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Binary oxides of IrO4:RuO, were synthesized and characterized as electrocatalysts for the oxygen
evolution reaction. The catalysts were prepared by using a colloidal method in aqueous solution and a
subsequent thermal treatment. The physical characterization was carried out by X-ray diffraction
(XRD) and the lattice parameters, unit cell volumes (V) and the crystal lattice distortion ratio were
calculated. Half cell electrochemical evaluation of binary oxides was carried out in an inert diamond
electrode (BDD, A=1cm?) substrate, in order to achieve reproducibility and a stability measurements in
a potential range of 0 to 2 V vs. NHE. Half Cell chronoamperometric studies by 24 h show a
IrOy:RuO, 20:80 with the highest stability, and a current density of 146 mA cm? at 1.44 V vs. NHE.
Finally the binary oxide was evaluated in a single electrolysis cell at different operation temperatures
obtaining 1.28 A cm? at 1.8 V (80 °C).
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1. INTRODUCTION

Water electrolysis is an important method for hydrogen production, and traditional alkaline
water electrolysis technology has been widely used in recent decades. However, it presents some
inconveniences, such as high overpotential and corrosion caused by the alkaline electrolyte. In the
1960s, the General Electric Company first proposed the concept of SPE (solid polymer electrolyte)
technology for space applications [1-9]. These devices represent a viable alternative to produce high
purity hydrogen and energy from the electrolytic split of water molecules [10].
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SPE electrolyzers use a membrane (Nafion® in this case) for the ion exchange into its two
components: Hydrogen and Oxygen. Hydrogen evolution reaction takes place in the cathodic side
while the Oxygen evolution reaction is performed in the anodic side, which is one of the main subjects
of study in this work.

Safety, high energy density and low maintenance requirement are some advantages of water
electrolyzers. However, despite the feasibility of using such systems, the slow kinetics of the OER in
the anode is an issue [11] which requires efficient electrocatalysts. For this reason, many research
groups have developed new materials such as transition metal oxides as Pd, Ir, Ru, Rh, Au, Re, Os, Ta
and Mo among others [12-18]. Additionally it was observed that the use of these metals as
electrolcatalysts decreases the overpotential applied to carry out the OER, also generating a higher
current density.

In a previous study RuO, and IrO, oxides were synthesized [19-21], obtaining important
insights on both materials. The IrO, has good stability when is used in the OER, but- a higher
overpotential is needed, unlike the RuO, that requires a lower overpotential for carrying out the
reaction, however the current density developed drops dramatically over time, which, as mentioned,
does not occur with IrO,. This result is directly related to the stability of the material [20].

A principal and complex difficulty for half cell electrochemical studies of catalytic materials
for OER is the substrate (normally glassy carbon) utilized, due to high potentials needed as up to 1.6V
vs NHE. This could cause an accelerating corrosion process of the substrate and the participation of
functional groups on the carbon surface. In this work, it was selected the B-doped diamond (BDD) as
substrate. The BDD presents a very high overpotential for both oxygen and hydrogen evolution in acid
conditions. This electrode/substrate leads to a wide potential window (approximately 3.5 V vs NHE)
that can be used for other electrochemical reactions in the presence of aqueous electrolytes. The
oxygen evolution reaction potential on BDD is 2.4 V in 0.2 M H,SO, [22, 23]. Nevertheless, the width
of the potential window decreases with the quality of the BDD film and the incorporation of non-
diamond sp? carbon impurities, and its response resembles that obtained from glassy carbon and highly
oriented pyrolytic graphite [24, 25]

This paper presents the preliminary results obtained from the synthesis and electrochemical
half cell characterization of binary metal oxides based on Ir and Ru (catalytic activity and chemical
stability), at three different compositions IrO,:RuO, (20:80, 50:50, 80:20); these materials were
supported in an inert diamond electrode, in order to reach high stability support material. Finally the
best electrocatalytic material of IrO,:RuO, was tested in an SPE type electrolyzer at different
operation conditions

2. EXPERIMENTAL

2.1 Synthesis of binary oxides

Synthesis of electrocatalysts was performed by colloidal method based on two salts, HalIrClg
(ABCR) and RuCls (Aldrich) to prepare a series of binary oxides, iridium and ruthenium oxides mixed
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in different volume ratios: IrOx:RuOy 20:80, 50:50 and 80:20. A solution of each salt was prepared in
deionized water at a concentration of 0.01M. These two components were mixed into a new solution of
25 mL in a predetermined ratio. Then, the solution was heated to boiling point, almost 100 °C for 10
minutes under constant agitation. The next step was to add quickly 1 mL of 1M NaOH (JT Baker)
aqueous solution by using a syringe. This solution was kept at constant temperature with stirring, in
order to promote the formation of hydroxides. The following step was to calcined the binary oxides
material at 400 °C in a control temperature furnace in air atmosphere. Then the resulting powders was
washed in alternating baths of acetone (JT Baker) and deionized water by centrifugation for periods of
10 minutes. A last wash with 1 L of deionized water at 80 °C was performed to finally dry the material
in an oven for 4 h at 80 °C.

2.2 Electrochemical purification treatment for the electrode B doped diamond (BDD)

An electrode of BDD (Adamart Technologies S.A.) was used as substrate which underwent a
process of electrochemical purification. The process involves applying in galvanostatic mode 4 mA
cm™ during 30 minutes in order to remove the functional groups of C-sp2 on the material surface
which may interfere Oxygen evolution reaction [26].

2.3 Half-cell electrochemical characterization

The electrochemical characterization of materials was carried out by cyclic and linear
voltammetry techniques and in a conventional three-electrode cell in 10 mL of 0.5 M H,SO, solution
(JT Baker) under N, atmosphere (Infra). For testing, 5 mg of the dust under the study were dissolved in
100 pL of deionized water and the mixture in ultrasonic for 20 minutes. Then, 6 pL were deposited on
the active electrode area and led to a low temperature oven (80°C) to remove water, leaving an oxide
layer. The next step was to place 2 pLL of Nafion as proton exchange membrane on the electrode, and it
was taken back to the oven to evaporate solvents.

The working electrode consisted of a BDD electrode (A= 1cm?) coated with the oxide under
study, Pt wire as counter electrode and a reference electrode Hg/Hg,SO,4. The H,SO,4 solution was
bubbled for 20 minutes using Nitrogen to remove dissolved Oxygen. Cyclic, linear voltammetry and
chronoamperommetric were performed in order to characterize the electrochemical behavior of the
material, its activity against the oxygen evolution reaction and stability respectively.

2.4 Electrochemical characterization in a single cell SPE electrolyzer

For the OER at the anode, binary oxide IrOx:RuO, 20:80 was chosen due to its higher
performance in half cell tests in comparison to binary oxides IrO,:RuO, 50:50 and 80:20. This material
was deposited onto one side of the membrane Nafion ® 115 by hot spray technique. A load of ~2 mg
cm? of electrocatalytic material was used and dissolved in deionized water. It was added 33% of
Nafion solution (5%, Aldrich) and the mixture in ultrasonic at 80 °C until a dry powder was obtained.
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The material was on 5cm? area. A load of 0.6 mg cm™ Pt/Vulcan commercial (XC-72 ETEK,
PEMEAS, Boston, USA) at 30% was used for hydrogen evolution at the cathode.

The SPE electrolyzer performance was evaluated by linear voltammetry, chronoamperometric
and impedance spectroscopy techniques at atmospheric pressure and electrochemical impedance
spectroscopy (EIS) in a frequency range of 10 kHz to 1 Hz. The electrochemical characterization was
performed with a PGSTAT Autolab 302 Potentiostat/Galvanostat equipped with a booster of 20 A
(Metrohm®) and a Frequency Response Analyser (FRA). The fuel cell test station, which operated on
liquid fuel (ElectroChem Inc. with a direct methanol unit couple) was used to control operating
parameters, such as cell temperature, inlet temperature of liquids and flow rate.

The electrolyser performance was evaluated in a range to 30- 80°C. Deionised water was
circulated at 2 mL min™ ! in the anode electrode. Linear voltammetry profiles were performed for a
range of potentials from 0.8V to 1.8 VV at a 50 mV s ™ scan rate.

2.5 Physicochemical characterization

The electrocatalysts physical characterization was carried out by X-ray diffraction (XRD) in
order to determine the crystallographic structure and crystalline size. XRD was performed on the dry
electrocatalytic powders using a Philips X-Pert diffractometer using the Ka line of the copper (CuKa)
as radiation source. The diffractometer was operated at 40 kV and 20 mA, time step of 0.5 6 min™, and
angular resolution of 0.005° 0. The diffraction patterns were fitted to JCPDS (Joint Committee on
Powder Diffraction Standards).

3. RESULTS AND DISCUSSION

Series of three binary oxides were synthesized with the following volume ratios: 1rO,:RuO, ,
20:80, 50:50 and 80:20, they were subjected to different electrochemical tests (cyclic and linear
voltammetry, chronoamperometric) to assess their performance. The best performance was
electrochemically characterized by linear voltammetry and electrochemical impedance spectroscopy.

According to the literature, the Iridium and ruthenium dioxide crystallize in the same tetragonal
(rutile-like) structure. The lattice parameters of IrO, and RuO, are quite similar (IrO,, a = 4.4983 A
and ¢ = 3.1544 A (JCPDS Card No. 15-0870); RuO,, a=4.4994 A and ¢ =3.1071 A (JCPDS Card No.
40-1290). On the other hand, the ionic radius of Ir* (0.0625 nm) is similar to Ru*" (0.062 nm).
According to Hume-Rothery theory, it is possible to form a continuous solid solution of IrO, and
RuO,, where Ru** and Ir** share the same site on the cationic sub-lattice of a tetragonal (rutile-like)
phase [27], moreover is possible to replace one element (Ir or Ru) for another according to the
proportionality of the mixture in the crystallize structure.

Figure 1 shows XRD patterns of samples 1rO,: RuOy (20:80, 50:50 and 80:20). The sample
20:80 presents combination of amorphous-crystalline phases due to the amount of Ru in the material,
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since crystalline phase of this material begins at 400 © C [19] in tetragonal structure. The average
crystal size (D) can be estimated by Debye-Scherrer equation (1),

D= ki (1)
(B cosb)
where A is the X-ray radiation wavelength ( 0.154187 nm for CuPKa), 0 is the Bragg angle, k=
0.89 and B is the FWHM, 1i. e., the line width at half maximum height of the main intensity peak after
subtraction of the equipment broadening.
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Figure 1. Diffraction patterns of samples IrO,: RuOy, 20:80, 50:50, 80:20.

Table 1. Lattice parameters (a ,b and c) and unit cell volume (V) of IrOx:RuOy (50:50 and 80:20).

Material lattice parameters Reference

RuO, 4.4994 =a 3.1071 62.90 [*1]

IrO, 4.4983 =a 3.1544 63.83 [*2]

RuO, 4.9886 =a 3.4135 84.94 9.10 0.00679 [19]

IrO, 4.9693 =a 3.4901 86.18 4.83 0.01299 [20]
IrO4:RuO, (20:80) 5.0450 =a 3.4876 88.76 ... this work
IrO:RuOy (50:50) 5.0183 =a 3.4650 87.26 4.64 0.01350 this work
IrO.:RuOy (80:20) 4.9935 =a 3.4603 86.28 6.50 0.00959 this work

*]1-Standar value (JCPDS Card No. 40-1290)

*2-Standar value (JCPDS Card No. 15-0870)
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Therefore, it is not possible to determine crystal size for the sample IrO,: RuOy 20:80.
However, for the samples 50:50 and 80:20, can be observed a more defined crystalline arrangement,
with a preferential crystallographic orientation in the plane (1 0 1) for the composite material. An
average crystal size being such, 4.64 nm and 6.5 nm to 50:50 and 80:20, respectively. In table 1, it is
shown the values of lattice parameters and unit cell volumes (V) of the Ir: Ru-Ox (50:50 and 80:20)
and compared with 1rO, and RuO; standard and synthesized by our group [19, 20]

The crystal lattice distortion ratio of the materials can be calculated by the fallowing equation
[28]:

2
/8% cos’ 9=7jf“[)2+32(52)sin2 0 )

where B is FWHM, A is the X-ray radiation wavelength, D is the average crystallite size and
(€3 s the crystal lattice distortion ratio. According to equations (1) and (2), can be deduced as:

Ny 1 1 4 [7°x*-4
_+ LA 3
*) Dsingr\ 32 ®)
V =a’c (4)

The (€% depends only on D when using the same angle 0. Equation 4 show the unit cell
volume defined as a and c that was used to calculated V values for the different samples.
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Figure 2. Cyclic voltammetry of the substrate BDD: A) before the electrochemical treatment, B) after
electrochemical treatment in 0.5 M H,SO, at 27°C.
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In table 1, is possible to note a directly relation between the RuO, material quantity to an
increase of (€2)*2, that could be caused by the material amorphous structure of RuOy that clearly show
in XRD results figure 1.

The cyclic voltammetry response of the substrate BDD (figure 2) is show before (figure 2 A)
and after electrochemical cleaning (figure 2 B). It is observed an increase (from 1.6 V vs. NHE to 2.4
V vs. NHE) in the potential window, due the C-sp? disappearing on the BDD surface. This window
displacement ensures no intervention of the substrate during the water electrolytic process.

Figure 3 shows the cyclic voltammetry of different samples, peaks near 0.58 and 0.72V vs.
NHE were noticed and they are attributed to the redox transitions of the Ru (I11) / Ru (IV) and Ru
(IV) / Ru (VI) surface oxyruthenium groups, respectively, which can be observed in the sample IrOy:
RuO, 20:80 which contains the largest proportion of Ru and conversely it is possible to observe peaks
at 0.3 and 1.04V vs. NHE are attributed to the redox transitions of the Ir (I11) / Ir (IV ) and Ir (IV) / Ir
(V1) oxyiridium surface groups, respectively, which are notorious in the sample IrOx: RuOy 80:20,
which contains a higher proportion of Ir.
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Figure 3. Cyclic voltammetry of samples IrOy: RuOy, 20:80, 50:50, 80:20 in 0.5 M H,SO, at 27 ° C
and N sat.
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Figure 4. Half-cell polarization curves of samples IrOx: RuOy, 20:80, 50:50, 80:20 to 27 ° C in 0.5 M
H,S0O4 at 27°C in O sat.

Table 2. Maximum current density and potential of oxygen evolution obtained with oxides of Ir and
Ru individual and mixtures.

Material J/mA cm™ E/V vs. ENH
(at 1.6 V)
IrO,:RUO, 80:20 107 1.44
IrO,:RUO, 50:50 120 1.48
IrOx:RUO, 20:80 146 1.44

The catalytic activity of synthesized oxides related to Oxygen evolution was studied by
polarization curves obtained by linear voltammetry at a scan rate of 5 mV s™ in 0.5M H,SO, under O,
atmosphere (figure 4). IrO,:RuOy 20:80 (33:67 atomic ratio) has a better electrocatalytic activity
compared to the evolution of oxygen, which means it has a higher current density for Oxygen
evolution in acid medium, about 146 mA cm™ to 1.6 VV vs NHE. The trend shows that the catalytic
activity of the material increases as the amount of Ru in the mixture is higher. Oxygen evolution
potential of the mixtures 20:80 and 80:20 are very similar (1.44 V vs. NHE), while the binary oxide
IrOx:RuOy 50:50 shifts slightly 40 mV towards anodic direction. The results are summarized in Table
2.
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Figure 5. Half-cell chronoamperometrics of samples IrOy: RuOy, 20:80, 50:50, 80:20 in 0.5 M H,SO,4
and 1.55V vs. NHE to 27 ° C.
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Stability of the materials was confirmed by polarization curves at constant potential for
extended periods (chronoamperometric) shown in figure 5. In this figure can see that the material
IrOx:RuOy 20:80 has the better performance on the test stability compared with the other samples. This
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result clearly shows that the activity of the material is enhanced by a synergistic effect between Ir and
Ru. This effect is attributed, according to literature, to the effect of corrosion in the material [19].

Impedance tests were performed after OER was carried out for the mix IrO:RuO, 20:80
(figure 6), also analyzing the behavior of the material at 1.55 V. According to the results obtained, the
series resistance and the total charge transfer resistance of this material decreases as temperature
increases, the reaction rate increased with temperature, showing a series resistance of 0.192 Q cm? and
a charge transfer resistance of 0.102 Q cm? at 80 °C.

E/V

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
j/Acm?

Figure 7. Polarization curves of IrOy: RuOy 20:80 electrolyzer at different temperatures in single cell
electrolyzer.

The electrochemical behavior in electrolysis single cell is shown in figure 7 for IrOx:RuOy
20:80. The maximum current density was 1.28 A cm™ with a terminal cell voltage of 1.8 V at 80°C
and atmospheric pressure.

4. CONCLUSIONS

IrOx:RuO, 20:80, 50:50 and 80:20 were prepared with a simple and fast method, obtaining an
average crystal size as 4.64 nm and 6.5 nm for 50:50 and 80:20, respectively. Lattice parameters, unit
cell volumes (V) and the crystal lattice distortion ratio were calculated and compared with the
literature. The electrochemical characterization shows a better performance for IrO4:RuOy 20:80. This
electrocatalyst exhibits physicochemical and electrochemical properties of the oxides mixture,
increasing stability and reduced overpotential for OER. The maximum current density was 1.28 A cm™
with a terminal cell voltage of 1.8 V at 80°C
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