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Abstract

The novel photocatalytic ceramics material K1�2xMxTiNbO5 (M = Mn, Ni) were prepared through Mn2+ and Ni2+ ion-exchange of KTiNbO5,

which was synthesized by a hydrothermal method. The influence of the ion-exchange process on the structure and morphology of prepared

ceramics material were investigated by such physicochemical methods as powder X-ray diffraction (XRD), scanning electron microscope (SEM),

high-resolution transmission electron microscope (HRTEM), UV–visible diffuse reflectance spectroscopy (UV–vis DRS) and Fourier-transform

infrared (FT-IR) microscopy. The adsorption and photocatalytic oxidation of methyl mercaptan (MM) in methane were used to evaluate the

catalytic performance of different constitutes. The results revealed that K1�2xNixTiNbO5 exhibited better adsorption and photocatalytic oxidation

activity for MM in methane under both visible and UV light radiation. While the photocatalytic oxidation activity of K1�2xMnxTiNbO5 is similar to

that of K1�2xNixTiNbO5, however it has little adsorption activity for MM in dynamic state.
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1. Introduction

Clean energy has been accepted and promoted by more and

more countries to reduce pollution and protect environment.

The clean technology of hydrocarbon fuels like natural gas,

liquefied petroleum gas and gasoline has been one of important

research themes, such as the desulfurization and denitrification

technology. Especially, sulfides not only could be oxidated to

SO2, which eventually becomes H2SO4 and leads to acid rain,

but also could do harm to anode catalysts in fuel cell using

hydrocarbon. Therefore, how to reduce the content of sulfur

compounds in hydrocarbon fuels to the lowest level has become

a significant issue in current researches and studies.

Currently, the photocatalytic oxidation technology has been

a promising method to decompose many odorous compounds

[1–5] such as mercaptans, sulfides, and hydrogen sulfide. Of all

the photocatalysts, inorganic host materials with the unique

layered structure have become popular not only for cationic

exchange or organic intercalation [6,7], but also for the
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generation of new properties such as photoluminescence [8,9],

and their distinctive photochemical and semiconductor proper-

ties in the field of photocatalysis [10–18]. Layered titanonio-

bates, which are consisted of Ti, Nb host layers, are regarded as

typical photocatalysts for water photolysis into H2 and O2 under

ultraviolet light radiation [19,20]. KTiNbO5 is an important

layered compound, as shown in Fig. 1, it is consists of corner-

and edge-shared NbO6 and TiO6 octahedral units, which form a

two-dimensional layered (nano-sheet) structure [21]. There is

negatively charged on each sheet, and K+ ions are located

between sheets to compensate the negative charge of the layers.

The photocatalytic reactivity of titanoniobates strongly

depends on the combination between the host layers and the

guest cations. Hosogi and co-workers have reported the

catalytic performance and the structure characterization of

layered titanoniobates and niobates, such as KTiNbO5 and

K4Nb6O17, prepared by Sn2+ ion-exchange. The result

indicated that the exchanged samples had absorption bands

in visible light region and had highly activity for H2 evolution

from an aqueous methanol solution [22]. Jung et al. reported

that the layered compound intercalated with Fe2O3 nano-

particles absorbed visible light due to Fe2O3 [16]. However,

some key problems, such as the influence of exchanged metal
d.
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Fig. 1. Schematic of KTiNbO5 structure. Squares represent the TiO6 (and

NbO6) octahedral, and circles indicate the exchangeable cation K+ in the

interlayer.
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ions on the structure of catalysts, adsorption and reaction

mechanisms, are still ambiguous.

In the present work, the layered ceramics materials

K1�2xMxTiNbO5 (M = Mn, Ni) were prepared from host

KTiNbO5 by ion exchange with Mn2+ and Ni2+ respectively.

Then their microstructure, morphology and optical absorbance

property were investigated by means of XRD, SEM, HRTEM,

FT-IR spectroscopy, and UV–vis DRS. Meantime, FT-IR

spectroscopy was also employed to investigate the adsorption

species and photocatalytic oxidization species on the samples

as-prepared under visible light or ultra light radiation for MM in

methane.

2. Experimental

2.1. Preparation of samples

The starting reagents used in the hydrothermal synthesis

were titanium hydroxide powder (prepared by hydrolysis of

tetrabutyl titanate, 98.5%), Nb2O5 fine powder (99.95%) and

potassium hydroxide (85%). First, stoichiometric amounts of

Nb2O5, Ti(OH)4 and 50 ml KOH aqueous solution (concentra-

tion: 1 mol L�1) were mixed and stirred until it become a white

slurry. Then, the slurry was put into a 50 mL polytetrafluor-

oethylene (PTEE)-lined autoclave. The hydrothermal reaction

was carried out at 508 K for 72 h with autogenous pressure

inside the autoclave. Upon completion of the reaction, the

PTEE tube containing product was taken out, and the white
Fig. 2. Schematics flowchart of desul
precipitates were filtrated and washed with distilled water, and

then dried at 353 K for 12 h. K1�2xMxTiNbO5 (M = Mn, Ni)

were prepared by ion exchange with Mn2+ or Ni2+. The ion-

exchange reaction was carried out by adding 1.5 g KTiNbO5

powder to 50 mL 2 mol L�1 Mn(NO3)2 (or Ni(NO3)2) aqueous

solution and stirred at 333 K for 48 h, with the replacement of

fresh 50 ml of 2 mol L�1 Mn(NO3)2 (or Ni(NO3)2) aqueous

solution every 8 h. Subsequently, the obtained powder was

washed with deionized water and dried at 353 K for 12 h. As a

result of the whole procedure, K1�2xMnxTiNbO5 and

K1�2xNixTiNbO5 were obtained respectively. Additionally,

all chemicals used in the experiment were directly used without

further purification and deionized water was also used in the

whole experiment.

2.2. Characterization

In this study, the crystal phases of the resulting powders were

determined by powder X-ray diffraction (XRD) performed on a

XD-3 diffractometer (Beijing Purkinje General Instrument Co.

Ltd.) with a curved graphite monochromator operating at 40 kV

and 30 mA, using CuKa radiation (l = 0.15418 nm). The

morphologies and structure of the samples as-prepared were

observed by a Hitachi TM-1000 scanning electron microscope

(SEM) (KYKY Technology Development Ltd.) with an

acceleration voltage of 25 kV, and JEOL 2010 high-resolution

transmission electron microscopy (HRTEM) (JEOL Ltd.) with

an acceleration voltage of 200 kV. The optical properties of the

samples as-prepared were analyzed with a TU-1901 UV–visible

diffuse reflectance spectrometer (Beijing Purkinje General

Instrument Co. Ltd.) with an integrating sphere in the wavelength

range of 250–800 nm, and BaSO4 as a reference. Fourier-

transform Infrared (FT-IR) spectra of the samples dispersed in

KBr were collected on a Bruker Vector 33 FT-IR spectro-

photometer (DTGS detector) with a resolution of 4 cm�1.

2.3. Adsorption and photocatalytic oxidation

Adsorption feature and photocatalytic oxidation activity of

the samples as-prepared for methyl mercaptan (MM) in

methane were evaluated at room temperature using a fixed bed

reactor as shown in Fig. 2. 50 mg sample was placed at the

center of the reactor, which consists of quartz U-tube, and filled
phurization experimental system.
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with quartz sand on the both ends of the sample. In this

experimental system, there are two passages of gas connecting

to the reactor: one passage is for MM-loading methane (the

concentration of MM was 19.6 ppm), and the other is for He

(the purity was higher than 99.99%). The samples were purged

for 1 h with He (flow rate of 20 ml min�1), then the MM-

loading methane (gas hourly space velocity 28,309 h�1) was

switched by a three-way valve to the line for adsorption at room

temperature for 1 h. The photocatalytic oxidization activity of

the catalysts as-prepared for oxidizing MM in methane was

evaluated using the above-mentioned reactor under UV

radiation, which was generated from a 300 W high-pressure

mercury lamp (GGZ-300, Shanghai Yaming Lighting Co., Ltd.)

with wavelength centered at 365 nm for 1 h. The condition of

the passage gas for photocatalytic reaction was similar to that of

adsorption experiment. The surface species on the samples after

adsorption and photocatalytic oxidization were determined by

FT-IR spectroscopy.

3. Results and discussion

3.1. X-ray diffraction

Powder X-ray diffraction (XRD) has been used to study the

effect of ion exchange on the microstructure of the samples as-

prepared, and the corresponding results have been shown in

Fig. 3. According to Fig. 3(a), all the diffraction peaks can be

indexed as the orthorhombic KTiNbO5 phase (JCPDS 71-1747),

which indicated that the obtained powder has the pure structure

of KTiNbO5. Especially, the diffraction peak at 2u = 9.208
corresponds to plane (0 0 2), and the d value for the plane (0 0 2)

was 0.960 nm according to the Bragg equation l = 2dsin u,

which consistent with the lamellar spacing of the KTiNbO5.

After ion-exchanged, the diffraction peak corresponding to the

plane (0 0 2) of K1�2xMnxTiNbO5 and K1�2xNixTiNbO5 are

observed at a lower angle (2u = 8.56 and 7.888 respectively), and

their corresponding d-spacing values are 1.013 and 1.122 nm,
Fig. 3. XRD patterns of the samples as-prepared: (a) KTiNbO5; (b)

K1�2xMnxTiNbO5; and (c) K1�2xNixTiNbO5.
respectively. The main reason of the differences in the d-spacing

values results from the difference in the aqueous ionic radii of the

cations (r(Ni2+) > r(Mn2+) > r(K+)) occupying the interlayer

sites of the sheets. According to Fig. 3(b) and (c), the lamellar

structure of the host was well retained after ion-exchanged.

Moreover, Fig. 3(b) and (c) also illustrated that the diffraction

intensity of exchanged samples decreased compared with that of

the host lattice (KTiNbO5), indicating the periodic lamellar

structure of the host compound could be partially destroyed by

ion-exchange process. However, the presence of diffraction

peaks indexed to the in-plane diffraction, such as (2 0 0) plane

(ca. 2u = 27.88) in the patterns of K1�2xMnxTiNbO5 and

K1�2xNixTiNbO5, indicates that the two-dimensional structure

is preserved after ion-exchange.

3.2. Scanning electron microscopy and high resolution

transmission electron microscopy

The SEM images of KTiNbO5-based samples are illustrated

in Fig. 4(a)–(d). Fig. 4(a) exhibits that the host KTiNbO5 is

composed of a number of nano-plates with 3D flower-like

clusters. The high-magnification image demonstrated that the

microstructure of single flower-like consisted of many

intercrossed KTiNbO5 nanoflakelets, and each flakelet showed

fringes of regular interval of ca. 50 nm. This morphology result

also demonstrated the reason of the as-prepared sample with

higher BET surface area comparing with the sample

synthesized by solid-state reaction. In the present research,

Nb2O5 and Ti(OH)4 reacted with KOH to produce KTiNbO5

nuclei during the hydrothermal synthesis process. The process

of growth was anisotropic as shown in the Fig. 4(a). Once the

plate-like particles were produced, and they would simulta-

neously aggregate to form flower-like colonies. These plate-

like particles had different sizes, which could be induced

through the random nucleation and growth processes. After ion-

exchange with Mn2+ or Ni2+, Fig. 4(c) and (d) reveals that the

flower-liked morphologies were completely deteriorated, and

had less distinct edges. Although they still maintained layered

structures as shown in XRD patterns, there was no regular

stacking of platelets, especially for K1�2xMnxTiNbO5. These

observations could explain the reduced peak intensity (0 0 2) of

ion-exchanged samples in Fig. 3, which were consistent with

ones measured by XRD.

To investigate the detailed structure of KTiNbO5 nano-plates

produced by the hydrothermal reaction, the samples as-

prepared were examined by high-resolution transmission

electron microscopy (HRTEM). Fig. 5(a)–(d) showed the

images of three different samples. Fig. 5(a) revealed the

regularly lamellar structure of KTiNbO5 as-prepared. Fig. 5(b)

showed the lattice fringe image of a KTiNbO5 particle, and the

basal spacing of 0.930 nm coincided with the d-spacing of the

(0 0 2) lattice plane of KTiNbO5 determined by XRD method.

After ion-exchange with aqueous Mn2+ and Ni2+, the HRTEM

images showed that all these modified samples maintained a

very good nano-sheet structure and the original in-plane

structure. Such results would be also in agreement with the

XRD results. Therefore, the host KTiNbO5 prepared by



Fig. 4. SEM images of the K1�2xMxTiNbO5 samples as-prepared: (a) and (b) KTiNbO5; (c) K1�2xMnxTiNbO5; and (d) K1�2xNixTiNbO5.

Fig. 5. HRTEM photographs of the samples as-prepared: (a) and (b) KTiNbO5; (c) K1�2xMnxTiNbO5; and (d) K1�2xNixTiNbO5.
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Fig. 6. FT-IR spectra of the samples as-prepared: (a) KTiNbO5; (b)

K1�2xMnxTiNbO5; and (c) K1�2xNixTiNbO5.
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hydrothermal reaction has been partly exfoliated and swollen

during ion-exchange process.

3.3. FT-IR spectra

Fig. 6 shows the FT-IR spectra of the samples. For the host

KTiNbO5, the bands at 907 cm�1 and 556 cm�1 could be
Fig. 7. UV–vis DRS of the catalysts: (a) KTiNbO5; 
assigned to the stretching vibrations of the terminal Nb–O bond

and the Nb–O–Nb bridging bond, respectively [23]. The band at

617 cm�1 arised from the stretching vibration of Ti–O–Ti bond

[10,24–27].

In the case of K1�2xMnxTiNbO5 and K1�2xNixTiNbO5, the

band peak at 907 cm�1, which is assigned to the stretching

vibration of terminal Nb–O bond, produced a blue shift to

922 cm�1 and 916 cm�1, respectively. This result could be

induced by the bond strength changed due to the bigger Mn2+ and

Ni2+ ions replacement. In other words, the band shifts could arise

from the interaction between interlayer metal ions and terminal

Nb–O bond. Compared with K+ ion, aqueous Mn2+ and Ni2+ ions

had stronger static electrostatic field, which would result in a

stronger interactions between the cations and Nb–O bonds.

Compared with K1�2xMnxTiNbO5, K1�2xNixTiNbO5 has a

smaller shift, because aqueous Ni2+ ion have a larger ionic

radius and a weaker electrostatic field. Similarly, the vibration of

Nb–O–Nb bond and Ti–O–Ti bond is also affected by interlayer

exchanged cations.

As we know, the interlayer cation could occupy several

kinds of coordination sites between the NbO6 and TiO6

octahedral layers, depending on its size and its electric charge

[28]. A larger cation, such as aqueous Mn2+ or Ni2+, is located

at a larger polyhedral site, interacting with more Nb–O bonds

than K+. It could be another reason to the blue shift of the IR

vibration absorption peak [29]. This effect to the bond

vibration could be consistent with one caused by electrostatic

interaction.

3.4. UV–vis diffuse reflection spectra

Fig. 7 shows the UV–vis diffuse reflectance spectra of the

samples and the first derivatives patterns of the samples

respectively. Additionally, the band energy gaps (Eg) of all
(b) K1�2xMnxTiNbO5; and (c) K1�2xNixTiNbO5.



Table 1

The band energy gap values of the samples as-prepared.

Sample lmax1 (nm) Eg1 (eV) lmax2 (nm) Eg2 (eV)

KTiNbO5 351 3.53 – –

K1�2xMnxTiNbO5 351 3.53 419 2.96

K1�2xNixTiNbO5 353 3.51 468 2.65

Fig. 8. IR spectra of the K1�2xMxTiNbO5 (M = Mn, Ni) after MM in methane

adsorption under visible light: (a) KTiNbO5; (b) K1�2xMnxTiNbO5; and (c)

K1�2xNixTiNbO5.

Fig. 9. FT-IR spectra of the K1�2xMxTiNbO5 (M = Mn, Ni) after MM in

methane photocatalytic oxidation under UV light radiation: (a) KTiNbO5;

(b) K1�2xMnxTiNbO5; and (c) K1�2xNixTiNbO5.
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investigated samples as-prepared calculated from the Planck

equation have been summarized in Table 1.

As shown in Fig. 7, the reflectance spectra of the samples vary

strongly according to the interlayer cationic species. For host

KTiNbO5 (spectrum Fig. 7(a)), the absorption edge is 351 nm

(Eg = 3.91 eV), which indicates that host layered KTiNbO5

absorbs UV light only. Whereas in the case of K1�2xMnxTiNbO5,

and K1�2xNixTiNbO5 (spectra Fig. 7(b) and (c), respectively),

one can notice that the reflection intensity decreased from that of

KTiNbO5, and a new absorption edge (lmax = 419 nm, or 468 nm

for K1�2xMnxTiNbO5 or K1�2xNixTiNbO5, respectively) in the

visible light region can be observed. The presence of this

additional absorption edge could be caused by Mn2+ or Ni2+ ion,

which replaces K+ ion through ion-exchange due to the electric

translation from Mn2+ or Ni2+ ion to titanoniobate sheets.

Factors affecting the band energy gaps of layered

compounds with interlayer cations are considered as follows

[30]. (1) The interaction between layers. As the ionic radius of

cations at the interlayer becomes large, the distance between

layers becomes larger; accordingly an excited energy state

becomes localized by decreasing interaction between the

layered. (2) The polarization ability of cations at the interlayer

towards the oxygen ions of octahedral faced at the interlayer. In

short, it can be suggested that there exist interaction between

the interlayer cations and terminal Nb–O bond, which has been

confirmed by FT-IR, as shown in Fig. 6.

For K1�2xMnxTiNbO5 or K1�2xNixTiNbO5, another key

feature, Mn2+ or Ni2+ 3d electrons provide these new band gap

levels, which reduce the band gap energy of the material and

cause a red shift in its photoabsorption edge. As a result, d-

electron metal intercalation improves the photoabsorption of

KTiNbO5, and which enrich the exchanged samples with

photocatalytic activity under visible light radiation.

3.5. Adsorption feature and photocatalytic oxidation

characteristics of methyl mercaptan

FT-IR spectroscopy is useful to determine surface adsorbed

species responsible for the reaction process and catalyst

deactivation. The adsorption feature and photocatalytic oxida-

tion activity for MM in methane are evaluated through the

vibration spectra of species on the samples disclosed by FT-IR.

Figs. 8 and 9 show these spectra in the 2000–1000 cm�1 range.

For KTiNbO5, its FT-IR spectrum was represented in

Fig. 8(a). All of the absorption bands corresponding to the C–H

stretching vibration, C–S wagging vibration and C–S stretching

vibration are not observed. The result indicates that there is a

weak interaction between MM and KTiNbO5, thus MM or any

its dissociated product was not adsorbed on the host KTiNbO5
under visible light. However, when the adsorption process was

carried out under ultraviolet light irradiating, a new absorption

band observed at �1115 cm�1 corresponds to the S O

stretching vibration [31,32] in HO–SO2–R (sulfonic acids),

which could be the product of MM photocatalytic oxidization

by KTiNbO5 under ultraviolet light irradiating. The result was

consistent with that the only UV absorbance of the as-prepared

KTiNbO5.
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In regard to K1�2xMnxTiNbO5, when the adsorption process

is under visible or ultraviolet light irradiating, there is an

absorption band at �1164 cm�1 which is observed in both

spectrum Figs. 8(b) and 9(b). According to the FT-IR spectra,

the only final product of the MM photocatalytic oxidation on

the K1�2xMnxTiNbO5 was sulfonic acid. However, for

K1�2xNixTiNbO5, when the adsorption process was carried

out under visible light, there were two characteristic absorbance

bands as shown in spectrum Fig. 8(c). The band at �1115 cm�1

could be attributed to the S O stretching vibration [32] in HO–

SO2–R (sulfonic acids), and the band at the range of 1210–

1240 cm�1 could arise from the surface bidentate carbonates

[33]. The latter may be induced by the C–S bond (methyl

mercaptan) cleavage and the carbon atom oxidation under

visible light radiation comparing to spectrum Fig. 8(c), the

spectrum Fig. 9(c) has a new intensive band at 1459 cm�1

which can be attributed to surface carboxylate.

For photocatalytic oxidation of MM, several organic

intermediates were detected on the samples. Then, it could

be suggested that three different types of reaction happened at

the process of light irradiation as following. The first process is

the oxidation for sulfur, the second process is the oxidation of

carbon, and the third process is the cleavage and oxidation of

C–S bond. In all cases, the S atoms in the sulfides were

oxidized. However, whether C–S bond broken or C atom

oxidized depended on interlayer cations of the titanoniobates as

well as radiation-light wavelength.

4. Conclusions

In this paper, hydrothermal synthesis process has been used

to synthesize the layered KTiNbO5 with the higher surface area.

The ion exchange with Mn2+ and Ni2+ has produced novel

photocatalytic materials. The results showed that the absorption

band of K1�2xMxTiNbO5 (M = Mn, Ni) had shifted from UV

region to visible region for the interaction between the

interlayer cations and Nb–O band and their d-electron

providing new band gap levels. Meanwhile, K1�2xMnxTiNbO5

TiNbO5 and K1�2xNixTiNbO5 show activities towards photo-

catalytic oxidation of MM in methane under visible light and

UV-light radiation. The surface adsorbed species disclosed by

FT-IR spectra demonstrated that the different interlayer cations

could change the reaction path during photocatalytic oxidiza-

tion process of MM.
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