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Abstract 

Amorphous and nanocrystalline Ni-Co alloys have been deposited on FTO glass in 

ethylammonium nitrate (EAN), a protic ionic liquid (PIL). The physicochemical 

properties of EAN with Ni2+ and Co2+ salts have been studied as well as the 

electrochemical behavior of these metal cations in the PIL in aerated atmosphere. 

Electrochemical studies showed that the redox reactions of Ni2+ and Co2+ leading to 

metal deposit on glassy carbon are not reversible in those conditions due to the 

formation of an oxide film. Conversely, when electrodeposition of Co, Ni and Ni-Co 

alloys on FTO glass in EAN was performed at 60℃ in an oxygen-free environment, 

nanocrystalline Ni-Co alloys with different atomic ratios were obtained depending on 

both the deposition potential and ion concentration in solution. The composition and 

the morphology of the electroplated alloys were determined by several techniques such 

as SEM, TEM, XRD and XPS. The electrocatalytic properties of these materials were 

investigated towards the hydrogen evolution reaction (HER). It was shown that the 

addition of Co in Ni-based alloys can promote the HER, and most notably, amorphous 

Ni-Co alloys shows lower overpotential or reaction rate. Up to now, the better 

electrocatalytic results were obtained with the amorphous Ni51.9Co48.1 alloy, 

electrodeposited in EAN at high potential (-1.3 V/Ag/Ag+). This work provides a new 

route to prepare nanocrystalline and amorphous Ni-Co alloys with different ratio in PIL 
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for practical applications in electrocatalysis such as water splitting. 

 

1.Introduction 

Water splitting is considered to be one of the most efficiency ways for the hydrogen 

evolution reaction (HER) as a potential of low-carbon energy source. To achieve this 

goal, research on the preparation of electrocatalysts has received an increasing interest 

in recent years, and more effective catalysts have been studied. As it has already been 

well established, precious metals such as platinum and palladium, always show 

excellent performance for water splitting electrolysis, resulting in low overpotential or 

fast reaction rate [1]. However, the scarcity cost is a barrier to their use in HER as well 

as other electrochemical reaction of interest such as the oxygen evolution reaction 

(OER). To address this problem, transition metal-based electrocatalysts are considered 

as alternative to replace these noble metals, especially for HER, due to the similar free 

energy of the hydrogen, ΔGH* [2]. 

Adjusting the electron structure of transition metal-based materials by using alloying is 

one of the approaches being considered. Since the first investigations of the HER 

mechanism on metallic Ni-Co in the 1960s, extensive research has been performed to 

develop the preparation and application of transition metal alloys [3, 4]. Different 

combinations of metal elements were investigated in previous works, such as Ni-Mo, 

Ni-Co, Ni-Al, Co-Mo, Co-Fe, and Fe-P [5-10]. In addition to modifying composition 

and morphology of transition metal alloys, adjusting the crystal structure is another way 

to improve HER performance. Amorphous alloys show characteristic in structural 

heterogeneities and high atomic diffusion rate resulting in great properties for chemical 

applications, especially in catalysis, due to their metastable structure and higher energy 

state [11-15]. Interestingly, electrodeposition is a possible route for the preparation of 

such alloys. For instance, Han et al.[16] prepared amorphous Ni-Mo alloy by pulse 
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plating technique. They showed that the addition of 30 wt.% Mo, leads to a decrease in 

overpotential of 62 mV for a current density of -0.2 A·cm-2 at 80℃. Similarly, 

amorphous Ni-Fe-Co-P alloy prepared by Bachvarov et al.[17] showed a decrease of 

overpotential by 89 mV than for crystalline Ni-Fe-Co alloy.  

Although crystalline alloys do not generally perform as well as amorphous ones, 

nanocrystalline alloys have been studied in recent years showing excellent properties 

for water splitting applications [18-21]. However, it remains to be established whether 

the amorphous or nanocrystalline alloy is the best.  

Many methods have been considered to synthesize transition metal alloys for 

electrocatalytic HER, such as sintering [22], pulsed layer deposition [23, 24], sol-gel 

[25], and electrodeposition [3, 26-31]. Among these techniques, electrodeposition has 

the advantage of fewer steps, ease of implementation and control, making it a versatile 

method for large-scale applications. Ahn et al. [27] have prepared Ni dendrites by 

electrodeposition on glassy carbon for HER in alkaline water electrolyte. The stability 

of HER was maintained without significant variation in overpotential for 2000 cycles. 

Nanoscale nickel electrodeposited on a Ni substrate by Zhou et al. shows higher current 

density than regular Ni-modified substrate with the same overpotential [32]. Recently, 

nanostructured Ni-Co alloys with different morphologies were electrodeposited in 

water showing an improvement of the electrocatalytic activity [4, 19, 33-35]. However, 

the unavoidable presence of water in the electrodeposition electrolyte can lead to 

undesirable hydrolysis of the organic media and creates unwanted compounds. This can 

be circumvented by using ionic liquids (ILs) which are more and more used as 

electrolyte for electrodeposition because of their large electrochemical window, high 

ionic conductivity, and simplicity of handling due to their non-volatility and 

inflammability. Nanocrystals can be electrodeposited from ILs more easily than in 
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aqueous solutions [36]. Additionally, as ILs can be divided into two families, aprotic 

ionic liquids (AILs) and protic ionic liquids (PILs), they offer a wide range of possible 

combinations between anions and cations. In earlier studies, although AILs have been 

more prevalent than PILs for electrodeposition applications, the latter have the 

advantage of easier synthesis. They also usually show lower viscosity and higher 

conductivity than AILs [37]. In recent years, the use of PILs in electrodeposition has 

been increasingly studied. As shown for instance in the case of zinc electrodeposition 

in 1-methylimidazolium trifluoromethylsulfonate ([MIm]TfO) [38], nickel 

electrodeposition in different PILs such as 2-methylimidazolium lactate 

([Hmim][lactate]), 1-ethylimidazolium lactate ([Heim][lactate]), 1-butylimidazolium 

lactate ([Hbim][lactate]), 2-methylimidazolium glycolate ([Hmim][glycolate]), 1-

ethylimidazolium glycolate ([Heim][glycolate]), 1-butylimidazolium glycolate ([Hbim] 

[glycolate]) [39], and triethylammonium trifluoroacetate (TEATFA) [40]. However, 

most of these studies focus on single metal electrodeposition and further work is 

required to explore the capabilities of PILs as electrolytes for alloy deposition. 

In this work, electrodeposition of amorphous and nanocrystalline Ni-Co alloys in 

ethylammonium nitrate (EAN), a protic ionic liquid, is reported. The use of EAN in 

electrodeposition of Ni/Co-based materials is still scarce [41-43]. The electrochemical 

behavior of Co and Ni ions in EAN have first been studied by voltammetry. Amorphous 

and nanocrystalline Ni-Co alloy coatings on FTO glass with different thicknesses and 

composition have been prepared by electrodeposition and characterized using different 

techniques. These amorphous Ni-Co alloys showed promising behavior with respect to 

the HER and were compared with the electrochemical behavior of nanocrystalline Ni-

Co alloys. With this work, we provide an easy way to tune the composition of an alloy 

obtained by electrodeposition in IL. Interestingly, reactive materials (towards 
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electrocatalytic reactions) can be obtained when materials were prepared in an oxygen-

free atmosphere.  

 

2. Experimental details 

2.1 Chemicals and materials 

Ethylamine (CH3CH2NH2, 70 wt.% in water, Acros Organics), nitric acid (HNO3, 68 

wt.% in water, AnalaR NORMAPUR), potassium chloride (KCl, 99%, Acros Organics), 

potassium hydroxide (KOH, 86%, Fisher Scientific), cobalt chloride (CoCl2, 98% 

purity, Sigma-Aldrich) and nickel chloride (NiCl2, 98%, Sigma-Aldrich) were used as 

received.  

Fluorine-doped Tin Oxide glasses (FTO glass, from Solems, 80 nm thickness) (1.5 × 

0.5 × 0.1 cm3) were used as working electrode after washing in acetone, ethanol, and 

deionized water, for 15 minutes, respectively. 

Nickel wire (99+%) was purchased from Chempur (Germany) and silver wire (99.99%) 

was from Mateck (Germany). 

2.2 Synthesis of the protic ionic liquid  

Ethylammonium nitrate (EAN) was prepared by mixing ethylamine and nitric acid with 

a molar ratio of 1:1. During this process, the nitric acid was added into ethylamine 

aqueous solution drop by drop under stirring at a controlled temperature (T = -10°C). 

The purification of EAN was performed by lyophilization (Freeze Dryer -86℃, 

OPERON CO., LTD.) in order to get EAN with a low water content (below 100 ppm – 

vide infra). The water content in the freshly prepared solvent was titrated using a Karl–
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Fisher coulometer (C20, Mettler Toledo) in a glove-box (Concept GP, Jacomex). The 

salts used for electrochemistry were dried by heating and lyophilization in order to 

reduce the amount of water in the electrolytes. Solutions of 0.5 M NiCl2, 0.5 M CoCl2, 

0.25 M NiCl2 + 0.25 M CoCl2 and 0.375 M CoCl2 + 0.125 M NiCl2 in EAN were 

prepared by mixing the different compounds under stirring at 70°C for 24 h after 

weighing. The density and viscosity of the solutions were measured with a densimeter 

(DSA 5000M, Anton Paar) and a microviscometer (Lovis 2000M, Anton Paar), 

respectively. The conductivity and pH value of the solutions were measured with a 

conductimeter (CDM230, Radiometer Analytical) and a pH-meter (PHM250, 

Radiometer Analytical), respectively. 

2.3 Electrochemical measurements and electrodepositions 

All the electrochemical measurements were performed using a three-electrode cell and 

a GAMRY REF600 potentiostat. The electrochemical behavior of Co and Ni was 

obtained by cyclic voltammetry on a glassy carbon (GC) rotating-disk-electrode (RDE, 

Pine Research Instrumentation) of 0.2 cm2 surface area. A platinum grid was used as 

counter electrode, and the reference electrode consisted of a double junction 

compartment, in which a silver wire was immersed in the first junction containing a 

saturated EAN solution of silver nitrate (AgNO3), with a sintered glass at the bottom. 

The second junction, containing pure EAN, was separated from the first junction in 

order to prevent ion diffusion from the reference to the electrolyte. For the 

electrodeposition steps, a 15 mm in diameter nickel ring was used as counter electrode 

and a FTO glass sheet was used as working electrode (0.5 cm × 0.5 cm). Before 
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electrochemical measurements, argon was bubbled in the electrolyte for 15 minutes. All 

the cyclic voltammetry measurements started from the open circuit potential, scanning 

first towards the cathodic direction and then towards the anodic one, as shown in Figure 

1c,d. All alloys electroplating were performed in the glove box to avoid oxygen 

contamination and limit water ingress.  

2.4 Characterizations 

The crystal structures of the electrodeposition were characterized by X-ray diffraction 

(XRD, D8 ADVANCE BRUKER) with a scan rate of 5 degree·min-1 from 20° to 80° 

using the Cu Kα radiation. The surface morphologies of electrodeposition were 

observed by scanning electron microscopy (SEM, SU-70 HITACHI) with a potential of 

5 kV and an energy dispersive X-ray spectroscopy with a potential of 15 kV (EDS, 

Ultim Max, Oxford Instruments). The grain size and structures of the alloys were 

determined by transmission electron microscope (TEM, JEM 2011, JEOL) with a 

potential of 200 kV. The alloys were scratched and separated on the Cu mesh using 

ethanol. XPS analyses were performed using an Omicron Argus X-ray photoelectron 

spectrometer, equipped with a monochromated AlKα radiation source (hν = 1486.6 eV) 

and a 280 W electron beam power. The emission of photoelectrons from the sample 

was analyzed at a takeoff angle of 45° under ultra-high vacuum conditions (≤10−9 

mBar). Spectra were carried out with a 100 eV pass energy for the survey scan and 20 

eV pass energy for the different elements regions. Element peak intensities were 

corrected by Scofield factors. The peak areas were determined after subtraction of a U 

2 Tougaard background. The spectra were fitted using Casa XPS v.2.3.25 software 



 - 8 - 

(Casa Software Ltd, U.K.) and applying a gaussian/lorentzian ratio g/l equal to 70/30 

for deconvolution. All XPS samples were transferred directly from the glove box to the 

XPS instrument after the metal electrodeposition, and measured directly without Ar ion 

sputtering, in order to learn the real surface state. 

2.5 The hydrogen evolution reaction 

A three-electrode cell was also used for the electrocatalysis experiments. The FTO glass 

with the alloy deposit was used as working electrode, a platinum grid and a saturated 

calomel electrode (SCE) were used as counter and reference electrodes, respectively. 

The temperature of the electrolyte was controlled at 25℃ with a thermostatic bath. A 

1.0 M KOH solution was used as electrolyte. Argon was bubbled in the electrolyte for 

15 minutes before each experiment and an Ar flux was maintained above the cell for all 

the duration of the measurement.   

The effective active surface area (ECSA) of the samples was evaluated by measuring 

the interfacial capacitance (Cs) [42].  

For an easiest comparison of the results obtained for water splitting, all potentials have 

been converted with respect to the reversible hydrogen electrode (RHE) at 298 K 

according to the relationship:  

𝐸	(𝑣𝑠.		RHE) = 𝐸	(𝑣𝑠.		SCE) + 0.0591	pH + 0.2412           (1) 

 

3. Results and discussion 

3.1 Physicochemical properties of EAN electrolytes 

The physicochemical properties of each solution used in this work are presented in 
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Table 1 as a function of temperature. For each solution with different ion concentrations, 

the density, the viscosity and the pH values decrease whereas the conductivity increases 

with increasing temperature. Due to the slight swelling of the IL, the density increases 

after the addition of CoCl2 or NiCl2 in IL at the same temperature. The viscosity of EAN 

containing 0.5 M CoCl2 is 37.2 mPa·s at 25℃, which is close to that of pure EAN, 36.4 

mPa·s, but significantly lower than the viscosity of EAN containing NiCl2 (Table 1). 

Similarly, the conductivity of EAN containing 0.5 M CoCl2 is also very close to that of 

pure EAN for the whole temperature range and is higher than that of EAN containing 

NiCl2 (Table 1). The pH value of pure EAN at 25℃ is 5.61, which is akin to the value 

in other work [44]. Indeed, the small amount of water (a few hundred ppm) after 

dissolving ions in the IL is due to the adsorbed water, which is difficult to remove. The 

variations of the parameters described above are shown in Figure S1. 

Table 1. Physicochemical properties of solutions used in this work. 

Concentration Temperature 
(℃) 

Density 
(g·cm-3) 

Viscosity 
(mPa·s) 

Conductivity 
(mS·cm-1) pH Water content 

(ppm) 

Pure EAN 

25 1.21040 36.4 21.8 5.61 

56 
40 1.20119 22.7 24.9 5.26 

60 1.18930 13.7 29.0 4.42 

80 1.17779 9.2 32.7 4.10 

0.5 M NiCl2 

25 1.25004 55.0 15.6 4.15 

851 
40 1.24016 31.8 18.9 3.35 

60 1.22733 17.8 23.2 2.49 

80 1.21484 12.5 28. 2.22 

0.5 M CoCl2 

25 1.24308 37.2 21.74 4.11 

775 
40 1.23326 22.9 25.8 3.98 

60 1.22081 13.7 28.3 3.39 

80 1.20871 10.0 33.1 2.86 

0.25 M NiCl2  
+ 0.25 M CoCl2 

25 1.24233 69.2 19.6 4.20 

1034 
40 1.23263 41.5 20.2 3.56 

60 1.22001 24.2. 25.6 3.02 

80 1.20785 17.13 30.91 2.77 

0.375 M CoCl2  
+0.125 M NiCl2 

25 1.24544 48.40 16.93 4.09 

780 40 1.23577 29.09 19.47 3.37 

60 1.22338 16.93 23.84 2.98 
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80 1.21138 12.13 27.10 2.23 

 

3.2 Electrochemical behavior of EAN with Ni2+ and Co2+ 

EAN is a hydrophilic IL, which means that the experiments performed in air cannot 

avoid the participation of water and oxygen, although the water content of pure EAN is 

only 56 ppm. Linear sweep voltammetry and cyclic voltammetry were used to study 

the electrochemical characteristics of EAN solutions. Figure 1a shows the LSV curves 

on a glassy carbon (GC) RDE at 1 mV·s-1 in pure EAN and for different ion 

concentrations. The electrochemical window of pure EAN obtained on GC electrode 

(Figure 1a) is about 2.31 V, which was obtained with a cut-off current density of -0.01 

mA·cm-2 for the reduction scan and 0.01 mA·cm-2 for the oxidation scan.  Using these 

cut-off current densities, the low potential limit of the LSV curve in pure EAN is about 

-1.2 V/ Ag/Ag+, which is due to the reduction of EAN. Conversely on the anodic domain, 

the oxidation of EAN begin at about +1.11 V/Ag/Ag+. A small current plateau is also 

observed on the anodic scan (starting at about 0.25 V/Ag/Ag+), which was ascribed to 

the oxidation of a small amount of water present in the IL, which was proved by 

adjusting the water content, shown in Figure S2a. When Co and Ni salts are added, a 

shift of the oxidation potentials towards cathodic values is observed (Figure 1). On 

Figure 1a, the peak at 0.72 V/Ag/Ag+ corresponds to the oxidation reaction of Co2+ to 

Co3+, since it can be increased by increasing the Co2+ content. For the cathodic scan, 

the beginning of electroreduction reaction shifts to -0.94 V/Ag/Ag+ and -1.01 V/Ag/Ag+, 

which was ascribed to the reduction of Ni2+ to Ni and Co2+ to Co, respectively.  
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Figure 1. Electrochemical characterization of EAN with different ions on glassy carbon RDE at 

60ºC. a) Linear sweep voltammetry curves with or without additional ions at 1 mV s-1 and 1000 rpm. 
Cyclic voltammetry curves, at 50 mV s-1, of EAN with b) 0.5 M NiCl2, c) 0.5 M CoCl2 and d) 0.25 M 

NiCl2 + 0.25 M CoCl2. 

 

CV was used to study the reversibility of the electroplating for both metal cations on 

GC electrode in EAN solution. Although argon was bubbling during the reaction, 

oxidation of metal deposits (Ni and Co) was difficult to avoid. During the cathodic scan, 

the shape of the voltammogram is characteristic of a curve usually observed for a metal 

deposit (Figures 1b-d) with a larger cathodic current during the backward swept. During 

the anodic scan, Ni dissolves following two successive electron exchange reactions 

ascribed to Ni to Ni+ (at about -0.50 V/Ag/Ag+) and Ni+ to Ni2+ (at about -0.40 

V/Ag/Ag+). A similar oxidation process also occurred for the Co deposit [41]. The O1 

(a) (b) 

(c) 

 

(d) 
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and O2 peaks in Figure 1c are ascribed to the oxidation of Co to Co+ (at -0.59 V/Ag/Ag+) 

and Co+ to Co2+ (at -0.42 V/Ag/Ag+). An additional peak (O3) at about 0.5 V/Ag/Ag+ 

is also observed and corresponds to the oxidation reaction of Co2+ to Co3+ [43]. At 

higher overpotentials, the peak O4 is ascribed to the oxidation of Cl-, previously 

identified with blank experiment (Figure 1a) and proved by changing the concentration 

of Cl- as shown in Figure S2b, and also in agreement with the literature [45]. 

Due to the formation of a thin oxide film on the Ni and Co deposits, the reactivity of 

the electrode during the subsequent cycles is significantly altered. This can be seen and 

analyzed quantitatively on the chronoamperograms (Figure S3). The charge obtained 

during the deposition step of the metal is very different from the charge obtained for 

the re-dissolution step. Then, we can conclude that the electrochemistry of Co and Ni 

deposited on GC electrode in the air is not fully reversible, and that the 

electrodeposition of Ni and Co alloys should be performed in an oxygen-free 

environment.  

3.3 Electrodeposition of Ni-Co on FTO glass 

Figure 2a shows the polarization curves of the EAN for different ion contents when 

experiments were performed in a glove box. From these curves, the potential for Ni 

electrodeposition on FTO glass can be chosen between -0.91 V/Ag/Ag+ and -1.3 

V/Ag/Ag+, whereas the Co electrodeposition can be performed between -1.05 

V/Ag/Ag+ and -1.3 V/Ag/Ag+. Thus, pure Ni and pure Co were prepared at potentials 

of -1.25 V/Ag/Ag+ and -1.3 V/Ag/Ag+, respectively, whereas Ni-Co alloys were 

electrodeposited at different potentials (-1.1, -1.2, and -1.3 V/Ag/Ag+). The 
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chronoamperometry curves of the electrodeposition process for different potentials, 

times, and temperatures are shown in Figure 2b. The shape of these curves is similar 

and the process of electrodeposition can be divided in three parts. For short time, the 

electric double layer is charged resulting in a sharp cathodic current transient (Figure 

S4). Then a second variation of the current is observed forming a small bump on the 

curve which is attributed to the growth of the first crystallites. In a last step, the cathodic 

current stabilized to a constant value and the system reaches a steady state [46-48].  

 

Figure 2. a) Linear sweep voltammetry curves of EAN with different ions on FTO glass at 60ºC 

performed in glove box. b) Comparison of different current-time curves obtained under various 

conditions during electrodeposition. 
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Figure 3. XRD patterns of different electrodeposited alloys. a) XRD spectra of pure Ni, pure Co 

and Ni-Co alloys prepared at different potentials on FTO. b) XRD spectra of Ni-Co alloys prepared 

at different temperatures and times on FTO.  

 

The XRD spectrum presented in Figure 3a shows that the electrodeposited Ni is 

nanocrystalline. All the electrodeposited Ni-Co alloys remain in the nanocrystalline 

state as the electrodeposition potential increases from -1.1 to -1.2 V/Ag/Ag+, and the (1 

1 1) peak moves to lower angle compared with the main moderate amorphous peak, 

corresponding to the reduction in the lattice size by the doping of Co atoms. When the 

potential reaches -1.3 V/Ag/Ag+, the Ni-Co alloy structure changes to amorphous alloy. 

More negative overpotential results in smaller critical cluster sizes and the cluster 

forming energy decreases, whereas the cluster formation rate increases, meaning that 

the nucleation rate during the electrodeposition increases faster than the rate of nuclei 

growth. As a results, no crystal structure can be observed and an amorphous alloy is 

obtained [49], as shown in Figure 3b for a 1 hour deposit at 60°C. But the Ni-Co alloy 

prepared at the same potential for a 1-hour deposit and at a higher temperature (80 ℃) 

is crystallized. Amorphous Co was prepared by electrodeposition at a potential of -1.3 

(a) 

 
(b) 
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V/Ag/Ag+, as shown on figure 3a. Amorphous Co thin layer was obtained in the past 

even by electrodeposition in the presence of thiourea [50]. Here, the presence of IL, and 

especially the ethylammonium cation can contribute to this morphology. 

 
Figure 4. SEM morphologies of electrodeposited a) Ni, b) Co, and Ni-Co alloys prepared at c) -1.1 

V/Ag/Ag+, d) -1.2 V/Ag/Ag+, e) -1.3 V/Ag/Ag+
 and f) -1.3 V/Ag/Ag+ at 80 ℃. 

 

The morphologies of electrodeposited alloys are shown in Figure 4. The alloy 

composition can be tuned by changing the potential of the deposit, its duration, and the 

temperature. The different electrodeposition potentials result in similar smooth film on 

the surface. The surfaces consist of irregular clusters but the nanocrystals and grain 

boundaries cannot be observed through SEM. Ni-Co alloys deposited at higher 

temperature, i.e., 80℃, show bigger clusters and obvious cracks, which are due to the 

expansion of the volume of the thick layer. The elemental analysis performed by EDS 

is presented in Figure S5. For a given experimental conditions, namely at the same 

temperature (60℃), ion concentration (0.25 M NiCl2 + 0.25 CoCl2) and the duration of 

electrodeposition (2 hours), the Co content in the Ni-Co alloys gradually increases when 

(a) (b) (c) 

(d) (e) (f) 
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the electrodeposition potential is shifted toward more cathodic values, from 11 at% to 

23 at% and 48 at%, corresponding to a potential of -1.1, -1.2, and -1.3 V/Ag/Ag+, 

respectively. Decreasing the electrodeposition time from 2 hours to 1 hour leads to a 

decrease of the Co content from 48 at% to 36 at%. When the temperature was increased 

to 80℃, although the amount of deposition on the surface was obviously increased due 

to kinetic enhancement of the electrochemical reaction, the content of cobalt decreases 

up to 41 at%. Table 2 summarizes the different alloys prepared according to the 

experimental conditions. The thickness of the different deposits can be obtained from 

the analysis of the cross section of each sample by EDS and SEM presented in Figure 

S6. The average thickness of Ni-Co alloys slightly depends on the electrodeposition 

potential, varying from 5.1, 7.5, and 6.2 μm for potentials of -1.1, -1.2 and -1.3 

V/Ag/Ag+, respectively. All the samples were washed with an ethanol flow in the same 

way and duration. Therefore, the error due to the peeling of the top surface during the 

cleaning process can be ignored. As expected, the thickness of the deposit is 

proportional to the duration of the electrodeposition, while an increase in temperature 

also results in an increase of the thickness. Moreover, the mapping of the surfaces and 

of the cross sections of the sample by EDS clearly indicate that the distribution of Ni 

and Co elements are uniform. An example of these results is presented in Figure S7 for 

Ni-Co alloy prepared at -1.3 V/Ag/Ag+.  

In order to better describe the relationship between electrodeposition parameters, 

phases and composition of the deposit, another composition of the deposition bath was 

used (0.375 M CoCl2 + 0.125 M NiCl2) at different potential. The XRD spectra obtained 
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on the deposits are presented in Figure S8. The deposit at -1.2 V/Ag/Ag+ (C-Ni62.0Co38.0) 

is crystallized and results in a similar atomic ratio to the sample which was prepared at 

-1.3 V/Ag/Ag+. Through the data in Table 2, the Co content increases with the 

electrodeposition potential. An amorphous Ni-Co alloy, A-Ni51.9Co48.1, is also formed 

at a higher potential -1.3 V/Ag/Ag+. Therefore, the formation of amorphous alloys may 

be due to high cobalt content or high electrodeposition potential. By adjusting the ionic 

ratio of the solution (0.375 M CoCl2 + 0.125 M NiCl2), it can be seen that although the 

cobalt content is increased, the formed alloys are all in crystalline state. This indicates 

that the formation of amorphous alloy is not linked to the Co content of the alloy, but 

to the potential applied during the electrodeposition. It can also be seen that the alloy 

with a higher Co content prepared at -1.3 V/Ag/Ag+, C-Ni30.9Co69.1, shows a 

nanocrystalline structure but its peak is not as sharp as C-Ni62.0Co38.0, which is prepared 

at a lower potential. The evaluation of the grain size was performed with the Debye-

Scherrer equation: 

𝐷 = !"
# $%&'

         (2) 

where D is the mean size of the crystalline, K is the dimensionless shape factor (K = 

0.89), γ is the X-ray wavelength, B is the line broadening at half the maximum intensity 

(FWHM), and θ is Bragg angle. The grain sizes of different crystal alloys are reported 

in Table 2. The average grain size decreases from 14.8 to 12.0 nm when the potential 

decreases towards more cathodic values, until obtaining the amorphous alloys at the 

potential of -1.3 V/Ag/Ag+. The nano size grains of C-Ni88.7Co11.3 can also be measured 

through TEM, which is around 13 nm (Figure 5b). This value is similar to the one 
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calculated with the Debye-Scherrer relationship (Table 2), showing that the grain size 

calculated with Eq. 4 may correspond to the actual grain size. The grains in amorphous 

alloy A-Ni51.9Co48.1 are could be the cobalt oxide and nickel oxide, which were could 

be formed in the air during the preparation period of TEM measurements, shown 

through electron diffraction in Figure 5d. For the alloys prepared by electrodeposition 

from another electrolyte concentration, the change in grain size with the potential also 

follows the same rule with a decrease of the grain size when the applied 

electrodeposition potential varies from -1.2 to -1.3 V/Ag/Ag+. 

Table 2. Content of Ni and Co for different alloys prepared in various conditions. 

 Potential 
(V/Ag/Ag+) 

Time 
(h) 

Temperature 
(℃) 

Co 
(at%) 

Ni 
(at%) State Composition Grain size 

(nm) 
0.5 M 
NiCl2 -1.25 2 60 0 100.00 Crystal C-Ni 16.1 

+ 0.5 M 
CoCl2 

-1.3 2 60 100.00 0 Amorphous A-Co - 

0.25 M 
CoCl2  

+ 0.25 M 
NiCl2 

-1.1 2 60 11.28 88.72 Crystal C-Ni88.7Co11.3 14.8 

-1.2 2 60 22.82 77.18 Crystal C-Ni77.2Co22.8 12.0 

-1.3 2 60 48.12 51.88 Amorphous A-Ni51.9Co48.1 - 

-1.3 1 60 35.56 64.44 Amorphous A-Ni64.4Co35.6  - 

-1.3 2 80 41.42 58.58 Crystal C-Ni58.6Co41.4 20.5 
0.375 M 
CoCl2  
+0.125 

M NiCl2 

-1.2 2 60 38.00 62.00 Crystal C-Ni62.0Co38.0 29.0 

-1.3 2 60 69.10 30.90 Crystal C-Ni30.9Co69.1 22.2 
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Figure 5. TEM images of different electrodeposited alloys. a, b) C-Ni88.7Co11.3 c,d) A-Ni64.4Co35.6. 

 

XPS analysis was further used to characterize the surface state of different deposits 

prepared at different potentials. XPS of bonding energy of several compounds of 

interest are given in table 3. As shown in Figure 6, for deposit performed in Ni-

containing electrolytes, a mixture of Ni(0) (852.8 eV), Ni(II) (NiO/Ni(OH)2) (855.5 eV, 

855.6 eV is obtained. NiO and Ni(OH)2 originate from the oxidation during sample 

transfer, which also makes the main peak shifting towards higher level of energy. The 

oxide can also be identified through TEM in Figure 5b and 5d. The energy of electrons 

used for performing the XPS analysis is such that the detector can only sense the signal 

from 10 first nanometers below the surface of the deposit, showing that the oxide film 

thickness is either smaller than 10 nm or the oxide film does not completely cover the 

surface. Similarly, for deposit performed from Co-containing electrolytes, a mixture of 

Co(0) (778.2 eV), Co(II) (CoO/Co(OH)2) (780.6 eV) is also observed. For Ni-Co alloy, 

(a) (b) 

(c) (d) 
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in addition to the oxides and hydroxides, the main peak in Ni 2p and Co 2p spectra for 

the alloy prepared at -1.1 V/Ag/Ag+ corresponds to the binding energy of Ni-Co (852.7 

eV for Ni 2p and 778.5 eV for Co 2p), showing that the predominant bond in the 

crystallized Ni-Co alloy is the Ni-Co bond rather than elemental Ni and elemental Co 

contained in the amorphous Ni-Co alloy shown in Figures 6e and f. These results are in 

agreement with XRD analysis and TEM measurements. Additionally, nitrate anions 

remain in the deposit due to the combination of NO3- with the alloys at the electrode 

surface during the electrodeposition process, which can also be observed in the EDS 

analysis, shown in Figure S5. 
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Figure 6. XPS spectra of different electrodeposited alloys. a) survey b) Ni 2p of deposited Ni, c) Co 2p 

(b) 

 

(e) 

 

(c) 

 

(f) 

 

(d) 

 

(g) 

 

(a) 
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of deposited Co, d) Ni 2p and e) Co 2p of deposited Ni-Co alloys prepared at -1.1 V/Ag/Ag+, f) Ni 2p and 
g) Co 2p of deposited Ni-Co alloys prepared at -1.3 V/Ag/Ag+. 

 

Table 3. XPS bonding energy of different compounds [51-54]. 

 Ni Co NiO/Ni(OH)2 CoO/Co(OH)2 Co-Ni (NO3)- SnO 

Ni 2p3/2 (eV) 852.8 - 855.5, 855.6 - 852.7 - - 

Co 2p3/2 (eV) - 778.2 - 780.5, 780.6 778.5 - - 

O 1s (eV) - - 528.9/532.3 529.1/532.5 - - 530.9, 531.0 

N 1s (eV) - - - - - 406.7 - 

 

3.4 The electrocatalytic hydrogen evolution reaction of water at Ni-Co alloys 

The electrocatalytic properties of these materials have been investigated against the 

HER by linear sweep voltammetry and cyclic voltammetry in 1 M KOH aqueous 

solution as shown in Figure 7. The ECSA was evaluated from the determination of the 

interfacial capacitance (Cs) at different scan rates (Figure S11) at open circuit potential. 

The variation of the current density as a function of the scan rate for different alloys 

compositions is shown in Figure 7a. From the slope of these curves, the interfacial 

capacitance varies from 1.1 mF.cm-2 for pure cobalt to 0.12 mF.cm-2. Compared with 

pure C-Ni, Ni-Co alloys show higher ECSA values, shown in Table 4. The capacitance 

value of the crystalline C-Ni30.9Co69.1 is 0.47 mF·cm-2, which is almost 4 times higher 

than pure Ni. However, the capacitance values for the different Ni-Co alloys are lower 

than those of amorphous Co. Such large values may not be ascribed to the double layer 

capacitance (which is usually in the range of a about 10-50 µF cm-2), but rather to the 

formation of a thin oxide film on the alloy when immersed in KOH solution, the 

thickness of which may depend on the alloy composition.  

The overpotential are delimited by the potential value for which the current density 

reaches 10 mA·cm-2. It can be seen from Figure 7b that Ni-Co alloys show lower 

overpotentials in HER compared with Ni and Co. With the addition of Co, the HER 

overpotential of different crystalline Ni-Co alloys at 10 mA·cm-2 decreases from -0.49 

V/RHE to -0.48 V/RHE, -0.42 V/RHE and -0.34 V/RHE, corresponding to Co content 

of 0 at.%, 11 at.%, 38 at.% and 69 at.%, respectively. For amorphous A-Ni64.4Co35.6 and 
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A-Ni51.9Co48.1, the overpotential is -0.30 V/RHE and -0.19 V/RHE, which is lower than 

overpotentials of C-Ni and A-Co (Figure 7c). Comparing the alloys with similar atomic 

ratio, amorphous A-Ni51.9Co48.1 shows lower overpotential and lower onset potential (-

0.19 V/RHE and 0 V/RHE) than crystalline C-Ni58.6Co41.4 (-0.46 V/RHE and -0.17 

V/RHE). Compared to the ordinary crystalline alloys, the lower HER overpotential of 

amorphous alloys is due to the synergistic effect of the alloy atoms, the high surface 

energy of amorphous state and the active center density of amorphous alloys. The 

amorphous A-Ni51.9Co48.1 alloy also shows better value for the overpotential of HER 

than other works in the literature with the same conditions, like -0.31 V/RHE for Ni-

Co nanocomposite and -0.223 V/RHE for nanoporous alloy np-NiFeMoP [55, 56]. It 

is also lower that than -0.213 V/RHE for Ni-Co alloys with similar element ratio in 

another work [57]. Moreover, the amorphous alloys also show fast reaction rate, as 

lower Tafel slope than the crystalline alloys, which is 83.6 mV·dec-1, and 71.3 mV·dec-

1, corresponding to A-Ni64.4Co35.6 and A-Ni51.9Co48.1. However, it is not an ideal value 

for HER because of the unstable surface during the reaction. It has been observed that 

the electrocatalysis is always accompanied by structural rearrangement, possible 

mineral dissolution, oxidative damage, and physical stress from the gas evolution which 

render the catalyst physically unstable. Work is under progress for characterizing the 

stability of these electrodes during long term electrolysis. 
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Figure 7. Electrocatalytic properties of the materials towards the HER for different Ni-Co alloys: 

a) Cs of different Ni-Co alloys, b) LSV curves of Ni-Co alloys with different atomic ratio at a scan 

rate of 20 mV/s, c) LSV curves of crystalline Ni-Co alloy and amorphous Ni-Co alloy at a scan rate 

of 20 mV/s, d) Tafel slopes for different alloys for the HER. 

 

Table 4. Properties of Ni-Co alloys in 1 M KOH solution towards the HER 

 C-Ni C-Ni88.7Co11.3 C-Ni77.2Co22.8 A-Ni64.4Co35.6 C-Ni62.0Co38.0 C-Ni58.6Co41.4 A-Ni51.9Co48.1 C-Ni30.9Co69.1 A-Co 

Cs (mF·cm-2) 0.11 0.14 0.24 0.11 0.19 0.12 0.24 0.47 1.10 

OCP (V/RHE) 0.45 0.56 0.57 0.62 0.61 0.58 0.64 0.91 0.91 

Onset potential 
(V vs RHE) -0.16 -0.13 -0.12 -0.08 -0.08 -0.17 0 -0.01 0 I  

Overpotential  
(V vs RHE) -0.49 -0.48 -0.51 -0.30 -0.42 -0.46 -0.19 -0.34 -0.40 

Tafel slope 
(mV·dec-1) 134.6 93.3 112.1 83.6 93.5 88.6 71.3 68.9 107.4 

 

4. Conclusions 

In this work, the electrodeposition of pure Ni, pure Co, and Ni-Co alloys of various 

(a) 

 

(d) 

 

(c) 

 

(b) 
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compositions in EAN, a protic ionic liquid, and their properties in HER electrocatalysis 

were studied. The deposit of Co and Ni as the pure metal on glassy carbon in EAN in 

the air atmosphere is not a reversible process since it leads leading to the formation of 

oxides. Nevertheless, we have succeeded in preparing, for the first time in EAN, to our 

knowledge, pure amorphous Co, nanocrystalline Ni and nanocrystalline/amorphous Ni-

Co alloys by electrodeposition on FTO glass in an oxygen-free environment. These 

electroplated compounds were used as electrocatalysts for HER. The promotion effect 

of the Co addition on the HER to Ni-based alloys was studied and shown that the better 

result was obtained with the amorphous alloy, A-Ni51.9Co48.1. The amorphous state of 

the alloy exhibits a lower HER overpotential and faster reaction rate than crystalline 

alloys with the similar atomic ratio. However, there is still room for improvement in the 

stability of the deposited materials. This study demonstrates that a protic ionic liquid 

such as EAN is a good choice for the electrodeposition of Ni-based materials and it 

opens up a new way for the preparation of Ni/Co-based electrocatalysts, providing an 

interesting route for tuning the composition of alloys by electrodeposition. Work is 

currently underway to control the crystallite size and to prepare 3-metal alloys of 

controlled composition. 
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