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ARTICLE INFO ABSTRACT

Keywords: PEM water electrolyzers are operated with deionized or highly purified water. However, metallic impurities
Acidic water electrolysis can appear in the pipes as well as in the inner compartment due to corrosion of the metal parts of the
Electrospinning electrolyzer cell as the bipolar plate (BPP) or the porous transport layer (PTL). The dissolved ions from the
2(1233: cell components have an influence on the degradation and may impact the catalyst activity. Our objective is to
OFR shed light on these processes in the case of two selected metal ion contaminations, which helps us understand
Dissolution the relevance of selecting proper catalyst materials for acidic water splitting. In this study, the impact of

cationic impurities on the electrocatalytic activity and stability of IrO, based nanofiber catalyst materials for
acidic water electrolysis is investigated in a scanning flow cell coupled with an inductively coupled plasma
mass spectrometer (SFC-ICP-MS). IrO, catalyst materials are tested in an aqueous model system of 0.1 M HCIO,
containing 5 ppm (molar ratio) Fe3* and AI**. The reference IrO, Alfa Aesar (AA) shows a significant increase
in oxygen evolution reaction (OER) activity, while IrO, calcined at 400 °C suffers from an activity decline of
more than 50% if 5 ppm Fe3* are in the electrolyte. Due to their high iridium oxide content, IrO, species
calcined at 600 °C and 800 °C exhibit no significant change regardless of the contaminant ion introduced.
In terms of the stability number (S-number), the dissolution rate of the 400 °C species can be mitigated by
Fe®* ions, while it influenced the other catalysts only modestly. This is mainly the case for AI** ions, although
a slight enhancement can be observed for the highly oxidized species of 600 °C and 800 °C. In general,
the presence of Fe3* and AI** ions has a controversial influence on the OER activity and the degradation of
iridium-based catalyst materials, which is mainly driven by their oxidation state.

1. Introduction proton exchange membrane after ex situ tests for 2 h at +2.0 V vs.

NHE stemming from the bipolar plates (BPPs) made of coated stainless

Hydrogen produced via water electrolysis plays a pivotal role in
the long-term storage of electricity from renewable sources. Proton ex-
change membrane (PEM) electrolysis is a key technology in this regard
due to its ability of operating with intermittent power sources, e.g. wind
and solar. The soul of an electrolysis cell is the membrane-electrode
assembly (MEA), which consists of an anode (mainly IrO,), a cathode
(predominantly Pt-based) and the ion-conductive membrane between
them. Several studies have been conducted on MEAs to optimize op-
erational conditions such as current density, operating pressure, and
temperature [1-3]. However, another important factor is the quality
of the water. Impurities like metal ions can originate either from the
feed water or the degraded components of the electrolyzer cell during
operation.

Various metal ions have been reported to pose a detrimental effect
on cell performance and durability [4-6]. Fe and Ni were found in the
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steel (SS) [7]. SS is frequently investigated to replace Ti due to its low
cost and ease of formability [8]. Fiedler et al. found that SS continued
to dissolve even if the accumulation was inhibited by using an ion
exchanger and high flow rates because no stable passivation layer was
formed [9]. Therefore, corrosion protection coatings are recommended
to mitigate metal dissolution and thus accelerated degradation of the
electrolysis cell [7,10,11]. The other source of metal contamination is
feed water. Li et al. observed a severe cell performance decay with
already 1 ppm Fe3* contamination at 0.5 A cm™ and 60 °C in a long-
term experiment of more than 700 h. [12], although they were able
to mitigate this phenomenon at an elevated temperature of 80 °C and
low current density. They could even enhance the cell performance at a
higher current density of 2 A cm™ and 10 ppm Fe3* concentration when
the operation temperature was increased from 60 °C to 80 °C due to
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charge and mass transport recovery [13]. Nevertheless, Fe3* ions can
accumulate on the anode catalyst layer, occupying active sites of the
catalyst and poisoning the electrocatalyst [14]. This leads to the loss
of catalytically active area and decrease of the OER reaction kinetics.
Later, this research group also investigated other cationic impurities,
including Al3". They found that 5 ppm AI** can even cause a sudden
cell failure when introduced into the cell [15].

On the other side, research has been conducted on aluminum as an
intrinsic part of the catalyst with a boosting effect on OER activity [16].
It has also been reported that the iridium content could be greatly
reduced by inserting aluminum into the anodic catalyst layer of PEM
water electrolyzers [17]. Lee et al. synthesized and tested Al-doped
RulrO, mixed metal oxides for the application of PEMWE successfully
achieving a high current density over 4.1 A cm™ and a mass activity of
3.55 A mgg,, ;! with negligible performance degradation at 1.0 A cm™
for 60 h [18]. According to the study, Al is responsible for improving
the OER performance, whereas a small amount of intrinsic iridium is
desirable to improve the acidic stability of the catalyst.

As for the stability of IrO, based catalysts, it has been reported that
they undergo dissolution at approximately 1.8 V in a PEM electrolyzer
cell and at even lower potentials in a half-cell setup, e.g. scanning flow
cell (SFC) [19,20]. Although IrO, materials, especially the completely
rutile IrO, is a stable anode catalyst material, the continuous O, gas
evolution and the high overpotential caused by cation impurities at the
active sites can lead to an enlarged dissolution of IrO, [19,21].

In this study, we investigate the impact of Fe3* and AI®* ions in the
electrolyte on the OER activity and the dissolution behavior of selected
iridium based nanofibrous catalyst materials in an accelerated and easy
manner by SFC-ICP-MS. These cations were chosen because they can be
present in the electrolyzer system from the stack component materials
or due to corrosion of the pipes [6,19,22] .

2. Experimental section

Materials. Iridium oxide (IrO, Premion™ Alfa Aesar 99.99%, Ir
84.5% min.) and perchloric acid (HClO, Ultrex™, 70 wt%) were pur-
chased from Thermo Fisher Scientific. Iron(III) nitrate
(Fe(NO3)3 - 9 H,O, Emsure®) was obtained from Merck. Aluminum
nitrate (AI(NO3); - 9 H,0, > 98%), isopropyl alcohol (IPA Emsure®,
> 99.8%), acetone (ACN Emsure®, > 99.8%), and Nafion™ (1100 W
dispersion, 5 wt%) were purchased from Sigma Aldrich. Glassy carbon
plates (GG, 5 x 5 cm?, HTW Sigradur G) were supplied by HTW. Potas-
sium hydroxide (KOH, 99.98%) and nitric acid (HNO; ROTIPURAN®
Ultra, 69 wt%) were obtained from Carl Roth. Deionized water (Mil-
lipore, 18.2 M2 cm at 25 °C, TOC < 3 ppb) was used to prepare the
aqueous solutions.

Nanofiber synthesis. The synthesis of the nanofibrous catalyst
materials has been published elsewhere, along with material char-
acterization [23]. In short, the precursor solution of IrCl; - x H,O,
poly(vinylpyrrolidone) (PVP) and DI water was electrospun at 20 kV.
The nanofibers (NFs) were collected on a rotating drum collector
covered with an aluminum foil. After electrospinning, calcination took
place under synthetic air atmosphere at various temperatures to create
the final catalyst in the form of IrO,.

Ink preparation. The detailed description of the ink preparation
and the drop-casting process on the GC substrate can be found in our
previous study [23].

Electrochemical and stability measurements (SFC-ICP-MS). All
samples are tested in a scanning flow cell (SFC) coupled with ICP-MS
described elsewhere [24]. The electrolyte is pumped through the V-
shaped channels of a polycarbonate SFC. On the bottom side, the SFC
has an elliptical opening of 0.036 cm?. The electrolyte has a hanging
meniscus which establishes the ionic contact between the drop-cast
IrO, spots operating as the working electrode (WE) and the reference
(RE, Hydroflex Mini, Gaskatel) as well as the counter electrode (CE,
GC rod, d = 1.6 mm, HTW Sigradur G). Both electrodes are placed in
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a separate compartment in stagnant electrolyte. The concentration of
the analyte and the internal standard (ISTD) isotopes are constantly
detected, and the analyte signal is normalized by the ISTD intensity.
The calibration is conducted by a five-point measurement including the
blank and the concentrations of 0.5, 2, 5, and 10 ppb. We use 3 pg 1
of187Re, 10 pg 1! of*Sc, and 50 pg I'! of’2Ge as ISTD to monitor
19311,27 Al, and ®Fe, respectively.

5 ppm (molar ratio) Al** and Fe®* solutions are prepared with 0.1 m
HCIO, as the background electrolyte. As for Fe3*, setting a strong acidic
pH was crucial to prevent its hydrolysis. We assume a constant ion
concentration neglecting the amount of ions adsorbed on the electrode
surface and the tubings, which proved plausible as the test protocol
conducted was short. The details of the test protocol are described
in our previous study [23]. Shortly, after the open-circuit potential
(OCP), linear sweep voltammetry (LSV) was used to determine the OER
activity of the catalyst materials. Afterwards, a chronopotentiometric
hold was recorded to model the OER at a constant current density
(1 mA cm™) and calculate a comparable S-number as the figure of
merit for dissolution rate and OER activity [25]. Finally, potentiostatic
electrochemical impedance spectroscopy (PEIS) was applied to identify
the ohmic resistance of the electrolyte.

3. Results and discussion

A summary of the dissolution of all species can be found in
Fig. 1 conducted by SFC-ICP-MS, where the on-line dissolution rates
are detected during the electrochemical protocol applied (top axis).
The most pronounced difference between the presence of AI’* and
Fe3* can be observed in the case of IrO, calcined at 400 °C. Namely,
the dissolution of this species can easily be followed in Fig. 1a, and
clear dissolution peaks can be ascribed to the individual steps of the
electrochemical protocol applied. For IrO, calcined at 600 °C and
800 °C as well as the reference IrO, AA, less Ir dissolves than for IrO,
400. However, both peaks induced by the LSV step and contacting the
catalyst spot with the electrolyte can be identified easily. Nevertheless,
this changes considerably when Fe3* ions are present in the electrolyte
(Fig. 1b) instead of Al3*: the change in the dissolution behavior is the
most conspicuous in the case of IrO, 400.

To find out the reason for this phenomenon, we consider the S-
number for the comparison of the dissolution behavior of distinct
IrO, species as the key figure of merit. For Al®" ions present in the
electrolyte, we observe a modest increase for all catalyst materials
tested but the reference (Fig. 2a). However, by the addition of Fe3*,
IrO, AA and 600 undergo no change, whereas the stability of IrO,
400 can be improved slightly more. IrO, calcined at 800 °C shows
an insignificant change in the stability, though, independent from the
metal ion at the certain concentration investigated. The dissolution
rates of each catalyst material investigated are shown in Figure S2-S5
of the Supplementary Information (SI) for each electrolyte composition.

Regarding IrO, 400, the enhanced stability can have two reasons
based on the definition of the S-number: A) an enhanced OER activity
resulting in more O, produced, or B) making the catalyst surface more
stable resulting in less Ir dissolved [25].

In case A, we consider the OER activity of the catalyst materials
aforementioned. In Fig. 2b, the mass-specific activity (MA) of selected
IrO,-based nanofiber catalyst materials (calcined at 400 °C, 600 °C, and
800 °C) as well as the reference IrO, AA is depicted.

Aluminum and iron(III) ions lead to no significant increase in the
OER activity of IrO, AA compared their absence (817.0 + 357.0 and
555.5 + 25.9 A g,! for AI®* and Fe3*, respectively, compared to
497.5 + 314.6 A g;,”! with no impurities), although considerable de-
viations are observed. 5 ppm Al3* results in an approx. 28% lower MA
of IrO, calcined at 400 °C, while 5 ppm Fe3* exhibits a detrimental
effect (=51%). As for IrO, calcined at 600 °C, AIP* and Fe3* do not
cause a notable improvement in OER activity as in the case of the
reference. Likewise, the catalyst IrO, calcined at 800 °C of complete
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Fig. 1. (a) Dissolution rates of all species investigated in the presence of 5 ppm Al** throughout the entire electrochemical protocol. (b) Dissolution rates of all species investigated
in the presence of 5 ppm Fe3". The detection limit (DL) is given for every catalyst material as dashed line, and is defined as cp, = 3syjan/m, Where sy, and m is the standard

deviation of the background signal and the slope of the calibration curve, respectively.

a)
600000 f mmm no impurities 1
m 5 ppm AR+ (molar ratio)
2 w5 ppm Fe** (molar ratio)
+ 400000 1
@
Q
IS
2
& 200000 1

& © © ©
N <) <) <)
9 ¥ & &
Xx X Xx
o o o
£ £ £

B no impurities
w5 ppm AP+ (molar ratio)
|

at1.55 Vv

5 ppm Fe** (molar ratio) |

g o o o
N <) <) <)
g S & $
x x x
£ £ £

Fig. 2. (a) Mass activity of the four catalyst materials investigated at 1.55 V vs. RHE in 0.1m HCIO,, with 5 ppm AI**, and 5 ppm Fe3' as impurities in the electrolyte flow. The
current density is normalized to the iridium loading of the catalyst spots (10 p g, cm™?). (b) Stability number of IrO, nanofibrous catalyst materials calcined at 400 °C, 600 °C,
and 800 °C, as well as the reference material IrO, Alfa Aesar. The comparison is made with no impurities (pure background electrolyte of 0.1m HCIO,), 5 ppm Al**, and 5 ppm

Fe3+

rutile structure experiences no significant deterioration against metallic
impurities in the electrolyte which is in accordance with previous
results [26].

Nevertheless, we summarize all geometric current density values
(fgeo), mass-specific (MA) and area-specific (SA) activities in Table S1
of the Supplementary Information (SI) obtained at various potentials.
Moreover, jg, and SA values at 1.55 V vs. RHE are highlighted in
Figure S1. We observe that the current density detected increases in
smaller steps for AI** and Fe3" with increasing potential during the LSV
measurement. We find IrO, calcined at 600 °C and 800 °C are indeed
stable against degradation by Al3* and Fe3* impurities. We believe, this
behavior originates from its nearly (600 °C) and completely (800 ° C)
rutile structure [23]. As for IrO, calcined at 400 °C, we ascribe this
phenomenon to its high proportion of metallic Ir, which is more prone
to catalyst poisoning than its oxide counterparts [27]. The same trends
can be seen for j,., and SA in Table S1.

After we discussed the detrimental effect of Fe3* ions in the elec-
trolyte on the OER activity of IrO, calcined at 400 °C in Fig. 2b,
it has become obvious that case A is not supported by experimental

data. Instead, this must be the result of less Ir dissolved during the
test which results in a higher S-number based on its definition (case
B) [25]. This is also supported by Fig. 3a, in which the absolute amount
of dissolved Ir is depicted throughout the electrochemical protocol.
As demonstrated by the example of the chronopotentiometric step ('1
mA cm?’) of IrO, 400 °C, a substantial reduction of the dissolved
amount of Ir can be observed (ca. 58% and 64% lower for 5 ppm AI3*
and Fe3*, respectively, compared to the case 'no impurities’). A similar
trend is shown for IrO; AA (ca. 55% lower mass dissolution for both
types of impurities compared to those without impurities), although
this behavior originates from an enhanced OER activity highlighted
in Fig. 2b, and clearly is not in correlation with the alteration of the
dissolution mechanism based on the findings of Fig. 2a.

The reason for the enhanced stability of IrO, calcined at 400 °C
in the presence of Fe3* ions is a change in the dissolution kinetics.
As visible in Fig. 3b, the electrochemical potential during the gal-
vanostatic OER step approaches 1.60 V vs. RHE (from 1.52 + 0.01
to 1.57 + 0.02 V vs. RHE), above which the second dissolution route
becomes more prononunced leading to the formation of IrV! and the
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Fig. 3. (a) Stacked mass dissolution of atomic iridium calculated for the chronopotentiometric (“1 mA cm”) and the linear sweep voltammetry (“LSV”) step of the electrochemical
protocol applied in this study. All other steps were quantified as “other” including the contact peak at the beginning of the protocol. The dissolution is normalized to the geometric
surface area of the catalyst spots. (b) Potential (iR corrected) obtained during the galvanostatic hold of 1 mA cm of IrO, NFs after calcination at T = 400 °C, 600 °C, and 800 °C
as well as the reference material in 0.1 m HCIO,, in the presence of 5 ppm Al**, and 5 ppm Fe®*. The duration of the galvanostatic step is 600 s.

dissolution of IrO; and anionic Ir species as discussed in the paper
of our research group previously [28]. The formation of IrO; and
Ir0,? is kinetically slower than the formation of Ir3* resulting in lower
dissolution rates (in ng;, cm s'1). We have to note that we observe no
similar behavior for IrO, calcined at 600 °C and 800 °C when AI** or
Fe' are supplied in the electrolyte. Their potential in pure 0.1 M HCIO,
is already higher and is partly in the range where Ir is dissolved by
the formation of IrO,% ions. These dissolution mechanisms of Kasian
et al. have universal character and can be applicable for various Ir-
based oxide catalyst materials such as the nanofibers applied in this
study [28].

These findings are of particularly important in the context of IrO,
400, for which metal contaminations do have a clear detrimental effect
on activity. We assume that it originates from the major metallic Ir
component of this sample. In general, oxide-based electrodes are not
as sensitive to poisoning by the metallic impurities as pristine metal
electrodes, although they exhibit a moderate electrocatalytic activity
for gas evolution [27]. In the case of iridium oxide species, however,
the scientific community assigns these phenomena mainly to membrane
degradation [12,13,15] and Fe deposition on the anode side gasket and
porous transport layer (PTL) [29], which is beyond the scope of this
study. Here, we can explicitly investigate the isolated effect of these
metallic impurities on the active catalyst material only to understand
the possible deterioration influence.

In total, the activity-stability relationship of IrO, calcined at 400 °C
and 600 °C exhibits major differences when Fe®* ions are introduced
into the electrolyte. Thus, it is also relevant how much Fe3* causes the
phenomenon of deterioration of OER activity.

To further study the influence of impurity on the catalyst, we show
the impact of Fe3* ions on the activity and stability at different concen-
trations in Fig. 4. We observe a gradual decrease in the mass-specific
activity (M A) with increasing Fe3* concentration for IrO, calcined
at 400 °C (Fig. 4a). A significant decline can be experienced in the
presence of more than 50 ppb Fe3" compared to having no impurities.
As for IrO, calcined at 600 °C, a rapid enhancement of the OER
activity is found at low Fe3* concentrations (from 134.4 + 21.1 up to a
maximum of 326.1 + 9.8 A g;,"! at 5 ppb Fe3*) but a comparable M A
level can be determined in the presence of 5 ppm Fe3*. We believe that
a small amount of Fe3* contamination can improve the electrocatalytic
activity of this catalyst. Increasing the Fe3* concentration up to 5 ppm
leads to more adsorbed species on the catalyst active centers resulting
in the decrease of the electrocatalytic activity but it is still higher
(143%, 122%, 128%, and 17% higher for 5 ppb, 50 ppb, 500 ppb, and
5 ppm, respectively) than with no impurities (134.4 + 21.1 A g;;"1).

As for the stability number, an increasing trend can be observed
from 5 ppb to 5 ppm (-65%, -61%, +7%, and +84% difference com-
pared to the case of no impurities for 5 ppb, 50 ppb, 500 ppb, and
5 ppm, respectively) for IrO, 400. Thus, we find the S-number at
500 ppb Fe3* being in the same range with no Fe3* present in the
electrolyte. The latter may demonstrate the critical concentration, at
which the dissolution kinetics change from positively charged Ir species
to more negatively charged IrO,2 ions indicating the increase in the
potential as discussed before. Regarding IrO, calcined at 600 °C, we
observe only a slight alteration in the dissolution behavior due to the
more oxidized — i.e. more stable — composition of the nanofiber
surface (+30%, +25%, +0%, and +12% for 5 ppb, 50 ppb, 500 ppb, and
5 ppm, respectively) [23]. The dissolution rates of IrO, 400 and IrO,
600 are summarized in Figure S6 and S7 for each Fe** concentration,
respectively.

We have to note that other cation impurities have also been reported
with adverse effect on the performance and/or stability of electrolyzer
cells. A good overview has been provided by Becker et al. [26]. One
of the sources of cation impurities is feed water. Common impurities
include Fe3*, Mg?*, Ca?*, Cu?*, and Na* [3,6,12-15,30-33]. Mg?*,
Ca?*, and Na™, stemming from seawater or potable water, have shown
a severe impact on the membrane lowering its conductivity [31,32,34—
36] as well as the catalyst degradation on both electrodes [12,37-39].
On the anode, they lower the ionomer conductivity, and act as catalyst
poisons [37].

Another source of cationic impurities is the cell components releas-
ing Ti®*, Ni®*, and Cu?* during operation. These cations have been
found to accumulate on the surface of the cathode catalyst layer [40] or
absorb in the membrane [5,41] However, their detrimental effect could
be mitigated by implementing an ion-exchange resin and maintaining a
low pH. All in all, focusing on OER catalysts, contaminants of internal
sources are challenging to trace, and their impact on the catalyst
activity and stability is extremely difficult to monitor in full cells at
such low concentrations. Regarding external sources, especially feed
water, only Na* and alkaline earth metals, such as Ca®* and Mg?* have
been found to pose a detrimental effect on OER activity and stability of
the catalyst material, which could be made easily reversible when soft
water was replaced with ultrapure water again during operation [42].

In conclusion, we could investigate the impact of AI3* and Fe3*
contaminants on both the OER activity and dissolution behavior of
various Ir based nanofibrous catalyst materials in an SFC-ICP-MS setup.
We could directly observe the influence of the metal impurities on the
catalyst material which is challenging to discuss in a full cell, where the
performance losses are mainly ascribed to membrane degradation [3,
12,15,27,30]. We used nitrate salts (NO3") because no adverse effects



M.M. Kovdcs et al.

800 at1.55V W no impurities
5 ppb Fe3*
~ 50 ppb Fe3+
S 6001 = N 500 ppb Fe3* |
< 400 N 5ppmFe3t
S
200 = ]

IrO4 400 °C

IrO, 600 °C

S-number /-

Electrochemistry Communications 179 (2025) 108011

b)

400000
B no impurities
5 ppb Fe3*
300000 [ w50 ppb Fe3* 1
M 500 ppb Fe3+ -
200000 | ™= 5ppmFe’* ]
100000 1

IrO4 400 °C

IrO, 600 °C

Fig. 4. (a) Mass-specific activity at 1.55 V vs. RHE and (b) stability number of IrO, nanofibrous catalyst materials calcined at 400 °C, and 600 °C at different Fe3* concentrations
of 5 ppb, 50 ppb, 500 ppb, and 5 ppm (molar ratio). The comparison is made with no impurities (pure background electrolyte of 0.1m HCIO,). The experiments were repeated

at least once at each concentration.

of nitrate have been published being a catalyst poison or accelerating
catalyst dissolution in contrast with Cl" or SO4'2 [43,44]. The core
findings of our study revealed that:

A high amount of 5 ppm AI** ions in the electrolyte has no
significant effect on the OER activity of IrO, based catalyst ma-
terials when their oxidation state was sufficiently high (IrO, AA,
IrO, 600 and IrO, 800. Similarly, Fe contamination of the same
concentration (molar ratio) show no significant influence on their
OER activity.

The more metallic the catalyst surfaces the more prone to catalyst
poisoning, which we could observe and confirm in the case of IrO,
calcined at 400 °C in terms of OER activity.

An enhanced stability of IrO, 400 was shown assuming a change
in the dissolution kinetics based on an increased OER potential
when Fe®" ions were present.

Furthermore, the latter phenomenon depended on the concentra-
tion of Fe impurities in the case of IrO, 400 claiming 500 ppm to
be a critical level where a significant decrease of OER activity
(from 416.1 + 140.8 A g, ! down to 227.4 + 2.7;,’!) and an
improved S-number begins to dominate. However, this was not
confirmed for IrO, calcined at 600 °C, which performed better in
terms of OER activity, regardless of the level of Fe contamination;
however, it highlights no significant change in the dissolution
rate.

Finally, it is desirable to know the adsorption kinetics of AI®*
and Fe3* species on these various surfaces to find out if a mainly
metallic Ir surface is more prone to the adsorption of metal impurities
occupying its active centers and thus resulting in a significant loss in
performance and stability, as well. If it is the case, it is of utmost
priority to emphasize the relevance of the choice of the right catalyst
materials, considering their morphology and composition from the very
beginning.
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