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a b s t r a c t

Although hydrogen production by water electrolysis has already been studied intensively, research ef-
forts continue to be directed towards further improving the electrochemical kinetics and the overall cell
efficiency. The objective of the current work is to address an often overlooked parasitic reaction step
during the hydrogen evolution reaction (HER), namely the diffusion and absorption of hydrogen adatoms
from the electrode surface into the bulk. Chrono-amperometric measurements have been realised in a
homemade electrochemical cell on Ni thin film samples. The latter were coupled to a multi-beam optical
sensor to obtain high resolution in-situ curvature measurements during the HER. In the thin film ge-
ometry, hydrogen absorption into the electrode results in a constrained volume expansion. This in turn
leads to internal stress generation, which can be monitored in-situ by means of curvature measurements.
Our results on Ni thin film electrodes during alkaline water electrolysis show that such in-situ curvature
measurements allow to study both the kinetics and the amount of hydrogen absorption in great detail. In
particular, we observed that a higher fraction of hydrogen is being absorbed into the electrode at low
overpotential, and that the rate of absorption increases significantly with increasing overpotential. We
also discuss the impact of these observations on the identification of the rate-determining steps during a
typical HER polarisation curve.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

With the increasing energy demand and the resulting risk of
global warming, conventional polluting hydrocarbon fuels need to
be replaced by greener ones. In this context, hydrogen from water
electrolysis seems to be a promising candidate as carbon-neutral
energy carrier [1]. Water electrolysis has been intensively looked
at over the last decade, because of its stable output, the availability
of simple reactants and a high H2 purity [2,3]. From an electro-
chemical perspective, an important aspect of hydrogen production
by water electrolysis is the binding energy between the metallic
electrode and hydrogen atoms adsorbed on its surface after water
(or proton) reduction. If this binding energy is too strong, hydrogen
adatoms will not desorb and are not able to recombine into di-
hydrogen gas. On the other hand, if the bond is too weak, the
atoms are not adsorbed on the electrode and the reaction does not
occur [4]. For a constant hydrogen evolution reaction (HER) rate at
the electrode surface, it is well understood that depending on the
t).
rate-limiting step, the required overpotential will decrease when
the energetics of adsorption of reaction intermediates on the
electrode surface is more favourable. As a result, a better under-
standing of the hydrogen ad- and absorption mechanisms on the
electrode surface is of utmost importance.

The objective of the current paper is to present and validate a
newmethod to study the absorption of hydrogen into the electrode
in real time during HER. It is based on a high-resolution in-situ
curvature measurement technique, using a multi-beam optical
sensor (MOS) which records the distance variations between an
array of parallel laser beams reflecting off the electrode backside.
Thin films of nickel were used as the electrode material of choice,
since Ni is the primary candidate material for the HER in alkaline
conditions due to its low cost, relative abundance, its high elec-
trochemical activity and its long-term stability [5,6]. In the thin film
geometry, hydrogen absorption into the electrode leads to a con-
strained volume expansion, since the thin film electrode is attached
to an inert substrate. This then results in internal stresses inside the
film, and therefore in a sample curvature. This paper demonstrates
how such in-situ curvature measurements allow to address both
the kinetics and the amount of hydrogen absorption in great detail.
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Fig. 1. Schematics of the electrochemical setup, showing the 3 electrodes and the
multi-beam optical sensor used for high-resolution in-situ curvature measurements.
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2. Experimental

2.1. Electrode preparation

Ni thin films were deposited by magnetron sputtering from a
pure Ni target (K.J. Lester Co.) onto a double-sided polished, 380 mm
thick silicon substrate. The deposition power and time in our multi-
target sputtering chamber (Orion 5 from AJA I'nal) were set at 40W
and 75min, respectively, aiming for a Ni thin film thickness of
about 100 nm. For the 2 replica films that have been deposited, the
exact thickness was determined by Inductively Coupled Plasma e

Optical Emission Spectrometry (Agilent Technologies 5100 ICP-
OES) after complete dissolution of the Ni layer in a 50-50 %wt
HCleHNO3 acid solution. The chemical detection limit for Ni was on
the order of 0.01 ppm, resulting in a thickness resolution of 0.1 nm.
The ICP-OES technique was also used to determine the purity of the
films: no contaminants in concentrations higher than 10 ppm have
been detected.

Before the Ni deposition process, the Si substrate was cleaned in
a H2SO4/H2O2 bath (5:2 in volume) at 80 �C during 10min, dipped
in 2% HF during 20 s to etch away its native oxide, and rinsed in
ultra-pure H2O during 10min. Immediately after cleaning, the Si
substrate was loaded into the sputtering chamber and passivated
with a 4 nm TiO2 layer by RF sputtering from a TiO2 target. This
oxide layer is mainly used as an adhesion layer for the following Ni
deposition, since the film tends to delaminate when in contact with
the KOH solution. It also helps to prevent any oxidation of the Si
(SiO2 being fully insulating), while still allowing facile electron
transfer between the Si substrate and the overlying Ni catalyst.
Indeed, its tunnelling properties are well-documented in the
literature over a relatively wide thickness range of 0.5e7 nm [7].

The Ni films were then deposited onto the TiO2 layer without
breaking the vacuum. The base pressure prior to TiO2 and Ni de-
positions was 1.10�7 Torr, while sputtering itself was performed in
an Ar atmosphere at 2 and 5 mTorr for TiO2 and Ni, respectively.
Purity levels of the TiO2 and Ni targets were respectively 99.99%
and 99.995. Based on a series of detailed cross-sectional TEM mi-
crographs with automated crystallographic orientation mapping
(ACOM), our Ni thin films were shown to be crystalline, exhibiting a
dominant (101) texture along the film thickness, with an average
grain size of 20 nm and a S3 twin boundary density of 14 mm/mm2.

Since the electrodes are always stored for a few days before
being used, a native Ni oxide will be formed on the electrode sur-
face, which could potentially be a resistance barrier for hydrogen
incorporation. In the case of a Ni (111) single crystal for instance, an
air-formed oxide with a thickness of about 0.5 nm has been re-
ported due to the dissociative chemisorption of oxygen on Ni [8].
The composition of this native oxide layer has already been
extensively investigated in the literature. Some works claim that it
is composed of non-stoichiometric NiOx [9], while others
concluded that the air-formed oxide is composed of an a-Ni(OH)2
layer overlying the non-stoichiometric NiOx [10]. In any case, upon
first immersion at open circuit potential into 1.0M KOH (which is
also the electrolyte being used in our case), additional hydroxide is
instantaneously formed on top of the air-formed oxide. Its thick-
ness wasmeasured fromX-ray reflectivity data to be on the order of
0.9 nm [8]. However, these authors also convincingly showed that
both the oxide and hydroxide are reduced back to metallic Ni upon
cathodic polarisation before H2 evolution takes off. These reported
observations are also in linewith the Pourbaix diagram of Ni, where
from pH 9 onwards, the border for entering the Ni stability region
starts well before the equilibrium potential for H2 evolution [11].
2.2. Electrochemical measurements

Our measurement setup is schematically presented in Fig. 1, and
has already been described in detail elsewhere [12]. It consists in a
home-made, 100mL PTFE electrochemical cell, in which no glass
components have been used in order to avoid any possible
contamination resulting from glass etching in alkaline solutions.
The cell was also systematically cleaned into ultra-pure water
(18.2MU cm) before and after each experiment. KOH pellets
(�0.001% trace metals, Sigma-Aldrich) and ultra-pure water were
used to prepare the 1mol/L KOH electrolyte. The equilibrium po-
tential was set at 0 V vs. the Reversible Hydrogen Electrode (RHE)
by purging the electrolyte with 99.999% pure N2 (Air Liquide)
during 30min, in order to minimize the amount of any residual
oxygen. The counter electrode was a Pt mesh (1.7� 3.3 cm2) and
the reference electrode a Hg/HgO/KOH 1mol/L (both from Radi-
ometer Analytical). All potentials reported in this paper are refer-
enced to the RHE:

ERHE ¼ EHg=HgO þ ET ;corr þ 0:059pH (1)

with EHg/HgO the measured potential and ET,corr the temperature
correction factor for the Hg/HgO/KOH 1mol/L reference electrode,
equal to 0.129 V at 20 �C. The pH value of the electrolyte that ap-
pears in eq. (1) was measured by a standard pH meter to be around
14.4 before each chrono-amperometric experiment. We also per-
formed one single continuous pHmeasurement at 200mV cathodic
overpotential, i.e. the condition with the highest H2 evolution rate,
and found the pH to increase only slightly (by 0.04) in the course of
the experiment.

All electrochemical experiments were performed using a Met-
rohm Autolab PGSTAT302 N potentiostat, and consisted in chrono-
amperometric measurements during 100 s at different cathodic
overpotentials (10, 50, 100 and 200mV). A reference, triple cycled
CV-scan was taken as well in the cathodic direction between 0 and
4 V with a scan rate of 10mV/s. In order to check that the obtained
CV data are at equilibrium, additional CV scans at different scan
rates have first been performed as well. It was found that increasing
the scan rate from 5 up to 200mV/s leads to a larger hysteresis
between the forward and backward scans, especially at low over-
potential. The more equilibrated curves are therefore the ones with
the lowest hysteresis, i.e. for the lowest scan rates (5 and 10mV/s).
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As a result, we can expect that the CV realised in our work at 10mV/
s is indeed close to equilibrium. Moreover, as already detailed
above, 3 cycles have always been performed. The fact that they
almost superposed as well is an additional reliable indication that
they are indeed at equilibrium.
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Fig. 2. Tafel plot of a CeV scan of in the cathodic direction up to an overpotential of 4 V
(scan rate 10mV/s). The details of all 3 cycles at low overpotential are shown in the
inset.
2.3. High resolution in-situ curvature measurements

In order to be able to determine the hydrogen uptake from in-
situ curvature measurements, the Ni thin film working electrode
wasmounted vertically as a cantilevered sample, cut approximately
4� 0.5 cm2 in size. For a correct current density calculation, the
exact area of the electrode that was exposed to the electrolyte was
determined after the electrochemical experiments by optically
scanning the electrode and analysing its contours with image
recognition software (ImageJ). Our high resolution in-situ curva-
ture measurement setup (MOSS, from k-Space) detects in real time
the spacings between 4 laser beams deflecting off the backside of
the Ni thin film sample with a charge coupled device (CCD) camera.
The sample curvature Dk is then calculated from the mean value DD

D0

of the differential spacings between these 4 spots:

Dk ¼ cos a
2L:n

:
DD
D0

(2)

where ais the angle of laser incidence on the sample, L the distance
between the sample and the CCD camera, and n the refractive index
of the electrolyte (being 1.42 for 1.0M KOH [13]). By using such
multiple beam reflexions, we already showed before [14] that it is
possible to significantly reduce the instability of the curvature
measurement due to vibrations. In the current configuration, it
resulted in an increased dynamic resolution on the radius of cur-
vature of ~10 km, combined with a time resolution better than
100ms thanks to the use of a CCD camera. Finally, the internal
stress change DsH due to H-absorption into the Ni thin film elec-
trode can be derived from the curvature change Dk using the well-
known Stoney equation:

DsH ¼ Ys: t2s
6tf

Dk (3)

with Ys ¼ Es=ð1� ysÞ the biaxial elastic modulus of the substrate (Es
being its Young modulus and ys the Poisson ratio), and ts and tf the
substrate and Ni thin film thickness, respectively.
3. Results and discussion

3.1. Alkaline water electrolysis

First of all, in order to have a general insight in the electro-
chemical rate-determining step(s) during alkaline water electrol-
ysis on our Ni thin film electrodes, a full CV scan was taken up to a
cathodic overpotential of 4 V. The result for the 3rd cycle is shown
in Fig. 2, which also includes as an inset the details of all 3 cycles at
low overpotential. Apart from the well-expected appearance of a
limiting current density at high overpotentials (>2 V), and an up-
ward curvature at low overpotential (<100mV) that will be dis-
cussed later, the overall observed semi-logarithmic behaviour
between the current density and the applied potential seems to
indicate that the electrochemical kinetics are at least qualitatively
in agreement with the well-known Butler-Volmer equation under
cathodic conditions [15]:
Ic ¼ I0*exp
��aFh

RT

�
(4)

with Ic the cathodic current density, Io the exchange current den-
sity, a the charge transfer coefficient, h the activation overpotential,
and R, F and T having their usual meaning. However, when quan-
titatively comparing the observed CeV plot in Fig. 2 to the simu-
lated Tafel plots for alkaline water electrolysis in Fig. 3 (reproduced
from Shinagawa et al. [16]), none of the 3 theoretical cases (each
corresponding to a different rate-determining step) correspond to
our own experimental result. In the first case (Fig. 3a), the hydrogen
evolution reaction is taken to be rate-limited by the initial, one-
electron reductive adsorption of hydrogen at the electrode sur-
face, also known as the Volmer reaction:

H2O þ e� ¼Hads þ OH� (5)

In this case, a Tafel slope of 120 mV/dec is observed, as in our
case, but no limiting current density is expected. In the second case
(Fig. 3b), it is the electrochemical desorption step, known as the
Heyrovsky reaction, which is taken to be rate-determining:

Hads þ H2O þ e� ¼H2(g) þ OH� (6)

Again, this would result in a Tafel slope of 120mV/dec over most
of the polarisation curve, but no limiting current is expected in this
case neither. The latter is mainly due to the saturation of the surface
coverage q of adsorbed H, represented as a dashed curve in Fig. 3 b
as well (and clearly demonstrating the often overlooked Tafel slope
dependence on surface coverage). The third case (Fig. 3c), in which
the desorption process is assumed to consist in the recombination
of two adsorbed hydrogen atoms at the electrode surface (Tafel
reaction)

2 Hads¼H2(g) (7)

Looks qualitatively the most similar to our own CeV because of
the appearance of a limiting current density. However, a Tafel slope
of only 30 mV/dec is expected in this case, accompanying an
exponentially increasing surface coverage. The above theoretical



Fig. 3. Simulated Tafel plots for the hydrogen evolution reaction (HER), assuming the (a) Volmer, (b) Heyrovsky and (c) Tafel reaction as the rate-limiting step. Reproduced from
Ref. [16].
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cases have recently been extended by Vilekar et al. [17] to combi-
nations where 2 or 3 steps are rate-determining. By exploiting the
electrical analogy of the alkaline water electrolysis reaction
network, they thus obtained separate rate expressions for the
Volmer-Tafel, Volmer-Heyrovsky, Heyrovsky-Tafel and Tafel-
Volmer-Heyrovsky mechanism, respectively. However, in none of
the above a combination of a Tafel slope of 120 mV/dec with the
occurrence of a limiting current has been predicted.We believe that
this can be attributed to the fact that an important additional re-
action pathway has been overlooked so far, namely the parasitic
absorption of adsorbed hydrogen species from the surface into the
bulk of the electrode:

Hads¼Habs (8)

As illustrated schematically in Fig. 4, this additional reactionwill
have a direct impact on the available adsorbed hydrogen atomsHads

on the electrode surface, and hence the surface coverage q, the
latter being well-known from Fig. 3 to directly affect the Tafel slope
as well.
Fig. 4. Schematics of possible rate-determining reactions taking place during HER: (1)
Volmer reaction, (2) Tafel reaction and (3) hydrogen absorption into the electrode.
We therefore directed the rest of our study in trying to quanti-
tatively address the effect of hydrogen absorption during alkaline
water electrolysis at different, fixed overpotentials. Due to instru-
mental limitations, these chrono-amperometric measurements
had to be limited to relatively small overpotentials, up to 200mV.
Indeed, at higher potentials, the increasing amount of hydrogen
bubbles causes flow patterns into the electrolyte, leading in turn to
severe perturbations of the laser beams which make the in-situ
curvature measurements unreliable. Fig. 5 a shows the time evo-
lution of the current density during such chrono-amperometric
experiment for different cathodic overpotentials. In order to be
able to compare these measurements at constant overpotential to
the results of Fig. 2 obtained during a dynamic CeV scan, Fig. 5 b
also shows a superposition of the latter (zoomed up to 400mV)
with both the initial and stabilised current densities during chrono-
amperometry. A shift is observed between the 2 data series, due to
the simple fact that the initial current densities are maximum, non-
equilibrium values at the very beginning of a cathodic step [18]. It is
especially re-assuring to observe that the stabilised data approach
the CV scan, which we already showed before also to be at equi-
librium. In any case, the dependence between current density and
overpotential, as quantified by the Tafel slope, is very similar in all
cases, so that we can be confident that results from these chrono-
amperometic measurements will still be meaningful for under-
standing to what extent hydrogen absorption affects the electro-
chemical kinetics at higher overpotentials as well.

3.2. Hydrogen absorption during alkaline water electrolysis

As explained before, our in-situ measurement of hydrogen up-
take is based on the fact that hydrogen incorporation into the Ni
thin film electrode leads to a constrained volume expansion,
generating internal stresses DsH into the film. We already
demonstrated elsewhere how these stresses can be directly related,
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at least in the elastic regime, to the H/Ni atomic ratio NH/Ni [19]:

DsH ¼ Ef

3
�
1� yf

�$
�
Dy

UNi

�
$NH=Ni (10)

with Ef and nf the Young modulus and Poisson ratio of the Ni film
(equal to 205 GPa and 0.31, respectively [20]), Dy the characteristic
volume change per hydrogen atom, andUNi themolar volume of Ni.
Values for Dy andUNi were taken from Ref. [21] as 2.42 Å3/atom and
6.6 cm3/mol, respectively. The absolute amount of hydrogen nH;Ni
absorbed into the Ni electrode during HER can then be calculated
(in mol/cm2) as:
nH;Ni ¼ NH=Ni:nNi (11)

where nNi is the number of mol of Ni per cm2 of thin film, as
determined by ICP-OES.

Fig. 6 then represents the evolution of the internal stress change
due to hydrogen absorption associated with the chrono-
amperometric measurements shown in Fig. 5 a. From a qualita-
tive point of view, one can see that the stress slope becomes
steeper, and that the stress curves stabilize quicker when
increasing the cathodic overpotential. This is confirmed more
quantitatively in Fig. 7, which shows in part (a) both the absolute
ðnH;NiÞ and relative (NH/Ni) amount of absorbed H corresponding to
themaximum stress change, and in part (b) the time corresponding
to this maximum. From Fig. 7(a), it appears that the amount of
absorbed hydrogen is independent of overpotential, the obtained
average H/Ni atomic ratio of 0.011± 0.001 being indicative for the
presence of a-hydride, i.e. a solid solution of hydrogen atoms in the
octahedral interstices of Ni. The latter has indeed been shown to be
the stable hydride phase up to a H/Ni ratio of 0.03 [22], while above
0.6 only the b-hydride phase can exist [23]. From the generic
Hydrogen-Metal (H/M) phase diagram, a 2-phase matrix of a and b
phases can be expected between these two ratio's, as is already
well-known for Pd and other metal hydrides [24]. Indeed, when
storing gaseous hydrogen in Pd, the hydride consists in an a-phase
when H/Pd< 0.02, a b-phase when H/Pd> 0.58 and a mix of a-b
between these two ratios' [25]. With respect to the different
behaviour of the a and b phases, the Ni b-hydride has the same FCC
lattice structure than the a-phase, except that all the octahedral
interstices are occupied by hydrogen atoms. Moreover it has a
lattice parameter which is 6% larger than that of pure Ni, as
compared to only 1% for the a-phase which has only hydrogen
atoms in solid solution. Therefore, since only b-hydride is believed
to act as a diffusion barrier for continued hydrogen uptake [26], it
cannot be held responsible in our case for the limited and fixed
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amount of hydrogen absorption in our Ni thin film electrode.
From Fig. 7(b), it then follows that it is only the rate at which this

hydrogen is being absorbed that can be affected, resulting in an
apparently faster hydrogen saturation of the Ni thin film at higher
overpotentials. One plausible explanation for this observation is
that fact that a higher overpotential also induces a higher hydrogen
evolution current, which according to the Volmer reaction (5) then
also generates a higher amount of Hads per unit time. In this respect,
Fig. 8 shows the fraction of hydrogen absorbed into the Ni thin film
electrode, relative to the theoretical amount of gaseous hydrogen
produced from the HER during chrono-amperometry. The latter can
be calculated from Faraday's law

nH;Far ¼
J t
F z

(12)

where z is the number of electrons exchanged, and nH;Far the
number of mol of hydrogen per cm2 theoretically produced during
chono-amperometry, obtained by integrating themeasured current
density shown in Fig. 5 over time. The fraction of absorbed
hydrogen in Fig. 8 is then calculated from the ratio between nH;Ni
and nH;Far , with nH;Ni being taken at the stress maximum. From this
graph, one can indeed see that a relatively more important fraction
of hydrogen is being absorbed into the Ni thin film at lower over-
potential. These observations are already indicative for the impor-
tance of taking into account hydrogen absorption as well among all
possible competing reactions occurring at the electrode surface
during hydrogen evolution. Indeed, when the kinetics of the
hydrogen evolution is slow, i.e. at low overpotential and hence low
current density, the adsorbed hydrogen Hads generated at the
electrode surface by the Volmer reaction (11) still has sufficient
time to diffuse into the Ni electrode before the Tafel or Heyrovski
recombination steps take place. When increasing the potential, the
Volmer reaction speeds up, hence generating more Hads per unit
time. As a result, the fraction of Hads that will get absorbed also
decreases due to the more limited time for Hads to diffuse into the
Ni lattice before the recombination step(s) take(s) place.

To complete the kinetic analysis, the hydrogen absorption rates
have been calculated as well. To this end, the stress data from Fig. 6
have been fit to an exponentially decreasing time function [19].

DsH ¼A*
�
1� exp

�
�t
B

��
(13)

where B can be interpreted as a time constant for absorption, and A
being a characteristic pre-factor which is semi-empirically related
to the mechanistic details of the absorption process [19]. For the
current work, we limit ourselves to using the fitted values of A and B
for quantifying the initial slope of the stress curve at the beginning
of the potential step. Indeed, from a simple time derivative of eq.
(13), the initial rate of absorption can be taken to be proportional to

�
dDs
dt

�
t¼0

¼ � A
B

(14)

The thus obtained initial hydrogen absorption rates (in MPa/sec)
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are shown in Fig. 9 as a function of cathodic overpotential. One can
see that they increase significantly with potential, by almost a
factor 4 between 10 and 100mV. As a result, at high overpotential
(>100mV), it can be expected that a high recombination rate of
adsorbed species according to the Tafel reaction (7) coincides with
a very quick absorption of the hydrogen adatoms into the Ni thin
film, although in a relatively low amount with respect to the net
amount of evolved gaseous H2. At low overpotential (<100mV), the
hydrogen absorption rate is lower, but also the electrode surface is
charged more slowly, resulting in a low recombination rate of
adsorbed hydrogen atoms at the electrode surface and a still rela-
tively high amount of Hads being injected into the bulk electrode.

Based on all of the above observations, we can now try to
rationalize the particular features of the polarisation curve in Fig. 2
for our Ni thin film electrodes shown in the very beginning. Firstly,
with respect to the “upward curvature” at small overpotential
(<100mV), this is clearly the region where absorption of Hads is
most pronounced. Graphically, its effect is fully similar to the
gradual appearance of a limiting current at the highest over-
potential. Such a “limiting current” at low overpotential can be
understood as being the result of a lack of reactive species Hads, not
because of transport or diffusional limitations, but because these
rate-controlling reactive species in that specific overpotential re-
gion preferably get absorbed into the bulk electrode (and also have
the time to do so). Secondly, upon increasing the cathodic over-
potential beyond 100mV, a Tafel slope of about 120 mV/dec starts
to establish. According to Fig. 3, this value is indicative for the
Volmer reaction (eq. (5)) to become rate-determining. Since the
Heyrovsky reaction is not very likely to occur during alkaline water
electrolysis on Ni electrodes [22], the Volmer reactions in our case
also the only possible step involving electron transfer. In particular,
this step is believed to be rate-controlling rather than the Tafel
recombination step (eq. (7)) because of Ni hydride formation at
lower overpotential. In this respect, Soares et al. [27] convincingly
showed that hydrogen incorporation into a Ni electrode changes
the d-character of themetal to a s-p character, hence decreasing the
density of states at the Fermi energy level, as well as its electro-
catalytic activity. In other words, electron transfer for water
reduction into Hads should become more difficult for NieH than for
pure Ni, making the Volmer reaction indeed rate-controlling once
Ni hydride is being formed. Moreover, Kim et al. [28] recently
demonstrated that compressive stresses in a Ni thin film electrode
also induce a downshift of the d-orbital in comparison to the Fermi
level, resulting in a lower NieH binding strength. This should make
it easier for adsorbed H to recombine at the electrode surface,
another argument in favour of the Volmer and not the Tafel reaction
being rate-controlling. Thirdly, at still higher overpotential, when
electron transfer is no longer rate-limiting, the surface coverage q of
adsorbed H will tend to unity, as in Fig. 3c, and a limiting current
will appear.

Finally, we would like to recognise that it is still unclear at the
moment to what extend all of the above insights obtained on pure
Ni thin film model electrodes can be transferred to the Ni bulk
electrodes being used in industrial water electrolysers. Indeed,
significant microstructural difference exist between both, not the
least in terms of grain size. We are therefore currently trying to
address the effect of microstructure on hydrogen absorption by
depositing Ni thin films at different sputter conditions.

4. Conclusions

We have reported and validated a new experimental setup that
allows to study both the amount and the kinetics of hydrogen ab-
sorption into Ni thin film electrodes in real-time during the HER.
During a series of well-designed chrono-amperometric experi-
ments, different compressive stress evolutions were observed for
different applied overpotentials, and quantitatively associated to
the incorporation of hydrogen into the thin film electrode. The
higher the cathodic overpotential, the steeper the initial slope of
the stress curve, and the faster the stress curves stabilize. From
these results, we concluded that the hydrogen absorption rate in-
creases with overpotential, and that the Ni electrode surface satu-
rates faster with adsorbed hydrogen. The amount of hydrogen
absorbed into the filmwas also obtained from thesemeasurements,
and compared to the theoretical amount of hydrogen produced by
HER calculated from Faraday's law. It was shown that the relative
fraction of absorbed hydrogen increases when the applied potential
becomes smaller. This was attributed to the fact that the Tafel
recombination reaction is slower at low potential, so that hydrogen
adatoms still have sufficient time to diffuse into the Ni film. Finally,
on the basis of the above observations, we have described the
different kinetic regimes that can occur during a polarisation curve
as a result of such pronounced Ni-hydride formation.
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