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IrO2 is a current state-of-the-art catalyst for polymer electrolyte membrane water electrolyser (PEMWE) applications due to its high stability during the oxygen evolution reaction (OER). However, its activity needs to be significantly improved to justify the use of such a high-cost material. In this study, the activity of the IrO2 catalyst was improved by optimising and comparing two synthesis methods: the modified Adams fusion method (MAFM) and the molten salt method (MSM). Optimum OER performances of the IrO2 catalysts synthesised with the two synthesis methods were obtained at different temperatures. For the MAFM, a synthesis temperature of 350 °C produced the IrO2 catalyst with an overpotential of 279 mV and the highest OER stability of ~82 h at 10 mAcm−2. However, for the MSM, the lowest overpotential of 271 mV was observed for IrO2 synthesised at 350 °C, while the highest stability of ~75 h was obtained for the IrO2 synthesised at 500 °C.

Significance:

IrO2 is still currently a state-of-the-art catalyst in PEMWE due to its high stability in the highly acidic and oxidising conditions of the OER. High-performance IrO2 catalysts were successfully produced via the MAFM and MSM. Both the MAFM and MSM are simple and easily scalable for high-volume production of metal oxide catalysts. This study showed that the physical/structural properties of the IrO2 catalysts can be tailored through synthesis methods and synthesis conditions to improve their OER performance.








Introduction

The polymer electrolyte membrane water electrolyser (PEMWE) is an important technology to produce hydrogen (H2) from renewable energy sources, i.e. green H2, due to its adaptability to the intermittent energy profiles of renewable energy sources like solar and wind power. However, the high costs associated with PEMWE components have remained a major challenge for the commercialisation of the technology. The high cost of the catalyst is of particular importance as it accounts for about 25% of the total catalyst-coated membrane cost. Furthermore, the catalyst-coated membrane shares about 24% of the total PEMWE stack cost.1 The oxygen evolution reaction (OER) is a four-electron process dominated by sluggish electrode kinetics, leading to high overpotentials.2 Therefore, the anodic catalyst in the PEMWE needs to be especially active and stable under the acidic OER environment to reduce the high overpotential. Expensive precious metals and their respective oxides are still known to be the most active and stable towards the OER although alternative non-precious metal materials are being investigated.3 While high activities are obtained from non-precious metal catalysts, major challenges such as long-term stability need to be addressed before employing these materials as electrodes for large-scale, practical applications.4 Metal oxides based on Ir and Ru are considered state-of-the-art catalysts for the OER because of their high activity and stability.2 The IrO2 catalyst has low overpotential, maintains high stability in acidic media, is corrosion resistant, and has a high selectivity towards oxygen evolution.5 Wáng et al.6 summarised the ex-situ OER performances of various materials that incorporated either Ir or Ru into its matrix. A second-best performance was obtained with Ir0.06Co2.94O4 on an Au electrode exhibiting an overpotential of 250 mV and a stability of 200 h at 10 mVcm−2. However, it should be noted that the best performance obtained on a glassy carbon electrode (GCE) (out of 24 studies) was for a/c-RuO2, which exhibited a 205 mV overpotential and a stability of 60 h at 10 mVcm−2.7 The best performance for a monometallic Ir catalyst on a GCE was for mesoporous Ir nanosheets exhibiting an overpotential of 240 mV and a stability of 8 h at 10 mA/cm2. These findings might suggest that the working electrode type has a significant impact on the measured OER performances.

In this study, the IrO2 catalysts were developed via two methods: a modified Adams fusion method (MAFM) and a molten salt method (MSM). Although IrO2 is a commonly used catalyst in the PEMWE, its OER activity needs to be significantly improved to justify the use of such an expensive material. The OER performance of the catalyst depends critically on its morphology, shape and crystal structure.2,8 Besides optimising the physical properties of IrO2, the synthesis methods need to be cost-effective, easily scalable, green and clean.8 Since the introduction of the Adams fusion method in 1923 by Roger Adams and Ralph Shriner9, the method has been modified and adapted to synthesise various metal oxides including single, binary and ternary metal oxides, supported and unsupported metal oxides as well as adding chemical modifiers to improve the physical properties of the catalysts.4,10-14 Researchers have used various metals, reagent salts and synthesis temperatures to synthesise various metal oxides.15 During the MAFM, the temperature used causes the NaNO3 to melt and react with the Ir precursor. The synthesis temperature is always set to at least above the melting point of NaNO3, i.e., above 308 °C. The MSM is also a simple, cost-effective, easily scalable and eco-friendly method for the synthesis of metal oxide catalysts.8 During the MSM, the metal chloride precursor decomposes on the NaCl/KCl salt bed. The NaCl/KCl salt bed does not chemically react with the Ir precursor but acts as a support for the thermal decomposition of the Ir precursor in air. The synthesis temperature is mostly kept at 650 °C, which is below the melting point of the NaCl/KCl salt mixture.12 Previous studies suggested the MAFM IrO2 catalysts showed improved OER performance compared to MSM IrO2 catalysts.10,16 In this study, the MAFM and MSM were optimised by varying the synthesis temperatures, and the results were directly compared. Moreover, the reaction time of the MSM was reduced to 4 h (typically 12 h) and only NaCl was used as the salt bed.16 The MAFM and MSM were compared by examining the physical and electrochemical properties of the synthesised IrO2 catalysts. The IrO2 catalysts were physically characterised using X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM) and Brunauer–Emmett–Teller (BET) analyses. The IrO2 catalysts' OER performances were evaluated ex-situ via cyclic voltammetry (CV), linear sweep voltammetry (LSV) and chronopotentiometry (CP).

Methods

Electrocatalyst synthesis

Modified Adams fusion method

An amount of 0.36 g H2IrCl6 (SA Precious Metals) was dissolved in 10 mL isopropanol (Sigma) and magnetically stirred for 30 min. Thereafter, 3.6 g of finely ground NaNO3 (Alfa Aesar) sample was added to the solution and stirred for an additional 30 min. Excess solvent was evaporated on a hot plate followed by further drying in an oven set to 90 °C, for 30 min. The dried H2IrCl6/NaNO3 mixture was then reacted in a pre-heated furnace for 2 h to produce the IrO2 sample. The furnace temperatures selected for IrO2 synthesis were 350 °C, 500 °C and 650 °C. The obtained IrO2 sample was cooled, rinsed and filtered three times with 500 mL of ultrapure water (Milli Q) to remove the unreacted NaNO3 salt. A 0.1 M AgNO3 solution was used to ensure no chloride was present in the filtrate of the final 500 mL ultrapure water rinse/filter. After filtration, the IrO2 sample was dried in an oven for 4 h at 85 °C and then cooled down overnight inside the oven. A commercial IrO2 (Alfa Aesar) was used for comparison purposes. The samples synthesised using the MAFM are represented as MAFM-350, MAFM-500 and MAFM-650 to denote the different synthesis temperatures. Equations 1 and 2 show the suggested reactions occurring during the MAFM to produce the IrO2 catalyst.17

H2IrCl6+6NaNO3→6NaCl+Ir(NO3)4+2HNO3 Equation 1

Ir(NO3)4→IrO2+4NO3+O2Equation 2

Molten salt method

An amount of 0.4 g of H2IrCl6 (SA Precious Metals) and 15 g of NaCl (Laborem Lab Supplies) was grounded together for 15 min with a pestle and mortar. The H2IrCl6/NaCl mixture was then transferred to a crucible and reacted in a pre-heated furnace for 4 h. Furnace temperatures selected for IrO2 synthesis were 350 °C, 500 °C and 650 °C. Filtration, rinsing and drying were the same as for the MAFM. The samples synthesised using the MSM are represented as MSM-350, MSM-500 and MSM-650 to denote the different synthesis temperatures. A commercial IrO2 (Alfa Aesar) was used for comparison purposes.

Preparation of the working electrode

A Metrohm rotating disc electrode (RDE) setup fitted with a GCE (0.1963 cm2 working area) was used for the electrochemical analyses. The GCE was cleaned with 0.05 µm alumina paste (Buehler), polished and dried before use. The catalyst inks were prepared by ultrasonically dispersing 8 mg of the IrO2 catalyst, 50 µL 5 wt% Nafion® solution (Alfa Aesar) and 1950 µL ultrapure water for 20 min. A micropipette was used to drop 30 µL of the IrO2 catalyst ink onto the GCE. The working electrode was covered with a glass beaker and dried for 24 h at ambient conditions. A calculated catalyst loading of 0.45 mg cm2 was obtained.

Physical characterisation

XRD was performed with the Bruker AXS D8 Advance diffractometer using Cu K radiation (λ = 1.5406 Å) operating at 40 kV and 40 mA. The IrO2 standard (JCP2_150870) was used for peak allocation. HRTEM was obtained using an FEI/Tecnai T20 operating at 200 kV. BET surface area analyses were performed using the Micromeritics 3 Flex surface characterisation analyser.

Electrochemical characterisation

Ex-situ electrochemical analyses were performed in a three-electrode setup at 25 °C and 1 atm. The Autolab potentiostat PGSTAT302N (Metrohm) was used for all electrochemical analyses. A circulating water bath was used to maintain the temperature of the electrochemical cell. The working electrode (described in 2.2), a 3 M Ag/AgCl reference electrode (Metrohm), a Pt metal sheet (1 cm2 area) counter electrode (Metrohm), which is five times larger than the working electrode and a 0.5 M H2SO4(aq) electrolyte were used. All cell potentials in this work were reported versus the reversible hydrogen electrode (RHE). Potentials were converted from the 3 M Ag/AgCl electrode to the RHE by adding 210 mV to all measured potentials using the measured Pt open-circuit potential in the electrolyte. The current was reported to current density by converting the surface area of the working electrode to 1 cm2 by dividing the current measured with the geometric surface area of the GCE. The electrolyte was purged with N2 for 15 min before performing electrochemical measurements. Electrode activation was performed via CV cycling in the potential window 0 to +1.4 V versus RHE at a potential scan rate of 20 mVs−1 for 50 cycles before conducting any electrochemical characterisations. For LSV and CP analyses, the speed of the RDE was set to 1600 rotations per minute (rpm).

Results and discussion

Physical characterisation

The XRD spectra of the IrO2 synthesised with the MAFM and MSM, compared to the commercial IrO2, are shown in Figure 1. The IrO2 peaks were assigned using the JCP2 standard files for IrO2 (JCP2_150870) and Ir (JCP2_06–0598). In Figure 1a, the sharpening of the peaks with increasing synthesis temperatures (350–650 °C) shows the phase transition from an amorphous to crystalline IrO2. The increased crystallinity for IrO2 can be seen by the sharpening of the diffraction peaks, which are known to produce larger crystallite/particle sizes. This is common for the MAFM because NaNO3 is used as the oxidising agent.18 Sample MAFM-350 was in the amorphous phase, characterised by broad peaks,19 and is known to consist of smaller particle sizes, ~2.73 nm. The (110) and (101) facets, which are important stable facets for IrO2, were present in samples MAFM-500 and MAFM-650, while only facet (101) was present in MAFM-350. Furthermore, the (211) facet at Bragg angle ~69° was present for MAFM-500 and MAFM-650 due to increased crystallisation. The characteristic rutile tetragonal IrO2 peaks are noticeable for samples synthesised at 500 °C and 650 °C. A similar observation of increased crystallinity with increasing synthesis temperatures, 500–650 °C, was reported by Arico et al.20 The average crystallite/particle sizes are determined at the (101) facet using the Scherrer formula as shown in Equation 3.21

d=0.9λ/βcosθ Equation 3

where d = average crystallite/particle size, 0.9 = shape factor, λ = x-ray wavelength, β = peak width at half peak height and θ = Bragg angle. The (101) facet is preferred since it is a closed-packed Ir atom plane.22
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Figure 1: XRD analysis of the commercial IrO2 and IrO2 synthesised at temperatures 350 °C, 500 °C and 650 °C with the (a) MAFM and (b) MSM.



MAFM-500 and MAFM-650 have crystallite/particle sizes of ~7.78 nm and ~10.01 nm, respectively. In Figure 1b, a phase transition was also seen for the IrO2 synthesised with the MSM as the synthesis temperatures increased. MSM-350 was in the amorphous phase that can be seen by the broad diffraction peaks with a crystallite/particle size of ~2.83 nm. MSM-500 and MSM-650 were in the crystalline phase, which can be seen by the sharper diffraction peaks with crystallite/particle sizes of ~7.53 nm and ~8.78 nm, respectively. Furthermore, the MSM-650, and commercial IrO2 showed an overlap of IrO2 and Ir at Bragg angle ~40°. At Bragg angle ~47°, metallic Ir was present for MSM-650 and the commercial IrO2. The presence of metallic Ir in the catalysts may negatively affect the OER performance.23 The crystallite/particle sizes of IrO2 synthesised with the MAFM are larger than the IrO2 crystallite/particle sizes of the MSM. The difference in IrO2 crystallite sizes of the two synthesis methods may be due to more steps involved in the MAFM, i.e. the precursor diffusion in NaNO3, decomposition of NaNO3, the reaction of the precursor with NaNO3 and the formation of the metal oxide.18 When compared to the commercial IrO2, a synthesis temperature of 350 °C for both the MAFM and MSM produced amorphous IrO2 catalysts with decreased crystallite/particle sizes while a synthesis temperature of 500 °C produced IrO2 catalysts with similar crystallite/particle sizes. Only at 650 °C were the crystallite/particle sizes of the MAFM and MSM produced IrO2 catalysts larger than the commercial IrO2 catalyst.

HRTEM analysis was used to study the morphology of the IrO2 catalysts synthesised with the MAFM and MSM. Sample MAFM-350 showed well-dispersed uniform spherical particles with sizes ~1.05 nm (Figure 2a). The corresponding selected area electron diffraction (SAED) image in Figure 2a confirmed the amorphous nature of MAFM-350 with the displayed concentric circles. MAFM-500 (Figure 2b) had cubic-shaped particles, ~5.48 nm, whereas MAFM-650 (Figure 2c) had a combination of cubic and cylindrical-shaped particles, ~8.68 nm. The bright dotted rings in the corresponding SAED images of Figure 2b and 2c confirmed the crystalline natures of MAFM-500 and MAFM-650. Subramanian et al.24 observed similar SAED patterns for IrO2 catalysts synthesised at higher temperatures. The MSM-350 also had spherical-shaped particles with sizes ~2.31 nm (Figure 3a). The SAED pattern for MSM-350 was like that of MAFM-350, indicating amorphous materials. Figure 3b shows a combination of cubic and cylindrical particles for MSM-500 with sizes of ~6.15 nm. At increased temperatures, Ahmed et al.16 also obtained cylindrical-shaped IrO2 particles when using the MSM. The MSM-650 consisted of different particle shapes (spherical, cubic and cylindrical), each with particle diameter sizes of ~8.84 nm (Figure 3c). Similar to MAFM, IrO2 synthesised via the MSM at temperatures 500 °C and 650 °C showed increased crystallinity as confirmed by the SAED patterns in Figure 3b and 3c, respectively. Puthiyapura et al.18 suggested that the difference in morphology may be due to the difference in IrO2 preparation methods. Figure 4 shows the larger spherical-shaped particle sizes, ~8.96 nm, of the commercial IrO2, which confirmed the particle size estimated with the Scherrer formula. It can be assumed that lower crystallinity and smaller particle sizes may have higher geometric surface areas that increase the OER catalytic activity.18,22
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Figure 2: HRTEM and corresponding SAED analyses of the IrO2 synthesised with the MAFM at temperatures (a) 350 °C, (b) 500 °C and (c) 650 °C.
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Figure 3: HRTEM and corresponding SAED analyses of the IrO2 synthesised with the MSM at temperatures (a) 350 °C, (b) 500 °C and (c) 650 °C.
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Figure 4: HRTEM and corresponding SAED analyses of the commercial IrO2.



The BET surface areas of the IrO2 catalysts were measured using N2 adsorption-desorption analysis. The BET surface area is given as the average diameter of the particles by determining the particle-size-dependent area and the charge-deduced area.25 The BET surface areas of the IrO2 catalysts are summarised in Table 1. As the synthesis temperature for the MAFM and MSM was increased, the BET surface areas of the IrO2 catalysts decreased. MAFM-350 had the highest BET surface area of 216.23 m2/g. The IrO2 catalysts synthesised via the MAFM had notably higher BET surface areas compared to MSM counterparts. This observation corresponds to the crystallite sizes measured from the HRTEM and the crystallite/particle sizes calculated from XRD. Baik et al.12 observed a similar increase in IrO2 catalysts surface area with decreasing MAFM synthesis temperatures, whereas Ahmed et al.16 observed a similar trend in BET surface areas for their IrO2 synthesised with the MSM. Furthermore, the commercial IrO2 had the smallest BET surface area, which may influence the sample’s overall OER activity.



Table 1:Physical characterisation properties of the commercial, MAFM and MSM IrO2 catalysts



	Sample name
	XRD crystallite/particle sizes (nm)
	HRTEM particle sizes (nm)
	BET surface area (m2/g)

	MAFM-350
	2.73
	2.31
	216.23

	MAFM-500
	7.78
	3.54
	104.84

	MAFM-650
	10.01
	Width: 5.23
	53.84

	 	 	Length: 11.36
	 
	MSM-350
	2.83
	4.12
	63.89

	MSM-500
	7.05
	4.74
	55.62

	MSM-650
	12.43
	Width: 2.73
	31.77

	 	 	Length: 26.36
	 
	Commercial IrO2
	–
	8.69
	25.11





Electrochemical characterisation

The cyclic voltammograms were obtained in a potential window of 0 and +1.4 V versus RHE with a potential scan rate of 20 mVs−1. The cyclic voltammograms seem to be influenced by the synthesis temperatures since there is a slight shift in the two redox couples, Ir(III)/Ir(IV) and Ir(IV)/Ir(V), as shown in Table 2. IrO2 catalysts typically display a lowering in current density and charge as the synthesis temperatures are increased.7,22,26 Heat treatment is known to dehydrate and crystallise the IrO2 material, thereby reducing the utilisation of Ir atoms participating in reactions to as low as 1%–2%.(7) In Figure 5a, the Ir(III)/Ir(IV) and Ir(IV)/Ir(V) redox couples for MAFM-350, MAFM-500 and MAFM-650 were observed. Between 0 and +0.65 V versus RHE, no charges were transferred for the MAFM-500 and MAFM-650 due to double-layer charging.22 In Figure 5b, the Ir(III)/Ir(IV) and Ir(IV)/Ir(V) redox couples for the MSM-350, MSM-500 and MSM-650 were observed, and the peak potentials are also summarised in Table 2. For the anodic potential scan, an additional pre-peak was seen at +0.35 and +0.59 V versus RHE for MAFM-350 and MSM-350, respectively. The peak can also be seen for the commercial IrO2. The cause of the peaks may be due to the coupled ion-electron transfer, formal potential distribution, relations in the layer or the change in mass transport within the layer as the potential change.22,27 The pre-peak is also believed to occur due to the oxidation of Ir3+ close to the metal/oxide interface and is accompanied by extensive water exchange.7 IrO2 synthesised at 500 °C and 650 °C does not exhibit these pre-peaks, ruling out the oxidation/reduction of a sodium layer impurity and also confirming the formation of a dehydrated IrO2 material due to a lack of the water exchange that takes place during the pre-peak formation. Therefore, the additional peaks are almost certainly due to the presence of active Ir(III) sites at slightly shifted oxidising/reducing potentials. Additionally, the incomplete decomposition of the Ir-metal precursor in the oxide phase may also show the presence of active sites.28 Upon the cathodic potential scan at 0 V versus RHE, a strong negative ‘tail’ was seen for MAFM-500, MAFM-650, MSM-500 and MSM-650. This reflects their negative capacitive behaviour (Hads), involving the double-layer and pseudo- capacitances.22,28 These CV-shaped curves are like those found by Rasten et al.26, especially for the IrO2 synthesised at increased synthesis temperatures.

[image: 16026Karels_fig5]

Figure 5: CV analysis at 20 mVs−1 in 0.5M H2SO4 of the commercial IrO2 and IrO2 synthesised with the (a) MAFM and (b) MSM.





Table 2:Anodic/cathodic peak potentials of the Ir(III)/Ir(IV) and Ir(IV)/Ir(V) redox couples of the commercial, MAFM and MSM IrO2 catalysts



	Sample name
	Ir(III)/Ir(IV) anodic redox couple (V vs. RHE)
	Ir(III)/Ir(IV) cathodic redox couple (V vs. RHE)
	Ir(IV)/Ir(V) anodic redox couple (V vs. RHE)
	Ir(IV)/Ir(V) cathodic redox couple (V vs. RHE)

	MAFM-350
	+0.94
	+0.43
	+1.30
	+0.92

	MAFM-500
	+0.82
	+0.76
	+1.28
	+1.15

	MAFM-650
	+0.78
	+0.77
	+1.18
	+1.18

	MSM-350
	+0.97
	+0.79
	+1.20
	+0.98

	MSM-500
	+0.80
	+0.81
	+1.23
	+1.09

	MSM-650
	+0.65
	+0.82
	+1.17
	+1.16

	Commercial IrO2
	+0.74
	+0.75
	+1.16
	+1.15





The polarisation curves were obtained using the LSV technique that was performed between +0.8 and +1.8 V versus RHE at a potential scan rate of 2 mVs−1. It is commonly understood that amorphous IrO2 displays higher OER activity due to complete IrO2 atom utilisation but suffers stability due to being prone to dissolution. In contrast, crystalline IrO2 lacks the activity due to low IrO2 atom utilisation and change in oxide stoichiometry towards the crystalline phase, but displays higher stability.29 Thus, a strong relationship exists between the structural properties and electrocatalytic performance due to the presence of a mixture of amorphous and crystalline IrO2.29 The polarisation curves of the IrO2 synthesised with the MAFM and MSM are shown in Figure 6a and 6c, respectively. The OER onset potentials of the synthesised IrO2 were found to be at ~1.5 V versus RHE due to the energy requirement during the H2O phase transition.30 MSM-350 had the lowest overpotential of 270 mV compared to 280 mV for MAFM-350. For MAFM, peak OER activity for IrO2 was observed at 500 °C, which is contrary to findings in the literature, which suggest that the amorphous IrO2 would be more active. For MSM, the lowest overpotential was observed for MSM-350. At lower current densities (10 mAcm−2), the MAFM-350 and MSM-350 had higher OER activities. However, at increased current densities (150 mAcm−2), the MAFM-500 and MSM-500 had higher OER activities. There were no results generated at 150 mAcm−2 for MAFM-650 due to the IrO2 degradation caused by the Ir dissolution.31 The performance difference between MAFM-650 and MSM-650 is quite notable, and the explanation is not clear as MAFM-650 had a higher BET surface and a similar CV to MSM-650. A possible explanation could be due to structural defects occurring during the formation of the Ir5+ surface where the OER takes place, which could also explain the higher overpotential at 10 mAcm−2. Surface reconstruction occurs during the OER process to expose the real active species while the pristine catalyst could be considered pre-catalysts.32 Different crystallinity induced by the synthesis temperature typically affects the dissolution rates of IrO2 with higher stability and lower activities being the result of higher temperatures. Rasten et al.26 also show improved OER activity of IrO2 synthesised at decreased temperatures. Most anodically produced IrO2 electrodes have a corresponding Tafel slope of about 44 mV dec−1.5,13 Figure 6b and 6d show the Tafel slopes of the IrO2 catalysts synthesised via the MAFM and MSM, respectively. For both synthesis methods, IrO2 synthesised at 350 °C exhibited the smallest Tafel slopes, i.e. 62.41 mV dec−1 for MAFM-350 and 59.17 mV dec−1 for MSM-350, while the Tafel slope magnitude increased with higher synthesis temperatures. IrO2 catalyst with a smaller Tafel slope generates current more efficiently when voltage is applied.13,14 Siracusano et al.19 synthesised IrO2 catalysts with an overall Tafel slopes of 80 mV dec−1. The Tafel slope consisted of an anodic contribution of 59.17 mV dec−1 and a cathodic contribution due to the OH adsorbed intermediates. Dang et al. developed a 1-T phase IrO2 with an overpotential of 235 mV and a Tafel slope of 49 mV dec−1; however, the synthesis method was highly challenging.33 Table 3 summarises the electrochemical properties of the IrO2 catalysts. The catalyst mass activities were determined at 1.6 V versus RHE. For the MAFM, MAFM-500 had the highest mass activity (137 Ag−1), whereas for the MSM, MSM-350 had the highest mass activity (140 Ag−1). The commercial IrO2 catalyst exhibited a mass activity of (101 Ag−1). For the MSM, there was a decreasing activity trend with the increase in synthesis temperature, while for the MAFM, peak activity was observed at a synthesis temperature of 500 °C. Higher mass activities may be attributed to catalyst nanostructures, which allow more exposure to the active sites.4 The commercial IrO2 had a lower OER activity when compared to the synthesised IrO2 from both the MAFM and MSM. The lower OER activities of MAFM-650, MSM-650 and commercial IrO2 can be attributed to the larger crystallite/particle sizes shown by the XRD and HRTEM analyses.
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Figure 6: (a) LSV analysis at 2 mVs−1 in 0.5M H2SO4 of the commercial IrO2 and MAFM IrO2 catalysts, (b) Tafel plots of the commercial IrO2 and MAFM IrO2 catalysts, (c) LSV analysis at 2 mVs−1 in 0.5M H2SO4 of the commercial IrO2 and MSM IrO2 catalysts and (d) Tafel plots of the commercial IrO2 and MSM IrO2 catalysts.





Table 3:Electrochemical properties of the commercial, MAFM and MSM IrO2 catalysts



	Sample name
	Overpotential at 10 mAcm−2 (mV vs. RHE)
	Tafel slopes (mV dec−1)
	Mass activity at 1.6 V vs. RHE (Ag−1)
	Potential at 150 mAcm−2 (V vs. RHE)
	Stability at 10 mAcm−2 (hours)

	MAFM-350
	279
	62.41
	103
	1.79c
	82

	MAFM-500
	292
	71.80
	137
	1.72
	44

	MAFM-650
	359
	110.07
	28
	–
	5

	MSM-350
	271
	59.17
	140
	1.72
	23

	MSM-500
	299
	78.04
	122
	1.71
	75

	MSM-650
	311
	102.88
	103
	1.73
	41

	Commercial IrO2
	291
	85.32
	101
	1.77
	10





CP analysis was performed at 10 mAcm−2 until the potential reached a value of 1.8 V versus RHE. Performance degradation is normally attributed to dissolution of the IrO2 catalyst.34 Figure 7a shows the CP analysis of the IrO2 synthesised with the MAFM. MAFM-350 had the highest OER stability of ~82 h before reaching the cut-off potential. MAFM-500 and MAFM-650 were stable for ~44 h and ~5 h, respectively. Figure 7b shows the IrO2 synthesised with the MSM. MSM-500 had the highest OER stability of ~75 h. The stability of MSM-500 was on par with the stability of MAFM-350. MSM-650 was stable for ~41 h compared to ~23 h for MSM-350. The low stability of MSM-350 appears to be the result of the formation of a highly amorphous IrO2, which lacks the stable facets of IrO2 needed for stable OER performance. The stability of MSM-350 is more in line with the expected stability of an amorphous IrO2 catalyst compared to crystalline IrO2 catalysts. However, MAFM-350 showed stability that exceeded the stability of its more crystalline IrO2 counterparts, which is contrary to what is commonly expected from amorphous IrO2 catalysts. The high stability of MAFM-350 could be due to more active sites (deduced from high BET surface area) available for the OER. The detachment of bubble formation on MAFM-350 at an early stage of the analyses may have also contributed to the increased stability.35 The commercial IrO2 was stable for ~10 h, outperforming only MAFM-650. A possible explanation for the poor performance of MAFM-650 could be due to structural defects during formation of the Ir5+ oxidation state where the OER takes.35 The low stability of the commercial IrO2 could be due to both physical and chemical properties such as low surface area and the presence of metallic Ir. Banti et al.29 also observed a lower BET surface area and OER performance for this commercial IrO2 catalyst compared to their synthesised IrO2 catalysts. A summary of the catalysts’ stabilities is provided in Table 3.
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Figure 7: CP analysis at 10 mAcm−2 in 0.5M H2SO4 of the commercial IrO2 and IrO2 synthesised with the (a) MAFM and (b) MSM.



Conclusion

IrO2 catalysts suitable for the OER in PEMWE were successfully produced using MAFM and MSM. Both methods can be easily scaled for high-volume metal oxide production. The effects of synthesis method and temperature on the OER performance of the IrO2 catalysts were studied. It was found that MAFM and MSM influenced the OER performance of the IrO2 catalysts. However, no specific synthesis method showed both increased OER activity and stability. The effect of temperature on the IrO2 catalyst performance was different for the two synthesis methods. At 350 °C, the two methods yielded IrO2 catalysts with contrasting OER performance, i.e. MAFM-350 had significantly better stability but lower activity compared to MSM-350. At 500 °C, MAFM-500 and MSM-500 had similar activities; however, MSM-500 had significantly better stability. At 650 °C, MSM-650 had better activity and stability compared to MAFM-650 with MSM-650 having the poorest overall OER activity of all the IrO2 catalysts studied. The commercial IrO2 exhibited expected performance trends where amorphous IrO2 has good activity but low stability. The XRD analysis showed a phase transition, from amorphous to crystalline, as the synthesis temperature was increased from 350 °C to 650 °C. IrO2 catalysts synthesised at 350 °C were spherical shaped and amorphous. Above 500 °C synthesis temperatures, the IrO2 catalysts synthesised via MAFM had cubic and cylindrical shapes, whereas the IrO2 catalysts synthesised via MSM consisted of crystallites with different shapes. This study demonstrates that the physical properties of the IrO2 catalysts can be tailored through the synthesis method and the synthesis conditions, which can result in significant improvements in the OER performance of the IrO2 catalysts. Improved catalyst OER performance is essential to lower the catalyst loading requirements, which will in turn lower the costs associated with the catalyst component.
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