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Abstract

A high throughput fluorescence photo-imaging method has been developed for the screening of photo-degradation catalysts. When empl
to analyze the photo-degradation of 1,6-hexamethylenediamine (the probe molecule), the method produced results that are comparable ftc
when methyl orange was employed as a probe molecule and UV spectrometry as an analysis device. We found that the variation trenc
catalytic activity over the same group of catalysts are the same in both cases. The results indicate that the fluorescence photo-imaging meth
applicable to the screening of photo-degradation catalysts. For comparison, mesoporous catalysts of high specific surface area prepared by
P123 (HO(CHCH,0),0(CH,CH(CH;s)O)7o(CH,CH,0)H) as a template and “regular” catalysts (those prepared without P123) were tested. The
results showed that most of the former catalysts are superior to the latter counterparts. Our study also revealed that the addittonT@dZrO
did not result in significant improvement in catalytic activities, whereas marked improvement was observed wbenrNiO; was added to
TiO,. When NBOs and WQ were co-doped to Ti@ the tertiary catalysts exhibited higher catalytic activities. The catalysts containing 20-30%
of Nb,Os and 10—-20% of W@(balanced with TiQ) are superior to any of pure TEONb,Os, WOz, and the binary catalysts composed of any two
of TiO2, Nb,Os, and WQ. Our study has demonstrated that besides the traditionatd@a@hain catalysts, active photo-degradation catalysts can
be prepared by combination of lbs, WOs, and ZrQ.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction has been reported that Ti@anocrystals are more active than the
commercial P25 (Degusspy-8]. Detailed investigation in this
Photocatalytic oxidation has been proven to be an efficienarea showed that the lattice structure of the materials is a crucial
approach to the removal of organic contaminants in water antactor in photo-degradation reactions. Berry and Mueller found
air [1]. Light irradiation on semiconductor materials can createhat at TiQ phase composition of anatase/rutile =70%/30%,
electron—hole pairs. The holes are powerful oxidation sites anthe catalyst was more actiy@] than either of the pure-phase
can oxidize most of the known organic pollutants. In this aspectianatase or rutile) compound. Wang and co-workers reported
TiO2 and TiQ materials doped with metal ions were reportedthat ultra-fine TiQ-nH2O of anatase phase was responsible for
to be active catalysti®,3]. The catalytic activities of the mate- photo-degradatiofil0]. Besides, surface acidity and specific
rials are dependent on factors, such as (i) composition, (ii) sizeurface area of catalyst can exert great influence on performance.
of micro-crystals, (iii) lattice structure, (iv) surface acidity, and Generally speaking, materials of high specific surface area have
(v) surface area. Generally speaking, dopingsTi@th metal  high activity for photo-degradation, and catalysts with acidic
ions could change the nature of the %i@and gap, and hence surface favor the adsorption of anionic pollutajits]. Among
changing the catalytic activity and light-sensitivity of Ti@].  the influencing factors, catalyst composition and specific sur-
In recent years, the deployment of nano-materials has offerefdice area are the most important ones because lattice structure,
opportunities of generating new photo-degradation catalysts. Burface acidity, and phase composition of catalysts are usually
related with catalyst composition, while porosity, crystal, and
particle size with specific surface area. If one could link cat-
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work could be reduced. With the identification of promising cat- Tio, Nb,Os  TiO,

alysts, the influence of the other factors could be determinec ' - WO
in details in secondary screening or scale-up processes. U

until now, despite extensive studies on photocatalytic oxida-

tion, the number of catalysts tested is still limited. Therefore, 710,

the establishment of a high throughput technical platform for TiO, 710, TiO,
catalyst screening would enhance the opportunity of discover Library 2 Library 3

ing suitable catalysts for photo-degradation reaction. Formerly

Maier and co-workerg4], Suzuki and co-worker§l2?], and TiO, WO, Nb,Os 710,
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,Nb 0;
screening methods of higher speed are needed. In this paper, v
report the use of fluorescence photo-imaging method for catalys . Library 4 Library 5
screening, and the results obtained on the photo-degradation of Fig. 1. The configuration of triangle sub-libraries.
1,6-hexamethylenediamine over libraries of catalysts.

TiO, WO, Nb,Os

aluminum plate to form the blank silica library. To each glass
2. Experimental vessel of blank silica library, 10Q0L of TiCl4 precursor solu-
tion (prepared by dissolving 4.000 mL of TiCand 2.00 g of

It was reported that by using P123 (HO(&EH,O)0  P123in ethanol to make up a total volume of 80.0 mL) was dis-
(CH2CH(CHz)O)70(CH2CH20)20H, designated E&PO;9  pensed to prepare the TyJrecursor library. Then, 5Q0L of a
EOy) as template, mesoporous materials of FiQZrO,, dopant solution was added to each glass vessel. The arrangement
Nb2Os, and WG can be prepared4]. of the catalysts in Library 1 is shown ifable 1 As a reference,

In the synthesis of catalysts of Library 1, precursorwe prepared a Ti@JSiO, catalyst in Library 1 without using
solutions of Mn(CHCO)2, Fe(NG)s, NH4F, La(NOs)s, P123. The precursor library was dried and hydrolyzed in air at
NaNQ,, Pb(NGs)2, AgGNO3, NH4CI, Mg(NOs)2, Co(NGs)2, 48°C for 3 days, and then calcined at 48D for 5h to obtain
Ni(NO3)2, AI(NO3)3, LINO3, KOH, BIi(NO3)3, NH4Br, catalyst Library 1.

(NH4)sH5[H2(WO4)e]-H20, Zn(NGs)2, and Ce(NQ@)3 were As shown inFig. 1, four catalyst libraries were prepared.
prepared by dissolving the individual compound in DI water.Each catalyst library contained two triangles of sub-libraries
The concentration of each precursor solution was 0.10 M (basetiat contain catalysts of the same compositions at corresponding
on metal cation, F, CI~, or Br~). The precursor solution of positions. In one of the two sub-libraries, the catalysts were
ZrCly or NbCk was prepared by dissolving 1.16 or 1.35 g of prepared without P123, while in the other with P123.

the compound, respectively, in ethanol to make up a solution of In the preparation of “non-P123” sub-library catalysts in
50 mL (Zr and Nb concentration should be 0.10 M). Libraries 2, 3, 4, and 5, Ti, Zr, and Nb precursor solutions were

In order to achieve high mechanical strength and for unamprepared by dissolving 3.80, 4.66, and 5.41 g of Jj&rCly,
biguous interpretation of catalyst property, we used siliceand NbC#, respectively, in ethanol to make up a solution of
as support. With a specific surface area of 12Bynsilica  40.0mL. The W precursor solution for non-P123 sub-library
(<100 meshes) should not exert any significant influence on theatalysts in Libraries 2—4 was different from that in Library 5. In
chemical property of the catalysts. In atypical experiment, 10.0 ghe former cases, W precursor solution was prepared by adding
of SiO, was added to 20.0 mL of ethanol under vigorous stir-5.34 g of (NH;)sH5[H2(WO4)g]-H20 (particle size < 100 mesh)
ring to generate a uniform suspension, and then 06f the  in ethanol to prepare a 40.0 mL suspension under stirring, while
suspension was dispensed (still subject to vigorous stirring) ton the latter case, the precursor solution was prepared by dissolv-
glass vessels (each 2.5mL) that were arranged in array on amg 3.96 g of WC§ in ethanol to make up a volume of 40.0 mL.

Table 1

The arrangement of catalysts of Library 1

NH4F/TiO2(P123)/SiQ NH4CI/TiO2(P123)/SiQ KOH/TiO,(P123)/SiQ
TiO2(P123)/SiQ LiNO3/TiO2(P123)/SiQ NaNOs/TiO2(P123)/SiQ
MgNO3/TiO2(P123)/SiQ Mn(NO3)2/TiO2(P123)/SiQ Co(NO3)3/TiO2(P123)/SiQ
Pb(NQ)2/TiO2(P123)/SiQ AI(NO3)3/TiO,(P123)/SIQ NH4Br/TiO2(P123)/SiQ
Fe(NQ;)3/TiO2(P123)/SiQ Ni(NO3),/TiO2(P123)/SiQ AgNO3/TiO,(P123)/SiQ
Zn(NO3)2/TiO2(P123)/SiQ Bi(NO3)3/TiO2(P123)/SiQ Ce(NG)3/TiO2(P123)/SiQ
La(NO3)3/TiO2(P123)/SiQ Wa/TiO,(P123)/SiQ ZrCly/TiO,(P123)/SiQ
NbCl5/TiO2(P123)/SiQ TiO,/SiO, (reference, no. P123)

[metal]:[TiOz] = 1:10, TiO, (wt):SiO, (wt) = 3:5, weight of SIQ =0.050g.
aw stands for (NH)sHs[H2(WO4)s]-H2O.
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Table 2

Catalyst (LQ11/MOp2/NOp3) 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 10/70/120 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  The intensity of the fluorescence reflects the amount of 1,6-
Libraries 2-5, the Ti, Zr, and Nb precursor solutions were prehexamethylenediamine present. The photocatalytic reaction is
pared by dissolving 1.00 g of P123 and 3.81 g of }i@l33gof  evaluated based on the removal of 1,6-hexamethylenediamine
ZrCla, and 2.71 g of NbG, respectively, in ethanol to make up a over the catalysts. The analysis was carried out on a home-built
solution of 40.0 mL. The W precursor solution for Libraries 2-4 cCD-camera (WAT-525EX from WATEC) systenfif. 2A).
was prepared by adding 5.34 g of (bWsHs[H2(WO4)e]-H20  For catalyst screening, photocatalytic reactions were carried
(particle size <100 mesh) and 1.00g of P123 in ethanol to preput over a 12 12 wells (10mm ID, 15mm depth) poly-
pare a 40.0 mL suspension under stirring, while that for Librarytetrafluoroethylene (PTFE) reaction plate. The catalysts and
5 was prepared by dissolving 3.96 g of W§@hd 1.00g of P123 1 6-hexamethylenediamine (400 ppm by weight, GOPwere
in ethanol to make up a volume of 40.0 mL. Again, silica wasadded to the wells, and placed in alamp biéig( 2B, box dimen-
used as support. To a Si@iangle blank library, the as-prepared sjons 60 cmx 60 cmx 60 cm). There were six medium pressure
Ti, Zr, Nb, or W precursor solution was dispensed into the glasgnercury UV lamps (each 15W) on the ceiling of the box. The
vessels, respectively, according to the concentration formula ghtensity of UV irradiation (254 nm) at the library position was
Table 2as well as the library configurationig. 1 Ineach sub- 233, W/cnm?. After recording the initial data, the reaction plate
library, there were 66 catalysts. The precursor libraries were theyas placed under UV irradiation, and samples were drawn for
dried, hydrolyzed and calcined as mentioned before. fluorescence imaging at various stages of reaction.

For the purpose of measuring the specific surface area, During the analysis, a picture of the PTFE detection plate
catalysts having the compositions of 50%2r80%WGC;, 70%  (with 14 x 14 wells, well diameter 4.0 mm, depth 3.0 mm) was
TiO2-20%2ZrG-10%WGQs,  20%Ti0-10%ZrQ,-70%WGs,  taken as backgroundrig. 3, Picture A). After the catalysts
50%Ti0,-50%ZrQ,, 50%Ti0,-50%WQC;, 10%TiQ-%ZrO2-  and 1,6-hexamethylenediamine aqueous solution were trans-
20%WG;, and 40%TiQ-30%ZrG-30%WQO; were synthesized  ferred to the reaction plate and kept in darkness for 20 min
(in a scale of 0.509) according to the method described fo{to reach adsorption—desorption equilibrium), 30 of 1,6-
the preparation of the catalysts in Library 3 by the use ofhexamethylenediamine aqueous solution was transferred from
P123, respectively (but without Silica). Specific surface areagach of the wells on the reaction p|ate to the Correspond-
of catalysts were measured on a Beckman Coulter SA 310fg wells of the detection plate, and then |80 of fluo-
adsorption system. Nitrogen was used as an adsorbate. Befaigscamine DMF§,N-dimethyl formate) solution (800 ppm by
specific surface area measurement, the samples were evacuaj@sight) was added into each of the wells of the detection
to 3x 10> Torr at 300°C. The specific surface areas are listedplate. After 10 min, a picture was taken (denoted as Picture
in Table 3 B). Picture B stands for the starting point of the reaction.

The activity evaluation of catalysts is based on aafter photocatalytic reaction, 30L of aqueous solution from
photo-fluorescence imaging technology. We chose 1,6mdividual sample well of the reaction plat€ig. 2B) was
hexamethylenediamine, NKCH2)sNH2, as a probe molecule transferred to the corresponding well of the detection plate,
because a primary amine would react with fluorescamine to gerind then 3@uL of fluorescamine DMF solution (800 ppm by

erate a substance that gives strong fluorescence light under Uyeight) was added, respectively, into the wells of detection
irradiation (reactior(1)) [15].

0 ou HO o

R 1)
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Table 3

The specific surface area and pore size of catalysts prepared with (A) or without (B) P123 template

Catalyst SgeT (M2/g) Pore diameter (nm) Catalyst SgeT (M2/g) Pore diameter (nm)
TiO2(A) 78.8 3.65-20 TiG(B) 44.1 -

ZrOz(A) 68.3 3.65 ZrQ(B) 49.8 -

Nb,Os(A) 111.4 3.65 NbOs(B) 8.33 -

WO3(A) 194 36.57 wQ(B) 15.3 -
70%Ti0,-20%ZrG-10%WGs(A) 79.8 10.0 50%Zr@-50%WG0;(A) 16.8 30.2
20%TiO,-10%ZrQ,-70% WO (A) 54.7 16.0 50%TiQ-50%ZrGx(A) 64.2 -
10%TiO,-70%ZrG-20%WGOs(A) 78.2 5.8 50%TiQ-50%W0s(A) 70.3 5.8
40%Ti0z-30%ZrQ,-30%WOs(A) 77.3 12.3

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

Sample

Background

relative error 3.7%

12500 12626 12621 12560 12527 12374
12656 12787 12765 12737 12707 12524
12663 12799 12787 12789 12719 12577
12646 12789 12827 12750 12732 12552
12644 12797 12817 12737 12699 12504
12505 12616 12620 12598 12504 12330
Subtracted by
9459 9507 9521 9522 9491 9495
9476 9513 9511 9530 9536 0538
9434 9529 9535 9507 9494 9465
9429 9491 9496 9492 9479 9465
0449 9561 9527 9506 9510 9512
9434 9511 9479 9496 9492 9486
3041 3119 3100 3038 3036 2879
3180 3274 3254 3207 3171 2086
3229 3270 3252 3282 3225 3112
‘_ 3217 3208 3331 3258 3253 3087
3195 3236 3290 3231 3189 2992
3071 3105 3141 3102 3012 2844

Fig. 3. The flow chart of data reduction.
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plate. After 10min, 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 conveigion,
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 0 = - - !

of 1,6-hexamethylenediamine. The data flow sheet is shown 0 a G o
in Fig. 3 Despite the fact that fluorescence response to 1,6- P i )
hexamethylenediamine conversion is not linear, the results atdg. 4. The pore diameter distribution of TiZrO,, Nb,Os, and WQ prepared
adequate to differentiating the good catalysts from the poopy using P123 as template.

ones. The control experiment was carried out by mixing 1,6- )
hexamethylenediamine (30, 400 ppm) with fluorescamine NIy S0%ZrQ-50%WGs, 70%TiC,-20%ZrQ,-10%WGCs, 20%

solution in DMF (30uL, 800 ppm) in the wells of the detec- 1192-10%ZrG-70%WG;,  50%TIQ-50%ZrQ,, - S0%TIO-

tion plate. Separately, a:66-element library was generated and 20%0WGs,  10%TIQ-70%ZrG-20%WG;, and  40%TiQ-
analyzed to evaluate the relative error of the analytical approacs070ZrC-30%WG; catalysts of Library 3 were scaled up and
The results indicate a relative error of 3.7%. Taking the catalyst€ir specific surface areas and pore diameter distribution were

influences and other effects into account, the overall relativé€asuredTable 3indicates that besides S0%EG0%Zr%,,
error was estimated to be below 6%. the other binary and tertiary materials are mesoporous, large in

Methyl orange is commonly used as a reactant for thespecific surfa(_:e areas and uniform in pore structure. _
evaluation of photo-degradation activift0,16} For com- The materials Ti@, ZrO,, and NROs prepared by using
parison, we used aqueous solutions of both 1,6-hexamethyl?123 @s template are mesoporous, and have relatively high in
enediamine and methyl orange as reactants, respectivelif,’ec'f'C surface arealgble 3. As revealed by the results of
over TiO,, WO, and NbOs. In the former case, 6Q0L of I9. 4, ZrOz and I\!QO;, show high pore-size umf_ormﬂ_y (diam-
1,6-hexamethylenediamine aqueous solution (400 ppm) arfgfer 3.65nm), while Ti@shows low pore-size uniformity (from

30.0 mg of catalyst were mixed, and the reactions were carrieg-8° 1© 20 nm). The Ti@) ZrO,, and NOs materials prepared

outin the PTFE reaction plate without stirring. In the latter caseWithout P123 are not mesoporous, and are relatively small in

7.0 mL of methyl orange aqueous solution (16.7 ppm by weightfPecific surface area. The Wanaterial is not mesoporous no

and 0.500 g of catalyst were used, and the reaction was carriéHatter itis prepared by P123 or not, and the specific surface area

out in a glass beaker with a bottom area of 9. 2gthe catalyst 1S Small.

was settled to cover the bottom of the beaker and the reaction was, Lo
. . - - 2. M 1,6-

carried out without stirring. After the reaction, the former case ethyl orange and 1,6-hexamethylenediamine as

X . tant.
was handled with the fluorescence method, while the latter wa@eac ants

analyzed by using a UV spectrophotometer (Shang Hai Analysis As described in Sectio®, methyl orange was used as a
Instrument Inc.). For the observation of the activities over thgeactant to evaluate the adopted photo-fluorescence analytical
non-TiG, catalysts, the W@ Nb;Os, 30%WQ-10%NbO0s-  method. Shown ifFig. 5are the results obtained after 4 h of UV
60%ZrQ, and 40%NbOs-10%ZrQ-50%WQ;  catalysts jrradiation. The data serial (a) was obtained by using methy!
selected from Library 5, and 80%T20%W03 and 80%TiQ-  orange (in aqueous solution) as a reactant and the consumption
20%ZrG, catalysts selected from Libraries 3 and 4 werenumbers of methyl orange over TWOWOs, and NbOs were
evaluated by using methyl orange as the reactant. XRD examig|culated based on UV spectrometric analysis. The data serial
nation of catalysts was also performed over a Philips PW3040/6Q)) was obtained by using 1,6-hexamethylenediamine (in aque-

—Ti0,

710,

Nb,O,
WO,

pore volume (cc/g*nm)

X-ray diffraction spectrometer with Cudirradiation. ous solution) as reactant and calculated based on the results of
photo-fluorescence analysksig. 5 indicates that the variation

3. Results and discussion trends ofX; number over Ti@, WOz, and NBOs are the same.
Among TiO, WOg3, and NBOs, TiO2 was the most active, and

3.1. Physical properties Nb,Os the second most active for 1,6-hexamethylenediamine or

methyl orange photo-degradation. The results indicate that both

_In this research work, we intend to synthesize catalysts of)v and the photo-fluorescence analyses can make a differenti-
high specific surface area in catalyst libraries containing:TiO ation between good and poor catalysts.

ZrO2, NbyOs, and WG as well as their mixtures prepared by

using P123. With hundreds of catalysts, it is impracticable t3.3. Library 1

measure the BET surface area of each individual one. As a com-

promise, we checked certain catalysts to see if they have large When 1,6-hexamethylenediame in aqueous solution was sub-
specific surface area when P123 was used as template. Henggted to two hours of UV irradiation, the Ti@atalyst prepared
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Cl~ and Br™ influence the crystallization process of components
in catalysts, the catalytic properties might change as a result.

It was reported that doping TigOwith Ag would result in
activity improvemen{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/piCatalyst
showed higher activity than pure T3OOur study also revealed
that if TiO, were prepared without using P123, doping 7iO
(44.1 nt/g) with 9.1% Ag would lead to a decrease in activity.
We believe that in the case of Library 1, the %i€atalyst pre-
pared by P123 has a specific surface area of 78/§mearly
double that (44.1 Rig) of the TiQ; prepared without P123; the
Ag could spread out much better on the larger surface. Lee et
al. found that the photocatalytic activity of W@iO> film is
2.8-3.0timesthat of pure Tidilm in decomposing gas-phase 2-
propanol, while MoQ@/TiO2 film is less effectivg18]. Although
W30 we did not observe such alarge increase in catalytic activity after

Nb,Os5 doping TiG with WOz, we observed a clear increase in catalytic
activity in the WQs-doped case.

Fig. 5. Data of serial (a) and (b) (please refer to text for illustration).

3.4. Library 2
by using P123 was more active than the one prepared without
P123 Fig. 6). It is apparent that the Tifcatalyst with higher In Library 2, two sub-libraries of Zr-Ti-Nb-O catalysts were
specific surface area was more active than that with lower spgresent. The results obtained after 2h of UV irradiation are
cific surface area. As shown Fig. 6, the C"-, Br™-, Ag-, or  shown inFig. 7. In both cases of with and without P123,
WOgz-doped TiQ catalysts are significantly higher than pure pure TiQ, showed higher activity than pure WBs and ZrQ,
TiO2 (not counting SiQ) in activity. For ZrQ-doped TiQ,  consistent with the fact that Tis a well-documented photo-
experimental reproducibility was rather poor, sometimes;ZrO degradation catalyst. With P123 being template, theQb
doping improved the catalytic activity but sometimes did not.doped TiQ catalysts showed the highest catalytic activity. The
We deduce that in the case of Zr@oping, catalytic properties best concentration of NiDs in TiO; is 30-50% (atomic mole).
might be sensitive to catalyst preparation procedure. The F |tis apparentthat Zr@doping did not have any significant effect
, Na'-, or CeQ-doped TiQ catalysts show activity similar to  on TiO, catalytic activity. The results suggest that Z¢@oping
that of pure TiQ. Except the above-mentioned catalysts, thosenight not be good for NdOs-TiO» catalysts.
prepared by doping Ti@with the other dopants (as listed in  |n the set of catalysts prepared without P123 template;ZrO
Table J showed lower activity than pure T§ODuring catalyst  doped TiGQ showed higher catalytic activity in the Zp@on-
preparation, Ci and Br- were removed from the catalysts and centration range of 20-80%. For the Fi@rO; binary catalysts,
should not influence the catalytic activity of TiOHowever, if  our study showed poor reproducibility. The Mbs-doped cat-

F O K
Ti Li Na
Mg Mn Co
Pb Al Br \?
Fe Ni Ag X [
Zn Bi Ce
La W Zr 08 '
Nb T g '
0.6
Formula of 0.6 0.4 L ) :
100%TiO;
catalysts 04
X0,/Ti0,/Si0,. 02 “ ,
X is the doping 0.2 100%Ti0, < ‘
elements.

The catalysts in The catalysts in

i left side were
without P123 prepared without
using P123 template

right side were
y prepared by using
100%Zr0, P123 template

Fig. 6. Performance of catalysts in Library 1 (please refer to the left top corner
for the array of elements, [X]:[Tig] =1:10, TiO, (wt):SiO, (wt) = 3:5, weight Fig. 7. Performance of catalysts (please refefdble 2for catalyst composi-
of Si0, =0.0504g. tions, 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 pBs-TiO, catalysts prepared via
P123 template within the same pNBs 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 Ti@ (Fig. 6). Comparing the results of
Libraries 1 and 2, one would conclude that in the case of Library \ oI | ) |
1, a doping concentration of 9.1% NBs does not improve it _ 0.4
the catalytic activity of TiQ. Again, without P123 as tem- '
plate, the Zr@-doped NbhOs-TiO, catalysts did not show any
improvement in catalytic performance. Comparing the results
of the two sub-libraries, we found that except the most active
NbyOs-TiO3 catalysts, most of the other catalysts prepared with
P123 template were more active than those prepared without TI'“" Eaalgetio.
eft side were prepared

P123. without using P123 template

The catalysts in right
side were prepared by
< using P123 as template.
100%Nb,05

3.5. Library 3 Fig. 9. Performance of catalysts (please refefable 2for catalyst composi-
tions) in Library 4.
In catalyst Library 3, two Zr@-TiO2-WOj3 sub-libraries were
present. After 2h of UV irradiation, the consumption of 1,6- WO3 concentration from 30 to 50% showed high catalytic activ-
hexamethylenediamine over the catalysts are shoviign8 ities. When there was no involvement of P123, the JAKID;
Among the pure Zr@, TiO,, and WQ in the two sub-libraries, ~catalysts with W@ concentration of 10-30% showed the best
TiO, showed the highest activity, consistent with that observegatalytic activities. Also, W@showed positive effect on the cat-
over catalyst Library 2. The doping Tivith ZrO, did nothave  alytic activity of ZrQ,-TiO> catalysts containing 0~70% ZO
any positive effects on catalytic activities no matter whether the'he catalysts prepared with P123 are more active than that pre-
catalyst was prepared with or without P123. This is not con{ared without it.
sistent with that observed over Library 2 where Zréhowed
positive effect on TiQ activity when without P123. Also, the 3.6. Library 4
results indicated that Zr2doping did not have any positive
effect on the catalytic activity of W@TiO, catalysts. How- In Libraries 2 and 3, we found that N®s- or WOs-doped
ever, doping TiG-ZrO, with WOz led to an apparentincrease in TiO2 catalysts showed high activity. In order to finding out if
activity; when WQ concentration was 10% in Tg2ZrO,-WO3 there were co-doping effects of MBs and WG on TiOy, we
catalysts, the catalysts showed higher activity than,72@0, examined two W@-TiO»-Nb>Os sub-libraries. In one of the
catalysts. Irrespective of whether prepared with or without P123ub-libraries, catalysts were synthesized by using P123 as tem-
template, the W@ TiO, catalysts showed the best activities. plate, while the catalysts in the other was without it. Shown in
When prepared via P123 template, the WO, catalyst with  Fig. 9are the catalytic activities in 2 h of UV irradiation. In both
sub-libraries, TiQ showed higher catalytic activity than WO
and NbOs, being consistent with those obtained in Libraries
P 2 and 3. Without P123 template for the preparation of 3O
i I \ TiO2 binary catalysts, catalysts containing 10-30% of VO
showed the highest catalytic activities. Ford@ig-TiO» binary
X; catalysts, when NMDs concentration was from 20 to 30%, the
. M D catalysts showed the bestactivities. In this casegat NOs
LA ' showed positive co-doping effect on TiGatalyst. We found that
] % 0.6 10%WGs-10%Nb05-80%TiO, was the most active catalyst in
the sub-library without P123.
Prepared with P123, the WO binary catalysts contain-

; , 0.2 ing 20—30% of WQ had the highest catalytic activities. Among
100%Ti0; N g, 100%Ti0, the NbOs5-TiO2 binary catalysts, the catalysts containing
) 20-60% of NbOs were very active. In this sub-library, WO
Thecatalysts in i o and NOs showed strong positive co-doping effects on the

right side were

prepared by usiig catalytic activity of TiQ. When the catalyst contained 20—-30%
P123 template of NboOs and 10-20% of W@ (balanced by TiQ), the WG;-
Nb,Os-TiO; catalysts showed the highest catalytic activity in

Fig. 8. Performance of catalysts (please refeTable 2for compositions of ~ the library. Comparing the catalysts of the two sub-libraries,
catalysts) in Library 3. we found that with or without P123, the “most active” catalysts

left side were

prepared without

using P123 template ,
100%Zr0,
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100%Nb,0s N
The catalysts
in left side were

prepared without
using P123 as template.

The catalysts
in right side
were prepared with

2 P123 as t emplate.
100%7r0>

Fig. 10. Performance of catalysts (please refélfable 2for catalyst composi-
tions) in Library 5.

Fig. 11. Performance of catalysts with compositions: (a) 3V®) Nb,Os,
actually showed similar catalytic activities. However, for the (€) 30%WQ-10%Nb0s-60%Zr0, (d) 80%TiG-20%WGC;, (€) 80%TiQ-
rest of the catalysts, the catalysts prepared with P123 templaf8@”64'; and () 40%Nb0s-10%Zr0;-50%WQ; by using methyl orange as

. ' .. . . reactant (three runs for each catalyst).
showed much higher activity than those prepared without it.

3.7. Library 5 activity. However, the most active catalyst was found among
the WQs-Nb>Os binary catalysts, which contained 30—-40% of
In Library 5, no catalyst contained TOThe WQ-NbyOs- WOj3. The doping of Zr@ in WO3-Nb,Os binary catalysts did
ZrOy catalysts in two sub-libraries were screened. The resultaot show apparent effect on catalytic activity.
obtained after two hours of UV irradiation are showifrig. 10 When methyl orange was used as a reactant, the results com-
In the case of catalysts prepared without P123, puresWO piled in Fig. 11 were obtained. The W§) NbyOs, 30%WG-
Nb2Os, and ZrQ did not exhibit high catalytic activities. Among 10%Nk0s5-60%2ZrQ, and 40%NbOs5-10%ZrG-50%W0s
the Zr&-NbyOs binary catalysts, the most active one wascatalysts were selected from catalyst Libraries 3-5. The cat-
found to contain 50% of Zr@ However, the Zr@-Nb,Os alysts W@, Nb,Os, and 30%WQ@-10%Nk0O5-60%ZrQ, are
binary catalysts did not show high activity, even the most activenot active whereas 40%MN0s5-10%ZrG-50%WQ0; is active
one (50%Zr@/NbyOs) did not exhibit good activity X; is  (Fig. 10. It can be seen that the activity variation trenéfig. 11
below 0.20). Among the W&ZrO, binary catalysts, only the is consistent with that observed in Library 5. Catalyst 80%7¥iO
one containing 90% of W@showed high activityX; =0.50). 20%WGQ; was active and was more active than 80%FiO
Among the WQ@-NbOs binary catalysts, the catalysts contain- 20%ZrQ, (Fig. 8); we observed a similar trend iRig. 11
ing 70-90% of WQ showed high activities. All the highly Similarly, we confirmed that 40%NEs5-10%ZrG-50%WG0;
active catalysts were found to have high We€obncentration is more active than 80%Ti20%WGC; (Figs. 9 and 1L The
(10-40%Nb0Os5/10%Zr0G/50—-80%WQ). results obtained by using methyl orange as a reactant and UV
We found that most of the catalysts prepared by using P128pectrometric analysis are consistent with those obtained by
as template showed higher activities than those prepared withousing 1,6-hexmethylenediamine as a reactant and fluorescence
it (Fig. 10. In this case, pure W§) Nb,Os, and ZrQ still did ~ photo-imaging as the analysis method.
not show good activities (NiDs X; of 0.30 is the highest among In order to gain insight into the nature of the active “non-
WOj3, NbpOs, and ZrGQ.). Among the Zr@-NbyOs binary cat-  TiOy” catalysts, we selected catalysts \W8byOs, NbyOs-
alysts, the catalysts containing 30-40% of Zréxhibit high  ZrO,, and WQ-ZrO, with a metal atomic ratio of 1:1 prepared
activities ; reached 0.61). The results are consistent with thosaith P123 as template from Library 5, and performed XRD
obtained in Library 2Fig. 7). Among the WQ-ZrO; binary cat-  investigation Fig. 12. In Library 5, WG;-Nb,Os is more active
alysts, the catalysts containing 90% \W&howed good activity, than NpOs-ZrO, and WG-ZrO,. The XRD results showed that
which is consistent with the results obtained in sub-library preboth NipOs-ZrO, and WQ-ZrO, are amorphous materials; it
pared without P123, and that of Library 3 with P1H( 8). is not possible to identify any phase structures. As in the case
Among the WQ@-Nh,Os binary catalysts, the catalysts contain- of WO3-Nb>Os, NboOs, and HHONbzOg phases were detected
ing 30—40% of WQ showed high activities, which is consistent whereas no W@phases were observed. It is possible that there
with the results obtained in catalyst LibraryHg. 9). Theresults  was WP* incorporation into the NjOs and HsONbsOg lattices
indicate that with WQ@addition to ZrQ-Nb,Os reachingaW@  without much structural distortion. There are two ways of main-
concentration of about 10%, there was improvement in catalytitaining electro-neutrality within the materials. One is having
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1800 A trophotometer as analytical device. The mesoporous catalysts
}ZE:E: of high specific surface area are higher in catalytic activities
1500 than the “non-P123" catalyst materials in photo-degradation
1400+ Ak T of 1,6-hexamethylenediamine. The investigation also revealed
};ﬂi: ? ¥ Bael & wame that ZrG-doping to TiG resulted in no improvement, whereas
11004 — doping TiQ with Nb,Os or WO3 enhanced the catalytic activ-

Z o] ities, and the co-doping of N5 and WG to TiO, showed

5 8004 strong positive effect on catalytic performance. The catalysts

5 233 . % Nb:Zr=1:1 (WO3-Nb20O5-TiO3) containing 20-30% NiDs and 10-20%
5004 ' T sttt WOs3 (balanced by TiQ) showed activities higher than any of

4004 TiO2, Nb,Os, WO3, and the binary catalysts composed of any
2:}:: N two of TiO,, NbpOs, and WQ. Our study also showed that
100 sk beside the traditional Ti@domain catalysts, very active photo-

G T % a2 = & & degradation catalysts could be prepared via the combinations of
- ) 5 ['heta Nb2Os, WO3, and ZrQ. It means that by adopting suitable high
throughput tools and with the knowledge of catalytic chemistry,

Fig. 12. XRD of the samples WEZrO,, Nb,Os-ZrOz, and WQ-NbOs with  there is a high chance of discovering good catalysts other than
metal atomic ratio of 1:1 (B) NiDs, (A) H3ONbzOg. those of TiG-domain ones.
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