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Zn-Ni alloys were electrodeposited on a Cu electrode at 10-5 000 A'm 2, 5 x 10* C-m 2, 293 K, 313
K, and 333 K in unagitated zincate solutions containing the reaction product of epichlorohydrin and imid-
azole (IME) as a brightener. The synergistic effect of IEM and solution temperature on the deposition
behavior of Zn-Ni alloys was investigated. The transition current density at which the deposition behavior
shifted from normal to anomalous one decreased with IME at 293 K, but did not change regardless of IME
addition at 313 K and 333 K. The suppression effect of IME on the Zn and Ni depositions during alloy
deposition was observed at 293 K while at 313 K and 333 K, the suppression effect decreased on the Zn
deposition but was maintained on the Ni deposition. Therefore, Ni content in deposits significantly
decreased with IME as the temperature increased. The current efficiency of Zn deposition significantly
decreased with IME at 293 K, with a small degree of decrease at 313 K and 333 K. The C content in
deposits was the highest at 293 K and decreased with increasing solution temperature, indicating that the
adsorption ability of IME on the cathode decreases with the increasing temperature. As a result, the sup-
pression effect of IME on the Zn deposition decreases with the increasing temperature. The gloss of
deposited films was the highest at 293 K, attributed to the IME adsorption ability being large at 293 K and
deposited films with fine crystals becoming smooth.

KEY WORDS: zincate; zinc—nickel alloy; electrodeposition; brightener; anomalous codeposition; polariza-

tion curve; current density; transition current; current efficiency; solution temperature.

1. Introduction

Zn—Ni alloy plating exhibits a better corrosion resis-
tance than Zn plating; thus, it is applied to automobiles,
home appliances, building material parts, etc."® Zn-Ni
alloy plating is industrially performed from a sulfate or a
chloride solution. However, zincate solution is also used to
improve the throwing power.”'" Reportedly, in Zn—Ni alloy
deposition from sulfate and chloride solutions, anomalous
co-deposition behavior occurs, in which the electrochemical
base Zn deposits preferentially over noble Ni.'>'® Unlike
the sulfate and chloride solutions, a brightener is typically
added to the zincate solution for Zn—Ni alloy deposition.
Although many reports have demonstrated the relationship
between the appearance qualities of the deposited films from
the zincate solution and the brightener,'’ 2" few have
reflected the effect of the brightener on the electrochemical
reaction.””?¥ Therefore, the authors selected a reaction prod-
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uct of epichlorohydrin and imidazole (IME) as a brightener,
reported to have a brightening effect in Zn deposition from
a zincate solution in the previous report, and the effect was
investigated. The deposition behavior shifts from normal to
anomalous type at the transition current density. When IME
is added, the transition current density is reduced due to sup-
pression of hydrogen evolution, and both Zn and Ni deposi-
tion are suppressed to reduce the current efficiency of alloy
deposition, the Ni content of the deposited films decreases
because Ni deposition is more strongly suppressed.*>)
Conversely, although the solution temperature affects the
deposition overpotential, throwing power, metal salt solu-
bility and solution conductivity, etc.,”® and is an extremely
important factor in electrodeposition, few studies have
reported the effect of solution temperature on the deposition
behavior of Zn—Ni alloy from zincate solution. In the region
wherein the charge transfer process is rate-determining, Ni
deposition is promoted more than Zn deposition when the
solution temperature is increased. Therefore, the Ni content
of the deposited films increases with the solution tempera-
ture.”” Reportedly, the Ni content increases significantly as
the solution temperature increases above 323 K,*® but the
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details are unknown. In the electrodeposition from an elec-
trolytic solution with a brightener, the effect of the bright-
ener may differ depending on the solution temperature, with
a possible synergistic effect of the brightener and solution
temperature on the deposition behavior, but the details are
unknown. The synergistic effects of IME and solution tem-
perature on the deposition behavior were investigated based
on the partial polarization curves of Zn and Ni deposition,
hydrogen evolution, the appearance, and microstructure of
the deposited films.

2. Experimental

Table 1 shows the composition of the zincate solution and
the electrolysis conditions for the Zn—Ni alloy deposition.
The electrolytic solutions were prepared by dissolving the
reagent-grade ZnO (0.15 mol-dm %), NiSO4-6H,O (0.016
mol-dm ?), N(CH,CH,OH); (0.34 mol-dm*), and NaOH
(2.5 mol-dm ) in distilled and deionized water. The reac-
tion product of epichlorohydrin and IME was prepared
as previously reported.”3? 6.81 g of IME was placed in
100 ml of pure water, and the temperature was raised to
313-323 K. Then, 9.25 g of epichlorohydrin was gradually
added dropwise below 333 K while stirring the solution
with a magnetic stirrer. After the epichlorohydrin addition,
the temperature was raised to 353 K and refluxed for about
2 h with stirring to obtain IME. The structural formula of
IME is shown in Fig. 1. Electrolysis was performed by the
constant current electrolysis method without stirring at the
current density of 10-500 A-m 2, amount of electricity of
5 x 10* C-m 2, and solution temperatures of 293 K, 313
K, and 333 K. The amount of electricity of 5 x 10* C:m 2
corresponds to a film thickness of 2.4 um assuming the
deposition of pure Zn at a current efficiency of 100%. A Cu
plate (1 cm X 2 cm) was used as the cathode and Pt plate (1
cm X 2 c¢cm) as the anode. However, when preparing samples
for gloss evaluation, scanning electron microscopy (SEM)
observation, and XRD analysis, a Fe plate (I cm X 2 cm)
was used as the cathode. The obtained deposited films were
dissolved in nitric acid, and Zn and Ni were determined by
the ICP optical emission spectroscopy to obtain the compo-
sition of the deposited alloy and the current efficiencies of
Zn and Ni deposition. Partial current densities for Zn and
Ni deposition and hydrogen evolution were calculated by
multiplying the total current density by the respective cur-
rent efficiency (%)/100. An Ag/AgCl electrode (saturated
KCl, 0.199 V vs. NHE, 298 K) was used as a reference
electrode to measure the polarization curves, but the poten-
tials were converted to the standard hydrogen electrode and
displayed. The gloss of the deposited films was evaluated
by a spectrophotometer (Konica Minolta, Inc. CM-3610d).
The light source was a pulsed xenon lamp with a diameter
of 8 mm. The diffuse illumination was performed using an
integrating sphere, and the total reflectance (SCI method,
including specular reflectance) and diffuse reflectance (SCE
method, removing specular reflectance) were measured in
the 8° direction. The gloss was evaluated by subtracting the
diffuse reflectance (SCE method) from the total reflectance
(SCI method).>"

To quantify the IME codeposited in the deposited films,

the emission intensities of C, Cu, Zn, and Ni were measured
by the high-frequency glow discharge optical emission
spectrometry (rf-GDOES) with the following conditions:
analysis diameter: ¢2 mm, argon pressure: 600 Pa, power:
40 W, pulse frequency: 2 000 Hz, duty cycle: 0.125. The
surface morphology of the deposited films was observed
by SEM, and the phase identification was performed via
an X-ray diffractometer (Cu-Ke, tube voltage 40 kV, tube
current 15 mA).

3. Results

3.1. Effect of IME and Solution Temperature on the
Deposition Behavior of Zn—Ni Alloys

Figure 2 shows the total and the partial polarization
curves of Zn, Ni deposition, and hydrogen evolution
when Zn—Ni alloy deposition was performed at a solution
temperature of 293 K. The equilibrium potential £7,°% of
Zn deposition (Zn022’+2H20+Ze’—>Zn+4OH’) assum-
ing that pure Zn is deposited at a solution temperature of
298 K is —1.27 V.3? In addition, the equilibrium potential
Eni®® of the deposition (Ni(TEA)22++Ze’—>Ni+2TEA) was
calculated —0.41 V based on the complex stabilization
constant K = 104.74 of triethanolamine (TEA) coordinated
to the Ni** ion assuming that pure Ni is deposited at a solu-
tion temperature of 298 K.*¥ In the total polarization curve
(Fig. 2(a)), without IME, even though increased the current
density from 10 to 50 A-m~? in the potential region nobler
than the equilibrium potential (—1.27 V) of Zn, the potential
rarely changed, while on exceeding 50 A-m 2 it moved
largely (approximately 0.4 V) in less noble potential direc-
tion, and on reaching the equilibrium potential of Zn, the
shift of potential became small even on increasing the cur-
rent density. During deposition from the solution containing
3 and 5 ml-dm * of IME, the total polarization curve shifted
to a less noble potential range when the current density
exceeded 10 A-m~? and the current density at which the
potential began to shift was smaller than that without IME.
Even in the solution containing IME, at the equilibrium
potential of Zn, the shift of the potential to the less noble
side became small despite increasing the current density.
The partial polarization curve (Fig. 2(b)) of Zn deposition
from the solution without IME showed a rise in the potential
region nobler than the equilibrium potential of Zn, as in the
total polarization curve, followed by a shift toward the less

OH
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Fig. 1.

Structural formula of reaction product of epichlorohydrin
and imidazole.

Table 1. Solution compositions and electrolysis conditions.
ZnO (mol-dm™®)  0.15 | Current density (A-m ?) 10-500
NiSO46H,O (mol-dm ™)  0.016 Temperature (K) 293, 313, 333
N(CH,CH,0OH);3 (mol'dm ™)  0.34 | Amount of charge (C-m ?) 5 x 10*
NaOH (mol-dm™3) 2.5 Cathode Cu(l x 2cm?)
2
Reaction product of epichlorohy- drin -3 Anode Pt x 2em’)
. (mldm™) 0,3,5
and imidazole (IME) Quiescent bath
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Fig. 2. Polarization curves for Zn—Ni alloy deposition at 293 K from the solutions containing various amounts of IME.
[Concentration of IME: 0, 3, 5 ml-dm >, (a) Total polarization curves and partial polarization curves of (b) Zn,

(c) Ni and (d) Ha].

noble potential region, and then a sharp rise at potential less
noble than the equilibrium potential of Zn (—1.27 V). In
contrast, the partial current density of Zn deposition from
the solution containing 3 and 5 ml-dm * of IME was not
detected in the potential region nobler than the equilibrium
potential of Zn, and increased in the potential region less
noble than the equilibrium Zn potential. Comparing the
partial current density of Zn deposition from the solution
containing 3 and 5 ml-dm * of IME with that from IME-free
solution at same potential, it was lower with IME than that
from IME-free solution. The partial polarization curve of
Ni deposition (Fig. 2(c)) also showed a similar trend to that
of Zn deposition (Fig. 2(b)) (suppression of Ni deposition
by IME in the region £ < Ez,°%). The hydrogen evolution
(Fig. 2(d)) from the Zn—Ni alloy deposition solution was
observed at potential nobler than the equilibrium potential
of Zn in the presence and absence of IME, decreased once
despite the shift to a less noble potential, and increased at
potential less noble than the equilibrium potential of Zn. The
partial current density of hydrogen evolution, which started
decreasing despite the shift to the less noble potential, was
smaller for the solution containing IME.

Figure 3 shows the total and partial polarization curves
of Zn and Ni deposition and hydrogen evolution during the
Zn—Ni alloy deposition at a solution temperature of 313
K. The total polarization curve (Fig. 3(a)) shows a large
(approximately 0.4 V) shift to a less noble potentlal region
when the current density exceeds 50 A-m * regardless of
the presence or absence of IME, and the shift of potential to
the less noble direction becomes smaller at the equilibrium
Zn potential, despite increasing the current density. For the
current density above 50 A-m 2, the effect of IME on the
total polarization curve was not observed at 313 K, unlike at
293 K (Fig. 2(a)). Conversely, the partial current density of
Zn deposition (Fig. 3(b)) was almost the same at potentials
less noble than the equilibrium potential of Zn, regardless
of the presence or absence of IME, and showed a different
trend from that for 293 K (Fig. 2(b)). In contrast, the partial
current density of Ni deposition (Fig. 3(c)) was lower in

© 2022 1SIJ
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the solution containing 3 and 5 ml:dm * of IME than that
in IME-free solution in the potential region less noble than
the equilibrium potential of Zn, showing a similar trend to
that of the solution at 293 K. Hydrogen evolution from the
Zn—Ni alloy electrolytic solution (Fig. 3(d)) was observed at
potentials nobler than the equilibrium potential of Zn with
or without IME, and as at 293 K (Fig. 2(d)), decreased once
despite the shift to a less noble potential, and increased at
potential less noble than the equilibrium potential of Zn.
However, unlike the solution temperature of 293 K, the
partial current density of hydrogen evolution, which started
to decrease at potentials nobler than the equlhbrlum poten-
tial of Zn, was about 50 A-m? with and without IME and
almost the same for both cases.

Figure 4 shows the total and the partial polarization
curves of Zn and Ni deposition and hydrogen evolution
during the Zn—Ni alloy deposition at a solution temperature
of 333 K. The total polarization curve (Fig. 4(a)) shows a
large (approximately 0.4 V) shift to a less noble potential
region when the current density exceeds 100 A-m 2 with/
without IME, and the shift to the less noble potential became
smaller at the equilibrium potential of Zn, despite increas-
ing the current density. For the current densr[y above 100
A-m ™2 the effect of IME on the total polarization curve was
not observed at 333 K, as with 313 K (Fig. 3(a)). The partial
current density of Zn deposmon (Fig. 4(b)) was slightly
smaller with 3 ml-dm 3 of IME at potentials less noble than
the equ111br1um potential of Zn, but the degree of decrease
with 3 ml-dm > of IME was shght comparing with that at
293 K (Fig. 2(b)). In contrast, the partial current density of
Ni deposition (Fig. 4(c)) was clearly lower in the solutions
containing 3 and 5 ml-dm > of IME at the potential range
less noble than the equilibrium potential of Zn, showing the
same trend as the solution temperatures of 293 K and 313
K. Conversely, the partial polarization curve of hydrogen
evolution (Fig. 4(d)) showed a large shift from the region
of noble potential to that of less noble potential, regardless
of the presence of IME. The partial current density at which
the potential began to shift was almost same to be about 100
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Fig. 4. Polarization curves for Zn—Ni alloy deposition at 333 K from the solutions containing various amounts of IME.
[Concentration of IME: 0, 3, 5 ml-dm >, (a) Total polarization curves and partial polarization curves of (b) Zn,

(c) Ni and (d) Ha].

A-m~? with/without IME, unlike at 293 K.

Figure 5 shows the correlation between the current den-
sity and current efficiency of Zn—Ni, Zn, and Ni depositions
during Zn—Ni alloy deposition at a solution temperature of
293 K. The current efficiency of Zn—Ni alloy deposition

shown below is the sum of the current efficiencies of Zn and
Ni depositions. In IME-free solution, the current efficiency
of Zn—Ni alloy deposition (Fig. 5(a)) was low (14%—26%)
in the low current density range of 10-50 A-m 2, but rap-
idly increased above 50 A'm 2, became maximum at 100

1921 © 2022 1S
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A-m™?2 and then, decreased as the current density increased.
In the solution containing 3 or 5 ml-dm * IME, the current
efficiency was almost zero at a current density of 10 A-m 2
but rapidly increased above 10 A-m~? and reached its
maximum from 20 to 50 A-m~? and significantly decreased
above 50 A-m 2. The current efficiency of Zn deposition
during the alloy deposition (Fig. 5(b)) showed a similar

© 2022 1SIJ

behavior to that of alloy deposition (Fig. 5(a)), except for
the low current density range of 10-50 A-m ? from the
solution without IME. The current efficiency of alloy depo-
sition with and without IME increased rapidly at low to high
current density region (Fig. 5(a)) because of the increase in
the current efficiency of Zn deposition. The current density
to start increasing the current efficiency of Zn deposition
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was lower in the solution containing 3 or 5 ml-dm > of
IME. For high current densities above 100 A-m 2 the
current efficiency of Zn deposition decreased significantly
(approximately 40-60%) with IME addition. The degree of
decrease became larger when IME was increased from 3 to
5 ml-dm . Conversely, the current efficiency of Ni deposi-
tion (Fig. S(C)) was lower with IME than that without IME
for the entire current density range. The current efficiency of
Ni deposition decreased with the increasing current density
in the solution without IME, whereas it in the solutions con-
taining 3 and 5 ml-dm * of IME showed a similar current
density dependence as that of Zn deposition.

Figure 6 shows the correlation between the current den-
sity and current efficiency of Zn—Ni, Zn, and Ni deposition
during Zn—Ni alloy deposition at a solution temperature of
313 K. The current efficiency of Zn—Ni alloy deposition
(Fig. 6(a)) increased rapidly at current density above 50
A-m~2 regardless of the presence of IME, reached its maxi-
mum at 100 A-m 2, and decreased with further increase in
the current density. The current efficiency of Zn deposition
during the alloy deposition (Fig. 6(b)) was similar to that of
the alloy deposition (Fig. 6(a)) except for the low current
density region of 10-50 Am ? from the solution w1thout
IME. In the high current density region above 100 A-m™~,
the current efficiency of Zn deposition decreased with the
addition of IME, but the degree of decrease was lower than
that at 293 K (Fi ig. 5(b)). In the high current density region
above 250 A'm ", the current efficiency of Zn deposition
did not decrease much despite increasing the IME from 3
to 5 ml-dm 3. The current efficiency of Ni deposition (Fig.
6(c)) was lower with the addition of IME in the total current
density range.

Figure 7 shows the correlation between the current den-
sity and current efficiency of Zn—Ni, Zn, and Ni deposition
during Zn—Ni alloy deposition at a solution temperature of
333 K. The current efficiency of Zn—Ni alloy deposition
(Fig. 7(a)) increased rapidly at the current den51ty above 100
A-m~ 2 reaching its maximum at 250 A-m ? with/without
IME, and further decreased with the increase in the current
density. The current efficiency of Zn deposition during alloy

100

deposition (Fig. 7(b)) was similar to that of the alloy depo-
sition (Fig. 7(a)), except in the low current density region
of 10-100 A-m 2 from the solution without IME. In the
high current density region above 250 A-m 2, the current
efficiency of Zn deposition decreased with the addition of
IME, but the degree of decrease was lower than that at 293
K (Fig. 5(b)). The current efficiency of Zn deposition rarely
decreased despite increasing the IME from 3 to 5 ml-dm 3.
The current efficiency of Ni deposition (Fig. 7(c)) was lower
with the addition of IME for the entire current density range.

The current efficiency of Zn deposition (Figs. 5(b), 6(b),
and 7(b)) was compared with the total polarization curves
(Figs. 2(a), 3(a), and 4(a)). The current density to rapidly
increase the current efficiency of Zn deposition was con-
sistent with that at which the potential significantly shifted
from nobler than the equilibrium potential of Zn to where
it was less noble in the total polarization curve. The current
density at which the potential significantly shifted from
nobler than the equilibrium potential of Zn to less noble was
lower with IME at a solution temperature of 293 K (Fig.
2(a)), while it almost remained unchanged by the addition
of IME at the solution temperatures of 313 K and 333 K
(Figs. 3(a) and 4(a)).

Figure 8 shows the correlation between the current den-
sity and Ni content of Zn—Ni alloy deposited films for each
solution temperature. The broken line in the figure shows
the composition reference line (CRL) of Ni, which means
that the Ni content in the solution is identical to that in the
deposited films. When the Ni content in the deposited films
is greater than CRL, normal codeposition occurs, in which
electrochemically nobler Ni deposited in preference to Zn.
In contrast, when the Ni content in the deposited films is
lesser than CRL, anomalous codeposition occurs, in which
less noble Zn deposited in preference to Ni. As shown in
Fig. 8(a), in IME-free solution at 293 K, the Ni content in
deposited films significantly (approx1mate1y 80%) changed
at current density region of 50-100 A-m “. Below 50
A-m “, the Ni content was above the CRL at around 90
mass%, indicating normal-type codeposition, whereas above
100 A-m 2, it was below the CRL, indicating anomalous
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Current efficiency for Zn—Ni alloy deposition at 333 K from the solutions containing various amounts of IME.
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codeposition. With the addition of 3 and 5 ml-dm 3 of IME,
the Ni content in deposited films 51gn1ﬁcantly changed at
current density range of 10-20 A-m 2. Above 20 A'm %
the content was below the CRL, showmg anomalous code-
position. The deposition behavior shifted from normal to
anomalous at a certain current density, and its current den-
sity is called the transition current density.**>® This transi-
tion current density was consistent with the current density
where the potential of the total polarization curve shown in
Fig. 1(a) shifted abruptly from the nobler than the equilib-
rium potential of Zn to less noble region, and the current
density where the current efficiency of Zn changed signifi-
cantly (Fig. 5(b)). The transition current density evidently
decreased with an addition of IME at 293 K. In contrast, at
a solution temperature of 313 K (Fig. 8(b)), the transition
current density ranged from 50 to 100 A-m 2 regardless
IME, showing a different trend from that at 293 K. Figures
8(d), 8(e), and 8(f) show enlarged images of the Ni content
in the high current density region where anomalous codepo-
sition occurred. The Ni content in the region of anomalous
codeposition decreased with the IME addition at all solution
temperatures; the decrease in Ni content was small at 293
K (Fig. 8(d)) but became more pronounced as the solution
temperature increased to 313 K (Fig. 8(e)) and 333 K (Frg
8(f)). At 293 K, the Ni content was lower for 5 ml-dm
IME than for 3 ml-dm * IME (Fig. 8(d)), whereas the effect
of amount of IME on the Ni content was not observed at
313 K and 333 K.

3.2. Effects of IME and Solution Temperature on the
Appearance and Microstructure of the Deposited
Films

Figure 9 shows the appearance of the Zn—Ni alloy depo-

sition films obtained at 500 A-m~? from a solution of 293

K, 313 K, and 333 K containing various concentrations of

IME. When IME was not included (Figs. 9(a), 9(d), and

9(g)), the deposited films were gray and matte at any solu-

tion temperature, with several bubble traces at 313 K and

333 K. With the addition of 3 and 5 ml-dm * of IME, it

became silvery and glossy in a solution of 293 K (Flgs

9(b), 9(c)). However, as the solution temperature increased

to 313 K and 333 K, the gloss decreased (Figs. 9(e), 9(f),

© 2022 1SIJ

IME-free IME 3ml

Appearance of Zn—Ni alloy films deposited at 500 A-m
and different temperatures from the solutions containing
various amounts of IME. [Concentration of IME: 0, 3, 5
ml-dm 3, (a): IME-free, 293 K, (b): IME 3 ml-dm >, 293
K, (¢): IME 5 ml-dm 3, 293 K, (d): IME-free, 313 K, (e):
IME 3 ml-dm 3, 313 K, (f): IME 5 ml-dm 3, 313 K, (g):

IME-free, 333 K, (h): IME 3 ml-dm 3, 333 K, (i): IME 5
ml-dm 3, 333 K]. (Online version in color.)

IME Sml
.

Smm

293K

313K

Fig. 9. -2

9(h), and 9(i)).

Figure 10 shows the correlation between the concentra-
tion of IME and the glossmess of Zn—Ni alloy films obtained
at 250 and 500 A-m? for each solution temperature The
glossiness of films deposited at 250 A m 2 from IME-free
solution was low at all the solution temperatures (Fig.
10(a)), however, the addition of 3 ml-dm * of IME greatly
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PDF # 87-0713, and % Ni,Zn;[y] PDF # 65-5310).

increased the glossiness at solution temperatures of 293 K
and 313 K, which was especially pronounced at 293 K.
However, when the solution temperature was increased to
333 K, the addition of IME did not increase the glossiness.
At solution temperatures of 293 K and 313 K, the increase
in IME addition from 3 to 5 ml-dm > decreased the gloss.
Conversely, the gloss of the deposited films obtained at 500
A-m? (Fig. 10(b)) also increased significantly with the IME
addition, and the degree of increase in gloss was greater for
the deposited films obtained at 500 A-m 2 than for that at
250 A-m 2. As described above, the glossiness of the depos-
ited films obtained from the solution containing IME was
highest at a solution temperature of 293 K and decreased on
increasing it to 313 K and 333 K.

Figure 11 shows the X-ray diffraction patterns of the
deposited films obtained in the solution containing 3
ml-dm ? of IME at different solution temperatures and cur-
rent densities. At 293 K (Fig. 11(a)), the peaks related to
the Fe of the substrate and 1-Zn phases were detected in
the deposited films obtained at 250 A-m %, whereas at 313
K (Fig. 11(b)) and 333 K (Fig. 11(c)), the peaks related
to the j~phase (intermetallic compound of Ni,Zn;;) were
detected besides the Fe and 7n7-phase. The Ni content of the
deposited films was 4.6, 2.2, and 2.3 mass% at 293 K, 313
K, and 333 K, respectively, indicating that the y phase was
formed even though the Ni content of the deposited films

1925

decreased with the increasing solution temperature. In con-
trast, in the deposited films obtained at 500 A-m % only the
peaks related to Fe and 1 phases were detected regardless
of the solution temperature. At 313 K and 333 K, the Ni
contents of the films obtained at the current densities of 250
and 500 A-m? were almost the same (2.3 mass%). These
results indicate that the y-phase was more easily formed in
the deposited films obtained from the solution containing 3
ml-dm ~* IME at higher a solution temperature and a lower
current density, i.e., lower overpotential for deposition.
Figure 12 shows the SEM images of the de}posited films
obtained in the solution containing 3 ml-dm ° IME at dif-
ferent solution temperatures and current densities. The films
deposited at 250 A-m ? were smooth, consisting of fine
plate-like crystals at 293 K (Fig. 12(a)). However, when
the solution temperature increased to 313 K (Fig. 12(b))
and 333 K (Fig. 12(c)), the crystals became more rounded
and lumpier. As mentioned earlier, for the deposition at
250 A-m 2 at 293 K, the deposited film (Ni content, 4.6
mass%) consisted of a single phase of 1, whereas at 313
K and 333 K, the deposited films (Ni content, 2.2-2.3
mass%) consisted of 17 and y phases. The 7y phase of
deposited Zn—Ni alloys is reported to consists of rounded
granular crystals.>”*® The surface morphology of the depos-
ited films obtained at 250 A-m 2 differed greatly depending
on the solution temperature, possibly attributed to the differ-
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293 K

250A-m?

Fig. 12. SEM images of the Zn—Ni alloy films deposited at various current densities and temperatures from the solution
containing 3 ml-dm ~* of IME. [(a): 250 A-dm %, 293 K, (b): 250 A-dm 2, 313 K, (c): 250 A-dm 2, 333 K, (d): 500
A-dm ™%, 293 K, (e): 500 A-dm %, 313 K, (f): 500 A-dm 2, 333 K].

ence in the phase structures. Conversely, the films obtained
at 500 A-m 2 showed fine plate-like crystals and smooth
surface at solution temperatures of 293 K (Fig. 12(d)) and
313 K (Fig. 12(e)), while the surface became slightly rough
at a higher solution temperature of 333 K (Fig. 12(f)). The
films obtained at 500 A-m 2 consisted of 7 phase with Zn
content in films higher than 90 mass% at all the solution
temperatures, and the grain size became larger at a higher
solution temperature of 333 K because the overpotential for
deposition became smaller. By comparing the SEM images
of the Zn—Ni alloy deposited films shown in Fig. 12 with
the gloss levels shown in Fig. 10, since the deposited films
(Figs. 12(a), 12(d)) obtained in a solution containing 3
ml-dm* IME at a solution temperature of 293 K had fine
crystals and a smooth surface, the glossiness of the films
was higher. The glossiness of the films obtained from the
solution containing IME was larger for those obtained at
500 A-m % than for those at 250 A m~? (Fig. 10), probably
because the former films consisted of finer crystals (Fig. 12).

4. Discussion

Table 2 summarizes the results of the effect of IME on
the deposition behavior of Zn—Ni alloys at 293 K and 333
K from alkaline zincate baths. The effects of IME on the
transition current density at which the deposition behavior
shifted from normal to anomalous, the current efficiency of
alloy deposition, and the composition of the deposited films,
varied with the solution temperature. Next, the factors are
discussed for each potential range nobler than the equilib-
rium potential of Zn (normal type codeposition region) and
less noble than the equilibrium potential of Zn (anomalous
type codepositgion region).

4.1. Electrodeposition Behavior in the Potential Region
Nobler than the Equilibrium Potential of Zn
(Region of Normal-type Codeposition)

Figure 13 shows the relationship between the transition
current density and IME concentration in the Zn—Ni alloy
deposition for each solution temperature. The transition cur-
rent density at which the deposition behavior shifted from
normal to anomalous corresponded to the current density at
which the potential shifted abruptly from a potential range
nobler to less noble than the equilibrium potential of Zn in
the total polarization curve. The transition current density
shown in Fig. 13 was evaluated by the current density at
which the potential began to shift from nobler to less noble
in total polarization curve. As shown in Figs. 2, 3, and 4,
hydrogen evolution was dominant in the region nobler than
the equilibrium potential of Zn, therefore, the transition cur-
rent density could be approximated by the current density
of hydrogen evolution when the potential shifts from nobler

© 2022 1SIJ

Table 2. Effect of IME on the deposition behavior of Zn—Ni alloy
at 293 and 333 K.

Potential E > E; M E < Ez ™
Deposition tyne Normal codepo- Anomalous
P yp sition codeposition
Zn deposition - Suppressed
Ni deposition Suppressed Suppressed
H, evolution Suppressed Not affected
23K Transition C.D. Decrease -
Current efficiency Decrease Slimﬁcantly
ecrease
Ni% in deposit - Slightly decrease
Zn deposition - Not affected
Ni deposition Suppressed Suppressed
H, evolution Not affected Not affected
33K Transition C.D. Not affected -
Current efficiency Slgnlﬁcantly Slightly decrease
ecrease
Ni% in deposit - Decrease
120
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Fig. 13. Effect of IME concentration on the transition current
density of Zn—Ni alloy deposition at different tempera-
tures.

to less noble. As shown in Fig. 13, the transition current
density increased with the increasing solution temperature
regardless of the presence of IME because the higher the
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solution temperature, the more hydrogen evolution was pro-
moted. Regarding the effect of IME on the transition current
density, at a solution temperature of 293 K, the transition
current density decreased significantly with the addition of
3 ml:dm * of IME, suggesting that IME suppressed the
hydrogen evolution in the Zn-Ni alloy deposition in the
potential region nobler than the equilibrium potential of Zn
at solution temperature 293 K. However, at 313 K and 333
K, the transition current density did not change with the
addition of IME, indicating that the suppression effect of
IME on hydrogen evolution decreased with increasing the
solution temperature.

As shown in Figs. 2(b), 3(b), and 4(b), slight partial cur-
rent density of Zn deposition from the solution without IME
was detected at around —0.9 V, nobler than its equilibrium
potential, regardless of the solution temperature possibly
due to the underpotential codeposition of Zn. However,
no underpotential codeposition of Zn occurred from the
solutions containing 3 and 5 ml:dm * of IME at all the
solution temperatures. The underpotential codeposition of
Zn in Zn-Ni alloy deposition reportedly occurs due to the
formation of a stable intermetallic compound NisZn,, by
deposition, considerably reducing the activity coefficient of
Zn in the deposited films.**? In other words, Ni codepo-
sition is essential for the occurrence of Zn underpotential
codeposition; however, in the current study, Ni deposition
was greatly suppressed at all solution temperatures in the
solution containing IME, suggesting that Zn underpotential
codeposition did not occur because Ni did not deposit in the
potential region nobler than the equilibrium potential of Zn.

4.2. Electrodeposition Behavior in the Potential Region
Less Noble than the Equilibrium Potential of Zn
(Region of Anomalous Codeposition)

The inhibitory effect of IME on the Zn and Ni deposition
during the alloy deposition was compared for each solution
temperature. At a temperature of 293 K, the partial current
density of Zn was significantly reduced by the IME addi-
tion when the partial current density of Zn was compared
at the same potential in the potential range less noble than
the equilibrium potential of Zn (Fig. 2(b)). Similarly, the
partial current density of Ni was clearly decreased by the
addition of IME (Fig. 2(c)). Conversely, at 313 K and 333
K, the partial current density of Zn did not decrease with

IME addition in the potential range less noble than the
equilibrium potential of Zn (Figs. 3(b) and 4(b)), while that
of Ni clearly decreased with the IME addition (Figs. 3(c),
4(c)). The inhibitory effect of IME on Zn and Ni deposi-
tion in the potential range less noble than the equilibrium
potential of Zn varied with the solution temperature, and the
inhibitory effect of IME on Zn deposition decreased with
the increasing solution temperature, while maintaining the
inhibitory effect on Ni deposition. The current efficiency in
the anomalous region of 250-500 A-m 2 showed that the
current efficiency of Zn deposition decreased significantly
(approximately 40—60%) with the addition of IME at a solu-
tion temperature of 293 K (Fig. 5(b)), while the decrease is
smaller at solution temperatures of 313 K and 333 K (Figs.
6(b), 7(b)). In contrast, the current efficiency of Ni deposi-
tion in the anomalous region of 250-500 A-m* decreased
with the addition of IME to the same extent regardless of the
solution temperature (Figs. 5(c), 6(c), 7(c)). The Ni content
in the deposited films in the anomalous range of 250-500
A-m~? decreased significantly (approximately 4-6 mass%)
with the addition of IME at high solution temperature (Figs.
8(d), 8(e), 8(f)). These results for the current efficiency of
Zn and Ni deposition and the Ni content of the deposited
films reflect that the inhibitory effect of IME on Zn deposi-
tion decreased with increasing the solution temperature,
while maintaining the inhibitory effect on Ni deposition.
To clarify the effect of solution temperature on the Ni
content of the deposited films, the results of Fig. 8 were
summarized for each IME concentration. The Ni content
of the deposited films in the anomalous region of 250-500
A-m? increased with increasing the solution temperature
without IME (Fig. 14(d)), while it decreased with increasing
the solution temperature with 3 or 5 ml-dm™ of IME (Figs.
14(e), 14(f)). The effect of solution temperature on the Ni
content of the deposited films showed an opposite trend
depending on the presence or absence of IME. Since Ni
deposition was more accelerated than Zn deposition at higher
solution temperatures for all current densities in the Zn—Ni
alloy deposition from solutions without IME, Ni content
was reported to increase with the increasing solution tem-
perature,>*"?® and the same result was obtained in this
study. Conversely, in the case of IME, the Ni content of
the deposited films decreased with the increasing solution
temperature, possibly because the inhibitory effect of IME
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on Zn deposition decreased with increasing the solution
temperature, while the inhibitory effect on Ni deposition
was maintained.

Since the inhibitory effect of IME on Zn deposition
decreased with increasing the solution temperature, the
adsorption ability of IME on the cathode surface was
expected to vary with the solution temperature. In general,
in the electrodeposition of metals, the amounts of additive
components incorporated into the deposited films is reported
to increase as the adsorption ability of the additive to the
cathode increases.***" Therefore, to evaluate the adsorp-
tion ability of IME on the cathode, the amount of C, which
is a component of IME incorporated into the deposited
films, was measured by GDOES, whose results are shown
in Fig. 15. For the deposition from the solution without
IME (Figs. 15(a), 15(b), 15(c)), C was codeposited in the
deposited films, possibly due to triethanolamine added as a
complexing agent for Ni**. In the films obtained from the
solution containing IME (Figs. 15(d), 15(¢e), and 15(f)), the
amount of C codeposited clearly increased, suggesting that
the components of IME were codeposited. The amount of
C codeposited in the deposited films was the highest at a
solution temperature of 293 K (Fig. 15(d)) and decreased
as the temperature increased. Based on this result, it is
expected that the adsorption ability of IME on the cathode
surface decreases with the increasing solution temperature.
Therefore, the inhibitory effect of IME on Zn deposition
decreased with increasing the solution temperature.

In contrast, the inhibitory effect of IME on Ni deposition
was maintained even when the solution temperature was
increased, indicating that IME inhibited the Ni deposition
despite the decreasing adsorption ability. Focussing on
the difference in inhibitory effect of IME on the Ni and
Zn deposition, the Ni content in the films deposited in the
anomalous codeposition region decreased with the addition
of IME, regardless of the solution temperature, indicating
that Ni deposition was more strongly inhibited by IME
(Figs. 8(d), 8(e), 8(f)). Reportedly, the Ni deposition from
hydrated ions proceeds with a multistep reduction mecha-
nism via a hydroxyl-containing adsorption intermediate,
NiOH,q4, and the overpotential for deposition was large due
to the limited sites at which NiOH,4 could be adsorbed.* ¥
In the Zn—Ni alloy deposition, the added IME blocks the
adsorption sites of NiOH,q which are restricted inherently,
more strongly suppressing the Ni deposition. Even though

© 2022 1SIJ

the adsorption ability of IME decreases with the increasing
solution temperature, the inhibitory effect of IME on the Ni
deposition seems to be larger than that on Zn deposition.
The highest gloss of the Zn—Ni alloy deposited films was
observed at 293 K due to the large adsorption ability of IME
and fine and smooth grains of the deposited films.

5. Conclusion

The synergistic effect of IEM and solution temperature
on the deposition behavior of Zn—Ni alloy from alkaline
zincate solutions was investigated. The transition current
density, at which the deposition behavior shifted from the
normal to anomalous type decreased with the addition of
IME at 293 K but did not change regardless of IME addi-
tion at 313 K and 333 K. This indicates that the inhibitory
effect of IME on the hydrogen evolution decreases with
increasing the solution temperature. The suppression effect
of IME on the Zn and Ni depositions during the alloy
deposition was observed at 293 K, while at 313 K and 333
K, the suppression effect was decreased on the Zn deposi-
tion, though maintained on the Ni deposition. Therefore,
Ni content in the deposits significantly decreased with IME
as the temperature increased. The current efficiency for Zn
deposition significantly decreased with IME at 293 K, while
decreasing insignificantly at 313 K and 333 K. The C con-
tent in the deposits was the highest at 293 K, and decreased
with the increasing solution temperature, indicating that the
adsorption ability of IME on the cathode decreases with the
increasing temperature. As a result, the suppression effect of
IME on the Zn deposition seems to decrease with increasing
the temperature. The gloss of the deposited films was the
highest at 293 K, attributed to the adsorption ability of IME
being large at 293 K and deposited films with fine crystals
becoming smooth.
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