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The kinetics of hydrogen evolution reaction (HER) was studied on nickel catalysts prepared

using a ruthenium spontaneous deposition method. Rotating disk electrode (RDE) and

electrochemical impedance spectroscopy (EIS) were used for electrochemical character-

ization, and the results of the analysis were compared with pure nickel catalysts. Three

different deposition times were used to obtain different ruthenium loads and to analyze

their impact on the electrocatalytic activity. Kinetic and thermodynamic parameters of the

reaction were obtained for freshly synthesized catalysts, and also for catalysts aged using a

short chronoamperometric procedure. The presence of ruthenium was found to shift the

reaction onset potential up to about 160 mV to lower overpotentials comparing with pure

nickel, which not increases after ageing, showing a substantial improvement in catalytic

activity. Results of Tafel and KouteckyeLevich (KeL) analysis have shown that the HER rate

determining step is the Volmer reaction with Langmuir type adsorption for both, Ni/Ru

fresh and aged catalysts.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Nickel metal is widely used as cathode in alkaline electro-

lyzers because of its corrosion resistance at high pH values
9; fax: þ5411 6772 7121.
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y Publications, LLC. Publ
[1e6]. Besides, several studies have shown that nickel elec-

troactivity towards the hydrogen evolution reaction (HER),

decreases due to the formation of hydrides under cathodic

potentials [7e9].
ished by Elsevier Ltd. All rights reserved.
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The mechanism of HER in alkaline solution is usually

modeled as occurring through a three stepsmechanisms. Two

of them are electrochemical (Tafel and Heyrovsky reactions)

while the third one is a surface adsorption process (Tafel re-

action) [10e12]:

Niþ H2Oþ e� #
kV

k�V

Ni/Had þ HO�
ðVolmer ReactionÞ

2Ni/Had #
kT

k�T

2Niþ H2
ðTafel ReactionÞ

Ni/Had þH2Oþ e� #
kH

k�H

NiþHO� þ H2
ðHeyrovsky ReactionÞ

Nickel based bimetallic catalysts, such as Ni/Fe [13], Ni/W

[14], Ni/Ir [15], Ni/Co [16], Ni/Ag [17], Ni/Cu [18], Ni/Mn [19], and

Ni/Ce [20], usually obtained by electrodeposition, have been

widely studied in recent years in the search for catalysts that

improve the activity of nickel towards the HER, and prevent its

deactivation by formation of hydrides. Houlachi and co-

workers [21]. have recently reviewed themain features of HER

in bimetallic catalysts.

Oxides and hydroxides are easily formed on the ruthenium

surface due to the discharge of water [22e25] and, because Ru

is less expensive than other metals such as Ir, Pt or Pd, it is

widely used as an activator in electrocatalysis.

Several studies have demonstrated that the HER electro-

catalytic activity of Ni can be substantially enhanced by

deposition of RuO2 thin layers, either by direct thermal

decomposition of RuCl3 solutions [26], or by electrodeposition

of RuO2 particles from a Ni/Ru bath [27,28]. In all cases, acti-

vation of electrodes is observed but, the low mechanical sta-

bility of the catalysts and the high costs of the process prevent

its practical application.

In recent years, the synthesis of catalysts via spontaneous

deposition has been proposed as a fast and simple way for the

synthesis of modified nickel electrodes [29e33]. This method

has the additional advantage of allowing the activation of the

electrodes without disassembling the electrolyzer.

In situ Ni activation by Ru electrodeposition during H2

evolution in 40% KOH at 120 �C was reported by Schmidt et al.

[34]. Furthermore, Wieckowski and co-workers [35e37] have

shown that Ru can be spontaneously deposited on Pt from an

acidic solution. The possibility of spontaneous deposition of

Ru on Ni electrodes has been proposed and investigated by

different groups in the last decade. Trasatti and coworkers [38]

analyzed the spontaneous deposition of Ru carried out in

HCl þ RuCl3 solutions. Ru deposition was confirmed by EDX

and XPS, and monitored as a function of the deposition time

by cyclic voltammetry in 1 M KOH. Ni activation by Ru was

verified by the appearance of H adsorption peaks in the vol-

tammetric curve. Musiani and coworkers [39,40], synthesized

porous modified Ni deposits by immersing Ni in acid dea-

erated solutions containing Ru(III) or Ir(IV) chloride com-

plexes. Data showed that the initial large area of the porous

nickel deposits was increased after the immersion, and sig-

nificant differences on the Ru and Ir deposits were observed

besides the thickness of the deposit, the oxidation of Ni and

the growth of hydrous surface oxides. The catalytic activity of

the electrodes modified with noble metals generally improves

upon potential cycling, which oxidized Ni and induces the

growth of hydrous surface oxides on both, Ru and Ir.
In a previous work we have analyzed the electrochemical

behavior of freshly polished nickel electrodes (Nif) and nickel

electrodes after a short chronoamperometric ageing proce-

dure (Nipc), using the rotating disk electrode and electro-

chemical impedance techniques [41]. Based on the kinetic and

thermodynamic parameters of the HER in alkaline aqueous

solution, we concluded that it occurs through reduction of

water, and the Volmer reaction is not controlled by the water

diffusion, which is in excess, but by the diffusion of HO� ions.

Thus, a theoretical KoutechyeLevich (KeL) slope, that allows

the proper fit of the experimental data, was calculated. Large

changes in the electrocatalytic behavior of nickel after the

chronoamperometric pulse were observed and correlated

with changes in the hydrogen adsorption rate on the catalyst

surface. Tafel and KeL analysis show that the rate deter-

mining step on Nif is a one electron transfer process (Volmer

reaction), showing a Langmuir type H adsorption isotherm,

while on Nipc the number of transferred electrons decreases,

becomes temperature dependent, and the H adsorption

isotherm is Temkin type.

In this work, nickel/ruthenium catalysts were synthesized

via spontaneous deposition and electrochemically character-

ized. The ruthenium deposition time was modified in order to

obtain different loads. The modified nickel electrodes were

analyzed in alkaline solution by linear sweep voltammetry at

different rotation rates and temperatures, cyclic voltammetry,

electrochemical impedance spectroscopy (EIS), and

chronoamperometry.

Although similar catalysts to those prepared in this work

have been reported in the literature, the kinetic and thermo-

dynamic values necessary for the proper understanding of the

parameters that affect the catalytic activity of these materials

have not been measured. In this work the KL slopes were

calculated on the basis of the HER mechanism in alkaline

solution presented in a previous work [41], and used to

establish changes in the reaction mechanism with tempera-

ture and ageing for all the catalysts synthesized. Conway and

Tafel analysis were conducted in order to analyze the pro-

cesses occurring on the electrodes surfaces, as hydrogen

adsorption. The KL slopes have not been reported in previous

works, nor activation energy, activation enthropy and

enthalpy values (aS and aH, respectively), for this type of

catalyst. The analysis of these parameters, determined in this

work, are necessary for the proper understanding of the

mechanism by which the nickel is activated towards the HER

by adding ruthenium and allows us to establish which is the

effect of the adding of ruthenium on the catalytic activity of

nickel based catalysts, fresh and after a short ageing process.
Experimental

Chemicals

Potassium hydroxide (Anedra RA reagent), hydrochloric acid

36.5e37% (Cicarelli, PA grade), ethanol 96% (Cicarelli) and

ruthenium trichloride (99.99%, Aldrich) were used as received.

All aqueous solutions were prepared with Milli-Q water,

degassed using high purity N2 (Indura S.A.).
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Catalyst preparation

The nickel electrodes (99.9 purity) for catalysts synthesis

(area ¼ 0.196 cm2) were mechanically polished with 0.05 mm

alumina. The electrodeswere repeatedly cleanedwith ethanol

and by consecutive immersion steps in 1 MKOH, and HCl (10%

w/w) aqueous solutions, during 1min, in order to degrease the

surface. The catalysts preparation via spontaneous deposition

was conducted by immersion of freshly polished nickel elec-

trodes in deaerated RuCl3 solution (1 g dm�3), at room tem-

perature. Three deposition time were used in order to obtain

different ruthenium loads on the nickel surface. All catalysts

were synthesized using freshly prepared RuCl3 solutions to

prevent changes in the concentration of the solution for the

repeated uses.

Electrochemical characterization

All the electrochemical experiments were conducted in a

conventional three-electrode electrochemical cell with a

thermostatic jacket. A platinum sheet was used as counter

electrode and a saturated calomel electrode (SCE) as reference

electrode (0.243 V vs. RHE). The reference electrode was kept

outside the cell to maintain it at room temperature and the

circuit was closed using a capillary filled with KCl in agar. 1 M

KOH aqueous solution was used as electrolyte. During all the

electrochemical measurements, a nitrogen flux was main-

tained over the electrolyte surface to properly deaerate the

solution.

The electrochemical studies were performed with an

Autolab PGStat30 potentiostat/galvanostat with FRA2module,

coupled to a rotating disk electrode (Pine Research Inst.;

Raleigh, NC). RDE measurements were conducted on a

massive Ni disk electrodemounted in an interchangeable RDE

holder (Pine Research Inst.; Raleigh, NC), and the rotation rate

was varied between 100 and 2500 rpm. The uncompensated

ohmic electrolyte resistance (~50 U) was measured via high

frequency ac impedance in N2 saturated 1 M KOH solution,

and used to calculate the cell constant. Ohmic drop correction

to the applied potentials was made automatically by Autolab

software (Metrohm Autolab Nova 1.10). The temperature of

the cell during the experiments was controlled using a Lauda

Alpha RA 8 controller, and themeasurements were conducted

between 278 K and 308 K, in steps of 5 K. The area used for all

current densities calculation was the corresponding to the

geometric area of the disk electrode (0.196 cm2).

Cyclic voltammetry (CV) and linear sweep voltammetry

(LSV) experiments were conducted between 0.1 and�1.5 V (vs.

SCE) at a scan rate of 10 mV s�1 for all nickel electrodes.

Impedance spectroscopy experiments were carried out by

applying a 10 mV potential modulation at frequencies be-

tween 10 mHz and 100 kHz at different electrode potentials,

such as: open circuit potential (OCP), HER onset potential, 0.1 V

and 0.3 V more cathodic than the corresponding onset po-

tential of each catalyst. These selected potential values were

chosen in order to cover the potential range where the HER

takes place [42]. The fitting of the measured data were carried

out using the ZView 3.3 program (Scribner Associates, Inc.) in

the frequencies interval of 10 mHz and 100 kHz with the

equivalent circuit proposed by Armstrong and Henderson [43].
Chronoamperometric measurements were carried out

applying a potential pulse at �1.5 V (vs. SCE) during 4 h at

298 K. A 900 rpm electrode rotation rate was used for the EIS

and chronoamperometric experiments, in order to prevent

the formation of bubbles.

Electrochemical analysis

The HER overall current density (j) can be expressed in terms

of the kinetic current density, jk, and the boundary-layer

diffusion limited current density, jd by the KouteckyeLevich

(KeL) equation [44]:

1
j
¼ 1

jk
þ 1
jd
¼ 1

jk
þ 1
Bu1=2

(1)

where u is the rotation rate (rpm) and B is the Levich slope

given by,

B ¼ 0:2nFCoDo
2=3n�1=6 (2)

where 0.2 is a constant used when u is expressed in rpm, n

is the number of electrons transferred per molecule of H2O

reduced, F the Faraday constant (96,485 C mol�1), CO is the

HO� concentration in the solution (0.001 mol cm�3), DO is

the HO� diffusion coefficient (5.3 � 10�5 cm2 s�1) [45], and n

the kinematic viscosity of the 1 M KOH solution

(9.473 � 10�3 cm2 s�1) [45]. The theoretical value of B�1 for

single electron charge transfer (i.e.,n ¼ 1) process is

1.689 � 10�2 mA�1 cm2$rpm1/2 [41]. The comparison of the

calculated slope for the straight lines in the KeL plots with

the theoretical B value allows evaluating the number of

electrons involved in the reaction.

The Tafel equation is:

log jk ¼ 2:3RT
nFa

Eþ jo ¼ bEþ jo (3)

where j0 is the exchange current, b is the Tafel slope

parameter, n is the number of electrons transferred, and a is

the transfer coefficient. In order to calculate the value of n,

we used a ¼ 0.5. The kinetic current density (jk), was calcu-

lated by correcting the measured current density (j) by the

mass transfer using the diffusional limiting current (jd), with

Eq. (4):

jk ¼ j
jd�

jd � j
� (4)

Usually, it is observed that when b is independent of tem-

perature, the transfer coefficient shows a linear dependence

with temperature. The a parameter is composed of enthalpic

(aH) and entropic (aS) contributions. The terms aH and aS are

related to the change of the electrochemical enthalpy of

activation and the entropy of activation with the electrode

potential, respectively [41,46]. They can be calculated

employing the Conway analysis by a linear fit of the 1/b vs. 1/T

plot, and using the Eq. (5).

1
b
¼ naHF

2:303RT
þ naSF
2:303R

(5)

Finally, it is possible to calculate the apparent activation

energy (DН#) using the j0 values, calculated with the Tafel, and

the Arrhenius equations:

http://dx.doi.org/10.1016/j.ijhydene.2015.12.143
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DH# ¼ �R

�
dln jo
jð1=TÞ

�
(6)

Structural characterization

Scanning electron images were obtained using a Supra 40

(Zeiss Company) FESEM operating at 3 kV, equippedwith EDX.

EDX spectra and EDX mapping were obtained operating at

6 kV.

X-ray diffractograms were recorded employing the Cu Ka

radiation (l ¼ 1.5406 �A), using a PANalytical X‘Pert PRO

diffractometer (40 kV, 40 mA), in the q e 2q BraggeBrentano

geometry at room temperature. A 2q range between 10� and

70� was selected, with increments of 0.02� and a counting time

of 14 s per step. The FULLPROF program [47] was applied to

refine the crystal structure by Rietveld method. A pseudo-

Voigt shape function was used to fit the experimental data.

The data refined were atomic positions, lattice parameters,

peak shape, isotropic thermal parameters, and occupation

factors.
Results and discussion

Catalyst synthesis

Three NiRu catalysts were synthesized with 500 s deposition

(NR500), 1800 s deposition (NR1800), and 3600 s deposition

(NR3600).

In order to study the deposition process, the open circuit

potential (OCP) was monitored during the spontaneous

deposition of ruthenium. Fig. 1 shows the variation of OCP vs.

deposition time for the NR500 catalyst. It can be observed that

initially OCP is negative, that is consistent with a displace-

ment reaction [48], followed by a change on the electrode

potential to positive values, reaching ~0.2 V (vs SCE), which is

almost time independent. The change in the electrode OCP is

due to changes in the electrode surface, and the OCP profile

indicates that the immersion nickel process involves two

different steps, the nucleation and growth of Ru on the surface
Fig. 1 e OCP as a function of time for a Nif sample

immersed in 1 g dm¡3 RuCl3 solution.
[49,50]. A shoulder coupled to the OCP decay (showed with an

arrow in Fig. 1) is observed at around 30 s. That shoulder is

similar to that observed for the electrochemical nucleation/

growth of nanoparticles over a surface [17] being indicative of

the particles formation on the nickel surface [51e53]. Stabili-

zation of the OCP values is reached after 75 s.

Structural characterization

Scanning electron micrographs were obtained in order to

analyze changes in the structure, and the presence of crevices

with the deposition time. In Fig. 2a the SEM micrographs of

NR500, NR1800 and NR3600 electrodes at a magnification of

100.000 x are presented. The samples are mainly granular,

show polishing marks, and superficial fractures or crevices

were not observed.

In Fig. 2b, the X-ray diffraction (XRD) pattern of the NR1800f
sample is presented. The XRD patterns for all the Nickel/

Ruthenium catalysts clearly exhibits the characteristic re-

flections expected for nickel with face centered cubic (fcc)

structure [23]. All samples show peaks at 44.6� and 65.0�,
corresponding to aluminum present in the sample holder. Ru

peaks aremasked by the Ni peaks withmuch higher intensity.

The low intensity of the ruthenium peaks is due to the fact

that ruthenium is found only on the catalyst surface. The in-

tensities ratio of the XRD peaks of Ni (1 1 1) andNi (2 0 0) planes

is 6.72, showing a preferential (1 1 1) plane, similar to the

observed in the freshly polished nickel catalyst. The values of

2q for the Ni (1 1 1) and (2 0 0) planes are 44.5� (FWHM¼ 0.192�)
and 51.8� (FWHM ¼ 0.288�), respectively; with a d-spacing

distance of 2.03 Å, for the plane (1 1 1) and 1.76, for the (2 0 0)

plane.

EDX spectra (Fig. 3a) show the typical Ni La band

(0.851 keV). Although the Ru La band at 2.558 keV (Fig. 3b) can

also be detected, it is much less intense than the Ni signals.

This is due to the fact that EDX beam has high penetration in

the material and ruthenium is deposited only on the material

surface, which makes very difficult its quantification. How-

ever, it is observed an almost linear relationship between the

Ru La band area and the deposition time (Fig. 3c), indicating an

increase in the proportion of Ru in the catalyst surface.

EDXmapping shows that the composition is homogeneous

in the entire sample surface, and only traces of Al and Si (from

the polishing alumina) contaminate the surface.

Cyclic voltammetry and chronoamperometric analysis

Freshly synthesized catalysts
Fig. 4 shows typical cyclic voltammograms of freshly polished

bare nickel and the three Ni/Ru synthesized catalysts,

measured at 298 K and a scan rate of 10 mV s�1 in 1 M KOH

solution.

A decrease in the onset potential for the HER was

observed in the catalyst synthesized when the ruthenium

deposition times were 500 and 1800 s. The lowest onset

potential corresponds to the NR1800f catalyst, with a current

density measured at 1.5 V (vs. SCE) almost 5 times larger

than that for bare Nif [41]. The progressive activation of

nickel by ruthenium deposition could be originated from a

diminution of the Fermi level of nickel [54,55]. With a

http://dx.doi.org/10.1016/j.ijhydene.2015.12.143
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Fig. 2 e a: SEM micrographs of fresh NR500 (left), NR1800 (middle) and NR3600 (right) catalysts measured at 6 keV and a

magnification of 100.000 x, respectively. b: X-ray diffraction pattern of NR1800f.
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deposition time of 3600 s (NR3600), the electrochemical ac-

tivity towards the HER is notoriously reduced, probably as a

consequence of an excess of ruthenium (and ruthenium

oxides) on the surface. It is well known that ruthenium is
Fig. 3 e a: EDX spectrum of NR1800f measured at 6 keV. b. Magn

and NR3600 catalysts. c. Correlation between deposition time a
easily oxidized in water, and ruthenium oxides have very

low electroactivity towards HER [56]. Additionally, an excess

of ruthenium content would prevent the H atoms to reach

the nickel surface. In the inset of Fig. 4, the changes in the
ification of the EDX spectra of La Ru band of NR500, NR1800

nd (La Ru band/La Ni band) ratio.

http://dx.doi.org/10.1016/j.ijhydene.2015.12.143
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Fig. 4 e Cyclic voltammograms of Nif [41], NR500f, NR1800f
and NR3600f catalysts in 1 M KOH at 298 K (scan rate:

10 mV s¡1). Insert: Changes of catalysts onset potential

with Ru deposition time.
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onset potential with the ruthenium deposition time are

showed. It can be seen that deposition during 1800 s, de-

creases up to 160 mV the OCP of HER compared to that of

freshly polished bare nickel (Nif) [41].

Fig. 5 shows a magnification of the cyclic voltammograms

of Nif and NR1800f. It is observed that the cathodic (Ic) and

anodic (Ia) peaks (marked with arrows in Fig. 5) are separated

around 80 mV, and there is a significant increase of the in-

tensity in the presence of ruthenium. Ic and Ia peaks corre-

sponds to the reversible electrosorption of H on Ru [38].

Moreover, the Ia peak in Nif is practically absent, while in the

nickel ruthenium catalysts, the H adsorption/desorption pro-

cesses are more reversible, indicating that, unlike it was

observed in bare Ni [9], stable nickel hydrides generation is

electrochemically disfavored by the presence of ruthenium,

avoiding the electrode deactivation.
Fig. 5 e Magnification of the cyclic voltammograms shown

in Fig. 4.
Short aged catalysts
The Ni/Ru electrodes, after being characterized for different

electrochemical techniques (LSV by RDE at different temper-

atures, EIS at different potentials), were subjected to a chro-

noamperometric pulse for 4 h, in order to analyze short-term

ageing effect of the catalysts during the hydrogen evolution.

Fig. 6 shows the 4 h chronoamperometric profile of the Ni/

Ru catalysts synthesized, alongwith the results for bare nickel

measured in a previous work [41]. Two zones can be clearly

individualized in the NR500 and NR1800 catalysts, as in Ni

electrodes. The first one (between 0 and 100 s), where the

current decreases rapidly, and the second one, for t > 100 s,

where a gradual increase of the hydrogen generation current

was observed, which is due to the catalyst activation. It was

previously reported that RuO2 is a poor catalyst for hydrogen

reactions in the as-grown state, but its activity increases after

cathodic polarization, due to the formation of metallic

ruthenium sites with high electrocatalytic activity [56].

The chronoamperometric current recorded at 4 h in

NR1800 is 7.2 times higher than in bare Ni, showing a clear

activation of the NiOHads formation process, induced by the

presence of ruthenium in the surface. On the other hand, the

NR3600 catalyst shows a different behavior when compared

with other catalysts (including bare Ni) at times lower than

100 s. The activation process is much lower for NR3600, and

the NiOHads formation current after the initial decay increases

only 1.88 times compared to the initial value, while the cor-

responding incremental ratios are 2.72 on NR1800 (similar to

the observed in NR500) and 3.07 on bare Ni. The observed

differences for the water discharge and the HER activation

indicates a compromise situation between the amount of

deposited ruthenium (and consequently the deposition time)

and the current densities obtained.

In Fig. 7 the linear sweep voltammetry of NR1800 catalyst

before (NR1800f) and after (NR1800pc) the chronoamperometry

experiment, are shown. A noticeable increase in the current

density at �1.5 V (vs. SCE) is observed after ageing. The

NR1800pc catalyst is 6.8 times more active towards the HER

than the NR1800f catalyst. This trend is opposite to that
Fig. 6 e Chronoamperometric profile of hydrogen evolution

reaction on Nif [41], NR500f, NR1800f and NR3600f in 1 M

KOH obtained at ¡1.5 V (vs. SCE), 298 K, and rotation speed

of 900 rpm.

http://dx.doi.org/10.1016/j.ijhydene.2015.12.143
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Fig. 7 e LSV of NR1800f (filled line) and NR1800pc (dashed

line) electrodes in 1 M KOH measured at 298 K (scan rate

10 mVs¡1). Insert: Magnification of the NR1800f and

NR1800pc LSV.
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observed in pure nickel, where after 4 h potential pulse, the

current density of Nipc is 5.6 times lower than that found in Nif
[41]. In the insert of Fig. 7, it can be seen that HER onset po-

tential is not modified by the ageing process, unlike that is

observed in pure nickel where the potential is shifted to higher

onset potentials about 0.3 V [41]. Furthermore, the HO�

adsorption current on the NR1800pc surface is 1.75 times

higher than the observed in NR1800f (at �1.0 V (vs. SCE)),

indicating an activation of the adsorption process.

For the catalyst NR500 a slight increase in onset potential

after ageing is observed, while the catalyst NR3600 exhibits

the same onset potential after the ageing process.

RDE analysis

Fig. 8 shows a set of RDE current densityepotential curves

obtained for NR1800f and NR1800pc catalysts in N2 saturated

1 M KOH electrolyte at 298 K.

All catalysts show a well-defined charge transfer kinetic

control at potentials above �0.50 (vs. SCE) and a mixed kinetic
Fig. 8 e RDE curves for HER obtained in 1 M KOH at 298 K

on: a) NR1800f; b) NR1800pc, at different rotation rates.
diffusion control, occurring between �0.86 and �0.50 V (vs.

SCE). In this zone of potential, the nickel oxides reduction and

the adsorption of water on the catalysts surface to form nickel

hydroxide occurs, relatedmainly with the Volmer reaction [9].

It can be seen that while there is no change in the onset

potentials, NR1800pc sample has a better defined diffusional

control area (between �0.86 and �1.03 V (vs. SCE)), indicating

that the electrode was stabilized during the ageing treatment

[41].

Fig. 9 shows the KouteckyeLevich plots obtained for NR500

and NR1800 at different potentials, before and after the

chronoamperometry, compared to the theoretical curve for

one electron transference (dashed line). The linearity of the

plot indicates that H2 evolution is a first order reaction and a

noticeable change in jk (obtained from the u�1/2 ¼ 0 intercep-

tion) is observed [57]. It is observed that freshly catalysts show

an increase in the electron transfer rate with increasing

overpotential, whereas in the catalysts after the chro-

noamperometry, substantially constant jk values (with over-

potential) were observed, indicating a rapid electron transfer

[57].

The obtained values of Levich slope (B) and transferred

electrons number (n) are summarized in Table 1. It is observed

that, in most cases, n < 1 (0.72 < n < 0.94) indicating that the

rate limiting step is the Volmer reaction.

After the chronoamperometry, the transferred electron

number increases between 25 and 30% for NR500 and NR1800

catalysts, suggesting a major contribution of the Volmer re-

action to the overall reaction when the catalyst is subjected to

short-term ageing. On the other hand, in NR3600 catalyst the

change in n is more dramatic, indicating a change in the re-

action mechanism, probably associated to an important

contribution of the Heyrovsky reaction.

The mass transfer corrected Tafel plots for the nickel/

ruthenium synthesized catalysts before (Fig. 10a) and after

(Fig. 10b) the chronoamperometry shows a shift in the equi-

librium potentials for all the catalysts. In Fig. 10a (freshly

synthesized catalysts) it can be seen that the equilibrium po-

tentials shift to more positive potentials, with respect to pure
Fig. 9 e KeL plots for HER at 298 K on a) NR500f, b) NR500pc,

c) NR1800f and d) NR1800pc at different electrode potentials.

The theoretical one electron slope is showed as a dashed

line.
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Table 1 e Kinetics parameters for the HER on the synthesized catalysts in 1 M KOH calculated from the KeL analysis,
Conway analysis (average of the entire range of rotation rates), Tafel slope (average of the values obtained between 278 and
308 K. Rotation rate: 900 rpm) and apparent activation energies for all catalysts.

b (Vdec�1) n aH aS (K�1) j0 (mA cm�2) Ea (kJ mol�1)

NR500f �0.137 0.72 �2.94 � 10�4 �1.36 � 10�4 7.85 � 10�5 48.8

NR500pc �0.127 0.94 �8.85 � 10�4 �5.16 � 10�4 3.11 � 10�5 38.2

NR1800f �0.131 0.61 �1.93 � 10�3 �5.81 � 10�5 3.61 � 10�4 39.0

NR1800pc �0.131 0.82 �3.24 � 10�3 �4.87 � 10�5 1.05 � 10�4 19.3

NR3600f �0.131 0.75 �3.64 � 10�4 �6.62 � 10�4 4.16 � 10�4 28.9

NR3600pc �0.150 1.45 �1.28 � 10�3 �3.11 � 10�4 5.75 � 10�5 27.6

Nif [41] e e - 1.13 � 10�3 3.11 � 10�3 8.02 � 10�5 60.3

Nipc [41] e e �9.92 � 10�4 2.11 � 10�3 1.76 � 10�7 65.3

Fig. 10 e Mass transfer corrected Tafel plots for the HER on

a) fresh catalysts and b) catalysts subjected to four hour

chronoamperometry at 1600 rpm and 293 K. Scan

rate ¼ 10 mV s¡1. * Ref. [41].
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nickel, by adding ruthenium. Besides, nickel/ruthenium cat-

alysts, before and after ageing treatment, show the same

equilibrium potential, while the pure nickel catalyst after

chronoamperometry shows a shift to higher overpotentials.

Tafel slope (average of the entire range of temperatures

used, see Table 1) is similar, around �0.130 V dec�1, for all the

catalysts, except the NR3600 catalyst whose values change

from �0.131 V dec�1 to �0.150 V$dec�1 after chro-

noamperometry, indicating a change in the reaction mecha-

nism. Conway graphics (not shown) were done using the

reciprocal of Tafel slopes versus 1/T obtained for each catalyst

[41,58], and the respective values of aH and aS, calculated using

equation (5), are presented in Table 1.

Thus, for NR500 and NR3600 catalysts the entropic

component is the major contribution during reaction activa-

tion, similar to that observed with pure nickel [41]. On the

other hand, for NR1800 catalyst the enthalpic contribution to

activation seems to overcome the entropic contribution. This

indicates that, for NR1800, the enthalpic change with tem-

perature in the activation energy is themain factor controlling

the reaction kinetic at a given electrode potential.

The aH and aS values obtained for all nickel/ruthenium

catalysts are lower than those previously observed in pure

nickel [41], except for the enthalpic component in the NR1800
catalyst both, fresh and aged. The negative aH values indicate

a positive heat of adsorption. All nickel/ruthenium catalysts

exhibit a negative aS, unlike what is observed in pure nickel

where aS is positive. The negative sign of aS, indicates that

during activation the system is ordered, suggesting a greater

Volmer reaction contribution to the overall process, since this

reaction is the only of the three (Volmer, Tafel and Heyrovsky)

having an ordering effect on the system. This value of aS is

probably related with the facility of Ru atoms to adsorb water

molecules [59,60]. In the case of NR1800 catalysts, the pre-

ponderance of the enthalpy component over the entropic

component, with aH values even higher than those found in

pure nickel, indicates that the adsorption is favored in com-

parison to the other catalysts, which could explain the higher

catalytic activities presented by the NR1800 catalyst. Particu-

larly, aH for the catalyst NR1800 grows almost 70% after

ageing, showing an increased tendency to adsorbwater on the

catalyst surface.

The values of exchange current for each catalyst shown in

Table 1 (average over the whole range of temperatures, be-

tween 278 and 308 K), are in most of the cases, higher than

those found for pure Ni, as summarized in Table 1.

NR500f catalyst has similar j0 to that obtained for Nif,

while the NR500pc catalyst presents only a slight decrease

from NR500f (with a j0 two magnitude orders higher than

Nipc catalyst), showing a substantial improvement over the

performance of the nickel pure catalyst. Moreover, the

NR1800 catalyst has a higher current density than NR500

and NR3600.

The apparent activation energies (DН#) for each of the

catalysts were calculated using the temperature dependence

of j0, and eqn (6). The values of DН# for all catalysts are sum-

marized in Table. It is observed that the nickel/ruthenium

catalysts have lower activation energies than pure nickel.

Besides, the DН# decrease after the chronoamperometry,

conversely to the observed in pure nickel catalysts. The lower

activation energy corresponds to NR1800pc. The apparent

activation energy for NR1800 decreases by 50% after chro-

noamperometry, and it is 70% lower than the activation en-

ergy of Nipc [41]. These differences in apparent activation

energies may be due to the different values of activation

enthalpy, found in the Conway analysis, where an increase (in

absolute value) of almost 70% in the adsorption enthalpy

value after ageing of the NR1800 catalyst was seen, indicating

an increased tendency to adsorb water on the electrode

surface.
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Fig. 11 e Impedance spectra in the complex plane for the

HER on NR1800f (filled dots) and NR1800pc (open dots) in

1 M KOH at 298 K and at a rotation rate of 900 rpm, at the

OCP (for each catalyst). b: Bode plot for the NR1800f catalyst

in 1 M KOH at 298 K and at a rotation rate of 900 rpm at the

OCP. The filled square corresponds to Z' and the open

squares corresponds to the measured phase angle. The

solid lines are calculated using the AHEC.
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EIS

The electrochemical impedance spectra in the complex plane

(Fig. 11a) recorded at the OCP (between - 0.25 V and �0.36 V),

for NR500f, NR1800f and NR3600f are consistent with a charge

transfer controlled process [61]. Fig. 11b shows the Bode dia-

gram corresponding to the spectra at the onset potential for

NR1800f and the fit obtained using the Armstrong and Hen-

derson equivalent circuit (AHEC) [43].

The impedance spectra in the complex plane were also

determined at three values of electrode potentials, selected to

cover the entire reaction region: the onset potential of HER (for

each catalyst), potentials 0.1 V and 0.3 V more cathodic than

the corresponding onset. Fig. 12aec shows the impedance
spectra in the complex plane for the selected potentials in the

HER region. Fig. 12d shows the AHEC, where Rs is the solution

resistance, R1 is the charge transfer resistance for the elec-

trode reaction, C1 the double layer capacitance, R2 is related to

the superficial mass transfer resistance of Had, and C2 is the

pseudo-capacitance. In the AHEC, the Faradaic impedance, Zf

is defined as:

Zf ¼ R1 þ R2

1þ jutp
(7)

where u is the frequency and tp ¼ R2C2 is the time constant

related to the relaxation rate when the potential is changed.

The parameters obtained by fitting the data with the AHEC are

shown in Table 2. These values have been normalized to the

geometric area of the rotating disk electrode due to the

complexity of calculating the electrochemical areas. It is well

known that the formation of oxides and hydrides on the sur-

face generates changes on its capacitance and resistance,

which are hardly separable from those induced by changes in

the electrochemical area [2]. In this study, the initially mirror

polished electrode surfaces, maintain the polishing after the

different studies, while the observed changes in the thermo-

dynamic parameters (values of n, aH, aS, b, Ea) are consistent

with chemical changes produced on the surface. Thus, we can

assume that the differences in R and C obtained by impedance

are mainly due to changes in the nature of the surface, while

changes in surface area would play a minor role. For this

reason we have decided to use the geometric area of the

electrode as normalization parameter.

Additionally, there is a rather large dispersion in the R and

C data presented in Table 2, which were obtained by fitting

systematically a five components equivalent circuit. The

standard deviation of the fits do not exceed 5%, so the fluc-

tuations observed in Table 2, could be attributed to the for-

mation of bubbles on the electrode surface which could not be

removed by rotating the electrode.

There is a noticeable change in the charge transfer resis-

tance and capacitance after the chronoamperometric pulse;

this is due to the enhancement of charge transfer to generate

Had. Variations in the capacitance may be associated with a

change in the type of H adsorption, related with the surface

hidruration.

Inserts in Fig. 12aec shows a magnification of the Nyquist

impedance spectra in the high frequency zone. It can be seen

that the response, mainly in the onset potential, exhibit to

linear regimes, one close to 45�, and other substantially ver-

tical. This behavior may be related to the micro roughness of

the electrode [62]. Fresh catalysts synthesized with different

deposition times shows that longer deposition time is

accompanied by a shift to lower frequencies of the capaci-

tance response. A similar behavior can be observed when the

aged catalysts are compared. This effect can be explained by

an increase in the capacity of the electrode with deposition

time, which could be related to an increased electrochemical

area of the electrode but also to the presence of Ni or Ru

oxides [40,63]. That is the reason why the calculation of

electrochemical areas based on impedance methods for

rough solid surfaces usually show a frequency dispersion

which prevents the assignment of a precise value. In the case

http://dx.doi.org/10.1016/j.ijhydene.2015.12.143
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Fig. 12 e Impedance spectra in the complex plane for the HER on NR1800f (filled dots) and NR1800pc (open dots) in 1 M KOH at

298 K and at a rotation rate of 900 rpm, at different potentials. a) Onset potential of HER. b) overpotential 0.1 V higher that the

corresponding onset potential. c) overpotential 0.3 V higher that the corresponding onset potential. d) Armstrong and

Henderson equivalent electric circuit. Insert in Figures a, b, and c: Magnification of the high frequency area of the impedance

spectra where the frequency correspondent to a Z00 of ¡6 Ucm¡2 is marked.

Table 2 e Parameters of the AHEC for the HER in 1 M KOH at 298 K.

Catalyst E (V vs SCE) R1 (U cm2) R2 (U cm2) Cp (F cm�2) Cdl (F cm�2)

NR500f �0.48(OCP) 6316.1 10978.5 3.35 � 10�5 3.64 � 10�5

�1.04 (Onset) 243.8 3033.3 7.89 � 10�7 2.48 � 10�5

NR500pc �0.29 (OCP) 19217.9 21832.4 1.51 � 10�5 1.33 � 10�4

�1.12 (Onset) 876.5 1756.7 8.14 � 10�5 1.92 � 10�4

NR1800f �0.24 (OCP) 9554.6 18625.7 3.37 � 10�5 3.67 � 10�5

�1.02 (Onset) 1446.5 1787.1 1.22 � 10�4 3.17 � 10�4

NR1800pc �0.24 (OCP) 1143.7 6582.3 5.57 � 10�5 2.37 � 10�4

�1.02 (Onset) 50.3 208.9 1.69 � 10�4 2.08 � 10�4

NR3600f �0.39 (OCP) 785.4 12072.2 2.57 � 10�5 7.65 � 10�6

�1.14 (Onset) 1966.1 800.3 9.32 � 10�5 6.69 � 10�4

NR3600pc �0.25 (OCP) 7932.5 22837.9 3.08 � 10�5 2.55 � 10�5

�1.14 (Onset) 1800.6 3191.5 1.27 � 10�4 2.47 � 10�4
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of oxidizable transition metals, like Ni, the capacitance de-

pends dramatically on the presence of oxide films, and the

obtained electrochemical area has not a physically significant

value [63].
The sum R1 þ R2 (at the same potential) represents the total

Faradaic resistance which is related with the kinetics of HER,

and its reciprocal is directly related to the Faradaic current

density. Since the HER is charge transfer controlled within the
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considered potential region, the E vs. log(R1 þ R2)
�1 plot is

linear, and its slope equal the Tafel slope, b. The separation

observed between the conventional Tafel curves and the

simulated E vs. log(R1þR2)
�1 plot for all the catalysts (fresh and

aged) was 1.03 ± 0.1 A cm�2, close to the theoretical separation

for Langmuir type adsorption [64] showing that no changes in

the adsorption type can be seen after ageing, unlike what is

observed in pure Ni catalysts, where after ageing Temkin type

adsorption is observed.
Conclusions

In this paper the analysis of the mechanism of hydrogen

evolution reaction on nickel/ruthenium electrodes is pre-

sented. The catalysts were synthesized via spontaneous

deposition, by immersion of nickel electrodes in a ruthenium

ions solution for different times, in order to obtain different Ru

loads.

A decrease of onset potential was observedwith increasing

ruthenium loading up to 1800 s of deposition time, and a

subsequent decrease in the catalytic activity at longer depo-

sition times. Additionally, it was possible to observe impor-

tant enhancement of the electrocatalytic activity of the nickel/

ruthenium catalysts after the chronoamperometry (ageing

treatment).

Some of the parameters that characterize the catalytic

activity of these materials are: j0, and the sum of R1 and R2

resistances related with the dj/dV slope observed in the LSV.

TheNi/Ru catalysts have, after ageing, lower j0 than that of the

freshly synthesized catalysts, and that could be related to a

decrease in catalytic activity. On the other hand, the decrease

in the resistances R1 and R2, and the decrease in onset po-

tentials enhance the catalytic activity, and these effects

largely compensate the diminution of j0. Thus, it is observed

that NR1800pc is the catalyst with the highest electroactivity of

all the electrodes examined.

The KouteckyeLevich analysis shows that there are

changes in the number of electrons transferred, which in-

crease after the short term ageing. However, the rate deter-

mining step of the reaction is the Volmer reaction, except for

the NR3600 catalyst, which seems to exhibit a change in the

reaction mechanism after ageing.

The results of the Tafel and EIS characterizations indicates

a Langmuir type H adsorption isotherm, not only in freshly

synthesized catalysts, but also in aged catalysts, unlike that

observed in pure nickel, where ageing induces a Temkin type

H adsorption.
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