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ABSTRACT

Ni coatings were electrodeposited from 1:2 choline chloride (ChCl) - urea (U) deep eutectic solvents
(DESs) on low carbon steel. We report on the inter-related influence of water content in the electrolyte
and applied potential on the formation of Ni films and their chemical composition and morphology. This
was investigated by cyclic voltammetry (CV) and chronoamperometry (CA) in combination with ex-situ
characterization techniques (FE-SEM, EDS, XPS and Raman spectroscopy). Ni electrodeposition from DES
is shown to be highly complex: Ni*? reduction is followed by water reduction, which triggers electrolyte
decomposition. A water content higher than 4.5%wt and/or performing electrodeposition at potentials
more negative than E= —0.90V vs Ag quasi-reference electrode enhances the decomposition of the
solvent. This breakdown appears via either an electrochemical reaction or triggered by water splitting. In
both cases, it leads to the incorporation of DESs decomposition products, such as trimethylamine and
acetaldehyde within the Ni film. Under these conditions, the films are composed of metallic Ni and
NiOx(OH)2(1-x).

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Nickel-coated steel is used in a wide range of applications, such
as batteries, electronic elements, telecommunications devices, and
automotive and aviation components [1]. This is due to its high
corrosion resistance, which is similar to this of stainless steel, but
features better machinability, weldability and wear resistance [2,3].
Nickel and its alloys are generally deposited on steel via an elec-
troless or an electrochemical route. Although the electroless pro-
cess provides coatings with good protective and functional
properties [2,4], electrodeposition offers many possibilities to tune
the chemical composition, morphology and structure of the
deposited films [5,6].

Nickel electroplating is generally performed in the Watts bath,
an aqueous solution consisting of NiCl,-6H;0, NiSO4-6H,0 and

* Corresponding author. Research Group Electrochemical and Surface Engineer-
ing (SURF), Vrije Universiteit Brussel, Pleinlaan 2, 1050, Brussels, Belgium.
E-mail address: jon.ustarroz@vub.be (J. Ustarroz).

https://doi.org/10.1016/j.electacta.2019.06.161
0013-4686/© 2019 Elsevier Ltd. All rights reserved.

H3BO3 [1,7]. For the coatings to feature the required chemical
composition, structure and mechanical properties, these baths
usually contain several additives, such as benzene sulphonic acid,
p-toluene sulphonamide, saccharin, coumarine, thiourea, etc.
[1,7—9]. Some of these additives (i.e. thiourea) can be harmful.
Additionally, slight changes in the additive purity or concentration
can lead to morphological issues in the deposited films, such as lack
of adhesion, pitting, blistering or brittleness [1,8]. Furthermore,
since nickel has a considerably negative standard reduction po-
tential, Enp- o =—0.25V vs SHE, and is catalytic towards the
production of hydrogen through water electrolysis, electrodeposi-
tion from aqueous solutions is usually complicated and involves a
low cathodic current efficiency and results in cracked, porous and
brittle films [1].

To decrease hydrogen evolution and its negative effect on the
properties of the deposited coatings, and to reduce the number of
additives used in aqueous electrolytes, room temperature ionic
liquids (RTILs) are interesting alternatives for the electrodeposition
of highly electronegative metals, such as Al, Mg, Ni, due to their
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wide potential window (5—7V) [10,11]. As such, nickel coatings
have been successfully obtained from 2-hydroxyethyl ammonium
formate (2-HEAF) [12], 1-ethyl-3-methylimidazolium-dicyanamide
[13] or 1-butyl-1-methylpyrrolidinium bis-(tri-
fluoromethylsulfonyl)amide (BMPTFSA) [14] ionic liquids. Howev-
er, their cost is substantially high and they require a constantly
controlled atmosphere, which complicates their use in an industrial
scale for the steel electroplating processes.

Over the past decade, deep eutectic solvents (DESs) have gained
popularity and have become a promising alternative to traditional
aqueous electrolytes and RTILs [15—19]. The electrochemical po-
tential window of these solvents, although not as large as this of
RTILs, allows, in principle, reducing Ni** without water splitting
and hydrogen gas formation [20,21]. Similarly to RTILs, DESs have
negligible vapour pressure and high thermal stability. Interestingly,
DESs are attractive for large-scale industrial applications because
they are easier to prepare and cheaper than ILs. Additionally, they
are known to be non-hazardous solvents [17—19,22].

In the past few years, the electrodeposition of Ni from DESs has
been shown to be feasible on a wide variety of substrates such as Pt
[21,23], Cu [24], glassy carbon (GC) [25—27], Al [28], brass [29], etc.
A wide range of morphologies (supported nanoparticles [25—27] or
thin films [23,24]), structures (pellets, nodules, dendrites, etc.
[20,30]) as well as chemistries (metallic nickel [24,30], nickel oxide
[29,31], nickel hydroxide [25,26]) can be obtained.

In this context, it is highly relevant to understand the hygro-
scopic nature of DESs and its effect on the electrodeposition
mechanism. On the one hand, the presence of small amounts of
water (up to 6 wt%) has recently been proposed to be beneficial due
to the decrease of viscosity and increase of conductivity that orig-
inate from increasing the ion mobility in the electrolyte [32—35].
Furthermore, by changing and controlling the water content, it is
possible to tailor the morphologies and structures of the deposited
coatings: pellet-like, nodular, or cauliflower-like [34,36]. On the
contrary, the hygroscopicity of DESs might be disadvantageous as
the increase of water content may cause a decrease of the elec-
trochemical potential window [33,34]. Essentially, since water
electrolysis may easily be triggered at the potentials where nickel is
being reduced [5] and DESs are never water-free, understanding
the effect of water splitting on these type of electrolytes and the
electrodeposition process is of high importance [27,33—37].

Therefore, despite a large number of studies on Ni electroplating
from DESs [15,21,23—37], the fundamental processes that deter-
mine the film formation and its properties are not fully understood
yet. More importantly, although the number of fundamental
studies on Ni electrodeposition from DESs has recently increased
substantially, only a small number of studies have been reported on
steel electroplating from any type of RTILs or DESs [21,24,38].

In this paper, we study the electroplating of Ni films on low
carbon steel from 1:2 choline chloride (ChCl) - urea (U) DESs. We
emphasize on understanding the influence of the water content,
the applied potential, and their inter-related effect on the electro-
deposition process. This has been accomplished by combining
standard electrochemical techniques (cyclic voltammetry (CV) and
chronoamperometry (CA)) with a wide range of ex-situ character-
ization methods such as field emission scanning electron micro-
scopy (FE-SEM), energy dispersive X-ray (EDS), X-ray photoelectron
(XPS) and Raman spectroscopy. Special attention was given to the
interaction between the solvent, water, and the growing Ni phase.
This article not only provides novel information on the electro-
chemical deposition of nickel on a technologically relevant sub-
strate such as low carbon steel, but also provides important
knowledge on the role of water and applied potential during metal
electroplating process from DESs.

2. Experimental
2.1. DESs preparation

Choline chloride (Sigma — Aldrich, 98%) and urea (Merck KGaA,
>99.5%) were used as received. The electrolytes were prepared by
stirring these two components together at 80°C in a 1:2 molar
ratio, respectively, until obtaining a transparent homogeneous
liquid phase. The addition of 0.2 M nickel chloride hexahydrate
(Merck KGaA, 98%) changed the solvent color to intensive green.
Additional water in certain amounts was introduced to these
mixtures in the form of 0.2 M aqueous solution of nickel chloride
(to preserve the nickel chloride concentration) and stirred for
24 hat room temperature to obtain a homogeneous liquid. The
water content was always monitored by performing coulometric
Karl Fischer titration (Metrohm KF Titrino plus: 899 Coulometer).
Viscosity and conductivity of the electrolytes were measured with a
rheometer (ARES rheometer) and a conductivity meter (YOKO-
GAWA Model SC82), respectively. In order to detect the influence of
water content on the complexation of Ni in DESs, UV-Vis spec-
trometry measurements were performed at 60°C by using UV-Vis
Avantes NIR spectrometer and a quartz cuvette with a 5 mm light
path.

2.2. Electrochemistry

The electrochemical behaviour of Ni was investigated by per-
forming cyclic voltammetry (CV) and chronoamperometry (CA). All
measurements were carried out using an Autolab PGSTAT 100
potentiostat in a standard three-electrode cell configuration. In
order to avoid a junction potential and due to the electrochemical
stability proven earlier [15,26], an Ag wire immersed in the elec-
trolyte was used as a quasi-reference electrode (QRE). A dimen-
sionally stable anode (DSA) (Ti/RuO;) was used as a counter
electrode (CE) owing to its chemical and electrochemical stability in
highly chlorinated electrolytes. The use of a DSA prevents the un-
controllable chemical dissolution of the anode into the bath [39].
The working electrode (WE) was a 6 mm diameter low carbon steel
rod embedded in a PEEK resin. Before the measurements, the WEs
were polished with 9 um and 3 pm silica paper, followed by 0.25 pm
diamond paste. Then, they were rinsed with distilled water and
dried with air.

Thick coatings were obtained by a potentiostatic electrodepo-
sition for 45 min at different potentials. Prior the use, steel sheets
with dimensions of 3.5 cm x 3.5 cm were sonicated in isopropanol
for 15 min. The next step consisted of degreasing in hot (60°C) 1M
NaOH solution for 5 min, which was followed by chemical etching
in 15 % HCI solution for 3 min. After each step the samples were
rinsed in hot (60 °C) and room temperature water.

All electrochemical experiments were conducted at 60°C in
1ChCl:2U containing 0.2 M NiCl,-6H,0 and 2.1 wt¥%, 4.5 wt% and 7.5
wt% of water. Its content was quantified by Karl Fischer titration
while performing the electrochemical measurements. In order to
limit the concentration of water, a set of electrochemical mea-
surements were also performed in an argon controlled atmosphere
glovebox (JACOMEX GP[CONCEPT]) [27].

2.3. Surface analysis

The chemical composition of the thick Ni coatings was analysed
by X-ray photoelectron spectroscopy (XPS) using a PHI Quantera
SXM with an Al filament of 1486.6 eV energy, by Raman spectros-
copy using an Horiba Raman microscope LabRAM HR Evolution and
by energy-dispersive X-ray spectroscopy (EDS). The surface
morphology of the coatings and cross-section was investigated by
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field emission - scanning electron microscopy (FE-SEM) with a Jeol
JSM-7100F microscope.

3. Results and discussion

3.1. Ni electrodeposition on low carbon steel: influence of water
content and applied potential

Fig. 1(a) shows the cyclic voltammograms (CVs) obtained from
1ChCl:2U DESs with and without the addition of 0.2M of
NiCl,-6H-0, as well as with different amounts of water. The inset in
this figure shows the CVs of the blank electrolyte containing
different HoO contents, whose concentration was determined by
the Karl Fischer measurements before and after the experiments.
The upper potential limit was set at E= 0.1V to avoid the anodic
oxidation of steel, whereas the lower potential limit was set at E =
—1.5V in order to obtain information about the different cathodic
reactions. In the inset of Fig. 1(a), no significant reduction peaks are
observed in the CVs of the blank electrolyte containing only re-
sidual water (0.25 wt%), except from a small but broad shoulder
with onset potential E= — 0.8V. The addition of extra water (total
values of 4.2 wt% and 7.2 wt%) results in a sharp increase of the
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cathodic current at E= —1.15V and pronouncing the shoulder at
E= — 0.80V. Interestingly, the CV recorded in the glovebox (green
curve in Fig. 1(a)) shows that the currents are slightly higher than
these obtained for the blank solution with just residual water. This
will be further discussed later in the manuscript.

The addition of 0.2 M NiCl,-6H,0 (black curve in Fig. 1(a)) re-
sults in the electrochemical reduction of nickel (Eq. (1)):

(1)

with an onset potential E= —0.70V and a current maximum at E=
— 0.95V. A slight and broad shoulder is evidenced at a potential
range from E= —0.99V to — 1.05V, which is followed by a sharp

Ni2t £ 2e~ > Ni®

increase of the cathodic current, starting at E=x — 1.07V. The
absence of anodic Ni oxidation is logical since it occurs at E > 0.15V
[26].

The increase of water content in the nickel-containing electro-
lyte (blue and red curves of Fig. 1(a)) causes a shift of the onset and
peak maximum potentials related to Ni** reduction to less negative
potentials by 0.05V and 0.15V (blue and red curves of Fig. 1(a),
respectively). Furthermore, the shoulder which appears after Ni**
reduction becomes broader and its onset shifts towards more
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Fig. 1. (a) CVs obtained for 1ChCl:2U containing 0.2 M NiCl,-6H,0 with different water contents. Inset: CVs obtained for blank 1ChCl:2U with different water contents. (b) CAs
obtained for Ni deposition at —0.90V from 1ChCl:2U containing 0.2 M NiCl,-6H,0 and different water contents. Inset: CAs obtained for deposition from 1ChCl:2U containing 0.2 M
NiCl,-6H,0 and 2.1 wt% water and different applied potentials.
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positive potentials. Surprisingly, this tendency is not followed by
the measurement in the glovebox where the DES contains only 0.1
wt% of water (green curve). The onset and peak potentials for nickel
reduction under these conditions are similar to these obtained for
7.5 wt% of water (red curve). Interestingly, the onset potential of the
more negative cathodic wave remains almost unaltered by the
addition of water.

The fact that the nickel electrochemical reduction shifts towards
less negative potentials due to addition of water (>4.5 wt%) to the
electrolyte is normally related to a decrease of viscosity and in-
crease of conductivity (see Supporting Information, Table 1). In
principle, such amount of H,O is enough to solvate DES constitu-
ents and weaken the interactions between choline and urea. In this
scenario, an increased water concentration will strengthen urea-
urea interactions, as well as enhance the formation of hydrogen
bonds between H,0-CI™ and H,O-urea [40—42]. Further addition of
water implies an effective aqueous solution of choline chloride and
urea. These changes will significantly affect the electrochemical
potential window, the onset of Ni®* reduction, and ion mobility
[43]. Nevertheless, the shift of the onset potential to more negative
values when going from 0.1 wt% (glovebox) to 2.1 wt% is the
opposite to what would be expected if conductivity was the only
reason, since the conductivity for 2.1 wt% is 2.2 times higher than
for 0.1 wt% (see Supporting Information, Section 1).

However, one must bear in mind that the addition of small
amounts of water may also lead to changes in Ni*>* complexation, as
well as in the structure of the electrolyte, in the bulk, and at the
interface. Recently it has been shown that H,O content significantly
influences the interactions of DES constituents (water, choline,
urea, chloride and nickel) [41,44,45]. Therefore, it is known that the
increase of water content from 0.1 wt% to 2.1 wt% (or to 0.25 wt% in
blank electrolyte) changes the interactions between water and DES
components by possibly increasing the electrolyte integrity, which
occurs by strengthening the Ch*-CI™ interactions [42]. This could
cause the shift of Ni>* reduction to more negative potentials upon
presence of small amounts of water (up to ~2-3 wt%).

On the other hand, nickel may form different complexes in both
aqueous solutions and deep eutectic solvents. In the latter case, it
has been shown that the hydrogen bond donor (urea or ethylene
glycol) affects the coordination of nickel in the solvent [21,46].
Therefore, it may be expected that water added to the deep eutectic
solvents will behave as an additional hydrogen bond donor and
significantly influences Ni complexation. To obtain insights in the
nickel complexation in water containing choline chloride-urea DES,
a set of UV-Vis spectroscopy measurements in 1ChCl:2U containing
0.2M NiCl;-6H,0 and different water contents (0.1 wt% (glovebox),
1.4 wt%, 4.7 wtk%, 7.5 wt% and 100 wt%) at 60 °C were performed (see
Supporting Information, Section 2). UV-Vis indicates that, in a
1ChCl:2U DES, Ni coordination changes from a mixture of tetra-
hedral and octahedral at 0.1 wt% of water content (glovebox) to a
purely octahedral for DES containing > 1.4 wt% (outside the glo-
vebox). The addition of extra water to the mixture up to an aqueous
solution changes the nature of the ligands in the first coordination
shell without affecting the octahedral geometry. This could imply
that the reason why nickel reduction is easier under glovebox
conditions (0.1 wt% Hy0) may be due to the appearance of tetra-
hedral coordinated nickel in these conditions.

Additionally, nickel is also known to catalyse water electrolysis,
which explains the appearance of the shoulder following Ni%*
reduction. Once nickel nuclei are formed and water can be reduced
at the nickel surface, the following reactions can be triggered:
hydrogen adsorption (Eq. (2)), precipitation of nickel hydroxide in
the presence of OH™ (Eq. (3)) and water electrolysis (Eq. (4))
[25,26,47].

Ni+Hy0 + e~ — Ni — Hygs + OH™ (2)
Ni** +20H~ — Ni(OH)yqqs (3)
2H,0 +2e~ —H, + 20H™ (4)

For higher water contents (4.5 wt% and 7.5 wt% - blue and red
curve, respectively), this shoulder is triggered at less negative po-
tentials and becomes more significant than for 2.1 wt% water
content (black curve). However, the magnitude of the currents,
even for large amounts of water (7.5 wt%), indicates that this pro-
cess is not bulk water electrolysis (Eq. (4)), but rather surface
limited hydrogen adsorption (Eq. (2)), followed by nickel hydroxide
precipitation (Eq. (3)). The process occurring at more negative
potential, with onsetat E= — 1.15V, is normally ascribed as solvent
breakdown due to the electrochemical reduction of the choline
cation. However, it can be seen that after reaching E= — 1.30V,E=
—1.26V and E= —-1.22V for 2.1 wt%, 4.5 wt% and 7.5 wt% H>0,
respectively, the current increases less sharply. Such behaviour
indicates that this cathodic wave has two contributions and one of
them is limited by mass transport. The most plausible explanation
is that, at these potentials, choline reduction occurs together with
bulk water electrolysis. The latter can be confirmed by the forma-
tion of visible hydrogen gas bubbles. The molar concentration of
water is 0.12 M, 0.29 M, 2.46 M, 5.27 M and 8.79 M for 0.1 wt¥% (in
blank electrolyte in glovebox), 0.25 wt% (in blank electrolyte), 2.1
wt%, 4.5 wt% and 7.5 wt%, respectively (see Supporting Information,
Table 2). Therefore, bulk water electrolysis would result into
cathodic currents of similar (0.1 wt%) or higher (2.1 wt% 4.5 wt%
and 7.5 wt%) magnitudes to these of nickel reduction, as it is the
case. At potentials more negative than E= —1.5V (not shown), the
current does not become mass-transport limited and as such, im-
plies that the electrochemical decomposition of the solvent occurs
in this potential range. The cathodic breakdown of the electrolyte
can follow the routes presented in Eqs. (5) and (6) [48], where Eq.
(5) is a chemical decomposition process, known as Hoffman elim-
ination and cannot be decoupled from water reduction, whereas Eq.
(6) is an electrochemical reaction that depends on the applied
potential.

C5Hl4NOJr +OH~ — C3HgN + G,H40 + H,0 (5)

(,“51'114]\10Jr + e~ —CsH14NO- — C3HgN + GGH50- (6)

At first sight, it is impossible to deduce and distinguish from the
data presented in Fig. 1(a) to which extent the decomposition re-
action proceeds throughout Eq. (5) or Eq. (6). In principle, the
presence of additional water could shift the reaction presented in
Eq. (6) to more positive potentials due to the changes at the
interface and increased ion mobility (see Supporting Information,
Table 1).

To understand the effect of the water content and applied po-
tential in the formation and growth of Ni films from 1ChCl:2U DESs
on low carbon steel, a set of potentiostatic electrodeposition ex-
periments was performed at different overpotentials and water
concentrations. The inset of Fig. 1(b) shows the CAs registered
during Ni electrodeposition with 2.1 wt% of water within the po-
tential range of E= —0.70V to — 1.10V.

In all cases, j-t transients have the same characteristic regions as
these reported in many potentiostatic electrodeposition experi-
ments, also from DESs [23,25,37,49]. The first interval consists of a
monotonically decaying current which is followed by a stable,
almost zero current period of time, which ranges from 1.5 s for E =
—1.10V to 170s for E= — 0.70V. During this time, denoted
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induction time t;;,4, the current is not solely due to double layer
charging, but discharge of ions into adatoms, probably accompa-
nied by formation of small nanoclusters [50—52]. After the induc-
tion interval, the absolute current value begins to increase due to
growth by direct attachment and reaches a maximum, indicating
3D diffusion-limited or mixed kinetic-diffusion controlled growth.
When the overpotential is very low (for E= — 0.70V), the current
starts to increase noticeably only after 200 s, indicating the very
long t;,q and very slow kinetics [53]. This phenomenon points out
that, in this type of solvents, performing cyclic voltammetry mea-
surements at relatively slow scanning rates (10 mV /s) is still too
fast to capture the slow kinetic processes (Fig. 1(a)). After reaching
the current peak, the current decreases again and follows Iat9->
(Cottrell) relation, which is typical for diffusion limited processes.
However, for E< — 0.95V, the current deviates from Cottrellian
behaviour after a certain time, which is shorter for higher over-
potentials (yellow curve of the inset in Fig. 1(b)) and reaches a
plateau. This phenomenon indicates the contribution of additional
electrochemical processes into the overall current, similar to what
has been reported previously for the electrodeposition of cobalt
with concomitant proton reduction [54] or, more recently, for the
electrodeposition of chromium from a choline chloride-ethylene
glycol DES with concomitant reduction of water [55]. In the pre-
sent manuscript, the current arises from the reduction of water on
the Ni growing centers.

The main graph of Fig. 1(b) shows the CAs registered during
electrodeposition at E= -0.90V from electrolytes containing
different water contents. For the j-t curves recorded outside the
glovebox, the current peak shifts to shorter times and higher cur-
rents, and the induction time decreases for increasing amounts of
water (blue - 2.1 wt%, black - 4.5 wt% and red - 7.5 wt% curves),
respectively. Alternatively, the trend is inverted for the CA recorded
under glovebox conditions (0.1 wt%). The induction time is, in this
case, lower than for 2.1 wt% of water. This is in line with the

evolution of the onsets of Ni** reduction with water content
(Fig. 1(a)). For low water contents, the decrease of the induction
time with a decrease of water concentration from 2.1 wt% to 0.1 wt%
would be explained by the appearance of a mixture of a tetrahedral
and octahedral coordinated nickel in the latter conditions (see
Supporting Information, Fig. S1). For higher H,O concentrations,
the decrease of tjg with increasing water content could be
explained by an increase of ion mobility (see Supporting Informa-
tion, Table 1). In both cases, changes of the interfacial structure (i.e.
higher concentration of water molecules) could also have an effect,
although not yet possible to predict in which direction [45].

3.2. Influence of applied potential on the morphology and chemical
composition of Ni coatings

Ni coatings were first deposited on low carbon steel substrates
from 1ChCl:2U containing 0.2 M NiCl,-6H;0 and 2.1 %wt of water.
The films were formed by applying a constant potential (E=
—0.70V to — 1.10V) for 45 min at 60 °C. A macroscopic difference
between the appearance of deposited nickel coatings was evident
and is recorded in the form of bright field optical microscopy im-
ages (Fig. 2). The visible change of the color already indicates dif-
ferences in the chemical composition of the Ni films. The light grey
shade visible in Fig. 2(a) is typical for metallic Ni structure, black
color (Fig. 2(b)) is related with non-stochiometric nickel oxide/
oxyhydroxide and light green (Fig. 2(c)) with nickel hydroxide
[56,57].

Moreover, FE-SEM images of the surface and cross-sections
were recorded in combination with EDS measurements. Charac-
teristic images are presented in Figs. 3 and 4.

The FE-SEM images revealed that the electroplated Ni coatings
have a compact and dense structure, which covers well the rough
steel substrate (Fig. 3(a) and (b) in comparison with Fig. 3(d)).
Moreover, it was observed that by varying the applied potential, the

Fig. 2. Representative bright field optical microscopy images of Ni coatings deposited from 1ChCl:2U containing 0.2 M NiCl,- 6H,0 and 2.1 %wt of water at: (a) E= — 0.70V, (b) E=

—0.90V, (c)E= — 1.10V.
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Fig. 3. Top-view FE-SEM images of Ni coatings deposited from 1ChCl:2U containing 0.2 M NiCl,-6H,0 and 2.1 wt% of water at: (a) E= — 0.70V, (b)E= - 0.90V, (c) E= —1.10V and

(d) low carbon steel substrate.

morphology changes from pellet-like (Fig. 3(a)) to cauliflower-like
(Fig. 3(b) and (c)) for films deposited at E= — 0.70V, E= —0.90V
and E= - 1.10V, respectively. Interestingly, in the case of the
deposits formed at the highest overpotentials, the cauliflower-like
nickel particles are completely covered by a cracked and porous
(sponge-like) film.

The cross-section images (Fig. 4(a), (c) and 4(e)) revealed a
cracked, discontinuous and non-uniform film throughout its
thickness, whose thickness ranges from ~700 nm to 2.90 um for
depositsat E= —0.70V and E= — 1.10V, respectively. The sponge-
like film observed in Fig. 3(c) gives a strong charging effect visible in
the cross-section image (Fig. 4(e)), which indicates the presence of
a non-conductive layer. This can be explained by a possible incor-
poration of electrolyte decomposition products. These by-products
could be produced by the chemical decomposition of choline cation
(Eq. (5)) once there is an excess of OH™ formed by surface limited
reduction of water (as in Eq. (2), for E < — 0.99V) and/or by and
electrochemical route (Eq. (6), for E < — 1.10V) (see Fig. 1(a)).
Furthermore, defects in Ni films, such as cracks and detachments
(Fig. 4(c) and (e)) are most likely caused by internal stresses, which
may originate from disruptions in the lattice due to incorporation of
Cl™ and absorption of hydrogen within the coating [1].

Further, EDS analysis was performed on the surface and cross-
sections of the electrodeposited nickel coatings. The obtained re-
sults revealed the presence of Ni, C, O and Fe in the samples formed
at E= —0.70V and E= - 0.90V. Additionally, a minimal concen-
tration of Cl was detected in the coatings deposited at E= — 1.10V,
indicating that when choline decomposition occurs and possibly
incorporates in the Ni coating, Cl gets trapped in the Ni film as well.
The EDS line scan analysis performed on the cross-sections, pre-
sented in Fig. 4(b), (d) and 4(f), shows an interesting trend. When
the thickness of the Ni film reaches about 350—450 nm (counting
from the surface of the coating, at the right hand side of the EDS

linescans), the Ni content starts to decrease whereas the concen-
tration of O and C increases. This again indicates a possible incor-
poration of DESs components (or DES decomposition products) into
the coating. It must be noted that very high concentrations of O and
C throughout the cross-sectioned coating may partially originate
from the sample preparation and exposure to the air. Furthermore,
iron was detected at two ends of the deposit due to the high
roughness of the steel substrate.

In order to resolve the chemical state of Ni within the coatings
formed at different overpotentials, XPS measurements were per-
formed on samples deposited at E= — 0.70V,E= —0.90V and E =
— 1.10V, at the outer surface and throughout depth, after sput-
tering. Fig. 5(a) presents an example of the XPS survey obtained at
the outer surface and after different sputtering depths of the Ni
coating formed at E= —0.90V from 1ChCl:2U DESs containing
0.2 M NiCly-6H,0 and 2.1 wt¥% of water. The recorded XPS surveys
confirmed the presence of Ni, O, C and Cl, also detected by EDS. It is
evident that the presence of oxygen is not only due to the oxidation
of the Ni coating in contact with the air since O can be detected all
throughout the thickness of the Ni film. Recorded high-resolution
spectra for samples deposited at E= —0.70V and E= —1.10V are
presented in the Supporting Information (Figs. S2 and S3). Spectra
registered for the deposits obtained at the highest overpotential do
not reveal significant differences to the ones obtained at E= —
0.90V. This is not the case for the coating electrodeposited at the
lowest overpotentials (E= — 0.70V), where the spectra obtained
after sputtering 7.84 nm showed no presence of oxidized and/or
hydroxylated Ni species but only metallic Ni. This indicates that
oxidized Ni species detected on the outer surface (before sputter-
ing) are formed during air exposure.

The analysis of survey depth profile (Fig. 5(b)) shows an increase
of Ni and a decrease of O, C, Cl and N, with sputtering depth in the
outermost layers (roughly 80 nm), before reaching a plateau. Once
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Fig. 4. EDS line scan analysis (marked with red arrow) of the cross-section of Ni coatings deposited from 1ChCl:2U DES containing 0.2 M NiCl,- 6H,0 and 2.1 wt% of water at: (a) and
(b)E= —0.70V,(c)and (d) E= —0.90V and (e) and (f) E= — 1.10V; Ni — nickel coating, Fe — steel substrate, C — polymer resin. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

~270 nm of material is sputtered, the concentration of Ni decreases
and is no longer detected (~470 nm), indicating a transition region
where Ni was deposited on the rough surface of steel. The analysis
of the XPS surveys in function of sputtered depth showed similar
trends for C and O concentration profiles as the EDS line scans. This
leads to the conclusion that the oxygen signal does not come only
from oxidized nickel, since it clearly increases (and decreases) as
the carbon signal does. Therefore, this reinforces the idea that DES
components (or DES decomposition by-products), containing both
C and O are incorporated in the Ni film. To gain information on the
chemical state of the detected elements, a series of high-resolution
spectra were recorded and analysed.

Fig. 6 shows the spectra for the binding energy range Ej,.
=850eV to 870 eV, which corresponds to the Ni2p3/2 orbital. The
fitting of the nickel spectra indicates that the Ni2p3/2 orbital con-
sists of three components, whose main peaks appear at E,
=852.7eV, E,, =853.7eV and Ep, =854.6eV and are ascribed to
metallic Ni, NiO and NiOOH, respectively. The last two Ni

compounds indicate the presence of non-stochiometric nickel
oxide-hydroxide, NiOx(OH)y(1—_x), as pure NiOOH can be formed
only by applying high positive potentials [26,58]. After sputtering
7.84 nm (Fig. 6(b)) a large decrease in the concentration of nickel
oxide-hydroxide species and an increase of pure Ni was revealed.
This indicates that a large part of the oxidized Ni compounds
detected on the outer surface of the coating were formed during
the sample exposure to the atmosphere. Further analysis of the
Ni2p3/2 spectra showed that, until certain sputtered depth,
~274.4nm (Fig. 6(d) and (e)), the coating is composed of a mixture
between metallic nickel and its oxide-hydroxide species, whereas
at greater depths, the films consist almost purely of metallic Ni and
some traces of Ni hydroxylated compound. This indicates that
oxidized and hydroxylated Ni compounds were formed during the
electrodeposition process [26,59,60]. The analysis of the Ols
spectrum (see Supporting Information, Fig. S4) proved the presence
of both oxides and hydroxides, as well as H,O within almost the
whole thickness of the coating.
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Fig. 5. XPS analysis of Ni film deposited at E= —0.90V from 1ChCl:2U DESs containing 0.2 M NiCl,-6H,0 and 2.1 wt¥% of water: (a) depth profile survey: 0 nm, 7.84 nm, 31.36 nm,

62.72 nm and 274.4 0 nm; b) elemental concentration depth profile.

In addition, Raman spectroscopy measurements were per-
formed in specimens deposited at potentials of E= —0.70V to
—1.10V from NiCl;-6H,0 and 2.1 wt% of water containing DESs
(Fig. 7).

The red and yellow curves, which represent the films formed at
E= —-0.70V and E= - 0.80V, respectively, show a very broad peak
at ~530 cm ™, marked as region A. Furthermore, a broad shoulder,
marked as region D at a Raman shift of ~560cm~!, appears
together with a weak and broad peak at ~3580 cm™!, denoted re-
gion C. By applying a deposition potential of E= —0.90V (green
curve in Fig. 7), this shoulder (region D) disappears and the peak
visible in region A narrows down. As the applied potential moves to
E= —0.95V and E= —1.10V (blue and black curves, respectively),
the peak in region A remains but the appearance of an additional
set of vibrations between region D and C is detected. Interestingly,
in the case of the sample formed at E= —1.10V (black curve in
Fig. 7), two broad and intense peaks at Raman shifts higher than
3100cm™! appear (marked as region B). The shallow and broad
peaks in region C indicate the presence of free hydroxyl group and
crystallized water [61]. Further analysis of the peaks detected be-
tween 600 cm~! and 3100 cm™~! (between region D and C in Fig. 7)

evidences the presence of organic compounds. The peaks present
within 2750 cm~! and 3100cm™! (region B) correspond to -CHj
and -CH,- vibrations, which are present in 1ChCl:2U mixture [62].
However, the vibrations visible between 650 cm~! and 1500 cm ™!
correspond to methyl and ethyl groups, whose positions and in-
tensities are not the same as the ones in 1ChChl:2U solution. A
further analysis of these peaks and the peak related to -OH group,
indicates the presence of trimethylamine which is a choline
decomposition product formed via the Hoffman elimination reac-
tion [48]. The Raman shift peak visible in region A is related to the
presence of NiO [63,64]. However, its broadness and the lack of
second order overtones may indicate that the nickel oxide is
amorphous or disordered [61]. Moreover, the occurrence of a weak
shoulder, marked as region D, together with a shallow and broad
peak in region C may be assigned to the presence of hydroxylated
Ni species, such as NiOOH or Ni(OH);, however more likely
NiOx(OH)2(1-x) [65].

Both XPS and Raman data complete each other and indicate that
electrodeposited Ni films are composed not only from metallic Ni
but also nickel oxide-hydroxide and incorporated choline and its
decomposition products, such as trimethylamine and acetaldehyde.
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3.3. Influence of water content on the morphology and chemical
composition of electrodeposited Ni films

Ni coatings were potentiostatically electrodeposited at E=
—0.90V for 45 min at 60 °C from 1ChCl:2U DESs containing 0.2 M of
NiCl,-6H,0 and different water content. Its concentration in the
electrolyte was determined by Karl Fischer titration and the total
values were: 2.1 wt%, 4.5 wt% and 7.5 wt%. The obtained films

featured macroscopic differences in their appearance, similarly to
the samples discussed in Section 3.2. Bright field images obtained
by optical microscope presented in Figs. 2(b) and 8 show that the
increase of water content in the electrolyte, from 2.1 wt% to 4.5 wt%
and 7.5 wt%, changes the color and macroscopic morphology of the
films from dull grey, through black, to light greenish and cracked
films, respectively. The addition of water, up to 7.5 wt%, shifts H>O
reduction to more positive potentials, and thus an accumulation of



M. Lukaczynska et al. / Electrochimica Acta 319 (2019) 690—704 699
— - -0.70V -0.80V -----0.90V =-= -0.95V -1.10V
B i C
1 1
H P
3 i oo
X ] ] 1
B A ] 1
l'_\ :.;"'I L} 1
L AL
|. e, 1 ';
"I I( Yy [ J""w—ﬁ-).,@ - ? 0 : :
T e o il : FA
Ypen 1] A '~|'-~,,-\-...,.‘..,-'..,,,,.../-:-"~ t‘\-.4\.1-\""'.‘“. ' 1 ' '
|‘\ ‘;‘ n‘: : -,m--..n.wvr«.m--.\..-.l‘.,.,.,‘._,_‘_._\.L“',‘_.. S : : :
* ~’ NS s by
a1\ : TSl
' V" durineanst S0 ret MNS hen, : L B .
'y p § 2o, WAL | e 1 1 1 '
'\ ‘i/ \: : e ‘JI"‘ Mo, sasn ) '
L X : :
[ N " 1 1 1 1
1 ] 1 W o ar W 1 1 1 1
' 1 ' I i I R N "I TN | T '
' [ 1 ) TR Y e oy
1 1 1 1 1 1 1
L o e LA M s e e ey p e L e e e e e e I B s e e e
500 1000 1500 2000 2500 3000 3500

Raman shift [cm'1]

Fig. 7. Raman spectra of Ni films electrodeposited from 1ChCl:2U containing 0.2 M NiCl,-6H,0 and 2.1 wt% of water at potentials ranging from E= —0.70V to — 1.10V.

(a)

Fig. 8. Representative optical microscopy images of Ni coatings deposited at E= —0.90V from DESs containing 0.2 M NiCl,-6H,0 and: (a) 4.5%wt and (b) 7.5%wt of water.

OH™ occurs at the interface, which leads to the formation of
oxidized and hydroxylated Ni species. Moreover, the excess of OH™
will force the chemical decomposition of choline cation, which
proceeds via Eq. (5). These phenomena, water and choline reduc-
tion at lower overpotentials, result in the macroscopic changes in
the Ni coating appearance [27].

The deposits were analysed by FE-SEM and EDS. The results are
shown in Figs. 3(b), 4(c) and 4(d) and 9.

Fig. 9(a) and (b) revealed that, for 4.5 wt% and 7.5 wt% of water,
the Ni surface consists of particles larger than 700 nm that are
embedded in a cracked film. These particles grow in cauliflower
shape and do not form compact layers. The cross-section images,
presented in Fig. 9(c) and (d), show that, for 4.5 wt% water content,
a thin, non-uniform and discontinuous Ni film with a thickness of
~500 nm, was deposited. Above this layer, a few um thick film with
non-conductive properties (visible charging effect) was formed.
Single and irregular-shaped particles were embedded in this film.
Alternatively, for 7.5 wt% (Fig. 9(d)), a non-uniform Ni layer of a
thickness of ~200—250 nm was deposited and above which a thick
and continuous non-conductive film was formed. Such film clearly
prevents further growth of the Ni coating. These observations are
similar to those made for coatings electroplated at higher over-
potentials (E= — 1.10V) from an electrolyte with lower water
content (2.1 wt%) (Fig. 4(e)).

Fig. 9(e) and (f) show EDS linescans performed in the place
marked with the red arrow in Fig. 9(c) and (d). Ni, C, O, Fe and Cl are

detected, as expected. The elemental concentration profiles are
similar to these described in Section 3.2.

In addition, XPS measurements were performed for the depos-
ited films with different water contents (4.5 wt% and 7.5 wt%). The
spectra are very similar to these of Section 3.2. (Fig. 5(a)) and are
included in the Supporting Information (Section 3, Figs. S6 and S7).
Ni, O, C, Cl, N and Fe were detected in all the samples. Fig. 10(a)
shows the elemental concentration profile in function of depth and
reveals that the films obtained from 1ChCl:2U DESs containing 7.5
%wt water are much thicker and contain a higher concentration of
0, C, Cl and N than the ones obtained from the electrolyte with only
2.1 %wt of water. Furthermore, O and C followed similar trends to
these observed earlier in section 3.2. Their concentration decreases
with the increase of sputtered thickness, whereas Ni content in-
creases. At a sputtered depth of ~200 nm, a plateau was reached for
the concentration of all detected elements, which indicates that
their presence is not related to sample exposure to the air, espe-
cially not the presence of oxidized and hydroxylated Ni species
(Fig. 10(b)).

The analysis of Ni2p3/2 high-resolution spectra revealed a
similar composition to these presented in Fig. 6(a)—6(d). In all of
the cases, metallic Ni mixed with nickel oxide-hydroxide was
detected, which was confirmed by analysing O1s spectrum (see
Supporting Information, Fig. S7).

Once more, the XPS data was compared with Raman spectros-
copy. Fig. 11 shows that the Ni coating deposited from DESs
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Fig. 9. Top-view and cross-section FE-SEM images with EDS line scans (marked with red arrow) for Ni coatings deposited at E= —0.90V from DESs containing 0.2 M NiCl,-6H,0
and: (a), (c), (e) 4.5 wt% and (b), (d), (f) 7.5 wt% of water; Ni — nickel coating, Fe — steel substrate, C — polymer resin. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

containing only 2.1 wt% of water (black curve) shows only one
broad peak appearing within the Raman shift range between
410cm~' and 610cm~!, marked as region A. By increasing the
amount of water up to 4.5 wt% (blue curve), a weak and broad
shoulder appears in region A. Furthermore, very shallow peaks
show up at Raman shifts of 2750 cm™~! to 3090 cm™!, marked as
region B and between 3500cm~! to 3700 cm~', region C. Some
barely visible traces are present in the Raman shift range between
610 cm~! and 2750 cm~ L All these bands are intensified when the
deposition is performed in an electrolyte containing 7.5 wt% of
water (red curve) and the intensity of the peak in region A
(~500 cm™1) decreases.

Figs. 7 and 11, show many similarities. The broad peak in the
region A and the lack of second order overtones indicate that NiO is
most likely present in an amorphous and disordered form. The
shoulder in region A together with the shallow peak at high Raman
shifts may indicate the evidence of an hydroxylated form of nickel.
This is especially visible in the case of the red curve (7.5 wt% water),
which is very similar to the Raman spectrum obtained for the

sample deposited at E= —1.10V from DESs containing only 2.1 wt%
of water (Fig. 7).

In the Raman shift range between 610cm~' and 3090 cm™’,
bands related to -CH3 and -CH,- groups are detected. These bands
can be assigned to the choline cation, and trimethylamine that is
being formed during the decomposition process of choline via
Hoffman elimination (Egs. (5) and (6)). This proves that performing
electrodeposition of Ni in the presence of more than 4.5 %wt of
water in 1ChCl:2U DESs enhances the decomposition of the elec-
trolyte and inhibits the growth of Ni coating.

3.4. Suggested deposition mechanism

The data presented in the previous sections indicates the
complexity of Ni electrodeposition from 1ChCl:2U DESs on low
carbon steel. The analysis of cyclic voltammograms and chro-
noamperograms showed the inter-relation between applied po-
tential and water content in the electrolyte. As observed in the CVs
(Fig. 1(a)) and presented in Fig. 12, Ni** reduction is accompanied
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Fig. 11. Raman spectra of Ni coatings electrodeposited from 1ChCl:2U DES containing 2.1 wt%, 4.5 wt% and 7.5 wt% water at 60°C and E=— 0.90V.

by water splitting. This is the cause of most of the morphological
issues of the coatings, such as brittleness, cracks, pores, and lack of

adhesion. An analysis of the onset potentials of Ni>" and water
reduction, for different water contents, is presented in Fig. 12 and
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reveals the difficulties of decoupling these two reactions.

The mechanism of electrochemical formation of Ni coatings
from 1ChCl:2U DESs containing different amounts of water and/or
at different applied potentials is presented schematically in Fig. 13.
By performing electrodeposition at low overpotentials (E = —0.70V
to — 0.80V) and in low-water-content electrolytes (<4.5 wt% H;0),
it is possible to reduce Ni*2 (Fig. 13.1) and grow uniform, compact,
layer-structured and crack-free films (Fig. 13.2). EDS, XPS and
Raman spectroscopy results revealed that, as the water content
increases (>4.5 wt% H,0) and the applied potential becomes more
negative (E < — 0.90V), a rapid increase of C and O, and a decrease
of the Ni concentration occurs throughout the thickness of the
deposit, which is a mixture between metallic and oxide-hydroxide
nickel species. The formation of mixed oxidized and hydroxylated
Ni compounds can be explained, as described in section 3.1, by the

in H0

2)
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adsorption of OH™ (Eq. (3)), which is formed during water reduc-
tion (Egs. (2) and (4) [25,26]) (Fig. 13.3—13.5). This reaction can be
catalysed by the presence of Ni particles on the steel substrate and/
or by applying higher overpotentials. Interestingly, the surface
analysis measurements evidenced the incorporation of choline and
its decomposition products in the coating. Once there is an excess
of hydroxyl group at the surface, the decomposition of 1ChCl:2U
DESs proceeds via the Hoffman elimination reaction (Eq. (5)) [48].
Furthermore, the breakdown of the electrolyte is also known to be
triggered by applying high overpotentials, which provokes the re-
action described in Eq. (6) (Fig. 13.5 and 13.6). Both DESs decom-
position reactions lead to the incorporation of organic compounds,
such as trimethylamine, acetaldehyde and trapping choline in the
deposited films.

4. Conclusions

The inter-related effect of applied potential and water content
on the electrodeposition of Ni coatings from 1ChCl:2U DES on low
carbon steel was studied by electrochemical measurements and
surface analysis. Both applied potential and water content are
crucial since they highly influence the morphology and chemical
composition of the deposited coatings. A water content higher than
4.5 %wt and/or performing electrodeposition at potentials more
negative than E= —0.90V enhances the decomposition of the
solvent. This breakdown appears via either an electrochemical and/
or chemical reaction triggered by water reduction. In both cases, it
leads to the incorporation of DES decomposition products, such as
aldehydes and amines within the deposited Ni film. Moreover, the
coatings obtained under these conditions are composed of metallic
Ni and NiOy(OH)y(1—x). The presence of this mixture is strictly
related to the presence of residual and additional water in DES,
which gets reduced when applying a sufficiently negative potential.

3)

Fig. 13. Ni coating growth mechanism: 1. reduction of Ni cations; 2. formation of Ni nuclei and film growth; 3. further growth of coating and water reduction; 4. adsorption of
hydrogen, hydroxyl groups and formation of Ni oxide-hydroxide layer; 5. decomposition of DESs to trimethylamine, aldehydes, etc.; 6. incorporation of electrolyte decomposition
products. The red arrows indicate electron transfer occurring during Ni>* reduction, whereas the black ones the place where certain species can be found. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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It has been evidenced that small amounts of H,O affect complex-
ation of Ni%*, which further influences the electrodeposition pro-

cess.

Despite the complexity of the process, performing

electrodeposition at low overpotentials (E > — 0.90V) and low
water contents ( <4.5 %wt) leads to the formation of adherent pure
metallic Ni coatings.
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