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Abstract

The photocatalytic oxidation reaction of ethanol on small nanometer-sized and large micrometer-sized ZnS particles as well as
on nanometer-sized SpQunder stationary illumination has been investigated in order to study the particle size effect in this size
regime. It has been demonstrated that the reaction mechanism of alcohol oxidation on micrometer- and nanometer-sized patrticles is
quite different. Ethanol is selectively oxidized em-ZnS to acetaldehyde without side products by a “two-hole” process. This re-
action required two absorbed photons in one particle which are transferred in a very short time interval (55ns) fpomzh8
particle to the ethanol molecule forming directly acetaldehyde. In the case of nm-ZnS, longdivedroxyethyl radicals are formed
via a “one-hole” process due to the low generation rate of charge carriers (abouth1&e') in one nm-ZnS particle. These rad-
icals undergo secondary reactions, i.e. dimerization to 2,3-butanediol and disproportionation to acetaldehyde in the electrolyte. The
electrochemical rate constakd; for the slowest partial reaction occurring on the illuminated nm- gma-ZnS particles has been
calculated. One obtains similar rate constants, nankgly = 9.8 x 1079 and 43 x 10 %cms? for pwm-ZnS and nm-ZnS,
respectively. In the case of illuminated nm-Snarticles, only the oxidation product acetaldehyde was observed. Here, the initially
formeda-hydroxyethyl radical via a “one-hole” process is further oxidized to the corresponding aldehyde by electron injection from the
radical into the conduction band of the same gp@rticle by avoiding the formation of 2,3-butanediol.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the photoinduced electron/hole pairs [5]. This is shown
schematically in Fig. 1 for the hypothetical partial reac-
Photochemical processes in heterogeneous systems haviéon of ethanol with a photoinduced hole forming in the
gained wide interests in recent years because of their applicafirst step a radical (intermediate) which is in principle able
tions in photocatalytic detoxification of polluted water [1,2] to react with a second hole on the surface of the semi-
and conversion of solar energy into chemical energy [3]. On conductor to the stable product acetaldehyde. Thus, the
a microscopic scale, photocatalysis is a process based omet reaction CHCH20H + 2h* — CH3CH=0 + 2H"
the irradiation of semiconductor particles with light energy occurs in two steps and requires therefore two absorbed
equal to or greater than its bandgap creating electrons inphotons.
the conduction band and holes in the valence band. If these The reaction pathways of reactions on semiconductor sur-
charge carriers are separated fast enough, they can be usdidces in which two or more charge carriers are involved de-
for chemical reactions at the surface of the semiconductor pend strongly on the time interval between the absorption
particle [4]. of two photons incident on one particle and therefore on
In general, photocatalysis with semiconductor parti- the particle size. Taking a suspension of abolftddrticles
cles overcomes the energy barrier of a thermodynamically (um-diameter) in a volume of 1ctnso that the incident
feasible reaction because of the excess energy stored irightis just completely adsorbed, it takes about nanoseconds
between the absorption of two photons in one particle for
* Corresponding author. Fax:49-30-63-22-93-20. an incident flux of typically 18’ photonscm?s~1. Using
E-mail address: bernd.mueller@surf24.de (B.R. Miiller). a colloidal solution of particles of about 3 nm size, this time
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A 2. Experimental details

[CH,CHOH +h" ]

2.1. Sample preparation
[ CH,CH,0H + h'] All chemicals for the ZnS and SnQpreparation were
- stored under nitrogen in a glove box (MBraun, Typ 150-Gl).
Before use, all prepared solutions for the ZnS precipitation

reactions were flushed with argon for 1 h. The purity grade of
ethanol was ‘for chromatography’ and the water was purified
by a Millipore-Q/RO system. The specific conductivity of
this purified water was less than&l0-8 Scnr . All other
chemicals were of analytical grade and were used without
CH,CH=0 +H* further purification.

Gibbs energy G

CH,CHOH +H’

AG<o | CHsCH,OH

reactant intermediate product . . . .
2.1.1. Preparation of micrometer-sized ZnS particles

> ZnS particles with diameters in the range of microme-
ters have been produced by using a method described by
Fig. 1. Energetics of photocatalysis on illuminated semiconductor particles Williams et al. [10]' Here 120 ml of a 0.88 M thioacetamide
schematically illustrated for a chemical oxidation reaction (partial reaction) Solution, 148 ml of 0.081 M Zn(Clg), (Alfa Products) so-
of ethanol to thex-hydroxyethy! radical (intermediate) and finally to the  ution and 2 ml of concentrated430;, all solutions being
stable product acetgldehyde. The net reaction to acetaldehyde occurs i”preheated to 80C, were mixed leading to a slow hydrol-
two steps and requires two absorbed photons. ysis. Convections in the reaction solution caused by ther-
mal gradients or stirring were avoided as good as possible.
Under these conditions, the reaction forming the ZnS par-
interval is longer than six orders of magnitudes compared ticles is diffusion-controlled and very uniform spherically
to the micrometer particles. This would mean that a radi- shaped particles with an average diameter of abquin4
cal formed in the first reaction step (compare Fig. 1) may were formed (derived from scanning electron microscopy
undergo another reaction before a second electron or hole ifSEM) pictures). After a reaction time of 1h, the particles
available in the same patrticle [6]. were separated from the solution by centrifugation and de-
Gerischer [5,7] analyzed theoretically the influence of cantation of the liquid and washed with water and finally
the rate of oxygen reduction and the oxidative decomposi- with ammonium hydroxide to remove adsorbedSH The
tion of organic molecules on different-sized Ti@articles samples were dried at 6C overnight under a slow nitro-
and demonstrated that the kinetics of the reactions at thegen flow. According to an X-ray analysis, then-ZnS par-
semiconductor/electrolyte interface, the generation rate ofticles mainly consist of3-ZnS (cubic modification, 93%)
electron/hole pairs and the quantum vyield will differ dra- with a small amount ofw-ZnS (hexagonal modification,
matically if the particle size is varied in the nanometer- 7%). The specific surface area of then-zZnS particles
to the micrometer-size regime. Beside these calculations,was determined by using the BET method with a ‘flow
however, not much research has systematically been donesorb’ 2300 from Micromeritics. The measured surface was
in this field. Systematic investigations on the role of par- 20+ 2nm? g1
ticle size have only been experimentally carried out with
semiconductor particles in the nanometer-size regime, e.g.2.1.2. Preparation of nanometer-sized
studying the photocatalytic decomposition of CHGIn ZnS particles (colloids)
nanocrystalline TiQ (particle size 6-21nm) [8], or study- The ZnS colloids were prepared by modifying a method
ing the size-dependent rate of the charge transfer processleveloped by the Henglein et al. [11]. The colloids were
from quantum-size particles (particle size 2.9-5.0nm) to produced under argon by adding quickly (within about 0.5 s)
redox species in solutions [9]. 1ml of 17 mM Zn(CIQ,), (Alfa Product) solution to 99 ml
In this paper, the photocatalytic oxidation reaction of of 0.2mM Na&$ (purity grade p.a., Merck) solution con-
ethanol on micrometer- and nanometer-sized ZnS parti- taining water/ethanol (volume ratio: 5:dgion = 2.86 M)
cles as well as on nanometer-sized Sn@articles under and 16 mM colloidal Si@ (Ludox HS 40, Du Pont, particles
stationary illumination conditions is described and dis- size~ 15nm) as a stabilizer. The prepared 0.17mM ZnS
cussed in terms of the decisive reaction parameters suchcolloids containing 17 mol% SHexcess did not show any
as generation rate of charge carriers within one particle, fluorescence indicating that the excess Sbins are specif-
the time interval between two successive charge trans-ically adsorbed on the particle surface [6]. Dunstan et al.
fer processes within one particle and the electrochemical[12] have shown from mobility measurements that all ex-
rate constant for the rate-determining reaction step on thecess ions are specifically adsorbed on the ZnS surface. In
particles. order to obtain reproducible results, it was important that all

reaction coordinate (extent of reaction)
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parameters in this procedure were carefully kept constant.flushing was used through the interstice of the double sep-
Under these experimental conditions, an average particletum in order to avoid any penetration of oxygen through
size of 3.0 nm+40.5 nm) was obtained for ZnS particles with the punctured septum. All illumination experiments with
17 mol% SH excess, which was determined by transmis- micrometer- and nanometer-sized ZnS particles were car-
sion electron microscopy (TEM). From the bulk density of ried out at pH 10 and the pH did not change during illumi-
zinc sulfide (4.08 gcm®) and a molecular weight of 97.44, nation in the presence of SjOThe cell was kept constant
an average aggregation number of 357 was obtained. Photoat a temperature of 2%2. The irradiation was carried out
electrochemical measurements were always performed withby a 150 W xenon lamp (XBO 150 W/S, Osram) that was

particles being aged for 24 h. hosted in a lamp housing. The light was passed through a
10cm thick water filter to absorb infrared light. In addi-

2.1.3. Preparation of nanometer-sized tion, a 280 or 320 nm cut-off filter was used. The photon

O, particles (colloids) intensities of the xenon lamp into the cell were measured

The SnQ colloidal solution was prepared by hydrolysis of by chemical actinometry by using iron(lll) oxalate for cali-
SnCly in a modified procedure described by Mulvaney et al. bration [15].
[13]. A 3ml aliquot of freshly distilled SnGlwas added
dropwise under stirring to 11 of water. The acidic solution 2.3. Analytic
was left standing in the dark for 24 h to allow the formation
of a white amorphous precipitate. The water above the pre- The reaction products were mainly analyzed by gas
cipitate was then decanted, and the precipitate was washeathromatography. The gases,HD>, and N present in the
with water until its pH rose to 6. Thus treated, the precipi- gas phase in the quartz cell were determined by using a
tate was then peptized by a dropwise addition of 1 M NaOH gas chromatograph (GC-8A, Shimadzu) at’80equipped
which gave rise to a clear colloidal solution of ShQ'he with a stainless steel column (length 2m, diameter 4 mm)
solution was then subjected to dialysis against water until filled with a molecular sieve (0.5nm, 60/80 mesh from
pH 7.5 was attained. The colloidal solutions prepared in this Chrompack) and a heat conduction detector. The carrier
way, colorless and perfect clear, were found to be stable forgas was argon with a flow rate of 45 mimth The com-
several months. TEM revealed an average particle diametermosition of the liquid was analyzed by using a gas chro-
of 2.5nm &0.5nm). From the bulk density of tin dioxide matograph (HR GC 5300, Carlo Erba) which was supplied
(6.85 g cnT3) and a molecular weight of 150.69, an average with a flame ionization detector (FID). Here we used a
aggregation number of 224 was obtained. The pictures takenfused silica capillary column (DB-Wax ID 320 from J & W
with the magnification 1:B9 x 10° showed crystal planes  Scientific, AAS) with a length of 30m and an inner diam-
of the individual particles which indicated that the particles eter of 0.32 mm combined with a deactivated pre-column.
were basically minute single crystals of cassiterite structure. Hydrogen was used as a carrier gas with a flow rate of
The stability of the colloidal Sn@solutions in the presence  71cmst. The pressure in front of the pre-column was
of electrolyte is rather poor. In 1M NaOH, NaGIOKCI 60kPa. An on-column system was used as an injection
or HCI, SnQ precipitates immediately after addition. We port and Sul of the illuminated suspension or colloidal
found that only HCIQ was compatible with the colloid to  solution was injected via the on-column system into the
a certain extent, depending on the concentration. In 1 M pre-column. In order to obtain good reproducibility in the
HCIOg4, the SnQ solution (1 mM) was stable for several determination of acetaldehyde and 2,3-butanediol, differ-
days and could be used for polarographic measurementsent temperatures were used in the detection system. In

[14]. the case of 2,3-butanediol, the liquid was injected at a
temperature of 100C and the column was then heated
2.2. Photoelectrochemical experiments up to 145°C at a rate of 13Cmin~1. Under these con-

ditions, the retention times for 2,3-butanediol were 3.51

The photoelectrochemical (photocatalytic) investigations and 3.73 min for the meso form and the racemate, respec-
were carried out by using a temperature-controlled quartz tively. For the acetaldehyde analysis, the GC was kept
vessel (volume: 95ml) with flat windows on both sides. constant at a temperature at®D The retention time was
It was sealed with a double septum for taking gas sam- 1.24 min.
ples and another one was taken for liquid samples by us- UV-Vis spectra were recorded with the spectrometer
ing corresponding syringes. In every experiment, the cell Omega 10 (Bruins Instruments). The polarographic deter-
was filled with 70ml suspension containing 100mg ZnS mination of Sn(ll) ions present in the illuminated colloidal
particles (particle densityV,m-zng = 10.4 x 10°cm™3), SnG solution ¢ = 6.5mM) was carried out by using the
or colloidal ZnS solutions = 0.17 mM), or colloidal Polarecord 626 with the VA stand 663 (Metrohm) equipped
SnQ solutions ¢ = 6.5mM) and was stirred with a mag- with a multimode electrode, and a scanner. Here 0.5 ml of
netic stirrer. Before starting the illumination, the suspension the illuminated Sn@ solution ¢ = 6.5mM) was diluted
or the colloidal solution was deaerated by flushing argon in 20ml HCIO4. The Sn(ll) ions show in 1M HCI® a
through it for at least 1 h. In addition, an external argon reduction potential of~0.51V vs Ag/AgCI.
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Fig. 2. (a) SEM picture of micrometer-sized ZnS particles. The growth of the particles were performed under conditions that minimize stirring and
convection (see text; magnification:6000); (b) typical surface morphology (fibrous structure)umfi-ZnS particles (magnificationx 15 000).

3. Results times larger than expected for particles with a smooth
surface.
3.1. Characterization of ZnSand ShO, particles The nm-ZnS colloids with 17mol% SH excess syn-

thesized in the presence of the stabilizer Si@re stable

Particle shape and size distribution of the micrometer-
sized ZnS particles were characterized by SEM and by 20
the BET method. Fig. 2a shows typical synthesized ZnS ]
particles obtained after a reaction time of 60min, and
Fig. 2b illustrates the surface morphology of these particles
showing a rough surface (porous surface) with a fibrous
appearance, resembling needles that might have nucleated
at separate sites and then grown parallel to the surface [10].
The transverse dimension of these needle-like structure
is about 10-90nm. In addition, Fig. 3 presents the size
distribution diagram for the synthesized micrometer-sized
ZnS particles. The ZnS particles reach an average diame- 10 20 30 40 50 60 70
ter of 4.06um. The data of the histogram in Fig. 3 were particle diameter / pm
obtained from direct measurements of the diameter of a _ ) o ) )
representative group of 100 particles derived from SEM Fig. 3. H_|stogram of the particle size dlstrlbqtlon for micrometer-sized

; ot . - ZnS particles. The data were obtained by direct measurements of 100
pictures. The specific surface area of the micrometer-sizedparticies from SEM photographs. The particles reach an average diameter
ZnS particles was 26t 2n?g1, therefore about 50  of 4.06pm.

—_
(8]
1,

number of particles
o =)
|
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Fig. 4. (@) Absorption spectrum of a 0.17 mM ZnS stldm-zns = 2.86 x 104 cm~3) containing 17 mol% SH excess in water/ethanol (volume ratio
5:1) at pH 10. The ZnS colloids (average diameter 3nm) were stabilized with 0.16 mM colloidal AdSorption cross-section of a 3nm-ZnS particle
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at » = 320nm,o = 4.9 x 10~1®cm?; (b) absorption spectrum of a 6.5mMM Sp®ol (Nnm-snoy = 1.73 x 108 cm™3) in water/ethanol (volume ratio

5:1) at pH 7.8.

over month and their solutions were transparent. The sta-whereNnm-zng) is the density of ZnS particles of the sol and

bilizer SiG; acted also as a buffer at pH 10. The average | the optical path length. WithV(nm-zns) = 2.86x 10t cm 3
particle size of our ZnS colloids determined from the TEM one obtainse = 4.9 x 10 cm? at » = 320nm. The

micrographs was 3.0 nm (average aggregation number 357)2nS sol with SH excess exhibits no fluorescence indi-
and this is consistent with the value found in the literature cating that no surface recombination traps (i.e. anion va-
[16]. The absorption spectrum of the 0.17mM ZnS solu- cancies [6,16]) for charge carriers within the bandgap are

tion (containing 17 mol% SH excess) is shown in Fig. 4a. present.

The colloids were aged for 24 h after synthesis and then
the spectrum was recorded. The absorption starts to risetion is shown in Fig. 4b. The onset of the absorption at about
steeply at 330 nm. The onset of absorption corresponds t0320 nm corresponds to a bandgap of 3.88 eV which is larger
a bandgap of 3.76 eV which is only slightly larger than the than the bandgap energy of 3.50eV of macro-crystalline
bandgap energy of 3.70eV of macro-crystalline ZnS [16]. SnG [13]. This means that the described synthesis yields a
The absorption cross-section for 3nm-ZnS particles has SnQ colloid with a particle size small enough to result in

a bandgap shift of about 0.38 eV relative to bulk Snddi-
cating the quantum-size effect of these very small particles.

been calculated from the measured absorb@nea

23034
B N(nm—ZnSl

The absorption spectrum of a 6.5 mM colloidal Sre0lu-

1) The average particle size of Sp@as 2.5 nm (aggregation
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Fig. 5. Formation of hydrogen, acetaldehyde (ratescgl/dr = 6.82 x 10~9mols™1), and 2,3-butanediol (rate,nghy/dr = 2.58 x 10-°mols™) on
3nm-ZnS colloids € = 0.17 MM, Nqnm-zns = 2.86 x 10" cm3) with 17mol% SH- excess in an ethanol/water solution (volume ratio: 1:5) at pH
10 in the presence of 16 mM colloidal SiQs illumination time; reaction volumeVr = 18.84cn? (see text); cut-off filter, WG 320. Molar ratio of
acetaldehyde to 2,3-butanedioPR.64:1.

number 224) derived from TEM measurements (compare 6.82 x 10~2s~1 for acetaldehyde, respectively, was deter-

Section 2). mined from the curves in Fig. 5. Thus, the molar ratio of
acetaldehyde and 2,3-butanediol was 2.64:1 and it remained

3.2. Photoelectrochemical and photochemical constant through the hole illumination experiment. The

experiments relative error in the measurements of the acetaldehyde and

2,3-butanediol concentration by GC was 10% and there-
Fig. 5 represents the reaction products formed during fore the relative error of the concentration ratio was 20%.
illumination & > 320nm) of nm-ZnS colloids with an  In the case of nanometer-sized ZnS particles, a 320nm
excess of 17mol% SH in ethanol/water solution. Here cut-off filter was used for the illumination experiments.
hydrogen, acetaldehyde, and 2,3-butanediol were formed.The light source generates0¥ x 10" photons 5 between
The illumination experiment was carried out at pH 10 and 320 nm (cut-off filter) and 330nm (the absorption onset
the pH did not change during illumination in the presence of the ZnS colloids, compare Fig. 4a) on a spot of 20 mm
of SiO, which acts as a stabilizer for the ZnS sol and also in diameter. So we used.8x 10 photonscm?s1 to
as a buffer. The amount of acetaldehyde and 2,3-butanediolexcite the nm-ZnS particles (Table 1). The determination
increases approximately linearly with illumination time of the quantum yield for the oxidation product formed on
and a rate of 8 x 10~°mols™! for 2,3-butanediol and  nanometer-sized ZnS will be shown later (see Section 4).

Table 1
Comparison of decisive reaction parameters for illuminated nm-pmeZnS particles

Particle diameter

3nm-ZnS 4.m-ZnS
Absorption cross-sectior; (cn?) at 320 nm 4.%10°16 1.3x10°7
Photon flux,®pn (cm™2s71) 3.4x10'® 4.1x10Y
Photon flux (51) 1.07x10Y7 1.3x10'8
No. of generated electron/hole pairs per particle and seagpagicie (%) 18.0 5.3¢10'°
Time interval between two absorptions incidences within one particies g';almde (s) 56.0¢10°3 19.0x10°12
Quantum efficiency (yield)Q (%) 19.6 0.034
Time interval between two successive hole transfer processes within one paxtigigsrer (S) 306.0<10°3 55.0x107°
No. of transferred holes per second across the semiconductor/electrolyte inteffaggstd) " (s°1) 3.0 18.0<10P
Average lifetime of thex-hydroxyethyl radicals formed on 3nm-ZnS (ms) 27.0
Second-order rate constait, (cm®mol~1s71) 734.5 3.x10°

Electrochemical rate constariy (cms™1) 4.3x10°° 9.8x10°°
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The same type of photoreactions shown before (Fig. 5) hydrogen evolution. We cannot excluded here that a small
were studied with ZnS suspensions consisting of parti- amount of hydrogen was dissolved in the suspension and
cles with a diameter in the micrometer range. In the case cannot be detected in the gas phase (see Section 2). The
of nm-ZnS particles containing 17 mol% SHexcess the  amount of acetaldehyde increases approximately linearly
concentrations of 2,3-butanediol and acetaldehyde inc-with illumination time and a rate of.863 x 10 2mols™1
rease linearly with illumination time, which means that acetaldehyde was determined from the curve in Fig. 6. For
the 2,3-butanediol/acetaldehyde ratio was constant duringthe illumination experiments with gm-ZnS particles a
the hole illumination experiment (Fig. 5). The illumina- 280 nm cut-off filter was used. The photon flux to excite the
tion experiments with micrometer-sized ZnS particles were micrometer particles here was3i 108 photons 51 which
mainly performed in order to test whether different reaction are completely absorbed from the suspension. From the pho-
products are formed at largam-ZnS particles compared to  ton flux and the rate of acetaldehyde formation, a quantum
the products formed on the nm-ZnS particles. Thus, specialyield of 0.034% can be calculated assuming that two holes
care was taken that the experiments were performed undemwere consumed for the ethanol oxidation process (Table 1).
the same conditions as in the case of nm-ZnS particles. In  After the illumination experiments, the nm- apdn-ZnS
order to provide the same experimental conditions, we addedparticles were proven by adding methylviologen (colorless
SH™ ions on the order of some micromoles (j#hol) to MV 2+) to the suspension or colloidal solution. However, no
the um-ZnS suspension. This concentration corresponds toZn® was found after illumination on the particles. In order
the 17 mol% SH excess on 3nm-ZnS particles mentioned to check whether this negative result, very small amount of
above, by considering the rough surface of the micrometer Zn® was added to the illuminated suspension or colloidal
particles found by BET measurements. In addition, 16 mM solution after this test with viologen. After addition of Zn
colloidal Si®; was added to the ZnS suspension in order to the blue color of the M¥* radical appears within some
reach the same pH as for the colloidal ZnS solutions (pH seconds. This means that no zinc metal was deposited on the
10). The course of the products formation during illumina- nanometer- and micrometer-sized ZnS patrticles withr SH
tion of the suspension containing tip@n-ZnS particles is excess after illumination.
given in Fig. 6. Here the reaction products hydrogen and Fig. 7 illustrates the reaction products formed during
acetaldehyde are formed on the illuminated> 280 nm) illumination 2 > 280nm) on 6.5mM colloidal SnO
micrometer-sized ZnS particles in an ethanol/water mixture. dispersed in ethanol/water. A small amount of hydrogen
Remarkably, no 2,3-butanediol was found here. The small- (1.48umol) was observed in the gas phase after a illu-
est amount of 2,3-butanediol detectable according to the mination time of 238 min. In addition, the colloidal SpO
sensitivity of our GC was 0.pmol. Therefore, the ratio of  particles were reduced to Sn(ll) during illumination. After
acetaldehyde/2,3-butanediol here is larger than 34:1 com-245 min, 9.28.mol Sn(ll) was formed on the colloids. This
pared with the concentration ratio of 2.64:1 found for the means that about 2% of the Sn(IV) ions (46%0l Sn(IV)
nm-ZnS particles with SHexcess (Fig. 5). The total amount  in 70 cn? colloidal solution) of Sn@was reduced to Sn(ll).
of formed acetaldehyde was only little less compared to the The observed yellow color of the Sa®ol after illumination

16 7
1 0 acetaldehyde
14 1 Ahydrogen
12 ] A
10

Mo  0363%107 mols™
d

product yield / umol

T T T T T T T T T T T T T T T T T T T T

0 100 200 300 400 500 600 700 800
illumination time / min

Fig. 6. Formation of hydrogen and acetaldehyde (ra@6®x 10~2mols1) on 4um-ZnS particles K(um-zns = 10.4 x 10°cm~3) in an ethanol/water
solution (volume ratio 1:5) at pH 10 vs illumination time. No 2,3-butanediol has been detected in the suspension. The suspension camalnsf 7.4
SH- ions and 16 mM Si@, reaction volumeVr = 2.40cn? (see text); cut-off filter, WG 280; quantum yield 0.034% (acetaldehyde formation).
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16 | ©acetaldehyde o o
o Sn(ll)

14 1 Ahydrogen
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Fig. 7. Formation of hydrogen, acetaldehyde and tin(ll) on a 6.5 mMMSs® (N(nm-snoy) = 1.73 10'%cm—3; average particle diameter 2.5nm) in
an ethanol/water solution (volume ratio 1:5) vs illumination time. No 2,3-butanediol has been detected in the colloidal solution; cut-off fiR80; WG
during illumination the pH changes from 7.8 to 8.2.

indicates also the formation of Sn(0), but this photoinduced acetaldehyde formed on the ZnS colloids does not photo-
metal deposition on the colloids here was not investigated chemically react in a detectable amount to 2,3-butanediol
in more detail. After 245min, 16.4Ymol acetaldehyde  under our illumination conditions. This photochemical re-
was formed on nm-Snf The product 2,3-butanediol was action (photoreduction [17]) can be neglected here and the
not detected in the colloidal SpOsolution (detection formation of 2,3-butanediol is exclusively contributed to the
limit: 0.5 wmol) after illumination. Therefore, the ratio of photoinduced reactions occurring on the nm-ZnS particles
acetaldehyde/2,3-butanediol here is larger than 33:1. Dur-with SH™ excess (compare Fig. 5).
ing illumination the pH of the colloidal solution changes
slightly from pH 7.8 to 8.2.

Since ZnS and Snfcolloids absorb light only in the 4. Discussion
UV region because of their large bandgap (3.76 eV for ZnS
and 3.88eV for Sn@ compare Fig. 4), we also checked 4.1. Oxidation of ethanol on micrometer-sized
whether any photochemical reactions already occur without ZnS particles
the semiconductor but with molecules formed on this. A
well-known photoreaction is the formation of 2,3-butanediol As already mentioned in Section 1 ethanol is expected
upon excitation of acetaldehyde in ethanol solution as given to be oxidized at illuminated semiconductor particles by a

by [17] transfer of two holes being created successively by light
absorption within the particle according to the following
= H3CCH(OH)CH(OH)CH3 (@) CH3CH,OH + hys)* — CHsCHOH + H* (3)
Since this reaction occurs at a high quantum yield, we illu- CH3CHOH + hygy ™ — CH3CH=0 + H* (3b)

minated a solution (free from ZnS) containing a relatively

large acetaldehyde concentration (11.3 mM) in ethanol by where VB is the valence band.

using a 280 nm cut-off filter. Indeed, we then found con-  The reaction of ethanol with a valence band hole form-
siderable concentration of 2,3-butanediol. If instead a lower ing the a-hydroxyethyl radical in the first step according to
acetaldehyde concentration of 0.3 mM is used (this corre- Eq. (3a) and forming finally acetaldehyde in a second step
sponds to the amount of acetaldehyde formed on the nm-ZnS(Eq. (3b)) at one particle without side reaction can only oc-
colloids after a 100 min illumination) by using a 320nm cur if the time intervalAtyansferbetween two successive hole
cut-off filter (Fig. 5), then no 2,3-butanediol could be de- transfer processes on one particle is sufficiently short and
tected even after a 1 h illumination by using a 280 nm cut-off the residence time of the initially formed-hydroxyethyl
filter. This result is due to the low extinction coefficient=£ radical on/or near the surface of the particle is longer than
3.98 M~1cm1) of acetaldehyde atmax = 280 nm. Hydro- Atiransfer (cOompare Eq. (6)). Under our illumination condi-
gen was not found in these photochemical reactions. Thus,tions, the time interval between two absorption incidences
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within one micrometer-sized particle is about 19ps (see whereR is the particle radius and the absorption coeffi-
Table 1 and discussion below), and considering the relative cient of the semiconductor. Macroscopic ZnS has a bandgap
low quantum yield of 0.034% for the formation of acetalde- of 3.70eV [19] and therefore absorbs light beloy =
hyde the time interval between two successive hole transfer0.34um. This value is much smaller than the particle ra-
processes is about 55ns (see Table 1 and Eq. (6)). Duringdius and Eq. (4) can be applied for calculation. With=

this time the initially formedx-hydroxyethyl radical could 3.7 x 10*cm™1, as typical value for a direct bandgap semi-
in principle diffuse aboui = 18nm calculated from the  conductor [6], a cross-section of = 1.3 x 10~/ cn? is
equation/ = (6D Atyansted®® wWith D = 10 °cmPs L. derived for one ZnS particle with a diameter of 4,08
Thereby this diffusion length of the-hydroxyethyl radical (Table 1). The generation rafgarticle Of electron/hole pairs

is smaller than the needles (dimension about 10-90 nm)in one particle can be calculated according to the following
which are forming the rough surface of the particles (see equation:

the fibrous surface of them-ZnS particles in Fig. 2b).
Therefore, we assume that the time interval of about 55 ns
is too short for the initially formed radical (Eq. (3a)) to dif-  with a photon flux ofdpn = 4.1 x 107 photons cm?s1,

fuse from the porous surface into the electrolyte. Therefore, the generation rat@particle IS 5.3 x 10'%e~/h* pairs per

the radical is further oxidized by a second hole according particle and second (Table 1), whereby scattering of light
to Eq. (3b) to form acetaldehyde. We call this oxidation on the micrometer particles has been neglected. This means
process a two-hole process. The reaction scheme for thethat the time interval between two absorptions incidences
two-hole process, the energy scheme illustrating the valencewithin one 4um-znS particle is 19 psg;;alrticle)' The time

and conduction band of macroscopic ZnS and the redox po-interval between two successive hole transfer processes can
tentials for the oxidation processes are illustrated in Flg 8. be expressed Considering the generationggéﬁcle and the

To determine the generation raigariicie Of electron/hole  gquantum yieldQ with respect to the acetaldehyde formation
pairs in one semiconductor particle, one has to calculate at

_ -1
first the absorption cross-section for photons. Gerischer andAttransfer= (QUparticle) (6)

Hgller [18] ha_we caIcuIated this cross?section for sp_herical With © = 0.034% and the generation rate calculated above,
micrometer-sized semiconductor particles whose sizes aregne obtaing\ fanster= 55 ns for our large micrometer-sized

larger than the threshold wavelenggiof the semiconductor 7,5 particles (see also the discussion above, and Table 1).

applying geometrical optics. They obtained [18] This means that 1& 10° holes (At .) per second are
transferred across the semi-conductor/electrolyte interface

8particle = U(I)ph (5)

~ 2 .
o ~ 7 R[1 — exp(—a2R)] 4) to oxidize ethanol (Table 1).
E (V) vs. NHE
A
red
CB
eeee — -20- cB
A (0) 4 T
-1.0 = == [E (radical/acetaldehyde)
- :Eg
M g article 0] 0.0
hv P h* CH;— Cj
- H* H 1.0 - == E (ethanoliradical)
[ ]
W HERtHE —— CH3CHOH (surface) 20 vs
VB -H
ht CH,CH,0OH

(a) Hm-ZnS (b)

Fig. 8. (a) Proposed reaction mechanism (two-hole process) of the ethanol oxidation on illumipatedn® particles. The two-hole process required
two absorbed photons in onem-ZnS particle which are transferred in a very short time intervad {nsier = 55ns) from the particle to the ethanol
molecule forming directly acetaldehyd@gsaricie, generation rate of charge carriers in que-ZnS particle £particle = 5.3 x 109571, see Table 1); (b)
energy scheme of ZnS particles and redox potentials of the ethamgdifoxyethyl radical, and-hydroxyethyl radical/acetaldehyde system at pH 10
(from Ref. [6]); CB, conduction band; VB, valence barig;, bandgap.
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In the case of illuminated semiconductor particles, the a very small fraction reacts with ethanol and water form-
slowest partial reaction determines the overall reaction rateing acetaldehyde and hydrogen. From our experiments, we
under open circuit conditions. In our system, the ethanol have not enough information about the recombination pro-
oxidation process (anodic reaction) or the reduction of water cesses occurring on then-ZnS particles. But it is possible
to hydrogen in alkaline (pH 10) solution (cathodic reaction: that the rough surface of the synthesized-ZnS particles
2H,0 + 2ecg™ — Ha + 20H7) on ZnS is responsible for  (determined by SEM and BET measurements) is responsi-
the overall reaction rate. In general, we assumed that theble for the low quantum yield because this surface can act
reaction between the illuminatedu4n-ZnS particles and  as a recombination center for the photoinduced charge car-
the ethanol molecule is a bimolecular reaction. Under this riers. Further investigations must therefore be performed in
assumption, the formation of acetaldehyde can be describeduture by using different-sizedm-ZnS particles with dif-

by the following kinetics: ferent surface morphologies.
1 dnacet I
Ve dr k” cEtoRCT (um-zn9 (7) 4.2. Oxidation of ethanol at nanometer-sized
ZnS particles

where cgton is the concentration of ethanotrum-zns

the ZnS particle concentration of the ZnS suspension
(cTm-zn = Nm-zng/NL), NL is the Avogadro num-
ber), K the second-order rate constant angthe reaction
volume where the formation of acetaldehyde on the illumi-
nated ZnS occurs. The light in the reaction cell was com-
pletely absorbed by about 2510° um-sized ZnS particles.
With the particle density oN(,m-zns) = 10.4 x 10°cm=3

the reaction volume is 2.40 ctA. With dnaceydr = 0.363x
102mols! (compare Fig. 6)Vr = 2.40cn?, ceron =
2.86 mmol cnT3, ¢(um-zng = 17.3 x 10~ *¥molcnm3 one
obtainsk!" = 3.1x 10°cm®s I mol~! (Table 1). In an anal-
ysis of the transport (diffusion) of the redox species from
the bulk to the surface of the particles and the kinetics of the
charge transfer process across the semiconductor/electrolyt
interface at a spherical micro-electrode, several workers
[19-24] have shown that the second-order rate congtant
(units in cn? mol~1s~1) can be related to the electrochem-

The absorption cross-sectioerfor photons fora 3 nm-ZnS
particle has been calculated according to Eq. (1). One ob-
tains a cross-section of = 4.9x 10~16 cn? at a wavelength
of A = 320 nm (see Table 1 and Fig. 4a). With a photon flux
of @pn = 3.4 x 108 photonscm?s~! (Table 1), the gen-
eration rategparticle Of €lectron/hole pairs in one 3nm-zZnS
particle is only 18 e/ht s~1 (compare Eq. (5) and the data
obtained with micrometer-sized particles, Table 1). The cor-
responding time interval between two absorption incidences
(At = gp_almcle) within one 3nm-ZnS particle is therefore
about 56 ms. Thus, itis in principle possible that the initially
formeda-hydroxyethyl radical formed by a one-hole process
on the 3nm-ZnS particle diffuses from the particle surface to
%ndergo subsequent reactions such as dimerization and dis-
proportionation to form stable products (2,3-butanediol ac-
cording to Eq. (9a), and acetaldehyde according to Eq. (9b))

ical rate constanke; (units in cms?) according to the as given by

following equation: 2CH3CHOH — H3CCH(OH)CH(OH)CH3 (9a)
i__t (1 R (8)  2CH;CHOH — CHyCH,OH + CH3CH=0 (9b)
kK" 47 R2N_ | ket D

In principle, the secondary reactions of radicals can occur
either on the surface of the particle or in the bulk of the
electrolyte. We assume that the latter process is dominant
on nm-ZnS particles with SHexcess for two reasons:

whereD is the diffusion coefficient of the redox speciés,
the particle radius and_ the Avogadro number. According
to Eq. (8) withD = 1.0 x 10~ 2cn?s™1 for ethanol [25]
andk" = 3.1x 10°cm®s 1 mol~1 (see Table 1), an electro-
chemical rate constant of®x 10~ cm s 1 is derived for the (&) The ratio of formed acetaldehyde to 2,3-butanediol

rate-determining reaction on the illuminated 4u06-ZnS found in our illumination experiments with ZnS colloids
particles (Table 1). This means that the rate-determining re-  is about 2.64 (see Fig. 5), which is close to the ratio
action on the particle is not diffusion-controlled because in found for the well-investigated free-hydroxyisopropyl
this case the maximal electrochemical rate constamif radicals in solution [28]. This radical reacts completely
would be six orders of magnitudes high&&(uif = D/R = analogous to our system, forming acetone and pinacol
0.049 cm st [26]). in a ratio of y = 3.4. This slightly larger value for
The reactions of photoinduced charge carriers in semi- this radical is probably due to the higher steric hin-

conductor particles after generation are very complex. They  drance for the dimerization reaction in the case of the
can recombine by band-to-band and/or via bulk or surface very bulky a-hydroxyisopropyl radical compared to the
states located energetically in the bandgap [27]. All recom- a-hydroxyethyl radical.

bination processes reduce the density of charge carriers atb) The ratio 2.64:1 is constant throughout the hole illumi-
the interface. The very low observed quantum yield (0.034% nation experiment as it is typical for reactions of free
for the formation of acetaldehyde) indicates that the main radicals in homogeneous solution. On the other hand, if
part of the generated charge carriers recombines and only  the secondary reaction of the radicals would occur on
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the surface of the particleg, would probably increase  given in Fig. 5, the termmpyd/dt is 2.58 x 102mols1.
above 2.6 because the probability for a direct second ox- With Vg = 18.84cn? (reaction volume in the ZnS sol:
idation step would also increase when the radical con- Vr = Leell X Apeam= 6.0 cm x 3.14 cn?), gput = 1.37 x
centration rises with time on the surface [6]. 10~"molI=ts71. With the ratioy = kdisp/kdim = 2.64
one obtains from EQ. (113rag = 1.0 x 10 %molI~ts71.
According to Eq. (10) and with Rgisp + kdim) =

1.4 x 10°® mol -1 s~1 [28], the stationary radical concentra-
tion in the electrolyte isyag = 2.67 x 10-8molI~L. From
these data, the average lifetime of the free radicals in the
d solution is then given by

Independent of all assumptions concerning the reaction
sites, it is clear from our experiments that only in the case
of small nm-ZnS particles 2,3-butanediol is formed (Fig. 5)
whereas in the case of largan-ZnS particles this product
is missing (Fig. 6).

Applying the reactions as given by Egs. (9a) and (9b) an
using the experimental data on the formation of butanediol _ 1
(dnpuy/dt = 2.58 x 10-°mols~L, Fig. 5) in a bimolecu-  © 2(kdisp+ kdim)crad
lar (second-order) reaction of two radicals, one can deter- i
mine the average lifetime of the free hydroxyethyl radicals USing the above-calculated data one obtains= 27ms
in solution. From the kinetics and the generation rate of (T@ble 1). This time is much shorter than the time inter-
the a-hydroxyethyl radicalgyag on the illuminated nm-zns ~ Val of two successive charge transfer processes in a single
particles and the dimerization/disproportionation reactions 3 "M-ZnS particle which is about 300ms (Table 1 and see
in the electrolyte (compare Egs. (9a) and (9b)), one can cal-discussion below).

(12)

culate the stationary radical concentratiggq in the elec- Based on the reaction mechanism summarized in Fig. 9,
trolyte as given by the quantum yieldQ with respect to the formation of the
a-hydroxyethyl radicals on nm-ZnS can be calculated by
Crad = [ 8rad (10) considering the generation rategl/dt of the radicals (units
2(kdisp + kdim) in mols~1) according to the following equation:

in which the generation rate of radicalgg is given by dnrad 2 [dnbut (kdisp n 1)} (13)

1 dl’lrad kdisp dr B dr kdim
Ve dr grad = 2| &out . +1 (11)

R dim With kgisp/ kdim = 2.64 and tipy/dr = 2.58x 10~ 9 mol st
with gput = (1/VRr x dnpy/dr) being the generation (compare Fig. 5), one obtainsndg/dt = 188 x

rate of butanediol (units in motts=1). From the results 10 9mols 1. The illuminated ZnS sol in the quartz cell

red
nm-Zn$S

OX
diffusion .
<4— CH,CHOH

diffusion
e

reactions of free radicals in the bulk of the electrolyte

i k im
2 CH,CHOH ——%  CH,CH— CHCH,
o-hydroxyethyl radical
OH OH
2,3-butanediol
. kdisp /O
2CH,CHOH — CH,—¢C + CH,CH,OH
H
acetaldehyde
Fig. 9. (a) Proposed reaction mechanism (one-hole process) of the ethanol oxidation on illuminated 3nm-ZnS pastiblelrdryethyl radicals and

the subsequent reactions of the radicals in the bulk of the electrolyte to 2,3-butanediol (dimerization rkagli@nd acetaldehyde (disproportionation
reaction,Kgisp); kdisp/ kdim = 2.64; Qparticle, g€NEration rate of charge carriers in one 3nm-ZnS partiggticie = 18 s1, see Table 1).
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absorbs a fraction of about 54% of the photons generated byamount of hydrogen formed on micrometer-sized ZnS was
the light source between 320 nm (cut-off filter) and 330 nm also little less compared to the amount of acetaldehyde).
(the absorption onset of the ZnS colloids, Fig. 4a). With

1.07x 107 photons s* (Table 1), 96« 10-° mol photons 5t 4.3. Oxidation of ethanol on nanometer-sized

(0.54 x 1.07 x 10'”s71/N.) were absorbed by the ZnS O, particles

sol between 320 and 330nm. Thus, the quantum yield

with respect to thex-hydroxyethyl radical formation on In the case of nm-Zn$S particles with 17 mol% Stex-
nm-ZnS is 19.6% (Table 1). From this result, the time in- cess, the formation of acetaldehyde and 2,3-butanediol was
terval between two successive hole transfer processes inpbserved during illumination (Fig. 5). In contrast to these
one nm-ZnS particleAtyansfes Can be expressed accord- results, only acetaldehyde as an oxidation product was ob-
ing to Eqgs. (5) and (6)Atwanster = Qo @ph) ™", and one  served in the case of illuminated nanometer Sp@rticles.
obtains forAtanster= 306 ms. This time is about one or-  The reaction product 2,3-butanediol was not found in the col-

der of magnitude longer than the average lifetimef the  |oidal SnQ solution after illumination. In addition, the illu-

a-hydroxyethyl radicals{ = 27 ms, Table 1) formed on  minated Sn@ colloids were partly reduced to Sn(ll). These

nm-ZnS by a one-hole process. results can be explained by the following reaction sequence:
If we assume that the reaction of ethanol with the illu- N N

minated 3 nm-ZnS particle to thehydroxyethyl radical by =~ CH3CH20H +hg)™ — CHsCHOH+H (15a)

a one-hole is a bimolecular reaction, the second-order rate
constantk'! can be calculated according to the following 2CH;CHOH + [SNO;] — [SnOx(2€c) )]

equation. +2H" +2CH;CH=0 (15b)

1 dnrag gl (14)

Ve dr " CEOHCT(Omzns [SnCx(2eic) )] — [SNOx(SIFH)] (15¢)
With cgion = 2.86 x 103molcni3, CT(hm-zng = In the first step, the ethanol molecule is oxidized on
2.86 x 10 cm3/N. = 4.75 x 100 %molem™3, Vg = illuminated SnQ to the a-hydroxyethyl radical by a
18.84 cn? (reaction volume in the ZnS sol) anagg/dr = one-hole process according to Eq. (15a). This radical is
188x 10 2mols™?, one obtaing" = 7345 cn? s I mol! an electron-transfer agent with a strong reducing power

(Table 1). This value is about six orders of magnitudes (—1.10V vs NHE at pH 10 [6], see energy scheme in Fig. 8)
lower than the second-order rate constdhtalculated for and, i.e. electron transfer to colloidal TiQR9], WO3 [30]
the micrometer-sized ZnS particles (compare Table 1). With and ZnO [31,32] has been observed because in these metal
k" =7345cm®stmol~t andR = 1.5 x 10" cms?, an oxide semiconductors (including Sa{13]) the lower edge
electrochemical rate constant aB4 10-°cms ™ has been  of the conduction band is positioned close to 0V vs NHE
calculated according to Eq. (8) for the rate-determining [33]. Thus, it is possible that the-hydroxyethyl radicals
reaction occurring on the illuminated 3nm-ZnS particles injectimmediately after generation an electron into the con-
(Table 1). Remarkable that the values of the electrochemi- duction band of the Snfcolloid forming acetaldehyde as
cal rate constantket for the um-ZnS and for the nm-ZnS  the oxidation product (current doubling effect [34]), which
particle are of the same order of magnitude dgg is would almost explain the absence of 2,3-butanediol in this
therefore not size-dependent although the mechanism ofexperiment (compare the energy scheme in Fig. 8). The
alcohol oxidation is quite different on micrometer- and electrons stored in the conduction band (Eg. (15b)) may
nm-ZnS particles (compare Figs. 8 and 9). Thus, this in- be used for the reduction of the Sn(IV) ions of the $nO
dicates that the reduction process (hydrogen formation) is colloid to Sn(ll) according to Eg. (15¢) because the overall
probably the rate-determining step on the nanometer- andreduction of Sn@, i.e. to Sn(OH) may thermodynamically
micrometer-sized ZnS particles. be possible£0.075V vs NHE [35]). In fact, the formation
Based on the generation rate @hydroxyethyl radicals of Sn(ll) shows that Sn@was cathodically reduced by elec-
(dnrag/dr = 18.8 x 102 mols™) on illuminated nm-ZnS,  trons during illumination. The reduction of Pb(IV) to Ph(ll)
an amount of 69.4mol (138.74/3wmol) hydrogen after an  in PbG, colloids has also been observed if the colloids were
illumination time of 123 min has been expected by consid- attacked by strong reducing radicals such asGH [36].
ering the charge balance of electrons and holes generated
by light in the same nm-ZnS particlg8nnydrogen/dr =
%dnrad/dt). Fig. 5 shows that after 123 min illumination, 5. Conclusions
only 58.5umol hydrogen was detected. The analytical deter-
mination of hydrogen was only carried out in the gas phase, The very different generation rates of electron/hole pairs
but not in the colloidal solution (see Section 2). Therefore in nanometer and micrometer-sized ZnS particles as well
we cannot exclude here that hydrogen was dissolved in theas the different positions of the conduction bands located
solution and/or was adsorbed on the surface of the nm-ZnSenergetically at the semiconductor/electrolyte interface of
particles to a certain extent (compare Fig. 6; the detectedZnS and Sn@ lead to different reaction mechanisms for
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