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Abstract

Despite the development and synthesis of new electrode materials for hydrogen
generation in alkaline water electrolyzers has been a research topic widely exploited in
the last years, stability tests on the obtained cathodes have been restricted to long-term
potentiostatic/galvanostatic experiments which do not fulfil the real operating conditions
that take place in those devices. In this work, two different Service Life Tests have been
designed and implemented, aiming at including particular conditions (i.e. inverse polarity
and short-circuit) in the durability and catalytic activity of cathode characterization. For
this purpose, Ni/Cu bilayer porous electrodes were prepared using different Ni
electrodeposition times (15, 30 and 45 min) following a double template electrochemical
method. It has been confirmed that the electrode with the lowest Ni content can be
considered as a promising electrocatalyst for hydrogen production under industrial
conditions because of its optimal activity and stability after the two sets of testing
conditions. In particular, electrochemical studies demonstrated that an inversion in
polarity can positively affect the electrode performance, as a consequence of the
synergetic interaction between CuO/Cu(OH), and B-Ni(OH), species formed at potentials
below the oxygen evolution domain.

Keywords Hydrogen Evolution Reaction (HER), Service Life Tests, alkaline water
electrolyzers, Ni/Cu cathodes.
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1. Introduction

Hydrogen is considered an ideal energy carrier that can be an alternative to fossil fuels
because of its high energy density, versatility, good efficiency, full recyclability with a
practical unlimited supplied and clean energy source [1-6]. Alkaline water electrolysis is
one of the most promising methods of electrochemical hydrogen production since it
allows obtaining significant hydrogen yields with high purity. Furthermore, this technique
presents an environmental friendly technology since it can be coupled to other renewable
energy systems [7]. Nevertheless, the considerably high operating costs of alkaline water
electrolyzers, mainly due to the high overpotentials of the hydrogen/oxygen production
and the lack of stability of the electrode materials, constitutes still an issue for large-scale
applications.

In order to solve the energetic problems associated to alkaline electrolyzers, research
efforts are focused on the development of new cathodes, which provide an enhancement
of the catalytic activity for hydrogen evolution reaction (HER) together with an improved
stability for long-term operation. Nickel has been one of the most widely employed low-
cost alternative for Pt-group metals (such as Pt, Rh, Ir, and Pd) for HER, and similar
catalytic activity has been reported by following different strategies [8—17]. The most
extended alternatives to increase the activity of the Ni electrodes towards HER are (i)
increasing its active surface area in order to have more active centers in a defined
geometrical area (apparent activity), and (ii) finding a synergistic effect with other
transitions elements with similar catalytic activity (such as Co, Cu, Fe and/or Mo among
others) [18—24]. The latter produces a modification in the electronic distribution of the Ni
which can lead to a decrease in activation energy for HER, thus improving their intrinsic
activity [25].

Synergistic interaction of Ni and Cu towards the improvement of the catalytic activity for
HER has been studied by different authors [26,27]. Solmaz et at. [26] found that the HER
activity for NiCu porous composites, galvanostatically electrodeposited on Cu, was higher
than that obtained for uncoated and Ni coated electrodes. They attributed this behavior
to the electrode porosity as well as the synergetic interaction between both elements. In
addition, these authors also confirmed that NiCu composites presented a good time
stability and corrosion resistance for electrolysis [28]. In a recent published work,
Ngamlerdpokin and Tantavichet [27] demonstrated that electrocatalytic activity for HER
depends on the composition of NiCu alloys, and high electrocatalytic activity was achieved
for electrodes with higher Cu/Ni composition ratio.

Stability testing of the selected cathodes is a mandatory step that must be taken into
account due to the aggressive operation conditions of those electrolyzers (i.e.



concentrated alkaline solution of KOH between 25-30% at temperature ranging from 80°C
to 90°C) [29-32]. Furthermore, an important phenomenon of inverse polarization take
place in industrial electrolyzers when the process is interrupted for different situations:
maintenance, electrolyte and electrodes replacement by new one as a consequence of the
loss of their activity, installation of new cells, accidental trips of safety systems and/or
unplanned interruptions of the power supply among others. During these replacing
processes, anodes and cathodes are short-circuited, and due to the change in the
equilibrium conditions with respect conditions of hydrogen discharge, the cathodes
became anodically polarized while anodes become cathodically polarized causing a
reverse current flow between the electrodes. The short-circuited situation and the reverse
current flow can generate modifications in the cathodes composition, which could
negatively affect their activity for further hydrogen discharges. Therefore, shut off
processes where modification of the current flow between the electrodes occur have
notable implication under stability point of view since can cause an important damage of
the cathodes affecting their activity for HER [33,34]. Different strategies have been carried
out by different authors in order to monitor and analyze the electrochemical behaviour of
the electrodes under long term and short-circuited situations and, therefore, to predict
how this operation can affect their performance [35-38].

The purpose of this work is to analyze the electrocatalytic activity and stability for HER of
3D-porous cathodes synthetized by a two-step electrodeposition method of Ni onto Cu
foams. The electrocatalytic performance of the developed electrodes was analyzed by
electrochemical techniques and their stability was evaluated using two different Service
Life Tests, which properly simulate the whole range of possible conditions in typical and
particular alkaline water electrolysis in 30 wt.% KOH solution at 80°C. The main impact of
this paper is to understand the role of the underlying Cu foam in the catalytic activity and
stability towards HER in the synthetized Ni/Cu-cathodes when those are reversely
polarized.



2. Experimental section
2.1. Synthesis of the electrodes

Porous coatings were deposited on AlISI 304 stainless steel substrates embedded in Teflon
with a cross-section available area of 0.5 cm?. As a previous step, stainless steel substrates
were pre-treated by the usual procedure described elsewhere [39-42].

Initially, 3D-porous Cu structure was obtained by electrodeposition following our previous
work [42]. In brief, an acidic bath with a chemical composition of 0.05 M CuSO,4 and 0.5 M
H,SO4 was used at room temperature, and a constant current density of -0.2 A cm™ during
450 s was applied. During the galvanostatic Cu electrodeposition, the generated H,
bubbles acted as a dynamic template to build up 3D foam Cu structure, as schematically
described in [42].

Ni was electrodeposited onto the initial formed Cu macroporous coating from a modified
Watts bath (1.26 M NiSQ4, 0.19 M NiCl,, 0.6 M H3BOs3) under galvanostatic conditions of -
0.025 A cm™ and 50°C. Thus, the underlying Cu structure served as a template for the
subsequent Ni deposit. Ni electrodeposition times of 15 (ED1), 30 (ED2) and 45 min (ED3)
were employed.

The bath compositions and the electrodeposition conditions for the different synthetized
porous electrodes (named ED1, ED2 and ED3) are summarized in Table 1.

A double walled and horizontal three-electrode cell (with an electrolyte volume of 50 mL)
was used to obtain Cu- and Ni-electrodeposits as represented in [20]. The surface of the
substrate was placed horizontally at the bottom part of the cell, thus allowing the free
release of H, bubbles. A commercial Ag/AgCl (3M KCI) was used as a reference electrode
and a Pt electrode as a counter electrode. Electrochemical measurements were controlled
using an AUTOLAB PGSTAT302N potentiostat/galvanostat.

The structure, morphology and chemical composition of the electrocatalytic coatings were
evaluated using a JEOL JSM-3600 Scanning Electron Microscope (SEM) coupled with an
Energy Dispersed X-Ray (EDX).



2.2. Electrochemical measurements

Two different electrochemical tests were conducted in order to characterize both the

catalytic activity for HER and stability (Service Life Tests) of the synthetized Ni/Cu

cathodes:

(a)

(b)

A galvanostatic measurement (1 hour at -0.1 A cm™®) was initially performed with the
aim to activate the electrodes and for establishing reproducible conditions.
Polarization curves (recorded from -1.6 V up to the equilibrium potential at the scan
rate of 1 mV s™) and electrochemical impedance spectroscopy (EIS) measurements
were carried out for characterizing the catalytic activity towards HER of the as-
prepared electrodes. EIS were carried out at different cathodic overpotentials (HER
region), and performed for 10 frequency per decade from 10 kHz to 3 mHz with an
amplitude of £ 10 mV. Obtained spectra were analyzed using Zview 2.70 software
package and fitted with the corresponding electrical equivalent circuit (EEC).

First Service Life Test (1SLT) was proposed in order to study the effect of anodic
potential on the catalytic activity of the synthetized cathodes. Potentiostatic tests at
potential below (0.25 V) and above (0.75 V) oxygen evolution reaction (OER) during
30 min were applied. Onset of the OER yields in a value close to 0.35V in the
synthetized cathodes. After each potentiostatic test, polarization curve and EIS
measurements were performed under the same conditions above described. Figure
1(a) shows schematically the experimental sequence of the 1SLT.

The Second Service Life test (2SLT) consisted basically of three stages where the last
two were repeated 10 times: galvanostatic measurements (at -0.3 A cm™ during 30
min), series of 5 CV from -1.25 to 0.5 V (potential range between HER and OER) at an
scan rate of 50 mV s and potentiostatic test at the applied potential of -1.25 V
during 300 s (H; discharge). A simulation of the short-circuited conditions, occurred
in the industrial electrolyzers when electrodes are replaced after intervals of H,
discharge, was carried out using 2SLT, represented in Figure 1(b). In addition, first
series of 5 CVs (before H, discharge) for each were used for the initial
electrochemical characterization of the as-prepared cathodes.

With the aim of comparing the results, both tests were also systematically performed on

commercial Ni and Cu substrates, previously abraded with emery paper down to 4000 grit,

and polished with alumina paste (1 um) to get a mirror-like surface (smooth Ni and

smooth Cu, respectively). All experimental tests were carried out in an oxygen free

atmosphere, 30 wt.% KOH solution at 80°C, which corresponds to the industrial conditions



in alkaline electrolysis. Three repetitions of (a) and (b) in all the studied cathodes were
performed to verify the reproducibility of the electrochemical measurements.

The electrochemical measurements were carried out in a specific design of an
electrochemical cell [43]. The synthetized electrodes were used as a working electrodes
placed on a vertical plane to allow for the elimination of the produced hydrogen bubbles.
The counter electrode was a large-area Ni foam (ICOFOAMTM) and the reference electrode
was the Ag/AgCl electrode. All potentials are given with respect to the Ag/AgCl electrode
which has a standard potential of 197 mV with respect to the standard hydrogen
electrode (SHE). The experiments were done by using an AUTOLAB PGSTAT302N
potentiostat/galvanostat. A schema of the experimental setup and the electrochemical
cell used in this work was shown in a previous published work [20].



3. Results and discussion
3.1. Initial characterization of as-prepared cathodes

Surface morphology of the synthetized cathodes at the three different electrodeposition
times of Ni can be observed through the SEM images shown in Figure 2. All the deposits
present a porous structure with a more rounded shape as the Ni electrodeposition time
increases. Thus, the microstructure of the coating changes from the finger-like (Figure
2(a)) to the cauliflower-like structure (Figure 2(c)). Nickel fills the gaps of the foam walls
and makes much denser the ramified structure (mechanism described in detail in [42]).
Additionally, a size enlargement of the nickel nucleus initially formed (observed in ED1) is
detected in ED3.

The atomic percentage of Cu detected by EDX in the deposits decreases with the Ni
deposition time from 33.41 at.% at 15 min (ED1) to 9.81 at.% at 30 min (ED2), and
completely disappears after 45 min of Ni deposition (ED3), Table Il. For samples ED1 and
ED2, it was detected by local EDX analysis that Ni-richest regions are placed in the outer
parts of pores, whereas inside the pores the Ni content considerably decreases, as a
consequence of a heterogeneous current distribution during the electrodeposition. This
indicates that either Ni electrodeposition time below 45 min does not completely cover
the underlying Cu foam template or the Ni layer thickness is lower than the X-ray
penetration length. To qualitatively conclude on the real composition of the electrode
surface in contact with the electrolyte, an initial cyclic voltammetry study has been
performed on commercial smooth Cu and Ni electrodes, and on the electrodeposits, as
depicted in Figure 3.

The cyclic voltammetry of smooth Cu (Figure 3(a)) shows two oxidation peaks, Ia (-581
mV) and lla (-238 mV), corresponding to the formation of Cu(l) and Cu(ll) oxides,
respectively. The anodic peak I5 corresponds to the oxidation of Cu to CuOH which is
insoluble at this pH and subsequently is transformed to Cu,0 (equation 1) [44,45]. The
broad anodic peak lla corresponds to the formation of a thick multilayered film of CuO and
Cu(OH), (equation 2 and equation 3) [45-48]. The ratio between the peaks Ix and lla
shows that CuO is mainly formed from Cu via the two-electron oxidation reaction
(equation 4) although CuO can also be obtained by the oxidation of Cu,0 in a less extent.

2Cu+ 20H™ - Cu,0 - H,0 + 2e™ (1)
Cu,0 + 20H™ + H,0 - 2Cu(OH), + 2e~ (2)

Cu,0 + 20H™ - 2Cu0 + H,0 + 2e~ (3)



2Cu+ 20H™ - 2Cu0 + H, + 2e™ (4)

On the reverse cathodic scan, the reduction peak llc (-664 mV) is associated with the
reduction of Cu(ll) to Cu(l) and the peak I¢ (-975 mV) with the reduction of Cu(l) to Cu.
Thus, under the studied conditions, the peak llc corresponds to the reduction of Cu(OH);
to Cu,0 (equation 5), whereas the peak I is attributed to the reduction of Cu(l) hydrous
oxide to a Cu adatom [49] and to the reduction of Cu,0 to the metal (equation 6).

2Cu(OH), + 2e~ —» Cu,0 + 20H™ + H,0 (5)
Cu,0 +2e~ - 2Cu+ OH™ (6)

Cyclic voltamograms of smooth Ni are shown in Figure 3(b). The anodic peaks 1 (-900 mV
and -596 mV) and 2, (141 mV) are related to the oxidation of Ni to Ni(ll) and Ni(ll) to
Ni(lll), respectively. The peaks 14 are related to the formation of Ni(OH), (equation 7), in
particular to the irreversible formation of a reducible phase (a-Ni(OH);) into a non-
reducible phase (B-Ni(OH),), respectively [50]. The reduction of the passive layer
composed by Ni(ll) is potential dependent, and its reduction is not possible when the
anodic potential is above -0.7 V [51,52]. The presence of this non-reducible phase in the
oxide layer is confirmed by the absence of the anodic peak 1. during the second anodic
scan. The peak 2, corresponds to the oxidation of -Ni(OH); into 3-NiOOH (equation 8),
which appears overlapped with the increase of the current density because of OER.

Ni + 20H~ - Ni(OH), + 2e~ (7)
B — Ni(OH), + OH™ - 8 — NiOOH + 2H,0 + e~ (8)

In the negative-going scan, the peak 2¢ (64 mV) shows the reduction of Ni(lll) to Ni(ll) and
the peak 1¢ (-880 mV) the reduction of Ni(ll) to Ni. In this, the peak 2¢ corresponds to the
reduction of NiOOH to B-Ni(OH), which is typical for the Ni-based cathodes (equation 9)
[35,53]. On the other hand, the peak 1cpresents the reduction of the reducible phase a-
Ni(OH), into Ni. This is relatively small due to the small amount of residual a-Ni(OH);
presented in the electrode which was not converted into B-Ni(OH), during the first scan.
In the second scan, the disappearance of the peak 1¢ confirms the fact that all Ni is
converted into 3-Ni(OH),.

B — NiOOH + 2H,0 + e~ - B — Ni(OH), + OH™ (9)

Cyclic voltammograms obtained on ED1, ED2 and ED3 coatings are represented in Figure
3(c). Only cycles 1 and 5 were plotted to clearly distinguish the characteristic current
peaks. In the electrodes ED1 and ED2, the contribution of the peaks I and Il are detected
and are associated to the formation of Cu,O and CuO/Cu(OH), oxides respectively, as
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already described. Stronger contribution of these peaks was observed in the coating ED1
due to the higher amount of Cu in contact with the electrolyte from the macroporous
structure. These results confirm that Ni electrodeposition time up to 30 min is not
sufficient to completely cover the underlying Cu template. This phenomenon was
attributed to a heterogeneous current distribution during the electrodeposition of Ni,
being the outer parts of the pores preferentially cover, which was confirmed by local EDX
analysis. Therefore, the Ni-free copper regions of the electrode surface actively participate
in the electrochemical behavior of the electrodes.

On the other hand, peaks 14, 24 and 2¢ are observed in the CVs of the three electrodes
and correspond to the electrochemical behavior detected for the smooth Ni electrode
(Figure 3(b)). However, a considerable increase of charge in the redox system 2,-2¢ and a
well-defined onset of the HER (-1.25 V) evidenced the increase of the active surface area
in the synthetized electrodes.



3.2. Activity for HER of the synthetized cathodes

Figure 4 shows the Tafel curves obtained on the investigated electrodes, and on Ni and Cu
smooth bulk electrodes in 30 wt.% KOH at 80°C. The curves were corrected to the
reversible HER potential at the given conditions and for the ohmic drop (j-Rs), estimating
the solution resistance, Rs, from the EIS measurements.

A linear behavior was observed in all polarization curves (Figure 4) which denotes that
HER on these electrodes is kinetically controlled, i.e. described by the Tafel equation (see
Supporting Information, Sl) [42,54]. Values of the Tafel slope (b, mV dec™), the exchange
current density (jo, MA cm™) and the charge transfer coefficient (¢) obtained after fitting
by a linear regression the polarization curves are summarized in Table Ill. When different
slopes were observed (i.e. in the case of Cu), the slope obtained in the range of higher
current densities (higher than -0.3 A cm™) was considered since this current range is
characteristic of the cathodes working under industrial conditions. All the synthetized
electrodes show higher activity towards HER than the pure Ni, which can be initially
attributed to the enhancement of the active surface area. Moreover, according to the
extracted parameters, b in the range of 115-130 mV dec and « close to 0.5-0.6 for all the
coatings, HER proceeds via Volmer (equation 10)-Heyrovsky (equation 11) mechanism
[10,55-60]. This mechanism of HER involves the formation of an adsorbed hydrogen atom
intermediate  MH,4s (Volmer reaction) followed by an electrochemical hydrogen
desorption step (Heyrovsky reaction).

H,0+M + e~ - MH, ;5 + OH™ (10)
H,0 + MH,4s + e~ > H, + M + OH™ (11)

where M is a free site on the metal surface and MH,4; is the metal surface occupied by
hydrogen adatoms.

Overpotential values of the cathodes at the fixed current of 100 mA cm™ (N100) Were also
extracted from the polarization curves in order to evaluate their apparent activity towards
HER (included in Table lll). ED1 shows the lowest value of 1100, which indicates a reduction
in the energy requirements to produce a fixed amount of hydrogen in comparison with
the others cathodes.

A deeper insight into the electrochemical behavior of the electrodes was performed by
electrochemical impedance spectroscopy (EIS). This technique allows us to determine the
HER kinetics and also to quantify the real electrochemically active surface area of the
porous structures. Figure 5 shows Nyquist diagrams (up) and Bode plots (down) of (a) ED1
and (b) ED3 at different overpotentials. EIS response is characterized by two semicircles
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(i.e. two-time constants) which diameter considerably decreases with the applied cathodic
overpotential. This behavior indicates that both time constants are connected with the
electrode kinetics [13,61]. Equivalent electrical circuit (EEC) consisting of two-time
constant in parallel (2TP) (Figure 6(a)) was used to model the experimental EIS data. This
model reflects the response of a HER system where the high frequency (HF) time constant
is related to the charge transfer kinetics and the low frequency (LF) time constant is
associated to the hydrogen adsorption [41,61-64].

The LF time constant in the spectra shown in Figure 5 disappears at overpotentials below -
200 mV. This effect indicates that the adsorption process is favored when high hydrogen
discharge takes place and, thus, the charge-transfer process mainly dominates the
impedance response when the cathodic potential increases. Here, HER is controlled by the
Heyrovsky step [65—67]. In this case, a Randless circuit (Figure 6(b)) which contains only
one-time constant (1T) is used to describe the impedance response [68]. For both EEC, a
constant phase angle element (CPE) is introduced to replace the double layer capacitance
(Ca) in order to take into account the non-ideal capacitive behavior [58,69]. CPE is defined
in impedance representation as:

Zepe = [Zy - (iw)"]7* (12)

where Z, is the CPE constant, o is the angular frequency (in rad s™), i’>=-1 is the imaginary
number, and n is the CPE exponent.

The theoretical values of the electrical parameters obtained after fitting the experimental
EIS spectra with 2TP/1T EEC are compiled in Table IV. Lower Chi-squared values (X°) and
good fit estimation (plotted with continuous lines over the experimental data in Figure 5)
validate the selected EEC. The double layer capacitance related to the charge-transfer
kinetics (Cy) for the catalytic coatings were determined using the relation suggested by
Brug et al. [70,71]:

1/ngf
l (13)

C.. = QHF
dl (RS_1+RCt_1)(1_nHF)

where Qur and nye are the components of the CPE.f, R is the solution resistance, and R is
the charge transfer resistance. As expected, R.; decreases with the cathodic overpotential
suggesting an activation of the electrodes towards HER. The same trend is observed for
the resistance associated to the hydrogen adsorption (R,), which corresponds well to the
response of hydrogen adsorbed on catalyst surfaces.

Real active surface area, in terms of surface roughness factor (f,), was determined relating
the C, of the porous and the smooth Ni electrode. A value of 20 uF cm™ was used for the
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double layer capacitance of the smooth metallic surface, which was extracted from the
literature [72—74] and also from previous works [39]. A decrease in f, with the cathodic
overpotential is observed for all electrodes (values shown in Table S1, SI), as a
consequence of the hydrogen bubbles generated at these overpotentials, which restrict
the access of the electrolyte into the inner porous structure [14]. Furthermore, the
electrode ED1 shows the highest values of f, as a consequence of the lowest Ni loading,
thus generating the most porous structure with an increase of 61% and 48% in the real
active surface area in comparison with the electrodes ED2 and ED3, respectively. ED1
structure allows better access of the electrolyte to the cathode surface and consequently,
easier hydrogen release from the active sites of the porous electrode can take place. In
contrast, longer Ni deposition time allowed covering the underlying Cu foam, producing a
decrease in the real active surface area. Note that ED3 electrode provides a porous layer
with a slight increase of the real active surface area with respect to the ED2 cathode. Ni
deposition time of 45 min is sufficient to completely cover the underlying Cu foam and
also to generate an external denser Ni porous structure. Nevertheless, the slight increase
of the active surface area of ED3 with respect to ED2 does not contribute to any real
improvement in the activity under operating conditions.

Intrinsic catalytic activity for HER of the different synthetized electrodes was assessed
correcting the exchange current density by the surface roughness factor (jo-f,'l), Table V.
According to these results, higher Ni amount provides an improvement in the intrinsic
activity although it does not compensate the reduction of the apparent catalytic activity
produced by the decreased real active surface area. Therefore, the improvement in the
catalytic activity towards HER obtained on the electrode ED1 is mainly due to an
enhancement of the real active surface area, without showing apparently any synergetic
effect between Ni and Cu.

12



3.3. Stability of the synthetized cathodes

First Service Life test: effect of anodic polarization in the catalytic activity for HER

Polarization curves obtained after the potentiostatic test at 0.25 V for the studied
electrodes are shown in Figure 7(a), and the characteristic electrochemical parameters are
summarized in Table Ill. For all cathodes, a decrease in 1100 together with an increase in jp
is observed after applying 0.25V. This indicates an improvement of the apparent catalytic
activity which can only be consequence of the Cu- and Ni-oxide formation, favored at this
applied bias. In addition, ED1 shows the best performance in terms of apparent catalytic
activity with the lowest value of |11 | (200 mV) and also the highest j, (1.03 mA cm?).

EIS were also measured at different cathodic overpotentials following the procedure
described in the experimental section. Electrical elements obtained after fitting the
experimental results with the EEC shown in Figure 6 were also included in Table IV. Figure
8 represents the 3D-diagram of the surface roughness factor (f;) determined from the Cy
values (Table IV) for the investigated cathodes at different overpotentials and after
applying the selected anodic potentials.

A decrease in the real surface area was observed after applying 0.25 V in all the developed
electrodes. The oxides formed at 0.25V are occluded inside the macroporous structure
hindering the access of the reactive species to the surface. Both the decrease of the active
surface area and the increase in the catalytic activity reported in all the studied cathodes
leads to the conclusion that the presence of oxide into the porous structure favors the
intrinsic catalytic activity of them towards HER (Table V). Moreover, ED1 shows the best
performance among all the cathodes for hydrogen production which is mainly due to the
presence of CuO/Cu(OH), oxides (increase of the catalytic activity of 91% even though
active surface area decreases in 33%), Table S2 in SI. Comparing the polarization curves
obtained on the Cu smooth electrode (Figure 4 and Figure 7) and the parameters
collected in the Table Ill, a slight improvement in the catalytic activity is only detected for
Cu after the anodic polarization at 0.25V. Therefore, the significant improvement of the
catalytic effect for ED1 electrode towards HER, after applying 0.25V, can only be
attributed to the synergistic interaction between CuO/Cu(OH), and B-Ni(OH), species. In
this case, the synergisms between Cu and Ni metals is clearly observed [23,26—-28], which
is enhanced by the existence of oxidized species. It is important to highlight that, although
Ni and Cu do not alloy in the synthetized cathodes, the oxide products of both metals are
in close interfacial contact, thus allowing the modification of the electronic distribution of
the system and improving the activity towards the HER. The Ni/Cu ratio in the ED2
cathode seems to be not enough to show the synergistic behavior reported for ED1
cathode.
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As a consequence of the oxide formation, the reaction mechanism for hydrogen
production can proceed through the reduction of the oxide on the electrode surface,
described in the reactions (14) and (15) [10]:

M —OH + H,0 + e~ 2 M — OH, + OH™ (14)

M — OH, + H,0 + e~ 2 M — OH + H, + OH™ (15)

Or by the direct formation of a M-H bond, reactions (16) and (17):
M—0H,+e~2M—H + OH™ (16)

M—H+H,0 2M—O0H + H, (17)

where M represents Cu and/or Ni metals. As both M-OH and M-OH, have lower bond
strength interaction than M-H [24], the equilibria between H adsorption/desorption can
be tuned toward a HER intrinsic activity improvement. Thus, apart from the surface area
enlargement two main effect were suggested to explain the increase in HER activity in the
studied systems: (i) the synergetic interaction between CuO/Cu(OH), and -Ni(OH), oxides
and (ii) the modification of the mechanism reaction for HER by the reduction of the oxide.

On the other hand, an increase of the current density was observed in all the studied
coatings during the potentiostatic test at 0.75V (Figure S2(b), Sl), more pronounced for
ED2 and ED3 electrodes. It is well known that Ni hydroxide catalyzes the OER [75-77],
being the onset value ca. 0.35V for the synthetized cathodes (Figure 3). In contrast, the
lowest value of current density observed in the ED1 cathode indicates that higher amount
of Cu/Cu-oxides can inhibit and/or retard the water oxidation reaction. Deterioration of
the cathodes (in terms of the catalytic activity) with respect to the potentiostatic test at
0.25V was elucidated by the electrochemical measurements extracted for the polarization
curves shown in Figure 7(b) (increase in the |n,0| and decrease in the j,) together with
the decrease in the extracted f, (Figure 8). A loss of the real active area of nearly 50% in all
the cathodes (shown in Table S2, Sl) was achieved, which denotes that above OER the
damage of the electrodes depends on the potential without relevant influence of the
electrode composition. Hence, potentials applied in the cathodes under short-circuited
operations in alkaline electrolyzers must be below OER in order to avoid a significant
damage of Ni/Cu based cathodes.

Second Service Life test: effect of successive short-circuited processes in the activity and
stability towards HER
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Final cyclic voltammograms of each series, recorded before applying the cathodic
polarization at -1.25 V for 300 s, are represented in Figure 9 for (a) ED1, (b) ED2 and (c)
ED3. As already observed in section 3.1, the first cycle in all synthetized electrodes is
characterized by the presence of the peak 1, which disappears in the following cycles due
to the formation of 3-Ni(OH), non-reducible specie. Moreover, the peaks 2, (oxidation of
[-Ni(OH), to B-NiOOH) and 2¢ (reduction of -NiOOH to B-Ni(OH);) are well defined in the
cycles for the three electrodes, being this behavior typical of the Ni-based cathodes
[33,35,37,78]. The relation between the charge corresponding to the peaks 25and 2¢ in
the three studied electrodes is around 1, which indicates that the oxidation/reduction of
the system B-Ni(OH),/B-NiOOH is nearly reversible. Nevertheless, the charge associated
with these peaks after the cathodic treatment and successive set of 5 cycles progressively
increases.

CVs of ED1 show a high contribution of the Cu peaks (especially llx and I¢c), which remain
with the successive cycles. The presence of Cu species into the mesoporous structure does
not only increase the charge in the oxidation/reduction of the B-Ni(OH),/B-NiOOH system,
but also enhances the catalytic activity of the HER (more current density at the HER
onset).

In order to evaluate the evolution of the catalytic activity towards HER of the developed
electrodes under short-circuit operations, current density at a potential of -1.25 V (onset
of HER) was extracted from the last CV of each set (CVs plotted in Figure 9). The plot of
the extracted cathodic current density (i.12sy) vs. the number of cycles was shown in
Figure 10(a). In the first cycles, an increase in the cathodic current for all electrodes was
registered because of their activation. Electrodes ED2 and ED3 reverse this trend when
the number of cycles increases above 9 and 11 respectively, which can be due to the loss
of activity (damaging) during the 2SLT. On the contrary, ED1 shows a continuous increase
in the cathodic current density with the number of cycles, from -48 mA cm™ after the first
cycle to -57 mA cm after the cycle 50 (increase of 16%). This improvement can be related
to the enrichment of Cu/Cu-oxides species into the ED1 porous structure, thus activating
cathodic current densities. Therefore, Cu species play a crucial role in the catalytic activity
for HER when polarization inversion takes place in the system.

In addition, the recovering of the activity towards H, discharge of the cathodes after
short-circuited conditions can also be evaluated by this 2SLT. Hence, the final current
density value registered at the end of each potentiostatic test at -1.25V (H, discharge
between each series of 5 CVs) was plotted as a function of the number of cycles (Figure
10(b)). According to the CVs presented in Figure 3, at the cathodic potential of -1.25 V, j3-
NiOOH and Cu-oxides can be reduced into B-Ni(OH), and Cu/Cu,0 species, respectively. In
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all coatings, a decrease in the cathodic current density with the number of cycles is
observed. Jovic et al. [35,36] associated this behavior to the continuous damage of the
electrodes with the evolution of the long-term tests and the non-recovery of the initial
activity conditions. Nevertheless, a constant value of current was observed from cycle 20
indicating a stabilization of the electrode activity. Therefore, an irreversible damage of
13% in ED1, 30% in ED2, and 25% in ED3 was reported, taking into consideration the
variation of the cathodic current density extracted for the initial H, discharge and after
their stabilization in the cycle 20. The authors attributed this effect to the reduction of the
oxides (formed on the electrode surface during cycling in the region of oxygen evolution)
when the cathodic potential was applied, which becomes in the surface stabilization after
certain number of cycles (20 in our case). The highest values of the cathodic current
density registered in ED1 confirms its good catalytic activity (catalyzing H, discharge), due
to the presence of Cu into the Ni-mesostructure and also to the enhancement of the real
surface area in comparison with ED2 and ED3 electrodes. On the other hand, the amount
of Cu in the ED2 and ED3 cathodes is not sufficient to present that catalytic activity
observed in ED1. Therefore, according with the presented results, ED1 shows the best
activity towards H, discharge after applying successive short-circuited conditions
presenting a promising alternative for cathodes in alkaline water electrolysis systems.

It is important to mention that the 2SLT allows one to evaluate the general apparent
activity of the process (principal factor to take into account under operation conditions in
industrial electrolyzers), although it does not give information about the contribution of
other parameters such as the active surface area. Nevertheless, this Service Life Test let
aim to simulate industrial condition of the electrodes used in the alkaline electrolyzers and
how the short-circuited condition affects the apparent activity of the synthetized
electrodes.
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4. Conclusions

Ni/Cu porous electrodes were synthetized using different Ni electrodeposition times (15
(ED1), 30 (ED2) and 45 (ED3) min) on Cu foams obtained from electrochemical hydrogen
bubbles dynamic templates. The electrocatalytic performance of the catalyst electrodes
and their stability towards HER was evaluated in 30 wt.% KOH at 80°C (industrial
conditions in alkaline electrolyzers) by electrochemical techniques. Service Life Tests,
simulating common and particular operating conditions of alkaline electrolyzers, where
successfully designed and implemented, and can be established as basic protocols for a
next characterization step of cathodes. From the obtained results, the following
conclusions can be drawn:

e The as-prepared cathode with the lowest amount of electrodeposited Ni (33.41%
of Cu, ED1) provides the best performance of catalytic activity for HER, mainly due to
the enhancement of the real electrochemical surface area. ED2 cathode (with a
exposed Cu content of 9.81%) offers the best intrinsic activity, although does not
compensate the catalytic improvement of ED1 towards HER reported by the increase in
active area.

e Anodic potential of 0.25V applied on the EDs cathodes produces a considerable
decrease of the electrochemical real surface area in all the electrodes due to the filling
of the porous structure with oxide species. Nevertheless, a considerable increase of the
intrinsic catalytic towards HER (mainly in ED1) was reported. This improvement of the
apparent catalytic for HER is essentially due to the formation of CuO/Cu(OH), and B-
Ni(OH), oxides species formed during the potentiostatic treatment. The enhancement
of the catalytic activity for HER in ED1 after this treatment confirms the synergism
between the properties of Cu- and of Ni-oxides.

e Higher anodic potentials (above OER, 0.75V) produced a significant damage of the
cathodes. A half reduction of the real active surface area in all of them, attributed to
the formation of nickel hydroxide (OER catalyst) was reported. Therefore, cathodes for
alkali-water electroctrolysis based on Ni must be subjected to potentials below 0.75V
under conditions of inversion polarization.

e Loss of activity towards HER was stabilized after 20 cycles of the designed Service
Life Test (2SLT) for all the synthetized cathodes. Based on the H, discharge after
inversion polarization, an irreversible damage of 13%, 30% and 25% was obtained for
the electrodes ED1, ED2 and ED3, respectively. In addition, ED1 provides the best
apparent activity towards HER during the entire Service Life Test (i.e. the highest
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cathodic current density during the studied cycles). On the other hand, a continuous
increase of the current at the HER onset is obtained in ED1 during the successive cycles
(simulating conditions of short-circuited situations), thus modifying the monitored
trend of ED2 and ED3, where a loss of the activation can be detected after the cycle 11
and 9, respectively.

e ED1 electrode can be considered as a promising cathode in alkaline water
electrolyzers, in terms of HER activity and stability under long-term operations. High
active surface area together with the interaction between Cu (present into the
mesoporous structure) and Ni play an important role in the catalytic activity towards
HER, providing also satisfactory results under Service Life operation. A Ni/Cu ratio
above 90/10 must be reached in order to get synergistic interaction between Ni and
Cu.
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FIGURE CAPTIONS

Figure 1. Electrochemical techniques sequence of the proposed Service Life Tests in order
to study the stability of the cathodes towards the HER: (a) SLT1 aims to study the effect of
the anodic potential in the stability for HER (b) SLT2 simulates process of polarization
inversion carried out in the electrolysers when the electrodes are replaced.

Figure 2. SEM images of the porous cathodes after (a) 15 min (ED1), (b) 30 min (ED2) and
(c) 45 min (ED3) Ni electrodeposition times on the Cu template.

Figure 3. First 5 cyclic voltammograms obtained for (a) Cu (b) Ni and (c) ED1-ED2-ED3
porous cathodes between the potential region from hydrogen evolution (-1.25 V) to
oxygen evolution (0.5 V) in KOH 30 wt.% at 802C and at the sweep rate of 50 mV s .

Figure 4. Linear Tafel polarization curves recorded on Cu, Ni and the different developed
cathodes (ED1, ED2 and ED3) in 30 wt.% KOH solution at 802C (scan rate 1 mV s™).

Figure 5. Impedance data represented by Nyquist diagrams (up) and Bode plots (down)
obtained in 30 wt.% KOH solution at 802C for (a) ED1 and (b) ED3 cathodes at different
overpotentials. Experimental points are represented by symbols and modelled data by
solid lines.

Figure 6. EEC models used to explain the EIS response of the HER on the developed
electrodes: (a) two-time constant parallel model (2TP) and (b) one-time constant (1T). In
these, R; is the solution resistance, CPEr is the high frequency constant phase element
(composed by Qur and nue), R is the charge transfer resistance, and C,-R, are the
pseudocapacitance and the resistance related to the hydrogen adsorption, respectively.

Figure 7. Linear Tafel polarization curves recorded on Cu, Ni and the different developed
cathodes (ED1, ED2 and ED3) in 30 wt.% KOH solution at 802C (scan rate 1 mV s) after (a)
0.25 V and (b) 0.75 V potentiostatic tests represented in Figure S2.

Figure 8. 3D-representation of the roughness factor (f,) obtained for the investigated
electrocatalytic cathodes in 30 wt.% KOH solution at 802C.

Figure 9. Evolution of the cyclic voltammograms recorded before each potentiostatic test
at -1.25 V onto (a) ED1 (b) ED2 and (c) ED3 at the sweep rate of 50 mV s™* in KOH 30 wt.%
at 802C in the potential region from hydrogen evolution (-1.25 V) to oxygen evolution (0.5
V).

Figure 10. (a) Average values of the cathodic current densities obtained at the reverse
scan of the 5* CV of each series (last cycle previous applying the potentiostatic tests) at
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the potential of -1.25V for all three investigated cathodes as a function of the cycle
number. (b) Average of the current density obtained at the last minute of the

potentiostatic test at -1.25 V (applied during 300 s between series of 5 CVs) for the
studied electrocatalysts against cycle number.
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Table I. Operating conditions employed in the synthesis of Ni/Cu porous electrodes.

Cu template formation Ni electrodeposition

Bath composition / M Bath composition / M
Catalyst CuSO, 0.05 NiSO,4 1.26
H,SO,4 0.5 NiCl, 0.19
H3BO,4 0.60

i/Acm™ Time /s i/Acm™ Time /s
ED1 900
ED2 0.2 450 0.05 1800
ED3 2700
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Table Il. Superficial composition of the developed electrodes determined by EDX.

Deposition at.%
Electrode time (min) Ni Cu
ED1 15 66.59 | 3341
ED2 30 90.19 9.81
ED3 45 100 0
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Table Ill. HER kinetic parameters extracted from the polarization curves obtained in the Cu, Ni and
catalytic electrodes in 30 wt.% KOH solution at 80°C.

Electrod
ectrode As-prepared 0.25V 0.75V
Cu
b/ mV dec” 144.5 185.5 252.4
a 0.48 0.38 0.28
jo/ uA cm? 0.2 2.4 12.5
Ni
b/ mV dec’ 119.1 206.2 199.7
a 0.37 0.34 0.35
jo/ mAcm™ 0.30 0.82 0.13
ED1
b/ mV dec” 117.4 99.3 95.7
a 0.60 0.71 0.73
jo/ mA cm™ 0.14 1.03 0.22
Mool (MV) 338 200 260
ED2
b/ mV dec” 129.9 97.1 88.9
a 0.54 0.72 0.79
jo/ mAcm™ 0.15 0.51 0.44
Moo (MV) 366 224 210
ED3
b/ mV dec” 128.5 94.1 95.1
a 0.55 0.74 0.74
jo/ mAcm™ 0.09 0.40 0.48
M1oo| (MV) 394 227 222
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