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Abstract

The paper reports a study on the influence of alloying nickel by left-hand side transition metals (Fe, Mo, W) on the electrocatalytic activity
in hydrogen evolution in an acidic environment. A number of experimental techniques were used in research (dc and ac electrochemical
techniques, XRD, SEM, EDS, and ICP). The results clearly demonstrate that alloying nickel with Fe, Mo or W results in an increased
electrocatalytic activity in hydrogen evolution when compared to pure nickel. Two effects were found to be responsible for the observed
behavior; anincrease in surface roughness and intrinsic activity of the mateyighM®ivas found to yield the highest overall electrocatalytic
activity among the investigated materials mainly due the highest surface roughness, wiéwais found to yield the highest intrinsic
electrocatalytic activity, which is explained on the basis of the modification of electron density in d-orbitals upon alloying nickel with tungsten.

It was also noticed that an increase in crystallinity can contribute to an increased electrocatalytic activity in hydrogen evolution.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ogy), with demineralized water as the raw material, would
offer aviable alternative to the alkaline process, especially for
Hydrogen, the most abundant element on earth, is theresidential and small scale applications. Although the inher-
cleanest and ideal fuel. Therefore, hydrogen is increasingly ent advantages of the PEM technology over the alkaline one
considered as the fuel of the futytie-4]. Although produc- are clearly established (greater safety and reliability, higher
tion of hydrogen by water electrolysis is not currently cost- differential pressures, higher operating current densities and
competitive to natural gas reforming, it represents a processefficiency, rapid transient responses, construction simplicity
where hydrogen can be produced by true renewable and fullyand maintenance, etc.), one of the main obstacles associated
environmentally friendly energy sources, without evolution with the large-scale commercial application of the PEM hy-
of the green-house gas, @Ondustrial water electrolysisis, drogen generator is related to high investment costs, mainly
for the time being, carried out using a liquid alkaline elec- due to the use of noble metals (Pt, Ir, Ru) as electroactive cat-
trolyte. The disadvantages of this technology are mainly re- alyst material§5,6]. Therefore, there is a major need to de-
lated to low specific production rates, high energy consump- velop new active, efficient, stable, and cheap electrocatalysts
tion, low efficiency, voluminous systems, and safety issues for water splitting in the PEM hydrogen generator, which
related to use of caustic electrolytes. However, the use ofwould offer low overpotentials for the hydrogen evolution
solid polymer electrolyte membrane (PEM)-type generators reaction (HER) at rather high current densities (1-2 Aén
(the technology very similar to the PEM fuel cell technol- Research in the area of HER catalyst development has
been mainly focused on several areas of interest: (i) in-
* Corresponding author. Tel.: +1 514 398 4273; fax: +1514 398 6678, UINSIC nature of the reactiofy—10], (ii) electrode compo-
E-mail addresssasha.omanovic@mcgill.ca (S. Omanovic). sition [11-15] (iii) surface morphology{7-9,15-20] (iv)
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structural, chemical and electronic properfies-14,21] and remains an issue of a cheaper catalyst material to be designed
(v) physical, chemical and electrochemical activation treat- for the use in the PEM-type hydrogen generator. Naturally,
ments[7-9,22-24] Two properties play an important role  due to the high intrinsic activity in the HER, Ni-based al-
in selecting catalytically active materials for the HER: (a) loys should represent the best starting point for the design.
the actual electrocatalytic effect of the material, which is di- Although a nhumber of HER studies have been done on Ni-
rectly dependent on the (over)potential used to operate thebased alloys, the majority of them have been done in alkaline
electrolyzer at significant current densities and (b) the cata- media, but surprisingly Ni-based alloys in acidic media have
lyst stability. not been widely studied. This is mostly due to the fact that the
A desired decrease in overpotential can be achieved byresearch in this area has been focused on classical alkaline
choosing an electrode material of high intrinsic catalytic ac- electrolyzers, and also due to the lower corrosion stability
tivity for the HER and/or by increasing the active surface of Niin an acidic environment. However, since a PEM gen-
area of the electrode. In respect to the former, several at-erator works at very low pH values, studies done at high
tempts have been made to explain the characteristics of hy-pH values cannot offer quite reliable data for the design of
drogen overpotential of individual metals using various phys- PEM-catalyst. Hence, thorough investigation of possible cat-
ical and/or electronic parameters, including the atomic num- alyst materials in an acidic environment is required in order
ber[25], the work functior{26], the bond-strength of metals to support the development of the PEM hydrogen genera-
[27], the heat of adsorption of hydrogen on mefal] and tor technology. Therefore, this paper represents an attempt to
the electronegativity29]. In overall, it has been concluded contribute to the development of active, efficient, stable, and
that the intrinsic catalytic activity for the HER can be related cheaper nickel-based electrocatalysts for hydrogen produc-
to the electronic structure of metals, although any explicit tion by water electrolysis in the PEM hydrogen generator.
and comprehensive explanation that can be applied as a genThe authors’ intention was not to develop ‘industry-ready’
eral rule has not yet been given. The theoretical approach tocatalytic surfaces, but rather to investigate and point-out to
explain the HER activity of multi-component (i.e. alloy) cat- fundamental factors that could contribute to the develop-
alysts is even more complex, and several theories have beemment of better HER catalysts in the acidic media (i.e. PEM
proposed. The alloying effect of transition metal-based alloys media).
on both hydrogen evolution activity and catalyst stability has
been discussed on the basis of the Engel-Brewer valenceq 1. Short theoretical background
bond theory21], and on the basis of the electronic structure

of alloys, in particular, the direction of electron transfer be- The hydrogen evolution reaction (HER) is historically

tween constituting atoms in the alloy and its effect on the yery important and has been widely studied using both a
respective Fermi levels of the compone[it&-14,21] The broad range of solution conditions, and electrode materials.
well-known ‘spillover’ effect in heterogeneous catalysis has |t js well established that the HER on a metallic electrode M,
also been used to interpret the synergism of transition metal-in acidic media, proceeds according to the following three-

based HER alloy§lL1]. reaction mechanisiig1]:
With respect to the enhancement of the electrocatalytic

activity by increasing the active surface area of the elec- M + H' + €~ <> M—Hags(Volmer reaction) (1)
trode, Ni-based Raney-type alloys have been successfully
used to fabricate HER cathodes in classical alkaline electrol-
ysers[8,9,20,23] However, these electrodes are not suitable M—Hads - M—Hags<> Hz -+ 2M (Tafel reaction) A3)

for the PEM-type hydrogen generator, due to a very limited

contact area between the solid electrolyte membrane and thélThe adsorbed hydrogen atom {M,q9 plays a key role
active catalyst layer. Therefore, direct plating of Pt, Ru and in the mechanism and kinetics of the HER, changing
Ir onto the polymer membrane has been used as a catalysboth its thermodynamics and kinetics. Both mechanisms,
preparation metho¢b,6], i.e. fabrication of the membrane Volmer—Heyrovsky or Volmer—Tafel, require the formation
electrode assembly (MEA). However, beside very high costs and then cleavage of MH;gsbond. Hence, the reaction rate
associated with the use of these noble metals, one of the mairfor the HER is determined by the strength of proton adsorp-
drawbacks of the presently used MEA preparation methods istion bonding to the metal surface. Consequently, the max-
a relatively low catalyst efficiency-to-loading ratio, which is imum rate of hydrogen evolution will occur at intermedi-
mainly due to the limited polymer electrolyte/catalyst inter- ate values of MHygsbond strengths, resulting in a behavior
face contact area, i.e. limited three-dimensional (3D) reaction characterized by the well known ‘volcano cunj8]. Un-
zone. A possible solution to the problem is the construction of fortunately, it is clear that except noble metals (e.g. Pt, Rh,
the MEA similar to the construction used in low-temperature Re, Pd, Ir), other less-noble pure metals express much lower
hydrogen and methanol PEM fuel ce|&0], which would activity in the HER[28]. In order to try to overcome this, by
allow for lower catalyst loadings to be used. However, since designing a material that would at least approach the electro-
the state-of-the-art catalyst in the PEM fuel cell technology chemical activity in the HER similar to noble metals, many
is still Pt or Pt—Ru (depending on the fuel used), there still 3d transition metal-based binary alloys have been studied,

M—Hags+H' +e~ < Hy+ M (Heyrovsky reaction)  (2)
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mostly binary alloys of Ni- or Co- and some other transition Table 1

metal (e.g. Mo, Zr, Fe, etc.). Indeed, the combination of two Experimental conditions used in the electrodeposition of electrocatalytic
o ’ 1 1 ] X 1 t t t

transition metals could resultin an enhanced HER electrocat- 039S 0 @ Cu substrate

alytic activity, compared to their individual activities, which  Ni Niw-1

is known as an electrocatalytic synergetic effect. Current density (A m?) 1600 Current density (Ar?) 100
The present paper is divided in three major sections. In Duration (min) 20 Duration (min) 30

the first section, the results on the chemical, structural and IF\)lli-'SO 6140 (gL 1) 30‘34 Fr)\:?sq 6140 (gL ) 8185

morphologmal characterization of the mvesqgated catalytic NiCI;GHZZO QLY 50 Potassiu nzq citrate (gl) 50

coatings are presented, followed by the section related to dcy,go, (L1 40  NaCOs Excess

and ac electrochemical results. In this section the kinetics andsodium lauryl sulfate (gt?) 1 NapWO,4-2H0 (gL 20
mechanisms of the HER is discussed in detail, while the last
section discusses the intrinsic activity of the materials used as
the HER electroactive coatings. The results presented in this

NiMo-1 NiFe-1
Current density (Am2) 1600  Current density (A rf) 130

4 ti [ 20  Durati [ 15

paper have served as the basis for the further development o ,:"a lon (min) 105 pHura lon (min) 35
nano-structured Ni-based electrocatalysts for hydrogen pro-niso,-6H,0 (gL%) 79 NiSQ-6H,0 (gL~} 80
duction, which will be reported in the forthcoming papers NaMoO,-2H,0 (gL™Y) 48  FeSQ-7H,0 (gL™%) 20
[32,33] Sodium citrate (g £1) 88  Sodium citrate (gt') 50
NH4OH Excess  NgCOsz(gL™1) 20

HoSOy Until pH 3.5

2. Experimental NiMo. NiFe-2

Current density (Am?2) 1600 Current density (Arf) 130

The electrocatalytic activity of Ni and NiX (X=Mo, W,  Duration (min) 20 Duration (min) 15
Fe) coatings in the hydrogen evolution reaction (HER) was ’F\’l'_"so 6140 (gL ) ;—)35 ﬁlﬂsq 6140 (gL 22

. . . . . 1SO4-6H20 (gL™ | 00 (gL™

studied in 0.5 M SOy solution at 295 K. Chgmmals usedin NaoMoOs-2H,0 (g L) 73 FesQ-7H,0 (g L) 28
rgsearch yverg_purchased from S|gma—AIdr|ch Com.p.any_ andsodium citrate (g £2) 88 HeBO3 (g L—1) 12

Fisher Scientifics, and were used without further purification. NH,OH Excess NgSO, (gL~1) 36
All solutions were prepared using nanopure water of resistiv- H2SO Until pH 3

ity 18 MQ cm. All measurements were made in an oxygen-
free solution, which was achieved by continuous purging of Water in order to remove any residues of bath chemicals and
the cell electrolyte with argon gas (99.998% pure). unattached catalyst particles. Then the electrode was placed
A standard three-electrode, two compartment cell was in the electrochemical cell, and in order to reduce any metal
used in all experiments. The counter electrode was a large-0xides spontaneously formed on the catalyst surface, i.e. to
area platinum electrode of high purity (99.99%, Alfa Aesar), activate the electrocatalyst, the electrode was polarized at
which was degreased by refluxing in acetone, sealed in soft—0.55V (versus SHE) for 5 min, followed by the stabilization
glass, electrochemically cleaned by potential cyclingin 0.5 M at OCP until a steady-state OCP value was obtained (usually
sulfuric acid, and stored in 98% sulfuric acid. During mea- less then 5min).
surements, the counter electrode was separated fromthe main  Several research experimental techniques were employed:
cellcompartment by a glass frit. The reference electrode was alinear Tafel polarization, electrochemical impedance spec-
commercially available mercury/mercurous sulfate electrode troscopy (EIS), and chronopotentiometry (instrument: Auto-
(MSE). The working electrode was a NiX electrocatalytic ab PGSTAT 30 potentiostat/galvanostat/FRA); inductively
coating electrodeposited on a Cu substrate of surface aregoupled plasma (ICP) analysis (instrument: Thermo Jarrel
0.69 cnf. The Cu substrate was made of a Cu rod sealed in Ash Trace Scan ICP); scanning electron microscopy (SEM)
an epoxy thus giving a two-dimensional surface area avail- analysis (instrument: FE-SEM Hitachi 4700); energy disper-
able for the electrodeposition of an electrocatalytic coating. Sive spectrometry (EDS) analysis (instrument: Oxford Instru-
Before electrodeposition, the Cu substrate was carefully pre-ments X-ray detector. Model 7200); X-ray diffraction (XRD)
pared by mechanical wet-polishing using #600 and #1500 analysis (instrument: Riaku XRD system with a Cu rotating
grit sand paper, followed by thorough rinsing with distilled anode at 40kV and 120 mA).
water and cleaning in an ultrasonic bath for 67 min in or- ~ To determine a NiX catalyst chemical composition, the
der to remove polishing residues. Subsequently, the substratéCP technique was used. Catalytic coatings electrodeposited
was degreased with ethanol and rinsed with nanopure wa-0n copper foils were dissolved in 10mL of boiling aqua
ter. The formation of electroactive coatings on such preparedregia (water, concentrated nitric acid and concentrated hy-
Cu substrate was done by the electrodeposition at a constanflrochloric acid in a 1:1:3 volume ratio). Solutions of 50 and
current from corresponding salt baths. The bath composition 100 ppm were prepared from Ni, Fe, Mo, W standard so-
and deposition conditions are listedTable 1 After the de-  lutions (Fisher ICP standards, 1009 mL ™) to determine
position of the active electrocatalyst material, the electrode @ calibration curve. Three measurements were run for each
surface was carefully rinsed with a large amount of hanopure Sample.
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Table 2
Chemical composition of electrocatalysts obtained by an ICP analysis

Notation of catalyst Formula At.%

Ni Mo w Fe
Ni Ni 100 - - -
NiMo-1 Ni7.3sMo 88 12 - -
NiMo-2 NizMo 75 25 - -
NiW-1 Niz aW 77 - 23 -
NiFe-1 NiFe 80 - - 20
NiFe-2 NiFe 6 15 - - 85

3. Results and discussion

3.1. Composition and structural characterization

E. Navarro-Flores et al. / Journal of Molecular Catalysis A: Chemical 226 (2005) 179-197

recorded correspond, in increasing order@ftd the (11 1),
(200),(220),(311)and (22 2)reflections of thef.c.c. struc-
ture of nickel [34]. Contrary to Ni, the spectra on both
NiMo coatings show the halo pattern, indicating the exis-
tence of amorphous structuf@s]. The NiMo coating with

a higher content of nickel (NiMo-1) shows broad peaks cor-
responding, in increasing order of,2o the (111), (200),
(220), (311) and (222) reflections of the f.c.c. structure
of the Ni phase supersaturated with §&6]. Hence, NiMo-

1 can be regarded as a solid solution with an f.c.c. Ni-rich
structure (known as the phase) with Mo atoms substitu-
tionally dissolved in Ni. NiMo-2 shows even a larger de-
gree of amorphousness, with Ni (2 2 0) reflection almost, and
(311) and (222) completely absent. The increase in a de-
gree of amorphousness (i.e. peak broadening) with the in-

Inductively coupled plasma (ICP) was used to determine crease in Mo content has also been observed by Highfield

the exact composition of the electrocatalytic coatings un-

der study. The composition of the different NiX catalysts
(X=Mo, W, Fe) is presented ifiable 2in at.%. In order to

et al.[11].
Similarly, the spectrum recorded on NiW-1 shows a single
f.c.c. Ni phase saturated with W. However, in this case the

investigate the influence of the catalyst composition on the peaks are quite defined (narrow), indicating that this coating

HER, an attempt to produce two different alloy compositions

is a solid solution of W in Ni that consists of W atoms sub-

was made by changing the electroplating bath composition stitutionally dissolved in the f.c.c. structure of [84]. The

(Table ). FromTable 2it can be observed that the largest
difference in the composition ratio was achieved for NiFe.
In the case of NiMo, two different alloy compositions were
obtained, however both of them were richer in nickel. For
NiW, it was possible to produce only one composition. A
significant relative increase in the W content in the bath did
not result in any significant increase in the content of W in
the coating.

X-ray diffraction (XRD) was used for the structural char-
acterization of the NiX catalysts. The resulting diffraction
patterns are shown iRig. 1L The range of variation of the
diffraction angle was 30< 20 < 100°. The spectrum recorded

spectrum also demonstrates that the coating is crystalline. In
the case of NiFe-1, somewhat broader Ni (111) peak indi-
cates the existence of an amorphous pattern, with Ni (20 0),
(220), (311) and (22 2) reflections completely absent. This
is in contrast to the results of Cheung et{all] whose XRD
analysis confirmed that a NiFe alloy of a very similar com-
position (22.2% Fe) obtained by electrodeposition was com-
pletely crystalline. In contrast to NiFe-1, NiFe-2 shows a
well-defined Ni (1 1 1) peak, indicating that the material is of
a crystalline structure.

The absence of other Ni diffraction lines in all the samples
indicates that during the preparation of the coatings the nu-

on pure Ni shows that the coating is crystalline. The peaks cleation of other phases did not take place. Hence, the main

(111) ﬁ (200)

(220) (222)

I\

NiMo-1

O TR oo Y oy

Intensity (a.u.)

"

NiW-1

60

70

26 (deg)

Fig. 1. X-ray diffraction (XRD) patterns of NiX coatings electrodeposited on a Cu substrate.
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phase in all the coatings is the Ni f.c.c. structure, with the rougher surface than pure nickel. The size of the globules is

second element incorporated into the structure. smaller for the NiMo-2 sample, which contains less Ni. It
can also be observed on both micrographs that some smaller
3.2. Morphology of the electrodes ellipsoid-shaped globules appear ontop of the larger globules.

The borders of both smaller and bigger globules are circular
In order to examine the morphology of the electroactive or quazi-circular, which is quite different than the polygonal
coatings used in research, a scanning electron microscopyform of polycrystals observed on Ni, indicating the absence
(SEM) technique was used. The SEM imageBim 2show of grain boundaries, thus supporting the XRD spectra that
significant differences in morphology of the investigated cat- show the amorphous structure of both NiMo coatings. The
alytic coatings. Pure NiFig. 2a) shows a relatively homoge-  micrograph of NiMo-1 shows that the coating is very porous
neous surface of small roughness, which can be considered aand of a three-dimensional structure, thus indicating a high
a quazi-two-dimensional surface. The morphology of the sur- surface area available for the HER reaction (this was also
face is in accordance with the crystalline structure obtained confirmed by the determination of the surface roughness us-
by the XRD analysis, and the micrograph taken at a higher ing EIS, and is discussed later in the paper). The micrograph
magnification showed polygonal forms characteristics of a of NiW-1 coating Fig. 2d) shows the presence of cracks on
crystalline structure. On the other hand, frétig. 2b and c a relatively uniform surface, and no grains of any type could
it can be observed that the NiMo coatings show a spherical be observed even at high magnifications. A similar uniform
(globular) and cauliflower-like pattern, having a considerably surface can also be seenfig. 2e for NiFe-1. However, in

15. Omi ) MeGill 20.0kV 11.9mm x1.31k SE(L) 40.0um

(b) NiMo-1 (e) NiFe-1

McGill 2

(¢) NiMo-2 (f) NiFe-2

Fig. 2. SEM micrographs showing the surface morphology of electrodeposited NiX coatings.
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this case small irregular grains are formed on the surface.Ni, NiMo and NiW is ca. 40, or 130 and 220 mV for NiFe-1
On the other hand, the coating with the higher content of and NiFe-2, respectively, more negative than the reversible
iron (NiFe-2,Fig. ) shows a quite different structure where H*/H, potential. By comparing these values to the thermo-
small, well-distributed grains can be observed on the surface.dynamic values related to the most negative potential related
SEM images taken at higher magnifications (not shown here)to the oxidation of Ni, Mo, W and Fe to their first oxidation
showed that the grains are star-shaped, with the average sizénic state or oxide statg38], one can get some indication
of ca. 200 nm. This is in agreement with the XRD spectrum on the presence of oxide films on the catalyst surface. The
(Fig. 1) that shows the crystalline structure of NiFe-2. OCP values for the investigated coating#y( 3) are for ca.
Energy dispersive spectrometry (EDS) was further used 220 mV (Ni), 170 mV (NiMo-1 and NiMo-2), 100 mV (NiW-
in order to determine the chemical composition of the coat- 1), 230 mV (NiFe-1) and 320 mV (NiFe-2) more positive of
ings and to investigate the distribution of the elements on the the corresponding thermodynamic potentials related to the
electrode surface (graphs are not shown here). All the EDSoxidation of the metals to Rf, Mo3*, WO,, and Fé*. This
spectra showed the characteristic peaks for Ni and the alloy-indicates that at the OCP each coating is covered by a thin ox-
ing elements, which is consistent with the ICP results already ide film of the corresponding metal(s) that protects the coating
discussed. The surface mapping of Ni and the alloying ele- component(s) from further dissolution (corrosion), thus mak-
ments confirmed a very uniform distribution of the elements ing the OCP more positive than the corresponding thermo-
on the surfaces of all the coatings, which is one of the major dynamic oxidation potential. Similar observations have been
conditions that has to be fulfilled in the design of multicom- already reported on Ni-based catalydt$,17,39] From the

ponent electrocatalysts. relative difference in the above values one can speculate that
the least compact (protective) oxide film is formed on NiW-
3.3. Linear Tafel polarization 1, while the most protective film is formed on NiFe-2. The

cathodic polarization of the coatings may reduce some of the

In order to investigate the electrocatalytic activity of the oxide films completely to the metal, but the present results
prepared Cata|ytic Coatings' Tafel linear p0|arizati0n mea- do not give sufficient information to support the conclusion.
surements were made, and the corresponding electrochemi- The Tafel curve recorded on pure Ntig. 3) shows a
cal parameters (Tafel slope, exchange current density, transclassical Tafelian behavior, clearly indicating that the HER
fer coefficient) were derived from the recorded cur¥g. 3 on Ni is a purely kinetically controlled reaction that can
shows a set of Tafel curves recorded in 0.5 lySidy on all be described using the Tafel equatigrsa+blogj, where
the coatings investigated. The curves are corrected with re-n(V) represents the applied overpotentjglA cm~2) the re-
spect to the reversible HER potential at the given conditions sulting (measured) currert,(V decade™) the Tafel slope,
(Erev=—0.015 versus SHE in 0.5 M 4$0y, pH =0.25) and anda (V) the intercept related to the exchange current den-
for the IR-drop. The first observation is that OCP recorded on Sityjo (A cm~2) through equatioa = (2.3RT)/(8nF) x logjo.

NiMo-2

NiMo-1

log(j / A cm™®)
w

06 -0.5 -0.4 0.3 -0.2 -0.1 0.0
n/v

Fig. 3. Tafel polarization curves recorded on NiX coatings in 0.5 M€, at 295 K. The scan rate was 0.5 mVts Region I: (NiMo-1)—50 to —110 mV,
(NiMo-2) —40 to—100 mV, (NiW-1)—50 to—100 mV, (NiFe-1)—170 to—290 mV, (NiFe-2)—240 to—300 mV; Region II: (NiMo-1) <-140 mV, (NiMo-2)
<—180mV, (NiW-1) <-170 mV, (NiFe-1) <-350 mV, (NiFe-2) <-350 mV.
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The other parameter of interest g5 the symmetry fac-  coefficientw, indicates better electrocatalytic activity, which
tor, which can be calculated from the Tafel slope as is often used as a comparison parameter.
b=(2.3RT)/(8nF), andn represents the number of electrons In contrast to pure Ni, the polarization curves recorded
exchangedr (= 96485 C motl) is the Faraday constant,and on the bicomponent electrocatalystig, 3) display two
R (=8.314 Jmot' K1) is the gas constant. potential-dependent regions of the HER behavior. At low
Since the Ni curve irFig. 3 does not show any signifi-  overpotentials the curves display a well-defined Tafelian be-
cant change in the slope, the same HER reaction mechanisnhavior, with an exception of NiFe-2 which also shows two
should be valid through the entire overpotential region in- regions of different behavior, but a high-overpotential region
vestigated. The value of the Tafel slope is 147 mV decide is more defined in terms of the Tafelian behavior. Neverthe-
According to the general models for the HER mechanisms less, all the curves demonstrate that at higher overpotentials
in acidic medig31,40,41] if the Volmer reaction step, i.e.  a significant deviation from the low-overpotential Tafelian
adsorption of hydrogen (E@l)), is rate determining, the re-  behavior was recorded, i.e. there is a change in the Tafel
sulting Tafel curve should yield a slope of 116 mVdecade  slope. These two regions are named as “Region I” and “Re-
at 20°C. If the electrochemical desorption, Heyrovsky step, gion II” (seeFig. 3caption), and the electrochemical param-
is rate determining (Eq2)), the measured Tafel slope would eters derived from the curves are presented for each alloy in
yield a value of about 40 mV decadk or 30 mV decade’ Table 3for the both regions. The deviation from the Tafe-
for the Tafel desorption step, i.e. chemical desorption (Eq. lian behavior at high overpotentials or even the existence of
(3)). Hence, the Ni curve ifrig. 3 clearly demonstrates that two-Tafel-regions has already been reported in the literature
the HER on Ni is controlled by the Volmer reaction step, [11,18,36,39,43—46For similar HER electrocatalytic mate-
i.e. by the rate of adsorption of hydrogen to form-Nigs rials. This point will be discussed shortly in the textin relation
It could also be noticed that the measured Tafel slope valueto the behavior observed at high overpotenti&ig (3, Re-
slightly deviates from the theoretical value in a positive di- gion II).
rection. This phenomenon has already been reported in the The curves presented Fig. 3 show that in the low cur-
literature[17,22,42] but the fundamental explanation of the rent density region (Region 1), Tafel slope values for NiMo-
reason of its appearance has not been always given. As pred, NiMo-2 and NiW-1 are between 38 and 43 mV decdde
viously discussed in the text, it appears that Ni is covered Similar values were also obtained on sputter-deposited NiMo
by a thin layer of Ni-oxide. Consequently, the presence of and NiW electrodes in a highly basic medi{®6] and NiMo
this thin surface oxide film could be related to the increased electrodes prepared by arc-meltifiol] in a highly acidic
Tafel slope valueRig. 3). Since Ni-oxide is a semiconductor, medium. According to the previous discussion of the re-
its electronic conductivity is lower than the conductivity of lation between a Tafel slope value and the corresponding
pure metallic Ni, i.e. the electron transfer rate thorough the rds reaction step, it appears that the Heyrovsky desorption
Ni-oxide film is slightly impeded. This is, in turn, related to  step Eq.(2) controls the HER kinetics on NiMo-1, NiMo-
the symmetry factorg, the value of which then decreases. 2 and NiW-1 at low overpotentials, while the Volmer step,
This results in an increase in Tafel slope, assuming the reac-Eq. (1), then proceeds at a significant rate. For NiFe-1 and
tion mechanism does not change. Note that for the Volmer NiFe-2, the Tafel slope at low overpotentials is of a higher
step as the rds, the symmetry factfrjs equal to the trans-  magnitude, 94 and 86 mV decaderespectively. These val-
fer coefficient,«, while for the Heyrovsky step as the rds, ues are slightly lower than the value that characterizes the
the transfer coefficient is= 1+ [31]. Basically, due tothe ~ Volmer reaction as the rds (116 mV decadg but signifi-
decrease in the electron conductivity through the thin oxide cantly higher than the value that characterizes the Heyrovsky
layer formed on the Ni surface, the external energy invested step (40 mV decadé). The corresponding transfer coeffi-
through the application of overpotential is used not only for cients are 0.62 and 0.67. Larger values of a transfer coeffi-
the HER, but also to overcome a low electron transfer bar- cient would indicate better electrocatalytic activity, big. 3
rier located inside the thin oxide film (band gap). This comes shows that a large overpotential is required to start evolving
on the account of a smaller decrease in the HER activationhydrogen on the NiFe catalysts, while all other coatings re-
energy, which ultimately gives a lower transfer coefficient quire much lower overpotentials. This was already discussed
value,anj = Bni =0.39 (Table 3. From this it is obvious that  in terms of the existence of an oxide film on the NiFe sur-
the ratio of the invested energy that is distributed between face, which inhibits the electron transfer, and consequently
the HER and electron transfer inside the oxide film depends larger overpotentials are required for the HER to occur. In
on the electric/dielectric properties of the film, and also its addition, the EIS measurements showed that the NiFe coat-
thickness. Metikos-Hukovic and JuKit5] have reported an  ings express differentimpedance behavior than the other four
enormously high Tafel slope 667 mV decaddor the HER coatings, which is most likely influenced by the existence of
on pure zirconiumin 1 M NaOH, and explained it on the basis an oxide film on the coating surface (this will be discussed
of the presence of a thick barrier-type Zr-oxide film on the later in the text). Taking this discussion into account it seems
catalyst surface. However, much lower values have been re-that the rds on the NiFe coatings is the Heyrovsky step. This
ported on Ni and Ni-based alloy7,22,42] From the above  is also supported by results published[18], where two
discussion one can conclude that a higher value of transferTafel regions were also recorded. However, the slope of the
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Table 3
HER kinetic parameters obtained by the analysis of the Tafel curves preseirigd 3
Catalyst Region | Region Il

b (mV decade?) jo (WAcm=2) o b (mV decade?) o
Ni 147 —2.6 0.39 119 0.49
NiMo-1 38 —205 1.53 118 0.49
NiMo-2 40 —-124 1.45 123 0.47
NiW-1 43 —10.3 1.35 116 0.50
NiFe-1 94 -2.0 0.62 160 0.36
NiFe-2 86 -04 0.67 146 0.40
low-overpotential Tafel region was ca. 40 mV decaten- tions through narrow pores on the catalyst surface has also

dicating the Heyrovsky step as the rds for the HER on NiFe. been suggested as another possible reason for the observed
However, it has to be emphasized that the measurements prediffusion-like shapes of the Tafel curves on bimetallic coat-
sented if18] were done at very high pH values (1 M KOH).  ings (Fig. 3) [43]. However, the EIS analysis did not show the
Fig. 3 shows that with the increase in overpotential the €xistence of mass transport limitations, and this possibility
Tafel slope changes on all the bimetallic electrocatalysts stud-can also be dismissed. Another explanation could be that the
ied. In the high overpotential region (Region Il), NiMo-1, decreased Tafel slopes observed at very high overpotentials
NiMo-2 and NiW-1 electrocatalysts yielded a Tafel value of can be related to the formation of hydrides in the surface layer
ca. 120 mV decadé (seeTable 3, which is in a very close  [11,15,18] By the polarization of the investigated bimetallic
agreement with values obtained on sputter-deposited NiMo catalytic coatings to high overpotentials, a large amount of
and NiW electrodes in a highly basic medium (1 M NaOH) atomic and molecular hydrogen is generated, which is then
[36] and arc-melted NiMo electrodes in an acidic medium absorbed into the catalyst layer close to the electrolyte inter-
[11]. The values reported on the NiFe cataly3@iie 3 are face. The strong bonding between metal and absorbed hydro-
somewhat higher, which is in accordance with the previous 9enatoms becomes a barrier to hydrogen evolution, due to the
discussion related to the Tafel behavior in Region I. On the modification of the electronic and structural properties of the
other side, the Tafel value obtained on pure nickel decreasedcoating in the near-surface region, thus causing the increase
to 119 mV decade!, which indicates that the thin Ni-oxide  in the Tafel slope and hydrogen overpotential at high current
film that is present on the catalyst surface at OCP and low densities. Yet another possible explanation for the observed
overpotentials was removed (reduced) during the cathodicchange in the Tafel slope is related to the decrease in the ac-
polarization to high overpotentials, thus increasing the sym- tive surface areg39,44,45] Marozzi et al.[45] postulated
metry factors (or transfer coefficienty, in this case since for ~ that at high overpotentials occlusion of hydrogen inside the
Ni « = B, Table 3. Similar observations were also reported Pores occurs. This in turn blocks the available surface area
in [11]. for the reaction, resulting in a decrease in current density
The change (decrease) of the Tafel slope value with at particular overpotential. As it will be shown later in the
polarization has also been reported in the literature EIS section, only the NiFe coatings show the susceptibility
[11,15,18,36,39,43-46hnd a number of explanations have towards the surface blockage, and therefore, the latter expla-
been given. One of the explanations for the observed behaviomation can be used as one of the factors that contributes to
is related to the change of the reaction mechanism, i.e. to thethe observed change of the Tafel slope values on the NiFe
transition from the Heyrovsky to the Volmer rfisl]. This, coatings Eig. 3). Due to the electron donor character of hy-
in turn, could be related to the depletion of the d-electron drogen, by going from the right-hand side transition metals
density at the Fermi level of the investigated NiX alloys by With almost-filled d-orbitals (e.g. Ni) to the left-hand side
adsorbed hydrogg#d 7], which remains partially uncompen- metals with half-filled or almost-empty d-orbitals (e.g. Mo,
sated at lower overpotentials. However, by cathodic polar- W, V, Ti), the binding energy for an MH bond increase28],
ization to higher overpotentials, the d-electron density at the and thus the metal’s ability to form corresponding hydrides.
Fermi level increases, which then enhances the kinetics ofHence, it can be expected that the bimetallic coatings used
the Heyrovsky step, and consequently the Volmer step be-here (especially NiMo and NW) are more susceptible to hy-
comes the rds at high overpotentials. Another possible ex-dride formationthan pure nickel. This susceptibility increases
planation for the observed Tafel slope change can be relatedvith an increase in cathodic (over) potential. Therefore, the
to the influence of uncompensated IR-dfd@]. However, formation of hydrides at high overpotentials seems to be the
the curves presented iRig. 3 were corrected for the IR- ~ major reason for the change of the Tafel slopes recorded on
drop and this possibility can, therefore, be eliminated as a the bimetallic coatings, especially on NiMo and NiW. In ad-
reason for the observed change in Tafel slopes at high over-dition, the change in the d-electron density and subsequent
potentials. Although the limiting current for the HER is very  influence on the kinetics of the Heyrovsky reaction step can
high (7 Acn2) [46], a possibility of mass transport limita- ~ a@lso be a contributing factor.
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Table 4
Comparison of the electrocatalytic activity of the investigated catalyst coatings in terms of (a) the overpotential and power input neededHpd@éirad
production rate determined by the current density of 1 mA%rand of (b) the resulted production rate at a fixed energy input (fixed overpotentiab&mV)

Catalyst j=1mAcn? n=-150mV
n (mV) Power (mW cnt?) i (Acm=2) Volume of H (Lh™1)

Ni -379 0.379 —27.0x10°° 6.0
NiMo-1 —65 0.065 —56.4x1073 12638

NiMo-2 —75 0.075 —22.9x1073 5136

Niw-1 -85 0.085 —10.4x1073 2341

NiFe-1 —-257 0.257 —62.0x107°° 14.0
NiFe-2 —284 0.284 - -

Considering the exchange current density valjgpfe- pure Ni is used. In conclusion, the trend in the electrocat-

sented ifTable 3 we can see that the highest value is obtained alytic activity presented iffable 4is the same as the trend
on NiMo-1, indicating that this catalyst is thermodynami- already observed using the exchange current density values
cally the most active among the catalysts investigated. Therelated to the equilibrium conditiorTéble 3, and shows
other two bimetallic catalysts, NiMo-2 and NiW-1, also show thatthe HER electrocatalytic activity of the investigated cata-
a better performance when compared to pure Ni, while the lysts decreases in the direction of NiMo-1 > NiMo-2 > NiW-
NiFe catalysts seem to be less active. Although the value of 1 > NiFe-1> Ni > NiFe-2. This procedure is commonly used
the exchange current density is very frequently used for the in the literature for the comparison of HER catalysts.
characterization of the electrocatalytic activity, it has been  The information obtained from the Tafel polarization data
reported that a value of Tafel slope in the low-overpotential demonstrates thatall the investigated bimetallic NiX catalysts
region, Region | (i.e. a high value of a transfer coefficient) is are very active for the HER, showing a superior overall cat-
as, or even more, important than a favorable exchange cur-alytic activity over pure Ni. NiMo-1 has shown to be the best
rent density valuejo [18]. This is due to the fact that the overall catalyst. However, since the Tafel curves presented in
HER reaction does not occur at a reversible potential (i.e. zeroFig. 3are normalized to the geometric area of the catalyst, not
overpotential), but at certain overpotential is required for the to the real electrochemical area, the results discussed above
reaction to proceed at a measurable rate. Hence, in order tacannot offer a definite conclusion if the observed electro-
better compare the electrocatalytic activity of the catalysts in catalytic activity is either a result of the increased surface
Fig. 3, one can fix a current density value (i.e. a hydrogen area of the catalysts, or better intrinsic (electronic) electro-
“production” rate) and compare the resulting overpotentials catalytic properties of the catalyst material, or the combi-
required to reach the give current density. This would give an nation of the two. Therefore, in order to investigate which
indication on the amount of energy (overpotential) that has of the electrocatalysts is intrinsically the best material for
to be invested to produce a fixed amount of hydrogen, sincethe HER, the curves presentedkig. 3 should be normal-
the current is directly related to the amount of hydrogen pro- ized to the true electrochemically active surface area of the
duced (through the Faraday’s law). Overpotential values for electrocatalyst. Some initial conclusions can be made on the
each catalyst measured at fixed current density 1 mA%cm  basis of the SEM images presentedFiig. 2, where it is
are presented iffable 4 together with the corresponding obvious that the NiMo-1 surface shows the highest surface
power values. From the table it is obvious that Ni requires roughness. This is also consistent with the results presented
the largest energy input for the given hydrogen production in Fig. 3. However, an increased electrode surface area that
rate (<379 mV or 0.379 mW cm?), while NiMo-1 requires can be observed by SEM imaging does not have to result
the lowest energy input{65mV or 0.065 mW cm?), i.e. necessarily in an increased electrochemically active surface
almost six times lower then on pure nickel. area. Therefore, some other, preferably electrochemical tech-
Another common way of comparing the electrocatalytic niques are needed to determine the actual active surface area
activity of HER electrocatalysts is to fix overpotential (en- of an electrode catalyst. There are several experimental tech-
ergy input) and compare the resulting current densities, i.e. niques that can be used for this purpose, and recently some
the amount of hydrogen that would be produced by each cat-of them have been discussed1®,16,18] An EIS technique
alyst. In order to better illustrate the difference between the has been proposed as the most appropriate technique that can
electrocatalysts investigated, the calculations for the hydro- be used for the true surface area determination in electro-
gen production at fixed overpotentiall50 mV in an imagi- chemical systems. Thus, the following section of the paper
nary PEM hydrogen generator of 50 membranes, each 1 m will discuss the EIS results obtained on all the catalytic coat-
of geometric surface area, operating at standard conditionsings used. Some of the parameters calculated will be subse-
are also presented ifable 4 Again, similarly to the behav-  quently used in order to evaluate the true electrochemically
ior obtained at a fixed current density, NiMo-1 yields the best active surface area of the catalyst, which will enable us to
electrocatalytic activity. The amount of hydrogen that could compare the intrinsic electrocatalytic activity of the materials
be produced using NiMo-1 is ca. 2100 times larger than if investigated.



188 E. Navarro-Flores et al. / Journal of Molecular Catalysis A: Chemical 226 (2005) 179-197

3.4. Electrochemical impedance spectroscopy two-time constant response is clearly visible either as a defi-
nite appearance of two semicircles (NiMo-1, NiMo-2, NiWw-1
The electrochemical impedance spectroscopy (EIS) and NiFe-1) or as a broadened (distorted) semicircle on Ni
technique was applied to further investigate the elec- and NiFe-2. The zoomed insetsHigy. 5are added to demon-
trode/electrolyte interface and the corresponding processesstrate this more clearly, while in the case of Ni and NiFe-2, a
that occur at the electrode surface. To ensure a completesimulated one-time constant response is presented as a solid
characterization of the electrode/electrolyte interface and cor-line for the same purpose. At the moment it is important to
responding processes, EIS measurements were made ovaemember that the HER response on all the investigated cata-
six frequency decades, from 10kHz to 10 mHz at selected lysts clearly shows the existence of two time constants, which
overpotentials over the whole overpotential range coveredis later used as a basis for the modeling of the EIS spectra.
with Tafel plots (ca. from the OCP to overpotential OCP — The relation of the two observed time constants to specific
500 mV).Fig. 4 shows an example of EIS spectra recorded surface processes will be discussed shortly.
on NiW-1 at several selected overpotentials. The presenta- In order to obtain a physical picture of the elec-

tion of the data in a form of a Bode impedance pleit( 4b) trode/electrolyte interface and the processes occurring at the
clearly reveals the presence of two time constants, hamelyelectrode (catalyst) surface, experimental EIS data were mod-
the high-frequency (HF) time constant,, and the low fre- eled using non-linear least-squares fit analysis (NLLS) soft-

guency (LF) time constanty. In order to demonstrate that ware[48] and an electrical equivalent circuit (EEC). Three
all the investigated catalytic coatings express the two-time different EEC modelf9,17,22,49-51have been mostly used
constant behavior seenkig. 4, a Nyquist plot of each cata-  to explain the ac impedance of the HER on nickel-based elec-
lystis presented iRig. 5. The plots in the figure showthatthe trodes Fig. 6): (1) the one-time constant model (1T), (2) the
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Fig. 4. (a) Nyquist and (b) Bode plots for NiW-1 coating recorded in 0.5)86, at 295 K at various overpotentialg;)) —35mV, (A) —60mV, (0) —85mV
and (7) —110 mV. Symbols are experimental data and solid lines are modeled data.
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Fig. 5. Nyquist plots for NiX coatings recorded in 0.5 M$0, at 295K at overpotentials (Ni) 45 mV, (NiMo-1) 45 mV, (NiMo-2) 45 mV, (NiW-1) 35myV,
(NiFe-1) 160 mV, and (NiFe-2) 225 mV. The plots show a two-time constant response. Insets represent a zoomed part of a spectrum at high fregbelscies. Sym

are experimental data, while solid lines on the two plots represent a respo
visual distinction of two time constants on experimental plots.

Fig. 6. EEC models used to explain the EIS response of the HER on nickel-
based electrodes: (a) one-time constant model (1T), (b) two-time constant
parallel model (2TP), and (c) two-time constant serial model (2TS).

nse of a system characterized by one-time constant, and are showimeonly to aid

two-time constant parallel model (2TP), and (3) the two-time
constant serial model (2TS). In the absence of a response re-
lated to the hydrogen adsorption, the 1T model is used to
describe the response of the HER on relatively smooth sur-
faceq15], or surfaces containing narrow and wide cylindrical
pores[50,52] The same model was also used by Savadogo
and Ndzebef53] to model EIS spectra for the HER on a
Pt—Co alloy supported on carbon and electro-activated by
SiW1,040%~. The 2TP modelRig. 6b), which represents a
slightly modified model originally proposed by Armstrong
and Hendersofb4], has been used to describe the response
of the HER on both poroy4 8,50,55]and smooth electrodes
[56,57] It reflects the response of a HER system charac-
terized by two time constants, both of them related to the
kinetics of the HER. It has been postulated that the first time
constantz1 (CPE-R; Fig. b), is related to the charge trans-
fer kinetics, while the second time constant,(CPEB-Ry),

is related to the hydrogen adsorption. Both time constants
change with overpotential. The 2TS modeig. 6¢) has also
been used to describe a response of the HER on porous elec-
trodes[17,40,50] Similarly to the 2TP model, it reflects a
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response of a HER system characterized by two time con-the trend in overpotential behavior. This is quite necessary
stants, but only one of themy, CPE-R;) is related to the in order to explain the situation reflected by the recorded
kinetics of the HER. This time constant changes with overpo- EIS spectra, i.e. to relate the two time constants to specific
tential. The second time constamp(CPE-Ry) is related to physical phenomena (charge transfer kinetics, hydrogen ad-
the porosity of an electrode surface, and does not change withsorption, surface porosity). Studies of the HER on solid elec-
overpotential. Hence, from the discussions outlined above it trodes[17,40,50]have shown that when the radius of the HF
can be concluded that the suitability of a specific EEC to semicircle Figs. 4 and 5smaller semicircle) is potential-
model experimental data can be used as a criterion to pre-independent, it can be related to the electrode surface poros-
scribe EEC parameters to the specific processes (i.e. chargéy response, while the potential-dependent LF semicircle
transfer kinetics, surface porosity or hydrogen adsorption). (Figs. 4 and 5larger semicircle) can then be related to the

Fig. 4shows an example of EIS spectra recorded on NiW- charge transfer resistance process. In such a case, the lower
1 at several selected overpotentials, and both the Nuquist andralue time constant (HF constant) represents the response of
Bode plots clearly show the response of a system charac-surface pores, while the higher value time constant (LF con-
terized by two time constants. Therefore, in order to model stant) is related to the HER kinetics. On the other hand, when
the experimental data on NiW-1 both two-time constant EEC both semicircles, i.e. both time constants change with over-
models, i.e. the 2TP and 2TS modeisd. 6), were tested.  potential, the one-time constant is related to the response of
Fig. 4shows that a very good agreement between the exper-hydrogen adsorbed on the electrode surface, while the other
imental data (symbols) and simulated data (solid lines) was one represents the HER kinetifk8,50,55-57] In such a
obtained when the parallel EEC (2TP) model was used. Thecase, one time constant is related to the charge transfer resis-
use of the serial model (2TS) resulted in a large disagree-tance is usually much smaller than the time constant related
ment between the experimental and simulated data for Ni, to the adsorbed hydrogen. Hence, the response of the for-
NiMo-1, NiMo-2 and NiW-1, but it was successfully used to mer appears in the high-frequency region while the response
model EIS spectra on NiFe-1 and NiFe-2. The EEC param- related to the adsorbed hydrogen appears at low frequencies.
eters obtained by modeling of the investigated catalysts are The EEC parameter values presenteddhle 5show that
presented iTable 5 The fitting procedure showed that a bet- both time constants; = CPE-R; andt; = CPE-R; or C-
ter agreement between theoretical and experimental data wa$, for Ni, change (decrease) with overpotential. The value of
obtained when pure capacitance was replaced by a frequencyCPE is relatively constant, with a very small standard devi-
dependent constant phase element, CRE'E"cm~2 or ation. On the other hand, the value of resistaRcdecreases
Fs"~1cm2). Generally, the use of a CPE is required due rapidly with an increase in overpotential. Hence, on the basis
to the distribution of the relaxation times as a result of inho- of the behavior of these two parameters with overpotential
mogeneities present at a micro or nano (atomic/molecular) one can conclude that the first time constaat(CPE-R;)
level[58,59] such as the surface roughness/pordsiy61], is related to the HER charge transfer kinetics, namely to the
adsorptiorf62,63], or diffusion[64]. The CPE approachwas response of the double layer capacitance characterized by
used to fit EIS experimental spectra on the bicomponent cat-CPE;, and charge transfer resistance characterize@®by
alysts (NiMo, NiW and NiFe), while the fitting procedure on Contrary to the behavior of CRETable 5demonstrates that
Ni showed that the exponent of CP&lement Fig. 6b) gave the value of CPE (or C for Ni) changes significantly with
the value of unity. Hence, in this case the GRfement was overpotential. In the case of Ni, NiMo and NiWw, with an
replaced by the pure capacitance, C. increase in overpotential the value of C or GP&so in-

The example shown ifrig. 4 demonstrates that the in- creases, while the value & decreases. This is a typical
crease in overpotential results in a significant change in behavior related to the response of hydrogen adsorbed on an
the impedance response. At low overpotentials the Nyquist electrode surface, namely to the hydrogen adsorption pseudo-
complex-plane plot (Z versus 2) shows two quite distin-  capacitance, CREor C) and resistancé, [18,50,55-57]
guishable semicircles (i.e. two time constants). However, It is evident fromTable 5that the time constantp, related
with the increase in overpotential the overall ‘diameter’ of to the hydrogen adsorption response on Ni, NiMo and NiwW
the semicircles (i.e. real impedance) decreases, indicating asurfaces is higher than the time constant related to the HER
significant change (enhancement) of the HER kinetics. The charge transfer kineticsz, which is in accordance with the
graph scale, which is determined by the spectra recordedbehavior predicted by the 2TP model. However, the EIS be-
at the lowest overpotential, does not allow a clear trend in havior of the NiFe coatings is different from the behavior of
the high-frequency (HF) semicircle behavior to be observed, the other four coatings. Firstly, the use of the 2TP model to fit
and it seems as the HF semicircle disappears with increas-the NiFe EIS data resulted in a very large disagreement be-
ing overpotential. However, at the same time the Bode plot tween the experimental and simulated data, but the use of the
(Fig. 4) clearly shows the existence of two time constants at 2TS model gave a very good fit. Furth@gble 5shows that
all overpotentials presented. Hence, by visual inspection of the overpotential trend of the CRElement on NiFe is quite
the spectra it is not possible to clearly determine the trend of opposite to the trend seen on the other four surfaces. At the
the two time constants with overpotential. Therefore, a better same time, the corresponding resistaRga&lecreases, simi-
approach is to inspect the dataTable 5and conclude on  larly to the behavior on Ni, NiMo and NiW. In addition, the
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Table 5
EEC parameters obtained by fitting EIS experimental spectra recorded at various overpotentials on the investigated electrocatalytic @#tiedgEdSin
models presented ifig. 6

n (V) Rel () CPE (FS"1cm™2) m Ry (Qcn?) CPE (FS"1cm?) ny Rz (S2cnf) 71 () 72 ()

Ni
—0.045 2.06 1.66E04 0.89 6183 6.93E-03 1.00 3450 5.8E-01 2.4E+01
—0.060 2.11 1.59E04 0.90 5558} 1.45E-03 1.00 1529 5.2E-01 2.2E+00
—0.085 2.11 1.62E04 0.90 458% 2.05E-03 1.00 1058 4.4E-01 2.2E+00
—0.110 2.09 1.62E04 0.90 38846 4.75E-03 1.00 1049 3.7E-01 5.0E+00
—0.135 2.09 1.61E04 0.90 3216 3.11E-03 1.00 378 3.1E-01 1.2E+00
—0.185 2.08 1.64E04 0.90 1642 1.39E-02 1.00 10% 1.6E-01 1.5E+00
—0.235 2.09 1.64E04 0.90 44% 1.01E-02 1.00 320 4.4E-02 3.2E-01
—0.285 2.10 1.52E04 0.91 1260 4.34E-03 1.00 1% 1.2E-02 6.8E-02
—0.335 2.17 1.55E04 0.91 443 1.72E-02 1.00 56 4.36-03 9.6E-02

NiMo-1
—0.045 4.04 1.56E01 0.76 1601 1.53E-01 0.98 9002 2.36-01 1.9E+01
—0.060 3.91 8.07E02 0.93 0727 2.71E-01 0.87 2308 7.0E-02 7.5E+00
—0.085 3.84 8.79E02 0.94 0519 3.73E-01 0.85 559 5.5E-02 2.4E+00
—0.110 3.79 8.92E02 0.93 0432 4.84E-01 0.83 209 4.5E-02 1.1E+00
—0.135 3.83 1.16E01 0.90 0437 4.98E-01 0.95 097 5.4E-02 6.4E-01
—0.185 3.83 8.64E02 0.96 0312 5.96E-01 0.88 053 3.4E-02 3.6E-01
—0.235 4.16 8.17E02 0.99 0279 5.26E-01 1.00 035 3.2E-02 2.6E-01
—0.285 4.03 7.37E02 0.99 0234 5.37E-01 1.00 027 2.4E-02 2.1E-01
—0.335 3.97 7.92E02 1.00 0231 8.70E-01 0.93 023 2.7E-02 2.5E-01
—0.435 4.02 8.99E02 0.96 0249 2.78E+00 1.00 a1 2.8E-02 4.4E-01

NiMo-2
—0.045 2.67 5.11E02 0.92 1090 4.88E-02 0.95 9915 6.7E-01 6.9E+00
—0.060 2.67 4.86E02 0.93 762 5.66E-02 0.92 4432 4.5E-01 3.5E+00
—0.085 2.65 4.95E02 0.94 424 8.11E-02 0.89 1180 2.6E-01 1.2E+00
—0.110 2.63 5.19E02 0.94 270 1.11E-01 0.87 410 1.7E-01 5.5E-01
—-0.135 2.61 4.35E02 0.99 154 1.27E-01 0.82 219 9.4E-02 2.7E-01
—0.185 2.54 5.73E02 0.92 121 2.67E-01 0.74 057 8.0E-02 1.1E-01
—0.235 2.55 5.93E02 0.91 089 3.37E-01 0.66 024 5.7E-02 3.6E-02
—0.285 2.55 6.23E02 0.90 078 2.96E-01 0.70 019 4.9E-02 2.5E-02
—0.335 2.59 4.58E02 0.95 056 5.26E-01 1.00 008 3.1E-02 6.3E-02
—0.435 2.61 7.77E02 0.83 044 - 2.6E-02

Niw-1
—0.035 3.25 1.11E02 0.89 1076 3.09E-02 0.91 1507 1.1E-01 6.2E+00
—0.060 2.79 1.41E02 0.81 1011 3.57E-02 0.87 3628 9.1E-02 1.7E+00
—0.085 2.80 1.63E02 0.80 753 5.43E-02 0.87 845 7.6E-02 5.6E-01
—0.110 2.54 1.83E02 0.78 573 8.76E-02 0.91 226 5.9E-02 2.5E-01
—0.135 2.69 1.89E02 0.80 416 1.95E-01 0.92 068 4.9E-02 1.6E-01
—0.185 2.56 2.19E02 0.78 258 - - - 3.1E-02 -
—0.235 2.44 2.15E02 0.78 165 - - - 1.95-02 -
—0.285 2.47 2.03E02 0.80 118 - - - 1.3E-02 -
—0.335 2.41 2.59E02 0.75 091 - - - 9.7E-03 -
—0.435 2.44 3.13E02 0.73 059 - - - 6.2E-03 -

NiFe-1
—0.150 0.89 1.31E03 0.92 1601 4.73E-02 0.22 947 1.7E-01 1.1E-01
—0.160 1.13 1.29E03 0.92 13800 3.59E-02 0.25 709 1.4E-01 1.6E-02
—0.185 1.46 1.26E03 0.92 8508 2.73E-02 0.29 602 8.8E-02 5.9E-03
—0.210 1.75 1.2903 0.91 5028 1.75E-02 0.35 501 5.2E-02 2.1E-03
—0.235 1.90 1.38E03 0.90 3004 1.26E-02 0.38 427 3.0E-02 1.0E-03
—0.285 2.06 1.72E03 0.86 1216 6.23E-03 0.46 032 1.2E-02 2.6E-06
—0.335 2.14 2.38E03 0.81 557 3.34E-03 0.51 247 5.4E-03 1.2E-04
—0.385 2.26 3.38E03 0.76 287 1.88E-03 0.57 193 2.7E-03 6.6E-05
—0.435 2.51 4.73E03 0.66 219 2.89E-04 0.77 103 1.1E-03 3.9E-05

NiFe-2
—0.225 2.25 8.77E04 0.94 4483 8.48E-03 0.59 630 3.8E-02 1.2E-02
—0.230 2.21 1.18E03 0.90 3238 1.07E-02 0.56 491 2.8E-02 8.9E-03
—0.235 2.20 1.13E03 0.87 2983 1.37E-02 0.54 297 2.0E-02 4.7E-03

—0.260 2.22 1.32E03 0.82 2063 1.17E-02 0.57 102 1.0E-02 7.6E-04
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Table 5 Continued

n (V) Ri(®2) CPE(F1lcm? n Ri(Qcm?)  CPR(FSlcm?) n Ry (Qcm?) 71 (s) 2 (S)
-0.285  2.26 1.66E03 0.77 1470 6.34E-03 0.65 045 6.4E-03  2.2E-04
-0.310 227 1.95E03 0.74 1090 2.63E-03 0.76 024 42E-03  9.8E-05
-0.335 2.8 2.10E03 0.72 826 8.81E-04 0.89 014 29E-03  6.1E-05
-0.385  2.36 2.30E03 0.70 438 9.78E-04 1.00 006 15E-03  7.9E-05
-0.435  2.34 2.94E03 0.66 302 4.08E-03 1.00 017 8.3E-04  9.8E-04
—0535 229 2.04E03 0.70 157 - - - 3304 -

-0.635  2.30 1.78E03 0.70 097 - - - 16E04 -
second time constant on NiFe, is lower than the first time Although EIS and Tafel techniques are two quite differ-

constantr, whichis opposite to the situation observed on Ni, ent experimental techniques (ac versus dc), results obtained
NiMo and NiW. From all these observations it follows thaton by both of them should be, at least qualitatively, comparable.
NiFe the LF time constanty, represents the response of the The Tafel technique gives the dependence of the overall HER
HER kinetics, and that the response of the HF time constant,rate (measured by current density) on the applied overpoten-
72, cannot be related to the adsorbed hydrogen. On the othettial. Knowing that the HER proceeds in two steps (hydro-
hand, although the use of the 2TS model that takes into ac-gen adsorption and subsequent desorption to form molec-
count the impedance response of surface pores resulted in amlar hydrogen, Eqs(1)—(3)), it is then obvious from the
excellent agreement between the experimental and simulategresented EIS analysis that the overall rate of the HER is
data,Table 5shows that the HF time constant, changes related to both the charge transfer resistaig,and hy-
with overpotential, which is not consistent with a typical be- drogen adsorption resistand®;, (except on NiFe). Hence,
havior related to the response of pores, which is commonly combining these two resistances in a serigs{R,) and us-
observed in the literature on HER7,40,50] Currentresults  ing the Ohm law it is possible to plot the semi-logarithmic
do not allow us to make a definite conclusion on the physical dependence of the HER rate, log@y/(+ Rp)) versus applied
meaning of the HF time constant, but the overpotential trend overpotential Fig. 7) and compare it to the Tafel plots pre-
of CPE, nz andRy, and their absolute values indicate that sented inFig. 3. In the case of NiFe, only the charge trans-
the observed HF response could be related to a response offer resistanceR;, was used to plot the curve, since the re-
some fast transfer processes (most likely charge, rather tharsistanceR, is not related to the HER kinetics. It is obvi-
mass) in a thin semiconducting oxide film layer formed on ous that the EIS plots ifrig. 7 follow the trend obtained
the NiFe surface. This might be supported by the fact that by dc polarization Fig. 3). Ni coating displays the lowest
both NiFe coatings showed the highest overpotential corre- activity, while NiMo-1 coating again shows the highest ac-
sponding to the onset of hydrogen evolutiéiy 3), and the tivity, followed in a decreasing order of activity by NiMo-
lowest transfer coefficienTéble 3, which was explained by 2, NiW-1, NiFel and NiFe-2. Also, the bimetallic coatings
the presence of a thin oxide film on the electrode surface. again indicate the presence of two Tafel regions, and the

Jog([R, + R,1/ Q cm?)

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0

n/v

Fig. 7. Logarithmic dependence of the resistance related to the HER kinetics on overpotential for different NiX electrodes. The data are obtaiekétbby m
corresponding EIS spectra and are presentdalie 5
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Table 6 the catalyst surface to the electrolyte remains constant. Only
Double layer capacitance, real surface area and corresponding surface roughin, the case of the NiFe coatings the double layer capacitance
ness valu_es fqr the mve_stlgated catalync cqanr_lgs ca_lculated from the EIS gradually decreased, indicating the blockage of the surface,
data obtained in the entire overpotential region investigated . .

most likely by adsorbed hydrogen. Hence, the calculation of

Catalyst Co. (F) Areal (CTP) c the real surface area of the NiFe coatings was based on the ca-
Ni (4.4£0.2)x 10:? 22 32 pacitance values obtained at low overpotentials. The constant
m:m; ggi 8:3?( 18_2 iﬁgg %;2 value of the double layer capacitance on Ni, NiMo and Niw
NiW-1 (4.640.4)x 103 232 336 also confirmed that the change in the Tafel slopEim 3is
NiFe-12 (4.840.1)x 105 21 35 not a result of a decreased surface area, but the formation of
NiFe-2 (33+0.8)x 10 16 24 hydrides, which was already discussed previously.

a As discussed in the text, due to the decrease in the available surface  Obviously, in order to design a good electrocatalyst one
area for the HER on the NiFe coatings at high overpotentials, the double of the major goals it to achieve a Iarge true surface area per
layer capacitance determination was done at low overpotentials: (NiFe-1) geometric area ratio, i.e. the roughness factor. As it can be
~150mVto-210mV, and (NiFe-1)-225mV to—260mV. seen fromTable 6 pure Ni is the catalyst with the lowest
roughness factor value, while NiMo-1 is the catalyst with
the highest roughness (compareRig. 2). Similar values
of surface roughness for Ni were also obtained for polished
o ] o polycrystalline Ni electrodef,15,16]and electrodeposited
3.5. Intrinsic electrocatalytic activity Ni coatings[68], while for bimetallic and Raney-type alloys

. . . o much higher values were obtained; 300 for NjZ5], 1000

Besides the information on the kinetics of the HER, EIS {5 Njzn [65], 2800 for NiFe[18], 5500 for NiZnP[16]
results can also be used to estimate the real surface area ojng 7000 for NiAI[9]. Considering that high surface area
electrocatalytic coatings. This is important since by know- Raney.type electrodes for the HER are usually obtained by
ing the real electrochemically active area of a catalyst, it is 5 chemical treatment of an electrode surface (coating), i.e.
possible to conclude on the intrinsic activity of the material 1y |eaching a more active component out of the alloy (e.g.
in the HER, by subtracting for the surface area effect. AS 7 from a Nizn alloy), and comparing the surface roughness
already mentioned before, there are several techniques thagt NjMo-1 coating to the values obtained on the Raney-type
can be used to determine a true surface area of a catalyStg|ectrodes outlined above, it could be said that a very simple
but the EIS technique was proposed as the most appropri-and still non-optimized) electrodeposition method used here
ate for electrochemical systerfib, 16,18] Using this tech-  gives very comparable results to the more complex method
nique, the real surface are can be estimated form the doubleyp the production of Raney-type electrodes. However, the
layer capacitance. This is then the true electrochemically ac-gyrface roughness obtained on the other four electrodes is
cessible surface area on which hydrogen can adsorb. Takingq\er than on NiMo-1 Table §, which could be partially due
that the average double layer capacitance of a smooth metaly e difference in the intrinsic mechanism of nucleation and
surface is 2QuF cnm“ [65,66] the real surface area can be  growth of the coatings, and partially due to the fact that the
calculated agveai=Cpy /20 (cnf), and then the roughness | seq electrodeposition procedure was not optimized in order
factor, that characterizes the real-to-geometrical surface aregq gptain the highest possible surface roughness for a given
ratio, can be calculated as= ArealAgeometric AS previously  gyrface composition.
defined, the double layer capacitance is described by the con-  Now, knowing the real electrochemically accessible area
stant phase element CP&nd its exponert. However, al- - of the studied coatings it is easy to compare their intrinsic
though the value of parametey is close to unity, its small  catalytic activity. For this purpose the Tafel plots presented
deviation indicates the presence of surface inhomogeneities;, Fig. 3were normalized to the true surface area dividing
most likely in terms of the charge distribution, and the actual {pe current density by the corresponding roughness factor.
value of the double layer capacitanCy_, can be calculated  tapje 7lists values of the exchange current density and the
using an equation originally proposed by Brug ef@fjand  cyrrent recorded at overpotential50 mV for the electro-

shape of the curves is very similar to the Tafel curves in
Fig. 3

later used by many researchgfs9,16,17,22,41,53] catalysts used in the research. Due to the large overpotential
1/n for the onset of the HER on NiFe-2, it was not possible to
CoL = CPE determine the HER current at overpotentidl50 mV.
(Ral + RIl)(l—”) In terms of the exchange current densifgble 7shows

that Ni yields the highest intrinsic electrocatalytic activity at
The mean values of the double layer capacitance, true surthe HER equilibrium potential. However, since the hydro-
face area and roughness factor for the investigated coatingggen evolution does not occur at the thermodynamic potential
are presented ifable 6 The table shows that the double layer (zero overpotential), but certain overpotential is required, the
capacitance standard deviation is rather small, i.e. the valueexchange current density values cannot be used as the only,
of the double layer capacitance does not change significantlyand quite relevant criteria for the comparison of catalytic ac-
with overpotential, which indicates that the accessibility of tivities. On the other hand, it has been reported that a value
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Table 7
Exchange current density and current density at overpotential 50 mV obtained from Tafel plot$-{g. 3) normalized to the true surface area of the catalyst
Catalyst Tafel EIS
jolo (WAcm~2) jlo at—150mV @A cm2) 10°/(R; + Rp)o at —150mV @~ 1cm2)
Ni -0.797 -8.4 10.0
NiMo-1 —0.005 —-149 22.4
NiMo-2 —0.006 —-112 175
NiWw-1 —0.031 —-311 78.1
NiFe-1 —0.056 -18 185
NiFe-2 —0.015 - -

The most right column represents the inverse of the kinetic resistance normalized to the true surface area of the electrode obEagnéd from

of Tafel slope (i.e. a high value of a transfer coefficient) in
the low-overpotential region is as, or even more, important
than favorable exchange current den§li§]. This is clearly
illustrated inTable 7 which also lists the current density at
overpotential-150 mV. In this case, which actually repre-

elements, e.g. Ni, Pd, Pt, Co, etc.), otherwise not available
for bonding in the pure metal, results in a significant change
of their bonding strength, and, consequently, increased in-
termetallic stability, whose maximum usually coincides with
optimal P-electrons for the synergism and maximal activ-

sents cathodic overpotential that can be expected in a hydro-ty in the HER. In such hypo-hyper-d-electronic interactions,

gen generator, NiW-1 appears to yield the highest intrinsic
electrocatalytic activity, followed by NiMo-1, NiMo-2, Ni
and NiFe-1. Similar trend was also obtained from EIS mea-
surementsTable 3, where NiW-1 showed the best intrinsic
electrocatalytic activity, while Ni yielded the lowest activity.
The trend listed ifTable 7is different than the one shown in

paired d-electrons of the hyper-d-electronic element undergo
partial or total delocalization and transfer to the half-filled or
empty semi-d-shells of the hypo-d-electronic element. Jaksic
postulates that intermetallic and interionic combinations of
above elements yield a HER volcano plot behavior, with a
maximum corresponding to a symmetric Laves phase (e.qg.

Table 4 where the corresponding current density values were NiMogs, PtMos, PtWs, CoMog, etc.). The d-band has been

normalized to the geometric area of a catalyst, and NiMo-1 claimed to be crucial in (electro)catalytic hydrogen reactions
showed to be the overall best catalyst. Since the production(it represents both bonding and adsorptive band), while the
of hydrogen in a real hydrogen generator is related to the overall kinetics of the HER has been, on the other hand, re-

overall current, one can conclude that NiMo-1 indeed rep-

lated to the electronic density. The theory proposed by this

resents the best investigated catalytic coating. On the othemresearch group has been supported by a number of experimen-

hand, by optimizing conditions for the electrodeposition of

tal studies related to the HER electrocataly51,70,71] In

NiW in terms of achieving a surface roughness equal or evenaddition, the experimental support related to the direction of

larger than on NiMo-1, NiW would, in principle, offer the
best choice among the investigated materials.

One interesting observation that can be noticed from
Table 7is that the bicomponent coatings, NiMo-1, NiMo-
2 and NiW-1, offer a higher intrinsic activity when compared
to polycrystalline Ni, with an exception of NiFe. It is well
known that the HER electrocatalytic activity of Ni can be
improved by the addition of a second metal into the alloy.
A general conclusion found in the literature is that the in-
trinsic catalytic activity for the HER is related to the elec-
tronic structure of metals, although any explicit and com-

electron transfer, postulated by Jaksic, can also be found in
recent papers published by Wieckowski e{a2—75] where
it has been shown, by using NMR and XPS, that alloying Pt
with Ru results in the decrease in total density of states at
the Fermi level of Pt atoms, i.e. that the direction of electron
transfer is from Pt to Ru. Since the formation of intermetallics
results in an increased alloy stability, their corrosion stability
in an acidic environment is also expected to increase.
Another theory related to the synergism of HER bimetal-
lic catalysts has been proposed by Ezaki €tl&@--14] They
also based their explanation on an electronic structure of al-

prehensive explanation has not yet been given. The theoret{oys. However, the main difference between the two theories
ical approach to explain the HER activity of alloy catalysts is in the direction of electron transfer between constituting
is even more complex, and several theories have been proatoms in an alloy and its effect on the respective Fermi levels
posed. The alloying effect of transition metal-based alloys of the components. Ezaki’s theory also explains the variation
on both the hydrogen evolution activity and catalyst stability in hydrogen overpotential (i.e. HER electrocatalytic activity)
has been discussed by Jaksic ef@d,70]on the basis of the  in terms of the direction of charge transfer between atoms
Engel-Brewer valence-bond theory, as a generalized Lewisin a transition metal-based binary alloys. Experimental re-
acid—base reaction model. This research group postulates thasults have been explained using the D¥-Xluster method.

the intermetallic and interionic combination of elements on Namely, if the alloying element is more electronegative than
the left-hand side of the transition series, that have empty the base metal, the charge transfer occurs from the base metal
or half-filled d-orbital (hypo-d-electronic elements, e.g. Mo, to the alloying element. In that case, excess electrons are lo-
W, V, etc.), with metals of the right half of the transition se- cated near the alloying metal, which then provides preferable
ries, having internally paired d-electrons (hyper-d-electronic sites for the hydrogen evolution reaction, since the excess
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electrons promote proton discharge. Consequently, the cor-of Mo). However, the results presented in the table show that
responding hydrogen overpotential of the alloy reveals the NiW-1 coating offers even better HER catalytic activity than
value characteristic of the alloying metal rather than the baseNiMo-1, although the content of W in the coating is 23 at.%,
metal. Contrary to this, if the alloying metal is less electroneg- i.e. almost three times higher than the theoretically predicted
ative than the base metal, the transfer of charge occurs fromoptimum content (8 at.%). The exact reason for this deviation
the alloying metal to the base metal, and therefore, the basen the predicted behavior is not obvious from the presented
metal represents the active site for hydrogen evolution. Con-results, neither the reason for a higher electrocatalytic ac-
sequently, the hydrogen overpotential of the alloy is similar tivity of NiW-1 compared to NiMo-1, which is opposite to
to that of the base metal and less dependent on the alloyingthe behavior reported if86]. One of the possible explana-
metal. This group also postulates that the Fermi energy leveltions for the latter could be related to the crystalline structure
seems to be in correlation with the hydrogen overpotential of of coatings Fig. 1). NiMo-1 is amorphous, while NiW-1 is
alloys when the alloying element is more electronegative than crystalline, and it has already been shown that crystalline ma-
the base metal. Although this theory disagrees with Jaksic'sterials are more active in the HER then amorphous materials
theory in terms of the direction of electron transfer, it also [42,79] which is due to a larger number of electrochemically
has a strong experimental support in works of Oelhafen et al. active sites on crystalline surfaces.

[76—78] Namely, the UPS spectra recorded on NiZr showed  While the previous two theories and explanations take
that the high binding energy peakinthe UPS spectraisrelatedinto account solely the influence of electronic density
to the 3d Ni states, and the peak near the Fermi energy level(distribution) on the corresponding electrocatalytic HER
to the 4d Zr states. When compared to pure metals, the shiftactivity, the well-known ‘spillover’ process in heterogeneous
of the 3d Ni band to higher binding energies results in a de- catalysis has also been used to interpret the synergism
crease in local density of states at the Fermi level for Ni. The of transition metal-based HER alloys, more specifically
transfer of electrons from the 4d-band of the less electronega-NiMo [11]. In this theory simple cooperative functioning
tive Zr to the 3d-band of the more electronegative Ni explains of the alloy components is mediated via rapid intra- and
this shift. If we applied this conclusion to the bimetallic coat- inter-particle surface diffusion of H ad-atoms. The authors
ings presented in this paper, it would mean that on NiMo-1, of [11] postulate that Ni sites on the NiMo surface influence
NiMo-2, NiWw, NiFe-1 and NiFe-2 the higher electron den- proton discharge and serve as a hydrogen source for neigh-
sity would be around Ni-sites, and Ni would, thus, act as a boring Mo sites which act as hydrogen ‘trap’ sites where the
source of electrons for the proton. Hence, the HER would ion/atom recombination and molecular hydrogen desorption
occur near Ni surface sites, which is also postulated by Ezakiis promoted more efficiently. Highfield et §L.1] essentially

et al.[12-14] This group also predicts that an increase in rule out any relationship between the electronic interactions
the HER electrocatalytic activity coincides with an increase among NiMo alloy components and observed synergy.
in electron density around a more electronegative constituentHowever, our opinion is that the influence of the electronic
of an alloy, which would then mean that one of the best HER structure on the catalytic activity of bimetallic catalysts
catalyst would be NiTi. Our results indeed show that the ob- plays one of the major roles in the kinetics of the HER, but
served increase in the HER electrocatalytic activity coincides the surface diffusion cannot be completely excluded as a
with the increase in the electron density around Ni-sites, but contributing factor. This opinion is logical if we consider
at the same time the results presented cannot give a genthe HER reaction mechanism, Eq4)—(3), from which it

eral conclusion on the trend. On the other side, Jaksic’s the-is obvious that the kinetics of the HER depends on both the
ory predicts an optimum electron density for the best HER electron transfer rate and the strength of theH\ys bond,
electrocatalytic activity of an alloy, and does not recognize which both, in turns, depend on the d-electron density at
specific surface sites (in terms of alloy constituents) as hy- the Fermi level. This opinion is supported by experimental
drogen active sites. Similar conclusions have been reportedresults of Wieckowski et al[72—75] who have recently

by Kawashima et a[36], who have shown that the optimum  shown that alloying Pt with Ru induces major changes in the
electron configuration corresponds to the situation of a nearly core-level binding energies of chemisorbed carbon monox-
filled d orbital. The d-band vacancy of Ni in NiMo and NiW  ide (CO). Schlapka et aJ80] have also recently shown that
alloys decreases with the addition of Mo or W and becomes the electronic effect plays the major role in the adsorption
nearly zero at ca. 11 at.% Mo and 8 at.% W. These two com- strength of CO on up to four monolayers of Pt deposited on
positions would, hence, give the best activity in the HER, Ru, after which a surface strain effect starts to predominate.
which is in a good agreement with results[86], and also From the results presented in this paper and the subsequent
results obtained on NiMo metal ultra-fine partic]&@8]. Our discussion it is evident that all three major theories could be
results on NiMo also support the assumption that the high- used to explain the increase in the HER activity upon alloying
est activity in the HER can be expected at the composition Ni with W and Mo (Table 7. Some concepts of the theories
11 at.% Mo. Comparing the activity of NiMo-1, NiMo-2 and  are mutually contradictory, and the authors’ opinion is that
Nisurfaces at overpotentiall50 mV (Table 7, itcanbe seen  none of the outlined theories gives general definite explana-
that the most active coating is exactly the one that gives thetions of the source of synergy observed in bicomponent HER
optimum electron density for the HER, i.e. NiMo-1 (12 at.% catalysts. However, the authors’ agree with the fact that the
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improvement in the HER electrocatalytic activity is related activity then pure Ni, their intrinsic electrocatalytic activity
to the electron density distribution, and thus, that the designwas lower then of pure Ni. This is most likely due to the
of HER electrocatalysts should start at an ‘electronic level'. presence of an oxide film on the catalysts surface.
However, the direct relationship between the electron density  The results presented in the paper demonstrate that the de-
distribution and HER electrocatalytic activity is not always sign of high-activity HER electrocatalysts could be based on
observed, and some additional effects, such as the surfacehe increase of both active surface area and intrinsic activity
diffusion[11] or strain effec{81] should also be considered of a material. While the former can be achieved by a proper
in the design. This requires further thorough and systematic choice of experimental conditions for the material prepara-
investigation of the influence of all these effects on materials’ tion (e.g. using methods for the synthesis of nano-patrticles,
electrocatalytic activity in the HER, which is a subject of the such as a colloidal or plasma-assisted method), anincrease in
present and future research in our laboratory. the intrinsic activity can be achieved by a proper combination
of left- and right-hand side transition metals. Although the
three outlined theories give a very solid background for the
4. Conclusions design of intrinsically active HER electrocatalysts, none of
them offers definite general answers that could be used for
The influence of alloying nickel by left-hand side transi- the design directions, and a further thorough and systematic
tion metals (Fe, Mo, W) on the electrocatalytic activity in hy- investigation of the influence of all observed effects (electron
drogen evolution was investigated in an acidic environment density, surface diffusion, surface strain, crystallinity, etc.) on
using electrochemical techniques of linear dc polarization materials’ electrocatalytic activity in the HER is needed.
(Tafel) and electrochemical impedance spectroscopy (EIS).
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