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Impedance of copper electrode in acid Cu(II) solutions 
containing gluconic acid
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Electrochemical impedance spectroscopy was applied to study the processes taking place 
on the Cu electrode in 0.01 M Cu(II) solutions containing 0.04 M gluconic acid and 0.3 M 
K2SO4 (pH 3.0). The Nyquist plots obtained under open-circuit and cathodic polarization 
conditions present the arcs centred below the abscissa axis. The description code of the 
adequate equivalent circuit is RΩ (Cdl[R1W1] [R2W2]) (here, elements in series are writ-
ten in angle brackets and parallel elements are given in parentheses). The settled exchange 
current densities obtained for the two-step charge transfer process (i01 = 4.8 µA cm–2 and 
i02 = 440 µA cm–2) are in good agreement with the quantities obtained earlier from voltam-
metric data.

The double-layer admittance was found to increase with the cathodic overvoltage ap-
proaching the values that are typical of additive-free Cu(II) solutions. Desorption of gluco-
nate is supposed to occur at potentials adjacent to the plateau of the limiting current.
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INTRODUCTION

Gluconic acid, HO–CH2–(CH–OH)4–COOH, falls into the 
category of substances that can be industrially applied 
without bringing harm to the environment. Much informa-
tion concerning this ecological substance may be obtained 
from Sawyer’s review [1]. Due to the presence of OH-groups 
which release protons in alkaline media, gluconic acid is 
an effective ligand capable of forming complex compounds 
with most metals, copper included [1–4]. Therefore, a high 
complexation degree of Cu(II) is typical of alkaline media 
in which polynuclear complexes can be also formed [5–7]. 
However, the stability constants given in the literature [1–7] 
are rather exiguous and somewhat different, because they 
depend on the ionic strength of solutions and the nature of 
the supporting electrolyte.

In the case of acid media, gluconic acid may be symbolized 
as LH to show that only one hydrogen atom can split out from 
the carboxylic group, yielding the gluconate anion L–. This par-
ticle is classified as an active form of the ligand that forms com-
plexes with Cu2+ ions. Mononuclear complexes are weaker and 
the composition of acidic solutions becomes simpler [8, 9].

Among other applications, gluconate complexes found 
their use in different plating baths. Copper [10], as well as 
Cu–Sn alloys [11, 12] can be deposited from plating baths 
containing gluconates. Various practicalities are concerned 
in most of these works, whereas less attention is given to 
studies of the mechanism and kinetics of cathodic processes. 
According to [5], reversible polarograms were recorded in 
Cu(II) gluconate solutions. In contrast, the cathodic process 
on a solid copper electrode proceeds irreversibly via a con-
secutive transfer of two electrons. Voltammetric investiga-
tions have shown [9] that the limiting step Cu2+ + e → Cu+ 
is characterized by relatively low (1–20 µA  cm–2) exchange 
current densities which depend on the ligand concentration 
and pH.

More information could be obtained from the impedance 
data that carry information on the kinetics of faradaic pro-
cesses as well as on characteristics of a double electric layer. 
As for gluconate systems, such investigations are scarce. A 
great variety of Nyquist plots (relationships between real and 
imaginary components of impedance) is demonstrated in 
Ref. [13] that deals with the deposition of tin from neutral 
gluconate baths, but no quantitative analysis is presented.

Impedance characteristics of the copper electrode, ob-
tained for acid (pH 3) Cu(II) solutions containing gluconic 
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acid are analyzed in the present paper. The kinetic para-
meters determined on the basis of a proper equivalent circuit 
are compared with similar data obtained from voltammetric 
measurements [9].

EXPERIMENTAL

Solutions were prepared using thrice-distilled water, Cu-
SO4 · 5H2O (Mallinckrodt, USA, chlorides less than 0.005%), 
sodium gluconate (Sigma-Aldrich, 99% pure), and 0.3  M 
K2SO4 (high purity, Rеаkhim Russia) as a supporting elec-
trolyte. Argon stream had been passed through solutions for 
0.5 h before measurements. The argon atmosphere was kept 
also under solutions throughout the experiments.

To prepare the working electrodes, Pt wire with the sur-
face area 0.36 cm2 was coated with copper in solutions con-
taining (g dm–3): CuSO4 · 5 H2O – 250, H2SO4 – 50. The thick-
ness of smooth coatings was 5–7  µm. The electrodes were 
rinsed with water, immediately immersed into the solution 
under investigation and kept in it for a controlled time τ. 
The electrode potentials E were measured in reference to the 
Ag | AgCl | KCl(sat) electrode and converted to the standard 
hydrogen scale.

Impedance measurements were carried out under poten-
tiostatic conditions within the frequency (f) range from 0.05 
to 5 × 104 Hz, using a Zahner Elektrik (Germany) IM6 imped-
ance spectrum analyzer. All experiments were performed at 
20 °C. Computer programs elaborated by Boukamp [14] were 
used for analyzing impedance spectra.

RESULTS AND DISCUSSION

The kinetic parameters of electrochemical processes as well 
as characteristics of the double electric layer can be obtained 
from impedance data. For this purpose, an appropriate 
equivalent circuit (EC) of the electrode / solution interphase 
should be selected. It is well known that the electrochemical 
reduction of Cu(II) involves two consecutive charge transfer 
steps resulting in the formation of intermediate Cu(I) com-

pounds. Theoretical treatment of such systems under sinu-
soidal perturbation conditions made it possible to describe 
quantitatively real (Z’) and imaginary (Z’’) components of 
impedance [15–18]. The further inspection [19] allowed us 
to compose an adequate equivalent circuit which rigorously 
followed from analytical relationships obtained earlier in [15, 
17]. According to [19], the faradaic part of EC is represented 
by two parallel sub-circuits, each containing the charge trans-
fer resistance (R) and Warburg impedance (W) in series. 
Next, the faradaic impedance is shunted with the capacitance 
of a double electric layer (Cdl) and, finally, the ohmic resist-
ance of the solution (RΩ) is attached. Following Boukamp’s 
symbolism [14], the description code of such general EC may 
be written as follows: RΩ (Cdl[R1W1][R2W2]) (here, elements 
in series are written in angle brackets and parallel elements 
are given in parentheses).

It follows from the above-mentioned investigations 
that the Nyquist plots (interrelations between impedance 
components) present the arcs (quarters of a circle) centred 
below the Z’ axis. Experimental data obtained under open-
circuit conditions (Fig.  1) are essentially consistent with 
this statement. However, the duration of staying of the Cu 
electrode in the solution somewhat affect the experimen-
tal data: the impedance increases with the exposure time 
τ. It should be mentioned that the full record of imped-
ance spectra lasts about 8 minutes, but the record of its 
major part (at f > 10 Hz) takes only some tens of seconds. 
In this connection, the question arises to what degree the 
characteristics of the object could shift in the course of the 
measurement. To obtain certain answers, we made use of 
the Kramers–Kronig (KK) transforms. The essence of this 
mathematical procedure is that the real part of impedance 
(Z’) can be obtained from the imaginary component (Z’’) 
and vice versa, if the following constraints are satisfied: lin-
earity of the system, causality, stability and finiteness [20, 
21]. Using the equations

	 (1)

Fig. 1. Nyquist plots obtained at open-circuit 
potential Eoc = 0.22 V for the solution of indi-
cated composition
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	 (2)

where ω = 2πf and x is an auxiliary variable, 
the impedance modules                 	   
were calculated and compared with the re-
spective experimental quantities. It can be 
seen from Fig.  2 that transformed and ex-
perimental data coincide quite well over 
the large area of frequencies applied, viz. at 
f > 3 Hz. Hence, the results obtained in this 
region seem to characterize a certain steady-
state state.

The result obtained offers the further 
analysis using a slightly modified equiva-
lent circle RΩ (Qdl[R1W1][R2W2]) containing 
a constant phase element (CPE) Qdl instead 
of Cdl (vide supra). Fitting procedures were 
applied to obtain the parameters of EC ele-
ments; they are summarized in Table. This 
circuit enabled us to describe experimental 
data quantitatively with a frequency error of 
2–3% over the range from 0.3 Hz to 30 kHz 
(Fig. 3).

Firstly, it is appropriate to discuss the 
data obtained under open-circuit conditions. 
Three records of the impedance (Table) cor-
respond to exposure times τ equal to 5, 15 
and 25  minutes, respectively. According to 
the definition [20, 21], the admittance (Ydl) of 
the CPE Qdl can be expressed as follows:

Ydl = Y0 (jω)n,	 (3)

where	     . When the index n  =  1, the 
CPE transforms into pure capacitance. How-
ever, the experimentally determined n values 
are lower than 1 (Table). This could mean 
that the CPE Qdl stands for a more complex 
sub-circuit which renders the properties of 
the non-equilibrium double layer. For in-
stance, when adsorption processes are not 

Ta b l e .  Parameters of the equivalent circuit RΩ(Q
dl

 [R
1
W

1
] [R

2
W

2
])

RΩ = 1.65 ± 0.01 Ω cm2

E / V τ / min
Qdl R1 W1 R2 W2 Note

105 Y0 n R1 103 Y01 R2 104 Y02

0.221 5 9.59 0.815 273 9.72 84.4 7.49 1st record
15 7.41 0.833 343 6.15 70.2 6.06 2nd record
25 6.79 0.839 375 4.92 65.7 5.69 3rd record

0.05 3.12 0.925 690 8.38 577 2.63
–0.10 4.94 0.920 330 19.3 274 1.12
–0.25 13.6 0.866 ∼ ∼ 176 44.3

Rel. err., % 7 1 6 12 6 7
Dimensions: [R] = Ω cm2, [Y0] = Ω–1 cm–2 sn, [Y01] = [Y02] = Ω–1 cm–2 s0.5.

Fig. 2. Comparison of experimental impedance spectra (symbols) 
with those obtained by Kramers–Kronig transform (lines)

Fig. 3. Comparison of experimental impedance spectra (symbols) 
with those simulated for a given equivalent circuit (lines)
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fast enough, the aforementioned sub-circuit can acquire the 
following structure: (Cdl[RWC]) [22–24]. Unfortunately, ad-
dition of such extra elements overloads the basic EC, and its 
analysis becomes impossible. Nevertheless, the diminution 
of Y0 with τ indicates that the adsorption intensifies and the 
double-layer capacitance decreases.

It is of interest to analyze the faradaic sub-circuits so as to 
obtain the exchange current densities i01 and i02 of the charge 
transfer processes Cu2+ + e → Cu+ and Cu+ + e → Cu, respec-
tively. The following relationships, obtained in [17, 19], may 
be used for this purpose:

	 (4)

	 (5)

where σ1 and σ2 are coefficients of the respective Warburg 
impedances (see EC elements W1 and W2). Generally,

	 (6)

then the Warburg admittance

	 (7)

and

	 (8)

Hence, σ1 and σ2 can be easily obtained from Y01 and 
Y02 quantities given in Table. The equilibrium concent-
ration of Cu2+ ions ([Cu2+]  =  2.14  mM) was obtained 
using well-known material balance equations and stabil-
ity constants determined and listed in Ref. [9]. It follows 
from the analysis of standard potentials of Cu  |  Cu2+ and 
Cu  |  Cu+ electrodes that the equilibrium constant of the 
process Cu + Cu2+ ⇄ 2 Cu+ is equal to 4.5 × 10–7 M; then, 
[Cu+] = 3.1 × 10–5 M. The value of the diffusion coefficient 

D = 4 × 10–6 cm2 s–1 was also taken from Ref. [9]. Simula-
tions, carried out by Eqns. (4) and (5), yield the following 
values of i01 and i02 (in µA cm–2): 4.30 and 383 (1st record), 
4.69 and 424 (2nd record) 4.75 and 442 (3rd record). It can 
be seen primarily that i01 << i02, i. e. the transfer of the first 
electron is the rate-determining step. Secondly, the varia-
tions in i0 are rather lower as compared with the changes in 
Y0 (see element Qdl in Table). Thus, it could be concluded 
that a certain restructuring of the double layer has a rather 
weak effect on the exchange current densities.

The kinetic parameters of Cu(II) reduction were also 
determined by us from voltammetric data, using analysis 
of normalized Tafel plots [9]. The i01 values obtained by two 
different methods are in good agreement (Fig. 4), what does 
not always happen. This gives all reasons to state that Cu2+ 
aqua-complexes can be actually treated as electrically active 
particles.

The Nyquist plots retain their shape under cathodic po-
larization conditions as well (Fig. 5). The three values of the 

Fig. 4. Exchange current densities of the process Cu2+ + e → Cu+ vs. total ligand 
concentration

Fig. 5. Nyquist plots obtained at indicated 
potentials. Comparison of experimental (sym-
bols) and simulated (lines) data
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potentials applied (0.05, –0.10 and –0.25 V) correspond to the 
current densities that comprise ~10, 25 and 90% of the limit-
ing current density. The same EC that was used above (see 
Fig. 3) fits experimental data quite well (Fig. 5). The lowest 
double-layer admittance Y0 was obtained at 0.05 V (Table). It 
increases with the cathodic overvoltage approaching the val-
ues that are typical of additive-free Cu(II) solutions [19, 25]. 
This is an indication of a significant desorption of gluconate 
at sufficiently negative electrode potentials. A comparison of 
data given in [26–29] leads to the conclusion that the zero-
charge potential of Cu electrode in sulphate-containing solu-
tions falls on 0 V. Thus, as should be expected, the main re-
gion of gluconate absorption is located at moderate (positive 
and negative) surface charge densities. When the negative 
charge becomes too high, gluconate ions are displaced from 
the double layer.

Equations (4) and (5) are derived for the equilibrium po-
tential and are unsuitable for the description of impedance 
under cathodic polarization conditions. In the latter case, 
faradaic elements intricately depend on the partial current 
densities i1 and i2, charge transfer coefficients, surface con-
centrations, etc. [21]. When the cathodic polarization in-
creases, the net current density i = i1 + i2 also increases and 
the surface concentration of Cu2+ ions ([Cu2+]s) decreases. 
Variations in [Cu+]s are more complicated and depend on 
the i01/i02 ratio. All these effects are embodied in the EC pa-
rameters (Table). One of them consists in the diminution R1 
and R2 until [Cu2+]s becomes sufficiently low. At –0.25 V, the 
impedance of [R1W1] increases to the extent that R1 and Y01 
become indeterminable and this sub-circuit can be deleted 
from the general EC.

To sum up, it is appropriate to draw attention to the elec-
trical phase angle ψ = arctan (Z’’/Z’) that sometimes is used 
in diagnostic procedures. Its spectra are shown in Fig. 6. A 
specific maximum observed at ~1  kHz under open-circuit 

conditions seems typical of most of the Cu | Cu(II) systems 
[19, 30, 31]. Its position shifts to lower frequencies when the 
cathodic polarization is increased.

CONCLUSIONS

1. The Nyquist plots obtained for Cu electrode in 0.01  M 
Cu(II) and 0.04  M gluconate solutions at pH  3 present the 
arcs centred below the Z’ axis, which are typical of two-step 
charge transfer reactions. They retain their shape under ca-
thodic polarization conditions as well.

2. The equivalent circuit RΩ (Cdl[R1W1][R2W2]) makes it 
possible to describe experimental data quantitatively with 
the frequency error of 2–3% over the range from 0.3 Hz to 
30 kHz. It is valid under both open-circuit and cathodic po-
larization conditions.

3. The settled exchange current densities obtained for 
the two-step charge transfer process (i01 = 4.8 µA cm–2 and 
i01 = 440 µA cm–2) are in good agreement with the quantities 
obtained earlier from voltammetric data.

4. The double-layer admittance increases with the ca-
thodic overvoltage approaching the values that are typical of 
additive-free Cu(II) solutions. Gluconate desorption is sup-
posed to occur at potentials adjacent to the plateau of the 
limiting current.
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VARIO ELEKTRODO IMPEDANSAS Cu(II) IR GLIU-
KONO RŪGŠTIES TIRPALUOSE

S a n t r a u k a
Elektrocheminės impedanso spektroskopijos metodu ištirti proce-
sai, vykstantys ant vario elektrodo 0,01  M Cu(II), 0,04  M gliuko-
no rūgšties ir 0,3 M K2SO4 tirpaluose, kurių pH yra 3,0. Naikvisto 
grafikai, gauti atviros grandinės sąlygomis, turi lankų, kurių centrai 
yra žemiau abscisės, formą. Adekvačios ekvivalentinės grandinės 
kodas yra toks: RΩ (Cdl[R1W1][R2W2]) (čia nuosekliai sujungti ele-
mentai yra patalpinti laužtiniuose skliaustuose, o sujungti lygia-
grečiai – paprastuose). Dviejų krūvio pernašos stadijų nusistovėję 
mainų srovės tankiai (i01 = 4,8 µA cm–2 ir i02 = 440 µA cm–2) gerai 
derinasi su dydžiais, gautais anksčiau iš voltamperometrinių duo-
menų.

Didėjant katodinei poliarizacijai, dvigubojo sluoksnio admitan-
sas auga, pasiekdamas vertes, kurios yra būdingos Cu(II) tirpalams 
be priedų. Manoma, kad gliukonatas desorbuojasi, kai potencialas 
priartėja prie ribinės srovės srities.


