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Metal complexes of Schiff bases are considered as promising materials for energy storage and photovoltaic
devices. In this work, the semiconducting properties of a polymer film of a nickel salen-type complex (poly-
Ni(CH30-Salen)) were studied by spectrophotometric and electrochemical impedance spectroscopy methods. The
Mott-Schottky analysis showed that the polymer film is a semiconducting material with a fairly narrow band gap,
high charge carrier density and p-type conductivity. Using the method of electrochemical impedance spectroscopy,
the limiting stage of the oxygen photoelectroreduction reaction, the process of charge transfer from the film to

molecular oxygen, has been established.
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1. Introduction

Technologies for wide use of renewable energy sources
are being actively developed at present. =~ Among the
available renewable energy resources, conversion of sunlight
energy [1,2] attracts the most attention. Such photovoltaic
devices can convert solar energy directly into electric or
chemical energy without causing environmental damage.
The chemical method of solar energy conversion is based
on chemical reactions during which solar energy is stored,
i1e. reaction products are substances richer in energy than
the initial reagents. At present, solar energy converters
use super-pure semiconductor materials, which makes the
device much more expensive [3]. As an alternative,
organic, inorganic and hybrid semiconductor materials are
being widely studied; they can potentially replace the
expensive materials in photoelectrochemical solar energy
converters [4,5]. Though the use of organic materials
is cheaper, their efficiency is yet insufficient for wide
commercial application [6,7].

Complexes of transition metals with Schiff bases have a
high stability, electrochemical activity, electric conductivity
and can be considered as new semiconductor materials
for photoelectric converters [8-10]. Such polymer films
are conjugated systems. Electrons in them freely move
along the polymer chain, which ensures efficient charge
transport in the entire polymer volume. When irradiated
by light or in the presence of electron-acceptor molecules,
the film becomes p-doped: electrons are transferred from
the film surface through the phase boundary, a positive
charge forms on the film surface and is compensated by
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electrolyte solution ions. A Schottky barrier forms. The
Mott-Schottky plot can be used to estimate the polymer
film’s semiconductor properties, such as conductivity type,
band gap, charge carrier density etc.

In this paper we studied the semiconductor properties of
a polymer film of a nickel complex with salen-type ligand,
poly-Ni(CH3O-Salen), its structure is shown in the diagram
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An earlier paper [11] has shown the possibility to use
the polymer poly-Ni(CH3;O-Salen) film in photoelectroca-
talytic energy converters by oxygen photoelectroreduction
reaction. This paper has established the limiting stage of
the oxygen photoelectroreduction process by the method
of electrochemical impedance spectroscopy. The Mott—
Schottky theory was used to describe the electron emission
into the solution of oxygenated supporting electrolyte.

2. Experimental part

The Ni(CH30-Salen) monomer was synthesized as per
the procedure [12] using commercially available aldehyde
and diamine.

All electrochemical studies,
of electrochemical impedance,

including measurements
were performed using
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the Bio-Logic potentiostat (BioLogic Science Instruments,
France) in a three-clectrode cell, the working electrode
was a glass-carbon (GC)-plate (2cm?); platinum foil
served as an counter electrode. A non-aqueous Ag/Ag™’
electrode MF-2062 (Bio Analytical Systems, USA), filled
with acetonitrile solution containing 0.005M of AgNO;
and 0.1 M of Et4NBF,4, was used as a reference electrode
for electropolymerization in the acetonitrile solution. An
Ag/AgCl (KCI sat) electrode was used for aqueous
solutions. The system’s impedance response was analyzed
in Nyquist coordinates using the EC-Lab software (Bio-
Logic, France).

Prior to each experiment, the GC-electrode was thorough-
ly ground, washed with isopropyl alcohol and deionized
water, and then dried at 120°C.

The polymer was deposited onto the GC-electrode by
electrooxidative polymerization with the potential of 1V
vs Ag/AgCl from the acetonitrile solution containing
0.001 M of Ni(CH3O-Salen) and 0.1M of Et4NBF, as
supporting electrolyte. After passing of a certain charge
(10mC/cm?), the electrode was held at the potential
of OmV for 5min to fully reduce the polymer film that
formed on its surface.

A light source for photoelectrochemical experiments was
a blue light-emitting diode (470nm), with the power
of 12W, distance from the light-emitting diode to the
working electrode was 5cm. Radiation power was esti-
mated as 100mW/cm?. Experiments for photoelectrical
oxygen reduction were carried out in 0.05M aqueous
solution of phosphate buffer (pH = 6.86).

Impedance was measured in the frequency range
of 0.1 Hz—100kHz at different potentials. The alternating
voltage amplitude was 10mV. The film was preliminarily
held for 2min at each potential value to attain the steady-
state condition. Mott-Schottky measurements were per-
formed at the fixed frequency of 10kHz in the potential
range of —0.15—-0.4V (rel. Ag/AgCl) with the interval
of 50mV. Measurements were performed without irradia-
tion and with light irradiation both in argon atmosphere and
in oxygen atmosphere.

Spectrophotometric studies were carried out using the
SF-2000 spectrophotometer (Russia) in argon atmosphere.
The polymer film was deposited on glass covered with
conductive oxides (ITO), the film spectrum was recorded
in an acetonitrile solution containing 0.1 M of Et4NBF,4 as
supporting electrolyte, the potential being 0 V.

3. Discussion of results

When semiconductors are irradiated with light, photoin-
duced current is sometimes observed in the circuit of the
illuminated electrochemical cell [13,14]. Tllumination causes
electron transition to a higher energy level, valence-band
electrons go to the conduction band, leaving positively
charged holes in the valence band. The possibility of such
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Figure 1. Cyclic voltammetric diagram of the polymer poly-
Ni(CH3O-Salen) film, recorded in oxygenated solution of phos-
phate buffer (pH=6.86) with and without irradiation; scanning
rate is 50 mV/s.

processes in the poly-Ni(CH3O-Salen) film was studied by
the voltammetric method.

Voltammetric measurements were carried out in the
potential range of —0.15-0.4V in oxygenated aqueous
solution of phosphate buffer (pH = 6.86) with and without
irradiation by light. In this potential range, the polymer
poly-Ni(CH3O-Salen) film was electrochemically stable
(Fig. 1).

In the potential range of 0.1-0.4V the polymer film
is electrochemically active, the voltammogram has waves
that characterize the oxidation and reduction processes in
the film volume. Without irradiation, at potentials be-
low 0.1V, the polymer film is electrochemically inactive, the
voltammogram has no polymer oxidation/reduction waves.
Electroreduction of dissolved oxygen on the film does not
occur at this potential values the current flow corresponds
to the background values. When irradiated with light,
the polymer film starts acting as a photocathode, currents
of oxygen electroreduction occur in the potential range
of —0.15-0.4V, observed current is higher as compared
to the film’s electrochemical response in the absence of
irradiation, and this difference increases when the potential
moves to the more negative region.

Photocathode irradiation by light always causes multiple
electron-hole pairs at the film-solution interface [14,15].
However, this process is compensated by a reverse pro-
cess — their recombination. Recombination centers can be,
for instance, film structure defects or surface states. These
pairs can be efficiently separated due to the presence of
dissolved oxygen in the solution. Adsorption of oxygen
molecules on the film surface causes a partial charge transfer
from the film to oxygen, thus hindering the recombination
of electron-hole pairs formed under the light.
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Figure 2. Nyquist plots of the electrochemical impedance
spectra of the poly-Ni(CH3O-Salen) film obtained in phosphate
buffer solution (pH=06.86) in the presence/absence of dissolved
oxygen with the potential of 0V, as well as with and without
film irradiation by light. The electric equivalent diagrams for
calculations of the main parameters are also given.

Electrochemical impedance spectroscopy studies have
been performed to determine the limiting stage of the
process of oxygen photoelectroreduction on the surface of
the polymer poly-Ni(CH3O-Salen) film.

Figure 2 shows the impedance spectra in Nyquist coordi-
nates, obtained at 0V (the potential of beginning of oxygen
photoelectrochemical reduction). Without light irradiation,
the spectra plots obtained for the oxygen-saturated and
deaerated solution virtually coincide and consist of linear
segments that correspond to the constant phase element,
which is determined by capacitance of the double electric
layer at the film-solution interface. Such systems can
be described by an electric circuit comprising a solution
resistance (Rs) connected in series to a constant phase
element (CPE) (circuit 1). Spectra plot of the film on
irradiation changes shape. A distorted semicircle appears in
the plot, which shows the occurrence of a Faraday processes
related to the electron transfer in the film and at the film—
solution interface. Thus, a new element appears in the
circuit — charge transfer resistance (Rg) (circuit 2). The
experimental data were approximated and the parameters
of the chosen electric circuits were determined with the
minimum deviation of the model spectrum and the experi-
mental data spectrum. The calculated parameters are given
in Table 1.

As seen from Table 1, when dissolved oxygen appears
in the solution, photoelectrode capacitance increases due
to the adsorption of oxygen molecules on the film surface

and partial charge transfer from the film to oxygen. Un-
der illumination, the capacitance value almost doubles as
compared to dark conditions. This means active generation
of electron-hole pairs on the film surface and their efficient
separation due to charge transfer to the adsorbed oxygen.
Thereat, charge transfer resistance is rather high, which
means that this stage is the limiting one in oxygen
photoelectroreduction.

Band gap is an important characteristic of material’s
semiconductor properties. The band gap was determined
using the spectrophotometry method; the film spectrum in
the reduced state (0V) is shown in Fig. 3.

Auxiliary lines were drawn to determine the wave-
length at which electron transitions occur in the film
and absorption starts growing in relation to the baseline.
The intersection point of these lines corresponds to the
wavelength of 530 nm, while the band gap value is 2.3 eV.
Band gap for semiconductors is within 1—-3 eV, the value
obtained for the film shows that the film pertains to the
semiconductor group.

The Mott-Schottky plot at different frequencies was
obtained for more detailed study of the film—solution
interface and to determine the flat-band potential and charge
carrier density. It is known that polymer films become
p-doped [16-18] in the presence of molecular oxygen. As a
result of electron transition through the phase boundary,
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Figure 3. Spectrum of poly-Ni(CH3O-Salen) film on an ITO-
electrode, recorded in acetonitrile solution 0.1 M of Et;NBF,; with
the potential of 0V (reduced form).

Physics of the Solid State, 2022, Vol. 64, No. 1



Semiconductor Properties of Polymer Films Based on Nickel Complex with Salen-type Ligand 65

- —n— Ar dark
—e— O, dark
—A— Oj illumination

S
g\
B

4
N W N (9,1 N B | o0 O
T T
[ ]
<
l
/
l
]
o/

1/C2 1010 F2-cm

A—A\3

L

1
-02 01 0 0.1 0.2 0.3 0.4
E,V

Figure 4. Mott—Schottky plots for the photoelectrode of poly-
Ni(CH;3O-Salen) obtained: / — without oxygen and illumination,
2 — in the presence of oxygen and without illumination, 3 — in
the presence of oxygen and with illumination. The measurements
have been done at the 10kHz frequency.
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the film surface becomes positively charged, this charge
is concentrated not only on the film surface, but forms a
certain charged region near the semiconductor surface —
the so-called space-charge region. A Schottky barrier
forms at the film—electrolyte boundary, a depletion region
forms in the film (a space-charge region) and there is
bending of the energy bands at the interphase boundary of
the semiconductor with the electrolyte solution [15,19,20].
Dependence of capacitance of the space-charge region in
the film on potential is described by the Mott-Schottky law:

1 2
& = (s )V~ Veo) 1)

where Csc is capacitance of the space-charge region, € is
the electron charge, V is the value of applied potential,
¢ is the dielectric constant for electrode material (film)
(e =2.4 [21]), N is the density of charge carriers, K is
the Boltzmann’s constant, &g is the permittivity of vacuum,
T is the absolute temperature value, Vrg is the flat-band
potential, A is the electrode surface area.

The slope for the linear part of the Mott-Schottky graph,
2/ egpA2eN,can be used to find the charge carrier concen-
tration N; value of the flat-band potential is determined by
linear extrapolation onto the potential axis.

Figure 4 shows the Mott-Schottky plots for the photoelec-
trode of poly-Ni(CH3O-Salen) in the presence and absence
of oxygen, as well as with and without illumination.

Linear parts of the Mott-Schottky plots are observed in
the potential range of 0.1-0.2V. Within the framework of
the Mott-Schottky theory, this means that, depending on
voltage applied to the interphase boundary, its semiconduc-
tor properties are changed. Transition from one conductivity
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type to another takes place (from nto p or vice versa). The
type of charge carriers in the film (p- or n-type) can be
determined according to dependency type. In this case,
the negative slope of the Mott-Schottky curves corresponds
to the p-type conductivity, i.e. the major charge carriers
are holes (hole-type conductivity). This correlates with
the voltammetry data, where a transition region from the
oxidized to reduced film state is observed in the potential
range of 0.1-0.2'V.

A value of the flat-band potential is obtained by ex-
trapolating the linear parts of the curves onto the po-
tential axis. At all conditions (presence or absence of
oxygen/illumination), the value of the flat-band potential
is about 0.2V (Table 2). Thickness of the space-charge
region at the flat-band potential is zero. At the more positive
potentials electrode capacitance is not longer dependent on
the applied potential, and the film is in the doped (oxidized)
state.

Also, electrode capacitance in the absence of oxygen and
illumination is no longer dependent on the potential in the
range of —0.2—0.1V (curve 1, Fig. 4). This corresponds to
the fully reduced state of the film, conductivity type changes
and the major charge carriers are electron but not holes
(electron conductivity).

Generally, the Mott-Schottky plot of the film in oxy-
genated solution (curve 2, Fig. 4) is identical to the plot
obtained in the solution with no oxygen (curve I, Fig. 4).
However, with oxygen in the system, it is adsorbed on
the film’s active centers. It is particularly noticeable in
the potential region below —0.1V, where slope inversion is
observed. In this case, electron concentration in the surface
layer is higher than hole concentration, that can be due to
oxygen adsorption on the film and partial transfer of the
negative charge between the film and oxygen molecules.

When the photoelectrode is illuminated in oxygen atmo-
sphere, a second linear region with negative slope appears
on the Mott-Schottky plot in the potential range —0.15—-0V
(curve 3, Fig. 4). This linear region cannot be interpreted
as a change of band bending in the semiconductor. Since
a double layer is formed by a space charge in the
semiconductor and ions in the solution, the full interfacial
potential difference consist of a potential difference in the
space-charge region in the semiconductor and a potential
difference in the Helmholtz layer. A significant potential
difference in the Helmholtz layer occurs in the region of
negative potential values (below 0V); this change is much
more than in the space-charge region. This phenomenon
is called Fermi level pinning [22-24]. The reason of Fermi
level pinning is the electrochemical reaction of oxygen elec-
troreduction. The composition of the oxidation-reduction
system in the solution changes, ie. the semiconductor
electrode’s Fermi level is changed not electrically but due
to a change of the electrochemical potential of the solution.
Moreover, the film surface may have surface states whose
charge varies in the considered potential region, that may
also cause Fermi level pinning. The Mott-Schottky plot
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Table 2. Results of Mott—Schottky analysis

Density

Potential Doping degree

Conditions of charge carriers, cm™> of flat bands Vtp, V of th% fiﬂmolg \tfhi /range
.1—0. 5 /0
Ar in darkness 7.8 - 10" 0.20 2.8
0, in darkness 1.1-10% 0.25 3.9
0, with irradiation 3.7-10%® 0.21 133

is still a straight line, but its slope is no longer equal to
2/egpeN, and it cannot be used for further calculations.

The slope of the Mott-Schottky plot can be used to
calculate the charge carrier density

2
D pu—
eegoa’

(2)

where « is the slope of the linear region of the Mott-
Schottky plot.

The obtained values are given in Table 2.

The slope of data shows that the charge carrier density
in the film increases when oxygen presents in the solution.
About 30% of charge carriers are generated due to oxygen
adsorption and partial charge transfer from the film to
oxygen. Density of charge carriers in the film in case
of illumination in oxygen-containing solution increases by
more than 3times compared to the identical conditions
without illumination. This additional charge was generated
in the film due to illumination and complete charge transfer
from the film to oxygen. The reduced oxygen molecule is
desorbed from the film surface and diffuses into the solution.
The film doping level was about a few of percent without
illumination and increased to 13.3% under illumination.

4. Conclusion

The band gap value of the poly-Ni(CH3;O-Salen) film
was 2.3 eV, indicating that the material is a semiconductor.
The Mott-Schottky analysis has been performed to estimate
the film’s semiconductor properties; it has been showed
that the polymer film is a semiconductor material with a
fairly narrow band gap, a high density of charge carriers
and the p-type conductivity. The limiting stage of the
oxygen photoelectroreduction has been established. It has
been showed that the limiting stage of the reaction is the
charge transfer from the film to molecular oxygen. Thus,
the polymer poly-Ni(CH30O-Salen) film can be considered
a promising material for harvesting and conversion of solar
energy, as well as for creation of photocatalytic systems.
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