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Abstract. This study investigates hydrometallurgical recycling of iridium (Ir) from proton exchange membrane (PEM) electrocatalyst - critical for Europe's decarbonization goals. Results demonstrate the efficient synthesis of ammonium hexachloroiridate ((NH4)2IrCl6) via precipitation, which serves as a precursor for new electrocatalysts, supporting circular economy strategies in PEM electrode production.
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Introduction 
The widespread implementation of hydrogen technologies is essential for achieving a sustainable energy transition away from fossil fuel dependence [1]. Among various hydrogen production methods, water electrolysis stands out as a highly promising technology capable of efficiently generating hydrogen gas from water by utilizing renewable electricity. Electrolyzers drive electrochemical reactions, effectively converting electrical energy into chemical energy, while avoiding issues related to noise and air pollution.
Among available electrolyzer technologies - such as alkaline water electrolysis (AWE), anion exchange membrane water electrolysis (AEMWE), and solid oxide electrolysis cells (SOEC) - proton exchange membrane water electrolysis (PEMWE) has emerged as particularly advantageous. PEM electrolysis offers high current densities, rapid dynamic response, and the production of highly pure hydrogen, making it especially suitable for integration with renewable energy sources [2]. 
The core component of the PEM electrolyzer is the membrane electrode assembly (MEA), which features catalytic layers on both the anode and cathode sides of a proton-conducting membrane. This membrane, which usually made of perfluorosulfonic acid polymer, enables the efficient transport of protons (H+ ions) generated during the electrochemical reaction. 
Currently, state-of-the-art PEM electrolyzers typically utilize iridium-based catalysts on the anode for the oxygen evolution reaction (OER) and platinum-based catalysts on the cathode for the hydrogen evolution reaction (HER) [3, 4]. These precious metals, however, face considerable challenges related to their scarcity, high demand, and elevated costs, driven by unique characteristics including excellent corrosion resistance, high melting points, and high densities. Consequently, platinum group metals (PGMs) have broad industrial applications beyond electrolysis, especially in chemical industry as catalysts in processes like hydrogenation, isomerization and steam reforming, as well as in other sectors [5]. 
Given the economic and environmental concerns surrounding precious metals, developing efficient recycling methods for spent electrocatalysts is imperative. Hydrometallurgy has been extensively studied and identified as a sustainable and effective approach for the recovery of PGMs. Compared to pyrometallurgical techniques, hydrometallurgy provides significant environmental advantages due to its operation at relatively low temperatures, while maintaining high recovery efficiencies. This approach typically consists of three main stages: (i) leaching the target metals using suitable aqueous media (acidic or alkaline); (ii) separating and concentrating the metals, and (iii) recovering the target elements either in pure metallic form or as specific metal salts [5, 6]. 
In this work, we focus specifically on the final stage of an environmentally friendly recycling approach previously developed by our group [3, 7]. We investigate the precipitation of iridium in a form of salt ((NH4)2IrCl6) from solution obtained through hydrometallurgical recycling process of spent PEM electrocatalyst. This critical step contributes significantly toward closing the loop and achieving circularity of PGMs within the hydrogen economy.
Experimental part
Materials
The following chemicals were used for experiments and analyses: HCl (37%, VWR), H2O2 (30%, Merck), NH4Cl (99.8%, Merck). The iridium salts IrCl3·3H2O (99.99% metal basis, Alfa Aesar) and IrCl4 (99.95% metal basis, Thermo Scientific) were used for obtaining Ir-based solutions with different oxidation states of iridium. 
The PEM electrode used for the testing was produced within “Recycalyse” project by the Danish Technological Institute (DTI, Denmark). The electrode treatment steps described in our previous research [3, 7]. For the precipitation steps the real or model solutions were utilized. Ir-containing model solutions were prepared using 10 000 µg/mL standard solution of IrCl3 in 20% HCl (99.99% Alfa Aesar). The real Ir-based electrocatalyst solutions were used after the leaching tests with HCl, and contained in addition Pt, Ru, Sb, and Sn as the side elements. 
Precipitation 
The Ir precipitation process was carried out by adding 5 mL ammonium chloride solution (5M NH4Cl) to the 40 mL of Ir-based solution (model or real solution with Ir starting concentration of ca. 400 mg/L) under stirring (200 rpm) at room temperature (RT). In case of oxidation step, 2.5 mL of 30% H2O2 was added to the solution and heated to 70 °C. The samples were taken after 30min, 1h, 2h, 3h and 24h to monitor the precipitation efficiency. The metal concentrations in the aqueous solution were quantified using inductively coupled plasma-optical emission spectrometry (ICP-OES, Varian Agilent 725-ES).
Results and discussion
For the separation of iridium, a multi-step refining procedure previously described in our work [7] was employed. This procedure includes delamination of the membrane from the catalyst layers, fusion, hydrochloric acid leaching, and solvent extraction using a Cyanex 923/diesel mixture. The solvent extraction step effectively separates Ir from accompanying elements found in the investigated electrocatalyst, such as platinum (Pt), ruthenium (Ru), antimony (Sb), and tin (Sn).
In the current study, precipitation using ammonium chloride (NH4Cl) was performed as a final purification step to recover Ir from the aqueous phase. To synthesize the ammonium hexachloroiridate (NH4)2IrCl6, crucial precipitation parameters - including additive concentration, precipitation temperature, and duration - were systematically optimized to achieve high precipitation efficiency.
In HCl-based solution, Ir predominantly exists in two oxidation states: Ir(III) and Ir(IV), forming complexes such as IrCl63- and IrCl62- or other species [8]. Therefore, evaluating precipitation efficiency as a function of the oxidation state of Ir is essential.
For solutions containing predominantly Ir(III), an additional oxidation step was tested to convert it to Ir(IV). Hydrogen peroxide (H2O2) was selected as an oxidizing agent, due to its ability to decompose without leaving residual impurities.
The precipitation efficiency was evaluated using 5M NH4Cl as the precipitating agent according to Eq. 1.
 				(1)
Fig. 1 illustrates the precipitation efficiency of various Ir species in both model and real solutions, with and without the addition of an oxidizing agent. The model solutions were prepared by dissolving corresponding Ir salts in 3M HCl, while the real electrocatalyst solution (denoted as cat. sol.) originated from HCl leaching of the spent electrocatalyst. As a result, it also contained other elements present in the original material (such as Pt, Ru, Sb, and Sn) which may affect Ir precipitation compared to the single-ion system. The results show that the Ir(III) species exhibit high solubility; therefore, their conversion into the less soluble Ir(IV) species is necessary for effective Ir recovery. In electrocatalyst-based solutions, partial precipitation of Ir (approximately 33.6%) suggests the coexistence of both Ir(III) and Ir(IV) species. Upon addition of the oxidizing agent, Ir recovery significantly increased, exceeding 81%.


Fig.1. Precipitation efficiencies of Ir depending on its oxidation state and type of the solution (model vs. real) after 24h at RT and 200 rpm.
Optimization of process parameters (i.e., the oxidant type, reagent concentrations, reaction time and temperature) was conducted. A range of hydrochloric acid concentrations (1-10M HCl) was examined, with Ir recovery reaching 93.4% at 4M HCl. Notably, increasing the HCl concentration beyond 8M resulted in a stable precipitation efficiency of around 97.6%.
The purity of the recovered ammonium hexachloroiridate (NH4)2IrCl6 was assessed, revealing an Ir content of 45.86±0.42%. This experimental value aligns closely with the theoretical Ir content in the salt (Irtheor. = 43.6%), considering an analytical error of approximately 1-2%. The purity of the final product is largely dependent on the presence of other accompanying elements. Therefore, achieving a highly purified Ir-containing solution prior to precipitation, for instance via solvent extraction methods previously developed by our research group [7], is recommended.
Further investigations are necessary to evaluate the performance of the recovered material in electrochemical applications following electrocatalyst fabrication. Nonetheless, previous experience from our studies [6] indicates that ammonium salts ((NH4)2PtCl6 and (NH4)2RuCl6)) synthesized via this method exhibit electrochemical properties comparable to commercially available precursors.  
Conclusions
Due to the growing demand for iridium in the proton exchange membrane water electrolysis industry, efficient recycling techniques must be developed and tailored for new and complex materials, such as electrocatalysts.
In this study, the final precipitation step for recovering Ir from the solution of spent electrocatalyst was systematically investigated. Optimal precipitation conditions were established, identifying that the Ir(IV) oxidation state is preferable for efficient recovery. This state can be effectively attained by incorporating an oxidizing agent such as hydrogen peroxide. Under optimized conditions (5M NH4Cl, 8M HCl, room temperature, 24 hours stirring at 200 rpm), a high recovery yield of 97.6% was achieved. The synthesized ammonium hexachloroiridate ((NH4)2IrCl6) salt can directly serve as a precursor for electrocatalyst production, facilitating the recycling and sustainability of PGMs in PEM technology.
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