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Cathodic processes proceeding in 0.01 M Cu(II) solutions involving 0.04 M tartaric
acid at 2.8 < pH < 4.2 have been investigated. Voltammograms obtained under
forced convection conditions may be quantitatively described by equations of for-
mal electrode kinetics provided that the transfer of the first electron to CuL,* (L*
is an anion of tartaric acid) is the rate-determining step. Kinetic parameters were
found to be different for direct and reverse scan of the electrode potential. Changes
in the surface activity of Cu electrode caused by the formation/destruction of Cu,O
layers are supposed to be responsible for such an effect. The characteristic current

peak observed at ca —0.7 V might be attributed to the reduction of tartaric acid.
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INTRODUCTION

Tartaric acid (HOOC-CH(OH)-CH(OH)-COOH)
and its salts are widely used in electrochemical and
electroless plating of copper [1, 2]. It is known as a
bidentate ligand [3, 4] capable of forming Cu(II)
chelates in a wide pH region. Since this acid con-
tains two mobile protons in carboxylic groups, it is
usually symbolized as LH, [5, 6]. Besides, a release
of the third proton is also known to occur due to a
dissociation of OH-group in strongly alkaline media
(6, 7].

Equilibrium characteristics of Cu(II)-tartrate
complexes have been investigated by means of vari-
ous methods including pH-metry [8, 9], potentiometry
[9], polarography [10], NMR [8], EPR [4], spectro-
photometry [8, 10], optical rotation [7]. Mercury and
amalgam electrodes have been used in electrochemi-
cal methods. The determined stability constants are
generalized in [5, 6]. However, the mechanism of
electrochemical processes remains an open question
as yet. In this connection, we have made an attempt
to investigate the kinetics of electroreduction of
Cu(II)-tartrate complexes in acid media.

EXPERIMENTAL

Solutions were prepared using thrice-distilled water,
analytical grade CuSO,5 H,O (0.01 M), L(+)-tar-
taric acid (0.04 M) and Na,SO,10 H,O (0.3 M) as
a supporting electrolyte. Inorganic salts were recrys-
tallized and heated. Solutions were deaerated by an
argon stream for 0.5 h before each experiment.
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The conventional three-electrode cell was used.
A 5 um thick copper layer plated on 1 cm? Pt sub-
strate in acid Cu(Il) sulphate solution at 10 mA
cm™ served as a working electrode. Electrode po-
tentials (E) were measured with respect to the satu-
rated Ag|AgCl, KCI reference electrode and con-
verted to the hydrogen scale.

Experiments were carried out under natural or
forced convection conditions, using rotating disc elec-
trode (RDE). Voltammograms were recorded using
the potentiostat PI-50-1 (Belarus) at 2 mV s po-
tential sweep rate, unless otherwise noted. All ex-
periments were carried out at 20 = 0.5 °C.

RESULTS AND DISCUSSION

Typical cyclic voltammograms recorded under forced
convection conditions are shown in Fig. 1. Cathodic
current densities (i) obtained with direct and re-
verse scans of the potential do not coincide and
differ by ca 0.15 V. The reason for such a behaviour
will be discussed below. The well-defined plateau of
the limiting current density (i,) is observed at -0.4
<E< -0.2 V. It slightly depends on pH, but is
strongly controlled by the intensity of forced con-

vection. Experimental plots of i, vs \/8 (o is the
angular velocity of electrode rotation) may be well
approximated by the line passing the origin (Fig. 2).
It follows from these data and Levich equation that
an effective diffusion coefficient D = 3.7 x 10° cm?
s'. Similar D values have also been obtained for
Zn-tartrate complexes [11].
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Fig. 1. Examples of cyclic voltammograms obtained under
forced convection conditions (RDE at 440 rev min™)
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Fig. 2. Variation of limiting current density with Jo (o is
an angular rotating velocity of RDE). Experimental data
(symbols) and Levich approximation (line) obtained with
D = 3.7x10° cm? s

CuL H *»*" +e ¢l Cul H " + (p—q)
L* + (m - n) H*, (1)

CquHnl’Zq“'" + e 2y Cu + g L* + n H*.
2
Both steps are characterized by exchange current
densities (i, and i) and respective anodic (o, o ,)
and cathodic (o, o) charge transfer coefficients.
General kinetic equations for such processes may
be found, e.g, in [12]. The following simplified re-
lationship is valid at sufficiently high cathodic over-
voltages provided that the transfer of the first elec-
tron is the rate-determining step (i, << i,):

. 4. G oy F
I =2y anp(Fnc } 3)

where ¢, and ¢, are surface and bulk concentrations
of the electrochemically active complex (EAC) given
in the left side of Eqn. (1). The cathodic current
density (i) and overvoltage (1) are assumed to be
positive. Since ¢ depends on i, linear Tafel plots
can be obtained with i normalized to c. Actually, it
follows from (3) that

log (i, /c,) =log (2i, )-logc, + o Fn/2.303 RT.
4)

The ¢, as a function of i, can be obtained from the
relationships describing the mass balance at the elec-
trode surface. This procedure is given in detail in
[12]. The analysis shows that the equilibria listed in
Table are sufficient to be accounted for in the case
of acid media.

Normalized Tafel plots (NTP) were constructed
for all complex species whose bulk concentrations
were not negligible. The experimental data obtained
with direct scan of the potential and simulated for
¢, and ¢, data were used for this purpose. Linear
NTP (with the correlation coefficient equal to 0.998)
was obtained only for CulL* (Fig. 3). This gives
grounds to suppose that CuL is the EAC taking
part in the charge transfer step (1). The EAC of
similar composition have been determined for
electroreduction of Zn(Il) on Hg [11].

Table. Equilibrium characteristics of Cu(II)-tartrate system

Before proceeding to the quantita-
. .p . & ql.l e Logarithm of | Reference
tive description of the experimental Equilibrium Constant constant
data, some preliminary notes should be
made. Two consecutive one-electron |L* + H" < LH B, 4.24 [5, 6]

. 2- H
transfers are typical of Cu(Il) reduc- |L 2++ 2 If < LH, B, 7.24 [5, 6]
tion. As applied to the system under Cu2+ + L had CuL i B 3.34 [5]
discussion, they may be given by the (Caien 2 Ik Salkr By S [>]
S ; ; Cu* + L> + H* & CuLH* B, 5.45 [5]

following generalized reactions:
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Fig. 3. Normalized Tafel plots constructed for different
species (indicated on the curves) as possible electrically
active complexes

The use of Eqn. (4) yields:
o, = 0295, i = 006 mA cm™ 5)

According to [12], the value of o, < 1 supports
the above assumption that the transfer of the first
electron is the rate-determining step (otherwise an
effective oo more than 1 should be obtained). Then
the complete kinetic equation takes the form

2 2-12
I = 2i01{[C”L§_]S eXp(a“F N, )— [Lz_]; exp
[CuL3], RT (L],
|:_(2_a‘cl)F

RT n]} (6)

Kinetic parameters (5) and Eqn. (6) were used
to simulate entire voltammograms that fairly coin-
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Fig. 4. Comparison of simulated (full lines) and experi-
mental (symbols) voltammograms obtained with direct scan
of electrode potential at different rotating velocities
(rev min™) indicated on the curves
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cide with experimental data obtained at different
intensities of forced convection (Fig. 4).

Preliminary XRD investigations have shown that
Cu,O layers may be formed on the electrode sur-
face in the system under discussion. Such an effect
is typical of most electrochemical systems involving
Cu(II) [13-20]. Cu,O layers may affect not only the
kinetics of Cu(II) reduction, but also its mechanism
[13]. NTP obtained for direct and reverse scans do
not coincide (Fig. 5), and higher exchange current
densities follow from the analysis of presented data
at the reverse scan. At the same time, the mecha-
nism of Cu(II) reduction seems to remain the same,
since linear NTP are obtained for CuL* as an
electrochemically active complex. An increase in o
with solution pH is also observed.

These phenomena make it possible to suppose
that the activity of Cu electrode is increased at
sufficiently high cathodic overvoltages due to the
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Fig. 5. Normalized Tafel plots obtained at different pH.
The direction of potential scan is indicated by arrows
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Fig. 6. Voltammograms obtained under natural convec-
tion conditions for copper-free (full lines) and Cu(II)
containing (dotted line) solutions at 5 mV s potential
scan rate. Cu electrodes were exposured to the solutions
for indicated time t before measurements
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reduction of Cu,O. This process usually begins at a
certain potential which depends on the ligand na-
ture. The kinetic stability of Cu,O has been dis-
cussed in [14, 17-20]. In the case of Cu|Cu(Il),
ethylenediamine system [20], Cu,O reduction mani-
fests itself as a well-defined peak of cathodic cur-
rent whose height (i) varies linearly with the poten-
tial scan rate (v). Similar effects were also found to
occur in Cu(II) solutions involving B-alanine, but no
specific current peaks were observed in Cu|Cu(Il),
glycine system [13].

Cathodic current peaks are also observed at suf-
ficiently high electrode potentials (ca —0.75 V) for
the system under discussion (Fig. 6), but they can-
not be attributed to Cu,O reduction. Firstly, their
height varies linearly with ./y , this being indica-
tive of a diffusion-controlled process. Secondly, i
does not depend on the time (t) of Cu electrode
exposure to the solution. Finally, such peaks may
be detected in Cu(Il)-free solutions for both Cu (Fig.
6) and Pt (not shown) electrodes. Therefore, it may
be assumed that the reduction of tartaric acid is
responsible for a rise in i . The rate of such process
is known to be reduced in less acid media where
deprotonated species (anions of acids) begin to pre-
vail. Such is indeed the case: the obtained experi-
mental data have shown that i decreases with alka-
lization of the solutions.

CONCLUSIONS

1. Cathodic voltammograms obtained under forced
convection conditions for 0.01 M Cu(II) solutions
involving 0.04 M tartaric acid at 2.8 < pH < 4.2
have been quantitatively described in terms of for-
mal kinetics provided that the transfer of the first
electron to CuL,* (L* is an anion of tartaric acid)
is the rate-determining step.

2. Kinetic parameters of the charge transfer pro-
cess are found to be different for direct and reverse
scans of the electrode potential. Changes in the
surface activity of Cu electrode caused by the for-
mation/destruction of Cu,O layers are supposed to
be responsible for such an effect.

3. The characteristic current peak observed at ca
—0.7 V might be attributed to the reduction of tar-
taric acid.
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V. Baliukiené, A. Surviliené A. Survila

TARTRATINIU Cu(Ill) KOMPLEKSU
ELEKTROREDUKCIJA RUGSCIOSE TERPESE

Santrauka

Istirti katodiniai procesai, vykstantys 0.01 M Cu(Il) ir
0.04 M vyno rugsties tirpaluose, kai 2.8 < pH < 4.2.
Voltamogramas, gautas priverstinés konvekcijos salygomis,
galima kiekybiSkai apraSyti formaliosios elektrodinés
kinetikos lygtimis, priimant, kad pirmojo elektrono
perneSimas j CuL > (L* yra vyno riigSties anijonas) yra
greitj limituojanti stadija. Tiesioginio ir priesingos krypties
potencialo skleidimo metu yra gaunami skirtingi kinetiniai
parametrai. Manoma, kad Sio efekto priezastimi yra Cu
elektrodo pavirSiaus aktyvumo pokyciai, kuriuos sukelia
Cu,O sluoksniy susidarymas ar irimas. Charakteringa
sroves smaile —0.7 V aplinkoje galima bty priskirti vyno
ragsties redukcijai.
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B. bamokene, A. Cypsuiene, A. Cypsuia

JNIEKTPOBOCCTAHOBJ/IEHUME TAPTPATHBIX
KOMIIJIEKCOB Cu(Il) B KUCJIBIX CPEJAX

PeswowMme

HccnemoBaHbl KaTOMHBIE MPOIECCHI, IPOTEKAIOIINE B
0,01 M pacrBopax Cu(Il), comepxammx 0,04 M
BUHHOI KuCIOTH Tipu 2,8 < pH < 4,2. Boabrammepo-
ITpaMMBI, TIOJYYeHHBIE B YCIOBUSX IPUHYIUTCIHHON
KOHBEKIIMM, MOIYT OBITh KOJMYCCTBEHHO OIMCAHBI
YpaBHEHUSMU (DOPMAJILHON DJIEKTPOTHON KWHETUKU
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B TIPEATIONIOXKEHUM, YTO TIEPEHOC IIEPBOTO 3JIEKTPOHA
Ha Cul,> (L*-aHMOH BUHHOW KHCIOTEI) SABJISETCH
CKOpOCTh ompenesstionieil cranueit. OOHapyXeHO, 4TO
KWUHETUYECKUE TTapaMeTphbl, YCTAHOBJIEHHBIC TIPU TIPS~
MOM M OOpaTHOM pa3BepTKe IIOTeHIIMAja, pas3jin-
yaotcs. Ilpenmomaraercsi, 4ro 3TOT 3¢h¢EKT MOXET
OBITh OOYCJIOBJICH W3MEHEHUEM AaKTUBHOCTH IIOBEp-
XHOCTU BJIEKTpoJa M3-3a O0pa3oBaHUS WIHA pa3pyllie-
Hus cnoeB Cu,O. XapakTepHbI IMK TOKa, HaOJIIO-
maemblii ipu —0,7 B, MoxXeT OBITh BBI3BaH BOCCTa-
HOBJICHUEM BHMHHOM KUCJIOTHI.



