Determination of adsorption capacitance and adsorption resistance ...

Vladimir D. Jovic*

Institute for Multidisciplinary Research University of Belgrade,
Belgrade, Serbia

Review paper
ISSN 0351-9465, E-ISSN 2466-2585
https://doi.org/10.62638/ZasMat1744

Zastita Materijala 67 (2)
391 -408 (2026)

Determination of adsorption capacitance and adsorption
resistance in the process of anions adsorption

ABSTRACT

In this work, adsorption processes of different anions onto Ag singlecrystalsand polycrystals have
been discussed and reviewed. Electrochemical Impedance Spectroscopy (EIS) and differential
capacitance (Cqir VS. w) measurements for all cases were presented. Fitting of experimental
results was performed by using commercial software for fitting EIS results defined by Gamry
Instruments Inc. (EIS 300), as well as by equation for Car vs. @ dependence.Cdir VS. @
dependence has been defined in several previous investigations for anion adsorption, containing
Constant Phase Element (CPEua), corresponding to the double layer capacitance(Ca), connected
in parallel with the adsorption capacitance (Cad) and adsorption resistance (Rad). It was shown that
significant difference in parameters for anion adsorption obtained by both fitting procedures could
be explained by the fact that in the EIS fitting analysis (presented either as Nyquist, or Bode plot,
orZ’vs. w and Z” vs. w plots) two functions are fitted simultaneously, while in the case of Cuisr vs.
® dependencesonly one function, containing all parameters of the equivalent circuit, is fitted. It
should be emphasized that the explanation for the difference in fitting procedures is for the first

time presented in this work.

Keywords:Silver single crystals, anion adsorption mechanism, EIS, CPE, Cair vS. @ dependence.

1. INTRODUCTION

1.1. Differential capacitance measurements

Differential capacitance measurements (Caif vs.
E curves) were introduced in electrochemistry with
the beginning of double layer structure
investigations as a suitable technique for
determining the Ca on both, liquid (mercury) and
solid metal electrodes [1,2]. This technique was
very convenient for determining the potential of
zero charge, Epzc on solid electrodes as a minimum
on Cuairt vs. E curves [1-3]. Since the minimum
existed only in the presence of a diffuse part of the
double layer [4,5] these experiments were
performed in dilute solutions of the concentrations
lower than 102 M, usually of the order of 10-* M
[6,7]. In all these experiments solution resistance
(Rs) had to be compensated in order to obtain the
real value of Ca. In such a case the value of Cuif
was equal to the value of Caq and was independent
of frequency. Accordingly measurement at one
frequency was sufficient to determine the value of
the double layer capacitance.
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With introduction of single crystal surfaces, this
technique in combination with cyclic voltammetry
(CV), has frequently been used for determining Epzc
as well as adsorption behavior of different anions.
Typical frequencies for these measurements varied
between 10 Hz and 20 Hz [7], while the sweep rate
used was usually 5 - 10 mV s-'. For interpretation
of the obtained results concerning adsorption of
anions it was assumed that the “specific
adsorption” of anions does not involve the charge
transfer between the electrode surface and
adsorbed anions.

About 35 years ago the equivalent circuit
composed of Ca connected in parallel with Rt and
Cad was used for the first time in the literature for
the analysis of adsorption of acetate anions onto
Ag(111)by V.D. Jovi¢, B.M. Jovi¢ and R. Parsons
[8]. By the analysis of proposed equivalent circuit it
was shown that Rct and Cadcould be obtained from
the dependence 1/Yc vs. 1/a? presented by
equation
1 1 1
7 =Rt = (1)
where Y'c represents admittance corrected for the
Rs (Racould be obtained from the intercept, while
Cagcould be obtained from a slope of this
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dependence). Unfortunately it was discovered that
straight line dependences could be obtained only in
the selected frequency range of 10 Hz to 100
Hz.The same equivalent circuit, with adsorption
resistance (Rad) instead of R, has later been used
for the analysis of fluoride, acetate and sulfate
anions onto Ag single crystals [9-11], as well as
OH- species adsorption onto Cu(111) from fluoride
or sulfate containing solutions of different pH [12].
Later on, another component (Warburg impedance)
has been added to the previously described
equivalent circuit (in series with Ras and Cad) in
order to explain adsorption of halide anions of low
concentrations (0.1 — 1.0 mM) onto gold single
crystal surfaces [13,14]. This approach wasn’t new
since identical equivalent circuit had been
proposed by M. Sluytres-Rehbach et al. [15] about
fifty five years ago. It was assumed that single
crystal surface behaves as an ideal, homogeneous
electrode surface, having no “fractal character”, nor
heterogeneous surface[13,14]. T. Pajkossy et al.
[14] also reported almost ideal double Ilayer
behavior for Au(111) and Au(100) in dilute HCIO4
solution in the frequency range between 0.1 Hz
and 5 kHz. They found that capacitance exhibits
only minor frequency dependence at potentials
more negative than 0.4 V , with the ratio of the
capacitance measured at 1 Hz and at 0.1 kHz
differing from unity by a few percent’s only. They
pointed out that the “frequency dispersion” could be
a consequence of either phase transition at the
interface, or specific adsorption of anions. In both
papers [13,14] "frequency dispersion" observed in
the presence of specific adsorption has been
explained by the adsorption of anions controlled by
their diffusion. All equivalent circuits considered fin
these analysis are presented in Figure 1 (a) and
(b).

Z. Kerner et al. [16] demonstrated that the
frequency dependence of capacitance on solid
electrodes was due to the atomic scale non-
homogeneities rather than due to the geometry
aspect of roughness. They criticized old physical
theories used for explaining capacitance dispersion
as a function of surface roughness [17-20] and
pointed out physico-chemical approach of T.
Pajkossy [21,22], claiming that the origin of the
capacitance dispersion can be allocated in the
double layer and that it can be attributed to the
presence of atomic scale non-homogeneities —
“disorder” of the electrode surface, together with
the presence of some kinetic process, most
probably specific adsorption of anions [16].

Although ordered structure(v/3 x v3)R30°0f
adsorbed chloride onto Ag(111) had been detected
by ex situ LEED and Auger spectroscopy
techniques [23,24], introduction of in situ
techniques (STM and surface X-ray scattering) in
the investigation of the structure of adsorbed
anions onto single crystal faces provided significant
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contribution to the understanding of this process
[25-30]. It was shown that in the case of chloride
and bromide anions adsorption onto Au single
crystals incommensurate, hexagonal-close-packed
monolayers, compressing uniformly with increasing
potential were formed [26-28]. The ad-atom
spacing of these compressed structures was found
to approach van der Waals diameter, indicating at
least partial discharge of anions [26-28]. Th.
Wandlowski et al. [29] showed by
chronocoulometry (thermodynamic analysis) and
surface X-ray scattering (SXS) that in the case of
bromide adsorption onto Ag(100) ordered c(2x2)
structure has been formed, with the charge number
being —0.85+0.05 at constant chemical potential,
indicating also existence of partial charge transfer
between adsorbed anions and the substrate. It is
interesting to note that the Car vs. E curve,
obtained at a frequency of 18 Hz, 10 mV peak-to-
peak amplitude and sweep rate of 10 mV s,
presented by these authors [29], was characterized
by the hysteresis (Figure 1 of Ref. [29]) for bromide
concentrations lower than 1.0mM. The authors
concluded that such data were not adequate for
determination of any thermodynamic quantities [29]
primarily due to mass-transfer limitations. Identical
conclusions concerning Caitvs. Emeasurements at
single frequency and electrosorption valence were
made by Shi et al. [31] in the study of chloride
anions adsorption onto Au(111) face. In situ X-ray
absorption fine structure (XAFS) studies of bromide
adsorption onto Ag(111) revealed the formation of
AgBr(111) monolayer with the Br-Ag bond distance
of 2.72+0.05 A, corresponding to the complete
charge transfer between Br anions and Ag(111)
surface [30]. Hence, one can conclude that
structural in situ X-ray analysis [26-28,30] and even
thermodynamic analysis [29] of anion adsorption,
indicated the presence of partial charge transfer
between anions and substrate during the process
of anion adsorption.

2. THEORETICAL CONSIDERATION AND
SIMULATION OF DIFFERENTIAL
CAPACITANCE FOR DIFFERENT CASES
OF ANION ADSORPTION

The dependences of Cait vs. @ for different
cases of anion adsorption processes for “ideal
(homogeneous)” and “real surfaces” (introducing
CPEa instead of Ca) have been analyzed by
calculation of Cuitf vS. . Two cases are considered:
1) Carepresented by a parallel plate condenser
(assuming ideal, homogeneous surface) and 2)
Carepresented by a CPEu (assuming
heterogeneous surface). Cait VS. @ dependences
were simulated in the frequency range from w= 102
Hz to w = 105 Hz, since this is the most wide range
of frequencies offered by the producers of EIS
measurement systems. All considered equivalent
circuits are presented in Figure 1.
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Figure 1. Equivalent circuits for anion adsorption

Double layer capacitance is represented by
the ConstantPhase Element (CPE)
(heterogeneous charge distribution)

on the “ideal surface” (leff) and on the ‘“real surface”

(right)

2.1. Ideal, homogeneous surface

2.1.1. Ideal double layer behavior without
adsorption and diffusion of anions

Equivalent circuit for ideal double layer
behavior of the electrode impedance is presented
by solution resistance Rsand double layer
capacitance Ca connected in series. Differential
capacitance is by definition imaginary component
of electrode admittance over frequency and for
such equivalent circuit is given by the equation

Copee = L = —Cd___
diff = T 1+0?CZR2

(2)

In most cases 1 >>w?Ca?Ra? and accordingly
Cuif=Ca. In dilute solutions with high value of Rs the
value of Cairf could be influenced by the Rs[8-10].
Hence, imaginary component of electrode
admittance should be corrected for Rsin order to
obtain the real value of Ca. This could be done
either by compensating Rs during the differential
capacitance measurements (using IR
compensation technique on the potentiostat), or by
subtracting it from the real component of electrode
impedance, Zwor= Z- Rs and calculating Y”corr by
following equation (Rs - determined from the high
frequency intercept of impedance diagrams, or by
some other technique)

7"

@ com?+(2)?

" _
Y corr —

(3)
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Hence, using Y’corr for determining Cairt (Y corr/ @
= Cuiff) it is possible to obtain the real value of
differential capacitance.

2.1.2. Ideal double layer behavior with specific
adsorption of anions

In the presence of specific adsorption
presented by the Rasand Cadconnected in series
(Figure 1 (a,b,d), Cair (corrected for Rs) should
depend on frequency [8-10,12]. The simplest case
of specific adsorption is usually represented by the
equivalent circuit shown in the Figure 1(a), with
adsorption impedance (Zad) being composed ofRad
and Cag connected in series [8-10].

Simulated Cuitf vs. @ dependences, obtained in
the frequency range from o= 102 Hz to w = 105 Hz
for this equivalent circuit for different values of Cad
(80 uF, 140 u4F and 220 uF, respectively)are
presented in Figure 2(a).As seen in the figure the
value of Ca can be determined by using Cairr values
recorded at frequencies higher than certain critical
frequency wc(dl) (see Figure 2), which is
independent on the values of Ca and Cad. In the
frequency range from ~ 5 Hz to 1000 Hz, between
ac(ad) andax(dl),Cardepends on frequency and
cannot be used for determining values of Ca and
Cad. Hence, Cuir obtained at a single frequency in
that particular region, does not represent neither
pure Ca, nor Cq+Cad. With the increase of the value
of Cad the sum of Cai+Cad could be obtained only at
frequencies lower thanamc(ad). Of course, this is
valid only for Ragc= 50 Q used for this simulation.
Cuiff vs. wfunction also depends on the value of Rad,
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as shown in Figure 2(b).With increasing the value
of Raq critical frequency for accurate determination
of Cad(ax(ad)) decreases and if the process of
adsorption becomes very slow (high values of Rad,
Ra¢> 5000 Q),Cad cannot be determined from the
value of Cudif recorded at frequencies higher than
~0.1 Hz (this is valid for the values of Cas¢ and
Cagiven in the figure). Hence, for faster adsorption
processes Cuiff represents the sum of Ca + Cag at
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frequencies lower than about 20 Hz. Critical
frequency for Ca determination, ac(dl), also
increases with decreasing Raq, being about 0.1 Hz
for Rad = 50000 Q and about 10 Hz for Rad = 50 Q.
It is important to note that in the “intermediate
frequency range”, between w@c(ad) and wc(dl),
measured values of Cadifdo not represent the real
value of either Ca andCad, or their sum.

L \ B _
200 . \ (b)
\ \
\ : C,=20 uF
150 | \ \ 4 ,
w \ \ C,y =200 uF
Ny ! . R,/
£ 100 ‘ ! ! 50
S |

50

500

50000

.
~ .
f e SR e P s e s ]

n il 'l 1 il
0.01 0.1 1 10 100

o [Hz

1000 10000 100000

Figure 2. (a) The influence of Caq on the shape of Cgir vs. @ dependences for equivalent circuit
presented in Figure 1(a), (b) The influence of Raq on the shape of Cqirr vS. @ dependences for equivalent
circuit presented in Figure 1(a)

2.1.3. Ideal double layer behavior with specific
adsorption controlled by diffusion of anions

If the process of anion adsorption is controlled
by the diffusion of anions to the electrode surface
Warburg impedance must be added in series to Rad
and Cad [13-15], as it is presented in Figure 1(b).
Assuming that the diffusion coefficient for anions
amounts to 1 x 10%cm? s-' and using equation for
Warburg constant o [32] Caif VS. @ curves are
simulated for different concentrations of anions
(0.01 mM to 10 mM), Figure 3.

200

0001 mM .
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0 . 1 L L Al .
102 10" 10° 10 10? 10° 10*  10°

ol Hz

Figure 3. Cgirr vS. @ dependences for equivalent
circuit presented in Figure 1(b) for different
concentrations of anions (values of Cy, Cad, Raq are
the same as in Figure 2)
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It is seen that with the increase of Warburg
constant o (decrease of anion concentration)
frequency range where Cair represents the sum Cal
+ Cad moves towards lower values of wand onlyat
concentration equal or higher than 10 mM mass-
transport limitations are negligible for a given value
of Rad (in this case Rad = 50 Q should represent fast
adsorption process). At lower concentrations than
1.0 mM low frequency plateau does not exist,
indicating that in such a case even with the ideal,
homogeneous electrode surface, real values of
Cai, as well as Cai and Cad from Caitt VS. @ curves,
cannot be determined. It should be emphasized
here that most of the Cuarvs. E curves [7] have
been recorded for dilute solutions (concentration of
anions lower than 1 mM) with high possibility for
the adsorption reaction to be diffusion controlled
and consequently with low possibility for Cuairr to
represent the sum Cad + Cai. CaittvS. @ dependence
for this equivalent circuit (Figure 1(b)) is given by
the following equation

_ a)Cad(1+CadO'a)1/z)
Cai = Car + (At Cagoat2r a2 Cof Rurotiye (Y
where o represents Warburg coefficient
RT
O = J2Zr2cap)if2 (9

(c and D are concentration and diffusion
coefficient of anions respectively).
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2.2. Real surface

Considering that even single crystal faces
contain significant number of monoatomic terraces
and cannot be considered as ideal, homogeneous
surfaces (as shown by number of STM
investigations [33]), introduction of CPE defined as
CPE = Zu(jw)“ [34]is inevitable in the interpretation
of the double layer capacitance of atomically non-
homogeneous surface. Let us consider two
simplest cases:

(1) Rs and CPEa connected in series(without
adsorption of anions) presented by the equivalent
circuit shown in Figure 1(c). In this case the value
of Cair, independent of frequency for = 1 and
equal to the value of Ca, becomes dependent on
frequency with the decrease of «in the whole
frequency range between @ = 102 Hz and » = 10°
Hz. Hence, even if there is no adsorption on real
surfaces, Cuat determined at one constant
frequency cannot practically be wused for
determining Ca.

(2) If for the case of simple anion adsorption,
presented by the equivalent circuit shown in Figure
1(d), Ca becomes replaced by CPEa, Cdirtvs. afor
such equivalent circuit is defined by the following
equation

Cdiff = Cd/* a)(“_l) sin ((12_1'[) + i (6)

22 p2
1+w°CoyR5y

R, =500
C,=20uF |
C,, =60 uF

0.5
0.6

Can! #F

0.8 ]
0.9

where Ca'represents constant in the CPEawith
the dimensions F cm? s In the presented
equivalent circuit it is not possible to determine the
value of Ca since the value of Cacould only be
obtained for parallel connection or serial
connection of CPEgsand R. In the case of parallel
connection of CPEgand Rthe value of Cacould be
obtained from the relation.

1
Cq = [CHR@ V] (7)

If CPEgand Rare connected in series the value
of Caicould be obtained from the relation.

1
Ca = [CyRO~D]e (8)

The influence of the value of « (heterogeneous
character of the surface) on Cuairr vs. @ diagrams is
presented in Figure 4(a) and (b). Critical
frequencies ac(ad) and wc(dl)could also be
detected on this diagram. As can be seen the
influence of the first part of equation (6) becomes
significant already at « = 0.9 and, accordingly,
determination of the real values of Cads and Ca at
low and high frequencies, as it was the case for
ideal surfaces, becomes impossible. Hence, to
obtain the real values for the parameters of such
equivalent circuit,Caif VS. @ diagrams should be
plotted for each potential and fitted by the equation
(6).

100 T T T T

(b) R, =500Q
80 C,=20uF _
oS C  =60uF

Can! 1F

" P R

o [ Hz

Figure 4. The influence of parameter a on the shape of Cgir vS. wdependences for adsorption of anions on
the real surfaces: (a) Whole frequency range; (b) High frequency range

2.3. Constant phase element (CPE)

Although the depression of the semi-circle in
alternating current measurements, characteristic
for the CPE behavior, was discovered in 1930-is in
the presentation of imaginary vs. real component of
dielectric constants in the so-called Cole-Cole plots
[35], the first equation for CPE as a replacement for
the capacitance in EIS measurements has been
presented in the literature by Brug et al. [34] in
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1984. The equation was based on the serial
connection of Rs and CPE, while Rct was simply
added to the obtained equation being in parallel
with the CPE. This new concept of Ca on real
electrode surfaces wasn’t accepted immediately in
the EIS measurements. The concept of CPEhas
been accepted in the EIS measurements about 10
years later. The first commercially available
software for fitting EIS measurements was
designed by Scribner and later by Solartron and

395



V. D. Jovi¢

Determination of adsorption capacitance and adsorption resistance ...

Gamry Instruments Inc. Much better fitting results
were obtained with CPE in comparison with the
fitting results obtained by using pure capacitance,
represented by a parallel plate condenser. Since
the CPE defines heterogeneity of the surface in the
electrochemical EIS experiments and
heterogeneity of the charge distribution at solid
electrodes, it is reasonable to expect that better fit
for real systems could be obtained by using
CPEuainstead of Ca. The main problem in the use of
commercially available software with CPE is the
fact that the CPE constant (Car"), obtained by fitting
procedure, does not have the dimension of
capacitance, i.e., F cm2, or Q' cm? s, but its
dimension is given in Q' cm2 s9, where a is the
exponent in the equation for the CPE (Zcre =
Za(jw)©).

The definition of CPE has been discussed in
several papers [36-44]. Hsu et al. [45] developed
the equation for correction of capacitance to its real
value, in the case of parallel connection
betweenCPE and R, by using equation (9),

Ca=Cy’ ( a)”max) a-1 (9)

where @’max represents the frequency of the
maximum on the -Z” vs. @ dependence, which is
independent of the exponent a [46], while Cua"
represents a constant obtained by the fitting
procedure. Another equation for obtaining the real
value of capacitance from the CPE has been
offered in the commercially available software
(Gamry Instruments Inc., EIS 300, given by the
equation (7)).

Hence, in order to obtain the real value ofCaq it
is necessary to know either of the two parameter
values: ’max - frequency of the maximum on the -
Z” vs. wcurve; or R — resistance connected in
parallel with CPE.In both equations the physical
meaning of CPE and R has been neglected. In
many cases, for simple charge transfer reaction, R
is a charge transfer resistance R« and it is
reasonable to use Rcin equation (7) for calculation
of pure Ca. Generally, in the brunch parallel to the
CPE in the equivalent circuits representing different
electrochemical processes only one resistance
should exist to be used for calculation of Caby
equation (7). If additional parameters, such as
resistance of pores, or adsorption resistance, or
adsorption capacitance, or else, are in the brunch
parallel to the CPE in equivalent circuit, this
procedure seems to be incorrectand the question
arises could it be used to calculate Ca? Another
problem in calculation of Ca by using @’max could
be non-existence of the maximum on the -Z” vs.
wcurve in the investigated frequency range?

Very often the Rs together with the Rcthad been
used in the equation for the calculation of Caafter
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applying commercial software for fitting EIS results
in the literature. This procedure of Ca
calculationfrom CPEgshas already been discussed
and criticizedin the literature [47]. Hence,
calculation of Ca by using equations (7) or (9) is
applicable for parallel connection of CPE and
Ronly.

Recently, adsorption of iodide anions onto
Ag(111) was investigated by fitting EIS results
using commercial software and  Caifvs.o
dependence defined by equation (6) [48].
Significant difference in the obtained results has
been detected, with those from Cuainvs.@
dependence analysis being more realistic. Most
probably the reason for such difference was
calculation of Ca by using equation (7) expressed
as

Cai = [Ca'Rag* V] (10)

Hence, the statement that Cacould be obtained
from equation (7) only forCPE and R connected in
parallel, without any additional parameter in the
branch of equivalent circuit parallel to CPE, seems
to be correct.

3. EXPERIMENTAL

All experiments were carried out in a two-
compartment electrochemical cell at 25 + 1 °C in an
atmosphere of purified (99.999%) nitrogen.
Ag(111) electrode (Monocrystals Company, d = 0.9
cm) was sealed in epoxy resin (resin EPON 828 +
hardener TETA) in such a way that only the (111)
disc surface was exposed to the solution. The
surface area of the electrode exposed to electrolyte
was 0.636 cm?. The counter electrode was a
platinum sheet and was placed parallel to the
working electrode. The reference electrode was
saturated calomel electrode (SCE). Reference
electrode was placed in a separate compartment
and connected to the working compartment by
means of a Luggin capillary. Solution of 0.01 M
NaCl was made from supra pure (99.999%) NaCl
(Aldrich) and EASY pure UV water (Barnstead). All
potentials are given vs. SCE.

Ag(111) was prepared by mechanical polishing
procedure followed by chemical polishing in the
solution containing NaCN and H20:2 as explained in
a great details in one of our previous papers [49].
Before each experiment electrolyte was purged
with high purity nitrogen (99.999%) for 45 min.,
while during the experiment nitrogen atmosphere
was maintained over the solution to prevent
contamination with oxygen.

Using universal programmer PAR M-175,
potentiostat PAR M-173 and an X-Y recorder
(Houston Instrument 2000R) CV experiments were

ZASTITA MATERIJALA 67 (2026) broj 2
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performed. FAS1Femtostat and Reference 600
potentiostatincluding software EIS3000 (Gamry
Instruments Inc.) were used to perform EIS and
Cdifmeasurements with an RMS amplitude of 5 mV
and 10 points per decade. Single frequency, Cuit
vs. Ecurves were obtained by measurements of
real and imaginary component of impedance at
constant frequency and potentialwith the potential
being stepped in a sequence of 10 mV in the whole
investigated potential range at different constant
frequencies ranging from 0.1 Hz to 400 Hz.
Measured values for the Z’ were corrected for
solution resistance (determined from the high
frequency intercept on the Z’ axis of Z-Z”
diagrams) and introduced into Carusing eqn.
(2).Cuait vs. @ dependences were fitted using non-
linear curve fitting in Origin 2021.

4. RESULTS AND DISCUSSION

4.1. Ag(111), 0.01 M NaCl

CV recorded onto Ag(111) face in 0.01 M NaCl
solution at the sweep rate of 100 mV s-' is shown in
Figure5. The CV is in good agreement with our
previous results [9-11], as well as with the results
of other authors [24,50-55]. As can be seen this

J 10noatonue sep

adsorbed antons

ferrace

S| K ) -

amons adsorbed at the
monoatomic step

CVis characterized by almost reversible pairs of
two broad peaks (shoulders) at potentials of about
—0.75 V and about —-0.50 V respectively and by a
pair of sharp peaks at the potential of about -0.03
V.Considering the shape of CV it appears that
specific adsorption of anions starts already at
potentials more positive than -0.8 V. In the potential
region from -0.8 V to -0.4 V most probably two
adsorption processes take place: (1) adsorption at
the edge of monoatomic terraces and defects on
the surface; (2) adsorption of anions at the flat part
of monoatomic terraces (as shown in Figure 5). At
potentials of the sharp peak (between -0.05 V and
0.0 V) phase transformation of anions adsorbed at
the flat part of monoatomic terraces into
(V3x+/3)R30° [23-30] occurs. This ordered
structure is presented in Figure 6. The anodic loop
recorded at potential of 0.2 V corresponds to the
formation of 3D AgCl [10]. If the anodic potential
limit is low (as in the case of Figure 5) formation
and dissolution of AgCl doesn’t influence the shape
of the CV, but for longer times of AgCl formation
the layer of AgCl remains on the surface and the
CV in the region of chloride anions adsorption
changes with  disappearance of characteristic
peaks [10].

ordered strueture
adsorbed on a flat
terrace

Ag(111)
0.01M NaCl
Fov=100mvs’

j/uAcm?
Qo

-40 !

-10 -08 -08 -04 -02

E/Vvs. SCE

0.0 0.2

Figure 5. CV for Ag(111) recorded at the sweep rate of 100 mV s-' in the solution of 0.01 M NaCl.
Positions of adsorbed chloride anions are presented in upper part of the figure

Concerning Rad it should be stated that this
resistance represents a sum of two resistances:
Rad™ — corresponding to the adsorption of anions at
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the edge of monoatomic terraces and defects on
the surface and Rad® - corresponding to the
adsorption of anions at the flat part of monoatomic
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terraces, representing adsorption resistance for the
formation of ordered structures. Unfortunately,
these two resistances cannot be separated and
determined independently, at least not by using
equivalent circuit shown in Figure 1(d).

EIS measurements were performed in the
frequency range from ~ 0.6 Hz to 1000 Hz at
several constant potentials in the potential range
from —1.0 Vto 0.05 V.

An attempt was made to fit Nyquist plots with
the equivalent circuit presented in Figure 1 (d).
Unfortunately it wasn’t possible to get good fit of
experimental results at any of the investigated
potentials. This is due to the fact that employment
of such a complicated combination of elements
conduces to rather high correlation factors between
the fitted values and accordingly the individual
elements can only be determined with a large
uncertainty [13]. Taking into account that
commercial program for fitting impedance results
by certain equivalent circuit is based on non-linear
last square program that minimizes the sum of the
(Z-Z'cac)? + (Z7-Z"cac)?)/AbsZ2and that only small
part of the semi-circle on the Z-Z” diagrams exists,
a bad fit of experimentally obtained results could be
expected. At the same time the analysis presented
by T. Pajkossy et al. [14], using complex plane Cre
vs. Cim diagrams failed, most probably because of
high concentration of chloride ions and the
absence of diffusion limitations (see detailed
explanation in Section 3.3.).

Substrate orientation (111)

Figure 6. Schematic presentation of ordered
structure adsorbed at potentials positive to the
potential of sharp peaks on the CV. Assuming

complete charge transfer between chloride anions
and Ag(111) surface theoretical charge for this
structure should be 74 uC cm?

Differential capacitance measurements (in
steps of 10 mV, starting at —1.0 V and finishing at
0.05 V) were performed at following frequencies:
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1000, 700, 400, 200, 100, 70, 40, 20, 10, 7, 4, 2, 1,
0.7, 0.4, 0.2 and 0.1 Hz. Corrected values for
differential capacitance were obtained by using
equation (3) and corresponding values of Z'corr and
Z” detected in these experiments. Some of the
obtained Cuirr vs. E curves are shown in Figure 7. It
is interesting to note that almost identical diagrams
were obtained at frequencies lower than 1 Hz,
while Cqir was found to decrease with increasing
frequency. Presented results indicate that the
measurement of Caif at a constant frequency is not
sufficient for determining the parameters of chloride
anions adsorption, although the shape of the Caif
vs. E curves recorded at frequencies lower than 10
Hz is practically identical to the shape of CV.
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00 ac!  —o—04Hz

200 - g(11) o q0Hz |
-v- 100Hz |

150 —0— 400 Hz ? |

50 +

-1.0 -0.8 -0.6 0.4 -0.2 0.0 0.2
E/Vvs. SCE

Figure 7. Cqirr vs. E curves recorded at different
frequencies (designated in the figure)

Cuift vs. E curves recorded at the frequency of 1
Hz by changing potential in both directions, from —
1.0 V to 0.05 V and back were found to be
identical, indicating high reversibility and stability of
the system.Considering results of in situ X-ray
investigations of anion adsorption [26-30], it seems
reasonable to assume that partial charge transfer
occurs during this process and that equivalent
circuit presented in Figure 1(d) should be used for
the analysis of the obtained results.

Cudif vs. @ curves were plotted at each applied
potential. In the potential range between —-1.0 V
and —0.5 V this has been done in steps of 100 mV,
from -0.5 V to -0.1 V in steps of 50 mV, while in the
region of sharp peak on Cuirt vs. E curves this was
done in the sequence of 10 mV. In order to obtain
values for Ca, Cad, Rad and g, fitting of Cairr vs. @
curves has been performed by using equation (6).
AllCait vs. @ curves are presented in Figure8
(a,b,c). Experimental points are presented by
squares, circles, triangles, etc., while the lines
represent fitting curves. Potentials are designated
in the figure for each curve. As can be seen very
good fits have been obtained.
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Figure 8. Cqi vs. w curves for all applied potentials (designated in the figure)

The values of Cua’, Cad, Rad and «a obtained by fitting procedure were used to plot Cad vs. E, Rad Vs. E,
and avs. Eand Cq vs. Ecurves. Obtained dependences are presented in Figure 9 (a-d).
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Figure 9. (a) Caq vs. E,(b) Raq vs. E curve, (c) avs. E curve, Cag vs. E andCq" vs. E curves

By using analysis presented in this work Ca’
values were found to be higher than those of Caa.
Relatively high values of the double Ilayer
capacitance (about 50 uF cm), dependent on
potential, were detected in the work of T. Pajkossy
et al. [14] in the case of bromide adsorption on gold
single crystals, with the adsorption capacitance
being much higher, but they used 0.1 M HCIO4 as a
supporting electrolyte with only 0.15 mM of NaBr
as adsorbing substance. Considering contribution
of the double layer capacitance to the total
capacitance of the system, one would expect
increase of double layer capacitance with incre-
asing concentration of electrolyte, since more
anions should be incorporated in the inner layer
and adsorbed at the surface at higher concen-
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trations. It is interesting to note that the charge
under Cag vs. E curve amounts to 27uC cm=2.
Taking into account significant number of steps and
terraces present on the single crystal surfaces [33]
one can assume that higher amount of charge than
that needed for (V3 x v3)R30°adsorbed structure
of chloride anions (detected by different techniques
for this system [23-25]) should be obtained. Hence,
one can conclude that because of adsorption of
chloride anions at kinks and steps, this structure
can be formed by complete charge transfer
between chloride anions and silver surface. Since
the double layer capacitance by definition
represents purely capacitive component of total
electrode capacitance, it appears that only charge
under the Caq vs. E curve can be involved in the
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adsorption of (v/3 x v3)R30° structure. The value
of charge under the Caa vs. Ecurveof 27 pC cm-
2indicates that partial charge transfer is involved to
some extent in the process of(vV3xv3)R30°
structure formation, since for complete charge
transfer between chloride anions and Ag(111) for
the formation of this ordered structure amounts to
74 uC cm2 This is in contradiction with our
previous results [9-11] that complete charge
transfer occurs during the formation of this
structure, most probably as a consequence of
different approaches used in previous and present
work. It seems that considering total charge under
the CV, or under the Cuitt vs. E curve, or under the
Q vs. E curve obtained by pulse experiments and
subtracting the double layer charge assuming
linear increase of Qu with potential (as has been
done in previous paper [10]) is not correct
approach, since it is obvious that Qu does not
change linearly with potential, i.e. Ca is not
constant over the whole potential range.
Accordingly, the charge associated with adsorption
should be determined under the Caq vs. E curves
only. Hence, one can conclude that approach
presented in this work seems to be more reliable.

Some interesting features of these results
deserve further discussion. The first one is the fact
that even in the potential range of “double layer
behavior” (between —1.0 V and -0.8 V on the CV
shown in Figure5) Cafr VvS. ® curvesare
characterized by the presence of one inflection
point (Figure 8(a)), indicating the presence of Cad
and Rad.

Considering Rad vs. E dependence (Figure
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8(b)) it appears that its shape is opposite to the one
for Cad vs. E dependence (Figure 8(a)), indicating
faster adsorption (lower Rad) in the potential region
of higher values of Cad, with the minimum being
exactly at the potential of sharp peak on the Caq vs.
E dependence.

Another interesting feature of this approach is «
vs. E dependence shown in Figure 8(c). The value
of ais seen to be close to 1 up to the potential of
ordered structure formation. Although the value of
Cais changing significantly with the potential, it
appears that the homogeneity of the Ag(111)
surface remains practically constant, i.e. adsorbed
anions only slightly change the charge distribution
at the potential of ordered structure formation.

4.2. Ag(100), 0.01 M KBr

CV recorded onto Ag(100) face in 0.01 M KBr
solution at the sweep rate of 20 mV s is shown in
Figure10. This CV is characterized by reversible
pair of broad peaks (shoulders) at potential of
about —1.1 V and by one pair of sharp peaks at the
potential of about -0.7 V.According to theX-ray
scattering (SXS) results [29] in the case of bromide
adsorption onto Ag(100) ordered c(2x2) structure
has been formed, with the charge number being —
0.85+0.05 at constant chemical potential, indicating
also existence of partial charge transfer between
adsorbed anions and the substrate. The charge
density for the formation of ordered c(2x2)
structure, determined from the Cuir vs. E curve at
single frequency of 18 Hz, was fund to be 43 — 50
uC cm2,

Substrate orientation (100} Adsorbed commensurate structure c(2x2)

Figure 10. CV recorded onto Ag(100) in 0.01 M KBr solution at the sweep rate of 20 mV s (left) and
ordered c(2x2) structure of adsorbed bromide anions (right)

Differential capacitance measurements (in
steps of 10 mV, starting at —1.2 V and finishing at -
0.1 V) were performed at following frequencies:
1000, 700, 400, 200, 100, 70, 40, 20, 10, 7, 4, 2, 1,
0.7, 0.4, 0.2 and 0.1 Hz. Corrected values for
differential capacitance were obtained by using

400

equation (3) and corresponding values of Z'corr and
Z” detected in these experiments. Some of the
obtained Cuitf vs. E curves are shown in Figure 11.
At frequencies lower than 10 Hz the shape of Cuif
vs. E curves is practically identical to the CV and
the same stability as in the case of adsorption of
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chloride anions onto Ag(111) has been detected
(Cdiff vs. E curves obtained by changing potential
from -1.2 V to -0.1 V and back at the frequency of
0.1 Hz were identical).

250 | 0.01M KBr |
Ag(100)

S0F @

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2
E/Vvs. SCE

Figure 11. Cai vs. E curves recorded at different
frequencies (designated in the figure)
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Cuairt VS. w curves were recorded in steps of 100
mV, while the values for Ca’, Cad, Rad and a were
obtained by fitting of Cuitt vs. wdependences using
equation (6). AllCdiff vs. @ curves are presented in
Figure12 (a,b). Experimental points are presented
by squares, circles, triangles, etc., while the lines
represent fitting curves. Potentials are designated
in the figure for each curve. As for Ag(111) in 0.01
M NaCl very good fits have been obtained, but the
shapes of Cudiff vs. @ curves were different. In the
potential region of random adsorption (at the
terraces)and formation of ordered c(2x2) structure
(from -1.2 V to -0.6 V, Figure 12(a)) Cuif vs. @
curves were characterized by the inflection point,
most probably corresponding to wc(ad) (see
Figures 2(a) and 4), while in the potential region
with adsorption onto ordered bromide anions
structure (Figure 12 (b)) most of the curves
correspond to the exponential increase of Cuir. This
indicates that for those potentials aoc(ad) has been
passed and these curves correspond to the part of
the Caif vs. @ curves were Cdgif exponentially
increases (see Figure 4).
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Figure 12. Cqir vs. @ curves for all applied potentials (designated in the figure)

The values of Ca’, Cad, Rad and « obtained by
fitting procedure were used to plot Cad vs. E, Rad
vs. E, Ca vs. E,avs. E and Ca" vs. Ecurves.
Obtained dependences are presented in Figure 13
(a-d).

The shape ofCa” vs. Ecurveis practically
identical to the shape of Cuitf vs. E curves obtained
at low frequencies and the shape of CV, while the
shape of Cad vs. E curve is slightly different with
two maxima in the potential range of ordered
structure adsorption (Figure 13(a)). Considering
Rad vs. E curve (Figure 13(b)) sharp decrease of
Radin the potential region of ordered structure
adsorption indicates fast adsorption of bromide
anions during this process, reaching minimum at
the potential where ordered structure is completed.
Slight increase of Rad¢ at more positive potentials,
as well as slight decrease of Cad, indicate that
adsorption didn’'t stop and that it continues after
ordered structure is completed. This is in
accordance with the findings of chronocoulometry
curves presented in Ref. [29], where the charge for
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bromide anions adsorption continuously increased,
changing slope after ordered structure has been
completed and reaching maximum at about 75 xC
cm2. According to the explanation given in Ref.
[29] for the (SXS) results, “This result demonstrates
that a significant percentage of the bromide
scattering amplitude within the disordered region is
out-of-phase with that of the substrate. This out-of-
phase condition occurs when the bromide ions are
adsorbed in the fourfold hollow sites of the
substrate”, it is obvious that adsorption of bromide
anions continues after the ordered structure is
formed. This is also in accordance with the change
of a with E (Figure 13(c)). After the formation of
ordered structure « sharply decreases and the
surface becomes quite heterogeneous due to
further adsorption of bromide anions, being
confirmed by the change of the shape of Cairr vs. @
curves (at lower « values Cair exponentially
increases - see Figures 4 and 12(b)). Finally, the
charge under the Cad vs. E curve of 31 uC cm?
confirms that only partial charge transfer between
bromide anions and Ag(100) occurs.
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Figure 13. (a) Caq vs. E,(b) Raa vs. E, (c) avs. E and Cq'vs. E curves

4.3. Polycrystalline Ag, 0.1 M NaClO4 + 0.01 M KBr

CV recorded onto polycrystalline Ag in 0.1 M
NaClO4 + 0.01 M KBr solution at the sweep rate of
100 mV s is shown in Figure14. Since two anions
are present in the solution it is possible that both
anions adsorb. Since perchlorate is a big anion
with tetrahedral structure its adsorption should be
week and peaks of adsorption mostly correspond
to the bromide anion. Adsorption of bromide is
characterized by a broad peak between -0.9 V and
-0.4 V and two small peaks at potential more
positive than -0.2 V, before the formation of 3D
AgBr characterized by a crystallization loop. As
shown by Endo et al. [30],using the same solution
as in this experiment, adsorption of bromide at
Ag(111) occurs through a broad peak at more
negative potentials and sharp peak at about 0.05 V
vs. Ag/AgCl. Sharp peak is ascribed to the phase
transition (surface transformation) of adsorbed
layer and formation of AgBr(111) layer without any
change in the charge, or without additional
adsorption of bromide (change of the surface Br
density). Actually they suggested oxidation of silver
atoms to form AgBr(111) monolayer. Since at more
positive potentials the formation of 3D AgBroccurs
(as is the case for 3D AgClI), this might be the first
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step, formation of 2DAgBr layer, in the process of
the formation of 3DAgBr. Of course, this could be
seen on the surface of single crystal (111) face, but
it is practically impossible to obtain such peaks at
the polycrystalline surface. Hence, two small peaks
just before the formation of 3D AgBr could
correspond to the process of adsorbed layer
transformation.

40 —

Ag -0.1 M NaClOg4 + 0.01 M KBr
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j!uAcm?
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40
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Figure 14. CV recorded onto polycrystalline Ag in
0.1 M NaClO4 + 0.01 M KBr solution at the sweep
rate of 100 mV s’
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4.3.1. EIS measurements

The process of bromide adsorption on the
polycrystalline silver has been investigated by EIS
measurements in the frequency range from 100
kHz to 0.01 Hz and an attempt to fit obtained
results either in a form of Nyquist, or Bode
diagrams, or by fitting Z° vs. @ and -Z” vs. @
dependences has been made. In this case fitting of

Z vs. w and -Z” vs. @ dependences has been
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performed since these dependences were later
used for plotting Cuaif vS. @ curves, as was the case
in previous experiments on Ag(111) and Ag(100).
As already discussed in Section 2.3. and in Ref.
[13], the use of commercial software does not
provide the possibility to obtain the value of Cai(only
Ya constant could be obtained), but the values of
Cad and Rad should be precisely determined.
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Figure 15. Z’vs. w (a) and -Z” vs. w (b) dependences obtained by EIS measurements and fitted by the
equivalent circuit presented in Figure 1(d) using commercial software EIS 300. Potentials at which the
measurements were performed are designated in the figure

Hence, Z vs. w and -Z” vs. o dependences were obtained by EIS 300 software and fitted by the
equivalent circuit presented in Figure 1(d). Obtained results for several potentials are presented in Figure
15. It could be seen that experimental points deviate from the fitting lines, particularly in the low frequency
range. Although the “goodness of fit” was much higher than 1 x 10 (acceptable limit of the “goodness of
fit"), equivalent circuit parameters, Cad, Rad and «a obtained by fitting procedure are determined and
presented in Figure 16. Considering shape of CV in Figure 14, the shapes of Cad vs. E, Rad vs. E and a vs.
E dependences are not in agreement with the CV, indicating that fitting procedure using commercial
software is not suitable for such equivalent circuit. At the same time the values of Raswas found to vary for
six orders of magnitude.
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Figure 16. Caq vs. E (a), Ras vs. E (b) and a vs. E (c) dependences obtained by fitting procedure using
commercial software

4.3.2. Cairr vVS. w dependences

In order to obtain good fits lower frequency limit was set at 1 Hz, while high frequency limit was in
most cases 1000 Hz. Cuirt vs. wdependences were recorded from -1.0 V to -0.05 V in steps of 50 mV and
fitted with equation (6). Results for all applied potentials are presented in Figure 17 (a),(b),(c).According to
the presented results fitting procedure was extremely accurate, i.e. there was no deviation of experimental
points from the fitting lines.
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Figure 17. Cgirr vS. @ curves for all applied potentials (designated in the figure)

Obtained values for Ca’, Cad, Rad and « are
plotted as a function of potential in Figure 18. In
comparison with the Figure 16 quite different
results were obtained by fitting Cair vs.
wdependences, being in accordance with the
shape of CV curve (Figure 14). Since on the
polycrystalline silver number of irregularities (kinks,
steps, etc.) on the surface is much higher the
formation of any ordered structure is impossible.
Peaks of high values of capacitance on Cua’ vs.
E(Figure 18(d)) and Cad vs. E curves (Figure 18
(a)) appearing in the region of broad adsorption
peak on the CV indicate adsorption of large amount
of bromide anions. At more positive potentials
small adsorption peaks confirm further adsorption
of much smaller amount of bromide anions.
Considering Rad vs. E curve it could be stated that
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adsorption is fast (low value of Rad), while in the
results of fitting with the commercial software the
values of Ras were extremely high. Dependence of
aon potential (Figure 18(c)) indicates that with the
beginning of adsorption of bromide anions the
surface becomes more homogeneous (surface
defects become covered with the anions) up to the
point (-0.4 V) where adsorption deceases and ais
characterized by the minimum. At more positive
potentials increase ofavalue indicates
rearrangement of the electrode surface causing
more homogeneous one with a higher value of a.
The amount of charge under the Caq vs. E curve of
151 uC cm2 seems to be reasonable considering

surface roughness of chemically polished
polycrystalline silver electrode.
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Figure 18. (a) Caq vs. E,(b) Rag vs. E, (c) avs. E and Cq" vs. E curves
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Considering explanation of fitting procedure
presented at the web-site of Gamry Instruments
Inc. under the Ilink Gamry.com/application-
notes/Electrochemical Impedance Spectroscopy/fit-
in-eis (Qualyty of Your Fit in EIS) it appears that
“The most important of these layers of fitting is the
representation of a real physical system. Second
most important is being sure that the error bar for
each ideal component in the model is smaller than
the value calculated for that component, and that
any residual errors are not systematic, but random.
The least important of all is the goodness of fit, or
¥ value. The basic rule is: Use the simplest
model to fit the data.” Below are presented two
extreme examples of Tables with the fitting results
for two different potentials. In Table 1 Errors for all
parameters are lower than the value of
Parameters, indicating good fit. In Table 2 the
value of Error for Rad is extremely high (for six
orders of magnitude higher than the value of Rad).
Fitting was performed at 20 different potentials and
only in 6 cases (at six potentials) Errors for Rad
were significantly higher than the Parameter.
Corresponding fractional residual errors are
presented in Figures 19 and 20 respectively. As
can be seen fractional residual errors are not
systematic and become pronounced at frequencies
lower than 1 Hz. Hence, in most measurements fits
should be considered as good. It is interesting to
note that only Ras showed high values of Error,
indicating low sensitivity to the fitting procedure.

Table 1.

Parameter Value +Error Units
Rs 6.404 55.82e-3 ohm
Ydl 100.9e-6 1.168e-6 | S*s™a
adl 919.9e-3 2.273e-3
Cad 171.9e-6 16.47e-6 F
Rad 21.36e3 859.1 ohm

Goodness of Fit 677.8e-6
-1.0 V.DTA

CPEDL IN PARALLEL WITH (CAD,RAD) Fractional Residual Errors.
3.000 5.000

2.000
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-+ tbResidualsCPEDL I PARALLEL WITH (CAD,RAD) -+ 2 -tbResidualsCPEDL IN PARALLEL WITH (CAD,RAD)

Figure 19. Fractional residual errors for results
presented in Table 1
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Table 2.
Parameter Value +Error Units
Rs 6.856 1.823 ohm
Ydl 48.68e-6 2.520e-6 | S*s*a
adl 686.7¢e-3 20.90e-3
Cad 105.3e-6 2.182e-6 F
Rad 986.7¢e-9 1.908 ohm
Goodness of Fit 7.228e-3
-0.6 V.DTA
2000 i

-1.000

-15.00
1000mHz  1000mHz  1.000Hz 10.00 Hz 100.0Hz  1.000kHz  10.00kHz  100.0kHz  1.000MHz

Freq (Hz)

-o- tbResidualsCPEDL N PARALLEL WITH (CAD,RAD) &~ V2-tblResidualsCPEDL N PARALLEL WITH (CAD,RAD)

Figure 20. Fractional residual errors for results
presented in Table 2

In the case of fitting Cair vS. @ curves perfect
fits were obtained with the non-linear curve fitting
using Origin 2021. For all investigated potentials
similar values for Chi?/DoF and R? were obtained
(one example Chi?/DoF = 3.415 x 10" and R2=
0.9985).

The question arises what is the reason for the
difference in the fitting procedures used in this
work. The only reasonable explanation is the fact
that in the case of commercial fitting two functions
are fitted simultaneously, Z’ vs. @ and -Z” vs. o,
while for Caif vS. @ curves only one function is
fitted. Hence, it seems that for the adsorption of
anions using simple equivalent circuit presented in
Figure 1(d), Cair vs. @ curves, obtained from the
dependences Z’ vs. w and -Z” vs. m, should be
considered since their fitting produces more
precise and more realistic values for parameters
Cdl", Cad, Rad and c.

5. CONCLUSIONS

Several equivalent circuits for simulating
adsorption of anions for ideal and real surfaces are
presented and discussed.

Analysis of Caif vs. @ curves simulated for
different equivalent circuits, representing different
cases of anion adsorption, has shown that in all
cases with ideal, homogeneous electrode surface,
part of the Cur vsS. ® curves between critical
frequencies wc(dl) and @c(ad) cannot be used for
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determining the real values of Ca and Cad. Cuif is
equal to Ca at frequencies higher than ax(dl), while
Ca + Cad is equal to Cuirr at frequencies lower than
wc(ad). At the same time the positions of wc(dl) and
wc(ad) on the Cuiff vs. @ curves depend on the
values of Cad and Rad and if Rad is very high (slow
adsorption process) the value of Cas cannot be
determined from the Cuif vs. w curves in the range
of frequencies available in EIS measurements
(lower frequency limit is 0.01 Hz).

In the case of diffusion control of anion
adsorption at ideal surface (the concentration of
anions lower than 1 mM) the value of Cad cannot be
determined from Cuiff VS. @ curves.

Caitt vs. Edependences recorded at a single
frequency cannot be used for determining
parameters of anions adsorption.

To obtain the values of Ca, Casand Rad for real
surfaces it is mandatory to plot Cair vs. @ curve for
each applied potential and fit this curve with the
equation (6). Fitting of Nyquist, or Bode plots, or Z
vs. w and -Z” vs. o dependences with the
equivalent circuit composed of CPEq connected in
parallel with Casand Rad using commercially
available software is not recommended, not only
because of low precision, but also because of
impossibility to determine the value of Ca.

The statement of point 5 has been confirmed
for three cases. Chloride adsorption onto Ag(111),
bromide adsorption onto Ag(100) and bromide
adsorption onto polycrystalline Ag. In all cases Cait
vs. w curves were recorded at constant potentials
and fitted with the equation (6). Cad vs. E, Ca vs.
E,.Ca + Cad vs. E, Rad vs. E, and avs. E curves
confirmed that the used equivalent circuit is
suitable for presenting adsorption of anions. In all
cases the amount of charge under the Caq vs. E
curves indicated partial charge transfer between
the anions and substrate during the anions
adsorption.

Finally, explanation for significant difference in
the results of both fitting procedures, for the first
time presented in the literature, is very simple: in
the case of commercial fitting two functions (Z' vs.
o and -Z” vs. ) are fitted simultaneously, while in
the case of Cdff vs. wdependences only one
function is fitted, producing more accurate results
for the parameters of the equivalent circuit.
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ODREDIVANJE KAPACITETA ADSORPCIJE | OTPORA ADSORPCIJE
PRI ADSORPCIJI ANJONA

Ovaj revijalni rad sadrzi rezultate ispitivanja adsorpcije anjona hlorida i bromida na monokristalima
Ag(111), Ag(100) i na polikristalu Ag. Adsopcrija anjona ispitivana je primenom ciklicne
voltametrije (CV), elektrohemijske impedansne spektroskopije (EIS) i merenjem diferencijalnog
kapaciteta (Car) u funkciji ucestanosti (w). Eksperimentalni rezultati impedanse su fitovani
komercijalnim programom za fitovanje EIS 300(Gamry Instruments Inc.). Korisc¢eno je
ekvivalentno kolo koje sadrzi konstantni fazni element (CPEq) umesto kapaciteta dvojnog sloja
(Ca) u paralelnoj vezi sa kapacitetom adsorpcije (Cad) i otporom adsorpcije (Rzq) (Slika 1(d)).
Jednacina zavisnosti Cairodw za ovakvo ekvivalentno kolo, definisana u prethodnim ispitivanjima,
koriSc¢ena je za fitovanje eksperimentalno dobijenih Cqitvs. @ zavisnosti.

Pokazano je da se rezultati dobijeni fitovanjem impedanse pomocu komercijalnog programa i
rezultati dobijeni fitovanjem Cainvs. @ zavisnosti znacajno razlikuju u svim ispitivanim sistemima, pri
¢emu su rezultati analize Cuvs. zavisnosti pouzdaniji. Objasnjenje za razliku u rezultatima
fitovanja je vrlo jednostavno. U sluéaju upotrebe komercijalnog programa fituju se dve funkcije
istovremeno, (Z'vs. wi -Z” vs. w) dok se upotrebom zavisnosti Cait vVS.w fituje samo jedna funkcija i
normalno je ocekivati da ¢e rezultati fitovanja biti precizniji.

Kljuéne reci: Ag monokristali, mehanizam adsorpcije anjona, EIS, CPE, zavisnost Cqirodw.
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