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Abstract

Colloidal platinum nanoparticles, the co-catalyst for hydrogen evolution, were prepared using 12-tungstosilicate as photocatalyst by swo method
in which photolysis and reduction reaction took place at the same time and at different time, respectively. For the féh@gnmds reduced
directly to colloidal platinum under irradiation and 12-tungstosilicate would transfer into a new structure compound during the process. For the
latter, 12-tungstosilicate was first photoreduced to heteropoly blue anion, and then the blue anion couldtliictotdolloidal platinum under
no irradiation. The Pt particle size and reactivity of 12-tungstosilicate were characterized by UV-vis and cyclic voltammetry. Preparatisn method
affect markedly the Pt particle size and reactivity of 12-tungstosilicate so that the photocatalytic activity and stability for hydrogen avelution
different. The possible mechanism was discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction hydrogen evolution. The excitation of POMs induces a ligand
(oxygen) to metal charge transfer (LMCT) with promoting an
From the viewpoint of solar energy conversion efficiently andelectron from the highest occupied molecular orbital (HOMO)
obtaining regenerative hydrogen energy, photocatalytic produde the lowest unoccupied molecular orbital (LUMO). The charge
tion of hydrogen by water-splitting has been considered to béransfer excited states of POM (POMeact with substrates to
one of promising approaches. Many researches have been doyield reduced POM (POM) and oxidized substrates as prod-
to achieve the goal in this fie[d—-3]. ucts. Because of the well-recognized electron holding ability
Inthe present, photocatalysts used widely are inorganic semj7] of excited POMs might make the POM-induced photore-
conductors, including transition metal oxides (e.g. Jji@nd  ductive processes quite different from those on semiconductor
sulfides (e.g. CdS). Polyoxometalates (PON®)) are other (e.g. TiQ), where the electron accumulation is negligible under
kind of photocatalysts. Semiconductor photocatalysts have bearormal reaction conditions. Therefore, for POM photocatalysis,
studied widely for photocatalytic #Hgeneration, but polyox- addition of noble metals is only used to lower overpotential for
ometalates seldoif,6]. The semiconductor photocatalysis is hydrogen evolution.
initiated by absorbing photons with concurrent generation of Akid and Darwent [5] reported using [PWOs0]%",
conduction band electrons and valence band holes at the saf®W12040]*~, [FeW12040]°~, [COW12040]%~, [H2W12
semiconductor particle. Thus, for semiconductor photocatalysi€40]®~ and colloidal platinum for photocatalytic production of
addition of noble metals (e.g. Pt) is necessary to restrain photoiryydrogen by water-splitting. Using polytungstates and colloidal
duced electron—hole recombination and lower overpotential foplatinum as photocatalysts, Rustamov ef@ll studied the pho-
tocatalytic hydrogen evolution from water—organic solutions
and discussed the mechanism of the photocatalytic reaction.
* Corresponding author. Tel.: +86 791 8305851; fax: +86 791 8308490, | heir results showed that colloidal platinum provided a surface
E-mail address: liyx@ncu.edu.cn (Y. Li). for the lowering the activation energy of the reaction and acted

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.11.011



Y. Li et al. / Journal of Molecular Catalysis A: Chemical 246 (2006) 212-217 213

as microelectrodes with a mixed potential determined by th&he solution containing 1.2 10~2moll~1 12-tungstosilicate,

photoreduced heteropoly anion/polyoxometalate and i3~ 7.4 mol -1 ethanol and 0.9% 10~-°mol =1 H,PtCls was irra-

couples. diated for 1h. The supporting electrolyte was 1.0 mél|
Although the role of colloidal metals in photocatalytic hydro- NaAc—HAc. Before experimentation, the solution was bubbled

gen production in polyoxometalate systems was stugigg],  with nitrogen for 15 min and this inert atmosphere was main-

the effect of the preparation method of colloidal metals on phototained in the electrochemical cell during the experiment.

catalytic production of hydrogen by water-splitting has not been In all the cases, the reproducibility of the measurements was

reported. Troupis et al8] prepared colloidal metal nanoparti- at least£10%.

cles directly from aqueous solutions by using 12-tungstosilicate

as both photocatalyst and stabilizer. The obtained colloidal wag, Results and discussion

stable against aggregation for over 2 months. In this study, col-

loidal platinum nanoparticles were prepared by two methods. The photoreduction of pPtCk to form Pt by methods ‘a’

The photocatalytic activity and stability of two reaction systemsand ‘b’ can be expressed as folloy#s8]:

were investigated comparatively and the possible mechanism

was discussed. [SiW12040]*™ + hv — [*SiW12040]* 1)
2. Experimental 2[*SiW12040]*~ + CH3CH,OH
— 2[SiW12040]°~ 4+ CH3CHO + 2H* (2)

12-Tungstosilic acid (BSiW12040), chloroplatinic acid
(H2PtCk-6H,0), anhydrous ethanol and nitric acid were of all
analytical grade and were used without further purification.  4[SiW12040]>~ + [PtClg]*~ — Pt + 4[SiW12040]*" + 6CI™

The photocatalytic reaction was carried out in a Pyrex flask 3)
of about 170 ml with a flat window. The cell glass permits radia-
tion to pass through when wavelength is over 300 nm. The 80 ml The irradiation of 12-tungstosilicate with UV light induces
reaction mixture containing 7.4 moi} ethanol and a givencon- formation of an excited state $iW1204o]4‘ which can be
centration of 12-tungstosilicate inside the cell was stirred up byeduced by ethanol. The produced heteropoly blue anion
a magnetic stirrer during the reaction. The pH value of the readSiW1,040]°~ is very stable and can exist for long time in
tant mixture was adjusted to 2.4 by nitric acid. A 250 W high deaerated solutiofv,8]. So for the method ‘a’, the photoly-
pressure Hg lamp was used as the light source. The platinusis reactiong1) and(2) and the reduction reaction of [P}~
served as catalyst for Hevolution was prepared by methods (3) took place at different time. However, for the method ‘b’, all
‘a’ and ‘b’. Nitrogen was bubbled through the reaction mixturethe reactions occurred simultaneously in the reaction system.
for 30 min to remove oxygen prior to irradiation. The top ofthe  Due to plasmon-resonance absorbance, there is absorbance
cell was sealed with a silicone rubber septum. The reaction wa®r metal nanoparticle®]. Luo et al.[10] studied the spectrum
carried out at room temperature. The produceavds analyzed of the colloidal Pt and found that no absorption peaks for Pt par-
on a gas chromatograph (TCDgy s gas carrier, Zeolite 33 ticles could be observed in the range of 200—800 nm. However,
column). they found that particle size could be determined by UV-vis

Colloidal platinum was prepared by following methods, absorption spectrum, which was consistent with result of TEM
respectively. Method ‘a’: 80 ml aqueous solution containinganalysis. The absorbance increased linearly with increase of the
a given concentration of 12-tungstosilicate and 7.4mbll number of the particles in the range of wavelength 300-500 nm,
ethanol (pH 2.4) was irradiated for 30 min so that a large amourindicating that the size of Pt particles was homologous.
of blue polyanion (heteropoly blue) was formed. Under stir- Fig. 1shows the absorbance of colloidal Pt of various concen-
ring and no irradiation, a given volume of 1.9310~3 mol |1 trations prepared by methods ‘a’ and ‘b’. Fréiig. 1, one can be
H»PtCl was added quickly into the blue solution so thaPtCk sure that the number of particle size increases linearly at lower Pt
was reduced to Pt by the heteropoly blue immediately. Methodoncentration; whereas the number does not increase and even
‘b’: a given volume of 1.93« 103 molI~1 H,PtCls was added decrease at the higher concentration, which can be attributed to
into the reaction mixture solution (the same conditions as in théhat smaller Pt particles grow or aggregate into larger particles,
reaction section) before irradiation. After nitrogen was bubbledand even precipitate from the solution. At higher Pt concentra-
through the reaction mixture for 30 min, the photocatalytic reaction for method ‘b’, black Pt precipitation could be observed
tion was carried out. The platinum was photoreduced in situ irafter 1 h irradiation, which confirms above explanation.
the photoreaction for hydrogen evolution. FromFig. 1, one can also see that the number of Pt particles

UV-vis absorption spectra of the sample solutions wergrepared by method ‘a’ is larger than that by method ‘b’, which
determined on a Hitachi U-3310 Spectrophotometer. Thean be explained as follows. The mechanism of colloidal metals
electrochemical experiment was carried out on LK98BIIsynthesis has been studied in defill]. The common accepted
Microcomputer-based Electrochemical Analyzer in three elecmechanism suggests a two-step process, nucleation and the suc-
trode system. The reference electrode, the counter electrode aoelssive growth of the particles. In the first step, a part of the
the working electrode were a saturated calomel electrode (SCHE)etal ions in solution was reduced by a suitable reducing agent.
a platinum flake and a glassy carbon (GC) disc, respectivelyl he atoms thus produced agglomerate to form small metal clus-
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Fig. 1. Dependence of absorbance at 350 nm on the concentration of Pt. Redad- 2- Dependence of the rate of photocatalytie é¥olution on the initial
tion conditions: 80 ml reaction solution, 0:210-3 mol I-! 12-tungstosilicate, ~ colloidal Pt concentration. Reaction conditions afig. 1
7.4mol 1 ethanol, pH 2.4, irradiation time 1 h.

Fig. 3shows absorption spectra of two kinds of solutions after

ters and then formed crystallite in the second step. Moreover, i hirradiation under blatmosphere and pure 12-tungstosilicate.

the process of preparation, the particle growth can be restrain dﬂset_reactgdfsolti[trllons Wetre Id'IUtled w 'tg 7.4 bth?hn Otltﬁy h
effectively if the induction period for nucleation was reduced in” imes betore the spectra analysis. ne can see that tne char-
the system of the reaction. For method ‘a’, the nucleation ang‘ctenstlc absorption peak of the 12—tungsto§|l|cate solution with
crystal growth could be completed with in a few seconds due to zfrt]Ctb r;repareldz tt)y mettho_? at at 2|6 Ct%_nm |fstilmost the same
large amount of heteropoly blue anion as reducing agent, whicfi> \hat of pure Lz-tungstostiicate solution of the Same concen-

restrained the particles growth effectively and the Pt partiCIegatlon, indicating the structure of 12-tungstosilicate remains

were kept in small sizg8]. But for the method ‘b’, Pt particles unchanged. It is interesting that for the method ‘b’, the char-
was formed in the process of the interaction bétwe@ﬁtﬂle acteristic absorption peak of the reacted solution at 263 nm dis-

and a small amount of [Si¥Oag]> produced in situ so that appears. There are two absorption peaks at about 200 nm (very

the induction period for nucleation and growth period were pro—Strong absorption peak and not showesiig. 3 and 260 nm for

longed. Therefore, the Pt particles of larger size were formed ty ?1/'_\?/15 sp%ctra OT pol)é%xogecslates W't\?vlt:lz k.(;,\.ggm structure,
decrease the number of the particles. which can be assigned oy ' Obc— ransition, respec-

The produced colloidal Pt catalyst can scavenge heteropol ively. One cannot ‘f|r71d charactenshc a_bsorptlon peak at about
anion [SiW2040]%~ to evolve H [6]. 63 nmfor method ‘b’, which can be attributed to the structure of
12-tungstosilicate has transferred into a new structure. We are
trying to determine the structure of the new heteropolyanion.

. 5— + Pt . 4—
2[SIW12040]”" + 2H" —>2[SiW12040]"" + H2 4} The transformation could not be attributed to [Ri€t reacting

Thus, sufficient Pt particles can effectively promotgédyo-
lution. 4.0+
Fig. 2 shows the effect of the concentration of the colloidal
Pt prepared by methods ‘a’ and ‘b’ on the rate of &lolu- 1
tion. One can see that the concentration of colloidal Pt prepared 3.0
by the two methods affect both the rates of photocatalytic H ]
evolution. In the absence of Pt, there was only trace amount
of Ho. Low concentration of Pt can lead to dramatic increase
in the rate of H formation, which reaches a maximum value at
0.24x 10~°mol =1 Ptand decreases at higher Pt concentration.
FromFig. 2 one can also see that the rate of photocatalytic H 1.0
production for method ‘a’ is higher (by about 86%) than that for
method ‘b’. In the range of 0.24-1.4510~° mol I~ Pt, the rate
of photocatalytic H evolution does not change for method ‘a’, 0.0 : : :
but that decreases gradually for method ‘b’. All changes of the 250 300 330 400
rates shown irFig. 2 are basically consistent with the changes Wavelength (nm)
of the number of COIIOIan Pt partlciles Fiig. 1, indicating that . Fig. 3. Absorption spectra of the reacted solutions and pure 12-tungstosilicate,
the number of the colloidal Pt particles does play a key role insontaining 0.24< 10-5molI-* colloidal Pt prepared by methods ‘a’ and ‘b'.
H- evolution. Reaction conditions as ifig. 1

Pure 12-tungstosilicate
Method a

- - - - Method b

Absorbance (a.u.)

0.57
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with [SiW1,040]*", because even when the ratio of concentra-(T:ab'l_e 1 | totat d ol
tion of [PtCl]?~ to that of [SiW 2040]*~ was 1/160, we could yclic voltammetry data for reacted solutions

also observe complete transformation after 1 h irradiation. Th&ystem Step  Epa(V)  Epc(V)  AE(Y)
transformation could not be observed under dark, under air atmesre 12-tungstosilicate LI  —0223 -0310 0087
sphere with irradiation and under irradiation without [RIET, -1’ —0.469  —0.560 0.091
respectively. Therefore, one can speculate on th{:\t §PtCl 12-Tungstosilicate with Ptby |1’ _0223  —0313 0.090
would catalyze the heteropoly blue (or 12-tungstosilicate) under method ‘a’
irradiation to transfer into a new structure. -lI” -0.468 —0.568 0.100
. _ . _ New tungstosilicate with Pt —0.219 —0.375 0.156
5 4
[SiW12040]”" (Or [SiW12040] ™) by method ‘b’
hv, PtCl 2— —0.466 - -
M—wnknown polyoxometalate (5)

two couples of redox waves are ascribed to the W)

For method ‘b’, the reactior(8) and(4) should compete with  process of the electron transfi2]. The mechanism can be
reaction(5), because b can be formed effectively. Because expressed as follows:

[SiW12040]°~ can reduce [PtG]%~ to produce Pt particles
without forming the new POM under dark for method ‘a’, the [SIW12(V)O40]*™ + & = [SIW1a(VIW(V)O4q]®~  (I-I')
excited state of [Pt@]2~ ([ PtCk]%") should play an important ©6)
role in the transformation of 12-tungstosilicate in method ‘b’.

As shown inFig. 2 the photocatalytic efficiency by the [Siw.1(VI)W(V)O4g]°™ + € = [SiW1o(VI)W 2(V)O40]®~
method ‘b’ is lower, which might be partly explained as fol- ,
lows. The new formed POM species would to some extent react (=1 @)
with [PtClg]2~ under irradiation or no irradiation not to produce

Pt colloids necessarily (e.g. substituted by Pt) to decrease the The wave shape and peak potential of the reacted solution
number of the particl_es, V\_/h_ich would also be a possible reasofly method ‘a’ are similar to that of pure 12-tungstosilicate,
for poor photocatalytic efficiency by method "b’. _ whereas that by method ‘b’ is different from pure 12-
A typical cyclic voltammetry pattern of the reacted solution yngstosilicate, which also confirms that the keggin structure
measured in 1.0 motf NaAc—HAc with two-step redox pro- 12-tungstosilicate is unchanged in the solution prepared by
cesses in the potential scan region, are showignd. Table 1 athod ‘a’ and is destroyed by method ‘b’. For the new POM,
presents the data obtained frdfig. 4, where Epa, Epc and there are two oxidation waves and one reduction wave. The dif-
AE prese_nt the anodic peak potential, cath_od|c peak p_Otent'aference of theya and Epe for one couple of the new POM is
and the difference of th&pa and Epc, respectively. The differ- o 156/ angd it¥£pa andEpc are also independent of the potential
ence of thekpa and Epc for 12-tungstosilicate by method ‘@’ gcan rate in the range of 0.05-0.2 /s, suggesting the quasi-
is 0.08-0.10V and botlpa and Epc are independent of the oy ersible electron transfer process. There is not reduction wave

potential scan rate in the range of 0.05-0.2V/s, suggesting thg other redox couple, indicating the irreversible process.
quasi-reversible with two one-electron transfer processes. The The effect of concentration of the initial 12-tungstosilicate for

the two methods on rate obHiormation is described iRig. 5. As

094 4y inthe case ofFig. 2, the rate of H evolution by method ‘a’is also
I R faster than that by method ‘b’. For both methods, low concentra-
154 ‘\\\ --eeo Methed a tions of initial 12-tungstosilicate can lead to dramatic increase
Vi - Method b in the rate of H formation, and the rate reaches a plateau at ca.

12-tungstosilicats 1.0x 10-3 mol |1 initial 12-tungstosilicate. The rate ofHor-
mation depends on incident light intensity and concentration of
[SiW12040]*" [5]. Therefore, when concentration of initial 12-
tungstosilicate is over 1.9 103 mol |1 for method ‘a’ or ‘b,

all available photons of incident light are absorbed completely
by sufficient [SiW2040]*~ or the new POM species to produce
a maximum number of Pt particles (via the reacti¢hs-(3)),

5] S and so the rate reaches a plateau.
] As shown inFig. 5, at the lower initial concentration, the
08 06 04 02 00 o2 o4 difference of b formation rates between the two methods is
E (V) smaller and smaller with decrease of initial [Si¥D40]*~ con-

. . _ centration, which can be attributed to that concentration of
Fig. 4. Cyclic voltammometry of the reacted solutions and pure 12- . 5_ s

tungstosilicate. Conditions: 1:010~3moll~1 12-tungstosilicate; scan rate: prOduczed [SIWZO"'O] by method ,a is too low to reduce
100 mV/s; supporting electrolyte: 1.0 mofiNaAc—HAc; 0.97x 10-% mol [-1 [PtClg]=~ to Pt completely, and this effect should be much
H2PtClk. Other reaction conditions as Fig. 1 weaker for method ‘b’. Thus, difference of number of colloidal
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Fig. 5. Dependence of the rate of photocatalytig évolution on the initial Fig. 6. Effect of preparation method of colloidal Pt on stability of photocatalytic
12-tungstosilicate concentration. Reaction conditions: 80 ml reaction solutiontz generation. Reaction conditions: 0.24.0-% molI~colloidal Pt. Other con-
0.24x 10~3mol |1 H,PtCk. Other conditions as iRig. 1 ditions as inFig. 1

Pt between both methods decreases with the initial concentratidime; whereas for colloidal Pt prepared by method ‘b’ it also

decreasing. increases almost linearly during first 19 h irradiation, but do not
For the method ‘b’, when the initial [Si¥O40]*~ concen-  increase after this time, indicating that catalyst Pt particles would

tration was below 0.2 10-3mol -1, all of 12-tungstosilicate aggregate into larger particles after 19 h reaction. The result can

were completely transformed into the new POM after 1 h irra-be explained by that the colloidal Pt prepared by method ‘a’ is

diation; whereas over the concentration, only a part of 12more stability than that by method ‘b'.

tungstosilicate were transformed. The higher the initial con- 12-Tungstosilicate is a good stabilizer for Pt colloidal par-

centration is, the lower the transformation ratio is. After 1 hticles [8]. Based on the results frofigs. 6 and 1one can

irradiation for method ‘b’, nitrogen was again bubbled throughspeculate on that the new tungstosilicate as stabilizer should

the reaction mixture for 30 min and the second irradiation (forbe worse than 12-tungstosilicate.

1h) was carried out. In the first reaction, due to the trans-

formation of 12-tungstosilicat into the new POM,, Hor- 4. Conclusions

mation was produced by the two POM species for all ini-

tial concentrations. But in the second reaction, fArmation Both the states of colloidal platinum and performance of
was produced only by the new POM species at the lowefungstosilicate affect photocatalytic efficiency and stability. The
initial concentration (<0.2% 10-3molI~1); whereas by both rate of the photocatalytic Hdepends on the number of Pt par-
POM species over the concentration. The amount pfidt-  ticles. Using the colloidal Pt as catalyst prepared by method
mation at every responsive initial concentration (not showna’, photocatalytic H generation enhances by about 86% com-
in Fig. 9 in the second reaction is identical to that in the paring with the Pt prepared by method ‘b’, which can be
first reaction within experimental error, except a 14% decreasgttributed to higher dispersivity and better stability. Moreover,
at 0.22x 10~3mol I™* initial 12-tungstosilicate (just complete the method ‘a’ reduces the period of the interaction time between

transformation at this concentration), suggesting the photoag4,PtCl and heteropolyanion so that the keggin structure of 12-
tivity of the new POM is very near to (a little smaller than) that tungstosilicate can be kept completely.

of 12-tungstosilicate. This further confirms above explanation
about H evolution based on the number of Pt particles. TheAcknowledgements
H> evolution by the new POM can be similarly expressed as

follows: This work is financially supported by National Basic

POM+ hv—> POM* 8) Research Program of China (2003CB214503) and Nanchang

University Testing Fund (2005016).
2POM* 4+ CH3CH,OH — 2POM™ + CH3CHO + 2H™ (9)
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