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Abstract
The effects of gold loading (i.e., loading processes and pretreatment procedures) on the perovskite titanate substrate (K2La2Ti3O10) for

photo-catalytic water splitting were studied. It was found that the gold catalyst prepared from an incipient wetness impregnation process

possessed a better activity for water splitting than that prepared from a deposition process. This is because a better crystallinity of

K2La2Ti3O10 was preserved from the impregnation process than that from the deposition. Moreover, the existence of gold on K2La2Ti3O10 can

enhance the activity of K2La2Ti3O10 for photo-catalytic water splitting. Specially, the activity can be increased significantly, after the

reduction of gold ions on K2La2Ti3O10 to nano-gold metal through some pretreatment processes studied in this research. When compared with

the best metal–titanate catalyst reported in the literature (i.e., Ni/K2La2Ti3O10), Au/K2La2Ti3O10 possessed a lower hydrogen production rate

in UV region and a higher one in vis region. This may be because there is absorption from plasma resonance on the nano-gold surface of Au/

K2La2Ti3O10 in the visible region, rather than on the surface of Ni/K2La2Ti3O10.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the past it has been shown that nano-gold can be

prepared on various transition metal oxides (such as Fe2O3,

CoOx, or TiO2) [1–3], and on some other catalyst supports

(such as zeolite or alumina) [4–7]. Different from the poorly

catalytic activity of bulk gold, unique catalytic properties,

specially for the oxidation of CO at low temperature and for

the epoxidation of propylene, have been found from these

catalysts [1–9]; moreover, an unique absorption band around

500 nm wavelength, which is from the surface plasma

resonance [10], was observed from some of these nano-gold

[11]. Therefore, it is the interest of this research to examine

whether the surface and the catalytic properties of nano-gold

can provide some influence on the photo-dissociation of

water to produce hydrogen and oxygen.

Hydrogen can be utilized as a main energy source for the

fuel cell. It is a clean and renewable combustion fuel, if it can
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be produced mainly from the dissociation of water under

sunlight without using fossil energy. Since Fujishima and

Honda [12] built up the first TiO2 system in 1972, a lot of

studies for the water splitting under photo have been done.

Different catalyst systems have been prepared and investi-

gated. Among them, SrTiO3 [13,14], K4Nb6O17 [15–20],

BaTi4O9 [21–23], K2La2Ti3O10 [24,25], ZrO2 [26,27],

NaTaO3 [28] showed interesting results. From the review

of Domen and coworkers [29], it can be found that Ni/

K2La2Ti3O10 prepared from his research group possessed a

remarkable photo-catalytic activity for the production of

hydrogen under UV irradiation. The influence of several

metals except gold on the photo-activity of K2La2Ti3O10 was

investigated. It was concluded that the reduced and partially

re-oxidized nickel was the best, and the possible mechanism

for this photo reaction was proposed. However, it is noticed

that gold metal possesses similar values of work function as

nickel metal [30]. Moreover, the plasma resonance on nano-

gold may provide some influence on the water splitting

under visible light. Therefore, in this research, the loading

of nano-gold on K2La2Ti3O10 was attempted. Different
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processes (i.e., deposition and impregnation) for the pre-

paration of gold catalysts were examined. The effect of gold

on the photo-catalytic activity of K2La2Ti3O10 was investi-

gated. Finally, a preliminary comparison of the activities of

nano-gold and the reduced (then partially re-oxidized)

nickel for water splitting under UV or visible light were

made.
2. Experimental

K2La2Ti3O10 powders were synthesized according to the

polymer complexing method developed by Ikeda et al. [25].

Ti(OiPr)4, La(NO3)3�6H2O and K2CO3 were selected as

starting materials. The amount of K2CO3 was controlled

twice excess of stoichiometry in order to compensate for the

loss of potassium by volatilization. Ethylene glycol (EG)

and methanol were used as the solvents, and citric acid (CA)

was used as a complexing agent to stabilize Ti, La, and K

ions against water generated during the polymerization

between EG and CA. Two methods for the loading of gold

on K2La2Ti3O10 were used in this study. Au-i/K2La2Ti3O10

was prepared by the incipient-wetness impregnation of the

chloroauric acid solution (HAuCl4�3H2O, Merck) onto the

K2La2Ti3O10 powder, and then dried at 60 8C in air over-

night. Au-d/K2La2Ti3O10 was prepared by the deposition of

gold in a chloroauric acid solution, as illustrated in our

previous paper [4,5]. The followings are the deposition

steps: 4 g of K2La2Ti3O10 was charged into a 500 ml of

chloroauric acid aqueous solution, which was adjusted to pH

6 before the charging. Under stirring, the solution was

heated to 80 8C and maintained at this temperature for

16 h. After filtration, the samples were washed until free

from Cl� ions, as detected by an AgNO3 solution and then

dried at 60 8C in air overnight. Moreover, the preparation of

nickel on K2La2Ti3O10 powders and the pretreatment of this

nickel-loaded sample followed the same methods developed

by Ikeda et al. [25].

Photo-catalytic reaction for water splitting was carried

out in an inner-type irradiation reactor, as shown in Fig. 1.

Catalyst (0.3 g) was dispersed in an aqueous KOH solution

(0.1 M, 120 ml) by magnetic stirring and was irradiated
Fig. 1. The apparatus for photo-catalytic reaction.
under vacuum (about 50 Torr) by sixteen monochromic

lamps around the reactor. Two light sources were used.

One was around 300 � 50 nm wavelength (21 W for each

lamp) in the UV region. The other was around 419 � 25 nm

(24 W for each lamp) in the visible region. Every 60 min

during the reaction test, 10 ml of gas sample was taken from

the sampling loop of the reactor by a syringe, and was

injected into a gas chromatography (molecular sieve 5 A

column, Ar as the carrier gas, TCD detector) for the analysis

of the products. The hydrogen production rate was deter-

mined from the slope of the hydrogen accumulation in the

first hour divided by the catalyst weight used in the reaction.

Moreover, the catalysts were characterized by temperature

programmed reduction (TPR) by hydrogen, by atomic

absorption for gold loading (GBC 906), and by UV–vis

diffuse reflectance (Hitachi U-3410) for band gap and for the

characterization of plasma band of nano-gold. The XRD

measurements were carried out on a MAC Science Diffract-

ometer (model MXP-3). The measured half maximum

breadth, Bexp, of the gold peak at 2u = 398 was used by

Scherrer equation for the estimation of average gold crystal

size on K2La2Ti3O10. The expression of Scherrer equation

[31] using Gaussian–Gaussian approximation is known as:

L ¼ Kl

B cosu
; B2 ¼ B2

exp � b2 (1)

where L and u are the average crystal size and Bragg angle of

gold, respectively. B and b are the breadths of intrinsic

diffraction profile and instrumental diffraction profile,

respectively. The value of b for the MXP-3 Diffractometer

is 0.003 arcs. l is the wavelength of the Cu Ka X-ray source,

which is 1.5405 Å. K is the Scherrer constant and is set to be

unity. The experimental error for average gold crystal size is

�3 nm.
3. Results and discussion

3.1. Effect of Au loading on K2La2Ti3O10

The Au-d/K2La2Ti3O10 with different Au loadings were

prepared, according to the deposition method. The amounts

of three Au loadings were designed originally to be 0.5, 1

and 3wt.%, respectively; however, the resulted Au contents

in Au-d/K2La2Ti3O10 were about twice of those designed.

For example, 1.9 wt.% Au in Au-d/K2La2Ti3O10 was mea-

sured, in which 1% was designed originally. The increase of

Au loading may be because the dissolution of potassium

oxides or lanthanum oxides within K2La2Ti3O10 into the

acidic solution (pH 6 at 80 8C) during deposition. The

dissolution caused the weight reduction of K2La2Ti3O10.

Therefore, it can be observed from the XRD patterns in

Fig. 2 that Au-d/K2La2Ti3O10 with 1.9 wt.%Au lost a sig-

nificant crystallinity. The peaks from Au-d/K2La2Ti3O10

were weak (peak to noise ratio) and shifted slightly away

from those of K2La2Ti3O10. Moreover, the BET surface area
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Fig. 2. XRD patterns of Au-i/K2La2Ti3O10 with 1.1 wt.%Au, Au-d/

K2La2Ti3O10 with 1.9 wt.%Au and K2La2Ti3O10. All the catalysts were

pretreated under H2 at 200 8C for 2 h.
was increased from 3 m2/g of K2La2Ti3O10 to 30 m2/g of

Au-d/K2La2Ti3O10 shown in Fig. 2. Apparently, the dissolu-

tion caused opening of pores between the layers of

K2La2Ti3O10. On the other hand, for photo-decomposition

of water on these catalysts, the dependence of hydrogen

production rate on the amount of loaded gold on Au-d/

K2La2Ti3O10 is shown in Fig. 3. Prior to the reaction tests,

the catalysts were reduced under hydrogen at 200 8C for 2 h.

UV lamp around 300 nm was used for the irradiation during

the reaction. From the hydrogen evolution rates, it can be

found that the optimal amount of Au loading on Au-d/

K2La2Ti3O10 for water splitting was 1.9 wt.%. The rate of

H2 evolution increased with the increase of gold loading

until 1.9 wt.%; on the other hand, it decreased gradually

when the loading was more than 1.9 wt.%. The results

strongly indicate that the existence of gold particles can

enhance the catalytic property of K2La2Ti3O10 for water

splitting.
Fig. 3. Effect of gold loading on Au-d/K2La2Ti3O10 catalysts for water

splitting under 300 nm UV light irradiation. The catalysts were pretreated

under H2 at 200 8C for 2 h.
3.2. Comparison between Au-d/K2La2Ti3O10 and Au-i/

K2La2Ti3O10

For the preparation of Au-i/K2La2Ti3O10 by incipient

wetness method, the resulted Au content in Au-i/

K2La2Ti3O10 catalyst was 1.1 wt.%, which was close to

1 wt.% designed originally. Therefore, this sample was

compared with Au-d/K2La2Ti3O10 loaded with 1.9 wt.%Au,

in which 1% was designed originally, and which was the one

with the best catalytic activity shown in Fig. 3. Prior to the

characterization and the reaction tests, a pretreatment under

hydrogen at 200 8C for reducing gold ions to metal was used.

Fig. 2 shows the XRD patterns of Au-d/K2La2Ti3O10 and

Au-i/K2La2Ti3O10 along with that of K2La2Ti3O10. The

peaks at 2u = 398 from Au-d/K2La2Ti3O10 and Au-i/

K2La2Ti3O10 represent the diffraction of gold crystals.

Moreover, it can be observed that Au-i/K2La2Ti3O10 of

the impregnation sample maintained a crystallinity close

to that of K2La2Ti3O10, in contrast to a significant loss of

crystallinity from Au-d/K2La2Ti3O10. Table 1 lists the gold

crystal sizes, the band gaps of K2La2Ti3O10, Au-i/

K2La2Ti3O10 and Au-d/K2La2Ti3O10. In this table, the

influence from several different pretreatment processes were

also examined for Au-i/K2La2Ti3O10 and will be discussed

later; only the samples pretreated at 200 8C under hydrogen

(LTR) are compared in this section. It can be found that the

gold crystal sizes (calculated from the half peak widths at 2u

= 398 of XRD spectra and according to Scherrer equation) on

both Au-i/K2La2Ti3O10 and Au-d/K2La2Ti3O10 were 44 and

38 nm, respectively, which were close in size and were in the

range of nano-gold. The band gap of Au-i/K2La2Ti3O10 was

close to that of K2La2Ti3O10 and was in UV region. How-

ever, the band gap of Au-d/K2La2Ti3O10 was in the region of

visible light, which was significantly lower than that of

K2La2Ti3O10. The band gap shift of Au-d/K2La2Ti3O10

away from that of K2La2Ti3O10 is consistent with the data

of XRD, which was apparently due to the lattice distortion of

K2La2Ti3O10 of this gold deposited sample.

For the reaction activity of water splitting shown in Fig. 4,

it can be observed that under the irradiation by 300 nm UV

light, both Au-i/K2La2Ti3O10 and Au-d/K2La2Ti3O10 pos-

sessed much higher reaction rates than K2La2Ti3O10. How-

ever, the activity of Au-i/K2La2Ti3O10 was higher than that

of Au-d/K2La2Ti3O10 by about 10 times. Note, both band

gaps of Au-i/K2La2Ti3O10 and Au-d/K2La2Ti3O10 were

lower than the energy of 300 nm light source. And both

band gaps are higher than the bonding energy for water

splitting. The reaction activities from both gold catalysts

should have not been so much different. Since the gold

crystals on both catalysts were similar in size, and presume

they were with similar catalytic properties; therefore, the

results from this research indicate that the phase of

K2La2Ti3O10 for the catalyst loaded with gold was important

for photo-catalytic water splitting. The electron and the hole

generated in K2La2Ti3O10 during the irradiation by light is

the main source for the reduction and the oxidation of water.
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Table 1

Some physical properties of Au-loaded K2La2Ti3O10 and photo-catalytic activities for water splitting

Loaded materiala Process of

pretreatmentb
Initial H2 production

ratec (mmol/g/h)

Bandgap

(nm)

Structure of titanate

(from XRD)

Crystal size

of Aud (nm)

Au-i/K2La2Ti3O10 WP 282 360 Y 50

LTR 821 360 Y 44

HTR 795 360 Y 56

C 769 360 Y 44

HTR/C 449 365 Y 52

HTR/C/LTR 705 365 Y 53

HTR0/C/LTR 841 370 Y 44

Au-d/K2La2Ti3O10 LTR 89 410 N 38

K2La2Ti3O10 ~ 1.2 345 Y –

a The Au loading is 1.1 wt.% in Au-i/K2La2Ti3O10 and 1.9 wt.% in Au-d/K2La2Ti3O10. Reaction condition: 0.3 g of catalyst in 0.1 M of 120 ml KOH

solution under 300 nm UV irradiation.
b Different pretreatment process for 2 h. WP, without pre-treatment; LTR, reduction under H2 at 200 8C; HTR, reduction at 600 8C; HTR0, reduction at

500 8C; C, calcination under air at 400 8C.
c The initial rate was calculated from the hydrogen production per catalyst weight in the first hour.
d The crystal size was calculated by Sherrer’s equation from the XRD peak at Au (2u =398).
It is likely that nano-gold on K2La2Ti3O10 is used for

reducing the recombination rate of electron and hole in

K2La2Ti3O10; otherwise, the high recombination rate would

cause a low activity for water splitting. Moreover, the lattice

distortion and the loss of crystallinity of K2La2Ti3O10 in Au-

d/K2La2Ti3O10 simply caused this sample with much less

efficiency for the generation of electron and hole during the

irradiation by light.

Because Au-i/K2La2Ti3O10 of the impregnation sample

possessed a much higher photo-catalytic activity than Au-d/

K2La2Ti3O10 of the deposition sample, only Au-i/

K2La2Ti3O10 was studied in the later sections of this

research. Several different catalyst pretreatment processes

were applied for the improvement of the activity of nano-

gold.

3.3. Pretreatment effects on Au-i/K2La2Ti3O10

Fig. 5 presents the results of TPR by hydrogen from a

fresh Au-i/K2La2Ti3O10 prior to any pretreatment. It can be

observed that a major reduction band from gold ions
Fig. 4. Reaction time vs. amount of hydrogen accumulated from photo-

catalytic water splitting over 0.3 g each of Au-i/K2La2Ti3O10, Au-d/

K2La2Ti3O10 and K2La2Ti3O10 under 300 nm UV irradiation.
occurred at the temperature about 180 8C. When the tem-

peratures were higher than 200 8C, some more small reduc-

tion bands were found. Several were between 300 and

400 8C, and some broad ones were between 400 and

600 8C. The major reduction band at 180 8C is close to

the reduction temperature for gold chloride impregnated on

Y type zeolite [32]. This indicates that gold chloride impreg-

nated on K2La2Ti3O10 was still in the form of this precursor;

otherwise, lower reduction temperatures should have been

found [4,5,11,32]. Because chloride is a poison for the

catalytic property of nano-gold, therefore, several different

pretreatment procedures at high temperatures [33] were

applied on Au-i/K2La2Ti3O10 for the removal of chloride

on the surface. Nevertheless, it was noticed that too high

temperatures might cause the sintering of gold on the
Fig. 5. Temperature programmed reduction (TPR) of fresh Au-i/

K2La2Ti3O10 with 1.1 wt.% Au, under hydrogen.
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Fig. 6. UV–vis spectra of Au-i/K2La2Ti3O10 (1.1 wt.% Au) after different

pretreatments. WP, without pretreatment; LTR, reduction under H2 at

200 8C; HTR, reduction at 600 8C; HTR0, reduction at 500 8C and C,

calcination under air at 400 8C.
supports, which may lower the catalytic activity. Therefore,

the effort was made in this research to determine which

process was more effective for the pretreatment, in order to

obtain a better Au-i/K2La2Ti3O10 for the reaction activity.

Since TPR results from the fresh Au-i/K2La2Ti3O10

indicate that except the major reduction band around

180 8C, there are small bands between 300 and 400 8C,

and between 400 and 600 8C. Therefore, the temperatures

between 200 and 600 8C were used for the pretreatment

study. The pretreatment was either under hydrogen or under

air. The followings are the abbreviation for the different

pretreatment processes: LTR, HTR0 and HTR represent the

reduction under hydrogen for 2 h at 200, 500 and 600 8C,

respectively, C represents the calcination under air for 2 h at

400 8C. There were processes through the combination of

LTR, HTR0, HTR and C. For example, HTR/C represents a

reduction under hydrogen at 600 8C for 2 h and then a

calcination under air at 400 8C for 2 h, HTR0/C/LTR repre-

sents a reduction at 500 8C, a calcination at 400 8C and

finally a reduction at 200 8C. Moreover, WP represents the

fresh Au-i/K2La2Ti3O10 without going through any pretreat-

ment.

Table 1 lists the band gaps and the gold-crystal sizes of

the fresh and each pretreated Au-i/K2La2Ti3O10. It can be

found that all of the band gaps were close to that from

K2La2Ti3O10, and were in the UV region. However, may be

due to the influence from the plasma bands of gold in the

visible region, these measured values slightly shifted toward

the direction of visible light region. For the gold crystal sizes

measured from XRD, all the pretreated samples possessed

the sizes close to that (i.e., 50 nm) without any pretreatment.

Nevertheless, it is noticed that the gold crystal sizes were

larger than 50 nm, while the pretreatment at 600 8C reduc-

tion temperature (HTR) was carried out. On the other hand,

the crystal sizes were less than 50 nm, while the other

pretreatment processes (without HTR step) were carried

out (either with calcination or lower temperature reduction).

These results suggest that the pretreatment at the reduction

temperature as high as 600 8C may enhance the aggregation

of gold crystals on the surface of K2La2Ti3O10. However, the

measured half maximum breadths of all Au-loaded samples

were in a close range, some of the change of the Au crystal

size shown in Table 1 were in the experimental error (i.e.,

�3 nm) of this research. Moreover from XRD patterns,

each pretreated sample possessed similar main phases and

peak intensities as those of un-pretreated sample. This

indicates that the pretreatment processes used in this

research did not influence the crystallinity of K2La2Ti3O10

significantly.

Fig. 6 shows the UV–vis absorption bands from

K2La2Ti3O10, the fresh Au-i/K2La2Ti3O10 (i.e., WP), and

all the pretreated samples of Au-i/K2La2Ti3O10. It can be

observed that for K2La2Ti3O10, there was no absorption band

around 560 nm, which is corresponding to the plasma

resonance on the surface of gold nano-particles. The absorp-

tion from gold on fresh Au-i/K2La2Ti3O10 (WP) was rather
weak. This indicates that most gold on WP sample was still

in the form of ions, which can not provide plasma resonance.

However, there were apparent absorptions from gold nano-

particles on all the pretreated samples. Specially, strong

absorptions from plasma resonance were observed for the

samples reduced at high temperatures such as 500 or 600 8C.

The reaction activities for photo-catalytic water splitting

on un-pretreated and all the pretreated Au-i/K2La2Ti3O10

under 300 nm UV light are listed in Table 1, while the initial

rate for the production of hydrogen was calculated from the

experimental data. It can be found that the un-pretreated

sample (WP) possessed the lowest activity. This is due to the

least gold metal and due to the largest amount of chloride

poison on the surface of K2La2Ti3O10, suggested from the

experimental results of UV-vis and TPR. A reduction of Au-

i/K2La2Ti3O10 at 200 8C under hydrogen (LTR) can reduce

most gold ions to nano gold metal; therefore, this can

increase the reaction activity by three times. However, the

samples through the only calcinations at 400 8C under air

(C) or through the reduction at 600 8C under hydrogen (HTR

or HTR/C) were slightly poorer than that under LTR. This

may be due to the fact that the calcinations under air is not as

effective as LTR for the reduction of gold ions, as shown in

Fig. 6. For HTR, the reduction temperature was simply too

high, the formation of larger gold particles caused the lower

activity of this catalyst. Interestingly, HTR/C possessed the

lowest activity among all the pretreated samples. The mea-

sured crystal size of gold on this sample was the smallest as

shown in Table 1. The strong intensity of plasma resonance

from this sample as shown in Fig. 6 indicates the complete
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Fig. 7. Reaction time vs. hydrogen accumulated from photo-catalytic water

splitting with 0.3 g each of (A) Ni/K2La2Ti3O10 (4.5 wt.% Ni) and (B) Au-i/

K2La2Ti3O10 (1.1 wt.%Au) under 300 nm UV irradiation; (C) Au-i/

K2La2Ti3O10(1.1 wt.% Au) and (D) Ni/K2La2Ti3O10(4.5 wt.% Ni) under

420 nm vis irradiation.
reduction of gold ions. Both should have been good for the

reaction activity. Therefore, the low activity of the sample

from HTR/C may suggest that the surface of nano-gold

might contain oxygen or nitrogen after the reduction and air

calcination, which increase the resistance for transferring the

electron and hole generated in K2La2Ti3O10. On the other

hand, when the sample (HTR/C) was treated under hydrogen

at 200 8C again (HTR/C/LTR), although the removal of

surface oxygen or nitrogen caused a slight increase of gold

crystal size; however, the reaction activity was increased

significantly.

It can be concluded that except the sample pretreated by

HTR/C processes, in general, all the pretreated samples

possessed an initial hydrogen production rate within a close

range (more than 700 mmol/g/h). They all are significantly

higher than the initial rate of 282 mmol/g/h from the (WP)

sample without any pretreatment.

3.4. Comparison between Au-i/K2La2Ti3O10 and

Ni/K2La2Ti3O10

It is well-known from Domen and coworkers [24,25] that

K2La2Ti3O10 with 4.5 wt.%Ni (3 atom% Ni) and pretreated

under reduction–oxidation processes possesses a high

photo-catalytic activity under UV irradiation for water

splitting. Therefore, nickel-loaded K2La2Ti3O10 was used

as the bases for the comparison in this research. However, it

is noticed that the light source for the photo-reaction system

used by Domen et al. was different from ours. Mercury lamp

with broad wavelength range (with UV and vis) was used in

their studies, in contrast to narrow wavelength ranges (with

only UV or only vis) used in ours. Therefore, the catalytic

activities of nickel-loaded K2La2Ti3O10 were re-examined

in our photo-reaction system, in order to have a fair com-

parison with those of K2La2Ti3O10 loaded with nano-gold.

K2La2Ti3O10 with 4.5 wt.%Ni (Ni/K2La2Ti3O10) and

pretreated under reduction–oxidation processes was pre-

pared in this research, according to the process presented

by Domen and coworkers [24,25]. Au-i/K2La2Ti3O10 pre-

treated through the processes of HTR0/C/LTR was compared

with this catalyst. Fig. 7 shows the reaction results, while

irradiation under 300 and 420 nm light source were inves-

tigated, respectively. It can be observed that Ni/K2La2Ti3O10

catalyst was more active than Au-i/K2La2Ti3O10 under

300 nm UV irradiation. However, when the light source

was changed to 420 nm (visible light), the hydrogen pro-

duction rate from Au-i/K2La2Ti3O10 was more than that of

Ni/K2La2Ti3O10. The reason for the better activity of Ni/

K2La2Ti3O10 than that of Au-i/K2La2Ti3O10 under UV

irradiation may be because the crystallinity of Ni/

K2La2Ti3O10 was better than that of Au-i/K2La2Ti3O10

[34]. Due to the activities of both catalysts originated from

the generation of electron and hole on K2La2Ti3O10, the

slightly poorer crystallinity of Au-i/K2La2Ti3O10 would

generate less electron and hole for the reaction. However,

for the better reaction activity of Au-i/K2La2Ti3O10 than that
of Ni/K2La2Ti3O10 during the irradiation under visible light,

the crystallinity of K2La2Ti3O10 should not be the main

factor for the reaction. This is because the energy from the

light source is much less than the band gap of K2La2Ti3O10.

Therefore, it is proposed in this research that the plasma

band generated on the surface of gold particles may be the

main reason for the better reaction activity of Au-i/

K2La2Ti3O10 under the irradiation of visible light. Although

the light wavelength for the plasma resonance (around

520 nm) on gold is less than that of the light source (around

420 nm), it is believed that the anisotropic environment from

the solid support caused a broad absorption from plasma

resonance, which can overlap with the light source around

420 nm used in this research. This plasma resonance can

polarize the electron distribution on nano-gold surface,

which raise a probability for the electron transfer from gold

to the conduction band of K2La2Ti3O10. Subsequently, this

transferred electron and the hole generated on the metal

surface cause the reduction and the oxidation of water

splitting on the surface. On the other hand, there is only

an absorption from d–d transition on nickel in the visible

region, which is not sufficient for the transferring of electron

from nickel to the surface of K2La2Ti3O10. Therefore, a

higher reaction activity for water splitting occurred on Au-i/

K2La2Ti3O10 than that on Ni/K2La2Ti3O10, under the irra-

diation of visible light.
4. Conclusions

It can be concluded from this research that nano-gold can

enhance the reaction activity of K2La2Ti3O10 for the photo-

catalytic water splitting. Au/K2La2Ti3O10 prepared through

an incipient wetness impregnation process is better than that

prepared through a deposition process, due to a better

crystallinity of K2La2Ti3O10 was maintained. The pretreat-

ment process for the reduction of gold ions to gold metal on



Y.-W. Tai et al. / Catalysis Today 97 (2004) 95–101 101
the surface is necessary for the enhancement of the reaction

activity of Au/K2La2Ti3O10. Moreover, Au/K2La2Ti3O10 is

less active for water splitting than Ni/K2La2Ti3O10 under

UV irradiation; however, it is more active than Ni/

K2La2Ti3O10 under vis irradiation.
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