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Electrodeposition of Ni on 316 stainless steel (ss), Ni/316 ss and Fe/316 ss electrodes was carried out
in an acid bath. A Ni deposition peak (C;) was found between 0.8 and -1.2 V vs. SCE for the two 316
ss and Ni/316 ss electrodes, while two Ni deposition peaks (C; and C,) were clearly observed for the
Fe electrode. The C, peak occurred at the potential range from -0.7 to -0.85 V, which is more positive
than that of the C; peak, indicating that Ni deposition was enhanced by the Fe surface. The enhancing
effect was firstly found and studied in detail using conventional electrochemical techniques and
electrochemical quartz crystal microbalance (EQCM). The results showed Ni deposition was
associated with abundant hydrogen evolution at the C, peak, and the HER on the Fe surface was also
promoted.
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1. INTRODUCTION

Many researchers considered that the anomalous codeposition of Ni-Fe alloys is resulted from
an inhibiting effect of Fe?* ions on Ni deposition [1-5]. However Zech etc [6] found an enhancing
effect of Ni%* ions on Fe deposition, which is also contributed to the anomalous behavior. But no one
gives a convincing explanation to the anomalous codeposition phenomenon becomes weak along with
the Fe content in NiFe alloys. Enhancing effect of the Fe substrate on Ni electrodeposition was firstly
found in this paper, probably to be an explanation to the weaker anomalous codeposition for the
electrodeposition of Fe-richer NiFe alloys.

The enhancing effect of substrates on metal deposition had been found for many years, for
example underportential deposition (UPD) [7-13]. It usually refers to the formation of one monolayer
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(very occasionally 2 monolayer) of a metal on a substrate. But the enhancing deposition (ED) of Ni by
Fe substrate reported in this paper resulted in forming multilayer Ni, implying that its mechanism is
different from that of UPD. An explanation was proposed to understand this different phenomenon in
this paper.

In this work, electrodeposition of Ni on the flesh Fe surface was carried out and it was found
that the Fe surface enhanced Ni deposition, resulting in two Ni deposition peaks (C; and C,) on the CV.
The enhancing effect was studied in detail using conventional electrochemical techniques, scanning
electron microscopy (SEM) and electrochemical quartz crystal microbalance (EQCM). A plausible
mechanism was proposed to understand the enhancing effect of Fe on Ni deposition.

2. EXPERIMENTAL

Two electroplating baths: A Fe bath: 0.2M FeSO,4 + 0.4M H3BO3; + 0.5M Na,SO,4, pH=3.00,
and a Ni bath: 0.2M NiSO,4 + 0.4M H3BO;3; + 0.5M Na;SO4, pH=3.00. All solutions were prepared with
using pure water (16 MQ cm, prepared by a Molresearc1005a made in Shanghai by Molecular Biotech.
Ltd.) and analytical grade reagents. The temperature of all solutions was maintained at 40+0.2 °C with
a thermostat.

Preparation of Fe/316 ss and Ni/316 ss electrodes: Fe/316 ss and Ni/316 ss electrodes were
prepared by electrodeposition of Fe and Ni on the 316 ss electrodes. 316 ss electrodes of dia. 2 mm
were polished to a mirror by using waterproof abrasive papers (2000Cw), 3 pm, 1 um and 0.05 pm
alumina powders, then sonicated for 5 min in an ethanol solution (95%), and lastly rinsed thoroughly
with pure water. Then Fe or Ni was electrodeposited onto the surface of prepared 316 ss electrode at
the potential of -1.2 V vs. SCE for 10s in the Fe or Ni baths. To avoid oxidation, the prepared Fe/316
ss and Ni/316 ss electrodes were used immediately.

Ni deposition on the prepared Fe/316 ss and Ni/316 ss electrodes: Ni deposition behaviors were
studied using an electrochemical workstation (IM6eX, Zahner-elektrik GmbH & Co. KG, Germany)
with traditional three-electrode cell system. SCE and a helix Pt wire were used as reference and
counter electrode, respectively, and Fe/316 ss or Ni/316 ss electrode was used as working electrode.

Cyclic voltammogram (CV) measurements were performed with an a CHI660A
electrochemical workstation (CH Instruments Co., USA) [14] at a scanning rate of 20 mV/s, Linear
sweep voltammogram (LSV) measurements were performed with an a CHI660A electrochemical
workstation (CH Instruments Co., USA) [14] at a scanning rate of 20 mV/s and 100mV/s.
Electrochemical quartz crystal microbalance (EQCM): EQCM detection system is composed of a
HP4395A impedance analyzer. A Au/PQC (the Au electrode area 0.295cm? AT-cut 9MHz
Piezoelectric Quartz Crystals) was electrodeposited a layer Fe film at the potential of -1.2 V vs. SCE
for 10s to prepare a Fe/Au/PQC electrode, and was then used as work electrode for electrochemically
measure in the Ni bath. The SCE and a helix Pt wire were used as reference and counter electrodes,
respectively. The EQCM was calibrated for the determination of the proportionality constant (C)
between the frequency shift (4f) and the deposited mass(4m) [15]:

Am = CAf 1)
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The value obtained from electrodeposition of Fe from the Fe bath, was C=1.78 ng Hz™.
SEM: Surface morphology of the obtained deposits was characterized by SEM (KYKY-2800).

3. RESULTS AND DISCUSSION

3.1. Ni enhancing deposition on the Fe surface

The cyclic voltammograms (CVs) of the Fe/316 ss, Ni/316 ss and 316 ss electrodes, recorded in
the Ni bath, are shown in Fig. 1 a. Comparing with these CVs, an interesting thing is that two cathodic
peaks (C; and C,) are clearly observed on the CV of Fe/316 ss, while only one cathodic peak (C1)
occurs on the Ni/316 ss and 316 ss electrodes.
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Figure 1. (a) Cyclic voltammograms of the Fe/316 ss, Ni/316 ss and 316 ss electrodes in the Ni bath at
a sweep rate of 20 mV/s. The arrows indicate direction of scan voltages. Horizontal dash lines
are zero current baselines of respective cyclic voltammograms. (b) A cyclic voltammogram of
Fe/316 ss electrode in the blank solution (0.4 MH3BO3+0.5 MNa,SO,4, pH=3.00).
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Obviously, the C; peak [16] is caused by Ni deposition. What results in the peak C,? To get to
the bottom of this point, the Fe/316 ss electrode was scanned in a blank solution (0.4 M H3BO3+0.5 M
Na,SO4, pH=3.00) and the result is shown in Fig. 1 b. The comparison of these two CVs for the Fe/316
ss between in the Ni bath (Fig. 1 a) and in the blank solution (Fig. 1 b) made us conclude that the C,
peak is also the contribution of Ni deposition. This phenomenon was also observed in other baths (for
example a fluoborate bath or a Watts bath), meaning that anions are of no effect to Ni ED on the Fe
surface. However, the potential about Ni ED on the Fe surface is more negative than the Nernst
potential corrected for the solution bulk concentration (about -0.5 V vs. SCE).
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Figure 2. Cyclic voltammograms of (a) NigpFe/316 ss, Ni/316 ss, 316 ss and Fe/316 ss electrodes, (b)
NiepFe/316 ss and Ni-Fe alloy/316ss electrodes in 1M NaOH at a sweep rate of 100 mV/s. The
Ni-Fe alloy/316ss electrode was prepared at the potential of -1.2 V vs. SCE for 10s in a Ni-Fe
bath, which contained 0.1 M FeSO,; + 0.1 M NiSO4+ 0.4 M H3BO; + 0.5 M NaySO,,
pH=3.00+0.01.
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To further confirm the contribution of Ni deposition to the peak C,, a label reaction of
Ni(OH)./NiOOH [17, 18] in alkaline solution is used to judge whether there exist Ni deposits on the
electrode surface. Firstly, a Fe/316 ss electrode was scanned at the peak C, range from -0.7 to -0.85 V
at a sweep rate of 20 mV/s in the Ni solution (to prepare Nigp/Fe/316 ss), then rinsed thoroughly with
pure water, lastly transferred into 1M NaOH solution and scanned immediately from 0.2 to 0.5V vs.
SCE. The label reaction of Ni(OH),/NiOOH was observed (see Fig. 2 a), indicating that Ni deposition
happened for the peak C,.

For comparison, CVs of Ni/316 ss, 316 ss and Fe/316 ss electrodes in the 1M NaOH were also
shown in the Fig. 2 a. It was noted that the anodic peak of the Nigp/Fe/316 ss electrode was more
positive than that of the Ni/316 ss electrode (Fig.2 a). This shift also occurred on the CV of Ni-Fe
alloy/ 316 ss (Fig. 2 b, the similar result was reported by Hu and Wu [19] ), implying that a Ni-Fe alloy
on the Fe surface should be formed during Ni ED.

-0.90 -0.85 -0.80 -0.75 -0.70
E/V vs. SCE

Figure 3. Cyclic voltammograms of a Fe/316 ss electrode with 5 cycles at a sweep rate of 20 mV/s at
the peak C, range in the Ni bath

But the peak C, is impossible to be the contribution of Ni-Fe alloy electrodeposition, Fe®* ions
can badly inhibit Ni deposition [1-5] and the deposition potential of Ni-Fe alloy is negative than that of
Ni [20]. Therefore, the peak C, results from Ni deposition.

Fig. 3 showed CVs of a Fe/316 ss electrode with 5 cycles at a sweep rate of 20 mV/s at the
peak C, range in the Ni bath. It can be seen that the peak C, only appeared in first cycle and in the
following cycle, it disappeared. This indicated that the Fe substrate promotes the C, peak take place.
According to Fig. 3, the total charge of the peak C, (Qota) Was calculated approximately to be 100 mC
cm™? , which is far larger than that of a monolayer of Ni(111) to be about 0.6 mC cm™ [21-23]. In order
to understand this phenomenon, succeeding experiments were performed.
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Figure 4. Cyclic voltammograms of the Fe/316 ss with different cathodic switching potentials of -0.7V
(curve 1), -0.85V (curve 2) and -1.3V (curve 3) at a sweep rate of 20 mV/s in the Ni bath.
Curve 4 is the CV of the Fe/316 ss in the blank solution. The arrows indicate direction of scan

voltages.
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Figure 5. SEM images of Fe/316 ss with different deposition times of (a)5s, (b)10s, (¢)100s and
(d)1000s
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Fig. 4 showed a set of CVs of Fe/316 ss electrode in Ni solution with different cathodic
switching potentials of -1.3, -0.85 and -0.7V. For comparison, the CV of Fe/316 ss electrode obtained
in a blank solution was also shown in Fig. 4 (curve 4). When the cathodic switching potential (-0.7V)
is positive than the onset potential of the peak C,, no Ni deposition occurred and the anodic peak (A,
see curve 1) was caused by Fe deposit dissolution. A wider and lower Fe dissolution peak showed in
curve 4, probably due to adsorption of hydrogen on the Fe surface in the forward cycle. When the
switching potential was moved to -0.85V, Ni ED occurred (see curve 2 in Fig. 4) and an anodic
dissolution peak Azwas observed. In curve 3, the switching potential was moved to -1.3V, Ni normal
deposition occurred and only one low anodic peak A; observed, and such low anodic current indicated
that Ni dissolution was accompanied by passivation. The onset potential of peak Az is of positive than
A, and negative than Ay, implying that an alloy (Ni-Fe) was formed on the surface of Fe during Ni ED.
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Figure 6. Linear sweep voltammograms of Fe/Ni electrodes in the Ni solution at a sweep rate of 20
mV/s. Fe was electrodeposited on a Ni disk electrode at -1.2V vs. SCE for several seconds
(indicated in the figure) in the Fe bath.

The morphology of Fe/316 ss electrodes can badly affect the Ni enhancing deposition. It can
be seen from Fig. 5 the Fe crystals exhibit all a cubical structure with tens of nanometers and the
number density of Fe nuclei increases with the deposition time. But the peak current of C, showed in
Fig. 6 decreases with the deposition time of Fe. When the time is over 1000s, the overlap of growing
nuclei completely occurred (see Fig. 5 d) and the peak C, degenerate to a shoulder. The result
indicated that independent Fe nuclei promoted more readily Ni deposition, likely due to their high
surface energy resulting in forming NiFe alloy.

An EQCM test was run to eliminate the contribution of HRE to the C, peak. A Fe/Au/PQC
electrode with 6 cycles was scanned in the peak C, potential range at a sweep rate of 20 mV/s in the Ni
bath, at the same time the mass changes were recorded by a HP4395A impedance analyzer. The results
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were shown in Fig. 7 a and 7 b, respectively. In Fig. 7 a, it can be observed that the charge increment
(AQ=110mC cm'z) of the first cycle is maximum and for succeeding cycles the AQ (about 40mC cm‘z)
is comparative. Since Ni atomic weight is far bigger than that of H, the data of QCM can be considered
to be resulted from Ni deposition.
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Figure 7. The data obtained by (a) electrochemical workstation and (b) QCM



Int. J. Electrochem. Sci., Vol. 10, 2015 10584

For the first cycle, the contribution of Ni deposition is only 21mC cm™ (current efficient, CE,
equates 19.1%, 35 monolayes Ni), and for other cycles the contribution of Ni deposition is 3.6 mC cm’
2 (CE=9%, 6 monolayers Ni). The results indicated that the Fe substrate did enhance Ni deposition, but
Ni ED is not a main process. The thickness of Nigp is between 29 and 35 monolayers.

Figure 8. A SEM image of NigpFe/316 ss. Ni deposition on the Fe(10s)/316 ss electrode for 100s at
the potential of -0.85V

Ni deposited on Fe/316 ss for 100s at the potential of -0.85V vs. SCE in the Ni bath, and its
image was shown in the Fig. 8. Compared with the Figure 5 b, it can be clearly observed that Ni
deposition mainly occurred on every faces of Fe cubical crystals, that is, the Fe substrate enhanced Ni

deposition.

3.2. Explanation of Ni gp on the Fe surface

A two-step reaction mechanism for Ni deposition [24, 25] is widely accepted by researchers.
Intermediates (Ni(l) ions) are adsorbed on the electrode surface.

Ni(Il)+e— Ni(l) 4 (2)
Ni(l),4s te—> Ni (3)
A hydrated Ni®* ion involves four water molecules, and in acid solutions it may be undergo

following reduction processes on the Fe surface.
[Ni(H,0), [ / Fe +5e — Ni(l),,, #40H /Fe +2H, (4)

Ni(l),,, »40H /Fe+4H" +5e — Ni— Fe+ 2H, + 40H" (5)

And the total electrochemical reaction is,
[Ni(H,0),]*" /Fe+4H" +10e — Ni— Fe + 4H, + 40H" (6)
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From this reaction it can be calculated that the current efficient is 20%, which is consistent with
the data(19.1%) obtained by EQCM.

Fe and Fe-rich Fe-Ni alloys electrodeposited are all body-centered cubic (BCC) structures [26-
28] with low density, so neonatal Ni atoms with high energy likely diffuse into the BCC crystals,
forming face-centered cubic crystals. Hence, Ni deposition more than monolayer occurred on the Fe
substrate.
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Figure 9. The effect of Fe?* ions on Ni ED, sweep rate: 100 mV/s,

It is well known that the nickel deposition is inhibited by Fe?* ions [1-5]. The inhibition effect
of Fe*" ions on the Ni ED is also observed (see Fig. 9). Since Fe*" ions are impossible to be
electrochemical reduced at the potential range of the peak C,, Fe?* ions probably integrate with OH"
ions to form Fe(OH), adsorption ions on the electrode, consequently suppressing the electrochemical
reaction (5). Maybe, anomalous codeposition of nickel-iron alloys is partially resulted from the

adsorption of Fe(OH)..
Fe® +20H — Fe(OH), .4, (7)

4. CONCLUSION

The Fe substrate enhances Ni deposition and more HRE. Ni fresh atoms reduced possibly
diffuse into the Fe substrate, consequently multilayer (between 29 and 35) Ni deposited. A plausible
mechanism of Ni ED on the Fe surface was proposed to explain the enhancing effect of Fe.
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