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Photo-degradation catalyst screening by high throughput experiments
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Abstract

A high throughput fluorescence photo-imaging method has been developed for the screening of photo-degradation catalysts. When employed
to analyze the photo-degradation of 1,6-hexamethylenediamine (the probe molecule), the method produced results that are comparable to that
when methyl orange was employed as a probe molecule and UV spectrometry as an analysis device. We found that the variation trends in
catalytic activity over the same group of catalysts are the same in both cases. The results indicate that the fluorescence photo-imaging method is
applicable to the screening of photo-degradation catalysts. For comparison, mesoporous catalysts of high specific surface area prepared by using
P123 (HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H) as a template and “regular” catalysts (those prepared without P123) were tested. The
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esults showed that most of the former catalysts are superior to the latter counterparts. Our study also revealed that the addition of Z2 to TiO2

id not result in significant improvement in catalytic activities, whereas marked improvement was observed when Nb2O5 or WO3 was added t
iO2. When Nb2O5 and WO3 were co-doped to TiO2, the tertiary catalysts exhibited higher catalytic activities. The catalysts containing 20
f Nb2O5 and 10–20% of WO3 (balanced with TiO2) are superior to any of pure TiO2, Nb2O5, WO3, and the binary catalysts composed of any
f TiO2, Nb2O5, and WO3. Our study has demonstrated that besides the traditional TiO2-domain catalysts, active photo-degradation catalyst
e prepared by combination of Nb2O5, WO3, and ZrO2.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalytic oxidation has been proven to be an efficient
pproach to the removal of organic contaminants in water and
ir [1]. Light irradiation on semiconductor materials can create
lectron–hole pairs. The holes are powerful oxidation sites and
an oxidize most of the known organic pollutants. In this aspect,
iO2 and TiO2 materials doped with metal ions were reported

o be active catalysts[2,3]. The catalytic activities of the mate-
ials are dependent on factors, such as (i) composition, (ii) size
f micro-crystals, (iii) lattice structure, (iv) surface acidity, and
v) surface area. Generally speaking, doping TiO2 with metal
ons could change the nature of the TiO2 band gap, and hence
hanging the catalytic activity and light-sensitivity of TiO2 [4].
n recent years, the deployment of nano-materials has offered
pportunities of generating new photo-degradation catalysts. It

∗ Corresponding author. Tel.: +86 7318821017; fax: +86 7318821017.
E-mail address: hgx2002@hnu.cn (X.P. Zhou).

has been reported that TiO2 nanocrystals are more active than
commercial P25 (Degussa)[5–8]. Detailed investigation in th
area showed that the lattice structure of the materials is a c
factor in photo-degradation reactions. Berry and Mueller fo
that at TiO2 phase composition of anatase/rutile = 70%/3
the catalyst was more active[9] than either of the pure-pha
(anatase or rutile) compound. Wang and co-workers rep
that ultra-fine TiO2·nH2O of anatase phase was responsible
photo-degradation[10]. Besides, surface acidity and spec
surface area of catalyst can exert great influence on perform
Generally speaking, materials of high specific surface area
high activity for photo-degradation, and catalysts with ac
surface favor the adsorption of anionic pollutants[11]. Among
the influencing factors, catalyst composition and specific
face area are the most important ones because lattice stru
surface acidity, and phase composition of catalysts are us
related with catalyst composition, while porosity, crystal,
particle size with specific surface area. If one could link
alytic property with catalyst composition and specific sur
area during primary screening of catalysts, the extent of
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.09.027
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work could be reduced. With the identification of promising cat-
alysts, the influence of the other factors could be determined
in details in secondary screening or scale-up processes. Up
until now, despite extensive studies on photocatalytic oxida-
tion, the number of catalysts tested is still limited. Therefore,
the establishment of a high throughput technical platform for
catalyst screening would enhance the opportunity of discover-
ing suitable catalysts for photo-degradation reaction. Formerly,
Maier and co-workers[4], Suzuki and co-workers[12], and
Matsumoto et al.[13] developed a high throughput technology
for catalyst screening based on HPLC screening, PH imaging,
and AFM, respectively. The bottleneck of these technologies
is the low screening rate. To develop the technology further,
screening methods of higher speed are needed. In this paper, we
report the use of fluorescence photo-imaging method for catalyst
screening, and the results obtained on the photo-degradation of
1,6-hexamethylenediamine over libraries of catalysts.

2. Experimental

It was reported that by using P123 (HO(CH2CH2O)20
(CH2CH(CH3)O)70(CH2CH2O)20H, designated EO20PO70
EO20) as template, mesoporous materials of TiO2, ZrO2,
Nb2O5, and WO3 can be prepared[14].

In the synthesis of catalysts of Library 1, precursor
s
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Fig. 1. The configuration of triangle sub-libraries.

aluminum plate to form the blank silica library. To each glass
vessel of blank silica library, 1000�L of TiCl4 precursor solu-
tion (prepared by dissolving 4.000 mL of TiCl4 and 2.00 g of
P123 in ethanol to make up a total volume of 80.0 mL) was dis-
pensed to prepare the TiCl4 precursor library. Then, 500�L of a
dopant solution was added to each glass vessel. The arrangement
of the catalysts in Library 1 is shown inTable 1. As a reference,
we prepared a TiO2/SiO2 catalyst in Library 1 without using
P123. The precursor library was dried and hydrolyzed in air at
48◦C for 3 days, and then calcined at 450◦C for 5 h to obtain
catalyst Library 1.

As shown inFig. 1, four catalyst libraries were prepared.
Each catalyst library contained two triangles of sub-libraries
that contain catalysts of the same compositions at corresponding
positions. In one of the two sub-libraries, the catalysts were
prepared without P123, while in the other with P123.

In the preparation of “non-P123” sub-library catalysts in
Libraries 2, 3, 4, and 5, Ti, Zr, and Nb precursor solutions were
prepared by dissolving 3.80, 4.66, and 5.41 g of TiCl4, ZrCl4,
and NbCl5, respectively, in ethanol to make up a solution of
40.0 mL. The W precursor solution for non-P123 sub-library
catalysts in Libraries 2–4 was different from that in Library 5. In
the former cases, W precursor solution was prepared by adding
5.34 g of (NH4)5H5[H2(WO4)6]·H2O (particle size < 100 mesh)
in ethanol to prepare a 40.0 mL suspension under stirring, while
in the latter case, the precursor solution was prepared by dissolv-
i L.

T
T
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[

olutions of Mn(CH3CO2)2, Fe(NO3)3, NH4F, La(NO3)3,
aNO2, Pb(NO3)2, AgNO3, NH4Cl, Mg(NO3)2, Co(NO3)2,
i(NO3)2, Al(NO3)3, LiNO3, KOH, Bi(NO3)3, NH4Br,

NH4)5H5[H2(WO4)6]·H2O, Zn(NO3)2, and Ce(NO3)3 were
repared by dissolving the individual compound in DI wa
he concentration of each precursor solution was 0.10 M (b
n metal cation, F−, Cl−, or Br−). The precursor solution
rCl4 or NbCl5 was prepared by dissolving 1.16 or 1.35 g

he compound, respectively, in ethanol to make up a soluti
0 mL (Zr and Nb concentration should be 0.10 M).

In order to achieve high mechanical strength and for un
iguous interpretation of catalyst property, we used s
s support. With a specific surface area of 1.3 m2/g, silica
<100 meshes) should not exert any significant influence o
hemical property of the catalysts. In a typical experiment, 1
f SiO2 was added to 20.0 mL of ethanol under vigorous
ing to generate a uniform suspension, and then 100�L of the
uspension was dispensed (still subject to vigorous stirrin
lass vessels (each 2.5 mL) that were arranged in array

able 1
he arrangement of catalysts of Library 1

H4F/TiO2(P123)/SiO2 NH4Cl/TiO2(P123)/SiO2

iO2(P123)/SiO2 LiNO3/TiO2(P123)/SiO2

gNO3/TiO2(P123)/SiO2 Mn(NO3)2/TiO2(P123)/SiO2

b(NO3)2/TiO2(P123)/SiO2 Al(NO3)3/TiO2(P123)/SiO2

e(NO3)3/TiO2(P123)/SiO2 Ni(NO3)2/TiO2(P123)/SiO2

n(NO3)2/TiO2(P123)/SiO2 Bi(NO3)3/TiO2(P123)/SiO2

a(NO3)3/TiO2(P123)/SiO2 Wa/TiO2(P123)/SiO2

bCl5/TiO2(P123)/SiO2

metal]:[TiO2] = 1:10, TiO2 (wt):SiO2 (wt) = 3:5, weight of SiO2 = 0.050 g.
aW stands for (NH4)5H5[H2(WO4)6]·H2O.
nng 3.96 g of WCl6 in ethanol to make up a volume of 40.0 m

KOH/TiO2(P123)/SiO2

NaNO3/TiO2(P123)/SiO2

Co(NO3)3/TiO2(P123)/SiO2

NH4Br/TiO2(P123)/SiO2

AgNO3/TiO2(P123)/SiO2

Ce(NO3)3/TiO2(P123)/SiO2

ZrCl4/TiO2(P123)/SiO2

TiO2/SiO2 (reference, no. P123)
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Table 2
Catalyst (LOn1/MOn2/NOn3) compositions in sub-libraries not counting silica (L, M, and N are metal ions, concentrations in mole)

MOn1 NOn2

100/0/0 90/10/0 80/20/0 70/30/0 60/40/0 50/50/0 40/60/0 30/70/0 20/80/0 10/90/0 0/100/0
90/0/10 80/10/10 70/20/10 60/30/10 50/40/10 40/50/10 30/60/10 20/70//10 10/80//10 0/90/10
80/0/20 70/10/20 60/20/20 50/30/20 40/40/20 30/50/20 20/60/20 10/70//20 0/80/20/20
70/0/30 60/10/30 50/20/30 40/30/30 30/40/30 20/50/30 10/60/30 0/70/30
60/0/40 50/10/40 40/20/40 30/30/40 20/40/40 10/50/40 0/60/40
50/0/50 40/10/50 30/20/50 20/30/50 10/40/50 0/50/50/50
40/0/60 30/10/60 20/20/60 10/30/60 0/40/60
30/0/70 20/10/70 10/20/70 0/30/70
20/0/80 10/10/80 0/20/80
10/0/9 0/10/90
0/0/100
LOn3

In the preparation of “P123” catalysts in the sub-libraries of
Libraries 2–5, the Ti, Zr, and Nb precursor solutions were pre-
pared by dissolving 1.00 g of P123 and 3.81 g of TiCl4, 2.33 g of
ZrCl4, and 2.71 g of NbCl5, respectively, in ethanol to make up a
solution of 40.0 mL. The W precursor solution for Libraries 2–4
was prepared by adding 5.34 g of (NH4)5H5[H2(WO4)6]·H2O
(particle size <100 mesh) and 1.00 g of P123 in ethanol to pre-
pare a 40.0 mL suspension under stirring, while that for Library
5 was prepared by dissolving 3.96 g of WCl6 and 1.00 g of P123
in ethanol to make up a volume of 40.0 mL. Again, silica was
used as support. To a SiO2 triangle blank library, the as-prepared
Ti, Zr, Nb, or W precursor solution was dispensed into the glass
vessels, respectively, according to the concentration formula of
Table 2as well as the library configuration inFig. 1. In each sub-
library, there were 66 catalysts. The precursor libraries were then
dried, hydrolyzed and calcined as mentioned before.

For the purpose of measuring the specific surface area,
catalysts having the compositions of 50%ZrO2-50%WO3, 70%
TiO2-20%ZrO2-10%WO3, 20%TiO2-10%ZrO2-70%WO3,
50%TiO2-50%ZrO2, 50%TiO2-50%WO3, 10%TiO2-%ZrO2-
20%WO3, and 40%TiO2-30%ZrO2-30%WO3 were synthesized
(in a scale of 0.50 g) according to the method described for
the preparation of the catalysts in Library 3 by the use of
P123, respectively (but without silica). Specific surface areas
of catalysts were measured on a Beckman Coulter SA 3100
adsorption system. Nitrogen was used as an adsorbate. Before
s cua
t ted
i

a
p 1,6
h le
b gen
e er U
i

The intensity of the fluorescence reflects the amount of 1,6-
hexamethylenediamine present. The photocatalytic reaction is
evaluated based on the removal of 1,6-hexamethylenediamine
over the catalysts. The analysis was carried out on a home-built
CCD-camera (WAT-525EX from WATEC) system (Fig. 2A).
For catalyst screening, photocatalytic reactions were carried
out over a 12× 12 wells (10 mm ID, 15 mm depth) poly-
tetrafluoroethylene (PTFE) reaction plate. The catalysts and
1,6-hexamethylenediamine (400 ppm by weight, 600�L) were
added to the wells, and placed in a lamp box (Fig. 2B, box dimen-
sions 60 cm× 60 cm× 60 cm). There were six medium pressure
mercury UV lamps (each 15 W) on the ceiling of the box. The
intensity of UV irradiation (254 nm) at the library position was
233�W/cm2. After recording the initial data, the reaction plate
was placed under UV irradiation, and samples were drawn for
fluorescence imaging at various stages of reaction.

During the analysis, a picture of the PTFE detection plate
(with 14× 14 wells, well diameter 4.0 mm, depth 3.0 mm) was
taken as background (Fig. 3, Picture A). After the catalysts
and 1,6-hexamethylenediamine aqueous solution were trans-
ferred to the reaction plate and kept in darkness for 20 min
(to reach adsorption–desorption equilibrium), 30�L of 1,6-
hexamethylenediamine aqueous solution was transferred from
each of the wells on the reaction plate to the correspond-
ing wells of the detection plate, and then 30�L of fluo-
r y
w tion
p ture
B ion.
A
i
t late,
a by
w tion
pecific surface area measurement, the samples were eva
o 3× 10−5 Torr at 300◦C. The specific surface areas are lis
n Table 3.

The activity evaluation of catalysts is based on
hoto-fluorescence imaging technology. We chose
examethylenediamine, NH2(CH2)6NH2, as a probe molecu
ecause a primary amine would react with fluorescamine to
rate a substance that gives strong fluorescence light und

rradiation (reaction(1)) [15].
ted

-

-
V

(1)

escamine DMF (N,N-dimethyl formate) solution (800 ppm b
eight) was added into each of the wells of the detec
late. After 10 min, a picture was taken (denoted as Pic
). Picture B stands for the starting point of the react
fter photocatalytic reaction, 30�L of aqueous solution from

ndividual sample well of the reaction plate (Fig. 2B) was
ransferred to the corresponding well of the detection p
nd then 30�L of fluorescamine DMF solution (800 ppm
eight) was added, respectively, into the wells of detec
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Table 3
The specific surface area and pore size of catalysts prepared with (A) or without (B) P123 template

Catalyst SBET (m2/g) Pore diameter (nm) Catalyst SBET (m2/g) Pore diameter (nm)

TiO2(A) 78.8 3.65–20 TiO2(B) 44.1 –
ZrO2(A) 68.3 3.65 ZrO2(B) 49.8 –
Nb2O5(A) 111.4 3.65 Nb2O5(B) 8.33 –
WO3(A) 19.4 36.57 WO3(B) 15.3 –
70%TiO2-20%ZrO2-10%WO3(A) 79.8 10.0 50%ZrO2-50%WO3(A) 16.8 30.2
20%TiO2-10%ZrO2-70%WO3(A) 54.7 16.0 50%TiO2-50%ZrO2(A) 64.2 –
10%TiO2-70%ZrO2-20%WO3(A) 78.2 5.8 50%TiO2-50%WO3(A) 70.3 5.8
40%TiO2-30%ZrO2-30%WO3(A) 77.3 12.3

Fig. 2. Photos of (A) fluorescence imaging system and (B) photocatalytic reactor.

Fig. 3. The flow chart of data reduction.



H.Y. Xiao et al. / Journal of Molecular Catalysis A: Chemical 245 (2006) 17–25 21

plate. After 10 min, another picture was taken (denoted
as Picture C) to reflect the consumed amount of 1,6-
hexamethylenediamine. The samples appeared on the picture
as light-up spots. A program (IMGI) developed by us was
used to convert the intensities of light-up spots to numeri-
cal values. The number (defined as appearance conversion,X)
obtained as a result of dividing the difference between each
corresponding datum of Picture B and that of Picture C by
the difference between that of Picture B and that of Picture A
would provide information related to the consumption amount
of 1,6-hexamethylenediamine. The data flow sheet is shown
in Fig. 3. Despite the fact that fluorescence response to 1,6-
hexamethylenediamine conversion is not linear, the results are
adequate to differentiating the good catalysts from the poor
ones. The control experiment was carried out by mixing 1,6-
hexamethylenediamine (30�L, 400 ppm) with fluorescamine
solution in DMF (30�L, 800 ppm) in the wells of the detec-
tion plate. Separately, a 6× 6-element library was generated and
analyzed to evaluate the relative error of the analytical approach.
The results indicate a relative error of 3.7%. Taking the catalyst
influences and other effects into account, the overall relative
error was estimated to be below 6%.

Methyl orange is commonly used as a reactant for the
evaluation of photo-degradation activity[10,16]. For com-
parison, we used aqueous solutions of both 1,6-hexamethyl-
enediamine and methyl orange as reactants, respectively,
o
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Fig. 4. The pore diameter distribution of TiO2, ZrO2, Nb2O5, and WO3 prepared
by using P123 as template.

only 50%ZrO2-50%WO3, 70%TiO2-20%ZrO2-10%WO3, 20%
TiO2-10%ZrO2-70%WO3, 50%TiO2-50%ZrO2, 50%TiO2-
50%WO3, 10%TiO2-70%ZrO2-20%WO3, and 40%TiO2-
30%ZrO2-30%WO3 catalysts of Library 3 were scaled up and
their specific surface areas and pore diameter distribution were
measured.Table 3indicates that besides 50%TiO2-50%ZrO2,
the other binary and tertiary materials are mesoporous, large in
specific surface areas and uniform in pore structure.

The materials TiO2, ZrO2, and Nb2O5 prepared by using
P123 as template are mesoporous, and have relatively high in
specific surface area (Table 3). As revealed by the results of
Fig. 4, ZrO2 and Nb2O5 show high pore-size uniformity (diam-
eter 3.65 nm), while TiO2 shows low pore-size uniformity (from
3.65 to 20 nm). The TiO2, ZrO2, and Nb2O5 materials prepared
without P123 are not mesoporous, and are relatively small in
specific surface area. The WO3 material is not mesoporous no
matter it is prepared by P123 or not, and the specific surface area
is small.

3.2. Methyl orange and 1,6-hexamethylenediamine as
reactants

As described in Section2, methyl orange was used as a
reactant to evaluate the adopted photo-fluorescence analytical
method. Shown inFig. 5are the results obtained after 4 h of UV
irradiation. The data serial (a) was obtained by using methyl
o ption
n
c serial
( que-
o ults of
p n
t .
A d
N ne or
m t both
U renti-
a

3

sub-
j d
ver TiO2, WO3, and Nb2O5. In the former case, 600�L of
,6-hexamethylenediamine aqueous solution (400 ppm)
0.0 mg of catalyst were mixed, and the reactions were ca
ut in the PTFE reaction plate without stirring. In the latter c
.0 mL of methyl orange aqueous solution (16.7 ppm by we
nd 0.500 g of catalyst were used, and the reaction was c
ut in a glass beaker with a bottom area of 9.1 cm2; the catalys
as settled to cover the bottom of the beaker and the reactio
arried out without stirring. After the reaction, the former c
as handled with the fluorescence method, while the latte
nalyzed by using a UV spectrophotometer (Shang Hai Ana

nstrument Inc.). For the observation of the activities over
on-TiO2 catalysts, the WO3, Nb2O5, 30%WO3-10%Nb2O5-
0%ZrO2, and 40%Nb2O5-10%ZrO2-50%WO3 catalysts
elected from Library 5, and 80%TiO2-20%WO3 and 80%TiO2-
0%ZrO2 catalysts selected from Libraries 3 and 4 w
valuated by using methyl orange as the reactant. XRD ex
ation of catalysts was also performed over a Philips PW304
-ray diffraction spectrometer with Cu K� irradiation.

. Results and discussion

.1. Physical properties

In this research work, we intend to synthesize catalys
igh specific surface area in catalyst libraries containing T2,
rO2, Nb2O5, and WO3 as well as their mixtures prepared
sing P123. With hundreds of catalysts, it is impracticab
easure the BET surface area of each individual one. As a
romise, we checked certain catalysts to see if they have
pecific surface area when P123 was used as template. H
i-
0

f

-
e
e,

range (in aqueous solution) as a reactant and the consum
umbers of methyl orange over TiO2, WO3, and Nb2O5 were
alculated based on UV spectrometric analysis. The data
b) was obtained by using 1,6-hexamethylenediamine (in a
us solution) as reactant and calculated based on the res
hoto-fluorescence analysis.Fig. 5 indicates that the variatio

rends ofXi number over TiO2, WO3, and Nb2O5 are the same
mong TiO2, WO3, and Nb2O5, TiO2 was the most active, an
b2O5 the second most active for 1,6-hexamethylenediami
ethyl orange photo-degradation. The results indicate tha
V and the photo-fluorescence analyses can make a diffe
tion between good and poor catalysts.

.3. Library 1

When 1,6-hexamethylenediame in aqueous solution was
ected to two hours of UV irradiation, the TiO2 catalyst prepare
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Fig. 5. Data of serial (a) and (b) (please refer to text for illustration).

by using P123 was more active than the one prepared without
P123 (Fig. 6). It is apparent that the TiO2 catalyst with higher
specific surface area was more active than that with lower spe-
cific surface area. As shown inFig. 6, the Cl−-, Br−-, Ag-, or
WO3-doped TiO2 catalysts are significantly higher than pure
TiO2 (not counting SiO2) in activity. For ZrO2-doped TiO2,
experimental reproducibility was rather poor, sometimes ZrO2-
doping improved the catalytic activity but sometimes did not.
We deduce that in the case of ZrO2-doping, catalytic properties
might be sensitive to catalyst preparation procedure. The F−-
, Na+-, or CeO2-doped TiO2 catalysts show activity similar to
that of pure TiO2. Except the above-mentioned catalysts, those
prepared by doping TiO2 with the other dopants (as listed in
Table 1) showed lower activity than pure TiO2. During catalyst
preparation, Cl− and Br− were removed from the catalysts and
should not influence the catalytic activity of TiO2. However, if

F orner
f t
o

Cl− and Br− influence the crystallization process of components
in catalysts, the catalytic properties might change as a result.

It was reported that doping TiO2 with Ag would result in
activity improvement[17], and the upper limit of Ag loading
was 2%. In our case, Ag loading was about 9.1%, far above
the reported upper limit. However, the 9.1%Ag/TiO2 catalyst
showed higher activity than pure TiO2. Our study also revealed
that if TiO2 were prepared without using P123, doping TiO2
(44.1 m2/g) with 9.1% Ag would lead to a decrease in activity.
We believe that in the case of Library 1, the TiO2 catalyst pre-
pared by P123 has a specific surface area of 78.8 m2/g, nearly
double that (44.1 m2/g) of the TiO2 prepared without P123; the
Ag could spread out much better on the larger surface. Lee et
al. found that the photocatalytic activity of WO3/TiO2 film is
2.8–3.0 times that of pure TiO2 film in decomposing gas-phase 2-
propanol, while MoO3/TiO2 film is less effective[18]. Although
we did not observe such a large increase in catalytic activity after
doping TiO2 with WO3, we observed a clear increase in catalytic
activity in the WO3-doped case.

3.4. Library 2

In Library 2, two sub-libraries of Zr-Ti-Nb-O catalysts were
present. The results obtained after 2 h of UV irradiation are
shown in Fig. 7. In both cases of with and without P123,
p
c o-
d
d The
b ).
I ct
o
m

rO
d
c ,
o -

F i-
t

ig. 6. Performance of catalysts in Library 1 (please refer to the left top c
or the array of elements, [X]:[TiO2] = 1:10, TiO2 (wt):SiO2 (wt) = 3:5, weigh
f SiO2 = 0.050 g.
ure TiO2 showed higher activity than pure Nb2O5 and ZrO2,
onsistent with the fact that TiO2 is a well-documented phot
egradation catalyst. With P123 being template, the Nb2O5-
oped TiO2 catalysts showed the highest catalytic activity.
est concentration of Nb2O5 in TiO2 is 30–50% (atomic mole

t is apparent that ZrO2-doping did not have any significant effe
n TiO2 catalytic activity. The results suggest that ZrO2-doping
ight not be good for Nb2O5-TiO2 catalysts.
In the set of catalysts prepared without P123 template, Z2-

oped TiO2 showed higher catalytic activity in the ZrO2 con-
entration range of 20–80%. For the TiO2-ZrO2 binary catalysts
ur study showed poor reproducibility. The Nb2O5-doped cat

ig. 7. Performance of catalysts (please refer toTable 2for catalyst compos
ions, not counting silica) in Library 2.
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alysts showed the highest catalytic activities with Nb concen-
trations ranging from 30 to 50%, and the activities were almost
the same as those of the Nb2O5-TiO2 catalysts prepared via
P123 template within the same Nb2O5 concentration range. As
found in Library 1, when Nb doping concentration was 9.1%
in the Nb-Ti-O catalyst, the catalyst did not show higher activ-
ity higher than pure TiO2 (Fig. 6). Comparing the results of
Libraries 1 and 2, one would conclude that in the case of Library
1, a doping concentration of 9.1% Nb2O5 does not improve
the catalytic activity of TiO2. Again, without P123 as tem-
plate, the ZrO2-doped Nb2O5-TiO2 catalysts did not show any
improvement in catalytic performance. Comparing the results
of the two sub-libraries, we found that except the most active
Nb2O5-TiO2 catalysts, most of the other catalysts prepared with
P123 template were more active than those prepared without
P123.

3.5. Library 3

In catalyst Library 3, two ZrO2-TiO2-WO3 sub-libraries were
present. After 2 h of UV irradiation, the consumption of 1,6-
hexamethylenediamine over the catalysts are shown inFig. 8.
Among the pure ZrO2, TiO2, and WO3 in the two sub-libraries,
TiO2 showed the highest activity, consistent with that observed
over catalyst Library 2. The doping TiO2 with ZrO2 did not have
any positive effects on catalytic activities no matter whether the
c con-
s
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c
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Fig. 9. Performance of catalysts (please refer toTable 2for catalyst composi-
tions) in Library 4.

WO3 concentration from 30 to 50% showed high catalytic activ-
ities. When there was no involvement of P123, the WO3-TiO2
catalysts with WO3 concentration of 10–30% showed the best
catalytic activities. Also, WO3 showed positive effect on the cat-
alytic activity of ZrO2-TiO2 catalysts containing 0–70% ZrO2.
The catalysts prepared with P123 are more active than that pre-
pared without it.

3.6. Library 4

In Libraries 2 and 3, we found that Nb2O5- or WO3-doped
TiO2 catalysts showed high activity. In order to finding out if
there were co-doping effects of Nb2O5 and WO3 on TiO2, we
examined two WO3-TiO2-Nb2O5 sub-libraries. In one of the
sub-libraries, catalysts were synthesized by using P123 as tem-
plate, while the catalysts in the other was without it. Shown in
Fig. 9are the catalytic activities in 2 h of UV irradiation. In both
sub-libraries, TiO2 showed higher catalytic activity than WO3
and Nb2O5, being consistent with those obtained in Libraries
2 and 3. Without P123 template for the preparation of WO3-
TiO2 binary catalysts, catalysts containing 10–30% of WO3
showed the highest catalytic activities. For Nb2O5-TiO2 binary
catalysts, when Nb2O5 concentration was from 20 to 30%, the
catalysts showed the best activities. In this case, WO3 and Nb2O5
showed positive co-doping effect on TiO2 catalyst. We found that
1 in
t

-
i ng
t ing
2
a the
c 0%
o
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t ries,
w sts
atalyst was prepared with or without P123. This is not
istent with that observed over Library 2 where ZrO2 showed
ositive effect on TiO2 activity when without P123. Also, th
esults indicated that ZrO2-doping did not have any positiv
ffect on the catalytic activity of WO3-TiO2 catalysts. How
ver, doping TiO2-ZrO2 with WO3 led to an apparent increase
ctivity; when WO3 concentration was 10% in TiO2-ZrO2-WO3
atalysts, the catalysts showed higher activity than TiO2-ZrO2
atalysts. Irrespective of whether prepared with or without P
emplate, the WO3-TiO2 catalysts showed the best activiti

hen prepared via P123 template, the WO3-TiO2 catalyst with

ig. 8. Performance of catalysts (please refer toTable 2for compositions o
atalysts) in Library 3.
0%WO3-10%Nb2O5-80%TiO2 was the most active catalyst
he sub-library without P123.

Prepared with P123, the WO3-TiO2 binary catalysts contain
ng 20–30% of WO3 had the highest catalytic activities. Amo
he Nb2O5-TiO2 binary catalysts, the catalysts contain
0–60% of Nb2O5 were very active. In this sub-library, WO3
nd Nb2O5 showed strong positive co-doping effects on
atalytic activity of TiO2. When the catalyst contained 20–3
f Nb2O5 and 10–20% of WO3 (balanced by TiO2), the WO3-
b2O5-TiO2 catalysts showed the highest catalytic activity

he library. Comparing the catalysts of the two sub-libra
e found that with or without P123, the “most active” cataly
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Fig. 10. Performance of catalysts (please refer toTable 2for catalyst composi-
tions) in Library 5.

actually showed similar catalytic activities. However, for the
rest of the catalysts, the catalysts prepared with P123 template
showed much higher activity than those prepared without it.

3.7. Library 5

In Library 5, no catalyst contained TiO2. The WO3-Nb2O5-
ZrO2 catalysts in two sub-libraries were screened. The results
obtained after two hours of UV irradiation are shown inFig. 10.
In the case of catalysts prepared without P123, pure WO3,
Nb2O5, and ZrO2 did not exhibit high catalytic activities. Among
the ZrO2-Nb2O5 binary catalysts, the most active one was
found to contain 50% of ZrO2. However, the ZrO2-Nb2O5
binary catalysts did not show high activity, even the most active
one (50%ZrO2/Nb2O5) did not exhibit good activity (Xi is
below 0.20). Among the WO3-ZrO2 binary catalysts, only the
one containing 90% of WO3 showed high activity (Xi = 0.50).
Among the WO3-Nb2O5 binary catalysts, the catalysts contain-
ing 70–90% of WO3 showed high activities. All the highly
active catalysts were found to have high WO3 concentration
(10–40%Nb2O5/10%ZrO2/50–80%WO3).

We found that most of the catalysts prepared by using P123
as template showed higher activities than those prepared without
it (Fig. 10). In this case, pure WO3, Nb2O5, and ZrO2 still did
not show good activities (Nb2O5 Xi of 0.30 is the highest among
W
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Fig. 11. Performance of catalysts with compositions: (a) WO3, (b) Nb2O5,
(c) 30%WO3-10%Nb2O5-60%ZrO2, (d) 80%TiO2-20%WO3, (e) 80%TiO2-
20%ZrO2, and (f) 40%Nb2O5-10%ZrO2-50%WO3 by using methyl orange as
reactant (three runs for each catalyst).

activity. However, the most active catalyst was found among
the WO3-Nb2O5 binary catalysts, which contained 30–40% of
WO3. The doping of ZrO2 in WO3-Nb2O5 binary catalysts did
not show apparent effect on catalytic activity.

When methyl orange was used as a reactant, the results com-
piled in Fig. 11were obtained. The WO3, Nb2O5, 30%WO3-
10%Nb2O5-60%ZrO2, and 40%Nb2O5-10%ZrO2-50%WO3
catalysts were selected from catalyst Libraries 3–5. The cat-
alysts WO3, Nb2O5, and 30%WO3-10%Nb2O5-60%ZrO2 are
not active whereas 40%Nb2O5-10%ZrO2-50%WO3 is active
(Fig. 10). It can be seen that the activity variation trend inFig. 11
is consistent with that observed in Library 5. Catalyst 80%TiO2-
20%WO3 was active and was more active than 80%TiO2-
20%ZrO2 (Fig. 8); we observed a similar trend inFig. 11.
Similarly, we confirmed that 40%Nb2O5-10%ZrO2-50%WO3
is more active than 80%TiO2-20%WO3 (Figs. 9 and 11). The
results obtained by using methyl orange as a reactant and UV
spectrometric analysis are consistent with those obtained by
using 1,6-hexmethylenediamine as a reactant and fluorescence
photo-imaging as the analysis method.

In order to gain insight into the nature of the active “non-
TiO2” catalysts, we selected catalysts WO3-Nb2O5, Nb2O5-
ZrO2, and WO3-ZrO2 with a metal atomic ratio of 1:1 prepared
with P123 as template from Library 5, and performed XRD
investigation (Fig. 12). In Library 5, WO3-Nb2O5 is more active
than Nb O -ZrO and WO -ZrO . The XRD results showed that
b ; it
i case
o ed
w here
w
w ain-
t ing
O3, Nb2O5, and ZrO2.). Among the ZrO2-Nb2O5 binary cat-
lysts, the catalysts containing 30–40% of ZrO2 exhibit high
ctivities (Xi reached 0.61). The results are consistent with t
btained in Library 2 (Fig. 7). Among the WO3-ZrO2 binary cat-
lysts, the catalysts containing 90% WO3 showed good activity
hich is consistent with the results obtained in sub-library
ared without P123, and that of Library 3 with P123 (Fig. 8).
mong the WO3-Nb2O5 binary catalysts, the catalysts conta

ng 30–40% of WO3 showed high activities, which is consist
ith the results obtained in catalyst Library 4 (Fig. 9). The result

ndicate that with WO3 addition to ZrO2-Nb2O5 reaching a WO3
oncentration of about 10%, there was improvement in cata
2 5 2 3 2
oth Nb2O5-ZrO2 and WO3-ZrO2 are amorphous materials

s not possible to identify any phase structures. As in the
f WO3-Nb2O5, Nb2O5, and H3ONb3O8 phases were detect
hereas no WO3 phases were observed. It is possible that t
as W6+ incorporation into the Nb2O5 and H3ONb3O8 lattices
ithout much structural distortion. There are two ways of m

aining electro-neutrality within the materials. One is hav
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Fig. 12. XRD of the samples WO3-ZrO2, Nb2O5-ZrO2, and WO3-Nb2O5 with
metal atomic ratio of 1:1 (B) Nb2O5, (A) H3ONb3O8.

equivalent amount of O2− anions around the W6+ ions in the
interstitial positions; the other is having cation vacancies cre-
ated inside the lattice structures. We suggest that both situations
could have had occurred. We observed that under UV or visible
light irradiation and in the absence of oxygen or air, the yellow
WO3-Nb2O5 catalysts with WO3 concentrations ranging from
10 to 50% turned blue (a signal of W5+ formation). With the
removal of the light sources, the stable blue color changed bac
to yellow if the materials were exposed to oxygen or air. It is
known that the bandgap energy of WO3 is 2.8 eV, small enough
to allow photo-activity under even visible light (λ < 443 nm).
However, pure WO3 does not show any significant activity in
photo-degradation reactions, plausibly due to the fast recombi
nation rate of the electron-hole pairs inside pure WO3. When
WO3 was incorporated into the Nb2O5 and H3ONb3O8 lattices
and with the trapping of an electron, W6+ turned to W5+. The
stable blue color of WO3-Nb2O5 under UV or visible light irra-
diation indicates that with W5+ ions carrying the same charge
as Nb5+ ions, the photo electron–hole pairs in the Nb2O5 and
H3ONb3O8 lattices are stabilized. Further experiments are being
conducted in our laboratory for the verification of such an expla-
nation for the photocatalytic activity observed over the newly
found catalysts.

4. Conclusion

TiO
Z he
c
Z
5
Z ned
b optin
t ble t
t spe

trophotometer as analytical device. The mesoporous catalysts
of high specific surface area are higher in catalytic activities
than the “non-P123” catalyst materials in photo-degradation
of 1,6-hexamethylenediamine. The investigation also revealed
that ZrO2-doping to TiO2 resulted in no improvement, whereas
doping TiO2 with Nb2O5 or WO3 enhanced the catalytic activ-
ities, and the co-doping of Nb2O5 and WO3 to TiO2 showed
strong positive effect on catalytic performance. The catalysts
(WO3-Nb2O5-TiO2) containing 20–30% Nb2O5 and 10–20%
WO3 (balanced by TiO2) showed activities higher than any of
TiO2, Nb2O5, WO3, and the binary catalysts composed of any
two of TiO2, Nb2O5, and WO3. Our study also showed that
beside the traditional TiO2-domain catalysts, very active photo-
degradation catalysts could be prepared via the combinations of
Nb2O5, WO3, and ZrO2. It means that by adopting suitable high
throughput tools and with the knowledge of catalytic chemistry,
there is a high chance of discovering good catalysts other than
those of TiO2-domain ones.
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