J Mater Sci (2019) 54:172-187

Chemical routes to materials

@ CrossMark

Synthesis of a novel magnetic SnNb,Og/CoFe-LDH 2D/
2D heterostructure for the degradation of organic
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ABSTRACT

A novel two-dimensional/two-dimensional (2D/2D) magnetic SnNb,Og/CoFe-
LDH hybrid was first prepared via a simple hydrothermal assembly method.
The SnNb,Og/CoFe-LDH heterostructures displayed distinctly enhanced pho-
tocatalytic ability toward Methyl orange (MO), which was about 1.1 and 1.2
times higher than that of SnNb,Og and CoFe-LDH, respectively. It is believed
that the improved photocatalytic performance was mainly due to the unique
energy band structure of heterostructures, which facilitated the efficient sepa-
ration and transfer of photoinduced carriers and enhanced light harvesting.
Moreover, the obtained photocatalyst exhibited high magnetic response under
an external magnetic field, which was beneficial to the recovery of SnNb,Og/
CoFe-LDH from aqueous solution. The successful fabrication of a visible-light-
driven magnetic 2D/2D heterostructure photocatalyst is a significant contribu-
tion to wastewater treatment.
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polluting [1-4]. To date, various types of semicon-
ductors such as metal oxides, sulfides, and nitroxide
were successfully synthesized and found to be active

Introduction

Environment pollution and energy crisis have been
attracting intense research interest due to their great
harm to human health and environment. Conven-
tional treatment or biodegradation for environment
remediation were found inefficient and may cause
secondary pollution, while sunlight-driven semicon-
ductor based photocatalyst system is considered as
one of promising strategies due to direct conversion
of solar energy into chemical usable energy with non-
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photocatalysts with universal applications [5-8].
Foordite SnNb,Og, as a typical layered niobate, has
been undergoing fast development in the domain of
photocatalysis for the advantages of facile prepara-
tion, unique energy band structure, low cost, superior
catalytic, and stability [9, 10]. SnNb,O¢ consists of
sheets with two-octahedron-thick, which insert edge-
sharing octahedral NbOg units and Sn*" ions. For
electronic band structure of SnNb,Og, the hybrid
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orbitals of Sn 5s and O 2p are responsible to the
valence band that makes photocatalytic under visible
light possible [11]. However, the large-scale applica-
tion of SNNb,Og is still limited due to its low catalytic
efficiency resulted from low surface area and short
life of charge carriers. SnNb,O4-based composites
have been prepared by constructing heterojunctions
or loading co-catalyst to improve the photocatalytic
ability of pure SnNb,Og. Jin et al. [12] have success-
fully synthesized TiO,-SnNb,Og heterojunctions,
which exhibits significantly improved photocatalytic
degradation toward RhB ascribed to improve charge
transfer efficiency and suppress carriers recombina-
tion. Zhang et al. [13] have developed novel SnNb,
Os/g-C3Ny  2D/2D  nanosheet heterostructures,
which exhibits excellent photocatalytic ability to
photodegrade MB which is attributed to strong
interfacial interaction and efficient charge separation.
Among these heterojunctions, 2D/2D nanostructure
has been found a promising system for further
enhancement in  photocatalytic = performance.
According to recent reports, 2D/2D semiconductor
structure with strong electronic and physical cou-
pling effect and extend contact area is beneficial for
transferring of charge carriers and suppressing the
electron-hole pairs recombination, which resulted in
remarkable improved in the photocatalytic ability
[14-16].

Recently, layered double hydroxides (LDHs) have
attracted great interest for various applications in
environmental remediation due to the exchangeabil-
ity of interlayer anions and the superior adsorption
ability [17-19]. Specifically, the edge sites of LDHs
are rich in open coordination, which could act as
active adsorption sites for pollutants [20]. For LDH-
based photocatalysts, the good adsorption capacity of
LDH can increase the concentration of pollutants
around the photocatalysts, which can improve the
photocatalytic efficiency of LDH-based photocata-
lysts. In addition, LDHs with magnetic components
like transition metals can be easily recovered by an
external magnetic field [21]. Magnetic adsorption
separation technology has been widely applied in
environment purification applications [22]. For mag-
netic photocatalysts, it is easily separated and
reclaimed by a simple magnetic separation process
after reaction, avoiding recontamination in water
remediation. CoFe-LDH exhibits both great magnetic
response and catalytic performance, which has trig-
gered great attention of scientists [23-25]. Besides, the

Co and Fe elements existing together can provide rich
redox reactions that are beneficial to promote the
process of reaction [26].

In this paper, for the first time, we designed and
constructed a new 2D/2D magnetic nanosheets
SnNb,Og/CoFe-LDH heterostructure (Scheme 1) by a
simple hydrothermal co-assembly method. The
organic dyes, methyl orange (MO), were selected as
model pollutants to evaluate the photocatalytic per-
formance of as-synthesized composites under simu-
late visible light. It was demonstrated that SnNb,Og/
CoFe-LDH displayed enhanced ability of photode-
grading organic pollutants compared to pure SnNb,Og
and CoFe-LDH nanosheets. Besides, the as-prepared
magnetic catalyst exhibited quickly magnetic response
under an external magnetic field and thus could be
easily recovered after wastewater treatment. Further-
more, a possible photocatalytic mechanism was pro-
posed based on the experimental results.

Experimental
Reagents

Niobium(V) oxide (Nb,Os), hydrochloric Acid (HCD),
and iron (III) chloride hexahydrate (FeCl;-6H,0)
were purchased from Guang Cheng Chemical
Reagents (Tianjin, China). Potassium hydroxide
(KOH) and sodium hydroxide (NaOH) were pur-
chased from Dengke Chemical Reagents (Tianjin,
China). Iron (III) nitrate nonahydrate (Fe(NO3)s-
9H,0), cobalt chloride hexahydrate (CoCl,-6H,0),
ferrous chloride (FeCl,), ethylene-diamine tetraacetic
acid (C;oH6N2Og), stannous chloride dihydrate
(5nCl,-2H,0), anhydrous ethanol, and 1,4-benzo-
quinone (C¢H4O,) were purchased from Sinopharm
Group Chemical Reagent Co., Ltd (China). Methyl
orange (C14H14N3NaO3S) and isopropanol (C3HgO)
were purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd (China). In the experiments, deion-
ized water (DI) was used and all chemicals were
analytical grade.

Preparation of SnNb,O¢ and SnNb,Og/
CoFe-LDH

In this work, pure SnNb,Og (abbreviated as SNO)
nanosheet was synthesized by a two-step
hydrothermal method as reported formerly [27].
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Briefly, at first, a precursor Nb,Os nH,O was
obtained from a simple procedure by dispersing
Nb,Os (1 g) and KOH (4.48 g) into 70 mL deionized
water under stirred. Then, the mixture solution was
transferred into a Teflon-lined vessel (100 mL) at
200 °C for 48 h. After that, the pH of suspension was
maintained at 7 by using HCI (2 mol L") to obtain
precursor (Nb,Os nH,O). Secondly, SnCl,-2H,O
(0.84 g) was added into the above solution and then
adjusted the pH of the mixture to 2 by using HCl
(2 mol L™!) under continuously stirred. Finally, the
obtained suspension was heat-treated at 200 °C for
36 h by using a 100-mL Teflon-lined vessel. After
cooled naturally, the precipitate was collected by
centrifuge and washed 3 times with DI water and
anhydrous ethanol, and then dried at 80 °C (8 h).

SnNb,Os/CoFe-LDH was fabricated by a
hydrothermal assembly reaction. CoCly-6H,O
(0.16 M) and Fe(NOj3)3-9H,O (0.055 M) were dis-
solved in DI water (30 mL) to form a uniform solu-
tion. After that, added SnNb,Og (0.5 g) into the above
solution and adjusted the pH values of mixture to 9
by NaOH (1 M) under continuous magnetic stirring.
Then transferred the solution into a Teflon-lined
vessel (100 mL) and heat-treated at 120 °C for 20 h.
Finally, samples were washed several times and then
dried at 60 °C for 12 h.

@ Springer

Characterization

The purity of the phases was investigated by X-ray
diffraction (XRD, Bruker D8-Advance, Cu Ko radia-
tion). Field emission scanning electron microscopy
(FESEM, FEI QUANTA FEG250, USA) and high-res-
olution transmission electron microscopy (HRTEM,
TecnaiF20, Philips, Hillsboro, OR, USA) were used to
check the morphology of photocatalysts, while the
composition was examined by energy-dispersive
X-ray spectrometry (EDS, INCA Energy 3294). The
optical property was studied by UV-Vis diffuse
reflectance adsorption (Shimadzu UV-3600 spec-
trometer) in the wavelength number region of
200-800 nm. Surface elemental composition and state
were measured by X-ray photoelectron spectra (XPS).
Fourier transform infrared (FTIR) spectra analysis
was performed on a Nicolet 380 spectrometric ana-
lyzer. The surface area and corresponding pore-sized
distribution of samples were calculated by the Bru-
nauer-Emmett-Teller (BET) model and Barrett Joy-
ner Halenda (BJH) theory. The alternating gradient
magnetometer (AGM) was used to test the magnetic
property of samples. The total organic carbon (TOC)
concentration was determined by Vario TOC (Ele-
mentar Company, Germany). The photolumines-
cence (PL) spectra were obtained by an F-4600
Flspectorophotomet with excitation energy of
360 nm.
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Batch adsorption experiments

Adsorption kinetics experiments and equilibrium
experiments were conducted to test the adsorption
capacity of the obtained samples toward methyl
orange (MO) at room temperature. In the adsorption
kinetics experiments, 50 mg adsorbents were added
into 50 mL MO solution (30 mg L™") for adsorption
reaction. At appropriate time intervals, the concen-
tration of MO was measured by UV-Vis spectroscopy
(at Amax = 463 nm) after centrifuged at 6000 rpm for
5 min. For isotherm experiments, 50 mg adsorbents
were added into MO aqueous solutions with differ-
ent concentrations (25-50 mg L™") for 72 h until
reached equilibrium. After adsorption process, the
residual dye concentration was also measured by
UV-Vis spectroscopy.

The adsorption content of MO was calculated
using the following formula [28]:

g = (C=C)xV 0

m

where Cy (mg L™") and C; (mg L) are the initial and
at time t (min) concentration of MO, respectively.
V (L) is the MO solution volume, g; (mg g™ ") is the
amount of adsorbate at sorption time t (min) and
m (g) is the adsorbent weight.

Photocatalytic measurements

The typical photodegradation MO dye experiments
were conducted to estimate the photocatalytic per-
formance of the obtained samples. A 500-W Xenon
lamp (GXH500, Shanghai Jiguang Co., Ltd.) was used
to simulate visible light irradiation source to trigger
the photocatalytic reaction. Fifty milligrams of pho-
tocatalysts was placed in 80 mL MO solution
(30 mg L") and stirred in the darkness for 30 min
before irradiation. After achieved equilibrium of
adsorption—desorption, photocatalytic reaction was
initiated by switched on the Xenon lamp for 1 h.
During the reaction, 4.0 mL solution was withdrawn
from the dye solution by a centrifuge at the preset
time interval (10 min). Afterward, the concentration
of MO solution was analyzed by UV-Vis spec-
trophotometer, and the characteristic absorption peak
of MO is 463 nm.

Results and discussion
Characterization of samples

The phase and composition of as-prepared SNO,
CoFe-LDH and SNO/CoFe-LDH heterostructure
were characterized by X-ray diffraction test. As
shown in Fig. 1a, the peaks collected from the SNO
and CoFe-LDH matched well with the SnNb,Ogq
(JCPDS card No. 84-1810) and CoFe-LDH (JCPDS
card No. 50-0235), respectively. For the SNO sample,
the main diffraction peaks at about 24.9°, 29.0°, 31.3°,
33.8°, and 36.9° corresponded to the diffractions of
(— 111), (311), (600), (202), and (020) planes, respec-
tively [13]. As for the pristine CoFe-LDH, the XRD
pattern exhibits three diffraction peaks at 11.6°, 23.4°,
and 35.1° assigned to the (003), (006), and (009) crystal
planes, respectively, which confirmed the successful
fabrication of LDH structure [29]. Besides, the value
of (003) plane was 0.76 nm, which revealed the
presence of carbonate ions between the interlayers of
LDH [30]. The XRD pattern of SNO/CoFe-LDH
composite, as shown in curve ¢, indicated a combi-
nation of SNO and LDH with no other obvious
impurity phases. Thus, it can be inferred that the
high-purity SNO/LDH nanosheets heterojunction
was successfully synthesized. The functional groups
presented in the samples were examined by FTIR, as
shown in Fig. 1b. The broad adsorption band at
3440 cm ™' was due to the -OH stretching vibration.
The absorption bands at 1635 cm™" and 1379 cm™"
were assigned to the presence of interlayer water
molecules and the typical vibration of carbonate
species, respectively [31, 32]. At the low wave num-
bers, the peak of LDH at 1034 cm ™' was the charac-
teristic of CO;?~, which further confirmed the
presence of CO3%~ in the interlayer of LDH [33, 34].
Additionally, the typical stretching vibration
absorptions of M-OH and M-O (M=Co, Fe) were
responsible for the lower wavenumbers region
< 800 cm™! [35]. For SNO, the peaks at 670 and
480 cm™! were attributed to the typical internal Nb—
O stretching vibration in the NbOg octahedron [36].
Compared with the spectra of SNO and CoFe-LDH,
the main peaks of SNO/CoFe-LDH can be easily
assigned. However, the adsorption bands of CoFe-
LDH were narrow and weak due to the low amounts
of LDH in the synthesized SNO/CoFe-LDH.

The morphologies and surface structures of the
catalysts were investigated by FESEM. As shown in
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Figure 1 XRD patterns of SNO, CoFe-LDH and SNO/CoFe-LDH heterostructure (a). FTIR spectra of SNO, CoFe-LDH and SNO/CoFe-
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Figure 2 FESEM images and EDS patterns of SNO (a, d), CoFe-LDH (b, e) and SNO/CoFe-LDH heterostructure (c, f).

Fig. 2a, SNO was irregular nanosheets with square-
like shape. For the CoFe-LDH, irregular nanoplates
containing some small nanoplatelets can be observed
in the image Fig. 2b. After hydrothermal synthesis, it
can be seen that SNO/CoFe-LDH was composed of
SNO nanosheets and LDH nanoplates, which was
consistent with the above XRD results. As shown in
Fig. 2c, LDH nanosheet grew anisotropically on the
surface of SNO to form a 2D-2D structure, which can
expose more active sites and facilitate the photocat-
alytic reaction [37]. The EDS patterns demonstrate
that SNO was mainly composed of Sn, Nb and O

@ Springer

elements (Fig. 2d), while LDH was composed of Co,
Fe, C and O elements (Fig. 2e). No other elements
were detected from Fig. 2f, indicating that the as-
synthesized heterostructure consisted of SNO and
LDH. Combining with the above-mentioned results,
therefore, it could be deduced that pure SNO, CoFe-
LDH, and SNO/CoFe-LDH were successfully
fabricated.

To further explore the detail structure characteris-
tics of the obtained samples, TEM analysis was car-
ried out. Figure 3a displays the TEM image of the
pure SNO. It reveals that SNO was thin lamellar
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nanosheets with lateral dimensions around hundreds
of nanometers. As can be seen in Fig. 3b, CoFe-LDH
was composed of irregular nanoplatelets and nano-
plates with the width of approximately 200 nm. Fig-
ure 3c shows that the LDH nanosheets were
successful covered on the surface of SNO ultrathin
nanosheets, and this 2D-2D structure maintained
throughout the whole synthesis process.

N, adsorption-desorption measurement was car-
ried out to analyze the specific surface area and the
corresponding pore characteristic of the samples.
Figure 4a shows that the isotherms of all samples
corresponded well to the type IV isotherm with a
typical Hj hysteresis loop, indicating the coexistence
of micropores and mesopores in the obtained sam-
ples [13, 38, 39]. The BET surface areas of SNO, CoFe-
LDH and SNO/CoFe-DH were determined to be ca.
46.12, 61.59, and 55.57 m> g_l, and the pore volumes
were calculated to be 0.281, 0.143, and 0.261 cm® g,
respectively. Besides, as shown in Table 1, the aver-
age pore diameters of SNO, CoFe-LDH and SNO/
CoFe-LDH were 24.42, 26.79 and 18.75 nm, respec-
tively, suggesting that they were all mesoporous
materials [13]. The chemical structures and elements
states of catalysts were characterized by XPS (Fig. 4b-
h). For CoFe-LDH, C 1s XPS spectrum displays the
prominent peak at binding energy of 284.6 eV, which
was assigned to the aromatic linked carbon (C=C).
Another peak located at 288.2 eV was due to car-
boxylate carbon (O-C=0) derived from the carbonate
of interlayer (Fig. 4b) [40, 41]. For the Co 2p high-
resolution XPS spectrum (Fig. 4c), the peaks of Co
2p1/2 (796 eV) and Co 2p5,, (780 eV) with the latter
accompanied by satellites bands at 802 eV and

Figure 4 N, adsorption—desorption isotherms of SNO, CoFe-»
LDH and SNO/CoFe-LDH (a), and the corresponding pore size
distributions (inset of a), XPS spectra of C 1 s (b), Co 2p (c), Fe
2p (d), Nb 3d (e), O 1 s (f), Sn 3d (g) and the full spectrum survey
of SNO/CoFe-LDH (h).

786 eV were observed, respectively, demonstrating
that the Co®* was existed [26] In the case of Fe 2p
spectrum (Fig. 4d), we noted that the Fe 2p; ,, and Fe
2ps/» spin-orbit splitting values were located at
724.5 eV and 715.5 eV, respectively, indicating that
the existence of the Fe®* in the LDH [42]. In Fig. 4e,
the binding energies located at 209.47 eV and
206.47 eV corresponded to Nb 3d;,, and Nb 3ds/,
respectively, suggesting that the Nb>* oxidation state
was existed in SNO [43]. O 1s spectrum of SNO
shows two peaks centered at 531.1 eV and 539.9 eV,
demonstrating that the chemical state of O element
was O~ (Fig. 4h) [11]. Besides, the peaks located at
49457 eV and 486.17 eV were assigned to the
Sn 3d;,; and Sn 3ds,, (Fig. 4g), respectively, indi-
cating that the chemical state of Sn in the SNO was
Sn** [44]. Meanwhile, the XPS survey spectrum
shows the peaks of Co, Fe, C, Nb, Sn and O,
which was inconsistent with the elements in
SNO/CoFe-LDH heterojunctions (Fig. 4h).

UV-Vis diffuse reflectance spectra with the range
of 200-800 nm was carried out to characterize the
optical properties of synthesized samples (Fig. 5a).
Pure SNO and LDH all exhibited visible light
absorption. The visible light absorption ability of
LDH/SNO composite was greatly enhanced, and the
intensity of absorption was higher than that of blank
SNO and LDH. The enhanced light adsorption can

R

Figure 3 TEM images of SNO (a), CoFe-LDH (b) and SNO/CoFe-LDH heterostructure (c).
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generate more photogenerated electron-hole pairs
and thus improve the photocatalytic activity [45].

The following formula can be used to calculate the
energy bandgap of photocatalysts [46]:

(ahv)/"= A(hv — E,) (2)

where «, h and v are absorption coefficient, Planck’s
constant and light frequency, respectively. E, is the
bandgap energy and A is a constant [46-48]. The
value of 7 is 2 means direct transition of a semicon-
ductor, while n is 1/2 means indirect transition [46].
For SNO and LDH, the values of #n are both of 2. As
can be seen from Fig. 5b, the estimated bandgap
energies were 2.18 eV and 2.53 eV corresponding to
CoFe-LDH and SNO, respectively. The energy band
structure of photocatalysts can be obtained from the
following formula [49]:

Evs = 1 — E€ + 0.5E, (3)
ECB = EVB — Eg (4)

Table 1 Pore texture parameters of the SNO, CoFe-LDH and
SNO/CoFe-LDH

Sample Surface area  Pore volume  Average pore
(m? g™ (em® g™ size (nm)
SNO 46.12 0.281 24.42
CoFe-LDH 61.59 0.143 26.79
SNO/CoFe-LDH  55.57 0.261 18.75
(a)

N

3

s

Q

=

]

=
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<
— SNO
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where the Eyg and Ecp stand for the energy of
valence band (VB) and conduction band (CB),
respectively. X means the absolute electronegativity
of SNO and CoFe-LDH, which are 4.81 eV and
4.275 eV, respectively [27]. E€ is around 4.5 eV and
E, stands for the energy of bandgap. The VB and CB
values of SNO were calculated to be 1.57 eV and
— 0.96 eV, respectively, while those for CoFe-LDH
were 0.86 eV and — 1.32 eV, respectively.

Adsorption studies

Kinetics models were carried out to investigate the
adsorption mechanisms. Figure 6a shows the rela-
tionship between contact time and the amount of MO
adsorption. The MO adsorption amounts of SNO,
LDH, and SNO/LDH were up to 3.66, 21.19, and
26.26 mg g~ ' after adsorption equilibrium, respec-
tively. SNO/LDH exhibited better adsorption
capacity than pure SNO and LDH. Furthermore, the
removal rates were found to be rapid initially due to
the mass accessible reaction sites, and then gradually
slowed until reached equilibrium, suggesting that the
adsorption process might include intraparticle diffu-
sion and external mass transfer [50]. Furthermore,
two kinetic models were used to analyze the
adsorption mechanism. Pseudo-first-order kinetic
expression can be expressed as follows [51]:

10 7
| —— CoFe-LDH / (b)
——SNO
8 -
6 -
<y 7
Z /
§/ .‘I‘/;
44 YA
i
24 e ‘
-~ 218eV -
. - 2.53eV
0 Y T —~ T / |e Y T

1.5 2.0 25 3.0 35 4.0
Eg/eV

Figure 5 UV-Vis diffuse reflectance spectra of SNO, CoFe-LDH and SNO/CoFe-LDH (a), and plot of (ehv)* versus Eg for the bandgap

energy of SNO, CoFe-LDH (b).
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The experiments kinetic data can be intended by the
integrating Eq. (5) [52]:

T =) _ —kyt (6)
Ge

where k; (h™') and ¢ (h) are the sorption rate constant

and the sorption time, respectively. Besides, g¢;

(mg g ') is the adsorption amount at time t and g.

(mg g~ ") is the capacity of adsorption at equilibrium.
The pseudo-second-order kinetic can be expressed

by the following form [52]:

dgi/dt = ka(ge — :)° ()

The linear equation of pseudo-second-order was
used for analyzing kinetic data [52]:

@ Springer

1/q: = 1/koq; + /g (8)

where k, (g mg~' h™") stands for the rate constant of
adsorption in the adsorption process.

Figure S1 displays the fitted plots corresponding to
two adsorption kinetics, and the related adsorption
kinetics parameters are presented in Table S1. The
adsorption process can be described well by pseudo-
second-order kinetic model due to the high correla-
tion coefficient R*>, which suggested that the MO
adsorption of MO on the obtained samples depended
both on the concentration of adsorbate and adsorbent
[50].

Langmuir model and Freundlich model were used
to further investigate the adsorption mechanism and
the interaction between adsorbate and adsorbent.
Langmuir model is based on the assumption that
monolayer adsorption with identical adsorption sites
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occurs on the surface of adsorbents, which can be
expressed as follow [51]:

C, 1 Ce
+

Qe - qmaxKL Qmax

©)

where gma (mg g~') and K; (L mg™") are the maxi-
mum adsorption amount of adsorbate and the
Langmuir constant, respectively. R, stands for sepa-
ration factor, which is an essential characteristic of
Langmuir isotherm, and can be defined by the fol-
lowing formula [53, 54]:

1

Rp=———
L 1+ KiCo

(10)
where Cj stands for the initial concentration, and the
value of R is the nature of adsorption which fell
between 0 and 1 belong to favorable adsorption.

Freundlich model is used to describe the multilayer
adsorption with unequally adsorption sites, and can
be expressed by the following formula [53]:

1
lnqe:InKerElnCe (11)

where Ky (L mg_l) is the Freundlich constant,
n stands for heterogeneity factor and #n > 1 demon-
strate the favorable adsorption.

Figure 6b exhibits the adsorption isotherms of MO
on to the different photocatalysts. It was found that
the adsorption amount g, initially increased with
increasing concentration of adsorbate and gradually
fixed at about 34.09, 38.31 and 44.51 mg g~ for SNO,
LDH, and SNO/LDH, respectively. Table S2 shows
the calculated values of parameters based on the
isotherms models. For SNO and SNO/LDH, MO
adsorption can be well described by Freundlich
model (Fig. S2a) due to the higher correlation coeffi-
cient than that obtained from the Langmuir model
(Fig. S2b). This result suggested that MO adsorption
on SNO and SNO/LDH both was heterogeneous. The
adsorption isotherm of CoFe-LDH fitted well with
the Langmuir model, suggesting that MO adsorption
onto CoFe-LDH was monolayer adsorption with
identical adsorption sites [50, 55]. Compared with
pure SNO and LDH, the adsorption capacity of
SNO/LDH was obviously enhanced, which would
facilitate the subsequent photocatalytic process. This
is because that organic pollutant MO can be concen-
trated around SNO/LDH by adsorption, and the
photocatalytic degradation of MO can be effectively
accelerated [56]. Figure S3 shows the MO

discoloration ratio by SNO, LDH, and SNO/LDH.
Notably, the MO degradation ratio in dark (21.1%)
was much lower than that under visible light irradi-
ation (83.3%), which indicated that photocatalysis
was the dominant factor for discoloration of MO.
SNO/CoFe-LDH exhibited excellent magnetic
ability, which is important for the recovery of pho-
tocatalyst. As shown in Fig. 6¢c. The coercivity field
(Hc), remnant magnetization (Mr), and saturation
magnetization (Ms) of SNO/LDH were 26.1551 Oe,
0.329 emu/g, and 10.3226 emu/g, respectively.
Moreover, the magnetic hysteresis exhibited a typical
S-shaped curve, suggesting the ferrimagnetism
character of SNO/LDH. The magnetic separation by
a permanent magnet further confirmed the superior
magnetic ability of as-synthesized photocatalysts
(Fig. 6d), which is beneficial to the recovery of 2D /2D
SNO/LDH photocatalysts from aqueous solution.

Photocatalytic property

The visible-light-driven photocatalytic degradation of
MO over as-prepared samples are illustrated in
Fig. 7. The blank test of self-degradation of MO was
also conducted under visible light irradiation for
comparison. Near no degradation of MO was
observed without using any photocatalyst, suggest-
ing that the photolysis of the MO in the absence of
photocatalysts can be negligible. SNO/CoFe-LDH
exhibited enhanced photocatalytic activity than pure
SNO and LDH. The MO degradation rate by SNO/
CoFe-LDH was up to 83.3% under visible light irra-
diation for 60 min (Fig. 7a), while those by pure SNO
and LDH were 73.3% and 68.8%, respectively, under
the same conditions. The enhanced photocatalytic
activity of SNO/CoFe-LDH can be attributed to the
wider optical absorbance and high separation effi-
ciency of photogenerated charge carriers [57].

To evaluate the degradation rate of MO, the plot of
In(Cy/C) against time was analyzed using the
pseudo-first-order model [58]:

In(C,/C) = kt (12)

where k (min~") is the kinetic constant of pseudo-
first-order, Cy and C are stand for concentration of
organic dye MO at initial reaction and time f,
respectively. Figure 7b depicts the kinetics fitting
curve of MO photodegradation in the presence of as-
obtained catalysts. The related pseudo-first-order
constants k were estimated and list in Table S3. SNO/
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Figure 7 Photocatalytic degradation (a) and kinetic analysis
curves (b) of MO in the presence of SNO, CoFe-LDH and
SNO/CoFe-LDH composites (50 mg L™" and 80 mL MO, 50 mg
photocatalysts). Typical temporal absorbance spectra change of

CoFe-LDH composite had the highest degradation
rate constant among three samples, which was
around 1.4 times and 1.3 times higher than those of
SNO and LDH, respectively.

Methyl orange, as a kind of azo dye, its color
mainly results from the interaction of azo function
and aromatic species [59]. To elucidate the photo-
catalytic degradation of MO by SNO/CoFe-LDH, the
change of MO absorbance during the photocatalytic
process was recorded and the results are shown in
Fig. 7c. It can be observed that the absorbance at /nax
(463 nm) gradually declined as reaction time
increased, which means the decreased of the active
site (<N=N-) [60, 61]. To further investigate the
photocatalytic activity of SNO/CoFe-LDH, the total
organic carbon (TOC) concentration of MO solution
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was evaluated under room temperature and ambient
pressure. As shown in Fig. 7d, the TOC removal
efficiency was up to 75% after photocatalytic reaction,
which indicated that the organic components can be
mostly mineralized into inorganic ones [58]. SNO/
CoFe-LDH heterostructure had the superior visible-
light-driven photocatalytic capacity, and the corre-
sponding degradation product was environmental-
friendly, suggesting the high possibility for further
practical application.

The reusability and stability of photocatalysts are
vital for practical application. The recycle test of
SNO/CoFe-LDH toward the degradation of MO was
conducted, and the results were shown in Fig. S4.
After three cycles, there is no obvious deactivation of
catalyst in the photodegradation of MO, indicating
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the good photostability of the SNO/CoFe-LDH
heterostructure. The slight decline of degradation
activity after four cycles was probably due to the
leakage of the catalyst during every time recovered.

Photocatalytic mechanism

To verify the efficient separation of photoinduced
electrons and holes during the photocatalytic reac-
tion, photoluminescence (PL) emission spectra were
recorded. As shown in Fig. 8a, the bare SNO had a
strong and wide peak centered at around 530 nm
under the excitation at 360 nm, while the emission
intensity of SNO/CoFe-LDH was obviously
decreased. It is suggesting that the recombination of
carriers could be efficiently hindered in the
heterostructure, which agreed well with the pho-
todegradation performance.

Additionally, to better explore the possible photo-
catalytic mechanism, the trapping experiments of
active species were examined. Herein, some scav-
engers were added in the photocatalytic system, such
as ethylene diamine tetraacetic acid (EDTA, 1 mmol),
isopropanol (IPA, 1 mmol), 1,4-benzoquinone (BQ,
1 mmol), for the hole (h'), hydroxyl radical (-OH),
and superoxide (-O7) scavenger, respectively
[12, 62, 63]. As displayed in Fig. 8b, when IPA as a
‘OH scavenger was added to the solution, the
degradation ratio of MO over the SNO/CoFe-LDH
was not obviously decreased, implying that few -OH
participated in effective photodegradation. When
EDTA was added in the system, the rate of

(@) ——SNO
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£l
&
£z
g
=
1 1 1) 1 1
480 510 540 570 600 630
Wavelength (nm)

MO discoloration ratio (%)
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discoloration was apparently decreased, indicating
that the h™ was important for degradation of MO
during the reaction proceeding. The similar decrease
occurred when BQ was added. Compared with the
degradation ratio in no scavenger experiment, the
remarkable inhabitation in presence of -O™ scavenger
can be ascribed to the fact that superoxide was the
main active radical in photocatalytic reaction. These
observations clearly indicate that the photogenerated
holes and -O~ were mainly active species responsible
for degradation of MO over SNO/CoFe-LDH.
Figure 9 schematically shows the improved pho-
tocatalytic performance of SNO/CoFe-LDH and the
corresponding transfer of electro-hole pairs between
SNO and LDH. The unique 2D-2D SNO/CoFe-LDH
microstructure can provide more exposed active
sites, and thus can promote adsorption and photo-
catalysis simultaneously. On the other hand, the
energy band structures of SNO and LDH matched
well and thus can improve photocatalytic activity. It
is noted that the Ecg of LDH (— 1.32 eV) was more
negative than that of SNO (— 0.96 eV), while the Eyp
of SNO (1.57 eV) was more positive than that of LDH
(0.86 eV). Therefore, the photo\induced electrons
could easily transport from the conduction band (CB)
of LDH to the CB of SNO, and the photogenerated
holes from the valence band (VB) of SNO would
transport to that of LDH at the same time. The
improved transferred and separated efficiency of
photoinduced charge carriers can lead to high pho-
tocatalytic performance. Besides, the reducibility of

100

0] ®@ SNO/CoFe-LDH
80 -.

70

None scavenger IPA EDTA

BQ

Figure 8 Photoluminescence spectra (PL) of pure SNO and SNO/CoFe-LDH heterostructure under the excitation wavelength of 360 nm
(a), trapping experiment of the active species for the degradation of MO over SNO/CoFe-LDH heterostructure (b).
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Figure 9 Possible schematic diagram of the photocatalytic
mechanism for as-prepared SNO/CoFe-LDH heterostructures
under the excitation of simulate visible light.

SNO was higher than O, due to the more negative CB
potential of SNO (— 0.96 eV) than the standard redox
potential E® (O,/-0,7, —0.33¢eV), and thus the
superoxide radicals (-O,7) can be generated during
the charge migration. These radicals with strong
oxidizing properties can oxidize MO molecules into
small molecules such as CO, and H,O [64]. Mean-
while, MO can be oxidized directly by the holes in the
VB of LDH that had great oxidizing ability. Further-
more, the synergy effect between adsorption and
photocatalytic also played a vital role in process of
degradation dyes. The enrichment effect of MO pro-
vide by adsorption benefited the photocatalytic
degradation of MO [56]. Thus, we believed that the
performance of photocatalytic of 2D-2D SNO/CoFe-
LDH heterojunctions has been enhanced mainly
attributed to the unique architecture, improved
charge transfer efficiency and light-harvesting ability,
and synergy adsorption—photocatalysis effect.

Conclusion

In summary, we have successfully fabricated a novel
2D-2D magnetic SNO/CoFe-LDH heterojunctions
via a simple hydrothermal method. This nanocom-
posite exhibited excellent photocatalytic performance
for MO degradation than either pure SNO or CoFe-
LDH under the same conditions. The formation of a
hybrid nanojunction between SNO and CoFe-LDH
was crucial for the separation efficiency of photo-
generated charge carries. In addition, superoxide

@ Springer

radicals and holes were demonstrated the main
active species for MO degradation in the presence of
SNO/CoFe-LDH. Furthermore, SNO/CoFe-LDH
photocatalyst held quick magnetic response under an
external magnetic, which means that SNO/CoFe-
LDH can be easily recovered after photocatalysis.
This work provides some insights into design and
fabrication of magnetic 2D-2D nanostructure photo-
catalysts for wastewater treatment.
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