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Despite the wide array of oxygen evolution reaction active materials revealed
thus far, challenges persist in translating their half-cell scale activities into
scalable devices with long-term durability. Here, we present a dynamic
polarization control for the continuous electrochemical activation of readily
available Ni electrode anodes to achieve sustainable and scalable water elec-
trolysis. Periodic application of a reductive potential between high current
density cycles (0.5 or 1A cm™) is found to promote and maintain the oxygen
evolution activity of Ni electrodes via the incorporation of Fe** from KOH
electrolytes. This transient polarization strategy successfully extends to an
anion exchange membrane water electrolysis system, where a cell voltage of
approximately 1.8 V is maintained for over 1000 h under 1A cm™. The scal-
ability is further verified by the 25 cm? 3-cell stack system, which lasts for 300 h
with negligible voltage loss. Ultimately, this work highlights the power of the
dynamic polarization strategy to regulate the dynamic nature of the oxygen

evolution interface for sustainable and scalable water electrolysis.

Recent advancements in electrocatalysts have been reshaping energy
conversion technologies, offering promising alternatives to conven-
tional fossil fuel-based energy systems. Central to this transformation
is the oxygen evolution reaction (OER), a pivotal electrochemical
process that can be combined with versatile cathodic reactions for a
wide range of energy applications such as water electrolysis'”, metal/
air batteries®’, and CO, electrolysis'>"2. Despite the plethora of OER
active materials discovered to date, including noble-metal oxides (e.g.,
RuO, and Ir0,)"™", perovskite-type oxide structures®, and 3d
transition-metal-based hydr(oxy)oxides'®*°, challenges persist in
translating their half-cell scale activities into an upscaled functional
device with long-term durability**.

The OER interface is inherently dynamic. Under applied bias,
active materials undergo continuous structural evolutions, such as
phase transitions, dissolution, and deposition, governed by the

interplay between electrode surfaces and electrolyte species®® . High
OER turnover typically coincides with increased metal dissolution,
underscoring the delicate stability of active sites during operation.
Recent reports on Fe-incorporated (hydr)oxides highlight the critical
need to balance Fe dissolution and redeposition kinetics to sustain
dynamically stable and catalytically competent surfaces (Fig. 1,
middle)"****, To this end, strategies have been developed to chemically
modulate host materials, tuning Fe binding energies to promote this
balance and improve both activity and durability”*>>. However, these
approaches have so far fallen short of shifting the stability window to
accommodate practically relevant current densities (e.g., >50 mA
cm~2). At higher overpotentials—required for real-world applications—
dissolution rates often outpace redeposition, resulting in the pro-
gressive loss of active sites and degradation of OER performance over
time (Fig. 1, right)**>%7,
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Fig. 1| Dynamic polarization control for continuous activation and reactiva-
tion of Fe-incorporating Ni hydr(oxy)oxide. The OER interface tends to deviate
from the suggested dynamically stable state (middle), resulting in a loss of activity
due to the dissolution of active sites driven by high current operation (0.5 or

1A cm™) (right). Applying a transient reductive bias on Ni-based electrodes
between OER cycles at high current densities promotes the (re)deposition of Fe
from electrolytes (left), serving as a compensatory process for regenerating active

Ni hydr(oxy)oxide
Dynamically stable state -
- Lowj (< 50mA cm)

Driven Fe dissolution
- Highj(=0.5Acm2)

I

sites. This dynamic polarization control leads to additional activation of the Ni
electrodes by augmenting the incorporation of Fe from the electrolytes. The black
arrow pointing upward symbolizes Fe dissolution, while the downward arrow
denotes Fe (re)deposition, with the size of the arrows indicating the relative
amount involved. The color codes: Fe in brown, Ni hydro(oxy)oxide in green,
reduced Ni hydro(oxy)oxide in dark green, metallic Ni in gray, oxygen (O) in red,
and hydrogen (H) in blue.

To overcome this limitation, we present an electrochemical acti-
vation (EA) strategy designed to compensate for the dissolution-
induced degradation of active sites at high current densities. Using
readily available Ni-based electrodes (Ni felt, foam, mesh, and foil), we
demonstrate that the periodic application of a reductive potential
between OER cycles at 0.5-1A cm™2 triggers the redeposition of Fe3*
from the electrolyte onto the Ni surface (Fig. 1, left). This dynamic
polarization control not only mitigates site loss but also promotes
further activation of the Ni electrode by continuously regenerating
catalytically active Fe-Ni hydr(oxy)oxide species. Unlike strategies
requiring elaborate electrode design, this transient protocol is readily
implementable across simple electrode formats, enhancing its scal-
ability. Crucially, the benefits of this EA approach extend beyond the
half-cell level. In an anion exchange membrane water electrolyzer
(AEMWE), we achieve stable operation at 1 A cm=2 with a cell voltage of
~1.8V maintained over 1000 h. Moreover, a 25cm? three-cell stack
equipped with this protocol operates continuously for over 300 h with
negligible voltage loss. Together, these results establish dynamic
polarization as a powerful strategy for regulating the redox environ-
ment at the OER interface, offering a scalable and durable route for
next-generation water electrolysis.

Results

Electrochemical activation and reactivation

We first evaluated the effect of EA operation on the OER performance
of readily available Ni felt (NF) electrodes. The EA protocol adopts
repeating OER cycles in 1M KOH electrolytes at a constant current
density of 0.5 A cm™for1h, followed by a 3 min activating at constant
potential (Fig. 2a). Applying the potential at 0.6V vs. reversible
hydrogen electrode (RHE), 0.6 Vryg, during EA, gave rise to con-
tinuous activation and reactivation of the NF for its 50-time runs
spanning 50 h (Fig. 2b). Before and after applying the reductive
potential during EA, however, the NF showed immediate increases in
overpotentials (black arrow in Fig. 2b) which indicate that our high
current density condition (0.5 A cm™) favors the dissolution of active
sites (Fig. 1, right). Degrees of the activation and reactivation gra-
dually decrease as OER overpotential decreases upon repeating EA,

suggesting continuous and gradual transitions of catalyst structure
into its dynamically stable steady-state. Compared to the normal
operation of OER without EA (w/o EA), the EA protocol for the same
duration (50 cycles over 50 h) resulted in a decrease in overpotential
at 0.5A cm™ (nson—1on), With the most pronounced effect observed
when the NF was poised at 0.6 Vgye during EA operation (Fig. 2c and
Supplementary Figs. 1-3). The bare NF experienced activity
enhancements when the transient potential was applied below 1.2
Vrue during EA operation, suggesting a critical role of reductive
environments in activating NF (Supplementary Fig. 3). In addition, we
tested at O and -0.3 Vgye, as well as at 0.9 and 0.6 Vgye. The
experimental results demonstrated consistent outcomes across
these conditions, with a reduction in overpotential of ~280 mV
observed during 50h of EA operation, indicating that a more
reductive potential is unnecessary below 0.9 Vgye (Supplementary
Fig. 4). Minimal differences in electrochemical active surface areas
(ECSAs) determined by non-Faradaic double layer capacitance mea-
sured after 50 h of EA operations with varying reductive potentials
(Supplementary Fig. 5) suggest that the observed trend in catalyst
activation is attributed to a differential induction of an active phase
or active sites, which is not simply commensurate with the ECSAs.

Electrochemical characterization of NF reveals that our EA pro-
tocol facilitates the evolution of the surface structure into an OER-
active NiOOH-type phase. Before experiencing 50 h operation, NF
initially exhibited a redox feature of a-Ni(OH),/y-NiOOH (at 1.33 Vrue
for oxidation and 1.25 Vrye for reduction) (Fig. 2d, black), consistent
with previous reports®*****. While 50 h operation w/o EA led to an
additional redox feature of S-Ni(OH),/-NiOOH (at 1.37 Vgye for oxi-
dation and 1.2 Vg for reduction) (Fig. 2d, blue), 50 h of EA operation
regenerates a redox feature of a-Ni(OH),/y-NiOOH with an increased
magnitude (Fig. 2d, red). When EA operation was conducted with
potentials below 1.2 VgyE, the peak of the oxidative current density of
the a-Ni(OH),/y-NiOOH increased by more than fourfold compared to
the initial level (Supplementary Fig. 6 and Supplementary Fig. 7). All CV
data were iR-corrected using the ohmic resistance (0.9 +0.1Qcm?)
obtained from EIS analysis and a geometric area of 1cm?2. The non-iR-
corrected CV data are presented in Supplementary Fig. 6e.
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Fig. 2 | EA operation in half-cell systems. a EA conditions for half-cell systems.
b iR-corrected potential traces of NF at 0.5 A cm™ with and w/o EA operation in a
1M KOH solution. Data were collected at 10 min intervals during 1 h application of
0.5A cm?, and at 1 min intervals during 3 min application of a reductive activating
potential. The black arrow in (b) indicates the sequence of this data collection.

¢ Overpotential difference before (non) and after (nson) 50 h of EA operation with
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varying reductive activating potentials. d iR-corrected CV scans of NF at the initial
state, after 50 h of normal OER operation, and after 50 h of EA operation with a scan
rate of 20 mVs™. e In situ Raman spectra of NF at 1.7 Vg at the initial state, after
50 h of normal OER operation, and after 50 h of EA operation. f In situ Raman
spectra of NF over time at 0.6 Vg after 50 h of EA operation. Error bars indicate
standard errors obtained from 3 or more independent replicates.

In situ Raman spectroscopy further evinces the enhanced induc-
tion of the NiOOH phase upon the EA operation. When the NF elec-
trode is poised at the OER operating potential, 1.7 Vgyg, it shows the
characteristic NIOOH phase Raman features of which magnitude
increases with applying EA (Fig. 2e and Supplementary Fig. 8)'>*. The
increased intensity also corresponds to the duration for which the
phase persists when the electrode is reduced at 0.6 Vgye. While the
anodically induced NiOOH phases at 1.7 Ve before and after experi-
encing 50h of normal operation vanished within 10s and 30s,
respectively, at 0.6 Vgye (Supplementary Fig. 9), the activated NiOOH
phase generated after 50 h EA operation persisted for 3 min (Fig. 2f).
This time-trace result, in conjunction with the observed maximized
OER activation with activation for 3 min compared to other time
durations in the EA protocol (Fig. 5d), concludes that complete
reduction of NiOOH phase upon repeating EA cycles is critical for full
activation of NF.

The role of Fe incorporation in electrochemical activation

Previous research indicates that the y-NiOOH phase can be produced
through electrochemical conditioning methods like CV; however, the
abundance of y-NiOOH alone does not necessarily enhance OER
performance®****42, Rather, it is the incorporation of Fe into y-NiOOH
that has been shown to significantly improve OER activity, out-
performing B-NiOOH. Given that the unpurified 1M KOH electrolyte
used for the above studies naturally contains 76 ppb of Fe, as mea-
sured by inductively coupled plasma-mass spectrometry (ICP-MS), we
posit that the application of a transiently reducing environment may
facilitate the incorporation of Fe from the electrolytes to NF (Fig. 1,
left). This presumed scenario is consistent with the observed activation
of NF with selective emergence of y-NiOOH phase upon the EA

operation with transient reductive potentials below 1.2 Vgrye where
NiOOH is reduced to Ni(OH), (Fig. 2d).

To examine the Fe incorporation effect, we compared EA beha-
viors of the same NF electrode in three different 1M KOH solutions:
unpurified KOH, 99.99% KOH, and purified KOH (see details in the
Methods section), containing ~76, 50, and 20 ppb of Fe, respectively.
Our control experiments revealed increasing OER activation with
higher Fe content, which is consistent with our expectations. Following
50 cycles of CVs in unpurified KOH, the NF electrode exhibited a
reduction of overpotentials at 10 mAcm™ by approximately 50 mV
(Fig. 3a, red), greater than the observed 25 mV reduction in 99.99%
KOH solution (Fig. 3a, blue). In the purified KOH, however, the acti-
vation effect effectively vanishes (Fig. 3a, purple). In all tested elec-
trolytes, the Ni**/Ni** redox features become more prominent with
each CV cycle (Supplementary Fig. 10). The non-iR-corrected CV data
are presented in Supplementary Fig. 10d. The observed variations in
peak shifts and disparities in OER performance, especially with mini-
mal Fe incorporation, underscore the critical role of electrolytic Fe in
enhancing active sites and boosting OER activity. Consistent with these
results, 50 h EA operation with the varying electrolyte conditions
showed increasing promotion effects with increasing Fe contents
within the electrolytes (Fig. 3b and Supplementary Fig. 11). In the
unpurified KOH electrolyte, the overpotential at 0.5 A cm™ decreased
by 274 + 8 mV following 50 h of EA operation. Conversely, in 99.99%
and purified KOH electrolytes, the overpotentials at 0.5Acm™
decreased by 203 +22 and 32 +12 mV, respectively. Exogenous addi-
tion of 100 ppm Fe (Fe-KOH) also increased the OER activity upon EA
operation, although to a lesser extent, presumably due to overriding
initial activation effects (Supplementary Fig. 12). The limited reactiva-
tion of NF observed in Fe-KOH can be explained by reduced Fe

Nature Communications | (2025)16:4803


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60201-w

a b -~ C
— 100 S
& 100l Unpurified KOH E 0.9V 4 6v
€ 1— 99.99% KOH _ & 301 '
:() — Purified KOH 0l Fe: 76 ppb 50 ppb 20 ppb =
£ s % 201
2 £ g
2 £ 100 5 10;
° I ©
= g T
g = 200 3 B Unpurified KOH
=1 & o
3 % 40 [ 99.99% KOH
1%t cycle ——a= 501 cycle <77 Non B Purified KOH
-50 . : : -300 . . . T
12 14 16 18 Unpurified ~ 99.99%  Purified EA potential (V vs. RHE)
Potential (V vs. RHE) KOH KOH KOH
d e f
Initial O 1s| [initial Ni 2p )
. T 0.21 3 F0.6 &
Ow Oon LN /L) o NiZ & £ z
>/ Q satellite N > 2 &
L . >3 .Ni < =
s A o 5 r 3 [~ 5
e} J & L o
50 h w/o EA 50 h w/o EA = 041 < = > 04.8
4 <‘| il =3 = 4
m 9 < <
:.é. f = = w w
= = = £
g N \ 0.0L_Z 8 8 5 Lo.2
& NN e Operated conditions
>
S (50 h EA (0.6Viue) 50 h EA (0.6Vg.e) 20h test Additional 20h test
g g 5 in %Fe KOH in®”Fe KOH
B o _ // 9\
- — ° 3 Fe.57Fe - Q9
50 h EA(0.6Vgye) in purified KOH 50 h EA(0.6Vigye) in purified KOH L 8 L T
ﬁ //’A\ :g 2 SGFe\\::\\ /// /II
A, / Sl g
S O 1 SN@ -
R g 'lre 8 o
T T T T T T T 0 Q------9
534 531 528 864 860 856 852
Binding energy (eV) Binding energy (eV) EA w/o EA  wlo EA EA
high j highj  lowj  highj

Fig. 3 | The role of Fe in EA operation. a CV scans of NF in an unpurified KOH
solution (Fe: 76 ppb), a 99.99% KOH solution (Fe: 50 ppb), and a purified KOH
solution (Fe: 20 ppb) with a scan rate of 20 mV s™. The pH value of each electrolyte
was 14. b Overpotential difference between before (r0) and after (750n) 50 h of EA
operation with varying Fe concentrations in 1M KOH solutions. ¢ Comparison of
the a-Ni(OH),/y-NiOOH oxidation peak shift before and after various EA operations
for 50 h. A positive value indicates an anodic shift after 50 h compared to the initial
state. XPS (d) O 1s and (e) Ni 2p spectra of NF before and after various EA

operations. fRatios of O /O, and Ni**/Ni** before and after various EA operations,
which were determined by comparing XPS peak areas. g The total Fe content in NF
after various operation conditions. The EA operation with 0.6 Vg Was first carried
out for 20 h in unpurified KOH containing a natural isotopic abundance of **Fe and
Fe. Subsequently, a second 20 h experiment was conducted in purified KOH with
the addition of 100 ppb *’Fe, operating under either high (0.5 A cm™) or low current
density (30 mA cm™) conditions with or without the EA protocol. Error bars indi-
cate standard errors obtained from 3 independent replicates.

dissolution in net, along with the surplus Fe in electrolyte facilitating Fe
incorporation.

The impact of Fe incorporation was scrutinized using diverse
electrochemical and materials characterization techniques. During CV
cycling, the a-Ni(OH),/y-NiOOH oxidation peak showed an anodic shift
in unpurified KOH, contrasting with a cathodic shift in purified KOH
(Fig. 3a and Supplementary Fig. 10). This shift is attributed to a partial
charge transfer effect from Fe incorporation, which impedes the oxi-
dation of Ni*"**** We have detailed the extent of oxidation peak
shifts of a-Ni(OH),/y-NiOOH after 50 h of operation compared to its
initial state under various EA potentials and KOH electrolyte condi-
tions in Fig. 3¢ (Supplementary Fig. 6 and Supplementary Fig. 13).
Notably, the most substantial anodic shift, 28 + 3 mV, occurred in the
unpurified KOH solution when EA was applied at 0.6 and 0.9 Vgyg,
highlighting the pronounced effect of EA on Fe incorporation. X-ray
photoelectron spectroscopy (XPS) analysis further corroborates the
observed trend. Using peak deconvolutions of O 1s and Ni 2p spectra
recorded under various conditions, we tracked changes in the relative

intensity of lattice oxygen (Op/Oyocar) and the ratio of Ni** to Ni?* (Ni**/
Ni?*), which are proportional to the amount of surface NiOOH
phase****, For this quantitative analysis, we conducted deconvolution
of O 1s spectra into lattice oxygen (O, ~-529.7 eV), hydroxyl (Oon,
~531.2eV), and chemisorbed water (O, ~532.4 eV)**"*® (Fig. 3d) and
Ni 2p spectra into Ni** (-855.3eV), Ni** (-856.8¢V), and satellite
(- 861.6 eV)**° (Fig. 3e). Among the various conditions tested, 50 h EA
(0.6 Vryp) in the unpurified KOH resulted in the highest O /O and
Ni**/Ni** values of 0.25 and 0.69, respectively (Fig. 3f), indicating the
critical roles of Fe and EA protocol in promoting the formation of the
NiOOH phase for active OER. Additionally, in situ Raman spectra show
that 50 h EA (0.6 Vgye) has a higher peak intensity ratio of 557 cm™ to
480 cm™ (Is57/l480) of 0.84 compared to 0.81 in 50 h w/o EA (Fig. 2e),
indicating greater structural disorder owing to Fe incorporation**°-2,
X-ray diffraction (XRD) analysis also reveals that 50h EA (0.6 Vryg)
shows the most significant peak shift and phase separation of the Ni
(111) and Ni (200) facets, indicating the pronounced structural dis-
order (Supplementary Fig. 14).
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Although the incorporated Fe was barely detected by XPS and
scanning electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDS), due to the overriding bulk characteristics of the NF (Sup-
plementary Figs. 15-18, Supplementary Table 1 and Supplementary
Table 2), ICP-MS analysis enabled the quantification of the incorpo-
rated Fe. To investigate the dynamic interaction between electrolytic
Fe species and NF under EA conditions, we utilized Fe isotopes. The
initial EA was performed at 0.6 Viye for 20 h using unpurified KOH
containing a natural isotopic abundance of >°Fe and “’Fe (Fig. 3g, blue
area). This was followed by a subsequent operation for 20 h in purified
KOH supplemented with 100 ppb of Fe, conducted under either high
current density (0.5Acm™) or low current density (30 mAcm™)
(Fig. 3g, red area). Initially, the NF incorporated approximately
2.5ugcm™ of *Fe after 20 h of EA operation in unpurified KOH.
However, after 20 h of operation at 0.5Acm™ w/o EA, the total Fe
content decreased to about 1pgcm™, indicating substantial Fe dis-
solution under high current density conditions. This loss was sig-
nificantly mitigated when operations were conducted at low current
density or under continued EA at high current density, where the total
Fe content increased to about 4.4 uyg cm™ and 3.2 ug cm™, respectively.
Furthermore, under both conditions, the **Fe content was found to be
2-3 times greater than that of **Fe, demonstrating a dynamic exchange
of Fe between the NF and the electrolyte. Further quantification after
50 h of EA at 0.6 Vgye under high current density revealed that the Fe
content in NF reached 5.5 + 1.3 ug cm™, which is about 2.3 and 1.5 times
higher than the levels observed without EA and under EA at 1.2 VgyE,
respectively (Supplementary Fig. 19). When conducted in purified KOH
under the same EA conditions, Fe incorporation was about 2.2 times
lower. These results indicate that the EA protocol maintains high OER
activity under high current densities by dynamically re-depositing
electrolytic Fe ions onto NF.

In summary, our combined electrochemical and material char-
acterization reveals that Fe in NF undergoes dissolution under high
current density conditions, followed by redeposition during EA, lead-
ing to enhanced OER performance. By systematically tuning the Fe3*
concentration in the KOH electrolyte and the applied EA potential, we
found that effective activation occurs when the Fe3* concentration
exceeds -76 ppb and a periodic reductive potential below 1.1 Vg is
applied. The incorporation of Fe is corroborated by CV peak shifts,
Raman spectroscopy, XRD, and ICP-MS. Moreover, the EA protocol
preferentially promotes the formation of y-NiOOH phases, as con-
firmed by CV, in situ Raman, and X-ray photoelectron spectroscopy
(XPS), indicating that Fe-incorporated y-NiOOH serves as the catalyti-
cally active phase responsible for the improved OER activity. This
mechanistic insight establishes that the intermittent application of
reductive potentials drives dynamic regeneration of active sites and

catalyst healing, in contrast to previous strategies that rely on irre-
versible surface reconstruction under static polarization
conditions®™,

EA operation with other electrodes
We applied the same EA protocol to other readily available metal
electrodes, including Ni foam, stainless steel felt (SS), Co foam, and Fe
foam. Among other electrodes, Ni foam exhibited the most notable
activation and reactivation with the EA operation, showing a335 +3 mV
decrease in overpotential at 0.5 A cm™ compared to normal operation
w/o EA (Fig. 4a, red). Similar to NF, Ni foam also experienced the
selective emergence of the y-NiOOH phase during EA (Supplementary
Fig. 20), suggesting that the same mechanism for NF activation is
generally operative in Ni foam. Additionally, we tested NF with varying
thickness and porosity, as well as Ni mesh and Ni foil, to assess the
effect of EA operation (Supplementary Fig. 21). The results confirmed
that EA operation significantly enhances the OER performance across
all Ni-based electrodes. The same EA protocol also resulted in non-
negligible activation effects on other electrodes, such as SS felt and Co
foam, reducing overpotential by 52+4 and 32+2mV at 0.5Acm?>,
respectively (Fig. 4b and Supplementary Fig. 22). The lack of significant
performance improvement under a more reductive environment
during the EA process on the SS felt suggests that, consistent with the
mechanism identified in NF, Fe redeposition does not require a
potential below 0.6 Vrye (Supplementary Fig. 23). We synthesized a
NiFe alloy catalyst on NF via electrodeposition and conducted EA
operation. While the NiFe catalyst initially exhibited high OER perfor-
mance, its activity declined under EA conditions (Supplementary
Fig. 24). After 50 h, the NiFe-based catalyst showed only a~40 mV
difference in overpotential compared to the EA-treated NF at
500 mA cm™2 These results suggest that EA operation accelerates the
degradation of pre-coated catalysts and that bare NF under EA con-
ditions can achieve comparable performance to NiFe-based catalysts.
Following the Fe adsorption energy trends for Ni, Co, and Fe
hydr(oxy)oxide electrodes', we speculate that Fe plays a more dra-
matic role in gating the structural dynamics of Ni-based electrodes,
giving rise to the most pronounced activation effect during our EA
protocol. Without desirable active site/host interactions, Co and Fe
foam would not form dynamically stable OER interfaces, and thus,
dynamic polarization effects may not be pronounced as compared to
Ni-based electrodes’. While a detailed analysis of structural changes
and Fe insertion was not conducted, the observed results offer pre-
liminary evidence suggesting a correlation between the enhanced OER
performance from EA operation and the Fe adsorption energy on the
host material. Considering the vastly different (re)activation magni-
tudes observed in Ni, Co, and Fe foams despite their similar
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Fig. 5 | EA operation in the AEMWE single-cell system. a EA conditions for the
AEMWE single-cell system. b Cell voltage traces at 1A cm™ with and w/o EA
operation in the unpurified 1 M KOH solution at 60 °C using the NF anode and Pt/C
cathode. The black arrow in (b) indicates the sequence of this data collection.

c Overvoltage difference before and after 50 h EA operation with varying reductive

activating voltages. d Overvoltage difference before and after 50 h EA operation
with a transient reductive voltage of -0.3 V with a time variable. All reported vol-
tages are presented without iR compensation. Error bars indicate standard errors
obtained from 3 or more independent replicates.

morphologies and the same currents applied, we posit that the
potential mitigation of concentration polarization or local pH swing
effects upon EA operation is not significant.

Scale-up feasibility

We applied our EA protocol to the AEMWE single-cell system, com-
prising the NF anode, a platinum on carbon (Pt/C) cathode, and an
HQPC-TMA membrane®. This system was operated in the unpurified
1M KOH solution at 60°C for 50h. The EA procedure involved
repeating a sequence of chronopotentiometry at 1A cm™ for 1h fol-
lowed by chronoamperometry at varying activating voltages for 3 min
(Fig. 5a). Unlike the three-electrode half-cell system, the two-electrode
AEMWE system was optimized for EA operation using voltage as the
control variable rather than potential. The most significant perfor-
mance enhancement was observed when the activating voltage was set
at -0.3V (Fig. 5c, Supplementary Fig. 25, and Supplementary Fig. 26)
for 3 min (Fig. 5d, Supplementary Fig. 27, and Supplementary Fig. 28)
during EA operation. The application of the activating voltage in this
protocol led to negative current decays starting from approximately
-10mA cm? to nearly zero within 3 min (Supplementary Fig. 26f),
consistent with the observations from the above half-cell studies.
Compared to the 90 +37mV increase in cell voltage after 50 h of
constant 1A cm™ water electrolysis w/o EA, the optimized EA opera-
tion with -0.3V activating for 3 min (-0.3 V-3 min) resulted in a
decrease in cell voltage by 243 + 21 mV (Fig. 5b). After 50 h of opera-
tion, the optimized EA operation achieved over 10% higher system
efficiency (71+1%) compared to the w/o EA system (60 +1%) and
exhibited a Faradaic efficiency of 99 +1% (Supplementary Fig. 29).
Consistent with the half-cell analyses, the activation and reactivation
features were commonly observed in this single-cell operation (black
arrow in Fig. 5b). This voltage fluctuation arises from Fe migration
between the electrolyte and NF, contributing to performance
enhancement rather than system degradation. In situ EIS analysis

revealed a decrease of ~0.03 Q cm? in ohmic resistance and 0.13 Q cm?
in charge transfer resistance over the first 20 h, indicating that the
primary factor behind the performance improvement was the
enhanced OER kinetics due to Fe incorporation (Supplementary
Fig. 30). The optimized EA protocol demonstrated significant perfor-
mance enhancements in 1 M K,CO5 and pure water containing 100 ppb
of Fe, as well as in unpurified KOH at a current density of 4 Acm™2
(Supplementary Fig. 31). Although there was an initial performance
boost, a gradual decline was observed over time due to the harsh
operational conditions. The EA operation in the Fe-KOH solution (1M
KOH containing 100 ppm Fe) resulted in inferior performance relative
to the system without additional Fe, likely due to membrane degra-
dation caused by excess Fe?>". We also conducted EA operations
under optimized conditions in dry cathode mode (Supplementary
Fig. 32). The results from this configuration demonstrated a reduction
in cell voltage comparable to that observed under normal operational
conditions, highlighting the general applicability of our EA protocol.
Equipped with the established protocols for single-cell config-
urations, we conducted a long-term EA operation (Fig. 6a and Sup-
plementary Fig. 33). For EA operation using a commercial membrane
(X37-50 Grade RT), the starting cell voltage of 2.1V was reduced to
1.8V during the initial 50 h, consistent with the above results. After
50 h, however, the single cell experienced a gradual increase in cell
voltage and reached ~1.9V at 525h. During this period, the high-
frequency resistance (HFR) rose from -0.08 Qcm? to 0.14Qcm*
Conversely, the resistance represented by the EIS semicircle decreased
(Fig. 6b, blue). Thus, the observed performance loss is presumably due
to the deterioration of the membrane rather than degradation at the
catalytic interfaces. Fourier transform-infrared spectroscopy (FT-IR)
and time-of-flight secondary ion mass spectroscopy (ToF-SIMS) ana-
lysis of the commercial membrane after use revealed a substantial
reduction in its cationic groups (-20%) (Supplementary Figs. 34-38).
More evidently, when the experiment resumed after 525 h by replacing
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Fig. 6 | Scale-up feasibility in the long-term EA operation. a Cell voltage and HFR
traces at 1 A cm2 during the long-term EA operation in 1M KOH at 60 °C. The X37-
50 Grade RT membrane was used for 525 h and subsequently replaced with the
HQPC-TMA membrane without changing the electrodes. The EA operation was

conducted from O to 1050 h, paused between 1050 and 1100 h, and resumed at
1100 h. b EIS plots for the AEMWE system over time. ¢ Stack voltage and average cell
voltage traces at 1 Acm™ in the 3-cell stack AEMWE system during 300 h of EA
operation. All reported voltages are presented without iR compensation.

the aged membrane with the state-of-the-art HQPC-TMA under
otherwise identical conditions, the cell voltage and the HFR values
immediately decreased to -1.78 V and 0.07 Q cm?, respectively, thus
corroborating the deterioration of the commercial membrane rather
than the degradation of catalytic interfaces. The compatibility between
the HQPC-TMA membrane and our EA protocol resulted in relatively
low increases in cell voltage (-50 mV) and HFR (-12mQcm?). Con-
sistently, ex-situ FT-IR and ToF-SIMS analysis of the used HQPC-TMA
membrane showed only a 2% reduction in its cationic groups after
525h EA operation (Supplementary Figs. 34-38). The cationic group
loss, along with other degradation factors such as local pH variations,
CO, dissolution, and interfacial issues, may contribute to the observed
HFR increase.

The feasibility of our EA protocol is further highlighted by the
sequential off-on experiment: when the EA operation was off (at
1050 h), the cell voltage experienced an immediate surge to -2.2V,
which again decreased to -1.9 V upon resumption of EA operation. Due
to the severe catalyst degradation during the operation w/o EA from
1050 to 1100 h, the cell voltage at 1150 h was ~60 mV higher than at
1050 h, leading to an increase in the charge transfer resistance (Fig. 6b,
purple). This interpretation is further corroborated by the linear sweep
voltammetry (LSV) curves obtained over time (Supplementary Fig. 39).
The Pt/C catalyst maintained its structural integrity after prolonged
operation, showing no significant changes in XRD patterns (Supple-
mentary Fig. 40a). Additionally, the catalyst demonstrated stable
hydrogen evolution performance during a 50 h EA operation in a half-
cell system, indicating minimal disturbance from the Pt/C cathode
during EA operation (Supplementary Fig. 40b).

The scalability of our approach is further validated through a
25 cm? three-cell stack AEMWE, employing bare NF as the anode and a
HQPC-TMA membrane. Under EA operation, the system maintains a

stable cell voltage of -1.8V over 300h (Fig. 6c, Supplementary
Figs. 41 and 42), demonstrating durable performance under practical
conditions. This seamless translation from half-cell optimization to a
multi-cell electrolyzer highlights the robustness of the EA protocol,
which is specifically tailored for simple, commercially available elec-
trode configurations. Our study systematically quantifies and
mechanistically elucidates the processes of Fe dissolution, redeposi-
tion, and stabilization during EA. We uncover how Fe incorporation
dynamically modulates the phase evolution of NiOOH, enabling the
formation and persistence of catalytically active states even under high
current density conditions—a regime previously underexplored. In
contrast to earlier studies that primarily focus on short-term half-cell
performance at low current densities, we extend the operational win-
dow to sustained, full-cell electrolysis at industrially relevant condi-
tions. Altogether, these findings establish a scalable and
mechanistically grounded framework for Fe-mediated catalyst activa-
tion, bridging fundamental electrochemical principles with practical
implementation in large-scale water electrolysis systems.

Discussion

In this study, we establish a dynamic polarization strategy as a robust
and scalable approach to enhance the performance of Ni-based elec-
trodes for OER under alkaline conditions. By systematically imple-
menting an EA protocol—featuring the periodic application of
reductive potentials—we enable continuous regeneration of catalyti-
cally active Fe-incorporated y-NiOOH phases on readily available Ni
electrodes. Our findings reveal that precise control over Fe3* con-
centration in the electrolyte, combined with appropriate EA potentials,
is critical to modulating interfacial redox chemistry and sustaining
high OER activity. Comprehensive spectroscopic and structural ana-
lyses confirm that the dynamic polarization environment not only
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facilitates Fe redeposition but also stabilizes OER-active surface pha-
ses, offering a mechanistic framework for catalyst self-healing during
extended operation. This redox-driven regeneration strategy enables
gradual yet durable activation of the electrode surface, distinguishing
it from conventional static reconstruction approaches. Importantly,
the performance gains achieved at the half-cell level directly translate
to practical systems. The EA protocol supports stable operation of an
AEMWE at 1A cm~2 with a cell voltage of ~1.8 V for over 1000 h using
bare NF anodes. Furthermore, the strategy proves scalable, with a
25 cm? three-cell AEMWE stack maintaining performance over 300 h
with negligible voltage loss—demonstrating its viability for real-world
deployment. Taken together, our work introduces a generalizable
framework for dynamically modulating the OER interface to maintain
catalyst activity and structural integrity under industrially relevant
conditions. This approach offers a compelling complement to che-
mical design strategies and opens new directions for achieving long-
term, scalable water electrolysis using earth-abundant electrode
materials. By bridging mechanistic insight with device-level validation,
the dynamic polarization strategy holds promise for accelerating the
development of next-generation electrolyzer technologies.

Methods electrochemical measurements in half-cell systems

Electrochemical tests were performed in undivided cells using an SP-
150 potentiostat (Biologic) with a saturated calomel electrode (SCE,
CHI150, Qrins) as a reference electrode and Pt foil (Pt/Ti electrode,
Wesco Electrode) as a counter electrode. All electrolyte solutions,
except for 99.99% KOH and purified KOH, which were stored in poly-
propylene bottles, were prepared prior to the electrochemical
experiments and stored in glass bottles. All electrochemical half-cell
experiments were conducted in an H-type cell, with 50 mL of electro-
lyte in both the anode and cathode compartments (Fig S43a). Before
the experiments, all components of the electrochemical cell under-
went cleaning with 1 M H,SO, (which was fabricated by H,SO4 95-97%,
Sigma-Aldrich) and thorough rinsing with pure-water (18.2 MQ«cm,
Milli-Q® Direct 8 system, Merck Millipore, MA, USA). Pt counter elec-
trodes were cleaned with aqua regia before and after the experiment.
Before and after the experiments, we calibrated the potential of the
SCE through CV tests employing [Fe(CN)¢]*/[Fe(CN)c]*. The SCE
calibration test was conducted in a solution containing 5 mM potas-
sium ferricyanide (Ill) (99%, Sigma-Aldrich), 5mM potassium hex-
acyanoferrate (Il) trihydrate (98.5-102.0%, Sigma-Aldrich), and 0.5M
KCI (99%, Sigma-Aldrich). All potentials were measured with respect to
the SCE and converted to the RHE scale using the equation:
Erue = Esce +(0.059 V x pH). The bare NF (thickness =250 pm, poros-
ity = 60%, and fiber diameter = 20 um; 2Nil8-025, Bekaert) was used as
a working electrode. The geometric surface area of the working elec-
trode was 1cm? In EA operation, the NF was cycled between a current
density of 0.5A cm™ for 1 h and a set potential (1.5, 1.2, 1.1, 0.9, or 0.6
Vrue) for 3 min, repeated 50 times. During the EA operation, the
potential and HFR of NF at 0.5 A cm™ were measured every 10 min, and
current density at a set potential was measured every 1 min. CV mea-
surements were conducted with a scan rate of 20 mVs™ within the
potential range of -1-1.6 Vrye before and after the EA operation. To
determine the double layer capacitance (Cq)) values of the catalysts, CV
measurements spanned approximately 0.7-0.8 Vg With scan rates of
20, 40, 60, 80, and 100 mV s™. Specifically, the ECSA with Cgq, values
was determined from the slope of the linear plot of half of the differ-
ence between the oxidation and reduction current densities at 0.76
Vrie Versus the scan rate. Unless noted, all electrochemical experiment
data were iR-corrected, addressing the ohmic resistance measured via
EIS at 50 KHz with a10 mV amplitude. The iR correction was conducted
based on the ohmic resistance values determined from the
x-intercepts of the Nyquist plots. The preparation of a 1M KOH solu-
tion varied according to the experimental conditions, utilizing either
KOH (90%, Sigma-Aldrich), KOH (99.99%, Sigma-Aldrich), or purified

KOH. All 1M KOH solutions exhibited a pH of 14 + 0.2. Ni foam (EQ-
benf-1.6 mm, MTIKorea), SS (10AL3, Bekaert), Co foam (EQ-CoF-1110,
MTIKorea), and Fe foam (SP1257, Sinopro) were also tested as working
electrodes after being pressed to approximately 300 um. The NF (400
pm with porosities of 50%, 70%, and 80%, Alantum), Ni mesh (100
mesh woven from 0.1 mm dia wire, Thermo Scientific Chemicals), and
Ni foil (0.25 mm thick, annealed, 99.5%, Thermo Scientific Chemicals)
were also tested for EA operation. The NiFe-based catalyst was fabri-
cated via electrodeposition on the NF electrode. Electrodeposition was
performed using the NF as the working electrode, Pt foil as the counter
electrode, and SCE as the reference electrode. The NF underwent
electrodeposition at -0.95 Vscg for 5min in a solution of 30 mM
NiCl,-6H,0 (99.9%, Sigma-Aldrich) + 30 mM FeClz-6H,0 (97%, Sigma-
Aldrich). Subsequently, the electrode underwent a water rinse and was
dried at 40 °C for more than 20 min.

Fe isotope experiments

To quantitatively analyze the dynamic interaction between electrolytic
Fe and NF, an initial EA operation was conducted in unpurified KOH at
500 mA cm~2and 0.6 Vg for 20 h. Following this process, the NF was
immersed in a 100 ppb ¥Fe solution prepared in the purified KOH for
further testing. The 100 ppb *’Fe solution was prepared by precisely
diluting a *’Fe standard solution (Iron 57, plasma standard solution,
Specpure™, YFe 10 ygmL™, Thermo Scientific Chemicals) into the
purified KOH to achieve a final concentration of 100 ppb. The
experiment was performed unde