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IrO;, IrRU1xO3, I1Sny.10, and Ir Tax10, (1 > x > 0.7) were synthesized, characterised and evaluated
as electrocatalysts for the oxygen evolution reaction in solid polymer electrolyte electrolysers. The
electrocatalysts were synthesised by adapting the Adams fusion method. The physical properties of the
electrocatalysts were characterised by scanning electron microscopy, transmission electron microscopy
and x-ray diffraction. Electrochemical activity of the electrocatalysts toward the oxygen evolution
reaction was evaluated by cyclic voltammetry and chronoamperometry. X-ray diffraction revealed no
phase separation when RuO, or SnO, was introduced into the IrO, lattice suggesting that solid
solutions were formed. Transmission electron microscope analysis revealed nanosize particles for all
synthesised metal oxides. Crystallinity increased with the addition of RuO, and SnO, while a
suppression of crystal growth was observed with the addition of Ta,Os to IrO,. Chronoamperometry
revealed that the addition of all the secondary metal oxides to IrO, resulted in improved catalytic
performance. Irp7Rug 30, was identified as the most promising electrocatalyst for the oxygen evolution
reaction.

Keywords: Adams fusion method, Anodic electrocatalyst, Oxygen evolution reaction, Solid polymer
electrolyte, Water electrolysis.

1. INTRODUCTION

Solid polymer electrolyte (SPE) or commonly known as proton exchange membrane (PEM)
electrolysers have in recent years received considerable interest as a production method for carbon free
hydrogen [1 - 3]. SPE electrolysers are well suited for water electrolysis using intermittent power
sources and have been identified by the European Commission as a key technology to transform
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renewable electricity into hydrogen and oxygen [4]. The main drawback at present is the high cost
associated with the SPE electrolyser components such as the expensive precious metal electrocatalysts
and proton conducting membranes [5, 6]. One way to reduce the cost of the SPE electrolyser is by
improving the specific performance and durability of the noble metal electrocatalysts. The oxygen
evolution electrode (anode) is the greatest source of overpotential of the system at typical operating
current density [2, 6] therefore the anodic electrocatalyst needs to be highly stable and active under the
operating conditions [7]. IrO; is commonly employed as the anodic electrocatalyst as it exhibits a high
corrosion resistance to the oxygen evolution reaction (OER) in a strong acidic environment [7, 8]. IrO;
is scarce and very expensive [9], adding significantly to the cost of the SPE electrolyser system. Since
there is still no non-metal electrocatalyst with satisfactory activity and durability, it becomes important
to improve both the activity and durability of the 1rO, electrocatalyst The most common method of
enhancing the electrochemical properties of the IrO, electrocatalyst is by insertion of other metal
oxides into the IrO; lattice. In this study, IrO,, IrkRu1xO2, 11Snk.10, and IryTa,.10;, (1 > x > 0.7) were
synthesised and characterised as suitable anodic electrocatalysts for the SPE electrolyser. RuO; is
known to be the most active towards the OER but suffers from instability, and should thus be stabilised
with another metal oxide such as 1rO, or SnO, [10, 11]. Corrosion of Ru proceeds via RuO,4 and is
directly coupled to oxygen evolution via this common intermediate. The stabilisation of Ru by Ir has
been explained on the basis of shifted oxidation potentials and surface segregation [12]. IrO; thus
stabilises RuO, by preventing its oxidation to the soluble RuO, [13]. Ir-Ru mixed oxides are known to
have superior catalytic and stability properties with respect to Ru-Ti mixed oxide electrodes [14]. Ta is
a well known addition to the dimensionally stable anode (DSA) electrodes and Ir-Ta oxides have been
suggested to be an efficient catalyst for the OER in acidic media due to the high activity and corrosion
resistance [2]. The IrO,-Ta,Os system as DSAs is a promising catalyst in various electrochemical
industries, such as cleaning of waste water and electrowinning (electro-extraction) of metals, where
oxygen evolution is the main anodic reaction. However Ta,Os is mainly added to improve the service
life of IrO,, which is the active and most expensive component [15]. IrO,-Ta,Os with the composition
of 70 % IrO;, and 30% Ta,0s has been previously verified to be the best combination in binary metal
oxide systems in present commercial applications [16]. Sn was selected on the basis of its high
chemical and mechanical stability as well as its lower cost than the expensive noble metals [17]. The
Adams fusion method was adapted to synthesise the Ir based metal oxides and the electrocatalytic
activities were evaluated by cyclic voltammetry (CV) and chronoamperometry (CA). Physical
characterisation was performed by scanning electron microscope (SEM), transmission electron
microscope (TEM) and x-ray diffraction (XRD).

2. EXPERIMENTAL DETAILS

2.1 Preparation of the catalyst

The Adams fusion method, first described by R. Adams and R.L. Shriner [18], entails the
fusion of the metal chloride precursor with NaNOs in air at elevated temperatures. The method has
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since been used to synthesise various noble metal oxides [15, 17-19]. H2IrClg (SA precious metals,
South Africa), RuCls, SnCl,.2H,0 and TaCls (Alfa Aesar, Johnson Matthey) were used as catalyst
precursors to synthesise the electrocatalysts. The catalyst precursor(s) were dissolved in 10 ml
isopropanol (Alfa Aesar, Johnson Matthey) until a metal concentration of 3.5 x 102 M was achieved
and magnetically stirred for 90 minutes. For each type of binary metal oxide system the second metal
(Sn, Ru or Ta) was added in a concentration of 5-30 mol % to Ir. Five grams of finely ground NaNO3
(Holpro Fine Chemicals, South Africa) was added to the solution, which was then further stirred for 30
minutes. The mixture was then dried in an oven for 30 minutes. The dried catalyst precursor/salt
mixture was then reacted in a furnace for 120 minutes at 350 °C. No additional annealing step
followed to limit the sintering of the nanosize particles. The obtained metal oxide was cooled and
washed with ultrapure water to remove the unreacted NaNO3. The final step was to dry the metal oxide
in an oven for 120 minutes at 100 °C.

2.2 Preparation of the working electrode

A predetermined size of Ti mesh (Bekinit K.K, Japan) was etched and cleaned by boiling in
oxalic acid (NT Laboratory Supplies) for 12 minutes. Catalyst inks were prepared by mixing together
the synthesised metal oxides, 5 wt% Nafion solution (Aldrich) and ultrapure water in a ratio of 1:6:2.
A measured volume of isopropanol was added to serve as dispersion medium. The mixture was
ultrasonically dispersed for 30 minutes. An airbrush with N, propulsion was used to spray the catalyst
ink (1 mg cm™) onto the pre-treated Ti mesh. The catalyst ink was thoroughly dried between each
layer sprayed to prevent agglomeration of the electrocatalytic particles. Spraying of the catalyst layer
was followed by spraying a Nafion layer (1 mg cm™). The working electrode was cut out with a punch
and had an area of 0.785 cm?.

2.3 Physical characterisation

Physical phases and structures of the electrocatalysts were characterised by X-ray diffraction
(XRD) employing the Bruker AXS D8 Advance diffractometer using Cu K, radiation (A = 1.5406 A)
operating at 40 kV and 40 mA. Scanning electron micrographs were obtained with the Hitachi X-650
SEM using GENESIS software, working at 25 keV. Transmission electron micrographs were obtained
using a Tecnai G2F20 X-Twin Mat200 kV Field Emission TEM, operating at 200 kV/.

2.4 Electrochemical characterisation

Electrochemical analyses were performed in a standard three-electrode cell at 25 °C and
atmospheric pressure. The Ti mesh working electrode (as described in earlier), a 3M Ag/AgCI
reference electrode, a Pt mesh counter electrode and a 0.5 M H,SO, electrolyte solution was used.
Autolab potentiostat PGSTAT20 (Eco-Chemie) was used for CV and CA analyses to evaluate the
electrocatalytic activity of the synthesised electrocatalysts towards the OER. The electrolyte solution
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was purged with N, for 30 minutes before performing electrochemical measurements. CV was
performed by cycling the potential from -0.2 to +1.2 V at a potential sweep rate of 50 mV s™. CA was
performed by stepping the potentials from 1.2 to 1.6 V and measuring the current (mA) response as a
function of time. Each potential step was performed for 30 minutes. All potentials are reported versus
the 3M Ag/AgCl electrode.

3. RESULTS AND DISCUSSION

3.1 Physical characterisation
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Figure 1. XRD patterns of (a) IrO, (b) Iro7Ruo 30 (C) Irg.9Sne 10, and (d) IrpgTag20x.

Fig. 1 shows the XRD patterns of IrO, and the best performing electrocatalysts (established by
CA analysis) of the three metal oxide combinations i.e. Irg7RuUo 302, 1r9.9Sno102 and IrpgTag20x. The
XRD analysis of IrO, (Fig. 1a) revealed a rutile oxide characterised by an amorphous phase which is
known to consist of smaller particles. Calculated from the 101 phase using the Scherrer formula, the
average particle size was estimated to be 3.5 nm. No metallic Ir was observed. The XRD analysis of
Iro.7Ruo 30, (Fig. 1b) revealed a crystalline structure assigned to tetragonal rutile. Sharper peaks were
observed in comparison to pure IrO, which indicates an increase in the particle size. The single peaks
observed at the 110 and 101 phases (20 = 28° and 35° respectively) suggests that Irg7RU 30> is a solid
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solution of IrO, and RuO,. This observation is consistent with other reports [8, 9, and 13]. The addition
of RuO; to IrO; resulted in an increase in the 110 phase (a stable surface of 1IrO,) which may lead to a
synergistic effect. Although it is known that IrO, and RuO, can form stable solid solutions, the
presence of multiple rutile phases should not be ruled out. The Hume—Rothery theory states that 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 [20]. The higher degree of crystallisation
observed for Irp 7Rup 30, in comparison to pure IrO, may be attributed to the fact that RuO, crystallises
at a lower temperature than IrO, [21]. Calculated from the 110 and 101 phases using the Scherrer
formula, the average particle size for Iry7RUp 30, was estimated at 11 nm. The presence of metallic Ir
and Ru was not observed.

Figure 2. SEM images of (a) 1rO; (b) Irp.7RUp 302 (€) Irg.9Sng10, and (d) IrggTag 2Ox.
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XRD analysis of Iry9Sng 10, (Fig. 1c) revealed a rutile-type oxide with single peaks observed at
the 110 and 101 phases (20 = 28° and 35° respectively) which suggests that Irp9Sng 10, is a solid
solution of IrO, and SnO,. The addition of SnO, to IrO, resulted in an increase in the 110 phase (a
stable surface of IrO,) which may lead to a synergistic effect. Mayousse et al. [9] also observed the
formation of a solid solution between IrO, and SnO,. They suggested that IrO, and SnO, crystallised in
the same tetragonal structure due to the comparable atomic radii of Ir and Sn. However the presence of
two phases should not be ruled out. Marshall et al. [22] used profiling of the XRD patterns and
suggested that the XRD patterns were a mixture of two highly dispersed rutile oxide phases. The
presence of multiple phases and the lack of a single solid solution phase were suggested to arise from
the poor interaction of the precursors during the initial stages of the reaction. It was assumed that SnO,
formed first since there is a significant difference in AG{ for IrO, and SnO, (-510 kJ mol* [23] and -
186.5 kJ mol™ [24], respectively). Calculated from the 110 and 101 phases using the Scherrer formula,
the average particle size for IrgoSng10, was estimated at 6.5 nm. The presence of metallic Ir and Sn
was not observed.

XRD analysis of IrggTag,Ox (Fig. 1d) revealed a slight decrease in the 110 phase of IrO;, and a
slight increase in the 002 (one of the non-close-packed planes of the Ir atom) phase which is consistent
with what is reported in the literature [25]. This could be explained by the stabilisation effect that Ta
has on the Ir component in the non-close-packed plane [14]. XRD analysis further revealed mainly an
amorphous phase which is consistent with the results of Di Blasi et al [26]. Calculated from 101 phase
using the Scherrer formula, the average particle size for IrpgTag,Ox was estimated at 3 nm. The
addition of Ta,Os is known to suppress the crystallisation of IrO, [15]. Ta was found to be present in
the +5 oxidation state; consistent to what was reported previously [2]. The presence of metallic Ir and
Ta was not observed.

Fig. 2 shows the SEM images of IrO, and the best performing electrocatalysts (established by
CA analysis) of the three metal oxide combinations i.e. Irg7Ru302, Irg9Sne10, and IrggTag 2O«
Particle formation and sizes could not be defined from the SEM images. The SEM image of IrO; (Fig.
2a) shows micrometer size flake shaped aggregates whereas Iry 7Ruy 30, (Fig. 2b), Irg9Sne 10, (Fig. 2¢)
and IrggTag 204 (Fig. 2d) exhibited sheet like porous morphology. From the SEM images, it appears
that the addition of the secondary metal oxides to IrO, resulted in larger aggregate sizes.

Fig. 3 shows the TEM images of 1rO, and the best performing electrocatalysts (established by
CA analysis) of the three metal oxide combinations i.e. Iry7RUp 302, Irp.9Sne102 and IrpgTag20x. TEM
analysis of 1IrO, (Fig. 3a) revealed an amorphous phase consisting of nanoparticles with an average
size of about 4.5 nm. TEM analysis of Irp7Ru 30, (Fig. 3b) revealed an amorphous phase consisting of
smaller particles and a crystalline phase consisting of larger pin shaped particles of up to 80 nm in
length. The larger pin shaped particles formed due to the crystallisation of RuO, as was revealed by
XRD. TEM analysis of Irp9Sng10, (Fig. 3c) revealed an amorphous phase consisting of smaller
particles and a crystalline phase consisting of larger needle shaped particles of up to 50 nm in length.
The larger needle shaped particles formed due to the crystallisation of SnO, as was revealed by XRD.
From literature [22, 27], a slight increase in particle size was observed as the SnO, content was
increased. The slight increase in particle size can be expected since the slightly larger Sn** ions (0.083
nm) are substituting the smaller Ir** ions (0.077 nm) in the IrO, lattice [28]. TEM analysis of
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Iro.sTap 20« (Fig. 3d) revealed uniformly distributed nanosize particles with an average size of 3.5 nm.
The most important enhancing effect that the addition of Ta,Os to IrO, has is mainly related to the
reduction of the particle size [15].
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Figure 3. TEM images of (a) IrO (b) Irg7Rup 302 () Irg9Sng10, and (d) IrggTag 2Ox.

3.2 Electrochemical characterisation

Fig. 4 shows the CV analysis for 1rO, and the best performing electrocatalysts (as established
by CA analysis) of the three metal oxide combinations i.e. Irg7Ru 302, Iro9Sng10, and IrggTag 0.
The potential was cycled from -0.2 to +1.2 V (vs. 3M Ag/AgCl electrode) at a potential sweep rate of
50 mV st in 0.5M H3SO, solution. The voltammetric curve for IrO, (Fig. 4a) shows two peaks at
about 0.4 and 1 V which are located in the redox transition region [5]. The peaks at 0.4 and 1V have
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been assigned to redox couples Ir (I)/Ir (IV) and Ir (IV)/Ir (VI), respectively. There is a lack of
symmetry along the potential axis especially in the region of the Ir (IV)/Ir (V1) redox couple which is
probably due to sluggish electrode kinetics.
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Figure 4. Cylclic voltammograms of (a) 1rO, (b) Irg7RuUp302 (C) Irp.9Sne10, and (d) IrpgTag 20« at 50
mvVs—

Furthermore the peaks are broad and not well depicted suggesting the existence of a variety of
active surface sites with different formal potentials which is consistent with an amorphous state of 1rO,
[29]. The voltammetric curve for Irg7Ru30, (Fig. 4b) shows a positive potential shift for the redox
transition region in comparison to pure IrO,. The peak at about 0.6 and 0.95V was assigned to the
redox transition couples of the Ru(lIl)/Ru(IV) and Ru(IV)/Ru(VI) respectively. The voltammogram
displays reversible charge transfer transition in the O, evolution region which suggests an
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improvement in electrode kinetics in comparison to pure IrO,. At about -0.1V there is a noticeable
peak due to hydrogen adsorption which is commonly associated with the presence of a metallic species
since hydrogen is not known to easily adsorb onto an oxide surface [29]. However, no metallic Ir or Ru
was observed with XRD analysis. The voltammetric curve for Irg9Sng10, (Fig. 4c) exhibits a shape
similar to that of pure IrO, with a positive potential shift of the redox transition region which is
observed between 0.65 and 1.1V. The peak at about 0.65V can be assigned to the Ir(111)/1r(1V) couple
since the electrode response is strongly dominated by the Ir component [27]. The voltammogram
shows good reversibility in the O, evolution region suggesting improved electrode Kinetics in
comparison to pure IrO,. The voltammetric curve for Irgg)Tap2)Ox (Fig. 4d) displays two peaks at 0.7
and 1.1V. The peak at about 0.7V is attributed to the Ir(I11)/Ir(IVV) couple which suggests that the
surface electrochemistry is governed by the active component of IrO, [30]. The voltammogram shows
good reversibility in the O, evolution region suggesting improved electrode kinetics in comparison to
pure IrO,. CV was also used to investigate the electrochemical activities of the oxides which are
related to the number of active sites accessible to the electrolyte solution [31]. The anodic charge, g,
due to double layer charging and surface redox transitions, is proportional to the active site surface
concentration [32].
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Figure 5. Chronoamperometric measurements of 1rO, and IrkRu;.xO2 (1 >x>0.7) at 1.6 V.

The g, for the electrodes was obtained by integration of the voltammetric curves in the range
between H; and O, gas evolution. The g, values for IrO,, Irg7Ruo 302, Iro9Sng10, and IrpgTag 20 are
144, 185, 180 and 274 mC cm™, respectively. The mixed oxides show higher g, than for pure 1rO,
indicating that Ru, Sn and Ta have a positive effect on the active area of the mixed oxide electrodes. J-
M Hu et al. [33] observed that the voltammetric charge significantly varies with the Ta composition
and that 20 mol % Ta addition shows a significantly higher charge value than that of pure IrO,. The
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higher g, for IrggTag20x may also be due to the smaller particle sizes as was revealed by TEM and
XRD. De Pauli et al. [34] suggested that the sharp decrease in charge value as the electrode surface
composition reached 100 mol % IrO, was due to diminution or a reduction of the surface area.

Fig. 5 shows the CA analysis of the IryRu; O, (1 > x > 0.7) electrocatalysts performed at 1.6 V
for 30 minutes. CA revealed the best electrocatalytic activity towards the OER for Irp7Rug30..
Electrocatalytic activity towards the OER increased as the RuO, content was increased. This
observation is consistent with an improvement in the oxide activity due to the larger exchange current
density of RuO, compared to that IrO, [2]. The catalytic activity of Irp7RuUp30, was significantly
higher than that of pure IrO,. The addition of RuO, to IrO, was reported to result in a significant
reduction in the overpotential [9]. The addition of RuO, of up to 80 mol% was also reported to yield an
electrocatalyst with high electrochemical activity while displaying good stability under the OER [8].
The combination of RuO, and IrO, could thus facilitate a reduction in the required electrocatalyst
loading as well as a direct material cost reduction considering that Ir is more expensive than Ru.
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Figure 6. Chronoamperometric measurements of IrO, and IrSny.10, (1 >x>0.7) at 1.6 V.

Fig. 6 shows the CA analysis of the Ir,Sn,.10;, (1 > x > 0.7) electrocatalysts performed at 1.6 V
for 30 minutes. CA revealed the best electrocatalytic activity towards the OER for IrgoSng10,. A
significant increase in electrocatalytic activity was observed as a Sn content of 10 mol% was reached
which is consistent with a higher g, value obtained from CV for Irg9Sng 10, as compared to pure IrOs.
Further addition of Sn resulted in a rapid decrease in the oxide performance. However, CA analysis
still revealed an improved performance for all IrO,-SnO, electrocatalysts in comparison to pure IrO.
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Xu et al. [1] reported similar behavior for their RuO,-SnO, electrocatalysts where the catalytic activity
initially increased followed by a dramatic decrease as the Sn content was increased. Marshall et al.
[27] reported a 10 — 15% decrease in the total active area for SnO, contents of 20 — 30 mol% but also
observed a better cell performance for IrpgSng 20, as compared to pure IrO, at 25°C [11]. Xu et al. [35]
observed that at low SnO, contents the IrO, particles were well dispersed but at higher SnO, contents
the active surface area of IrO, decreased due to an increase in the average particle size.
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Figure 7. Chronoamperometric measurements of IrO, and IrsTax.10, (1 >x>0.7) at 1.6 V.

Fig. 7 shows the CA analysis of the IryTay.10, (1 >x > 0.7) electrocatalysts performed at 1.6 V
for 30 minutes. The best catalytic activity towards the OER was observed for IrggTag 20« An increase
in electrocatalytic activity was observed as the Ta content was increased up to 20 mol% followed by a
decrease in electrocatalytic activity as the Ta content reached 30 mol %. The addition of Ta,Os to IrO,
was reported to increase the resistivity by 2 orders of magnitude by the time the composition reached
Iro.7Tap 30, due to the low electronic conductivity of Ta,Os [2]. The catalytic activity for Irg;Tag30x
was still slightly higher than that of pure IrO,. It was previously suggested that an improved active
surface area can be obtained when there is a proper ratio of Ir to Ta [36]. A similar trend in
performance was reported by Hu et al. [33] however they observed a maximum current response at 30
mol% Ta content. Furthermore, a higher cell resistance was observed for the Ir-Ta oxides in
comparison to other Ir based metal oxides [26]. The improved electrocatalytic activity observed by the
addition of Ta,Os to IrO, was probably as a result of the smaller particle sizes (revealed by XRD and
TEM) and increased active surface sites (revealed by CV).



Int. J. Electrochem. Sci., Vol. 7, 2012 12076

4. CONCLUSIONS

Electrocatalysts based on IrO, were successfully synthesised and characterised. CA analyses
have shown that the addition of secondary metal oxides (RuO,, SnO; and Ta,Os) to IrO,, improved the
catalytic activity of the oxide towards the OER. Iry7RUq 302, while displaying a slightly lower catalytic
activity than Ir.9Sne.1)O2, proved to be the most promising electrocatalyst for the OER since no
decrease in catalytic activity was observed as the RuO, content was increase up to 30 mol%. This
suggests that even better catalytic activity may be achieved with even higher contents of RuO, The
addition of SnO, and Ta,O, was limited to 10 and 20 mol% respectively. CA proved to be a useful
technique for the electrochemical characterisation of the electrocatalysts. TEM and XRD were useful
in relating the physical structure of the electrocatalysts to the electrochemical activity. Particle sizes
were found to be of nanometer scale for all the synthesised electrocatalysts thus rendering the Adams
fusion method a relatively simple and quick method for directly producing metal oxides suitable as
electrocatalysts for the SPE electrolyser. The combination of various metal oxides can be considered a
viable approach to address the high cost and efficiency issues facing the present SPE electrolyser
technology.
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