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The electrochemical activity towards hydrogen evolution reaction (HER) was studied on commercially available
(Toho-Tenax) and Ru-modified nickel-coated carbon fibre (NiCCF) materials. Quality and extent of Ru electro-
deposition on NiCCF tows were examined by means of scanning electron microscopy (SEM). Kinetics of the hy-
drogen evolution reaction were investigated at room temperature, as well as over the temperature range: 20-50°C
in 0.1 M NaOH solution for the cathodic overpotential range: —100 to —300 mV vs. RHE. Corresponding values
of charge-transfer resistance, exchange current-density for the HER and other electrochemical parameters for the

examined fibre tow composites were recorded.
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INTRODUCTION

Hydrogen is considered the most pro-ecological among
energy carriers, because its oxidation (e.g. in PEM
fuel cells) leads only to the formation of water'™. One
of the most important methods for the production of
high purity hydrogen is alkaline electrolysis of water.
However, in order to fully utilize the potential of this
technology, water electrolysis should be performed by
means of renewable energy sources, such as solar or
hydro-energy>". Except for its important advantages, the
process of H,O electrolysis remains quite costly, primarily
due to insufficient catalytic activity of currently available
cathode materials, as well as lack of cheap and commonly
available, renewable energy sources. Therefore, sub-
stantial efforts are being made to develop efficient and
durable electrocatalysts (especially cathodes), in order
to improve the process of alkaline water electrolysis.
The hydrogen evolution reaction leads to the production
of bulk H, species and proceeds at potentials negative
to the H, reversible potential. The HER mechanism
at metal (Me) electrode is based on a 2-step reaction
that involves an adsorbed H intermediate, as shown for
alkaline media below®:

1. HbO+e +Me — MeH,4 + OH "~
(Volmer electrochemical discharge step)

2. MeHys +H,0+¢ — HT+OH +Me
(Heyrovskyelectrochemical desorption step)

2. 2 MeHus > HoT+2Me
(Tafel catalytic recombination step)

Present work is a continuation of an earlier series of
papers published from this laboratory on the kinetic
aspects of the hydrogen evolution reaction, examined
on various carbon fibre and nickel-coated carbon fibre
materials®'2. Similar works that examined catalytic HER
activity of NiMo-modified Si microwires and plates, and
carbon sheets are given in Refs. 13-16. This study focuses
on an a.c. impedance investigation of the HER, which
is performed on pure and Ru-modified Toho-Tenax nick-
el-coated carbon fibre (NiCCF) 12K50 tow (12,000 single
filaments of ca. 7.5 mm diameter and about 50 wt.%
Ni) electrodes in 0.1 M NaOH supporting electrolyte.

Current paper aims at producing an innovative, highly
reactive HER catalyst material with potential suitability
in commercial alkaline water electrolysers.

EXPERIMENTAL

Solutions and chemical reagents

All solutions used in this work were prepared from
ultra-pure water delivered by a Millipore ultra-pure water
purification system (Millipore Direct-Q3 UV) with 18.2
MW cm final water resistivity. Aqueous, 0.1 M NaOH
solution was prepared from AESAR, 99.996% NaOH
pellets (semiconductor grade). Before each impedance
experiment, atmospheric oxygen was removed from
solution by bubbling with high-purity argon (Ar 6.0
grade, Linde).

Electrochemical cell, electrodes and experimental
methodology

An electrochemical cell used in this study was made
all of Pyrex glass. It contained NiCCF-based working
electrode (WE) in a central part, a reversible Pd hy-
drogen electrode (RHE) as reference and a Pt counter
electrode (CE), both placed in separate compartments.
In this work, “as received” NiCCF tow electrodes
were initially de-sized in acetone, in order to remove
a protective epoxy resin coating. Electrodeposition of
ruthenium on nickel-coated carbon fibre samples was
performed from RuCl; solution (10 g dm™ and pH of
1.5), at a current-density of 0.4 mA cm™ to produce
catalyst deposits at ca. 1 wt.% Ru.

The palladium RHE was made of a coiled Pd wire (0.5
mm diameter, 99.9% purity, Aldrich) and sealed in soft
glass. Before its use, this electrode was flame-annealed,
followed by cathodic charging with hydrogen in 0.5 M
H,SO,, until H, bubbles in the electrolyte were clearly
observed. The counter electrode was made of a coiled
Pt wire (1.0 mm diameter, 99.9998% purity, Johnson
Matthey, Inc.). Before its use, the counter electrode was
cleaned in the same way as the RHE. The electrochemical
cell before each series of experiments was taken apart
and soaked in hot sulphuric acid for at least 2 hours.



After having been cooled to about 30°C, the cell was
thoroughly rinsed with Millipore ultra-pure water.

A.c. impedance measurements were conducted by
means of the Solartron 12.608 W Full Electrochemical
System, consisting of 1260 frequency response analyzer
(FRA) and 1287 electrochemical interface (EI). The
generator provided an output signal of known amplitude
(5 mV) and the frequency range was typically swept
between 1.0 X 10° and 0.5 x 107! Hz. The instruments
were controlled by ZPlot 2.9 software for Windows (Scrib-
ner Associates, Inc.). Presented impedance results were
obtained through selection and analysis of representative
series of experimental data. The experiments were usually
carried-out at each potential value, independently at
three fibre tow samples. Reproducibility of such-obtained
results was typically below 10-15% from tow-to-tow. Data
analysis was performed with ZView 2.9 software package,
where the impedance spectra were fitted by means of
a complex, non-linear, least-squares immitance fitting
program, LEVM 6, written by Macdonald"’.

Furthermore, spectroscopic characterization of
Ru-modified NiCCF tow electrodes was performed by
means of Quanta FEG 250 scanning electron microscope
(SEM).

RESULTS AND DISCUSSION

SEM characterization of Ru-modified NiCCF tow
electrodes

Samples of ruthenium-modified (at ca. 1 wt.% Ru)
NiCCF tow electrode are shown in SEM micrograph
pictures of Figures la and 1b. It could be observed in
these figures that small and irregular ruthenium electro-
deposits are scattered all over the surface of individual
filaments of nickel-coated carbon fibre tow. In addition,
numerous uncoated sites (small black islands in Fig. 1a)
are clearly observed within fairly homogeneous nickel
electrodeposit on carbon fibre (CF) filaments.
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Figure 2. Complex-plane impedance plots for pure (inset) and
Ru-modified NiCCF tow electrodes in contact with
0.1 M NaOH, recorded at room temperature for the
stated potential values (vs. RHE). The solid lines
correspond to representation of the data according
to the equivalent circuit shown in Figure 3

Hydrogen evolution reaction on NiCCF and Ru-modified
NiCCF electrodes in 0.1 M NaOH

Figure 2 above and Table 1 below present a.c. im-
pedance characterization of the HER at pure and Ru-
-modified Toho-Tenax NiCCF tow electrodes, examined
in 0.1 M NaOH. In the explored frequency range, both
composite electrodes exhibited two partial and somewhat
“depressed” semicircles in the Nyquist impedance plots
(see examples of the recorded impedance behaviour in
Fig. 2). An equivalent circuit model used for fitting the
impedance data is illustrated in Figure 3. The circuit
contains two constant phase elements (CPEs) in order
to account for the capacitance dispersion effect (see e.g.
Refs. 9-11 for details). The first, high-frequency semicircle
(C,~R,, elements in Fig. 3) corresponds to the electrode
porosity response, while the second, intermediate/low

Figure 1. a) SEM micrograph picture of Ru-modified (at ca. 1 wt.% Ru) Toho-Tenax NiCCF tow sample, taken at 1 000 magni-
fication; b) As in (a), but taken at 5 000 magnification
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Table 1. Electrochemical parameters for the HER, obtained at pure and Ru-modified 12K50 NiCCF tow electrodes, in contact with
0.1 M NaOH. The results were obtained by fitting the two CPE-R element (Fig. 3) equivalent circuit to the experimentally
obtained impedance data (reproducibility usually below 10-15%, x> = 1 x 107 to 5 x 107

E/mV | R/Q g | CalyuF g' s | RJ/Q g | Co/uF g~' s
Toho-Tenax NiCCF
-100 0.218 £0.008 216,405 £6,057 0.087 £0.008 249,540 £50,404
-150 0.195 +0.008 166,972 +4,734 0.183 £0.016 997,842 £95,726
-200 0.190 £0.003 141,060 +2,539 0.044 +0.002 65,784 £13,182
-250 0.140 +0.004 122,735 +3,383 0.069 +0.005 69,798 £14,647
-300 0.104 +£0.003 130,048 +4,390 0.044 +0.003 42,759 +£8,634
-350 0.082 +0.004 120,647 7,371 0.036 +0.004 19,584 +£5,421
Ru-modified Toho-Tenax NiCCF
-100 0.092 £0.009 310,350 £15,262 0.062 £0.010 314,646 +£94,686
-150 0.082 +0.020 229,713 £6,298 0.142 £0.031 919,557 £174,099
-200 0.078 +0.005 243,193 £12,417 0.048 +0.006 107,203 +29,592
-250 0.072 +£0.010 221,679 £21,885 0.059 £0.011 279,095 £84,536
-300 0.050 +0.006 230,281 £23,799 0.036 £0.005 25,509 +£9,758
fact, the R, resistance fluctuated between ca. 0.04 and 0.18
W crE, Q g over the explored potential range. Similar beh.aviour
L was revealed by the corresponding pseudocapacitance,
e C, parameter (see Table 1), which exhibited considerable
R oscillation at the examined overpotential range. However,
it should be stated here that the NiCCF tow’s entity
R, Y cannot be treated as a “static” porous electrode system,

Figure 3. Two CPE-R element equivalent circuit model used
for fitting the impedance data for unmodified and
Ru-modified 12K50 NiCCF tow electrodes, obtained
in 0.1 M NaOH. The circuit includes two constant
phase elements (CPEs) to account for distributed ca-
pacitance; R, and C, (CPE,) elements correspond to
the HER charge-transfer resistance and double-layer
capacitance components; R, and C,, (CPE,) elements
refer to the resistance and capacitance components
of an electrode porosity response; R, is solution
resistance

sol

frequency loop (C,—R,, elements) represents the HER
kinetics'*2!.

Hence, the recorded R, parameter for pure NiCCF
diminished from 0.218 g at —100 mV to 0.104 Q g at
the potential of -300 mV vs. RHE (Table 1). Consequen-
tly, modification of the NiCCF tow by electrodeposition
of Ru, caused significant reduction (by ca. 2.4 and 2.1
times) of the charge-transfer resistance parameter for
the corresponding overpotential values.

In addition, the double-layer capacitance parameter for
pure NiCCF reduced from 216 405 uF g™' s?'~' (108.2 uF
cm? s?71) at 100 mV to reach 130 048 uF g s¥'! at
—300 mV. This result is most certainly caused by partial
blocking of electrochemically active electrode surface by
freshly formed hydrogen bubbles (clearly visible at both
NiCCF-based electrodes upon the HER experiments).
Then, modification of the NiCCEF fibre tow by electrode-
position of ruthenium resulted in a significant increase of
the C,, parameter to 310 350 uF g™ s*~! (155.2 uF cm™
sy at =100 mV and 230 281 uF g™’ s*'~!, at -300 mV.
The above corresponds to a substantial alteration of the
electrochemically active surface area for the Ru-tailored
NiCCF tow electrode by about 1.4 and 1.8 times, at the
respective overpotential values.

On the other hand, the surface-porosity related char-
ge-transfer resistance (R,) parameter maintained (in
general) overpotentially-independent behaviour for both
unmodified and the Ru-modified NiCCF electrodes. In

especially when the experiments are performed over a
large range of overpotentials. Thus, it is most likely that
at high cathodic overpotentials, the HER preferentially
proceeds on the Ru sites (primarily concentrated on the
outside filament layers of the NiCCF tow), whereas the
fibre tow simultaneously tends to “open up”. In addition,
the dimensionless j, and j, parameters (j determines the
constant phase angle in the complex-plane plot, where
0=<j=1) of the CPE circuit (see Fig. 3 and Table 1) va-
ried between 0.87-1.00 and 0.42-0.95, correspondingly.

Furthermore, a plot of -log R, vs. overpotential (Fig. 4)
showed a fairly good linear dependence for both examined
fibre electrodes, over the studied overpotential range.
The above is consistent with the kinetically-controlled
reaction”” %, which proceeds via the Volmer-Heyrovsky
path (see equations 1 and 2 above). The exchange cur-
rent-densities (j,) for the HER were calculated based
on the Butler-Volmer equation (see e.g. Ref. 9). Hence,
the ruthenium-modified NiCCF electrode demonstrated
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Figure 4. —log R vs. overpotential relationship, obtained for
the HER in 0.1 M NaOH solution, for unmodified
and Ru-modified NiCCF tow electrodes. Symbols
stand for experimental results and lines are data fits
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Table 2. Variation of the charge-transfer resistance (R,) parameter (+5%) with temperature for the HER, carried-out on pure
and Ru-modified NiCCF tow electrodes in 0.1 M NaOH solution, obtained by fitting the equivalent circuit (Fig. 3) to
the experimentally obtained impedance data for overpotentials: —100 through —-300 mV vs. RHE. Experimentally derived,
electrochemical activation energies (E*) in function of the applied overpotential

R/Q g 1
Elmv 20°C [ 30°C | 40°C [ 50°C E'lkJ mol
Toho-Tenax NiCCF
-100 0.218 0.126 0.132 0.104 17.3
-200 0.135 0.107 0.089 0.075 15.3
-300 0.105 0.090 0.071 0.058 15.8
Ru-modified Toho-Tenax NiCCF
-100 0.115 0.102 0.091 0.068 13.2
-200 0.084 0.080 0.061 0.053 12.9
-300 0.053 0.048 0.039 0.037 10.1

substantially increased value of the j, parameter (by
ca. 2.5 times), as compared to that of the unmodified
NiCCF tow sample (see Fig. 4, again). With respect to
the derived exchange current-density parameter, the
results presented in this paper compare quite-well with
those of e.g. carbon-supported NiMo nanoparticles
presented in Ref. 16.

Temperature-dependent HER experiments

Table 2 above shows variation of the R, parameter in
function of temperature, derived for pure and the Ru-
-modified NiCCF materials, at the overpotential range:
—100 to =300 mV. Moreover, electrochemical energies of
activation (E*) for the HER at the corresponding over-
potential values were derived from the -log R, = f(T™")
relationship (see Fig. 5). Thus, the ruthenium-modified
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Figure 5. Linear plots of —log R,, vs. T"' for the HER prefor-
med on unmodified and Ru-modified NiCCF tow
electrodes in 0.1 M NaOH solution, at the stated
overpotential values

NiCCF tow electrode exhibited considerably reduced
values of E* over the examined potential range: —100 to
—-300 mV vs. RHE, as compared to those demonstrated
by the unmodified Toho-Tenax composite fibre (Table 2).
In fact, the latter results compare fairly well with those
previously recorded activation energies for “as received”,
commercially available NiCCF material in 30 wt.% KOH
supporting electrolyte, reported in Ref. 10.

CONCLUSIONS

Ruthenium, electrodeposited at nearly trace amount
(about 1 wt.% Ru) on the surface of nickel-coated carbon
fibre 12K50 tow material (Toho-Tenax), caused consider-

able improvement of catalytic activity of NiCCF baseline
material towards cathodic evolution of hydrogen. The
above reflects superior catalytic activity of Ru (compared
to Ni) towards hydrogen evolution reaction, in addition
to the effect of substantial extension of electrochemical-
ly active surface area, achieved upon electrochemical
deposition of Ru. Furthermore, both unmodified and
Ru-modified NiCCF tow electrodes exhibited electro-
chemical impedance behaviour characteristic of a porous
electrode structure with two partial semicircles observed
in the Nyquist impedance spectra. In general, these re-
sults are compatible with those recently presented for
Pd-modified NiCCF tow composite, examined under
acidic experimental conditions in Ref. 12.

In conclusion, obtained major enhancement of catalytic
HER characteristics for ruthenium-modified (at nearly
trace amount of Ru) commercial NiCCF material, reveals
considerable opportunities for this type of cathodes in
industrial H,O electrolysers.
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