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Abstract

The kinetics and mechanism of the hydrogen evolution reaction on alloys of the Mo W,_Si, system (x = 1.0; 0.68; 0.41; 0)
in a 1.0 M NaOH solution have been studied by the methods of polarization and impedance measurements. The cathodic
polarization curves of silicides were characterized by the Tafel plots with constants a and b, equal to 0.47-0.49 and 0.068-
0.076V, respectively. The impedance spectra of Mo W, Si, electrodes in the Tafel region are a combination of a capacitive
semicircle with a displaced centre at high frequencies and an inductive arc at low frequencies. In the region of the highest
frequencies on the impedance plots a straight-line section with a slope slightly higher than 45° was recorded, indicating
the presence of pores in the surface layer of the electrodes.

To describe the hydrogen evolution reaction on silicides an equivalent electrical circuit was used, the Faraday impedance
of which consisted of series-connected charge transfer resistance R, and a parallel R,C,-chain (at R, < 0, C, < 0), which
corresponded to the atomic hydrogen adsorption on the electrode surface. The impedance of the double layer capacitance
was modelled by the constant phase element CPE .

The results of polarization and impedance measurements for the investigated silicides were in satisfactory agreement with
the discharge - electrochemical desorption mechanism, in which both stages are irreversible and have unequal transfer
coefficients. The limiting stage is the electrochemical desorption. The Langmuir isotherm for adsorbed atomic hydrogen
was fulfilled. It was concluded that Mo W, Si, alloys in an alkaline electrolyte are promising electrode materials that are
active in the electrolytic hydrogen evolution reaction.
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1. Introduction

Among the priority areas for the development
of research in the hydrogen energetics, the search
for efficient and inexpensive electrode materials
for the electrolytic production of hydrogen
occupies a leading position. In this regard, metals,
alloys, intermetallic and metal-like compounds,
and composite materials have been studied as
catalysts for the hydrogen evolution reaction
of (HER) [1-9]. The study of HER on transition
metal silicides showed [1-3, 5-7, 10-14] that
the electrocatalytic activity of these materials
in the cathodic process depends significantly
on the nature and concentration of the metal
in the compound, the structure of the material,
the pH, and the composition of the medium. A
number of authors [2, 5, 11, 14] noted the high
electrochemical activity of silicides in HER and
the corrosion resistance of these compounds.

Transition metal silicides can be obtained by
various methods (direct synthesis from elements,
electrolysis of melts, thermal reduction of metal
oxides, gas-phase synthesis, etc. [15]). One of
the most high-performance and low-power-
consuming methods for obtaining silicides and
composite materials based on them is self-
propagating high-temperature synthesis (SHS)
[16]. The use of this method allows controlling
the chemical and phase composition, the
microstructure of the resulting material by
changing the composition of the initial mixture
and synthesis parameters.

The aim of this study was to establish the
kinetics and mechanism of the reaction of
hydrogen evolutionon Mo W, Si, silicides (x=1.0;
0.68; 0.41; 0) synthesized by the SHS method in
an alkaline electrolyte and the determination of
the electrochemical activity of Mo W,_Si, in HER.

2. Experimental

Mo W, _Si, silicides (x = 1.0; 0.68; 0.41; 0),
obtained by the SHS method from powder oxides
of molybdenum and tungsten (analytical grade)
and silicon KR-0 mixed with aluminium in an
argon atmosphere under a gas pressure of 5 MPa.
The synthesis technique and research materials
are described in detail in [17].

For electrochemical measurements,
the samples were placed in specially made
fluoroplastic holders and filled with polymerised
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epoxy resin, leaving only the working surface
of the electrodes uninsulated, which was 0.8—
1.4 cm?. All the specific values provided in the
study are presented per unit of the geometric area
of the electrode surface. Before measurements,
the electrode surface was polished with abrasive
papers with a successive decrease in grain size,
degreased with ethyl alcohol, and rinsed with a
working solution.

Electrochemical measurements were carried
out at a temperature of 25 °C under natural
aeration conditions in an unstirred 1.0 M NaOH
solution. The solution was prepared using
deionized water (water resistivity, 18.2 MQ cm,
organic carbon content, 4 ug/L), obtained using a
Milli-Q water purification system from Millipore
(France), and NaOH (chemically pure).

The measurements were carried out using a
potentiostat-galvanostat with a built-in Solartron
1280C frequency analyser (Solartron Analytical,
Great Britain) in an YASE-2 electrochemical
cell with cathode and anode sections separated
by a porous glass diaphragm. A saturated silver
chloride electrode was used as the reference
electrode and a platinum electrode was used
as the auxiliary electrode. The potentials in the
study are presented relative to the standard
hydrogen electrode.

Once the electrode was immersed in the
solution, it was subjected to cathodic polarisation
with a current density of 0.5 mA/cm? within 10
min; then held with an open circuit potential
until a stable potential was established, which was
-0.63%0.02,-0.66+0.02,-0.69+0.03 and —0.80+0.02
V for MoSi,-, Mo, W, .,Si,-, Mo, ,, W, .,Si,-, and
WSi, electrodes, respectively; then the impedance
spectra were recorded. Before the measurement of
the impedance spectra, potentiostatic polarisation
of the electrode was conducted at each potential
until an almost constant current value was
established. After that, the impedance was
measured at this value of E and lower potentials,
and the potential was changed with a fixed step.
Cathodic potentiostatic curves were plotted
based on the obtained values of i values for a
given value of E. The range of frequencies used
for impedance measurements f(w/2r) was from
20 kHz to 0.01 Hz (10 points per decade with a
uniform distribution on a logarithmic scale), the
amplitude of the alternating signal was 5-10 mV.
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The value of hydrogen evolution overvoltage was
determined relative to the equilibrium potential of
the hydrogen electrode in a 1.0 M NaOH solution
(-0.818 V).

The data were measured and processed using
the programs CorrWare2, ZPlot2, and ZView2
(Scribner Associates, Inc.). Confidence intervals
were calculated at a significance level of 0.05.

3. Results and discussion

The cathodic polarization curves of MoSi,-,
Mo, W, .,Si,-, Mo, W, .,Si,-,and WSi, electrodes
corrected for the Ohmic drop [18]ina 1.0 M NaOH
solution are shown in Fig. 1.

The cathodic curves of MoSi,, Mo, W, .,Si,,
and Mo, W, ,Si, silicides had the same type and
were characterized by the presence of a Tafel
region in the potential range from-1.04to-1.13V
with a slope b = 0.068-0.074 V and constant a
equal to ~0.47-0.49 V (Table 1). The polarisation
curve of the WSi, electrode had a linear section
in the potential range from -1.0 to-1.1 Vwith a
slope of ~0.076 V and a ~ 0.48 V (Table 1). Based
on the constant values a and b in accordance with
[19], it was concluded that the studied silicides in
an alkaline electrolyte are materials with a low
overvoltage for hydrogen evolution.

The theoretical value of the Tafel slope was
~0.06 V (with transfer the coefficients of o = 0.5

for charge transfer stages), the values of b were

1.15

1.05

1.00 -

-3.0 -2.5 -2.0

logi (i, A cm’™)
Fig. 1. Cathodic polarization curves in 1.0 M NaOH:
1-MoSi,; 2-Mo, W, .,Si,; 3- Mo, , W ,Si,;4-WSi,

0.327722 0.59772?
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closest when reordered for Mo W,_Si, electrodes
(Table 1) may have several explanations. Tafel
slope ~0.06 V can be observed in the case
of following mechanisms, assuming that the
Langmuir adsorption isotherm for adsorbed atomic
hydrogenH , was fulfilled: 1) delayed barrier-free
discharge or delayed barrier-free electrochemical
desorption [20]; 2) delayed surface diffusion of
atomic hydrogen (for this mechanism, the Tafel
slope is ~0.06 V [21] or ~0.079 V [22]).

The value of b of ~0.06 Vwhen the logarithmic
Temkin adsorption isotherm for H , was fulfilled,
can be explained in the case of following
mechanisms [23]: 1) discharge — recombination
with a quasi-equilibrium discharge stage with
non-activated hydrogen adsorption; 2) dischar-
ge — electrochemical desorption with a quasi-
equilibrium discharge stage.

The observed relatively small deviations of
the Tafel slope for Mo W, _Si, from the theoretical
~0.06 V can be associated with specific values of
the transfer coefficients of HER stages and other
factors [24].

For the clarification of the mechanism
and kinetic regularities of HER on silicides,
the frequency dependences of the impedance
components were measured.

The impedance spectra of Mo W, _Si, silicides
for all studied values of E were a combination of
a capacitive semicircle with a centre below the
axis of the real component of the impedance Z” at
high frequencies (HF) and the inductive arc at low
frequencies (Fig. 2). On the impedance graphs in
the region of the highest frequencies, deviations
from the semicircle were recorded. These
deviations had the form of almost rectilinear
segments with an inclination somewhat higher
than 45° and, probably, indicate the presence
of pores, approximately corresponding to the
model of cylindrical pores in the surface layer of

Table 1. Kinetic parameters of the hydrogen
evolution reaction on the alloys of the Mo W,_Si,
system in 1.0 M NaOH

Electrode -b,V -a,V
MoSi, 0.068+0.001 0.47+0.01
Mo, W, ,Si, 0.071£0.001 0.48%0.01
Mo, ,,W, 5,51, 0.074+0.002 0.49+0.02
WSi, 0.076+0.001 0.48+0.02
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the electrodes [25]. The slope angle higher than
45° can be explained by the significant influence
of the “flat” electrode surface around the pores
[26], for which the slope Z”,Z’-dependences
in the high frequency region was lower than
90°, but significantly higher than 45° (see
below the data for the CPE constant phase
element). Resistance R, equal to the distance
between the point obtained by extrapolation
of the rectilinear section to the region of high
frequencies to the intersection with the axis
Z’, and the point obtained by extrapolating the
capacitive semicircle into the HF-region to the
intersection with the axis Z’, was 0.44+0.02,
0.46%0.02, 0.41+0.03, and 0.47+0.02 Qxcm? for
MoSi,-, Mo, W, .,Si,-, Mo, ,, W, .,Si,-, and WSi,
electrodes, respectively. The low value of R,
indicated that the pores were not deep.

According to the theory of porous electrodes
for the model of cylindrical pores [27]:

pL

Ra 3nar®’

where r is the resistivity of the electrolyte solu-
tion, r and L are the pore radius and length, re-
spectively, n is the number of pores per 1 cm? of
the electrode surface; S = nnr? is the total cross
section of pores per 1 cm? of the surfaces. The
ratio for R does not allow to determine r and L
separately; only L/r? or L/S ratios can be deter-
mined. For 1.0 M NaOH, r = 6.05 Q-cm [28], and,
for example, for the MoSi, electrode the L/Sratio

“100
Fig. 2. Impedance spectra of MoSi, in 1.0 M NaOH at
E, V:1--1.04;2--1.06; 3--1.08; 4 --1.10; 5 -
-1.12;6 --1.14

0 50 150
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was 0.22 cm™!; based on the assumption that
S=0.01 cm? we get L = 22 ym.

Let f, denote the frequency corresponding to
the transition point from a rectilinear HF section
to a capacitive semicircle. At the frequency f; the
alternating current passes through the entire
length of the pores, and at f < f, the electrode
with pores behaves like a smooth electrode with
a surface area equal to the total surface of the
electrode, including the inner surface of the pores
[26]. For the processing of the impedance spectra
for the study of the kinetics and mechanism of
HER, points at f < f, were selected. This allows
the use of equivalent circuits normally used for
smooth electrodes.

The impedance graphs of Mo W, _Si, electrodes
indicate the staged nature of HER. At least two time
constants were required for the description. The
registration of the inductive impedance in the low-
frequency region indicates that HER proceeded
according to the discharge-electrochemical
desorption path. According to [29], the inductive
impedance can appear only when H_ ; is removed
via the electrochemical desorption stage and
cannot appear in the case of the discharge-
recombination mechanism. Thus, based on
the frequency dependences of the impedance
components, it can be concluded that in the
studied range of potentials for the description of
hydrogen evolution on the Mo W,_Si, silicides
discharge - recombination path can be rejected.

The equivalent electrical circuits shown in
Fig. 3 were used for the modelling of HER on

R R R;
—_\N" N\ v\ N
| L
a CPE,
’ >
R R R;
-\"
)
b ]
CPE,

7

Fig. 3. Equivalent electrical circuits for the alloys of
the Mo W,_Si, system in 1.0 M NaOH in the range of
potentials of hydrogen evolution
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Mo W, Si, silicides. In the diagram shown in
Fig. 3a: R_is the electrolyte resistance, R, is
the polarization resistance, resistance R, and
inductance L, describe the atomic hydrogen
adsorption (filling relaxation of H , when an
alternating signal is applied) on the electrode
surface, the CPE, element simulates double layer
capacitance on the inhomogeneous surface of the
solid electrode.

The impedance of the constant phase element
is:
ZCPE =Q (o).

In this ratio, with p = 1 — ythe constant phase
element is non-ideal capacitance; vy is the value
significantly less than 1 (typically y< 0.2) [18].

The equivalent circuit in Fig. 3b is identical to
the circuit in Fig. 3a (in the scheme in Fig. 3b: R is
the charge transfer resistance, and the adsorption
of atomic hydrogen on the electrode surface is
modelled using the R,C,-chain). According to [30],
to describe HER on electrodes that correspond
to impedance spectra with inductance in the
low-frequency region, it is advisable to use the
equivalent circuit in Fig. 3b with negative R, and
C,.In this case, absolute values of |R,| and |C,| are
used as diagnostic criteria for HER mechanisms
based on the analysis of the dependence of the
Faraday impedance parameters on the potential.

Experimental impedance spectra of silicides
at the studied values of E were satisfactorily
described by the diagram in Fig. 3b with negative
values of R, and C,. The criterion y? calculated
by ZView2 (using statistical weights expressed
via the reciprocal of the impedance module) was
(1.1-2.3) 107%; the sum of square deviations was
(1.0-2.1) 1072; the error in determining the values
R, R ,and CPE, did not exceed 1-3%, and reached
8-10% for the parameters R, and C,. Parameter

2022;24(2): 256-264
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values of the equivalent circuit for the MoSi,
electrode are shown in Table 2.

The results of the determination of the
numerical values of X = R, IR |, |C,| parameters
of the equivalent circuit in Fig. 3b for
Mo W, _Si, electrodes were analysed depending
on the potential in semilogarithmic coordinates.
IgX,E dependencies for the MoSi, electrode,
corrected for the ohmic potential drop are shown
inFig.4.The slopes (dlg X / oE )evon forMo W, Si,
are shown in Table 3. For all the studied silicides
at the potentials of the Tafel region, a linear
decrease in the values of IgR, and Ig|R,| and a
weak increase in I1g|C,| with increasing cathodic
polarization were revealed.

Based on the polarization measurements, for
HER on silicides was considered the mechanism
of discharge-electrochemical desorption with a
quasi-equilibrium stage of the discharge when

1.05 1.10
-E,V
Fig. 4. Dependences of logX (X: 1-R,2~IR,[,3-1C,))
on the potential of MoSi, in 1.0 M NaOH. Values of R,
and R, are in W-cm?, C,in F-cm™

Table 2. The values of the equivalent electrical circuit (Fig. 3b) parameters for MoSi, in 1.0 M NaOH

-E,V R, Q-cm? R,, Q-cm? -C,, F-cm™ Q104 F-cm2.s@ p,

1.04 184.9 15.8 0.104 4.69 0.827
1.06 95.8 10.0 0.105 4.82 0.831
1.08 51.2 6.1 0.120 4.89 0.834
1.10 29.0 3.5 0.138 4.89 0.842
1.12 17.6 2.0 0.161 4.74 0.858
1.14 11.6 1.2 0.179 5.19 0.852

260



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

V.V. Panteleeva et al.

the logarithmic adsorption isotherm for H_
was fulfilled. However, for this mechanism, in
accordance with [30] the independence of R, and
C, from the potential was noted. The significant
decrease in R, and the small increase in |C,| with
the potential (Table 2) experimentally registered
for Mo W, Si, silicides did not correspond to
the theoretical ones for the considered HER
mechanism.

The mechanism of slow surface diffusion
of atomic hydrogen during hydrogen evolution
on Mo W, _Si, silicides can be considered
probable, since different atoms are present in
the studied materials, and, consequently, the
formation of adsorbed hydrogen atoms during
the transfer of an electron to a water molecule
and electrochemical desorption H , can occur
on different parts of the surface (active centres)
of the electrodes. The use of an equivalent
circuit corresponding to this mechanism [31]
for modelling the impedance spectra of silicides
leads to high errors in determining the diffusion
impedance parameters and capacitance values
for H ,_ on active sites to which surface diffusion
occurs. Probably, the mechanism of delayed
surface diffusion can also be rejected.

Parallel 1gR ,E- and Ig |R,|,E-dependencies
and a slight change in 1g|C,| with decreasing
potential are characteristic of the discharge -
electrochemical desorption mechanism, in which
both stages are irreversible and the transfer
coefficients of the stages are not equal [30]. The
impedance measurements were carried out at
an overvoltage higher than 0.18 V, which are
sufficiently high for the stages to be irreversible.
According to [30], in this mechanism, with a
logarithmic adsorption isotherm for H ; there
is no inductance on the impedance spectra. In
the case of the Langmuir isotherm, inductance

Table 3. The values of (dlg X /0E )
the alloys of the Mo W,_Si, system n 1.0 M NaOH

2022;24(2): 256-264
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can appear both in the case of a slow stage of
the discharge and in the case of a slow stage of
electrochemical desorption. Thus, based on the
obtained dependences of the elements of the
Faraday impedance of Mo W,_Si, electrodes from
E it can be assumed that HER on silicides in the
studied potential range proceeds according to
the discharge - electrochemical desorption path,
e.g. it is described by the sequence of reactions:

H,0+e =H_ +OH,

H  tHO+e =H,+OH,

with the Langmuir adsorption isotherm for
H_,. Additional criteria for HER mechanisms
based on dependency analysis of iR , i|R,|,and R,C,
on the electrode potential [32], also indicate the
implementation of this mechanism on silicides.
For M081 the electrode slopes (E)ng/aE)
forY=iR, iR |,R,C, were -1.3+0.2,-1.120.4, and
9.8i0.4 V‘1 respectlvely

With irreversible stages of HER there are two
possible explanations for the results obtained:
a) the limiting stage is the formation of H , with
the transfer of an electron to a H,0 molecule
o, > a,; b) the limiting step is electrochemlcal
desorptlon, o, < o,.Herea and a, are the transfer
coefficients of the discharge and electrochemical
desorption stages, respectively. Molybdenum
and tungsten are metals with a very high binding
energy with hydrogen E,  [20]. In this case, E
was about 12 kJ/mol higher than E|, , during
adsorption from the gas phase, and estimates
for aqueous solutions provide close E,  values
for these metals. Due to the high strength of the
metal-hydrogen bond, the probable mechanism
of HER for Mo and W in acidic solutions is
delayed electrochemical desorption (barrier-free
at relatively low n and ordinary at higher 1) [20].
Probably, E,, . on molybdenum and tungsten
silicides is somewhat different from E  for pure

(X =R, IR, IC,]) slopes and transfer coefficients o, and o, for

dlogR : dlog|R, | 3 dlog|C, | 3
Electrode ( 3 1] , V7! (a—Ez » V! a—EZ , V7 o, a,
MoSi, 13.3+0.2 13.120.4 -3.3+0.4 0.59+0.04 | 0.78+0.02
Mo, W, ,,S1, 12.940.3 12.6+0.3 -3.6+0.2 0.55+0.02 | 0.76+0.03
Mo, W, ,Si, 12.1+0.4 12.340.5 -3.8+0.4 0.49+0.04 | 0.72+0.04
WSi, 10.5+0.2 10.3+0.3 -4.8+0.3 0.34+0.03 | 0.62+0.02
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metals. At the same time, it was shown that the
electrocatalytic activity of silicides correlates
with the activity of the corresponding metals,
and the highest current densities were observed
on platinum silicide [3]. It can be assumed that on
molybdenum and tungsten silicides, as well as on
Mo and W, the hydrogen adsorption energy is high.
Therefore, out of the two described above variants,
variant (b), which is delayed electrochemical
desorption, seems to be more probable. At the
same time, this stage is probably in the transition
state from ordinary electrochemical desorption
to barrier-free desorption, which is expressed
as higher o, values (Table 3). The HER stage
transfer coefficients on Mo W, _Si, were calculated
based on the ratios provided in [30]: the transfer
coefficient o, of the limiting stage was determined
based on the slope of IgR ,E-dependencies, and
the difference (o, - 0,,) was determined based on
the slope of 1g|C,|,E-dependencies.

4. Conclusions

Based on polarization and impedance
measurements, it was shown that the reaction of
hydrogen evolution on alloys of Mo W, _Si, system
in an alkaline electrolyte proceeds according to
the discharge - electrochemical desorption
path with a delayed stage of electrochemical
desorption, both stages were irreversible, and
the transfer coefficients of the stages were not
equal. The Langmuir isotherm for adsorbed
atomic hydrogen was fulfilled. It was found that
alloys of the Mo W, Si, system in an alkaline
electrolyte are characterized by a low overvoltage
of hydrogen evolution and, thus, represent
promising electrode materials for the electrolytic
production of hydrogen.
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