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Abstract Electrochemical properties of oxide-covered poly-
crystalline Ag electrodes were studied in a 0.1 M KOH aque-
ous electrolyte. The oxide layers formed by a constant poten-
tial oxidation at 420 mV vs. Hg|HgO are composed of
oxygen-deficient Ag2O as follows from the XPS and Auger
experiments. Steady-state conditions required for collection of
valid impedance spectra were obtained at a potential range of
345–365 mV. The components of the equivalent circuit used
for the impedance spectra analysis are analysed as a function
of the Ag2O layer thickness. The value of the coefficient of the
constant phase element (CPE) attributed to the oxide layer is
Ag2O thickness dependent. On the other hand, the compo-
nents of the CPE describing the double-layer capacitance of
the oxide-covered Ag electrode are independent on the oxide
thickness and their values are comparable to those obtained
for the oxide-free metal. This indicates that the double-layer
capacitances of oxide-covered and oxide-free Ag electrodes
are similar.
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Introduction

Measurements of the double-layer capacitance, Cdl, are
amongst the most important ways to study electrolyte-
electrode interfaces in electrochemical systems. Analysis of
the capacitance data is relatively simple for metallic electrodes
but becomes complicated when the electrode is covered with a
layer of an oxide/hydroxide. This is due to the fact that the
most of the metal oxides and hydroxides exhibit non-metallic,
i.e. semiconducting or insulating, properties [1, 2]. The capac-
itance of a semiconducting oxide/hydroxide layer, Cox, con-
tributes to the total measured interfacial capacitance of the
electrolyte-electrode interface, Ctot, according to Eq. 1 [3–5]:

C−1
tot ¼ C−1

dlox þ C−1
ox ð1Þ

where Cdlox stands for the double-layer capacitance of an
oxide/hydroxide-covered electrode. The separate determina-
tion of Cdlox and Cox values can be difficult, and it is often
assumed that the Cdlox has the same value as Cdl of the oxide-
free metallic surfaces,Cdlm [6]. However, a strong deviation of
experimentally determinedCdlox values from the typical range
of Cdlm is often reported [e.g. 7, 8].

Silver is one of the metals with reported significant differ-
ences betweenCdlm andCdlox [8–10]. The double-layer capac-
itance of various types of Ag electrodes was studied in aque-
ous electrolytes at potentials where the surface is metallic [e.g.
11–17] and oxide-covered [8–10, 13, 15, 16, 18–20]. Silver
oxidation in an alkaline electrolyte starts at ca. 10 mV vs.
Hg|HgO; the usually reported oxidation products are Ag2O
and AgO, depending on the oxidation potential [21–38].
AgO is described as a mixture of Ag(I) and Ag(III) species
[11, 39, 40]. Ag oxides exhibit non-metallic properties, and
this factor undoubtedly complicates determination of Cdlox

(Eq. 2). Most of the authors point out to n-type
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semiconducting properties of the electrochemically formed
Ag2O [1, 21, 41–44] although a p-type semiconductivity is
also reported [21, 45, 46].

Hepel and Tomkiewicz [9] studied oxidised layers gener-
ated on Ag electrodes in 1MKOHaq at potentials where Ag2O
and AgO are formed. The oxides were formed during constant
potential anodic oxidation of Ag while the interfacial capaci-
tance was calculated on the basis of the high-frequency imag-
inary part of the impedance and was analysed as a function of
the charge passed during formation of the oxide layer, qox. The
latter value was assumed to be a direct indicator of the oxide
layer thickness, lox. The analysis was based on a parallel plate
capacitor approach (Eq. 2) [9]:

Cox ¼ εrε0A
lox

ð2Þ

where A, εr and ε0 stand for the surface area and the relative
permittivity of the oxidised layer and dielectric permittivity of
the vacuum, respectively. Cdlox values, which were obtained
from a combination of Eqs. (1) and (2), were in the range of
0.1 μF cm−2 [9] being substantially lower than tens of
μF cm−2 typically reported for Cdlm. It follows from data re-
ported in [9] that for such low values of Cdlox, the condition of
Cox ≪ Cdlox holds only for very thick oxide layers (oxidation
charge of at least few hundred mC cm−2).

In [8], the Cdlox of Ag electrodes oxidised in 1–10 M KOH
was determined by means of extrapolation of a single-
frequency capacitance to the infinite-frequency limit. Such
determined Cdlox was dependent on the Ag2O layer thickness:
for a monolayer film, its value was equal to ca. 50% of report-
ed Cdlm (~27 μF cm−2) while for a multilayer Ag2O, the Cdlox

was ca. order of magnitude smaller than Cdlm (100 μF cm−2

range) [8]. In [10], several equivalent circuits were used in an
analysis of the impedance data recorded for Ag oxidised in
KOHaq at various potentials. The interfacial capacitance, iden-
tified as the double-layer capacitance of the oxide-electrolyte
interface, was found to decrease upon the surface oxidation,
even by two orders of magnitude to the 100–10−1 μF cm−2

range [10]. The contribution from Cox to the measured imped-
ance was, however, not discussed. A decrease of the interfa-
cial capacitance of Ag upon oxidation in 0.1 M NaOH was
shown also in [15]. Measurements carried out at pH of 4.5
show that the overall capacitance measured with 370 Hz de-
creases with the polarisation time at potentials of phase oxide
formation and oxygen chemisorption [16]. At such low-
frequency values, however, the contribution from
pseudocapacitances can be significant [16].

An equivalent circuit containing two connected in series
subcircuits, each of them composedwith a parallel combination
of a resistance and a capacitance (Cox or Cdlox), was used for
fitting impedance spectra for Ag oxides formed in 1 M NaOH
in [41] and in 1 M KOH in [47]. Fast Fourier transform

impedance spectroscopy [48] was applied in both these works;
in [41], the spectra were recorded during a negative potential
scan. The validity of the spectra recorded in [41] was evaluated
by means of an analysis of the relation between power spectra
of the perturbation signal and the recorded current [41]. The
following Cox values were obtained at potentials of Ag2O for-
mation: ca. 0.6–9.7 μF cm−2 at ca. 330–600 mV vs. Hg|HgO in
[47] and ca. 0.16–1.6 μF at 100–290 mV vs. SCE in [41] (the
values of the double-layer capacitance were not reported).
Considering the electrode diameter of 0.7 cm reported in
[41], one may recalculate Cox values from [41] into the specific
capacitance range of ca. 0.4–4 μF cm−2 (in respect to the geo-
metric area). When these Cox values from [41, 47] are com-
pared with very low values of Cdlox reported for Ag2O-covered
silver by other authors (100–10−1 μF cm−2 range [9, 10]), one
may conclude that the requirement of Cdlox ≫ Cox may not be
met here, similarly as for data from [9]. Consequently, classical
Mott-Schottky analysis of semiconducting electrodes which is
based on the abovementioned relation between Cdlox and Cox

[3–5, 49–51] may be not applicable here. Clearly, the values of
Cox, Cdlox and Cdlm need to be unequivocally determined and
the relation between them has to be clarified if they are to be
applied in a further analysis of the capacitance data.

Thismanuscript presents results of the studies on properties of
Ag oxides formed electrochemically at the surface of a polycrys-
talline Ag in an alkaline electrolyte during constant potential
oxidation at 420 mV vs. Hg|HgO. Chemical composition of
the oxidised layers was analysed by means of X-ray photoelec-
tron spectroscopy (XPS) while electrochemical impedance mea-
surements were applied to evaluate electrochemical properties of
the interface between the electrolyte and the oxides studied. The
impedance data are analysed as a function of the amount of
generated Ag oxide, and the conclusions about the double-layer
capacitance of the oxide-covered silver electrode are drawn.

Experimental

A silver wire or foil (4N, Mint of Poland) was used as a
working electrode while a high surface area Au foil or Pt
gauze wire and a Hg|HgO (0.1 M KOH) electrode served as
counter and reference electrodes, respectively. Before the ex-
periments, the silver electrode was cleaned by mechanical
polishing with a diamond paste (MetaDi, Buehler, 1 μm).
The electrolyte solutions were prepared with water purified
in a Millipore system (18.2 MΩ cm) and analytical-grade re-
agents (POCh, Poland). The electrolyte solutions were deox-
ygenated with N2 (5N, Air Products); during the measure-
ments, the N2 stream was directed above the electrolyte level.
All the experiments were carried out at room temperature.

A CHI660D potentiostat (CH Instruments) was used in the
experiments. Both single-frequency and multiple-frequency
impedance measurements were carried out. In the single-
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frequency measurements, a high-frequency (1465 Hz, 5-mV
amplitude) AC signal was superimposed on a DC potential
scan with 20- or 50-mV steps. In the constant potential imped-
ance spectroscopy (electrochemical impedance spectroscopy
(EIS)), the frequency range of 10.01 kHz–46.4 mHz with 5-
mVamplitude was usually applied. The EIS spectra were fitted
using the Equivcrt software [52] while for Kramers-Kronig
tests, the FRA (EcoChemie) software that allows introduction
of greater number of circuit components was used.

A 150-W Xe lamp with a ZXE power supply unit (both
Optel, Poland) were used for photocurrent measurements.
XPS measurements were carried out in the Institute of
Physical Chemistry of Polish Academy of Sciences,
Warsaw, with an ESCALAB-210 (VG Scientific) apparatus
using an Al X-ray gun, and an Ar ion gun was used for depth
profiling. The rate of sputtering with Ar ions varied from 0.31
to 12.7 nmmin−1 (ion energy from 250 eV to 2 keV) at various
stages of the sputtering process and was calculated in respect
to SiO2/Si standards (Reference Material No. 564 from the
Institute for Reference Materials and Measurements,
European Commission-Joint Research Centre). The XPS
spectra were fitted using the XPSPeak software [53].

The real surface area of the polycrystalline Ag electrodes
was calculated on the basis of the double-layer capacitance
determined from EIS measurements at potentials of hydrogen
evolution region (HER) (−1100 to −1300 mV), where the elec-
trode surface is oxide-free. At higher potentials, the Cdlm mea-
surements may be complicated by adsorption of anions [15, 35,
54, 55] or pre-monolayer surface oxidation, suggested in [56].
Further on, theCdlm varies with the electrode potential between
the onsets of the surface oxidation and HER [19, 57]. The Cdlm

measured in HER region was also used as a reference value for
comparison with the capacitance of the oxide-covered surfaces.

The EIS spectra were recorded for freshly prepared elec-
trodes not subjected to a previous oxidation and after 90–120 s
of polarisation at potentials of HER. The spectra (not shown)
were fitted with an equivalent circuit shown in Fig. S1 in
Supplementary Material. The circuit contains a parasitic ca-
pacitance, Cp (nF range), connected in parallel with a branch
which contains a series combination of an ohmic resistance
(Rohm) and a subcircuit describing the electrolyte-electrolyte
interface. The latter subcircuit is composed with two compo-
nents connected in parallel: a charge transfer resistance (Rct)
and a constant phase element (CPE), which represents the
double-layer capacitance. The CPE impedance is defined as
follows [58–60] (3):

ZCPE ¼ Q−1 iωð Þ−α ð3Þ

where i is the imaginary unit, Q is the CPE coefficient, and α
is the exponential factor (α = 1 for pure capacitance). There is
a long discussion in the literature about origins of CPE-type
behaviour of the double layer and whether the Q value can be

identified as a pure capacitance. In general, the lower is the α
value, the higher is the departure from the ideal capacitive
behaviour. The reasons of such behaviour include surface
roughness, surface non-homogeneity, contribution of various
basal planes, adsorption processes, etc. [58–61]. It has been
also recommended that Q cannot be considered equal to the
pure capacitance unless α is equal to unity [58, 62]. The ZCPE
can be recalculated into the capacitance units according to [59,
61] (4):

Cdlm ¼ Q
1

Rohm
þ 1

Rct

� � α−1ð Þ ! 1
αð Þ

ð4Þ

There was no need to include a pseudocapacitance due to
hydrogen adsorption, presumably due to a potential indepen-
dent surface coverage with adsorbed hydrogen at such high
overpotentials [63]. It was found that the double-layer capac-
itance reaches the lowest values and was practically potential
independent in −1100 to −1300-mV range with α andQ value
ranges of 0.944–0.961 and (2.80–3.25) · 10−5 F sα−1 for cm−2

of the real surface area, respectively. The surface roughness
factor of the freshly prepared electrodes was in the range of
3.3 ± 0.3 and was calculated with assumed specific double-
layer capacitance of 20 μF cm−2, which is the lowest capaci-
tance value in HER region measured for Ag single crystal
electrodes in neutral and acidic electrolytes [64–66]. It is as-
sumed that the real surface area is determined most accurately
for single crystals, and for these electrodes, the most reliable
values of the specific double-layer capacitance are expected.
The higher values of specific Cdl in HER region are also re-
ported for Ag electrodes (e.g. 25–30 μF cm−2 range in HER
region [16, 17]), but it should be stressed that selection of the
value of the specific double-layer capacitance used for the real
surface area determination has no influence on the comparison
of Cdlm and Cdlox values discussed later in the text. Therefore,
presented conclusions about relation between Cdlm and Cdlox

values are valid regardless of the selected specific Cdl value.
Ag oxidation and dissolution may lead to the surface

roughening, as already pointed out in [8, 21, 22, 29, 30, 67].
Comparative measurements carried out after completing the
Ag oxidation experiments described later in the text showed
an increase in Cdlm in HER region by 2.0 ± 0.5 times
(α = 0.919–0.942 and Q = (7.34–6.17) · 10−5 F sα−1 cm−2 in
respect to the real surface area determined before the oxidation
or (2.90–3.45) · 10−5 F sα−1 cm−2 in respect to the real surface
calculated after the oxidation experiments) pointing out to an
increase in the electrode real surface area. This conclusion is
valid when the previously formed Ag2O is completely re-
duced such that the electrode is oxide free at potentials of
HER [22, 74]. A decrease in α with the surface area increase
suggests that the surface roughness is the main factor respon-
sible for lowering the α values. It is important to note that an
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increase in the surface roughness detected at potentials more
negative than Ag oxidation, e.g. in HER region, might be
caused not only by the electrode dissolution during anodic
Ag oxidation. Other processes which may contribute to
changes in the surface roughness include surface rearrange-
ment during reduction of Ag2O [8, 68, 69] and possible re-
deposition of dissolved Ag species. Data reported in this man-
uscript are expressed in respect to the real surface area deter-
mined for the electrode not subjected to the anodic oxidation,
unless stated otherwise. It should be bearing in mind, howev-
er, that a dissolution-induced increase in the surface roughness
is expected during the anodic Ag oxidation.

Results and discussion

General electrochemical characterisation and XPS results

Figure 1 shows a cyclic voltammetry (CV) curve recorded for
a polycrystalline Ag electrode in 0.1 M KOH in potential
range 486–914 mV. The curve reveals complex oxidation cur-
rents (A) composed with several overlapped anodic peaks
with the onset at ca. 10 mV and a corresponding reduction
peak (C) seen at potentials more negative than 100 mV (the
exact location depends on the amount of Ag compounds sub-
jected to the reduction [37, 69]). Detailed discussion of the
processes related to the anodic currents (A) can be found else-
where [21–29, 70–75]. Various products of Ag oxidation at
potentials up to ca. 540 mV are reported in the literature,
including soluble Ag ions, surface AgOH species and solid
Ag2O film. Formation of a solid oxide layer at the electrode
surface at potentials of peaks (A) was confirmed by e.g. elec-
trochemical quartz crystal microbalance [22, 23], XPS [15]
and ellipsometric [76–78] measurements.

The silver oxidation in an alkaline environment can be
accompanied by a dissolution of the electrode [22, 23, 38,
67, 72, 77–79], and Ag2O itself may undergo a dissolution
as well [22, 79]. Thus, apart from the reduction of the solid

oxide [22], the charge of peak (C) may also contain a contri-
bution from reduction of soluble Ag species formed during the
electrode oxidation [24, 70–72, 77]. Therefore, the oxide
thickness calculated directly on the basis of the oxidation or
reduction charge without correction for Ag dissolution should
be treated as an upper limit of the oxide thickness, which may
be formed under applied experimental conditions rather than
the exact thickness value. It should be pointed out that al-
though quantification of the exact thickness of the oxide layer
can be difficult, an analysis of the influence of the oxidation or
reduction charge on the impedance data still delivers qualita-
tive information on the electrochemical properties of the sys-
tem studied. Regarding the potential range investigated in
these studies, the experiments with a rotating ring-disk elec-
trode reported in [79] show that for solid Ag electrodes in
0.1 M KOHaq and qox as high as ca. 1 mC cm−2, the dissolu-
tion contributes to the overall oxidation current by no more
than 3% at 355–365 mV vs. Hg|HgO. For qox lower than
1 mC cm−2, this contribution was not quantified, but it is
expected that at early stages of the oxidation process, when
the surface is not completely passivated or the oxide layer is
very thin, the dissolution plays a more important role [44].

Figure 2 shows examples of XPS spectra for Ag subjected
to oxidation in 0.1 M KOH at 420 mVand recorded at various
stages of the Ar+ sputtering. The Ag(0)3d5/2 peak was fitted
with an asymmetric Gaussian-Lorentzian function [39] with a
tail extension of 90 and a asymmetry factor of 0.1 [53, 80].
The spectra recorded for the fully oxidised surface before the
sputtering reveal Ag3d5/2 and 3d3/2 peaks at 367.8 ± 0.1 and
373.8 ± 0.1 eV, respectively (Fig. 2a). These binding energy
(BE) values point out to Ag(I) in Ag2O [11, 81–85]. For Ag(I),
both 3d5/2 and 3d3/2 peaks are located at lower BE values as
compared to the fully metallic surface, in agreement with [84,
86, 87]. The location of Ag M4VV Auger peak (Fig. 2b) at
kinetic energies (KE) of 356.3 eV also confirms the presence
of Ag2O [81, 87]. Removal of the Ag(I) layer during Ar+

sputtering (Fig. 2b–d) is indicated by a gradual decrease of
Ag(I) signal accompanied by a growth of Ag(0) peaks: a 3d5/
2 peak at 368.2 ± 0.1 eVand a 3d3/2 peak at 374.2 ± 0.1 eV.
Both Ag(0) peaks are accompanied by poorly developed sat-
ellites at ca. 372.0 and 378.1 eV, respectively [88]. It should be
noted that a reduction of Ag2O during Ar+ bombardment [89]
may also contribute to the development of the Ag(0) signal.
Addition of Ag(III)3d5/2 peak, usually reported at ca.
367.4 eV [39, 81, 84], has no influence on the fit quality
indicating absence of detectable amounts of AgO.

The O1s signal recorded for the oxide-covered sample be-
fore the sputtering can be deconvoluted into two components
(Fig. 3a–d). The main peak at 528.9 ± 0.4 eV is attributed to
O2− in a solid oxide phase [11, 87, 90], and its binding energy
is very close to the value reported for oxygen in Ag2O in [84].
Interpretation of the second O1s peak at 530.9 ± 0.4 eV, which
is observed for the first as well as the subsequent sputtering

Fig. 1 Cyclic voltammetry curve of an Ag electrode in 0.1 M KOHwith
100 mV s−1. The letters denote current peaks described in the text
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cycles, is more complicated. In the case of spectrum recorded
before the sputtering (Fig. 3a), this signal can be linked with
surface-adsorbed species: oxygen [11, 87], water or OH [91,
92] or other contaminations. In the case of advanced stages of
the sputtering process (Fig. 3b–d) several identifications of
this signal may be proposed: it may be attributed to OH−

incorporated into the oxide (XPS experiments presented in
[15] indicate possibility of incorporation of the double-layer
species into the Ag2O film) or other forms of the oxygen
dissolved in the bulk of the oxide [86]. It should be noted that
Ag(I) hydroxide is unstable at room temperature and decom-
poses to Ag2O and water [27, 93]. Although formation of

Fig. 3 O1s XPS spectra for the
same electrode as in Fig. 2 for
various stages of the sputtering
process: a before the sputtering
and b–d recorded after 5, 16 and
42 sputtering cycles, respectively.
Red lines: experimental data,
black lines: fit. e Ag(I)3d5/2 to
O1s (528.9 eV) XPS peak area
ratio as a function of the Ar+

sputtering cycle. The sputtering
conditions were the same as for
Fig. 2

Fig. 2 Ag3d XPS and Auger
spectra for the electrode oxidised
in 0.1 M KOH at 420 mV for
various stages of the Ar+

sputtering: a 3d5/2 and 3d3/2
XPS signals before and after
completing (metallic surface) the
sputtering, b Auger M4VV
signals before the sputtering and
c–e deconvoluted 3d5/2 XPS
signals recorded before sputtering
and after 5 and 16 sputtering
cycles, respectively. The
sputtering rates were
0.31 nm min−1 (cycles 1–20) and
1.52 nm min−1 (from 21st cycle),
1 cycle = 2 min of sputtering. Red
lines: experimental data, black
lines: fit
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AgOH during anodic Ag oxidation was proposed in [41, 42,
71, 79, 94–97], the existence of silver-hydroxyl ion species
under UHV conditions seems to be highly unlikely.

Assuming that O1s peak at 528.9 eV is the only structural
constituent of the Ag2O lattice and other O1s signals are re-
lated to incorporated interstitial species, one may evaluate
stoichiometry of the film by means of an analysis of the areas
of the respective XPS peaks (Fig. 3e). The ratio between areas
of Ag(I)3d5/2 and O1s (528.9 eV) peaks, measured for the
surface subjected to the ion etching and corrected for the re-
spective sensitivity factors [98], is greater than 2 and is prac-
tically independent on the number of sputtering cycles, indi-
cating that the oxide composition can be considered un-
changed across the oxide thickness. It follows then that the
electrochemically generated Ag2O is oxygen deficient, the
effect confirmed by an analysis of semiconducting properties
of the film discussed later in the text. Such oxygen deficiency
of Ag2O film is in line with data reported in [11] for the Ag(I)
oxide formed in more concentrated alkali solution (1MKOH)
at more positive potential of ca. 535 mV. Therefore, the O1s
signal at 530.9 eV is most likely linked with oxygen species
incorporated in the interstitial sites which do not form bond
with Ag. These species may neutralise charge of oxygen-
deficient Ag2O, and their presencemay alter lattice parameters
of Ag2O, as discussed in [77] for hydrous oxides. When the
sum of both O1s peaks is considered, the ratio between areas
of Ag(I)3d5/2 peak and the total oxygen signal varies between
1.3 and 2 for the sample subjected to the ion sputtering.

The charge consumed for the oxide formation or reduction
can be recalculated into the number of the oxide layers pro-
viding that the oxidation charge passed during formation of a
single monolayer of Ag2O (single plane containing Ag and O
ions), qox(ml), is known. The number of the monolayers can be
further recalculated into the thickness units, required for Eq.
(2), when the thickness of a single atomic or molecular layer
of the oxide is known. Two approaches of determination of
qox(ml) are reported in the literature. The first one assumes that
the first monolayer of the oxide is described as a chessboard-
like structure containing atomic layers with alternatively
mixed metal cations and oxygen anions with the overall crys-
tallographic structure and qox(ml) the same as for the metal
subjected to the oxidation [99]. Alternatively, it may be as-
sumed that the anodically formed oxide has the same struc-
ture, lattice constant and qox(ml) as the respective bulk oxide
obtained by e.g. chemical synthesis [e.g. 7]. It is likely that the
crystallographic structure, and consequently qox(ml), changes
with the oxide thickness due to a possible transition between
two abovementioned scenarios of the oxide formation.
Therefore, for relatively thin oxide films, such as these studied
in this work, it is helpful to find an average value of qox(ml),
which can be considered representative for the whole oxidised
layer. Based on the respective lattice parameters of Ag (fcc
structure with the lattice constant of 4.09 Å [100]) and Ag2O

(fcc sublattice of Ag ions with lattice constant of 4.74 Å in
cubic cuprite-type structure of Ag2O [101–103]), one obtains
qox(ml) values equal to 192 and 143 μC cm−2 for complete one
electron oxidation of a single layer of surface atoms of Ag
metal [99] and for formation of a single molecular layer of
bulk Ag2O, respectively (for formation of a complete mono-
layer of closed packed AgOH, the value of 400 μC cm−2 was
assumed in [94, 104]). The average qox(ml) is then equal to
168 μC cm−2, and this gives the maximum thickness of the
oxidised layers studied in this work equal to ca. 106 mono-
layers (when the surface roughness changes are disregarded
and without corrections for Ag dissolution).

Single-frequency impedance measurements

The single-frequency impedance measurements with 1465 Hz
were carried out for the oxide-covered Ag electrodes at
365 mV. For such high-frequency value, the contribution from
the parallel parasitic capacitance described in the
BExperimental^ section is meaningless, and when the parallel
charge transfer resistance is sufficiently high, the condition
confirmed by results of EIS spectra analysis shown in Fig. 7
further in the text, the Z″−1 can be recalculated intoCtot when a
series resistance-capacitance (RC) circuit is assumed. The Ctot

measured at a constant potential value decreases with the in-
crease in qox (left bottom inset in Fig. 4) in agreement with the
relation between and Cox and lox from Eq. 2 and Ctot and Cox

from Eq. 1 and in line with data reported in [9]. Quantitative
analysis of this relationship, such as determination of Cdlox or
εr, is, however, more complicated. Firstly, contribution from
Ag dissolution to qox must be known: although for qox range
presented in Fig. 4, this contribution is expected to be practi-
cally meaningless and qox independent [79], the earlier stages

Fig. 4 Main panel: reciprocal of |Z″| (left axis) and corresponding series
capacitance Ctot (right axis) for 1465 Hz as a function of the electrode
potential for Ag oxidised in 0.1MKOHat 420mV (qox = 20.3mC cm−2).
Shown are the first negative (backward, open points) and subsequent
positive (forward, closed points) potential scans. Potential ranges:
circles: 235–385 mV, triangles: 375–315 and 305–365 mV for negative
and positive scans, respectively. Left lower inset: Ctot

−1 measured with
1465 Hz at 365 mVas a function of qox. Right upper inset: photocurrents
recorded at 420 mV for the oxide-covered Ag (qox = 21.5 mC cm−2)
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of the oxidation process might be much stronger affected by
the dissolution processes. Secondly, the exact value of the
crystallographic cell dimensions must be known: it was re-
ported [77] that the electrochemically formed hydrous oxides
may possess ca. 2.5 times greater cell parameters as compared
to the anhydrous form [77]. Finally, the contribution of other
capacitive elements, such as the surface state capacitance
discussed in the next chapter, to the imaginary impedance
component, must be also considered.

The main panel in Fig. 4 shows how the Ctot of Ag2O-
covered electrode is influenced by the electrode potential
when the impedance is measured at various potential values.
Measurements under such conditions are complicated by lim-
ited stability of such layers, as discussed in [41]. The oxidised
layers, especially the thin ones, may undergo further thicken-
ing or partial reduction during the impedance data collection,
depending on the applied potential range. The stability of the
oxidised layers may be evaluated on the basis of the degree of
overlapping of subsequently recorded curves for forward and
backward potential scans [105, 106]. It follows that stability of
Ag2O-covered electrodes depends on the potential range
where the impedance was acquired (main panel in Fig. 4).
Thus, for a very narrow potential window of ca. 305–
375 mV, the Z″−1 (or Ctot) vs. E curves for negative and pos-
itive potential scans practically overlap. An increase of the
capacitance with the potential decrease is noted below ca.
345 mV, but the very narrow potential range where this effect
is observed does not allow drawing definitive conclusions
about electronic properties of the Ag2O film.

An opposite effect is observed when the negative potential
limit is extended to 235 mV, which is the value located ca.
30 mV before the apparent potential of the onset of the oxide
reduction deduced from the respective voltammetric curves
(main panel in Fig. 4). In this case, the capacitance is lower
for the subsequent positive potential scan and the curves re-
corded for both scan directions do not overlap, most likely due
to a partial reduction of Ag2O: it is likely that deduction of the
reduction onset from the voltammetric curves (potential of
zero current) gives only a rough estimation of its value. It
should be also stressed the Mott-Schottky equation cannot
be applied here because the oxide layers are most likely too
thin and the measurements were carried out at conditions too
close to the full depletion of the semiconductor (Ctot

−2 vs. E
plots (not shown) are non-linear) [1, 107]. Therefore, although
a decrease ofCtot with increasing potential suggests behaviour
of an n-type semiconductor [1, 41–43, 47], the unequivocal
proof of such type of properties comes from photocurrent
measurements showing formation of positive photocurrents
(top right inset in Fig. 4). This type of the photocurrent is
observed only for sufficiently thick Ag2O layer (at least
10 mC cm−2), which confirms its assignment to the semicon-
ducting properties of the film. The n-type semiconducting
properties are also in agreement with XPS data discussed in

the previous chapter and indicating oxygen deficiency of
Ag2O [108]. The transient shape of the photocurrents points
out to existence of surface states [109]. Such a confirmation of
the semiconductor type is important because semiconducting
properties of electrochemically formed Ag2O may vary de-
pending on formation conditions [21].

Electrochemical impedance spectroscopy

A two-step potential program was applied in EIS measure-
ments for Ag2O-covered electrodes with a relatively fast oxide
formation at Eox = 420 mVand subsequent EIS data collection
at Em = 365 or 345 mV where the rate of faradaic reactions is
significantly smaller. Selection of such type of the procedure
was driven by two factors. Firstly, it allows significant reduc-
tion of time of the experiment as compared to formation of
Ag2O layers at Em as low as 345–365 mV. Secondly, it was
found that stability of the system during the spectra acquisition
at Eox as high as 420 mV was doubtful for the qox range
studied (details of the stability tests are presented in the next
paragraphs). This procedure did not include reduction of the
Ag2O layer; i.e. after completing the spectra acquisition at Em,
the potential was stepped back to Eox without the oxide reduc-
tion and the procedure of the oxide formation at Eox followed
by the impedance measurements at Em was repeated. The
conditions of continuous oxide growth and its accumulation
were maintained, and the qox used in data analysis was a sum
of the charges passed during all previous steps of the oxide
formation. The cumulative oxidation time at 420 mV was up
to 400 s.

The validity of EIS data acquired after long-time
polarisation was analysed by means of a Kramers-Kronig-
type test. The impedance spectra were fitted with a Voigt-
type circuit composed with a network of connected in series
subcircuits, each of them containing a resistance and a capac-
itance connected in series (RC) [110–112]. Two examples are
shown in Fig. 5. Figure 5a shows an example of the residual
distribution for the spectrum which passed the test, i.e. for the
sufficiently thick oxide layer. The number of RC subcircuits
(usually 12) used in this equivalent circuit was smaller than
the number of the experimental points resulting in a sinusoidal
shape of some sections of the residual trace. However, the lack
of continuous and consequent departure of the residual trace
from the zero line with the residuals distributed below and
above the zero line confirms correctness of the acquired EIS
data. This indicates very low rate of observed reactions or
attainment of steady-state conditions. If a steady state is
attained, the related processes might be interpreted in terms
of e.g. point defect model [7].

An opposite example is presented in Fig. 5b where a clear
departure from random distribution of the residuals is noticed
with most of the residuals located above the zero line and with
the average departure from the zero line greater than for Fig.
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5a. This EIS spectrum was recorded at the early stages of the
oxidation procedure when the Ag2O layer was relatively thin,
and it follows from Fig. 5b that its stability was doubtful. In
general, the stability required for EIS measurements under
conditions of potentiostatic polarisation is observed for qox
of at least 14 mC cm−2, for a potential window located be-
tween ca. 345 and ca. 365 mVand long enough polarisation at
Em, usually from 240 to 180 s. It should be noted that for
sufficiently long polarisation times, the subsequently recorded
spectra reveal very small differences indicating very low rate
of faradaic processes at Em. The abovementioned potential
window of the system stability under conditions of EIS mea-
surements is significantly narrower than the one for the single-
frequency impedance measurements from Fig. 4 indicating
more challenging stability conditions for acquisition of EIS
spectra with a long-time polarisation.

Examples of EIS data recorded at 365 mV for various qox
values are shown in Fig. 6a (Nyquist plots) and 6b (Bode
plots). In all cases, a semicircle is observed on Nyquist plots
(Fig. 6a), indicating that the electrode does not behave as an
ideally polarisable one even for the thickest oxide layers stud-
ied (up to ca. 20 mC cm−2). Similar shapes of the Nyquist
plots with a semicircle distorted to a various degree were
shown in [9, 41, 47] for Ag oxidised in alkaline electrolytes
in a potential range similar to that investigated in this work.
Figure 6a indicates that the radius of the apparent semicircle of
the Nyquist plots increases when qox increases, indicating that
the rate of the faradaic reactions decreases when the oxide
layer becomes thicker.

Several factors were considered in selection of the best
equivalent circuit used for EIS data fitting; the most important
one was the fit quality which was evaluated on the basis of χ2

values (usually 1 · 10−4–5 · 10−5 range), residual distribution
and values of the relative errors of the individual circuit com-
ponents [105]. The number of the circuit components was
optimal so that introduction of additional components had

no significant influence on the results of the fitting and only
a single set of the fitting parameters gave the best fit.

The equivalent circuit used in the analysis of EIS data is
depicted in the inset in Fig. 6a; for the sake of clarity not
shown is the parallel parasitic capacitance (Cp) described in
the BExperimental^ section and depicted in Fig. S1 in the
supplementary material. The two subcircuits of the equivalent
circuit from Fig. 6a represent both sides of the electrode-
electrolyte interface between Ag2O and 0.1 M KOHaq. It is
assumed that the oxide layers studied are so thick that the
electrolyte cannot penetrate them to the metallic surface and
the latter effect is disregarded. On the electrolyte side of the
interface, the double-layer capacitance is represented as CPE
(CPEdlox) with Rdl as the parallel charge transfer resistance
describing the rate of a red-ox reaction at the electrode/
electrolyte interface with an electron transfer through it (e.g.
[7]). The oxide side contains the capacitance of the Ag2O film,
represented as another one CPE (CPEox), and two parallel
branches: the one containing the resistance R1 related to fara-
daic processes of Ag oxidation and another one branch, which
describes surface states with the respective capacitance (Css)

Fig. 6 EIS data recorded in 0.1 M KOH at 365 mV for an Ag electrode
oxidised at 420 mV for various qox values indicated in the plot: aNyquist
and b Bode plots. Points: experimental data, lines: fits to the equivalent
circuit shown in the inset in a. The circuit components are explained in the
text. Vertical arrows in b indicate evolution of the plots with increasing
qox; for clarity, b shows spectra for only three qox values

Fig. 5 Examples of distribution of residuals fromKramers-Kronig (KK)-
type tests for EIS spectra recorded at 365 mV for Ag oxidised at 420 mV
for qox = 14.0 (a) and 9.5 mC cm−2 (b). Spectra were fitted with a Voigt-
type equivalent circuit with 12 RC subcircuits. The residuals are defined
as ΔZ′ = 100 · (Z′(experiment) − Z′(KK))/|Z(experiment)| and
ΔZ″ = 100·(Z″(experiment) − Z″(KK))/|Z(experiment)|
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and the resistance (Rss). Existence of the surface states is indi-
cated by the shape of the photocurrents recorded for the oxidised
Ag electrode (Fig. 4), and addition of Css and Rss to the equiv-
alent circuit significantly improves quality of the fit (χ2 de-
creases by a factor of up to 8). Two main differences between
the circuit from Fig. 6a and the one used in [9] are the lack of
another one RC branch parallel to CPEox, which introduction
did not affect quality of the fitting, and the presence of the
additional subcircuit (CPEdlox-Rdl) that represents the double-
layer side of the electrode/electrolyte interface. The spectra
also do not reveal the Warburg element reported in [10, 47];
its introduction to the equivalent circuit does not improve the
fit significantly and leads to unacceptable errors of some of the
fitting parameters (up to hundreds of %). On the other hand,
replacement of Css with the Warburg impedance deteriorates
quality of the fit. Presumably, the layers studied in this work
are thinner than those analysed in [10, 47] and this may ex-
plain discussed differences. The differences between the cir-
cuit from Fig. 6a and the one used in [41, 47] include the
presence of an additional branch describing surface states
(Rss and Css) and replacement of the capacitances with
CPEs. Further on, the frequency range used in this work was
extended towards lower values as compared [41, 47].

The respective fits to the circuit from the inset in Fig. 6a are
shown as solid lines in Fig. 6a, b. The values of the fitted
components obtained for Em = 365 mV are shown in Fig. 7
as a function of the oxidation charge without correction for
possible Ag dissolution. According to [79], the contribution
from the Ag dissolution current for this qox range reaches a
few percent and is qox independent. Thus, qox changes seen in
Fig. 7 directly mirror evolution of the Ag2O thickness al-
though the exact value of the latter is unclear due to a possible
extensive dissolution at the early stages of the oxidation
(qox < 1 mC cm−2) [79]. The qox range from Fig. 7 without
corrections for the dissolution covers the thickness range ca.
49–105 monolayers when the surface roughening during the
oxidation is disregarded or ca. 23–50 monolayers when a sur-
face increase deduced from a comparison of Cdl measured in
HER region before and after the oxidation is considered. Not
shown is Rdl which is independent on qox with the average
value of 11.5 kΩ cm2 and the average error of 22.3%.

An analysis of Fig. 7 indicates that

– α(CPEox) is the thickness independent, indicating that the
physical/chemical properties of the oxide film do not
change significantly with its thickness, in agreement with
XPS data (Figs. 2 and 3) showing chemical homogeneity
of the oxide layer. The relatively low values of α(CPEox)
in the range of 0.781–0.759 can be attributed to a high
defectiveness of the oxide layer. The XPS results (Fig. 3)
show non-stoichiometry of the film, and one may expect
the presence of local non-homogeneities of the film due
to existence of randomly distributed domains with

varying stoichiometries and oxygen content, which may
differ also in respect to dielectric/electronic properties.
These non-homogeneities are most likely randomly dis-
tributed along parallel and horizontal axis of the film, and
due to their random distribution, their existence does not
result in macroscopic homogeneities of the film, such as
formation of layered sandwich-type structures possible to
detect byXPS. It was proposed [59, 61] that the CPE-type
behaviour of non-homogenous 3D films can be described
as a normal or series combination of numerous RC
subcircuits with different time constant values.
Accordingly, the α value may mirror distribution of re-
spective time constants inside the film volume [61, 113]:
the lower the α value, the greater the difference between
electric/dielectric properties of domains with different
stoichiometry and oxygen content and/or the less sharp
is their distribution.

– For the thickness-independent α(CPEox), theQ(CPEox)
−1

vs. qox plot shown in Fig. 7 can be analysed in terms of
the oxide thickness influence on Q(CPEox) and indicates
that the latter parameter decreases from 9.96 · 10−6 to
7.53 · 10−6 F sα−1 cm−2 when the oxide thickness in-
creases. Although the Q(CPEox)

−1 vs. qox plot can be
approximated by a straight line, in apparent agreement
with Eq. 2, it should be bearing in mind that for α values

Fig. 7 Components of the equivalent circuit from Fig. 6 as a function of
qox. The average relative errors are (in %) 4.1 (Q(CPEox)), 0.5
(α(CPEox)), 21.1 (Rss), 16.5 (Css), 5.1 (R1), 9.8 (Q(CPEdlox)) and 4.2
(α(CPEdlox))
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as low as 0.7–0.8, the Q(CPEox) cannot be identified as
the pure capacitance.

– As expected for the double layer, the Q(CPEdlox) ((3.94–
4.39) · 10−5 F sα−1 cm−2 range), α(CPEdlox) (0.910–0.951
range) and Rdl (not shown, 10.7–12.3 kΩ cm2 range) are
thickness independent. Relatively low values of
α(CPEdlox) are attributed to the rough surface of Ag2O
[8, 22, 29, 30, 67, 77]; their independence on the oxide
thickness may indicate that for the sufficiently thick ox-
ide, the surface roughness becomes practically constant.
It is likely that the surface roughening takes place mainly
at the initial stages of the oxide formation, when signifi-
cant sections of the metallic Ag surface are exposed to the
electrolyte or the oxide is very thin. For sufficiently thick
Ag2O layers, the surface becomes more stable and the
dissolution, if takes place, does not change the surface
roughness significantly although changes in the surface
state capacitance are detected (see next point).

– Css (0.18–0.28 μF cm−2 range) and Rss (1.08–
1.41 kΩ cm2 range) decrease and increase with qox, re-
spectively. This effect indicates some evolution of the
oxide-electrolyte interface although without significant
changes in the surface roughness, as discussed earlier.
The values of both elements are within typically reported
ranges [e.g. [114, 115].

– R1 (376–576 kΩ cm2 range) increases with the oxide
thickness indicating that the related faradaic process be-
comes slower when the oxide thickness increases. These
values of the charge transfer resistance are significantly
greater than 101 Ω cm2 range reported for similar poten-
tial range in [10, 47].

A very narrow potential range where the EIS spectra were
acquired complicates drawing unambiguous conclusions
about the potential impact on the fitting parameters. A com-
parison of data from Fig. 7 with results of EIS measurements
at 345 mV (results not shown) does not reveal a clear potential
influence on any of the fitting parameters.

The CPE impedance components Q and α obtained for
the double layer of the oxide-covered electrode (CPEdlox)
can be compared with the respective values for the oxide-
free silver measured at potentials of HER. In the case of
the electrode from Fig. 7, the average Q and α values in
the HER region were equal to, respectively, 2.86 ·
10−5 F sα−1 cm−2 and 0.953 before the surface oxidation
experiments and 7.14 · 10−5 Ω sα cm−2 and 0.929 after
completing the oxidation experiments when the surface
roughness is expected to increase (both Q values mea-
sured for HER region and Q for CPEdlox are expressed
in respect to the real surface area measured before the
oxidation experiments). A comparison of the above values
with data from Fig. 7 indicates that the double-layer ca-
pacitance of the Ag2O-covered electrode does not differ

significantly from that measured for the metallic surface:
α is of the same range while Q(CPEdlox) lies between Q
values measured in HER region before and after complet-
ing the oxidation experiments. Thus, an analysis of EIS
data indicates that the difference between double-layer
capacitances of Ag2O-covered and metallic Ag electrodes
is not as high as an order of magnitude or more, as pre-
viously reported.

Conclusions

Oxidation of polycrystalline solid Ag electrodes in 0.1 M
KOHaq at 420 mV vs. Hg|HgO leads to formation of a
homogenous anodic oxide layer containing Ag2O as follows
from an XPS analysis. The electrochemical impedance ex-
periments were applied to study the properties of the inter-
face between the electrolyte and the Ag(I) oxide-covered
electrode; the measurements were carried out under condi-
tions of Ag2O film stability, i.e. in 305–375-mV range for
single-frequency experiments (1465 Hz) and in 345–365-
mV range for the EIS measurements (46.4 mHz–
10.01 kHz). The overall interfacial capacitance of the
electrode/electrolyte interface determined from the single-
frequency measurements decreases with the progress in the
surface oxidation process and weakly increases with the po-
tential decrease pointing out to n-type semiconducting prop-
erties of the Ag2O layer, confirmed by means of photocur-
rent measurements. An analysis of the influence of the
charge of the Ag2O formation on the impedance spectra
allowed identification of components of the equivalent cir-
cuit used in EIS data analysis. The value of the coefficient of
the constant phase element (CPE) describing the capacitance
of the Ag2O layer depends on the oxide thickness while the
components of the CPE attributed to the capacitance of the
double layer of the oxide-covered electrode are Ag2O thick-
ness independent. The latter CPE components were found to
be comparable to those obtained for the oxide-free surface at
potentials of the HER. This indicates that the double-layer
capacitances of oxidised and oxide-free Ag electrode in an
alkaline electrolyte are comparable.
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