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The growing interest in the use of light as an information and energy carrier has led to the increased
demand for new materials, characterised by particular photoelectrochemical properties. The aim of this
work is the introduction of wide band gap semiconductor — PbMoO, with a detailed description of its
synthesis procedure and products characterisation. The emphasis was put on its electronic structure and
photoelectrochemical properties in order to evaluate the mechanism of the photoelectrochemical
photocurrent switching effect (the PEPS effect). This phenomenon may be utilized in the construction of
simple logic devices (e.g. logic gates or switches) or more complex optoelectronic circuits. Lead
molybdate in the form of fine powder was obtained via a microwave assisted hydrothermal route. It was
found that the composition of the reaction mixture (i.e. the ratio between lead and molybdate ions)
influences the morphology and the electronic structure of the semiconductor. The photoelectrochemical
characterization revealed that PbMoOy in the presence of Ce*'/Ce** redox couple exhibits the PEPS effect
regardless of the presence of oxygen in the electrolyte. That may be explained in terms of
oxidation/reduction processes of cerium(III)/cerium(IV) species. An attempt to modify the surface via the
adsorption of alizarin onto PbMoO, was also made. The spectroscopic characterization and DFT
calculations performed for such an organic-inorganic hybrid material revealed that the dye binds to Mo""
centres which are exposed on the surface. Alizarin adsorbed onto PbMoQ, strongly enhances the cathodic
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photocurrent generation. At the same time, however, the anodic photocurrent diminishes. Therefore,
literally no switching effect occurs for such a system. Nonetheless, the generation of intense cathodic
photocurrent may be utilized in the photocatalysis e.g. during the photoreduction of metal ions or the

generation of reactive oxygen species and/or solar fuels.

Introduction

The rapid development of electronics requires new
semiconducting and dielectric materials of superior quality.
Recently, new applications induced the use of various organic
materials as semiconductors, e.g. in thin layer field effect
transistors. Transition metal oxides at their highest oxidation
states usually exhibit semiconducting properties. The most
notable example is titanium dioxide. The other oxides and oxide
binary phases are also wide band gap semiconductors. These
materials are usually studied from the point of view of the solid
state chemistry or catalysis, but their semiconducting properties
upon interaction with photosensitizers are not well studied with
the notable exception of titanium dioxide. The application of
these semiconductors as materials for switching devices is also
not well recognized. One of such phases for which there is a
significant lack of data on its semiconducting properties is lead
molybdate.

It occurs in the Earth crust as mineral called wulfenite.! Single
crystals of PbMoO, are commercially applied in manufacturing
of acousto-optic modulators,? it is also a promising material for
low temperature scintillators.> Lead molybdate in the form of
powder was examined towards photocatalytic decomposition of
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water*® and mineralization of organic pollutants from
wastewater.> 72 Also heterostructures such as PbMoO,/Ceo
fullerene® and TiO,-N/Ag-PbMoO,'* exhibit photocatalytic
activity.

PbMoO, is mainly ionic compound which adopts tetragonal,
scheelite-type crystal structure (space group /4,/a). Such
a structure is composed of MoO,* tetrahedra which are linked
via Pb*" ions."”> The valence band near its edge is composed
mainly of oxygen 2p and lead 65 orbitals. Molybdenum 4d and 5d
states are involved in the formation of states deep below the
valence band edge (around 3.5 eV). The conduction band in turn
is dominated by Mo 5d states with the admixture of Pb 6p
orbitals. The contribution of Pb 65 in this band is insignificant.
Similarly, the contribution of lead 5s and 5p in both energy bands
can be neglected. The semiconducting properties of PbMoQO,
arise due to the interactions between Mo d states with O 2p
orbitals which gives some covalent contribution to the ionic
bonds.">'® The value of the band gap determined experimentally
lies between 3.1 and 3.4 eV, ® 20 whereas calculations give
much wider energy range ie. from 2.6 eV to 4.8 eV. The
character of the band-to-band transition is indirect.'*"'®

The sign of majority charge carriers depends strongly on the
presence of lattice defects which are either oxygen or lead
vacancies.”! Hence, the type of conductivity may be affected by
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the annealing conditions, particularly oxygen pressure.”” There is
only one experimental work concerning the type of conductivity
of this compound. Nam et. al., based on the photoelectrochemical
measurements, concluded that PbMoOy is p-type semiconductor.®

Despite the fact that for the commercial applications lead
molybdate is obtained in the form of single crystals using
Bridgman and Czochralski techniques,” ** there are plenty of
synthesis methods which enable obtaining PbMoO, in the form of
fine powder. The simplest procedure is based on its precipitation
from the solution containing lead and molybdate ions** ** and is
commercially used for Mo recovery from disposed Ni - Mo
catalysts.”> Lead molybdate is commonly synthesized via
a hydrothermal and solvothermal routes,> 7 1113 18 19: 26 which
often include either heating of the reaction mixture by microwave
irradiation”’ or sonochemical preparation.'* ** %’ The morphology
of the product may be controlled primarily by the changes in the
composition of the reaction mixture i.e. the ratio of Pb*" and
MoO,** concentrations, but also via the addition of surfactants
and appropriate selection of the hydrothermal treatment
temperature.’ The product is usually obtained in the form of
polyhedra” '®%° and nanorods.* 2%

Experimental

The synthesis was performed in a microwave heated, high
pressure autoclave Magnum II (Ertec, Poland). Lead acetate
(Pb(CH3C0OO0),'3H,0, Sigma Aldrich) and sodium molybdate
(Na,Mo0O,42H,0, POCH) were dissolved in deionized water.
Lead acetate solution was acidified with acetic acid to prevent
hydrolysis. The total volume of the reaction mixture was 40 cm®
and pH was equal to 4. Immediately after mixing both solutions
lead molybdate precipitates. Its solubility product is equal to
1.2:107".%° The reaction mixture was then transferred to a Teflon
vessel and heated using microwave irradiation for 1 hour
(according to the procedure described in our previous work).*!
The influence of the temperature on the morphology and the
35 electronic structure of the product was determined. The detailed
information on the synthesis conditions are given in Table 1.

Table 1. The parameters of the synthesis.
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Conditions
aliquat of aliquat of
Pb(CH;CO0),-3H,0 / g [Na,M00O,4-2H,0/ g

T/K [P/bar
la 0.8707 0.6592 438 9-12
2a 0.8710 0.6591 468 19-22
3a 0.8713 0.6587 493 29-32
4a 0.8714 0.6589 518 39-42
1b 1.0328 0.6599 443 9-12
2b 1.0336 0.6595 463 19-22
3b 1.0328 0.6599 495 29-32
4b 1.0336 0.6595 523 39-42
lc 1.0223 0.5594 448 9-12
2¢ 1.0333 0.5595 453 19-22
3c 1.0333 0.5594 486 29-32
4c 1.0333 0.5594 513 39-42

The samples from 1a - 4a were obtained with the deficiency of
Pb** ions in the reaction mixture (85% of the stoichiometric
40 amount), 1b - 4b — with the stoichiometric composition and
lc- 4¢ with the MoO,* deficiency (85% of the stoichiometric
amount). The precipitate was washed several times with
deionized water, centrifuged and dried in air.

The sample 1b was modified by the adsorption of alizarin. The
s modifier was dissolved in isopropyl alcohol and sonicated with
the powder, then centrifuged. The change in colour of the
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material was observed from white to purple due to alizarin
adsorption. In order to remove excess of the dye from PbMoO,
surface, the precipitate was washed several times with the
solvent, centrifuged and finally dried in air.

The diffuse reflectance spectra were recorded on Lambda 950
(Perkin Elmer, USA) spectrophotometer equipped with 150 mm
integration sphere. The sample was dispersed in spectrally pure
BaSO, in 1:50 weight ratio. Pressed BaSO, pellet was used as
a reference. The photoluminescence spectra were recorded on
Fluoromax 4P spectrofluorimeter (Horiba Jobin Yvon, France).
The sample (0.4 mg) was dispersed in 100 cm® of deionized water
using ultrasonic bath and excited at different wavelengths. The
electrochemical impedance spectra were measured on SP-300
potentiostat (Bio-Logic, France) in deoxygenated 0.1M KCI
solution at pH = 5. The working electrode was prepared by the
deposition of neat or modified PbMoO, onto indium-tin oxide
(ITO) coated polyethylene terephthalate foil. The powder was
carefully grated in a mortar with a small amount of water.
Subsequently, PET substrate was painted with the slurry using
a pestle. Finally, the electrode was gently dried in air. In the case
of PbMoO, the described procedure allows the preparation of
well adherent layer which stayed unchanged in the electrolyte
during the electrochemical experiments. It was observed that the
smaller semiconductor grains the easier obtaining of good quality
electrode.

The photoelectrochemical characterization was performed
using a photoelectric spectrometer (Instytut Fotonowy, Poland)
composed of stabilized 150 W xenon arc lamp, monochromator
and coupled with the SP-300 potentiostat. Simultaneously, the
photocatalytic activity of the obtained materials was tested. All
the experiments were done under the same conditions, using the
150 W xenon arc lamp. NIR filter (0,1M CuSO, water solution)
and a bandpass 300—500 nm filter were used to prevent heating of
the sample and the excitation of Azure B itself. Under these
conditions Azure B is stable.*” PbMoQ, was suspended in
a model pollution solution (Azure B, 24.34uM, the absorbance at
646 nm equal to 1.000). The final concentration of lead
molybdate was 1 g-dm™. The suspension was sonicated for
30 minutes and irradiated in optical glass cuvette (5 cm diameter,
1 cm optical path, 17 mL volume) for 1 hour. Then, the samples
were collected and centrifuged for 20 minutes at 10 000 RPM.
The absorption spectrum of the supernatant was recorded on HP
8453 UV-Vis spectrophotometer in the 1 cm quartz cuvette. The
degradation of Azure B was calculated from the absorption
changes at 646 nm band.

The quantum-chemical modelling was performed in AGH
Computing Centre CYFRONET using Gaussian 09 Rev. A.02 at
the B3LYP/SDD level of theory.*® The application of SDD basis
enabled reliable computation of heavy ion behaviour.*® The
powder diffraction pattern was simulated with Mercury 3.3
software (The Cambridge Crystallographic Data Centre, 2013).

Results and discussion
Crystal structure and morphology

Lead molybdate was obtained in the form of fine, white powder.
First of all, the powder X-ray diffraction measurements were
performed to confirm the crystal structure of the product. The
analysis of the recorded diffractograms indicates that regardless
of the synthesis temperature the material possess tetragonal
crystal structure, which is characteristic for wulfenite'® (space
group I41/a, ICDD PDF 2010 Fig. 1). No significant impurities
were found in the sample.
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Fig. 1. The X-ray diffraction pattern recorded for the sample 4a revealing
the crystal structure of the synthesised product (tetragonal, space group
141/a) with no impurities (a). A simulated diffraction pattern based on the
natural wulfenite single crystal structure®® is shown for comparison (b).

Since PbMoO, was obtained either in the form of very fine
powder (below 100 nm in diameter) or almost 100 times bigger
microcrystals, in the first case the obtained diffraction peaks were
characterised by a greater width at half maximum and the
significant increase of background signal (due to lower
crystallinity) was observed. It should be noted that in all the cases
polydisperse material was obtained with typical width at half
height from 30 nm for the finest nanopowders to ca. 1000 nm for
microcrystalline samples.

It is noteworthy that a correlation between synthesis conditions
and the morphology of PbMoO, powder was found. In the case
when the reaction mixture was deficient of Pb>" ions, the size of
crystals gradually increased with the increasing temperature of
the hydrothermal treatment. At 438 K two distinctive fractions
were observed i.e. nanocrystals with the average diameter of ca.
80 nm and some microcrystalline material of ca. 690 nm in
diameter. However, the higher the temperature was, the lower the
content of finer grains and above 493 K only microscopic crystals
were observed. At the same time, for the stoichiometric
composition there was a stronger tendency towards formation of
a nanopowder. The grains were smaller (average diameter of ca.
52 nm) and their average size increased with the temperature up
to ca. 86 nm at 495 K. For this sample some microcrystals with
the diameter of approx. 560 nm were also found. At higher
temperatures only microcrystalline phase was stable. Finally,
when there was an excess of Pb?" in the reaction mixture, only
nanocrystals were formed in the whole temperature range. Their
size slightly increased with the temperature from ca. 49 nm for
448 K to 57 nm for 513 K in diameter (Fig. 2Fig. ). The
mechanism responsible for this change in crystals morphology is
probably Oswald ripening. What is more, the lower temperature
and the higher concentration of Pb*" in the reaction mixture were,
the narrower distribution of the grain sizes was observed (Fig. 3,
see also ESI for details). The correlation between the temperature
of the hydrothermal treatment and the grain diameter is
summarized in Fig. 2.
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Fig. 2. The variation of average grain diameter with the temperature
changes for different compositions of the reaction mixture.

45 Spectroscopic characterization

Subsequently, the diffuse reflectance spectroscopy was used to
characterize spectroscopic properties of the obtained material.*®
The Kubelka—Munk function < was calculated using
formula (1):

KM _ (1—R(hv))2 _ a(hv)
s = 2R(v) S

(M

where R(hv) is the reflectance of the sample measured vs. BaSO,
pellet (100% reflectivity standard), a(iv) is the absorption
coefficient and S is the scattering factor. The latter is usually
treated as a wavelength independent and is equal to the scattering

ss factor for barium sulphate. Practically, Kubelka—Munk formula is

regarded as valid for the absorbing layer which is at least 3 mm
thick.’® Afterwards, the value of the forbidden band width was
determined using the Tauc plots. It was proved, through the
analysis of DFT calculations results,'>!® that PbMoO, is an

¢ indirect band gap semiconductor. In that case the equation given

below may be applied (2):*’

(fKMhV)I/Z :A(hV_Eg) 2)
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Fig. 3. The morphology of PbMoO, obtained at various temperatures of the hydrothermal treatment for Pb*" deficient reaction mixture (a), stoichiometric

composition (b) and the excess of Pb>" in the reaction mixture (c).

The spectroscopic characterization indicated that E, value
depends on the temperature of the hydrothermal treatment i.e. the
lower Pb>* content in the reaction mixture and lower temperature,
the wider is the band gap as it is presented in Fig. 4. Moreover,
the average grain diameter depends on the synthesis conditions in
the same manner (Fig. 2). Therefore, the correlation between the
forbidden band width and the size of the crystals can be seen in
the whole range of the observed grain sizes (Fig. 5). For the
excess of Pb?" ions only grains below 60 nm were formed.
Relatively small increase in the diameter (from 49.3 to 57.2 nm)
connected with the rising temperature results in the decrease of
the E, value. A stronger dependence may be observed for the
stoichiometric composition of the reaction mixture, where both
ca. 50 nm and 355 nm crystals were obtained depending on the
temperature of the hydrothermal treatment. In this case, the
decrease in the energy gap width related to the increasing grain
diameter is more evident. When the reaction mixture was
depleted of Pb*" ions the increase of the E, value was observed
only for the lowest temperature and the grain size was below 80

nm. In the range between 700 and 1000 nm the band gap width is
virtually insensitive to the changes in the average grain size.

»s Thus, one may conclude that weak quantum confinement is

directly responsible for the observed increase in the forbidden
gap width in the case of smaller crystals. This conclusion was
further verified by the fitting of the Brus equation®® (3) to the
experimental data. This equation related the band gap of

30 nanocrystals (E,) with the bulk band gap and average nanoparticle

diameter (d), where m; and m; are effective masses of electrons

and holes, respectively, e is the elementary charge and ¢ is the
vacuum permittivity. The fitted band gap energy of 3.29+£0.01 eV
is fairly consistent with the reported value of optical band gap for

35 this material (3.2 eV).%

3)
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Fig. 4. The band gap dependence on the temperature of the hydrothermal
treatment for different compositions of the reaction mixture. For reasons
of clarity the data points obtained for the same composition of the
reaction mixture were connected with the dash line.
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Fig. 5. The correlation between the band gap width and the average grain

diameter for different compositions of the reaction mixture suggesting the
occurrence of the weak quantum confinement.

Apart from the determination of the band gap width, also the
low-energy part of the reflectance spectra i.e. the Urbach tails
region was analysed. The exponential growth of the absorption
coefficient value with the increase of incident photon energy (4v)
below the absorption edge may be described as follows (4):

hv—E
M = g, exp| —2
f 0 exP| T

where Ey is the Urbach energy connected with the thermal
distortion and structural disorder in the lattice.” The Urbach
energy values were determined for each sample as the inversion
of the linear function slope fitted to Inf"™ plotted vs. incident
photon energy (4v). The obtained results are presented in Fig. 6.
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Fig. 6. The Urbach energy as a function of average grain diameter of the
synthesised powder.

One may conclude that for both stoichiometric composition
and for the excess of molybdate ions present in the reaction
mixture, the Urbach energy values decrease gradually with the
increasing grain size. It is not surprising, since the bigger crystals
were obtained at the higher temperature of the hydrothermal
treatment which also led to a higher degree of the product
crystallinity. The increase in temperature (and also in the grain
diameter) reduces the Urbach energy only to some extent — its
value still oscillates around 45 meV in the case of MoO,>~ excess.
Ey represents the influence of both structural disorder and
thermal fluctuations associated with phonons as expressed by the
equation (5):%

)

E E
E, =—%| X +coth—~
20, 2k, T

where E, is the energy of phonon in the lattice, o, describes the
ionicity of the crystal lattice, X is the ratio of the mean square
deviation of the atomic position from its zero-point energy value
and is related exclusively with the structural disorder. Thus, for
the ideal crystals of a sufficient size, the Urbach energy
approaches the value characteristic for the thermal distortion
only. In the case of the stoichiometric composition of the reaction
mixture, the Urbach energy leveling off with increasing
temperature was not observed, probably due to the size of the
grains which were smaller than in the previous case. Except for
the first sample obtained at the lowest temperature, stoichiometric
composition of the reaction mixture enables obtaining the lowest
Urbach energies which means the lowest structural and thermal
disorder. Only the samples synthesized with the excess of Pb*"
ions do not follow the described correlation. It suggests that in
this case the temperature increase not necessarily improves the
crystallinity of the powder. As matter of fact, all the samples
obtained under such synthesis conditions are characterized by
similar grains diameters, whereas for molybdate excess both 80
nm and ten times bigger structures were obtained. The
prolongation of the hydrothermal treatment may lead to much
bigger grains and associated decrease in the Urbach energy value.

The values of the band gap width were confirmed with the
results of the fluorescence spectroscopy (Fig. 7). One may notice
that for the larger grain diameters (i.e. from 555 to 972 nm -
samples 3b, 4b, 2a, 3a, 4a) the peak related to the radiative band-
to-band transition is broad and its intensity is relatively low. For
the powders characterised by the grain size below 80 nm

This journal is © The Royal Society of Chemistry [year]
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(samples 1a, 1b, 2b and 1-4c¢) this peak is more intense and
sharper. This observation indirectly confirms the hypothesis of a
weak quantum confinement. For coarse grains the electronic
structure is well defined, hence the very broad emission band

s characteristic for bulk semiconductors is observed. At the same
time, the reduction in the grain size distorts the electronic
structure in such a way that band gap width increases while the
energy levels constituting the valence and conduction bands
become separated and the narrowing of the luminescent peak is

10 observed as the consequence. The peak centred at 3 eV recorded
for the sample 3b arises probably from the energy transfer
process occurring between grains of different sizes.

4 — 1a
— 2a

3a
— 4a

— 1b
— 2b

3b
— 4b

Intensity / a.u.

E/eVv

Fig. 7. The photoluminescence spectra of PbMoO,4 samples measured in
15 water suspension. Samples were excited at 300 nm.

In order to estimate the conduction band edge potential, The
Mott-Schottky analysis of measured EIS spectra was carried out.
In the first step, the quality of the spectra was confirmed with the
Kramers — Kronig transformation.*" ** EIS spectra were recorded

20 potentiostatically from 200 kHz to 1 Hz in the potential range
between 1.25 and 0.05 V vs. SHE. Then, the impedance of
a simple equivalent circuit i.e. resistor connected in series with
constant phase element (CPE) was fitted to the measured
impedance spectra and resistance R as well as Q and a parameters

25 characterising the CPE element were determined. The impedance
of CPE is described as follows(6):*

_1 (6)
0(jo)”

where © is the angular frequency. The capacitance C was
calculated using the formula (7):*

Zepg =

1l l-«

0w C=Q%R @ @)

this equation is valid, when the o coefficient is higher than 0.9.
Knowing the capacitance it is easy to calculate the flatband
potential Ej, using the Mott-Schottky equation (8):*

L:L[V_Vm_kﬂ) @®)
C*  &geN, Poe

35 where ¢ stands for the dielectric constant of the sample, g, is the
vacuum permittivity, e is the elementary charge, Np — the donor
atoms density, k3 — the Boltzmann constant and 7 — the
temperature. The obtained value is virtually equal to the
conduction band edge potential for the n — type semiconductor.

40 The detailed calculation procedure was described in our previous
publication.**

It may be concluded that the conduction band edge potential
determined for each sample does not depend on the synthesis
conditions and is averagely equal to —0.14 + 0.07 V vs. SHE. The

45 conductivity type of the material was identified as n — type from
the slope of the Mott - Schottky plot. It is, at the same time, in
contrast with the work of Nam ef al.,’ where they found in the
photoelectrochemical measurements that their sample was the
p-type semiconductor. The discrepancy may be caused by

so different nature of defects present in the crystalline structure.

The obtained nanopowder (the sample obtained at
stoichiometric composition and lowest temperature) was also
modified by the adsorption of alizarin. Such a surface treatment
alters not only spectroscopic properties of material but also

ss should affect photoelectrochemical properties. The change in
absorption and photocurrent action spectra should depend on the
mechanism of electron transfer between semiconducting
nanoparticle and organic molecule i.e. optical electron transfer
(OET) in the case of a strong interaction between both

0 counterparts and photoinduced electron transfer (PET) for a weak
interaction. Alizarin adsorbed on wide band gap semiconductors
is usually involved in PET process due to relatively low energy of
the intramolecular charge transfer process. This kind of behaviour
is usually accompanied with relatively small changes in

s absorption spectrum of the dye (bathochromic shift due to the
interaction with metal centre). The absorption spectra of such
a hybrid material are compared with pure dye and unmodified
semiconductor in Fig. 8.

0.05
a

10 15 20 25 30 35 40
E/ev

10 15 20 25 30 35 40
E/eV

70 Fig. 8. The reflection spectra of alizarin adsorbed onto BaSO, (a) and
onto PbMoOj (b).

Alizarin adsorbed at the surface of BaSO, shows one
absorption band in the visible range at 2.88 eV, which is
consistent with previous reports. This band is associated with a

7s HOMO-LUMO transition of intramolecular charge transfer

6|Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]

Page 6 of 11



Page 7 of 11

Journal of Materials Chemistry C

character.*” Minor transition at ca. 2.5 eV is associated with the
presence of a small fraction of a tautomeric form of the dye.*’
Upon chemisorption at the PbMoO, surface the spectral
properties of the dye are changed. The main transition is
s bathochromically shifted to 2.61 eV and a new spectral feature at
2.00 eV can be observed. This new band must originate from
interactions between alizarin and surface molybdenum or lead
ions. In order to assign the proper bonding mode a simplified
theoretical model was built (Fig. 9) and the absorption spectra
10 calculated using the TD-DFT approach at the B3LYP/SDD level
of theory were compared with the calculated electronic spectrum
of alizarin. It was found that the interaction with Pb*'cation
results in a minor bathochromic shift (HOMO—LUMO transition
at 2.61 eV vs. 2.64 eV for a free dye molecule). On the other hand
15 the interaction with MoO4*™ results in two transitions in the
visible range: at 2.11 and 2.31 eV. These two transitions, of
dominating HOMO—LUMO and HOMO-1—-LUMO character,
respectively, are of a ligand-to-metal charge transfer (LMCT)
character (Fig. 10). In these transitions alizarin plays a role of
20 electron donor, while molybdate anion is an electron acceptor.
This result indicates that surface molybdate anions are primary
binding sites for alizarin and that the photosensitization processes
in the alizarin-PbMoQ, are most probably of OET character. This
is an exception from the reported properties of alizarin at titanium
»s dioxide surfaces.*®*’
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Fig. 9. The computational models of alizarin complexes with lead cations
and molybdate anion.

LUMO

30 Fig. 10. The frontier orbitals of model alizarin-molybdate complex
calculated using the rb31lyp/sdd level of theory.

Photoelectrochemical characterization

Since semiconducting nanostructures have become commonly
used in optoelectronic and photovoltaic devices, the investigation
ss of their photoelectrochemical properties gains importance
nowadays. The information on these parameters enables the
utilization of semiconductors nanoparticles in solar fuel cells,
photocatalytic systems,*® information processing devices* and
even hydrometallurgy.® The Photoelectrochemical Photocurrent

a0 Switching Effect (the PEPS effect), which may be defined as an
ability of semiconductor to generate either anodic or cathodic
photocurrents depending on the stimulus (the wavelength of the
incident light or the electrode potential) is interesting from the
information processing viewpoint. On the other hand, the suitable
4s value of the conduction band edge potential gives the opportunity
to use this material for the generation of the reactive oxygen
species (ROS).
The photoelectrochemical properties of PbMoO, were
measured with the help of the pulsed photocurrent spectroscopy.
s0 Since water molecules and/or hydroxyl ions present in the
electrolyte often scavenge holes insufficiently,* Ce*/Ce®" redox
couple was introduced in the photoelectrochemical experiment to
avoid the possible photocorrosion of the electrode. The standard
redox potential of this couple is equal to 1.72 V vs. SHE.”' Thus,
ss AG of Ce*" oxidation process with a hole from the valence band
amounts to —152.5 kJ/mol. In the presence of cerium ions, the
PEPS effect was observed. The switching potential i.e. the
potential value for which anodic-to-cathodic (or vice versa)
photocurrent transition occurs is equal to ca. 0.6 V vs. SHE and is
o independent of the presence of the molecular oxygen in the
electrolyte. The reduction of oxygen dissolved in the electrolyte
is a common cause of the cathodic photocurrent generation for
the n-type semiconductors.’ Since the switching potential does
not depend on the presence of molecular oxygen in the
electrolyte, the reduction of Ce*" jons with electrons from the
conduction band is entirely responsible for the generation of
cathodic photocurrent (Fig. 11).
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Fig. 11. The photocurrent action spectra of the sample 1b recorded for
70 various electrode potentials in 0.1M KNO; with 10 mM Ce* ions under
anaerobic conditions.

Although the value of the standard reduction potential of the
Ce*/Ce®* redox couple is significantly different than the
observed switching potential, the kinetics of the Ce*'ions

75 reduction is relatively slow and the reaction takes place with
a substantial overpotential.>> Moreover, in the presence of excess
of NO;, both Ce*" and Ce*" ions can exist in the complexed
form, which additionally affects the redox process. It is
noteworthy, that the kinetics depends also on the working

so electrode material.** The explanation of the PEPS effect
mechanism for the described system is summarized in Fig. 12.
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Fig. 12. The energy diagram illustrating the mechanism of anodic (a) and
cathodic (b) photocurrents generation in the presence of Ce*’/Ce®* redox
couple for unmodified material and for PbMoO, modified by the
adsorption of alizarin (c).

As it was shown, the adsorption of alizarin onto lead
molybdate surface strongly alters the spectroscopic properties of
the material. It also drastically changes its photoelectrochemical
properties. Namely, the cathodic photocurrent was observed
almost exclusively in the whole potential range regardless of the
presence of oxygen in the electrolyte (Fig. 13). The experiment
was performed in the narrower (compared to the previous results)
potential window due to the instability of alizarin above 0.8 V vs.
SHE. The mechanism of such a strong enhancement of cathodic
photocurrent may be probably explained in terms of the Ce*" ions
reduction with electrons originating from the alizarin excitation
(Fig. 12¢). The molecule of alizarin can be divided into two parts:
the quinone moieties behave as the electron acceptors, whereas
phenyl groups play the role of electron donors. Such
inhomogeneous charge distribution within the organic layer
deposited onto semiconducting particle may also enhance the
electron transfer from the conduction band to the electron
acceptor present in the electrolyte.*> The recorded photocurrent
action spectra revealed also only minor photosensitization at the
negative polarization of the photoelectrode.

The results of the evaluation of PbMoO, photocatalytic
activity are shown in Fig. 14. One may see that all materials are
photoactive in the nonselective process of Azure B degradation.
The highest activity was obtained for the Pb-rich materials. What
is more, it significantly increases with the temperature of
synthesis. It should be noted that the grain size of these samples
is the lowest (the highest surface area) and virtually remains
constant with the temperature changes. Similar dependence was
observed for the samples prepared at stoichiometric composition
of the reaction mixture. However, in this case photocatalytic
activity is lower, probably due to the increasing content of larger
grains (Fig. 3) which translates into a decrease in the surface area.
One may conclude that decreasing Pb content in the reaction
mixture lowers its photocatalytic activity. In the case of Pb-
deficient samples, increasing temperature causes slight
deterioration of photocatalytic activity.
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Fig. 13. The photocurrent action spectra of the sample 1b modified with
4s alizarin recorded for various electrode potentials in 0.IM KNO; with
10 mM of Ce*“ions under anaerobic conditions.
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Fig. 14. The degradation of Azur B with the temperature changes for
different compositions of the reaction mixture.

so Conclusions

Lead molybdate was obtained via the hydrothermal method
which is straightforward and environmentally friendly. The
product was obtained in the form of nano- or micropowder. It was
shown that both the morphology and the electronic structure (i.e.
ss the value of the band gap width) may be tuned — to some extent —
by an appropriate modification of the synthesis conditions. It was
proven that the higher temperature and the lower Pb>* content in
the reaction mixture were, the bigger grains of the powder and
lower values of the energy gap were obtained. The surface
e modification of PbMoOy via alizarin adsorption does not result in
photosensitization. The dye is bonded mainly to the molybdenum
ions exposed at the surface.
The photoelectrochemical characterization of the material
revealed that in the presence of appropriate electron donor-
6s acceptor system (e.g. Ce*'/Ce®* redox couple) in the electrolyte,
the photoelectrochemical photocurrent switching effect may be
induced. On the one hand, the adsorption of alizarin onto
PbMoO, surface leads to a very efficient generation of cathodic
photocurrent which may be effectively utilized in the
70 photocatalytic applications, such as the photoreduction of metals
from wastewater® or the reactive oxygen species (ROS)

8|Journal Name, [year], [vol], 00-00
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generation for water purification purposes. The materials exhibits
also a notable photocatalytic activity towards mineralization of
organic pollutants which strongly depends on the synthetic
conditions.

s On the other hand, the PEPS effect observed in the described
system constitutes a fundament for the construction of molecular
logic devices and the further exploration of such a phenomenon
may be interesting from the point of view of the optoelectronics
and information processing.*’
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