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a b s t r a c t 

Nickel modification by spontaneous deposition of transition metals such as Ag and Cu is shown as an 

economic and simple alternative for the activation of hydrogen evolution reaction (HER) on cathodes in 

alkaline media. The kinetics of HER is studied on Ni/Ag and Ni/Cu catalysts by cyclic voltammetry and 

electrochemical impedance spectroscopy (EIS) using a rotating disk electrode (RDE). Freshly synthesized 

catalysts, as well as catalysts subjected to a short chronoamperometric ageing procedure, are analyzed 

and the kinetic and thermodynamic parameters of the HER are obtained. The nickel surface modified 

with transition metals with an outer shell electronic configuration [ x d 10 ( x + 1)s 1 ], such as Cu (3d 10 4s 1 ) 

and Ag (4d 10 5s 1 ), shows an improved activity for the HER compared to bare nickel. Furthermore, the 

Ni/Cu catalyst presents a decreased onset potential. The hydrogen evolution rate, measured as current 

density at –1.5 V (vs. SCE), is similar on Ni/Cu and Ni/Ag electrodes. 

© 2016 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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1. Introduction 

Hydrogen is considered one of the most promising alterna-

tives as an energy vector for the future [1–4] . Hydrogen produc-

tion methods that do not generate greenhouse gases emission are

of great interest, being the water electrolysis in alkaline medium

one of the most interesting. Since the hydrogen evolution reaction

(HER) is an heterogeneous reaction, the electronic state of the elec-

trode surface plays a dominant role in determining the reaction

kinetics. In the last decades, numerous research articles have been

published on the mechanism of the HER on promising electrocat-

alysts, such as nickel alloys [5–10] and complex materials [11–15] ,

and one of the most important conclusions is that the reaction rate

of the HER should depend on the hydrogen binding energy on the

given metal [16] . 

It is well known that a good catalyst requires an adsorption free

energy, �G ad , as small as possible, a d -band that permits to span

the Fermi level, and a strong long-range interaction between the

catalyst ́s bands and the hydrogen 1 s orbital. It’s important to note
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hat a too weak binding to the surface will result in poor adsorp-

ion of the reactant retarding the reaction, whereas a too strong

inding will originate a difficult removals of the final products. In

his way, the metals used for the modification of the electrode

hould present a proper adsorption free energy in order to reach

 synergistic effect favoring the hydrogen evolution reaction. Addi-

ionally, a long-range interaction is important because the electron

ransfer to the proton occurs at a distance in the order of 0.5 Å

rom the adsorption site [17] . Copper, with �G ad = 0.1 eV, should

e an excellent catalyst. However, as a third row element, the or-

itals of copper are compact; therefore the overlap with the hy-

rogen 1 s orbital is short-ranged. In the case of Ag, the position

f the d -band is less favorable therefore the coupling between the

atalyst bands and the H 1 s -band is weaker [18] , and the energy of

dsorption is less favorable for Ag ( �G ad = 0.39 eV) compared to

u. 

A few previous works on Ni modified with Cu or Ag are re-

orted in the literature exploring different synthesis methods. In

 pioneer work, Conway et al. [19] studied the electrochemical ki-

etics of hydrogen evolution in different commercial copper–nickel

lloys. He found that the apparent activation energy of the alloys

ecreased with increasing concentration of copper, while the cur-

ent densities showed an opposite trend. 
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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Sharifi-Asl and Macdonald [20] have investigated the effects

f temperature, pH, and hydrogen pressure on the kinetics of

he HER on Cu electrodes in order to obtain the kinetic parame-

ers (exchange current density, Tafel slope and activation energy).

he mechanism of the HER, studied by electrochemical impedance

pectroscopy (EIS), indicated that the Volmer reaction is the rate

etermining step for the HER on copper in alkaline media. 

Yin and Chen [21] synthesized Ni/Cu composites with hierar-

hical structure by a three steps electrochemical method: galvanic

eplacement reaction, activation process, and cyclic voltammetry

reatment. The galvanic replacement reaction to prepare Ni/Cu pre-

ursors consisted in the immersion of Ni foam into copper ion so-

utions. The results indicate that the optimal dipping time in CuCl 2 
olution was 1 h. The effectiveness of the nickel modification may

e attributed to the adsorption of chloride ion on the copper sur-

ace, with the formation and hydrolysis of CuCl n 
1- n complex, which

romotes the exchange reaction between Ni and Cu 

2 + . 
Jaramillo and coworkers [22] synthesized binary Ni/Ag bulk al-

oys with different compositions and showed that those alloys are

ndeed more active than pure Ni for the HER. They found that for

i 0.75 Ag 0.25 the hydrogen evolution current per geometric area was

pproximately double that obtained for pure nickel, and both cata-

ysts exhibited comparable stability. The experimental results were

upported by density functional theory calculations, which show

hat bulk alloying Ni and Ag creates a variety of adsorption sites,

ome of which have near-optimal ( �G ad = 0) hydrogen binding en-

rgy. 

In a previous work we determined the kinetic and thermody-

amic parameters of the HER on nickel. It was concluded that

n alkaline solution the Volmer reaction is not controlled by wa-

er molecules diffusion, but by the diffusion of HO 

− ions. Thus,

 theoretical Koutechy–Levich (K-L) slope was calculated [23] . In

his work, x d 

10 ( x + 1)s 1 metals (Ag and Cu) are deposited on nickel

atalysts through a simple and reproducible spontaneous process,

ith adequated morpohologic and electrochemical characteriza-

ion. These modified nickel electrodes are analyzed by rotating

isk electrode using linear sweep voltammetry at different rotation

ates and temperatures, cyclic voltammetry, EIS, and chronoamper-

metry. Thus, Tafel and catalytic activity toward the HER are per-

ormed. The results are compared with those previously obtained

or pure nickel [23] . 

. Experimental 

.1. Chemicals 

Hydrochloric acid 36.5%–37% (Cicarelli, PA grade), potassium hy-

roxide (Anedra RA reagent), ethanol 96% (Cicarelli, PA grade), cop-

er nitrate (99.99%, Aldrich), and silver nitrate (99.99%, Aldrich)

ere used as received. All aqueous solutions were prepared with

illi-Q water, and degassed using high purity N 2 (Indura S.A.). 

.2. Catalyst synthesis 

The electrodes used for catalysts synthesis were Ni disks (99.9

urity, RC S.A.) with an area of 0.196 cm 

2 . The electrodes were me-

hanically polished with 0.05 μm alumina, repeatedly cleaned with

thanol, and then immersed in 1 M KOH aqueous solution, and HCl

10% w/w) aqueous solution, during 1 min, in order to degrease the

urface. 

The surface modifications were carried out by immersing the

reshly polished and degreased nickel electrodes in degassed

gNO 3 (1 g dm 

−3 ) or Cu(NO 3 ) 2 (1 g dm 

−3 ) aqueous solution during

0 min at room temperature. The spontaneous deposition time was

elected taking in consideration a previous work in other catalysts

ynthesized in a similar way [24] . The Ag or Cu deposition occurs
hrough a displacement reaction where Ni is dissolved while the

econd metal is deposited. 

The cell voltage measurement during the synthesis of the elec-

rodes was performed in a two electrode cell using a platinum

oil as counter electrode. Ni/Ag catalyst was synthesized without

 reference electrode, to avoid changes of silver ions concentra-

ion by the presence of chlorides and subsequent AgCl formation.

i/Cu catalyst was synthesized in the same conditions with com-

arative purposes. Silver and copper deposition occurs in the same

ay when the synthesis is carried out without Pt counter electrode

nd cell voltage measurement. 

.3. Structural characterization 

Scanning electron images were obtained using a Supra 40 (Zeiss

ompany) FESEM operating at 3 kV, equipped with EDX. EDX spec-

ra and EDX mapping were obtained operating at 6 kV. 

X-ray diffractograms were measured employing the Cu K α ra-

iation ( λ = 1.5406 Å), using a PANalytical X’Pert PRO diffractome-

er (40 kV, 40 mA), in the θ–2 θ Bragg–Brentano geometry at room

emperature. A 2 θ range between 10 ° and 70 ° was selected, with

ncrements of 0.02 ° and a counting time of 14 s per step. The FULL-

ROF program [25] was applied to refine the crystal structure by

he Rietveld method. A pseudo-Voigt shape function was used to

t the experimental data. The data refined were atomic positions,

attice parameters, peak shape, isotropic thermal parameters, and

ccupation factors. 

.4. Electrochemical characterization 

Electrochemical characterization of the electrodes was con-

ucted in a conventional three-electrode cell with a thermostatic

acket, and the temperature was varied between 278 K and 303 K

n 5 K steps, controlled using a Lauda Alpha RA 8 thermostat. A

arge area platinum foil was used as counter electrode, and a sat-

rated calomel electrode (SCE) as reference electrode (0.243 V vs.

HE). The reference electrode, immersed in a capillary with gel,

as kept outside the cell at room temperature. 1 M KOH aque-

us solution was used as electrolyte. In order to avoid diffusion

f KCl from the reference electrode through the agar membrane,

e have used an external glass sheath with a platinum wire at the

nd. Electrochemical studies were carried out employing an Auto-

ab PGStat30 potentiostat/galvanostat with FRA2 module, coupled

o a rotating disk electrode system (Pine Research Inst.; Raleigh,

C). The uncompensated ohmic drop ( ∼50 �) was measured via

igh frequency ac impedance in N 2 saturated 1 M KOH, and used

o measure the cell ohmic drop. The ohmic drop correction to

he applied potentials was made automatically by Autolab software

Metrohm Autolab Nova 1.10). Rotating disk electrode (RDE) mea-

urements were conducted on Ag and Cu modified Ni disk elec-

rodes mounted in an interchangeable RDE holder (Pine Research

nst.; Raleigh, NC) and the rotation rate was varied between 100

nd 2500 rpm. 

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)

xperiments were conducted between 0.1 and −1.5 V (vs. SCE) for

ll catalysts at a scan rate of 10 mV s −1 . 

EIS experiments were conducted by applying a bias of 10 mV

t frequencies between 10 mHz and 50 kHz at different electrode

otentials such as, open circuit potential (OCP), HER onset poten-

ial (OP), and 0.1 V and 0.3 V overpotentials more cathodic than

he corresponding OP of each catalyst. Chronoamperometric mea-

urements were carried out applying −1.5 V (vs. SCE) during 4 h at

98 K. EIS and chronoamperometric experiments were carried out

y rotating the electrode at 900 rpm to prevent the formation of

ubbles. Additionally, after each CV the electrode was rotated at
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Fig. 1. OCP as a function of time for fresh cleaned Ni samples immersed in 1 g dm 

−3 

AgNO 3 solution (filled curve) and 1 g dm 

−3 Cu(NO 3 ) 2 solution (dashed curve). 

r  

o  

O  

l  

l  

r

3

 

l  

s  

(  

c  

r  

N  

o  

p

 

t  

t  

t  

t  

±  

A  

a  

s  

o  

c  

∼  

c  

i

 

o  

s  

t  

c  

p  

s

 

h  

n  

a  

t  
1600 rpm to prevent the formation and accumulation of bubbles

occluding the surface of the electrodes. 

During all electrochemical measurements a nitrogen flux was

maintained above the electrolyte surface. 

2.5. Electrochemical analysis 

There are different parameters for testing the catalytic activity

of an electrode in relation to a particular reaction. The simplest

is the current density, but it is strongly influenced by parameters

such as the exchange current ( j 0 ) and the d j/ d V slope. The OP is

presented as an important factor since for the same d j/ d V gradient,

the catalyst with a lower OP presented higher current density and

therefore, greater catalytic activity. 

The electrochemical analysis was carried out as reported else-

where [23,26] . The HER overall current density (denoted as j ) can

be represented by the Koutecky–Levich (K–L) equation [26] : 

1 

j 
= 

1 

j k 
+ 

1 

j d 
= 

1 

j k 
+ 

1 

B ω 

1 / 2 
(1)

where j k is the kinetic current density, j d the boundary-layer diffu-

sion limited current density, ω is the rotation rate (rpm) and B is

the Levich slope (mA 

−1 cm 

2 rpm 

1/2 ) given by, 

B = 0 . 2 nF C o D 

2 / 3 
o n 

−1 / 6 (2)

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

is the number of electrons transferred per molecule of H 2 O re-

duced, F the Faraday constant (96,485 C mol −1 ), C O is the HO 

−

concentration in the solution (0.001 mol cm 

−3 ), D O is the HO 

−

diffusion coefficient (5.3 ×10 −5 cm 

2 s −1 ) [27] , and ν the cinematic

solution viscosity (9.473 ×10 −3 cm 

2 s −1 ) [27] . The theoretical value

of B for single electron charge transfer (i.e., n = 1) process is

59.20 mA cm 

−2 rpm 

−1/2 [23] . The calculated B slope for all cata-

lysts was compared with the theoretical B value, permitting us to

evaluate the number of electrons involved in the reaction. 

The kinetic current density ( j k ), was calculated by correcting the

current density ( j ) by the mass transfer using the diffusional limit-

ing current ( j d ) as showed elsewhere [23,26] . 

The kinetic current density is used to construct Tafel plots, and

by the use of the Tafel equation ( Eq. (3 )) it was possible to obtain

the exchange current ( j 0 ) and the Tafel slope ( b ). 

log j k = bE + j 0 (3)

Additionally, Tafel slope can be defined as: 

b = 

2 . 3 RT 

F α
(4)

where α the transfer coefficient. In order to calculate the value of

n (number of electrons transferred), an α value of 0.5 is used. It

is important to note that this value of α = 0.5 is theoretical and

is used only as an estimate in order to be able to infer the Tafel

slope and thus the RDS. As a consequence, the n presented values

are not integers. 

3. Results and discussion 

3.1. Catalysts synthesis 

During the preparation of Ni/Ag and Ni/Cu electrodes, the spon-

taneous deposition of Ag and Cu is monitored measuring the OCP.

Fig. 1 shows the variation of OCP vs. deposition time for the two

catalysts. In both cases the OCP is initially negative, which is con-

sistent with a displacement reaction where Ni is oxidized, while

the second metal (Ag or Cu) is reduced and deposited on the elec-

trode surface. It can be seen that the OCP for Ni/Ag and Ni/Cu

catalysts differs by ∼0.4 V, and the difference increases with time,
eaching 0.63 V after 1800 s (at the end of synthesis), as a result

f the chemical changes produced on the electrodes surface. Both

CP decrease during the catalyst synthesis and while Ni/Ag cata-

yst reach a steady state with an OCP change of 0.16 V, Ni/Cu cata-

yst shows a major change in the OCP (ca . 0.4 V) in the same time

ange. 

.2. Structural characterization 

Scanning electron micrographs were obtained in order to ana-

yze the electrode structure, and the presence of crevices. Fig. 2 (a)

hows the SEM micrograph of a freshly synthesized Ni/Ag sample

Ni/Ag f ) at 10 0.0 0 0 × magnification (higher magnification SEM mi-

rographs are presented in Fig. S1a and b in Supplementary Mate-

ial). The sample is mainly granular and shows polishing marks.

o surface fractures are observed. In Fig. 2 (b) and (c) SEM images

f a freshly synthesized Ni/Cu sample are shown. In this case, the

resence of cubic shaped particles is mostly observed. 

Moreover, back-scattered electron images were taken in order

o study the surface area covered by the Ag and Cu particles on

he Ni surface (not shown). The image J program was used to ob-

ain the degree of coverage. The Ni/Cu electrode has 18.6 ± 2.1% of

he area covered with Cu particles, while in the case of Ni/Ag, 14.2

0.6% of the electrode is covered by homogeneously distributed

g particles, in 1800 s. The measured average particle sizes are

round 250 nm and 400 nm for Ni/Ag and Ni/Cu electrodes, re-

pectively. Considering the mean size of the particles, the degree

f coverage aforementioned and the bulk density of Ag and Cu we

ould estimate average surface loadings of ∼4 μg cm 

−2 for Ag, and

6 μg cm 

−2 for Cu. Due to the difficult of measuring the electro-

hemical area of nickel electrodes, all current values were normal-

zed to the geometric area of the Ni electrode [28,29] . 

Nowadays, there is extensive literature describing how copper

xides grow with cubic or octahedrical shape, depending on the

ynthesis conditions. The differences in the particles shape are due

o the different stabilities of the copper oxides (1 0 0) or (1 1 1)

rystal planes. Under conditions where the copper oxides (1 0 0)

lane is more stable than the (1 1 1), cubic structures, as those

een in Fig. 2 (b) and (c), are formed [30,31] . 

EDX spectra (Fig. S2a and b in the Supplementary Material)

ave the typical Ni L α band (0.851 keV) without metallic contami-

ation and only traces of Al and Si (from the alumina polishing)

re present. The Ag L α band at 2.984 keV can also be seen al-

hough it is much less intense than the Ni bands. This is because
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Fig. 2. (a) SEM micrograph of Ni/Ag f (Magnification of 10 0,0 0 0 ×) and SEM micrographs of: (b) Ni/Cu f measured at 6 keV and a magnification of 10 0,0 0 0 × and (c) Ni/Cu f 
measured at 6 keV and a magnification of 10,0 0 0 ×. 

Fig. 3. (a) SEM image on the Ni/Cu catalyst of the zone where the EDX mapping is carried out, (b) EDX mapping of Cu L α signal and (c) EDX mapping of Ni L α signal. 

Magnification of 10,0 0 0 ×. 
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N  
he EDX beam has high penetration in the material and Ag par-

icles are deposited only on the surface. In the Ni/Ag sample, the

DX mapping (not shown) presents a homogeneous composition in

ll the sample’s surface. 

The Cu K α band (8.040 keV) is close to the Ni K α band

7.471 keV) making it difficult to the correct quantification while

he Cu L α band (0.930 keV) has very low intensity and is not quan-

ifiable. So that, the correct quantification of the Cu amount on the

ample cannot be carried out by EDX. 

Fig. 3 (a) shows a SEM micrograph of the Ni/Cu electrode on

hich the EDX mapping was carried out. Fig. 3 (b) presents the Cu

ignal on the EDX map and shows that the cubes present on the

urface are formed by Cu and also the presence of O on the cubes

s observed (not shown). In Fig. 3 (c) the spatial distribution of Ni

n the electrode surface is shown. It is observed that in the ar-

as where Cu particles are present, the intensity of the Ni signal is

ess intense than the signal in areas without the particles, indicat-

ng that, although the Ni K α and Cu K α peaks are close together,

he elements can be distinguished. EDX mapping of the Ni/Ag (not

howed) presents a similar behavior to the observed in the Ni/Cu

atalyst. 

The X-ray diffraction patterns ( Fig. 4 ) for Ni/Ag f and Ni/Cu f 

learly show the typical reflections expected for nickel with face

entered cubic (fcc) structure. Both samples show peaks at 38.5 °
nd 65.0 ° corresponding to the Al sample holder. 

The values of 2 θ for the Ni (1 1 1) and (2 0 0) planes are 44.6 °
FWHM = 0.120 °) and 51.7 ° (FWHM = 0.192 °), respectively; with a

 -spacing distance of 2.03 Å for the plane (1 1 1) and 1.76 Å for the

2 0 0) plane. The (1 1 1) / (2 0 0) planes ratio for pure Ni is 5.61

hile in Ni/Ag and Ni/Cu catalysts is 10.5 showing a predominance

f (1 1 1) planes. After the spontaneous deposition of metals, the

mount of (2 0 0) planes decrease. It is reported in literature that

he nickel (1 1 1) planes are more stable than the (2 0 0) ones,

hich explains why the reduction of metals such as Cu and Ag

ccurs on top of the (2 0 0) nickel planes [18] . 
On the other hand, the peaks corresponding to Cu or Cu oxides

re not observed in the Ni/Cu f diffractogram because these peaks

re masked by the Ni (1 1 1) peaks [32,33] , while in the Ni/Ag f 
iffractogram a signal corresponding to metallic Ag at 38.1 ° is ob-

erved ( Fig. 4 b). 

.3. Cyclic voltammetric and chronoamperometric analysis 

.3.1. Freshly synthesized catalysts 

Fig. 5 (a) shows a typical cyclic voltammogram obtained for

i/Ag f and Ni/Cu f , measured at 298 K in 1 M KOH solution with

 scan rate of 10 mV s −1 . It can be seen that the onset potential

OP) for HER on Ni/Ag f is ∼−1.1 V (vs. SCE), similar to that found

n pure Ni electrodes [8,23,34] , while the OP observed on Ni/Cu f 

s ∼−0.9 V (vs. SCE). 

The fact that the Ni/Cu current density (at −1.5 V vs SCE) is

ower than the observed in Ni/Ag even considering that the Ni/Cu

P is around 0.2 V lower, is due to two opposing effects: The d -

and position of Cu, being closer to the Fermi level than the ob-

erved on Ag and the weaker coupling of Cu respect to Ag (which

n a pure state has a more expanded d -band) could be the reason

hy the Ag is favored as catalyst [18] . 

In Fig. 5 (b) a magnification of the cyclic voltammetry of Ni/Ag f 
nd Ni/Cu f electrodes is presented. For Ni/Ag f , one cathodic peak

 I c ) and two anodic peaks ( I a1 and I a2 ) are observed (marked with

rrows). 

The I a1 peak is normally associated with the Ni reaction to form

-Ni(OH) 2 (according to Eq. (5 )), with subsequent dissolution of

he hydrogen incorporated into the Ni. The I c peak involves the

eduction of α-Ni(OH) 2 to form Ni and water discharge during the

ER, and it appears at lower potential in Ni/Cu f due to lower OP

f that catalyst. This peak as well as the I a1 peak appears at lower

verpotentials in Ni/Cu electrodes [35,36] . 

 i (s) O + x H 2 O (l) + x e − � α − Ni H x (s) + x OH 

−
( aq ) (5)
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Fig. 4. (a) X-ray diffraction patterns of Ni/Ag f and Ni/Cu f . (b) Magnification of the 

X-ray diffraction patterns presented in (a). 
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Fig. 5. (a) Cyclic voltammograms of Ni/Ag f and Ni/Cu f catalysts in 1 M KOH at 298 K 

(scan rate: 10 mV s −1 ). (b) Magnification of the cyclic voltammograms presented in 

(a). 
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The I a2 peak is an oxidation peak that usually is absent with

pure Ni electrodes. Additionally, in the voltammogram of Ni/Cu

electrode the I a2 peak appears at an overpotential 0.27 V lower

than that of the Ni/Ag electrode, while the difference in the onset

potentials of both catalysts is 0.20 V. This indicates that the shift of

this peak value is not only due to the change in the OP, but also

involves oxidation of different species. Then, we conclude that the

I a2 peaks are due to oxidation of Ag and Cu in Ni/Ag and Ni/Cu

respectively, and the difference in the I a2 peak potential is due to

the higher oxidation overpotential of Cu compared to Ag [27] . 

3.3.2. Short aged catalysts 

The Ni/Ag f and Ni/Cu f electrodes, after being characterized

with different electrochemical techniques (LSV by RDE and cyclic

voltammetry at different temperatures, and EIS at different poten-

tials), were subjected to a short-term ageing process employing a

4 h chronoamperometric pulse at −1.5 V (vs. SCE) in 1 M KOH so-

lution. This procedure was employed in order to analyze the ef-

fect of the hydrogen evolution over the electro-catalytic activity

of the electrodes. No appreciable changes in color and structure

were observed on the electrodes surfaces or the electrolyte after

the short ageing procedure. Fig. 6 (a) shows the hydrogen evolution

chronoamperometry transients, recorded on both catalysts, which

exhibit current densities higher than the observed in commercial

pure Ni electrodes [23] . Furthermore, it can be seen that the Ni/Cu
as a higher current density than the Ni/Ag, and a gradual decrease

f the hydrogen generation current is observed. 

The electrode deactivation rate was calculated as [37,38] : 

= −100 

j e 

(
d j 

d t 

)
(6)

here j e is the current extrapolated at the start of polarization,

nd the slope, d j/ d t , is evaluated from the linear decay at t >

0 0 0 s. The decay rate obtained for the Ni/Ag and Ni/Cu were 7.5

10 −4 s −1 and 4.0 × 10 −4 s −1 , respectively. This implies that the

i/Ag has not only lower electrocatalytic activity than the Ni/Cu,

ut also deactivates faster due to the ageing process. As compari-

on, the decay rate measured for bare nickel is 1.5 × 10 −3 s −1 , in-

icating a decrease of the decay rate to a half of the bare Ni value

hen Ag is used as plating metal, and almost a quarter when Cu

s used as surface modifier. 

The aged Ni/Ag and Ni/Cu catalysts (denoted as Ni/Ag a and

i/Cu a , respectively) were characterized by the same electrochem-

cal techniques used for the characterization of freshly synthesized

amples. 

In Fig. 6 (b) the comparison of cyclic voltammograms for Ni/Ag

nd Ni/Cu (before and after ageing) is shown. It can be seen that

he Ni/Ag catalyst maintains its OP after ageing, although the cur-

ent density (at −1.5 V vs. SCE) diminishes by 40%, showing a

lear deactivation of the electrode. On the other hand, the Ni/Cu
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Fig. 6. (a) Chronoamperometric profile of hydrogen evolution reaction on Ni/Ag f 
and Ni/Cu f in 1 M KOH obtained at −1.5 V (vs. SCE). 298 K. and rotation speed of 

900 rpm. (b) Comparison of cyclic voltammograms of fresh and aged catalysts in 

1 M KOH at 298 K (scan rate: 10 mV s −1 ). 
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Fig. 7. (a) Current potential curves for HER obtained in 1 M KOH at 298 K on Ni/Ag f 
and Ni/Cu f at different rotation rates. (b) LSV of fresh and ageing catalysts in 1 M 

KOH measured at 298 K (Rotation rate: 900 rpm, Scan rate: 10 mV s −1 ). 
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atalyst decreases their OP ca. 0.1 V after ageing and, although is

ot clearly observed in Fig. 6 (b), there is a deactivation electrode

videnced by the decreasing slope (d j/ d V ) of the hydrogen evolu-

ion curve by 15%, which is compensated by the decrease in the OP

f the reaction. Thus, although both catalysts suffer a deactivation

n their capability to catalyze the HER, Ni/Cu catalyst exhibits a

ecrease in OP which makes it more electrochemically active than

i/Ag. This decrease in the OP of Ni/Cu may be due to the fact

hat CuO x is reduced to metallic Cu during the generating hydro-

en process, and the oxide has a binding energy with H greater

han that of Ag [27] , enhancing the tendency of water to discharge

n its surface to facilitate the Volmer reaction. 

It is important to point out that, unlike what was observed in

he CV measurements on fresh catalysts, where the NiAg had a

igher current density at −1.5 V than the NiCu, during chronoam-

erometric measurements the NiCu catalyst showed a higher cur-

ent density at −1.5 V than the NiAg, similar to that observed in

he CV measurements carried out on the aged catalysts. This indi-

ates that the changes caused by ageing during chronoamperome-

ry are evidenced by CV and EIS in the latest experiments. 

.4. RDE 

In Fig. 7 (a) a set of RDE current density-potential curves, ob-

ained on Ni/Ag f and Ni/Cu f catalysts in 1 M KOH at 298 K in the

athodic scan, is presented. It is important to remark that the
DE measurements by LSV showed similar profiles in both cath-

de and anode scans. Both catalysts show a well-defined charge

ransfer kinetic control at potentials above −0.50 and −0.40 (vs.

CE) for Ni/Ag f and Ni/Cu f , respectively. Significant differences be-

ween the electrochemical behavior of Ni/Ag f and Ni/Cu f catalysts

re observed. A mixed kinetic-diffusion control occurs in the range

f −0.7 to −0.50 V (vs. SCE) for Ni/Ag f catalyst. The mixed kinetic-

iffusion control in Ni/Cu f is less defined than in the case of Ni/Ag f ,

ue to the narrow diffusional control range presented by the elec-

rode ( −0.7 to −0.9 V vs. SCE). Additionally, the diffusional control

rea increases after the ageing process due to the stabilization of

he electrode (not shown), as was presented in a previous work

24] . 

A dependence of the current density with the rotation rate is

bserved. Fig. 7 (b) shows RDE current density-potential curves for

ach catalyst before and after the short-term ageing measured at

00 rpm. In the case of the Ni/Ag catalyst an increase in the ca-

hodic current is observed, while the OP remains practically con-

tant. Meanwhile, the Ni/Cu catalyst shows a substantial change

n the electrochemical response after ageing. It can be seen a de-

rease of approximately 0.20 V in the OP, and a rather marked dif-

usional control range (between 0.7 and 0.8 V), as compared to that

bserved in the fresh catalyst. 

In Fig. 8 the Koutecky–Levich graphics measured at 298 K for

ach catalyst at different potentials are shown and compared to

he theoretical curve for the one electron transference (dashed

ine) . The linearity of the plot indicates that HER is a first order
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Fig. 8. K-L plots for HER at 298 K on (a) Ni/Ag f (b) Ni/Ag a (c) Ni/Cu f and (d) Ni/Cu a 
at different electrode potentials. The theoretical one electron slope is showed as a 

dashed line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Mass transfer corrected Tafel plots for the HER on fresh and aged catalysts 

measured at 1600 rpm and 293 K . Scan rate = 10 mV s −1 . 
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reaction and a change in j k (obtained from the ω 

−1/2 = 0 intercep-

tion) is observed in all the cases [39] . It can be seen that all cata-

lysts show an increase in the electron transfer rate with increasing

overpotential [39] , which is consistent with the Volmer reaction

being the rate determining step of the global reaction. The Levich

slope (B) and transferred electrons number ( n ) obtained from the

analysis at 298 K are summarized in Table 1 . It is important to note

that n values do not correspond only to the HER, but cover all re-

actions occurring in the potential range, such as, copper or silver

oxidation/reduction and nickel hydride formation, and constitutes

only an indicative of what is happening on the surface. It is ob-

served that for Ni/Ag and Ni/Cu electrodes the number of elec-

trons transferred ( n ) increases with ageing the catalysts, which is

a behavior usually observed in Ni-based catalysts [23,24] . The high

value of n would be indicative of a contribution of the Heyrovsky

reaction in the overall mechanisms, or the presence of a second

reaction (as the formation of Cu oxides). There are several stud-

ies that show that the Heyrovsky reaction does not occur in the

presence of Cu [40–42] and the Volmer reaction only contributes

to the reaction rate in the overall process. This evidence, coupled

with the preferential presence of oxygen in Cu cubic particles ob-

served in the EDX mapping indicates that n > 1 is due to the par-

allel reaction, even in the aged catalysts. 

Fig. 9 shows the diffusion corrected Tafel curves measured for

each catalyst at 900 rpm and 298 K. Different Taf el slopes values

were obtained for each catalyst, fresh and aged, which are sum-

marized in Table 1 . The obtained Tafel slope values are similar to

that reported in literature for pure Ni (0.13 V dec −1 ) [23,43] . 

It can be seen in Table 1 that the fresh catalysts exhibit a higher

Tafel slope value than that of pure Ni, while the slope obtained

for the aged catalysts is 0.126 V dec −1 in both cases. This indicates

that, besides the hydrogen generation process, the HER mechanism

for the fresh catalysts involves other processes, such as the oxida-

tion of copper or silver. The changes observed in the value of the
Table 1. Kinetic parameters for the HER on the synthesized catalysts in 1 M KOH, Tafel slo

current density. Moreover, pure nickel data are also presented. 

Ni/Ag f Ni/Ag a Ni/Cu

b /V dec −1 −0.145 −0.126 −0.13

B /mA cm 

−2 rpm 

−1/2 73.1 59.2 50.6 

n 0.81 1.00 1.17 

j 0 /mA cm 

−2 4.46 × 10 −4 5.34 × 10 −4 2.45 

d j /d V /mA cm 

−2 V −1 23.0 13.0 10.6 
afel slope are consistent with the differences observed in the CV

f Fig. 6 (b). 

Furthermore, in Fig. 9 , the Ni/Cu catalyst shows a change in

afel slope at low overpotential values that is not observed in the

i/Ag catalyst, evidence that can be related to the existence of a

econd reaction different to HER. Probably, the change in the Tafel

lope is more evident for the Ni/Cu catalyst when compared with

he Ni/Ag catalyst, due to the higher tendency of Cu to form ox-

des. 

The exchange current values ( j 0 ) obtained at 298 K and 900 rpm

re presented in Table 1 . It can be seen that in all cases these val-

es are higher than those presented for bare Ni electrodes. Both

atalysts show small changes in the j 0 after ageing, contrary to the

trong deactivation observed in pure Ni, where j 0 decreases by two

rders of magnitude [23] . This is an indication that deactivation by

ydride formation is clearly diminished by the use of Cu and Ag

n Ni catalysts. 

.5. EIS 

Both electrodes exhibited similar depressed “semicircular” ca-

acitive arcs (i.e., circular arcs with their center below the real

xis) at all potentials in the explored frequency. This frequency re-

ponse is typical of a single-step charge transfer reaction kineti-

ally controlled without diffusion control in the time domain cor-

esponding to the frequency range of the measurements [44,45] . 

The general equation for the HER predicts the formation of two

deal semicircles on the impedance plane plots with an overpo-

ential dependent radius [45,46] . However, usually only one ideal

emicircle appeared, because the charge transfer dominated the

requency response. 

Different authors propose the exchange of a capacity element

or a constant phase element (CPE) due to the inhomogeneity

nd/or the roughness of the electrode surface [44,47] . CPE is one

f the most frequently employed distributed element and may

e associated with a distribution of relaxation times or activation
pe, Levich slope (B) and number of electrons ( n ) calculated at 298 K, and exchange 

 f Ni/Cu a Ni f [23] Ni a [23] 

9 −0.126 −0.256 −0.142 

38.4 – –

1.54 1 0.64 

× 10 −4 9.42 × 10 −5 1.2 × 10 −4 6.91 × 10 −7 

9.8 – –
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Fig. 10. (a) Nyquist plot Impedance spectra in the complex plane for the HER on Ni/Ag f (filled dots) and Ni/Ag a (open dots). (b) Bode plot for the Ni/Ag f 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 modified AHEC. (c) Modified Armstrong and Henderson equivalent circuit. 
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Table 2. Parameters of the modified AHEC for the HER in 1 M KOH at 298 K. 

Catalyst E /V (SCE) R 1 / � cm 

2 R 2 / � cm 

2 C p /F cm 

−2 CPE/F cm 

−2 

Ni/Ag f −0.36 (OCP) 9079 4106 4.92 × 10 −5 6.85 × 10 −5 

−0.97 (OP) 5377 1667 0.00117 1.63 × 10 −4 

Ni/Ag a −0.35 (OCP) 7141 1148 4.95 × 10 −5 8.59 × 10 −5 

−0.97 (OP) 741.9 938.7 0.00193 2.37 × 10 −4 

Ni/Cu f −0.35 (OCP) 15,084 4415 2.66 × 10 −5 4.42 × 10 −4 

−0.9 (OP) 400.3 167.3 4.06 × 10 −5 9.61 × 10 −4 

Ni/Cu a −0.35 (OCP) 17,733 4378 6.63 × 10 −5 9.42 × 10 −5 

−0.79 (OP) 707.2 318.6 8.21 × 10 −5 3.92 × 10 −4 
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m  
nergies on the electrode surface [48–51] . The analysis of

mpedance with equivalent schemes including CPE, often consid-

red very formal, was employed here to obtain a proper fit of the

esistances ( R 1 and R 2 ) to be used below for Tafel analysis while in

nalysis we avoided the analysis of the capacitances. 

Fig. 10 (a) shows the corresponding EIS in the complex plane

ecorded at the open circuit potential ( E = −0.35 V), for Ni/Ag f and

i/Ag a measured at 298 K and 900 rpm. Similar plots for Ni/Cu f 

nd Ni/Cu a are presented in the Supporting information (Fig. S3).

ig. 10 (b) shows the corresponding Bode diagram to the spectrum

t the onset potential for Ni/Ag f and the fit obtained using a mod-

fied Armstrong and Henderson equivalent circuit (AHEC) [46] , by

hanging the pseudo capacitance by a CPE component to obtain a

atisfactory fit [52] . 

Both catalysts show a similar behavior, which is consistent with

 charge transfer controlled process [34] . Fig. 10 (c) shows the mod-

fied AHEC, where R s is the solution resistance, R 1 is the charge

ransfer resistance for the electrode reaction, C 1 the double layer

apacitance, R 2 is related to the superficial mass transfer resistance

f H ad . 

The impedance spectra in the complex plane were also deter-

ined at three electrode potentials values, selected to cover the

ntire HER region: the onset potential of the HER (for each cata-

yst), and overpotentials of 0.1 V and 0.3 V more cathodic than the

P. There is a noticeable change in the charge transfer resistance

nd capacitance after the ageing process. Variations in the capaci-

ance may be associated with a change in the type of H adsorption,

elated with the hidruration of the surface. 

Data in Table 2 show that after ageing of Ni/Ag and Ni/Cu cat-

lysts, there is an increase of the charge transfer resistances that

ccurs at the potential of HER (onset potentials and higher over-

otentials). This increase in charge transfer resistance is consistent

ith the decrease in the d j/ d V slope and the resulting decrease

n current density after ageing, shown in Table 1 . Additionally, the
 e  
i/Cu catalyst has greater resistance than the Ni/Ag catalyst, which

s according to the greater tendency to oxidation of Cu compared

o Ag. 

The sum R 1 + R 2 (at each potential) represents the total faradaic

esistance which is related with the kinetics of HER, and its re-

iprocal is directly related to the faradaic current density. Since

he HER is charge transfer controlled within the considered poten-

ial region, the E vs . log (R 1 + R 2 ) 
−1 plot is linear, and its slope

qual to the Tafel slope, b . Fig. 11 (a) and (b) shows the Tafel plot

without mass transfer correction) along with the simulated E vs .

og (R 1 + R 2 ) 
−1 plot for Ni/Ag f and Ni/Ag a catalysts. The graphs ob-

ained for fresh and aged Ni/Cu catalysts (not showed) are simi-

ar to those presented in Fig. 11 . The separation between the Tafel

urve (log j ) and the log (R 1 + R 2 ) 
−1 observed for all the catalysts

fresh and aged) was 1.30 ± 0.1, close to the theoretical separation

or Langmuir type adsorption (1.289) [53] . Changes in the adsorp-

ion type are not observed after ageing, unlike what is found in

ure Ni catalysts where, after ageing, a Temkin type adsorption,

haracterized by a theoretical separation of 1.86, is observed [53] . 

Temkin type hydrogen adsorption is associated with the for-

ation of a nickel hydrides layer, responsible for the loss of

lectrocatalytic activity [23,54] . The maintaining of the Langmuir
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Fig. 11. Experimental Tafel plot (circled points) and simulated E -log( R 1 + R 2 ) 
−1 plot 

(squares) with the corresponding linear fit (dashed line) for the HER in 1 M KOH 

solution at 298 K, on (a) Ni/Ag f and (b) Ni/Ag a . 
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adsorption type on the catalyst surface after the ageing process is

consistent with a decrease in hydride formation. 

4. Conclusions 

In this paper the mechanism of hydrogen evolution reaction on

Ni/Ag and Ni/Cu electrodes synthesized via spontaneous deposition

is analyzed. The results of EIS and RDE electrochemical characteri-

zation of the HER on a freshly synthesized and a short-term aged

catalyst are discussed. 

The complementation of the RDE analysis with impedance

spectroscopy allows us to analyze the changes in the hydrogen ad-

sorption. A Langmuir adsorption type was found for all the Ni/Ag

and Ni/Cu catalysts, fresh and aged. This behavior is considerably

different from those found in pure nickel were, after ageing, a

Temkin type adsorption appears, related to the formation of su-

perficial nickel hydrides. The different adsorption behavior can be

responsible for the invariance of the HER onset potential for the

modified nickel catalysts, unlike that found in pure Ni were the

onset potential in aged Ni is 0.2 V higher than the corresponding

value for fresh polished/degreased Ni. Hence we conclude that the
odification of Ni with Cu and Ag prevents the electrode deacti-

ation. 

The use of transition metals with a x d 

10 ( x + 1)s 1 structure such

s Cu (3d 

10 4s 1 ) and Ag (4d 

10 5s 1 ) deposited on Ni modifies catalytic

ctivity for the hydrogen electrochemical generation, but only in

he case of Ni/Cu a decrease of the onset potential of HER is ob-

erved. Is observed that the hydrogen evolution rate is almost the

ame on Cu and Ag. 

The synthesized catalysts exhibited greater stability and im-

roved electrochemical activity in conditions of hydrogen genera-

ion, where the pure Ni usually shows clear signs of activity loss. 
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