2180

Chem. Mater. 1996, 8, 2180—2187

Nanostructured Semiconductor Films for Photocatalysis.

Photoelectrochemical Behavior of SnO,/TiO, Composite

Systems and Its Role in Photocatalytic Degradation of a
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Nanostructured semiconductor films of SnO,, TiO, and SnO,/TiO, have been employed
for electrochemically assisted photocatalytic degradation of a textile azo dye naphthol blue
black (NBB). The degradation rate is significantly higher for SnO,/TiO, composite films
than SnO; and TiO; films alone. An effort has been made to correlate the photoelectro-
chemical behavior of these films to the rate of photocatalytic degradation of NBB. The
enhanced degradation rate of NBB using composite semiconductor films is attributed to
increased charge separation in these systems. Photoelectrochemical and photocatalytic
degradation experiments carried out in both nitrogen- and oxygen-saturated solutions with
an externally applied electrochemical bias provide useful information in optimizing
semiconductor concentrations in a composite film.

Introduction

Photocatalytic degradation of several organic con-
taminants using large-bandgap semiconductor particles
suspended in aqueous solutions as well as immobilized
semiconductor films has been studied extensively.1~19
Hydroxyl radicals generated following the oxidation of
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Suppression of the recombination of photogenerated
charge carriers in a semiconductor particulate system
is essential for improving the efficiency of net charge
transfer at the semiconductor/electrolyte interface (see
for example refs 12 and 35—38). Simultaneous scav-
enging of holes and electrons by surface-adsorbed redox
species have been shown to improve the efficiency of
interfacial charge transfer.3%40 Another interesting
approach involves coupling of two semiconductor par-
ticles with different energy levels. A variety of semi-
conductor heterojunctions has been investigated in
colloidal suspensions following the concept of a photo-
chemical diode put forth by Nozik and co-workers.*
These include CdS/TiO,4?2744 CdS/PbS,*> CdS/Zn0,*3:46
CdS/Agl,* Cd3P2/TiO; and CdsP2/Zn0,*” and Agl/Ag,S.*8
Recently, efforts are also being made to develop capped
semiconductor systems with a core-shell geometry (e.g.,
Zn0/ZnS,*® ZnOITi02,%0 Zn0O/ZnSe,*! CdS/HgS,%? and
SnO,/TiOL%®).

In our earlier studies we have shown that excitation
of CdS colloids coupled with a metal oxide colloid such
as TiOx* or ZnO* results in the injection of electrons
into the lower lying conduction band of the metal oxide.
The charge injection process in these systems was
shown to occur within the pulse duration of 20 ps.
Recent studies have indicated that such an interparticle
electron transfer occurs within 0.5—2 ps.345 Use of
coupled semiconductor particles in improving the pho-
tocurrent generation in a thin TiO,/CdS,%6-5° zZnO/
CdS,*® and TiO,/CdSeb%61 nanocrystalline film has also
been demonstrated. These composite semiconductor
thin films not only extend the photoresponse of large-
bandgap semiconductors but also rectify the flow of
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Scheme 1. ldealized Illustration of Photoinduced
Charge Separation in a Composite Semiconductor
Film

photogenerated charge carriers®® and improve the ef-
ficiency of dye sensitization.52

Efforts have been made to employ mixed semiconduc-
tor slurries for photocatalytic degradation of organic
compounds.*263 Recently, we have demonstrated that
a significant enhancement in the photocatalytic degra-
dation rate of acid orange 7 can be achieved by employ-
ing SnO; and TiO, nanoclusters in the composite film.%4
Since the conduction band (CB) of SnO; (Ecg for SnO;
=0V vs NHE at pH 7) is lower than that of the TiO;
(Ecs = —0.5V vs NHE at pH 7) the former acts as a
sink for the photogenerated electrons. The holes move
in the opposite direction from the electrons and ac-
cumulate on the TiO; particle, thereby making charge
separation more efficient. Our particular success in
improving the efficiency of photocatalytic degradation
can be attributed to the fact that we deposit these
nanostructured films on an optically transparent elec-
trode (OTE) and transport the electrons efficiently to
the external circuit with an externally applied electro-
chemical bias.?#3° The principle of charge separation
in such a composite semiconductor system deposited on
an OTE is shown in Scheme 1. Unlike in slurry
systems, the photocatalytic degradation experiments
can be carried out in the absence of electron scavengers
such as O,. By employing a two-compartment electro-
chemical cell, we have now investigated the photocata-
lytic degradation of a textile azo dye, naphthol blue

black (NBB).
@_N:N SO:;Na.
HO

H,N

02N©N:N SO;Na

Azo dyes are ubiquitous commercial chemicals that
present unique environmental problems.65-6¢ More
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than 300 million pounds of dyes are produced annually
in the U.S.A. Colored dye effluents pose a major
problem for the manufacturing plant as well as water-
treatment plants downstream.%® Quite apart from the
aesthetic desirability of colored streams resulting from
dye waste, the azo dyes in particular can undergo
natural anaerobic degradation to potentially carcino-
genic amines.%8

In the present study we have measured photoelec-
trochemical properties of the composite SNnO,/TiO; films
under both nitrogen- and oxygen-saturated conditions
and as a function of varying composition. These proper-
ties are useful for understanding enhanced photocata-
lytic activity of these composite systems vis-a-vis the
degradation of a common commercial azo dye such as
NBB.

Experimental Section

Materials and Electrode Preparation. Naphthol blue
black (NBB) was obtained from Aldrich and purified with
column chromatography using a neutral alumina column and
ethyl acetate, ethanol, and water as eluents. Optically trans-
parent electrodes (OTE) were cut from a conducting glass plate
obtained from Donelley Corporation, Holland, MI. TiO;
powder (product name P-25, particle diameter 30 nm, surface
area 50 m?/g) was a gift sample from Degussa Corp. SnO;
colloidal suspension (18%) was obtained from Alfa Chemicals.
The diameter of the SnO; colloidal particle is 3—5 nm. The
TiO, particulate film was prepared by applying 0.25 mL of TiO»
slurry (1.64 g TiO,/L water) to half the area of OTE plate (5
cm x 0.9 cm). The TiO; loading corresponds to 6.6 mg of TiO-
spread on an area of approximately 2.2 cm? of the OTE plate.
In a similar way diluted suspension (2%) of SnO- colloids was
applied to OTE plate. Composite films of SnO,/TiO, were
prepared by mixing the two colloid suspensions at the desired
ratio with sonication and applying it to the conducting surface
of OTE. After air drying on a warm plate all these films were
annealed at 673 K. The uncovered area of the OTE plate was
used to make the electrical contact. These electrodes with
immobilized TiO; (referred to as OTE/TiOy), SnO, (OTE/SnO,),
and composite semiconductor (OTE/SnO,/TiO,) films were
directly employed as a working electrode in the electrochemical
cell.

A Hitachi S-4500 scanning electron microscope (SEM) was
employed to record the images of the nanostructured semi-
conductor films with either 150 or 200 K magnifications. The
films were cast on conducting glass substrates (1 cm?) using
the procedure described above.

Photoelectrochemical and Photocatalytic Experi-
ments. Unless otherwise specified, all the electrochemical and
photoelectrochemical measurements were carried out in a
standard two-compartment cell in which working and counter
electrodes were separated by a fine glass frit. The electrode
assembly consisted of a semiconductor film coated OTE
working electrode, a platinum wire gauze counter electrode
and a saturated calomel reference electrode (SCE). The
evaluation of the nanostructured film was performed in an
alkaline medium (0.02 M NaOH), while all the photocatalytic
experiments were performed in an unbuffered agqueous me-
dium.

The initial pH of a 1 mM NBB solution employed in the
photocatalysis experiment was between 4 and 5. After the
photocatalytic degradation of the dye the pH of the solution
dropped to 2.5. (Please note that the solution pH (2—6) has
no effect on the absorption spectrum of NBB.) The Nz and O;
atmospheres in individual compartments were maintained by
purging individual gases with a slow stream separately in the
two compartments during the operation of the cell. The total
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volume of the dye solution in the working electrode compart-
ment was 7 mL. The dye degradation was monitored from
the disappearance of the visible absorption band.

A Princeton Applied Research (PAR) Model 173 potentiostat
and Model 175 universal programmer and Bioanalytical
Systems (BAS) 100 Electrochemical Analyzer was used in all
the electrochemical measurements. Photocurrent measure-
ments were carried out with a Keithley Model 617 program-
mable electrometer. All measurements were carried out at
room temperature (~296 K). A collimated light beam from a
250 W xenon lamp was used for excitation of the electrode in
the front face (electrolyte side) configuration. To ensure
selective excitation of the semiconductor film (1 > 300 nm), a
10-cm long CuSOq solution filter was placed in the optical path.
A Bausch and Lomb monochromator (slit width ~4 mm) was
introduced in the optical path for obtaining monochromatic
light during wavelength-dependent photocurrent measure-
ments. (A band spread of +£5 nm can be expected at these
settings.) The incident intensity at the cell position was
separately measured with a pyroelectric sensor (laser Precision
Corp. RJP-735).

Results and Discussion

SEM Characterization. The scanning electron
micrographs of TiO,, SnO,, and SnO,/TiO, particulate
films are shown in Figure 1. The particle diameter of
TiO, and SnO; colloids employed for casting these films
were ~30 and ~5 nm, respectively. The pictures in
Figure 1a,b show no significant change in particle size
in annealed films except for clustering in a random
fashion. The grape bunch-type clusters create nano-
structured pores of various dimensions within the film.
It is interesting to note that the individual spherical
particles of TiO, (~30 nm diameter in Figure 1a) and
SnO; (~5 nm diameter in Figure 1b) could still be
visualized from these SEM pictures. Although there is
no definite ordering of these aggregates in these films
the three dimensional network of semiconductor nano-
clusters provides a highly porous morphology. Thus a
large surface area becomes available for initiating
photocatalytic redox processes in these semiconductor
thin films. In the case of SnO,/TiO, composite films
(Figure 1c), a distribution of smaller size SnO; particles
on the TiO, particles could be seen. Because of the
difference in size, several SnO; particles are capable of
interacting with a single TiO; particle. Such a direct
contact between the two particles has been found to be
crucial for improving the photocatalytic activity of the
composite semiconductor films.

Photoelectrochemical Properties of OTE/TiO;
OTE/SNO,; and OTE/SnO,/TiO, Electrodes. The
immobilized particles on the OTE surface are photoac-
tive and collectively yield anodic photocurrent similar
to that of an n-type semiconductor material.30:60.70-73
The charge separation in these immobilized particles
is controlled by the differing rates of electron and hole
injection into the electrolyte and can be directly con-
trolled with the application of an anodic bias.

The photoelectrochemical response and absorption
spectra of the SnO,, TiO,, and SnO,/TiO, nanoclusters
immobilized on a conducting glass surface are shown
in Figure 2. The incident photon-to-photocurrent ef-
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Figure 1. Scanning electron micrographs of semiconductor
particulate films of (a, top), TiO,, (b, middle), SnO,, and (c,
bottom) SnO,/TiO; cast on a conducting glass substrate. These
pictures were recorded with magnifications of (a) 150, (b) 300,
and (c) 200 K, respectively. (The ratio of SnO; and TiO; in the
composite film was 1:1.)

ficiency (IPCE) was determined by measuring the
photocurrent of OTE/TiO; electrode at various excitation
wavelengths and using the expression

IPCE (%) = 100 x (1240 x i )/(A x 1,.) (1)

where iy is the short-circuit current photocurrent (A/
cm?), linc is the incident light intensity (W/cm?2), and A
is the excitation wavelength (nm). The onset of photo-
current is seen at the wavelengths ~360 and ~400 nm
for SnO, and TiO; films, respectively. The increase in
the photocurrent at excitation wavelengths below this

Chem. Mater., Vol. 8, No. 8, 1996 2183
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Figure 2. Photocurrent action spectrum of (a) OTE/SnO,, (W),
(b) OTE/TIiO; (O); and (c) OTE/SnO,/TiO, (a) electrode in
deaerated 0.02 M NaOH. (Excitation source: monochromatic
light from the xenon lamp. The electrodes were maintained
at a bias potential of 0.8 V. The composition of composite
semiconductor film was 0.18 mg/cm? of SnO, and 0.18 mg/cm?
of TiO,.) See eq 1 for the analysis of IPCE. The absorption
spectra of the corresponding electrodes are shown in the inset.

onset wavelength closely matches the absorption char-
acteristics of SnO; (Ey = 3.5 eV) and anatase TiO; (Eg
= 3.2 eV). This indicates that the observed photocur-
rent is initiated by the excitation of semiconductor
nanoclusters in the thin film. The composite film, OTE/
SnO,/TiO,, exhibited higher IPCE than OTE/SnO; or
OTE/TiO,. A maximum IPCE of ~25% was obtained
at 325 nm. Since the absorption of the SnO,/TiO,
composite film in the 300—400 nm region was lower
than that of the TiO, film, the increased IPCE cannot
be attributed to the increase in light absorption. The
higher IPCE of the OTE/SnO,/TiO; electrode is therefore
suggestive of increased charge separation in the com-
posite film. The generation of anodic current is also
indicative of the fact that the direction of flow of
electrons is towards the OTE surface.

Photovoltage—Time Response. The photoresponse
of OTE/SnO,/TiO, is compared with the OTE/SnO, and
OTE/TiO; electrodes in Figure 3. The photovoltage—
time responses were recorded in both N,- and O,-
saturated solutions. Upon illumination of these elec-
trodes with bandgap excitation, the photogenerated
electrons are trapped within the semiconductor nano-
clusters, thereby shifting the pseudo-Fermi level (Ef)
of the semiconductor film. The difference in energy
between Ef and the oxidation potential of the redox
couple corresponds to the maximum voltage that one
can expect in such nanostructured films. In the present
study the maximum photovoltage observed for OTE/
TiO; is ~800 mV, while that for OTE/SnO; is ~500 mV
in Nz-saturated solutions.

However, in Oz-saturated solutions, the electron ac-
cumulation is less efficient as surface-adsorbed oxygen
scavenges the photogenerated electrons. This effect is
readily seen in the case of TiO, films as the photovoltage
decays more rapidly in Oj-saturated solutions. How-
ever, adsorbed O, had a relatively small effect on the
photovoltages generated at SnO, and SnO2/TiO, com-
posite films. This suggests that electrons accumulated
within SnO; particles are not likely to be reduced by
O, because of the unfavorable energetics. The conduc-
tion band electrons in SN0, (Ecg = 0.0 V vs NHE), being
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Figure 3. Open-circuit photovoltage response of (A) OTE/
TiOy, (B) OTE/SNO,, and (C) OTE/SnO,/TiO; (RE: SCE) to UV
illumination. The electrolyte (0.02 M NaOH was saturated
with (a) Nz and (b) O. (The composition of composite semi-
conductor film was 0.18 mg/cm? of SnO, and 0.18 mg/cm? of
TiO,.)

ol

lower in energy, cannot efficiently participate in the
reduction of O, (Ecg = —0.3 V vs NHE).

Scavenging of electrons by O, plays an important role
in promoting the photocatalytic oxidation in slurry
systems as it suppresses electron accumulation within
the particle and thus decreases the probability of
electron—hole recombination. More detailed discussion
of this topic can be found elsewhere.2629.3032 |t js
noteworthy that even the presence of a small amount
of SnO, makes the photovoltage of the SnO,/TiO;
composite films less sensitive to oxygen.

i—V Characteristics. The i—V characteristics of
OTE/TIiO; electrode is compared with that of OTE/SnO,/
TiO2 in Figure 4. Under negative bias, electron ac-
cumulation occurs in these particles. The optical effects
arising as a result of such accumulation in TiO,, SnO,,
and WO3; particulate films have been studied
earlier.”L74=77 Under illumination with monochromatic
light (320 nm), the OTE/TiO; electrode exhibits anodic
photocurrent. The photocurrent increases with increas-
ing anodic bias which is expected from the behavior of
an n-type semiconductor.
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Figure 4. i—V characteristics of (A) OTE/TiO, (from ref 30)
and (B) OTE/SnO./TiO; (RE: SCE, scan rate 5 mV/s) in (a)
N;- and (b) O-saturated aqueous solutions of 0.05 M NaOH.
(The composition of composite semiconductor film was 0.30 mg/
c¢m? of SN0, and 0.06 mg/cm? of TiO,.) The traces were recorded
in dark and under illumination with UV light.

Although, the generation of a space charge layer is
not feasible in a 30 nm size particle, it is evident from
the i—V characteristics that at positive bias the elec-
trons are quite efficiently transported toward OTE
surface while holes migrate to the electrode/electrolyte
interface. As indicated earlier, the n-type semiconduct-
ing behavior is based on preferential hole injection into
the electrolyte.30.60.70-73 The application of an anodic
bias to an OTE/TiO, electrode provides the necessary
energy gradient to drive away the photogenerated holes
and electrons in different directions and thus minimizes
charge recombination. Application of this simple logic
of achieving better charge separation in particles can
be important in improving the efficiency of photocata-
lytic degradation of organic contaminants.

Another interesting behavior of the i—V characteris-
tics is the observation of a zero-current at a potential
in the range —0.2 to —0.4 V. This potential, which is
close to the flat-band potential of the metal oxide
semiconductor, indicates that all the photogenerated
charge carriers are lost in the recombination process at
this potential. Under illumination, this zero-current
potential for OTE/TiO; shifts to positive potential (by
~0.7 V) when the solution is saturated with O,. This
is attributed to the reduced O,, which is formed during
electron-scavenging reaction at the TiO, surface. The
lack of an ideal space charge layer in these films makes
the electrons recombine or react with adsorbed oxygen
species during their transport to the collecting surface
of OTE.26:29,30,60,72,78,79

Surprisingly no significant shift in the flat-band
potential is observed for the OTE/SnO, or the composite
film electrode, OTE/SnO,/TiO,. The presence of SnO,

(79) Hagfeldt, A.; Bjorksten, U.; Lindquist, S. E. Sol. Energy Mater.
Sol. Cells 1992, 27, 293.
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Table 1. Photoelectrochemical Properties (Short-Circuit
Photocurrent, isc, and Open-Circuit Photovoltage, Vqc) of
Composite Semiconductor Films at Different Relative
Compositions?

mass mass O, satd N2 satd

fraction  fraction solution solution
of SI"IOZ in of Ti02 in isc Voc isc Voc (VOC(Oz)—

mixture mixture (@A) (MV) @A) (MV) Voc(N2)
1.0 0 9 250 4 320 -70
0.83 0.17 90 600 20 500 100°b
0.67 0.33 100 475 23 550 =75
0.5 0.5 100 400 25 500 —100
0.17 0.83 225 630 20 800 —270
0 1.0 2 200 85 850 —650

aThe total weight of semiconductor was kept constant at 0.36
mg/cm2. The electrolyte was 0.02 M NaOH. Steady-state irradia-
tion with 2 > 300 nm. P The higher photovoltage observed in O,-
saturated solution is attributed to the effect of adsorbed oxygen
on the photoelectrochemical properties which is more significant
at this composition.

in the composite semiconductor film makes its photo-
electrochemical response less sensitive to oxygen as
photogenerated electrons are quickly accumulated in the
SnO; nanocrystallites.

Effect of O, on the Photoelectrochemical Per-
formance of Composite Systems. To further assess
the effect of composition of two semiconductor colloids
in the composite film, we monitored the short-circuit
photocurrents and open-circuit photovoltages at differ-
ent ratios of SnO, to TiO,, while keeping the total mass
of the catalyst constant. The results are summarized
in Table 1. The effects of O, on the short-circuit
photocurrent and open-circuit photovoltage becomes less
pronounced as we increase the concentration of SnO,
in the composite film. As described in earlier sections,
this is due to the fact that electrons from TiO, are
quickly transferred to SnO, crystallites before they can
react with surface adsorbed oxygen.

We have recently shown that improved charge sepa-
ration in a TiO,-capped SnO; colloidal system results
in increased hole trapping at the TiO, layer.® It has
been shown earlier that the charge separation between
two coupled semiconductor colloids could occur in few
picoseconds.*44655 |If the charge separation was not
instantaneous, electrons accumulated on TiO; particles
would be scavenged by O,. Varying degree of electron
accumulation (n¢) alters the pseudo-Fermi level (E'g) of
the SnO,—TiO, composite system. For an intrinsic type
semiconductor we can express E'r by the expression®?

E'r = Ecs + KT In(n/N,) @)

where N is the carrier density. Voc in N2 gives an
estimate of maximum accumulation of electrons, while
in O, it gives an estimate of electrons that are not
scavengable by O,. Therefore the difference between
the two photovoltages (Voc(02)—Voc(N2)) should give an
estimate of the fraction of electrons that cannot be
scavenged by O, in a semiconductor system. For TiO;
alone, this difference is significant since most of the
accumulated electrons are scavenged by O,. On the
other hand SnO, shows little difference in Voc between
O, and N, atmospheres. Since the charge separation
in a composite system would result in accumulation of
electrons on the SnO, particles, one would expect the
effect of O, to be less on V¢ in the SNO/TiO; film.
To further assess the photocatalytic activity of nano-
structured semiconductor films and to investigate
whether this enhanced charge separation as evidenced
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Figure 5. Absorption spectrum of a 37 ppm. (0.2 mM)
naphthol blue black azo dye solution recorded at different time
intervals following electrochemically assisted photocatalysis
at an OTE/(SnO/TiOy) electrode (0.30 mg/cm? of SnO, and 0.06
mg/cm? of TiO,). The OTE/(SnO,/TiO,) electrode was main-
tained at an anodic bias of 0.8 V vs SCE and the solution was
continuously bubbled with a slow stream of nitrogen. The
absorption spectra were recorded at time intervals of (a) O,
(b) 10, (c) 30, (d) 60, and (e) 90 min.

from the photoelectrochemical measurements is re-
flected in more efficient degradation rates, we measured
photocatalytic degradation rates of the blue azo dye
NBB using the composite metal oxide film coated
electrodes at various compositions of the two semicon-
ductors.

Photocatalytic Degradation of NBB at OTE/
SnO,/TiO; Electrode. As shown in our preliminary
study, the immobilized TiO, and SnO; particles are very
effective in the degradation of azo dyes when used as a
photoanode in a photoelectrolysis cell.?* The advantages
of these semiconductor particulate films are that (a)
oxygen is not essential to scavenge the photogenerated
electrons since efficient charge separation of the pho-
togenerated electrons and holes can be achieved by
applying an anodic bias potential to the immobilized
semiconductor particulate film and (b) the rate of
degradation is enhanced as the applied anodic potential
is increased from 0 to +0.8 V. The major photoelectro-
chemical reactions that initiate redox processes in the
electrode compartments can be summarized as follows:

At photoanode:  SnO,/TiO, + v —> {SnOy(e...h){TiO(e...h)}

| —
Sn0a(e) + TiO (h) ®)

TiO,(h) + OH™ — TiO, + OH’ 4)
TiO,(h) or OH® + NBB — products (5)

At dark cathode: Pt(2e) + O, +2H" — H,0, (6)

The absorption spectra of an aqueous solution of NBB
recorded following the excitation of an OTE/SnO,/TiO,
are shown in Figure 5. The OTE/SnO,/TiO; is main-
tained at a positive bias of 0.8 V vs SCE to facilitate
efficient charge separation in the semiconductor film.
The oxidation potential of NBB is determined to be 1.0
(£0.05) V at a glassy carbon electrode vs SCE. There-
fore the choice of 0.8 V as an applied bias potential in
these electrochemically assisted photocatalytic experi-
ments ensured that no direct oxidation of NBB occurred
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during these experiments. The solution was continu-
ously bubbled with a stream of nitrogen so that elec-
trochemically assisted photocatalysis could be carried
out under anaerobic conditions. It should be noted that
NBB is a photostable dye which undergoes negligible
photodegradation when exposed to light (A > 300 nm)
in the absence of a semiconductor particulate film.

As can be seen from Figure 5, the absorption peaks
corresponding to the blue dye disappear completely
following photolysis of the semiconductor film. Even
more surprising is the relative speed with which the dye
degradation can be achieved. An aqueous solution of
37 ppm dye is 67% degraded following 30 min of
irradiation of the semiconductor electrode indicating a
pseudo-first-order rate constant, k, of 3.6 x 1072 min=1.
For comparison, an electrochemically assisted photoca-
talysis experiment was also carried out with NBB dye
solution using OTE, OTE/SnO,, and OTE/TiO, sepa-
rately under identical conditions (i.e., at an anodic bias
of +0.8 V vs SCE and with nitrogen gas bubbling).
Negligible degradation of the dye occurred with the
blank OTE electrode. However the observed pseudo-
first-order degradation rate constants of the OTE/SnO,
and OTE/TiO; electrode were similar (k = 1.1 x 1072
min~1) but about 3 times slower than the OTE/SnOy/
TiO; system. (The total mass of the semiconductor on
the electrode was the same in all three cases (0.36 mg/
cm?).) Similar enhancement (10 times) in the degrada-
tion rate was also observed for the degradation of
another textile dye, acid orange 7 at an SnO,/TiO;
composite film electrode.®* These results highlight the
role of composite semiconductor films in enhancing the
photocatalytic degradation rates of azo dyes.

The rapid disappearance of the 615 nm absorption
band in Figure 5 suggests that the chromophore re-
sponsible for the characteristic color of the azo dye is
breaking down. Earlier studies on similar dyes by our
group and others have shown that the dye is cleaved at
the azo bond.%48182 |t is expected that the intermediates
generated during such a process can also undergo
hydroxyl radical induced oxidative degradation. Evi-
dence suggesting that such a degradation is occurring
in our electrochemically assisted photocatalytic experi-
ments is seen in the absorption spectra (Figure 5) where
all the absorption bands of the blue dye including those
between 200 and 300 nm are significantly affected and
reduced. The speed with which decolorization is achieved
compares very favorably with other reported results of
hydroxyl radical mediated degradation of azo dyes.52

Effect of Externally Applied Bias on the Rate
Constant of Photocatalytic Degradation. As an
illustration of the effectiveness of electrochemically
assisted photocatalysis in general, we measured the
degradation rates of NBB using the composite semicon-
ductor film electrodes in nitrogen-saturated solutions
as a function of the applied anodic bias voltage (Figure
6). When no external potential is applied, very little
degradation is observed. At an anodic bias of +0.4 V
the dye decays with a pseudo-first-order rate constant
of 1.6 x 1072 min—t. When the potential is increased
to +0.8 V, the rate constant of NBB degradation
increases (k = 3.6 x 1072 min™1).

(80) Myamlin, V. A.; Pleskov, Y. V. Electrochemistry of semiconduc-
tors; Plenum Press: New York, 1967.

(81) Matsui, K.; Shikata, K.; Takase, Y. Dyes Pigments 1984, 5, 325.

(82) Spadaro, J. T.; Isabelle, L.; Ranganathan, V. Environ. Sci.
Technol. 1994, 28, 1389.
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Figure 6. Dependence of NBB degradation on the externally
applied anodic bias. The OTE/(SnO2/TiO,) composition is the
same as in Figure 5 and was maintained at (a) no applied
potential in N2 (A) and (b) no applied potential in O; (O), (c)
0.4V, (4), and (d) 0.8 V (m) vs SCE, during the photolysis. As
in (@), for (c) and (d) the solution in the working electrode
compartment was continuously bubbled with a slow stream
of nitrogen. The results of the blank experiments (x) carried
out with direct photolysis using OTE electrode (without the
catalyst film) is also shown.

We also studied the degradation of NBB using a SnO,/
TiO2 composite film coated on the OTE but with no
applied potential and oxygen gas bubbling through the
solution. Such a setup is similar to the conditions
employed in a typical photocatalysis experiment in
which a photocatalyst is immobilized on a glass or fiber
surface. The degradation rate of NBB was quite slow
with a pseudo-first-order rate constant of 0.23 x 1072
min~! (Figure 6). We also carried out appropriate
control experiments to confirm the observation that the
enhancement in the degradation rate is truly a photo-
catalytic effect arising from the composite semiconductor
electrode. At a bias potential of +0.8 V, with no
illumination, no degradation was observed in either
nitrogen or oxygen saturated solutions. This further
affirms that at a bias potential of +0.8 V, direct
oxidation of the dye does not occur at the semiconductor
electrode.

Optimization of SnO; and TiO, Composition.
Efforts were made to optimize the ratio of the two
semiconductors that is necessary to obtain the maxi-
mum rate of NBB degradation. The specific aim is to
investigate whether the enhancement of charge separa-
tion resulting from the coupling of the two systems TiO,
and SnO:; is reflected in more efficient degradation of
NBB. Figure 7 is a bar diagram which shows the
degradation rates obtained for NBB using the composite
semiconductor system in which the mass of SnO; is kept
constant at 0.36 mg/cm?, but the amount of TiO; is
increased progressively from 0 to 0.4 mg/cm2. Higher
loadings of TiO, do seem to slow the degradation process
primarily due to the increased opacity of the resulting
films. The best enhancement in photocatalytic activity
is generally seen when the amount of SnO; is higher
than TiO; in the composite.

As in the photoelectrochemical experiments, we also
measured decay rates of NBB at different ratios of SnO,
to TiO, keeping the total mass of the catalyst constant.
A comparison of the relative degradation rates under
these conditions but with four different compositions of
SnO; and TiO; is shown in Figure 8. All the degrada-
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Figure 7. Dependence of the photocatalytic degradation rate
of NBB on the TiO; concentration in the composite system.
The weight of SnO; in the composite system was kept constant
at 0.36 mg/cm?. The bias potential was 0.8 V vs SCE and the
electrolyte was 37 ppm NBB in water at unbuffered pH 5.
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Figure 8. Dependence of NBB degradation rate on the nature
of semiconductor film; (a) OTE/SnO; (0.36 mg/cm? (M), (b) OTE/
(0.30 mg of Sn0,/0.06 mg of TiO./cm?) (4), (c) OTE/(0.18 mg
Sn0,/0.18 mg TiOz/cm?) (O), and (d) OTE/TiO, (0.36 mg/cm?)
(2). The electrodes were maintained at a bias potential of 0.8
V vs SCE. In all of these experiments nitrogen was bubbled
through the dye solution (pH 5, unbuffered).

tion rates were measured under identical conditions, i.e.,
applied potential of 0.8 V, Ny-saturated solutions and
the same excitation intensity. It is clear from Figure
8, that degradation is rapid with the composite systems,
but the fastest rates are obtained when the mass ratio
of SnO, to TiO; is at least 2:1 or higher. The more
significant observation from these kinetic plots is that
these decay rates show a very strong correlation with
difference in photovoltage (Voc(02)—Voc(N2)). In Figure
9 we have plotted the difference in photovoltage and the
degradation rates of NBB against the mass fraction of
SnO; in the composite mixture. (Note that the total
weight of the semiconductor mixture was maintained
constant.) The decay rate of NBB shows a maximum
at a composition of 83% SnO, in the mixture. At this
composition the oxygen has a minimum effect on the
photovoltage. In fact the photovoltage observed at this
composition is slightly higher than in N, atmosphere.
This is attributed to the effect of adsorbed oxygen on
the photoelectrochemical properties of the semiconduc-
tor film.30.83

(83) Hagfeldt, A.; Lindstrom, H.; Sodergren, S.; Lindquist, S. E. J.
Electroanal. Chem. 1995, 381, 39.
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Figure 9. Dependence of the photocatalytic degradation rate
of NBB on the fraction of SnO; (by weight) in the OTE/SnO,/
TiO, system. The total weight of semiconductor was kept
constant at 0.36 mg/cm?. Also plotted on the right Y axis is
the difference in photovoltage between O,- and Nj-saturated
solutions.

Under UV excitation, charge separation occurs in
closely contacted pairs of SnO, and TiO, particles. Since
the electrons and holes quickly move in opposite direc-
tions to accumulate on SnO; and TiO, particles respec-
tively, their recombination is greatly suppressed. This
is reflected in the higher photon-to-photocurrent conver-
sion efficiencies for SnO,/TiO, composite films and also
manifested in the enhancement of photocatalytic deg-
radation abilities. It should be noted that SnO, par-
ticles are smaller (particle diameter 3—5 nm) than TiO,
(particle diameter 30 nm). Thus, even at 1:1 composi-
tion (by weight) of the two semiconductor particles we
would expect each TiO, particle to be surrounded by
hundreds of SnO, particles. This was also confirmed
from the SEM picture in Figure 1c. Such a configura-
tion is likely to favor quick electron transfer from excited
TiO; into SnO; particles and their transport toward the
collecting surface of OTE. The holes that remain on the
TiO; particles are efficiently utilized in the oxidation
of the dye molecules.

To make the composite SnO,/TiO, system useful for
photocatalysis, it is essential to carry out these experi-
ments with an externally applied electrochemical bias.
It provides necessary potential gradient within the
nanostructured semiconductor film to drive away the
accumulated electrons via the external circuit and thus
promote oxidation at the semiconductor/electrolyte in-
terface. The results presented here highlight the use-
fulness of a SnO,/TiO, composite semiconductor thin
films for enhancing the rate of photocatalytic degrada-
tion process. We are currently carrying out HPLC
analyses to determine the nature of the intermediates
and the mechanism with which these intermediates
influence overall mineralization process.
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