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Interaction between the interlayer ligand ions and the
laminate of Ni-Ti-layered double hydroxides novel
photocatalytic materials
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Ni-Ti-layered double hydroxides (Ni-Ti-LDHs) was prepared by co-precipitation method and used as the matrix for the
intercalation of oxalate complexes of Zn?*" and Fe*". The structure and interaction features between the interlayer anions and
the laminate of the as-prepared samples were characterized by XRD, SEM, FT-IR and UV-vis DRS. The results showed that
the oxalate complexes were successfully intercalated into the interlayer space of Ni-Ti-LDHs, and there is an obvious
interaction between the interlayer oxalate ligand ions and the higher charge cations in the laminate. The interaction is closely
related to the interlayer charge density. Moreover, Zn(C,04),>-LDHs and Fe(C,04)s*-LDHs has excellent adsorption

performance and photocatalytic oxidation activity for ethyl mercaptan under natural light irradiation.
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1. Introduction

Layered double hydroxides (LDHs) can be described
as a typical class of ionic lamellar compound made up of
positively charged brucite-like layers with counter anions
and solvent molecules in the interlayer space [1-3]. The
schematic representation of the structure of LDHs is
shown in Fig. 1. The chemical composition of LDHSs is
often represented by the general formula
M M " ((OH)I* (A™) e mH,0, where M' is divalent
metal ions such as Mg?*, Ni**, Fe**, Co?* or Mn*", and M"
is trivalent or tetravalent metal ions such as AI**, Fe** and
Ti**. A™ is an interlayer anion with n charge, e.g. CO5*,
CI" or NOj3 [4], and interlayer anion characterization is
very important to modify the LDHs. A wide variety of
hybrid materials can be prepared by varying metal cations,
interlayer anions, and layer charge density through
controlling the ratio x.
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Fig. 1. Schematic representation of the structure of LDHs.

In recent years, based on the concepts of
supra-molecular chemistry [5, 6], intercalation [7-9] and
photocatalytic reaction [10, 11], LDHs already have a
significant development. Furthermore, the highly tuneable
property and anion exchange capacity have converted
these materials into an emerging class of layered
photocatalysts [12, 13]. When a metal complex is
intercalated into LDHSs, the catalytic property of the active
phase will change due to isolation of an active-site and the
new bidimensional environment [14]. In addition, the
concentration and distribution of the complexes in the
interlayer spacing will also influence the catalyst
performance as well as the structure and properties of the
precursors [15-18]. As it was previously reported that
LDHs can be intercalated with metal oxalate complexes
[14, 19], those previous works have described the
intercalation processes of the anionic complexes into
LDHs and characterized the reaction products. However,
the study of interlayer ions characteristics, especially the
interaction between the interlayer anions and the laminate
is obviously insufficient.

In the present study, Ni-Ti-layered double hydroxides
(Ni-Ti-LDHs) as a matrix was prepared by co-precipitation
method. The aim of this work is to intercalate the oxalate
complexes of Zn(C,04),> and Fe(C,04);> into the matrix
and to study the interaction between the interlayer anions
and the laminate. At the same time, ethyl mercaptan was
used to evaluate the adsorption features and photocatalytic
oxidation activities of the as-prepared samples.
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2. Experimental section
2.1 Preparation of samples

Ni-Ti-LDHs  precursor ~ was  obtained by
co-precipitation method. The aqueous solution containing
Ni?*/Ti* with a certain mole ratio was prepared under a
nitrogen atmosphere [20]. A detailed synthetic procedure
was as follows: Nickel(Il) nitrate hexahydrate, tetra- n -
butyl titanate and triethanolamine were dissolved in
deionised water under vigorous stirring. The molar ratio of
NiZ*/Ti*ITEA was fixed at 5:1:6. The initial pH of the
solution was adjusted to the range of 8 to 9 by adding
NaOH aqueous solution slowly. The resulting suspension
was aged at 100 °C (refluxing temperature) for 48 h. Then
the powder was filtered, washed with deionised water and
dried under vacuum at 60 °C for 12 h.

The exchange reaction of Zn(C,0,),> or Fe(C,04)s>
anions was carried in a flask containing 200 mL deionised
water, 0.530 g of Ni-Ti-LDHs and 0.962¢g of K,[Zn(C,0,),]
or 0.783 g of K3[Fe(C,04)s]. The suspension was stirred
for 24 h at 20 °C, and then the solid was obtained by
centrifugation and washed with deionised water
thoroughly. Finally, the product was dried at 60 °C in a
vacuum oven.

2.2 Characterization

Powder X-ray diffraction (XRD) patterns were
collected on a XD-3 diffract meter (Beijing Purkinje
General Instrument Co., Ltd.) with Cu Ka radiation (A=
0.15406 nm) operating at 40 kV and 30 mA. The
morphology and structure of the as-prepared samples were
observed by a Hitachi TM-1000 scanning electron
microscope (SEM) (KYKY Technology Development Ltd.)
with an accelerating voltage of 25 kV. Fourier transform
Infrared (FT-IR) spectroscopy of the samples dispersed in
KBr were recorded using a Bruker Vector 33 FT-IR
spectrophotometer. And UV-vis diffuse reflectance spectra
(UV-vis DRS) were performed with a TU-1901 UV-vis
spectrophotometer (Beijing Purkinje General Instrument
Co., Ltd.) equipped with an integrating sphere using
BaSQ, as reference.

2.3 Adsorption and photocatalytic oxidation

The adsorption performances of the as-prepared
samples for ethyl mercaptan (EM) were evaluated under
natural light. 50 mg of the as-prepared samples were
placed at the centre of the reactor, which consisted of a
horizontal cylindrical quartz tube with a diameter of 48
mm and a length of 130 mm, and EM initial partial
pressure was about 2.87 kPa. After adsorption for 4 h, the
gas mixture inside the reactor was taken out by vacuum
pumping for removing the adsorption species which have a
weak interaction with the samples surface. The samples
after adsorption of EM were analyzed through infrared
spectroscopy.

3. Results and discussion
3.1 Powder X-ray diffraction

The structures of the as-prepared samples were
characterized by powder XRD, and the results are shown
in Fig. 2. The d-spacing and lattice parameters are
included in Table 1.
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Fig. 2. Powder XRD patterns of (a) Ni-Ti-LDHs, (b)
Zn(C,0,),>-LDHs, (c) Fe(C,0,);>-LDHs.

Table 1. Structure parameters of the as-prepared samples.

Ni-Ti- Zn(c204)2 ] Fe(C204)3d_'L
LDHs -LDHs DHs
Laminate 0.41 0.41 0.41
thickness
/nm
Interlayer 0.42 0.58 0.58
anion
diameter
/nm
d(goz/NM 0.9601 1.0312 1.0059
Lattice 2.8803 3.0936 2.8875
parameter
c /nm
di110/nM 0.1537 0.1534 0.1530
Lattice 0.3074 0.3068 0.3060
parameter
a /nm

¢'=3d (03} 8" =2d (110)-

As shown in Fig. 2, the precursor Ni-Ti-LDHs
exhibits the basal peaks corresponding to (003), (006) and
(009) planes, and non-basal-peaks attributed to (010) and
(110) planes [19], which are the typical characteristic of
LDHs structure. It can also be seen that the characteristic
diffraction peak at 26 = 8.80° for (003) plane shifts toward
smaller angles after intercalation reaction. These results
indicate that NOs anions in the Ni-Ti-LDHs interlayer
have been replaced by Zn(C,04),> or Fe(C,04)5",
respectively. It has also been speculated that the
characteristic layered structure of LDHs is kept in
ion-exchange process.
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For LDHs, the c-parameter corresponds to three times
the interlamellar distance d (g3, and the a-parameter,
which represents the average inter-metallic distance, is
calculated from the position of the d (119 As shown in
Table 1, the d-spacing of the precursor Ni-Ti-LDHs with
interlayer NO3;  anions is 0.9601 nm. As expected, it
induced a modest increase in c-parameter and a decrease
in a-parameter due to intercalation of Zn(C,0.),” or
Fe(C,0.)s* anions.

3.2 Scanning electron microscopy
The SEM images of LDH-based samples are

presented in Fig. 3. Fig. 3 shows that the samples are
composed of closely stacked layers.

KYKY-EM3200 SN:4397

—
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25 KV 10.0 KX SN:4402

Fig. 3. SEM images of (a) Ni-Ti-LDHs,
(b) Zn(C,04),%-LDHs, (c) Fe(C,04)5>-LDHs.

3.3 FT-IR spectra

The effect of the anion-exchange on structure and

properties of the as-prepared samples was investigated by
infrared spectroscopy. The vibration spectra of the
precursor Ni-Ti-LDHs, K»,Zn(C,0,),, KsFe(C,04)sand the
exchanged products are shown in Fig. 4 and Fig. 5. The
position and attribution of the peaks are summarized in
Table 2 and Fig. 6.
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Fig. 4. FT-IR spectra of (a) Ni-Ti-LDHs, (b) K,Zn(C,0,),,
(€) Zn(C,04),*-LDHs.
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Fig. 5. FT-IR spectra of (a) Ni-Ti-LDHSs, (b) KsFe(C,04)3,

(c) Fe(C,04,)s>-LDHs.

Table 2. Skeleton vibration peak attribution of the samples.

Ni-Ti-LDHs Zn(C204)2b- Fe(C204)36_-
LDHs LDHs
v(Ni-O) 457 459 458.2
v(Ti-0) 649.9 634.3 628.7
Y(NO5) 1384.6

As shown in Fig. 4 and Fig. 5, it is clear that one
sharp band at 1384.6 cm™, which are attributed to the
stretching vibration of NOj; groups of the precursor
Ni-Ti-LDHs, disappeared after intercalating Zn(C,0.),* or
Fe(C,04);>. Combining the XRD results, one can
conclude that NOjz ions had been exchanged by the
oxalate complexes, and Zn(C,0,),> or Fe(C,0,);> was




282 Rui Li, Wei Gao, Jie He, Jinsong Hu

intercalated into the LDHs successfully.

i 5(0-c=0)
o 831. 2cm!

(4)

Fig. 6. Structure and vibration peak attribution of the
oxalates: (1) K,Zn(C,04),, (2) Zn(C,04),>-LDHs, (3)
K3Fe(C,04)3, (4) Fe(C,04)5>-LDHs.

According to Table 2 and Fig. 6, there is an obvious
difference in the vibration frequency of some groups after
the oxalate complexes intercalation. Firstly, the band

corresponding to Ti-O bond significantly shifted to lower
frequencies, while the band of Ni-O bond remained at
nearly the same position. Secondly, some vibration bands
of the oxalate groups are very sensitive to the interactions
with the layers, as shown in Fig. 6. The bands of the C-O
stretching, O-C=0 bending and C-C stretching vibrations
shifted to the higher frequencies, and the C=0 stretching
vibration disappeared after intercalation. The bands
corresponding to the Zn-O and Fe-O stretching vibrations
in the oxalate complexes shifted to the lower frequencies.
Thirdly, these shifted bands have a greater movement after
Fe(C,04);s> intercalation than Zn(C,0,),” intercalation.

These results reveal that there is a significant
interaction between the interlayer anions and the higher
charge cations in the laminate, such as Ti*" cations.
Moreover, the interaction is stronger in Fe(C,0,);>- LDHSs
than in Zn(C,0,),>-LDHs.

3.4 UV-vis diffuse reflectance spectra

As one can see from Fig. 7, the absorption edges of
the as-prepared samples all emerge in the visible region.
However, they vary strongly owing to the interlayer
anionic species. For the precursor LDHSs, shown in Fig. 7a,
the absorption edge is ca. 511.5 nm (corresponding to the
band gap energy E;= 2.42 eV), which can be attributed to
the charge transfer of Ti*" species [19]. In Comparison
with the precursor LDHSs, it can be noticed that the
reflection intensity changed due to the coordination of the
oxalate ions to Ti*, and involves a drop from the
conduction band to a lower orbital after intercalation. This
may be due to the compact stacking of the layers induced
by the strong interactions with the inter-lamellar species.
At the same time, it also shows that the change in
Fe(C,04)s*-LDHs absorption edge is more significant, and
indicates that the interlayer Fe(C,04);> anions have a
greater impact on Ti-O bond. The results are consistent
with the infrared spectroscopy results completely.
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Fig. 7. UV-vis DRS of (a) Ni-Ti-LDHs, (b) Zn(C,04),>-LDHs,
(c) Fe(C,0,)s*-LDHs.
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3.5 Adsorption feature and Catalytic activity

The adsorption feature and photocatalytic oxidation
activity for ethyl mercaptan were analysed through the IR
vibration spectra of adsorbed species on the samples. Fig.
8 and Fig. 9 show these spectra in the range 1800~400

cm™.
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Fig. 8. FT-IR spectra of Zn(C,0,),*-LDHs before and

after adsorption of ethyl mercaptan: (a) fresh

Zn(C,0,),>-LDHs, (b) adsorptionand natural light
irradiation.

As shown in Fig. 8b, compared with fresh

Zn(C,04),>-LDHs, the new bands at 1446.4 cm™ and
788.7 cm™, which can be assigned to the S=O stretching
and C-O-S stretching modes of sulphate groups, are
observed after adsorption of ethyl mercaptan. The results
show that ethyl mercaptan molecules adsorbed on the
surface of Zn(C,0,),>-LDHs might be deeply oxidized
into sulphate under natural light irradiation.

Fig. 8 also shows that the bands corresponding to
0-C=0, C-C and Zn-0 in Zn(C,0,),*-LDHs disappeared
after adsorption. These results reveal that the interlayer
oxalate ligand ions of Zn(C,04),*-LDHs may be
substituted by the oxidation products (CH;CH,-O-SO3’) of
ethyl mercaptan, to form CH;CH,0SOs-LDHs. In addition,
the bands corresponding to Ti-O and Ni-O moved to 651.8
cm™ and 457 cm™ after adsorption of ethyl mercaptan,
which were located at nearly the same position of the
precursor Ni-Ti-LDHs. Combined with the analyses of Fig.
4 and Fig. 5, we can suspect that the interaction between
the interlayer ligand ions and the laminate could be closely
related to the interlayer charge density. The stronger
interaction may be due to the higher charge density in the
interlayer.

In the case of Fe(C,04);>-LDHs, shown in Fig. 9, we
can observe that the results are similar to the spectra of
Zn(C,0,);>-LDHs before and after adsorption of ethyl
mercaptan. Firstly, ethyl mercaptan molecules adsorbed on
the surface of Fe(C,04)s>-LDHs was deeply oxidized into
sulphate under natural light irradiation. Secondly, the
interlayer oxalate ligand ions of Fe(C,04);*-LDHs were

substituted by the oxidation products (CH;CH,-O-SO3’) of
ethyl mercaptan.
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Fig. 9. FT-IR spectra of Fe(C,04)s>-LDHs before and

after adsorption of ethyl mercaptan: (a) fresh

Fe(C,04);>-LDHs, (b) adsorptionand nature light
irradiation.

4. Conclusions

The oxalate complexes Zn(C,0,),> and Fe(C,0.)s*
can be intercalated into Ni-Ti-LDHs through anion
exchange reactions, and make an increase in the interlayer
spacing of the precursor Ni-Ti-LDHs because of the larger
anion size. It is important that there is a significant
interaction between the interlayer oxalate ligand ions and
Ti** cations in the laminate and it lead to a drop from the
conduction band to a lower orbital. The interaction
between the interlayer ligand ions and the laminate could
be closely related to the interlayer charge density. The
stronger interaction may be due to the higher charge
density in the interlayer. In addition, Zn(C,0,),”-LDHs
and Fe(CZO4)33'—LDHs have excellent adsorption and
photocatalytic oxidation activities for ethyl mercaptan
under natural light irradiation. However, the oxidation
products of ethyl mercaptan have an obvious effect on the
stability of the interlayer oxalate ligand ions.
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