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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). By combining

electrochemical techniques with ex-situ FE-SEM, XPS, HAADF-STEM and EDX, the

electrochemical processes occurring during nickel deposition were better understood.

Special attention was given to the interaction between the solvent and the growing

nickel nanoparticles. The application of a sufficiently negative potential results into the

electrocatlytic hydrolisis of residual water in the DES, which leads to the formation of a

mixed layer of Ni/Ni(OH)2(ads). In addition, hydrogen bonds between hydroxide species

and the DES components could be formed, quenching the growth of the nickel clusters

favouring their aggregation. Due to these processes, a highly dense distribution of nickel

nanostructures can be obtained within a wide potential range. Understanding the role

of residual water and the interactions at the interface during metal electrodeposition

from DESs is essential to produce supported nanostructures in a controllable way for

a broad range of applications and technologies.
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Introduction

Supported nickel nanoparticles are widely used as catalysts for fuel cells and electrosynthesis,

as well as for biosensors and supercapacitors.1–9 These nanomaterials can be fabricated

by multiple methods such as chemical reduction, photochemical synthesis and ionothermal

synthesis among others.10–17 However, electrodeposition offers several advantages since it

permits the growth of the nanoparticles directly on the support of interest without the need of

surfactants and allows obtaining highly electroactive nanostructures.18 Nickel nanostructures

have been electrodeposited on carbon substrates, from aqueous solutions, using different

buffers, such as phosphate,19 sulfates20,21 or acetate.3,22,23 However, the use of aqueous baths

for nickel electrodeposition has several drawbacks. On the one hand, nickel cations can be

reduced only at highly negative potentials and this leads to a local increase in pH due to the

reduction of H+ species.20,24,25 Hence, without a pH control, non-soluble nickel hydroxides

precipitate in an uncontrollable way, making the reproducibility of the process complicated.

Moreover, the structures obtained are often too large and present a broad size distribution.

On the other hand, some of these electrolytes require the use of additives to control the

electrodeposition process.26 In recent work, a solution of KCl with H3BO3 as buffer and

HCl was used in order to control the pH and a homogeneous distribution of small nickel

nanoparticles was obtained for very short deposition times.27,28 Despite this improvement,

the presence of hydrogen evolution and the need of using buffered solutions and additives,

make the deposition of nickel from aqueous electrolytes challenging.

In this context, Room Temperature Ionic Liquids29 (RTILs) have been considered as in-

teresting alternatives to aqueous electrolytes for metal electrodeposition, in view of the fact

that they offer a wider potential window and a higher stability at higher temperatures. As

an exemple, the electrodeposition of nickel nanoparticles from 1-butyl-1-methylpyrrolidinium

bis(trifloromethylsulfonyl)amide (BMPTFSA)has been reported.30 In this case, very small

nanostructures were obtained (∼ 3,2 nm) and by adding acetonitrile as additive, the size

of the particles was decreased to ∼ 1,9 nm. Despite the benefits of the use of RTILs as
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deposition baths, their cost is substantially higher and they require to be handled under a

controlled,31 water free, atmosphere. Alternatively, over the last decade, deep eutectic sol-

vents (DESs), a novel type of electrolytes, have generated great enthusiasm among scientists,

becoming an alternative to traditional aqueous electrolytes and RTILs. In fact, these eutec-

tics, considered as RTIL analogues, offer many advantages, such as great stability at higher

temperatures and broader electrochemical window than aqueous solutions.32–36 In addition,

by using DESs, electrochemical processes can be controlled and slowed down without the

need of additives and stabilizing agents. Likewise, these eutectics provide some practical

benefits over RTILs, including ease of preparation, lower toxicity and convenient price.32,35

DESs are known to be highly hygroscopic, being this behavior disadvantageous in some

applications.32 However, the presence of small amounts of water (up to 6 %) in the DES,

has recently shown to be beneficial.37 Moreover, DESs are especially interesting because of

their ability to stabilize nanoclusters and to facilitate nanoparticle self-assembly.38 For these

reasons, an increasing number of studies on the electrochemical deposition of nickel from

DES have been reported.39–48 Firstly, nickel electrodeposition from ChCl-U was studied by

using an electrochemical quartz microbalance.39 Furthermore, the electrochemical behaviour

of nickel from ChCl-U and ChCl-EG (EG: ethylene glycol) was reported40 and compared to

aqueous solutions.49 It was shown that nickel deposition can be performed with similar depo-

sition rates from both types of baths. Contrariwise, the morphology of the deposited nickel

was different and this dissimilarity was related to the difference of nickel speciation in each

media. In addition, electrodeposition from DES has also proven successful to obtain nickel

films,41–43,50 nickel based alloys44–46 and corrosion resistant nanocrystalline nickel films.47,48

However, to the best of our knowledge, no studies have been reported on the controlled

electrodeposition of nickel nanostructures from any type of DES.

In this paper, we report for the first time on the electrochemical deposition of nickel

nanostructures on carbon substrates from ChCl based DESs. Electrochemical techniques

are combined with ex-situ FE-SEM, XPS, HAADF-STEM and EDX, to study in detail the
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electrochemical processes occurring during nickel deposition. Special attention was given

to the interaction between the solvent, the residual water and the electrodeposited nickel

phase. This manuscript does not only provide novel information on the electrochemical

deposition of nickel in the nanoscale, but also provides important knowledge to benefit from

the hygroscopicity of DESs for nanoscale metal deposition.

Experimental

The eutectic solvent was prepared by mixing choline chloride (Sigma-Aldrich, >98%) and

urea (Sigma-Aldrich, >99%) in 1:2 molar ratio. Prior to use, choline chloride was recrys-

tallized in absolute ethanol, followed by 12 hours vacuum drying at 80oC. Urea was only

dried under vacuum at 80oC for 12 hours. The 1:2 ChCl-U mixture was heated at 80oC

for 1 hour and under a constant pressure of nitrogen. NiCl2.6H2O was added as received

to obtain 10 mM solution. Then, the solution was transferred to the electrochemical cell

and kept at 60oC, under a constant pressure of nitrogen all along the experiments. A Karl

Fischer coulometer was used to control the water quantity before each experiment and an

average value of (0.08 ± 0.01) wt% of water was obtained. Cyclic voltammetry (CV), linear

sweep voltammetry (LSV) and chonoamperometry (CA) 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 carbon based 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 DES with high concentration

of chlorides.51 In this work, two types of working electrodes were used: glassy carbon disks

(6 mm diameter) and carbon coated TEM grids (CCTGs). Details of the benefits and the

use of CCTGs as electrodes can be found elsewhere.52,53 Before each experiment, the glassy

carbon working electrode was polished with 0.3 µm alumina paste, sonicated twice for 5

min in Milli-Q water and absolute ethanol. Carbon coated TEM grid electrodes were used
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as received. Prior to the characterization of the nickel deposit, the carbon electrodes were

cleaned with water and ethanol to eliminate the residual solvent.

The electrochemical measurements were handled by a computer controlled Autolab PG-

STAT12. Signal imposing and data acquisition were carried out by NOVA 1.10.5 software.

Scanning electron imaging was performed by a JEOL JSM-7100F field emission scanning

electron microscope (FE-SEM), operated at acceleration voltages of 15 kV and 20 kV. X-ray

photoelectron spectroscopy (XPS) measurements were carried out using a PHI-5600ci with

an Al filament emitting X-rays at 1486.6 keV. High angle annular dark field scanning trans-

mission electron microscopy (HAADF-STEM) images were acquired using an aberration cor-

rected electron microscope (cubed FEI Titan 60300), operated at 300 kV. Energy-dispersive

X-ray spectroscopy (EDX) maps were acquired in the transmission electron microscope us-

ing a ChemiSTEM system whereas the analysis was performed using the Bruker ESPRIT

software.

Results and discussion

1. Electrochemical Measurements

A cyclic voltammogram recorded on glassy carbon from 1:2 ChCl-U containing 10 mM NiCl2,

at 60 0C, is shown in Figure 1 together with a cyclic voltammogram of 1:2 ChCl-U (blank).

The voltammogram of the nickel containing mixture exhibits different cathodic and anodic

responses. The cathodic waves are coded R1, R2 and R3 with onsets at E = -0.72 V, E =

-1.03 V and E = -1.15 V, respectively. The anodic responses are coded O1, O2 and O3 with

the potentials at maximum current recorded at E = -0.35 V, E = -0.02 V and E = +0.19 V,

respectively. It is important to notice that for the waves O1 and O2, the involved currents

are difficult to assign due to their broadness. These acronyms will be used hereafter when

referring to the cathodic and anodic processes.

According to previous studies,39–42 the cathodic wave R1 can be attributed to the reduc-
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Figure 1: Cyclic voltammograms of 1:2 ChCl-U (blank) and 1:2 ChCl-U containing 10mM
of NiCl2-6H2O recorded on GC. ν = 50 mV/s. T = 60oC.

tion of Ni2 + to Ni. R3 can be assigned to a cathodic breakdown, that is catalysed by the

deposited nickel on the surface of the electrode. The three oxidation responses have so far

been attributed to the stripping of two different morphologies of the nickel deposit. This

ascription was based on former studies about the electrodeposition of zinc from DESs.40,54

To have a better understanding of the electrochemical responses, different experiments were

undertaken. Figure 2 (a) shows different LSVs recorded after deposition for 120 s at different

potentials close to R1 and R2, i.e., at E = -0,72 V (green curve), E = -0.8 V (blue curve),

E = -0.9 V (black curve) and at E = -1,1 V (red curve). For depositions at less negative

potentials (R1 : green, blue and black curves), the subsequent LSVs show a small (O2) and

a large (O3) anodic waves. However, for depositions at more negative potentials (R2 : red

curve), the recorded LSV features much smaller anodic peak O3, an increase of the charge of

O1 and a shift of O2 to a more negative potential, referred to as O’2, with wave potential at E

= -0,18 V. In the latter case, the LSV shows also the beginning of an additional anodic wave

starting at E = +0.52 V. The total charge densities recorded from the chronoamperograms

of these depositions are reported in Figure S1 of the supporting information. The charge

densities are increasing (absolute values) for depositions at more negative potentials.

To further elucidate the nature of the anodic responses O1, O2 and O3, potentiostatic
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Figure 2: LSV recorded on GC in a solution of 1:2 ChCl-U containing 10mM of NiCl2-6H2O
after a potentiostatic deposition of nickel (a) for 120 s at E = -0,72 V (green curve), E =
-0,8 V (blue curve), E = -0,9 V (black curve) and E = -1,1 V (red curve); (b) at E = -0,8 V
for 30 s (black curve), 60 s (blue curve), 120 s (green curve) and 500 s (red curve); (c) at E
= -1,1 V for 30 s (black curve), 60 s (blue curve), 120 s (green curve) and 500 s (red curve);
(d) at E = -0,8 V for 240 s (red curve), at E = -0,8 V for 120 s followed by another pulse
at E = -1,1 V for 30 s (green curve) or for 120 s (blue curve) and at E = -0,8 V for 120 s
followed by another pulse at E = -1,2 V (black curve). ν = 50 mV/s, T = 60oC.
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electrodeposition followed by LSV was conducted for variuos times at two different potentials.

Figure 2 (b) shows LSVs recorded after an initial deposition at E = -0.8 V (R1) for different

times. The increase of deposition time induces an increase of the charge Q(O3) and to a

lesser extent the charge Q(O2). This confirms that there is a direct relationship between the

first reduction (R1) and the third anodic (O3) processes. This anodic process corresponds to

the stripping of nickel deposited during the polarisation at R1 (further discussed in section

2 after FE-SEM analysis). In the same way, Figure 2 (c) shows LSVs recorded after an

initial polarisation for different times at E = -1,1 V (R2). On the one hand, the charge of

the stripping Q(O3) decreases with the increase of polarisation time. On the other hand,

the charge Q(O1) increases with polarisation time. Likewise, the process O2 shifts to more

negative potentials (O’2) and its associated charge increases. It can be concluded that the

process R2 inhibits the stripping of nickel and enhances the anodic responses O1 and O2.

These effects are intensified when the duration of the process R2 increases. Moreover, an

additional anodic wave appears at more positive potentials (E > +0, 5 V) and its intensity

increases with polarisation time.

Figure 2 (d) shows LSVs recorded after an initial deposition of 120 s at E = -0,8 V

followed by a second potentiostatic polarisation at E = -1,1 V (blue and green curves) or

at E = -1,2 V (black curve). These LSVs were compared to another one recorded after

deposition at E = -0,8 V for 240 s (red curve). In the cases that a second pulse is applied

at E = -1,1 V (blue and green curves), the anodic processes O1 and O’2 occur and their

associated charge increases with the duration of the second pulse (30 s and 120 s), unlike

O3, whose current density decreases drastically. When the second pulse is more negative

(E = -1,2 V), the charges Q(O1) and Q(O’2) are higher. Contrariwise, the process O3

disappears completely. In the latter case, as shown in Figure 2 (c), an anodic wave appears

at more positive potentials (E > +0, 5 V). It can be deduced that both O1 and O’2 are

anodic processes which only occur when the cathodic process R2 has taken place beforehand.

Furthermore, the cathodic process R2 followed by O1 and O2, passivate the surface of the

9

Page 9 of 36

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



deposited nickel against anodic stripping. The extent of these processes depends on the

applied potential and its duration. Further discussion is given in section 2.

To understand the effect of the anodic processes on subsequent nickel electrodeposition,

the CVs shown in Figure 3 (a) were conducted. Potentiostatic depositions at R1 and R2

followed by an anodic sweep up to E = +0,7 V (Figure 3 (a), bold curves) were subsequently

followed by cathodic sweeps (Figure 3 (a), dashed curves). After deposition at R1 and the

subsequent anodic sweep, the following cathodic sweep shows a reduction wave starting at

E = -0,35 V (dashed red curve) which corresponds to the deposition of nickel. On the other

hand, the cathodic sweep after deposition at E = -1,1 V and the subsequent anodic sweep

(dashed black curve), shows no reduction, resulting probably from the passivation of the

whole electrode surface, i.e. the glassy carbon and the previously deposited Ni phase. It can

be deduced that deposition at R2 for long times followed by the anodic processes O1 and O’2

causes further nickel growth to be inhibited.

Moreover, an anodic sweep after deposition at E = -1,1 V followed by 300 s resting

time at open circuit potential (OCP) was also conducted (Figure 3 (b)). The anodic sweep

of the CV (bold blue curve) shows surprisingly a strong anodic peak O3, corresponding to

the stripping of Ni. The reverse cathodic sweep recorded subsequently (dashed blue curve)

shows, for its part, a reduction wave corresponding to the deposition of Ni. No inhibition

of Ni stripping, neither of further Ni growth are observed in these conditions. Hence, the

surface is passivated only if nickel deposition occurs at very negative potentials (R2) and

anodic polarisation is applied directly afterwards.

In addition, as highlighted before, when Ni is deposited at highly negative potentials for

long times, the LSV recorded afterwards shows an anodic wave starting at E = +0,52 V. In

Figure 3 (c), a cyclic voltammogram with a higher anodic limit (E = +1,5 V) is shown. In the

first scan, an additional anodic wave at E = +0,98 V (hereafter referred to as O4) is shown.

Further cycling between these limits results into a drastic decrease of the charge associated

to this process (O4). Contrariwise, O2 and O3 increase progressively with the following scans.
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Figure 3: CV recorded on GC in a solution of 1:2 ChCl-U containing 10mM of NiCl2-6H2O
after a potentiostatic deposition of nickel (a) for 500s at E = -0,8 V (red curve) and at E
= -1,1 V (black curve); (b) for 500 s at E = -1,1 V (black curve), and for 500 s at E = -1,1
V followed by 300 s resting time at the OCP (blue curve). The potential was subsequently
swept from the deposition potentials in the positive direction (continuous lines) and then
to the negative potentials (dashed lines). (c) CVs recorded on GC after a potentiostatic
deposition of the nickel at E = -1,1 V during 500 s. The potential was subsequently swept
from the deposition potentials in the positive direction. ν = 50 mV/s. T = 60oC.
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This indicates that the anodic process O4 results into a gradual depassivation of the surface

that allows nickel to be stripped off and redeposited on the electrode. Further discussion is

provided in section 2.

2. FE-SEM characterization

Figure 4: FE-SEM images of the nickel nanostructures deposited from 1:2 ChCl-U on GC
for 500 s at (a) E = -0,8 V, Q = -390.9 C/m2 and (b) E = -1,1 V, Q = -1486.7 C/m2.

Before all the experiments described below, an electrochemical pre-treatment of the elec-

trode was carried out at E = +0.7 V for 120 s in order to avoid spontaneous nickel deposition.

Figure 4 shows representative FE-SEM images of nickel nanostructures deposited for 500 s
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from 1:2 ChCl-U on GC. The deposition potentials were E = -0,8 V (Figure 4 (a)) and E

= -1,1 V (Figure 4 (b)). When E = -0,8 V, a dense and homogeneous distribution of small

NPs (φ < 50 nm) is obtained. The total amount of charge involved in this process is Q = -

390,9 C/m2. Contrariwise, for E = -1,1 V, a less dense and less homogeneous distribution

of NPs is observed. The total charge involved during this deposition is much higher and

corresponds to Q = - 1486,7 C/m2. The increase of the total charge as well as the decrease

of the amount of electrodeposited Ni, as shown in figure 4, are related to the parallel elec-

trochemical processes occurring at highly negative potentials (R2) that compete and hence,

hinder Ni electrodeposition (see Figure 3 (a) and discussion thereafter).

Moreover, double pulse experiments were carried out in order to evaluate the effect of the

anodic processes. Figure 5 (a) shows a FE-SEM image of Ni NPs deposited at E = -0,8 V

for 500 s followed by an anodic pulse for 500 s at E = 0,0 V corresponding to the potential at

which the anodic wave O2 has the maximum current. Ni NPs remain on the electrode. This

further confirms that the anodic wave O2 does not correspond to the stripping process. On

the other hand, Figure 5 (b) shows a FE-SEM image corresponding to a similar experiment

in which the second pulse corresponds this time to E = +0,5 V, a potential slightly more

positive than the one corresponding to the peak O3 and where the Ni NPs should be stripped

according to the CVs / LSVs. The FE-SEM image shows that Ni NPs have been stripped

completely, confirming that the anodic response O3 is, indeed, the oxidative dissolution of

metallic Ni. Likewise, Figures 5 (c) and 5 (d) represent depositions carried out at E = -1,1

V followed by anodic pulses for 500 s at E = -0,23 V corresponding to the potential at which

the anodic wave O’2 has the maximum current and E = +0,5 V corresponding to the current

peak of O3, respectively. In both cases, a large number of Ni NPs remain on the surface of

the electrode. Unlike the previous case (Figure 5 (b)), if cathodic deposition of nickel occurs

at E = -1,1 V, the deposited nanostructures are not completely stripped off at E = +0,5

V. It is therefore confirmed that the anodic processes O1 and O’2 do not correspond to the

stripping of the deposited nickel. Contrariwise, depositing nickel at E = -1,1 V, followed
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Figure 5: FE-SEM images of the surface of the electrode after a double potentiostatic pulse
(500 s each) (a) E1 = -0,8 V and E2 = 0,0 V (b) E1 = -0,8 V and E2 = 0,5 V, (c) E1 = -1,1
V and E2 = -0,23 V, (d) E1 = -1,1 V and E2 = +0,5 V, (e) E1 = -1,1 V and E2 = +0,98 V,
and (f) E1 = -1,1 V and E2 = +0,5 V with 300 s resting at OCP between the two pulses.
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by an anodic pulse at E = +0,98 V (corresponding to the potential at which the anodic

wave O4 has the maximum current), results into a nickel-free surface as shown in Figure 5

(e). It can be concluded that the more positive anodic process O4 leads to the oxidative

electrodissolution of the nickel deposit. Figure 5 (f) shows a representative FE-SEM image

corresponding to a deposition at E = -1,1 V followed by 300 s resting time at OCP and

followed by a second potentiostatic pulse (500 s) at E = +0,5 V. Almost no nickel remains

at the surface. This is in good agreement with the voltammetric results shown previously

(see Figure 3 (b)), which indicate that anodic passivation only occurs when a highly negative

potential (R2) is followed immediately by anodic polarization.

3. TEM characterization

A recent approach, based on using carbon coated TEM grids as electrochemical electrodes,

was used to study, at the atomic scale, the electrodeposited structures directly from the

electrode. This technique permits the study of the supported as-electrodeposited nanostruc-

tures, by transmission electron microscope without the need of removing the nanoparticles

from the surface.52,53

Figures 6(a) and 6(b) show high resolution HAADF-STEM images acquired after depo-

sition at E = -0,9 V for 60 s. Low resolution HAADF-STEM images are shown in Figure

S1(a)of the supporting information. The contrast differences indicated by a blue and red

arrow in Figure 6(a) suggest the formation of a core-shell structure. Moreover, ultra small

crystalline particles are present all over the carbon grid. The coexistence of ultra-small

clusters with larger aggregates has been reported on several occasions for metal electrodepo-

sition on carbon from aqueous53,55–57 and non-aqueous electrolytes.38 As illustrated by the

HAADF-STEM image in Figure 6(b) and the Fast Fourier Transform (FFT) presented as

an inset, both the core and the shell are crystalline. The measured d values from the FFT

are in strong agreement with metallic Ni and NiO. These observations suggest a Ni core

surrounded by a NiO shell. These observations are confirmed by the EDX maps presented
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Figure 6: HAADF-STEM micrographs of Ni nanoparticles after deposition for 60 s (a) and
(b) at E = -0,9 V and (c) and (d) at E = -1,1 V.
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in Figures 7 (a) and (b). The Ni content is found to be homogeneous across the nanoparticle

whereas the O content is higher at the edges.

Figure 7: EDX map results for Ni deposited for 60 s at (a) and (b) E = -0,9 V and (c) and
(d) E = -1,1 V. (a) and (c) The overlay between HAADF image and O map. (b) and (d)
The overlay between the Ni map and O map.

Figures 6(c) and 6(d) display high resolution HAADF-STEM images recorded after

deposition at E = -1,1 V for 60 s. Low resolution HAADF-STEM images are shown in

Figure S1(b)of the supporting information. The HAADF-STEM image reveals that the

nanoparticles consist of agglomerated cristallites with dimensions from 3 to 7 nm. The

core-shell structure is not as prominent as the previous case. As highlighted with arrows in

Figures 6(c) and (d), contrast difference suggests the presence of Ni in the core and NiO as

matrix. Again, HAADF-STEM imaging (Figure 6(d)) and corresponding FFT reveals the

crystallinity of the sample with d values corresponding to the metallic Ni and NiO. Also, a
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highly dense distribution of ultra small clusters (φ < 1 nm) around the larger clusters could

easily be observed. A representative EDX map from this sample is presented in Figures 7

(c) and (d). The EDX map shows that the oxygen presence is homogeneous across the

nanoparticles. These results suggest that the amount of metallic Ni after applying E =

-1,1 V is smaller than this obtained after applying E = -0,9 V, and it is surrounded by an

oxidized form of Ni.

4. XPS characterization

To obtain further chemical information of the surface of the deposited nickel, XPS charac-

terization was carried out. Figure 8 (a) shows the XPS multiplex obtained after depositing

Ni at E = -0,9 V for 120 s. This multiplex corresponds to the binding energies between Ebe

= 845 eV and Ebe = 895 eV, which include the peaks Ni 2P1 and Ni 2P3 for Ni. The Ni

2P3 with binding energy Ebe = 852,7 eV corresponds to the metallic form of Ni, whereas the

transition with binding energy of Ebe = 856 eV is typically related to the chemical signature

of nickel oxi/hydroxide (NiO / Ni(OH)2).
58–61 The biding signals at Ebe = 862 eV and Ebe

= 884 eV can be attributed to the shake-up peaks (multielectron excitation).58,59 When a

more negative potential is applied (E = -1,1 V), the Ni 2P multiplex (Figure 8 (b)) shows

that the signature of the nickel oxi/hydroxide is predominant compared to the metallic form.

Finally, Figures 8 (c) and 8 (d) show XPS multiplexes of both samples prepared at E = -0,9

V and E = -1,1 V, respectively, recorded after sputtering approximately a thickness of 1 nm.

Only metallic Ni (Ni 2P3 at Ebe = 853 eV), remains on the glassy carbon surface.

These results, evidence that the nanoparticles are formed by a metallic nickel core and

a thin shell of nickel oxi/hydroxide. This multilayer structure is known to be formed on

the surface of metallic nickel exposed to water and air.58,59,62,63 Despite the fact that all the

samples were handled and cleaned in the same way, the signature of nickel oxi/hydroxide is

largely predominant at the surface of the nanoparticles electrodeposited at E = -1,1 V (R2).

This is explained as follows: at more negative potentials, residual H2O in the DES reduces to
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Figure 8: XPS multiplex after deposition at E = -0,9 V for 120 s of Ni2p (a) before and
(c) after sputtering; and deposition at E = -1,1 V for 120 s of Ni2p (b) before and (d) after
sputtering. Depositions were conducted from 1:2 ChCl-U + 10 mM NiCl2-6H2O on GC at
T = 60oC.
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H2 and OH−. The later can react with Ni2+, present at the interface, precipitating as nickel

hydroxide at the surface of the electrode. The interrelation of the electrochemical processes

occuring during the electrochemical growth of Ni from DES, is discussed in the following

section.

Discussion

FE-SEM, XPS, TEM, and EDX characterization were combined with electrochemical ex-

periments to gain a better understanding of the electrochemical processes occurring during

nickel deposition from 1:2 choline chloride urea deep eutectic solvent. The electrochemical

responses R1 and O3 (Figure 1) can certainly be attributed, FE-SEM images as support, to

the reduction of Ni2+ (Eq. (1)) and the stripping of Ni (Eq. (2)), respectively:

Ni2+ + 2e− → Ni (1)

Ni→ Ni2+ + 2e− (2)

Electrodeposited Ni nanoparticles at two different potentials, R1 and R2, were charac-

terised using FE-SEM and TEM. In both cases, a dense and homogeneous distribution of

small nanostructures is obtained. Besides, high resolution HAADF-STEM images highlight

the poly-crystallinity of these particles and reveal the presence of very small crystalline nan-

oclusters. This implies that progressive nucleation and aggregation are favored and growth

by direct attachment of nickel is limited. This can be related to the formation of a passi-

vation layer, especially at highly negative potentials. This behavior was already reported

in this type of DES during the electrodeposition of Pd NPs from 1:2 ChCl-U. By using in-

situ synchrotron ultra small angle X-ray scattering (USAXS) and electrochemical impedance

spectroscopy (EIS), the nanoparticles were shown to assemble into 2-D superstructures, rich

in adsorbed species. These superstructures could induce the formation of an anionic layer

above the NPs.38,64 Most likely, at highly negative potentials, a competing electrochemical

20

Page 20 of 36

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



process (R2) limits the growth by direct attachment favouring nanocluster aggregation.53,55

This is in line with adsorption of H on Pt53,65 and of OH on Fe-group metals66 being self-

terminating growth processes during electrodeposition from aqueous solutions.

As evinced previously for the anodic responses O1 and O’2 to take place, they must be

immediately preceded by the cathodic reaction R2. It was shown that only the concatenation

of these three processes leads to the inhibition of nickel stripping and the passivation of the

electrode surface for further nickel electrodeposition.

The inferred processes are discussed along the schematic representation shown in Figure 9

(a) and (b). A likely explanation is that the residual water, present in the DES, is reduced

to H2 and OH− (Eq. (3)). This reduction is catalysed by the electrodeposited nickel.66 The

hydroxide anions formed at the surface of the electrode can react with Ni2+ from the solvent

and precipitate as nickel hydroxide on the surface of the electrode (Eq. (4)):

2H2O + 2e− → H2 + 2OH− (3)

Ni2+ + 2OH− → Ni(OH)2(ads) (4)

A mixed Ni/Ni(OH)2(ads) layer will be then formed at the surface of the nickel nanoparticles

leading to the passivation of the Ni NPs from further growth. A similar hydroxide blocking

effect was also suggested in recent studies on nickel electrodeposition from aqueous solu-

tions.27,66,67 It must be born in mind that the amount of H2O available is very small when

compared to aqueous solutions. Due to that, equations (3) and (4) result into the formation

of a thin layer instead of the uncontrollable precipitation occurring in aqueous electrolytes.

Hydrogen bonds could be formed between these hydroxide species and the DES components,

i.e. urea and choline chloride, as schematically illustrated in Figure 9 (c). These processes

could explain the passivation phenomena observed at more negative potentials. Once polar-

ization is stopped and no more OH− is generated, the OH− / DES complexes would diffuse

away from the interface leading to the depassivation behaviour described in Figure3 (b) and
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Figure 9: Scheme of the electrochemical processes occurring at (a) R1 and (b) R2. (c) Hy-
drogen bonds formed between hydroxides and DES components (urea and choline chloride).
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discussion therein.

The inhibition of the nickel stripping, during anodic polarisation, for the nanostructures

formed at highly negative potentials, as shown in Figure 2 (c), is attributed to the anodic

formation of Ni(OH)2 by the reaction of Ni (Eq. (5)) or Ni(OH)ads (Eq. (6)) with OH−

present at the surface:68

Ni+OH− → Ni(OH)(ads) + 1e− (5)

Ni(OH)(ads) +OH− → Ni(OH)2(ads) + 1e− (6)

These processes are attributed to the anodic responses O1 and O’2, respectively, and they

are enhanced by the presence of the precipitated Ni(OH)2(ads) on the surface of Ni NPs.

In fact, the boundary between Ni(OH)2(ads) and Ni could be beneficial for further nickel

hydroxide formation.67 Once the surface of the nanostructures is composed exclusively of

nickel hydroxide, no stripping of metallic Ni occurs, i.e absence of the response O3 in Figure 2

(c). Furthermore, this hydroxide layer (Ni(OH)2(ads) and OH− / DES complexes) prevents

further nickel deposition as shown in Figure 3 (a). When the potential is swept to more

positive potentials (Figure 3 (c)), the anodic response O4 can be attributed to the oxygen

evolution reaction coupled with an oxidative electrodissolution of Ni(OH)2 (Eq. (7)) and

it is consistent with the most generally accepted mechanism involving the adsorption of

hydroxides and the generation of dioxygen.69 This can occur because the hydroxide anions

are present in excess and are stabilised at the electrode/electrolyte interface (Figure 9 (b)

and 9 (c)).

Ni(OH)2 + 2OH− → O2 + 2H2O +Ni2+ + 4e− (7)

At this range of positive potentials (O4), the partial oxidation of the Ni(OH)2(ads) to form

NiOOH is also plausible.

Ni(OH)2 +OH− → NiOOH +H2O + e− (8)
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The exponential increase of the current around E = +1.25 V, could be explained by an anodic

breakdown of the DES. Chlorine formation at this range of potentials has been reported

previously in this type of DES.70 When the hydroxide anions present at the interface are

oxidized, further deposition of nickel is possible. The anodic stripping is also no longer

inhibited, as shown in Figure 3 (c) (scans 2 and 3), due to the removal of the passivation

layer.

It is important to notice that for long depositions at R1, where only nickel deposition is

supposed to occur, the anodic process O2 appears in the LSV (red curve in Figure 2 (a))

recorded just after the deposition and it is accompanied by a shift of the stripping peak

(O3) towards a more positive potential. We can attribute this effect to the electrochemical

processes described in Eq. (5) and (6). In fact, a dense and homogeneous distribution of

deposited Ni nanostructures can lead to the catalytic electrolysis of water, but in a lesser

extent, compared to when more negative potentials are applied. The small amount of hy-

droxide anions generated at the interface does not allow the entire surface to be covered by

nickel hydroxide and hence, Ni stripping and further Ni growth is possible as highlighted in

the red curves (solid and dashed) of Figure 3 (a).

In addition, FFT coupled with HRTEM, and EDX analysis underscored the core-shell

structure of the nanoparticles deposited at potentials close to R1 with metallic Ni as core and

NiO composite as shell with a high concentration of oxygen at the edges (Figures 7 (a) and

(b)). In the case of NPs deposited at potentials close to R2, they consist of more complex

and mixed structures of poly-cristalline Ni and NiO. As explained before, at more negative

potentials, the passivation phenomenon leads to the quenching of metal growth at the early

stage and the aggregation of very small clusters. This may explain the gaps that are present

within the structures and also the homogeneous presence of oxygen throughout the NPs as

shown by EDX (Figures 7 (c) and (d)). Contrary to XPS analysis, the FFT analysis does not

reveal the presence of nickel hydroxide. This can be explained by the disordered structure of

Ni(OH)2 precipitated during the electrolysis of residual water in the DES at highly negative
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potentials.66,71

The ability of understanding the effect (and controlling the amount) of residual water

in a deep eutectic solvent has been proven essential to tune the chemical nature of the

electrodeposited Ni nanostructures, thereby, obtaining highly electroactive NPs for a wide

range of applications. A thorough understanding of the passivation and the self-limiting

growth of metal nanostructures during electrodeposition processes from DESs is essential to

reach this aim.

Conclusions

The processes underlying the electrodeposition of nickel nanostructures on carbon substrates

from 1:2 ChCl-U are explained in detail by means of the combination of electrochemical

techniques and ex-situ nanoscale characterization. A passivation phenomenon is highlighted

when electrodeposition occurs at highly negative potentials (E = -1,1 V vs Ag QRE) and is

attributed to the presence of residual water in the DES. The splitting of this residual water,

catalysed by the presence of nickel, leads to the formation of a mixed layer of Ni/Ni(OH)2(ads)

on the surface of the nanostructures. Moreover, the hydroxide species could form hydrogen

bonds with the DES molecules (urea and choline chloride), and hence, the growth of Ni NPs

is quenched. This allows homogeneous and dense nanoparticle distributions to be electrode-

posited within a wide potential range. Furthermore, it is found that anodic polarization

immediately after deposition at highly negative potentials results into the inhibition of ox-

idative electrodissolution of Ni. This anodic passivation process is related to the formation

of an entire layer of Ni(OH)2 on the surface of the Ni nanoparticles. These results show that

metal electrodeposition from DESs can be of great interest to produce supported nanostruc-

tures in a controllable and efficient way and valuable for a broad range of applications and

technologies.
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The following files are available free of charge.

Charge densities of depositions of figure 2(a).

Low magnification HAADF-STEM images.
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