Open Access Article. Published on 09 March 2023. Downloaded on 4/3/2026 1:54:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2023, 13, 7980

Received 10th November 2022
Accepted 4th March 2023

DOI: 10.1039/d2ra07142h
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The utilization of iridium is expected to surge in the next few years, notably due to the rising implementation
of water electrolyzer devices in the energy transition. However, the natural resources of this noble metal are
extremely limited and thus its recycling will become of high importance. Unfortunately, iridium is also the
most corrosion resistant platinum group metal, making its recovery from waste a difficult and energy-
demanding process. Hereby, we study the impact of organics and chloride ions on the electrochemical
dissolution of iridium in order to pave the way towards green recycling of this precious metal. We
present a 40 times increased dissolution when cycling iridium in presence of HCl and 1 M ethanol
compared to HClO,4. Our results point towards the direction of destabilizing Ir at relatively mild

rsc.li/rsc-advances conditions in acidic media.

Introduction

Platinum group metals (PGMs) have been employed in many
applications as biomedical and electronic devices, jewellery,
alloying agents for hardening platinum and osmium, in the car
industry and glass industry, for catalysis and electrocatalysis
(e.g., proton exchange membrane fuel cells (PEMFCs) and water
electrolyzers (WE)), etc.”™® The latter ones will be particularly
important in the transition towards clean energy sources; with
platinum (Pt), iridium (Ir) and ruthenium (Ru) being the state-
of-the-art electrocatalysts in these technologies.*” Although
PGM-free electrocatalysts are currently being developed for
PEMFC and WE applications, they are still at a development
stage, requiring short/middle-term solutions to be developed
based on PGM catalysts.® However, the annual worldwide
consumption of PGMs has steadily increased since the 1980s
and is expected to continue accordingly in the next decades.’™*
Besides this, the mining production of PGMs is difficult,
requires strong chemicals and is energy-intensive."»** Their
natural sources are geologically unevenly distributed (mostly
located in the South African Republic and Russia) and thus
present an additional supply risk for the production of PGM-
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containing devices. For this reason, the European Union
declared PGMs to be critical raw materials (CRMs)."* It is ex-
pected that the supply from natural sources will not meet the
demand, and, in the future, the recycling of these precious
metals will take even bigger importance in the world
Supply.3,15,16

Nowadays, the recycling processes of PGMs are still costly
and energy-intensive (e.g., pyrometallurgy), using toxic chem-
icals (e.g., aqua regia) which are not environmentally friendly
and usually need to be adjusted to the specific waste origin.**”**
Therefore, new and greener recycling processes for PGMs need
to be developed.

Considering the (future) importance of iridium in the
hydrogen economy, as the state-of-the-art oxygen evolution
catalyst and its extremely low mining yield (less than 10T per
year worldwide),"*?* it is crucial to investigate an economically
viable recycling process. Indeed, the current WE technology
requires 1-2 g of iridium per kW of electrical energy, which
means that with a target of 200 GW (energy needed for Germany
alone),* 100 to 200 tons of iridium would be needed.?*?* Even if
some breakthrough solutions are found to reduce (if not fully
replace) the amount of Ir needed in the future, its recycling from
waste and end-of-life catalysts is of utmost importance. Unfor-
tunately, iridium is one of the most corrosion resistant of all the
PGMs, which makes it difficult to recycle, even more under mild
hydrometallurgical conditions.”® The state-of-the-art recycling
technology for PGMs/iridium is either using a combination of
aqua regia and heating,"”** a Smelter-Leaching-Electro
Winning-Refining process developed by Umicore*?® or the
Rose process used by Tanaka (utilization of metal oxide as PbO
to extract PGMs at high temperature).?” All these processes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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employ toxic chemicals and exposure to high temperatures that
increase the energy/environmental cost.

One promising way to achieve energy-efficient recycling of
iridium is by using electrochemical processes. Compared to
pyrometallurgy, electrochemical dissolution or leaching can be
considered a type of hydrometallurgy, which is known to have
many benefits such as being environmentally friendly. Indeed,
Cherevko et al. showed that all the PGMs transiently dissolved
when cycled in a potential window sufficiently broad to undergo
oxidation (onset of significant dissolution is 0.9 Vyyg) and
subsequent oxide reduction.”®* During the anodic sweep,
metallic iridium Ir (0) is firstly oxidized to Ir (3+), forming in
acidic media intermediate surface oxides/hydroxides and dis-
solved species [Ir(H,0)s]>". Afterwards, the oxidation continues
until stable IrO, is formed. Similarly, when the iridium oxide is
reduced back to metallic iridium, Ir (3+) is formed and dissolved
during the reaction.** Therefore, by imposing a sufficient
number of cycles between reductive and oxidative potentials,
any precious metal could theoretically be completely dissolved
as successfully demonstrated by Hodnik et al. for Pt and Pd.*" In
addition, iridium is prone to dissolution when catalysing the
oxygen evolution reaction (OER). When OER occurs on iridium
catalysts, different reaction pathways are possible. One of the
plausible OER mechanisms proceeds via oxygen consumption
from the Ir-oxide lattice, inducing dissolution of iridium.**
Therefore, the two possible approaches to electrochemically
dissolve iridium are by either alternating surface Ir redox
chemistry or by pushing the lattice oxygen evolution reaction,
which could be used for recycling under mild conditions.

In industrial recycling reactors, disparate waste containing
PGMs are mixed with the lixiviant solution (electrolyte) without
any physical contact which allows recycling of large quantities.
But to gather insights on impact of any electrochemical
parameters on the iridium dissolution,*** controlled experi-
ments are required, and thus, laboratory conditions. In this
case, a film of the powder catalyst/material of interest is
deposited on a conductive working electrode on which
a potential is applied. In addition, it can be coupled to various
analytical method as inductively coupled plasma mass spec-
trometry (ICP-MS), identical location transmission electron
microscopy (IL-TEM), Raman spectroscopy, etc**~%. However, it
can be difficult to transfer the electrochemical parameters from
the laboratory experiment to an industrial reactor. Nonetheless,
Hodnik et al. proposed an elegant solution to mimic the
oxidation and reduction cycles of electrochemical cell by using
oxidative and reductive reactive gases.*' In a study of Pt disso-
lution, the authors varied the saturated gas by purging O; to
impose oxidative potential and create precious metal oxides,
followed by a purge with a reductive gas as CO or H, to reduce
the oxides previously formed. Accordingly, the authors showed
that Pt was dissolving with the same transient dissolution
mechanism as in electrochemical cycling.**** The use of gases
such as O; and H, in diluted acidic electrolyte correspond to
a “mild and green” alternative to the existing recycling
processes used such as aqua regia. One of the limitation of this
technology is that the upper potential is lowered by the rela-
tively low saturation concentration of ozone in the electrolyte.
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The theoretical oxidizing potential of O; is 2.07 Vyug, which
would be more than enough to oxidize all PGM, and in partic-
ular also Ir.*»** However in practice, the open circuit potential
(OCP) under ozone in aqueous electrolyte is between 1.385 Vgyg
and 1.6 Vgyyg for a Pt working electrode®** as it can vary
depending on the electrolyte composition and/or the working
electrode material as well as the ozone concentration in the case
of only one redox reactions (following Nernst equation).
Another possibility for the lower observed OCP is the presence
of other electrochemical reactions like the splitting of water in
the cell, leading to a mixed potential for the OCP. In order to
reduce the oxidized metals hydrogen or CO can be used. In
addition to gases, other compounds can be used as reducing
agents, i.e. organics were shown to act like this during the
synthesis of nanoparticles,”*” and they could be used alone or
in complementarity with H, to reduce nanoparticles.

One way to increase the dissolution of metals is by using
a complexing agent. It is well known that the presence of
organic molecules, ions, gases, etc, can increase the dissolution
of precious metals either by preventing redeposition or by
“chelating” the metal ions. For example, the dissolution of Pt
was shown to be higher in presence of organics**** or
chlorides;**** similarly, gold dissolves more in presence of
chloride, bromide, and cyanides.>**® Therefore, organics
molecules could have the double benefit of acting as reducing
agents and complexing compounds.

However, in the case of iridium, only a few studies about its
stability in presence of organics have been performed.?”*®
Interestingly, it is often used as a catalyst for the oxidation of
organics (organics oxidation reaction, OOR) and several studies,
firstly by Comninellis et al., were conducted on the mechanism
of oxidation.>* The authors reported that iridium has a typical
active catalyst behaviour in these reactions. Hence, the oxida-
tion of organics that occurs on such oxide anodes (MO,) is
selective as opposed to the non-selective oxidation occurring on
“non-active” electrodes and leading to CO,.**** Therefore, the
OOR driven by active MO, involves a reaction pathway leading
to the formation of a higher oxide MO,.,. At the potential of
OOR and/or OER, metallic iridium is already oxidized (generally
to Ir0,), and thus the formation of higher oxide during the
oxidation of organics involves the formation of IrO;. This
compound is also an intermediate participating in the oxygen
evolution reaction pathway dominating at high potentials as
shown by Kasian et al.*® The authors also suggested that it can
further be oxidized to IrO,>” in presence of H,0.** Thus,
organics oxidation, OER and iridium dissolution could be
conceptually linked. Several authors stated that organics
oxidation seems to facilitate the OER and vice versa.**® There-
fore, the iridium dissolution during OER could be in principle
facilitated and be achieved at lower potentials, opening a path
towards “green” electrochemical recycling of iridium.

In our study, we investigate different electrolyte additives
and conditions for the dissolution of iridium. First, the impact
of different organic molecules on iridium dissolution was
studied in 0.1 M HClO,. Namely, the dissolution in presence of
0.05, 0.1, 0.5 and 1 M of isopropanol (IPA), formic acid (FA) and
ethanol was tested. Isopropanol and ethanol were chosen over
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methanol based on a previous study by Simond and Comni-
nellis where they showed the higher reactivity for the chosen
organics, which is favorable to trigger iridium dissolution
during the organic oxidation.> However, the authors specified
that longer carbon chain of primary alcohols would be detri-
mental for reactivity on iridium and thus slower organic
oxidation reaction is expected. Afterwards, the dissolution in
presence of the most impactful organics was performed in HCI
electrolyte. The impact of chlorides on iridium dissolution was
proven. Finally, hypotheses for the observed enhanced disso-
lution are provided.

Experimental
H-cell electrochemical experiments

Fluorine doped tin oxide (FTO)-coated glass slides were used as
working electrode support. First, the FTO substrates were
sequentially cleaned by 10 minutes sonication in Hellamnex,
MilliQ water and Isopropanol, respectively. The FTO was
abundantly rinsed with MilliQ water between each sonication
step. To ensure good electrical contact, a silver paste layer was
added on the top of the FTO. Next, a small layer of silver epoxy
was put around the silver paster layer to avoid any electrolyte to
touch the electrical contact by capillary rise during the experi-
ment. Once the FTO support was fully conditioned, a 2.2 mg
mL ™" commercial Ir-black (Alfa Aesar, extensively characterized
in the literature®*) ink was sonicated with an ultrasonication
horn (Branson, SFX 150) in an ice bath before 10 pL of the
suspension was deposited on the FTO. The final Ir loadings
were estimated to be of ca. 75-90 pg cm 2, based on drop-casted
spot diameter analysis by laser microscopy (Keyence VK-X250).
This concentration was chosen to be close to values
commonly reported for Ir rotating disk electrode (RDE) testing.
Next, the Ir-black on FTO was transferred in a H-cell: a glassy
carbon counter electrode (CE) was placed in the opposite cell
compartment, separated by a glass frit, to avoid any redeposi-
tion of iridium on it during the experiment. To monitor the
dissolution rates of Ir, an auto-sampler (Liquid handler, Gilson
GX-271 Prep LH) was extracting electrolyte aliquots during
electrochemical treatment. One cycle consists in 2 minutes at
0 Vgug (simulation of hydrogen saturated) followed by a linear
sweep to 1.385 Vgyg at 20 mV s’l, 2 minutes at 1.385 Vyug
(simulation of ozone saturation) and a final linear sweep to
0 Vgyg at 20 mV s~ ', Electrolyte aliquots were extracted at the
end of the second linear sweep after the cycles number 0, 2, 4, 6,
8, 10, 15, 20, 25, 30, 50, 75, and 100. In order to monitor
potential diffusion of dissolved Ir across the H-cell compart-
ments, aliquot samples were also extracted from the CE
compartment. The potential was controlled by a Gamry poten-
tiostat (Interface 1000B ZRA). The electrolyte solutions were
made with ultrapure deionized water (Merck, MilliQ IQ 7000)
and commercially available chemicals (Table S17).

Liquid sample analysis: offline ICP-MS

Dissolved iridium content in aliquots was analysed with an
Inductively Coupled Plasma - Mass Spectrometer (ICP-MS,
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PerkinElmer NexION 300x). The samples were diluted in
order to reach organics concentration lower than 5 wt% (0.05 M
maximum concentration), the tolerable limit of the instrument.
The instrument was calibrated with a set of standard solutions
of a known amount of metal using the same electrolyte matrix
as studied (HClO, or HCI + organics). An internal standard of
87Re (for Ir) and '°*Rh (for Sn) was run through the ICP-MS
during the experiment to ensure the stability of the system
during the measurement time.

Online-ICP-MS

Online-ICP-MS study was performed by connecting a scanning
flow cell to the ICP-MS (PerkinElmer NexION 300x) as
described in previous articles.””* The working electrode was
a polycrystalline bulk iridium crystal while the counter and
reference electrodes were a carbon rod and a double junction
Ag/AgCl (Metrohm), respectively. Prior to the start of the elec-
trochemical protocol, the potential was held at 0.8 Viyg for
2 min to allow electrochemical contact with the scanning flow
cell (cell opening diameter = 2 mm). Afterwards, a slow cycle
(5 mV s™') was performed up to 1.385 Vryg, where the potential
was then held for 30 s to mimic an ozone-induced potential.
Finally, the electrolyte was saturated with H, and the potential
was allowed to go to OCP during 3 min. Subsequently, two
additional cycles (slow linear ramp, 30 s hold and 3 min at OCP)
were performed.

Results and discussion

First, the impact of organics on dissolution was studied in
a chloride-free electrolyte (0.1 M HClO,) in an H-cell configu-
ration. Ir-black was deposited on FTO and cycled in 0.1 M HCIO,
electrolyte containing different concentrations of the organic
compounds: 0.05 M, 0.1 M, 0.5 M and 1 M of isopropanol (IPA),
formic acid (FA), and ethanol (for further details see
experimental).

In all the cases, the dissolution of iridium increases with the
concentration of organics (Fig. 1). After 100 cycles, the iridium
concentration in solution is 0.56, 0.79, 1.27 and 1.88 ug;; L' in
presence of 0.05, 0.1, 0.5 and 1 M of formic acid, respectively
(Fig. 1a). Similar trends are observed in presence of IPA (Fig. 1b)
and ethanol (Fig. 1c), albeit a slower improvement for low
concentrations of IPA. Therefore, this leads us to believe that
the presence of organics promotes iridium dissolution.
However, the amount of dissolved iridium varies highly
depending on the organic compound. Namely, in presence of
1 M ethanol an iridium dissolution of 9.48 pg L™ was recorded
after 100 cycles, which corresponds to 10 and 5 times the
dissolution in presence of 1 M IPA and 1 M FA with 0.87 pg L™"
and 1.88 pg L™, respectively (Fig. S11 and Table 1).

Nonetheless, it is surprising to see a rise in dissolution with
increasing isopropanol concentration but still an overall lower
dissolution than in 0.1 M HCIlO, alone (0.92 pg L") (Fig. 1b).

One explanation is the formation of strongly adsorbing
species and consequent blockage of the surface. Indeed, the
oxidation of isopropanol can lead to acetone, which is known to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Dissolution of iridium in different concentrations of organics in
0.1 M HCIOy,. (a) In formic acid. (b) In isopropanol. (c) In ethanol.

block the surface of other PGMs.>””>7® As an increase in high
isopropanol concentration is correlated with an increase in
iridium dissolution, isopropanol oxidation induces this
concomitant iridium degradation. Thus, on one hand there is
less dissolution than in pure HCIO, due to the process of
blockage of the transient oxidation/reduction reaction of Ir
surface by acetone or possibly isopropanol (IPA). On the other

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Total iridium dissolution after 100 cycles (ug, L™) in 0.1 M
HCLO4 with various concentration of different organics

Electrolyte concentration (M) Formic acid Isopropanol Ethanol

0 (HClO,) 0.92 + 0.13 0.92 +0.13 0.92 £+ 0.13
0.05 0.56 + 0.08 0.46 = 0. 06 1.51 £ 0.22
0.1 0.79 +£ 0.11 0.42 + 0.06 5.39 + 1.12
0.5 1.27 £0.09 0.42 +£0.06 3.34 + 0.49
1 1.88 £ 0.08 0.87 £ 0.04 9.48 £ 0.42

hand, when a significantly higher amount of isopropanol is
present, the process of oxidation of an organic compound is
promoted which seems to induce iridium dissolution and
counterbalance the blocking ability of IPA. Therefore, two
separate processes are occurring at the same time, where the
dissolution of Ir is accelerated only when the IPA concentration
is sufficiently increased.

Similarly, low amounts of formic acid seem to hinder the
oxidation/reduction of iridium and thus decrease the following
iridium dissolution. However, a higher amount of the organic
compound results in boosted dissolution compared to HCIO,.
Hence, during formic acid oxidation no more iridium oxide is
left to be further reduced and thus transiently dissolved.
Indeed, the reaction with formic acid happens following an two
steps electrochemical-chemical mechanism (see ESI and
Fig. S31 for more details) which consumes all the iridium
oxides. It also explaines why higher amount of FA, and thus
higher FA oxidation, leads to more iridium dissolution. There-
fore, at sufficient FA concentration the degradation induced by
the FA oxidation overcomes the decrease of dissolution from the
transient processes. A similar phenomenon has been previously
observed for the dissolution of Pt in presence of different
concentrations of Cl™.” In addition, the presence of adsorbed
organics (reactant and products) on the iridium surface could
limit the iridium redeposition, and thus increase the iridium
concentration in the solution.”

In the case of ethanol, its complete oxidation yields CO, and
H,0 while the partial oxidation, expected on Ir-based catalysts,
yields acetic acid (CH;COOH).** Thus, and evidently from the
absence of blocking ability, no poisoning species are formed.*
Therefore, neither the oxidation/reduction processes are
hindered nor its associated dissolution of iridium. This mech-
anism, in addition to some dissolution induced during the
oxidation of ethanol, could explain the higher degradation
observed for ethanol-containing electrolytes.

As ethanol has the most impact on the dissolution, the same
experiment was conducted with 0.1 M HCI as a supporting
electrolyte instead of HCIO, (Fig. 2). In addition, a hold exper-
iment was conducted to prove the importance of cycling. Thus,
the potential was held at 1.385 Vyyg for the same amount of
time as 100 cycles. The electrolyte aliquots were taken after
a time equivalent to the number of cycles on x axis in Fig. 2a and
b. It is clearly visible that during the hold experiment iridium is
much more stable, emphasizing the importance of potential
cycling between oxidizing and reducing potentials to trigger

RSC Adv, 2023, 13, 7980-7987 | 7983
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Fig. 2 Dissolution of iridium in presence of ethanol in HCL. (a) pg, L™*
and (b) % of Ir dissolved.

transient dissolution (Fig. 2a). In other words, during the hold
potential an iridium oxide layer is formed with a first dissolu-
tion. Afterwards, the iridium layer is stable and the dissolution
is heavily hindered. In the case of cycling, the switch between
oxidative and reductive potential induces a transient dissolu-
tion as previously observed by Cherevko et al.>®** Moreover, the
impact of CI” on iridium dissolution is noticeable with
a dissolution around 10 times higher for 0.1 M HCI compared to
0.1 M HCIO,4 with 9.72 pg; L™ " vs. 0.92 pgy. L™ " after 100 cycles,
respectively. After the addition of ethanol, the same trend is
observed as previously with an increase in dissolution with
increasing organic concentration (Fig. 2a).

In this experiment, both the importance of ClI~ and of
ethanol for enhancing dissolution are clearly highlighted. It was
shown that Cl does not chemically attack Ir films but it facili-
tates the formation of Ir,Cl,, soluble complexes.” Unfortunately,
even if the leaching of iridium is greatly enhanced, the overall
dissolution is still low with around 0.91% of the iridium dis-
solved in 0.1 M HCI (corresponding to 5.19% of an iridium
monolayer, see Discussion S1} for details) and only 0.08% in
0.1 M HCIO, (0.5% of a monolayer) after 100 cycles (Fig. 2b and

7984 | RSC Adv, 2023, 13, 7980-7987
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S2t). In the same way, when 1 M ethanol was added to both
electrolytes, the amount of Ir dissolved after 100 cycles
increases from 0.91% and 0.08% to 3.2% (16.87% of a mono-
layer) and 0.9% (5.1% of a monolayer) for HCl and HCIO,,
respectively. Thus, the dissolution of iridium is enhanced 40
times when 1 M ethanol and chlorides are presents in solution
compared to a HCIO, electrolyte, even when cycled to “low”
potentials where iridium is mostly stable.

The mechanism of iridium dissolution in presence of
organics was then investigated with an online ICP-MS set-
up.”*”* First, a slow oxidative ramp was applied to mimic the
introduction of ozone in the system (I in Fig. 3a). Afterwards, the
potential is held at 1.385 Vgyg (0zone simulated potential, II)
before the introduction of H, in the system which produces
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Fig. 3 (a) Online dissolution of iridium during cycling in presence of
0.1 M HCl and 0.1 M HCL + 0.05 M ethanol. (b) Online dissolution of
iridium during three cycles in presence of organics (0.05 M) in 0.1 M
HCL. (c) Zoom in one cycle.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a rapid drop of the potential to around 0.05 Vgyg (III). Fig. 3a
shows the dissolution of iridium in HCI and 0.05 M of ethanol.
The low organic concentration is necessary to avoid damage to
the ICP-MS. The low concentration could explain the similar
dissolution observed for 0.1 M HCI and 0.1 M HCI + 0.05 M
ethanol, as was the case in the H-cell experiments (Fig. 2a black
and orange curves).

Additionally, the experiment was also conducted in presence
of FA and IPA (Fig. 3b and c). The higher dissolution observed
compared to HCI alone while there is a flow of electrolyte hints
that the blockage of the surface could indeed be the limiting
factor in the H-cells experiments.

Qualitatively, the dissolution process is similar in all the
cases (Fig. 3b). A small anodic peak is observed during the slow
ramp to 1.385 Vrpg (onset of 1.04 + 0.02 Vgyyg) corresponding to
the oxidation process of iridium (Ir%Ir*" redox couple)?®*.
Afterwards, a passivating oxide layer is formed, and the disso-
lution decreases during the “ozone-potential” hold (II). Then,
a higher cathodic peak is visible in agreement with the intro-
duction of H, to the system and the reductive atmosphere. It
corresponds to the reduction of the previously formed iridium
oxide layer through the formation of soluble Ir** before reach-
ing metallic state.* While looking at only one cycle (Fig. 3c), it
can be observed that the anodic peak is higher in presence of
organics, possibly due to the OOR. However, the cathodic peak
can have a lower maximum intensity. This kind of mechanism
in presence of iridium and IPA has already been observed.*”

Moreover, a longer time is needed to reach the background
after the reduction step (III) in presence of organics which could
indicate a destabilization of the iridium surface or some reac-
tion with organics. Therefore, the overall dissolution during the
three cycles is higher with organics (Table 2), even with the
lower amounts used in this experiment (0.05 M) compared to
the H-Cell (up to 1 M).

Fig. 4 shows a scheme of the plausible ongoing reaction
mechanisms, based on the work of Comninellis et al.**-** and
Kasian et al®** In absence of organics and at low potentials,
iridium will have the tendency to catalyst OER trough the
formation of HIrO, (steps 1; 4 and 6 in green) with the conse-
quent dissolution mechanism due to the formation of Ir*" (step
5). At higher potential without organics (above 1.6 Vgyg),*® the
mechanism involving IrO; starts to be preferred (steps 1; 2 and 3
in red). The latter is linked with higher stability due to the
higher kinetics of the formation of O, and regeneration of IrO,
over the formation of IrO,>  as shown with online electro-
chemical mass spectrometer (OLEMS) by Kasian et al.*® In our

Table 2 Total iridium dissolution after 3 cycles (ng,,) in 0.1 M HCl with
different organics (0.05 M)

Dissolved iridium Dissolution compared

Electrolyte (ngr) to HCI (%)
0.1 M HCI 2.77 £ 0.13 100

+0.05 M ethanol 3.07 £ 0.08 111 + 2.6%
+0.05 M FA 3.65 + 0.07 132 + 1.9%
+0.05 M IPA 3.39 £0.16 125 + 4.7%

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Scheme of the combined OOR and OER pathways for ethanol.

particular case, the OOR has a common intermediate with the
“high potentials” pathway, IrO;. Therefore, this pathway (steps
1; 2 and 3) could be promoted in presence of organics, even at
low potentials. This could lead to higher formation of the
soluble IrO,>". In addition, more IrO; is formed in presence of
organics and thus more oxides are present. Consequently, more
oxide can be reduced when going to the reductive environment,
linked to a higher transient dissolution process. Based on CVs
in presence of ethanol (Fig. S31), the iridium oxide is addi-
tionally reduced during the organics oxidation as hypothesized
in the step 3 and accordingly to the work of Comninellis,* even
at low potentials.

These phenomena, in addition to some ligand effect in
solution (Cl™ is promoting the formation of soluble complexes)
which limits the redeposition and possible destabilization of
the surface, could explain the enhanced iridium dissolution.

Conclusions and outlook

Our study showcased that an enhanced dissolution of iridium
under mild conditions was presented as a first step toward the
green electrochemical recycling process. The use of organic
compounds was proven to be efficient to increase iridium
leaching as a higher concentration of organics in solution was
correlated with an increased iridium dissolution. The presence
of chlorides was also shown to be beneficial for the leaching of
iridium with a 10-fold increase for HCI electrolyte over HCIO,.
In addition, a 10-fold and 3.5-fold increase of iridium leaching
was observed in 0.1 M HClO, and 0.1 M HCI, respectively, after
the addition of 1 M ethanol. In the case of 1 M ethanol in 0.1 M
HCI, the dissolution was enhanced 40 times compared to just
0.1 M HCIO,.

In a closed system (H-Cell), other organics like formic acid
and isopropanol are not efficient, due to the blockage effect of
the iridium surface by products of the OOR. This is in line with
the fact that when the iridium dissolution was recorded with
a flow of electrolyte (online ICP-MS), all three organics showed
improved dissolution over pure 0.1 M HCI, even with low
concentration (0.05 M). Moreover, the importance of cycling
between oxidative and reductive environments was proven with
almost no dissolution in the hold experiments, even when both
HCI and ethanol were used.

Theoretical studies should be pursued in the future to
confirm our proposed Ir leaching mechanisms. Namely, three
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different processes could participate to the enhanced dissolu-
tion. First, the formation of soluble complexes with iridium by
Cl™ and organics compounds can prevent the redeposition and
drive the dissolution. Secondly, the formation of more iridium
oxide or formation of less stable oxide could explain the higher
dissolution during transient processes. Finally, a possible
dissolution during the OOR itself or driving the formation of
soluble IrO4>~ could participate in the increased dissolution.

Altogether, an increased dissolution of iridium was achieved
under relatively mild conditions. The synergistic impact of C1™
and of organic compounds on the iridium dissolution was
shown for the first time. Nonetheless, theoretical studies as well
as investigations under realistic recycling reactor conditions to
reach complete Ir dissolution still need to be performed to fully
understand and enhance the proof-of-concept presented here.
Finally, other parameters such as acid concentration, chloride
ions concentration, type of acid or other halides (Br™ or I")
could also influence the iridium dissolution and will be inves-
tigated in future work.
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