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Abstract

Amorphous Co33Zr67 alloy, prepared by rapid solidification of its components (Co, Zr) in an argon atmosphere, was investi-
gated in view of its possible application as electrocatalytic material for the hydrogen evolution reaction (h.e.r.). Electrocatalytic
efficiency was evaluated on the basis of electrochemical and impedance measurements carried out in deaerated 1 M NaOH
solution.

The results were compared with polycrystalline Co and Zr metals. The Tafel slope,bc and the value of exchange current
density,j0 confirmed rather good electrocatalytic properties of Co; on the contrary, pure Zr exhibited very poor activity for
the h.e.r. which was influenced by the presence of a ZrO2 surface layer due to high affinity of Zr for oxygen.

Improved electrocatalytic performances were obtained after the as quenched Co33Zr67 samples were chemically pretreated
in HF solution. The true kinetic parameters of these electrodes for the hydrogen evolution reaction resembled that of Co, but
the stability and activity in the highest state exceeded those of pure polycrystalline Co electrode.

Experimental results of hydrogen evolution kinetics on the Co33Zr67 alloy were discussed using known electronic structure
of Co–Zr amorphous alloys, ionicity difference between Co and Zr, as well as the free energy of adsorption and the bond
strength of hydrogen adsorbed on Co. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The hydrogen evolution reaction (h.e.r.) has thus far
been investigated on cobalt electrodes (catalysts) in
both alkaline and acidic media [1–3]. Electrocatalytic
cobalt materials have been produced under different
electrodeposition conditions. A significant decrease
in the h.e.r. overpotential was observed for the highly
porous and active cobalt electrodes, deposited in the
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presence of bubbling oxygen and chloride ions, in
contrast to cobalt electrodes deposited in a bubbling
nitrogen bath. Miao and Piron [4] observed that Ni,
Co and Fe composite coatings prepared by elec-
trolytic codeposition were catalytically more active
for the h.e.r. than the Ni coated electrode deposited
under the same conditions. High electrocatalytic ac-
tivities of composite-coated electrodes resulted from
larger real surface areas of the electrodes, which were
dependent on electrodeposition conditions. Bozzini
et al. [5] tested various thin films of Co-based Pt,
Pd, P and Ni–P alloys, deposited by electrochemical
and autocatalytic chemical deposition, as cathodes
for the h.e.r. in alkaline solutions. They found that
Co–Pt and Co–Pd thin film alloys with low Pt and
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high Pd content exhibited the lowest h.e.r. overvoltage
among the Co-based films tested. According to Fan
et al. [3] the cobalt–nickel–molybdenum catalysts, de-
posited on a stainless steel screen, enhanced the h.e.r.
in alkaline water electrolysis more than the cobalt,
nickel, cobalt–molybdenum and nickel–molybdenum
deposited catalysts. In comparison to Ni–Mo and
Co–Mo, the improvement in electrocatalytic perfor-
mance on Ni- and Co-based ternary materials was
attributed to their large surface area.

Investigations have also extended to catalytic be-
havior of the cobalt-oxide electrodes for hydrogen
evolution. Trasatti and coworkers [6,7] investigated
the mechanistic and electrocatalytic aspects of H2
evolution from alkaline solutions using Co3O4 and
RuO2 doped Co3O4 electrodes prepared by thermal
decomposition of cobalt nitrate. Presented results
have shown that Co3O4 electrodes were not very ac-
tive for cathodic H2 evolution in alkaline solution.
Doping Co3O4 with RuO2 increased the electrocat-
alytic activity of mixed oxides for the h.e.r., with a
maximum at intermediate RuO2 contents.

Due to their mechanical and chemical stability and
high electrocatalytic activity, nickel and nickel-based
electrodes are among the most often used electrode
materials for alkaline water electrolysis [8–11]. Be-
cause of its fundamental and technological impor-
tance in electrochemistry, hydrogen evolution was
extensively studied on a variety of nickel-based
hypo-hyper-d-electronic transition metal alloy elec-
trodes [12–20]. The electrocatalytic activity of amor-
phous Zr100−xNix alloys (metallic glasses), with
x = 33, 40 and 60, was studied in relation to both,
composition and active surface area [21,22]. Kinetic
parameters of the hydrogen evolution reaction were
evaluated by electrochemical and impedance spec-
troscopy techniques in 1 M NaOH solution. Electro-
catalytic activity of investigated alloys was directly
related to the split-band electronic structure of Zr–Ni
alloys [23].

In the present work, as quenched and chemically
etched Co33Zr67 metallic glass electrodes obtained
by rapid solidification were studied as catalysts for
the hydrogen evolution reaction in 1 M NaOH, at
room temperature [24]. The Co–Zr metallic glasses
are binary alloys of early (hypo)-late (hyper) tran-
sition metals with well-defined electronic structure,
physico-chemical and structural properties. Previous

studies [25] investigated the influence of hydrogen
doping on microhardness, magnetic and electron
transport properties of Co–Zr glasses. We reported
the results regarding the hydrogen evolution reaction
(h.e.r.) on the Co33Zr67 amorphous alloy electrode
as well as on spectroscopically pure polycrystalline
Co and Zr electrodes, in order to characterize alloy
electrocatalytic efficiency and stability. The relations
between the electrocatalytic performance of the in-
vestigated electrodes, their electronic structure and
surface conditions, were discussed.

The h.e.r. proceeds via a three-step reaction mecha-
nism in alkaline solutions:

M + H2O + e− kV

k−V

MHads+ OH− (1)

MHads+ H2O + e− kH

k−H

H2 + M + OH− (2)

MHads+ MHads
kT

k−T

H2 + 2M (3)

where steps (2) and (3) can take place simultaneously
or interchangeably. Steps (1), (2) and (3) are known
as the Volmer, Heyrovsky and Tafel reactions. In this
reaction mechanism, M represents the electrode mate-
rial and MH the hydrogen adsorbed on the electrode
surface.

2. Experimental

Ribbons of Co33Zr67 metallic glass (typically
30mm thick and 3 mm wide) were prepared by rapid
solidification of components (cobalt, zirconium) with
more than 99.5% purity level, on a single-roll spinning
copper wheel in an argon atmosphere. The structures
of the as quenched samples were examined by X-ray
diffraction using Cu Ka radiation to confirm that they
were amorphous. For comparison, electrochemical
tests were performed on polycrystalline, spectroscopi-
cally pure Co and Zr electrodes. The exposed faces
of investigated electrodes were polished to a mirror
finish with Buehler 0.05mm alumina powder, and
rinsed with distilled water and alcohol.

Surface activation treatments have been performed
on the amorphous Co33Zr67 alloy electrode by chemi-
cal etching, for 60 s with 1 M aqueous HF, at room
temperature.
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All experiments were carried out at room tem-
perature (298 K) in deaerated 1 M NaOH aqueous
solution, using quasi-potentiostatic polarization and
ac impedance spectroscopy techniques. The solution
was deaerated by continuous bubbling with puri-
fied nitrogen. The dc polarization curves and ac
impedance spectra were measured using the corro-
sion measurement software (CorrWare®) and the
electrochemical impedance software (ZPlot®) with
a Solartron model 1287 Electrochemical Interface
and a Solartron model 1255 Frequency Response
Analyzer.

Polarization curves and impedance spectra were
recorded after keeping the electrodes at a constant
current density of−1 mA cm−2 for 1800 s. The elec-
trode potential attained at this current corresponds to
the hydrogen evolution reaction. The impedance spec-
tra were recorded in a frequency range from 100 kHz
to 0.1 Hz using 5 mV peak-to-peak amplitude. The
selected applied dc potentials were located mainly
in the linear portion of the Tafel lines. The solution
resistances between the tested electrode and the ref-
erence electrode were determined by ac impedance
measurement. Ohmic drop corrections, based on
these resistances, were applied in all polarization
measurements.

A standard three-electrode cell was utilized in all
measurements, the counter electrode was a large-area
platinum electrode and the reference electrode was a
saturated calomel electrode (SCE).

3. Results and discussion

3.1. Polarization measurements

Amorphous Zr67Co33 alloy electrode, in the as
quenched state and pretreated in aqueous hydrofluoric
acid, as well as polycrystalline, spectroscopically pure
Co and Zr electrodes, were investigated for the hy-
drogen evolution reaction. Quasi-potentiostatic curves
were recorded in the potential range between the H2
reversible potential,−1.068, and−1.5 V versus SCE,
at the scan rate of 1 mV s−1.

As a measure of catalytic efficiency, the Tafel slopes
and exchange current densities were derived from such
plots. Data fitting was performed by the least-squares
regression analysis of experimentalj againstE data

Fig. 1. Quasi-potentiostatic cathodic polarization curve for as
quenched Co33Zr67 amorphous alloy in 1 M NaOH at room tem-
perature. The full line represents the calculated curve while points
stand for experimental results.

based on the relevant equation, in exponential form
[26]:

j = j0 exp
αηF

RT
= j0 exp

η

bc
(4)

where j is the current density,j0 the corresponding
exchange current density,α the charge transfer coef-
ficient (used value was 0.5),η the overpotential, and
b is the Tafel slope. Fig. 1 shows as an example a
comparison between the calculated and experimental
Tafel plots for the as quenched Co33Zr67 electrode, af-
ter correction for an uncompensated IR drop. Points
stand for experimental results, while the full line rep-
resents the calculated curve for a Volmer–Heyrovsky
mechanism, Eq. (2), as the rate determining step, r.d.s.
The current density was calculated using the geomet-
ric area of the electrodes. Table 1 contains the ob-
tained kinetic parameters for the hydrogen evolution
reaction.

For the cobalt electrode, at overpotentials higher
than−0.2 V, the Tafel slope of 0.123 V dec−1 is close
to the theoretical value of 0.118 V dec−1 for the h.e.r.
at 298 K, according to the Volmer–Heyrovsky mech-
anism. A relatively high Tafel slope of 0.237 V dec−1

for the as quenched Co33Zr67 electrode and a very high
Tafel slope ofbc = 0.667 V dec−1 for the Zr elec-
trode clearly indicate the presence of a surface oxide
film on these electrodes. Surface analysis by the XPS
technique has shown that Zr exists as an electrocat-
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Table 1
Kinetic parameters for the h.e.r. for the Co and chemically pre treated (∗) Co33Zr67 electrodes in 1 M NaOH, at room temperature,
deduced from (A) measured polarization curves, based on the geometric surface area and (B) electrochemical impedance spectroscopy
measurements, based on the real surface area

A B

Co Co33Zr67∗ Co Co33Zr67∗
bc (V dec−1) 0.123 0.149 0.097 0.120
j0 (A cm−2) 8.40 × 10−6 8.55 × 10−4 3.976× 10−8 1.872× 10−7

alytically inert oxide of ZrO2 on the electrode surface
[22].

The Tafel slopes, greater than 2.3 × 2RT/F =
118 mV (at room temperature), are usually regarded
as anomalous since they cannot be predicted for the
mechanism, given by Eqs. (1)–(3). Experimentally, it
is frequently observed [27] that the values of Tafel
slopes obtained are greater than 118 mV for hydro-
gen evolution reactions proceeding on oxide-covered
electrodes. The most successful interpretation, Meyer
[28], has been widely accepted and seems to provide a
quantitative analysis of the problem. A part of the ap-
plied metal-solution overpotential may be assumed to
operate across the oxide layer and hence is not avail-
able to assist the charge transfer at the film-solution
interface. Accordingly, an activation barrier exists for
the transport of electrons through the oxide film, and
this barrier must be surmounted by application of an
electric field in order for the reaction to proceed. In
general, it may be assumed thatηf , the potential drop
across the oxide film of given thickness and proper-
ties, is a function of the total overpotential [29]:

∂η

∂ logj
= 2.3RT

βzF(1 − ∂ηf /∂η)
≡ Tafel slope (5)

wherej is the current density,T the absolute tempera-
ture,z the valence of the discharging ion,F the Fara-
day constant,β the charge transfer symmetry factor,
η the total metal-oxide-solution overpotential,ηf the
fraction ofη which operates across the semiconduct-
ing oxide film andR the gas constant. In the absence
of an oxide film and with the usual values ofβ =
0.5 andz = 1, the Tafel slope would be 118 mV at
room temperature, as expected from theory. The cal-
culated values using anomalous Tafel slopes of 0.667
and 0.237 V dec−1 for Zr and Co33Zr67 electrodes fur-
ther yieldηf = 0.82η andηf = 0.5η for the Zr and

Co33Zr67 electrodes, respectively. It may be concluded
from the obtained values that the presence of an oxide
on the electrode surface leads to an inhibition of the
hydrogen evolution reaction.

Chemical pretreatment in 1 M HF acid for a short
time (60 s) significantly enhanced the electrocatalytic
activity of the Co33Zr67 alloy with an increase in the
exchange current density calculated per unit of geo-
metric area and a Tafel slope decrease in comparison to
the untreated electrode (Table 1). This was attributed
to dissolution of Zr and removal of a thin ZrO2 oxide
film and an enrichment of the electrode surface with
cobalt and will be discussed later.

3.2. Impedance spectroscopy measurements

The impedance data were collected at selected ap-
plied dc potentials located mainly in the linear portion
of the Tafel plots, at an overpotential in the range from
−0.05 to−0.45 V.

Figs. 2–4 show impedance diagrams at different
overpotentials for the Co electrode and Co33Zr67
amorphous alloy electrode, before and after chemi-
cal pretreatment with 1 M HF. Impedance diagrams
are shown in the form of Bode plots (the logarithm
of overall impedance modulus, log |Z| and the phase
angle,θ versus the logarithm of frequency, logf ).

At intermediate frequencies a linear dependence of
log |Z| against logf and one well-defined maximum ob-
served in theθ against logf plot, indicate capacitive
behavior of the electrode. At low and high frequen-
cies, a transition from capacitive to resistive behavior
is apparent. Theθ drops towards zero at both high and
low frequencies. The ohmic resistance is the dominat-
ing impedance component at the highest frequencies
and the value of the electrolyte resistance,Rel, can be
deduced from the high frequency impedance plateau.
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Fig. 2. Impedance spectra (Bode plots) of polycrystalline cobalt
electrode for the h.e.r. in 1 M NaOH, at various overpotentials,
−η/V: 0.2 (1), 0.25 (2), 0.3 (3), 0.35 (4), 0.4 (5), 0.45 (6).

At the lowest frequencies, the Faradaic resistance i.e.
the charge transfer resistance,Rct dominates, which
can be obtained from the low frequency impedance
plateau as (Rel + Rct).

It should be noted that charge transfer resistance
continuously decreases with increasing overpotential,
attaining relatively low values ofRct ≤ 10� cm2, as
can be seen in Figs. 2–4. The cobalt electrode ex-
hibits the sharpest drop ofRct with increasing over-
potential, indicating a sharp reaction rate increase for
the hydrogen evolution process with increasing ca-
thodic potential, see Fig. 2. The low frequency ohmic
impedance plateau is the widest at high overpotentials,
for Co and Co33Zr67 electrodes it extends through
more than four decades of the frequency logarithm.
At the same time, the frequency region in which ca-
pacitive behavior determines the impedance response
of the electrode shrinks, indicating a faster hydrogen
adsorption–desorption process at the electrode surface
during the h.e.r. The resulting values of charge trans-
fer resistance are very low, a few orders of magni-

Fig. 3. Impedance spectra (Bode plots) of as quenched Co33Zr67

amorphous alloy for the h.e.r. in 1 M NaOH, at various overpo-
tentials,−η/V: 0.05 (1), 0.1 (2), 0.15 (3), 0.2 (4), 0.25 (5), 0.3
(6), 0.35 (7), 0.4 (8), 0.45 (9).

tude lower than the ones attained for the untreated
electrode. Once selective dissolution and removal of
the Zr-oxide component occurs, a cobalt-rich layer re-
mains at the alloy surface, and it acts as an electrocat-
alyst for rapid activation [19,30].

All the impedance spectra for the treated and un-
treated Co33Zr67 electrode and spectra for the Co elec-
trode atη ≥ −0.2 V, can be well described using only
one time constant, characteristic for a purely kineti-
cally controlled reaction. A simple electrical equiva-
lent circuit (EEC) used for the analysis of experimental
data, consists of the solution resistance,Rel, in series
with a parallel connection of the electrode capacitance,
C, while the charge transfer resistance,Rct, relates
to the hydrogen evolution reaction (Fig. 5). Complex
non-linear least squares (CNLLS) programs supplied
by Macdonald et al. [31] and Boukamp [32] were used
to analyze the real and imaginary impedance compo-
nents,Z′ andZ′′, for all frequencies at each dc poten-
tial. The values of circuit elements obtained using a
CNLLS program are shown in Table 2. The fitting pro-
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Fig. 4. Impedance spectra (Bode plots) of chemically pre-treated
(∗) Co33Zr67 amorphous alloy for the h.e.r. in 1 M NaOH, at
various overpotentials,−η/V: 0.05 (1), 0.1 (2), 0.15 (3), 0.2 (4),
0.25 (5), 0.3 (6), 0.35 (7), 0.4 (8), 0.45 (9).

cedure resulted in a very good agreement between ex-
perimental and theoretical data. A standard deviation
χ -quadrate was of the order of 10−4, and the relative
error was less than 5%. The charge transfer resistance
is defined as

Rct = lim
ω→0

Re{Zf } (6)

where Re{Zf } denotes the real part of the complex
faradaic impedance,Zf andω is the frequency of the ac

Fig. 5. Electrical equivalent circuit used for simulating the ac
impedance spectra for the hydrogen evolution reaction on solid
electrodes.

signal (ω = 2πf ). In this model, the total impedance
Z is given by

Z = Rel + 1

(Rct
−1 + jωCdl)

(7)

where j is the imaginary number (j= √−1).
With known values of charge transfer resistance, it

is possible to calculate the exchange current density,
j0, according to the relation:(

∂η

∂j

)
η→0

= RT

zF

1

j0
= Rct (8)

The exchange current density is a widely used mea-
sure of electrocatalytic activity of any electrode for a
particular process. It is important to note here, that for
optimum performance of hydrogen cathodes in a wa-
ter electrolyzer, not only the highest possible values
of the exchange current densities, but also low values
of Tafel slopes as well as long term stability of the
electrode are required.

In order to compare the catalytic activity of differ-
ent electrodes their surface area must first be assessed
and the surface effect subtracted from the apparent ac-
tivity. The surface roughness factor of the electrodes,
proportional to their electrochemically active surface
area, was evaluated based on the apparent double-layer
capacitances determined by ac impedance measure-
ments. TheRct andCexpparameters included in Table 2
were determined in terms of the geometric area and
Cexp could be expressed as the sum of pseudocapac-
itance,Cφ and double-layer capacitance,Cdl [33,34].
Thus,

Cexp = Cdl + Cφ (9)

In the investigated overpotential range,Cexp decreased
with increasing overpotential, and tended to remain
constant at high h.e.r. overpotentials. At high overpo-
tentials, pseudocapacitance approached zero, and de-
terminedC corresponded to the apparent double-layer
capacitance,Cdl, independent of potential. The sur-
face roughness factorσ for each electrode was calcu-
lated by dividingCdl by the double-layer capacitance
(20mF cm−2) of a smooth metal surface [35,36].

The surface roughness factor determined by ac
impedance measurements was about 6 for the Co elec-
trode. For the smooth Co33Zr67 electrode,σ attained
a value much smaller than 1 and it was approximately
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Table 2
Fitted parameter values of the electrical equivalent circuits for Co and as quenched and chemically pre-treated (∗) Co33Zr67 electrodes for
the h.e.r., in 1 M NaOH solution, at room temperature

Overpotential,−η/V

0.05 0.1 0.15 0.2 0.25 0.3 0.35

Cobalt
Cexp (mF cm−2) 601 390 328 415 288 182 135
Rct (� cm2) 2883 1160 489.5 283.4 91.67 27.37 7.70

As quenched Co33Zr67

Cexp (mF cm−2) 6.5 5.4 4.8 4.1 4.1 3.7 3.6
Rct (� cm2) 765.6 601.2 479.8 393.5 293.7 206.8 157.8

Chemically pretreated Co33Zr67∗
Cexp (mF cm−2) 13756 10469 9731 9248 7731 6102 3395
Rct (� cm2) 42.0 17.8 7.59 3.10 1.36 0.74 0.49

180 for the rough, chemically activated Co33Zr67
amorphous alloy electrode. An extremely low value
of σ for the smooth, as quenched Co33Zr67 electrode
indicated the existence of an interfacial oxide on the
smooth surface of metallic glass and great homo-
geneity of its amorphous structure. The reduction
of the electrode active surface area, with increasing
overpotential during the h.e.r., is clearly visible from
a decrease in the roughness factor. A decrease in the
roughness factor of the as quenched Co33Zr67 elec-
trode may be explained by a decrease in the electrode
specific capacity probably due to bulk and surface
transformation and the formation of hydrogen doped
alloy (Co33Zr67)1−xHx [18,25,37].

The dependence of the logarithm of the inverse
charge transfer resistance,Rct

−1 on the overpotential,
recalculated for the real surface area, is presented in
Fig. 6. From this figure, it may be pointed out that
in the overpotential range from−0.05 to−0.35 V, the
relationship between logRct

−1 andη is linear, with a
slope dη/d(logRct

−1) of 97 mV dec−1 for the Co elec-
trode and 120 mV dec−1 for the chemically treated
Co33Zr67 electrode. Extrapolating the values of charge
transfer resistance to the zero overpotential for the hy-
drogen evolution reaction (Erev = −1.068 V versus
SCE), according to the Eq. (8), yields the exchange
current densities for the h.e.r. Thus, the values of the
exchange current densities, based on the real surface
areas, are 3.98 × 10−8 A cm−2 for the Co electrode
and 1.87 × 10−7 A cm−2 for the chemically treated
Co33Zr67 amorphous alloy electrode. These exchange
current density values of the discharge step (2), accom-

panied with Tafel slope values contained in Table 1,
indicate a true electrocatalytic nature of the electrode
for the hydrogen evolution reaction.

The exchange current density for chemically
treated Co33Zr67 electrode is very close to the one
for pure cobalt. A comparison of intrinsic activities
(true exchange current densities — per unit of real
surface area) implies that an increase in the activity
of chemically treated Co33Zr67 electrode arises from
an increase in the surface roughness accompanied
by the Co-enriched surface layer. Some amorphous
alloys may not be electrocatalytically active in their

Fig. 6. The logarithm of charge transfer admittance,Rct
−1 for

polycrystalline cobalt and chemically pre-treated (∗) Co33Zr67

amorphous alloy, as a function of the overpotential, based on the
real electrode surface.
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as quenched state but their activity can be signif-
icantly improved by chemical etching. Thin oxide
films, generally produced at the surfaces during rapid
quenching, must be removed by chemical etching.
Moreover, surface area of as quenched ribbons is
very low and can be increased by suitable activa-
tion treatments. In the case of Ni-based amorphous
alloys, it was shown that a pretreatment with HF
significantly enhances the electrocatalytic activity
either by removing the surface oxide layers or by
increasing the roughness factor [12,30]. Amorphous
Cu–Ti, Cu–Zr alloys [38], Ni–Ti, Ni–Zr and Pd–Zr
[12,19,21,22,30,39] alloys were found to be electro-
catalytically very active for the h.e.r. after treatment
in 1 M HF solution. Chemically activated alloys ex-
hibited a much higher reaction rate than their original
melt-spun and crystalline counter-parts [30,40]. This
improvement was attributed to selective dissolution
of TiO2 and ZrO2 oxide layers respectively, which
left a porous electrocatalytically active Cu, Ni or
Pd layer. More information was obtained using in
depth analysis of untreated and activated amorphous
Ni–Zr alloys (NiZr, Ni36Zr64 and NiZr2) [19]. The
variation in the Ni+/Zr+ and Zr+/ZrO2

+ ratios as a
function of sputtering time was reported. It was found
that chemical etching with HF clearly enhanced the
Ni+/Zr+ ratio not only in the surface layers but also
in the inner layers of the alloys. SIMS profiles of the
NiZr2 alloy [19] confirmed the hypothesis that HF
treatment causes preferential dissolution of Zr in the
amorphous alloy, resulting in nickel enrichment at the
surface. According to the SEM and XRD analyses
the treatment (etching) with HF induced formation
of crystalline fcc Ni: the preferred orientation of Ni
crystals grown at the surface was related to the easy
growth direction of fcc metals. The typical shape of
(1 1 1) oriented crystals was observed [30].

Enhanced electrocatalytic activity observed for
amorphous alloys after chemical treatments was not
observed on their crystalline counterparts after similar
chemical treatments [40].

Ezaki et al. [41,42] have proposed an electronic
model for understanding the alloying effect of transi-
tion metal based alloys on the catalytic properties for
the h.e.r. Based on the proposed model, catalytic ac-
tivity for the h.e.r. of Zr binary alloys containing 3d
and 4d transition metal elements (M) was evaluated
from a series of experiments and electronic structure

calculations [20]. The variation in catalytic activity,
i.e. hydrogen overpotential, was explained in terms
of the charge transfer direction between atoms in the
alloy. The negative value of the ionicity difference,
IM − IZr = 1I between M and Zr atoms means that
the electron transfer occurs from the surrounding Zr
atoms to the atoms of the alloying element M, whereas
a positive value of1I means that electron transfer oc-
curs in a reversed direction. All 3d and 4d alloying
elements had negative ionicity due to electron transfer
from base Zr metal to the alloying element. Accord-
ingly, as a result of charge transfer between the con-
stituent atoms, the “negatively” charged atom in the
compound was mainly responsible for the hydrogen
overpotential change with alloying.

3.3. Electrocatalytic activity of the Co33Zr67
amorphous alloy for the h.e.r., based on the
electronic structure influence

Based on polarization and impedance results, it was
found that catalytic behavior of the alloy resembled
that of cobalt much more than that of zirconium. These
experimental results were supported by considering
the valence-band spectrum of amorphous Co–Zr alloy,
the electronic structure calculations of ionicity differ-
ence between Co and Zr,ICo−IZr, as well as the work
function and the bond strength of hydrogen adsorbed
on the surface of Co electrode.

Fig. 7 from reference [43] shows a valence-band
spectrum of the Co30Zr70 metallic glass obtained by

Fig. 7. Valence-band spectrum (hν = 40.8 eV) of Co30Zr70 metal-
lic glass.
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ultraviolet photoelectron spectroscopy (UPS) and de-
convoluted by electron structure calculations [44]. The
structure near the Fermi energy level,EF, originates
mainly from the 4d Zr electrons while the peak at
higher binding energies (≈1.4 eV below the Fermi
level) is mainly related to the 3d Co electrons. The
broad structure located at about 6 eV below the Fermi
level [43] is associated with the formation of a sur-
face oxide, ZrO2 or Zr-hydride. A small displacement
of the 3d Co subband position from the Fermi level,
1 = −1.4 eV for the Co30Zr70 alloy, indicates that
the 3d Co subband has a large contribution atEF and
that the 3d Co states play an important role in deter-
mining the catalytic properties of the alloy. The sur-
face layers of amorphous alloy samples (both solid
and liquid) are enriched with clusters, characterized by
stronger hybridized bonds between the d-electrons of
the host lattice of Zr atoms and the d-electrons of the
Co doping atoms, which are the cluster-forming ele-
ments [45]. Co atoms are more electronegative (1I =
ICo− IZr = −3.3) than Zr atoms (1I = IZr − IZr =
0) and tend to have weaker interaction with hydrogen
compared to the positively charged Zr atoms. Since
the electrochemical desorption is the rate determining
step of the h.e.r., the maximum rate of hydrogen evo-
lution will occur at intermediate values of M–H bond
strength. This is indeed observed, in the well known
“volcano plot” of exchange current density against
M–H bond strength (1G0

ads), for a series of metal cath-
odes [46,47]. Co forms M–H bonds with energies of
about 210 kJ mol−1 and has a work function of about
4.7 eV. Judging upon the values of the metal work
function given by Trasatti [46] and the M–H bond
strengths derived by Krishtalik [47], an ideal electro-
catalyst lacks two electrons to fill its outermost d and s
sublevels, has a work function of about 5 eV, and forms
M–H bonds with energies of about 210–250 kJ mol−1.

4. Conclusion

• Electrocatalytic efficiency for the hydrogen evo-
lution reaction on amorphous Co33Zr67 alloy was
evaluated on the basis of electrochemical and
impedance spectroscopy data carried out in deaer-
ated 1 M NaOH solution. For comparison, electro-
chemical and impedance tests were also performed
on polycrystalline Co and Zr metal electrodes.

• The exchange current density,j0 and Tafel slope,
bc were taken as reasonable measures of catalytic
efficiency of investigated materials for the h.e.r.

• The exchange current densities per true unit sur-
face area were obtained from non-linear least square
fit of the impedance data (Eqs. (6) and (7)) and
were compared with results from an analysis of
quasi-potentiostatic polarization curves (Eq. (4)).

• The surface roughness was determined using
non-destructive method of capacity measurements.

• The impedance data are consistent with the results
obtained from the analysis of polarization curves
(electrochemical measurements). Analysis and dis-
cussion of the kinetic parameters for the h.e.r. were
based on the Volmer–Heyrovsky reaction mecha-
nism.

• Electrocatalytic activity for the h.e.r. of the
as-quenched Co33Zr67 electrode was lower than
that of the Co electrode. Anomalous Tafel slope,
bc = 230 mV dec−1 can be related to the presence
of a thin oxide layer produced at the surface during
rapid quenching. A part of the applied potential
operates across this oxide layer and hence is not
available for the charge transfer reaction at the
film/solution interface.

• The increase in electrocatalytic efficiency of the
Co–Zr alloy for the h.e.r. after chemical pretreat-
ment in HF solution may be mainly attributed to the
increase of surface Co concentration after removal
of the Zr surface oxide (as was evidenced by cyclic
voltammetry). The stability and electrocatalytic ac-
tivity of these electrodes, per true unit area in the
highest state, exceeded that of pure Co electrode.

• Experimental results of hydrogen evolution kinetics
on the Co33Zr67 alloy were discussed on the basis
of a valence band spectrum of this alloy and elec-
tronic structure calculated for Zr-transition metal bi-
nary alloys. These alloys have electronic structures
which exhibit higher catalytic activity with respect
to the parent elements, although lower with respect
to noble metals (Pt).
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