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geometric and a second is electronic. The former depends on

the surface area developed by the electrode material at which

the reaction is taking place. The latter depends on the nature

of the material used and on its intrinsic activity.

Nickel is a good candidate for hydrogen evolution reaction

(HER). It combines satisfactory electrocatalytical activity and

chemical stability in alkaline solutions, and it is cheaper than

platinum, the reference catalyst for this reaction. However, to

improve its activity, i.e. decrease the overpotential for the

HER, the developed surface area should be increased. This can

be achieved by usingNi in the form of nanoparticles and, since

HER is a highly surface sensitive reaction, nanoparticles

should show optimised surface morphologies.

Many papers have reported the use of nickel ebased

electrodes with high surface area for HER. On one hand, an

increase in the developed surface area can be achieved

through several methods including the deposition of nickel

together with a secondary active material such as Al and Zn

by pressing [3,4], electrodeposition [5] or thermal spray [6],

followed by the dissolution of the secondary component

(Raney types electrodes), but also high current density elec

trodeposition of nickel [7] [8], or electrodeposition of nickel

on silica or polystyrene opals followed by a selective removal

of the opals [9]. On the other hand, increased intrinsic ac

tivity has been achieved by alloying Ni with some metals:

NiCo [10,11], NiMo [12e15], NiMoOx [16], NiFe [17], NiMn [18],

NiCu [19], Ni Rare earth [20]. Only a limited number of papers

discusses the HER on pure nickel nanoparticles [21,22] and

nanowires [23].

The aim of this work is to explore the HER mechanism and

to find the optimal design of the electrode material for this

reaction using nickel nanoparticles showing various mor

phologies, sizes and strain.

In the first part of this paper, a new aqueous route is pro

posed for nickel nanoparticle synthesis. The nickel nano

particles obtained by this approach were compared with

nanoparticles obtained by a polyol route andwith commercial

nickel particles, as purchased or mechanically milled. The

resulting morphologies were characterized by electron mi

croscopies and X ray diffraction. In the second part, electro

chemical measurements were routinely performed by cyclic

voltammetry, steadyestate polarisation and AC impedance

techniques to evaluate the impact of the Ni powder

morphology on the electrode performances.
2. Experimental method

2.1. Materials

Chemicals and reagents were used as received. NiCl2. 6H2O

(99.9998% Puratronic�) was purchased from Alfa Aesar. Hex

adecyltrimethylammonium bromide (CTAB 99%), sodium

borohydrideNaBH4 (�96%), polyvinylpyrrolidonewith average

molecular weight 1 200 000 g/mol (PVP 1200), potassium hy

droxide (99.99%) and nickel powder (5 mm, 99.7%) were pur

chased from Sigma Aldrich. Ammonia solution 28% was

purchased from VWR. Potassium bromide was purchased

from Merck. Deionized water with 18.2 MU cm resistivity was

obtained from aMilli Qwater purification systemand used for
the preparation of all the solutions. 99% purity Ni foils were

purchased from Goodfellow. Stainless steal 316 L grids were

purchased from Gantois.

2.2. Synthesis of nickel nanoparticles

2.2.1. Synthesis in aqueous medium
A calculated amount of NiCl2. 6H2O solution, used as Ni2þ

precursor, was added dropwise to a 50 mL NH3 aqueous so

lution, under magnetic stirring (200 rpm). The temperature

was kept constant at 25 �Cwith the help of a thermo regulated

water bath.

The mixture was prepared so to end up with 0.01 M NiCl2.

6H2O and 0.03 M NH3 respective concentrations. After 15 min,

a stabilizing agent was added. Three different stabilizing

agents were used: CTAB, PVP and KBr. At this step, two

different pathways could be followed:

Pathway #1 the synthesis was stopped after the addition

of the stabilizing agent.

Pathway #2 a 0.5 M solution of NaBH4 was added using a

peristaltic pump to the mixture at a rate of 0.1 mL min 1.

Hydroxide nanoparticles were obtained through both

synthetic pathways.

The hydroxide nanoparticles synthesized using PVP as

stabilizers were separated from solution by centrifugation

(4000 rpm, 90 min). Nanoparticles synthesized using the

other stabilizing agents were filtrated on Buchner, washed

using a watereacetone mixture, until the disappearance of

chloride and finally dried under vacuum. The synthesized

materials were annealed for 3 h at 400 �C under Are5%H2

with a 1 �C min 1 heating ramp. To determine the optimal

annealing temperature, an in situ X ray diffraction (XRD)

study was performed. The corresponding XRD results are

given in the SI section, Fig. SI 1.

2.2.2. Synthesis in ethylene glycol
Ni particles were synthesized by the so called polyol route as

described elsewhere [24]. Briefly, a 0.01 M NiCl2. 6H2O solution

in ethylene glycol was heated to 140 �C in a 100 ml three neck

round bottom flask equipped with a condenser. At this tem

perature, 0.36 g NaBH4 powder was added under strong mag

netic stirring, immediately leading to the formation of a black

precipitate. No stabilizing agent was used. The solid was

separated by filtration, washed and dried in the samemanner

as described in section 2.2.1.

2.3. Mechanical milling

A commercial nickel powder was used as starting material

for mechanical milling. The powder was introduced under

nitrogen atmosphere into a stainless steel container

with stainless steel balls. The milling was performed in a

planetary mill (Retsch PM 100) with a rotation speed of

400 rpm and different milling times: 10 min, 1, 3 and 12 h

respectively.

2.4. Physical and physicochemical characterizations

The structures of the synthesized nickel nanoparticles and of

the milled Ni powders were characterized by XRD using an



Fig. 1 e The X-ray diffraction of prepared Ni(OH)2
nanoparticles with NaBH4 (A) and without NaBH4 (B).
X’Pert Philips diffractometer operated with Cu Ka radiation.

The diffraction patterns were analyzed using the Maud 3.22

software.

Size strain broadening was evaluated through equation

(1) as, the instrumental XRD broadening determined from a

LaB6 standard sample was subtracted from the total

broadening

Bcosq
0:9l
d

þ esinq (1)

d, as the grain diameter, and e, as the lattice strain, can be

calculated with B as measured width at half maximum in

tensity of the considered diffraction peak at q Bragg angle and

l as the X ray wavelength (CuKa).

Surface morphologies of chemically synthesized nickel

nanoparticles were examined using transmission electron

microscopy (TEM) (JEOL e 1200EX e 2). The milled nickel

particles were imaged using scan electron microscopy (SEM)

(FEI Quanta FEG 200). For each sample, corresponding mean

particle sizes and size distributions were measured for 200

isolated particles.

2.5. Electrochemical measurements

The electrochemical measurements were carried out in a

standard three electrode electrochemical cell. A platinum

foil of 4 cm2 was used as counter electrode and a Ag/AgCl

in 3 M NaCl (M2 Materials Mates, type R4/AGCL/S7) as

reference electrode. The latter was connected through a

Luggin capillary to the working electrode compartment. A

solution of 1 M KOH in ultrapure water was used as elec

trolyte. The voltageecurrent density curves as well as

electrochemical impedance spectroscopy (EIS) were recor

ded using a high power potentiostat (BioLogic VMP3).

Before each experiment, the electrolyte was purged by

bubbling nitrogen (U quality) for 30 min. The nitrogen at

mosphere was maintained in the electrochemical cell dur

ing measurements. Electrodes were prepared in the form of

films deposited on a stainless steel grid with 5 mg cm 2

nickel loading.

All electrochemical measurements were done at 20 �C.
Cyclic voltammograms were recorded from oxygen (anodic

range) to hydrogen (cathodic range) evolution potentials at a

scan rate of 50 mV/s. Polarization curves were recorded at

1 mV/s scan rate from 0.95 to 1.7 V/Ref. The second scan

was used for analysis. Before polarisation measurement, the

working electrode was kept at 1.2V/Ref for 15 min in the

electrolyte solution to reduce the native oxide film at the

electrode surface. The metallic nature of the electrode sur

face was confirmed by running a CV right after such a po

larization step (see Fig. SI 2). Curves were corrected for

ohmic drop effect. The series resistance was previously

determined from EIS measurements. Impedance spectra

were recorded in the frequency range of 1 MHze10 mHz in

potentiostatic mode at four different potentials corre

sponding to moderate HER overpotentials ( 0.025, 0.075,

0.125, 0.175 V). The voltage amplitude was 10 mV. The

experimental data were fitted to the equivalent electrical

circuits by a randomize simplex procedure using Zfit EC Lab

software.
3. Results and discussions

3.1. Structural characterization

Particle composition and crystallinity were evaluated for each

prepared powders. For nickel nanoparticles synthesized in

water medium, the first focus was on the effect of NaBH4

addition. With or without NaBH4 addition, nickel hydroxide

nanoparticles were produced as confirmed by the XRD pat

terns shown in Fig. 1. NaBH4 was expected to reduce either the

hydroxide or, before hydroxide formation, solubilised Ni2þ as

Ni metal. Despite a colour change from green to black of the

suspension upon addition of NaBH4, nickel hydroxide was

detected by XRD in both cases (Fig. 1). The main reaction step

sequences proposed for these two processes are represented

in Fig. 2.

For pathway#2, the reaction is suggested to proceed by

reduction by NaBH4 of hexagonal, well crystallized nickel

hydroxide particles through a solideliquid mechanism to

promote the growth of small nickel particles (see insert

Fig. 3B). Because of the mild pH aqueous environment, these

nickel particles are quickly hydroxilated back. Through this

method, nickel hydroxide nanoparticles with various mor

phologies are obtained (Fig. 3). A thermal treatment under

reductive atmosphere (5%H2/Ar) is necessary to obtain

metallic nickel nanoparticles.

Fig. 4A shows the XRD patterns in the series of as

synthesized nickel nanoparticles. The diffraction peaks

correspond to cubic Ni metal (PDF card no.00 001 1260).

From the broadening of the XRD peaks both average crys

tallite sizes and lattice stains were calculated. Corresponding

values are summarized in Table 1.

Obviously, the calculated average grain size and strain

depend on the synthesis route and stabilizing agent. Nano

particles obtained by NaBH4 reaction are smaller thanwithout

NaBH4. Depending on the nature of the stabilizing agent used,

particle sizes range from 15 nm (CTAB, surfactant effect) to

42 nm (KBr, halogen stabilizing effect). Nickel crystallites



Fig. 2 e Reaction step sequence proposed for the two different synthesis pathways.
synthesized in ethylene glycol are smaller than those syn

thesized in aqueous medium. As such, the thermal treatment

needed in case of the aqueous route, is suspected to promote

the growth and aggregation of nanoparticles.

On the other hand, the observed lattice strains are greater

for nickel particles synthesized by the polyol route than for

those by aqueous synthesis. This can also be explained by the

strain release occurring during the reducing thermal treat

ment of prepared nickel hydroxide particles. A reduction

under hydrogen atmosphere and high temperature is known

to facilitate the formation of large crystallites by reducing the

activation energy of migration of defects, generally through

mobile hydride formation [25].

To expand the set of nickel particle morphologies and

sizes, nickel particles were also obtained by milling a com

mercial Ni powder. The XRD patterns evolution with the
Fig. 3 e TEM images of (A) Ni(OH)2, (B) Ni(OH)2 prepared without

used as stabilizer.
milling time is shown in Fig. 4B. By increasing themilling time,

the position of the (111) reflexion peak shifts to lower

diffraction angles and the peakwidths tend to broaden. After a

12 h ball milling step duration, the grain size decreased from

178 nm to 26 nm as the lattice strain increased from 0.093 to

0.235%. XRD results obtained for all these samples are shown

in Table 1 and Fig. SI 3.

In electrochemical systems, the size measured by electron

microscopy is considered as more physically consistent than

the crystallite size extracted from XRD measurements

because of the close relation between accessible surface and

geometrical surface deduced from electron microscopy. The

TEM images of the various samples synthesized in aqueous

environment are shown in Fig. 5. Fig. 5A0, B0, C0 and D0 presents
the corresponding size frequency histograms. The sample

synthesized without NaBH4 shows quasi spherical particles,
or by addition of NaBH4 respectively. In both cases, CTAB is





The anodic peak starting at 322 mV/Ref and its corresponding

reduction peak is assigned to the transformation of Ni (II)

species (hydroxides) in Ni (III) species (oxyhydroxides). A

major advance in the understanding of Ni (II) / Ni (III) tran

sition was made by Bode et al. [30]. They described the

behavior of nickel hydroxide films by considering two distinct

phases: a Ni(OH)2 þ OH g NiOOH þ e þ H2O, and b

Ni(OH)2 þ OH b NiOOH þ e þ H2O.

The oxidation of a Ni(OH)2 to g NiOOH is shown to occur at

a lower potential than the redox transition between the two b

phases. Moreover, the reduction of the oxyhydroxides (g and

b) gives rise to two distinct reductions peaks. The composition
Fig. 5 e TEM images of Ni nanoparticles prepared without NaBH

corresponding size histograms (A0), (B0), (C0), and (D0).
of the oxide film at a given potential depends on a wide range

of factors including its chemical history, the preparation

method of nickel particles preparation, concentration of de

fects, degree of hydration, etc.

Fig. 7 shows the fifth cycle of the cyclic voltammograms of

nickel particle based electrodesmeasured in 1MKOHaqueous

solution at a sweep rate of 50 mV/s. In the whole series,

oxidation and reduction peaks are unambiguously observed

with the exception of the CTAB stabilized nickel nano

particles. Intensities of the oxidation and reduction peaks are

proportional with the surface in contact with the electrolyte.

These intensities are well correlated with the particle sizes
4 (A), with CTAB (B), with PVP (C), with KBr (D) and the



Fig. 6 e SEM micrographs of the milled nickel powders: (A) non-milled, (B) milled for 10 min, (C) milled for 1 h, (D) milled for

3 h, (E) milled for 12 h.
estimated by TEM in accordance with the corresponding

developed surface area.

For particles with an average size larger than 52 nm, the

oxidation peak is well defined whereas this peak is nearly

absent for smaller particles. In the latter case, this can be

explained by the overlap of this peakwith the beginning of the

oxygen evolution reaction. The cyclic voltammograms from

the nanoparticles stabilized with CTAB significantly differe

from those obtained for other particles. This difference is

assigned to a phase heterogeneity including some nickel (II)

oxide traces, NiO, as revealed by XRD (Fig. 4). Side reactions

with CTAB during the reduction process under hydrogenated

argon probably originate for the formation of this nickel oxide.

This powder will not further be included in the present study

for discussion about HER.
Fig. 7 e 5th cycle of cyclic voltammetric curves of the Ni nanopa

and by mechanical milling (B). CVs were recorded with a sweep
3.3. Hydrogen evolution

3.3.1. Cathodic polarization curves
To investigate the electrocatalytic activity of synthesized par

ticles, kinetics parameters were derived from Tafel linear po

larization measurements. Curves from a commercial smooth

nickel foil electrode were also included for comparison.

For the linear part of the steady state polarization curve,

the kinetics equation can be written as in Equation (2).

h
2:303RT

bzF
logj0

2:303RT
bzF

logj aþ blogjjj (2)

The characteristic parameters, the Tafel slope, b and ex

change current density, j0, were calculated using Equation (2).

The Tafel slope b is characteristic of the mechanism for the
rticles based electrodes obtained by chemical synthesis (A)

rate of 50 mV/s.



HER, and the apparent current exchange density j0, provides

information on the intrinsic catalytic activity of the electrode

material. Moreover, the apparent activity of the various elec

trodes was measured for a given overpotential h100 corre

sponding to a current density of 100 mA/cm2.

The mechanism of HER in alkaline aqueous solutions in

volves the formation of an adsorbed hydrogen intermediate,

MHads (Volmer reaction, eq. (3)), the electrodesorption of

hydrogen (Heyrovsky reaction, eq. (4)) and/or a chemical

desorption by the combination of two adjacent adatoms (Tafel

reaction, eq. (5))

H2OþMþ e 5MHads þOH (3)

H2OþMHads þ e 5H2 þMþOH (4)

2MHads5H2 þ 2M (5)

Where M is a free site on the metal surface and MHads is a

metal surface site occupied by an adsorbed hydrogen adatom.

According to this general model for HER mechanism in alka

line medium, three distinct Tafel slopes can be calculated,

depending on the limiting step (3), (4) or (5).

If the Volmer reaction, step (3), i.e. the disruptive adsorp

tion of a water molecule, is the rate limiting step, the corre

sponding Tafel curve slope is theoretically 116 mVdec 1 at

20 �C. If the electrochemical desorption (4), i.e. Heyrovsky step,

is rate limiting, the corresponding Tafel slope is expected

above 38 mVdec 1. If the chemical desorption step of

hydrogen (5) is rate limiting, a theoretical slope of 29mV dec 1

is expected.

Fig. 8 shows two sets of Tafel curves measured at 20 �C on

the chemically synthesized nickel nanoparticles (A) and on

the mechanically milled nickel particles (B). The values of the

kinetics parameters extracted from these data are reported in

Table 2. As shown in Fig. 8A, the polarization curves obtained

for the chemically synthesized nickel nanoparticles are

characterized by two Tafel slopes, at lower overpotential (LO)

between 38 and 110 mV dec 1 and at high overpotential

between 221 and 132 mV dec 1. The polarization curves

measured for nickel particles prepared by mechanical milling

are characterized by a single Tafel slope ranging from 102

to 129 mV dec 1.
Fig. 8 e Tafel polarization curves for the HER on Ni nanoparticl

obtained by mechanical synthesis (B). The scan rate was 1 mV/
From data reported in Table 2, a correlation between the

Tafel slope and the particle structural characteristics can be

drawn. Small particles, corresponding to the largest devel

oped surfaces, give polarization curves with two Tafel slopes.

As the particle size increases, the differences between the two

Tafel slopes fade down. For particles larger than 1 mm in size,

a single Tafel slope is observed. Such changes in Tafel slope

have been observed for various catalysts and are generally

assigned to the increase of the surface coverage by hydrogen

[31,32]. For electrodes showing larger surfaces, the HER starts

at lower overpotentials. The limited values of Tafel slopes

measured at low overpotential (LO) for the small particle

based electrodes suggest the electrodesorption (Heyrowsky

step (4)) as the limiting rate step. In contrast, the charge

transfer at Volmer step (3) is very fast. For electrodes made of

larger particles and for the Ni bulk electrode, high values of

Tafel slopes are measured (at about 600 mV) at LO. These

values are characteristic of an activation process of the elec

trode with insignificant gas evolution but definitively associ

ated to HER faradic processes [33].

For small particles, from LO to HO, the observed change in

the Tafel slope clearly indicates a change in the HER mecha

nism. At HO, larger Tafel slopes originate from large amounts

of atomic and molecular hydrogen generated at the active

surface. They are absorbed at the catalyst surface, eventually

in the form of surface metal hydrides [34], and are suspected

to moderate the hydrogen evolution. Here again, the increase

in the Tafel slope is correlated to the size of the particles. The

smaller the particles, the larger the increase in the Tafel slope

from LO to HO: from 38mV dec 1 (LO) to 220mV dec 1 (HO)

for 5 nm particles and from 102 mV dec 1 (LO) to

188 mV dec 1 (HO) for 27 nm particles. For particles larger

than 1 mm in size, there is no change in the Tafel slope from LO

to HO as the HER mechanism remains the same, i.e. a rate

limited Volmer Heyrovsky mechanism.

For the entire electrode series, b2 Tafel slopes at HO, range

from 102 to 220 mV dec 1 pointing out the charge transfer

reaction (Volmer Heyrovsky reaction) as the rate limiting step.

The overpotential values corresponding to a 100mA cm 2

current density and exchange current densities are also re

ported in Table 2 as h100 and j0 respectively. The former

parameter is characteristic of the electrical energy required

for a given production of hydrogen. Prepared electrodes are
es obtained by chemical synthesis (A) and Ni particles

s at 20 �C.







Fig. 11 e Evolution of charge transfer resistance and mass transfer resistance with surface roughness at h[ L23 mV(A) and

at h [ L73 mV(B).
independent semicircle related to the surface porosity, and

the LF potential dependent semicircle related to the charge

transfer process. For this model, the R2 resistance is

assigned to the electrolyte resistance in the electrode porosity

and is independent of the kinetics of the faradic process. The

R3 resistance is related to the kinetics of the faradic reaction of

the HER. For the highest overpotentials values, a single

semicircle is observed and a general model is used to fit the

experimental data (Fig. 10C).

The double layer capacitance was approximated by a

constant phase element (CPE) to account for the non ideal

behaviour of the capacitive elements due to surface hetero

geneities including surface roughness, impurities, disloca

tions and grain boundaries [41].

The average double layer capacitances, Cdl, for the elec

trodes were calculated using the relation suggested by Brug

et al. [42] (equation (6)).

Cdl

h
Qi=

�
R 1
1 þ R 1

iþ1

�ð1 aiþ1Þ
ið1=aiþ1Þ

with i 1 or for 1CPE and 2CPE respectively
(6)

where Qi and aiþ1 are the CPEi (with i 1 or 2) constant and

exponent, respectively. R1 is the solution resistance and Riþ1

the HER charge transfer resistance. Considering a value of

20 mF cm 2 for the double layer capacitance of a smooth nickel

surface, used earlier in the literature [43], the real active sur

face area, in terms of surface roughness factor (Rf), may be
Fig. 12 e Evolution of the current exchange density with particle
estimated by comparing the Cdl related to the charge transfer

kinetics of porous/rough and smooth electrodes.

Table 3 shows the best fit estimates of the equivalent

electrical circuit parameters obtained from the impedance

measurements of prepared electrodes, by using the selected

models. The fit accuracy from calculated parameters

(expressed by Chi squared value) are close from one to the

other model making, at first, difficult the choice for the model

to select.

The variation of the HF semicircle radius with the over

potential depends on the size of the particles. For the elec

trodes made of the smallest particles (Ni polyol, and Ni KBr)

this variation is rather weak especially for the lowest over

potentials, h 23 mV and h 73 mV. For the electrodes

made of larger particles (Ni PVP and Ni commercial), the HF

semicircle clearly decreases as the overpotential is increased.

Thanks to this decrease, the HF semicircle can be assigned to

the change transfer kinetics, as suggested by the 1CPE model.

In contrast, C3 increases as the overpotential increases while

R3 rapidly drops down. This behaviour is typically associated

to the adsorption of hydrogen at the electrode surface and the

LF semicircle can then be assigned to this phenomenon. Sur

face roughnesses, Rf, were calculated using equation (6). Since

they are directly correlated, either Rf and particle sizes will be

used for EIS analysis.

Using this 1CPE model, some correlations can be drawn

between the characteristics of the Tafel plots (changes in slope)
sizes (A) and of the intrinsic catalytic activity with strain (B).





The catalytic activity of the prepared Ni particles was

studied only for short time measurements and further tests

must be done to assess on their long term stability.
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