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. INTRODUCTION

Galvanization is widely used to protect iron
and steel from atmospheric corrosion. Recently,
zine has been alloyed with iron—group metals be-
cause of the superior properties of these alloys
such as corrosion resistance, weldability, and
also paintability?. The electrodeposition of zinc
with iron-group metals is called anomalous
codeposition; 1t yields anomalously high zinc
content in the codeposited alloys. Nicol and Phil-
ip? have attemptled w0 relate such anomalous be-
havier with the phenomenon of underpotential
deposition. Swathirajan® investigated the inhib-
iting effect of underpotentially deposited zinc on
the electrodeposition of nickel.

The underpotential deposition of monolayer
of a metal on a foreign substrate has been stud-

ied for varlous metal —substrate systems®®,
and a general relationship was proposed by
Kalb et al.®

su=42 ¥

where AUy s the shift of electrodeposition
potential in V, and P is the difference of work
function values hetween the substrate and the
electrodenosited metal in eV. Quantitative stu-
dies, however, have been limited to a few cases
such as copper on noble metals? 7% The unde-
rpotential deposition of zine on different. subst-
raies has been mentioned in several papers® 79,
A major difficulty for the study of zinc is the
simultaneous evolution of hydrogen.

In this report, the underpotential deposition
of zine was investigated on carbon steel sub-
strate both in sulfate and chloride solution, and
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also on electroplated nickel,

2. EXPERIMENTAL

A rotating disk system with the working
electrode in a Teflon insulator was used in a 0.5
| glass cell. The material was 1018 carbon steel
with a chemical composition of 0.15—0.20% C,
0.6—0.9% Mn, 0.04% Max P, and 0.05% Max
S. The exposed gecmetric area was 0.46cm®
This carbon steel was used as substrate for
most experiments. Another subsiraie, a bright
nickel surface was prepared by electroplating in
0.5 M nicke! sulfate solution at 300 mA/ca? Be-
fore each measurement, the electrode was pol-
ished with fine alumina powder (0.054) tc a
mirror-like surface, and cleaned first with ace-
tone and then activated with dilute sulfuric
acid. A saturated calomel electrode was the ref-
erence electrode, and a platinum wire was the
counter electrode.

Sotutions were 0.5 M zinc sulfate or zinc
chloride prepared with reagent grade chemicals.
The pH was adjusted to 3.0 with sulfuric acid
or hydrochloric acid. The only impurity detected
by inductively coupled plasma (ICP) spectrome-
ter was iron at the level of about 0.05 ppm. The
solution was purified by electrolysis at a con-
stamt potential —0.2 V {vs. SCE) with a plati-
num rotating disk electrode. It was sparged
with purified niirogen to remove the dissolved
oxygen just before the measurements.

The polarization curves were obtained by
linear sweep voltammetry at a sweep rate of
100 mV/sec. For the electrodeposition, the po-
tential was driven in the negative direction,
then reversed. For stripping tests, the potential
was held at a given wvalue, then driven in the
positive direction. In some cases, the current
iransients were recorded as a function of time
by means of a storage oscilloscope. The ohmic
drop 1n the solution was determined by the cur-
rent interruption method, and a correction was
applied to each polarization curve.

3. RESULTS

Fig. 1 represents a linear sweep voltamme-
try obtained with the carbon steel elecirede In a
zine sulfate solution. During the cathodic sweep,
a small peak is observed at about —0.93 V (vs.
SCE). The current starts to increase agam at
—1.03 V which is the normal electrodeposition
potential of zinc. A sheulder 1s observed at the
beginning of this steady rise, as the surface be-
comes covered by zinc. The anodic sweeps inter-
sects the zero current line at —1.05 V.

20

%
E
o
< /'
E g
£
0
z
[T
o ]
£
w —-201
4
o
>
o

—ap L ] A L .

-1,2 -1.0 -0.8 -0.6

POTENTIAL wva SCE, V

Fig. 1. Linear sweep voltammetry on carbon
steel (0.5 M ZnS0, pH 3.0, tempera
ture 25 °C, rotating speed 2500 rpm,
sweep rate 100 mV/sec).

The result was also compared with an inter-
rupted sweep illustrated by curve 1 in Fig. 2.
The potential was held at the peak —0.93 V for
5 seconds, then the sweep was resumed. During
this short period of time, the current rapidly de-
creases. Curve 2 in Fig. 2 shows the potential
sweep in the absence of zinc in the solution.
Hydrogen evolution begins at about —0.7 V,
and the current increases faster than in the
presence of zine {curve 1), although later it be-
comes limited by diffusion.

The current transients were obtained at four
potentials as llustrated in Fig. 3. The potential
steps were applied after keeping the electrode
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Fig. 2. Linear sweep voltammetry on carbon
steel in 0.5M ZnSO, (curve 1) and in
0.5M Na2S0, without ZnS0, (curve 2}
(pH 3.0, temperature 25°C, rotating
speed 2500 rpm, sweep rate 100 mv/

sec).
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Fig. 3. Potentiostatic current transients on car-
bon steel at four different potentials, 1:
—1.000 V {vs. SCE), 2. —1050 V, 3:
—1.100 V, 4: —1.150 V (0.5 M ZnSO,,
pH 3.0, temperature 25, rotating speed
2500 rpm}).

at the rest potentia! for about 20 seconds. All
four curves show rapid current decreases. At a
potential of —1.000 V, for instance, the currerit
decreases to about 2 mA/em? in 0.1 second, and

then more slowly 1o a steady-—state current of 0.
75 mA/em® in 10 seconds. At —1.050 V, the
steady —state current is also very low, while at
the potential of —1.100 V and —1.150 V which
are more negative than the reversible potential
of zinc, the steady-state currents are much
higher than the first two.

Fig. 4 shows another current transient ob-
tained at a more negative potential, —-1.250 V
and with a longer time scale. It initially has a
similar shape to the four curves in Fig. 3, but
the current begins to increase after 0.3 second
as the electrodeposition: continues. The dashed
lire displays an example of rapid current in-
crease for the three-dimensional growth of nick-
al layer on carbon steel.
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Fig. 4. Potentiostatic current transients on car-
bon steet in 0.5 M ZnS0, at —1.250 V
{solid line) and in 0.5 M NiSQ, at —~ 1.1
V {dashed line) {pH 3.0, temperature 25
°C , rotating speed 2500 rpm).

Fig. 5 shows the steady-state polarization
curves obtained by the potential step method in
a sodium sulfate solution {curve 1), and in a
zine sulfate solution (curve 2). The steady-
state current at about —(0.85 V is almoest the
same for both cases. As the potential becomes
mare negative, however, curreni becomes much
smaller,
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Fig. 5. Steady-state currents on carbon steel at
different overpotentials in 0.5 M Na,S0,
{curve 1} and in 0.5 M ZnSO, (curve 2}
{pH 3.0, temperature 257, rotating spe
ed 2500 rpm). Dashed line represents
Tafal line.

Fig. 6 Hustrates the effect of reversing the
sweep at two different potentials. Curve 1 was
roversed at —1.06 V, and curve 2 was reversed
at —1.02 V. The difference in the shape of the
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Fig. 6. Cyclic sweep voltammetry on carbon
steel reversed at two different poten-
tials, 1: —1.06 V {vs. SCE), 2: —1.02
V {05 M ZnS0,, pH 3.0, temperature
25°C, rotating speed 2500 rpm, sweep
rate 100 mV/sec).

anodic branches was attributed to the stripping
of a dilferent amount of zinc electrodeposited
during the two cathodic sweeps.

Fig. 7 illustrates the anodic sweeps obtal-
ned alter maintaining the electrode potential at
preset values for 10 seconds. All curves display
anodic shoulders and/or the peaks at —0.85 V
(B} and —0.99 V {A), which represent the stri-
poing of zinc layers formed in the underpotent-
1al range. For elecirodeposition times longer th-
an 10 seconds, the anodic curves were reproduc-
ible. The amount of charge passed during anod-
i¢ stripping was calculated by the areas under
the shoulders and peaks as ilfustrated by curve
4 In Fig. 7. The dashed line was obtained by cu-
bic spline {itting of solid line data at starting
point and after the peak. Similar technique has
heen used by Breiter®,

The relationship between the electrodepos-
1tion potential and the corresponding amount of

charge 1s shown In Fig. 8. Three curves repres
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Fig. 7. Lingar potential sweeps in anodic direc-
tion after holding potential for 10 sec at
five different values, 1. —1.044 V {vs.
SCE}, 2: —1.025 V, 3: —0.988 V, 4. —
0.930 V, 5. —-0.8768 V (0.5 M ZnSQ,, pH
3.0, temperature 25°C, rotating speed
2500 rpm, swaep rate 100 mV/sec).
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ent respectively the results obtained on carbon
steel in sulfate and chloride solution, and also
on electroplaied nickel in sulfate solution. The
data points in Fig. 8 were the average values
obtained after the repetition of tests under dif-
ferent conditions. In Fig. 7, for instance, curve
4 was obtalned at a sweep rate of 100 mV/sec
after electrodeposition at —0.93 V for 10 sec-
onds. The procedure was then repeated several
times at different sweep rate. 20 mV/sec, 50
mV/sec, 100 mV/sec, and for different electro-
deposition time: 10 seconds, 20 seconds, 30 sec-
onds. Each test was done on the newly prepared
electrode surface, The average value of estimat-
ed charge density was 0.214 mC/cn? (standard

deviation 0.007). Al three curves have a simi--

lar shape with the amount of charge increasing
when the potential becomes more negative. The
measured charge is higher in chloride solution
than in sulfate solution (curve 2 vs. 1), and the
reduction starts at a less negative potential on
nickel than on carbon steel (curve 3 vs. 1).
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Fig. 8. Calculated charge densities of reduced
zinc as a function of electrodeposition
potential in 0.5 M ZnS0, {curve 1} and
0.5 M ZnCl; {curve 2) on carbon steel,
and in 0.5 M ZnS0O, on electroplated
nickel {curve 3) (pH 3.0, temperature
257 , rotating speed 2500 rpm, sweep
rate 100 mV/sec).
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Fig. 9. Surface coverage estimated by ratio of
hydrogen evolution currents in 0.5 M
Zn30Q, {curve 1) and in 0.5 M Na,SC,
(curve 2} (pH 3.0, temperature 25C, ro-
tating speed 2500 rpm).

4. DISCUSSION

The experimental resulis presented in Fig.
2 indicate that the hydrogen evolution is signifi-
cantly suppressed in the presence of zinc. It is
also observed from the anodic stripping curves
of Fig. 7 that the cathodic surface is covered by
a layer of reduced species in a potential range
more positive than the reversible potential of zi-
nc. All results can be interpreted by the underp-
otential deposition of zinc.

In Fig. 1, the intercept with the zero cur-
rent line represents the point where the small
rate of zinc corrosion equals the rate of hydro-
gen evolution. The hydrogen evolution current
on zin¢ is quite small as shown in Fig. 5, and
then it affects to the determination of reversible
potential of zinc less than 2 mV, considering the
steepness of anodic sweep curve. Therefore, the
potential —1.05 V at the intercept is almost in
agreement with the reversible potential of zinc,
~1.048 V, calculated from the standard elec-
trode potential and the activity coefficient data
given by Latimer™.

The cathodic peak in Fig. 1 is atiributed to
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the competition between the hydrogen evolution
and the underpotential deposition of zinc; the
current rises at about —0.70 V as the hydrogen
evolution begins, but the process Is partly sup-
pressed as the surface becomes covered by a
zinc layer, product of the underpotential deposi-
tion. The suppression of hydrogen evolution is
expected given the high value of overpotential
on a zine sucface.

The current vs. time curves In Fig. 3 are
consistent with the change of cathodic surface
as a function of time. Both curve 1 and 2 were
obtained at less negative potentials than that
for the electrodeposition of bulk zine, The de-
crease of current corresponds to the build-up of
a zine layer (either a monolayer or a multilay-
er) which Is two-dimensionally limited. The
steady-state current, —0.45 mA/em® for curve
1 and —0.75 mA/cm? for curve 2, attained m 10
seconds represents the hydrogen  evolution
current after the surface is covered by a zinc
layer. The potential vaiues for curve 3 and 4
are negative enough for the elecirodeposition of
zinc. The currents at these two potentials repre-
sent the currents for zine electrodeposition and
simultaneous hydrogen evolution. The gap in
the current value hetween curve 2 and 3 1s con-
sidered as a change from the underpotential de-
position to the bulk layer electrodeposition.
However, curve 3 and 4 do not have the shapes
of three—dimensional crystallization in this time
range. Fig. 4 indicates that the three—dimension-
al growth begins after the carbon steel sub-
strate 1s covered by zinc, after the effect of
original substrate 1s disappeared.

Al three curves in Fig. 8 display the fea-
tures of an sotherm for a multilayer adsorption
process. A similar shape of curve has been ob-
tained for the underpotential deposition of cop-
per on palladium by Chierchie and Mayer®.
Each curve features a knee which indicates the
monalayer adsorption. The position of the knee
is related to the electrodeposition potential at

the completion of a zinc monclayer before it
grows to a muftilayer. [t can be also related 1o
the anodic stripping results in Fig. 7. At least,
the curves show peak B until the electrodepos-
ttion potential becomes more negative than a
value carresponding with the position of the
knee. Therefore, peak B alone corresponds to
the electrodeposition of a zine monolayer. Con-
sidering the theoretical amount of charge for
monolayer, 0.52 mC/cr® on the basal plane of
hexagonal—<closed—packed crystal, the zinc layer
corresponding to peak B will be a fraction of
monolayer. On the other hand, the amount of
charge for peak A and B is much higher than
that for a monclayer. The peak A corresponds
to the electrodeposition of a multilayer which
prebably commences just before the deposition
of bulk layer. The presence of this layer has
been mentioned in some cther papers? 9% .

In the underpotential range, the surface cov-
erage of zinc increases as the potential becomes
mare negative. Fig. 5 shows that the hydrogen
evolution 1s suppressed at higher coverage of
zinc. For instance, the steady-state current at
—1.044 V is about —0.48 mA/m? which is
much smaller than that on bare carbon steel, —
8.26 mA n? At this potential, the substrate is
expected to be almost completely covered by
zine, and the steady—state current. represents
only the bydrogen evolution on zinc. By draw-
ing the imaginary Tafel line crossing this point,
the exchange current density for the hydrogen
evolution on zinc is estimated to be at least two
orders of magnitude smaller than that on car-
bon steel. The rate of hydrogen evolution on the
partial zine layer compared o that on the bare
carbon steel substrate can be neglected. There-
fore, the steadv—state coverage of zinc at a
given potential can be roughly estimated from
the ratic of two hydrogen evelulion currents in
the solutions with and without zinc as illustrat-
ed m Fig. 9. The coversge increases with the
corresponding amount of charge, resulting in a
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plateau as it becomes completed. The position of
the knee almost agrees with that of curve 1
which represents the completion of monolayer,
as discussed above.

The reported work function of zinc ig 4.33
eV and that for polycrystalline @~iron is 4.70
eV?, Assuming that the work function of low
carbon steet is the same as that of pure iron,
the electrodeposition potential of zinc on carbon
steel is to be shifted by 0.185 V according to Eq.
1. The underpotential deposition of zinc is then
expected at —0.865 V. The work function of
nickel is 5.15 €V13}, and the underpotential de-
position of zinc is expected at —0.64 V. The
values of potential for the underpotential deposi-
tion of zing can be estimated either by the inter-
cept of two curves in Fig. 5 or by extrapolating
the curves in Fig. 8 to zero charge. The values
estimated in two different figures are in agree-
ment (—0.86 V vs. —0.84 V}. The values are
listed in Table 1.

Table 1. Potentials for Underpotential Deposition

Cendition by Ha. 1 by Experi
V (vs. SCE) meni
Steel in Sulfate —0.865 —-0.85
Steel in Chloride —0.865 —0.79
Nickel in Sulfate —0.640 —0.69

The potential values obtained for under-po-
tential deposition on carbon steel in sulfate solu-
tion agrees fairly well with that expected from
Eq, 1, whereas the value obtained in chloride so-
lution is more positive. The specific adsorption
of chioride ions may change the property of
original surface. Kolb et al. have mentioned that
the chloride solution causes a shift of unde-
rpotential deposition to a2 more negative poten-
tial than in a sulfate solution®. Qur results do
not confirm that statement. For underpotential
electrodeposition on the electroplated nickel, the
value is slightly negative than predicted by Exq.
1, but it is still in fair agreement.

5. CONCLUSION

Zinc can be elecirodeposited on carbon steel
and electroplated nickel in the underpotential
range. The result in sulfate solution agrees with
ihe equation proposed by Kolb et al,, but the po-
tential in chloride solution is shifted in the posi-
tive direction.

The coverage of the carbon steel substrate
by zine in sulfate and chloride sotutions as well
as the coverage of nickel by zinc in sulfate solu-
tion can be described from experimental result.
This suggests that the surface coverage corre-
sponds to a thermodynamic equilibrium con-
trolled by the cathodic potential. The shape of
curves in Fig., 8 warrants further analysis using
multilayer adsorption model. The results will be
presented in the following paper.
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