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ABSTRACT

The first steps of nickel electrodeposition in a deep eutectic solvent (DES) are analysed
in detail. Several substrates from glassy carbon to Pt(111) were investigated pointing
out the surface sensitivity of the nucleation and growth mechanism. For that, cyclic
voltammetry and chronoamperometry, in combination with scanning electron
microscopy (SEM), were employed. X-ray diffraction (XRD) and atomic force
microscopy (AFM) were used to more deeply analyse the Ni deposition on Pt

substrates.

In a 0.1 M NiCl, + DES solution (at 70°C), the nickel deposition on glassy carbon takes
place within the potential limits of the electrode in the blank solution. Although, the
electrochemical window of Pt|DES is considerably shorter than on glassy carbon|DES,
it was still sufficient for the nickel deposition. On Pt electrode, the negative potential
limit was enlarged while the nickel deposit growed, likely because of the lower catalytic
activity of the nickel towards the reduction of the DES. At lower overpotentials,

different hydrogenated Ni structures were favoured, most likely because of the DES co-
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reduction on the Pt substrate. Nanometric metallic nickel grains of rounded shape were
obtained in any substrate, as evidenced by the FE-SEM. Passivation phenomena, related

to the formation of Ni oxide and Ni hydroxylated species, were observed at high applied

oNOYTULT D WN =

overpotentials. At low deposited charge, on Pt(111) the AFM measurements showed the
formation of rounded nanometric particles of Ni, which rearranged and formed small
14 triangular arrays at sufficiently low applied overpotential (Scheme 1). This particle
16 pattern was induced by the <111> orientation and related to surface sensitivity of the
18 nickel deposition in DES. The present work provides deep insights into the Ni

20 electrodeposition mechanism in the selected deep eutectic solvent.

26 Scheme 1. Representation of the Ni(II) electrodeposition in DES on Pt(111) and AFM

image (2 x 2 um?) of the Ni clusters.
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INTRODUCTION

Nickel has been extensively used for coatings to prevent the corrosion of the materials."
Moreover, and because of their magnetic properties, several Ni-alloys containing mainly
Fe, Co or W have been investigated and progressively incorporated in electronic devices
such as sensors or devices for memory storage.”” Besides the interest of nickel in the
electronics, nickel was also proved to be a good candidate in the design of new
catalysts. So, the combination of nickel with other metals like gold or platinum
improves the catalytic activity in several reactions of interest. For instance, nickel
supported on gold electrode improves the oxidation of organic compounds in alkaline
media, this includes glucose, thus being a potential biosensor.'” On the other hand, the
presence of Ni on gold also decreases the overpotential required for the oxygen
evolution reaction (OER) due to the surface activation by the formation of hydroxylated
nickel species NiOXHy.“'13 Platinum modified by small amounts of NiOsH, has been
demonstrated to considerably improve the hydrogen reduction reaction (HER) in

alkaline media'*""

while Ni-Pt-Ni alloys are better catalyst for the oxygen reduction
reaction (ORR) in comparison with bare platinum.’>?' All these reactions (ORR, HER
and OER) are of paramount importance for the design of more efficient fuel cells. In

other fields, different routes to synthetize nanowires containing nickel and gold have

recently been investigated for drug delivery compounds and medical applications.22
4
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Definitely, nickel is truly desirable in a broad field of applications. In addition, its
relative low cost and abundance motivates their use and incorporation in new devices.
Finding new sustainable routes that allow modifying surfaces with nickel providing new

properties becomes then very demanded.

One optimal way to obtain nickel alloys or nickel coatings is by using classical
electrochemical techniques, i.e. by metal electrodeposition. This methodology is simple
since it uses a low amount of energy allowing the metal electrodeposition at room
temperature. By controlling parameters such as applied current density/potential or bath
composition it is possible to modulate the electrodeposition process.””> However,
aqueous electrolytes show some drawbacks for the nickel electrodeposition. The most
important inconvenient is that the nickel deposition usually overlaps with the reduction
of the solvent because of the nickel overpotential towards the hydrogen evolution, in
combination with the high overpotential required to reduce the metal. The overlapping
with the solvent reduction could promote the formation of hydroxylated species and the
increase of the porosity of the coatings due to the hydrogen bubbles formation." ** To
deal with these inconveniences, rigorous control of the pH and several additives, some

of them hazardous, are required in aqueous solution.

One alternative to the use of traditional aqueous baths are Room Temperature lonic
Liquids (RTILs). Since RTILs have a wide electrochemical window (3-5 V) and
sufficient conductivity, these new solvents are suitable for metal electrodeposition
applications, although they show relatively low metal solubility.”>* Unfortunately, the
high cost of RTILs limits bulk applications and more feasible alternatives are explored.
In this context, Deep Eutectic Solvents (DESs) have emerged as the cheaper and greener

alternative to RTILs.*>>’ DES share many benefits with RTILs: tuneability, enough
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conductivity, similar mass transport properties and a widerer electrochemical window
than aqueous electrolytes. In addition, they show better metal solubility than RTILs.
However, unlike RTILs, DESs are less chemically and thermally stable, as evidenced by
their shorter electrochemical window that decreases slightly with the increase of the
temperature. DESs have been employed for metal electrodeposition, showing that they
allow modulating the deposition process. In the case of nickel, different structures were
found depending on both the DES composition and substrates employed.***’ Recently,
Ustarroz et al. investigated the nickel deposition on glassy carbon using a ChCl/urea
based DES and described that nickel deposition involved the formation of

nanostructures.48

Here, we investigated in detail the electrodeposition of nickel in a DES based on the
mixture ChCl/urea. For that, two substrates of different nature were chosen: glassy
carbon and platinum. More specifically, a platinum bead electrode was firstly employed
and afterwards a Pt(111) single crystal electrode was used to investigate the possible
surface sensitivity of the nickel deposition. The final purpose of comparing these two
dissimilar substrates is evaluating the availability of this DES to modify a platinum
electrode, which is considerably more catalytic than glassy carbon, and also how both

the media and specific orientation of the surface influences the nickel deposition.

To investigate nickel electrodeposition, cyclic voltammetry and chronoamperometry
were used. The chronoamperometric data were analysed under the light of the classical
nucleation and growth mechanism. The morphology of the nickel deposits was analysed
by using Field Emission Scanning Electron microscopy (FE-SEM), at first on glassy
carbon and later on the different Pt electrodes. Finally, atomic force microscopy (AFM)

was employed to analyse a Pt(111) surface modified by low amounts of nickel, in order

6
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to assess the influence of the specific surface orientation on the initial steps of Ni

electrodeposition in DES.

EXPERIMENTAL SECTION

Both choline chloride (ChCl) and urea were purchased from Merck at the highest purity
available (99%). The DES was prepared by mixing stoichiometric amounts of both salts
at a temperature close to 50 °C until liquid state. The molar rate between both salts in
the eutectic mix is 1:2 ChCl:urea. The liquid was dried under vacuum, stirring and
heating conditions (T < 50 °C) overnight. To prepare the nickel bath, a NiCl,+6H,O salt
of 99% purity grade purchased from Merck was dried to dehydration and added to the
DES. In order to dissolve the nickel salt in the DES, the mixture was stirred, kept under
vacuum and heating conditions during 24 h. The water content in DES did not

overcome 1 % (Figure S1).

The employed working electrodes were a glassy carbon rod (0.0314 cm?), a Pt
polyoriented bead electrode, Pt(poly) (0.22 cm?) and a Pt(111) single crystal (0.048
cm?) cut from a single crystal bead following Clavilier’s methodology.*’ Specific pre-
treatments were used for each one of the surfaces. The glassy carbon electrode was
polished to mirror finish with alumina of different grades (3.75 and 1.87 um from VWR
Prolabo), cleaned ultrasonically for 2 min in high-quality water (resistivity of 18.2
MQ cm, MilliQ system, Millipore) and dried with argon prior to the immersion in the
solution. On the other hand, both the Pt bead and the Pt(111) were cleaned by flame-
annealing and cooling down under the argon atmosphere in the electrochemical cell, in

order to avoid the oxygen reaction on the surface. Then the electrodes were immersed in

7
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the DES after cooling the electrode down. In the case of Pt(111), meniscus

configuration was employed.

To perform the electrochemical experiments, a thermostated cell with a three electrode
configuration was employed. The reference electrode was an Ag|AgCl|CI" mounted in a
Lugging capillary containing the DES solvent.”® The counter electrode was a platinum

spiral. The temperature was kept at 70 °C.

All electrochemical measurements were carried out using a potentiostat AUTOLAB
PGSTAT 12 electrochemical system. The morphology of the samples was analysed us-
ing a scanning electron microscope Field Emission JSM-7100F Analytical Microscopy.
X-ray photoelectron spectroscopy (XPS) measures were carried out with an K-ALPHA,
Thermo Scientific. All spectra were collected using Al-K radiation (1486.6 eV). X-ray
diffraction (XRD) patterns were recorded using a PANalytical X'Pert-PRO MRD dif-
fractometer with parallel optical geometry in grazing incidence configuration (1°) using
Cu Ka radiation (A = 0.1542 nm). A 20 scan, between 10 and 100° was used, with a
step size of 0.05 and a measuring time of 15 s per step. AFM images were obtained with
an MFP-3D atomic force microscope (Oxford Instruments Asylum Research, Santa
Barbara, CA) using V-shaped Si3N4 cantilevers with sharp silicon tips, and having a
nominal spring constant of 0.06 N m™ (SNL, Bruker AFM Probes). Images were ac-
quired in contact mode at room temperature in air or under liquid environment (ultra-
pure MilliQ water), and processed with the AR software. Prior to characterization the
samples were exhaustively cleaned under warm water during the necessary time to re-

move the residues of DES.
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RESULTS AND DISCUSSION
Nickel electrodeposition on glassy carbon

At first, nickel electrodeposition on glassy carbon was analysed using the solution
containing 0.1 M NiCl, in DES at 70 °C. Figure 1A shows the cyclic voltammogram of
the nickel deposition on glassy carbon (black solid line) while the dashed line
corresponds to the glassy carbon | DES blank solution, i.e., without the precursor.
Nickel deposition starts around -1.0 V and reaches a peak current at -1.20 V (Figure 1A
peak (a)). Then the current decays followed by the reduction of the solvent. In the
reverse scan, the main oxidation peak appears at -0.09 V (peak (b)). Previous to this
oxidation peak one small feature appears around -0.40 V (peak (p)). Both peaks are
related with the oxidation/dissolution of the deposited nickel. If the negative going scan
is reversed at less negative potential limit (i.e. at -1.17 V) the cyclic voltammetry draws
a current loop (Figure 1A, red line), pointing out that the nickel deposition proceeds
through a nucleation and growth mechanism. The preliminary voltammetric analysis
shows that, under these conditions, the nickel deposition on glassy carbon takes place
within the DES potential window, but the process is quite irreversible and high
overpotential value is necessary to achieve the nickel deposition in DES, similar to what
happens in aqueous solutions.”" It is interesting to note that the electrochemical window
is considerably narrowed when the nickel is deposited on the glassy carbon electrode,
thus evidencing that the nickel deposit is more catalytic towards the solvent reduction

than the glassy carbon substrate. Similar behaviour was reported by Ustarroz et al.* in
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the same DES, but using significantly lower nickel salt concentration, conditions at

which the nickel deposition almost overlaps with the onset of the solvent reduction.

Figure 1B shows several cyclic voltammograms recorded at different cathodic potential
limits. Shortening enough the negative limit, the feature labelled as peak (p) was
supressed in the positive scan. The relation between the charges involved within the
overall oxidation and reduction voltammetric areas, (Qox/Qrq), decreases by sufficiently
enlarging the cathodic potential limit (Table S1). Both the decrease of the Qux/Qyeq and
the appearance of the peak (p) with the enlarging of the negative potential limit could be
related with surface changes due to the solvent co-reduction. Ustarroz et al. reported
that the nickel deposition on glassy carbon involved the formation of hydroxylated
species at the high applied overpotential.** So, if the reduction of the solvent involves
hydrogen evolution, which is expected due to the hydrogen bond donor character of the
DES, a local pH change would promote the formation of these hydroxylated species.52
In addition, the authors reported that the formation of these hydroxylated species was
supported by the progressive surface passivation as high overpotentials were applied.
Here, to confirm surface passivation, the negative potential limit was enlarged, up to the
solvent reduction onset. Figure 1C (red dashed line) contains the cyclic voltammogram
recorded up to -1.56 V. By forcing the solvent reaction on the freshly deposited nickel,

the oxidation peak in the positive scan is almost suppressed, confirming the surface

passivation.

In order to get more insights on the nickel electrodeposition on glassy carbon,
chronoamperometric curves were recorded at different applied potentials (Figure 1D).
All the j-t transients show an increase of the current density up to a maximum value jy,

reached at a time t,,, both values (jm,tm) being dependent on the applied potential. By
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increasing the applied potential, the current density value increases and the jy, is attained
at lower t, values. At long deposition times all the curves practically overlap. Then, the
current density can be roughly considered independent on the applied potential. The
profile of the whole group of j-t transients strongly suggests that the nickel deposition in
the DES follows a diffusion controlled 3D nucleation and growth mechanism. It is
noteworthy that the current contribution from the solvent is almost negligible under
these conditions. The inset in Figure 1D contains a magnification of the j-t transients
recorded from the blank solution at the different applied potential (black lines in Figure
1D). These j-t transients evidence capacitive currents. At moderate applied
overpotentials, overlapping between the reduction of the solvent and the nickel
deposition is not observed, in agreement with the voltammetric results. In order to
confirm that the process is affected by mass transport, a j-t transient was recorded at -
1.02 V under stationary conditions, and after some deposition time the solution was
stirred by a constant flow of argon (Figure S2A). The current density suddenly rises
when the solution is stirred until a plateau is attained, confirming the mass transport
limitation. From the chronoamperometric data in Figure 1D, the diffusion coefficient of
the Ni(I) in DES can be estimated by fitting the j-t transients to the Cottrell equation at
t>ty, i.e. by plotting j vs 1/Nt (Figure S3A). Considering that the effective number of
electrons transferred is 2, the calculated diffusion coefficient value D for the Ni(Il) in
DES was around 2.0-107 cm® s™'. This value is in agreement with the previously

calculated diffusion coefficients for other metallic cations in ionic liquid media.>*">

In order to deepen into the mechanism that governs the nickel electrodeposition on
glassy carbon in the DES, the experimental j-t transients were analysed by using the

non-dimensional equations formulated by Sharifker and Hills (S-H) to describe 3D

11

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Energy Materials

nucleation and growth mechanism, which can be progressive (N=AN,t) or approach to

instantaneous (N(t)=N,,) nucleation, respectively.” ***

Figure 1E contains the fitting of a few j-t transients to the S-H model, i.e. by plotting
i*/im” VS t/tm. The analysis clearly evidences the limitations of the model to describe Ni
electrodeposition in DES, more specifically at longer deposition times. For the short
deposition times the fittings reproduce relatively well the progressive limit, while at
t>t, the fittings deviate from the model and fall below the theoretical progressive curve.
Still, this analysis provides valuable information related with nucleation process at t<tp,
suggesting that the Ni deposition is progressive at the very early stages of the process
and at moderate applied overpotentials. This progressive behaviour, however, is
opposite to the results obtained in aqueous electrolytes, in which the nucleation is
kinetically controlled and approach to instantaneous,”' and also differs from some ILs in
which the nucleation also tends to be instantaneous.*® *° These results highlight the
influence of the solvent on the first steps in Ni electrodeposition. The main limitation of
this classical model is precisely the fact that the formalism does not consider the solvent
interactions with precursor and substrate, i.e. they neglect completely the role of the
solvent. The high viscosity of the media and both solvent-substrate and solvent-
precursor interactions are expected to slow down the deposition process. This fact
agrees with the progressive character of the nucleation and would also explain why at
t>ty (growth of the particles) the fitting appears below the theoretical curves, i.e. the
growth of the deposit is kinetically hindered by the presence of the DES, specially by
chloride anions which stabilize Ni(I) complexes and can adsorb on the surface.®*** The
fact that the particular nature of the solvent influences the deposition process is not

surprising. It has already been demonstrated that ILs can act as modulators of the
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rowth of the deposit.?” 3% 3464854 63 T deeply analyse how the solvent affects the
g p ply y

growth and morphology of the deposit, SEM images of the Ni deposit on glassy carbon

were taken.
b A
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Figure 1. From 0.1 M NiCl, + DES solution and glassy carbon electrode. Cyclic

voltammograms at 20 mV/s: A) dashed line) from blank solution, black solid line) wide

potential limit -1.40 V and red solid line) short potential limit -1.18 V. B) at different

potential limits: I) -1.13 V, II) -1.18 V and III) -1.38 V. C) at: dashed red line) -1.56 V
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and black line) -1.38 V. D) j-t transients at: a) -1.07 V (red), b) -1.08 V (green), ¢) -1.10
V (pink), d) -1.12 V (black), ¢) -1.14 V (blue), f) -1.16 V (dark blue) and g) -1.18 V
(brown). Black curves: j-t transients at the same potentials from the blank solution
(whose magnification is in the inset). E) Non-dimensional plots according to the S-H

model for some curves of Figure 1D.

Figures 2A and 2B show the FE-SEM images of nickel deposits obtained at high (E= -
1.20 V) and low (E= -1.02 V) applied overpotential. The amount of circulated charge
was 50 and 40 mC cm™ respectively. At higher applied overpotential, Ni nanoparticles
of diameter less than 100 nm were obtained, as expected from previous works.” By
decreasing the applied overpotential (Figure 2B), Ni clusters bigger than 100 nm are
formed. These clusters have also round shape, but show a clear tendency to develop
cauliflower morphology due to the particle aggregation. In addition, Figure 2B shows
large non covered areas of glassy carbon, result that evidences a high surface diffusion
of Ni on glassy carbon, especially at lower applied overpotential. It is worth to say that
no circular holes were detected on the deposit, suggesting that no solvent reduction and
hydrogen formation occurs at moderate overpotentials when this specific DES is used
for the electrodeposition of nickel on glassy carbon. Nanometric structures of variable
size and modulation of nickel deposit is allowed in the DES by controlling the applied
potential parameter. The electron dispersive X-ray spectroscopy (EDS) confirmed the
presence of deposited nickel. A negligible fraction of oxygen was also detected, related
to surface oxidation likely from the environment (Figure S4A). Finally, by increasing
the deposition time, Ni clusters grow and aggregate forming big grains covering

homogenously the entire surface (Figure S5).
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Figure 2. FE-SEM images of nickel deposits obtained from a 0.1 M NiCl, + DES

solution on glassy carbon at: A) -1.20 V and 50 mC ¢m™ and B) -1.02 V and -40 mC

-2
cm .

This analysis shows that both solvent interaction and Ni surface diffusion influence the
morphology and size of the Ni nanoparticles, which need to be considered in the
analysis of the deposition mechanism on glassy carbon. Nowadays, great amount of
intense efforts is put into reformulating the classical models to better rationalize the
nucleation and growth mechanism. These reformulations try to introduce phenomena
like surface diffusion and particles aggregation or coalescence kinetics as variables in

the nucleation and growth of the particles.*® %4

Nickel electrodeposition on Pt electrode

Once analysed the nickel electrodeposition on vitreous carbon, a study on Pt surface
electrode was performed to compare this process on a more reactive metallic substrate.
First, a faceted platinum bead electrode, Pt(poly), was employed. This material can be
considered as a model of polycrystalline surface having a regular distribution of surface

15
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sites and compares favourably to other presentations like wires or sheets. Figure 3A
shows the cyclic voltammogram for Ni electrodeposition on Pt(poly), overlapped with
the blank solution. Noteworthy is that the electrochemical window recorded on Pt(poly)
is considerably shorter than that on glassy carbon. Despite the narrower negative
potential limit on Pt(poly), nickel electrodeposition occurs prior to solvent reduction
(Figure 3A). Interesting is that the negative potential limit was widened when the Pt
surface was modified by the nickel, while on glassy carbon the opposite trend was
observed. This result evidences that platinum is more active towards the DES reduction
than nickel, as also occurs in aqueous media.’” % It is particularly remarkable that the
Pt(poly)DES oxidation scan shows a prominent oxidation peak (labelled as (z”)) that
has its origin in the solvent reduction. The feature increases in current density while
enlarging the negative potential limit, i.e. by forcing the solvent reduction. This
suggests that the peak (z’) is related with the oxidation of a product generated during the
solvent reduction. In order to get more insight about this feature, cyclic voltammogram
was recorded in the blank solution in a narrow window. The inset of Figure 3A shows
the blank voltammetric curve recorded at 50 mV s between -1.25 V and 0.90 V. The
voltammetric profile shows a double layer region between -0.20 V and 0.90 V. Previous
to the massive solvent reduction, peak (z), several pairs of peaks were observed (x-x’, y-
y’). These voltammetric features could be related with the proton adsorption and
reaction on the Pt electrode. This explanation is supported by the results obtained in
protic ionic liquids where the Pt electrode displayed similar voltammetric features.*” ™
In the present case, the hydrogen bond donor character of the urea in the DES, plus the
amount of residual water, could supply the protons for the hydrogen adsorption reaction
on Pt substrates in DES.”" Then, the peak (z”) would correspond to the oxidation of the

hydrogen generated during the reduction of the solvent displayed in the feature (z).
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The high reactivity of the Pt substrate towards the DES reduction and the hydrogen
reaction could influence the nickel deposition in several ways. To investigate this,
voltammetric experiments for the nickel deposition on Pt was carried at different
potential limits. By scanning at lower negative potential limits, only a single oxidation
peak (peak (c)) is detected in the positive scan (Figure 3B, curve I). By enlarging the
cathodic potential limit, two closed reduction peaks (peaks (a) and (b)) appear (Figure
3B curve II) during the scan. Moreover, the nickel oxidation begins at more negative
potentials, and the oxidation profile evolves into two overlapped features, peaks (c) and
(d) (Figure 3B: curves Il and III). Analogously to what occurs on glassy carbon, the
solvent co-reduction causes the appearance of the current labelled previously as peak (p)
and only a slight increase in intensity of the main oxidation feature (Figure 3B curve
IV) is observed, evidencing the initio of some passivation process (Table S2). The

scanning to -1.85 V causes the total surface passivation (Figure 3B, inset).

To demonstrate the formation of hydroxylated species while depositing Ni on Pt
electrodes, XPS measures were conducted in a sample prepared by depositing Ni on
Pt(poly) at -1.55 V and at -22 C cm™. Figure S6 shows the XPS multiplex between
binding energies of 890 and 845 eV, and includes the Ni2pl and Ni3p2 excitation
peaks. The peaks centred at 853 eV and 870 eV correspond to metallic Ni whereas the
peaks centred at 854 eV, 856 eV and 873 eV correspond to NiOxH,/NiO mixes. Peaks at
862 eV and 884 eV are attributed to shake up peaks (multielectron excitation).*® The
amount of NiOH,/NiO is considerably higher than the amount of metallic Ni
confirming the passivation phenomena at high applied potentials. Since the metallic Ni
can be partially oxidized by the environment, the sample was later slightly sputtered to

remove a few superficial monolayers. Figure S6B shows the XPS of the same sample
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but after sputtering. Peaks related with Ni’ now overcome those related with
NiOH,/NiO, but a nickel oxide or hydroxide layer is still present, confirming the

passivation phenomena.

The splitting of the main oxidation feature (peaks (c) and (d)) suggests that different
metallic nickel forms can be generated because of the overlapping between the nickel
deposition and the solvent reaction. The overlapping with the solvent reaction would
favour the formation of nickel metallic structures enriched with interstitial hydrogen in a
similar way that occurs in aqueous solution. These hydrogenated structures are easier to
oxidize because the presence of hydrogen in the metallic Ni bulk weakens the network.
In this way, two deposited Ni forms were reported in aqueous electrolytes: a-Ni and [3-
Ni, being the former richer in hydrogen than the later.”’ Here, the shift of the oxidation
current onset by enlarging the cathodic potential limit could evidence a transition from
one hydrogenated nickel structure to another with a higher fraction of hydrogen (from

a-Ni to B-Ni). To further investigate this issue, a Pt(111) single crystal was employed.
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43 Figure 3. Cyclic voltammograms on Pt(poly) from: A) blank solution (dashed line),
45 and 0.1M NiCl, + DES solution(black solid line). The inset shows a short
voltammogram of the blank solution recorded between -1.25 V and 0.90 V at 50 mV s™.
B) from the 0.1 M NiCl, + DES solution at different negative limits: I) -1.02 V, II) -1.10
52 V, III) -1.21 V and IV) -1.40 V. a and b are reduction peaks and ¢ and d are oxidation
54 peaks The inset shows potential limits of -1.40 V and -1.85 V. Scan rate 20 mV s
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Figure 4A contains the voltammetric results for nickel deposition on Pt(111) and from
the blank solution. Analogously to the Pt(poly), Pt(111) shows high activity towards the
DES reduction, as evidenced by the appearance of the oxidation peak (z’) in the positive
scan of the blank voltammogram (dashed line). The oxidation peak (z’) shows slightly
lower current density than the previous one recorded on Pt(poly). The lower activity
towards the hydrogen production on Pt(111) is in agreement with the results obtained in
aqueous solution, evidencing some surface sensitivity to hydrogen reaction ’* related to
anion adsorption and acidic effects. The blank cyclic voltammogram, recorded between
-1.10 V and +0.90 V at 50mV s™' (Figure 4A, inset), shows with detail the characteristic
features of the Pt(111)|DES interface. The features are labelled as (x-x’) and (y-y’) and
are slightly different than those reported on the Pt(poly), fact that can be attributed to
specific adsorption. Similar to the Pt(poly), the voltammetric window is enlarged by
modifying the Pt(111) surface with nickel. The nickel deposition on Pt(111) displays
two peaks in the negative scan labelled as peak (a) and peak (b), suggesting a non-trivial
nickel deposition mechanism. The main difference between the results obtained on
Pt(111) and the Pt(poly) is that the two oxidation peaks (peaks (c) and (d)) appear more
separated in the potential window on Pt(111) (Figure 4A). The voltammetric analysis
shows surface sensitivity of the nickel electrodeposition on Pt substrates since the

voltammetric features are better defined on Pt(111).

The origin of these two peaks was investigated by recording several cyclic
voltammograms at different potential limits (Figure 4B and 4C). By reversing the scan
just after reaching the first negative peak (Figure 4B, curve I), only one oxidation peak
(peak (c)) is detected in the positive scan. In addition, no loop is observed in the

positive scan, evidencing a strong Pt-Ni interaction. By slightly enlarging the cathodic
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potential limit (Figure 4B, curve II), a shoulder centred around -0.09 V appeared in the
oxidation branch, overlapped with the main oxidation peak (c). Increasing progressively
the cathodic potential limit up to -1.08 V causes that the abovementioned shoulder
develops into a peak labelled as (d) (Figure 4B, curves III and IV). The intensity of the
peak (d) overcomes the former one (peak (c)) as the cathodic potential limit is widened.
This result strongly supports that two Ni structures containing different ratios of
hydrogen are formed depending on the applied potential. Higher applied overpotentials
favour the highest hydrogenated Ni deposits. On the other hand, the cathodic branch of
these two curves (III and IV) shows a voltammetric loop by scanning up to the first
reduction peak (a). The arrows in the reduction zone in Figure 4B indicate the scan
direction. The appearance of this loop in the deposition scan, just after the first
reduction peak (a), suggests that the first stages of the Ni deposition on Pt(111) could
involve nucleation and growth mechanism but over a Pt(111) surface covered by a few
Ni monolayers instead of on the bare surface. One possibility is that the deposition
mechanism follows a Stranski-Krastanov mechanism, i.e. at first some nickel

monolayers grow on the surface and then the Ni nucleates and grows.”

Figure 4C shows the cyclic voltammograms of the Ni deposition recorded by scanning
up to the reduction peak (b). As expected, when approaching the bulk solvent reduction
potential, the main oxidation peaks, (peak (c) and peak (d)) both decay in intensity
(Figure 4C, curves V-VII, and Table S3). In addition, the voltammogram shows the
peak previously labelled as peak (p) which has increased, and a new broad band at
considerable more positive potentials, labelled as peak (pp). These two peaks, peak (p)

and peak (pp), are related with the initio of the surface passivation that is well evidenced
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by scanning to potentials corresponding to the solvent reduction (inset Figure 4C) in a

similar way that occurs on Pt(poly) substrate.

Chronoamperometric transients for the nickel deposition on Pt(111) were also recorded
at different applied potentials. The j-t transients recorded at moderate and high
overpotentials (between -1.0 V and -1.2 V, Figure 4D and 4E) show that the current
increases until a maximum value t;, is reached. Then the current density decays by mass
transport (Figure S2B). The profile of the j-t transients suggests that the nickel

deposition proceeds via 3D nucleation and growth mechanism on Pt(111).°¢>*

However,
the j-t transients recorded between -1.05 V and -1.20 V (Figure 4D) have important
dissimilarities with those recorded on glassy carbon. The most important difference is
that a current non-related with 3D nucleation and growth particle overlaps with the Ni
deposition at the initio of the process (t<t,). One possibility is that this current is related
with solvent reaction. To prove it, j-t transients within the same potential range were
recorded for the Pt(111)|DES blank solution (Figure 4D, dashed lines). Current density
values for blank j-t transients are too large to be only due to double layer charge and
discharge, suggesting faradaic reaction of the solvent over the surface. The solvent co-
reduction complicates the analysis of the data, especially at both moderate and high
applied overpotentials at t<t,. To minimize this solvent contribution, j-t transients were
recorded at very low applied overpotential (Figure 4E). The maximum j,, value appears
at considerable long deposition times, being t,,>100 s, illustrating how slow the process
is. These transients were analysed using the S-H non-dimensional equations (Figure
S7A), evidencing progressive nucleation and growth mechanism as observed on glassy

carbon. However, no good fitting is found at longer times of deposition revealing the

influence of the DES during the Ni deposition mechanism on Pt(111).
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Spite minimizing the solvent co-reduction by decreasing the applied overpotential, there
is still a current contribution that overlaps with the Ni deposition curve, and it is not
related with the solvent reduction (see Figure 4D and 4E). The process linked with this
current takes several seconds, from 2 s to 50 s at the lower applied overpotentials and
before the nucleation and particle growth occurs. Interesting is the fact that, for similar
rates of deposition, this current is almost negligible on glassy carbon, evidencing the
substrate influence in the Ni electrodeposition. This lapsed time before nucleation starts
is known as induction time in electrodeposition field. Traditionally, the current related
with this induction time was attributed to double layer charge discharge or solvent
reduction. Ustarroz et.al. reported that induction time actually would involve the
formation of primary and stable clusters that act as the seeds for the nucleation and
particle growth®. Here, in the case of Ni deposition on Pt(111), this extra current could
be a reflex of 2D growth of the Ni on Pt(111) before developing stable clusters, i.e. Ni
deposition following a Stranski Krastanow mechanism. The possible 2D growth before
island formation is coherent with the fact that Ni-Pt interactions are much stronger than
Ni-glassy carbon, so a 2D Ni growth on Pt(111) may be favoured in the very early

stages of the Ni deposition.
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Figure 4. Pt(111) electrode. Cyclic voltammograms at 20 mV s from: A) blank
solution (red dashed line) and 0.1 M NiCl, + DES solution (black solid line). The inset
shows a voltammogram from the blank solution recorded between -1.10 V and 0.90 V
at 50 mV s”. B) and C) 0.1 M NiCl, + DES solution at different negative potential
limits: I) -0.95 V, II) -1.08 V, III) -1.12 V, IV) -1.15 V, V) -1.25 V, VI) -1.30 V and
VII) -1.42 V. Inset of C): potential limits, black line) -1.40 V and red line) -1.67 V. a
and b are reduction peaks whereas ¢ and d are oxidation peaks. Scan rate: 20 mV s™. D)
j-t transients from: 0.1 M NiCl, + DES solution at: a) -1.08 V (black), b) -1.10 V (red),

c) -1.12 V (orange), d) -1.13 V (green), e) -1.14 V (purple) and f) -1.20 V (dark blue)
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and dashed lines are j-t transients recorded at the same potentials from blank solution.
E) j-t transients from: 0.1 M NiCl, + DES solution at: a) -1.04 V (black), b) -1.03 V

(red) and c) -1.02 V (dark blue).

In order to get additional evidence that supports the formation of hydrogenated nickel
structures on Pt(111), the following experiment was carried out: before introducing the
Pt(111) in the cell, the platinum surface was blocked with carbon monoxide (CO).*: 7
For that, the electrode was flame annealed and cooled down under CO atmosphere
enough time (t>60s) to ensure the whole recovery of the surface. The goal of this
experiment is inhibiting the hydrogen reaction by the presence of CO. Figure 5SA shows
the cyclic voltammograms for the nickel deposition (solid line) and the blank solution
(dashed line) both performed on the CO-Pt(111) electrode. Figure 5A also contains the
cyclic voltammogram from the nickel deposition on the bare Pt(111), for comparison.
When the Pt(111) is covered by CO the solvent reduction is inhibited and, consequently,
the electrochemical window is enlarged. When nickel is deposited on the CO-Pt(111)
substrate, the electrochemical window is shortened, due to the replacement of the CO by
nickel. The presence of CO does not avoid the nickel deposition, although more
overpotential is needed. The oxidation scan also displays two peaks, (peak (c) and peak
(d)), but the peak (d) is more intense. These peaks appear slightly more separated in the
potential window than on the bare Pt(111). Interestingly, while the peak (d) remains in
the same potential position than on the bare Pt(111), the peak (c) shifts slightly to more
positive potential values. This shift could be related to the CO that hinders the hydrogen

formation reaction. But once replaced the CO, the hydrogen would be incorporated

quickly to the nickel network as evidenced by the charge involved in peak (d).
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A group of j-t transients were recorded on the CO-Pt(111) substrate at different applied
potentials (Figure 5B). As expected, these j-t transients show negligible solvent
contribution. All the j-t transients overlap at long deposition times allowing the
calculation of the nickel (II) diffusion coefficient (1.7«107 cm? s™, Figure S3B) that
agrees with the value calculated on glassy carbon. It is worth to mention that current
related with the induction time is slightly minimized when the Pt(111) is covered by

CO, suggesting that CO favours the nucleation.

The j-t transients for the nickel deposition were also analysed under the formulation of
the classical S-H model (Figure S7B), obtaining progressive nucleation behaviour at
lower overpotentials but with a clear tendency to instantaneous nucleation by

sufficiently increasing the applied overpotential.
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40 Figure 5. A) Voltammograms from 0.1 M NiCl, +DES solution: CO-Pt(111) (black
42 solid line), bare Pt(111) (blue dashed line) and from blank solution: CO-Pt(111) (red
dotted line). a and b are reduction peaks whereas ¢ and d are oxidation peaks (Ni(Il)
deposition). Scan rate: 20 mV s'. B) j-t transients on CO-Pt(111) from 0.1 M NiCl, +
49 DES solution at: a) -1.10 V (black), b) -1.125 V (green), c) -1.135 V (orange), d) -1.14
51 V (red) and e) -1.15 V (dark blue) and from blank solution: black lines) at the same

53 potentials. Inset of Figure B: magnification of the j-t transients from the blank solution.
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Analysis of the morphology of the Ni deposition on Pt electrodes

The voltammetric and chronoamperometric experiments provided strong evidence that
the nickel deposition on Pt electrodes generates different nickel species. While at high
applied overpotentials hydroxylated Ni species are favoured causing surface
passivation, at moderate applied overpotential nickel structures containing interstitial
hydrogen are promoted. This fraction of hydrogen can be minimized by applying even
lower overpotential. Following this preliminary electrochemical analysis, we addressed
the morphological and structural aspects of the nickel deposit on Pt electrodes, paying

special attention to low applied overpotential.

First, the morphology of the nickel deposits on Pt(poly) electrode was analysed by FE-
SEM. Samples were initially prepared at low constant overpotential during long time
period in order to obtain high deposit coverages. Figure 6A contains the FE-SEM
images of the obtained deposit at -0.96 V for 90 mC cm” of charge density. At higher
magnification the FE-SEM image shows that the deposit has grown by developing
ridge-shape crystals randomly distributed. These crystals have a size no longer than 150
nm. It is worth to say that the image back-ground can hardly be differentiated, which
strongly suggests the formation of nickel nanoparticles during the first deposition times.
At lower magnification (Figure 6B) a homogenous coating covering the surface is
observed. However, a few large holes with radial shape are observed over some areas.
These holes could be related with the formation of hydrogen bubbles on the surface
promoted by platinum presence.76 The EDS analysis confirmed the presence of nickel
and a negligible fraction of oxygen was detected, supporting the non-formation at these
conditions of either NiOy or NiO Hy during the nickel electrodeposition (Figure S4B).

To obtain more details about the nickel structures deposited on Pt(poly), XRD measures
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were carried. Figure 6C contains the XRD of a nickel deposit prepared at -0.95 V on
Pt(poly) substrate under a charge of -23 C cm™. The XRD confirms the presence of

metallic nickel but not the presence of oxidized nickel species. The nickel deposit is

oNOYTULT D WN =

polycrystalline and shows several orientations, being the most favoured the Ni(111).
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Figure 6. From 0.1 M NiCl, + DES solution and Pt(poly) electrode. A) and B) FE-SEM
images of nickel deposits obtained at -0.96 V and -90 mC c¢cm™, and C) XRD of Ni

deposit obtained at -0.95 V and -23 C cm™.
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The previous results on Pt(poly) have shown the morphology of the metallic nickel
deposit on a Pt substrate. Then, the interest lays in elucidating if the surface orientation
influences the nickel deposition. To fulfil this purpose a Pt(111) single crystal was
employed. At first, the FE-SEM was carried for the bare Pt(111) surface (Figure 7A).
The FE-SEM shows a flat substrate with some triangular defects that are present in the
<111> orientation. The deposits were obtained by applying different potentials and after
flowing an amount of charge density equal to -42 mC cm™. The FE-SEM in Figure 7B
reveals the morphology of the deposit obtained on Pt(111) at high applied overpotential
(-1.10 V). Rounded clusters of nanometric size which diameter is lower than 50 nm
were obtained (Figure 7B). As on glassy carbon, nickel tends to grow into rounded
nanoparticles. But, contrarily to the observed on glassy carbon, some circular holes
appeared on the surface after carrying out the Ni deposit, supporting that co-reduction
with the solvent takes place, involving production of hydrogen bubbles. By applying
considerable low overpotentials, -0.98 V (Figure 7C), rounded particles were also
detected, bigger than those obtained at higher applied overpotentials, as expected.
However, Ni clusters deposited on Pt(111) are smaller than those obtained on glassy
carbon, supporting lower surface diffusion with consequent poor particle aggregation on
Pt(111). It is worth to say that at this applied potential no rounded holes were observed,
reinforcing that at low applied overpotentials the hydrogen evolution reaction is
minimized on Pt(111). Black triangular holes were already present on the Pt(111), as
evidenced by the FE-SEM in Figure 7A. Noteworthy is that on both modified substrates
the first layers of the nickel deposit have a particle size that is too small, lower than
those prepared on vitreous carbon, and cannot be distinguished here. To investigate the
aspect of the nickel deposit at low coverage with detail, AFM measures were performed

on Pt(111) substrate using low charge densities.
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Figure 7. From Pt (111) electrode. FE-SEM images of: A) the bare surface of substrate.
Nickel deposits obtained from 0.1 M NiCl, + DES solution at: B) -1.10 V and -42 mC

cm?and C) -0.98 V and -42 mC cm™.
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Figures 8A and 8B show the AFM images of Pt(111) modified by nickel obtained by
applying high overpotentials (-1.12 V) and very low charge (-2 mC ¢cm™). The AFM
images clearly revealed the formation of nickel nanoparticles on the Pt(111) substrate,
which diameter size is no longer than 50 nm, in agreement with FE-SEM images. As
expected, the nanoparticles grow preferentially on the defects. These nanoparticles have
all similar size suggesting that at this applied overpotential instantaneous nucleation
may govern the deposition mechanism. In addition, the AFM shows a very thin deposit
in the background rather than the bare surface. This result reinforces the idea that 2D
growth takes place before growing of the particles, i.e. the deposition takes place
through a Stranski-Krastanov mechanism. Figures 8C and 8D show the AFM image
recorded at considerable low applied overpotential (-1.0 V) and 3 mC cm™ of charge
density. Here, the AFM has revealed a deposit that grows slowly forming small arrays
with triangular shape. This particle distribution suggests that the triangular arrays are
induced by the <111> orientation. These results strongly confirm that low applied
overpotentials favour a progressive and slow growth. Rounded particles are formed
which aggregate and form triangular arrays induced by the <111> orientation and

favoured by the lower surface diffusion in this substrate.
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20
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Figure 8. From a 0.1 M NiCl, + DES solution: AFM contact mode images (under
MilliQ water) of: a Pt(111) surface modified by Ni deposited at -1.12 V and -2 mC cm™
(1.0 x 1.0 um?®): A) topography and B) deflection. Pt(111) surface modified by Ni

deposited at -1.0 V and -3 mC ecm™ (2.5 x 2.5 um?): C) topography and D) deflection.

To get more evidence of the surface sensitivity of the Ni deposition mechanism, the Ni
deposit was prepared at -2 mC cm™ at the low applied overpotential, -1.0 V. Figure 9
shows clearly that the nickel grains arrange according to the atomic surface distribution
of Pt(111), forming island with triangular shape, demonstrating the surface sensitivity of
the nickel deposition on Pt(111) substrate. As a possible explanation, we associate these
results to the high amount of chloride in the DES, besides the rest of species, which at

sufficiently low applied potentials could favour the Ni ordering on the Pt(111)
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according to its surface structure. Since these species adsorb and interact strongly with

both the nickel and the Pt(111) substrate, they could be acting as surfactant agents.”” ™®
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Figure 9. From a 0.1 M NiCl, + DES solution: 3.5 x 3.5 um® AFM contact mode
images (in air) of a Pt(111) surface modified by Ni deposited at -1.0 V and - 2mC cm™.

Deflection signal and topography image of the selected area (red square).

CONCLUSIONS

The present work has deeply analysed the nickel electrodeposition on two different
substrates (glassy carbon and Platinum) in a Ch:Cl/urea DES. Glassy carbon showed a
wide electrochemical window that easily allowed the nickel electrodeposition. The
formation of Ni deposit on glassy carbon narrowed the electrochemical window due to
the enhancement of the solvent reduction by the Ni presence. Platinum electrodes,
displayed an electrochemical window considerable shorter than glassy carbon, but the
formation of Ni deposit enlarged their electrochemical window, evidencing that Ni is

less active towards the DES reduction than Pt. On Pt, the oxidation of the Ni deposits
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displayed several voltammetric peaks which current ratio is dependent on the cathodic
potential limit and related to the formation of different hydrogenated Ni structures.
These hydrogenated-Ni structures could be caused by the nickel co-reduction with the
DES, similar to in aqueous solvents, proposal supported by the obtained
chronoamperometric data. On the other hand, coupling solvent reduction with nickel

reduction surface passivation was observed.

The SEM revealed the formation of rounded Ni nanoclusters on both glassy carbon and
Pt(111), suggesting that this DES favours this type of morphology for the Ni deposition.
For similar rates of deposition, Pt(111) induces smaller Ni clusters than those on glassy
carbon, fact that could be related with the lower surface diffusion on Pt(111). While on
glassy carbon the weak interaction with Ni favours the nucleation, on Pt(111) initial 2D

growth could precede the island growth.

The XRD recorded on Ni-Pt(poly) modified substrate (low applied overpotential)
confirmed the formation of different crystallographic orientations, but nickel oxides
were not detected in any case. At higher applied overpotentials, several holes of circular
shape were detected on Ni-Pt by SEM, possibly related with the formation of hydrogen
bubbles during the nickel deposition. By decreasing the applied overportential, the
population of holes on the deposit was minimized because of the supress of the

hydrogen formation reaction on the substrate.

The AFM analysis showed that, for very low metal coverages, at high applied potentials
nickel nanoparticles of similar size and homogeneously distributed are formed on
Pt(111). At low applied overpotential, the nanoparticles move and form triangular

arrays according to the <111> orientation.
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In conclusion, the present work has shown that the ChCl/urea DES is a feasible and
sustainable IL candidate to modify a metallic surface such as Pt with nanostructures of
nickel. In addition, this work has shown that the nickel electrodeposition is surface
sensitive in ChCliurea DES. The high viscosity of the medium and the strong
interaction between the species of the DES with precursor and substrate modulate the
nickel deposition, allowing the formation of nickel nanoclusters of triangular shape on
Pt(111). These studies open the possibility to use these novel solvents to synthetize new
catalysts. As the DES allows modifying selectively the substrate, the preparation of high
catalytic surfaces such as Pt with low amounts of other metals could be tailored,

deposition process that, on the other hand, is difficult to perform in aqueous solvents.
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Scheme 1. Ni(II) electrodeposition in DES on Pt(111) and AFM of the Ni clusters
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