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Abstract IrO,—RuO,, IrO,-Pt and IrO,-Ta,0;5 electro-
catalysts were synthesized and characterized for the
oxygen evolution in a Solid Polymer Electrolyte (SPE)
electrolyzer. These mixtures were characterized by XRD
and SEM. The anode catalyst powders were sprayed onto
Nafion 117 membrane (catalyst coated membrane, CCM),
using Pt catalyst at the cathode. The CCM procedure was
extended to different in-house prepared catalyst formula-
tions to evaluate if such a method could be applied to
electrolyzers containing durable titanium backings. The
catalyst loading at the anode was about 6 mgcm 2,
whereas 1 mg cm™> Pt was used at the cathode. The
electrochemical activity for water electrolysis was inves-
tigated in a single cell SPE electrolyzer at 80 °C. It was
found that the terminal voltage obtained with Ir—Ta oxide
was slightly lower than that obtained with IrO,—Pt and
IrO,—RuO, at low current density (lower than
0.15 A cm™?). At higher current density, the IrO,—Pt and
IrO,—RuO; catalysts performed better than Ir-Ta oxide.
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1 Introduction

Presently, hydrogen production is carried out by reforming
of different hydrocarbons (from methane to naphthas).
Reforming reactions are highly endothermic. Therefore, it
is necessary to carry out the process by combustion of gas
or oil. Significant amounts of CO, are generated by both
the combustion and the reforming processes which will
markedly affect the environment when hydrogen is pro-
duced on a large scale [1-3]. The production of hydrogen
using renewable resources, such as electrolysis and pho-
toelectrolysis reduces significantly the amount of pollutants
emitted since these processes are essentially characterized
by zero-emissions.

Two types of hydrogen generators by electrolysis pro-
cess are commercially available, i.e. alkaline electrolyzer
(EA) and solid polymer electrolyte electrolyzer (SPE).
Alkaline electrolyzers are more popular because the tech-
nology is well developed, and several suppliers are
available (Stuart, Hydrogen Systems, Norsk Hydro Elec-
trolyzers). The operating temperature and pressure of both
types of electrolyzers are similar. However, compared with
alkaline electrolyzers the SPE systems offer some advan-
tages including higher hydrogen purity (i.e. no need for a
clean-up process), no corrosive electrolyte, lower energy
consumption and it is not necessary to apply a voltage to
avoid corrosion when the system is not in operation. Fur-
thermore, a SPE electrolyzer is compact and its electrolyte
is chemically stable, whereas the KOH in alkaline elec-
trolyzers is susceptible to carbonation.

Oxygen evolution occurs on noble metal catalysts (e.g.,
Pt, Au, Ir, Rh, Ru, Ag), but metal oxides (eg., RuO,, IrO,)
are generally more active electrocatalysts for this reac-
tion than the metal electrodes. Several factors influence
the electrocatalytic evolution of oxygen including. the
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crystal-field stabilization energy, mixed and doped oxides,
dispersion, crystallinity, and crystallite size [4]. IrO, cata-
lyst has been examined as an anode (oxygen evolution
electrode) in SPE electrolyzers [5]. IrO, and RuO, are well
established as electrocatalysts in many industrial electro-
chemical processes in the form of dimensionally stable
anodes [2]. IrO, exhibits high corrosion resistant properties
but slightly lower electrocatalytic activity than RuO, [6].
Most dimensionally stable anode electrodes are prepared by
thermal decomposition of metal precursors onto titanium
substrates [7]. This method is unsuitable for SPE electro-
lyzers due to the difficulty of obtaining good contacts
between the electrocatalytic layer and the membrane.
Alternatively, the anode catalyst is deposited onto the
electrode backing or diffusion layer, often formed with
carbonaceous materials [5, 8—11]. There are two constraints
associated to this procedure. First, the carbonaceous mate-
rials are not stable during prolonged operation at elevated
potentials and, second, the triple phase formation usually
requires hot bonding to the membrane in a press that may
cause membrane damage and degradation. To obtain a
proper electrocatalytic layer on the membrane, pre-prepared
powders may be applied as an ink onto the membrane [12].
The ink may contain both the catalyst and ionomer to
enlarge the triple-phase boundary within the catalytic layer.
This approach is presently used in polymer electrolyte fuel
cells and it is called catalyst coated membrane (CCM) [13,
14]. The diffusion/backing layer is added subsequently
when the membrane-electrode assembly (MEA) is installed
in the cell. The CCM method was recently investigated by
Zhang et al. [14] for manufacturing a membrane electrode
assembly for SPE electrolyzer. The method was assessed by
using just one catalyst formulation. In this work we have
extended the CCM procedure to various catalytic formula-
tions to evaluate if such a method could be applicable to
electrolyzers containing durable titanium backings and how
the most promising catalytic formulation behaves for oxy-
gen evolution in a wide range of current densities.

2 Experimental
2.1 Preparation of IrO,—RuO, electrocatalyst

Appropriate amounts of (NHy),IrClg (Aldrich) and
(NH4),RuClg (Aldrich) were dissolved in deionised water,
in order to prepare an atomic ratio Ir:Ru = 50:50. The
aqueous solution was then heated (80 °C) in air and stirred
for 2 h. The resulting paste was pulverized and then
washed three times with deionised water, before being
dried in air for 3 h at 80 °C. The dry powder was then
annealed in air at 500 °C for 2 h, using a heating rate of
3°C min~ ",
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2.2 Preparation of IrO,—Pt electrocatalysts

The preparation of IrO,—Pt was carried out by incipient
wetness technique which consists of the impregnation of
commercial amorphous-like IrO, (Spectrum) onto a com-
mercial Pt black (Johnson Matthey). The electrocatalyst
was prepared at 50:50 atomic ratio of Ir:Pt.

2.3 Preparation of IrO,—Ta,O5 electrocatalyst

The preparation of Ir-Ta oxide was carried out by dis-
solving (NHy),IrClg x H,O (Strem Chemical) in HCI with
an ultrasonic stirring system. This solution was mixed with
tantalum (V) chloride, anhydrous (99.9% Ta) (TaCls)
(Strem Chemical), in order to prepare an atomic ratio
Ir:Ta = 70:30. This solution was then heated at 80 °C in
air for 2 h to precipitate a powder material. The powder
was annealed in air at 500 °C.

2.4 Preparation of Pt/C electrode

A commercial 30% Pt/Vulcan XC-72 (E-TEK, PEMEAS,
Boston, USA) was used as the catalyst for H, evolution.
The electrode was prepared by directly mixing in an
ultrasonic bath, a suspension of Nafion ionomer in water
with the catalyst powder (catalyst/dry ionomer = 2/1 wt.).
The paste obtained was spread on carbon cloth backings
(GDL ELAT from E-TEK).

2.5 Physico-chemical characterization

The powders were characterized by X-Ray Diffraction
(XRD), X-Ray Fluorescence (XRF) and Scanning Electron
Microscopy (SEM). X-ray diffraction analysis was per-
formed on dry electrocatalytic powders using a Philips
X-Pert 3710 diffractometer with Ko line of Copper (CuKo).
This diffractometer operates at 40 kV and 30 mA, step time
of 0.5° 20 min~ ', angular resolution of 0.005° 20. The
diffraction patterns were fitted to JCPDS (Joint Committee
on Powder Diffraction Standards) and crystal size distribu-
tion was calculated using LBA (line broadening analysis).

X-ray fluorescence analysis of the catalysts was carried
out by a Bruker AXS S4 Explorer spectrometer operating at
1 kW. The spectrometer was equipped with a Rh X-ray source,
a LiF crystal analyzer and a 0.12° divergence collimator.

A Philips XL 30 scanning electron microscope was used
for SEM-EDX analysis of the catalysts.

2.6 Preparation of membrane and electrode assembly
(MEA)

The oxygen evolution catalysts were directly deposited onto
one side of Nafion 117 (Du Pont) membrane by spray
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technique. Inks were composed of aqueous dispersions of
catalyst, deionised water, Nafion solution (5% Aldrich) and
anhydrous Ethylic alcohol (Carlo Erba). The loading of
anode catalyst was about 6 mg cm™ >, while the cathode
loading was 1 mg cm ™2 Pt using a 30% Pt/C (E-TEK) as
catalyst. The ionomer (Nafion, Ion Power) content was 33%
by weight in the catalyst layer after drying. A Nafion 117
(Ion Power) membrane was used as solid polymer electro-
lyte. Instead of carbon cloth as a backing layer, a titanium
grid was used as a diffusion layer and current collector for
the anode to avoid corrosion. To facilitate gas evolution, the
titanium grid was immersed in a water/FEP (1:1) (Dyneon
FEP 6300 RG) solution for 1 min and then it was dried in an
oven. Sintering was carried out at 350 °C for 30 min. MEAs
were directly prepared in the cell housing by tightening at
9 Nm using a dynamometric wrench.

2.7 Evaluation of water electrolysis performance

The SPE electrolyzer performance was evaluated at 80 °C.
Heated deionised water, which was circulated by a pump at
a flow rate of 2 ml min~', was supplied to both electrodes.
The water temperature was maintained at 10 °C higher
than the cell temperature. Cell potentials were measured as
a function of current density with an Autolab PGSTAT 302
Potentiostat/Galvanostat (Metrohm).

3 Results and discussion
3.1 IrO,—RuO,

XRD analyses were carried out on the anode catalysts.
Figure 1 shows XRD patterns of the precursor powder after
calcination at 500 °C for 2 h. The XRD peaks were
assigned to IrO, and RuO,. No presence of Ir and Ru in a
metallic form was found. The crystalline structure was
assigned to tetragonal rutile. The crystallite size was esti-
mated at around 10-12 nm based on the broadening of
three principal peaks (28.1, 35.12 and 54.07°) using the
Scherrer equation.

A SEM image of IrO,—RuO, is shown in Fig. 2. A
porous morphology was observed with two different pha-
ses, one corresponding to IrO, and the other typical of
RuO,. The EDX analysis allowed for the small particles
of the same size to be identified by XRD to be composed of
IrO,. Agglomerates of larger sized particles appeared to be
mainly composed of RuOs,.

Table 1 shows the X-ray fluorescence data for the IrO,—
RuO, catalyst. From this analysis, it was determined that
the Ru concentration was slightly larger than Ir in the
catalyst after calcination and washing, whereas their con-
centrations were equal in the precursor.

Intensity / a.u

20 30 40 50 60 70 80 90 100
20/°

Fig. 1 X-ray diffraction patterns of IrO,—~RuO, powder calcined at
500 °C

Fig. 2 SEM image of IrO,—RuO; calcined at 500 °C

Table 1 Physico-chemical characteristics of IrO,—RuO,, IrO,—Pt and
1rO,-Ta,0s5 catalysts

Catalysts Composition from XRF (wt.%) Particle size
from XRD (nm)
Ru Ir Pt Ta
IrO,—RuO, 534 44.5 - - 10-12
IrO,-Pt - 56.94 42.57 - 6 (Pt)
IrO,-Ta,0s - 73.4 - 19.3 -
3.2 IrO,-Pt

Figure 3 shows a comparison among IrO,, IrO,—Pt and Pt.
IrO,—Pt shows the typical face centered cubic structure of
Pt and a particle size of 6.1 nm (the same of Pt black from
Johnson—Matthey). Moreover, by comparing Pt and IrO,—
Pt, the latter shows a little shoulder at about 35° 260 due to
the presence of IrO,. At 20 degrees higher than 40°, IrO,—
Pt shows small peaks of metallic Ir which are also present
in the commercial IrO,. An SEM image of IrO,—Pt is
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Fig. 3 X-ray diffraction patterns of IrO,, IrO,—Pt and Pt

Fig. 4 SEM image of IrO,—Pt

shown in Fig. 4. A porous morphology typical of Pt par-
ticles is evident.

33 ITOZ—T3205

The X-ray diffraction pattern of Ir-Ta oxide catalyst is
shown in Fig. 5, with mainly an amorphous phase, in
agreement with the results of Rolewicz et al. and Mura-
kami et al. [7, 15]. The SEM image of IrO,—Ta,05 (Fig. 6)
showed mainly the presence of large agglomerates of dif-
ferent sizes, well bonded each other.

Table 1 shows the X-ray fluorescence results of the
Ir-Ta oxide with an atomic percentage Ir/Ta = 4/1. Thus, a
minimal difference with respect to the atomic ratio used in
the synthesis procedure was found.

3.4 Evaluation of water electrolysis cell performance

Figure 7 shows the terminal voltage versus current density
curves for electrolysis cells using IrO,—RuO,, Ir-Ta oxide
and IrO,-Pt as anode electrodes at 80 °C. A 30% Pt/Vul-
can (E-TEK) was used as the cathode catalyst in all
experiments. A Teflonized Ti grid was used as the current
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Fig. 5 X-ray diffraction patterns of IrO,-Ta,05 powder calcined at
500 °C

Fig. 6 SEM image of IrO,-Ta,0s5

collector in the anodic compartment and a carbon cloth
coated with a diffusion layer (ELAT from E-TEK) was
used as the cathode current collector. During the electrol-
ysis operation, the terminal voltage of the IrTa oxide-based
cell was slightly lower than that of the IrO,—Pt and IrO,—
RuO, cells at current densities lower than 0.15 A cm 2. In
contrast, at current densities greater than 0.15 A cm™> the
behavior changed and the IrO,—RuO, and IrO,—Pt based
cells produced more current than Ir-Ta oxide cell.

Since the results obtained for the three anodes were
quite similar, the influence of sample variation was
explored. In order to determine the sample variation for the
three electrodes, a normal statistical distribution was car-
ried out, using two different MEAs for each formulation
and duplicate runs (two polarization curves) for each
electrode (for a total of four experimental results) and a
95% of accuracy interval [17]. The standard error was
calculated at around 2-3%. The error bars for each MEA
are shown in Fig 7.
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Fig. 7 Terminal voltage versus current density curves of IrO,—RuO,,
1rO,-Ta,05 and IrO,—Pt as anode electrodes at 80 °C. The error bars
are shown for each electrode

A comparison of the electrochemical behavior in the
range of polarization controlled by kinetics for the different
catalysts is shown in the insert in Fig. 7. The catalyst with
the best activity appears to be the Ir-Ta oxide, probably
due to the higher amount of IrO, (70:30 atomic ratio)
compared to the other catalysts (50:50 atomic ratio).

Also, the physical chemical properties resulting from the
preparation procedure play an important role in determin-
ing the catalytic activity. In the present work, compared to
the literature [17], a simple, fast and low cost method of
preparation of an IrO,—RuO, electro-catalyst was used.
IrClg and (NH4),RuClg precursors were mixed in an
aqueous solution, heated to 80 °C, dried and annealed in air
at 500 °C. This procedure yielded a large amount of cat-
alytic powder per batch and, moreover, no toxic gas
evolution occurred during the preparation. Unfortunately,
as observed in the SEM image, RuO, particles appear to be
very large with a consequent low surface area. This char-
acteristic should affect the catalytic behavior. For the IrO,—
Pt catalyst, an impregnation procedure was utilized
employing commercial catalysts. Thus, the surface prop-
erties could be affected by this preparation technique.

The differences in the high current region could be
attributed to the presence of Ta,Os that is known to be
more resistive (in terms of electronic conductivity) than the
other oxides used in the present study. In fact, from the
slope of the I-V curve for the Ir-Ta oxide-based cell, a
higher cell resistance was measured. From the observation
of the SEM image of the Ir-Ta oxide, a large agglomera-
tion was observed with a lower porosity compared to the
other oxides. This could be responsible of the diffusion
constraints observed for the Ir—Ta oxide cell.

The energy efficiency of the water electrolysis was
evaluated at low current densities (0.01-0.2 A cm™?) in
order to analyze the performance of the anode catalyst
without the influence of ohmic resistivity and high bubble
formation. Based on terminal voltage versus current den-
sity characteristics, the efficiency of the water electrolysis
can be calculated. The efficiency of water electrolysis (1ye)
is given by the following equation:

Nwe = AH /nFEy. (1)

where n is number of moles of electrons involved in the
reaction, F is the faraday constant, AH is the enthalpy
change of the reaction, Ey. is the terminal voltage for the
water electrolysis at a given current density (the higher
heating value of AH was used). The efficiency #,,. was
calculated according to Eq. 1 at current density of
0.01 A cm™2 (mainly characterized by activation losses)
and intermediate current densities 0.1 and 0.25 A cm™ >
(characterized by initial ohmic losses). Table 2 shows the
results for IrO,—Pt, IrO,—RuO, and IrO,-Ta,Os5 cells. As
expected from the voltage versus current characteristics,
the Ir-Ta oxide cell showed the highest efficiency (68.6%)
for water electrolysis at current densities of 0.01 A cm_z,
whereas the IrO,—Pt, IrO,—RuO, cells showed almost the
same efficiency. This may be attributed to a higher elect-
rocatalytic response of IrTa oxide than for the other two
anode electrodes. The efficiency for the three cells at
0.1 A cm™? was around 60%, while for a current density of
025 A cm72, the Ir-Ta oxide cell showed the lowest
efficiency and the IrO,—Pt, IrO,—RuO, cells showed an
efficiency of about 56%. The lower performance of IrO,—
RuO, catalyst compared to the results reported in the lit-
erature could be due to the large particle size of RuO,.
IrO,—Pt, which has been developed mainly for Unitized
Regenerative Fuel Cells (URFCs), showed promising
activity for electrolyzers, probably due to its composition
with a suitable particle size (6 nm for Pt particles). The
efficiency could be improved by optimizating the catalyst’s

Table 2 Energy efficiency of

water electrolysg at 0.01, 0.1 dcggzil;t eAlrel::)t(i;c) de fwe
and 0.25 A cm™ “ for different ay
materials (A cm™)

0.01 IrO,-RuO, 66.1

1rO,-Ta,05 68.6

IrO,—Pt 65.8

0.1 1IrO,—RuO, 60.4

1rO,-Ta,05 60.7

IrO,—Pt 60.2

0.25 IrO,-RuO, 56.7

1IrO,-Ta,05 54.2

Bold denotes maximum value IrO,—Pt 56.9

obtained
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properties in terms of morphology and electronic charac-
teristics. High cell efficiency is reported in the literature
approaching 90% with optimized catalysts and with a
catalyst loading around 8-10 mg cm 2 [8, 9, 13]. Yet, in
most of these reports expensive catalyst preparation pro-
cedures were employed [17] and mainly carbonaceous
materials were used as electrode backings which are nei-
ther practical nor stable. These backings are advantageous
in terms of reduced ohmic drop but such carbonaceous
compounds, e.g. carbon cloth, carbon paper, carbon fibers,
give rise to degradation during prolonged operation. The
electrochemical data in this work were obtained with
durable Ti backings in order to make comparison under
conditions that are similar to the industrial applications.

4 Conclusions

The energy efficiency was evaluated for the three anode
electrodes (IrO,-Ta,0s5, IrO,—Pt and IrO,—Ru0,) at low
current densities to compare the catalytic activity without
interference from ohmic and mass transport losses. Durable
Ti electrode backings were used at the anode and a CCM
procedure was employed for MEA preparation. The highest
efficiency at a current density of 0.01 A cm™? for the
different electrolysis cells was achieved for Ir-Ta oxide at
68.6%. At larger current densities IrO,—Pt and IrO,—RuO,
showed better catalytic activities than Ir-Ta oxide. The
ohmic drop was larger for the Ir-Ta oxide which signifi-
cantly influences the behaviour of this catalyst. The poorer
performance for IrO,—RuO, compared to the literature is
probably due to the large RuO, particle size. In order to
evaluate these anode electrodes at higher current densities
of up to 0.3 A cm ™2, a good electrolyzer design with low
ohmic losses will be important and an appropriate diffusion
backing layer will be essential.
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