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a b s t r a c t

The influence of addition of Ir-oxide into Ni-Mo-oxide cathodes on the electrocatalytic activity of the
hydrogen evolution reaction in acidic media was investigated. It was found that as the Ir-oxide content
increased, the electrocatalytic activity towards hydrogen evolution also increased. This was attributed to
the following two effects: the increase in the number of Ir surface sites and to the possible modification
of the electronic structure of the material. Long-term electrolysis experiments confirmed high deacti-
vation resistance of the Ni-Mo-Ir-oxide cathodes. It was also demonstrated that it is possible to in-situ
reactivate the electrodes, making them potentially good cathode candidates for water electrolysis in the
acidic medium.

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

In light of the environmental and geopolitical impacts of the
fossil fuel-based energy systems, the need for a renewable energy
economy is stronger than ever [1]. Hydrogen is increasingly being
considered as an alternative medium of energy storage and pro-
duction due to its lack of carbon dioxide emissions when produced
through water electrolysis. However, in order to become economi-
cally competitive, commercial-scale hydrogen production costs
must be further reduced, with the U.S. Department of Energy tar-
geting a 50% reduction inproduction costs per kg by 2020 compared
to 2015 [2]. Hydrogen can be produced in electrolyzers by splitting
water through the hydrogen evolution reaction (HER) at the cath-
ode. If the electricity used to drive these reactions is generated from
a carbon-neutral source, then hydrogen can be created and stored
without any significant greenhouse gas emissions.
ill.ca (A.G. Vidales).
The catalyst of choice for electrochemical hydrogen evolution is
Pt, due to its high catalytic activity and stability [3,4]. Nevertheless,
the use of Pt introduces high investment costs, due to the high price
of the metal. Additionally, Pt tends to deactivate in acidic condi-
tions, such as those found in proton exchange membrane (PEM)
water electrolyzers, which are increasingly being considered as the
technology of choice for water electrolysis [5]. Themain advantages
of PEM electrolysis over the conventional alkaline electrolysis (in
which nickel and its alloys are used as the cathode) are the much
higher current densities (1e3 A cm�2 compared to 0.2 A cm�2), the
more significant energy efficiency of the process, and the purity of
the produced hydrogen [6,7]. Moreover, PEM electrolyzers can
work at higher (differential) pressures, allowing internal
compression of the hydrogen required for its transport. Hence, PEM
electrolyzers are ideal for small and remote plants and households
with low and erratic energy consumption [8].

In the search for new materials and their applications, recent
research studies and patents have claimed good performances of
oxide electrodes for the cathodic evolution of hydrogen [6,7,9e13].
The reported advantage of such electrodes is that, unlike their
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metallic counterparts, they are much less prone to poisoning by
(underpotential) deposition of metals present as impurities in the
electrolytes [11,14]. The effectiveness of transition metal oxides
(TMOs) as catalysts for the HER was first reported in the 1980s [14].
Transition metal oxides have since emerged as one of the leading
alternatives to noble metal electrodes. Although not as suitable as
pure metals due to their lower activity, oxides are notable for being
highly stable, even in harsh operating conditions. For example,
there are few publications on the performance of iridium oxide
(IrO2) as a cathode. IrO2 exhibits excellent corrosion resistance,
excellent electrical conductivity, and high electrocatalytic activity
toward hydrogen evolution reaction [9,11,15]. Furthermore, IrO2 is
widely used in the preparation of mixed oxide electrodes
[11,16e18]. Despite its widespread use as a component of oxide
electrodes in technological applications, no recent information
whatsoever is available on the performance of iridium oxide as a
cathode.

Given the number of advantages of PEM water electrolyzers
over currently-used alkaline electrolyzers and considering that
expensive Pt is still being used as a cathode in PEM electrolyzers,
there is a strong incentive to replace Pt by cheaper electrocatalyst
materials, while still maintaining high electrocatalytic activity and
improving the deactivation resistance of the cathode [19e21].
Previous studies have demonstrated that Ni-Mo oxides can be
used as cost-effective electrocatalysts for the HER [12]. Adding Ir
to these mixtures could potentially increase the catalytic perfor-
mance while remaining economically competitive. In this research
paper, we present initial results on the effect of the addition of Ir
to Ni0.6-Mo0.4-oxide on the resulting HER kinetics and deactiva-
tion/reactivation of the electrodes. Ni0.6-Mo0.4-oxide was chosen
as the base cathode material since our previous results [12]
demonstrated that this Ni/Mo ratio yielded the highest electro-
activity in the HER in the acidic medium among the investigated
Ni/Mo-oxide compositions.

2. Experimental procedure

2.1. Electrode preparation

The electrodes were prepared by coating titanium buttons
(1.27 cm diameter, 0.2 cm thickness, purity 99.2%, Alfa Aesar, USA)
with a metal oxide coating using a thermal-salt-decomposition
method. Nickel, molybdenum, and iridium precursor solutions
were prepared from dissolving salts NiCl2� 6H2O (purity 99.9%,
Sigma-Aldrich, Canada), Na2MoO4� 2H2O (purity 99.5wt%, Sigma-
Aldrich, Canada) and IrCl3� 3H2O (purity 99.9wt%, Sigma Aldrich,
Canada) in a mixture of 50 vol% HCl (37wt%, Fisher Scientific,
Canada) and 50 vol% nanopure water (resistivity 18.2MU cm). Ti-
tanium buttons were polished to a uniform finish using 600 grit
sandpaper, followed by etching in the boiling HCl solution of the
concentration quoted above for 30min and drying with argon gas
(MEGS Specialty Gases Inc., 99.998wt% pure, Canada). Nickel and
molybdenum salts were mixed in a 60:40molar metal-based ratio,
while the percentage of iridium was varied with each set of sam-
ples, from 2 up to 60mol.%. A 100% iridium-oxide electrode was
also prepared. The analysis by electron dispersive spectroscopy
(EDS) confirmed that the actual surface composition of the coatings
was very similar to the nominal composition and that the elements
were homogenously distributed on the surface of the coatings. For
comparison proposes, a flat Ni (purity: 99.9%) foil was used as a
control cathode.

The Ti buttons were coated on one side with the prepared so-
lution of the desired composition using standard paint brushes.
After applying the metal-precursor solution on the Ti surface, the
samples were first dried in an oven to 368 K for five minutes to
evaporate the solvent and subsequently transferred into a furnace
to 773 K for fifteen minutes. The samples were then removed and
allowed to cool at room temperature for ten minutes. Next, another
coating layer was applied, and the process was repeated five times,
for a total of six coatings. After applying the final coat, the buttons
were kept in the furnace for one hour to convert metals into their
oxides. Finally, the back side of the buttons was polished using 600
grit sandpaper to serve as the contact for the electrical circuit.

2.2. Physical characterization

The surface structure, composition, and morphology of the
electrodes were studied by X-ray diffraction (XRD), electron
dispersive spectroscopy (EDS), scanning electronmicroscopy (SEM)
and stylus profilometry. The XRD patterns were recorded with a D8
Discover Bruker 2 Theta X-ray diffractometer equipped with a Cu
source. The diffraction data were collected over an angle range of
2q¼ 20e90 using GADDS software. The XRD generator was oper-
ated at 40 kV and 30mA. The surface roughness was measured
using a DektakXT stylus (Bruker, USA) surface profilometer. The
measured area was 0.8mm� 1.5mm, and three measurements
were conducted for an average value. SEM/EDS measurements
were performed on a Hitachi SU-3500 Variable Pressure SEM
(Hitachi, Japan) microscope (software: PC_SEM) with EDS detector
(software: AZtecEnergy EDS).

2.3. Electrochemical characterization

Electrochemical techniques of Tafel polarization (TP), chro-
noamperometry (CA), chronopotentiometry (CP) were done to
evaluate the performance of the electrodes in the HER, while
electrochemical impedance spectroscopy (EIS) was used to mea-
sure the electrolyte resistance for the jR-drop correction and to
obtain the real electrochemically-active surface area (EASA). These
experiments were carried out using a typical three-electrode cell at
room temperature 293± 2 K and atmospheric pressure. The work-
ing electrode (WE) had a geometrical area of 0.68 cm2. A graphite
rod was used as the counter electrode (CE), and it was placed inside
a glass frit (Ace Glass Inc., USA) to avoid interfering with the HER. A
saturated calomel electrode (SCE) (Accumet electrode, Fisher Sci-
entific, USA) was used as the reference electrode (RE). The acidic
electrolytewas preparedwith H2SO4 (96wt% pure, Fisher Scientific,
Canada), and nanopure water. The electrolyte in the cell was dea-
erated with argon for 30min before measurements, and argon was
passed over the top of the solution during the experiment to keep
an oxygen-free electrolyte solution. Before each electrochemical TP
and CA measurement, the electrode was stabilized at �1.0 V for
30min and the polarization was then started in the positive-going
direction followed by performing an EIS measurement at 0.45 V to
determine resistance for the jR-drop correction. Data acquisition
and analysis were carried out with a potentiostat/galvanostat
Autolab PGSTAT30 with NOVA software (v. 2.1; Metrohm,
Netherlands). All the potentials are given versus the SCE, and all the
polarization curves were corrected for the jR-drop.

2.4. Deactivation and reactivation of the electrodes

The same standard three-electrode electrochemical cell
described above was used for investigating the susceptibility of
electrodes towards deactivation and their capability towards
reactivation. However, in this case, a platinum/rhodium wire
(composition Pt 95wt% and Rh 5wt%, 0.5mm diameter) was used
as the counter electrode (CE). The electrolyte solution used as
reference was 0.5MH2SO4. All the solutions were prepared with
nanopure water. Three metal-ion solutions with Cu or Fe or Cuþ Fe
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ions dissolved in 0.5 M H2SO4 were made to examine the degree of
deactivation of the cathodes by these metals. Cu in the form of
CuSO4 � 5H20 (98% pure Sigma-Aldrich, Canada) and Fe was
introduced in the form of FeSO4 � 7H2O (99% pure, Sigma-Aldrich,
Canada). The amount of dissolved Cu and Fe was 10 ppm, which is
around 20 times higher than the concentration in the industrial
electrolyzers (this was done to accelerate the deactivation process
and make the deactivation condition harsher). The prepared solu-
tions were sonicated for 30min to enhance dissolution of the salts
fully. After assembling the cell, argon gas was used to purge the
solution for 30min before any electrochemical measurements were
taken and the solution was continued to be purged throughout the
deactivation experiment.

The following methodology was executed in order to evaluate
the effect of electrode deactivation (deposition of metals on the
electrode surface) and its subsequent reactivation. First, the cath-
ode was stabilized at a potential of �1.0 V in pure 0.5MH2SO4 for
30min. Next, EIS was done at 0.45 V to determine resistance for the
jR-drop correction. After this, TP in the hydrogen evolution region
was performed, which gave the result on the freshly-prepared
electrode HER activity. Then, the electrode was transferred into
the “contaminated” solution, and galvanostatic polarization was
performed for 24 h at a constant current density of �100mAcm�2;
this resulted in the deactivation of the electrode due to deposition
of Cu and/or Fe on its surface. Hereafter, the electrode was rinsed
with nanopure water, followed by a TP measurement in pure
0.5MH2SO4 in the hydrogen evolution region to assess the degree
of electrode deactivation. Next, the electrode was reactivated by
polarizing it galvanostatically in the anodic region at 100mA cm�2

for 30min in pure 0.5MH2SO4. Finally, TPwas repeated in a freshly-
prepared pure 0.5MH2SO4 solution to assess the degree of reac-
tivation of the electrode, followed by an EIS measurement needed
for the jR-drop correction.

In order to determine the influence of reactivation on the
dissolution of Cu, Fe, Ni, Mo, and Ir, the electrolyte solution after
reactivation was analyzed using a TraceScan Inductively Coupled
Plasma e Optical Emission Spectroscopy (ICP-OES, iCAP 6500 dual
view, Thermo Scientific, USA) system. The instrument was cali-
brated prior to the measurements using the standard solutions of
the above-specified elements.
Fig. 1. a) Tafel polarization curves recorded in the hydrogen evolution region in 0.5MH2S
recorded under the same conditions employing potentiostatic (CA) measurements.
3. Results and discussion

3.1. Electrocatalytic activity in the HER

In order to evaluate the relative electrocatalytic activity of the
produced electrode compositions in the HER, Tafel polarization
curves were recorded. For comparison, the response of pure Ir-
oxide and pure metallic Ni is also shown in Fig. 1a. Furthermore,
steady-state polarization curves obtained from CA measurements
are also presented in Fig. 1b, for comparison and validation pur-
poses. The agreement between both sets of curves employing two
different electrochemical techniques is excellent. These curves
show the relationship between the overpotential (energy input)
versus the current density (amount of hydrogen produced obtained
through the Faraday law). As expected, with an increase in Ir con-
tent in the Ni-Mo-oxide coating, the hydrogen evolution current at
a constant potential also increases. It is also important to mention
that all the oxide-based electrodes display a significantly higher
catalytic activity than pure metallic Ni, currently used in alkaline
electrolyzers as a cathode (note that the results in Fig. 1 were
recorded in an acidic medium, and the Ni curve is shown only for
comparison purposes, despite this metal not being used in PEM
electrolyzers). In addition, the HER onset potential decreased
appreciably on the oxide electrodes in comparison to pure metal
nickel.

As it can be seen in Fig. 1, the polarization curves corresponding
to the response of electrodes that contain iridium deviate from the
common Tafelian behavior (there is no defined linear Tafel region)
and a semi-plateau region is reached at relatively low overpotential
values. This effect can be attributed to the gradually-increasing
electrode surface blockage by generated hydrogen bubbles (bub-
bles stick on the surface, reducing the electrochemically active
surface area), and/or to the formation of hydrides on the surface
layer (which can modify the electronic and structural properties of
the coating) and/or to a local increase in pH at the electrode/elec-
trolyte interface [15]. These results are similar to the ones from
literature data reported recently for pure and other mixed Ir-oxide
prepared by thermal decomposition [7,8,22].

A convenient way of evaluating the electrocatalytic activity of
HER cathodes is by comparing the current density at a given
overpotential. In the current case, this was done at an overpotential
of �200mV, and the results are presented in Fig. 2 using data ob-
tained from TP and CA measurements.

When comparing the HER activity of pure Ir, Ni, and Mo metals,
O4 on selected electrodes. Scan rate was 10mVs�1, b) Steady-state polarization curves



Fig. 2. Dependence of hydrogen evolution current density recorded at an over-
potential of �200mV as a function of iridium content in the metal-oxide electrode.

Fig. 3. SEM images of a) Ni0.6 Mo0.4-oxide, b) Ni0.54 Mo0.36Ir0.1-oxide, c) Ni0.48 Mo0.32Ir0.2-o
overall scale length on the images is 10 mm.
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Ir sits on top of the HER volcano curve, two orders of magnitude
higher than Ni and four orders of magnitude above Mo [23].
Although the electrodes investigated here are not pure metals, but
rather their oxides, it could still be expected from Ir-oxide to offer
higher HER electrocatalytic activity than the Ni-Mo-oxide elec-
trode. The result in Fig. 2 shows that this is, indeed, the case. With
an increase in Ir content in the Ni-Mo-oxide, the activity towards
hydrogen evaluation increases linearly. Considering that these
electrodes are much more complex than pure metal electrodes, the
fundamental explanation for the trend observed in Fig. 2, based on
the electrode (metal-oxide)-hydrogen bond strength only (volcano
curve [23]), cannot be employed here. The linear trend indicates
that the HER kinetics are, at least to a certain extent, proportional to
the number of Ir-oxide active sites on the electrode surface.
3.2. Morphology and surface roughness of the electrodes

Fig. 3 shows the SEM images of the selected cathodes investi-
gated in this work. The micrographs suggest that addition of Ir to
the Ni-Mo-oxide results in a change in the surface morphology of
the coating. While the surface that does not contain Ir (Fig. 3a)
xide, d) Ni0.36 Mo0.24Ir0.4-oxide, e) Ni0.24 Mo0.16Ir0.6-oxide, and f) Ir-oxide coating. The
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shows a porous structure characterized by globules of ca. 1e3 mm in
diameter, the surfaces that contain Ir (Fig. 3bef) display a cracked-
mud morphology, which is characteristic of most metal-oxide
coatings produced by thermal decomposition of their salts. This
surface morphology is very similar to those observed with Ir, and Ir-
oxide surfaces reported in the literature [24,25]. It was determined
that the average thickness of the metal-oxide coatings is 5± 2 mm.

Next, the surface roughness, in this case, the arithmetic average
of the roughness profile, Ra (mm), was determined using a stylus
profilometer, and the values are presented in Table 1. The control
surface, a flat metallic nickel plate, was characterized by the lowest
surface roughness value. Producing an oxide electrode resulted in
an increase in surface roughness; the base electrode material, Ni0.6
Mo0.4-oxide, displayed a surface roughness roughly twice of that
presented by the metallic nickel plate. The addition of Ir into the
metal oxide coating resulted in a further increase in surface
roughness; with an increase in Ir content, the surface roughness, in
general, also increases, indicating an increase in the surface area of
the cathode available for the HER.

Next, in order to estimate the true electrochemically-active
surface area (EASA) of the electrode exposed to the electrolyte,
electrochemical impedance spectroscopy (EIS) measurements were
performed [26]. Fig. S.1 in the supplementary material document
shows an example of the EIS spectra recorded on the Ni0.48
Mo0.32Ir0.2-oxide coating. The spectra were modeled using an
electrical equivalent circuit (EEC) presented in Fig. S.2 in the sup-
plementary material document. The agreement between the
experimental (symbols) and modeled (line) data is good. The same
procedure was employed to analyze spectra recorded on other
electrode compositions, and the representative EEC parameters are
listed in Table S.1. Then, using the Brug equation [26,27], Eq. S.1 in
the supplemental material document, the electrode double layer
capacitance was calculated, and the values are presented in Table 2.
From this, the true electrochemically-active surface area (EASA) of
the electrode was estimated by dividing these values by the theo-
retical electrochemical double-layer capacitance value of
20 mF cm�2. Similarly to the trend of surface roughness values in
Table 1, the EASAvalues also increasewith the increase in Ir content
in the oxide coating. Both relative-increase trends (Tables 1 and 2)
are linear, with the corresponding slopes of 0.056 (R2¼ 0.961) for
Table 1
Measured roughness of the surface electrodes Ni, Ni-Mo-oxide, and Ni-
Mo-Ir-oxide.

Sample Roughness Ra (mm)

Ni plate 0.26± 0.01
Ni0.6 Mo0.4Ox 0.46± 0.02
Ni0.54 Mo0.36Ir0.1Ox 0.68± 0.05
Ni0.48 Mo0.32Ir0.2Ox 0.64± 0.07
Ni0.36 Mo0.24Ir0.4Ox 1.25± 0.11
Ni0.24 Mo0.16Ir0.6Ox 1.29± 0.13
IrOx 1.93± 0.10

Table 2
Double layer capacitance and electrochemically-active surface area of the investi-
gated coatings obtained from the EIS data.

Sample CDL (F cm�2) EASA (cm2)

Ni (6.60± 0.5)� 10�5 3.3
Ni0.6 Mo0.4Ox (4.20± 0.7)� 10�4 21
Ni0.54 Mo0.36Ir0.1Ox (5.85± 0.3)� 10�4 29
Ni0.48 Mo0.32Ir0.2Ox (6.48± 0.5)� 10�4 32
Ni0.36 Mo0.24Ir0.4Ox (8.96± 1.6)� 10�4 45
Ni0.24 Mo0.16Ir0.6Ox (1.12± 0.6)� 10�3 56
IrOx (1.54± 0.9)� 10�3 77
the surface roughness values, and 0.168 (R2¼ 0.997) for the EASA
values. Given that profilometry can provide information only on the
surface topography roughness at the micron scale, while EIS can
provide information on the true electrochemically-active area that
takes into account the coating porosity down to the nano-level, the
relative comparison of the two slopes indicates that by increasing
the Ir content in the oxide coating, the nano-level porosity in-
creases significantly more than the micro-level surface roughness.

Taking into account the EASA values in Table 2, the linear trend
in Fig. 2, which shows the extrinsic electrocatalytic activity of the
cathodes, can be normalized for the surface-area effect to estimate
the relative intrinsic activity of the catalysts. The resulting trend is
presented in Fig. 4. With an increase in Ir content in the coating, the
intrinsic activity of the cathode increases up to the Ir content of 40%,
and then reaches a plateau. Although the trend is not linear as that
one in Fig. 2, it still shows that the actual intrinsic HER activity of
the cathodes depends strongly on the amount of Ir in the coating up
to a certain relative Ir content (40%). The trends in Figs. 2 and 4 also
indicate that the contribution to the intrinsic activity does not come
only through the increase in Ir surface sites, but also through a
possible modification of the electronic structure of the electrode;
otherwise, the trend in Fig. 4 would be the same as that one in
Fig. 2, taking into account that the Ir content on the top coating
surface also increases in the same manner as that one in the bulk of
the coating (which is the case, which has been verified by XPSe see
Table S.2 in the supplementary material).
3.3. Structural characterization

The XRD patterns of selected electrodes are displayed in Fig. 5.
From this analysis, in addition to the structure and composition of
the coatings, the size of the crystals was estimated using the
Scherrer equation D ¼ Kl=bcosq where D is the mean size of the
crystals, K is a dimensionless shape factor, (in this work K ¼ 0.9), l
is the X-ray wavelength (in this work, l¼ 0.154 nm), b is the full
width at half-maximum (FWHM) and q is the Bragg angle [28,29].

The metallic Ni-control sample is presented as a reference,
showing the corresponding characteristic phases of Ni at 44.5�,
51.6�, and 76.4� (JCPDS # 4e0835) and NiO at 37.1� and 43.3�, 61.1�

(JCPDS # 78e0643), respectively and a crystalline structure. The
Fig. 4. Dependence of hydrogen evolution current density normalized by the true
electrochemically-active surface area recorded at an overpotential of �200mV as a
function of iridium content in the metal-oxide electrode.



Fig. 5. XRD spectra of Ni, Ni-Mo-oxide and Ni-Mo-Ir-oxide coatings deposited on a titanium substrate.
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intensity of the XRD peaks from metallic Ni is still relatively high
after annealing, indicating that the bulk of the film is not entirely
oxidized [15]. The base oxide material, Ni0.6Mo0.4-oxide, is also
presented, exposing a more amorphous structure and the existence
of peaks that could be assigned to Ni, NiO, Ni2O3, Mo, and MoO3. In
the case of the Ni-Mo-Ir-oxide coatings, the characteristic peaks of
Ni, NiO, MoO2, and IrO2 are visible, indicating that molybdenum
and nickel oxidative states decreased from þ6 to þ4 and from þ3
to þ2, respectively, when the precursor Ir solution was incorpo-
rated into the coating. Furthermore, after adding Ir, the properties
of the Ni-Mo coatings changed slightly, compared with that of the
Ni0.6Mo0.4-oxide coating. The addition of Ir to the Ni-Mo coating led
to remarkably sharper and narrower defined peaks, indicating the
formation of larger crystals specifically in the case of Ni, IrO2, and
MoO2 (the average size of Ir increased from 14.5 nm to 23.5 nm
when the Ir content increased from 10 to 60%, a less notorious
increment from 12.3 nm to 18.4 nm occurred in the case of nickel
for the same range) and a more defined crystalline structure [30].
Finally, the Ir-oxide sample contains rutile IrO2 (JCPDS #15e870),
and TiO2, and its structure is crystalline [31]. The presence of rutile
TiO2 (JCPDS # 88e1175) at 54.5� and 73.2� could be a consequence
of the coating method whereby some Ti from the substrate diffused
towards the outer coating surface, where it was detected by both
XRD and EDS [31]. These results confirmed that the Ni-Mo-Ir-oxide
coatings were successfully prepared by the thermal-salt decom-
position method employed in this research.
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3.4. Electrocatalytic stability of electrodes

It is expected from good electrocatalysts to yield stable perfor-
mance over a long-term service. Although the goal of the current
work was not to fabricate electrodes that would offer long-term
stable electrocatalytic performance, but only to investigate the in-
fluence of addition of Ir into the Ni-Mo-oxide structure on the HER
kinetics, it was interesting to examine the performance of the
electrocatalysts over a four-day period of time of constant elec-
trolysis of water. For this purpose, 40%, 60%, and 100% Ir-containing
electrodes were tested by performing hydrogen production at a
current density of �500mA cm�2 for a period of 96 h in
0.5MH2SO4. For comparison, the electrocatalytic performance of
pure metallic nickel was also investigated.

During the electrolysis process at this high current density, the
potential of the Ni-Mo-Ir-oxide electrodes did not change signifi-
cantly indicating their stable electrocatalytic performance. Never-
theless, for metallic nickel, the cathodic overpotential increased
substantially with time, evidencing deactivation of the cathode. On
completion of the electrolysis experiment, Tafel polarization curves
were recorded and compared with those recorded on the freshly-
prepared electrodes, prior electrolysis, in order to calculate the
percentage of remaining activity. These results are presented in
Fig. 6. As it is seen, the electrocatalytic activity of metallic Ni
decreased to half of the initial activity, ca. 53%, while the three Ir-
containing oxide coatings kept the activity between 85% and 90%
of the initial value. Since the electrodes were used as cathodes, the
Fig. 6. Percentage of remaining electrocatalytic activity in the HER of selected elec-
trodes measured at an overpotential of �150mV in 0.5MH2SO4 after 96 h of elec-
trolysis at �500mAcm�2.

Fig. 7. a) Percentage of remaining electrocatalytic activity in the HER of selected electrode
Cu þ Fe. b) Percentage of restored initial electrocatalytic activity after applying an in-situ r
loss in activity was most-likely due to their deactivation by depo-
sition of trace metals present in the electrolysis electrolyte, rather
than their corrosion/dissolution. These results indicate that the Ni-
Mo-Ir-oxide coatings are less susceptible to deactivation, which
makes them good candidates for HER in PEM electrolyzers.

Studies on the influence of impurities present in the electrolyte
on the behavior of HER cathodes have been carried out at constant
current densities [32e34], and it was found that there is a marked
loss in electrocatalytic activity with time. Various impurities
deposited on the cathode surface could also reduce the electrical
conductivity of the electrode. Electrolytes used in industrial
hydrogen-production processes usually contain dissolved metal
ions, such as Cu, and Fe (around 0.5e1 ppm for each), which are
gradually electrodeposited on the cathode and in that way affect
the electrode performance in the HER [35].

The experiments presented in Fig. 6 show that there is a loss of
activity during a four-day electrolysis period in 0.5MH2SO4 elec-
trolyte prepared using nanopure water, most likely due to the
deactivation by impurities present in traces in the electrolyte. To
more closely investigate the deactivation resistance of the prepared
cathodes, a better-controlled set of deactivation experiments were
performed and under much more severe conditions, followed by
investigating the possibility of cathode reactivation.

The two most active Ni-Mo-Ir-oxides (corresponding to the
samples 40% and 60% of Ir content), and the control nickel sample
were deactivated by performing electrolysis at�100 Acm�2 for 24 h
in the electrolyte containing 10 ppm Cu, or 10 ppm Fe, or 20 ppm
Cu þ Fe. The degree of electrode deactivation was calculated by
comparing the hydrogen evolution current density at over-
potentials of �150, �200 and �250 mV before and after the
deactivation, and the results are presented in Fig. 7a.

Nickel displays the weakest performance (largest degree of
deactivation), similarly to the result in Fig. 6. In contrast, bothmetal
oxide electrodes maintained a relatively high activity, evidencing
their significantly higher resistance towards deactivation. The
mechanism of deactivation is by electrodeposition of the metals on
the cathode surface, effectively converting the Ni-Mo-Ir-oxide
surface into Cu, Fe or Cu þ Fe and thus altering the HER kinetics
[34]. EDS confirmed the presence of Cu and Fe on the Ni-Mo-Ir-
oxide surfaces. For the solution containing Cu, it was found that
Cu almost entirely covered the surface of all the electrodes inves-
tigated. The thickness of the Cu layer was 10± 2 nm. Furuya et al.
[36] showed that by increasing Cu concentration in the electrolyte
(0.5MH2SO4) up to 3� 10�6mol L�1, there was a significant
decrease in the rate of hydrogen production on the Pt cathode.
Cobourn et al. [34] obtained similar results increasing the
s after deactivation in 0.5M H2SO4 containing 10 ppm of dissolved Cu, Fe or 20 ppm
e-activation method.



A.G. Vidales et al. / Electrochimica Acta 302 (2019) 198e206 205
concentration of Cu up to 10 ppm, and they found a 50% decrease of
the current density in comparison with the pure electrolyte solu-
tion (0.5MH2SO4) when Pt/C cathodes were employed.

In the case of the electrolyte containing Fe, the amount of Fe on
the surface was lower, and Fe did not cover the whole cathode
surface; the thickness of this layer was 5± 1 nm. This was reflected
by a smaller degree of deactivation in comparisons to that one with
Cu (Fig. 7a). In similar studies, but in alkaline media (employing an
electrolyte solution of 30wt% KOH at 343 K), Huot and Brossard
[32] reported a decremental of the electrocatalytic activity on the
nickel cathode when the solution contained 0.5 ppm Fe, based on
the increase of the overpotential from �362mV to �541mV (an
increment of around 50%) between a period of 60 s and
33.7� 104 s at a constant current density of �250mA cm�2.

Finally, when the deactivation was done in the electrolyte con-
taining both 10 ppm Cu and 10 ppm Fe, the degree of deactivation
was more significant than that with Cu (Fig. 7a), which was to
expect due to the higher total (sum) concentration of the two
metals (20 ppm). EDS revealed that Cu was preferentially deposited
on the surface, with a Cu þ Fe ratio of 3/2. The preferential depo-
sition of Cu is to expect since Cu has a more positive standard po-
tential than Fe. The thickness of the bi-metal layer was found to be
13 ± 3 nm.

As it is inevitable for HER cathodes to deactivate with time, it
would be desirable to re-activate them in-situ, rather than to either
replace them or perform reactivation externally, which would
require disassembly of the electrolyzer. A convenient way to
perform in-situ reactivation would be to switch the electrolyzer
polarity and dissolve metal (and other) impurities by anodic
oxidation, flush out the dissolved impurities and continue with the
electrolyzer operation by re-switching back the polarity. A simple
simulation of this scenario was done in this research.

Namely, after deactivating the cathodes (Fig. 7a), they were then
polarized in 0.5MH2SO4 as anodes at 100mA cm�2 for 30min,
followed by testing of their HER activity in a fresh 0.5MH2SO4
electrolyte by TP. The degree of electrode reactivation was then
calculated by comparing the recorded hydrogen evolution current
density at overpotentials of �150,�200 and�250mV to the values
obtained with the freshly-prepared electrodes (before deactiva-
tion), and the results are presented in Fig. 7b. The reactivation
procedure had the smallest effect on the Ni cathode, while the two
Ni-Mo-Ir-oxide cathodes achieved ca. 90% of the original activity. It
can be assumed that by optimizing the reactivation conditions
(which was not the goal of this study), even a higher degree of
reactivation could be achieved. Nonetheless, the experiments pre-
sented in Fig. 7 demonstrate that the Ni-Mo-Ir-oxide cathodes are
significantly more resistant to deactivation than the Ni electrode
and that it is possible to in-situ reactivate them, at least to a certain
degree.

In order to investigate if the reactivation results in dissolution of
Ni, Mo or Ir, ICP analysis of the spent reactivation H2SO4 electrolyte
(after reactivation) was done; however, for these experiments in
order to increase the concentration of dissolved elements, reac-
tivation was done over a period of four hours, rather than over a
period of 30min as in the case of reactivation results presented in
Fig. 7b. ICP analysis confirmed a significant increase in Cu, Fe, and
Cu þ Fe in the reactivation electrolyte as a result of dissolution of
these metal impurities. No Ir was detected, while a negligible in-
crease in Ni was detected (the Cu and Fe salts already contained
trace amounts of Ni, and a relative increase in dissolved Ni by
4 � 10�8 wt% was detected as the consequence of reactivation). Mo
was also detected at a very low concentration (5.61� 10�6 wt %).
This indicates that some negligible dissolution of Ni and Mo occurs
during the reactivation procedure, which could potentially limit the
applicability of the procedure over a longer period of time (higher
number of reactivation cycles). Nevertheless, the extrapolation of
the reactivation single-period time (one four-hour cycle) to the
same time length done over multiple reactivation cycles might not
be straightforward as the initial dissolution of metals from the
deactivated electrode occurs primarily through the dissolution of
Cu and Fe, rather than that of Ni and/or Mo. Thus, further studies
are needed for more conclusive data and to optimize the reac-
tivation procedure (temperature, current density, time) in order to
maximize the dissolution of Cu and Fe, and minimize degradation
of the electrode through the dissolution of base Ni and Mo
components.

4. Conclusion

The results demonstrate that the Ni-Mo-Ir-oxide cathodes pre-
pared by thermal decomposition exhibit good performance for the
HER in the acidic medium. The cathodes were found to be crys-
talline and exhibit a cracked-mud surfacemorphology of increasing
surface roughness with Ir content increase. The electrochemical
activity of the Ni-Mo-Ir-oxides was found to be dependent on the
amount of Ir, which contributed to the increase in intrinsic activity
due to both the increase in the number of Ir surface sites and
possible modification of the electronic structure of the material.
Long-term electrolysis experiments confirmed significantly higher
fouling resistance of the oxide electrodes in comparison to the pure
metal Ni electrode. It was also demonstrated that it is possible to in-
situ reactivate all the electrodes; however, the degree of reac-
tivation of Ni-Mo-Ir-oxide electrodes was found to be much higher.
The results presented here show that Ni-Mo-Ir-oxide could repre-
sent good candidates for cathodes for water electrolysis in the
acidic medium, potentially in PEM electrolyzers. Nevertheless,
further investigation is needed in the direction of fabricating
nanoparticulate Ni-Mo-Ir-oxide electrodes and investigating their
performance in a real PEM cell.
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