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The photo-oxidation of water is studied in presence of UV-light{400 nm) using titanium dioxide (Ti§) and tungsten oxide (W{micro-

and nano-crystalline) semiconductors in presence of different sacrificial electron acceptors (SEA)3)kEe(N&S,0s, Ce(SQ)a2,
Co[(NH3)5CIICl2, AgNOs, HgCl, and Cu(NQ@).. TiO, is 5 to 10 times more photoactive than \W@ith reference to oxygen evolu-
tion. Ag ions are the best of the SEAs, for all the semiconductors tested in the photo-redox process. No oxygen evolution is observed v
Hg** or CU*™ ions are used as SEAs. The effect of high(1@nol dm2) and low (103 mol dm™3) SEA concentrations is also studied

but no common trend is observed. Instead, each system3EA+H,O+Semiconductor) exhibits a different behaviour and the results are
rationalised in terms of the spectral and redox potential features of the system.

Keywords: Semiconductor photosynthesis; TiOVOs, water oxidation; electron acceptor.

Se estudi la foto-oxidacdn del agua en presencia de luz UV < 400nm) empleandoxido de titanio (TiQ) y 6xido de tungsteno (W9
polvo y nanocristalino) con diferentes aceptores de electrones (AE): Bg{NeS;Os, Ce(SQ )2, Co[(NHs)s Cl] Clz, AgNO3, HgCh

y Cu(NGs)2.. En general, el Ti@ presenb la mayor fotoactividad, produciendo entre 5 y 10 vecés migeno que el W@. En cuanto

a las especiednicas utilizadas en el proceso redox, los iones Ageron los nas efectivos con los tres semiconductores. No se detect
la evolucbn de oxgeno cuando se utilizaron los iones Hgy Cu**. El efecto de la concentram de los AE no mosfr una tendencia
definida, si no que cada sistema (AE#b#Semiconductor) tuvo un comportamiento distinto y los resultados se discutieron eémfdeci
sus caractésticas espectrales.

Descriptores:Semiconductores; Ti§) WOs; fotodescomposioin del agua; aceptor de electrones.

PACS: 81.05.Hd; 82.50.Fv; 82.30.Lp; 82.65.Jv

1. Introduction isms such as bacteria [12-14], viruses [15], cancer cells [16]
) ) ) the reduction of trace heavy metals [17] and the splitting of

A great deal of semiconductor photochemistry is based on gater [18].

relatively simple combination of processes, namely the initial e photoproduction of hydrogen and oxygen by split-

photogeneration of an electron-hole pair and the subsequeﬂﬁg water has been studied by many research groups since

reduction of an electron acceptor species (A) and concomig,q early 1970s. [19-36]. The basic process may be sum-
tant oxidation of an electron donor (D) by the photogenerategh, 4 rised as follows:

electron and hole, respectively. If the change in Gibbs free

energy for the overall reactio!he_., AG®°, is positive for_the 2H,0 HycatalystSemiconductaBcatalyst ,, HytOs.  (2)
uncatalysed process, then this is an example of semiconduc- hv>Eyg

tor photosynthesis; and AG° is negative, then it is an ex- o . )

ample of semiconductor photocatalysis [1]. A general semi- 1ne water splitting reaction is a two-electron

conductor photosensitisation reaction can be summarised bjrocess per molecule of hydrogen generated, with
AGYys=237.7 kI mot!. This thermodynamically unfavor-

Semiconductor " _ able reaction can be made to proceed by semiconductor pho-
A+D > E AT+D". @ tosynthesis, where the semiconductors are: o Ti6YTiOs,
= by and CdS. The system often requires ap ¢atalyst, usu-
In such a photosensitisation reaction, at the end oflly Pt, since the overpotential for water reduction is very
the photoredox reaction, the semiconductor remains unlarge on most semiconductor materials and cannot be over-
changed [1-6]. come by the photogenerated electrons. Similar arguments
For many years titanium dioxide (titania) has been theare made for the inclusion of an oxygen catalyst, such as
practical photocatalyst of choice amongst researchers for RuO;, into the system, although this is often not crucial as
variety of reasons including: its high stability and oxidising the photogenerated holes are usually sufficiently oxidising as
power [7-8]. Powders and thin films of titania can be used ago overcome the appreciable overpotential (+0.8V) for water
semiconductor photocatalysts to photodegrade a wide rangexidation [35].
of organic and inorganic chemicals in air and water [9-11].  In terms of the energetics, the standard redox potentials
Other applications include: the elimination of microorgan-of the couples, Fi/ H, and G/H,O, must be located in a
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narrower range than that covered by the redox potentials as- The photocleavage of water is a difficult process, involv-
sociated with the photogenerated electros, the conduc- ing as it does the formation of many chemical intermediates
tance band (CB), and the photogenerated hiadg, the va-  which are likely to react with each other and so short-circuit
lence band (VB), in order to carry out the photocleavage othe overall process. It is no surprise, therefore, given its dif-
water. The positions of the redox potentials of th&/H, ficulty, to note that reaction (2) has been and is the subject of
and GQ/H,O couples, along with those of the CB and VB for much controversy. Certainly, the main problems to be solved
a series of popular semiconductor photosensitisers are illusvith this photoreaction are its very low quantum yields, as-
trated in Fig. 1. A brief inspection of the data in this diagramsociated with the thermal back reactions, and the fact that
shows that, whereas only silicon is thermodynamically incaimost systems developed to date utilise UV rather than vis-
pable of oxidising water to oxygen at pH 0, the semiconducible light [34]. However, interest in water splitting contin-
tors, SnQ, F&03; and WQ, are unable to reduce water to ues and those involved suggest that forcing conditions, such
hydrogen. The data in Fig. 1 indicates that a number of semias reduced pressures and elevated temperatures, are needed,
conductors are capable thermodynamically of splitting waterfo help eliminate back reactions (due to the accumulation
although, in practice, this number is very limited for a variety of H.O and Q) by stripping them out before they can re-
of reasons, including: low photostability, low photoactivity act [1,37].

and high overpotentials. Certainly, the most difficult of the  As indicated earlier, the easier half of the water splitting
two processes associated with water splitting is the photophotosystemi.e., Hy production, has been much more stud-
oxidation of water, since many Semiconduct@'_g‘_(:ds and ied than the photo—oxidation of water (e} dndeed, it is well

CdSe, undergo the alternative oxidative process of photoark—nown that ultra-bandgap irradiation of systems containing:
odic corrosion. TiO5, CdS and a number of other semiconductors can effect

the photoreduction of water, if alcohols, EDTA, sulfite ions,
glucose or other compounds are used as the sacrificial elec-
— tron donor (SED) [18,35]. The basic overall process can be
summarised as follows:
HyH'—— 00~ _cb -

Pt/ semiconductor

SED +2H™" + 2H,0 products+ Hs. (3)

v>Eyyg

In almost all cases a PGM catalyst, such as Pt, is needed
in the system, usually on the surface of the semiconductor
particles, to help mediate the reduction of water.

10 As for oxygen evolution, Ti@, WOz, CeG;, and mixed

H0/02 —1.23 TiO,-WO5 photocatalysts in presence of Fe [PtCl]%,
Ag™ or Ceé*as sacrificial electron acceptoi®,, SEAs, have
been shown to function quite well as examples of water oxi-
€ dation photosystems [35]. The photogenerated hole on titania
Tio; Fe:0s and WGQ (the two most commonly used semiconductors pho-
20 tosensitisers) is so oxidisinge., Ey g > E° (02/H50), that
an oxygen catalyst seems not to be needed. Despite this fact,
the use of an oxygen catalyst, such as RuO facilitate the
overall semiconductor-sensitiser photo-oxidation of water to
L O,, remains popular. In such systems, the semiconductor-
sensitised photocatalytic oxidation of water by a SEA can be
[ expressed by the following simple reaction process:

Cds

#9.

KTa0;
SITiO3 _

L Oq-catalyst/semiconductor
SEA+2H>0 productstOs. (4)
4 hv 2 Ebg

Figure 2 summarises the basic electron transfer processes as-
E’(NHE) sociated with the semiconductor-sensitised photo reduction

(reaction 3), oxidation (reaction 4), and cleavage of water (re-
action 2).

FIGURE 1. Redox potentials (at pHO) of the valence band (VB) Although a number of studies of reaction (4) have been

and conductance band (CB) of various potential water-splitting conducted in the past using a varierty of different individual

semiconductors, including Wand TiO;. For reference, the re-  sacrificial electron acceptors, a more comprehensive study of

dox potentials of the @H» and H"/H. redox couples have been the efficacy of such SEAs has been lacking. Thus, in this pa-

included. per, the results of a study of the effectiveness of a number of
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different SEAs in photoreaction (4) are reported in which the2. Experimental

semiconductors are TiP25) and WQ, with the latter in a

microcrystalline and nanocrystalline form.
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2.1. Materials

The TiO, used throughout this work was P25 Ti€dpplied

by Degussa-Huels. The W®nicro and nanocrystalline were
obtained from Aldrich Chemicals. The micro W®owder

is yellow-green, dense and coarse and forms aggregates in
solution that are much greater than a micron in size and,
as such, very readily settle. In contrast, nano J\fOwder

is light and fine, although still yellow-green in appearance,
and forms submicron aggregates in solution that do not read-
ily settle. The SEAs: Fe(NQ3.9H,O, N&S,05, AgNOs

and HgC} were supplied by Aldrich Chemicals. Ce($Q

and Cu(NQ).3H,O were purchased in AnalaR form from
Aldrich Chemicals. The [Co(NE)5;CI]Cl, complex was ob-
tained from Alfa Aesar. All materials were used as received.
Solutions containing e or Ce*™ were prepared from the
appropriate salts mentioned above using aqueous 0.01M and
0.5 M H,SQy, respectively, as solvent. Solutions containing
Ag™ or CU*t ions were prepared from their salts using aque-
ous 0.01M HNQ as the solvent. Mercury chloride solutions
were prepared using aqueous 0.01M HCI as the solvent. The
use of acidic conditions in making up solutions of these metal
ions were employed in order to minimise or eliminate prob-
lems due to metal ion hydrolysis (vide infra). Sodium per-
sulphate and the [Co(NH5CI]Cl, solutions were prepared
using just water as the solvent.In all cases the water used
to make up the solutions was doubly distilled. The nitro-
gen used to purge the solutions before each irradiation was
obtained from BOC and was free o O

2.2. Methods

UV-VIS absorption spectra were recorded using a Hefios
UV-VIS spectrophotometer (Thermo Spectronic). Diffuse re-
flectance spectra were recorded using a Perkin EImer Lambda
20 UV-VIS spectrophotometer with a diffuse reflectance at-
tachment. Details of the irradiation system have been re-
ported elsewhere [38,39], but, in brief, the photoreactor com-
prised two half cylinders, each containing six 8 W Black
Light UVA lamps set against a half-cylinder aluminium re-
flector. Each of the lamps (Coast M) emitted a broad
range of UVA light, typically 320-390 nm, with,,, .. (emis-
sion) = 355 nm. The photochemical reaction vessel used in
this work comprised a 60chthermostatted glass vessel with
an oxygen electrode in its base (i.d. 4 cm). The concentra-
tion of dissolved oxygen in the reaction vessel was measured

ciated with: (a) the photoreduction of water by a sacrificial electron UK), a detailed description of which is given elsewhere [40].

donor (SED_) sensitised by semiconductor particles which have sur_Figure 3 is a labelled photograph of the irradiation system
face deposits of a hydrogen catalyst, such as Pt; (b) the photoomb ened ub to reveal the alass photoreactor with the oxvaen
dation of water by a sacrificial electron acceptor (SEA) sensitised P P 9 P Y9

by semiconductor particles with surface deposits of an oxygen Cat_electrode in its base, set on a ma@!”e“c stirrer and the two
alyst, such as Rug) (note: in practice often theratalyst is omit- halves of the photoreactor. In practice the two halves of the
ted) and (c) the photocleavage of water, sensitised by semicondud®hotoreactor, containing the UV-lamps, are pushed together,
tor particles with surface deposits of a hydrogen catalyst and arwith the photoreaction pressed in its centre, before the start
oxygen catalyst. of any irradiation. The reaction solutions under test were

Rev. Mex. 5. 50 (3) (2004) 287296



290 A. MILLS AND M.A. VALENZUELA

0.0
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FIGURE 3. Labelled photograph of the irradiation system compris- . B

ing: a photo reactor, and photoreaction vessel with ael@ctrode v2E,, [~ " agiage
set in its base (1) oxygen electrode (2) magnetic stirrer (3) glass He/Hge
photoreaction vessel (4) plunger (5) black light lamp (5) half cylin-

der.

= 0,/H,0
Ce'tice™t

placed in the @electrode, prior to irradiation and stirred and —

thermostatted at 2&. Before each experiment the solutions
(typically comprisingz mg of semiconductor photocatalyst, |

$20577/804% (+2.01V)

wherez = 12.5 (TiQ,), 25 (WO; nano) or 50 (WQ micro), @
dispersed in 25 ml of the SEA solution under test, after son-

ication for 15 min in an ultrasonic bath to disperse the semi- @_
conductor powder and transfer to the photochemical reaction

vessel, were purged with oxygen-free nitrogen prior to illu- WO, Ti0,

mination. After purging, the plunger in the top of the reaction
vessel was pushed down in order to expel all the headspade@GURE 4. lllustration of the standard redox potentials at pH=0

above the solution. The photoreaction was then initiated by the valence band (VB) and of the conduction band (CB) ofiWO
turning on the lamp of the photoreactor. and TiQ,. The redox potentials of thelH>O and various relevant

redox couples associated with the sacrificial electron acceptors un-
der test are also illustrated.
3. Results and discussion

compared with the microcrystalline W @onventional pow-
3.1. Spectral features of the semiconductors der (5nt/g). Assuming in both cases the powder parti-

) o ) cles are spherical, and given that the specific surface area
Figure 4 shows the % reflectivity, as measured by diffuse reg¢ o ,ch an ideal powder = fd, wherep is the density of
flectance, as a function of wavelength for the series of semiwo3 (7.3 x 10° g/m?) and d is ’the diameter of the spherical
conductor samples used in this work. This plot is similar to,qer particles, then the size of the powder particles can be
that of the transmittance spectrum of a substance, and, thusstimated as 0.16n and 33nm for the micro and nano WO
from the_data in Fig. 4, it can be seen that Ti@bsorbs most powders. Note the size of the nano W@owder particles
strongly in the near UVX < 400 nm), whereas the two WO ig gimjlar to those of the ubiquitous non-porous Degussa P25
powders absorb strongly both in the UV and visible wave-—rig, nowder, a 70:30 mixture of anatase and rutile, also used

length regions. Using the results illustrated in Fig. 4, the ab—In this work, which has a specific surface area of Sdgand
sorption onset wavelengths were estimated as 405, 459 ar%ﬁ’/erage particles size of ca. 31nm.

474 nm, for TiGQ,, WO3 micro powder and W@nanopowder,

respectively. These experimental results were used to calcu-

late the band gap energies for the three powders, using tf&2. Photoreaction energetics

formula B, (eV) = 1240A.extonset (in nm), which were as

follows: 3.06, 2.70 and 2.61 eV. These values are consistetiiumination of a semiconductor, such as TiOr WOs, with

with those reported by others [41]. In particular, although theultra bandgap light generates an electron-hole pair. The sub-
bandgap of the two W¢powders was estimated to lie in the sequent fate of this pair is key to the overall photoactivity
region 2.6-2.7eV, and the value for bulk single-crystal YO exhibited by the semiconductor photocatalyst. In most cases,
is reported as 2.7-2.8eV, others have also reported it as lomcluding TiO, and WGQ;, the electron-hole pairs recombine,
as 2.6eV for WQ powders [41]. Not surprisingly, the mea- either in the bulk of the particles where they were created, or
sured specific surface area (using the BET method) was sigt the surface of the semiconductor. As a consequence, semi-
nificantly bigger in the case of W{nhanopowder (25 Rig) conductor photochemistry is usually inefficient in its use of
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photons,.e., most system exhibit low quantum yields, typi- AG = —nF(Evn — E°(Oy/H>O 7
cally of the order of 1%. If the photogenerated electrons and nk(Evp (02/H0)). ™
hole are able to reach the surface of the particle they werghere n is the number of electrons transferred (n = 4 for water
generated in, then they can react with substances absorbgglidation) and 5 is the redox potential of the photogener-
at the surface. In this work different sacrificial electron ac-5ted holes in the valence band of the semiconductor. The
ceptors have been added to the reaction solution, comprisingssitions of the redox potential &, for WO; and TiO, and
dispersed particles of semicongiuctor, S0 as to react with any° (0,/H,0) at pH 0 are given in Fig. 5, from which it is quite
surface photogenerated electroins, clear that & 5 > E°(O,/H,0) for both WQ, and TiO, and,
_ therefore AG for reaction (6) is negative and quite large, and
¢ —sui +SEA — SEA™. ®) thus the process is thermodynamically feasible.

Several of the SEAs used in this work, such a$Hg The change in Gibbs frge energy for the SEA reduction
Cw?* and S$O?~, are associated with a multi-electron re- réaction (5) can be summarised as follows:
dox couple. In such examples, as with single electron redox . B
couples, the initial electron-transfer stép,, reaction (5), is AG = +nF(Ecp — E°(SEA/SEA™)), (8)

usually considered the rate determining step. With the raplgNhere E.; is the redox potential of the photogenerated elec-

removal of the photogenerated electrons, via reaction (5), thte . .
. rons in the conductance band of the semiconductor. As be-
photogenerated holes will accumulate at the surface of thF s .
: ' ore, the positions of the redox potentials far & for WO;
semiconductor. In the cases of W@and TiO, the photogen- . ) X
- o and TiO, and the standard redox couples associated with each
erated holes are sufficiently oxidising that they are able toS i - “the | ol
oxidise water to oxygen,e EA are i ustrated in Fig. 5. Note: the latter potentials are
T not usually quite the same as that 6{EEA/SEA™) for the
Ahd + HyO — Oy T +4H™. (6)  multi-electron redox couples. Indeed, although the standard
o redox potentials of all the multi-electron redox couples are
However, there is also a possibility that the photogenerknown, quite often the redox potentials for the one-electron
ated holes may oxidise SEAto SEA and so short-circuit the couples,.e., E°(SEA/SEA™), are not, as in the case of per-
overall process. This is likely to be a problem if SEi& sta-  sulfate. However, in spite of this, a rough guide to the feasi-
ble and adsorbed strongly on the surface of the semicondudility of reaction (5) can be gleaned from a brief inspection of
tor. If, however, reactions (5) and (6) do proceed efficiently,the data in Fig. 5 and the application of Eq. (8). Thus, from
and there are no ‘short-circuiting’ back reactions, then thehis data, it is clear that thermodynamically all the SEAs cho-
overall photo-oxidation by the sacrificial electron acceptor ofsen are able to react with the photogenerated electrons on
water to oxygen, as summarised by reaction (4), will be ef-TiO, since in all cases & < E°(SEA/SEA™) and; there-
fected. Obviously for this reaction to be efficient the reactionfore, AG is negative. In contrast, it is clear that, in terms
energetics must be favourable. The change in Gibbs free ewf thermodynamics, the condition for feasibilityg., Ecp <
ergy for the water oxidation reaction (6) can be summarised°(SEA/SEA"), is not satisfied by the Ctr SEA, at least
as follows: when WG is used as the semiconductor sensitiser.

100
Ti0;

WO, micro
sedei

75 4

WO, nano

% Reflectivity
n
(=]

25

350 400 450 500 550
Nnm

FIGURE 5. % reflectivity UV-VIS diffuse reflectance spectra of the different semiconductor photocatalysts used in this work; from top t
bottom: TiG;, WOs, (nano) and W@ (micro), respectively.
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3.3. Spectral features of the SEA compounds tem, with twelve 8W blacklight lamps, the evolution of dis-
solved oxygen was measured by the oxygen electrode. The
Figure 6 shows the UV-VIS spectra of the in agueous sorecorded variation of the output of the oxygen electrode ver-
lutions of the SEAs at the two concentrations used in thissus time profiles for this semiconductor and the two different
work, namely: 102 and 10® mol dm™3. The Fé™ and WO, powders (25 mg (W nano) and 50 mg (WQmi-
Ce'Tions absorb strongly at around 400 and 450 nm, respeo), dispersed in 25 ml of the SEA solution) are illustrated
tively, and at all wavelengths below these values wheream Fig. 7.
the [Co(NH;)5Cl]** complex absorbs in the visible region  The output of an oxygen electrode is directly proportional
(maximum at around 500 nm) as well as in the UV (400 nm).to the level of dissolved oxygen. Thus, using air-saturated
The SO;, Ag™, Hg?* and Cd* SEAs have similar spec- water as a calibrant [) = 2.5 x 10~*mol dm3, it is a sim-
tral characteristics, all absorbing in the far U\, at ca.  ple task to convert this output into a plot of dissolved oxygen
250 nm at high concentrations and at slightly lower waveconcentration versus time. Thus, from the data in Fig. 7, it
lengths at the lower concentration. is clear that silver ions function very well as SEAs. Presum-
An appreciation of the spectral characteristics of the dif-ably the difference in redox potential of the photogenerated
ferent SEAs tested is important, since any strongly UV orconductance band electrons and that of th@\§+/Ag) cou-
visible absorbing solution additive, such as an SEA, can agple is the underlying cause for the much greater efficacy of
as an effective screen to ultra bandgap photons and so prevesg* ions as a SEA when titania is used as the semiconductor
their absorption to a significant extent by the semiconductoras compared with to the two WQpowders. Another cause
Obviously, the potential problem of screening is more signif-for this difference in rate of oxygen evolution is the much
icant the more UV absorbing and concentrated the additivegreater specific surface area of Ti@ompared to that of the
especially for the only UV-absorbing semiconductors, suchwo tungsten powders. Certainly there was a noticeable dif-
as titania. ference in the nature of the dispersion, with the fine, nano
In a typical experiment 12.5 mg of Degussa P25 sTiO powder forming much better dispersions than the coarser, mi-
were dispersed in an aqueous solution (25ml), comprisingrocrystalline WQ and this effective difference in surface
102 mol dm3 of silver nitrate, and placed in the ther- area and ability to form a stable dispersion is the likely major
mostatted, glass photoreaction vessel, set in the base of whiclawuse for the difference in photocatalytic activity exhibited
was an oxygen electron. Upon UV illumination of this sys- by the two WQ powders, as illustrated by the data in Fig. 7.

Absorbance
Absorbance
Absorbance

200 300 400 500 600 200 300 400 200 300 400 500 600
Anm Anm Anm

C 0(NH3)5C 13

Absorbance
Absorbance
Absorbance

200 300 400 500 600 200 300 400

FIGURE 6. UV/VIS absorption spectra of aqueous solutions of the different SEAs used in this work.
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FIGURE 7. Measured dissolved [§ versus illumination time profiles, made using a £V aqueous solution of silver nitrate as SEA and
(a) TiO2 , (b) nano WQ and (c) micro WQ, powders as the semiconductor (12.5 mg @25 mg (WQ nano) and 50 mg (W@micro),
dispersed in 25 ml of the SEA solution).

Using the above general procedure the following SEAs  Histogram plots of the observed initial rates of oxygen
were tested, using TiDand the micro and nanocrystalline evolution per gram of photocatalyst for reaction (4), using
WO3; powders as semiconductor photocatalysts for reacTiO, and micro and nanocrystalline W@s the semiconduc-
tion (4): Hg*, Cw¥t, Agt, Cét, F&t, S,0;~ and tor photocatalyst, and the other SEAs tested, at two different
Co(NH;3),4(CI?T). In the cases of Hg and Cid*, no oxy-  concentrations, are illustrated in Fig. 8. As noted before, and
gen evolution was observed with any of the semiconductorflustrated in Fig. 7, Ag ions are a very effective SEA at
tested. As previously noted, the lack of any oxygen evolu10~* and 107> mol dm~3. However, it is surprising to note
tion for the WQ,/CU2+ systems is not Surprising on energetic that the rate of water oxidation via reaction (4) is much slower
grounds. Given the favourable energetics of reaction (4), et [Ag*] levels of 10°2 compared to 10° mol dm*?’yvhen
pecially for the combination of Ti9and C4+ and Hg+, the microcrystalline W@ppwder is used as the semiconduc-
the lack of any reaction appears surprising initially. However [OF Photocatalyst. Why this is so is not clear, although there
similar results, based on TiOhave been reported by others IS some ewdence_ to suggest that*Algr!-adsorptlon mduce_d
and are attributed to the relative easy of reoxidation of the repa_rncle aggrgganon T“ay_be responsible. Further work is re-
duced forms of these ionsg., Cu', Hg", Cu and Hg by the quwlsr?):rc: Cl?:\%lotl:f zlitéjcal;[giléns of the energetics of reac-
photogenerated holes [17]. Other work showed that Whils%ion @) itpis fairly clear that Co(NH),CI** gis ot ex-
the reaction of Hg" ions to Hg could be achieved using TiO y

the photocatalvst and methanol. rather th ¢ ¢ ected, from thermodynamics at least, to be an effec-
as the photocatalyst and methanol, rather than water, as tyge sea for either of the two Wepowders given the

source of electrons, the finely-divided Hg deposited was veryoor reducing power of their photogenerated electrons
rapidly reoxidised by air. Thus, as with many heterogeneouge ., (w0,) = + 0.4V vs NHE) and the low redox potential
photocatalytic reactions, reaction (4) although on firstinspecof the Co(NH;),CI** /Co(NHs),CI* couple. In contrast, as
tion apparently very simple, can be, in fact, much more comillustrated by the results in Fig. 8, TiQwith its much more
plex, especially if highly reactive intermediates that adsorbreducing conduction band (& (TiO,) = 0.1V vs NHE),

or deposit on the surface of the semiconductor photocatalyss able to sensitise reaction (4), using CoNKCI** as the
are involved. SEA, especially when the latter is at a high concentration.
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TiO,
e I
$,05" ce*

T
Co(NHg)s CI** Ag"

10° Ms"g ™
5

[}

‘WO, micro

I

Fed 5,0," Ce' Co(NH;)s CF Ag'

L S R A

RO, /(10° M s'g ™) BROA

—_
o

—-
1

WO, nano

o

RO, /103 M s'gh

n BN il

'Fe™ 5,05 ce® Co(NH;)s CI* Ag'

FIGURE 8. Histograph plots of the measured rates of the photo-oxidation of water per gram of photocatalyst using various different SEAs
and sensitised by Ti§) micro WO; or nano WQ semiconductors.

Based on energetic arguments, one of the best SEAsuriosity as an oxidising agent, often working very slowly
tested should be G¢ ions and one might expect that the in this role, except in the presence of a catalyst, such as the
higher the concentration the faster the rate of oxygen phasilver ion [42]. Its mechanistic action in such oxidation re-
toevolution via reaction (4) for all the semiconductors testedactions is complex but it is usually suggested that the initial
using this SEA. However, contrary to these expectations, thetep involves formation of the highly reactive sulfate radical
results illustrated in Fig. 8 show that ceric ions appear toSOj" .i.e,
act as a poor SEA at high (18 mol dm~2) concentrations,
but are much more effective at lower concentrations (such as
10~3 mol dm3). The cause for this behaviour is the UV S:03” +e¢~ — SOi™ + 807" 9)
screening action of ceric ions, which is very effective at high
concentrations, but much less so at lower concentrations, e

illustrated by the UV/VIS spectra of the ceric ion solution in The slightly lower than expected rate of photo-oxidation of

Fig. 6. Thus, when considering the efficacy of a SEA itis im- . . ;
. . . water, via reaction (4), observed for all the semiconductors
portant to take into account a number of factors, including th(—‘t*

energetics of the process and the bandgap screening action SfSt.ed may yvell be' due to thg high reactivity of th|s'rad|-
the SEA. cal intermediate which results in a tendency to react with the

photogenerated holes, so short-circuiting the overall reaction.
As illustrated by the UV/VIS spectra of the two persul- Interestingly, additional work carried out on the same sacrifi-
fate solutions used as SEAs in this work (see Fig. 6), UV-ial system at high pH (pH 13 instead of pH 6.5) produced a
screening is not a problem Wit&@f{ ions. Indeed, interms marked (6 fold) increase in rate, possibly due to an increase
of energetics, 80;~ is the most favourable of all the SEAs in the stability of the S~ radical and a lower overpotential
tested, exhibiting, as it does a redox potential of 2.08 V vdor water oxidation [43].
NHE. It is no surprise, therefore, to note from the data il-  Finally, ferricions at pH 2 as a SEA in reaction (4) proved
lustrated in Fig. 8 that D~ proved an effective SEA for quite effective, although, like G& ions, the rate was found
all the semiconductors tested and the higher its concentrde decrease at high concentrations due to a UV-shielding ef-
tion the greater the rate of oxygen evolution. In fact, whatfect (see Fig. 8). The use of ferric ions as a SEA for re-
is slightly surprising, given its lack of UV-screening and action (4) has been well-studied for both fi@nd WQ, as
very favourable energetics, is that the observed rate of wasemiconductor photosensitisers [41, 44-46]. However, often
ter photo-oxidation is not any faster than most of the otherjn such work researchers forget to acknowledge that Fe(lll)
less-favourable, SEAs tested. Indeed, Aipns appear a ions only exists in the form of the pale purple hexaquo ion
better SEA than $0;~ ions, despite the much lower oxida- at ca. pH 0 [42]. At pH's> 0, the ferric ion hydrolyses and
tion potential of the Ag/Ag couple compared to that of the forms complexes. Indeed at ptB.5 ferric ions form a gelati-
szog—/ SO;~ couple. However, persulfate is a recognisednous red-brown precipitate that contains Fe(9at)d many,

In reaction (4), where persulfate is the SEA, it appears
ly that SO~ radicals are produced as the intermediate.
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undefined polymeric species. Thus, the highly UV absorbing From the data illustrated in Fig. 8, it is clear that the
nature of the solution of ferric sulfate (pH2) used in this work Ag™ ion is the best SEA tested. However, as it results in
does not comprise B¢ ions but rather a complex mixture of the photodeposition of Ag onto the surface of the semicon-
hydrolysed Fe(lll) species. The colour and composition ofductor particles, and an associated general darkening of the
this solution is fairly stable but at higher pHsg. pH>2) it ~ semiconductor powder and permanent alteration of the semi-
changes with time, becoming more UV-absorbing and orangeonductor, it is far from ideal as a SEA. Of the other effective
in appearance over a period of time that can be minutes, houBEAs, Cé* and Fé ions are both highly UV-absorbing, es-
or days; obviously the higher the pH the faster the hydrolysigecially when used at a high concentration, and, given their
process. This effect is even greater at higher pH's. In ordetendencies to hydrolyse, cannot be used except under quite
to ensure the ferric solutions used in this work were of theacidic conditions. Thus, of all the SEAs tested, persulfate
same, albeit partially hydrolysed, composition the solutionsappears the best, since it is effective, colourless and can be
were made up fresh on the day and used shortly afterwardssed over a wide pH range. Indeed, other work shows that it
Previous reports by others of rates of oxygen evolution baseid 6 time more effective at pH 13 compared to the pH used
on studies of reaction (4) where ferric ions were used as thin this work, i.e. pH 6.5. Surprisingly, despite the fact that
SEA and the pH adjusted to pt2 and used at an undefined persulfate has proved a very popular SEA in studies of the
time later are of little value since not only is the compositiondye-sensitised oxidation of water, persulfate has hardly been
of the SEA not known, but the work cannot be repeated sincestudied as a SEA in the semiconductor-sensitised oxidation
at these pH's, the composition of the SEA changes as a fun®f water. Thus, further work is in progress to investigate this
tion of time [45]. The same problem is also encountered irprocess in more detail.
work carried out using Cé ions, since these ions are also
rapidly hydrolysed at pHs 1.

Taken overall, the results illustrated in Fig. 8 show that4. Conclusion
Degussa P25 Ti@is a better semiconductor photocatalyst for
reaction (4) than either of the two W@owders tested, using In general, the greatest rate of oxygen production was ob-
UV illumination. These finding are not too surprising given tained using a Ti@ semiconductor photocatalyst and silver
the poor reducing power (g = 0.4V vs NHE at pH 0) of ions as the sacrificial electron acceptor. However, as alter-
the photogenerated electrons on We&mpared to those on native SEAs sodium persulfate, iron nitrate and cerium sul-
TiO, (Ecp =-0.1V vs NHE at pH 0). In most cases the more phate also appeared effective and resulted in significant rates
easily dispersed nanocrystalline Wfowder performed bet- of oxygen production. Hg" and Cd#™* did not show oxygen
ter than its coarser, microcrystalline counterpart, although ngeroduction with all the tested semiconductors probably due
as much as expected based on its much greater specific st®-a low thermodynamic driving force and highly reactive in-
face area. Although reasons for this surprisingly modest imtermediates that may adsorb on the surfaces of the semicon-
provement in activity with increasing specific surface areaductors. Sodium persulfate as a SEA in the photo-oxidation
remain unclear, one possibility is that the nano particulatef water by semiconductor photocatalysis appears the best of
powder possessed more amorphous character than the mictbe ones tested and warrants further research.
crystalline powder. Certainly amorphous WQdike amor-
phous TiQ, has a much lower photocatalytic activity than
its crystalline form, since the latter will be associated with aAcknowledgements
much greater density of defects and such defects are known
to be very effective as electron-hole recombination centre$/AV and AM thank IPN and CONACYT for funding a sab-

and so lower the overall photoefficiency of the semiconducbatical year for MAV at Strathclyde University in order to
tor material. study semiconductor-photocatalysed reactions.
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