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Abstract

The electrodeposition of nickel nanostructures on glassy carbon was investigated in
1:2 choline chloride urea (1:2 ChCl-U) deep eutectic solvent (DES) containing differ-
ent amounts of water. By combining electrochemical techniques, with ex-situ FE-SEM,
HAADF-STEM and EDX, the effect of water content on the electrochemical processes
occurring during nickel deposition was better understood. At highly negative poten-
tials and depending on water content, Ni growth is halted due to water splitting and
the formation of a mixed layer of Ni/NiO;(OH)y(1_z)(ads)- Moreover, under certain
conditions, the DES components can also be (electro)chemically reduced at the elec-
trode surface, blocking further 3D growth of the Ni NPs. Hence, a 2D crystalline Ni

containing network can be formed in the inter-particle region.
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Introduction

In the past few years, the electrochemical synthesis of highly electroactive supported nanos-
tructures has drawn big interest. By tuning the shape, size and chemical composition, these
nanomaterials are widely applicable for a broad range of (electro)catalytic applications.! Us-
ing electrodeposition to synthesize nanostructres has several advantages, especially the ability
to obtain nanomaterials with great electrocatalytic activity.!'?> Aqueous solutions were tra-
ditionally used to produce nanoparticles involving different buffers and additives in order to
control the electrodeposition processes, in particular for nickel nanostructures, where highly
negative potentials are needed.® " The electrodeposition of Ni-based nanostructures on car-
bon substrates, from aqueous media, is performed using different buffers, such as sulfates,
phosphates,” and acetates. %12 However, the use of these electrolytes has several limitations.
On the one hand, the deposition of nickel can be performed only at highly negative poten-
tials, and this leads to a local increase in pH due to the reduction of protons and water. 348
Hence, without controlling the pH, an uncontrollable precipitation of nickel hydroxides will
occur, making the reproducibility of the deposition process complicated. Therefore, the use
of an adequate buffer is of great importance the deposition of Ni-based nanostructures from
aqueous electrolytes.® On the other hand, the nanostructures deposited from aqueous baths
are often too large and exhibit a broad size distribution due to the low viscosity and high
conductivity of these electrolytes.”® Since a homogeneous distribution of small nanoparticles
is a critical factor to obtain good electrocatalytic activity, the wide distribution of large Ni
structures obtained from aqueous solvents may display a poor activity. Hence, the electro-
chemical baths require the use of additives to control the deposition process in addition to
buffers to control the pH.'® In recent work, a solution of KCl with H3BO3 as buffer and
HCl1 was used in order to control the pH and a homogeneous distribution of small nickel
nanoparticles was obtained for very short deposition times.>% Despite this improvement, the
presence of hydrogen evolution and the need for using buffered solutions and additives make

the deposition of nickel nanostructures from aqueous electrolytes challenging.
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In this context, deep eutectic solvents (DESs) have emerged in recent years as a new
generation of non-aqueous and cost-effective electrolytes. They offer plenty of advantages
compared to traditional aqueous electrolytes or to highly expensive room temperature ionic
liquids (RTILs).'15 For these reasons, the number of publications on electrodeposition from

16-34

DES is spectacularly increasing, notably for nickel. The electrodeposition from these

18-20,34

non-aqueous baths have proven successful to obtain nickel coatings, nickel-based al-

21,22,24,25,2728.35 and nanostructured nickel films for corrosion resistance.??3° Similarly,

loys
DES were also used for the synthesis of a multitude of nanostructures (Pd,¢ Au,3" ...), due
to the capability of these solvents to slow down the electrochemical processes, thus, having a
better control of the deposition of nanostructures. ' Likewise, DESs are especially interesting
because of their ability to stabilize nanoclusters and to facilitate nanoparticle self-assembly
without the need for additives and stabilizing agents.?® Both the halide salt and the hydro-
gen bond donor (HBD) present in the DES, are expected to influence the shape-controlled
synthesis of nanomaterials.®® Moreover, the unavoidable presence of water, due to the hy-
groscopicity of these media, makes the deposition processes more complex. In our previous
work,3? we showed that the electrodeposition of nickel nanoparticles (NPs) at a sufficiently
negative potential results into the electrocatalytic hydrolysis of residual water in the DES,
which leads to the formation of a mixed layer of Ni/Ni(OH)a(as). A self-limiting growth
mechanism was proposed to explain the deposition quenching and the aggregation of nickel
nanostructures. A similar mechanism was observed previously from aqueous electrolytes. 404!
More recently, Palomar-Pardav et al. adapted their analytical model for 3D nucleation and
diffusion limited growth taking into account the residual water reduction on the growing
surfaces of the Ni NPs.32 Sebastian et al. studied the electrodeposition of Ni NPs on GC
and Pt-based substrates.®® Similar results to our previous findings3® on GC were obtained
and deeply discussed in their work. Interestingly, small triangular arrays were obtained on

Pt(111) at sufficiently low applied overpotential, emphasizing a surface sensitivity of the

nucleation and growth mechanisms in DES. 33
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By adding water to the DES, its physico-chemical behaviour is remarkably different due
to the change of the intermolecular interactions between the DES constituents.*?>” Some
studies showed that the viscosity and the melting temperature decrease when the water
content increases.64%4% To the best of our knowledge, only few studies have focused on the
effect of water content on the electrochemical behaviour of DES#4+5%51 a5 well as on the elec-
trodeposition of nanomaterials.®® On the one hand, water content has been proven essential
to control the electrochemical properties of the DES. In fact, the presence of small amounts
of water (up to 6 wt %), has shown to be beneficial for obtaining more uniform and compact
Ni coatings.?! On the other hand, the shape and structure of electrochemically synthesized
noble gold nanocrystals could be tuned by changing water content in DES.?? Hence, the abil-
ity of understanding the effect of water and controlling its amount is essential to tune the
chemical nature of the electrodeposited nanomaterials from DES, thereby obtaining highly

electroactive Ni NPs for a wide range of applications.

Experimental

The 1:2 choline chloride - urea (1:2 ChCl-U) DES, commonly named Reline, was prepared
by mixing choline chloride (VWR, hight purity) and urea (ACROS ORGANICS, >99%). In
this work, different procedures were used in order to obtain eutectic mixtures with different
amounts of water. For dry conditions, choline chloride was recrystallized in absolute ethanol,
followed by 12 hours vacuum drying at 80°C. Urea was only dried under vacuum at 80°C
for 12 hours. The salts were mixed and heated at 80°C for 24 hours in a glove-box under
argon atmosphere in order to obtain the driest DES. For other conditions, i.e. the mixtures
containing residual or added water, the salts were used as received. The 1:2 ChCl-U mixture
was heated at 80°C in the fume hood for 1 hour under constant pressure of nitrogen. For the
dry DES and the one containing residual water, an anhydrous NiCly was used in order to

obtain a solution containing 10 mM of nickel. For the mixtures with added water, NiCly.6H5O
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was used. When the nickel salt was completely dissolved, the solution was transferred to the
electrochemical cell and kept at 60°C'. An aqueous solution of NiCly.6H>O and NaCl was
prepared and added to the DES mixtures in order to obtain different solvents containing 1
v%, 2 v%, 6 v% and 10 v% of water, while maintaining the same concentrations of nickel and
chloride anions. NaCl was used in order to maintain the same concentration of chloride in the
solution. In fact, the C1/Ni molar ratio could affect the speciation of Ni in the DES.? Water
quantity was controlled before each experiment using a Metrohm Karl Fischer coulometer.
The exact amount of water present in each experiment is reported in wt% throughout this
paper. The calculated values of the molarity (M) and the molar percentages (mol%) of water
are reported in Table 1 for the Figures 1, 4, 5, and 7, and in the Supporting Information
for the other Figures of the manuscript. Throughout this manuscript, the maximum content
of HyO was kept at 8 wt% in order to keep the DES integrity. In fact, very high amounts
of water will lead to the breakage of ChCI-U interactions due to the complete solvation of
the DES components by water molecules.?¥4244 The electrochemical measurements were
performed in an electrochemical cell with a three-electrode system, consisting of a silver wire
quasi reference electrode (Ag QRE), a platinum counter electrode and a glassy carbon (GC)
disk (6 mm diameter) as working electrode. All the potentials mentioned throughout the
manuscript refer to Ag QRE. The potential of this reference electrode is known to be stable

in this type of mixtures with high concentration of chlorides.!”

Table 1: Water content for the experiments showed in Figures 1, 4, 5, and 7, in added v%,
wt% obtained by Karl Fischer measurements, mol% and molarity (mol/L).

Added water in v% | wt% (karl Fischer) | mol% | Cater(mol/L)
0 (glove-box) 0.06 0.29 0.04
0 (fume hood) 0.55 2.61 0.36
1 1.20 5.11 0.78
2 1.80 7.48 1.17
6 3.96 15.40 2.56
10 5.93 21.78 3.84

Prior to use, the GC working electrodes were polished with 0.3 pm alumina paste, son-
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icated twice for 5 min in Milli-(Q water and absolute ethanol. For the TEM experiments,
Carbon coated TEM grids (CCTGs) were used as working electrodes without any preliminary
treatment. More details on the use of CCTGs can be found in previous works.3%°354 Before
characterization of the nickel deposit, the working electrodes were cleaned with water and
ethanol to remove the residual solvent. For the sample prepared in the glove-box, dimethyl
carbonate and ethanol were used for the cleaning. The samples were then transferred to
the microscope using a vacuum transfer holder to prevent contact with air. It is important
to mention that prior to all the depositions reported in this manuscript, an electrochemical
pretreatment of the electrode was performed for 180 s at £ = +0.7 V in order to avoid
spontaneous nickel deposition.

The electrochemical experiments were performed by a computer controlled Autolab PG-
STAT302. Signal imposing and data acquisition were carried out by NOVA 1.11 software.
Scanning electron imaging was handled by a JEOL JSM-7100F field emission scanning elec-
tron microscope (FE-SEM), operated at acceleration voltages of 15 kV. High angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) images were acquired
using an aberration corrected electron microscope (cubed FEI Titan 60300), operated at 300
kV. Energy-dispersive X-ray spectroscopy (EDX) maps were acquired in the transmission
electron microscope using a ChemiSTEM system whereas the analysis was performed using

the Bruker ESPRIT software.

Results and discussion

Electrochemical Measurements

Figure 1la shows cyclic voltammograms (CVs) recorded on GC from 1:2 ChCI-U containing
different amounts of water. The molarity (M) and molar (mol%) percentages of water for
all these experiments are reported in Table 1. The CV recorded in dry conditions (0.06 wt%

of water) from the glove-box (Figure la, black curve) shows two anodic responses (Oy) and
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(O3) with peak potentials at £ = 0.0 V, and £ = +0.31 V, respectively. It must be noted
that the assignment of potential at maximum current for (O3) is approximative due to the
substantial broadness of the wave. When the CV is recorded in normal conditions (0.55
wt% of water) under the fume hood (Figure la, grey curve), the anodic peak O3 shifts to a
less positive potential, with peak potential at F = +0.27 V, and the charge Q(O3) slightly
increases. When water is added up to 1.2 and 1.8 wt%, respectively, the charge Q(O3)
decreases and Q(O;) increases (Figure la ,green and orange curves). This trend is more
predominant when higher amount of water is added, i.e. 3.96 and 5.93 wt%, respectively.
Moreover, the peak Oz becomes broader, while Os is sharper (Figure la, purple and blue
curves). The cathodic sweeps between £ = —0.5 V and F = —1.1 V of the different CVs are
shown in Figure 1b. The onsets of the cathodic waves are shown in the inset of Figure 1b.
For the driest condition, the cathodic wave R; has an onset at E = —0.80 V (black curve).
Surprisingly, the addition of small amounts of water implies a shift of the onset towards
more negative potentials of the cathodic wave (grey and green curve). However, when more
water is added, the onset shifts to less negative potentials, especially for larger amounts of
water, i.e. 3.96 and 5.95 wt% (purple and blue curve, respectively). In the case of 3.96
wt% of water, two cathodic waves, R; and Ry, are present within the potential window
of the experiment (purple curve), while for 5.95 wt%, a third one (Rs) is also present at
highly negative potentials (blue curve). Since the first scan of the CVs depends always on
the pretreatment of the bare electrode surface. We believe that presenting the 37 scan of
the CVs is important since the surface is more homogeneous. Figure S1 in the Supporting
Information shows the 3" scan of the CVs shown in Figurel. Similar trends concerning the
variation of the electrochemical responses as a function of water content are observed . It is
important to mention that all the onsets of the cathodic responses are more negative for the
first scan. This is due to the extra overpotential needed for the electrochemical reduction of
nickel on bare carbon electrode (1% scan) compared to an electrode containing already some

nickel at its surface (3" scan).

7

ACS Paragon Plus Environment



oNOYTULT D WN =

Current density (A.m'z)

Current density (A.m'z)

Figure 1: (a) Cyclic voltammograms (15 scan) of 1:2 ChCl-U DES containing 10mM of
NiCly and recorded on GC in dry conditions from the glove-box (0.06 wt%, black curve), or
recorded in normal conditions under the fume hood and containing 0.55 wt% (grey curve),
1.20 wt% (green curve), 1.80 wt% (orange curve), or 3.96 wt% (purple curve) or 5.93 wt%
(blue curve). (b) Cathodic sweeps between £ = —0.5 V and £ = —1.1 V corresponding to

The Journal of Physical Chemistry
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the CVs of (a). v =50 mV/s. T = 60°C.
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In our previous study,® a direct correlation between the processes (R;) and (O3) was
shown, assigned to the reduction of Ni?* and the stripping of metallic Ni, respectively (eq.
1 and 2). A first tentative assignment of the process (Ry) was made to the electrolysis of
water on the deposited nickel nanoparticles. Moreover, the wave (R3) was attributed to a
cathodic breakdown of the DES that is catalysed by the Ni NPs deposited beforehand on

the surface of the electrode. 571939

Ni*t +2¢~ — Ni (1)

Ni — Ni*t 4 2e” (2)

A detailed analysis of the voltammetric peaks can give important information of the processes
occurring during Ni deposition in such complex DES-Water mixtures. CVs were recorded on
GC and Ni electrodes from blank DES (without nickel salt) containing different amounts of
water. Figure 2a shows the cathodic sweep of the CV (1% scan) recorded on a GC electrode.
On the one hand, increasing the amount of water leads to an enhancement of the current
of two cathodic processes, R’; and R’5, with onsets at £ = 40.09 V and F = —0.23 V,
respectively. These onsets correspond to the DES containing 8.00 wt% (blue curve). On the
other hand, the onset of the process R’s, i.e. the cathodic breakdown of DES, seems not to
be dramatically affected by this range of water content. Concerning the waves R’y and R’5,
we believe that they correspond to the reductive adsorption on the surface of the electrode
of choline (C5H;4NO* or Ch*) and water, respectively. Figure S2a shows the 3¢ scan of the
CVs shown in Figure2a. A similar trend is observed in 3"¢ scan compared to the first one.
Similarly, the cathodic sweep of the CV (1% scan) recorded on Ni electrode are shown
in Figure 2b. The curves exhibit three cathodic waves and are coded R”;, R”5 and R”3,
respectively. It is important to notice that increasing slightly the amount of water (up to 0.46
wt%, grey curve) leads to a slight enlargement of the potential window. The latter decreases

when more water is added (1.09 and 1.91 wt%, green and orange curves). Increasing largely
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E (vs Ag QRE) (V) E (vs Ag QRE) (V)

Figure 2: Cathodic sweep of the cyclic voltammograms (1% scan), recorded on (a) GC or
(b) Ni electrode, of 1:2 ChCl-U: containing different amounts of water. v = 50 mV/s. T =
60°C'.

the amount of water (up to 7.51 wt%) enhances the currents of the waves R”; (onset at F =
—0.18 V for the blue curve) and R”; (onset at £ = —0.67 V for the blue curve) and decreases
drastically the potential window (purple and blue curves). First tentative assignment of these
two processes could be to the adsorption of water on the polycrystalline nickel electrode?°

(eq. 3). The presence of nickel hydrides could explain the shift of the peak O3 toward more

negative potentials, as shown in Figure 1a.

Ni+ H,O+e” — Ni— Hygs + OH™ (3)

Concerning the cathodic breakdown (R”3), an interesting behaviour is observed. For the
experiment performed in the glove-box, the onset of this cathodic response is recorded at £

= —1.03 V. This process corresponds to the cathodic decomposition of choline cations®® (eq.

4).

C5H14NO+ +e — OgHgN + .02H5O or O4H11NO + CHg (4)

10
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We believe that the electrolysis of residual water is likely happening simultaneously(eq.

5).

2H,0 + 2~ — Hy + 20H" (5)

Adding a small amount of water to the solvent leads firstly to a shift of the onset of R”3
towards more negative potentials £ = —1.08 V (0.55 wt%, grey curve). Thus, the potential
window of the DES on Ni electrode increases. For higher amount of water, the onset shifts
toward more positive potentials (1.09 and 1.91 wt%, green and orange curves, respectively).
Moreover, adding larger amounts of water ( 5.33 and 7.51 wt%, purple and blue curves,
respectively) leads to a bigger positive shift of the onset (EF = —0.97 V for the blue curve).
Similar trend is shown in the 37 scan of the CVs (Figure S2b in the Supporting Information).
In this case, such amount of water (5.33 wt% and 7.51 wt%) leads to the disruption of the
DES integrity.®! Therefore, the measured current is caused by the water electrolysis, like
in aqueous solutions, since it occurs at more positive potentials than the reduction of Ch*.
In addition, we believe that the presence of a large excess of OH™, generated by water
electrolysis, at the interface could lead to a chemical breakdown of the choline cations, i.e.
Hoffman elimination (eq. 6).%% An electrochemical pathway in the presence of hydroxide
anions is also plausible (eq. 7) and may lead to the formation of some by-product similar to

the one of eq. 4 and 6.

C5H14NO+ +O0OH — CgHgN + CQH4O + HQO (6)

CsHiuNO™ +1e” + OH~ — organic by — products (7)

To elucidate the anodic processes occurring on Ni electrode, the recorded CVs for different
water content are shown in Figure 3. Adding water to the mixture leads to the emergence
of the anodic response Os, with wave potential at £ = 0 V. For higher amounts of water,

another broad anodic process is present and coded O’y, with wave potential at £ = —0.19
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V (purple and blue curves). According to previous studies from alkaline aqueous solutions,
these different anodic processes could be assigned to different oxidation processes. On the one
hand, the anodic process Oy could be assigned to the oxidative desorption of hydrogen.5" ¢
This hydrogen could be adsorbed at the surface of the electrode®”%® but also absorbed in
the bulk nickel phase.?* " On the other hand, O’y could be attributed to the formation
of Ni(OH)(4as) and Ni(OH)s(eas).>>%% Since the potential was swept to highly negative
values, an excess of OH™ is formed, by water electrolysis, at the interface and stabilized by
the hydrogen bonds with the DES components. Thus, the assignment of anodic processes
in alkaline solutions could be plausible in our case. The cathodic process R”; and R”9
could be due to the adsorption/absorption of hydrogen on two different phases of Ni, i.e.
a-Ni and (-Ni, where the latter is richer in hydrogen than the former. This behavior was
previously described in aqueous solutions?® as well as on DESs.%* Figure S3 in the Supporting
Information shows the 3"¢ scan of the different CVs. It is important to mention that in the
case of hight water content (3.96 and 5.96 wt%, purple and blue curves, respectively), another
broad anodic wave O; is present at £ = —0.32 V. Moreover, the intensity of O’y increases
while the one of Oy decreases. This behavior is related to the passivation phenomena which
is enhanced by the presence of high water content. More explanations will be given further.

To further understand the (electro)chemical processes occurring at different deposition
potentials / amounts of water, different electrochemical experiments were undertaken. De-
positions were followed by anodic LSV to elucidate the effect of cathodic processes on the
subsequent anodic responses.” Figure 4a shows several LSVs recorded in dry conditions
after deposition at different potentials for 120 s. For a deposition at less negative potential
(E = —0.65 V, orange curve), the subsequent LSV shows a small O3 and no O,. When
the depositions are performed at more negative potentials (£ = —0.72 V, green curve and
E = —0.9 V, black curve), the recorded LSVs exhibit a big increase of the charge of nickel
stripping peak (O3) and feature the anodic wave O, for which, the charge increases for

more negative potential (black curve). Likewise, a wide anodic wave O; appears for more
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43 Figure 3: Cyclic voltammograms (1% scan), recorded on Ni electrode, of 1:2 ChCI-U: con-
taining different amounts of water. v = 50 mV/s. T = 60°C.
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negative potential (black curve). For a deposition at much more negative potential (£ =
—1.1 V, red curve), the anodic responses O, Os and O3 vanish almost completely and a new
one (Oy4) appears. This behaviour was described previously?, and was assigned to a full
passivation or inhibition against Ni stripping, when an anodic LSV is recorded subsequently
after a deposition at highly negative potential. Similar experiments were conducted from
DES with 10 v% added water (Figure 4b). In this case, the two anodic processes (O3) and
(O3) are present in the LSVs recorded after depositions at less negative potentials (E =
-0.60 V, grey curve and £ = —0.65 V, orange curve). When the depositions occur at more
negative potential (E = —0.72 V, green curve), the charges Q(O2) and Q(O3) are higher.
Moreover, a broad shoulder O’3 appears on the stripping wave of metallic nickel. Sebastian

1.33 showed that the presence of two types of metallic nickel (bulk and embrittled by

et a
hydrogen) can give rise to such phenomenon. In fact, this shoulder vanishes and merges
within the broadness of O3 for depositions at more negative potential (F = —0.8 V, blue
curve). Afterwards, the charge Q(O2) increases while Q(O3) decreases (EF = —0.9 V, black
curve). We believe that the presence of nickel hydrides could be the reason of this behaviour
as shown in eq. 3.

It is clear from Figures 1 and 4 that both water and the deposition potentials have an
effect on the electrochemical processes. In order to clarify the effect of these two parameters,
the anodic LSVs for different deposition potentials and water contents are shown in Figure 5.
For depositions at £ = —0.90 V (Figure 5a), the subsequent LSVs show two anodic responses
Oy and O3. For small amounts of water (up to 1.80 wt%), the anodic wave Oj is sharp and its
charge Q(O3) is predominant (black, grey, green and orange curves). The presence of higher
amounts of water implies an increase of the charge Q(O3). Moreover, the anodic wave O3
becomes broader and its charge decreases (purple and blue curves). It is important to notice
that all the LSVs show an anodic wave starting around £ = +0.78 V whose extent is more

important for higher amounts of water (purple and blue curves). For depositions at highly

negative potential (£ = —1.1 V, Figure 5b), all the recorded LSVs show the anodic processes
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Figure 4. LSV recorded on GC after a potentiostatic deposition of nickel for 120s at £ =
—0.6 V (grey curve), E = —0.65 V (orange curves), F = —0.72 V (green curves), £ = —0.8
V (blue curve), E = —0.9 V (black curves) and £ = —1.1 V (red curves) from 1:2 ChCl-U
containing (a) 10mM of anhydrous NiCl, and performed in dry conditions from the glove-box
(0.06 wt%) and (b) 10 mM of NiCly-6H20 (5.93 wt%). v = 50 mV/s, T = 60°C.

O; and O’y. For a dry DES (black curve), the charges of these processes are extremely low
compared to more wet mixtures. On the one hand, the processes O; and O’y shift to more
negative potentials when large amounts of water are added (3.96 and 5.93 wt%) while their
charges are slightly affected. On the other hand, the charge Q(O,) is directly related to the
water content in the DES. In all these cases, no Ni stripping occurs.

In order to clarify such inhibition process, the influence of stirring during the electro-
chemical deposition at highly negative potential was investigated (See the Supporting Infor-
mation).

All the aforementioned experiments help us to gain a better understanding of the elec-
trochemical behaviour of nickel in a choline chloride urea DES, as well as the effect of water
content on the different electrochemical processes. A summary of all the electrochemical
processes are show schematically on Figure 6.

According to the LSVs and CVs shown in Figures 2 and 3, the presence of a small amount

of water in the DES increases the potential window of the solvent. This slight increase in the
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Figure 5: LSV recrorded on GC after a potentiostatic deposition of nickel for 120s at (a)
F =-09Vand (b) £E=—1.1V from 1:2 ChCI-U: containing 10mM of anhydrous NiCl,
recorded in dry conditions (0.06 wt%) from the glove-box (black curves), or recorded in
normal conditions (0.55 wt%) under the fume hood (grey curves); containing 10mM of
NiCly-6H,0 and 1.20 wt% HO (green curves) or 1.80 wt% HyO (orange curves) or 3.96 wt%
H>O (purple curves) or 5.93 wt% H2O (blue curves). v = 50 mV /s, T = 60°C.

potential window could be due to an inhibition of water splitting and Ch* reduction, owing
to a strong intermolecular interaction between H,O molecules and Reline species???1. For
larger amounts of water (5.33 wt% and 7.51 wt%, Figure 2b and 3), the potential window
diminishes drastically. In fact, for a such water content, the DES molecules are fully solvated
in a similar way as in an aqueous solution. Hence, the intermolecular interactions of the DES
are weakened #4591 leading to an enhanced reduction of the choline cations and the water
molecules at the electrode.

In the presence of nickel in the DES (Figure 1), adding small amounts of water (up
to 1.20 textitwt%) leads to a negative shift of the onset for nickel reduction, compared to
a drier DES (0.08 wt%). For larger water contents (3.96 and 5.93 wt% H,0O), the onset
of nickel reduction is shifted to more positive potentials. The latter positive shift can be
related to an increase of conductivity and decrease of viscosity of the solvent, when the water

is added to the DES. However, the negative shift occurring for smaller amounts of added
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water cannot be explained straightforwardly. Since water, urea and chloride anions are most
likely involved in the speciation of Ni in the DES, adding a small amount of water could be
responsible of a change of this speciation leading to more stable Ni complexes (more difficult
to be reduced). In fact, adding small quantities of water may as well induce a strengthening
of the interactions between the different DES component and the Ni complexes, whereas
adding large amounts of water could lead to the full solvation of the DES components, and
hence to the loss of the solvent integrity.

These assumptions could be checked by studying the double layer composition at the
electrode, taking into account the applied potential, water content and nickel concentration.
These studies are ongoing in our group by using atomistic molecular dynamics simulations.
We have previously used the same approach to explore the inter-molecular interactions be-
tween the DES components, as well as the distribution and electrosorption of water at the
interface. Further details can be found elsewhere.

Concerning the anodic wave Oo, it is clear from Figure 1 that this process is dependent
on the amount of water present in the media. Plus, it was observed in the CVs of the blank
DES recorded on the Ni electrode (Figure 3). Consequently, this response could be assigned

to the oxidation of absorbed®®%° and/or adsorbed hydrogen®-°"58 (eq. 8).

NZ'—H(adS)—>NZ'+H++6_ (8)

In the presence of an excess of OH™, the oxidation of the adsorbed hydrogen can follow
the reaction of eq. 9, for alkaline media.®® The concentration of OH™ at the interface is
depending on the amount of water present in the solvent but also on the applied potential.
And since the charge Q(O) depends also on the water content (see Figure la and 5a) and
on the applied potential (see Figure 4b), we believe that eq. 9 is the most conceivable for

the process Os.

Ni— Hgqs) + OH™ — Ni+ HyO +e” (9)
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As evinced previously, the anodic responses O; and O’y are surface processes dependent
on the applied potentials (Figure 5b and 3) and can be avoidable by performing the highly
negative depositions under stirring conditions (Figure S4). Moreover, the charge of this
anodic phenomenon is dependent on the amount of Ni NPs present on the electrode surface.
In fact, a few amount of Ni nanostructures at the surface leads to a small charge Q(O), as
shown in Figure 10(a) (see the section: TEM characterization) and 5b (black curve). They
could be related to the anodic adsorption of OH™ groups (produced during water splitting
as shown in eq. 5) on the surface of Ni, preventing its anodic stripping® (eq. 9 and 10).
Another conceivable explanation for these processes is the oxidation of some by-products
resulting from the reduction of choline cations at highly negative potentials (eq. 4 and 6).
The latter hypothesis agrees well with the fact that the whole electrode (Ni NPs and carbon)
are passivated after a deposition at highly negative potential followed by immediate anodic
polarization.?® We believe that a mixed Ni(OH)aq4s) / organic layer might be formed at the

surface preventing Ni stripping and further Ni?* reduction.’

Ni+OH™ %Ni(OH)(ads)—{—e_ (10)
Ni(OH)(ads) +O0OH — Ni(OH)Q(ads) +e (11)

Finally, the anodic response O, was already assigned to an oxygen evolution reaction

involving an oxidative electrodissolution of Ni(OH), formed at highly negative potentials3®

(eq. 12).
Ni(OH)aagsy + 20H — Oa + 2H50 + Ni*T + 4e™ (12)

A partial oxidation of the Ni(OH)s(q4s) to form NIOOH is also possible (eq. 13).

Ni(OH)Q(adS) +OH ™ — NiOOH + HyO + e~ (13)

This mechanism seems to be plausible since this anodic response increases with the
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water content in the mixture, i.e. more OH™ is produced at highly negative potentials.
It is interesting to see that this anodic response is also present in the LSV recorded after
a deposition at £ = —1.1 V under forced-convective conditions (Figure S4b). Thus, an

incorporation of Ni(OH)a(u4s) in the deposit is believable.

FE-SEM characterization

The complexity of the electrochemical processes may allow different growth regimes depend-
ing on the water content and applied potential. In this way, representative FE-SEM images
of nickel NPs deposited for 120 s at £ = —0.8 V and at £ = —1.1 V, from two mixtures
containing different amounts of water are shown in Figure 7. Ni nanostructures obtained
from a DES containing 10mM of dry NiCl, and 0.55 wt% HO at E = —0.8 V are shown
in Figure 7a. A dense and homogeneous distribution of small NPs is obtained. The total
charge involved in this process is Q = —97.1 C/m?. For a DES containing 5.94 wt% H,0,
slightly larger NPs with a rounded shape are obtained as shown in Figure 7b. The total
charge involved in this process is Q = —278.6 C/m?. The increase of the total charge and
the size of the NPs is related to the low overpotential needed for Ni deposition from a DES
containing 5.94 wt% compared to a DES prepared in normal conditions and containing a
residual amount of water (see Figure 1b), owing most likely to a decrease of the viscosity and
and an increase of the conductivity. Figures 7c and 7d show the nanostructures obtained at
E = —1.1 V from a DES prepared in normal conditions (0.55 wt% H,0) and a DES con-
taining 5.94 wt%. The total charges involved in the depositions are Q = —353.9 C/m? and
Q = —646.0 C/m? respectively. In both cases, a less dense distribution of Ni nanoclusters
is obtained. The increase of the total charge and no significant increase of electrodeposited
Ni from a DES containing 5.94 wt% H3O confirm our previous results, suggesting parallel
electrochemical processes, occurring at highly negative potentials and related to the presence
of water in the DES. Moreover, the FE-SEM image for a deposition at £ = —1.1 V from
a DES containing 5.94 wt% H,O shows some black spots covering the NPs (red circles in
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Figure 7d). These dark areas can be easily seen from a lower magnification FESEM image as
shown in Figure 7e. We believe that these features can be due to the incorporation of DES
reaction products (eq. 4, 6 and 7). Also, longer and more extensive cleaning with water and

ethanol was needed for the samples prepared in these conditions.

3. TEM characterization

In the present study, carbon-coated TEM grids were used as electrochemical electrodes. Fig-
ures 8a and b show low and high-resolution HAADF-STEM images acquired after deposition
at £ = —0.9 V for 60 s from a dry DES (0.06 wt% H,O), respectively. The Ni nanostruc-
tures are aggregates of clusters whose size varies between 5 and 20 nm. The difference in
HAADF-STEM contrast of the NPs core and the surrounding shell suggests the formation of
a core-shell structure.®® Similar structures are present for depositions performed from DES
containing 4.64 wt% (Figures 8c and d) and 6.74 wt% H,O (Figures 8e and f). However, the
aggregates seem to be formed by larger and more dense clusters compared to the aggregates
obtained from dry conditions (0.06 wt% H,0O), owing to a decrease of the kinetic viscosity as
well as to an increase of the conductivity for higher water content (4.64 wt% and 6.74 wt%
H,0).

Selected area electron diffraction (SAED) was performed for the different samples (Figure
S5 of the Supporting Information), and both crystalline Ni and NiO are present. These
results are in agreement with our previous work that shows that Ni NPs deposited from 1:2
ChCl-U (containing residual amount of water) are made by a crystalline metallic Ni core and
a crystalline NiO shell.?® EDX mapping was performed on Ni NPs electrodepposited from
a DES containing 6.74 wt% H,0O. The core-shell structure was confirmed. In fact, the Ni
content is higher at the core, whereas the O is mostly present at the edges (Figures 9(a) and
(b)).

Figures 10a and b show a low and high-resolution HAADF-STEM image acquired after
deposition at £ = —1.1 V for 60 s from a dry DES (0.06 wt% H50). The micrographs
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Figure 7: FE-SEM images of the nickel nanostructures deposited on GC for 120 s at (a) and
(b) E = —0.8 V and at (c) and (d) £ = —1.1 V from (a) and (c) 1:2 ChCIl-U containing
10mM of dry NiCly and 0.55 wt% H5O, or (b) and (d) and (e) 1:2 ChCl-U containing 10
mM of NiCly-6H,O and 5.94 wt% H,O. T = 60°C.
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46 Figure 8: HAADF-STEM micrographs of Ni NPs after deposition for 60 s at £ = —0.9 V
48 from (a) and (b) a dry DES (glove-box) containing 0.06 wt% H;O and a DES containing 10
49 mM of NiCl,-6H50 and (c) and (d) 4.64 wt% HyO (6 v%) and (e) and (f) 6.74 wt% HoO
50 (10 v%). T = 60°C.
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Figure 9: EDX map results for Ni NPs after deposition for 60 s at £ = —0.9 V from a DES
containing 10 mM of NiCly-6H20O and 6.74 wt% H2O (10 v%). T = 60°C. (a) The overlay
between HAADF image and O map. (b) The overlay between HAADF image and Ni map.

reveal that the NPs consist of agglomerated small crystallites ranging between 3 and 10
nm. For higher water content, i.e 4.64 wt% HyO (Figures 10c and d) and 6.74 wt% H.O
(Figures 10e and f), the deposits consist of a more dense and homogeneous distribution of
agglomerates. Compared to the deposition at lower overpotential (Figure 8a), the amount of
nickel nanostructures is drastically lower for a deposition at E = —1.1 V (Figure 10(a)). At
this range of potentials, the electrolysis of water and the decomposition of choline cations are
occurring in parallel with the deposition process, quenching the growth. We believe that the
formation of NiO,(OH)q(1—4) is responsible for the growth self-termination, similarly to that
reported in aqueous solutions.?%4%4! Furthermore, we believe that the reduction of choline
cations could also be responsible for the growth self-termination.

For higher water content (4.64 wt% and 6.74 wt% H20), and despite the inhibition of
growth described before, more Ni nanostructures are present on the surface of the electrode
(Figures 10c and 10e) compared to the deposition performed in dry conditions (0.06 wt%
H,O. Figure 10(a)). This can be due to a lower viscosity for this range of water concentra-
tions, i.e. the products of the side reactions can diffuse away from the surface allowing more

nickel to be reduced at the electrode.
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46 Figure 10: HAADF-STEM micrographs of Ni NPs after deposition for 60 s at £ = —1.1 V
48 from (a) and (b) a dry DES (glove-box) containing 0.06 wt% H;O and a DES containing 10
49 mM of NiCly-6H,0 and (c) and (d) 4.64 wt% HyO (6 v%) and (e) and (f) 6.74 wt% HoO
50 (10 v%). T = 60°C.
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EDX mapping was performed on Ni NPs electrodeposited from a DES containing 6.74
wt% Hy0O. The map clearly shows that oxygen is present homogeneously across the NPs
(Figure 11), similarly to our previous work.3 Surprisingly, a 2D crystalline Ni containing
network is formed in the inter-particle region, as depicted with red arrows in the Figures 10e
and f. SAED patterns (Figure S6 of the Supporting Information) confirm the presence of

both Ni and NiO in a crystalline form.

Figure 11: EDX map results for Ni NPs after deposition for 60 s at £ = —1.1 V from a DES
containing 10 mM of NiCly-6H2O and 6.74 wt% H2O (10 v%). T = 60°C. (a) The overlay
between HAADF image and O map. (b) The overlay between HAADF image and Ni map.

Discussion

The study of the water content effect on the electrodeposition of nickel nanostructures
was performed by combining electrochemical experiments with ez-situ characterization tech-
niques, such as FE-SEM, HAADF-STEM and EDX.

HAADF-STEM pictures show a more dense distribution of smaller aggregates when the
depsoitions are performed at low overpotential (F = —0.9 V) from DES containing high
water content, as depicted in Figure 8. This can occur for two reasons. First of all, high
increase of the water content in DES, induces a decrease of the kinetic viscosity and an
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increase of the electrical conductivity. Hence, a higher nucleation rate could be observed for
Ni NPs.5! Secondly, the growth self-termination of the Ni nanostructures by water hydrolysis
is predominant when the concentration of water is higher, leading to smaller aggregates.
At highly negative potentials (E = —1.1 V), Ni growth is halted due to water splitting
and the formation of a mixed layer of Ni/Ni(OH)y(qqs).* Moreover, for higher water con-
tent, the DES components can also be (electro)chemically reduced at the electrode surface,
blocking further 3D growth of the Ni NPs (See the black non-conductive spots covering the
NPs in Figures 7d and e). Hence, a 2D crystalline Ni containing network can be formed
in the inter-particle region, as depicted in Figures 10(e) and (f). Choline cations can be
reduced electrochemicaly to form either a trimethylamine and an ethanol radical or dimethy-
laminoethanol and a methyl radical.®® Furthermore, the presence of OH™ at highly negative
potentials will lead to a chemical decomposition of choline cations via Hoffman elimination
reaction, leading to the formation of a trimethylamine, a vinyl alcohol and a molecule of
water. Note that a subsequent anodic polarisation has been shown to lead to the passivation
of the whole electrode surface against Ni stripping and further Ni reduction.?® We believe
that the anodic processes O; and O’y are responsible of this phenomenon as shown before
in Figures 4b, 5b and S1 b. The formation of a full layer of Ni(OH)Q(adS) on the surface of
Ni NPs and an (anodic) adsorption of an organic layer on the surface of the electrode could
explain the inhibition of Ni stripping and further Ni?* reduction, as depicted in Figure 12.
Understanding the role of added water during the electrochemical deposition and the
interaction between DES components and the growing nickel NPs is essential to tune the
size, shape and chemical composition of the Ni nanostructures and therefore, producing
highly electroactive supported nanoparticles for (electro)catalytic applications. Being able to
control the self-limiting growth of metals allows obtaining several interesting nanostructures,
such us monoatomic films, high surface-area structures and as presented for the first time in
this work, 3D nanostructures connected by a 2D network. These novel nickel nanostructures,

composed of distributions of Ni/ NiO,(OH)z(1—2) NPs linked by a 2D crystalline Ni network
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Figure 12: Scheme of the Ni NPs (a) deposited at highly negative potential (£ = —1.1 V)
and (b) after the anodic processes O; and O’y

can be of great interest for their electrocatalytic activity for different processes, such as the
oxygen evolution reaction (OER). Therefore, a detailed study on the formation mechanism

of these structures and their activity for OER are deeply detailed in a follow up publication.

Conclusions

The electrodeposition of nickel nanostructures on glassy carbon was investigated in 1:2
choline chloride urea (1:2 ChCl-U) DES containing different amounts of water. By combin-
ing electrochemical techniques with ex-situ FE-SEM, HAADF-STEM and EDX, the electro-
chemical processes occurring during nickel deposition and the effect of water content were
better understood. At highly negative potentials, Ni growth is halted due to water splitting
and the formation of a mixed layer of Ni/NiO,(OH)yn_,). Moreover, under certain condi-
tions, the DES components can also be (electro)chemically reduced at the electrode surface,

blocking further 3D growth of the Ni NPs. Hence, a 2D crystalline Ni network can be formed
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in the inter-particle region. Careful tuning of the water content leads to a fine control of
the deposition potentials of Ni and the side reactions occurring at more negative potentials,

giving the ability to control self-limiting growth and passivation phenomena.

oNOYTULT D WN =

12 Supporting Information Available

15 Water content. The 3" scan of the CVs of Figures 1, 2 and 3. Influence of stirring. Selected

17 area electron diffraction (SAED).
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