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A B S T R A C T

Various Pt-based materials (unsupported Pt, PtRu, PtCo) were investigated as catalysts for recombining hy-
drogen and oxygen back into water. The recombination performance correlated well with the surface Pt metallic
state. Alloying cobalt to platinum was observed to produce an electron transfer favouring the occurrence of a
large fraction of the Pt metallic state on the catalyst surface. Unsupported PtCo showed both excellent re-
combination performance and dynamic behaviour. In a packed bed catalytic reactor, when hydrogen was fed at
4% vol. in the oxygen stream (flammability limit), 99.5% of the total H2 content was immediately converted to
water in the presence of PtCo thus avoiding safety issues. The PtCo catalyst was thus integrated in the anode of
the membrane-electrode assembly of a polymer electrolyte membrane electrolysis cell. This catalyst showed
good capability to reduce the concentration of hydrogen in the oxygen stream under differential pressure op-
eration (1–20 bar), in the presence of a thin (90 μm) Aquivion® membrane. The modified system showed lower
hydrogen concentration in the oxygen flow than electrolysis cells based on state-of-the-art thick polymer elec-
trolyte membranes and allowed to expand the minimum current density load down to 0.15 A cm−2. This was
mainly due to the electrochemical oxidation of permeated H2 to protons that were transported back to the
cathode. The electrolysis cell equipped with a dual layer PtCo/IrRuOx oxidation catalyst achieved a high op-
erating current density (3 A cm−2) as requested to decrease the system capital costs, under high efficiency
conditions (about 77% efficiency at 55 °C and 20 bar). Moreover, the electrolysis system showed reduced
probability to reach the flammability limit under both high differential pressure (20 bar) and partial load op-
eration (5%), as needed to properly address grid-balancing service.

1. Introduction

The main challenges to overcome for an effective, wide-scale, uti-
lisation of hydrogen as energy carrier [1–4], regard both technical
bottlenecks and an optimization of the energy cycle [5–7] from re-
newable energy sources to end use via hydrogen generation, storage,
transport, conversion and consumption [5]. Technical problems are
primarily dealing with the storage of hydrogen at high volumetric en-
ergy density, using low-energy consumption and cost-effective tech-
nologies characterised by intrinsic safety [8–14]. Next generation water
electrolysers are expected to operate at high pressure to reduce the
efficiency losses in the gas post-compression step while offering proper
dynamic behaviour in terms of rapid response and partial load opera-
tion [8]. Generally, most of the present pressurised polymer electrolyte
(PEM) electrolysers cannot operate at a partial load below 20% because

of the excessive concentration of hydrogen in the oxygen stream at the
anode at low current densities [8,14]. The flammability limit of the H2

concentration in O2 is 4% vol. [15] but for safety reasons the systems
are shutdown when this concentration exceeds 2–3% vol. [14].

Specific improvements of PEM electrolysers are required especially
in terms of significant increase in current density, resulting in the
proportional decrease in capital costs, whilst maintaining cutting edge
efficiency in combination with a material use minimisation approach
[16,17]. This regards a reduced membrane thickness whilst keeping
low the gas crossover and reducing the precious metal loading. For a
PEM electrolyser operating at high current density, the role of the
membrane is dominant in determining voltage efficiency and reaction
rate [8,18]. At high current density, the proton transport inside the
membrane causes the largest contribution to the overall differential
resistance [19,20]. On the contrary, the polarisation resistance, for both
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anode and cathode processes decreases significantly when the over-
potential is increased [19,20]. Advanced PEM electrolysis systems show
that, at 3 A cm−2, ohmic losses, mainly caused by the membrane,
contribute to about 85% or more of the overall differential resistance
[19].

Ohmic losses at high current density decrease proportionally with
the decrease of the membrane thickness thus allowing the achievement
of much higher current densities at the same voltage efficiency [21].
However, a significant reduction of the membrane thickness will also
produce a proportional increase of the gas crossover especially under
high differential pressure operation (pressurised hydrogen and non-
pressurised oxygen) causing significant loss of faradaic efficiency beside
the occurrence of safety issues and the impossibility to operate under
low partial load [22,24]. These are significant restrictions in term of
system reliability and dynamic characteristics. After several decades of
development, it seems that a further improvement of the proton con-
ductivity of PFSA membranes is hard to achieve in the next years
[25,26]. Thus, the achievement of high current densities, as required to
reduce the capital costs of PEM electrolysis systems, passes through a
necessary reduction of the membrane thickness.

This strategy was already adopted in automotive PEM fuel cells
[25]. However, in the fuel cell automotive sector, the use of air blowers
requires operation at very low pressure. Thus, for PEM fuel cells op-
erating at ambient pressure, the use of membranes with a thickness of
10–20 μm does not represent an issue in terms of gas crossover and fuel
utilisation [25]. This is instead a relevant drawback when a differential
pressure of about 20–30 bars is applied between the cathode and anode
compartments in PEM electrolysers. In this case, the industry standard
is a Nafion 117 membrane with a thickness of 170 μm, in dry form,
offering proper protection against gas crossover [22–24].

A decrease of the membrane thickness from 170 to 90 μm (about
one-half) would produce a significant decrease of the ohmic drop with a
corresponding large increase of reaction rate at a similar voltage effi-
ciency. However, the corresponding increase of hydrogen concentration
in the oxygen stream caused by the thinner membrane needs to be
minimised. In principle, a one percent loss of faradaic efficiency does
not represent a significant drawback if the hydrogen production rate is
increased significantly (e.g. twice or more) allowing for a corre-
sponding decrease of the capital costs of the entire system. Instead, a
one percent increase of the hydrogen concentration in the oxygen
stream would be dramatic for the electrolyser safety characteristics and
for the possibility to operate under partial load [15,22–24,27,28].

The conventional electrocatalysts used at the anode of a PEM
electrolyser are mainly based on Ir metal, which is oxidised on the
surface during operation [29], IrO2 and IrRuOx [30–36]. Unfortunately,
these oxidised catalysts are not efficient for molecular hydrogen oxi-
dation [37]. Thus, permeated hydrogen is released into the outlet
anodic stream. Generally, a PEM electrolyser is equipped with an ex-
ternal catalytic gas recombiner (e.g. a Pt/Al2O3 bed) to promote H2/O2

recombination in the gas phase, especially to reduce the oxygen con-
tamination level in the produced hydrogen gas [22,28,39]. However,
these purification systems are allocated outside the PEM electrolysis
stack for technical reasons. Their use allows essentially a purification of
the produced gases but it does not allow improving the internal safety
of the stack device.

Based on these considerations, the approach used in this work was
to integrate a thin layer of a hydrogen oxidation catalyst in the mem-
brane-electrode assembly, between the membrane and the IrRuOx
anode catalyst layer, in order to decrease the concentration of hydrogen
in the oxygen stream well below the safety limit. This concept was
demonstrated in the presence of a thin (90 μm) PFSA membrane, in a
wide range of operating current densities (from 0.3 to 3 A cm−2) and
differential pressures (up to 20 bar).

The approach of using a hydrogen oxidation catalyst at the anode
can be also employed in combination to other strategies involving
membrane modifications [40–44]. As an example, the use of Pt

nanoparticles inside the membrane, firstly used to promote internal
humidification in fuel cells, can provide a useful internal recombination
route for the permeated hydrogen and oxygen gases [45]. However, this
strategy requires a recast procedure for membrane production [46].
Similarly, the casting method is also used when specific fillers are added
into the membrane to increase the tortuosity factor for gas permeation
[41]. On the other hand, an excellent mechanical strength is required
for the polymer electrolyte membrane in pressurised electrolysers ap-
plications. Thus, extruded membranes are usually employed. The pre-
sent catalytic approach does not require any membrane modification if
low gas permeation and proper faradaic efficiency are guaranteed by
the polymeric electrolyte separator. Moreover, the approach here de-
veloped appears to be simpler than using a Pt electrode layer in be-
tween two membrane layers [47].

Thus, the oxidation catalyst here developed is integrated into the
membrane-electrode assembly (MEA) to favour the oxidation to protons
of the hydrogen permeated at the anode. The formed protons diffuse
back to the cathode, under the electric field gradient effect, where these
are reduced again to hydrogen. This causes a parasitic process that just
produces a small decrease of faradaic efficiency; the overall loss of
faradaic efficiency is less than 1% for reasonably thin PFSA membranes
of about 90 μm thickness. However, as mentioned above, the limited
loss of faradaic efficiency is largely compensated by a significant in-
crease of the hydrogen production rate that is favoured by the use of
thinner membranes.

Unfortunately, hydrogen oxidation catalysts based on bare Pt are
easily oxidised on the surface to Pt-oxide during operation at the anode
of an electrolysis cell [48]. This causes a decrease of the oxidation ac-
tivity. Such drawback also affects the Pt layer usually coated onto the
Ti-foam current collector [41].

In this work, a highly dispersed unsupported Pt-alloy, with low
propensity to form Pt oxides, was used at the anode side of an elec-
trolysis cell. This additional catalytic layer is confined between the
perfluorosulfonic membrane and the IrRuOx anode catalyst. Electro-
catalytic tests at high differential pressure were restricted to the most
promising Pt-based formulation down-selected from ex-situ catalytic
tests [38,39]. The catalyst screening process was carried out through
gas-phase catalytic tests in a packed bed reactor allowing to rapidly
identifying the properties for H2-O2 recombination back into water.

In previous works, we have shown a significant role played by a
transition metal in a Pt alloy for the removal of strongly bonded oxy-
genated species on Pt through an intra-alloy electron transfer [49] [50].
Chemisorption of hydrogen molecules occurs more easily on oxide-free
Pt surfaces [51–53]. X-ray photoelectron spectroscopy (XPS) suggests
the presence of a relatively lower Pt-oxide content on a PtCo alloy
compared to bare Pt [49,50]. From the ex-situ screening and XPS
analysis of different Pt systems, we have selected the PtCo system for
validating this approach in a single cell PEM electrolyser. The PtCo
catalyst showed the capability to reduce significantly the hydrogen
concentration in the oxygen stream at the anode in the presence of a
PFSA membrane with reduced thickness. This approach allows for a
large increase in reaction rate while avoiding safety issues.

2. Experimental

The Pt-based hydrogen oxidation catalysts here investigated were
two Pt alloys, i.e. PtRu (60:40 at.) and PtCo (75:25 at.), and Pt black.
These recombination catalysts were synthesised by the sulphite com-
plex procedure [54] to form amorphous oxides. These were successively
reduced in diluted hydrogen (10% vol. H2 in argon at 300 °C) to form
unsupported catalysts. Compared to conventional supported Pt cata-
lysts, carbon support was avoided. At the anode of an electrolysis
process, the high operating potential window causes rapid oxidation of
carbon to CO2. The catalysts were pre-leached in 0.1M perchloric acid
at 80 °C in order to remove both impurities and unalloyed atoms from
the surface.
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The Pt-based catalysts were first assessed in terms of H2 oxidation/
recombination capability in the presence of oxygen in a packed bed
catalytic reactor operating at 80 °C and atmospheric pressure.
Isothermal profiles of reagents and products were acquired by using a
quadrupole mass spectrometer as an analytical tool (ThermoStar)
equipped with a heated (150 °C) fast-response inlet capillary system. In
each cycle, the catalyst was preliminarily treated under O2 atmosphere,
after which a mixture H2/O2, with a nominal hydrogen percent in the
oxygen stream of 4 vol. % (simulating extreme operating conditions for
the cell), was admitted into the reactor, maintaining stationary condi-
tions until the stabilization of signals was reached. Thereafter, the
catalyst was again exposed to an oxygen atmosphere before starting a
new cycle.

In a specific experiment, the PtCo (75:25 at.) catalyst was com-
pletely wetted inside the packed–bed reactor under a flow of nitrogen
carrier saturated with distilled water through a bubbler kept at 60 °C by
a thermostatic bath (Julabo F12-ED, USA). This allowed getting a water
vapor pressure of 0.196 atm at a weight hourly space velocity (WGSV)
of 1 gH2O/gcat/h. Before feeding the dry 4% vol. H2-O2 stream, the
catalyst was exposed to a flow of pure (dry) oxygen. The next cycles
were carried out with dry gases. Before each new cycle, the catalyst was
exposed again to a flow of pure oxygen.

The down-selected PtCo catalyst was assessed in situ for the con-
version of permeated hydrogen. A pressurised cell set-up was used in
combination with a micro gas chromatograph (Varian Micro GC). The
scheme of the electrolysis plant in shown in Fig. S1 (supplementary
data).

For the single cell characterisation, a short-side chain Solvay
Aquivion® (Fig. S2, supplementary data) membrane (E98-09S) was used
in combination with IrRuOx (70:30 at.) at the anode and 30% Pt/C
(Ketjenblack® carbon) at the cathode of the PEM electrolyser (Fig. S3,
supplementary data). Catalysts and membrane properties are described
in previous papers [16,17,19]. The membrane-electrode assembly
preparation was carried out according to a catalyst-coated membrane
(CCM) approach by spraying the catalyst ionomer inks onto the mem-
brane as reported in Ref. [19]. CCMs were hot-pressed at 190 °C to
favour hot bonding of the catalytic layers to the membrane at a tem-
perature higher than the glass transition temperature of the Aquivion®
polymer. In the bare MEA, the catalyst - ionomer ink consisted of 25%
wt. Aquivion® ionomer (D98-06AS) and 75% wt. Pt/C catalyst at the
cathode, and 15% wt. Aquivion® ionomer and 85% wt. IrRuOx catalyst
at the anode.

The PEM electrolysis cell was operated up to a current density of 3 A
cm−2 in the presence of low Pt (0.2 mg Pt cm−2) and IrRuOx (0.3mg
Ir+Ru cm−2) loadings at the cathode and anode, respectively. The
approach of both minimising the precious metal loadings with respect
to the state-of-the art (2–3mg cm−2 Ir at the anode and 0.5mg cm−2 Pt
at the cathode) and increasing the operating current density is one of
the preferred routes to decrease the capital costs of the PEM electrolysis
system [16,17,55].

In the MEA modified with the hydrogen oxidation catalyst, the
specific unsupported Pt-Co alloy was coated onto the membrane and
the IrRuOx layer was coated on the top to form a dual layer anode. A
spraying technique was used and the Aquivion® ionomer content in
both composite anode inks was kept at 15% wt. The Pt loading in the
oxidation layer at the anode was 0.1 mg cm−2, the other catalyst
loadings were the same of the bare MEA.

Titanium diffusion layers/current collectors (Bekaert Toko Metal
Fiber Co.) were used at both anode and cathode in contact with the
CCM. No Pt coating was used for these diffusion layers to avoid inter-
fering with the PtCo catalyst for the hydrogen oxidation at the anode.

An ITM POWER (UK) pressurised electrolysis single cell test fixture
was used in combination with an in-house (CNR-ITAE) developed test
station (Fig. S1, Supplementary data). The active area (geometrical
electrode area) of the MEA was 8 cm2. A power supply (TDK GEN 25-
400-MD-3P400) was used to carry out polarisation experiments. An

Autolab Metrohm potentiostat /galvanostat equipped with a 20 A cur-
rent booster and FRA (frequency response analyser) was used to per-
form electrochemical impedance spectroscopy (EIS). Polarization
curves were performed in the galvanostatic mode by recording the cell
voltage vs. the imposed current density. A stepwise increase of current
was used. Electrochemical impedance analysis was performed in the
potentiostatic mode at 1.5 V and 1.8 V. The frequency was varied from
100 kHz to 100mHz in the single sine mode with a sinusoidal excitation
signal of 10mV pk-pk. In all experiments, milli-Q Integral, Millipore
deionized water was heated at 55 °C before being supplied to the cell
anode with a flow rate of 1mLmin−1 cm−2. The inlet water tempera-
ture was assumed as the cell temperature.

Physicochemical properties of the materials were examined by
scanning electron microscopy – energy dispersive X-ray analysis (SEM-
EDX) using a FEI FEG–XL30 instrument, transmission electron micro-
scopy (TEM) was carried out with a FEI CM12 microscope and X-ray
diffraction (XRD) was made by using a Panalytical X-Pert dif-
fractometer equipped with a CuKa as radiation source. X-ray photo-
electron spectroscopy was carried out with a PHI 5800-01 spectro-
meter. Spectra were obtained using a monochromatic Al Ka X-ray
source and acquired with a pass energy of 187.85 eV for survey and
11.75 eV for high resolution spectra, respectively. BET (Brunauer,
Emmett and Teller) surface area of the catalysts was measured with
Thermo Fisher Scientific sorptomatic instrument.

3. Results and discussion

3.1. Structural and chemical characterisation of the Pt-based recombination
catalysts

With regard to the hydrogen oxidation catalysts investigated in this
study, PtRu was selected to obtain a bifunctional effect for H2 oxidation
at the Pt sites and water oxidation on the surface of RuOx species which
are formed under anodic conditions [53]. PtCo was instead chosen
because cobalt in the alloy can transfer electrons to platinum atoms
thus keeping Pt in a reduced state [49,50]. According to these previous
studies [49,50], a PtCo alloy with 3:1 atomic ratio was selected since
this was characterised by a proper electronic effect while avoiding an
excess of Co atoms on the surface that could affect the Pt activity in
electrocatalytic processes. For the PtRu catalyst, in order to promote
water oxidation in combination with hydrogen oxidation/recombina-
tion, the optimal atomic ratio for the bifunctional mechanism should be
about 1:1, as in the case of the methanol electro-oxidation process
(dehydrogenation of methanol on Pt in combination with water dis-
placement on contiguous Ru sites) [53]. However, to provide a com-
parison between PtCo and PtRu catalysts with similar atomic ratio, also
a PtRu 75:25 sample was investigated.

The atomic ratio for both bimetallic samples was studied by energy
dispersive X-ray analysis (EDAX) after a pre-leaching in perchloric acid
(Figs. S4 and S5, Supplementary data). The final atomic ratio was 75:25
for PtCo, 60:40 and 75:25 for PtRu samples. EDAX spectra showed
larger oxygen content in PtRu 60:40 compared to the other catalysts
(Figs. S4 and S5).

Structural and morphological analyses (Figs. 1 and 2, Figs. S6, S7)
showed a good dispersion and a face-centered cubic phase for both Pt
alloys [53,55–58]. The peak shift towards higher Bragg angles com-
pared to Pt black (Fig. 1b) indicates in both cases the occurrence of an
alloy. The observed shift is in accordance with the atomic contents in
the bimetallic systems [53,55–58]. From the broadening of the dif-
fraction peaks (Fig. 1a–b, Fig. S6), a crystallite size of 6.4, 2.7, 3.6 and
6.9 nm was determined for Pt black, PtRu 60:40, PtRu 75:25 and PtCo,
respectively, by using the Debye-Scherrer law.

SEM analysis (Fig. 2, Fig. S7) showed a sponge-like structure char-
acterised by fine particles for all these unsupported catalysts. TEM
analysis showed the presence of properly dispersed catalyst agglomer-
ates which were composed of finer particles in the case of the PtRu
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unsupported catalyst compared to PtCo (Fig. 2). The Pt particle size in
Pt black was in between that of PtRu and PtCo. Due to the relevant
agglomeration, which is very common for the unsupported catalysts, it
is not easy to estimate precisely the particle size distribution. However,
it is clear that the presence of Ru mitigates the growth of the Pt particles
during the thermal reduction in hydrogen determining a finer structure
(Fig. 2) with a crystallite size from XRD much lower than that of Pt
black and PtCo (Fig. 1). This is also evident from TEM analysis at higher
magnification (Fig. S8 Supplementary data).

3.2. Assessment of the Pt-based catalysts for the hydrogen oxidation/
recombination in the gas-phase

The PtCo catalyst showed excellent recombination properties and it
was selected for further assessment in the electrolysis cell. In fact, in the
packed bed catalytic reactor, when hydrogen was fed at 4% in an
oxygen stream (flammability limit), 99.5% of the total H2 content was
immediately converted to water thus avoiding safety issues. Thus, since
99.5% of H2 was converted at the PtCo catalyst, this was corresponding
in our experiments to 0.02% residual H2 (4%·99.5%). Moreover, the
dynamic H2 conversion response and the conversion rate under a
steady-state regime remained optimal with the number of cycles
(Fig. 3).

On the contrary, the H2 conversion was relatively poor for the PtRu
60:40 alloy compared to the PtCo system and the recombination per-
formance significantly decreased with the number of cycles (Fig. 4).
The H2 conversion achieved with the PtRu 75:25 catalyst (Fig. S9) was
higher than that obtained with the PtRu 60:40 but lower than the PtCo
75:25, especially after some cycles. This clearly indicates that the Ru
addition to Pt is not favourable for the recombination process.

These results are essentially ascribed to a chemisorption of oxygen
on the Ru sites [59]. Water is formed during this process. According to
the well-known water displacement effect on the surface of the PtRu
[53], this catalyst favours the surface uptake of oxygen species instead

of adsorbed hydrogen intermediates. This process is well-known in
aqueous solutions where formation of Ru−OH and Pt−OH species
instead of Pt-H occurs on PtRu [60]. This is favourable for the electro-
oxidation of alcohols and CO in fuel cells but it reduces the reaction
kinetics for H2 oxidation [60]. As matter of evidence, cyclic voltam-
metry analysis of PtRu catalysts in the “so-called” hydrogen region does
not provide a clear evidence of the Pt-H peaks because of the strong
overlapping with the adsorbed OH species [61]. This phenomenon does
not occur in the cyclic voltammetry analysis of PtCo where the under-
potential hydrogen adsorption peaks are well observed [25,50,52,54].

The recombination performance of the Pt black catalyst was similar
to that of the PtCo (Fig. 5a) even if the dynamic response appeared
slower (Fig. 5b).

In order to understand if the PtCo was equally active for the re-
combination process in the liquid phase, a specific experiment was
carried out by feeding the packed-bed reactor with a humidified inert
gas to have the catalyst completely wetted on the surface. Thereafter,
the reactor was fed with dry oxygen and subsequently with 4% vol. H2

in O2 stream. The subsequent cycles were carried out with dry gases as
in the experiments discussed above. The H2 conversion for the wet PtCo
catalyst, at the beginning of the experiment, was substantially lower
(50%) than that observed in the gas-phase (Fig. S10). However, during
the first cycle, the H2 conversion progressively increased as the result of
a gradual catalyst drying, finally reaching an almost complete conver-
sion after ca. 50min on stream (Fig. S10). In the next cycle, the PtCo
catalyst exhibited again very good recombination properties, being the
hydrogen content immediately converted to water without showing
significant differences (see for comparison Fig. 3) in the third cycle.
This experiment clearly indicates that the activity of the PtCo catalyst
for recombination of H2 and O2 into water is much less efficient in the
liquid phase than in the gas phase.

3.3. Surface characterisation of the Pt-based catalysts

The different catalysts (excluding the PtRu 3:1) were also char-
acterised in terms of surface properties by X-ray photoelectron spec-
troscopy. By comparing the Pt 4f photoelectron peaks of the three
catalysts (Fig. 6), it is evident that the sample characterised by a larger
fraction of metallic platinum on the surface is the PtCo catalyst, in
accordance with the previous literature reports [49]. The Pt 4f7/2 peak
occurs at 71.30 eV for PtCo, 71.40 eV for Pt black and 72.1 eV for PtRu
60:40. The broadening and shift to higher binding energy of the Pt 4f7/2
peak together with the peculiar shape of the overall Pt4f profile for the
PtRu catalyst (the intensity ratio between Pt4f7/2 and Pt4f5/2 should be
4:3 in a pure Pt metal) reveal the presence of a significant fraction of
oxidised species in this sample. This in part occurs also in the Pt black
catalyst, even if in a much lesser extent, compared to PtRu. Such evi-
dences were confirmed by peak deconvolution analysis (Fig. S11, sup-
plementary data). The concentration of oxidised species (Pt2+ and
Pt4+) was 69% in the PtRu catalyst, 37% in the Pt black and 25% in the
PtCo bimetallic alloy (Table S1, supplementary data).

Despite the fact that the PtCo catalyst was pre-leached in HClO4 as
final preparation step, the XP-survey spectrum shows the presence of
both Pt and Co on the surface with modest occurrence of carbon and
oxygen from adsorbed adventitious species (Fig. S12). O1s and C1s
signals essentially derive from adsorbed organic species as confirmed
by their significant reduction after a very mild sputtering of 10min
with Ar+ ions (Fig. S13). The presence of Co in the outermost layers
indicates a strong interaction with Pt causing acharge transfer which
allows keeping Pt sites mostly in a reduced state.

According to these evidences and the gas-phase catalytic results,
PtRu and Pt black catalysts were excluded from a further assessment in
the electrochemical cell in favour of the PtCo system.

Fig. 1. X-ray diffraction patterns of the recombination/hydrogen electro-oxi-
dation catalysts; a) full range; b) magnification of the Pt (111) reflection region.
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3.4. Single cell electrochemical assessment of a Pt-Co alloy for the hydrogen
oxidation at the anode compartment of a PEM electrolysis cell

A comparison of the cross-sections of the membrane-electrode as-
semblies for the MEAs with and without the Pt-Co oxidation catalyst at
the anode is shown in Fig. 7. The anode catalyst appears much thinner
and less regular than the cathode catalyst as consequence of the much

larger density and significantly lower surface area of IrRuOx (150m2/g)
compared to Ketjenblack® carbon (about 900m2/g) in 30% Pt/C
(Fig. 7a). In the case of the modified MEA, a 0.1mg PtCo cm−2 was
integrated in the anode in between the membrane and the IrRuOx
catalyst (Fig. 7b) by using a spray coating technique. An analysis at
higher magnification of the interface between the membrane and the
dual-layer anode allows identifying the PtCo oxidation layer (Fig. 7c).

Fig. 2. Scanning (left) and transmission (right) electron micrographs of the recombination / hydrogen electro-oxidation catalysts.

Fig. 3. Hydrogen conversion and water formation (H2O=18 amu-atomic mass
unit) as a function of time at PtCo in a packed-bed catalytic reactor upon 4%
vol. H2 feed in a pure oxygen stream (three cycles). In each cycle, the catalyst
was exposed to pure oxygen before feeding the 4% vol. H2 – 96% vol. O2

mixture.

Fig. 4. Hydrogen conversion and water formation (H2O=18 amu-atomic mass
unit) as a function of time at PtRu in a packed-bed catalytic reactor upon 4%
vol. H2 feed in a pure oxygen stream (three cycles). In each cycle, the catalyst
was exposed to pure oxygen before feeding the 4% vol. H2 – 96% vol. O2

mixture.
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This is very thin (about 4 μm) due to the high mass density of this
unsupported catalyst. A good adhesion of the dual layer anode to the
membrane is also observed (Fig. 7b-c).

Single cell polarisation measurements at almost ambient pressure
(1 bar differential pressure) of bare and PtCo-modified MEAs showed a
slightly better performance of the cell containing the Pt-Co hydrogen
oxidation catalyst showing about 100mV lower cell voltage in almost
all the overall range of current density (Fig. 8a). In particular, the en-
hanced performance was more evident at lower current densities in the
activation-controlled region. This could be probably due to both the
enhanced oxygen evolution (although Pt is less performing than IrOx
for oxygen evolution [62–65], the additional Pt catalyst layer produces
some effect being about 25% of the overall anode catalyst) and the
oxidation of the permeated hydrogen. The latter process is very fast on
Pt at high potentials [25]. Thus, part of the permeated hydrogen was
very likely oxidised to H+ ions in the acidic environment at the PtCo
catalyst. The formed protons back diffused to the cathode where they
were reduced again to molecular hydrogen. This parasitic process does
not contribute to the final amount of produced hydrogen in the outlet
stream of the electrolyser; however, it affects the polarisation curve
causing a depolarisation effect by means of such internal parasitic
current.

Interestingly, when a differential pressure of 20 bars is applied be-
tween the cathode and anode (pressurised hydrogen, 20 bar gauge
pressure; unpressurised oxygen, ambient pressure), the difference be-
tween the polarisation characteristics of the two MEAs is less relevant
(Fig. 8b). The cell voltage of the PtCo - modified MEA is 30mV lower
than the bare MEA up to about 2 A cm−2. The performance of these

Fig. 5. a) Hydrogen conversion and water formation (H2O=18 amu-atomic
mass unit) as a function of time at Pt black in a packed-bed catalytic reactor
upon 4% vol. H2 feed in a pure oxygen stream. In each cycle, the catalyst was
exposed to pure oxygen before feeding the 4% vol. H2 – 96% vol. O2 mixture. b)
Comparison of H2 conversion response versus time for PtCo and Pt black cat-
alytic systems after three cycles.

Fig. 6. High resolution X-ray photoelectron spectra of the Pt4f region of the
recombination/hydrogen electro-oxidation catalysts.

Fig. 7. Scanning electron micrographs of the MEAs (a) without and (b) with the
PtCo hydrogen electro-oxidation catalysts; (c) magnification of the dual-layer
(PtCo-IrRuOx) anode.
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MEAs is similar at very high current density (Fig. 8b). Whereas the
catalytic effect of PtCo is evident only in the low current density region.

There are some relevant aspects in the polarisation curves at 20 bar
(Fig. 8b) that require a specific discussion. At low current density, an
upward shift of the cell voltage for the curves at 20 bar (Fig. 8b)
compared to the experiment at ambient pressure (Fig. 8a) is observed.
This occurs because of a positive shift with the pressure of the reversible
potential for water splitting according to the Nernst law [21]. In ad-
dition, a flattening effect for the polarisation curves at 20 bar is ob-
served at high current density (Fig. 8b). There are essentially two ef-
fects causing such peculiar behaviour. First, the water temperature is
controlled at the cell inlet by a thermostat and this is assumed as the
nominal cell temperature. During the pseudo-steady state polarisation
measurements at high current density (data are collected when the cell
performance stabilizes), there is an internal increase of the local tem-
perature that is caused by the exothermic electrolysis reaction at po-
tentials well above the thermoneutral potential [16]. In effect, an in-
crease of cell temperature (some degrees Celsius) is recorded for the
outlet water during operation at high current density. This causes a
decrease of the cell potential because both the membrane conductivity
and the reaction kinetics are significantly enhanced by the increase of
internal temperature [66]. The low water flow rate used in our ex-
periments does not allow to efficiently extracting the produced heat. A
second effect is due to the formation of finer hydrogen bubbles at high
pressure reducing the mass transport constraints at high current density
[67]. Thus, both the increase of the local temperature (increase of
membrane conductivity and reaction kinetics) and the decrease of mass
transport constraints, under high operating pressure, produce a de-
crease of cell voltage at high current density that is counteracted by the
increase of ohmic drop with the current. The balance between these two
opposite effects results in a flattening of the cell potential vs. current
density profile in the high current density region compared to low
operating currents. These aspects are also investigated using electro-
chemical impedance spectroscopy (see below).

Considering that the thermoneutral potential is about 1.5 V under
such conditions, a voltage efficiency of 77% is achieved at 3 A cm−2

and 20 bar. It is interesting to note that at high pressure the polarisation
curves for the bare and PtCo-based MEAs overlap at high current
densities (Fig. 8b). This despite the fact that the permeated hydrogen is
oxidised at the PtCo anode contributing in principle to the overall
electrochemical reaction rate. However, at high overpotentials, also O2

evolution is greatly enhanced. Under such conditions, the use of the
additional PtCo catalytic layer does not produce a positive effect on the
electrochemical reaction rate since the IrRuOx layer where oxygen
evolution occurs is not in contact with the membrane. Usually, an in-
timate contact between IrRuOx and membrane favours the oxygen
evolution process.

The measurements of the hydrogen gas concentration in the oxygen
stream (anode) at ambient pressure (Fig. 9a), clearly show a relevant
decrease of the hydrogen content in the overall range of current den-
sities in the presence of a PtCo catalyst. The effect appears more re-
levant at the low operating current densities where a mitigation action
is more important. At ambient pressure, there is almost 50% reduction
of the H2 concentration in oxygen in a wide range of current densities.
In particular, at the lowest operating current density (0.15 A cm−2) and
at ambient pressure, the conversion of the permeated H2 was about
46%. This is however substantially lower than that observed for same
PtCo catalyst in the gas-phase in the packed-bed reactor (99.5%). Such
relevant difference could be related to the different operating condi-
tions, in particular liquid vs. gas-phase operation (a substantial de-
crease of conversion was observed upon feeding water vapour in the
packed bed reactor), or to a different reaction mechanism. This could be
essentially based on the electrochemical oxidation of permeated H2 to
protons instead of H2 conversion to water by effect of the evolved O2.
The electrochemical oxidation of H2 should be very efficient at high
potentials on metallic surfaces but the surface of the PtCo catalyst is
very likely oxidised under electrolysis conditions with a consequent
decrease of activity. On the other hand, in the gas phase experiments,
pure oxygen was fed for more than 0.5 h, in each cycle, before hydrogen
was injected into the O2 stream. Thus, a chemical oxidation of the

Fig. 8. Electrolysis polarization curves for the bare MEA and the MEA con-
taining the PtCo oxidation catalyst at (a) 1 bar and (b) 20 bar differential
pressure, at a constant water inlet temperature of 55 °C.

Fig. 9. Hydrogen fraction in the outlet anode stream at various current den-
sities for the bare MEA and the MEA containing the PtCo oxidation catalyst at
(a) 1 bar and (b) 20 bar differential pressure, at a constant water inlet tem-
perature of 55 °C.
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catalyst surface could have also occurred in the packed bed reactor. The
lower occurrence of oxidised species on the surface of PtCo, evidenced
by the XPS analysis, produces the best recombination activity among
the investigated catalysts.

The reduction of the H2 concentration in the oxygen stream is also
relevant at 20 bar (Fig. 9b) even if it is less significant compared to what
observed at ambient pressure. Probably, due to the thin unsupported
PtCo catalyst layer over the membrane, the occurrence of preferential
pathways for hydrogen permeation may occur under high differential
pressure operation. However, the reduction of the hydrogen content in
the anode stream appears similar at both operating pressures at least in
terms of absolute values (Fig. 9a–b).

It is important to consider that, the excellent capability of the PtCo
to act as recombination catalyst in the gas catalytic process was in part
favoured by the presence of a thick and dense catalytic layer in the
packed-bed reactor. Unfortunately, the need to reduce the Pt content in
the electrochemical cell does not allow using a thick PtCo layer in the
electrolysis MEA. The trade-off between the enhancement of the hy-
drogen production rate in the electrolysis system using a thin mem-
brane and the increase of catalyst cost contribution by effect of the
additional PtCo oxidation catalyst layer needs to be investigated more
in-depth. However, for the present 90-μm membrane, the addition of
just 0.1 mg cm−2 of PtCo hydrogen oxidation catalyst produces a de-
crease of the concentration of hydrogen in the oxygen stream well
below the flammability limit of 4% also at a current density of 0.15 A
cm−2. Considering a nominal operating current density of 3 A cm−2 for
this system [16,17], the PtCo hydrogen oxidation catalyst allows to
extend the minimum partial load operation down to 5% whereas
commercial systems usually do not allow partial load operation below
20% and 0.3 A cm−2 [8,9,14,67].

The equivalent current density for the hydrogen permeation rate
into the anodic outlet stream was estimated, at different operating
electrolysis current densities, from the measured H2 concentration in
the anode stream and the oxygen production rate according to the
following formulas:

=

+
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mol molH
H
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Where CH2 is the experimentally determined concentration of hy-
drogen in the outlet anode stream; molO

evolved
2 are the number of evolved

oxygen moles per unit of time; molH
permeated

2 are the calculated number of
hydrogen moles per unit of time released into the anodic outlet stream;
IH

permeated
2 is the equivalent current density for the hydrogen permeation

rate, 2 is the number of electrons exchanged during the oxidation of one
hydrogen molecule and F is the Faraday’s constant.

This calculation neglects the oxygen cross-over to the cathode
[68,69] that in our high differential pressure experiments (hydrogen
pressurised at 20 bar, non pressurised oxygen) is relatively low (< 1%)
compared to the overall produced oxygen. This is confirmed by the
comparison of the amount of oxygen evolved at the anode and the
nominal oxygen production calculated from the Faraday’s law at spe-
cific current densities.

The equivalent current density for the hydrogen permeation into the
outlet anode stream, at various electrolysis current densities, for the
bare MEA and the MEA containing the PtCo oxidation catalyst, at 1 bar
and 20 bar differential pressures, is shown in Fig. 10a–b. It is observed
that the hydrogen permeation rate increases linearly, as also observed
in the literature [22], especially at high operating current densities
(Fig. 10a–b). This permeation process is particularly related to the
oversaturation of hydrogen in the cathode catalytic layer [22]. The
oversaturation increases proportionally with the electrolysis current
density. At almost ambient pressure and very low current densities, the
diffusion process may be essentially driven by the concentration

gradient [70]. The slope of the curve is lower under such conditions
(Fig. 10a).

When the differential pressure was increased at 20 bar (Fig. 10b),
the permeation rate was significantly higher than at ambient pressure.
In this case, the permeation rate also increased linearly with the current
density but according to two different slopes. The slope was higher at
low current density (Fig. 10b). According to the high pressure condi-
tions, a supersaturation of the cathode layer with H2 is also occurring in
this range and hydrogen permeation at low current densities is fa-
cilitated by a lower oxygen production at the anode side. Of course, this
phenomenon is critical for the system safety [68]. The observed hy-
drogen permeation rate into the anode outlet decreases in the presence
of the PtCo catalyst, at both pressures (Fig. 10a–b), as this catalyst
converts a fraction of the hydrogen permeated through the membrane
to protons.

Faradaic efficiency was estimated from the hydrogen flow rate after
a cryogenic drying (Fig. S14). At 20 bar, the faradaic efficiency was
about 99% in a wide range of current densities from 0.5 to 3 A cm−2 for
both MEAs. This high faradaic efficiency, achieved in the presence of a
relatively thin membrane (90 μm), clearly shows that the problem of
hydrogen permeation into the anode is not affecting significantly the
electrolysis efficiency but mainly the system safety especially under low
current density operation.

The polarisation curves, recorded at different differential pressures,
are compared in Fig. 11a. As discussed above, an increase of the cell
voltage with the increase of pressure is observed at low current den-
sities. Instead, at large current densities, the internal increase of tem-
perature caused by a poor heat exchange, which appears more relevant
under pressure, and the decrease of the size of gas bubbles with pres-
sure play an important role. Practically, the system efficiency at high
current density is improved by the increase of temperature and pres-
sure.

Also in the presence of PtCo, the hydrogen concentration increases

Fig. 10. Equivalent current density for the hydrogen fraction in the outlet
anode stream at various electrolysis current densities for the bare MEA and the
MEA containing the PtCo oxidation catalyst at (a) 1 bar and (b) 20 bar differ-
ential pressure, at a constant water inlet temperature of 55 °C.
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significantly in the low current density range (Fig. 11b). However, the
safety limit becomes critical at 20 bar for a current density lower than
0.15 A cm−2 (Fig. 11b). One can see that a further increase of the op-
erating pressure is possible but the safety limit for the minimum op-
erating current density will shift towards higher currents. In other
words, electrolysis systems operating at very high pressure have a
smaller partial load range. The rate of hydrogen permeation with the
current density increases with the pressure (Fig.10). However, the hy-
drogen permeation in the outlet anode stream remains relatively low
compared to the amount of hydrogen produced at the cathode for the
present combination of PtCo oxidation catalyst and Aquivion® mem-
brane (90 μm).

The effect of the differential pressure was also investigated, under
constant voltage efficiency conditions, by electrochemical impedance
spectroscopy. Nyquist plots for the MEA containing the PtCo oxidation
catalyst, obtained at 1.5 V and 1.8 V, at different pressures, are reported
in Figs. 12a–b. This was useful to get insights about the limiting steps
affecting the electrolyser operation in the activation-controlled region
and at high current densities. At 1.5 V voltage (Fig. 12a), a single
semicircle is evident in the investigated frequency range. This is es-
sentially related to the charge transfer process associated to the oxygen
evolution reaction (rate determining step under these conditions)
[19,71]. As discussed above, the reversible Nernst potential shifts po-
sitively with the increase of pressure [21]. Thus, the effective applied
overvoltage decreases with the increase of the operating pressure. For
purely kinetic processes, the reaction rate (current density) and applied
overpotential are directly related according to the Volmer-Butler
equation. Thus, the increase of charge transfer resistance with the in-
crease of pressure in this region (Fig. 12a) is essentially due to this
effect.

Fig. 12b shows instead at 1.8 V a decrease of the overall differential
resistance (low frequency intercept on the real axis) with pressure. Two
semicircles are observed in these spectra. The high frequency semicircle
is still related to the charge transfer process associated to the oxygen
evolution reaction whereas the low frequency semicircle is very likely
related to mass transport limitations [19,20]. At the same pressure, the
charge transfer process associated to the oxygen evolution is

significantly lower at 1.8 V than at 1.5 V due to the effect of the dif-
ferent overpotential according to the Volmer-Butler equation (Fig. 12).
However, the decrease of charge transfer resistance with pressure in the
high current density region (1.8 V) is possibly related to a depolarisa-
tion effect caused by the hydrogen cross-over to the anode.

The decrease of the mass transfer resistance with pressure at low
frequency is instead likely related to the formation of finer gas bubbles.
Interestingly, at 1.8 V (Fig. 12b), there is a decrease of the series re-
sistance (high frequency intercept on the real axis of the Nyquist plot)
passing from almost ambient pressure to 20 bar differential pressure
probably caused by an improved MEA compression.

The depolarisation phenomena, observed in the presence of the
PtCo catalyst, both in polarisation (Fig. 8) and impedance (Fig. 12)
studies, together with the significantly lower H2 conversion recorded
when the catalyst was in a wet state in the packed bed reactor (Fig. S10)
would suggest a prevailing electrochemical oxidation mechanism for
the permeated H2 in the electrolysis cell. This can be in part due to the
fact that the PtCo layer is coated directly on the membrane; thus, it is
less exposed to the oxygen evolved at the IrRuOx layer that pre-
ferentially diffuses towards the titanium mesh backing layer.

The present approach can allow for the use of thinner membranes in
electrolysis. A comparison of the H2 concentration in the outlet anode
stream for the present system with the literature results for conven-
tional MEAs, based on much thicker membranes (170 μm, 230 μ) is
shown in Fig. 13a–b. This comparison indicates a positive role of the
PtCo catalyst especially in the low range of current density. For thick
membrane based MEAs, there are not many literature data available for
the hydrogen concentration in the anode stream at current densities
higher than 2–3 A cm−2. The reason is essentially due to the fact that
the voltage efficiency for a thick membrane-based MEA is relatively low
at high current density. This is due to the large ohmic drop. Thus, there
is no interest in analysing the cell behaviour under conditions which are
not of practical relevance. From the trend observed in Fig. 13, it may be
possible that at very high current density, the concentration of

Fig. 11. Polarisation curves (a) and hydrogen fraction in the outlet anode
stream (b), at different pressures, for the MEA containing the PtCo oxidation
catalyst, at a constant water inlet temperature of 55 °C.

Fig. 12. Electrochemical impedance spectra, at 1.5 V (a) and 1.8 V (b), at dif-
ferent pressures, for the MEA containing the PtCo oxidation catalyst, at a
constant water inlet temperature of 55 °C.
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hydrogen in the anode stream is lower for thick membranes compared
to thin membranes even combined with a PtCo catalyst. However, this
appears to be less relevant because the region where the role of the
oxidation/ recombination catalyst is more important is that at low
current densities.

On the other hand, one may consider the opportunity to further
decreasing the thickness of the membrane in the presence of the PtCo
catalyst but this may require sacrificing in part the extension of the
partial load operating range compared to thick membranes. This would
mean a less flexible system to cope with dynamic electricity production
from renewable sources.

For the moment, the PtCo catalyst appears beneficial in terms of
reduction of the hydrogen concentration in the anodic stream when it is
combined with a membrane of proper thickness. The increased catalyst
cost, due to the additional PtCo layer, is largely compensated by a
significant increase of the hydrogen production rate (lower capital
costs) at the same efficiency as consequence of the reduced ohmic losses
associated to the thin membrane.

4. Conclusions

A Pt-Co alloy catalyst showed good H2-O2 recombination capability
in the gas phase after exposure to 4% vol. H2 in O2; this was not the case
of PtRu alloys. According to the XPS results, the recombination per-
formance appears to be correlated with the capability of the PtCo alloy
system to keep Pt sites in a reduced oxidation state compared to other
Pt catalysts. For the PtCo system, during operation in the gas phase
catalytic reactor, it was observed that about 99.5% of H2 was im-
mediately converted to water when it was fed at 4% vol. in the oxygen
stream (flammability limit).

Integration of the PtCo alloy catalyst in the membrane-electrode
assembly, in particular between the membrane and the IrRuOx anode
catalyst, showed also good electrochemical performance for the

oxidation of the permeated hydrogen. In this case, the mechanism
mainly consisted in an electrochemical oxidation of the permeated H2

to protons that were transported back to the cathode according to the
electric field gradient effect. At the cathode, these ions were reduced
again to molecular hydrogen. This parasitic current was not affecting
much the faradaic efficiency of the system that remained larger than
99% in almost the overall range of operating current densities. The
prevailing electrochemical oxidation mechanism for the permeated H2

in the electrolysis cell is supported by the occurrence of relevant de-
polarisation phenomena in the presence of the PtCo catalyst. Moreover,
a much lower recombination conversion was observed in the packed
bed reactor with the PtCo catalyst in a wet state.

The H2 concentration in the oxygen stream of the PEM electrolyser
decreased significantly at all pressures in the presence of the PtCo
catalyst. At 20 bar differential pressure, in the presence of PtCo, the
hydrogen concentration in the anodic oxygen stream was well below
the flammability limit also when the current density was as low as
0.15 A cm−2. This corresponds to 5% partial load operation for the
nominal current density of 3 A cm−2 for the present system compared
to a minimum partial load of 20% for conventional electrolysis systems.
This characteristic provides better flexibility to cope with the dynamic
behaviour of renewable power sources. The observed H2 concentration
in the oxygen stream for the present electrolysis system is lower than
that reported in the literature for PEM electrolysis cells operating at
both similar pressures and current densities in the presence of much
thicker membranes-based electrolytes.
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