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A B S T R A C T

The polymer electrolyte membrane (PEM)-based electrolysis technology is a promising mean to split water and
store renewable energy in the form of clean fuel, hydrogen. However, its high price due to the use of platinum
group metals (PGMs) as catalyst materials generally makes the technology cost-restrictive. Herein we present the
performance evaluation of cobalt oxide in PEM electrolysis as cathode catalyst where hydrogen evolution re-
action (HER) takes place. Performance comparison of non-PGM catalysts (CoO, Co3O4 and MoS2) revealed that
better performance was attained with Co3O4 and it was further improved by mixing with an electrically con-
ducting carbon material (Vulcan). An optimum amount of the carbon additive was found, and the best per-
formance was recorded at 47wt% Co3O4 over the total amount. At 2.05 V, 47 wt% Co3O4-based catalyst (0.55 A/
cm2) outperformed 47wt% MoS2-based one (0.51 A/cm2). More importantly, the performance of the former at
2.3 V (1.12 A/cm2) surpassed even that of Pt-black (1.11 A/cm2). In situ XAS study of the Co3O4-based material
under PEM electrolysis conditions revealed dynamic interchange of Co3+ and Co2+ fractions, which was at-
tributed to ultimately boost the HER performance.

1. Introduction

Storing energy from renewable sources, such as sunlight or wind, by
converting it into chemical fuel is an appealing way to match up with
increasing energy demands and to decrease the dependency on fossil
fuels. However, such conversions with high efficiency, low cost and
environmental benignity remain a great technological challenge. One of
the most attractive chemical fuels for storing renewable energy is hy-
drogen, as it can be produced via water electrolysis, where the required
electric energy can be derived from intermittent renewable energy re-
sources [1–3]. Water electrolysis needs at least 1.23 V across cathode
and anode, where hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) take place respectively, to overcome its
thermodynamic barrier [4]. However, in practice due to overpotentials
associated with various factors such as the reaction kinetics, water
electrolysis based on proton exchange membrane / polymer electrolyte
membrane (PEM) typically operates at a cell voltage of 1.8 to 2.0 V (82
to 74% voltage efficiency, respectively), even using precious noble-
metal based electro-catalysts (Pt, Ir and Ir-Ru; platinum group metals –
PGMs). Although the PEM-based electrolysis is a very promising tech-
nology to store renewable energy by producing hydrogen with high
purity at high current density, the high cost due to the catalysts presents
barriers toward commercialization of these electrolyzers [5].

For its practical application, there is a strong need to search for
alternative catalysts based on non-PGMs for both HER and OER [6–8].
As the result of this drive, innovative breakthroughs based on cobalt
compounds have been witnessed in the past decade [9]. Among these,
Co3O4 is identified as an attractive bi-functional catalyst for both HER
and OER in water splitting. Co3O4 adopts the normal spinel structure,
with Co2+ ions in tetrahedral interstices and Co3+ ions in the octahe-
dral interstices of the cubic close-packed lattice of oxide anions. The
presence of mixed valences of the same cation provides donor-acceptor
chemisorption sites and thereby inducing the possibility of the bi-
functionality [10]. Moreover, these oxides exhibit relatively high
electrical conductivity by electron transfer taking place with relatively
low activation energy barriers between cations of different valences by
hopping processes. Its high electrocatalytic activity, thermodynamic
stability, low electrical resistance and their abundance in Earth’s crust
(low cost) are the main profits of Co3O4 as electrode materials [10].

In the last two decades, the electrocatalytic activity of bare Co3O4

has been well researched mostly as HER or OER catalyst in a typical 3-
electrode cell configuration [11–14]. Therefore, there is a need to
evaluate its performance as a device in a functional PEM-based elec-
trolyzer. Reflecting this background, the aim of this work was to in-
vestigate the performance of cobalt oxide-based catalysts as cathode
material in PEM electrolysis. The Co3O4 catalyst was investigated in
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unmixed and mixed forms with activated carbon material (Vulcan®
XC72) and their performance was compared with our earlier reported
MoS2/Vulcan® XC72 [15] and Pt-black based cathode catalysts. The
stability of the optimum catalyst was also examined. Finally, we clar-
ified the unique electronic state of Co in the catalyst material under
PEM electrolysis conditions using in situ X-ray Absorption Spectroscopy
(XAS).

2. Experimental

2.1. Electrolyte and electrode catalysts

Nafion® membrane (NAFION-117, 175 μm thickness, Ion-Power)
was used as the polymer electrolyte membrane (hereinafter mentioned
as “Nafion”). The Nafion membrane was pre-treated [16] by washing in
5% H2O2 for 1 h at 80 °C to eliminate residual organic impurities [17],
then in 0.5M sulfuric acid for 1 h at 80 °C to incorporate water mole-
cules and activate the membrane by hydration [18] and finally with
boiling water for 1 h. The pre-treated membranes were stored in water
at ambient temperature.

Generally, an improvement in catalytic performance is achieved
when particle size is decreased, but the durability can be deteriorated as
reported for oxygen evolution reaction (OER) catalysts in PEM elec-
trolysis [5,19–22]. One can thus expect a similar type of correlation
between particle size and the catalytic properties for HER catalysts. In
this investigation the commercial materials are used “as received” and
all the other protocols, like the material mixing procedure, were kept
identical.

As cathode catalyst, two types of commercial cobalt oxides, namely
cobalt (II) oxide (CoO, ≥99.99%,< 2 μm) and cobalt (II, III) oxide
(Co3O4,> 99%, powder,< 50 nm) from Sigma-Aldrich, were used. To
investigate the effect of incorporating an electrically-conducting sec-
ondary element in the catalyst, an appropriate amount of Vulcan® XC72
(carbon black, average particle size of 50 nm, Fuel Cell Store; herein-
after denoted as “Vulcan”) and cobalt oxide were physically mixed [23]
and thoroughly homogenized by grinding in a mortar to achieve the
weight proportion of cobalt oxide : Vulcan as 9:91, 33:67, 47:53, 70:30
and 100:0. For each proportion, Vulcan loading was kept fixed (5mg/
cm2). The employed physical mixing did not compromise the materials
itself as evidenced by the unchanged XRD patterns.

As anode catalyst, Iridium (IV) oxide (IrO2,> 99%, powder, Alfa
Aesar) was used with a fixed loading of 2mg/cm2. Pt black (≤20 μm
powder, surface area ≥25 m2/g, ≥99.97% trace metal basis, Sigma-
Aldrich) was used as reference cathode catalyst with 0.6mg/cm2

loading. Table 1 shows various anode and cathode catalyst formulations
used in this study.

2.2. Membrane electrode assembly (MEA)

The catalyst-coated membrane (CCM) preparation method of MEAs

has important advantages over other MEA preparation methods [24]. In
CCM approach, the catalyst-electrode are directly coated on either side
of the membrane. In this work, the technique employed for such coating
is spray-deposition [24]. The catalyst-ink for spray coating consists of
the calculated amount of catalyst for desired catalyst loading, iso-
propanol (2-propanol, > 99.7%, Panreac Química), and Nafion io-
nomer (Nafion, D-521 dispersion, 5% w/w in water and 1-propanol,
Alfa Aesar). The amount of Nafion ionomer added to ink was adjusted
to have dry Nafion amounting 15.4 wt% of total weight of catalyst and
the carbon additive. The prepared catalyst-isopropanol-Nafion mixture
was ultra-sonicated for 1 h, prior to the coating processes. Spray-coating
of the catalyst-ink on a preheated (at 85 °C) Nafion membrane was
performed using a hand-held spray-gun (0.25 mm nozzle diameter,
Ventus Titan). The active area of these MEAs was kept fixed to 4 (2× 2)
cm2. The homogeneity of the coated catalysts was assured by re-
producible electrolysis performance of the fabricated MEAs.

2.3. Electrolysis setup and configuration

To evaluate the performance of fabricated MEAs, they were
mounted in an in-house designed electrolyzer cell (Fig. 1a). An MEA
was sandwiched between two Ti porous gas diffusion layers (GDL,
sintered-Ti filter, 50 μm pore diameter, 1 mm thickness; Xinxiang Xinli
Filter Technology Co., Ltd, China). The GDL sandwiched MEA was
further sandwiched between two Ti current collector plates (2mm
thickness) machined with a single-serpentine flow field with total vo-
lume of 0.5 cm3. The resulting assembly and the metallic housing of the
electrolyzer were closed through PTFE gaskets. These components were
kept under compression with the help of aluminum-end plates and nut/
bolt assembly (8 bolts, 5 Nm torque). End plates (with heating acces-
sories) were kept electrically insulated using PTFE plates. Water (milli-
Q) was supplied at a fixed rate of 0.5mL/min to the anode side of the
electrolyzer using a peristaltic pump (Ismatec REGLO Digital). A tem-
perature controller was used to set the desired working temperature
(fixed to 80 °C) of the electrolyzer. A LabVIEW based software was used
to control the power supply (CPX400DP, 60 V/20 A, AIM & THURLBY
THANDAR INSTRUMENTS, UK) to apply a DC potential across the cell
and record the resulting current. The schematic of the electrolyzer test
setup is shown in Fig. 1b.

2.4. Performance and structural stability of cathode catalyst

Every polarization curves (V vs j) were recorded as a function of
applied potential (1.2–2.7 V with a voltage step of 50mV every 30min).
The resulting current was allowed to stabilize for 30min and the ob-
served current value on the last minute was used to plot the polariza-
tion curves. The maximal cell voltage for PEM water electrolysis is
2.3 V, however, according to literature the maximal cell voltages for an
industrial electrolyzer can be up to 2.6 V to counter the high over-
potential and large ohmic drop in electrolyzers [25]. The cell voltage at
a reference current density of 1 A/cm2 can be used as a formal criterion
to quantify the efficiency of electrocatalysts for hydrogen production in
PEM water electrolyzers. Generally, with Pt-black as cathode (re-
ference) catalyst the electrolyzer shows 1 A/cm2 at around 1.8 V but in
our case, it was obtained at ca. 2.2 V, indicating the presence of ohmic
drop (ca. 0.4 V) in our electrolyzer cell. As the data were used to
compare with our own reference material in the indigenously built
electrolyzer cell, the data were not iR-corrected. Hence, to compensate
the ohmic drop the potential sweep was carried out up to 2.7 V
(2.3 V+0.4 V). Additionally, the activity of best performing catalyst
among the investigated catalyst was compared at around 2.2 V.

To determine the catalyst stability, the chronoamperometry (current
vs time at constant potential) experiments were performed. X-ray dif-
fraction patterns of catalyst were recorded before and after catalyst
stability experiments, to estimate phase-stability of the catalyst.

Table 1
Anode and cathode catalyst formulations used for the preparation of MEAs.
*Fixed Vulcan loading of 5 mg/cm2 and anode catalyst loading of 2 mg/cm2.

Anode Cathode ID Ref.

MEAs with unsupported catalyst – screening
IrO2 CoO (5mg/cm2) 100% CoO This work
IrO2 Co3O4 (5mg/cm2) 100% Co3O4

IrO2 MoS2 (5mg/cm2) 100% MoS2 [15]
MEAs with supported catalyst – support% optimization
IrO2 9wt% Co3O4 | 91 wt% Vulcan * 9% Co3O4 This work
IrO2 33 wt% Co3O4 | 67 wt% Vulcan * 33% Co3O4

IrO2 47 wt% Co3O4 | 53 wt% Vulcan * 47% Co3O4

IrO2 70 wt% Co3O4 | 30 wt% Vulcan * 70% Co3O4

Reference MEA with Pt black cathode catalyst
IrO2 Pt-black (0.6 mg/cm2) PtB [15]
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2.5. In-situ and ex-situ XAS of the anode/cathode catalyst

The best performing catalyst among the investigated was further
characterized by using in-situ and ex-situ XAS with an in-house designed
electrolyzer with X-ray transparent windows. The challenges of de-
signing the electrolyzer for XAS were to maintain its air-tight/com-
pressed assembly and acquire XAS data with adequate quality.

2.5.1. X-ray transparent electrolyzer
The components and materials of the spectroscopic cell were same

as those of the PEM electrolyzer (Section 2.3, Fig. 1) with a few mod-
ifications so that the catalyst can be probed by X-ray. The modifications
are as follows: (i) 45° tapered slot-cut on aluminum endplates, (ii) re-
placement of electrically insulating PTFE plate by Kapton® (polyimide,
75 μm thickness) film which serves as X-ray transparent window, (iii)
rectangular slot-cut on the Ti current collectors and (iv) Ti-GDL drilled
(ø=9mm) to allow X-ray beam to pass through.

A window in aluminum endplates, Ti current collector and Ti-GDL
allowed a path for entering/exiting X-ray through electrolyzer. The
Kapton® film provided the electrical insulation between the aluminum
endplate and the Ti current collector while providing an assistance/
support to direct the water from the inlet to outlet ports. Fig. 2 shows
the schematic of the electrolyzer with X-ray transparent windows and
also explains its features. This design enables the evaluation of anode/
cathode catalysts of PEM electrolyzer in transmission as well as fluor-
escence mode of XAS. All the results reported here were collected in
transmission mode.

2.5.2. XAS measurements
The XAS measurements were performed at BL22 - CLÆSS (Core

Level Absorption & Emission Spectroscopies) beamline of ALBA
Synchrotron Light facility (Cerdanyola del Vallès, Barcelona, Spain).
The catalysts were examined by X-ray absorption near edge structure
(XANES) at Co K-edge for cathode catalyst and at Ir LIII-edge for anode
catalyst. For this particular study, Iridium black (99.8% metals basis,
Alfa Aesar) as anode catalyst (2 mg/cm2) and 47% Co3O4 as cathode
catalyst were used and coated on an active area of 16 (4×4) cm2. The
Ti-GDL with an average pore diameter of 6 μm was used for this study
to carry out low-intensity electrolysis and thus ensure a homogeneous

media (liquid+ gas) inside the cell. For in-situ and ex-situ XANES
characterization two identical MEAs were prepared.

For ex-situ XANES characterization, one of the MEAs was operated
in the normal electrolysis setup (Section 2.3) for five times (linear
sweep voltammetry, LSV). The LSV was carried out from 1 to 3 V with a
scan rate of 0.05 V/min. The cell was operated at 80 °C and the water
(Milli-Q) was supplied to the anode compartment at a flow rate of
0.5 ml/min. After completion of these 5 LSVs, the cell was disassembled
and the MEA was then characterized for XANES at Ir LIII-edge (ca.
11.2 keV) and Co K-edge (ca. 77.2 keV). Moreover, the powder scrat-
ched from the anode and cathode side of same MEA were pelletized and
again characterized by XANES. As references, pellets of Iridium black
and Co3O4 (with cellulose as diluent) were also characterized. For every
sample, at least 3 spectra were recorded to determine the quality of
data.

For in-situ XANES characterization, the other MEA was mounted in
the spectroscopic cell (Section 2.5.1). The MEA in the electrolyzer was
hydrated for 5 h at room temperature before measurements. After hy-
dration at room temperature (25 °C), XANES spectra at Ir LIII-edge and
Co K-edge were recorded. Later, the temperature of the electrolyzer was
raised to operating temperature (80 °C) and after stabilization for
20min, a series of XANES spectra were recorded. To investigate the
effect of applied potentials, a constant potential was applied to the
electrolyzer and after a fixed interval of time (10min), XANES were
recorded repeatedly at least for 5 times. These steps were repeated at
the applied potentials of 1.6, 1.8, 2.2 and 2.8 V (Table 2). Collected
spectra were deglitched, aligned, normalized and exported using
ATHENA (Demeter 0.9.21) XAS data processing software [26].

3. Result and discussions

By optimizing electrolyzer parameters/design, such as coating
strategy, the temperature of the cell and supplied water, optimum
contact/compression by tightening electrolyzer components and sup-
plying reactants with appropriate flow rate depending on applied po-
tential, it is possible to gain an enhancement in electrolyzer perfor-
mance. Therefore, comparing a result with others in literature might
show a large deviation in performance in PEM electrolysis even when a
similar MEA is used. To compare the material aspects of the catalysts,

Fig. 1. (a) In-house designed electrolyzer components: (1) membrane electrode assembly (MEA), (2) Ti gas diffusion layer (GDL), (3) PTFE gasket, (4) machined Ti
current collector with single serpentine flow, (5) PTFE electrical insulating plate and (6) Al end plate with holes for heating cartilages. Inset: Assembled electrolyzer.
(b) PEM electrolysis setup: (1) PEM electrolyzer (a), (2) peristaltic pump and water reservoir, (3) temperature controller and (4) computer-controlled DC power
supply.
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one can prepare a reference MEA with standard loading/catalysts and
then compare its performance with their own results using the same
electrolyzer and protocol. Performance of MEA with such a reference
catalyst can act as a baseline for comparison. This approach avoids the
ambiguity that might be caused by one or more of the numerous ex-
perimental parameters. In this study, we compare the performance of
various prepared MEAs with the performance of our reference MEA
(Table 1).

3.1. Co-based cathode catalyst for PEM electrolysis

Fig. 3 shows the polarization curves of MEAs with CoO (100% CoO),

Co3O4 (100% Co3O4) and MoS2 (100% MoS2; from our earlier work)
[15] as cathode catalyst in PEM electrolysis. The polarization curves
were also compared with that of Pt-black cathode catalyst MEA (re-
ference cathode catalyst). In general, the MEA with Co3O4-based
cathode catalyst outperformed the other two catalysts. With our

Fig. 2. Electrolyzer with Kapton windows to enable investigation of catalyst materials by transmission/fluorescence mode of X-ray Absorption Spectroscopy (XAS).

Table 2
Summary of conditions at which the XANES were recorded.

XANES obtained for condition(s) at energy edge of

Ex-situ - in transmission mode
After 5 LSV cycles – Anode of MEA Ir - LIII
After 5 LSV cycles – Cathode of MEA Co - K
Powder scratched from anode layer of MEA – pelletized Ir - LIII
Powder scratched from cathode layer of MEA – pelletized Co - K
Ir-black – pelletized Ir - LIII
Co3O4 – pelletized Co - K
In-situ - through cathode side in transmission mode
0.0 V / 25 °C Ir - LIII Co - K
0.0 V / 80 °C Ir - LIII Co - K
1.6 V / 80 °C Ir - LIII Co - K
1.8 V / 80 °C Ir - LIII Co - K
2.2 V / 80 °C Ir - LIII Co - K
2.8 V / 80 °C Ir - LIII Co - K

Fig. 3. Polarization curves for MEAs with pristine cathode catalysts. Current
density was measured as a function of potential difference across the electro-
lyzer. The cell potential was varied from 1.2 V to 2.7 V with a step of 0.05 V,
after stabilization for 30min. Flow rate of water was 0.5 mL/min and the
electrolysis temperature was 80 °C.
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electrolysis setup, a measurable current density of 1mA/cm2 was
achieved at applied potentials of 1.55 V, 1.50 V, 1.50 V and 1.40 V for
MoS2, CoO, Co3O4 and Pt-black (PtB) cathode catalysts, respectively.
The cobalt oxide-based catalysts showed comparably lower over-
potential than the MoS2 catalyst. At 2.7 V, the current densities ob-
tained for Co3O4, CoO, MoS2 and Pt-black based MEAs were 1.25, 1.0,
0.40 and 1.65 A/cm2, respectively. This shows that Co3O4 is a better
performing catalyst among the two types of cobalt oxides. Therefore,
we focused on this material to optimize its performance by mixing it
with an electrically conducting carbon material (Vulcan), as this
strategy was observed to improve the HER performance of MoS2 [15].

3.2. Effect of Vulcan amount on Co3O4-based cathode performance

The electrical conductivity is an important factor while designing
electrodes for any electrochemical devices, and the addition of elec-
trically conducting material like Vulcan to the active phase of the
electrode catalyst can be beneficial for the charge distribution. On the
other hand, if the amount of the additive is too large it may deteriorate
the catalytic activities negatively. Hence, a larger than an optimum
amount may lead to blockage of a fraction of catalytic-reaction sites or
their dilution, while less than the optimum amount could result in the
less conductive catalyst layer. This approach can be highly effective if
the catalyst has poor electrical conductivity as demonstrated previously
[15].

Fig. 4 shows the polarization curves of MEAs prepared with dif-
ferent proportion of Co3O4 mixed with Vulcan as the cathode catalyst.
The polarization curves of the MEA with reference (PtB) and MoS2
mixed with Vulcan (47%MoS2 [15]) based cathode catalyst are also
included for the sake of better comparison. Operating at the cell po-
tentials of 1.2–2 V (Fig. 4a), the MEA with 100% Co3O4, 70% Co3O4 and
9% Co3O4 exhibited almost identical performance. This signifies that
either there is inadequate electrical connectivity (100% Co3O4 and 70%
Co3O4) or insufficient amount of catalytic reaction sites (9% Co3O4) in
these cathode catalysts. With 33% and 47% Co3O4, a clear improve-
ment was observed, and the best performance was achieved with 47%
Co3O4. The results indicate the importance of the balance between the
amount of the catalytically active element and the electrically con-
ducting medium in the electrode catalyst layer and that 47% Co3O4 is at
the optimum among the variations studied here.

At the cell potential of 2 V, the MEA with the Pt-black cathode
catalyst achieved the current density of 0.70 A/cm2, whereas the MEA

with the Co3O4 and MoS2 based composite cathode catalysts showed ca.
0.42 A/cm2 at the optimum amount of Vulcan. Intriguingly, at a high
cell voltage range (2–2.7 V, Fig. 4b), the performance of the composite
catalysts surpassed that of the reference cathode catalyst. The polar-
ization curves of 47% Co3O4 and 47% MoS2 crossed that of Pt black at
2.3 and 2.55 V, respectively, and above these cell voltages, these
composite catalysts outperformed PtB. Particularly, the performance of
the Co3O4-based composite catalyst is promising for cost-effective im-
plementation of PEM based hydrogen production or hydrogenation
reactions [27] operated at the high voltage range.

3.3. Stability of the optimum Co3O4-carbon composite catalyst

Stability tests were performed with the MEA coated with 47%
Co3O4 at 2 and 2.5 V for 24 h (Fig. 5). At applied cell potential of 2 V,
the current density showed a maximum of 0.42 A/cm2 (after 4 h) and
remained almost stable. The initial period of ca. 4 h to reach the max-
imum current density at an applied potential of 2 V can be attributed to
the period for complete hydration to achieve optimum H+/H2O

Fig. 4. Polarization curves measured for MEAs with Co3O4 (100% Co3O4), Pt-black (PtB), Co3O4-Vulcan composite materials (70%, 47%, 33% and 9% Co3O4) and
47% MoS2 cathode catalyst. Polarization curves are divided in (a) the common operating cell voltage range (1.2–2 V) and (b) high cell voltage range (2–2.7 V). Flow
rate of water was 0.5 mL/min and the electrolysis temperature was 80 °C.

Fig. 5. Stability tests of PEM water electrolysis with the MEA with 47% Co3O4

cathode catalyst measured at 2 V and then at 2.5 V for 24 h. Flow rate of water
was 0.5 mL/min and the electrolyzer temperature was 80 °C.
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transport of Nafion membrane [28]. On the other hand, at the cell
potential of 2.5 V, the current density showed a maximum value of ca.
1.5 A/cm2 quickly and remained stable without any indication of de-
activation.

After the stability test of the MEA with the 47% Co3O4 catalyst, the
MEA was studied by XRD. Fig. 6 shows the XRD patterns of the cathode
catalyst layer, before and after the stability tests. XRD patterns mea-
sured before and after the electrolysis showed reflections of Co3O4

(COD ID: 9005888) with a spinel structure [29] besides minor and
broad reflections of Vulcan. Both XRD patterns showed unchanged
lattice parameters (a= b = c=8.084 ± 0.001 Å; α= β = γ=90°).
However, the calculated average crystallite size for catalyst before
electrolysis (14.7 nm) and after electrolysis (17.8 nm) showed an in-
crease, signifying agglomeration of catalyst particles. Nevertheless, the
catalyst did not show any phase changes, indicating the robustness of
47% Co3O4 catalyst as cathode material for PEM electrolysis.

3.4. In-situ/ex-situ XAS characterization of anode/cathode catalysts

The electronic structure of Co3O4 at the optimized composition
(47 wt%) mixed with Vulcan and deposited over MEA was further in-
vestigated by XAS. For this study, the MEA was coated with Ir-black
(pure Ir metal) as anode catalyst and with 47% Co3O4 as the cathode
catalyst. The nature of the anode compartment in PEM based (acidic)
electrolyzer is highly electro-oxidative and there is a strong possibility
that the metallic element gets oxidized. The intention to use Ir-black as
an anode catalyst for this study was in anticipation of the possibility to
observe, if any, the transformation of Ir to IrOx phase.

Collected spectra showed random glitches caused by the inter-
ference of various instrumentations used for water electrolysis with X-
ray detectors as well as by fluctuations in the fluid density during the
measurements. Therefore, the spectra shown are initially de-glitched
using the ATHENA (Demeter 0.9.21) XAS data processing software and
are used for qualitative comparison. Normalized XANES spectra re-
corded under various conditions (Table 2) are presented in Figs. 7 and
8. In situ XANES spectra recorded at Ir LIII-edge for various operating
stages (Fig. 7A(b–g)), namely at different temperatures and potentials,
were all very similar also in comparison to the spectrum of Ir-black
(Fig. 7A (a)). The principal peak maximum was observed at about
11.22 keV, confirming the stability of Iridium as an anode catalyst for
electrolysis [30]. Ex situ XANES spectra also confirmed the same
(Fig. 7B).

In contrast, the electronic state of Co varies dynamically due to the
environment as evidenced by the XANES spectra at Co K-edge measured
at different temperatures and applied potentials (Fig. 8). The spectrum
obtained for the reference Co3O4 powder (Fig. 8A (a)) show mixed

oxidation states of Co between +2 (relatively smaller shoulder peak at
7727 eV) and +3 (principle-maximum peak at 7733 eV) as expected for
the material. A similar ratio of Co2+/Co3+ oxidation states was found
for the MEA coated with 47% Co3O4 catalyst when it was hydrated and
kept at room temperature (Fig. 8A (b)) in the PEM electrolyzer cell. To
our surprise, as the cell temperature was raised to 80 °C (at 0.0 V;
Fig. 8A (c)), peak intensity corresponding to Co2+ species exceeded the
peak intensity corresponding to Co3+ species. In other words, a fraction
of Co2+ species becomes dominant over that of Co3+ species, clearly
showing a reduction of Co3+ to Co2+, which could be due to the acidic
environment created by Nafion. Furthermore, this reduction of Co was
more pronounced when the cell potential was raised (Fig. 8A (d–g)),
manifesting the highly dynamic nature of Co oxidation state in Co3O4.

The most prominent peaks for the MEA immediately after dis-
mantling the electrolyzer (Fig. 8B(a)) and that for the MEA while op-
erating at 2.8 V (Fig. 8B(b)) were observed at about 7727 eV, indicative
of Co2+ abundance. This implies that the transition of Co oxidation
state occurred during the electrolysis has been retained even after
dismantling the electrolyzer and the transition was retained. However,
when the catalyst was scratched off from the MEA and measured ex-situ
(Fig. 8B(c)), their spectral features were very similar to those of Co3O4

(Fig. 8B(d)). This clearly shows that the oxidation state of the material
is dynamically and reversibly changed and most likely the environment
of the coated membrane with Nafion helps to keep the oxidation state of
Co more reduced (Co2+). The recovery of the electronic structure ob-
served for 47% Co3O4 catalyst is analogous to the self-repairing me-
chanism reported for the so-called cobalt-phosphate catalyst (also
known as Co-Pi-Cat) [31]. As Co3O4 inherits the structural properties of
Co-Pi-Cat [32], the same structural and electronic changes may take
place for Co3O4. According to Bergmann et al [32], it is feasible that
crystalline cobalt oxides form structurally flexible, hence catalytically
active, amorphous shells. This shell formation in the Co3O4-based cat-
alyst can be related to the interchanged proportion of Co3+ and Co2+

species, resulting in the improved catalyst and therefore higher per-
formance of the MEA.

4. Conclusions

Comparison of CoO, Co3O4 and MoS2 as cathode catalyst and as an
alternative to platinum-group-metals (PGMs) electrode catalyst mate-
rials in PEM water electrolysis revealed that Co3O4 is the most pro-
mising one among the three. Its hydrogen evolution reaction (HER)
activity was further improved by addition of electrically conducting
material (Vulcan) and by optimizing the amount of Co3O4 with respect
to Vulcan. These non-PGM materials showed high performance at high
cell potentials. The MEA based on 47wt% Co3O4 mixed with Vulcan
outperformed the MEA with Pt-black as cathode catalyst at applied
potentials of ≥ 2.3 V. The electronic structure of active Co and Ir states
at cathode and anode, respectively, was investigated by in situ XAS
under water electrolysis conditions. The electronic structure of Ir was
found stable, whereas that of Co, present as mixed states of +2 and +3
in Co3O4, underwent dynamic changes upon varying temperature and
cell potential. The acidic environment of Nafion, especially when it is
wet at high temperature, as well as at more positive potential facilitated
the pronounced transition from Co3+ to Co2+. Remarkably, the redox
process was found reversible; enhanced amount of Co2+ is transformed
back to Co3+ once its environment changed to the initial state. The
reversible redox nature of Co3O4 can facilitate the charge transfer and
was interpreted as the origin of its high HER activity as well as the
enabler for widely reported activity in oxygen evolution reaction
(OER).
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