge carriers. It is believed that the present syn-
thetic route for the magnetically photocatalyst preparation
can provide the valuable experimental basis for practical
application.
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