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Abstract

The anodic dissolution of zinc RDE in NH4Cl and NH4Cl� ZnCl2 electrolytes at pH 5.5 was studied. XPS and
SEM data indicate that the zinc electrode is covered by a porous ®lm composed of a mixture of metallic zinc and
zinc hydroxide. The thickness of the ®lm and the zinc hydroxide content is much higher in zinc-containing
electrolytes than in NH4Cl and, although the thickness and Zn(OH)2 amount decrease with anodic polarization, the
electrode is never free from oxidized compounds. Electrochemical results indicate that at low overpotentials the rate
of zinc dissolution is determined by the removal of the oxidized blocking particles, while at high overpotentials Zn
dissolution takes place through the porous layer.

1. Introduction

Thebehaviour of the zinc anodeplays a critical role inZn±
Ni electroplating since the passivation of the anode
increases the potential di�erence between the electrodes
and reduces the coatingquality. In aprevious studyonNi-
containing ammonium electrolytes [1] it was observed
that, with external anodic current, passive ®lm formation
was a result of space-sharing anodic and cathodic
reactions due to local Ni or Zn±Ni alloy electrodeposi-
tion.XPS results indicated thatmetallic Zn,metallicNi or
Ni±Zn alloy and zinc-oxygen-containing compounds
(ZnOxHy) were present in this passive ®lm, which was
probably a product of the Zn dissolution reaction.
Two possible explanations can be advanced to ac-

count for the incorporation of the oxygen-containing
particles into the passive ®lm. The ®rst is chemical
precipitation, particularly in conditions of hydrogen
evolution on Ni-rich surfaces. At pH > 5, zinc hydrox-
ide can precipitate to form Zn(OH)2:ZnO [2] or
ZnCl2:4Zn(OH)2 [3] ®lms. The second is electrochemical
formation due to the anodic dissolution of the zinc
electrode. Baugh [4] suggested that in NH4Cl solutions
the anode surface is free from oxygen-containing par-
ticles. In other cases, however, an oxide layer appears at
low anodic polarizations which is subsequently removed
at high current densities [5].
The kinetics of the zinc dissolution reaction in NH4Cl

solutions has been extensively investigated using polar-
ization measurements and impedance techniques [4±8].
The reaction is strongly stimulated by chloride anions,
which appear to be responsible for zinc corrosion. In

alkaline solutions, where the oxide ®lm formation is
ensured, signi®cant changes in the kinetics of zinc
dissolution are observed [9]. Metal dissolution takes
place essentially at the base of pores of a conductive
layer of oxidation products which is progressively
degraded by the anodic current.
The main aim of this study was to obtain more

information on the zinc dissolution process and on the
nature of the anodic ®lm formed on Zn electrode in
NH4Cl and NH4Cl� ZnCl2 solutions using electro-
chemical and surface analysis techniques. The results
obtained will be useful as a reference, prior to the
analysis of anode behaviour in the industrial electrolytes
used to obtain Zn±Ni alloys.

2. Experimental details

Electrochemical measurements were carried out in a
three-electrode cell of 0.1 dm3 capacity. NH4Cl and
NH4Cl� ZnCl2 solutions with ®xed Clÿ concentration
(3 mol dmÿ3) at pH 5.5 were used. All chemicals were
Merck pro-analysis grade and the water was obtained
from MilliQ water puri®cation system. The electrolytes
were deoxygenated by argon bubbling before and
during use. The temperature of the solutions was
25 �C in all cases. All potentials are given against Ag/
AgCl/KCl (sat.) electrode. The zinc disc electrode
(diameter 2 mm) was mounted in a Te¯on holder
which was connected to a Taccussel CTV101T rotator.
Before each measurement the zinc electrode was
polished with silicon carbide paper (grade 1000 and
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4000) and aluminum oxide (3.75 lm), etched with 1:10
HCl:H2O solution for 2 min and rinsed in doubly
distilled water. The electrochemical measurements were
performed after reaching the steady-state potential
using an EG&G 273 potentiostat controlled by a 486
IBM PC. Ohmic drop was corrected by using the
current-interrupt IR compensation method. The ®lm
morphology and surface chemical analysis were exam-
ined by scanning electron microscopy (SEM) and X-
ray photoelectron spectroscopy (XPS).

3. Results and discussion

3.1. Electrochemical data

The electrochemical study of zinc anodic dissolution
was mainly performed using cyclic voltammetry and
quasi steady-state i=E curves (v � 1mV sÿ1). Given the
strong in¯uence of the chloride ion content on this
process [5], all data were obtained with a constant Clÿ

concentration (3 mol dmÿ3). It was observed that a
change in NH�4 concentration in the range
1±3 mol dmÿ3 hardly in¯uenced the i=E curves, at a
constant Clÿ content.
Typical i=E curves for the supporting electrolyte and

di�erent zinc-containing solutions are shown in Figure 1.
The dependence of the anodic current on the electrode
rotation speed indicates that the rate of zinc dissolution
is determined by a di�usion stage, probably the rate at
which zinc-chloro species di�use away from the elec-
trode [5, 6]. However, at rotation speeds over 1000 rpm
the current becomes independent of the rotation speed,
which indicates that there is no di�usion control in the
bulk electrolyte.
Cyclic voltammograms for the zinc electrode at

x � 2000 rpm are shown in Figure 2(a). Di�erences in
the current for forward and reverse scans are observed,
depending on the potential scan rate (v). These di�er-

ences decrease with decreasing potential scan rate and
disappear at high overpotentials for v � 1mV sÿ1. The
dependence of the current density on the potential scan
rate is shown in Figure 2(b). It is relevant that the
current decreases as the scan rate increases. These
voltammetric results indicate that zinc dissolution de-
pends not just on potential, but also on time.
The kinetics of zinc dissolution was analyzed using

quasi steady-state i=E curves (v � 1mV sÿ1) at x �
2000 rpm. The method proposed by Shub in [10] was
used to calculate the electrode resistance (R) and to
correct i=E curves for IR drop. This method has been
used successfully in other cases to calculate the electrode
resistance and Tafel slopes in complex anodic processes
[11, 12]. In the present study it was found that the
experimental and calculated polarization curves correct-
ed for ohmic drop showed the same trends (Figure 3(a)).
Shub suggests that the experimental polarization curves
(PC) may re¯ect three situations:
(i) The character of the PC at high i is controlled by

ohmic drop.
(ii) The character of the PC at high i is determined, not

only by ohmic drop, but also by special kinetic
features of the anodic reaction.

(iii) The character of the PC at high i is determined both
by ohmic drop and by special kinetic features, but
the electrode resistance changes. In this case two
linear sections occur on dE against i plots (dE is the

Fig. 1. Polarization curves for Zn RDE at x � 2000 rpm in di�erent

solutions: (1) 3.0 mol dmÿ3 NH4Cl; (2) 2.8 mol dmÿ3 NH4Cl �
0:1mol dmÿ3 ZnCl2; (3) 2.5 mol dmÿ3 NH4Cl� 0:25mol dmÿ3

ZnCl2; (4) 2.0 mol dmÿ3 NH4Cl� 0:5mol dmÿ3 ZnCl2; (5) 1.0 mol

dmÿ3 NH4Cl� 1:0mol dmÿ3 ZnCl2. v � 1mV sÿ1.

Fig. 2. (a) Cyclic voltammograms for Zn RDE at x � 2000 rpm in

3.0 mol dmÿ3 NH4Cl (1, 2) and 2.0 mol dmÿ3 NH4Cl+ 0:5mol dmÿ3

ZnCl2 (3, 4) at di�erent potential scan rates: (1, 3) ±2 mV sÿ1;
(2, 4) ÿ100 mV sÿ1. (b) Dependence of anodic current density on

potential scan rate for Zn RDE at x � 2000 rpm in di�erent solutions:

(1) 3.0 mol dmÿ3 NH4Cl, E � ÿ1:000 V; (2) 2.0 mol dmÿ3 NH4Cl�
0:5mol dmÿ3 ZnCl2, E � ÿ0:950 V.
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di�erence between the experimental potential and
the potential obtained by the extrapolation of the
initial linear segment of the CP) [12]. R1 is calcu-
lated directly from the slope of the ®rst section (at
low i) and R2 is calculated from equation [10]:

R � R0 ÿ dE0 log i2 ÿ log i1� �
� �i2 log i1 ÿ i1 log i2�� ÿ�i2 ÿ i1� log ix� �1�

where R0 is the resistance calculated from the slope of
2nd section of dE against i plots; dE0 is the value
obtained when this section is extrapolated to the axis of
dE; i1 and i2 are relatively high current densities found
within the 2nd section (i2 O 1.5 i1); and ix is the current
density of intersection on dE against i plots.
The polarization curve obtained with the supporting

electrolyte and dE against i plot are shown in Figures
3(a) and (b), respectively. According to Figure 3(b)
the resistance of the electrode changes with potential,
with R1 � 0:50� 0:05 X at low overpotentials (E <
ÿ1:060 V) and R2 � 0:31� 0:05 X at high overpoten-
tials (E > ÿ1:060 V). These resistance values are used to
simulate the true polarization curve (Figure 3(a)), for
which two Tafel slopes are obtained: b1 � 20 mV per
decade at low overpotentials and b2 � 26 mV per
decade at high overpotentials. As also observed in
Figure 3(a), the PC with the ohmic drop experimentally
corrected shows the same slopes. However, only one
Tafel slope is observed in the reverse scan of the i=E
curves and this is close to the value of 2:3RT=2F , which,
according to [4], corresponds to a reversible zinc
dissolution process.
When Zn is present in the electrolyte, a shift of

polarization curves to positive potentials is observed
(Figure 1) due to changes in the equilibrium potential of

the Zn electrode. The analysis of the quasi steady-state
i=E curves (performed using the same method) for the
solution 2 mol dmÿ3 NH4Cl� 0:5mol dmÿ3 ZnCl2 also
shows di�erent Tafel slopes. In the forward scan, slopes
of b1 � 8 mV per decade at low overpotentials
(E < ÿ1:010 V) and b2 � 28 mV per decade at high
overpotentials (E > ÿ1:010 V) are calculated. As ob-
served with the supporting electrolyte, at high overpo-
tentials the current for the forward and for the reverse
scans of the quasi steady-state i=E curve is the same and
Tafel slope b2 indicates a reversible zinc dissolution
process [4]. However, at low overpotentials the current
on the reverse scan of the polarization curves changes
more quickly and a Tafel slope of 10 mV per decade (b1)
is calculated. Moreover, the resistance of the electrode
practically does not change with increasing potential: at
low overpotentials R1 � 0:32� 0:05 X and R2 � 0:36�
0:05 X at high overpotentials.

3.2. Surface analysis data

To analyse the nature of the ®lm formed on the zinc
anode surface after anodic polarization in the support-
ing electrolyte and in 2 mol dmÿ3 NH4Cl�
0:5mol dmÿ3 ZnCl2 solution, SEM and XPS techniques
were used. A porous ®lm is observed in both cases
(Figure 4), but, in the presence of zinc large amorphous
blocks are formed on the electrode surface. This

Fig. 3. (a) Anodic polarization curves for Zn RDE at x � 2000 in

3.0 mol dmÿ3 NH4Cl: (s) experimental, uncorrected for ohmic drop;

(4) experimental, corrected for ohmic drop; (d) calculated, corrected

for ohmic drop; (b) dE against i plot corresponding to the experimental

uncorrected curve.

Fig. 4. SEM micrographs of ®lm on zinc RDE prepared at x �
500 rpm. for 10 min in: (1) 3.0 mol dmÿ3 NH4Cl (E � ÿ1:000 V);

(2) 2.0 mol dmÿ3 NH4Cl� 0:5mol dmÿ3 ZnCl2 (E � ÿ0:940 V).

Scalebars: 100 lm.
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indicates that the formation of insoluble products on the
zinc electrode surface is favoured in the zinc-containing
solutions.
XPS results indicate that in both cases the ®lm formed

on the zinc anode contains only two elements: zinc and
oxygen. Nitrogen and chlorine are not detected either on
the surface or in the bulk of the ®lm. The nature of the
oxygen-containing compounds is determined by analys-
ing the XPS peak position of oxygen and zinc. As a
reference material we used ZnO which was pressed into
a tablet as a mixture of ZnO � KBr. By taking the C1s
peak from contamination at a binding energy (BE) of
284.8 eV, the BE of O1s of ZnO was found at 530.4 eV.
This value was consistent with published data [13]. The
binding energy of Br3d (69.0 eV) was used to correct
peak position [14] and then, the BE of O1s after
sputtering was found at 529.7 eV. Given that there was
practically no di�erence between the BE of Zn2p3=2 in
metallic and oxidized forms [13, 14], we obtained the Zn
LMM Auger line for the ZnO sample. In this case the
kinetic energy (KE) value for Zn2� in ZnO (989.1 eV)
was quite di�erent from the KE of Zn0 in the metal
(992.2 eV). Thus, the Zn LMM Auger line was used for
the analysis of the ®lm.
The LMM lines of Zn for a pure Zn metallic foil, ZnO

and a zinc anode after anodic polarization are shown in
Figure 5. It should be noted that the peak position
obtained for zinc anodes oxidized in the supporting
electrolyte or in the 2 mol dmÿ3 NH4Cl� 0:5mol dmÿ3

ZnCl2 solution is the same. Comparison of these spectra
demonstrates that the anodic ®lm on the Zn electrode is
a mixture of metallic zinc and zinc±oxygen compounds.
Based on the peak positions of Zn2� LMM (KE =
987.2 eV) and O1s (BE in range 532.0±531.5 eV), the
majority of Zn(II) is in the Zn(OH)2 form.
According to XPS depth pro®les (Figure 6), the

content of Zn(OH)2 in the ®lm formed in the presence
of zinc is much higher than that obtained with the
supporting solution: in both cases this content decreases
with ®lm depth. Moreover, the amount of Zn(OH)2 and
the ®lm thickness depend on the applied potential
(current density) and on time for ®lm formation. They
decrease with increasing overpotential and decreasing
formation time.
Therefore, XPS results indicate that the ®lm formed

on the zinc anode surface in ammonium electrolytes
contains zinc hydroxide, even at high overpotentials,
which is contrary to what was suggested in other cases
[4, 5]. The formation of a porous layer of zinc and
Zn(OH)2 on the zinc electrode close to the equilibrium
potential may account for the electrochemical results:
with this layer, electrode activation (the removing of
some blocking particles, mainly Zn(OH)2) is necessary
for the current to ¯ow through the electrode, which
explains why the current is higher at low scan rates or a
Tafel slope lower than the `reversible' value. However,
this ®lm is non-blocking, probably because it is a thin
®lm with metallic conductivity and porous structure [9]
and so zinc oxidation can take place to some extent

through the ®lm. With polarization some of the
Zn(OH)2 particles that hinder the oxidation of zinc are
removed and at high anodic overpotentials the Tafel
slope attains the reversible value, although the electrode
is not free of oxidized compounds. Since Zn(OH)2 has
low conductivity, the resistance of the electrode decreas-
es with polarization. The behaviour in the reverse scans

Fig. 5. XPS spectra in the Zn LLM region for: (1) Zn foil; (2) ZnO

pressed into a tablet with KBr; (3) ®lm formed on the Zn anode

in 2.0 mol dmÿ3 NH4Cl� 0:5mol dmÿ3 ZnCl2 (E � ÿ0:940 V, x �
500 rpm.) for 10 min.

Fig. 6. O1s XPS depth pro®le for ®lm on zinc RDE prepared at

x � 500 rpm. for 10 min in: (1) 3.0 mol dmÿ3 NH4Cl (E � ÿ1:000 V);

(2) 2.0 mol dmÿ3 NH4Cl� 0:5mol dmÿ3 ZnCl2 (E � ÿ0:940 V).
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of the i=E curves indicates that the electrode surface is
free from the blocking particles that are removed from
the surface at low overpotentials in the forward scan.
In zinc-containing electrolytes ®lm thickness increases

and is richer in zinc hydroxide. Given the thickness and
composition of the layer it seems that in this case zinc
oxidation can only take place if some of the blocking
particles are previously removed from the surface. If this
occurs, the e�ective anode area increases, the current
increases abruptly and a very low Tafel slope is
obtained. Moreover, in these conditions the resistance
of the electrode is constant, maintaining the same value
when it is obtained at high overpotentials with the
supporting electrolyte. This indicates that this value
corresponds to the zinc anode when it is free from the
oxidized compounds that hinder the oxidation process.
The low value of the Tafel slope for the reverse scan of
the PC at low overpotentials indicates that the blocking
particles are also formed at low anodic overpotentials,
probably because oxygen-containing species can form
more easily when Zn2� is present in the solution.

4. Conclusions

XPS analysis of zinc dissolution in ammonium chloride
electrolytes indicates that the zinc surface is covered by a
porous layer, composed of metallic zinc and zinc hy-
droxide, formed at the corrosion potential. The thickness
of this layer and the amount of zinc hydroxide is much
higher in NH4Cl� ZnCl2 than in NH4Cl electrolytes
and, although the thickness decreases with overpotential,
the surface is never completely free of oxidation products.
Electrochemical results indicate that, at low overpo-

tentials, the rate of zinc dissolution is determined by the
removal of some of the Zn(OH)2 particles that block the
electrode surface. At high overpotentials Zn dissolution

takes place through the porous layer that remains on the
surface.
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