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ABSTRACT: The present work follows the trend to develop non-
aqueous electrolytes for the deposition of corrosion resistant ZnNi
alloys. It investigates the use of the choline chloride/ethylene
glycol (1:2 molar ratio) eutectic mixture and of pure ethylene
glycol as solvents for ZnNi electroplating. The electrochemical
behavior of Zn and Ni is investigated via cyclic voltammetry, and
potentiostatic ZnNi deposition is performed. Ni content is found
to be precisely tunable in the 10−20% wt range, which presents the
highest industrial interest for corrosion protection. ZnNi coatings
obtained are characterized from the morphological and phase
composition point of view. Evidence of the formation of a
metastable γ ZnNi phase is observed for both choline chloride/
ethylene glycol and pure ethylene glycol. Finally, potentiodynamic
corrosion tests are performed to assess their corrosion properties.

■ INTRODUCTION

Electrodeposited zinc−nickel alloys are widely employed in
surface finishing as corrosion protection coatings on steel
substrates.1,2 Among the possible film compositions, zinc-rich
stoichiometry is one of the most exploited due to the low
corrosion potential of the γ-phase (9−15% wt Ni) that makes
it an ideal sacrificial layer in case the substrate is exposed to the
environment.2 Aside from being largely used at the industrial
level, the scientific community investigated the ZnNi system
also because it undergoes anomalous co-deposition,3 where the
less noble element is preferentially deposited under the
majority of plating conditions regardless of the relative ionic
concentration in the plating bath.4,5 This poses a limitation,
since the corrosion properties of the coating are difficult to be
tailored if relying on aqueous systems, due to the poor control
on composition. The increase in nickel content would indeed
lower the driving force of the galvanic couple but would
increase the lifetime of the coating itself due to the lower
corrosion rate.6

For these reasons, organic solutions were considered as a
possible substitute for the traditional aqueous ones, showing
higher control on the alloy composition.7−11 In the framework
of nonaqueous solutions, choline chloride based deep eutectic
solvents (DESs)12 are one of the most investigated systems

alternatively to traditional plating,13−15 counting several efforts
toward making them appealing for industrial applications.16−24

Their relative low cost, sustainability, and physicochemical
properties have indeed attracted the attention of researchers
aiming to improve the coating properties and/or the process
efficiency with respect to water based ones, as in the case of
Zn25−31 and Zn based alloys.32−38 The wider electrochemical
window of these DESs (2.1−2.2 V for choline chloride/urea
1:2 mixtures; 1.7−2.1 V for choline chloride/ethylene glycol
1:2 mixtures39) makes them suitable for the plating of metals
with low reduction potential by limiting the onset of secondary
reactions such as hydrogen evolution, affecting both coating
and substrate properties.40−42 In turn, DESs are also
characterized by significant drawbacks. In particular, their
comparatively high viscosity reduces mass transfer of electro-
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active species.43 Moreover, the purity of the DES components
is harder to control with respect to aqueous solutions.
The electrodeposition of Zn−Ni alloys, in the framework of

DES, has been investigated mostly from the choline chloride/
urea system (1ChCl:2U).7,9−11 The study of Yang et al.7

focused on the synthesis and characterization of Ni-rich alloys
(50−100 % wt Ni). The zinc content progressively increased
with the cathodic potential applied, associated with the
formation of cracks in the film. Fashu et al.9,10 further
examined this system by exploring the effect of the different
experimental parameters and additives (EDTA and NH4Cl)
aiming at the formation of a smooth and crack-free Ni-rich

film. Conversely, Zn-rich coatings were obtained by tailoring
the water content in the 1ChCl:2U solution, shifting the
compositional window from 50−100% wt to 5−40% wt of
nickel.11 The corrosion properties of the coating were
investigated at different compositions, showing higher
corrosion potentials and lower corrosion currents progressively
increasing the nickel content. Ethylene glycol based DES
(1ChCl:2EG), on the other hand, was first investigated for the
ZnNi alloy electrodeposition by Pereira et al.,8 focusing on the
effect of amines on the morphology of zinc-rich films having
5−7% wt Ni. The system was allowed to cover a broader

Figure 1. Viscosity vs temperature (a) and conductivity vs temperature (b) graphs for ChCl/EG 1:2, pure EG, and pure EG + 0.4 M ZnCl2 and
0.05 M NiCl2.
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compositional window (3−80% wt Ni),44 at a fixed electrolyte
composition, with respect to the urea based one.
Literature studies also reported the possibility to use bare

ethylene glycol (EG) as a solvent, avoiding or limiting the
chloride concentration in the bath,45−52 showing beneficial
effects on coating properties53 and affecting the electro-
chemical behavior of the cationic species.54 Although the

chloride ions coming from choline chloride (ChCl) are
responsible for the relatively high conductivity value of these
electrolytes, they may affect the electrodeposit because of their
intrinsic aggressivity, especially in the case of low nobility
metals or alloys, such as zinc-rich ones.
In this work, we studied the effect of choline chloride

concentration on the co-electrodeposition of ZnNi alloys with

Figure 2. Cyclic voltammetries for different electrolytes: ChCl/EG + Zn (a), EG + Zn (b), ChCl/EG + Ni (c), EG + Ni (d), ChCl/EG + Zn + Ni
(e), EG + Zn + Ni (f).
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the focus on how anomalous deposition is affected. The well-
known deep eutectic solvent choline chloride/ethylene glycol
(ChCh/EG in 1:2 molar ratio) is compared to a plating bath
relying only on ethylene glycol as solvent. Electrolytes’ physical
and electrochemical properties are investigated, and potentio-
static deposition on iron substrates is performed. Resulting
ZnNi coatings are then characterized from the morphological
point of view, and their phase composition is determined.
Finally, corrosion protection performances of the ZnNi layers
obtained from ChCl/EG 1:2 and EG are determined.

■ METHODS

Anhydrous ethylene glycol (C2H6O2; Sigma-Aldrich; purity
99.8%; water content ≤0.003%), choline chloride
(C5H14ClNO; Sigma-Aldrich; purity ≥99%; water content
≤0.5%), zinc(II) chloride (ZnCl2; Sigma-Aldrich; purity
≥98%), and nickel(II) chloride hexahydrate (NiCl2·6H2O;
Sigma-Aldrich; purity ≥98%) were used as received. Three
base solvents were employed: a ChCl/EG 1:2 molar ratio
mixture, a ChCl/EG 1:4.5 molar ratio mixture, and pure EG.
Ni and Zn salts were dissolved in these three solvents
according to the quantities detailed in the results part, and the
resulting electrolytes were used to perform ZnNi deposition.
Solutions were maintained at the usage temperature (70 °C for
ChCl/EG 1:2 and ChCl/EG 1:4.5 based baths; 60 °C for pure
EG based baths) during solution preparation, electrochemical
characterization, and electrodeposition using a thermal jacket
controlled by a thermocouple. Where specified, samples were
annealed at 400 °C for 1 h in an inert atmosphere (N2). The
electrochemical characterization was performed in a standard
three-electrode cell setup, employing an AMEL2550 potentio-
stat/galvanostat. Cyclic voltammetry (CV) was done using a
platinum wire as working, counter, and reference electrodes. A
20 mV/s scan rate was employed, and no stirring was applied.
An AMEL2550 potentiostat/galvanostat was used also to
perform potentiostatic deposition tests. In this case, however,
mild steel plates were used as working electrodes, while a
platinum wire was used as reference and counter electrode.
The steel surface was cleaned in acetone and etched in a 20%
wt HCl solution to remove surface oxides. Cathodic
efficiencies in the 60−70% range were observed for Ni
contents ranging from 16 to 18% wt. Potentiodynamic
polarization tests were done in a 5% wt NaCl aqueous
solution. A 1 mV/s scan rate was employed, and the solution
was not stirred. SEM was carried out employing a Zeiss EVO
50 EP setup, equipped with an energy dispersive spectroscopy
(EDS) module (Oxford instruments INCA). A Philips
PW1830 (Kα1Cu = 1.54058 Å) setup was employed to perform
XRD. Film composition was determined by X-ray fluorescence
spectroscopy (XRF), using a Fischerscope X-ray XAN.
Conductivity was measured using a AMEL model 2131
conductivity meter, while viscosity was evaluated using a
Haake Viscotester VT5R rotational viscometer. Electrolyte
water content was determined via Karl Fischer titration with a
Metrohm 870 KF Titrino Plus. Both deposition experiments
and characterization tests were repeated at least twice to
evaluate repeatability. No significant deviations from the data
presented were observed.

■ RESULTS AND DISCUSSION

Electrolyte Water Content. Water content is an
important parameter in the case of electrodeposition from

nonaqueous solutions, since it considerably influences the
electrochemical behavior of the metallic ions present in the
bath, the potential window of the electrolyte, and its
conductivity/viscosity. In the case of deep eutectic solvents,
water contamination can be beneficial or detrimental according
to the metal plated. For example, Ni electrodeposition in 1:2
choline chloride−urea is negatively affected by water
concentrations higher than 4.5% wt. Under these conditions,
as demonstrated by Lukaczynska et al.,55 the Ni coating
incorporates degradation products from the electrolyte. On the
other side, Cu deposition in 1:2 ChCl/EG is positively affected
by water. Valverde et al.56 demonstrated that water increases
deposition rates and electrolyte conductivity.
In front of these considerations, the water concentration of

the electrolytes employed in the present work was estimated.
By considering only the water content declared by the
manufacturer for the solvents employed (ChCl/EG and pure
EG), water concentration was limited to less than 0.003% wt in
the case of pure EG, 0.169% wt for ChCl/EG 1:4.5, and 0.266
wt % in the case of ChCl/EG 1:2. However, additional water
was incorporated from the nickel salt employed, which was
hydrated. To quantify water content, Karl Fischer titration was
performed on the electrolytes with the highest expected water
content. These are the ones containing the highest
concentration of nickel chloride: ChCl/EG + 0.2 M ZnCl2 +
0.13 M NiCl2 and EG + 0.2 M ZnCl2 + 0.15 M NiCl2. The
results obtained evidenced a water content equal to 1.54 ±
0.02% wt for the ChCl/EG based electrolytes and to 1.42 ±
0.02% wt in the case of the electrolyte based on EG.
It is fundamental to emphasize, however, that the electro-

lytes change their water content with time due to atmospheric
moisture absorption. Indeed, both ChCl and EG are
hygroscopic. This contribution is hard to quantify, as it
depends on the temperature of the solution, the relative
humidity of the air and the exposure time to humidity itself. It
has been reported in the literature57 that maintaining the
solution at high temperature significantly limits water uptake.
As an example, ChCl/EG at room temperature rapidly
incorporates water and reaches a content equal to 40% wt
after 60 days. If the same solution is heated at 80 °C, the water
content decreases to 1.5% wt after 18 days.

Electrolyte Physical Properties. The general physical
behavior of ChCl/EG 1:2 based electrolytes is relatively well-
known.58 The same is true for non-eutectic mixtures of ChCl/
EG (like the 1:4.5 molar ratio59) but not for pure EG based
electrolytes, since they have been developed only in the past
few years. Therefore, it is fundamental to provide a clear
characterization of their physical properties, in particular
viscosity and conductivity. A very high viscosity may constitute
an issue for electrodeposition, since highly viscous fluids are
typically characterized by reduced ionic mobility. At the same
time, a low conductivity may represent a serious obstacle for
successful metal deposition, with reduced power efficiencies
and difficulties in the formation of uniform layers.60,61

Table 1. Eon Values for the Voltammetries Depicted in
Figure 2

solvent

Eon
Znred in
Zn bath

Eon
Nired in
Ni bath

Eon Znred
in ZnNi
bath

Eon Nired
in ZnNi
bath

ΔEon
Znred/Nired
in ZnNi

ChCl/EG 1:2 −1.01 −0.52 −1.17 −0.5 0.67
ChCl/EG 1:4.5 −1.02 −0.62 −1.07 −0.55 0.52
pure EG −1.11 −0.67 −1.17 −0.68 0.49
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ChCl/EG 1:2 and EG dynamic viscosity was determined,
and it is plotted in Figure 1a. Coherently with state-of-the-art
measurements,58 ChCl/EG 1:2 was characterized by a
relatively high viscosity, which reached values suitable for
electrodeposition only at rather high temperatures. This is a

consequence of the ionic nature of the fluid and of the
dimension of the choline anion, which is quite large and
characterized by low mobility. As a result of its high viscosity,
electrodeposition from ChCl/EG 1:2 is normally performed in
the 70−80 °C temperature range.

Figure 3. Effect of ChCl/EG ratio variation on Ni content as a function of deposition potential (a and b); effect of Zn(II)/Ni(II) ratio variation on
Ni content as a function of deposition potential in ChCl/EG (c); effect of Zn(II)/Ni(II) ratio variation on Ni content as a function of deposition
potential in EG (d); Ni % mol. in the deposit vs Ni % mol. in the bath for ChCl/EG (e); Ni % mol. in the deposit vs Ni % mol. in the bath for EG
(f).
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Pure EG, contrarily to the ChCl/EG 1:2 mixture, is not an
ionic fluid, and it presents a reduced molecular dimension with
respect to choline. Consequently, its viscosity at room
temperature is only 1 order of magnitude higher than water
and it is roughly 4 times higher at 60 °C. As a result,

electrodeposition can be potentially performed also in the 40−
60 °C range. The addition of metallic salts typically affects
electrolyte viscosity, and for this reason, the complete ZnNi
EG based electrolyte (containing 0.4 M ZnCl2 and 0.05
MNiCl2) was characterized and compared to pure EG. As
shown in Figure 1a, the viscosity increased by 30.4% at 60 °C,
by 33.3% at 40 °C, and by 35.7% at 25 °C. All of the viscosity
plots obtained follow the typical Arrhenius relationship, which
exponentially correlates viscosity with temperature.62

As anticipated, another important property that both ChCl/
EG 1:2 and EG based ZnNi electrolytes should present is a
relatively high conductivity. This property is fundamental to
perform efficient electrodeposition and is, for virtually all ionic
liquids, linearly dependent from the reciprocal of viscosity.
ChCl/EG 1:2 and EG are, however, radically different systems:
ChCl/EG 1:2 is an ionic fluid presenting a high intrinsic
dissociation, while EG is a non-dissociated diol. Consequently,
while ChCl/EG 1:2 is well-known for its relatively high
conductivity,58 EG presents a poor conductivity (Figure 1b).
Analogously to water, however, EG readily dissolves metal

salts, which can thus dissociate and provide additional
conductivity. Indeed, when the ZnNi EG based electrolyte
(containing 0.4 M ZnCl2 and 0.05 M NiCl2) was characterized,
a conductivity 2 orders of magnitude higher than pure EG was
observed. This indicates a high level of dissociation for metal

Figure 4. XRD graphs for as-plated ZnNi layers plated from ChCl/EG (a) and from EG (c); XRD graphs for annealed ZnNi layers plated from
ChCl/EG (b) and from EG (d).

Figure 5. SEM morphology of the ZnNi layer electrodeposited from
ChCl/EG 1:2 (a), ChCl/EG 1:4.5 (b), and EG (c and d).
Magnification values: 10,000× (a, b, and d), 1000× (c).
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salts when dissolved in EG. The ZnNi EG electrolyte was
characterized by a conductivity between 1.2 and 1.4 mS/cm in
the 40−60 °C range, which is potentially compatible with
electrodeposition.
As a result of the data obtained from the physical

characterization of the different solvents, a temperature of 70
°C was selected for ChCl/EG 1:2 and a temperature of 60 °C
was employed for pure EG. In the case of ChCl/EG, a
temperature equal to 70 °C allowed excessive energy usage to
be limited. For EG, a temperature of 60 °C resulted in optimal
viscosity values.

Figure 6. Potentiodynamic corrosion tests performed on ZnNi layers plated from ChCl/EG (a) and from EG (b); the corrosion behavior of the Fe
substrate and of a commercial ZnNi layer is reported for comparison.

Table 2. Corrosion Data for ZnNi Alloys and Fe Substrate

sample Ecorr (mV vs Ag/AgCl) Icorr (μA/cm
2)

Fe substrate −402 7.5
20% Ni wt from ChCl/EG 1:2 −902 1.6
20% Ni wt from ChCl/EG 1:4.5 −859 4.3
15% Ni wt from ChCl/EG 1:4.5 −774 3.7
12% Ni wt from ChCl/EG 1:4.5 −853 7.9
18% Ni wt from pure EG −852 18.1
15% Ni wt commercial ZnNi −826 11.8
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Electrochemical Characterization. Before performing
ZnNi electrodeposition, the electrochemical behavior of the
different electrolytes was investigated. The use of Pt as a
pseudoreference electrode was motivated by the fact that
standard reference electrodes are based on aqueous solutions,
which are incompatible with DESs. This, in addition to the
relatively high temperatures employed, prevented the use of
standard reference electrodes. Cyclic voltammetry was
performed on both ChCl/EG 1:2 and EG based ZnNi
solutions. Voltammetries of ChCl/EG 1:2 and EG based
baths containing only Zn or Ni were acquired to investigate the
behavior of the single metallic species. Furthermore, a ChCl/
EG mixture presenting an increased EG content (1:4.5 molar
ratio in place of 1:2) was employed as well. In this regard, the
lower concentration of ChCl, from 33 to 15−25%, would
result in an increase of the ionic conductivity despite the
decrease in Cl− concentration.59 Zn, Ni, and ZnNi electrolytes
based on this solvent were characterized because they are
representative of an intermediate solution between pure EG
and the stoichiometric ChCl/EG 1:2 DES. The electro-
chemical behaviors of pure ChCl/EG and EG have been
characterized for comparison (Figure S1).
From the electrochemical point of view, the main difference

between the two solvents considered, ChCl/EG 1:2 and EG, is
the availability of chloride ions. ChCl/EG 1:2, due to the
presence of choline chloride, contains a large amount of
available Cl−, which readily forms complexes with most metal
ions Mn+. Coherently, chloride complexes of the kind MClm−

have been demonstrated to be the dominant species in virtually
all DESs15 where a large excess of Cl− is present. Pure EG, on
the contrary, does not contain Cl−. The only chloride ions
introduced in EG based baths are, eventually, the ones
resulting from the metal halides added to provide reducible
ions for electrodeposition. In this case, which corresponds to
the situation encountered in the present work, an excess of Cl−

is not available and MClm− species are less prone to form.
Knetsch et al. demonstrated, however, that ethylene glycol
forms mixed complexes of the kind Mn(EG)mClp with metal
halides.63 Such mixed complexes are characterized by high
stability, and they can be easily isolated. Ruttink et al. and
Maltanava et al. described the formation of Mn(EG)mClp
complexes as well.50,64 A similar situation may occur also in
pure EG based electrolytes, whose environment presents a
favorable stoichiometry.
Parts a and b of Figure 2 depict the electrochemical behavior

of Zn(II) in ChCl/EG and EG, respectively. The three
solutions (ChCl/EG 1:2, ChCl/EG 1:4.5, and pure EG)
contained the same amount of zinc salt: 0.2 M ZnCl2. Proper
practice imposes, where possible, to evaluate the potential of
the redox peaks (Epeak) for each electrochemical reaction taking
place in an electrolyte. In some cases, however, no clear redox
peaks are visible. This is the case of many voltammograms
reported in the present work, and for this reason, the reaction
onset potential (Eon) was evaluated to allow full data
comparison. In ChCl/EG 1:2 (Figure 2a), the Zn2+ → Zn0

reduction (Znred in the graph) starts around −1.01 V vs Pt and
presents a peak around −1.2 V vs Pt. The situation is similar
when the ChCl/EG ratio is reduced to 1:4.5 (Figure 2a), with
Eon for Znred at −1.02 V vs Pt and Epeak around −1.2 V vs Pt.
The behavior observed in the case of ChCl/EG 1:2 and 1:4.5
presents important analogies with other existing studies on Zn
deposition from DESs.65,66 Conversely, in EG (Figure 2b), the
Znred reaction starts at −1.11 V vs Pt and does not present a

defined peak. This value is slightly lower than the one that was
observed in the case of Zn2+ reduction in an EG based
electrolyte containing zinc acetate.47 The reason may reside in
the different complexation: an acetate containing EG electro-
lyte does not present chloride moieties, and Zn is consequently
forced to form different complexes.47 In both cases, finally, a
broad anodic stripping peak (Znox) can be observed.
A similar approach was followed to investigate the behavior

of Ni(II) in ChCl/EG and EG (Figure 2c and d). The three
solutions (ChCl/EG 1:2, ChCl/EG 1:4.5, and pure EG)
contained the same amount of nickel salt: 0.2 M NiCl2. In the
case of Ni electroreduction, which is identified by Nired in the
graphs and takes place as Ni2+ → Ni0, the situation presents
important differences between the ChCl/EG and the EG based
electrolytes. In ChCl/EG 1:2 (Figure 2c), reduction starts
(Eon) around −0.52 V vs Pt, which is a value slightly higher
than the one (−0.62 V vs Pt) observed in ChCl/EG 1:4.5
(Figure 2c). In analogy with Zn(II) behavior in ChCl/EG 1:2,
also Ni(II) presents similarities with the existing literature.16

The pure EG based electrolyte presents a value of Eon for Nired
equal to −0.67 V vs Pt. The observed variation of Eon with
respect to the ratio between ChCl and EG is indicative of an
increasing complexation level when more EG is present in the
electrolyte. A reduction peak is visible in the case of ChCl/EG
1:2 around −0.8 V vs Pt, whereas the curve obtained in EG
presents a plateau after −0.65 V vs Pt. The presence of such a
plateau is indicative of a diffusion-limited reaction. A major
difference between the two electrolytes resides in the anodic
branch of the voltammetries. For ChCl/EG based electrolytes,
an anodic peak (Niox) presenting a reduced intensity is visible
around 0.2 V vs Pt. Conversely, in the case of EG, a broad
anodic stripping peak can be seen, which is indicative of a more
favorable anodic reaction kinetic.
Voltammetries were then performed on the complete ZnNi

solutions, with either ChCl/EG or EG as solvents (Figure 2e
and f). The ChCl/EG based bath contained 0.2 M Zn(II) and
0.13 M Ni(II), while the EG based bath contained 0.2 M
Zn(II) and 0.15 M Ni(II). In all of the cases, a neat separation
between the two reduction peaks was observed. In ChCl/EG
1:2, Ni reduction (Nired) started around −0.5 V vs Pt and
peaked around −0.8 V vs Pt, while Znred started at −1.17 V vs
Pt. In ChCl/EG 1:4.5, Ni reduction (Nired) started around
−0.55 V vs Pt and peaked around −0.8 V vs Pt, while Znred
started at −1.07 V vs Pt. In pure EG, finally, Ni reduction
(Nired) started around −0.68 V vs Pt, while Znred started at
−1.17 V vs Pt. Different anodic peaks can be observed in the
anodic branch of the ZnNi voltammograms. These results from
the progressive stripping of Zn and Ni are generically identified
as (Znox/Niox).
Table 1 summarizes all of the data obtained and allows a

direct comparison between Zn, Ni, and ZnNi containing
electrolytes.
A first important consideration comes from the comparison

between Eon values in different solvents. Eon values present the
tendency to increase when the relative concentration of EG in
the electrolyte increases. This is probably indicative of a higher
level of complexation. When comparing ZnNi electrolytes with
the pure metal solutions, it can be observed that Zn and Ni Eon
values shift. The Ni reduction onset tendentially occurs at
more positive potentials, while Zn Eon shifts toward more
negative values.
Figure S2 describes the effect of varying Zn(II)/Ni(II)

relative ratios on the voltammograms. As expectable, curves
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obtained in ChCl/EG progressively change in intensity when
the Zn(II)/Ni(II) ratio varies. This tendency, which is
correlated to the variation of the overall quantity of metal
salts present in the solution, is evident also in the case of EG
based electrolytes.
Potentiostatic ZnNi Electrodeposition. Potentiostatic

ZnNi depositions were performed on steel from both ChCl/
EG 1:2 and EG based electrolytes. Also, in this case, a ChCl/
EG 1:4.5 electrolyte was used together with ChCl/EG 1:2 and
EG to investigate an intermediate anions complexation
condition. Figure 3 represents the results obtained in terms
of composition, determined via X-ray fluorescence spectros-
copy (XRF).
For ChCl/EG, the potential was scanned between −0.8 V vs

Pt and −1.6 V vs Pt, mapping thus the resulting ZnNi layer
composition. It is interesting to notice that, at higher EG
contents (ChCl/EG 1:4.5 vs ChCl/EG 1:2), the electrolyte
tends to yield higher Ni concentrations (Figure 3a). This
appears counterintuitive, since higher EG concentrations
decrease Eon for Nired (decreasing thus the ΔEon between
Znred and Nired). This effect, visible in Table 1, should lead to a
decrease in the concentration of the more noble metal, i.e., Ni.
It cannot be ignored, however, the fact that ZnNi deposits
following an anomalous co-deposition mechanism.4 Con-
sequently, the effect of complexation can be different with
respect to the normal co-deposition mechanism and can affect,
besides deposition potentials, also the surface reactions at the
base of anomalous co-deposition. Some literature studies67,68

suggest that, in the case of ZnNi co-deposition in aqueous
solutions, a higher complexation level increases Ni content.
The trend is further confirmed by looking at Figure 3b, where
compositional data obtained from the pure EG ZnNi
electrolyte are plotted together with the data from ChCl/EG
1:4.5 and ChCl/EG 1:2. In this case, the potential ranged
between −1.2 and −2 V vs Pt. Once again, a significant
increase in Ni content was observed moving from ChCl/EG to
pure EG (thus increasing the EG content).
Figure 3c depicts the effect of the Zn(II)/Ni(II) ratio on the

final layer composition in a ChCl/EG 1:4.5 electrolyte. It is not
surprising that, by decreasing the amount of Ni2+ in the bath,
i.e., increasing the Zn(II)/Ni(II) ratio, the final Ni amount in
the layer decreases. The same effect was observed in the case of
the EG based electrolyte (Figure 3d).
Anomalous co-deposition is defined as follows: the

percentage of the more noble metal in the deposit is lower
than the percentage of the same in the electrolyte. This
condition can be conveniently represented, in the case of ZnNi
co-deposition, in a diagram of the kind % mol. Ni in the
electrolyte vs % mol. Ni in the deposit (Figure 3e and f). The
black line represents the condition in which the Ni percentage
in the bath equals the Ni concentration in the deposited layer.
Thus, ZnNi co-deposition can be defined as anomalous when
the resulting layer presents a composition that lies below the
line. If data reported in Figure 3c and d are plotted as atomic
percentages, the result visible in Figure 3e and f is obtained. It
appears that ZnNi co-deposition from ChCl/EG 1:4.5 and EG
presents an anomalous character, especially at lower deposition
potentials. This effect is related to the anomalous co-
deposition mechanism: since Ni deposition is partially
inhibited by the Zn deposition reaction, the effect is more
evident when the percentage of Zn is higher (at low deposition
potentials). Both electrolytes start to show anomalous co-
deposition at potentials lower than −1.2 V vs Pt.

Electrodeposited ZnNi Phase Composition. From the
phase composition point of view, ZnNi alloys in the 15−26%
at. Ni should be totally composed of a cubic γ ZnNi phase.69

This is only partially true for electrodeposited ZnNi, as already
demonstrated in the literature.70,71 In particular, plated ZnNi
typically forms a metastable γ phase, which is characterized by
a lower degree of ordering with respect to the equilibrium
cubic γ phase. This behavior is a direct consequence of the
technique employed to obtain the layer. Electrodeposition, as a
matter of fact, is a deposition methodology that often works
under nonequilibrium conditions and forms metastable
structures72 characterized by an enthalpy higher than their
equilibrium counterparts. In electroplated ZnNi, in particular,
such an increased level of enthalpy can be associated with Ni
atoms that are randomly distributed in the lattice positions
instead of being located in preferential sublattice sites.
Formation of a metastable γ ZnNi phase, originally observed

by performing XRD on layers obtained from aqueous
solutions,70,71 is confirmed also in the case of layers plated
from nonaqueous electrolytes like ChCl/EG and EG (Figure
4). In particular, parts a and b of Figure 4 report the XRD
spectra obtained from a ZnNi layer (20% wt Ni) plated from
ChCl/EG 1:2 before and after annealing, respectively. Parts c
and d of Figure 4 report the XRD spectra obtained from a
ZnNi layer (18% wt Ni) plated from EG before and after
annealing, respectively. As-plated ZnNi layers present a
characteristic XRD pattern, which does not fully correspond
to any equilibrium ZnNi intermetallic. Experimental features
match the positions of calculated XRD peaks for a γ structure
with Ni atoms randomly distributed over all atomic sites
(Table S1), demonstrating thus the presence of a metastable
phase also in the case of ZnNi plated from ChCl/EG and EG.
After annealing, layers from both ChCl/EG and EG

developed the complete set of γ phase peaks. The new peaks
that appeared as a consequence of annealing are evident by
comparing Figure 4a and c (before annealing) with Figure 4b
and d (after annealing). Such new features, once again, find
exact correspondence in the calculated peaks (Table S1). The
annealing treatment may promote atomic rearrangement,
leading to a more stable structure where Ni atoms occupy
the outer tetrahedral sites in the cubic cell. Nevertheless,
atomic rearrangement might be incomplete after the annealing
run and a fraction of Ni atoms must occupy sublattice sites
other than the outer tetrahedral ones. Actually, these sites are
fully occupied with a Ni percentage of 14 wt % and the
composition of the examined layers is beyond this limit.
Therefore, it is not surprising that the diffraction spectrum of
the annealed layers is still consistent with the calculated XRD
pattern of the random solid solution.
Crystallite size was evaluated for layers obtained from both

ChCl/EG and EG employing the well-known Scherrer
equation. Two intense peaks (330/411 and 552/633) were
employed, and their full width at half-maximum (fwhm) was
evaluated. The mean crystallite size for ZnNi from ChCl/EG
was found to be 17.4 ± 0.52 nm, while the mean crystallite size
for ZnNi from EG was found to be equal to 11.06 ± 1.84 nm.
As expected, the crystallite size increased as a consequence of
annealing. In particular, it was found to be equal to 37.61 ±
0.16 nm in the case of ChCl/EG and 27.44 ± 3.71 nm in the
case of EG.
Some unidentified small peaks are present in Figure 4. Such

features, however, are all located at low angles, suggesting the
presence of minor quantities of oxides or hydroxides on the
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surface. No difference in the phase composition was observed
between the ZnNi layers deposited from ChCl/EG 1:2, ChCl/
EG 1:4.5, or pure EG.
ZnNi Surface Morphology. SEM was employed to

morphologically characterize the surface of ZnNi layers
deposited from ChCl/EG 1:2, ChCl/EG 1:4.5, and pure EG.
Figure 5 depicts the result obtained.
The layer obtained from ChCl/EG 1:2 (Figures 5a and S3;

−1.2 V, 0.2 M ZnCl2 + 0.13 M NiCl2·6H2O) showed a
relatively coarse morphology (Figure S3), characterized by the
presence of irregular nodular structures on the surface (Figure
5a). In the case of ChCl/EG 1:4.5 (Figure 5b; −1.3 V, 0.2 M
ZnCl2 + 0.13 M NiCl2·6H2O) and pure EG (Figure 5c and d;
−1.8 V, 0.4 M ZnCl2 + 0.05 M NiCl2·6H2O), conversely, the
morphology became more fine-grained and uniform. At higher
magnification (Figure 5d), the surface of the layer obtained
from EG evidenced a uniform distribution of micrometric
semiprismatic nodules on the surface. The mean thickness of
the samples depicted in figure was between 3 and 4 μm. Some
minor cracks are evident in Figure 5a and d, probably as a
result of internal stress accumulation in the layer. Such cracks
became more evident at increasing layer thickness, as visible in
Figure S4 (layer thickness 13 μm).
EDS graphs (Figures S5, S6, and S7) evidenced a negligible

chlorine contamination of the layer. This demonstrates that
Cl− ions present in the electrolytes are not actively
incorporated in the final coatings. Limited oxygen and carbon
contamination was detected. In general, layers obtained from
both ChCl/EG and pure EG are characterized by high purity.
ZnNi Corrosion Behavior. The corrosion behavior of the

electrodeposited ZnNi coatings was investigated performing
linear scan potentiometry tests (Figure 6). Corrosion
potentials and currents of ZnNi alloys plated from ChCl/EG
1:2, ChCl/EG 1:4.5, and pure EG were compared with the
corrosion properties of uncoated steel in order to estimate
their corrosion protection. Moreover, the behavior of a ZnNi
layer (14% wt Ni) plated from a commercial aqueous alkaline
ZnNi electrolyte (Glovel 800 by GLOMAX) was acquired and
used for comparison. Optimal conditions provided by the
manufacturer were employed for the deposition of the
commercial ZnNi sample.
Tafel extrapolation was used to calculate the corrosion

potentials (Ecorr) and the corrosion current densities (Icorr) of
ZnNi alloys in 3.5% NaCl. The result obtained is shown
visually in Figure 6 and numerically in Table 2.
As expected, the corrosion potential of all ZnNi alloys was

more negative if compared to steel (−440 mV vs Ag/AgCl)
and slightly higher than zinc (which has corrosion potentials
not higher than −1000 mV vs Ag/AgCl in 3.65% wt NaCl
solutions73) as a consequence of their nickel content. In ZnNi,
during corrosion, Zn dissolves preferentially and leaves a layer
enriched with Ni. This layer can act as a physical barrier to
slow down further corrosion.74 Despite the formation of this
protective layer, the samples did not show evident signs of
passivity. This behavior is in accordance with the literature,
where ZnNi layers tested in NaCl solution behaved in an
analogous way.75−78

In general, all of the alloys obtained presented corrosion
potentials similar to the commercial ZnNi sample. The
maximum Ecorr difference with respect to the Glovel plated
ZnNi layer Ecorr was 76 mV vs Ag/AgCl toward more negative
potentials (obtained from the 20% Ni wt from the ChCl/EG
1:2 sample) and 52 mV vs Ag/AgCl toward more positive

potentials (obtained from the 15% Ni wt from the ChCl/EG
1:4.5 sample). By considering the data obtained, it appears that
ZnNi alloys deposited from ChCl/EG (both 1:2 and 1:4.5)
present corrosion currents lower than commercial ZnNi, which
slightly depend on Ni content. ZnNi plated from EG,
conversely, showed corrosion currents comparable to com-
mercial Glovel ZnNi.

■ CONCLUSIONS
Choline chloride/ethylene glycol and pure ethylene glycol
were successfully employed as non-aqueous solvents for ZnNi
deposition. From the electrochemical point of view, both
Zn(II) and Ni(II) showed a complexation level dependent on
the relative ratio between ChCl and EG. In particular, the
separation between reduction onset potentials decreased by
increasing EG concentration. This is indicative of a stronger
complexation, which can be explained with the possible
disappearance of MClm− complexes in favor of Mn(EG)mClp
mixed EG−chloride moieties. ZnNi electrodeposition was
demonstrated to follow, analogously to aqueous solutions, an
anomalous co-deposition mechanism. Potentiostatic deposi-
tion tests evidenced an anomalous behavior especially at
potentials lower than −1.2 V vs Pt, where Zn co-deposited
preferentially. For all of the electrolytes studied, it was possible
to obtain a composition range between 10 and 20% wt, which
is the most interesting for corrosion protection applications.
ZnNi layers were found to be free from substantial
contamination. The phase composition of ZnNi coatings
plated from both ChCl/EG and EG was studied via XRD. As-
plated layers were all characterized by the presence of a
metastable ZnNi γ phase, similarly to layers obtained from
aqueous solutions. A good corrosion resistance, equivalent or
better with respect to the commercial ZnNi layer, was
observed during potentiodynamic polarization tests. Corrosion
currents ranged between 1.6 and 18.1 μA/cm2, with a value of
11.8 μA/cm2 for commercial ZnNi. Corrosion potentials were
found to vary between −902 and −774 mV vs Ag/AgCl, with a
value of −826 mV vs Ag/AgCl for commercial ZnNi.
Corrosion properties were found to vary, as expected, as a
result of the solution employed to deposit the layer. In
conclusion, the results obtained justify the interest in
nonaqueous electrolytes for ZnNi deposition.
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