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ABSTRACT

The process of cathodic evolution of hydrogen at metal (or
composite) electrodes is one of the most widely studied
electrochemical reactions. It has important technological
significance in the fields of fuel-cell and battery development.
Nickel-coated carbon fibre (NiCCF) offers an attractive, large
surface-area catalyst material for the process of cathodic evolution
of hydrogen. Such composite materials could potentially be used

to produce large area, woven cathodes for the generation of H, in
commercial electrolysers. Kinetics of the hydrogen evolution
reaction (HER) at commercially available NiCCF material (Toho-Tenax
fibre) were studied in 30 wt.% KOH solution, at room temperature
over the cathodic overpotential range: -100 to -500 mV/RHE.
Significance of the cathode deactivation effect (in relation to the
corresponding values of the charge-transfer resistance and
the cathode potential parameters) upon continuous alkaline
water electrolysis has also been discussed.

INTRODUCTION

The hydrogen evolution reaction (HER) has been broadly
studied on noble metal catalysts, such as polycrystalline and
single-crystal surfaces of Pt (Angelo 2007; Barber and Conway
1999; Barber et al. 1998; Conway and Tilak 2002; Markovic et
al. 1996) and other metals and their alloys [e.g. on Ni (Hitz and
Lasia 2001; Huot and Brossard 1987; Rommal and Moran
1988; Soares et al. 1992), Co (Huot and Brossard 1988), Pb (Wu
et al. 2005), Zn-Ni (Sheela et al. 2002), Ni-P (Burchardt 2000,
Krolikowski and Wiecko 2002) and Ni-Mo (Hashimoto et al.
2004)]. In short, the HER leads to the formation 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 (Barber and
Conway 1999; Conway and Tilak 1992):

H,O + e~ + Me — MeH, 4, + OH-
(Volmer electrochemical discharge step) (1)

MeH, 4 + Hy)0 + e- — H,T + OH- + Me
(Heyrovsky electrochemical desorption step) (2)

2MeH, 4 — H,T + 2Me
(Tafel catalytic recombination step) 3)

It is well-known (see e.g. works by Abouatallah et al. 2002;
Huot and Brossard 1987; Rommal and Moran 1988) that
catalytic metal surfaces undergo progressive deactivation
towards the HER upon continuous water electrolysis. The
above is usually revealed in significant increase of overpotential
in time, which is attributed to reversible formation of nickel-
hydride species.

Nickel-coated carbon fibre (NiCCF) composites are
made by deposition of a thin layer of Ni onto the surface of
carbon fibre tow. The above can be accomplished by means
of chemical vapour deposition (CVD) method (Ettel et al.
1994), electroless deposition of NiP, NiB or NiP/PTFE co-
deposits (Huang and Pai 1998; Huang et al. 2004; Park et
al. 2002; Tzeng and Chang 2001) and an electrolytic
deposition method (Morin 1986, 1987a, 1987b, 1990a,
1990b, 1990c). NiCCF could potentially offer a largely
modifiable catalyst material for the HER through
application of various chemical (or electrochemical) pre-
treatments to CF or otherwise post-treatments applicable
to NiCCE.
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The main purpose of this work is to present an introduction
to the HER cathode deactivation effect, with respect to
commercially available nickel-coated carbon fibre composite
material, studied in highly concentrated KOH solution.

EXPERIMENTAL

Aqueous, 30 wt.% KOH solution was made up from high
purity KOH pellets (POCH, Polish Chemical Compounds,
p.-a.), using a Direct-Q3 UV ultra-pure water (18.2 MQ-cm
resistivity) purification system from Millipore. In addition,

Figure 1. a) SEM micrograph picture of Toho-Tenax electrodeposited
NiCCF sample (46 wt.% Ni), taken at 1,000 magnification [powder XRD-
calculated Ni grain size for this material came on average to ca. 25 nm
(Pierozynski and Smoczynski 2008)], and b) cross-sectional sample
view, taken at 1,000 magnification.

0.5 M H,SO, solution (made up from high purity sulphuric
acid, Fluka) was used for electrochemical activation of
NiCCF tow electrodes.

An electrochemical cell made of an HDPE material was
used during the course of this work. The cell comprised three
electrodes: a nickel-coated carbon fibre working electrode
(WE) in a central part, a reversible Pd hydrogen electrode
(RHE) as reference and a Pt counter electrode (CE), both in
separate compartments. Atmospheric oxygen was removed
from solution before each experiment by bubbling with high-
purity Ar (Eurogas, grade 5.0). During the experiments, the
argon gas flow was usually kept above the solution.

All experiments were carried-out on
a commercially available, electro-deposited
(ca. 45 wt.% Ni) 12K50 NiCCF product from
Japanese Toho-Tenax company (Toho-Tenax
website 2010), where 12K50 refers to 12,000
single filament tow, 7 micron diameter each,
with a thickness of Ni layer of ca. 0.3 um.

A.c. impedance spectroscopy, cyclic
voltammetry and galvanostatic/potentiostatic
polarization techniques were employed during
the course of this work. All measurements
were conducted at room temperature by means
of the Solartron 12608W Full Electrochemical
System, consisting of 1260 frequency response
analyzer (FRA) and 1287 electrochemical
interface (EI). For potential-controlled
impedance measurements, the generator
provided an output signal of known amplitude
(5 mV) and the frequency range was typically
swept between 100 kHz and 50 mHz. The
instruments were controlled by ZPlot 2.9 or
Corrware 2.9 software for Windows (Scribner
Associates, Inc.).

RESULTS AND DISCUSSION

Hydrogen evolution reaction at Toho-
Tenax NiCCF in 30 wt.% KOH solution

A sample of Toho-Tenax nickel-coated carbon
fibre is shown in SEM pictures of Figures la
and 1b. It can be seen there that the nickel
deposit is fairly homogeneous throughout the
tow (specifically evidenced in the cross-
sectional tow view shown in Figure 1b).

The a.c. impedance characterization of the
HER at Toho-Tenax electrodeposited 12K50
NiCCF electrodes in 30 wt.% KOH revealed
single and “depressed” semicircles (obtained
complex-plane impedance plots are not shown in
this work) for all successive polarization cycles,
studied at five selected overpotentials in the
explored frequency range. The above behaviour
is characteristic of a single-step charge-transfer
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reaction, proceeding on non-homogeneous/non-uniform
electrode surfaces. Therefore, a constant phase element — CPE
modified Randles equivalent circuit model (see e.g. work by
Daftsis et al. 2003 and Figure 2) was used to derive all
electrochemical parameters.
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Figure 2. Equivalent circuit model used for fitting the impedance
data for Toho-Tenax 12K50 NiCCF tow electrodes, obtained in
30 wt.% KOH solution. The circuit exhibits a Faradaic charge-
transfer resistance (R.,) in a parallel combination with the double-
layer capacitance (Cg) [represented by the constant phase
element (CPE) for distributed capacitance], jointly in series with
an uncompensated solution resistance (Ry).

The electrochemical performance of Toho-Tenax NiCCF
material towards the HER in 30 wt.% KOH solution was
independently studied on three 12K50 tow electrodes, at
room temperature, over the period of 3 days. Thus,
cathodically activated in 0.5 M H,SO, (by cathodic
polarization at a current-density of 1 mA-cm-2 for 900 s)
Toho fibre electrodes were subjected to three consecutive,
24-hour cathodic polarization cycles (at the cathodic
current-density of -0.5 mA-cm2). The reaction resistance
(Rct) for the HER was measured before and after each
galvanostatic polarization cycle. The dependence of an
average value of the Rct parameter (where Rct typically
varied £ 5 % for each potential between experimental series)
on applied overpotential, for initial 48 hours of electrolysis,
is presented in Figure 3. Thus, originally the charge-transfer
resistance parameter ranges from 0.218 Q-g (recorded at
-100 mV) to 0.004 Q-g for the potential of -500 mV/RHE
(see Figure 3).

It can also be observed in Figure 3 that the Rct parameter
significantly (and progressively) increases during the time
that cathodic polarization is carried-out, for all overpotential
values. For example, after 24 hours of continuous electrolysis,
the Rct parameter has increased ca. 2.4 and 5.2 times at -200,
and -300 mV, correspondingly. Furthermore, 48 hours of
galvanostatic electrolysis led to an increase of the Rct
parameter by 3.8 and 12.9 times for the respective (-200 and
-300 mV) overpotentials. Moreover, the HER experiments
(performed galvanostatically at the cathodic current-density
of -0.5 mA-cm2) explicitly showed (see Figure 4) that the
NiCCF cathode undergoes considerable polarization (from
about -240 mV to ca. -450 mV vs. Pd RHE) during initial
72 hours of H, generation.
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Figure 3. Changes of the Rct parameter for Toho-Tenax NiCCF
tow cathode during the cathodic polarization experiment
(recorded for 5 selected overpotentials, with an error less than
+ 5% for the three indicated experimental series).
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Figure 4. Changes of Toho-Tenax NiCCF cathode potential
(IR corrected) during the galvanostatic (j,= -0.5 mA-cm-2)
HER cathodic polarization experiment.

These results indicate that NiCCF cathodes undergo
significant deactivation upon continuous alkaline water
electrolysis. The above is likely due to extensive formation of
NiH species (see equations 4 and 5 below), as previously
suggested in other works, see for example (Baer et al. 1997;
Bernardini et al. 1998; Brass and Chanfreau 1996; Highfield
et al. 1999; Juskenas et al. 2002; Nishimura et al. 2007; Santos
and Miranda 1998; Vracar and Conway 1990).

Ni iHads + N isubswf - N iHabs /subsurf"' Ni isurf
(H absorption/sub-surface Ni layer) “4)

Ni iHabs | subsurf Ni abs | bulk
(further H diffusion into bulk Ni) 5)
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Similar findings have recently been reported by Pierozynski
and Smoczynski (2008, 2009) with respect to the HER studied
on various NiCCFs in 0.5 M H,SO,4 and 0.1 M NaOH solutions.
There, extensive cathodic polarizations (upon a.c. impedance
measurements) led to dramatic cathode deactivation, yielding
Tafel slopes on the order of 250 (in acidic) and up to
400 mV-decade! (in alkaline) electrolytes.

In-situ, cyclic voltammetry reactivation of NiCCF cathode
Electrochemically deactivated Toho-Tenax electrodes (via
potentiostatically-controlled HER, carried-out with the
cathode set at -0.5 V/RHE for one hour) were then
subjected to a cyclic voltammetry treatment involving CV
scanning over the potential range 0.0 to 1.0 V (Figure 5).
Thus, an initial part of the cyclic voltammetric profile shown
in Figure 5 reveals an anodic oxidation peak at the potential
range ca. 0.1 through 0.5 V. This is reminiscent of the
process of anodic hydrogen oxidation reaction that
proceeds over the stated potential range. Then, this peak
disappears as the NiCCF cathode is continuously cycled
within the potential range that is positive to the H,
reversible potential (Figure 5).
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Figure 5. Cyclic voltammetry reactivation of Toho-Tenax NiCCF
electrode in 30 wt.% KOH, recorded at a sweep rate of 50 mV-s-1
over the potential range 0.0-1.0 V/RHE.

The above-made conclusions get strong support from
evaluations of the charge-transfer resistance parameter
(Table 1), derived in a sequence for: a) fresh, b) deactivated

and c) CV-reactivated (as in Figure 5) Toho-Tenax NiCCF
electrode. Thus, the Rct values recorded for a deactivated
cathode were ca. 5.7, 2.4 and 1.6 times as high as those
recorded for a fresh one, at -100, -200 and -300 mV/RHE,
correspondingly. Conversely, the CV treatment leads
practically to complete electrochemical reactivation of the
electrode, with the set of the charge-transfer resistance
values on the order of those characteristic of the fresh
electrode surface (compare the CV-reactivated values of the
Rct parameter with those of the fresh electrode in Table 1).

In addition, the double-layer capacitance (Cg)
parameter (recorded for an activated NiCCF electrode at
the potential of -100 mV) came to ca. 2.0-105 uF-g-1-s¢-1
(about 90 pwF-cm-2). Simultaneously, the dimensionless
¢ parameter (¢ determines the constant-phase angle in the
complex-plane plot and 0<¢<1) of the CPE circuit (Daftsis
et al. 2003) oscillated around 0.85-0.90. Both parameters
are on the order of those recently reported (Pierozynski and
Smoczynski 2009) for Toho-Tenax NiCCF in 0.1M NaOH
solution. On the other hand, the Cdl parameter values for
both deactivated and the CV-reactivated NiCCF electrode
came to ca. 5.0-105 uF-g-1-s9-1, which was 2.5 the Cy; value
for the freshly activated electrode (the dimensionless ¢
parameter values followed those recorded for the fresh
electrode). A substantial increase in the double-layer
capacitance could imply significant surface roughening, the
effect of extended cathodic polarization of the NiCCF
electrode.

CONCLUSIONS

* Prolonged cathodic polarizations of the 12K50 Toho-
Tenax composite tow electrode, carried-out in 30 wt.%
KOH solution, lead to severe deactivation of electrode
surfaces, brought about by the reversible formation of
nickel hydride species.

* Such-deactivated NiCCF electrode could become
successfully reactivated by the process of in-situ hydrogen
oxidation upon cyclic voltammetry sweep, over the
potential range 0.1-0.5 V/RHE. The above process
requires further and detailed investigation, especially with
respect to the long-term polarization behaviour of NiCCF
material(s) and possible application of other in-situ
electrode reactivation procedures.

Table 1. Variation of the charge-transfer resistance (R,;) parameter for the HER on: fresh, deactivated and CV-reactivated
Toho-Tenax NiCCF electrode in 30 wt.% KOH, obtained by fitting the equivalent circuit (Daftsis et al. 2003 and Figure 2)
to the experimentally obtained impedance data, for selected overpotentials.

E/mV Ret/Q-g (fresh) Rect/Q-g (deactivated) Rct/Q-g (CV-reactivated)
-100 0.150 = 0.001 0.855 = 0.010 0.129 = 0.001
-200 0.059 = 0.000 0.142 = 0.001 0.056 = 0.001
-300 0.015 = 0.000 0.024 = 0.001 0.015 = 0.000
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