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Abstract La1-xAgxFeO3/halloysites nanotubes (HNTs)

nanocomposite was synthesized by sol–gel method. It was

characterized by X-ray diffraction, transmission electron

microscope, Fourier transform infrared spectroscopy and

UV–visible diffused reflectance spectroscopy measure-

ments. The photo-activity of the La1-xAgxFeO3/HNTs

nanocomposite was evaluated via degradation of methy-

lene blue (MB) under visible-light irradiation. The results

showed that the HNTs with unique pore structure favored

the adsorption of organic molecules. Adequate Ag? doping

improved the absorption ability for visible light. The

La0.95Ag0.05FeO3/HNTs demonstrated the best photocat-

alytic performance, which achieved as high as 99 % for

MB degradation exposed 2 h irradiation. However,further

increasing of Ag? doping gradually reduced the photo-

catalytic activity. The nanocomposite catalyst showed

outstanding recyclability after eight cycles which still

remained up to 90 %.

1 Introduction

Photocatalytic degradation which can take advantage of

solar light and has no secondary pollution is a promising

technology to deal with wastewater. In recent years, a type

of inorganic compound with the defined structure of per-

ovskite (ABO3) in which the B cation is 6-fold coordinated,

and the A cation is surrounded by an octahedron of O

anions is observed to play important roles in photocatalysis

application. In addition the perovskite material has high

structural stability, and the A site cation can be substituted

by a foreign cation having different oxidation state or

radius [1], thus the content of oxygen vacancy can be tai-

lored when desired foreign cation is used, offering a con-

venient and feasible way of correlating chemical properties

with catalytic performances of the materials. For instance,

Tijare et al. [2] synthesized nanocrystalline form (size ca.

38 nm) for photocatalytic water splitting reactions. Ma

et al. [3] synthesized Mg-doped BaZrO3 showing higher

photocatalytic activity than commercial photocatalyst

TiO2. Liu et al. [4] successfully synthesized BiFeO3–

(Na0.5Bi0.5)TiO3 by a sol–gel method, and found that both

the visible-light photocatalytic and magnetic properties

were enhanced.

Although semiconductor composite particles have high

photocatalytic activity, the disadvantages in terms of the

separation and recycling have restricted the practical

application in real condition. In recent years, carbon

materials [5–7], silicon nitride composites [8], silica com-

posites [9], zeolites composites [10] and clay minerals [11–

16] have been developed as supports. More attention has

been paid on the combination of semiconductor materials

with different carriers to prepare supported composite

photocatalyst in order to solve the above problems and

reduce the cost of catalyst [17–19].
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As a clay material, halloysites (HNTs) possesses a one-

dimensional tubular porous structure on the mesoporous

(2–50 nm), which is larger than many synthetic porous

materials such as carbon nanotube. This property enables

versatile potential applications such as nanoscale support

for the loading of functional nanoparticles due to its neg-

atively charged surface [20, 21]. Moreover, HNTs has large

specific surface area and pore volume, thus present strong

adsorption capacity in addition to its economic viability

[22, 23]. To the best of our knowledge, a successful

preparation of HNTs supported perovskite nanocomposite

has not yet been reported so far. In the present work, we

use sol–gel method to synthesis La1-xAgxFeO3/halloysites

nanocomposite. The effect of different loading Ag? ele-

ment on the photocatalytic activity of MB dyes was

investigated.

2 Experimental

2.1 Materials and chemical

La(NO3)3�6H2O, C6H8O7�H2O, AgNO3, Fe(NO3)3�9H2O

were provided by Medicine Group Chemical Reagent Co.

Ltd., Jiangsu, China. C19H42BrN were purchased from

Shanghai Ling Feng Chemical Reagent Co. Ltd. at ana-

lytical grade and used without further purification. The

halloysite nanotubes were obtained from Jiangsu NDZ

Technology Co. Ltd.

2.2 Synthesis of La12xAgxFeO3/HNTs

Adequate amount of silver nitrate, lanthanum nitrate, ferric

nitrate and citric acid were mixed in 40 mL beaker under

ultrasonic dissolving. The mixed solution was added by

150 mL deionized water and maintained at 90 �C for 2 h

under stirring, followed by drying for 12 h at 110 �C.

Subsequently, the resulting sample was milled and subject

to a static thermal treatment in an oven, followed by

grounded into powder with hydrochloric acid. Finally, the

solution was added certain amount of halloysite by ultra-

sonic stirring. The composite catalyst was obtained fol-

lowed by drying and calcined at 400 �C.

2.3 Characterization

The powder X-ray diffraction (PXRD) patterns were

recorded with Rigaku D/MAX-2500PC diffractometer with

Cu target (40 kV, 100 mA) at a scanning rate of 6 min-1.

TEM characterization was performed using a JEOL JEM-

2100 transmission election microscope coupled with Gatan

832 CCD and Oxford EDS operating at an accelerating

voltage of 200 kV. The samples were supported on

carbon–copper grids by dropping ethanol suspensions

containing uniformly dispersed oxide powders. FT-IR

spectra of samples were obtained using a Nicolet 460 with

diffuse reflectance sampling accessory at a resolution of

4 cm-1. Measurements were performed with powders

which were made using KBr powder as diluents. The UV–

Vis diffuse reflectance spectra (DRS) of catalysts were

recorded on a UV–Vis spectrometer (Thermo Nicolet

Evolution 500) equipped with an integrating sphere.

2.4 Photocatalysis measurement

The photocatalytic activity of the samples was evaluated by

photodegradation of MB under 300 W Xe lamp irradiation

with a cut-off filter to remove all wavelengths lower than

420 nm. In a typical experiment, aqueous suspensions of

MB (150 mL, 10 mg/L) and 0.1 g of the photocatalysts

powder were placed in a quartz beaker. Prior to irradiation,

the mixture was ultrasonically dispersed in the dark for

30 min to ensure the establishment of an adsorption/des-

orption equilibrium between the organic molecular and the

surface of catalyst. At irradiation time intervals, 3 mL of

the suspension was collected and centrifuged to remove the

particles for analysis. The photocatalytic degradation pro-

cess was monitored by measuring the absorbance at

665 nm as a function of irradiation time using a UV–Vis

spectrophotometer (Spectrumlab 22 PC).

3 Results and discussion

3.1 Structural characterization

Figure 1 shows the XRD spectra of La1-xAgxFeO3/HNTs

nanocomposites with various Ag? doping. The 2h = 12�,
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Fig. 1 XRD spectra of La1-xAgxFeO3/HNTs with various Ag?

doping
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20� and 24� correspond to (100) (001) and (002) diffraction

peaks of HNTs respectively. The 2h = 52�, 58�, 68� and

77� are assigned to the (210), (211), (220) and(310) planes

of LaFeO3 (JCPDS 85-0987). It can be seen that the basic

structure of perovskite in composite materials with differ-

ent doping ratio have been maintained. With the increasing

of Ag? doping amount, a consistent peak broadening is

observed, reflecting the occurrence of more defective per-

ovskite lattice and smaller particle size. A progressive shift

of the diffraction peaks to lower Bragg angles is also

observed, implying that part of Ag? species enters into the

LaFeO3 lattice and aggravates the expansion of its unit cell,

which may be due to the substitution of La3? ion

(0.106 nm) by relatively larger ionic radius Ag? ion

(0.126 nm), consequently leading to lattice distortion as

well as the formation of more oxygen vacancies, both of

which may enhance the photocatalytic capability of the

nanocomposites [24]. It is noticed that the (100) peak of

HNTs slightly shifts to higher Bragg angle as well, which

can be attributed to the incorporation of O2- from LaFeO3

into the HNTs support, resulting in the shrinkage of the

basal distance of the HNTs suggesting that La1-xAgxFeO3

has been successfully loaded onto the HNTs surface. It is

worth mentioning that the characteristic diffraction peak at

32�and 44�corresponding to Ag (JCPDS 87-0597) appears

and enhances when the Ag? doping ratio is 0.1 or beyond,

suggesting the co-precipitation of Ag species.

Figure 2 shows the TEM images of LaFeO3/HNTs

samples with different loading amount of LaFeO3. Fig-

ure 2a shows the pure LaFeO3, it can be seen that there is

an obvious aggregation of particles. Figure 2b shows that

the halloysite appears as 1-D tubular structure with uniform

diameters ranging from 30 to 50 nm and lengths ranging

from 0.5 to 1 lm. As can be seen in Fig. 2c, The LaFeO3

nanoparticles with average diameter of 20 nm, together

with small clusters of the LaFeO3 nanoparticles, evenly

coat the surface of HNTs when the weight percentage is

relatively low. With gradual increase of LaFeO3, the

number of LaFeO3 nanoparticles increases as well. When

the loading amount is 20 wt% (Fig. 2d), the LaFeO3

nanoparticles are uniformly dispersed on the surface of

HNTs with the absence of obvious agglomerating and few

nanoparticles are observed to be detached from the surface

of the nanotubes. However, as the loading amount increase

to 30 wt% (Fig. 2e), the size of nanoparticles on the sur-

face of HNTs gradually increase accompanied with the

aggravation of agglomeration. Apparent aggregation of

LaFeO3 particles on the outside of the HNTs appears when

the LaFeO3 content reaches 40 % (Fig. 2f). The results also

suggest that as the mass ratio of LaFeO3 increases, the

phase evolution does not significantly change the general

morphology of the HNTs, adequate amount of LaFeO3 can

maintain a well-defined structure to achieve excellent

immobilization of the nanoparticles. When loading amount

is higher than 20 wt%, however, the abnormal precipitation

and over-growth of LaFeO3 particles eventually lead to the

appearance of obvious agglomeration of loaded perovskite

particles. Therefore, the optimal loading amount is deter-

mined to be 20 wt%.

The UV–Vis spectra of LaFeO3/HNTs and La0.95-

Ag0.05FeO3/HNTs are shown in Fig. 3 respectively. It can

be seen that an adsorption band in the ultraviolet range of

400–650 nm appears for LaFeO3/HNTs nanocomposites in

Fig. 3a, representing the characteristics of loading LaFeO3.

However in Fig. 3b, a new strong adsorption band in the

visible range of 400–750 nm in addition to the reduced

adsorption edge of La0.95Ag0.05FeO3/HNTs appear, which

may be ascribed to the visible adsorption of Ag? doping

[25]. The results show that the La0.95Ag0.05FeO3/HNTs

exhibits enhanced visible-light adsorption which promises

an opportunity for the utilization of visible light, a major

component of sunlight.

Figure 4 shows the FT-IR spectra of HNTs, La0.95-

Ag0.05FeO3 and La0.95Ag0.05FeO3/HNTs. The two peaks

between 3410 and 3493 cm-1 are ascribed to hydroxyl

stretching vibration in the HNTs surface. The absorption

peak of 1623 cm-1 is attributed to the bending vibration of

the surface adsorbed water and the H–O–H bond of the

interlayer water molecules. Absorption peak at 567 cm-1 is

assigned to the stretching and bending vibration of Fe–O

bond in the perovskite lattice. Absorption peak of Ag–O

bond stretching vibration and bending vibration of the

absorption peak should appear at around 1350 cm-1,

however the peak intensity is very weak due to the low

doping amount of Ag?. The intensity of La0.95Ag0.05FeO3/

HNTs tends to be weaker near the absorption peak between

3465 cm-1 and 1020 cm-1 in HNTs. This may be due to

the dispersion of La0.95Ag0.05FeO3 on the HNTs surface.

3.2 Catalytic property

The photocatalytic activity of nanocomposite is examined

using visible light for MB degradation as shown in Fig. 5.

After reaching adsorption/desorption equilibrium in

30 min, the order of adsorption rate for MB is as follows:

La1-xAgxFeO3/HNTs[La1-xAgxFeO3[LaFeO3/HNTs

[LaFeO3 [HNTs, indicating that the Ag? incorporation

has a conducive effect on adsorption rate for MB. The

concentration of MB has barely changed after 30 min

when HNTs is used as catalyst, indicating that HNTs has

no photocatalytic activity. The rate reaches a maximum of

only 10 % solely due to the adsorption of MB on the

surface of HNTs. The reaction may happen between the

hydroxyl groups of the HNTs and the cationic group in the

dye molecules favoring the interaction and adsorption

[26]. In decomposition experiments under visible light
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Fig. 2 TEM of HNTs and LaFeO3/HNTs samples with various loading amount a LaFeO3, b HNTs, c 10 wt%, d 20 wt%, e 30 wt%, f 40 wt%
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irradiation with LaFeO3/HNTs catalyst, the degradation of

MB increase up to 47 % and remains almost unchanged as

a function of radiation time, thereby demonstrating that

LaFeO3/HNTs is not an active photocatalyst. However,

the conversion for La0.95Ag0.05FeO3/HNTs increase sig-

nificantly up to 99 %, as compared with the 62 % rate

when La0.95Ag0.05FeO3 is used, indicating that the

nanocomposite has remarkable photocatalytic activity

which is attributed to the Ag? doping increasing the vis-

ible light absorption, as well as the contribution of HNTs

support.

Figure 6 shows the effect of molar fractions on the

photocatalytic degradation of MB under visible light irra-

diation. A remarkable increase for up to 99 % is observed

when the molar fraction of Ag? is 0.05 compared to no

doping. This may be due to the fact that Ag? doping

improves the adsorption of visible light and lower the band

gap (Eg) of the perovskite as evidenced by UV–Vis mea-

surement. However, the product shows lower conversion

when the Ag? amount is increased above 0.05, and even

lower when Ag? is 0.2 showing a conversion of 38 %. It

can be rationalized that the co-precipitated Ag species as

identified in XRD results may prevent the utilization of

visible light. Therefore, 0.05 appears to be an optimal

molar fraction of Ag? for the nanocomposite catalyst.

The repeated MB bleaching experiment on La0.95-

Ag0.05FeO3/HNTs is examined in Fig. 7. After eight con-

secutive runs, the bleaching rate is slightly decreased, and

the conversion of MB maintains as high as 90 %, indicat-

ing an outstanding recyclability under visible light. Com-

pared with La0.95Ag0.05FeO3 catalyst, the enhanced

dispersion of nanoparticles on support as well as remark-

able adsorption capability of HNTs, consequently improves

the interacting area between active sites and dye molecules.

Moreover, both La0.95Ag0.05FeO3/HNTs and La0.95Ag0.05-

FeO3 catalyst have been characterized by TEM (not shown

here) after the photo-degradation reaction. There are no

appreciable morphological changes observed for La0.95-

Ag0.05FeO3/HNTs. However, abnormal particle growth is

found to contribute to the deactivation of the unsupported

La0.95Ag0.05FeO3, further implying that HNts plays a sig-

nificant role in the immobilization of the active particles.

According to the above results, a plausible photocatal-

ysis mechanism is proposed and elucidated schematically

in Fig. 8. Under visible light irradiation, the electrons (e-)

in full valence band of perovskite can move to the empty

conduction band, thus leaving an equivalent number of

holes (h?) with positive charge in corresponding positions

[27]. On one hand, the presence of Ag? doping favors the

utilization of visible light region, moreover when the La3 ?
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is substituted by Ag?, the local charge turns to be imbal-

ance leading to mixed state (Fe3 ? and Fe4 ?), in which

Fe3 ? acts as electron trap thus retards the recombination of

electrons and holes. The electrons and holes will then react

with oxygen molecules and ions in solution to finally form

superoxide radical O2
-� and hydroxyl radicals �OH respec-

tively. These radicals will further decompose the MB

molecules which are preferentially adsorbed onto the

HNTs surface due to the fact that the presence of surface

hydroxyl groups have Van der Waals and hydrogen

bonding interaction with dye molecules though the binding

is weak [28]. Nonetheless, further research should shed

light on the above preliminary mechanism proposed for

this novel nanocomposite.

4 Conclusions

In conclusion, La1-xAgxFeO3/HNTs nanocomposite has

been successfully prepared. The doping of Ag? broadens

the visible light absorption range of perovskite and

improves the catalytic performance of the catalyst. The

degradation efficiency of MB is the best which reaches as

high as 99 % when x = 0.05. With further increase of Ag?

doping ratio, the degradation rate of MB gradually

decreases. Experiments prove that the La1-xAgxFeO3/

HNTs nanocomposite photocatalyst can be used repeatedly

for eight runs without significant rate reduction. The

adsorptive capability of HNTs and the enhanced electron

transferring in La1-xAgxFeO3 compound are both in favor

of the photocatalytic performance.
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