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Abstract

The continuously increasing energy needs of humanity are causing a number of serious environmental problems. One of the
methods for the solution of such problems is the photocatalytic or photoelectrochemical production of a fairly environmentally
friendly fuel - hydrogen gas. The studies in this field are mainly associated with the search for semiconductor material that is
most suitable for photocatalysis. Oxides of some metals, including silver, can be used as such a material. The photocatalytic or
photoelectrochemical activity of the oxide is determined by the features of its electronic structure and can increase significantly
when combined with another oxide. Therefore, anodic oxidation of binary alloys is considered as an accessible and, most
importantly, controlled method for combining oxides of various metals. The aim of this study was to reveal the role of alloying
of silver with palladium in the photoelectrochemical activity of oxide films anodicly formed in deaerated 0.1 M KOH.

The anodic formation of oxide films was carried out by the potentiodynamic method in an alkaline medium on silver and
its alloys with palladium, the concentration of which ranged from 5 to 30 at. %. Photoelectrochemical activity was assessed
by the magnitude of the photocurrent generated in the oxide film directly during its formation and subsequent reduction.
The photocurrent was measured in a pulsed lighting mode of the electrode surface with a quasimonochromatic LED with
a wavelength of 470 nm.

A positive photocurrent was recorded on all studied samples, which indicates the predominance of donor structural defects
in the forming oxide film. With an increase in the concentration of palladium in the alloy, the range of potentials of
photoelectrochemical activity of formed anodicly oxide films expanded. The maximum photocurrent achieved during the
anodic potentiodynamic formation of the oxide film was higher, the lower the palladium concentration was. During the
cathodic potentiodynamic reduction of the formed oxide films, it was possible to record even higher values of photocurrents
than during their anodic formation. The highest photoelectrochemical activity, characterized by a photocurrent density of
2.89 pA/cm? and incidental proton-to-electron conversion efficiency of 7.6%, was observed in the oxide film anodically
formed on silver by the time the potential reached 0.6 V. Comparable values of the photocurrent and quantum efficiency
(2.12 pA/cm? and 5.6%) were recorded in the oxide film on the alloy with a palladium concentration of 10 at. % during its
potentiodynamic reduction.
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1. Introduction

Semiconductors based on metal oxides
are used in modern technologies of opto- and
microelectronics (including complementary
metal-oxide-semiconductor structures),
electrocatalysis, the manufacture of sensor
and current-generating devices, as well as
photocatalytic and photoelectrochemical
hydrogen production [1-3]. Such technologies
for production of hydrogen have been particularly
intensively developed in recent decades, as
they allow solving problems with continuously
increasing energy needs by humanity in a fairly
environmentally friendly way.

In both photocatalytic and photoelectroche-
mical processes the first stage is the illumination
of the semiconductor material and the generation
of electron-hole pairs [4-7]. At the next stage
the charge carriers are separated in space,
migrate to the interfaces and pass into the
electrolyte. In the case of photocatalysis,
photoinduced electrons and holes participate
in reduction and oxidation processes occurring
at the semiconductor/electrolyte interfaces
[6]. In the case of photoelectrocatalysis, the
reduction or oxidation process occurs at the
semiconductor photoelectrode/electrolyte
interface, and charge carriers move from one
electrode to the second via the external circuit
[7]. Due to the presence of similar steps, there
is usually a correlation between the rate of the
photocatalytic reaction and the photocurrent
density [8, 9]. Thus, photocatalytic activity of
semiconductor materials can be assessed based
on the values of the photocurrent generated
under illumination [9].

The efficiency of the processes of photocatalysis
and photoelectrolysis is determined by the
characteristics of the electronic structure of
the semiconductor material and depends on
the method of its preparation. The anodic
oxidation of metals and alloys is one of the
methods of the production of oxide films with
controlled properties. The oxidation of alloys
allow to synthesize oxide structures with complex
chemical composition [2, 3], which can lead to an
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increase in their photoelectrochemical activity
[10].

Silver-based alloys, during anodic oxidation
of which silver oxides are predominantly formed
were considered as a model system in this study.
Oxide Ag(I) is a narrow-bandgap semiconductor,
used in electronics industry for the production
of electrical, optical and magneto-optical data
storage devices [11-13], for the manufacture
of solar cells and photovoltaic devices [14].
In addition, Ag,0 nanoparticles are used as
catalysts [15], and high photocatalytic activity
of the Ag,0/AgO redox pair in relation to the
oxygen evolution reaction was demonstrated
[16] . Catalysts based on silver and its oxides
are promising materials for photocatalytic and
photoelectrocatalytic decomposition of water
[17, 18]. The effect of alloy formation on the
properties of anodicly formed silver oxides has
not been studied properly.

In [19-21], this effect was studied using the
alloys of silver with gold containing 1, 4 and
15 at. %. The objects of study were obtained
by smelting. During potentiostatic anodic
oxidation in a deaerated 0.1 M KOH solution,
silver (I) oxide was formed on their surface,
while gold remained thermodynamically stable.
The photoelectrochemical properties of the
formed oxide were studied by measuring the
photocurrent as the deviation of the dark current
during pulsed lighting mode of the electrode
surface with a LED with a wavelength of 470 nm
and an irradiation power of 3.6-10" photon/cm?s.
This method allows the characterization of the
oxide directly during its formation. It has been
established that the photocurrent density, and
hence the photoelectrochemical activity in
Ag,0 silver oxides of n-type formed anodicly
on silver-gold alloys decreased sharply with
increase in gold concentration. The maximum
photoelectrochemical activity was recorded in
Ag(l) oxide potentiostatically formed on silver.
Silver oxides Ag,0 and AgO, anodically formed
on silver-zinc alloys, were investigated using the
same methods in [22, 23]. The presence of up to
30 at. % of zinc in the alloy allows the presence
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of a small amount of zinc oxide in the oxide film.
However, an increase in the photocurrent due to
the combination of these oxides was not observed.
On the contrary, the photoelectrochemical
activity of formed anodicly oxide films slightly
decreased with increased zinc concentration in
the alloy.

In this study, palladium, with widely known
catalytic and photocatalytic properties [24, 25],
is considered as the second component of silver-
based alloys. In alkaline solutions, palladium
can oxidize and as the result its surface is being
covered with an oxide film. Palladium oxide
PdO is a p-type semiconductor [26] with a wide
range of technological applications, including
sensor production [26-28], catalysis [29, 30],
photocatalysis and photoelectrolysis [31-33]. It
was reported [29, 33] that doping with PdO oxide
increases the photoelectrochemical activity of
various oxides of other metals. Thin films Ag, Pd_
(0 € x £ 1) with a thickness of ~70 nm were
synthesized using the vapor deposition method
in [34]. Using cyclic voltammetry in an alkaline
solution, it was shown that the catalytic activity
for the oxygen evolution reaction increases up
to 5 times compared to pure palladium. In [35],
homogeneous nanoparticles of Ag—Pd alloys
with a size of about 5 nm were obtained by the
thermolysis of precursors. According to cyclic
voltammetry and measurements of the amount of
removed CO, it was shown that the activity of the
alloys in relation to the oxygen evolution reaction
was higher than the activity of pure components.
Moreover, the experimentally measured activity
was higher than that calculated based on the
assumption about linear combination of the
properties of the individual components. The
activity of AgPd, alloy was by 60% higher than
that of pure palladium, and for Ag,Pd alloy
activity was 3.2 times higher than calculated by
the linear combination method. Similar trends
are observed for other alloys with a high silver
content: it was higher for Ag,Pd by 2.7 times and
for Ag,Pd by 2.3 times. The synergistic effect
was associated with the special arrangement
of the atoms of the individual components [35]
- single palladium atoms were surrounded by
silver atoms.

Taking into account the high catalytic
activity of silver alloys with palladium described
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in the literature, it can be assumed that the
photoelectrochemical activity of oxides
formed anodicly on such alloys will increase in
comparison with Ag(I) oxide formed on silver.
The aim of this study was to reveal the role
of formation of silver and palladium alloys
in the photoelectrochemical activity of oxide
films formed anodicly in deaerated 0.1 M KOH.
In contrast to the potentiostatic conditions
of anodic oxidation considered in [19-23],
stepwise polarization mode of electrodes for
the detection of the potential region of the
highest photocurrent values, and therefore the
photoelectrochemical activity of the forming
anodic films was used in this study.

2. Experimental
2.1. Materials and methods

Oxide films formed during the electrochemical
oxidation of silver and silver alloys with palladium
in a deaerated solution of 0.1 M KOH were used
as objects of the study.

The alloys were obtained from silver and
palladium with a purity of 99.99 mass. % by
heating for two hours in evacuated ampoules
at a temperature above the liquidus line. Slow
cooling to room temperature was carried out in a
closed oven. Calculated palladium concentration
in samples X,, was 5, 10, 15, 20, and 30 at. %.
These values will be used further in the text. The
elemental composition of the resulting alloys
was determined using energy dispersive X-ray
analysis carried out using a JSM-6380LV JEOL
scanning electron microscope with an INCA
250 microanalysis system’. Phase composition
of alloys was studied using ARL X’TRA X-ray
diffractometer’.

One cylindrical sample was made from each
alloy. All samples are equipped with a current lead
and reinforced with polymerized epoxy resin in
such a way that the end surface remained open
for access to the solution. The average geometric
surface area was 0.59%0.02 cm?.

A working solution of 0.1 M KOH was
prepared from a chemically pure reagent and
bidistilled water, deaerated with chemically
pure argon.

* The results of the research were obtained using the
Centre for the Collective Use of Scientific Equipment of
Voronezh State University. URL: https://ckp.vsu.ru
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2.2. Photoelectrochemical studies

Photoelectrochemical studies were carried
out in a plexiglass cell with undivided anode
and cathode spaces. The cell was protected from
electromagnetic interference by a metal shield.
The bottom of the cell was equipped with a quartz
window for illumination of the horizontally
oriented surface of the working electrode. The
auxiliary electrode was a platinum wire, the
reference electrode was silver oxide, prepared by
the electrochemical oxidation of a silver plate at a
current of 5 mA for 20 min in aerated 0.1 M KOH.
The potential of such an electrode was 0.428 V
relative to a standard hydrogen electrode. The
potentials in the study are presented relative to
the standard hydrogen electrode.

Before each measurement, the surface of the
working electrode, made of silver or a silver-
palladium alloy, was subjected to striping
on sanding paper with decreasing grain size
(P800, P1500 and P2500), and then polishing on
chamois. The polished surface was degreased with
isopropyl alcohol. This preparation was followed
by a 5-minute cathodic standardization of the
surface in a working solution at a potential of
E_ = -0.3 V. This potential value was below the
equilibrium potentials of formation/reduction
of both silver (0.41 V) and palladium (0.07 V)
oxides. At the same time, it was noticeably higher
than the equilibrium potential of the hydrogen
electrode in 0.1 M KOH with pH 12.89 (-0.76
V), which excluded the possibility of hydrogen
incorporation into the electrode material.

The potential region for the formation of oxide
films was determined by cyclic voltammetry. The
potential was scanned with rate of 5 mV/s from
E_in the anodic direction until appearance of
maximum current, presumably associated with
the formation of Ag(I) oxide. After this, scanning
was carried out at the same rate until the value E.

The photoelectrochemical activity of formed
anodicly oxides was assessed based on the
photocurrent value, determined as the difference
between the current under illumination and
the current in the absence of illumination.
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[llumination was carried out in pulsed mode with
a quasimonochromatic emitting LED (Table 1).

The incidental proton-to-electron conversion
efficiency (IPCE) was calculated using the
equation [36]:

IPCE (%) = 100% - 1240 - /(- P),

Where i, - photocurrent density (mA/cm?), A -
wavelength (nm), P — lighting power (mW/cm?).

To determine the potential range and level of
photoelectrochemical activity of silver oxide, a
stepwise polarization mode of the electrodes was
carried out (Fig. 1). After cathodic preparation
of the electrode surface at E_ the potential
was switched to the initial value E; = 0.48 V. In
preliminary experiments we established that below
this value the photocurrent does not occur. From
E. value the potential increased every 5 min by 20
mV with continuous recording of the polarization
current and photocurrent in a pulsed lighting
mode of the electrode surface. After the maximum
current in the voltammogram associated with the
formation of silver oxide, the potential decreased
with the same step until full disappearance of
the photocurrent. The polarization current and
photocurrent densities were calculated per the
geometric surface area of the working electrodes.

Electrochemical and photoelectrochemical
studies were carried out using a Compact-2015

E,V

0.026[ T
048 | i I—l_
| of current and
030 — | photocurrent

L O <

5 5 1,8
Fig. 1. Scheme of the potential step change in photo-
electrochemical measurements

Table 1. The regime of pulse irradiation of oxide films on Ag—Pd alloys

LED Irradiation Photon Pulse Pulse
wavelength power flux density duration frequency
470 nm 0.1 mW/cm? 1.18-10"photon/(s-cm?) 1000 ms 5Hz
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PhotoEdition potentiostat, manufactured in
the laboratory of renewable energy sources of
manufactured at the Laboratory of Renewable
Energy Sources of Saint Petersburg National
research Academic University of the Russian
Academy of Sciences.

3. Results and discussion

3.1. Determination of the elemental and
phase composition of alloys of the Ag-Pd
system

According to the results of energy dispersive
X-ray analysis of the obtained alloys, the
palladium concentration was consistent with
the calculated until it did not exceed 20 at. %
(Table 2). On an alloy with a calculated palladium
concentration of 30 at. % much lower X, values
have been experimentally determined. Probably
such significant differences were due to the phase
inhomogeneity of this sample.

According to X-ray diffractometry data, alloys
with a palladium concentration of up to 20 at. %
are characterized by the presence of only the
alpha phase of the Ag(Pd) solid solution [37].
Similar results were obtained in [34, 35]. On the
alloy with a calculated palladium concentration
of 30 at. % in addition to the alpha phase Ag(Pd),
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a palladium phase was detected (Fig. 2). It can be
assumed that an accumulation of the palladium
phase occurs in the surface zone of the obtained
alloys. A similar segregation of palladium as
an electropositive component of the alloy was
revealed in [38, 39]. Despite the deviation from
homogeneity, this alloy was considered in the
study of the photoelectrochemical activity of the
anodic oxide films formed on it.

3.2. Cyclic voltammetry of alloys
of the Ag-Pd system

The voltammograms obtained in a deaerated
0.1 M KOH solution for all the studied alloys had
similar shape (Fig. 3). On the anodic branch of the
voltammogram, the current remained practically
zero until the potential exceeded 0.42-0.52 V. A
further increase in the potential led to an increase
in the current.

On alloys with a palladium concentration of
X,, = 5-15 at. % the maximum current Al was
recorded, the potential of which E,  increased
with increase in X, (Table 3). On pure silver,
the potential of A1 maximum was 0.56 V [21].
On alloys with X, = 20 and 30 at. % a clear Al
maximum was not recorded, therefore the range
of potentials for obtaining the anodic branch of

Table 2. Calculated and experimental composition, parameters of cycle voltammetry of Ag—Pd alloys,
current efficiency of oxide formation processes and oxides thickness

Xpgp al- % 5 10 15 20 30

Ky at. % % %0 8 80 70
(calculated)

Xpa» at-% 5.01+0.01 9.81+0.03 15.67+£0.05 | 20.51+0.08 | 23.05+0.71

Xy at-% 94.99+1.59 | 90.19+1.52 | 84.33+1.23 | 79.50+1.02 | 76.95+2.30

(experimental)
E.,V 0.60 0.65 0.68 0.72 0.76

q,, mC/cm? 59.5 53.2 58.6 77.0 45.8
q.,;, mC /em? 49.2 34.0 37.4 33.9 14.5
qc, MC /em? - - - 16.4 10.3
., mC /cm? 8.0 13.4 16.4 23.4 13.1
n(Ag,0), % 83 64 64 44 32
N(AgO), % - - - 21 22
N(PdO), % 13 25 28 30 29
L(Ag,0), nm 83 57 63 57 24
L(AgO), nm - - - 14 17
L(PdO), nm 6 10 13 18 10
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Fig. 2. X-ray diffraction patterns of the alloy with
calculated palladium concentration of 30 at.%
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voltammograms was expanded. As a result, it
was possible to observe a small step instead of
the A1 peak, followed by a current A2 maximum,
the potential of which was 0.9 V and did not
depend on the palladium concentration in the
alloy. The current density at the A1 and A2
maxima decreased with increasing palladium
concentration, respectively, with decreasing silver
concentration in the alloy.

Several maxima were recorded on the cathodic
branch of the cyclic voltammogram depending on
the palladium concentration and the direction of
potential scan. Thus, on alloys with a palladium
concentration from 5 to 15 at. % two maxima
of the cathode current were registered, and on
alloys with a palladium concentration of 20 and
30 at. % — three maxima were revealed (Fig. 3).
The potentials of the C1 and C2 maxima are
almost do not depend on the concentration of
palladium in the alloy, and the current densities in
them decrease with increasing X,,,. The maximum
cathode current C3 was recorded only on alloys,
while it is absent on pure silver. Its potential
decreased from approximately —0.05 to -0.14 V
with increasing X, from 5 up to 30 at. %, and the
amplitude generally increased.

Thermodynamic analysis and literature data
can be used for the determination of the nature of
the peaks. Thermodynamic analysis showed that
both components of the investigated alloys were
prone to oxide formation in the studied potential
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Fig. 3. Cycle voltammograms of Ag-Pd alloys in 0.1 M
KOH at the potential scan rate of 5 mV/s

range. For the processes of formation of Ag(I) and
Ag(Il) oxides:

2Ag + 20H- = Ag,0+H,0+2¢",
Ag,0+20H" = 2Ag0 + H,0+2e-

the equilibrium potentials in a 0.1 M KOH solu-
tionwere £} ), =0.410Vand E , , ,,=0.672V.
In addition to the composition of the solution,
the equilibrium potential depends on the com-
position of the electrode, namely, on the activity
of silver. The less silver in the alloy, the higher
the equilibrium potential for the formation of
Ag(I) oxide.

Literature data [35,40] and the experimentally
observed increase of the potentials of peak
A1l with increasing palladium concentration
indicated that this peak corresponds to the
formation of Ag(I) oxide. The AgO oxide was
formed on a sublayer of Ag(I) oxide, and therefore
the equilibrium potential of its formation did not
depend on the composition of the alloy, which was
observed experimentally for the A2 peak.

Subsequent cathodic reduction confirmed
these assumptions. Thus, if on alloys with a
relatively low concentration of palladium (5-
15 at. %) only one A1 maximum was observed
on the anode branch, then two current maxima
were recorded on the cathode branch (C1 and C3).
For alloys with higher palladium concentrations
(20 and 30 at. %) three current maxima were
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recorded on the cathode branch (C1, C2, and
C3). Since the maximum of the cathodic current
C3 was not recorded on pure silver, probably it
was associated with the reduction of oxidized
forms of palladium formed in the anodic period
of obtaining voltammograms on the alloys. A
similar interpretation of this current maximum
was given in [35].

For processes of formation of Pd(II) oxide or
hydroxide:

Pd+20H™ = PdO + H,0+2e",
Pd+20H" = Pd(OH), + 2e"

difference between equilibrium potentials in
0.1 MKOH solution was small: E%}, ., »,,=0.136 V
and E%3,, ., = 0.089 V. Thus, the equilibrium po-
tentials for the formation of palladium oxide or
hydroxide were lower than the equilibrium po-
tential for the formation of silver oxide. However,
the maximum current associated with the forma-
tion of palladium oxide or hydroxide was not
recorded in the voltammograms (Fig. 3). This
situation is typical for the anodic formation of
palladium oxide on alloys with a relatively low
palladium content [41]. Thus, it is impossible to
determine the formation of palladium oxide from
the shape of the anodic voltammogram. At the
same time, the maximum current C3 was clearly
visible on the cathode branch at potentials lower
than the potential of the maximum current char-
acterizing the reduction of silver oxides C1 and
C2 (Fig. 3). The fact that the amplitude of the C3
peak increased with increasing palladium con-
centration confirmed its nature associated with
the reduction of palladium oxide or hydroxide.
For definiteness, we will assume that the oxidized
form of palladium is the oxide. The area under
the C1 peak of the reduction of silver (I) oxide
was much larger than the area under the reduc-
tion peak of palladium oxide (Fig. 3). Consequent-
ly, the main oxidation product of the studied
alloys was Ag(I) oxide.

Density of cathode charges .., q.,, and g, was
calculated as the area under C1, C2 and C3 peaks,
characterizing the reduction of Ag,0, AgO, and
PdO oxides (Fig. 3). The charge g, characterizing
the reduction of Ag(I) oxide, decreased from 49.2
to 14.5 mC/cm? when X, increased from 5 to
30 at. % (Table 2). The charge q_,, characterizing
the reduction of palladium oxide, increased
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from 8.0 to 23.4 mC/cm* when X, increased
from 5 to 20 at.%, but decreased again during
the transition to X, = 30 at. %. On the cathode
branch of voltammograms of alloys with X, = 20
and 30 at. %, C2 maximum, corresponding to the
reduction of AgO oxide also appeared. Calculation
of the area under this maximum led to g, values
equal to 6.4 and 10.3 mC/cm? for alloys with
a palladium concentration of 20 and 30 at. %
respectively.

The current efficiency n(Ag,0), n(AgO) and
N(PdO) was defined as the ratio of cathodic
charges q.,, q., and g, to the total anode charge
q,, accumulated during the anodic period of
voltammetry of alloys. For each of the oxides,
the current efficiency values were less than
100%. When the palladium concentration in the
alloy increased from 5 to 30 at. % for Ag(I) oxide,
the current efficiency decreased from 83 to 32%
(Table 2). For palladium oxide, on the contrary,
the current efficiency increased from 13 to
29%. For the AgO oxide, formed on alloys with
palladium concentrations of 20 and 30 at.%, the
current efficiency was 21 and 22%, respectively.
The current efficiency of oxide formation
N(Ag,0) + n(AgO) + n(PdO) also was less than
100%, which indicated a possible contribution
from the processes of anodic formation of soluble
silver oxidation products. A similar pattern was
observed for pure silver [19-21].

Based on the magnitude of the cathode
charges, the thickness of the oxides formed during
the anodic period of obtaining voltamograms was
calculated using Faraday’s law. It should be noted
that this calculation represents approximate
estimation. It was performed under the
assumption of uniform distribution of one of the
formed oxides over the electrode area. For Ag(I)
oxide, the estimated thickness L(Ag,0) decreased
from 83 nm on an alloy with X, = 5 at. % up to
24 nm on alloy with X, = 30 at. %. The estimated
thickness of palladium oxide L(Ag,0) increased
from 6 nm on an alloy with X, = 5 at. % up to
18 nm on an alloy with X, = 20 at. %. A decrease
in thickness was observed on the alloy with
X,, =30 at. % , the decrease could be due to the
impairment of the homogeneity of the structure
of this alloy. The thickness of AgO oxide L(Ag,0),
formed on alloys with X, = 20 and 30 at. %, was
14 and 17 nm, respectively (Table 2).
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The visualization of the structure of the oxide
film formed in the potentiodynamic polarization
regime is quite difficult. It can be assumed that
as the potential increased, the first was formed
palladium oxide with an island structure. A further
increase in potential led to the formation of Ag(I)
oxide in areas free of palladium oxide. Due to the
growth and fusion of nuclei, the Ag(I) oxide layer
can cover the palladium oxide. The formation of
a mixed oxide phase cannot be ruled out.

3.3. Photoelectrochemical activity of silver
oxide

In preliminary experiments, with a stepwise
increase in potential from E_with a step of 20 mV
and a duration of each step of 5 min, it was
revealed that the photocurrent was not recorded
on the alloys until the potential reached 0.48 V.
This finding indicates that during this time
photosensitive oxide film did not form in an amount
sufficient to exhibit photoelectrochemical activity.
According to estimated calculations using the
obtained current output (Table 2) the thickness of
the Ag(I) oxide formed at the moment the potential
reached 0.48 V did not exceed 4 nm. It should be
noted that the equilibrium values for the formation
of palladium oxide were already significantly
exceeded. The thickness of the palladium oxide
formed at this point cannot be estimated. However,
it was obvious, that even if some palladium oxide
was formed, its photoelectrochemical activity had
not yet manifested itself.

At potentials of 0.48 V and higher, an
anodic photocurrent started to be recorded on
silver and alloys (Fig. 4), indicating the n-type
conductivity of the formed oxide film. The lower
the concentration of silver in the alloy, the higher
the potential at which photocurrent starts to be

Table 3. Parameters of photoelectrochemical activity
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generated. With increasing potential in the anodic
direction to values exceeding the potential of A1l
maximum, photocurrent increased, reaching
maximum values i **(A) at potentials E [**(A)
(Table 3). Values of E , "**(A) were higher than E
on voltammograms.

After changing the direction of potential
scan to the cathode, the photocurrent continued
to increase. This can be explained by the
continuation of the formation process and
thickening of the oxide film, since the polarization
currents remained anodic. The exception was
silver and an alloy with an atomic fraction of
palladium of 5 at. %, where after changing the
direction of potential scan, the photocurrent
immediately started to decrease. On alloys with
higher palladium content, the photocurrent
started to decrease at lower potentials.

1 iy HA/Cm’
2.3 —_—— ﬁg
201 Xy, at%
) — 5
— 10
1.6 -
--= 15
...... 20
1.2 - 30
ﬂ-s ------- -:
RNE
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0 - : = : ,
030 040 050 060 070 080

Fig. 4. Photocurrent during the anodic and cathodic
direction of the potential change of silver and Ag—Pd
alloys in 0.1 KOH

X,q, at.% 0 5 10 15 20 30
Anodic direction of potential scanning
E (A), V 0.60 0.68 0.68 0.74 0.74 0.76
I (A), pA/cm? 2.89 1.99 1.94 0.90 0.47 0.78
IPCE™*(A), % 7.62 5.25 5.12 2.37 1.24 2.06
Cathodic direction of potential scanning
E (0), V 0.60 0.68 0.66 0.56 0.48 0.46
i n*(C), pA/cm? 2.89 1.99 2.12 1.11 1.16 1.10
IPCE™*(C), % 7.62 5.25 5.59 2.93 3.06 2.90
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The photoelectrochemical activity of the oxide
on silver disappeared at 0.38 V, and on alloys,
at approximately the same potential values,
about 0.3 V, most probably corresponding to the
complete reduction of silver oxide. Indeed, the C1
maximum, corresponding to the reduction of Ag(I)
oxide, was observed in cyclic voltammograms at
potentials of about 0.3 V. The C1 maximum on
silver and the alloy with X, = 5 at. % was slightly
higher than on other alloys. Since the reduction
potentials of palladium oxide have not yet been
achieved, its existence on the surface of alloys
cannot be ruled out. However, photocurrent was
no longer generated, e.g. palladium oxide was
not a photoelectrochemically active material
under experimental conditions. Nevertheless, the
presence of palladium in the alloy made a certain
contribution to the photoelectrochemical activity
of anodicly formed oxide films.

Thus, with increasing palladium, concentra-
tion potential E "**(A), at which the maximum
photocurrent was recorded in the anodic direction,
also increased, and the maximum photocurrent
density i [**(A) decreased (Table 3). The potential
E »#(C), at which the maximum photocurrent
was recorded i "*(C), decreased with increasing
palladium concentration after changing the
direction of potential scan from anodic to
cathodic. The alloy with an atomic fraction of
palladium of 10 at. % was characterized by the
highest photoelectrochemical activity. On this
alloy, as the potential swept to the cathode, the
highest photocurrent density i *(C) was recorded
at E 7(C) = 0.66 V. This value was close to the
anodic peak potential E,, on the voltammogram
(Table 2). In the oxide film on silver, it was
possible to register higher photocurrent values of
2.89 uA/cm?, with incidental proton-to-electron
conversion efficiency of 7.62%.

The maximum incidental proton-to-electron
conversion efficiency, calculated based on the
maximum values of photocurrent density, did
not exceed 6% for all alloys. Changes of IPCE™*
depending on the palladium concentration in the
alloy, correlated with changes in the maximum
photocurrent. When the potential swept to the
anode, photoelectrocatalytic activity decreased
with increasing palladium concentration in the
alloy. When the potential swept to the cathode,
the maximum photoelectrocatalytic activity was
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recorded in an oxide film formed anodically on
an alloy with an atomic fraction of palladium of
10 at. %.

4. Conclusions

During the anodic oxidation of silver and alloys
of the Ag-Pd system in an alkaline deaerated
solution of 0.1 M KOH in the potential range up
t0 0.76 V (SHE), silver oxide (I) was predominantly
formed. The current efficiency of its formation
decreased from 83 to 32% with an increase in the
calculated palladium concentration from 5 to 30 at.
%.The formation of palladium oxide with a current
efficiency of 6—18%, depending on the composition
of the alloy, is also possible. The potential range of
photoelectrochemical activity of formed anodicly
oxide films averaged from 0.35t0 0.76 V (st.h.e.).In
the indicated potential range on silver and all alloys,
under pulsed illumination, a positive photocurrent
was generated, which indicated the predominance
of donor structural defects in the forming oxide
film. An increase in palladium concentration
led to an expansion of the potential regions of
photoelectrochemical activity of oxide films
formed anodically on alloys of the Ag—Pd system.
During the anodic potentiodynamic formation of
an oxide film on alloys, the potential at which the
maximum photocurrent was recorded increased
with increasing palladium concentration, while
the maximum photocurrent and the incidental
proton-to-electron conversion efficiency generally
decreased. During the cathodic potentiodynamic
reduction of the formed oxide films, it was
possible to record even higher photocurrents
than during their anodic formation. The highest
photoelectrochemical activity, characterized by
the photocurrent density of 2.89 pA/cm? and
the incidental proton-to-electron conversion
efficiency of 7.62%, was observed in an oxide film
formed anodically on silver. Comparable values
(2.12pA/cm? and 5.59%) were registered in an oxide
film of an alloy with an atomic fraction of palladium
of 10 at. %, during its potentiodynamic reduction.
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