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Abstract—Copper(II) Schiff-base Complexes (Salen-Cu(Il)) intercalated zinc-chromium layered double hydroxides
(ZnSBCuCr-LDHs) were successfully prepared via coprecipitation. Then, a novel photocatalytic material Zn-Cu-Cr
composite oxides (ZnSBCuCr-MO) was prepared after calcination at 500 °C with ZnSBCuCr-LDHs as precursor. The
structure and properties of the materials were thoroughly characterized by powder X-ray diffraction (XRD), induc-
tively coupled plasma atomic emission spectrometry (ICP-AES), ultraviolet visible diffuse reflectance spectroscopy
(UV-Vis DRS), scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). The photocatalytic
activities of the materials were investigated by photodegradation of a cationic dye Rhodamin B (RhB), which was hard
to adsorb by LDHs. The effects of the photocatalyst dosage, the initial pH and temperature of RhB solution on the
photocatalytic efficiency were discussed. The results showed that ZnSBCuCr-MO displayed higher photocatalytic activ-
ity for RhB than calcined ZnCr-LDHs (ZnCr-MO) and calcined ZnCuCr-LDHs (ZnCuCr-MO). Meanwhile, ZnSB-
CuCr-MO exhibited better stability and reusability. In addition, the possible photocatalytic mechanism and degradation
pathway for RhB were studied through density functional theory (DFT) calculation of the RhB molecule, UV-vis
absorption variation and LC-MS analyses of the RhB solution.
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INTRODUCTION

Layered double hydroxides (LDHs), a class of anionic clay mate-
rials, consist of a flat 2-D network composed of unique octahe-
dral layer structure. The general formula of these materials is as
[M**_M* (OH),]*"(A"),,-mH,0, where M** and M’* are divalent
mental cations and trivalent mental cations in the host layer, respec-
tively, and A" are any exchangeable inorganic or organic anions in
the gallery between the host layers [1-4]. Because of the anion-ex-
change ability of the A", different guest anions can be exchanged
with A" into the LDHs interlayer. Then, a series of special func-
tional materials with both the main features of LDHs and the
characteristics of intercalated anions will be obtained [5-9]. These
materials have been applied in catalysis, adsorption, photocataly-
sis, magnetics, electrochemistry, medicine and environment, and
so on. If they are further calcined, composite metal oxides as pho-
tocatalytic materials can be obtained. For photocatalytic materials,
traditional TiO, based materials are well known based on their
good properties such as well resourced, photostability and power-
ful oxidation ability [10]. But, in the practical application, they still
have some problems like only response in UV region, low quantum
yield, hard floating and difficult for recycling [11,12]. However, the
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calcined LDHs can overcome these disadvantages. They have higher
specific surface area, higher pore volume, better pore size distribu-
tion, and narrower bandgap showing better photocatalytic activi-
ties in the visible region [13,14].

Metallorganic compound intercalated LDHs are new a kind of
functional intercalated materials. The guest complexes anions and
the host LDHs are both arranged in an orderly manner through
the interaction of ionic bond, hydrogen bond and van der Waals
force, becoming a class of organic-inorganic hybrid composites with
supramolecular structure [15-18]. Then, after the metallorganic com-
pound intercalated LDHs are calcined, a novel type of composite
metal oxides can be obtained. These materials may have more uni-
form metal distribution, higher metal content, stronger stability,
and better activity than other materials containing similar ingredi-
ents, such as traditional calcined LDHs [19]. RhB, a cationic xan-
thene dye, is a typical pollutant in dye wastewater which is toxic
and difficult to degrade. The photocatalytic technology can over-
come the problem of difficult treatment of cationic pollutants over
LDHs-based materials. It has the advantages of high efficiency; thor-
ough degradation level and no secondary pollution. In the previ-
ous work, we introduced the metal titanium organic complexes into
the LDHs interlayer, and then obtained novel composite metal
oxides with small size uniformity; structural stability, and excellent
photocatalytic performance after high temperature calcination [20].
The novel composite metal oxides mentioned above are likely to
be effective photocatalysts for degradation of RhB.
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Based on the above ideas, in this study; for the first time, Salen-
Cu (II) as a copper source was intercalated into the ZnCr-LDHs
interlayer by coprecipitation method. Then a novel photocatalytic
material (abbreviated as ZnSBCuCr-MO) with excellent physical
and chemical properties was obtained after calcination at high
temperature. The photocatalytic activity of ZnSBCuCr-MO was
investigated by using cationic dye RhB as the model pollutant under
simulated visible light, and compared with calcined ZnCr-LDHs
(abbreviated as ZnCr-MO) and calcined ZnCuCr-LDHs (abbrevi-
ated as ZnCuCr-MO). The influences of various operational param-
eters (catalyst dosage, pH, reaction temperature) on photocatalytic
degradation were systematically investigated. In addition, the path
and mechanism of photocatalytic degradation of RhB were inves-
tigated by the analysis of the frontier electron densities (FEDs) on
atoms of RhB from DFT calculation, the UV-vis absorption varia-
tion analysis of the RhB solution, and the LC-MS analysis of the
intermediate degradation products.

MATERIALS AND METHODS

1. Materials

All the reagents were analytical grade (AR) and used without
further purification. RhB, p-aminobenzoic acid and salicylalde-
hyde were purchased from Aladdin Chemistry Co. Ltd. The other
reagents were all purchased from Sinopharm Chemical Reagent
Co. Ltd. Deionized water decarbonated by boiling and bubbling
N, was used throughout all synthesis steps.
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2. Preparation of the Materials
2-1. Preparation of Salen-Cu (II) Complex

In a 250 ml three-necked flask, 6.85 g (50 mmol) p-aminoben-
zoic acid was dissolved in 100 ml absolute ethanol by magnetic
stirring. 6.10 g (50 mmol) salicylaldehyde dissolved in 40 ml abso-
lute ethanol was slowly added dropwise to the ethanol solution of
p-aminobenzoic acid. After the dropwise addition, the reaction sys-
tem was heated to reflux for 3 h with continuous stirring. Then the
resultant slurry was cooled, filtered, washed and dried at 65 °C for
24 to obtain a bright yellow needle-like Salen, marked as SBH.
After that, under magnetic stirring, 25 mL ethanol containing 0.24 g
(6 mmol) NaOH was added dropwise to the 100 mL absolute eth-
anol containing 1.45 g (6 mmol) SBH and stirred at room tempera-
ture for 30 min. Then, 10ml deionized water containing 0.75g
(3 mmol) CuSO,-5H,0 was added dropwise to the above solution
and slowly appeared green turbidity. After dropwise addition, the
greenish turbid solution was heated to reflux for 3 h. Finally, the
slurry was cooled, filtered, washed, dried at 65°C for 24 h to get
dark green Salen-Cu(II), marked as SBCu (Scheme 1).
2-2. Preparation of ZnSBCuCr-MO

First, Salen-Cu(Il) intercalated ZnCr-LDHs were synthesized by
coprecipitation under nitrogen atmosphere. The synthesis process
was as follows: an aqueous solution of NaOH (1 M) and a mixed
solution (60 mL) containing 6.25 g Zn(NO;),-6H,0, 2.80 g Cr(NO;),-
9H,O (initial Zn:Cr=3:1) were simultaneously added dropwise
to a solution (30 mL) containing 4.13 g Salen-Cu(II) (initial Cu: Cr=
1:1) with vigorous stirring at room temperature until the final pH
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Scheme 2. The preparation pathway of the ZnSBCuCr-MO.
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at 9.5-10. Then, the reaction system was stirred for 12 h under N,
atmosphere and aged at 85 °C for 18 h. Finally, the resulting slurry
was centrifuged, washed to neutral, dried at 65°C for 24 h, and
ground, obtaining Salen-Cu(Il) intercalated ZnCr-LDHs, marked
as ZnSBCuCr-LDHs. And then, the as-prepared ZnSBCuCr-LDHs
was calcined in a muffle furnace at 500 °C for 4 h to obtain com-
posite metal oxides, marked as ZnSBCuCr-MO. The complete prep-
aration pathway of the ZnSBCuCr-MO is shown in Scheme 2.
2-3. Preparation of ZnCr-MO and ZnCuCr-MO

First, ZnCr-LDHs and ZnCuCr-LDHs were prepared through
the coprecipitation method under nitrogen atmosphere. The prepa-
ration procedure was as follows: solution A, the metal nitrate solu-
tion with certain molar ratio, was prepared by dissolving Zn(NOs),-
6H,0, Cr(NO,);-9H,0/Zn(NO,),-6H,0, Cu(NOs),-6H,0, Cr(NO,),-
9H,0 (Zn:Cr=3:1/Zn:Cu:Cr=3:1:1). Solution B (1 M), the alkali
solution, was prepared by dissolving NaOH in deionized water.
Solution A and solution B were slowly added simultaneously into
the deionized water. The pH of the reaction system was maintained
9.5-10, stirred for 45 minutes and aged at 85 °C for 18 h. The result-
ing slurry was centrifuged, washed to neutral, dried at 65 °C for
241, and ground, obtaining ZnCr-LDHs/ZnCuCr-LDHs. Finally,
the as-prepared ZnCr-LDHs/ZnCuCr-LDHs were calcined at
500 °C for 4 h to obtain composite metal oxides, marked as ZnCr-
MO/ZnCuCr-MO.
3. Materials Characterization

Powder X-ray diffraction (PXRD) data of prepared materials
were collected on Beijing Puxi XRD-6 type diffractometer using
Cu Ka radiation (1=0.15418 nm) at 6kV; 20 mA and the scanning
rate was 4°/min in the region of 26 from 5° to 70°. The metallic
elements compositions of the materials were determined by induc-
tively coupled plasma atomic emission spectrometry (ICP-AES) on
an IRIS Intrepid IT XSP instrument. The surface morphologies of
the materials were characterized by Hitachi S-4700 scanning elec-
tron microscope (SEM, acceleration voltage 15kV), and the ele-
mental composition of the material was analyzed by X-ray energy
dispersive spectroscopy (EDS). The UV-Vis diftuse reflectance spec-
tra (UV-Vis DRS) were measured by Shimadzu-2550 UV-Vis spec-
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trophotometer with an integrating sphere attachment using BaSO,
as background at room temperature in air.
4. Photocatalytic Reaction

The photocatalytic activity of the materials was tested by degra-
dation of RhB as a model reaction with simulated visible light using
a 300 W Xenon lamp (380 nm<A<760 nm, light source is 25 cm
from the reaction solution). Briefly, a certain amount of catalytic
material was added to a double-layer quartz reaction tube contain-
ing 50 mL of 5 mg/L RhB solution at a certain temperature and pH.
First, the adsorption-desorption equilibrium of RhB was achieved
by stirring for 30 min in the dark. Then, the xenon lamp was turned
on and the photocatalysis experiment was carried out under con-
tinuous illumination and magnetic stirring. After the start of the
reaction, 2 ml aliquots were sampled every 1 h and the absorbance
at 554 nm was measured by UV-visible spectrophotometer (Shi-
madzu-2550) after filtration through a filter membrane, and then
converted into the relative mass concentration of RhB. The degra-
dation efficiency of RhB was calculated according to C/C,, and G,
(mg/L) was the relative mass concentration of RhB after the ad-
sorption-desorption equilibrium. Degradation products in RhB
solution after a certain period of light exposure were determined
by a Waters 2695 high performance liquid chromatograph equipped
with a Therm LCQ (TM) Deca XP plus ion trap mass spectrome-
ter (LC-MS).

RESULTS AND DISCUSSION

1. Characterization of the Materials

Fig. 1 shows the XRD diffraction pattern of LDHs (ZnCr-LDHs,
ZnCuCr-LDHs and ZnSBCuCr-LDHs) and their composite metal
oxides (ZnCr-MO, ZnCuCr-MO and ZnSBCuCr-MO). In Fig.
1(A), all of the materials show the reflections of (003), (006), (009),
which can be indexed to typical LDHs materials [21]. The (003)
lattice diffraction peak of ZnCr-LDHs appears at 26=9.99°. While
the (003) lattice diffraction peak of ZnSBCuCr-LDHs appears at a
lower angle of 260=7.77°, which shows that the interlayer spacing
of ZnSBCuCr-LDHs becomes 1.14 nm. Subtracting the thickness
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Fig. 1. XRD patterns of materials: (A) ZnCr-LDHs (a), ZnCuCr-LDHs (b), ZnSBCuCr-LDHs (c); (B) ZnCr-MO (d), ZnCuCr-MO (e), ZnSB-

CuCr-MO (f).
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Fig. 2. The schematic illustration of ZnSBCuCr-LDHs.

of the LDHs plate (0.48 nm), the gallery height of ZnSBCuCr-
LDHs is 0.66 nm (1.14-0.48=0.66 nm). Fig. 2(B) shows that after
calcination at 500 °C, the characteristic diffraction peaks of LDHs
at (003), (006) and (009) disappear. It indicates that the LDHs
lamellae collapse and the lamellar structure is destroyed forming
composite metal oxides. The characteristic diffraction peaks of ZnO
(JCPDS NO. 36-1451), spinel ZnCr,0O, (JCPDS NO. 22-1107) and
Cr,O; (JCPDS NO. 38-1479) are observed in all of the composite
metal oxides. In addition, for ZnSBCuCr-MO (Fig. 1(B f)), the
characteristic diffraction peaks of hexagonal CuO (JCPDS NO.
45-0937) are more obvious than ZnCuCr-MO (Fig. 1(B e)). CuO
is a kind of narrow band-gap semiconductor; it may further pro-
mote the separation of photo-generated electrons and holes.

From the above results, it is known that the gallery height of
ZnSBCuCr-LDHs is 0.66 nm, which is higher than that of ZnCr-
LDHs. To further investigate the intercalation of ZnSBCuCr-LDH,
we used Materials Studio 5.5 software to simulate SBCu molecule.
The calculated size of SBCu was 1.22 nmx1.05 nmx0.63 nm. There-
fore, it is inferred that the anion of this complex is arranged per-
pendicularly to the laminates in the shortest dimension between
the LDHs laminates, as shown in Fig. 2.

ICP-AES analyses were performed to further investigate the
amount of Salen-Cu(II) containing in LDHs and the metallic com-
position of the composite metal oxides. As presented in Table 1,
the actual molar ratio of Zn: Cu: Cr in ZnSBCuCr-LDHs is close
to the prospective molar ratio and after calcination at 500 °C the
molar ratio of Zn: Cu: Cr is essentially remained. In addition, the
molar ratios of metallic elements in ZnCr-MO and ZnCuCr-MO

Table 1. The metallic composition of the materials

Absorbance / (a.u.)

| N
0.0 " 1 " 1 " \ " - \'4/ " 1 "
200 300 400 500 600 700 800
Wavelength / nm

Fig. 3. UV-vis diffuse reflectance spectra of the materials (a) ZnCr-
MO; (b) ZnCuCr-MO; (c) ZnSBCuCr-MO).

are also close to the prospective mole ratios.

The UV-Vis diffuse reflectance spectra of ZnCr-MO, ZnCuCr-
MO and ZnSBCuCr-MO are shown in Fig. 3. All the materials were
visible-light-responsive. As shown in Fig. 3, the absorption edge
(A) of ZnCr-MO, ZnCuCr-MO and ZnSBCuCr-MO was 520 nm,
570 nm and 592 nm, respectively. So, based on the formula of E =
1240/ (nm) [22], where A is the wavelength corresponding to the
absorption onset, the optical band gap energies of the materials are
2.38ev; 2.18 ev and 2.09 ev; respectively. Thus, compared with ZnCr-

Materials Zn Cu Cr Actual molar ratio Prospective molar ratio
(ppm) (ppm) (ppm) (Zn:Cr/Zn:Cu:Cr) (Zn:Cr/Zn:Cu:Cr)
ZnSBCuCr-LDHs 11.71 3.58 3.07 3.05:0.95:1 3:1:1
ZnSBCuCr-MO 16.90 4.87 4.12 3.09:0.96:1 3:1:1
ZnCr-MO 23.62 - 6.22 3.04:1 3:1
ZnCuCr-MO 19.31 6.56 5.11 3.02:1.02:1 3:1:1
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Fig. 4. SEM images for ZnSBCuCr-LDHs with low-(a) and high-magnification (b); ZnSBCuCr-MO with low-(c) and high-magnification (d);

the EDS analysis of designated area (e) of ZnSBCuCr-MO.

MO and ZnCuCr-MO, ZnSBCuCr-MO with the narrowest band
gap requires the least energy to excite electrons. Therefore, ZnSB-
CuCr-MO is more conducive to photoelectron-hole separation to
produce more free electrons, which effectively improves the pho-
tocatalytic process effectiveness [23,24], indicating that ZnSBCuCr-
MO may be a potential better photocatalytic material.

The morphologies of ZnSBCuCr-LDHs and ZnSBCuCr-MO
were investigated by SEM (coupled with EDS). In Fig. 4(a), (b),
ZnSBCuCr-LDHs is typical layered lamellar-shaped morphology
and the dense regions are laminated to each other, confirming the
formation of LDHs material. The SEM images of ZnSBCuCr-MO
(Fig. 4(c), (d)) show that the layered structure of ZnSBCuCr-LDHs
has disappeared after being calcined at 500 °C, and many small
particles appear. In addition, the EDS result in Fig. 4(e) shows that

ZnSBCuCr-MO contains Zn, Cu and Cr as main metal compo-
nents.

The chemical states of Zn, Cu, and Cr in ZnSBCuCr-MO before
and after photocatalytic degradation were determined by X-ray
photo-electron spectroscopy (XPS). To avoid error in peak shifts,
the binding energy for C 1 speak at 284.6 eV was used as the ref-
erence for calibration of all peaks. The high resolution spectra of
Zn2p, Cu2p, and Cr2p for the material before photocatalytic deg-
radation are presented in Fig. 5(A-a), Fig. 5(B-a), and Fig. 5(C-a),
respectively. As shown in Fig. 5(A-a), the binding energies of 1,021.6
eV and 1,044.5eV are ascribed to Zn 2p3/2 and Zn 2p1/2. The
difference of 22.9 €V in Zn 2p3/2 and Zn 2p1/2 levels indicates an
oxidation state of 2+ for the Zn element [25]. As shown in Fig.
5(B-a), the binding energies of 993.4 eV and 955.9 eV are ascribed

Korean J. Chem. Eng.(Vol. 34, No. 8)
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Fig. 5. XPS high-resolution spectra of the metallic elements in ZnSBCuCr-MO before and after photocatalytic degradation.
to Cu 2p3/2 and Cu 2p1/2. Meanwhile, the shakeup satellite peaks
around 943 eV and 961 eV due to the satellite, which is the char- " ;“gr_g“;*lo
L . . [—o— r-
acteristic of CuO, also appear in Fig. 5(B-a). The difference of 22.5 s ZnSBOuCr.MC

eV in Cu 2p3/2 and Cu 2p1/2 levels and the emergence of satel-
lite peaks indicate an oxidation state of 2+ for the Cu element [26].
As shown in Fig. 5(C-a), the binding energies of 5759V and
585.7 eV are ascribed to Cr 2p3/2 and Cr 2p1/2. The difference of
9.8 eV in Cr 2p3/2 and Cr 2p1/2 levels indicates an oxidation state
of 3+ for the Cr element [27]. For ZnSBCuCr-MO after photocat-
alytic degradation, the high resolution spectra of Zn2p, Cu2p, and
Cr2p are shown in Fig. 5(A-b), Fig. 5(B-b), and Fig. 5(C-b), respec-
tively. Compared with the XPS spectra of ZnSBCuCr-MO before
photocatalytic degradation the variations of the peaks of Zn2p,
Cu2p, and Cr2p doublet are negligible. Therefore, it is clear that
the oxidation states of the metallic elements are retained after pho-
tocatalytic degradation suggesting that ZnSBCuCr-MO is stable.
2. Photocatalytic Activities of the Prepared Materials

The photocatalytic activities of the three materials were investi-
gated by the degradation of RhB. As shown in Fig. 6, the photo-
catalytic degradation efficiency of ZnSBCuCr-MO reached over
90%, while that of ZnCr-MO and ZnCuCr-MO was only 57% and
75%. At the same time, the results of XRD also showed that CuO
with narrower band gap was introduced into ZnSBCuCr-MO to

August, 2017
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Fig. 6. Photocatalytic degradation of RhB by different materials

(RhB concentration: 5 mg/L; material dosage: 1 g/L; pH: 7.40;
temperature: 25 °C).

modify the original composite of ZnO, Cr,O; and ZnCr,O,. It would
further promote the separation of photo-generated electrons and
holes and improve the material’s photocatalytic activity [28-30]. To
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Fig. 7. Influence of ZnSBCuCr-MO dosage on RhB degradation
(RhB concentration: 5 mg/L; pH: 7.40; temperature: 25 °C).

obtain maximum photocatalytic degradation efficiency with ZnS-
BCuCr-MO, the influence of catalytic materials dosage, the pH of
dye, and the reaction temperature were studied.
2-1. Influence of Photocatalytic Material Dosage

To avoid excessive use of photocatalytic material and to find the
optimum dosage of photocatalytic material for optimal photocata-
lytic efficiency; the effect of ZnSBCuCr-MO dosage ranged in 30-
70 mg on photocatalytic degradation of RhB was investigated. As
shown in Fig 7, at the beginning, the degradation efficiency of RhB
increased with the increasing of the photocatalytic material. The
degradation efficiency of RhB increased from 43% to 91% with
the dosage of photocatalytic material increased from 30 mg to
50 mg. While, with the continuous increasing dosage of photocat-
alytic material, the degradation efficiency of RhB decreased. The
main reason was that the increase of the materials dosage would
increase the number of active sites on the material surface. Thus,
the number of photons adsorbed and the amount of RhB mole-
cules adsorbed increased, resulting in an increase of degradation
efficiency. On the other hand, since the catalytic material was insolu-
ble in the reaction system, a continuous increase in the amount of
the material caused an increase in the light scattering and a de-
crease in the light transmittance of the solution. This led to a reduc-
tion in the number of effective catalytic material particles and a
decrease in the degradation efficiency of RhB.
2-2. Influence of Initial pH of RhB Solution

At present, the wastewater discharged from chemical plant, print-
ing and dyeing factory, pharmaceutical factory and so on has large
pH range. So, the pH of RhB solution is also an important vari-
able affecting photocatalytic degradation. In the study of initial pH
influence, the pH of RhB solution was adjusted in the range of
5.0-9.5, using 0.01 M HCI and NaOH. As shown Fig. 8, the best
photocatalytic activity of ZnSBCuCr-MO was achieved at pH=7.40,
while the photocatalytic activity decreased after changing the ini-
tial pH value. As the pH value of the solution increased, the posi-
tive charge on the surface of the material decreased and the negative
charge increased, which enhanced the adsorption of cationic dye
RhB and promoted the photocatalytic reaction. But, too high pH

0.0 i L i 1 i 1 i 1

Time(h)

Fig. 8. Influence of initial pH on RhB photodegradation by ZnSB-
CuCr-MO (RhB concentration: 5 mg/L; material dosage: 1 g/
L; temperature: 25 °C).

=

c/cC

Time(h)

Fig. 9. Influence of reaction temperature on RhB photodegrada-
tion by ZnSBCuCr-MO (RhB concentration: 5 mg/L; mate-
rial dosage: 1 g/L; pH: 7.40).

value may cause the destruction of the catalytic material and the
competitive adsorption of Na" and RhB cations, leading to a reduc-
tion in the RhB adsorbed on the composite surface [31].
2-3. Influence of Reaction Temperature

Reaction temperature is another operational parameter affect-
ing the photocatalytic efficiency. As shown in Fig. 9, the degrada-
tion efficiency of RhB increased with the increase of solution tem-
perature. It was determined that the increase of the reaction tem-
perature would promote the movement of the dye molecules more
intensely, making the dye molecules more easily penetrate into the
microvoids of the material. In addition, at higher temperatures, the
movement of the photoelectron-hole pair became more active.
Then, the electrons could combine with the adsorbed oxygens more
quickly;, and the holes can more quickly generated OH radicals
with -OH, thereby improving the degradation efficiency of RhB.
On the other hand, when the reaction temperature continued to
rise, the degradation efficiency of RhB reached equilibrium. It

Korean J. Chem. Eng.(Vol. 34, No. 8)
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indicated that the reaction temperature had little effect on the photo-
catalytic activity when it rose to a certain value. Therefore, the opti-
mum temperature of the reaction solution can be selected to be
25°C for economic reasons.
2-4. Regeneration of the Materials

The effective reuse of photocatalytic materials is important in
practical applications. However, some traditional photocatalytic
materials (such as some TiO, based materials) are restricted in practi-
cal application due to the disadvantages of difficult separation and
reclaim [11,12]. Hence, the photocatalytic activity of the regener-
ated ZnSBCuCr-MO was investigated and compared with the tra-
ditional calcined LDHs (ZnCr-MO and ZnCuCr-MO). Here, three
successive photodegradations were performed under the same
conditions. After each treatment, the materials were centrifugally
separated, washed with deionized water, and dried at 65 °C. Fig. 10

100

S ZnCr-MO 250 ZnCuCr-MO 727774 ZnSBCuCr-MO
90.6

90
80 |
70

60

degradation efficiency (%)

30 F

SV S , % é ,
0 1 2
Regenerated Times

Fig. 10. Regeneration of ZnSBCuCr-MO, ZnCr-MO and ZnCuCr-
MO.

presents the photodegradation results of the three successive cycles
of the materials. After three photocatalytic cycles, the decreasing
efficiency of RhB degradation by ZnSBCuCr-MO was only 10%,
which was lower than that of the traditional calcined LDHs (ZnCr-
MO and ZnCuCr-MO). Therefore, ZnSBCuCr-MO will be a poten-
tial photocatalyst with good performance and high reusability.

3. Preliminary Study on the Mechanism and Path of Photo-
catalytic Degradation

Generally speaking, in the process of photocatalytic degrada-
tion, direct oxidation of the hole and the oxidation-reduction reac-
tion of active radicals (¢OH) are considered to be the main mech-
anism [32,33]. But, there is no unified understanding of the mech-
anism and the path of photodegradation of RhB [34-36]. So, we
studied from the perspective of combining theory with experi-
ment. The reaction sites were predicted by theoretical calculations
of the frontier electron density (FEDs) of RhB molecule, and the
possible degradation pathways were deduced by UV-vis absorp-
tion variation analysis and LC-MS analysis in the degradation pro-
cess.

First, the frontier electron density (FEDs) of RhB molecule was
calculated based on density functional theory (DFT). The energy
structure of each atom in RhB was calculated accurately by the
Dmol3 program module using Materials Studio 5.5 software and
the results are shown in Table 2. According to frontier orbital the-
ory, electrons can be easily lost at the sites with higher 2FED? ;0
value, while the sites with higher FED};0y0+FED" 0 value are
more likely to be attacked by «OH radicals [37-39]. From the data
in the Table 2, N21 and N26 have the highest 2FED?;,, value.
Thus, N21 and N26 were likely the main initial positions for direct
hole oxidation of RhB, resulting in the loss of electrons to produce
a deethylation reaction. On the other hand, C1 had the highest
FED’ 1000+ FED? 10 Value. So, C1 was most likely to be attacked
by a «OH radical to generate 2-hydroxybenzoic acid and N-(6-
(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium [40].

Table 2. Frontier electron densities on atoms of RhB calculated by DFT analysis

Atom (no.) 2FED om0 FED;on0+ FED a0 Atom (no.) 2FED om0 FED* om0+ FED 1 iao
C1 0.0012 0.3412 C18 0.0003 0.0414
C2 0.2008 0.1155 C19 0.0006 0.0286
C3 0.0089 0.0603 C20 0.0010 0.0315
04 0.0021 0.0820 N21 0.4097 0.2739
C5 0.0187 0.0742 C22 0.0053 0.0053
C6 0.1757 0.1003 C23 0.0457 0.0312
Cc7 0.0062 0.0801 C24 0.0036 0.0035
C8 0.1182 0.0853 C25 0.0052 0.0040
C9 0.0462 0.1015 N26 0.5726 0.3502
C10 0.0742 0.0385 C27 0.0051 0.0053
C11 0.1416 0.0722 C28 0.0072 0.0044
C12 0.0576 0.1049 C29 0.0076 0.0065
C13 0.1191 0.0851 C30 0.0640 0.0409
Cl4 0.0160 0.0865 C31 0.0007 0.0183
C15 0.0009 0.0270 032 0.0085 0.0278
Cl16 0.0002 0.0694 033 0.0016 0.0101
C17 0.0004 0.0085
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in the range of 450-650 nm wavelength at Oh, 1 h, 3h, 6h,and 9h
during photocatalytic reaction. Fig. S1 shows the absorption varia-
tion during the photocatalytic degradation process of RhB over
ZnSBCuCr-MO under visible light radiation. It was obvious that
the maximum absorption of RhB decreased gradually as the pho-
tocatalytic reaction proceeded indicating that RhB was degraded
due to the cleavage of the chromophore structure. Furthermore,
the maximum absorption of degraded RhB exhibited blue shifts
(554 nm-546 nm). It was probably because a series of deethylation
reactions took place during the photocatalytic degradation pro-
cess of RhB [41].

To confirm the results of theoretical calculation and UV-vis
absorption variation analysis, the RhB solution after 4 h of photo-
catalytic reaction was analyzed by LC-MS to find the correspond-
Fig. 11. The Structure of RhB. ing debris molecules (Fig. S2-S7 in supplementary data). In the

reaction system, the main-intermediates were undegraded RhB
(m/z=443, RT=5.9 min), products of removal of some ethyl groups
The specific cleavage positions are indicated in the molecular struc- from N21 and N26 (m/z=415, RT=4.3 min, m/z=387, RT=3.4 min),
ture diagram of RhB (Fig. 11). and products of further degradation of N-(6-(diethylamino)-3H-
Then, the RhB solution was made a absorption spectrum scan xanthen-3-ylidene)-N-ethylethanaminium (m/z=282, 252, RT=

COOH

G £ g Detected m/z=443
(CaH N 70 R(CoHy), RME)

O DFT-Calculated O
COOH
Detected COCH Detected
miz=415 O \ 0 “‘ miz=415
o (C Hg)N o NHC,H;

C,HsHN N(C,H5),

ht h* ht h*
DFT-Calculated DFT-Calculated

COOH COOH l COOH
Detected N S Detected 31;;:%1:3&_;!
miz=387 O O 0 g miz=387 0 O
C,HgHN (o] NHC,Hs  (C,Hg),N (o) fiH,

HzN (o] N(C;H5),

DET-Calculated l OH DFT-CaIculatedI *OH DFT-CalcuIatedl' OH

O (”:‘O S
+
H N 0 N(C,Hs),  CaHsHN (o] NHC,Hs  (C,Hs),N (o] NH,

- OH
m/z=266 m/z=266 miz=266 miz=138
sne!
HN (o) NHC,H; N o FIHC Hs
‘ COOH  petected miz=282 CH,  Detected miz=252

: Cleavage of Chromophore
1

! Ring Opening
1

: Mineralization
1
€0, H,0

Scheme 3. The possible mechanism and pathway for photocatalytic degradation of RhB.
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3.5min, 4.0 min). The above results are in good agreement with
the predicted photocatalytic degradation mechanism by DFT the-
oretical calculation and UV-vis absorption variation analysis.

Therefore, according to the DFT theoretical of FEDs calcula-
tion, UV-vis absorption variation analysis and LC-MS analysis, the
possible mechanism and path of photocatalytic degradation of RhB
are shown in Scheme 3.

CONCLUSION

ZnSBCuCr-MO derived from Salen-Cu(Il) intercalated ZnCr-
LDHs was successfully synthesized by coprecipitation and calcina-
tion. ZnSBCuCr-MO composed of narrow-band gap semiconduc-
tor (CuO) and wide-band gap semiconductors (ZnO, Cr,O; and
ZnCr,0,) had the advantages of small band gap and large visible-
light response range exhibiting excellent photocatalytic performance.
Under the optimal experimental condition of 25 °C, pH 7.4, 5 mg/
L of RhB solution and 1 g/L ZnSBCuCr-MO, the degradation effi-
ciency of RhB was 91%, compared to 57%, 75% by ZnCr-MO and
ZnCuCr-MO, respectively. And, ZnSBCuCr-MO also exhibited
stronger stability and better reusability. In addition, the mechanism
and path of photocatalytic degradation of RhB were predicted by
the DFT theory calculation based on FEDs, UV-vis absorption varia-
tion analysis and LC-MS analysis. It was found that the photocata-
lytic degradation of RhB occurred mainly through de-ethylation
reactions of direct holes (+) oxidation and oxidation-reduction
reactions involved with «OH radicals.
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Fig. S2. The TIC chromatogram of rhodamin B solution after 4 h photo-degradation.
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