Journal of

the Serbian
£ . O
S Chemical Society
RQ111\oie JSCS-info@ w
00071« iy -info(@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 76 (2) 283-303 (2011) UDC 546.151-128.2+546.48-128.4+
JSCS4118 544.723.546.57

Original scientific paper

Processes of adsor ption/desor ption of iodides and
cadmium cations onto/from Ag(111)

VLADIMIR D. JOVIC*# and BORKA M. JOVIC#
Institute for Multidisciplinary Research, P.O. Box 33, 11030 Belgrade, Serbia
(Received 1 July, revised 23 August 2010)

Abstract: In this work, the adsorption/desorption processes of iodides and cad-
mium cations in the presence of iodides onto/from Ag(111) were investigated.
It was shown that both processes were complex, characterized by several peaks
on the cyclic voltammograms (CV's). By PeakFit analysis of the recorded CVs
and subsequent fitting of the obtained peaks by the Frumkin adsorption iso-
therm, the interaction parameter (f) and the Gibbs energy of adsorption (4G,
for each adsorbed phase were determined. In the case of iodide adsorption, four
peaks were characterized by negative values of f, indicating attractive lateral
interaction between the adsorbed anions, while two of them possessed value of
f < 4, indicating phase transition processes. The adsorption/desorption pro-
cesses of cadmium cations (underpotential deposition — UPD of cadmium) in
the presence of iodide anions was characterized by two main peaks, each of
them being composed of two or three peaks with negative values of f. By the
analysis of charge vs. potential dependences obtained either from the CV's or
current transients on potentiostatic pulses, it was concluded that adsorbed io-
dides did not undergo desorption during the process of Cd UPD, but became
replaced by Cd ad-atoms and remained adsorbed on top of a Cd layer and/or in
between Cd the ad-atoms.

Keywords: Ag(111); iodide adsorption; iodide desorption; Cd underpotential
deposition; phase transition.

INTRODUCTION

The first ordered iodide structures on Ag(111) emersed from dilute HI so-
lutions were observed by Salaita et al.1 using the Ultra high vacuum—electroche-
mical (UHV-EC) technique: one with triangular splitting of subspots in the ne-
gative potential range and the other with hexagonal splitting in the positive po-
tential range. Severa adlayer structures were aso reported for iodine on Ag(111):
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284 JOVIC and JOVIC

scanning tunneling microscopy (STM) images of a flat adlayer of 1/Ag(111)
obtained in air being ascribed to the so-called (5x~/3) structure;24 contracted
(/3 x~/3)R=30° adlattice detected by X-ray photoelectron spectroscopy (XPS)
performed on iodine-covered Ag(111).5 Adsorption/desorption process of iodides
from iodide-containing solutions on oriented silver single crystal surfaces has
been investigated by capacitance, voltammetric and surface analytical techni-
ques.87 A common characteristic of the voltammetric investigations was the
presence of a broad peak at more negative potentials and a sharp peak at less ne-
gative potentials. The broad peak was ascribed to the formation of a randomly
distributed adlayer at potentials negative of —0.8 V vs. SHE and its transfor-
mation to a (+/3 x NE )R30° ordered structure between —0.8 and -0.13 V vs. SHE.
Further compression of such an ordered structure into an (8x8) iodide structure,
expressed by a sharp peak on the CV's, was detected at potentials slightly positive
of -0.13 V vs. SHE.%7 Detailed in situ STM and ex situ low energy electron
diffraction (LEED) studies of Yamadaet al.8 in K| buffered with KF-K OH at pH
10 and HI solutions confirmed the continuous compression of the iodide adlattice
from square (/3 x~+/3 R-30°), via (+/3 qRAFx+/3R-30°) (q = 1, 0 < A< 30), to
(+/3x+/3)R30° with increasing electrode potential, followed by an abrupt phase
transition into a rotated hexagonal (\/§ x+/3)R(30°+¢”) phase at potentials more
positive than the potential of the sharp peak on the CV. Their CV recorded in 0.1
mM Kl + 10 mM KF + 0.1 mM KOH at a sweep rate of 5 mV s was cha-
racterized by a nucleation loop at —0.06 V vs. SHE, by pair of sharp, phase tran-
sition peaks, at around —0.16 V vs. SHE and a pair of broad peaks between
around —0.61 and —0.96 V vs. SHE. The pair of broad peaks possessed two pairs
of small sharp peaks at potentials around —0.68 and —0.76 V vs. SHE. Except the
(/3 x~/3)R(30°+¢”) phase detected by in situ STM at potentials more positive
that the potential of the sharp (phase transition) peaks on the CV at around —0.16
V vs. SHE, all the other above-mentioned structures were detected in the so-
called double layer region, between the broad and the sharp peak on the CV. The
CV recorded at the same sweep rate in a solution of 0.1 mM HI possessed only a
nucleation loop at —0.06 V vs. SHE and a pair of sharp, phase transition peaks, at
around —0.16 V vs. SHE. From this solution, only ex situ LEED—Auger electron
spectroscopy (LEED-AES) experiments were performed. At an emersion
potential of —0.48 V vs. SHE, a (/3 x~/3)R30° adlayer structure was detected; at
an emersion potential of -0.28 V vs. SHE, a c(px\/§ R-30°) adlayer structure
with p = 0.264 was detected, while a (v/3 x~/3 )R(30°+¢”) phase was detected at
an emersion potential of -0.1 V vs. SHE, positive of a phase transition peak.
Hence, the appearance of different ordered structures was found to depend on the
solution composition.

Underpotential deposition (UPD) of cadmium onto silver single crystals has
not been studied extensively. Bort et al.9 found that on a Ag(111) surface, the
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ADSORPTION/DESORPTION PROCESSES ON Ag(111) 285

UPD of Cd commenced at a potential of about —0.18V vs. SHE, with the for-
mation of a (+/3x+/3)R30° structure, The voltammetric peaks associated with
this process were reversible. A second cathodic peak, observed at about —-0.41 V
vs. SHE, was reported to correspond to a monolayer deposition of Cd, while the
charge associated with a third cathodic peak was consistent with that required for
a second monolayer of Cd. Almost identical results were obtained in the work of
Garcia et al.10 By in situ STM, it was shown that the Cd UPD process starts with
the formation of an expanded (diluted) adlayer with a superlattice structure
Ag(111)~(+/3 x~/19 )R23.4°, being transformed to a condensed close packed Cd
monolayer via afirst order phase transition. During long time polarization in the
potential range of monolayer formation, the monolayer transformsinto an Ag—Cd
surface alloy by place exchanging between Cd atoms and surface Ag atoms. At
more negative potentials, the formation of a second Cd monolayer, with pro-
nounced alloying between Ag and Cd, was found to occur.10 The formation of
the superlattice and both monolayers was clearly detected by in situ STM.10 The
kinetics of the aloying process was also investigated showing that de-alloying
led to the appearance of large number of 2D islands and monoatomic deep steps,
which rapidly disappeared at more positive potentials, suggesting a relatively
high mobility of the surface Ag atoms under such conditions.10 The same pro-
cesses (UPD and alloying of Ag with Cd) were also investigated in a chloride-
-containing solution.11 Identical conclusion were reached concerning UPD and
aloying, except that it was concluded in this work that chloride ad-atoms, which
are adsorbed on the silver substrate when UPD of Cd starts, did not undergo
desorption. They became replaced by Cd ad-atoms and remained adsorbed and
discharged on top of aCd layer.11

In the present work, an attempt to investigate the adsorption/desorption pro-
cess of iodides and the UPD of Cd onto Ag(111) in the presence of iodides was
made.

EXPERIMENTAL

All experiments were performed in a two-compartment electrochemical cell at 25+1 °C.
The single crystal electrode (Monocrystals Company, d = 0.9 cm) was sealed in epoxy resin in
such a way that only the (111) disc surface was exposed to the solution. The surface area of
the electrode exposed to the electrolyte was 0.636 cm?. The counter electrode (CE) was a Pt
sheet, which was placed paralel to the working electrode. The reference electrode (RE) was a
saturated silver chloride electrode (Ag/AgCl). All results are given vs. SHE. The RE was
placed in a separate compartment and connected to the working compartment by means of a
Luggin capillary. Solutions of 0.1 M Nal and 0.05 M Cdl, were made from supra pure
(99.999 % — Aldrich) chemicals and extra pure UV water (Smart2PureUV, TKA).

The single crystals were prepared by a mechanical polishing procedure followed by
chemical polishing in the solution containing NaCN and H,0,, as explained in a previous pa-
per.12 Before each experiment, the eectrolyte was purged with high purity nitrogen (99.999 %)
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286 JOVIC and JOVIC

for 45 min, while a nitrogen atmosphere was maintained over the solution during the expe-
riment to prevent contamination with oxygen.

All experiments were performed using a potentiostat Reference 600 and PHE 200 soft-
ware (Gamry Instruments Inc.).

The deconvolution of the experimentally recorded peaks on the CV's was performed by
the computer program PeakFit for Win32, version 4.05 (AISN Software). All fits were per-
formed with the Gauss + Lorenz Amp function. With this function it was possible to vary the
width and shape of the resulting peaks. In such away, it was possible to obtain a fitting curve
identical to the experimental one.

RESULTS AND DISCUSSION

lodide adsor ption/desorption in 0.1 M Nal

CV recorded at asweep rate of 200 mV s1in 0.1 M Nal is presented in Fig. 1.
The process of iodide adsorption/desorption is characterized by one pair of broad
peaks, composed of several small, sharp peaks in the negative potential region
(from = 0.7 to = —1.0 V) and one pair of sharp peaks at less negative potentials
(around —0.16 V). It is important to note that in the investigated solution (pH
around 7), the process of hydrogen evolution should commence at about —0.42 V
vs. SHE. Taking into account a certain overvoltage for hydrogen evolution onto
an Ag electrode, this value should be more negative (by about 0.2-0.3 V). Ac-
cording to the CV's presented in the work of Yamada et al.8 in a solution con-
taining 0.1 mM KI + 10 mM KF + 0.1 mM KOH (pH 10) at the sweep rate of 5
mV s, the CV started declining to the cathodic direction at about —0.68 V vs.
SHE (Fig. 1A), whilein a solution containing 0.1 mM HI (pH 4.3), the process of
iodide adsorption could not be seen since the massive hydrogen evolution (at a
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Fig. 1. CV of Ag(111) in 0.1 M Nal recorded at a sweep ratev =200 mV s,
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sweep rate of 5 mV s1) started already at about 0.6 V vs. SHE (Fig. 1B). In or-
der to avoid simultaneous hydrogen evolution, taking into account that the pro-
cesses of anion adsorption are much faster, it was necessary to apply sweep rates
higher than 100 mV s-1. Hence, on the CVs recorded at the sweep rates > 100
mV s1, the declining of the CVs to the cathodic direction could be avoided and
well-defined CV's down to —1.0 V were recorded (see Figs. 1 and 44a), with no
charge of hydrogen evolution contributing to the charge required for iodide ad-
sorption. The sudden increase of the cathodic current density corresponding to
the hydrogen evolution was recorded immediately after the cathodic limit on the
presented CV's (not presented in Figs. 1 and 4a). As can be seen in Fig. 1, at po-
tentials close to zero, an anodic nucleation loop was obtained as a result of the
beginning of 3D nucleation of Agl, as was the case in other investigations.1-8 If
the anodic potential limit was set to more positive values, a large amount of Agl
(probably 3D islands) would form on the Ag(111) surface and its original orien-
tation would be destroyed, causing significant changes on the CV of the iodide
adsorption/desorption process (a similar effect was recorded for AgCl formation,13
but this effect is much more pronounced in the case of Agl).

By integrating the surface under the cathodic and anodic parts of the CV
shown in Fig. 1, the corresponding charge vs. potential curves were obtained,
which are presented in Fig. 2. As can be seen, mirror-like dependences were ob-
tained with a maximum anodic charge (Qg) of ~ 90 uC cm2 and a maximum ca-
thodic charge (Qc) of = 97 uC cm2. Taking into account that the theoretical
charge (assuming complete charge transfer) for an (+/3x~/3)R30° iodide ad-
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Fig. 2. Cathodic (Q.) and anodic (Q,) charges as afunction of the potential obtained by
integration of the corresponding parts (from —1.02 to 0.1 V) of the CV presented in Fig. 1.
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288 JOVIC and JOVIC

layerl-8 amounts to 74 uC cm2, it seems that this adlayer forms under the broad
peak (sharp increase of the Q4 vs. E up to about 70 uC cnm2 at a potential of
~ —0.65 V), with its further compression expressed by the slow increase of the
anodic charge. Such behavior is in accordance with the findings of Yamada et
al.8 although their solution was composed of a mixture of iodide, fluoride and
hydroxide of mM concentrations.

In order to investigate more precisely the process of iodide adsorption, the
anodic part of the CV shownin Fig. 1 (aswell asin Fig. 4a) was analyzed by the
PeakFit program. The results of such an analysis are presented in Fig. 3. As can
be seen in Fig. 3a, al peaks obtained by deconvolution overlap, indicating that
during this dynamic process, different structures could start forming during the
formation of some other structure. The sum of all peaks, A, A1-A4 gives the cur-
ve presented with solid line showing the best fit of this part of the experimental
curve (O). Thisis most likely the reason why in situ STM could not detect any
ordered structure in this potential region8 and ordered structures were detected at
more positive potentials in the “double layer region”. Simultaneously, the process
of “random adsorption” (characterized by peak A) occurs in the potential range
between —1.0 and —0.7 V, which is most likely adsorption of iodides at the mono-
atomic steps, since this type of adsorption is energetically favorable and usually
finishes when the whole electrode surface is covered with the adsorbed anions.
Hence, all these processes occur more or less simultaneously and deconvolution
of the recorded anodic j—E curve was necessary for their differentiation. After
deconvolution, five peaks were obtained. Each of them is considered asa CV of a
single adsorption process and each peak was separately analyzed. After integra-
tion of the anodic j—E curve for each peak, the total charge for this particular
peak was obtained and this value was used as Qmax. & was calculated as Q/Qmax-
In such away, @varied from O to 1 for each peak. The sharp peak at less negative
potentials (around —0.16 V) could be fitted with only one peak B. Adsorption
isotherms (6 vs. E dependences, presented with squares and circles) for peaks A
and B are shown in Fig. 3b. Those for the peaks A1-A4 (presented with squares,
circles and triangles) are shown in Fig. 3c. All adsorption isotherms presented in
Figs. 3b and 3c were fitted with the Frumkin adsorption isotherm (fitting results
are presented with solid, dashed, dotted, and dash—dot lines) expressed by the
Equation:14

RT 0

Ez?{ln(ﬁj+ f9—|n(Kads,9_>oCO)} Q)
where K 4. »_,0Co is the equilibrium constant for adsorption, f = r/RT repre-
senting interaction parameter (with r being the rate of change of the Gibbs energy
of adsorption with coverage), cg concentration of anions, while R, T and F have
their usual meaning.
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=100 mV sb: O — experi-
mental curve; solid line — cur-
ve obtained by the PeakFit
procedure; all peaks obtained
by this procedure are marked
with A, A1-A4 and B; b) ad-
sorption isotherms obtained
by the analysis of the corres-
ponding peaks in (a): I —
experimental curve for peak
A; dotted line — curve ob-
tained after fitting the &vs. E
dependence for peak A with
the Frumkin adsorption iso-
therm; O — experimental cur-
ve for peak B; solid line —
fitting curve; c¢) adsorption
isotherms obtained by analy-
sis of the corresponding pesks
in (a): 1 — experimental cur-
ve for peak A1; dotted line —
fitting curve; O — experi-
mental curve for pesk A2;
dash-dot line — fitting curve;
A — experimental curve for
peak A3; dash-dot-dot line —
fitting curve;, V — experi-
mental curve for peak A4;
solid line —fitting curve.

Available online at www.shd.org.rs/JSCS/

2011 Copyright (CC) SCS




290 JOVIC and JOVIC

The values of the Gibbs energies of adsorption were obtained from a fol-
lowing relation:14

The best fits for the isotherms presented in Figs. 3b and 3c were obtained
with the parameters given in Table |. As could be expected, the adsorption iso-
therm for peak A (Fig. 3b) is characterized by a high positive value of the inter-
action parameter (f = 9.1), indicating repulsive lateral interaction between the ad-
sorbed iodides. The adsorption equilibrium constant is aso very high, 9.4x1020
and an accordingly high negative value of the Gibbs energy of adsorption is ob-
tained (-119.8 kJ mol—1). The interaction parameter f of the adsorption isotherm
for the peak B, which, according to Y amada et al .8 represents the phase transition
of the (v/3x+/3)R30° adlayer into the rotated hexagonal (/3 x~/3)R(30°+¢°)
phase, possess a negative value (f = —4.3), confirming the attractive lateral inter-
action between the adsorbed iodide anions and the phase transition process, since
it is more negative than the critical value of f for the phase transition (f = —4).14
The adsorption equilibrium constant is by several orders of magnitude lower than
that for peak A, 1.1x10% and, accordingly, a much smaller negative value of the
Gibbs energy of adsorption is obtained (-34.5 kJ mol—1), Table I. Taking into
account the shape of the CV (there are no peaks between —0.6 and -0.2 V, this
part practically represents the double layer region), it seems reasonable to ascribe
peak B to the process of phase transition of the (/3 x+/3)R30° adlayer into the
rotated hexagonal (\/§ x+/3 )JR(30°+¢”) phase. The values of f for peaks A1, A3
and A4 are aso negative, indicating attractive lateral interaction between the ad-
sorbed anions, but only one, for peak A4, is more negative than f = —4, con-
firming the phase transition process at the end of the broad peak between —1.0
and 0.7 V. Taking into account that continuous compression of the iodide adlat-
tice from square (/3x+/3R-30°), via (v/3qRB °x~/3R-30°) (=1, 0< A<
< 30), to (v/3x+/3)R30° occurs with increasing electrode potential, it seems rea-
sonable to ascribe peaks Al, A3 and A4 to the processes of the formation of
these three ordered adlayers. While their compression is a dynamic process ac-
companied with the adsorption of new anions, it appears that the fina step, the
formation of the (ﬁx 3)R30° adlayer represents a phase transition process,
which isin good agreement with an in situ STM analysis.8 Peak A2 should also
represent a process of iodide adsorption in which some disordered — random
structure, characterized by a positive value of f is formed, most probably at the
beginning of the formation of the ordered structure characterized by peak A3.
This is often the case in anion adsorption.1® The main difference between the re-
sults and those presented previously8 is the potential region in which the above-
mentioned ordered structures (peaks Al, A3, and A4) were formed. From the
present analysis, it appears that these three structures were formed under the
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broad peak, at more negative potentials than those in the literature.8 There are
two reasons for such a difference: first, STM can detect only stable, ordered
structures and during the dynamic change of the adsorbing conditions under the
broad peak, the formation of ordered structures most likely cannot be seen; se-
cond, the solution for in situ STM study8 contained KOH at the same concen-
tration as Kl, with the adsorption of OH~ onto Ag(111) starting at more positive
potentials than —0.56 V vs. SHE;”:1° thus in the in situ STM investigations, com-
petitive adsorption of iodide and hydroxide anions, influencing the potential of
stable iodide adlayer formation, was possible. Considering results for the HI so-
lution,8 in which the peaks of iodide adsorption/desorption were not seen (they
were overridden by hydrogen evolution), while the adlayer (+/3 x~/3)R30° was
detected by in situ STM at the potential of hydrogen evolution (-0.76 V vs.
SHE), it seems that the difference between the previous and present results could
be the consequence of both the above-mentioned reasons. Hence, it could be
stated that athough by the presented analysis it is not possible to obtain infor-
mation about the exact structure of the adsorbed adlayers, valuable information
concerning their adsorption kinetics could be obtained.

TABLE |. Results of the fitting peaks presented in Fig. 3 by Frumkin adsorption isotherms

Peak f K ads, 650 AGs/ kImol™
A 9.1 9.4x10%° -119.8
B 43 1.1x10° -345
Al -1.6 6.6x10" —1132
A2 15 3.7x10% -111.8
A3 -17 3.7x10% -94.6
Ad 45 2.6x10% -88.1

Cadmium UPD from 0.05 M Cdl» + 0.1 M Nal

Since both ions, Cd2* and |- adsorb with the formation of ordered structures,
this system is very convenient to investigate the influence of anion adsorption on
cation adsorption. The process of Cd UPD onto Ag(111) in the presence of iodide
anions was investigated in this work for the first time by the cyclic voltammetry
and potentiostatic pul se techniques.

The CVs of Ag(111) recorded at a sweep rate of 100 mV s1 in the absence
(solid line) and presence of Cdl, in the solution (dotted line) are shown in Fig.
4a. As can be seen, the UPD of Cd starts at about —0.25 V with a sharp increase
in the cathodic current density, while the shape of the CV at more positive po-
tentials only slightly changes and still shows the sharp peak of the phase tran-
sition of the (v/3x~/3)R30° iodide adlayer into the rotated hexagonal (~/3 x
x+/3 )R(30°+¢”) phase. The dightly different shape of this peak is most probably
the consequence of the presence of Cd2* in the double layer. The shape and po-
sition of this peak does not depend on the cathodic potentia limit. Hence, al-
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292 JOVIC and JOVIC

though the process of Cd adsorption/desorption (UPD) occurs at a more negative
potential of —0.25 V, after Cd desorption, the (+/3 x+/3)R30° adlayer of iodide
still remains adsorbed on the Ag(111) surface and its transformation into the
(+/3x+/3)R(30°+¢) phase occurs at the same potential as in the absence of
Cd?2*. If the anodic limit is set to a more positive value, a well-defined nucleation
loop of Agl formation and dissolution was detected, Fig. 4b.

T s T N T 8 T . T

30 ' i
20 | = |

-------
------------

j ! pA cm?
o

-100 -
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Fig. 4. 8 CV of Ag(111) recorded at a sweep ratev =100 mV s inasolution of 0.1 M Nal
(solid line) and in a solution containing 0.1 M Nal + 0.05 M Cdl, (dotted line); b) CV of Agl
formation and reduction recorded at a sweep ratev = 100 mV s1
in the solution containing 0.1 M Nal + 0.05 M Cdl,.

T
-
~

In order to obtain much better insight into the UPD process, CV's were re-
corded at alow sweep rate of 5mV s1. The corresponding CVs and Q vs. E de-
pendences are presented in Figs. 5a and 5b, respectively. Three cathodic potential
limits were set: one after the first peak C (solid line), one after the second peak D
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Fig. 5. 8 CVsof the process of UPD of Cd onto Ag(111) recorded at asweep ratev=5mV s1
in the solution containing 0.1 M Nal + 0.05 M Cdl,: cathodic potential limit —0.38 (solid line),
—0.47 (dotted line) and —0.49 V (dashed line); b) corresponding cathodic (Q.) and anodic (Q,)

charges as afunction of potential obtained by integration of the CVs presented in (a).

(dotted line) and one at —0.49 V (dashed line). The corresponding Q vs. E depen-
dences, obtained for cathodic limits of —0. 47 and —0.49 V clearly indicate that
the charge obtained for peak C (inflection point at Q. vs. E at around —0. 36 V)
amounts to = 150 pC cm2, confirming the formation of the (/3 x+/3)R30°
structure of Cd. In order for Cd to occupy the same (+/3x+/3)R30° sites, all of
the iodide ad-atoms must first be desorbed from the (111) face of silver, con-
tributing with an additional chargel8 of approximately 74 uC cm2 (since a small
charge was exchanged during the rearrangement of this ordered structure into
randomly arranged adsorbed anions) to the 149 uC cm2 cathodic charge asso-
ciated with the adsorbed (/3 x~/3)R30° Cd structure.11 The results presented in
Fig. 5b clearly show that this was not the case since the charge attributed to the
early stage of Cd UPD is about 150 uC cm2, which is quite close to the theo-
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retical charge required for the (\/§ x+/3 )JR30° Cd structure (assuming complete
charge transfer between Cd and Ag). Based on these results, it is obvious that
desorption of iodide ad-atoms does not occur during Cd UPD, but they become
replaced by cadmium ad-atoms, remaining adsorbed onto Cd layer and/or in bet-
ween the adsorbed Cd ad-atoms. The sharp increase in the cathodic charge bet-
ween -0.47 and —-0.49 V overcomes the charge needed for the formation of a
close packed monolayer (= 450 uC cm2) of Cd (Q(—0.49 V) and Q4(-0.49 V)
curves of Fig. 5b), indicating alloying of Ag and Cd,%-11 aswell as 3D deposition
of Cd. Since the process of aloying has already been investigated in sulfates®.10
and chlorides!! containing solution, the intention in the present study was to in-
vestigate more closely the processes occurring under peaks C and D. In the first
instance, by considering the shape of the CVs shown in Fig. 5a, it is clear that the
anodic peaks are composed of more than one peak, while for cathodic peaks, it
appears that they could be fitted with one peak only. The results of the PeakFit
analysis for both the cathodic and anodic peaks are presented in Figs. 6-6¢ and
Ta—7c, respectively. Since the current density between cathodic and anodic peaks
C and D was not small as the one before the peak C (representing the double
layer charging current density), it was decided to correct these voltammograms
for the base line in order to avoid the influence of all the processes that are not
represented by peaks C and D (replacement of ad-atoms, double layer charging,
exchange of anions in the inner and outer Helmoholtz layer, etc.) and the cor-
rection for the base line is presented in Fig. 6afor the cathodic CV and in Fig. 7a
for the anodic CV. As can be seen in Fig. 6b, the cathodic peaks C and D are
composed of two peaks each, 1 (dashed line), 2 (dash-dot-dot line), 3 (dash-dot
line) and 4 (dotted line), respectively. By the same procedure as in the previous
analysis, adsorption isotherms (6 vs. E dependences) for all four peaks were ob-
tained and fitted with the Frumkin adsorption isotherm (Eq. (1)). The experi-
mental points are presented with squares, circles, and triangles, while the corres-
ponding fitting results are presented by dashed, dotted, dash-dot and dash-dot-dot
linesin Fig. 6¢. The results of the fitting procedure are given in Table Il. As can
be seen, al peaks are characterized by the negative values of the interaction pa-
rameter f, indicating that the UPD in all casesis characterized by attractive lateral
interaction between the adsorbed cadmium ad-atoms. This value for peaks 1, 3
and 4 overcomes the critical one of —4, confirming phase transition process. These
results are in good agreement with the findings of other authors®-11 that peak C
represents phase transition into the (v/3x+/3)R30° ordered Cd structure, while
under peak D, phase transition of this structure into a close packed monolayer oc-
curs. However, the shape of peak C, as well as the shape of awhole CV, changes
in dependence of the presence of sulfates, 910 chlorides!! and iodides. In sulfate
and chloride electrolytes, peak C is characterized with a broad (broader in sulfate
than in chloride) and a sharp peak. The broad peak corresponds to the random ad-
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sorption of Cd (the value of f is positive), while the sharp one represents phase
transition into the (/3 x~/3)R30° ordered Cd structure (f < —4). In both solu-
tions, anions (sulfate or chloride) are already adsorbed on the Ag(111) surface
when the UPD of Cd commences (peak C). The adsorbed adlayer of chlorides is
known to transform from (\/§>< 3)R30° chloride adlayer into a randomly ad-
sorbed chloride adlayer just before the commencement of Cd UPD.1,6,11,1316-20
The structure of adsorbed sulfate ad-atoms is unknown and there are only three
papers deadling with the structure and coverage of the adsorbed sulfate onto
Ag(111).21-23 Schweizer and Kolb2! detected a c(3x3+/3) ordered sulfate struc-
ture on Ag(111), but this “structure was found to be stable only for a relatively
short time (about 1 h) at potentials between —0.25 and 0.05 V vs. SCE”. These
experiments were performed in 0.1 M HSOy4, in which HSO4~ prevail, while
most of the Cd UPD experiments were performed in solutions of high concen-
trations of NapSOy, in which SO42~ prevail 910 In a previous paper,23 it was
found that in 0.2 M NaxSOg4, the adsorption of sulfates onto Ag(111) is charac-
terized by two peaks at potentials between —0.45 and —0.15 V vs. SHE. The ad-
sorbed sulfate structure is less dense than that expected for a sulfate monolayer
and the process of sulfate adsorption follows a Frumkin adsorption isotherm with
a high positive value of the interaction parameter f = 16.5, indicating repulsive
lateral interaction between the adsorbed anions,23 i.e., randomly distributed sul-
fate ad-atoms (it was also found that complete charge transfer occurs). Hence, it
could be concluded that in both cases, the Cd UPD starts on the Ag(111) surface
which is not covered with adsorbed anions characterized by attractive forces bet-
ween each other. The beginning of the Cd UPD in sulfate solution is placed at
around —0.17 V vs. SHE and in chloride solution at around —0.20 V vs. SHE. In
the case of iodide solution, the (+/3 x+/3 )R30° iodide adlayer is on the surface8
when the Cd UPD process commences at around —0.34 V vs. SHE. From this
behavior, it is obvious that the Cd UPD moves to more negative potentials with
increasing attractive forces between the adsorbed anions, e.g., more energy is
required to replace the adsorbed iodides with Cd cations. Simultaneously, peak
C, representing this process, changes its shape from a combination of a broad and
sharp peak to one sharp peak only. As can be seen in Fig. 6b, this processis ac-
tually the simultaneous occurrence of two processes, both characterized with at-
tractive forces between the adsorbed ad-atoms (Table I1). It is not possible to de-
termine the origin of both peaks. Peak 4 corresponds to the formation of the
(\/§ x+/3 )R30 structure of the adsorbed Cd, while peak 3 might be ascribed to
the rearrangement of the (\/§ x+/3 )R30° iodide adlayer into some undefined, or-
dered structure on top of the Cd adlayer and/or in between the Cd ad-atoms, or to
a continuation of the formation of the (\/5 x/3 )R30° structure of the adsorbed
Cd. A similar supposition could be made for peak D, corresponding to the for-
mation of a close packed Cd monolayer, with peak 1 representing the phase tran-

Available online at www.shd.org.rs/JSCS/

2011 Copyright (CC) SCS



298 JOVIC and JOVIC

sition of the (\/§ x+/3 )JR30° Cd adlayer into a close packed monolayer and peak
2 representing a rearrangement of the adsorbed structure of iodide on top of a Cd
monolayer, or a continuation of the process of close packed Cd monolayer for-
mation. Slightly different results were obtained by the deconvolution of the ano-
dic peaks C and D presented in Figs. 7a—7c. It appears that peak 1 correspondsto
the phase transition of the Cd monolayer into a ( V3x+/3 )R30° Cd adlayer, while
peaks 2 and 3 correspond to the process of desorption of the (\/§ x+/3 )R30° Cd
adlayer. This s consistent with the observations of Stuhlmann et al.24 that the Cd
adlayer is stabilized by chloride, thereby forming a CdCl»-like layer on the cop-
per surface. It appearsthat in the case of Ag(111) in iodide solution, the cadmium
adlayer replaces the surface iodide, with the iodide remaining adsorbed on the Cd
monolayer. Hence, peak 4 could be ascribed to the formation of (/3 x+/3)R30°
iodide adlayer on the Ag(111) surface, since it is characterized with an f value
more negative than the critical one for phase transition (f = -8.0, Table I1), as
well as with the lowest value (1.3x108) of adsorption equilibrium constant for all
peaks reflecting the UPD process (Table I1). Taking into account that the
(/3 x+/3)R30° iodide adlayer in the absence of Cd ad-atoms is formed at a po-
tential around -0.75 V (Fig. 3), it seems reasonable that its formation at more
positive potentials should be faster, which is reflected by the high negative value
of f and the small value of the equilibrium adsorption constant. It should be stated
here that it is quite possible that Cd and iodide ad-atoms form some kind of
mixed structures in the potential region between and around peaks C and D, as
was the case with the Tl and bromide ad-atoms,2> but to prove this it would be
necessary to perform in situ X-ray investigations with accelerated electrons.

TABLE Il. Results of fitting the peaks C and D presented in Figs. 6 and 7 by Frumkin ad-
sorption isotherms

Cathodic peak f K ags 650 AG s/ kImoal™
1 76 1.7x10% 521

2 43 7.4x10% -55.6

3 -3.3 4.6x10° 716

4 -8.1 3.0x10° -61.3
Anodic peak

1 5.0 4.5x10™ —-62.1

2 2.7 5.2x10° —57.2

3 -75 2.7x10° -51.7

4 -8.0 1.3x10° —49.9

Considering the adsorption isotherms presented in Figs. 3b (B), 3c (A4), 6¢
(1, 2 and 4) and 7c (1, 3 and 4), it can be seen that the fitting curves deviate from
the experimental ones, having an “S’ shape. Thisis typical for f values more ne-
gative than —4. The experimental curves are characterized with a sudden increase
of coverage with potential, while the fitted ones show that the “coverage in-
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creases with decreasing potential”. Such a behavior obviously does not represent
the physical reality of the process.14 Hence, for al isotherms with f < —4, the ex-
perimental curves would show sudden transition from low to high coverage,
while the fitted ones will possess an “S’ shape. Complete discontinuity on the
isotherms was discussed previously in more details (Fig. 15 in Ref. 12). It is ob-
vious that in the cyclic voltammetry experiments, particularly those recorded at
sweep rates higher than 1 mV s1, such discontinuity cannot be obtained. It is
possible to record discontinuous isotherm only with pulse experiments if the po-
tential step is about 1 mV, as shown in Fig. 5 of Ref. 26 for the Pb UPD onto
Ag(111).

The UPD of Cd was also investigated by the potentiostatic pulse technique.
The initial potential was set at —0.1 V and cathodic pulses were applied in a se-
guence of 10 mV starting from —0.3 V. The duration of the cathodic pulses was
either 40 or 50 ms and then an anodic pulse back to the initial potential was ap-
plied. Since the anodic j—t transients were much better defined, they were used
for further analysis. The anodic j—t transients for most of the applied potentials
are presented in Fig. 8. As can be seen, monotonously falling transients of short
duration (up to 2 ms) were recorded for potentials more positive and in the region
of the beginning of peak C (from —0.30 to —0.35 V). For cathodic potentials more
negative than the potentials of peak C (from —0.37 to —0.41 V), the shape of the
anodic j-t transients changed indicating the occurrence of the Cd UPD process
and a much larger charge was recorded for these pulses. At more negative pulse
potentials (from —0.45 to —0.49 V), two waves could be detected on the anodic j—t
transients, indicating that two processes occurred (desorption of both the Cd mo-
nolayer and the ( 3><\/§)R30° Cd adlayer). By integration of the anodic j—t
transients, the Q vs. E dependence was obtained, which is presented in Fig. 9 (the
same dependence was obtained by the integration of the cathodic j—t transients,
not shown here). This dependence is characterized by three inflection points: the
first one (I) corresponding to the beginning of the Cd UPD process, the second
one (I1) corresponding to the formation of a (v/3x+/3)R30° Cd adlayer (at
around 150 uC cm2) and the third one (I11) reflecting the beginning of the
formation of aclose packed Cd monolayer. The charge required for the formation
of the close packed Cd monolayer is reached at a potential of —0.49 V. Com-
paring the shape of Q vs. E dependence obtained by the analysis of potentiostatic
pulse results (Fig. 9) with the one obtained by integration of the CV recorded at a
sweep rate of 5 mV s1 (Fig. 5b, Q¢(-0.49 V)), it can be seen that they are prac-
tically identical.

Finally, as stated for iodide adsorption, the presented analysis cannot give
information about the exact structure of the adsorbed adlayers but valuable in-
formation concerning their adsorption kinetics could be obtained. In the case of Cd
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UPD in the presence of iodide anions, the question arises whether it would be
possible to detect the (\/5 x+/3 )R30° Cd adlayer and close packed Cd monolayer
if some ordered structure of iodide ad-atomsis formed on top of the Cd layer. For
sulfate solution,19 as well as for chloride solution,24 this was possible since the
formation of the (+/3x+/3)R30° Cd adlayer commences on an (111) surface co-
vered with randomly adsorbed anions, and it seems unrealistic to expect an or-
dered structure of these anions on top of the Cd layer. In the case of iodide an-
ions, the formation of the (\/§><\/§)R30° Cd adlayer starts on an Ag(111) sur-
face covered with the same structure of adsorbed iodide and it is possible that the
same, or a similar ordered structure of iodide, could be formed on top of the Cd
adlayer and/or in between the Cd ad-atoms, which would make the determination
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of the Cd under-layer difficult by in situ STM. According to the STM analysis of
Pd monolayer formation onto Pt(111)27 from a sulfate containing electrolyte, it
appears that the ordered sulfate structure (/3 x~/7 )R19.1° adsorbed onto the Pd
monolayer masks the structure of the under-layer (Pd monolayer). Hence, if
something similar occurs in the case of Cd UPD onto Ag(111) in the presence of
iodide anions, it would be (most likely) possible to detect some adlayer of iodide
ad-atoms only on the bare Ag(111) surface (between the adsorbed Cd ad-atoms
in the (v/3x~/3)R30° structure). This is obviously a problem which deserves
attention and it is believed that someone having the possibility to performin situ
STM measurements on this system (which is not the case for us), should in-
vestigate this process.

500 I N I ' ] ' ] ' L] ! 1

400 |-

® 200

Q. / pC cm™

100 +

1 1 L L
-0.50 -0.45 -0.40 -0.35 -0.30 -0.25
E/V vs. SHE

Fig. 9. Charge vs. potential curve obtained by integration of the anodic
j—t transients presented in Fig. 8.

CONCLUSIONS

From the results presented in this paper, it could be concluded that the
process of iodide adsorption is characterized by one broad and one sharp peak.
The broad peak could be deconvoluted into five peaks: A, A1-A4. Peak A
represents the random adsorption of iodide anions, mainly at the monoatomic
steps as favorable locations for adsorption, while peaks Al, A3 and A4 are
characterized by negative values of f, indicating attractive lateral interaction bet-
ween the adsorbed anions. Only one peak, A4, possesses a value of f < —4, in-
dicating a phase transition process. Peak B also corresponds to the phase tran-
sition process of the (1/3x+/3)R30° iodide adlayer into a rotated hexagonal
(v3x+/3)R(30°+¢) phase.
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The adsorption/desorption process of cadmium cations in the presence of
iodides is characterized by two main peaks, each of them being composed of two
or three peaks with negative values of f. By analysis of the charge vs. potential
dependences obtained either from the CVs or the current transients on poten-
tiostatic pulses, it was concluded that the adsorbed iodide anions did not undergo
desorption during the process of Cd UPD, but became replaced by Cd ad-atoms
and remained adsorbed on top of a Cd layer and/or in between Cd ad-atoms.
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U3BOJI

TTPOLIECU AJICOPITLIUIE/JIECOPITLMJE JOANJIA U KATJIOHA
KAJIMAJYMA HA Ag(111)

BJIAZAUMUP [1. JOBU'h u BOPKA M. JOBUh
Hnciauiniyin 3a myaiiuoucyuiiaunapta uciipaxcusarsa, i. up. 33, 11030 beozpao

V 0BOM pajly Cy HCIUTUBAHH MPOIIECH a[COpIIUje/aecopiiyje joquaa 1 KaTjoHa KaaMujyma
y npucyctBy jomuaa Ha Ag(111). ITokasano je ma cy oba mpoueca KOMIUICEKCHA U [1a CY OKapak-
TEpHCaHH Ca M0 HEKOJIHMKO IHKOBAa HA LUKIMYHUM BosTamorpamuma. I[Tomohy PeakFit anammze
J0OMjeHnX BOJTAMOrpaMa M HaKHAJHOT (JUTOBama CBAKOI PETHCTPOBAHOr NMHKa PPYyMKHHOBOM
aJICOPIIMOHOM H30TEpPMOM ojipeheHn cy mapameTpu mporeca ajacopiiyje, Gakrop uarepakuuje (f)
u T'ubcosa enepruja ancopruuje (AGgys) 3a cBaky ancopboBaHy (asy. Y ciydajy aacoprimje
jolMa YeTHPHU THKa Cy IoceqoBajia HeratuBHe BpexHocTd f, ykasyjyhu Ha mpuBiauHe cuie u3-
Mmeljy ancopGoBaHHX aHjoHa, oK ¢y BpeaHoctH f 3a nBa nmuka Guie HeratuBHHUje ox —4 wTo je Ouia
MOTBp/a OIUrpaBama mnpoueca hasHe TpaHchopmauuje npu aacoprnuuju joxuna. [Iporec ancopr-
uje/ necoprnuje katjona kaamujyma (UPD) y npuCyCTBY jo/nia OKapakTeprcaHa je ca JiBa riiaBHa
IIMKa, IPH YeMy je CBakH MUK OMO CAacTaBJbEH OJ JIBa WJIM TPHU NHKa ca BpeaHoctuma f Herarus-
HUjUM 0] —4. AHaNIM30M 3aBUCHOCTH HaeJeKTpUcamha O MOTCHIHjalla 3aK/bYUeHO je J1a ce afcop-
0OBaHM jOIUAM He JAecopOyjy IpH MpoLecy afcoplilrje KaTjoHa KaaMujyma, Beh UX Ha MOBPIIMHU
MOHOKpHUCTaJIa 3aMeHyjy al-aTOMH KaJMHjyMa JIOK jOJUIU OCTajy afcopOOBaHM Ha CJIOjy aIcop-
OoBaHOr KagMujyma u/unu usmel)y agcopOoBaHUX a-aToMa KaJMHUjyMa.

(TMpumsbeno 1. jyma, peumupano 23. asrycra 2010)
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