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ABSTRACT

The article presents the results of the study of photo electrochemical properties of
copper-containing photocathodes on conductive glasses by agqueous solutions pyrolysis and
electrochemical method. All electrodes showed absorption in the entire range of the visible
spectrum, starting from 330 nm and above, at that silver alloying of copper bismuthate results
in decrease in optical density of the electrodes, which is accompanied by a large value of
current indicators. It is shown that cathodes based on copper oxide have minimal
photocurrents, whereas triple copper oxide based on copper bismuthate shows much better
indicators at aqueous solutions electrolysis. This may be due to intensification of main
carriers tunneling process at concentration points of silver ion centers in an array of copper
bismuthate film. This is due to additional current component in general voltage—ampere
characteristic of the electrode, i.e. the current is ultimately higher for the sample with silver
ions than without it. Almost fivefold increase in photocurrents on the electrodes of copper
bismuthate doped with silver ions in the sacrificial electrolyte has been achieved.

Keywords: photocurrent, photocathode, band gap, copper bismuthate, absorption
spectrum, aerosol method.

INTRODUCTION

Photo electrolysis of water on semiconductor substrates with hole conductivity, so-
called photocathodes, is one of the ways to produce hydrogen. Copper oxides are ones of the
most studied, widespread and at the same time cheap materials of photocathodes. CuO and
Cu20 are p-type metal oxide semiconductors due to their remarkable optical, electrical,
thermal and magnetic properties [1-2]. A number of methods for synthesis of materials for
development of gas sensors with the use of semiconductors and nanostructures of p-CuO have
been reported in the literature. They are methods of solvathermal and thermal evaporation,
hydrothermal and microwave hydrothermal, ultrasonic spray pyrolysis and electrodeposition.
The sensors were also made as nanowires, nanorods, mesoporous films, nanocubes,
nanosolders, nanotubes and nanoribbons, hollow spheres, etc. [3-5].

On the other hand, it is more interesting to study complex (more than three elements)
copper-containing photocathodes, such as CuBi2O4 (copper bismuthate). p-type metal oxides
are attractive because they can easily exchange their lattice oxygen with air to maintain their
stoichiometry due to formation of phase-segregated domains in films with stoichiometric non-
perfection. This is very useful property for maintaining long-term stability of photoelectrodes
in the oxidizer aqueous environment. In addition, CuBi>O4 nanostructuring can additionally
improve characteristics of this important functional material and give it unique properties that
are not present in its bulk form. In particular, triple oxides should have more diverse
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properties, for example, in other devices (sensors and devices), which may differ significantly
depending on components ratio in CuO/Me/O system [6-9]. CuBi204 (CBO) is one such
example, whose band gap is suitable for sunlight (1.5-1.8 eV) with relatively positive value
of the valence band in the electrode potential scale, which makes it an attractive candidate for
CO2 reduction [10-19].

MATERIALS AND METHODS

The following reagents were used for research: copper acetate Cu(CH3:COO)2'H20,
bismuth nitrate Bi(NO3)35H20 according to GOST 4110-75, concentrated nitric acid,
acetone and alcohol. To prepare copper acetate solution A, 1 g of salt was dissolved in 50 ml
of water, which corresponds to 2% solution. Solution A was sprayed onto conductive glass.
Coating of conductive glasses was carried out as follows: a layer of solution A was applied to
the heated substrate, after which the substrate was dried, heated again to a temperature of 100-
120°C, and the cycle was repeated. Such layers were applied 10, 20 and 30 times, after which
the substrate was finally annealed for 1 hour at a temperature of 500°C. 0.01% bismuth nitrate
solution B acidified with nitric acid was used to apply bismuth coatings. Acetone was used for
degreasing conductive glasses. The copper acetate coating procedure was similar to the above
scheme.

Samples of the following composition were prepared this way:

1. Obtaining CuO sample by spraying copper acetate solution on conductive glass in 10,
20 and 30 spray application cycles followed by annealing at 500°C.

2. 2 ml of solution A and 3 ml of solution B were mixed and then applied to the glass
according to the above procedure.

3. 0.5 ml of CuCl22H20 solution was mixed with 5 ml of solution B with a
complexion; this mixture was applied electrochemically to a conductive glass for 60 seconds
[20], i.e. a layer of copper bismuthate was formed.

4. 2 ml of solution A and 3 ml of solution B were mixed, 0.01 ml of 0.025 M AgNOs
solution was added to the mixture; the formed solution was applied to the glass according to
the procedure described in paragraph 1.

To obtain coatings on the conductive glass, FTO glasses (conductivity less than 15 ohm
/cm?) of the Singapore company LATECH were used with a size of 1x2.5 cm?, which were
degreased in soda ash solution and by ultrasound, washed sequentially in isopropanol, acetone
and dried. Two types of electrolytes were used for photoelectrochemical studies: neutral in the
form of 0.1M solution of KH2PO4, as well as complex electrolyte in the form of 0.1 M
KH2PO4 solution with addition of 0.1 M H20: solution in the form of a so-called "sacrificial"
solution. The scheme for measuring photoelectrochemical characteristics of films is shown in
Fig. 1.
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Fig. 1. Three-electrode scheme for measurement of photoelectrochemical characteristics

Microphotographs of films were taken with the use of JSM-6490LV scanning electron
microscope (JEOL, Japan). Absorption spectra of copper bismuthate on the conductive glass
were obtained using Cary-50 UV-visible area Spectrophotometer.

RESULTS AND DISCUSSION

Fig. 2 shows optical characteristics of copper bismuthate electrodes at 10 cycles of
application to the substrate with a spray gun.
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Fig. 2. Absorption spectra of copper bismuthate at application by: aerosol method (1),
electrochemical method (2), aerosol method in the presence of silver ions (3)

It can be seen in Fig. 2 that all samples show the main absorption band, starting from
the absorption edge in the size of 330 nm, which expands and amplifies into the long-
wavelength part. Spectra of copper bismuthate obtained by pyrolysis of aqueous solutions of
corresponding salts 20 mM Cu(NO3)2-3H20 and 40 mM Bi(NO3)3-5H>0 with subsequent
annealing at 450°C are presented in [19]. The authors show that the sample begins to absorb
already at an initial absorption of ~ 1.51 eV. Consequently, the width of CuBi»O4 band gap at
spray pyrolysis is defined as being in the range of 1.41-1.50 eV, which is at the lower limit of
the previously reported values (1.5-1.8 eV). In our case, the sample absorbs in the entire
region of the spectrum, starting from 330 nm, which corresponds to the absorption boundary
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from 3.7 eV and so on. Further, the difference between aerosol and electrochemical
deposition methods increases as one moves to the region of higher wavelengths, i.e. there is a
splitting between lines 1, 2, and 3. The absorption of an “electrochemical” sample is generally
lower than that of an "aerosol™ sample at large numbers of wavelengths.

Surprisingly, a decrease in absorption of the sample with silver addition is detected
(although the opposite effect was expected), which can be explained by an increase in main
carriers tunneling process at concentration points of silver ion centers in an array of copper
bismuth film. This apparently leads to additional current component in general voltage—
ampere characteristic of the electrode, i.e. the current is ultimately higher for the sample with
silver ions. As a result, we see that the final current characteristic of the electrode is higher
than that for the electrode without silver ions. We called this the additional generation of
electron-hole pairs in centers of silver ions as part of copper bismuthate, which ultimately
leads to increasing current characteristics of the electrodes.
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Fig. 3. Micrographs of copper bismuthate at various application cycles:
“electrochemical” copper bismuthate with 10 application cycles (a), “aerosol” copper
bismuthate with 10 application cycles (b), “electrochemical” copper bismuthate with 30
application cycles (c), “aerosol” copper bismuthate with 30 application cycles (d)

Microphotographs show that the more layers of the coating applied, the stronger the
continuity of the samples is. On the other hand, the morphology of copper bismuthate layer
differs for the samples: it can be seen that the *“aerosol” sample with copper bismuthate is
looser in structure than the “electrochemical” one. There is also such a feature that, despite the
lack of continuity, all samples give tangible current characteristics (see below).

Fig. 4 shows the current characteristics of various electrodes in a neutral phosphate
electrolyte. It can be seen that minimum photoelectrochemical characteristics are inherent for
copper oxide layer, and quantitatively these are currents of no more than 12 mkA. But for the
electrodes of “aerosol” copper bismuthate, the current doubles by more than 2-2.5 times.
Moreover, for convenience, the current for cathode potential region is shown, which indicates
that all electrodes have p-type of conductivity. The current increases significantly for
“electrochemical” electrodes (curve 3) and especially for a sample with silver addition (curve
4). The currents at that reach values of 50-60 mkA.
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Fig. 4 - Current characteristics of photoelectrodes in phosphate electrolyte: CuO (1), CuBi204
“aerosol” (2), CuBi204 “electrochemical” (3), CuBi2O4+Ag “electrochemical” (4)

The dependence of photocurrents for a sacrificial electrolyte is more indicative
(numbering of samples is unchanged), but the currents are much bigger, more than 4-5 times
(Fig. 5). In this case, the beginning of cathode photocurrents is shifted for all electrodes by
200 mV to the negative region.
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Fig. 5. Current characteristics of photoelectrodes in sacrificial electrolyte: CuO (1), CuBi204
“aerosol” (2), CuBi204 “electrochemical” (3), CuBi>O4+Ag “electrochemical” (4)

It is obvious that the electrode morphology also affects the efficiency of
photoelectrolysis, which ultimately explains recombination processes. Fig. 3 clearly shows
that the samples differ both in morphology and porosity. It is obvious that porous morphology
can give a larger area for photoelectrochemical reaction than dense morphology by reducing
recombination of charges on the surface of photoelectrodes. In contrast, porous morphology
can also narrow the electron transfer passages at the boundaries between photocatalyst
particles to increase recombination charge inside the electrodes. In future, it is necessary to
research  the relationship  between electrodes morphology and activity for
photoelectrochemical increase of hydrogen. In our case, it is necessary to compare layers of
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CuBi204 electrodes by morphology and density in a larger range of parameter variation when
using electrodes and prepare samples for better identification of the compared parameters, for
example, as done by authors [21]. It is also indicative the comparison of e main
photoelectrochemical (PEC) functions, as well as the ability to systematically analyze on a
number of copper vanadate photoanodes with different ratio of Cu:V elements [22]. One thing
is certain — this topic of "porosity and morphology™ should be studied more scrupulously and
with the use of additional analysis methods.

CONCLUSION

Photoelectrochemical properties of copper-containing photocathodes on conductive
glasses have been studied by pyrolysis of aqueous solutions and by electrochemical method,
wherein silver alloying of copper bismuthate results in a decrease in the optical density of the
electrodes. It is however accompanied by a large value of current indicators. It is shown that
in comparison with initial copper oxide, modification of solutions with bismuth is
accompanied by the formation of complex Cu-V-O oxides, and the best current characteristics
are obtained for Cu-V-O system when coating in the current coating mode, i.e. in the
“electrochemical” mode. An almost fivefold increase in photocurrents on copper bismuthate
electrodes doped with silver ions was obtained, which is associated with additional generation
of electron-hole pairs in the centers of silver ions in the composition of copper bismuthate.
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