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Abstract

Kinetics and mechanism of underpotential (UPD) and overpotential Cu deposition (OPD) on Pt(111), Pt(7 75) and Au(1 1 1) electrodes
in sulfate solutions of different acidities (pH 0.3-3.7) are studied. In weakly acid solutions, the rates of both Cu UPD and OPD processes are
higher as compared with acid solution of copper sulfate (pH 0.3) due to the enhanced concentration of active centers (copper@Xxides Cu
for 2-D and 3-D phase transitions and accelerated discharge of copper ions. The maximum,y&te Qf8) R30° formation is observed at
pH 2.7-3.0. At pH > 3.0, the platinum surface is partially blocked by strongly adsorbed oxygen-containing species. At pH < 2.7, the inhibition
of Cu UPD and the adlayer desorption are due to the decrease in the charge transfer rate and concentration of copper oxides, which are t
defects of adlayer. An optimal, not too high, concentration of adsorbed oxygen-containing species is necessary for ensuring the maximum rat
of Cu UPD on platinum. Acidity of electrolytes affects considerably the rate of Cu deposition on Pt(1 1 1) but has only a slight influence on the
kinetics of Cu UPD on Au(111) electrode due to the weaker adsorption of iOft on gold. However, the increase in pH accelerates bulk
Cu deposition on Au(11 1). Adsorption of sulfate anions and hydroxide ions on a monolayer of copper adatoms and Cu crystallites provides
accelerated charge transfer (local electrostatic double layer effects of electronegative species) and probably increases the amount of act
centers for 3-D nucleation.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction are devoted to Cu deposition in acid solutions and only a few
ofthem[10-16]deal with weakly acidic electrolytes (pH > 2).
Kinetics and mechanism of initial stages of copper elec- It is known that small amounts of specifically adsorbed
trocrystallization on foreign substrates are well documented anions accelerate the charge transfer, due to local electro-
([1-9] and references cited therein) due to their fundamental static effects in the electric double layer and the process of
(a suitable model system for studying complicated multistage metals electrodeposition in generfl{9,13—26]and refer-
reactions and phase transitions) and applied importance.ences cited therein). Copper oxides {Owr mixed oxides
Underpotential deposition (UPD) of copper on platinum and P%Cu,O) formed by a slow surface reaction between coad-
gold substrates is the first stage of the process; the kineticssorbed oxygen compounds and copper adatoms at potentials
of adlayer formation affects the rates of subsequent three-0.5-0.9V (NHE) exercise similar influence on the rate of
dimensional nucleation and growth (Stransky—Krastanov copper electrocrystallization on Pt(poly) and Pt(111) elec-
mechanism). However, most of publications on this subject trodes[13-16,27-31]these species act as the active centers
for Cu adlayer formation and subsequent overpotential depo-
" Corresponding author. Tel.: +7 095 955 4455; fax: +7 095 9525308, S1ion (OPD). We have come to this conclusion on the basis of
E-mail addressdanilov@phyche.ac.ru (A.l. Danilov). electrochemical data on initial stages of copper deposition on
1 ISE member. platinum in acidic (pH 0.3) and weakly acidic (pH 3.0-3.7)
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sulfate and perchlorate solutions. We consider an active cen-Acidity of the electrolyte was varied during the experiment
ter as a site, in which the nucleation work is smaller or the from pH 3.7 to 2.7 by addition of corresponding aliquots of
growth of nucleus is faster. 0.5 M HySQy solution directly to the cell.

Cuw0 and CuO should not be considered as thermody-  The three-compartment glass cell, chemicals and elec-
namically stable phases at pH 0.3. However, the results ontrochemical equipment were described in RE§0]. A
the adsorption behavior of copper electrodes by surface-Hg/HgSOy electrode in 0.5M HSOy, a quasi-reversible
enhanced Raman spectroscopy (SERS) in solutions of differ-Cu/Cl* electrode in the same Cu-containing solution or a
entaciditie§32] could be considered as a spectroscopic proof reversible hydrogen electrode in the same Cu-free solution
of the copper oxides existence in acid solutions. Oxygen- were used as the reference electrode. All potentials in the
containing species on Cuk l) single crystals were detected paper are related to the normal hydrogen electrode (NHE).
under similar conditions by in situ STB3-35]as well. As a standard polarization procedure, the electrode potential

Our recent studies of copper electrocrystallization on was cycled at a sweep rate of 0.1 VsUsing this relatively
Pt(111) were performed in acid sulfate solutions (pH 0.3) high rate of potential cycling allows one to control slight
[30]. To better understand the mechanism of the processchanges in the kinetics of slow UPD procesg, which
and the role of surface oxides, we have carried out addi- cannot be detected under steady-state conditions (slow poten-
tional investigations of the UPD and bulk Cu deposition on tial cycling). The studies of morphology of copper deposits
a Pt(111) electrode in weakly acidic solutions, where the were performed using a scanning electron microscope JSM-
probability of CyO formation is much higher and also on U3 (JOEL Company, Japan) and electrochemical scanning
Au(111)in solutions at pH 0.3 and 3.7, where adsorption of tunneling microscope “Solver Pro EC" (NT-MDT Company,
oxygen compounds is lower as compared with Pt. This report Russia).
presents the results of studies of Cu UPD and OPD in copper
sulfate solutions (pH 0.3-3.7), performed for clarifying the
kinetics and mechanism of the Cu electrocrystallization on 3. Results and discussion
Pt(111) and Au(11 1) electrodes.

3.1. Cyclic voltammetry, Cu UPD on Pt(111)

2. Experimental Cyclic voltammograms (CV) in 0.5M 8Os (pH 0.3)
with high reversible peaks atca. 0.4 V (curve Eig. 1, phase

The experiments have been performed with Pt(111), transitions “order—disordef40,41] for adsorbed bisulfate)
Pt(7 75) and Au(111) electrodes prepared by Clavilier's characterize the high quality of the Pt(111) electrode with
method[36-39] (surface areas of ca. 0.04énThe elec- wide (11 1) terraces and a low concentration of defects.
trodes were annealed in gas—air flame of Bunsen burner, In copper-free weakly acidic solution of 0.5M
cooled in air (Pt(111) and Au(11 1)), quenched in Milli-Q NaSO;+0.5mM HSOy (pH 3.7, curve 2 inFig. 1),
water[36,37]and placed in the cell with argon atmosphere the peaks of phase transitions are significantly lower as
above a degassed 0.5M,8l0; solution. To avoid oxi- compared with the acid solution. Similar cyclic voltammo-
dation of the stepped Pt(775) surface, the cooling was grams (CV) were presented in Refd2-45] According
performed in Ar+H mixture. After checking the degree to radiochemical dat$42], sulfate adsorption is lower in
of system purity and the quality of a crystal in sulfuric acid weakly acidic solutions, which means that a certain amount
(Fig. 1, curve 1), the electrodes were transferred to the cell of hydroxide ions are adsorbed on the surface. Probably,
with 10mM CuSQ+0.5M H,SO; (pH 0.3) or 10mM these species represent the defects in the ordered adlattice
CuSQ +(0.5—x) M NaxSOs+x M H2SOy (pH 1.0-3.7). (/3 x /T)R1¥ of bisulfate or sulfate ions and the phase
transition “order—disorder” proceeds within a wider potential
window.

Figs. 2 and how steady-state CV profiles of Pt(111)
electrode in copper sulfate solutions at pH 0.3-3.7. Dynamic
cathodic isotherms (curves 1-3 Fig. 4, absolute val-
ues of charge densities are plotted) were obtained by inte-
gration of negative-going CV sweeps from 0.7 to 0.25V
without taking into account the double layer charging and
adsorption—desorption of anions. These curves allow estimat-
ing the changes in the surface coverage by copper adatoms
during the deposition, as a first approximation. To esti-

E /'V vs. NHE mate steady-state isotherms (curves 4 and g 4),
Fig. 1. Steady-state CV profiles of Pt(11 1) electrode in solutions of 0.5M f:yCI.IC VOltamr_netry was c_omblned with potentiostatic polar-
HaSOu (1, pH 0.3) and 0.5 M NSOy + 0.5 MM SOy (2, pH 3.7) atsweep  1ZatiON at various potentials. Af_ter standard pretreatment at
rate of 0.1V s, 100mV s 1, the electrode was fixed at a certain poterfal
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Fig. 2. The steady-state CV profiles of Cu UPD on Pt(111) electrode in
solutions of different acidities at sweep rate of 0.1 V.spH values: 1-3.7;
2-3.0; 3-1.7; 4-1.0; 5-0.3.
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Fig. 3. Fragments of the steady-state CV profiles of Cu UPD on Pt(111)
electrode in solutions of different acidities at sweep rate of 20 mVgH
values: 1-3.7; 2-3.4; 3-2.7; 4-0lBsert: CV at pH 3.7 and sweep rate of
1mvs?t

for 500 s and the current of Ggdesorption was recorded
during the following positive-going sweep froy to 1.0V

at pH 0.3 or fromE, t0 0.78 V at pH 3.7. The isotherms 4 and
5inFig. 4(Q versuss, dependencies) have been obtained by
integrating of these positive-going sweeps after polarization
atEp, (curve 4, filled circles, pH 0.3; curve 5, squares, pH 3.7)
without double layer correction.
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Fig. 4. Dynamic (1-3) and steady-state (4 and 5) isotherms of Cu adsorption
on Pt(1 1 1) electrode in solutions of different acidities. pH values: 1.4-3.7;
2-3.0; 3.5-0.3. The explanations are outlined in the text.

A.l. Danilov et al. / Electrochimica Acta 50 (2005) 5032-5043

We will discuss mainly the data gained at relatively high
sweep rates because (i) a full monolayer of Cu is formed at
0.25V under steady-state conditions at pH 0.3 and 3.7; (ii)
the isotherms are similar to one another (curves 4 and 5 in
Fig. 4); (iii) information about the kinetics of UPD (itwas one
of the main goals of this study) can be lost at low potential
cycling rates.

In weakly acidic solutions (pH 3.7, curve 1 g. 2) at
a sweep rate of 0.1 V3, only one peak for copper deposi-
tion at ca. 0.5V and a single peak for (guesorption at ca.
0.62V are recorded. However, slow potential cycling allows
to observe splitting of both anodic and cathodic pe&ig. (),
this fact indicates that Cu UPD in this solution is a two-stage
process. Probably, the formation of a Cu(1) monolayer
follows the coadsorption of Cu adatoms with anions, just as
for Cu UPD on Pt(111) in acidic solutions and on Au(111)
([30,46-56]and references cited therein).

The increase in acidity of solutions leads to noticeable
changes in the CV profileégs. 2 and 3 The splitting of a
single cathodic peak (pH 3.7) and the positive shift of the right
peak are observed with the decrease in pH at a sweep rate of
0.1Vs! (Fig. 2. At 0.02Vs1, the double cathodic peak
(pH 3.7, curve 1 irFig. 3) transforms into a single peak with
a left shoulder (pH 3.4, curve 2); at pH 1.0-3.0, two cathodic
peaks are observed with separation of ca. 0.1V (curve 3 in
Fig. 3 pH 2.7). These changes in CVs profiles correspond
to acceleration of the first UPD stage (positive shift of the
right peak) and hindering of the phase transition of Cu(l)
formation from the lattice 3 x ,/3) R30°; the second UPD
stage takes place at less positive potentials (curvd-Rjird)
as compared with the UPD process at pH 3.7.

The maximum rate of formation of the coadsorption lattice
“adatoms—anions” is observed at pH 2.7-3.0 (the maximum
height of cathodic peak at ca. 0.6V, see curve Fiq. 2,
curve 3inFig. 3and curve 2 ifFig. 4, Q< 0.3mCcnT2). The
further increase in solution acidity (pH <2.7) leads to inhi-
bition of this process (cathodic current&t 0.55 decreases,
curves 3-5irFig. 2 curve 4 inFig. 3and curve 3 irFig. 4),

Cu UPD takes place mainly &<0.55V. The desorption
peak at positive-going potential sweeps shifts to the positive
direction with a decrease in pH of solutions. The tendency of
pH-induced UPD kinetic changes is the same for sweep rates
0.02-0.10Vs™.

The rate of phase transition J3x ./3)R30°—
Cu(l1x 1) depends to the great extent on the concen-
tration of defects of the “adatoms—anions” lattide,28],
which are the active centers for the formation of two-
dimensional Cu(Xx 1) islands. The number of defects
determines the potential range and rate of adatoms desorp-
tion for the anodic process as well. In addition to structural
defects, e.g. steps and kink sifég], the strongly adsorbed
OH~ ions and copper oxides QQ, which are formed at
the OH™ and Cuygq coadsorption, could be considered as the
adlayer defects and active centers.

Another important factor is the rate of charge transfer,
it depends on the electrode potential and local electrostatic
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effects in electric double layer caused by electronegative

oxygen-containing species (anions and oxides) specifically Fig. 6. (a) Initial cycles of Pt(111) and steady-state CV profile (150-300

adsorbed on the positively charged Pt surface. Polarizationcycles) in solution of 0.5 M RSO, + 10 mM CuSQ (pH 0.3) after the trans-

curves inFig. 5 demonstrate accelerated charge transfer at fer of the electrode from 0.5M N&Q; +0.5mM H,SQ, + 10mM CuSQ

the discharge-ionization of copper in weakly acidic solutions (pH 3.7). The digits near the curves correqund to the numbers of con_sequgnt
. o . cycles. (b) Steady-state CV before (1) and first cycle after (2) potentiostatic

due to OH" adsorption (a similar effect we observed in solu-  pojarization of Pt(111) at 0.8V for 500 s in the acidic solution (pH 0.3).

tion of 0.5M NaClQ +1 mM HCIO4 + 10 mM Cu(CIQ)2, The sweep rate is 0.1 V3. Insert: scheme oE—tdependence.

pH 3.0[15]).

A high concentration of copper oxides on platinum is ual decrease in concentration of @uwith time and the
expected at pH 3.7. The data kig. 6 can be considered re-establishment of the steady-state CV profile (curve 1 in
as an evidence of the enhanced amount of active centerd=ig. &b).
on the Pt(111) surface in weakly acidic solutions. The It should be noted that cathodic profiles of curve 2 in
electrode was quickly transferred from the weakly acidic Fig. 6b (activated Pt surface, pH 0.3) and steady-state CVs 2
copper sulfate solution (pH 3.7) to the cell with 0.5M and 3 inFig. 2 (enhanced concentrations of adsorbed OH
H>SOy + 10 mM CuSQ (pH 0.3). Initial cycles demonstrate  ions and copper oxides are expected at pH 1.7-3.0) are quite
accelerated Cu deposition (a high cathodic peak at 0.6 V for similar. This fact can be considered as an additional proof of
the (/3 x 4/3)R30° formation) and fast adlayer desorption the oxides formation during the activation of Pt at pH 0.3.
at E<0.7V in the presence of copper oxides, which were  The gradual decrease in the concentration of adlayer
accumulated on Pt(1 1 1) surface at pH 3.7. The steady-statedefects, copper oxides ¢, with an increase in solution
CV profile can be recorded only upon 20-30 min cycling, acidity leads to a positive shift of the anodic peak of adlayer
after the surface concentration of {Quhas been decreased desorption (pH 0.3-3.Figs. 2 and R The decrease in the
(deactivation of the electrode surface). height of the right cathodic peak at ca. 0.6 V (the formation

A similar active state of the Pt(1 1 1) surface in the acidic of (/3 x /3)R30°) for pH variation from 2.7 to 0.3 is due
solution (pH 0.3) can be obtained by the long-term poten- to the decrease in the rate of copper ions reducti@®ed.55
tiostatic polarization at 0.6-0.9V (the degree of activation (Fig. 6), which depends on the adsorption of Okbns and
depends on the potential and duration of treatment, see detailshe amount of CyO.
in Refs.[15,28-30]. Curve 1 inFig. 6b corresponds to the However, the acceleration of Cu deposition at the stage
steady-state CV at a sweep rate 0.1V §the polarization of (/3 x 4/3)R30° formation at the pH decrease from 3.7
routine is illustrated in the insert teig. 6b). The first cycle to 3.0 Figs. 2-4 is not so evident. It is well known that
after the electrode exposure at a potential of 0.8V for 500 s coadsorption lattice(3 x +/3) R30° consists of two-thirds
(curve 2) indicates both the acceleration of Cu UPD (peak monolayer (ML) of Cu adatoms and one-third ML of bisul-
at 0.59V) and the adlayer desorption at less positive poten-fate anions in acid solutioi8,9,46—52] At the formation of a
tials due to the formation of copper oxides during the delay well-ordered adlayer at 0.5-0.6 V in solutions at pH 3.0-3.7,
[30]. Cycling the potential for 15—-20 min leads to a grad- adsorbed hydroxide ions should be replaced for Cuatoms and
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sion between neighboring positively charged Cu atoms. Inthe
case of nine-atomic terraces of Pt(5 5 4) electrode the relation
Q3 ~ (Q1+Q2)/9~ Qq is valid [31].

Steady-state CVs of Pt(7 7 5) in solutions at pH 2.75-3.7
for the sweep rates of 5-100 mV’sdo not show any deco-
ration of steps by Cu adatomsB&t 0.6V (see, e.g., curves
1 and 2 inFig. 8), the steps are blocked by adsorbed OH
ions and/or copper oxides, although positive shifts of both
anodic and cathodic peaks are observed with the decrease
in pH (the experiment was started in the solution with pH
0.2 0.4 0.6 0.8 3.7, corresponding aliquots of 0.5 M\ BO, were introduced

E / V vs. NHE directly to the cell to increase the acidity of the electrolyte).
First indications of the one-dimensional decoration of steps
Fig. 7. CVofPt(?75)e|ectrodee}t.sweeprateof5 mVis the acid solution at E>0.6V are observed at pH 2.6 (curve SFFig. 8). At
(pH 0.3). The sketches show positions of Cu adatoms on the steps and terraces . L
of Pt surface. pH 2.1-2.4, the concentration of adsorbed oxygen-containing
species s not very high, the processes of Cu deposition on the
steps and Cu dissolution from the steps are almost reversible
sulfate anions, the rate of the displacement evidently dependgcurves 4 and 5 ifffig. 8) even at a relatively high sweep rate
on the potential and concentration of OH-species. Thus, in of 20mV s1.
the presence of high concentration of adsorbed oxygen com-  These data allow one to explain the acceleration of the first
pounds, the first stage of the UPD could be hindered, the ypp stage{(/3 x /3)R30° formation, on Pt(1 1 1) electrode
decrease in OH adsorption aE>0.5V and the amount of  with the pH decrease from 3.7 to 2.Figs. 2—4. Probably,
copper oxides could acceleratg3 x /3) R30° formation. atE>0.55V and pH > 3.0, the process of formation of the

To testify this hypothesis, we used a single crystal elec- ordered (/3 x /3)R30" lattice is controlled by desorption
trode Pt(775) with the stepped surface consisting of six- of oxygen-containing species from the steps and terraces. In
atomic width (111) terraces and (11 0) stepig$. 7 and 8 solutions with higher acidity (pH < 2.7), the decrease in UPD
In the acidic copper sulfate solution (pH 0Big. 7), the rate at potentials 0.5-0.6 V could be caused by the lower
first stage of Cu UPD is the one-dimensional decoration charge transfer rates due to the weaker adsorption of hydrox-
of steps at potentials 0.65-0.70/%1,53] The charge den-  ideions Fig. 5). Itis important to note, that optimal, not very
sity Q1 ~0.08 mC cn1? of this process is about one-sixth of  high, concentrations of adsorbed oxygen-containing species
Q1+Q2~0.48mC cn72, which corresponds to CuUPD on  are necessary for ensuring the maximum rate of Cu UPD on
(111)terraces ofthe Pt(7 7 5) electrodE &t0.4 V. At poten- platinum (pH 2.7-3.0).
tials 0.3-0.4 V, one-dimensional deposition of Cu takes place  The formation of a complete monolayer of &gwn the
on stepped Pt atoms partially blocked by copj@y~ Qi. Pt(111) surface at pH 3.7 occurs at more positive poten-
The adsorption energy of the latter process is lower than tials (curve 1 inFigs. 2—4 and the adlayer desorption takes
that of Cu UPD on the terraces, due to additional repul- place at less positive potentials as compared with other stud-
ied solutions. Adsorption of hydroxide ions and formation of
copper oxides ensure the high concentration of active centers
(adlayer defects) for both the two-dimensional phase transi-
tion of (/3 x +/3)R3( lattice to a Cu(Ix 1) monolayer and
the Cuq desorption.

Incontrastto Cu UPD on Pt(poly), where super-monolayer
deposition withdc,=1.7 ML was observed at pH 3[15],
the surface coverage of copper on Pt(111) in solutions of
different acidities is about 1 ML &=0.25V (Fig. 4). Prob-
ably, an adlayer witfc, > 1 ML could be formed on another
faces of Pt k) [54].

=

Current density/ mA cm?

0.2

>

0.2

Current density / mA cm

3.2. Potentiostatic current transients of Cu OPD on
Pt(111)

>

0.4 0.6 3.2.1. Kinetics of Cu deposition at pH 0.3 and 3.7
E /'V vs. NHE Our previous studies have shown that electrochemical pre-
Fig. 8. CVs of Cu UPD on Pt(7 7 5) electrode at sweep rate of 20mV's geatm_e.nt and eIeCtrflyte aCIdIty affectthe rate(;)f bulk cohpper
in solutions of different acidities. pH values: 1-3.7; 2— 3.0; 3-2.6; 4-2.4; eposition on Pt(poly)14-16,27,29,57]Some aFa on the
5-2.1. Cu OPD on Pt(111) electrode were presented in [3&.
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Fig. 9. Potentiostatic current transients of Cu deposition on Pt(11 1) elec-
trode: (a) (1, 2, 4 and 5) pH 3.7; (3 and 6) pH 0.3. Cathodic overpotentals:
(1-3) 60mV; (4-6) 80 mV. (b) pH 3.7; the overpotentals are pointed near the
curves. Details of electrochemical pretreatment are described in the text.

This section is devoted to kinetics of bulk copper deposition
on Pt(111) in solutions of different acidities (pH 0.3-3.7).
Potentiostatic current transients of Cu deposition at pH 3.7
and 0.3 are shown iRig. 9. Curves 1, 3, 4 and 6 iiRig. 9a and
transients irFig. 9 were recorded at cathodic overpotentials
applied after potential cycling at 0.1 V$and the subsequent
polarization at 0.25V for 10s (this period of time is long
enough for stabilization of the adlayer structure). Curves 2
and 5 inFig. 9a were obtained at pH 3.7 after cycling and a
500 s exposure at 0.25V, in this case cathodic currents of Cu
deposition are lower as compared with the short-time polar-
ization at0.25 Vin the same solution (curves 1 and 4). Similar
inhibition effect we observed in acid solutif30] due to the
reduction of copper oxides (active centers of both UPD and
OPD processes) at low potentials. The dat&im %a show
that the kinetics of Cu nucleation and growth on Pt(111) in
weakly acidic solution can be controlled by electrochemi-
cal pretreatment. Polarization at 0.25V does not modify the
surface structure of the electrode; the amount of structural

defects (steps of (1 1 1) terraces, active centers of nucleation)

should not depend on the duration of this pretreatment. We
see the only explanation for the decrease in Cu deposition
rate after the long-term treatment at 0.25V (curves 2 and 4 in

Fig. 9a), the decrease inthe number of active centers due to the

reduction of adsorbed copper oxides. Probably, in the vicin-
ity of these species, the formation of a critical nucleus and/or
growth of a Cu crystallite proceed at higher rates (accelerated

charge transfer) as compared with the ordered monolayer of

Cu(1x 1).

5037

The transients 3 and 6 Fig. 9a were recorded at pH 0.3,
Pt(111) electrode was pretreated by potential cycling in the
range of 0.25-1.0V, followed by 10 s exposure at 0.25V. The
rate of Cu deposition in the acid solution is notably lower than
thatatpH 3.7[ig. 9). Thisis due to the small number of active
centers (copper oxides) and a slow copper ions reduction
(Fig. 9.

In order to estimate the kinetic parameters of Cu nucle-
ation, a popular mode]58] for the diffusion-controlled
growth of nuclei was applied, it makes it possible to cal-
culate the nucleation rafk and the number of active centers
No by using the following equation for current density:

)}

wherek= (87CV,)2, C the concentration of electroactive
ions, D the diffusion coefficientz the chargef the Faraday
constantV, the atomic volumeSis the surface area of the
electrode.

Overpotential dependenciesid§, J; and the total nucle-
ation ratelp = Ng J; are shown irrig. 10ain semi-logarithmic
coordinates for the data gained in a weakly acidic solu-
tion (pH 3.7,Fig. 9). These values were calculated using
the parameters of transient maximgandt,, thenNg and

I1(t) = SzFDC(Dr)~%?

L [1—expes)]
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Fig. 10. (a) The results of processing the current-transient maxima (the data
in Fig. ) in accordance with the mod@8]. (b) Experimental (solid lines)

and simulated (dashed lines) current transients of Cu deposition on Pt(11 1)
electrode in solution of 0.5M N&O,; +0.5mM H,SOs + 10 mM CuSQ

(pH 3.7). Cathodic overpotentals are pointed near the curves.
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J1 were applied for simulation of model curvesiq. 1(). N
The slope of Ind;) — n dependenceHig. 10a) corresponds

to the size of critical nucleus of three to four atoms to
the first approximatiorj62—-65] The diffusion coefficient

of D=1.8x 10 %cn?s ! was used as an effective param-
eter; this value oD allows one to process most of current
transients shown ifig. % (n>65mV) in accordance with
the model[58], however, it is lower than the table value of
8 x 10-%cn? s~1. According to the theorf58] developed for
diffusion controlled growth of hemispherical nuclei, the cal-
culation is only possible if the relationship 0.7153/€FC)
(mtm/D)°°<0.9034 is fulfilled, the values 0.7153 and 0.9034
correspond to the limiting cases of instantaneous and pro-
gressive nucleation, respectively. Using the table value of
D=8x10"%cm?s™1, we can calculate the nucleation rate
and the number of active sites only for cathodic overpoten-
tials higher than 85 mV, these conditions better correspond
to the diffusion control of the deposition, at lower overpo-
tentials the growth of Cu crystallites is controlled by both Fig.11. Morphology of Cudepositon Pt(1 1 1) electrode obtained in solution
charge transfer kinetics and diffusion of copper ions with a 0f0.5M H;SO4 +10mM CuSQ (pH 0.3) at overpotentaj=70 mV for ca.

high contribution of the charge transfer. Using the lowered 30 Min (approximately 500 effective monolayers, SEM image).

value ofD for calculating the nucleation parameters, we keep

in mind that the model used does not describe properly the tive monolayers), the layer-by-layer growth dominates at low
experimental system with mixed control over the growth, the overpotentials with the formation of an epitaxial pseudomor-
obtained values dflp andJ; could be only considered as a phic deposit. Under these conditions, one should not expect
rough approximation. Processing the data by means of similar@ny good correlation between the modg8-61]and the
models[59—61]leads to the same conclusions. system studied.

A comparison of simulated and experimental transients ~ We failed to gain high quality SEM images of copper
for several overpotential§{g. 1() gives satisfactory agree-  deposited on Pt(111) at pH 3.7, we observed very flat sur-
ment in the vicinity of maxima but experimental currents faces without any characteristic features. To analyze the
for t>ty, are higher than theoretical ones for the diffusion Morphology at initial stages of the deposition, ex situ STM
controlled growth. The discrepancy between the theory and Study was performed. The electrode was pretreated in a usual
experimental data (including the smaller value of diffusion Way, copper was deposited at overpotentials 50—100 mV for
coefficient used for the calculation) is due to the growth of 50 s and current transients were recorded, then, the meniscus
a copper deposit under the mixed control “diffusion + charge Was broken and the electrode was rinsed with Milli-Q water,
transfer” for the system studied (this point was discussed in dried with argon and transferred to STM in air. STM images
detail for Cu OPD on Pt(poly) in Ref§l6,57). were obtained with tungsten etched tips at a bias voltage of

Only a few of current transients recorded in the acid solu- 90—-100mV and a tunneling current of 0.5-1.0 nA.
tion (pH 0.3) at overpotentials 30—150 mV could be processed At high overpotentials, the deposits consist of separate
by the theory[58] for the value of effective diffusion coef- crystallites with the lateral size much greater than the height
ficient of ca. 0.2x 108 cnm?s~! to evaluate the nucleation (STMimages irFig. 12. There is no principle difference in
parameters. This is due to the higher contribution of charge the morphology of deposits obtained in solutions at pH 0.3
transfer kinetics to the growth rate under the mixed control @nd 3.7. However, the number of crystallite;at75 mV is
(see the effect of rotation speed on the rate of Cu deposi-higher at pH 3.7 as compared with pH 0.3 (images a and b),
tion in Fig. 5. A comparison of theoretical and experimental this is an indication of the enhanced number of active centers
curves at pH 0.3 was performed in RE0], the discrepancy N the weakly acidic solution.
is substantially greater than that in the case of weakly acidic

solution. 3.2.3. Kinetics of Cu deposition at intermediate pH
To estimate the kinetics of Cu deposition at intermediate
3.2.2. Morphology of deposits pH 0.3-3.7, a series of current transients were recorded after
Another reason for the discrepandyid. 1) is as fol- the potential cycling in the ranges 0.Z5at a sweep rate

lows. The theory58] considers the nucleation and diffusion- of 0.1V s ! and the potentiostatic treatment at 0.25V for
controlled growth of hemispherical crystallites but thiscondi- 0.5s E;=0.75V at pH 3.0-3.7£,=0.85V at pH 1.0-2.7,
tion is not fulfilled in the case of Cu depositionon Pt(111)in E;=0.90V at pH 0.3).Fig. 13 shows the transients for
acid solutionFig. 11shows the scanning electron microscopy cathodic overpoteniah=70mV in solutions of different
(SEM) image of the copper deposit (pH 0.3, ca. 500 effec- acidities. Results of integration of thet-curves (cathodic
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Fig. 12. Ex situ STM images of Cu deposits on Pt(1 1 1) electrode obtained in solutions of: (a) 0.8@N&).5 MM H,SO; + 10 mM CuSQ (pH 3.7),
deposition ay=75mV for 50 s; (b—d) 0.5 M BISO, + 10 mM CuSQ (pH 0.3), deposition aj =75mV (b) and 100 mV (c and d) for 502:scales are shown
to the right of the images.

chargesQ. for 50-s Cu deposition a =40-200mV) are ics controls the growth of copper crystallites as was pointed

presented irFig. 13 as a function of the overpotenial for above.

different pH. The transients for pH 1.7 and 50—-200 mV Atintermediate acidity of solutions, a surprising feature is

are plotted irFig. 14 that theQc,n dependence has a maximumyat100-110 mV
Curves 1-6 irFig. 13 show that the increase in acidity of  (Fig. 13), this effectis well-defined for pH 1.7. To our knowl-

solutions (pH 1.0-3.7) inhibits the nucleation:at 70 mV edge, this phenomenon has notbeen described in the literature

(a decrease of the maximum heigltand an increase of,) previously. In contrast to the data ltig. 9, the transients at

due to the decrease in the number of active centers (coppepH 1.7 and overpotentials of 60—200 mV interseéag( 14).

oxides) and the lower rate of copper ions discharge, a similar Thisis the case, when the control of metal deposition at differ-

effect is observed at higher overpotentials. At pH 3.7 and ent overpotentials is not the same, the contribution of charge

n>100mV, only aslightincrease @ is observediig. 13), transfer kinetics to the mixed control “diffusion + discharge”
the deposition is diffusion-controlled to a considerable extent is higher at lows and lower at highy. The nucleation rate and
due to the high rate of charge transfeiq. 5). the number of nuclei should increase with overpotential (the

In the acid solution (pH 0.3), thig, value is smaller than  height of the maximum,, increases ang, decreases), how-
thatat pH 1.0-3.2 but, is very low (Fig. 13). Thisindicates  ever, the rate of deposit growthtat 25 s (cathodic current)
the formation of a relatively high concentration of crystal- is the highest for intermediate overpotentigts80—-100 mV.
lization centers and their slow growth. The number of nuclei  The applied potential determines the number of nuclei, the
(Fig. 120—d), the rate of charge transféig. 5) and values of ~ average distance between crystallization centers, the rate of
Qc (Fig. 1) increase with overpotential, the mixed kinet- charge transfer (rate of €lions consumption at small times)
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Fig. 13. (a) Current transients of Cu deposition at cathodic overpotential
70mV in solutions of different acidities. pH values: 1-3.7; 2-3.4; 3-3.2;

4-3.0;5-1.7;6-1.0; 7-0.3. (b) Dependencies of deposited Cu amount on the,

cathodic overpotential in solutions of different acidities. pH values: 1-3.7;
2-3.0; 3-1.7; 4-1.0; 5-0.3.

and consequently, the moment, when diffusion control begins

to play a decisive role in the growth kinetics (a decrease in
current density is observed).

Probably, atp>110mV, fast nucleation leads to the
formation of a large number of copper nuclei, diffusion
zones of reduced Gl concentration overlap one another
at short times and the further relatively slow growth pro-
ceeds mainly under the diffusion control (close to Cottrell’s

'
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Current density / mA cm™

Fig. 14. Series of the current transients for Cu deposition on Pt(1 1 1) elec-
trode in solution of 0.45M Ng5Oy + 0.05M H,SOy + 10 mM CuSQ (pH
1.7). Cathodic overpotentals are pointed near the curves.
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conditions). Aty =90-100 mV, the growth of a smaller num-
ber of crystallization centers (the average distance between
crystallites is greater) proceeds under a relatively fast mixed
control for a more extended time thus the overlapping of
zones occurs later. In this case the amount of deposit could
exceed that obtained at higher overpotentials if the deposi-
tion was not too short-term. To analyze this phenomenon
in detail, the STM studies and numerical modeling are in a
progress.

As a conclusion of this section, it is worth noting the cor-
relation between the activity of Pt(1 1 1) surface with respect
to CuUPD and OPD processes in solutions of different acidi-
ties. In weakly acidic solutions, the rates of both Cu UPD and
OPD processes are higher due to the enhanced concentration
of active centers for two- and three-dimensional phase tran-
sitions (copper oxides GO or mixed oxides C¢Pt,0) and
the accelerated discharge of copper ions.

3.3. Cyclic voltammetry, Cu UPD and OPD on Au(111)

After controlling the cleanness of the system and the qual-
ity of crystals in sulfuric acid, the electrode was transferred
to the cell with acid copper sulfate (pH 0.3, the upper limit of
potential cycling=a = 1.3 V) or with weakly acid solution (pH
3.7,Ea=1.1 V). In contrast to Pt(11 1) electrode, the posi-
tions of sharp peak8, andD; at ca. 0.5V (formation and
destruction of the lattice(3 x ./3) R30° [46-52) in solu-
tions of different activity for Au(11 1) are almost the same
(Fig. 195 due to the lower adsorption of hydroxide ions on
gold[66]. A small positive shift of these peaks in the weakly
acidic solution could be due to the enhanced coadsorption of
copper adatoms and anions £0 and OH" whose adsorp-
tion at pH 3.7 is stronger as compared with HS@nions at
pH 0.3.

Potential cycling was combined with potentiostatic polar-
ization at various potentials. No noticeable activation effects
were observed on Au(111) in acid solution (pH 0.3) after
long-term (500 s) treatment B, = const. It is worth noting
a sharp boundary of potential ranges (the potential between
0.29 and 0.30V) of the existence of two-dimensional phases
(v/3 x 4/3)R30° and Cu(1x 1) at pH 0.3. In weakly acidic
solution, the formation of a complete monolayer takes place
in wider range of potentials 0.3—0.4 V. This is probably due to
the changes in anion adsorption, the honeycombs of the lat-
tice (/3 x 4/3)R30° could be occupied by strongly bonded
SO42~ and OH- ions at pH 3.7 in place of bisulfate anions
atpH 0.3.

The integration of positive-going sweeps (fr&gito 0.8 V
without double layer correction) recorded immediately after
potentiostatic polarization at various potentig}sfor 500 s
gives isotherms of Cu adatoms adsorptiéig( 16 curves
3 and 4) to the first approximation. Dynamic isotherms of
Cu adsorption on Au(1 1 1) electrode were obtained by inte-
grating negative-going sweeps of steady-state CVs from 0.8
to 0.25V (sweep rate of 0.1 V'3, absolute values of charge
densities are plotted, curves 1 and Fig. 16). The dynamic
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Fig. 15. Steady-state CV profiles of Au(111) electrode in solutions of
0.5M H;SOs +10mM CuSQ (1, pH 0.3) and 0.5M Ng5Os +0.5mM
H,SOy +10mM CuSQ (2, pH 3.7) at sweep rates of: (a) 100 mtsand
(b)5mvs?,

isotherms of Cu adsorption on Pt(11 1) electrode (curves 5
and 6 inFig. 16 are also shown for a comparison.

One can see that the rate of CuUPD on Au(1 1 1) electrode
is considerably slower than that on Pt(1 1 1) under conditions
of potential cycling at a sweep rate of 100 mVAg(curves
1, 2,5 and 6 irFig. 16). In addition to different energies of
interatomic Pt—Cu and Au—Cu interactiojé&’,68], another
possible reason for this phenomenon could be low adsorption
of oxygen-containing species on gold.

In contrast to the CuUPD on Pt(111), on Au(111) elec-
trode one can observei@. 16):

=
~
% 04 Pt(111)
£
g
= 0.2+
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(i) avery small difference in the kinetics of Cu deposition
in solutions with pH 0.3 and 3.7 (curves 1 and 2);

(ii) the Cu surface coverage at the potentials 0.26-0.3V and
0.40-0.45V at pH 3.7 is less than that in acid solution
(curves 3 and 4);

(i) a sharp increase in the Cu surface coverage with
a decrease in potential (separated potential ranges
of the existence of the Cufdl) layer and the
(v/3 x 4/3)R30° lattice) in acid solution (curve 3) and
smooth changes in the Cu coverage with potential at pH
3.7 (curve 4).

Summarizing these findings, we have to stress the impor-
tant role of anions adsorption in the kinetics and thermo-
dynamics of UPD processes. Low adsorption of Oldns
on gold atE>0.5V and induced OH adsorption in the
presence of Cu adatoms Bk 0.5V allows us to explain
the experimental data presented above. At the stage of
(/3 x 4/3)R30° formation Fig. 15, a part of bisulfate
or sulfate anions could be replaced for hydroxide ions.
In this case, negatively charged oxygen species are in a
contact with positively charged atoms of gold and espe-
cially, copper, the replacement of OHons for Cu atoms
at more negative potentials could proceed more slowly than
that of bisulfate anions due to the strong lateral inter-
action between oxygen and copper in the plane of the
adlayer.

Fig. 1% shows CVs of Cu UPD on Au(111) recorded
at 5mVsL. Similar data have been reported in R@f2].

At this sweep rate, a complete Cu¢1l) monolayer forms in
both solutions in the underpotential region. The more positive
potential of the desorption pedR; for the phase transi-
tion “Cu(1 x 1)—(/3 x 4/3)R30°” in weakly acidic solution
deserves mention (see aBig. 15). Probably, this is due to
the stronger stabilizing action of sulfate and hydroxide ions
as compared with bisulfate anions, which are placed on the
monolayer of copper adatoms.

To estimate a rate of bulk copper deposition on gold in
solutions of different acidities, the CVs with various cathodic
limits were recorded at a sweep rate of 0.1 \.sThe anodic
peakDg corresponds to the dissolution of three-dimensional
(3-D) Cu crystallites, it is observed after potential excursions
to 0.20V or less positive potentials in weakly acidic solution
(Fig. 15a) and toE <0.16 V in acid solution. It means that
3-D nucleation at pH 3.7 proceeds faster at more positive
potentials.

The influence of the solution acidity on the amount of
deposited copper is clearly seerfig. 17, where CVs in the
same potential ranges (cathodic limiig=0.13 and 0.11V,
respectively) are plotted together for a comparison. Dur-
ing the negative-going sweeps in the range of 0.25-0.45V

Fig. 16. Steady-state (symbols, curves 3 and 4, 500s exposure at(the formation of an adatomic layer), the cathodic currents
En = constant) and dynamic (sweep rate of 0.1V,scurves 1,2, 5and  gra practically pH-independent, while at less positive poten-
6) isotherms of Cayon Au(111) (1-4) and Pt(1 11) (5 and 6) electrodes in tials, the accelerated bulk copper deposition with noticeable
solutions of 0.5M HSOys + 10mM CuSQ (pH 0.3, curves 1, 3 and 5) and . ! ] s pp_ P . A
nucleation loops” is observed in weakly acid solution. The

0.5M NgSOy +0.5mM H, SOy + 10 mM CuSQ (pH 3.7, curves 2, 4 and
6). nucleation loops for CVs withe;=0.13V (Fig. 17a) and
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4. Conclusions

(1) Although the bulk concentration of OHons is very low
in weakly acidic solutions, the adsorption of hydroxide
ions on the Pt(111) surface and a Cw(1) mono-
layer could be high enough to ensure the formation
of chemisorbed copper oxides (& or mixed oxides
PtCuO, which are the active sites of the Cu UPD pro-
cess.

(2) There is a correlation between the activity of Pt(111)
surface with respect to Cu UPD and OPD processes in
solutions of different acidities. In weakly acidic solu-
tions, the rates of both Cu UPD and OPD processes are
higher as compared with acid solution of copper sulfate
(pH 0.3) due to the higher concentration of active centers
for two- and three-dimensional phase transitions (copper
oxides CyO or mixed oxides CiPt,0) and the acceler-
ated discharge of copper ions.

(3) The maximum rate of {3 x ,/3)R30° formation is
observed at pH 2.7-3.0. At pH > 3.0, the platinum sur-
face is partially blocked by strongly adsorbed oxygen-

Current density / mA em?

0.2 0.4 0.6

E / V vs. NHE containing species. At pH < 2.7, the inhibition of CuUPD
and the adlayer desorption are due to the decrease in
Fig. 17. CV profiles of: (a) Au(111) electrode in solutions of 0.5M charge-transfer rate and concentration of copper oxides

H2SOs + 10mM CuSQ (pH 0.3) and (b) 0.5M Ng5O; + 10 MM CuSQ

(pH 3.7) at sweep rate of 0.1 V. Cathodic limits of cycling are indicated and also defects of the adlayer. An thImaI’ notvery hlgh’

near the curves. concentration of adsorbed oxygen-containing species is
necessary for ensuring the maximum rate of Cu UPD on
platinum.

curve 1 inFig. 17 are typical of metal deposition under (4) Acidity of the electrolytes studied (pH 0.3-3.7) consid-

the kinetic contro[29], however, the CV profile in weakly erably affects the rate of Cu deposition on Pt(111) but

acidic solution forEc=0.11V (curve 2 inFig. 17) indi- has only a slight influence on the kinetics of Cu adlayer

cates the mixed control of nuclei growth, because after the  formation on the Au(111) electrode due to the differ-
reversal of potential sweeping the cathodic currentis lowered ent adsorption of OH ions on Pt and Au substrates.
due to the contribution of diffusion control. At the potentials The first stage of Cu monolayer desorption (phase tran-
0.13-0.18V, the cathodic current of positive-going sweep is sition Cu(1x 1)—(,/3 x \/3)R30°) on gold is hindered
higher again than that of the cathodic sweep duetothe hlgher in Weak|y acidic solution as Compared with acid one,

surface area of growing deposits (curve 2Fiig. 1/). A this is probably due to stabilization of the Cu¢11)
change in the current sign takes place at ca. 0.25 #{(Qu monolayer by adsorbed sulfate anions and hydroxide
equilibrium potential) at positive-going sweeps, the integra- ions.

tion of anodic peak®o from 0.25t0 0.35Vkig. 172) gives  (5) The increase in pH accelerates bulk Cu deposition
the approximate amount of bulk copper deposits, viz.,0.3and ~ on Au(111). The adsorption of sulfate anions and

2 effective monolayers (EML) for pH 0.3 and 3.7, respec- hydroxide ions on a monolayer of copper adatoms and
tively. Similar calculations for the CVs shown Fig. 17 Cu crystallites provides an accelerated charge transfer
(Ec=0.11V) give 0.6 EML for pH 0.3 and 3 EML of bulk (local electrostatic double layer effects of electronega-

CuonAu(111)forpH3.7. tive species) and probably increases the number of active

High rates of metal deposition are observed usually, when: centers for three-dimensional nucleation.
(i) a large number of active sites are available for 3-D nucle-
ation on the substrate and (ii) the rate of charge transfer is high
enough. In the case of bulk copper deposition on Au(111)in
weakly acidic solution (pH 3.7), both these factors probably Acknowledgements
play a role. Adsorption of hydroxide ions during the forma-
tion of (/3 x 4/3)R30° and Cu(1x 1) could give rise to the The study was supported by Russian Foundation for
centers, in which the nucleation and growth of bulk copper Basic Researches, Grants 01-03-32013 and 04-03-32326,
proceeds faster and facilitate the initial stages of the overpo-the Council for Grants of President of the Russian Feder-
tential deposition under accelerated discharge of copper ionsation, Grant SciSch 658.2003.3 and Spanish MCyT, Project
(Fig. 5. BQU2004-04209.
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