
Article

Iron as a key contributor in stability investigations of
alkaline water electrolysis electrodes

Graphical abstract

Highlights

• Dissolved Fe deposits on the cathode during operation and

leaches back during shutdown

• Some Fe incorporates into the anode, while some Fe

interacts dynamically at the surface

• Beyond short-term activity, dynamic Fe interactions

contribute to long-term performance

Authors

Niklas Thissen, Yashwardhan Deo,

Harol Moreno Fernández, Vera Seidl,

Jan P. Hofmann, Anna K. Mechler

Correspondence

niklas.thissen@avt.rwth-aachen.de

(N.T.),

anna.mechler@avt.rwth-aachen.de

(A.K.M.)

In brief

Thissen et al. report a comprehensive

study on how dissolved Fe interacts with

alkaline water electrolysis electrodes

during extended operation and

shutdown. These interactions critically

influence electrode activity and stability,

offering important insights for

understanding electrolyzer performance

and guiding the development of improved

electrode materials.

Thissen et al., 2026, Cell Reports Physical Science 7, 103138

March 18, 2026 © 2026 The Authors. Published by Elsevier Inc.

https://doi.org/10.1016/j.xcrp.2026.103138 ll

mailto:niklas.thissen@avt.rwth-aachen.de
mailto:anna.mechler@avt.rwth-aachen.de
https://doi.org/10.1016/j.xcrp.2026.103138
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2026.103138&domain=pdf


Article

Iron as a key contributor 
in stability investigations 
of alkaline water electrolysis electrodes

Niklas Thissen,1,* Yashwardhan Deo,1 Harol Moreno Fernández,2 Vera Seidl,1 Jan P. Hofmann,2 and Anna K. Mechler1,3,*
1Electrochemical Reaction Engineering (AVT.ERT), RWTH Aachen University, Aachen, Germany
2Surface Science Laboratory, Department of Materials and Geosciences, Technical University of Darmstadt, Darmstadt, Germany
3Lead contact

*Correspondence: niklas.thissen@avt.rwth-aachen.de (N.T.), anna.mechler@avt.rwth-aachen.de (A.K.M.)

https://doi.org/10.1016/j.xcrp.2026.103138

SUMMARY

Alkaline water electrolysis (AWE) holds great potential for sustainable hydrogen production. However, further 

industrially relevant research is crucial for bridging the gap toward industrial application. Here, one important 

aspect is the understanding and improvement of the stability of AWE electrodes under high current densities. 

In this context, we report that dissolved iron (Fe) in the electrolyte, besides enhancing the short-term perfor

mance of nickel (Ni)-based electrode materials, significantly affects their stability. We demonstrate that, dur

ing operation, Fe is deposited on the cathode, whereas during shutdown, it leaches back into the electrolyte. 

This reversible Fe-deposition process significantly enhances the long-term performance of cathodes in high 

Fe-containing systems (>10 ppm). Ni anodes, concurrently, undergo a reversible deactivation over operation 

time as fewer Fe sites are available to establish the dynamic Fe-Ni equilibrium. Hence, dissolved Fe signifi

cantly affects the Ni-electrode stability, which is an often-overlooked aspect in catalyst research.

INTRODUCTION

Alkaline water electrolysis (AWE) represents a highly promising 

technique for green hydrogen production.1,2 As noble metal 

catalysts are not necessarily required, a cost-efficient upscal

ing is enabled due to low investment costs.3,4 Nevertheless, 

poor kinetics affect the oxygen evolution reaction (OER) 

adversely, and high Tafel slopes for the hydrogen evolution re

action (HER) prevent low-cost AWE systems from operating 

efficiently at high current densities. Therefore, efficient electro

catalysts are essential to facilitate both reactions.5–8 In this 

context, the role of dissolved iron (Fe) in the electrolyte has 

gained considerable attention, as it influences the performance 

of both HER and OER for nickel (Ni)-based electrocatalysts 

significantly.9–12 From an industrial perspective, the effect of 

Fe is of particular interest, given that some amount of Fe is 

invariably present in low-cost electrolyzer systems due to the 

steel periphery.13

For Ni cathodes, an effect of Fe has already been proposed by 

Riley et al. in 1986.14 The authors showed that by adding 3 ppm 

of Fe to the electrolyte, an improved stability was achieved under 

mild conditions. The cathodic degradation mechanism in low Fe- 

containing systems was later referred to as Ni-hydride formation, 

which leads to an increased hydrogen flux. This mechanism may 

be inhibited in high Fe-containing systems.15,16 A similar 

improvement, reported by Mauer et al., can be observed when 

Fe is directly incorporated into the cathode.10 In addition, au

thors report an activity enhancement owing to the deposition 

of Fe needles in high Fe-containing electrolytes, increasing the 

active surface area of bulk materials.17–19

For Ni-based anodes, the role of Fe in OER was systematically 

investigated considerably later, and the exact mechanisms are 

still being debated. Here, Fe might act as a co-catalyst through 

synergistic interaction with the main catalytic material or may 

actually function as the main active site itself while being hosted 

by the remaining material (e.g., Ni).20,21 Irrespective of the actual 

mechanism, the addition of Fe significantly improves the perfor

mance of Ni- or Co-based catalysts.9,22 Fe can also inhibit 

excessive growth of the oxyhydroxide phase, preserving the 

electrode’s electrical conductivity.23 As for the cathode, both 

Fe in the electrolyte and in the electrode have been shown to in

crease the anodic activity.24 However, the role of Fe in enhancing 

anode stability was addressed only recently. It was reported 

that, to achieve stable operation, Fe should be in a dynamically 

stable state as a result of simultaneous dissolution and redepo

sition on the electrode.25,26 Hence, several studies focus on 

enhancing this equilibrium, e.g., by catalyzing the redeposition 

process using Co or reducing Fe dissolution through protective 

layers.27–29

From an industrial perspective, and as several authors empha

size, the effect of Fe needs to be thoroughly investigated under 

applied conditions. This is particularly important because Fe is 

much less stable in such harsh environments (80◦C, 30 wt % 

KOH).12,20,30 A recent study by Demnitz et al. provided a first 

overview of the Fe effect under near-industrial conditions, rein

forcing its beneficial effect on electrode activity.31 Interestingly, 
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the authors did not observe an optimal Fe concentration, as the 

highest content of ∼6 ppm led to the highest activity for both 

HER and OER. The extent of the Fe’s influence on the system’s 

stability in long-term measurements, however, remains unex

plained. This is especially true when considering transient loads, 

which are currently suspected to be the main cause of degrada

tion in AWE.32–34

In this study, we examine how Fe influences the stability of Ni- 

based electrodes in AWE under industrial conditions. In partic

ular, we investigate the Fe distribution in the electrolyte and on 

the electrodes during operation and shutdown. Electrolyte sam

ples were analyzed using inductively coupled plasma optical 

emission spectroscopy (ICP-OES), while both electrodes were 

examined using scanning electron microscopy coupled with 

energy-dispersive X-ray spectroscopy (SEM-EDX) and X-ray 

photoelectron spectroscopy (XPS).

RESULTS

Fe distribution in intermittent operation

This study investigates four initial Fe concentrations in the elec

trolyte. The lowest concentration of 0.2 ppm Fe displays the nat

ural intrinsic impurities from KOH production. Additionally, 

higher Fe-containing electrolytes with 1, 10, and 50 ppm were 

prepared by adding dissolved Fe(NO3)3 to the respective 

batches. Please note that the addition of 50 ppm Fe to the elec

trolyte exceeds the solubility limit, which is reported to be in the 

range of 15–20 ppm at the given industrially relevant conditions 

(80◦C, 30 wt % KOH).12,35 We first analyze and discuss the effect 

of the dissolved Fe as a function of the operating mode using 

various analysis techniques for both the electrodes and the elec

trolyte. Based on this, we contextualize the electrodes’ perfor

mances and draw inferences for future catalyst testing.

To investigate the Fe distribution in intermittent operation, we 

operated an electrochemical beaker cell under industrially rele

vant conditions (1 A cm− 2, 80◦C, 30 wt % KOH) for 50 h and 

subsequently shut it off for 4 h.36 During both operation and 

consecutive relaxation, we monitored the Fe concentration by 

sampling and analyzing the electrolyte via ICP-OES at fixed inter

vals of 0, 2, 4, 24, and 50 h (see Figure 1A). The analysis reveals 

that the Fe concentration in the electrolyte undergoes a drastic 

exponential decrease by 97%–99% over the 50 h operation 

time for all four initial Fe concentrations (50 ppm to 400 ppb; 

10 ppm to 60 ppb; 1 ppm to 15 ppb; 0.2 ppm to 6 ppb). Thus, 

only a minimal amount of 1%–3% of the initial Fe remains in 

the electrolyte. During the subsequent 4-h relaxation phase, 

however, a considerably faster increase of the Fe concentration 

takes place. Indeed, for the lowest Fe-containing system (0.2 

ppm), the initial Fe concentration is reestablished within 1 h, 

whereas for the 1 and 10 ppm Fe experiments, 2 and 4 h are 

required, respectively. For the highest Fe-containing system 

(50 ppm), the initial concentration was not reobtained within 

the 4-h relaxation period and remains 40 ppm below the initial 

value.

In addition to the Fe concentration in the electrolyte, the elec

trodes were investigated for Fe incorporation or deposition, 

using SEM-EDX. Figure 1B depicts the mass ratio of Fe on the 

electrodes before and after relaxation, i.e., after 50 h chronopo

tentiometry (CP) and 50 h CP + 4 h open circuit potential (OCP), 

respectively, obtained by multipoint EDX mapping technique. In 

all cases, anodic Fe incorporation was undetectable, whereas 

significant amounts of Fe were obtained on the cathodes. The 

respective cathodic Fe mass ratios after 50 h of operation in

crease with the initial Fe concentration and account for 9 wt % 

(0.2 ppm), 29 wt % (1 ppm), 39 wt % (10 ppm), and 42 wt % 

(50 ppm). After relaxation, the Fe mass loads display a significant 

but not an absolute decrease in Fe mass ratio to 1 wt % (0.2 and 

1 ppm) and 14 wt % (10 ppm). This suggests that the decrease in 

dissolved Fe in the electrolyte primarily correlates with a 

cathodic deposition process, while the increase of Fe in the elec

trolyte during relaxation originates from a cathodic leaching pro

cess. For the highest Fe-containing system (50 ppm), however, 

the cathode’s Fe mass load is unchanged after relaxation, which 

implies that the leaching process is impaired as the solubility limit 

of Fe in the electrolyte is reached. Albeit, this solubility limit does 

not prevent the cathode from absorbing significantly more Fe be

forehand, as initially undissolved Fe, which may precipitate dur

ing electrolyte preparation, can continuously redissolve into the 

electrolyte and ultimately deposit on the cathode during the 

operation.30

SEM investigations reveal that, in low Fe-containing systems, 

the cathodes exhibit a relatively uniform morphology; small 

spherical deposits with a mean diameter of 10–100 nm partly 

cover the Ni mesh (Figure S1). Remarkably, for electrolyte 

batches containing both Fe and other metal impurities (e.g., 

Cu, Zn, and Pb), we observed co-deposition of the respective 

metals, which contribute to the cathodes’ metallic composition 

(Figure S2). After relaxation, the cathodes from the low Fe-con

taining system show no deposits (Figure S3); most of the Fe 

and also other co-deposited metals are redissolved into the elec

trolyte upon relaxation.

For the high Fe-containing systems, two different deposition 

zones can be observed: a relatively uniform, low Fe-containing 

zone on the smooth front surfaces of the expanded Ni mesh 

and a significantly more porous, high Fe-containing zone on 

the recessed parts (e.g., angled surfaces and edges), revealing 

a dendritic pattern (Figure 1C). The dendrites grow up to a 

mean diameter of ∼1 μm and a length of ∼10 μm and consist 

almost entirely of Fe (EDX in Figure S4). In contrast, the homoge

neous deposition on the front surfaces contains 10–20 wt % Fe, 

indicating a much thinner deposition layer. This characteristic 

2-zone deposition may be attributed to the mechanical instability 

of the Fe dendrites, which can break off easily on the smooth sur

faces because of rising bubbles, while fewer bubbles access the 

recessed parts of the electrodes, and the dendrites are retained. 

Interestingly, after relaxation, the optical analysis reveals leftover 

Fe structures, which display a denser and more crystalline phase 

(Figure S5). This indicates that the deposition process during 

operation might initially be crystalline and becomes only subse

quently dendritic owing to mass transport limitations of less 

available Fe in the electrolyte.

Since no anodic incorporation of the Fe was detected with the 

EDX technique, XPS analysis was employed, offering a high 

sensitivity for the detection of surface-limited Fe incorporation. 

Figure 1D displays the Fe/Ni + Fe mass ratio obtained from Ni 

3p and Fe 3p spectra (Figure S6). XPS revealed significant 
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amounts of Fe on the surface of the anodes after operation, 

which increases with higher Fe content in the electrolyte from 

5 atom % (0.2 ppm) to 13 atom % (10 ppm). After the 4 h relax

ation phase, the Fe content does not change significantly, sug

gesting an irreversible Fe incorporation in this regime. Fe might 

be incorporated either as NiFe(OH)2 or an in situ formed layered 

double hydroxide (LDH).37–39 Under OER conditions, however, 

both species are expected to transition into an oxyhydroxide 

phase. Interestingly, electrodes exposed solely to 30 wt % 

KOH at 80◦C without an applied current exhibited slightly higher 

Fe content, accounting for 8 atom % (0.2 ppm) and 21 atom % 

(10 ppm). This indicates that Fe incorporation (1) also occurs 

without external electrical driving force and (2) may be even in

hibited by an applied current, possibly because of the overall 

Figure 1. Analytical investigations of the electrolyte, anode, and cathode to understand the Fe distribution in intermittent operation 

(A) Fe concentration in the electrolyte at fixed time intervals analyzed by ICP-OES during constant current operation at 1 A cm− 2 (left) and during consecutive 

relaxation (4 h of OCP, right) for 4 different initial Fe concentrations. 

(B) Mass fraction of Fe/(Fe + Ni) in surface investigations obtained by multipoint EDX mapping of anode and cathode before (50 h CP) and after relaxation (50 h 

CP + 4 h OCP) for 4 different initial Fe concentrations. 

(C) SEM images of two different types of cathodic Fe deposits obtained after 50 h CP with 10 ppm initial Fe concentration. Displayed are an electrode overview 

(left, 50×; scale bars, 100 μm) and magnified images of a high dendritic area on the recessed surface (top right, 5,000×; scale bars, 3 μm) and a more uniform area 

on the front surface (bottom right, 5,000×; scale bars, 3 μm). 

(D) Anodic Fe incorporation determined by XPS displayed for anodes analyzed after operation (50 h CP) and after consecutive relaxation (50 h CP + 4 h OCP) for 

two initial Fe concentrations (0.2 and 10 ppm). For the corresponding spectra, see also Figure S6. Data are represented as mean ± SEM.

Cell Reports Physical Science 7, 103138, March 18, 2026 3 

Article

ll
OPEN ACCESS



decrease of Fe in the electrolyte during operation (vide supra). 

This, however, does not apply to alternating instead of constant 

loads. Here, much higher Fe contents—up to 29 atom %—were 

observed for the 10 ppm system (Figures S7 and S8). This aligns 

with the findings from the literature, which suggest that potential 

cycling significantly affects anodic Fe incorporation.26,40,41 Addi

tionally, we hypothesize that, beyond irreversibly incorporated 

Fe, a fraction of reversibly bound surface Fe exists in dynamic 

equilibrium with Fe species in the electrolyte. This labile surface 

Fe is believed to play a pivotal role in electrocatalytic activity, yet 

remains undetectable by ex situ XPS (vide supra).

The dynamic behavior of Fe also correlates with existing ther

modynamic data. OCP analysis reveals that, within the 4 h relax

ation and leaching period, high Fe cathodes remain below 0 V vs. 

reversible hydrogen electrode (RHE), whereas low Fe cathodes 

quickly increase in potential to ∼800 mV vs. RHE (Figure S9). 

Thus, Fe leaching already occurs below 0 V vs. RHE, where, ac

cording to Pourbaix diagrams, HFeO2
− species are thermody

namically favored.42 Additionally, Pourbaix diagrams at elevated 

temperatures predict the formation of ionized hydroxide species, 

such as Fe(OH)4
2− or Fe(OH)3

− .43 When returning to more 

cathodic potentials during HER, metallic Fe is redeposited.42,43

On the basis of various analysis techniques, we hypothesize a 

mechanistic model for the Fe distribution in intermittent AWE 

(Figure 2). Herein, the Fe is dynamically distributed depending 

on the operation mode of the cell. During constant current oper

ation, the Fe is continuously deposited from the electrolyte onto 

the cathode, where, in relation to its concentration, homoge

neous, dendritic, and/or crystalline Fe structures are formed. 

The dynamic equilibrium on the anode surface simultaneously 

shifts toward lower Fe as there is less Fe available in the electro

lyte. The mechanism is reversed during relaxation, resulting in a 

leaching of the cathodic deposits and an increase in dissolved Fe 

in the electrolyte with subsequent effects on the anode. Please 

note that the mechanisms presented were observed in a beaker 

cell setup using 1 cm2 electrodes in 220 mL of electrolyte. 

Changing the experimental setup—especially the cell geome

try—could significantly alter the observed timescales of deposi

tion and redissolution.

Electrochemical performance

Dissolved Fe in the electrolyte interacts with the Ni anode surface 

and, additionally, deposits on the cathode. This interaction, how

ever, changes significantly during shutdown (vide supra). In the 

following, we investigate the effect of dissolved Fe on the elec

trochemical stability of Ni mesh electrodes during intermittent 

operation. Therefore, we operated the cell for 50 h at 1 

A cm− 2, interrupted the operation by a 4 h relaxation phase, 

and proceeded with another 50 h of operation (Figure 3). 

For reference, the non-iR-corrected potential is reported in 

Figure S10.

The cathodic potentials are displayed in Figure 3A. The overall 

cathodic performance improves with increasing Fe concentra

tion. This is, on one hand, reflected by the initial activity, which 

is 70 mV worse for low Fe-containing electrolytes (0.2 & 1 ppm) 

compared to the highest Fe-containing one (50 ppm), with an 

initial overpotential of only 370 mV. Interestingly, this trend also 

translates to the stability of the samples. Cathodes in high Fe- 

containing electrolytes (10 & 50 ppm) activate for ∼70 mV each 

over the course of 10 h and provide cathodic potentials of 

–360 and –310 mV vs. RHE, respectively, at the end of the first 

50 h operation phase.

On the other hand, cathodes in low Fe-containing electrolytes 

(0.2 & 1 ppm) remain at the inferior potential and show little 

activation of <20 mV. The different trends of both high and low 

Fe-containing electrolytes correspond to the cathodic Fe incor

poration and deposition mechanisms discussed in the previous 

chapter. In high Fe-containing systems, porous Fe deposits 

induce a high active surface area, facilitating the efficient opera

tion at challenging current densities of 1 A cm− 2. In contrast, the 

resulting lack of Fe implies a lower surface area and, therefore, 

fewer active sites. Another intensifying effect on the poor perfor

mance of the Ni cathodes in the low Fe-containing systems was 

observed when using an impure electrolyte batch containing sig

nificant amounts of Cu, Zn, and Pb. Herein, the co-deposition of 

the other HER-inactive metals (especially Zn and Pb) resulted in 

a further deactivation to –700 mV vs. RHE (Figure S11). Remark

ably, the potential of the Ni cathode in purified electrolyte, with 

significantly less Fe of <7 ppb, quickly drops to –1.20 V vs. 

RHE within the first 5 h of measurement (Figure S12), further indi

cating a poor intrinsic stability of Ni cathodes without Fe. Mauer 

et al. attributed the cathodic degradation mechanism to the for

mation of NiH, which may be prevented in the presence of high 

amounts of Fe in the system.10

After the 4 h relaxation, the cathodic performance for all 

Fe concentrations partly decreases, after which the cathodes 

are reactivated again and provide a similar trend compared to 

the first 50 h of measurement. This relates to the formerly 

Figure 2. Dynamic model of Fe distribution 

in a simplified electrolyzer setting 

Schematic representation of the hypothesized Fe 

distribution during relaxation (A) and operation 

(B) in a simplified AWE electrolyzer (no diaphragm, 

mixed electrolyte). Local resolution of the anodic 

environment indicates an irreversible Fe incorpo

ration and a dynamic equilibrium between dis

solved Fe in the electrolyte and adsorbed topical 

Fe on the electrode. During operation, Fe depo

sition causes the build-up of porous cathodic 

structures and a shift in the dynamic Fe equilib

rium at the anode.
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observed Fe leaching (Figure 1B), resulting in a worse initial per

formance and subsequent slight increase, as Fe deposits, which 

were leached into the electrolyte during relaxation, are re- 

assembled.

The observed cathodic trend also translates to accelerated 

durability tests (ADTs, Figure S13). Herein, cathodes exhibit 

significantly improved activity in high Fe-containing electrolytes; 

however, no noticeable impact on degradation is observed. 

Longer constant current measurements demonstrate that bare 

Ni cathodes operate with high stability and the potential shift be

tween high and low Fe-containing electrolytes remains approxi

mately 90 mV, even after 300 h (Figure S14). Interestingly, this 

trend could not be extended to industrial noble metal-coated 

cathodes. These cathodes perform 30 mV worse under high 

Fe conditions (∼–150 mV vs. RHE), presumably because the 

high catalytic activity of the noble metal catalyst is poisoned by 

Fe. However, despite the slight reduction in performance due 

to Fe presence, the advantage vs. bare Ni remains significant 

(220 mV), and the performance stability is not affected by Fe 

presence during the test.

The anodic potentials are displayed in Figure 3B. With 

increasing Fe concentration in the electrolyte, a significant 

decrease in anodic overpotential is observed. The initial poten

tials improve with increasing Fe concentration in the electrolyte 

from 1.60 V vs. RHE (0.2 ppm) to 1.56 V vs. RHE (1 ppm) and 

1.52 V vs. RHE (10 and 50 ppm). This trend is also consistent 

with existing literature, as significant enhancements in OER 

activity owing to dissolved Fe have already been reported un

der both laboratory and industrial conditions.9,31 In addition, 

we herein demonstrate that no further improvement can be 

achieved when further increasing the Fe concentrations from 

10 ppm to, e.g., 50 ppm, likely because the solubility limit is 

reached beforehand. During the subsequent stability measure

ment, deactivation is observed, which increases from low 

Fe-containing systems with 40 mV of deactivation to high 

Fe-containing systems with 70 mV of deactivation. The deacti

vation slope reduces toward the end of the 50 h CP, implying a 

more stable operation hereafter. Interestingly, when using Fe- 

purified electrolyte (<7 ppb Fe), a poor initial activity (1.81 V 

vs. RHE) is followed by an activation of 150 mV, approximating 
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Figure 3. Electrochemical stability of Ni electrodes in dependence on Fe concentration 

Chronopotentiometric measurements (iR-corrected and averaged) at 1 A cm− 2, 80◦C, and 30 wt % KOH for 100 h, including a 4 h relaxation after 50 h, for a 1 cm2 

Ni mesh cathode (A) and a 1 cm2 Ni mesh anode (B). Different Fe concentrations in the electrolytes were used, accounting for 0.2 (light blue), 1 (dark blue), 10 (light 

green), and 50 ppm (dark green). Data are represented as mean ± SEM.
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the performance in the Fe-containing systems after 50 h 

(Figure S15). Thus, Fe in the electrolyte might not necessarily 

be a prerequisite to enable the stability of Ni anodes under in

dustrial conditions.

After 4 h of relaxation at OCP, a recovery of the initial anodic 

performance was observed for all four Fe concentrations. This 

reactivation is then, however, followed by another deactivation 

comparable to the first 50 h CP. A similar behavior was also 

observed for different materials in other studies.44–46 The 

decrease in the anodic performance consequently occurs mainly 

as reversible deactivation, for which we propose the following 

mechanism: a dynamic Fe equilibrium between the anodic sur

face and the electrolyte is established, and the electrode activity 

is directly correlated to the amount of Fe in the electrolyte. During 

operation, most of the Fe in the electrolyte is deposited on the 

cathode within a few hours, which not only enhances the 

cathodic activity by creating active deposits but also decreases 

the anodic performance by shifting the dynamic Fe equilibrium at 

the anode toward lower Fe content. Please note that a portion of 

Fe remains irreversibly incorporated (vide supra) but appears to 

contribute less to the activity compared to the dynamically ad

sorbed and desorbed Fe. During the subsequent relaxation, 

the process is reversed, allowing the Fe to redissolve in the elec

trolyte and reestablish the anodic activity.

To further validate this hypothesis, we conducted experiments 

in which the Fe concentration was reestablished at regular inter

vals during operation (for 0.2 and 10 ppm of initial Fe content) by 

regular redosing with Fe(NO3)3. The corresponding Fe concen

tration over time is displayed in Figure 4A. A constant Fe concen

tration in the electrolyte translates to a more stable anodic 

performance (Figure 4B). A sharp reactivation was achieved 

whenever Fe was redosed, and the deactivation could be 

reversed for both low and high Fe-containing systems. In fact, 

for the low Fe-containing (0.2 ppm) system, the anode displays 

a slight activation (∼0.5 mV h− 1) likely because of surface oxida

tion or further Fe incorporation. In contrast, the anodic potential 

remains constant in the high Fe-containing system (10 ppm). 

Concluding the results discussed, we unraveled a mechanism 

behind anodic deactivation by separating the effects of opera

tion time and Fe concentration in the electrolyte.

The effect described is also reflected in ADTs (Figure S16). 

Here, the initial performance difference is largely maintained, 

with no observable deactivation—presumably because Fe is 

repeatedly leached during the shutdown phases of the protocol, 

thereby reestablishing the dynamic Fe equilibrium. However, 

similar to the cathode, the ADT does not induce additional degra

dation, as bulk Ni remains highly stable. Constant long-term 

measurements over 300 h further show that the initially beneficial 

effect of the high Fe-containing electrolyte runs out after approx

imately 100 h, after which both electrodes exhibit comparable 

performance (Figure S17). Moreover, the observed trend for 

the Ni anode can be effectively transferred to the catalyst-coated 

industrial electrode. Analogously, an initially significant perfor

mance boost induced by Fe is observed, which, however, dimin

ishes substantially over time.

True anodic performance can, therefore, be determined 

through longer constant current measurements or via Fe-redos

ing, both of which are either highly resource-intensive or imprac

tical and inaccurate. Therefore, we propose an electrochemical 

protocol, which we term the Relax Protocol—designed for 

anodic stability measurements and addressing the Fe-related 

reversible deactivation. Herein, the operation is deliberately in

terrupted in regular intervals of 10 h with a 4 h relaxation phase 

to allow for cathodic Fe leaching and, hence, establish the initial 

Fe concentration (Figure 5A). To assess the anode’s stability, its 

performance can now be compared at different time points, 

which correspond to similar Fe concentrations. This offers a 

more reliable anodic characterization compared to conventional 

protocols. Figure 5B illustrates a comparison for the anodic sta

bility of Ni in 10 ppm Fe-containing electrolyte between the stan

dard CP and the Relax Protocol. While the standard CP protocol 

shows a degradation of 70 mV within 40 h of measurement, the 

Relax Protocol reveals only an insignificant degradation of less 

than 10 mV over the course of the experiment.

Combining the findings of the anodic stability characterization, 

we observe similar deactivation over the entire Fe range. This 

phenomenon can be related almost exclusively to the decrease 

in dissolved Fe during operation and the corresponding shift in 

the dynamic Fe equilibrium with the anode surface. Thus, a sig

nificant irreversible anodic degradation could not be proven for 
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anode deactivation 

(A) ICP-OES analysis of electrolyte samples taken 

from chronopotentiometric measurements (1 A 

cm− 2) for 50 h with initial Fe concentrations of 0.2 

ppm (blue) and 10 ppm (green). Throughout the 

experiment, the initial Fe concentrations were 

restored twice daily (solid circle). Reference ex

periments (without Fe redosing) are represented 

by the light crossed-out dots. 

(B) Corresponding anodic potentials for the re

dosed systems (solid line) and the reference sys

tem without Fe redosing (dashed line). Data are 

represented as mean ± SEM.
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any initial Fe concentration. In fact, when applying longer con

stant current protocols (e.g., 300 h), the initial performance boost 

of dissolved Fe diminishes over time and the anodic performance 

is comparable and stable for both low and high Fe hereafter.

DISCUSSION

Dissolved Fe in the electrolyte enhances the performance of Ni- 

based cathodes by Fe deposition. Here, a high Fe content in the 

electrolyte is a key requirement for enabling bare Ni cathodes to 

provide a stable long-term performance at high current den

sities, causing a performance increase of up to 150 mV at 1 A 

cm− 2. Contrarily, for the OER, we demonstrate that the initial ac

tivity is enhanced in high Fe-containing systems by up to 80 mV, 

yet this performance boost eventually runs out after 100 h of 

operation. Considering relaxation, we did not encounter irrevers

ible anodic degradation for the entire Fe range, suggesting that 

Fe is not an ultimate prerequisite to enable stable anodic perfor

mance. Yet, the observed activity of anodes can strongly depend 

on the dynamic equilibrium of Fe dissolved in the electrolyte and, 

hence, directly interacts with the processes at the cathode.

When moving from bulk Ni electrodes to synthesized catalyst- 

coated electrodes, the amount of dissolved Fe needs to be cho

sen carefully and adapted to the selected electrodes, especially 

with regard to the cathode. It should be kept in mind that the Fe 

deposition process partly covers the electrode and, therefore, 

might compromise the superior performance of the catalyst 

underneath. For instance, when high-performing noble metal- 

based catalysts (e.g., Pt and RuO2) are used on cathodes, elec

trode manufacturers may have to limit the amount of dissolved 

Fe to guarantee long-term performance.47,48 This also translates 

into economic aspects, as a high Fe concentration in the electro

lyte allows for using low-cost steel peripheries, which inherently 

lead to high Fe leaching. In such a case, however, the continuous 

Fe leaching could lead to progressive thickening of the Fe layer, 

which could become critical over time. Though for selected cat

alysts requiring low Fe concentrations, special alloys or high- 

performance plastic periphery must be used, which is either 

cost-expensive or not pressure-resistant.13

These considerations should also be reflected in academic 

research, and the effect of dissolved Fe needs to be considered 

during electrode development and testing. For cathodes, we 

illustrate the deposition process of Fe but also of other trace 

metals originating from the electrolyte (e.g., Cu, Zn, and Pb). 

Here, a systematic study of interferences between different con

taminants could be fruitful.49,50 Accordingly, tests in low Fe-con

taining electrolytes to determine the intrinsic activity of new 

materials are reasonable. On the other hand, our study suggests 

that, for non-precious metal Ni-based catalysts (e.g., NiCu and 

NiMo), kinetic synergies with dissolved Fe might still be benefi

cial and should be investigated. It is important to note here 

that synthesized cathodes should be benchmarked to the 

performance of run-in (e.g., after 10 h CP) Fe-deposited Ni 

cathodes, as these represent a cost-effective electrode in high 

Fe-containing systems with a relatively low overpotential of 

330 mV at 1 A cm− 2.

In the field of anode research, it should be noted that the initial 

activity of Fe-sensitive materials (e.g., Ni & Ni-based materials) is 

enhanced by dissolved Fe in the electrolyte. These materials also 

exhibit Fe-related reversible deactivation in stability measure

ments. An initial decrease in performance (e.g., 40–70 mV in 

the first 50–100 h), therefore, does not necessarily imply severe 

degradation but might be due to Fe interaction. This effect can 

be excluded by using the herein suggested Relax Protocol. In 

this context, it should be noted that Fe-containing anodes may 

behave differently compared to bare Ni, as the activity might 

not be as dependent on dissolved Fe. Yet, also for Ni-Fe elec

trodes, a dynamic Fe-concentration at the surface can be 

expected.41 If Fe dissolution occurs from the Fe-containing an

odes, it might initially appear to activate the anode due to an 

increased Fe-concentration in the electrolyte. The released Fe, 

however, will be deposited on the cathode, which again implies 

a complex interaction between cathode and anode behavior.

Overall, we could show the severe impact of Fe in the 

electrolyte on both anode and cathode performance under 

industrially relevant AWE conditions. Besides impacting the ac

tivity, the observed stability strongly depends on the dynamically 

developing Fe concentration in the electrolyte. This shows the 

importance of not only individually studying single electrode per

formances but also considering the electrolyte as a connecting 

element between the anode and cathode processes. Based on 

our insights, we suggest a relaxation protocol that enables the 

Figure 5. Relax Protocol for improved un

derstanding of OER stability 

(A) Schematic representation of the proposed 

Relax Protocol, including an activity measurement 

in the form of a stationary polarization, followed by 

a stressor (in this case, a 10 h CP) and a relaxation 

step for 4 h to reestablish the initial Fe concen

tration in the electrolyte. These steps are looped at 

least four times. 

(B) Comparison of regular CP measurement at 1 

A cm− 2 with and without the Relax Protocol for a 

10 ppm Fe system. Data are represented as 

mean ± SEM.
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analysis of irreversible anode degradation under constant Fe 

concentration. Furthermore, our insights can provide knowl

edge-based information on the mode of operation of real electro

lyzers, not only considering the choice of electrode materials and 

electrolyte purities but also operation modes like electrolyte 

management and the possible impact of dynamic load changes. 

Further studies on these interactions under realistic environ

ments are still necessary in the future.

METHODS

Electrochemical measurements

Our previous publication extensively discusses the beaker cell 

setup used for electrochemical investigations.36 Herein, indus

try-standard Ni-expanded metal mesh (>98% purity) with a pro

jected surface area of 1 cm2 (i.e., outer circumference of 

∼8 × 12 mm) was used as anode and cathode, respectively. 

Please note that the corresponding geometric 3D surface area 

is roughly 1.5 cm2 (i.e., front, back, and edges). Tests on the in

dustrial catalyst-coated electrodes were carried out using a DSA 

A1-expanded mesh anode and a Ni Flynet-activated NRG (De 

Nora). The PTFE beaker was filled with pre-mixed 30 wt % 

KOH (Bernd Kraft), providing an overall Fe concentration of 

0.2 ppm (determined by ICP-OES). For experiments with higher 

Fe concentration, a Fe standard solution with 1 g L− 1 Fe in 5% 

HNO3 (Agilent) was added to the heated electrolyte accordingly. 

KOH was exclusively stored and prepared in polymer equipment 

(e.g., polypropylene, PTFE) in order to eliminate impurities leach

ing from standard glassware. A VSP-3e potentiostat from Bio- 

Logic SAS and the accompanying EC-Lab V11.46 software 

from the same provider were used to apply and implement the 

electrochemical protocol. As reference electrodes, miniRHEs, 

supplied by Gaskatel, were used. To ensure proper functionality 

of the miniRHEs, calibration measurements, according to 

Jerkiewicz et al., were carried out on a weekly basis.51 The elec

trochemical protocols were conducted as described in the 

manuscript, after a preconditioning step at 100 mA cm− 2 with 

a consecutive relaxation step (4 h each). All experiments were 

repeated at least once; statistical significance is shown as the 

standard error of the mean. Accelerated durability tests were 

performed based on the stressor from Tsotridis et al. and incor

porated into the Relax Protocol framework (i.e., repeated 10 h 

ADT, 4 h OCP).52

Analytical techniques

SEM and EDX

A Hitachi Schottky SU5000 FESEM was used to study the 

microstructure of the Ni mesh electrodes. Images were taken 

in the secondary electron (SE) mode at a magnification of 

100×, 500×, 1,000×, 5,000×, 10,000×, and 20,000× at an 

accelerating voltage of 5 kV. A Bruker EDX, coupled to the 

SEM, was used to obtain the elemental compositions of the elec

trodes. The accelerating voltage of the electrons was changed to 

15 kV for the EDX analysis.

XPS

For XPS measurements, a Thermo Fisher Escalab 250 spec

trometer implemented at the DAISY-SOL cluster tool was 

used. It is equipped with an Al Kα X-ray source (monochromatic 

Thermo Fisher XR6, hν = 1486.74 eV). Survey and high-resolution 

spectra were measured in fixed analyzer transmission mode with 

a pass energy of 50 eV (step size of 0.5 eV) for the survey and 

20 eV (step size of 0.05 eV) for the core levels. The system was 

calibrated to 0.00 eV binding energy of the Fermi level of 

sputter-cleaned Ag as well as to the emission lines of Au 4f7/2 

at 83.98 eV, Ag 3d5/2 at 368.26 eV, and Cu 2p3/2 at 932.67 eV 

binding energy with deviations ≤ 0.1 eV. The data analysis was 

performed with CasaXPS, version 2.3.22.53 Handbooks of 

monochromatic XPS spectra were used to identify the metal or 

metal oxide species from the peak positions.54,55

ICP-OES

An Agilent 5800 VDV ICP-OES was used to measure the Fe con

centration in the KOH of the samples, which was taken before, 

during, and after OER experiments. For this, all samples were 

diluted by a factor of 1:10, resulting in a concentration of 

3 wt % KOH. The instrument was initially calibrated using a stan

dard addition method, wherein the calculated amounts of a Fe 

standard solution were added to a reference 3 wt % KOH solu

tion, and the resulting intensities from the ICP-OES were used to 

obtain a calibration curve. Axial viewing and automatic back

ground correction were employed. The Fe signal was detected 

at wavelengths of 238.204 nm and 259.940 nm and averaged 

for data usage. Please note that the general precision of ICP- 

OES measurements is in the range of 10 ppb for relatively low 

Fe concentrations (e.g., <1 ppm).56 In addition, we suspect a 

significantly larger error at higher Fe concentrations, as the Fe 

concentration approaches the solubility limit and can easily 

exceed the limit when the electrolyte samples cool down.
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