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Abstract: NiFe-based oxides are one of the best-known
active oxygen evolution electrocatalysts. Unfortunately,
they rapidly lost performance in Fe-purified KOH
during the reaction. Herein, tetraphenylporphyrin (TPP)
was loaded on a catalyst/electrolyte interface to alleviate
the destabilization of NiFe (oxy)hydroxide. We propose
that the degradation occurs primarily due to the release
of thermodynamically unstable Fe. TPP acts as a
protective layer and suppresses the dissolution of
hydrated metal at the catalyst/electrolyte interface. In
the electric double layer, the nonpolar TPP layer on the
NiFe surface also invigorates the redeposition of the
active site, Fe, which leads to prolonging the lifetime of
NiFe. The TPP-coated NiFe was demonstrated in anion
exchange membrane water electrolysis, where hydrogen
was generated at a rate of 126 Lh™" for 115h at a
1.4l mVh™" degradation rate. Consequently, TPP is a
promising protective layer that could stabilize oxygen
evolution electrocatalysts.

Introduction

According to the International Renewable Energy Agency,
a 76 % energy efficiency for 20 years is essential'! to achieve
the goal of hydrogen production level at a cost close to or
less than $2 kg™! set by the U.S. Department of Energy.” In
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fact, anion exchange membrane water electrolysis
(AEMWE) has been considered a promising pathway for
large-scale green hydrogen production at low costs owing to
the use of non-precious catalyst materials. One of the main
components of anion exchange water electrolyzers is the
membrane electrode assembly (MEA), which is mainly
composed of a porous transport layer, an anion exchange
membrane (AEM), and a catalyst layer. Under alkaline
conditions, hydroxyl anions produced by water reduction at
the cathode act as charge carriers. The oxygen evolution
reaction (OER) follows a four-step pathway using hydroxyl
ions and is the most sluggish process in the entire AEMWE
system. The catalyst layer in the anode plays an essential
role in the AEMWE performance as it significantly dimin-
ishes the overpotential.””

NiFe-based (oxy)hydroxides are state-of-the-art per-
formance and non-noble oxygen evolution electrocatalysts.[
The reaction mechanism of NiFe-based catalysts, however,
still has been controversial over the past decades. Previous
studies have regarded Ni as the active site;*""! however, in
recent studies, Fe!”!"?!! or Ni—Fe dual active sites?>?¥ have
also been considered. Despite the complexity of heteroge-
neous catalysis, in situ/operando measurements and density
functional theory (DFT) calculations have determined Fe as
the ultimate active site.”>!®"¥! On the other hand, the
ambiguity of mechanistic understanding also limits an
improvement in the stability of the NiFe-based
(oxy)hydroxides for applications and the commercialization
of AEMWE. Numerous studies so far have reported that
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NiFe-based materials have low durability in Fe-purified
KOH , and the strategy to prolong the lifetime of these
catalysts is still in its early stages.>?**?! Chung et al.l'¥l
reported that the lack of Fe adsorption by the substrate
restricts the redeposition of Fe. Furthermore, Kuai et al.P%
reported that the catalyst performance diminishes because
site-selective Fe redeposition agglomerate Fe as FeOOH
(particle), which is in accordance with the results of other
studies.'”*" Farhat et al.®! reported that although surface
Fe promotes high OER catalysis in ultra-thin and thicker
NiFe-oxo/hydroxide films, an exchange causing surface Fe
to move into higher coordination bulk Fe results in the loss
of OER activity in the activated NiFe-oxo/hydroxide in the
Fe-free electrolyte. Recent studies have focused on OER
catalyst modification to reduce degradation. Peng et al.*®
suggested the importance of vacant sites in metals, which
strengthen the Fe— O bond and alleviate lattice distortion,
thus suppressing Fe dissolution. Feng et al.*? introduced Co
into NiFe as an in situ Fe redeposition promoter. Chung
et al.'™ succeeded in increasing the Fe adsorption energy by
incorporating Cu into the Ni matrix and enhancing the
number of Fe on the electrode. The new viewpoint that the
Fe simultaneously repeats the dissolution-redeposition en-
abled the strategy to control the dissolution from the
catalyst/electrolyte interface. Beck et al.*® and Klaus et al.*"
reported that Fe is eluted as FeO,*” in alkaline electrolyte
and hydrated since it leaves the electrode. We hypothesized
that the nonpolar interface layer on NiFe-based material
could enhance the concentration of redeposition reactant.

Herein, a strategy to reinforce a labile NiFe catalyst by
manipulating the polarity of the electric double layer was
developed. The dissolution behavior of Fe from its host
material, Ni(OH ), was also investigated. Online electro-
chemical flow cell inductively coupled plasma-optical emis-
sion spectroscopy (online EFC ICP-OES)™" allowed the
real-time quantification of the metal dissolution rate during
the OER. The loss of Fe was severe in the bare NiFe-based
catalyst, while nonpolar tetraphenylporphyrin (TPP) mini-
mized the dissolution of Fe by phase engineering near the
electric double layer. Inhibition of Fe dissolution increased
the lifetime in the double layer and eventually increasing the
Fe redeposition. The role of TPP was validated in AEMWE
at 500 mA cm™ * under conditions well aligned with practical
commercial-scale electrolysis, effectively suppressing the
degradation rate.

Results and Discussion

It is hypothesized that the TPP layer could filter out the
hydrated ions from the bilayer while increasing the concen-
tration of the redeposition reactant. To prove the hypoth-
esis, we simulated the energy barrier required for FeO,*"
species to permeate the TPP through nudged elastic band
(NEB) calculations (Figure 1a). It was confirmed that the
energy barrier of ~10 eV indicates that the TPP penetration
is hardly applicable. This high energy barrier indirectly
suggests that TPP can play as physical barrier from Fe
dissolution by preventing the protonation of the Fe—
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Figure 1. a) NEB method was applied for the calculation of the energy
barriers for [FeO,]*” to pass through TPP. (blue: N atoms, dark gray: C
atoms, white: H atoms, red: O atoms, orange: Fe atoms) Schematic
illustration of the model experiment to verify the role of TPP for filtering
hydrated Fe in b) Ni and c) TPP-Ni. d) 15 CV measurements in Fe-
purified KOH (1.0 M) (white area) and KOH (1.0 M) containing Fe

(50 ugL™") (orange area) to observe the activation attenuation effect by
TPP filtering the entrance of Fe into the electrode.

site.®™ This indicates that the TPP nonpolar layer might
effectively block the hydrated Fe ions from the electrode
and bulk electrolyte. The TPP layer might filter the hydrated
Fe ion exiting from the double layer concurrently increasing
the concentration of the redeposition reactant. To further
investigate the role of the TPP layer, an additional model
experiment was performed on a bare Ni electrode (Fig-
ure 1b) and TPP-loaded Ni (TPP-Ni) (Figure 1c). First, five
cyclic voltammetry (CV) cycles were performed in Fe-
purified KOH (1.0 M) (Figure 1d). The initial activity was
higher in Ni (50.7 mA cm™?) than in TPP-Ni (45.1 mA cm?)
at 1.935 potential relative to reversible hydrogen electrode
(Vrue) OER potential, which indicated that the TPP coating
on Ni might have blocked some active sites. The degradation
speed was lower in TPP-Ni (—0.6 mA cm 2cycle ') than in
Ni (-1.1 mA cmcycle™). Upon changing the electrolyte to
KOH (1.0 M) containing Fe (50 ugL™") in the 6™ CV cycle,
the activity of TPP-Ni increased by approximately 135 %.
This can be attributed to the well-known synergistic effect of
Fe when intercalated to a NiO,H, substrate.**’) In partic-
ular, the increase in the activity rate of TPP-Ni
(0.59 mA cm*cycle ') was suppressed compared to that of
Ni (1.71 mA cmcycle ') because the activation was derived
from the Fe spiking on the Ni electrode from the electrolyte.
TPP might have filtered the hydrated Fe ion adsorption on
the Ni matrix. Fe is the active site in NiFe-based alkaline
OER electrocatalysts, and its loss results in a major
degradation mechanism."® Consequently, applying TPP as a
protecting layer on the NiFe OER electrode is essential to
increase the stability of the anode. As shown in Figure 2a,
TPP-Fe-spiked NiO,H, (TPP-FSN) catalyst is prepared by a
facile 3-step procedure from the Ni(OH), electrodeposited
substrate layer on a carbon paper (CP). Fe was spiked on
the Ni(OH), substrate to maximize the high turnover
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Figure 2. a) Three-step procedure for TPP-FSN catalyst preparation.
The first step involved the cathodic electrodeposition of Ni(OH), on
CP substrate. The second step was the preparation of FSN by cycling
50 times in a Fe precursor (1 mM) containing the KOH electrolyte
(1.0 M). The final step was TPP loading on the electrodeposited FSN
electrode by spray-coating. b) Molecular structure of TPP (blue: N
atoms, gray: C atoms, white: H atoms). c) High-resolution XPS N Ts
profiles of FSN (BOT), TPP-FSN (BOT), and TPP-FSN (EOT). d) The
side-view of the optimized geometry of the TPP on FSN. (blue: N
atoms, dark gray: C atoms, white: H atoms, red: O atoms, orange: Fe
atoms, light gray: Ni atoms)

frequency of Fe by exposing it to the surface, forming Fe-
spiked NiO,H, (FSN).” Electrodeposited Ni(OH ), showed
a spherical morphology on the carbon fibers (Figures Sla
and b). Fe spiking on the Ni(OH ) substrate resulted in
FeOOH phase (526 and 690 cm™ '), where Fe was inserted
into the Ni lattice (Figure S2), which was in agreement with
the result of a previous study."”! Scanning electron micro-
scopy with energy dispersive spectroscopy (SEM-EDS)
indicated that the resulting FSN had an Fe:Ni ratio of 2:8,
which was verified as the optimum Fe content (10-25 %) by
several studies (Table S1b).0*12173%41 Qyrface-sensitive X-
ray photoelectron spectroscopy (XPS) revealed an Fe:Ni
ratio of 4:6, which indicated that most Fe was placed on the
surface owing to the Fe spiking of the Ni matrix (Table S1a).
The TPP ink (0.1 mM TPP in acetonitrile/tetrahydrofuran)
was sprayed onto the FSN over CP (TPP-FSN). TPP consists
of four pyrrole rings with nitrogen atoms oriented inside the
ring and is surrounded by four benzene rings as pendent
groups (Figure 2b). TPP has a symmetric structure, hydro-
phobic property, and nonpolar nature. The stability of TPP
(protective layer) onto the metal oxide catalyst, TPP-FSN
was verified by three approaches. First, the double-layer
capacitance (Cg) changed (Figure S3). The FSN electro-
deposition on the CP increased from 18 to 49 puFem™ %, while
the TPP loading on the FSN increased from 49 to
257 uFem™ 2. This change verified the successful loading of
the porous layer of TPP on FSN, which is in agreement with
the results reported by Li et al., who detected Fe-TPP[C]]
on the Cu electrode by monitoring the Cy change.*

SEM visualized the change in morphology after TPP
loading, demonstrating the porous layer spread homogene-
ously on the FSN (Figures Slc and d). Second, a square
planar nitrogen ring was detected by XPS N 1s (Figure 2c).
The binding energy of 400eV emerged when TPP was
loaded onto the FSN at the beginning-of-test (BOT), which
is in accordance with the results of Daniel et al."*! Compared
to FSN, N was successfully quantified in TPP-FSN. When
TPP was loaded onto the FSN, the nitrogen content changed
from 1% to 3% (1 % owing to the nitrate precursor residue
during FSN fabrication) (Table S1c). Moreover, its unique
structure remained even at the end-of-test (EOT, 1500 CV
scans of OER in the range of 0.935-1.935 Vyye). Finally,
NiOOH (480 and 560 cm™') and FeOOH (526 and 690 cm ™)
species in the as-synthesized FSN were detected by Raman
spectroscopy (Figure S2).*" The intense signature peak of
TPP swamped all signals of the FSN, thus indicating the
successful coverage of TPP on FSN.*! Adsorption energy
and the stability of TPP on FSN surface were estimated
using ReaxFF molecular simulation*** to handle the large
system size. The optimized geometry of the TPP on FSN
was verified as both on-top Fe and Ni sites and adsorption
energy depicted. (Figures 2d, S4a, and b). It is difficult to
cover the adsorption degree of freedom on the disordered
surface including the defects, coverages, and microstruc-
tures. Therefore, only the fixed number of Fe spike models
and a single adsorption layer of TPP were considered. From
the optimized geometry, the hydrogen bonding between
OH,4 on M (M =Ni or Fe) and the N atom from the pyrrole
ring (N—H--HO-M) mainly stabilized the TPP-FSN inter-
face (Figure S4c). Additionally, the n--HO interaction and
the hydrogen bonding between the phenyl H--OH-M softly
strengthened the adsorption of TPP on FSN, which is in
accordance with the results of a previous study (Fig-
ure S4d).“!" Although TPP adsorption on the Fe site was
stronger than on the Ni site by 0.21 eV, both sites should be
considered adsorption sites because they are both energeti-
cally favored (averaged of —2.45eV for the Fe site and
—1.90 eV for the Ni site, respectively) and surface coverage
of the exposed Ni or Fe species rules more markedly than
individual energetics (Table S2).

Online EFC ICP-OES was conducted to visualize the
real-time degradation of the (TPP-)FSN OER catalysis using
a home-made cell (Figure 3a). Stress tests of the OER
current at chronopotentiometry values of 10 and 20 mA cm?
for 30 min were mixed with an open circuit potential for
20 min before and after the OER operation (Figure 3b). The
concentrations of Fe (Figure 3c) and Ni (Figure S5) were
quantified along with the OER current density. When
considering the dissolution rate per unit area, the Ni
dissolution rate of Ni (7.9 pgs'cm?) was 11 times less when
Fe was incorporated into the Ni matrix as FSN
(0.7 pgs~'cm™2) at 10 mA cm* (Figure 3d). This is consistent
with a previous study by Spanos et al.,*® where Fe acted as
an active site and a stabilizer of the Ni matrix. However,
FSN demonstrated rapid Fe dissolution (20.9 pgs'cm?)
during the OER operation, which is in accordance with the
results of a previous study where Ni showed a lower
dissolution rate (0.7 pgs~'cm™), based on DFT? calcula-
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Figure 3. a) Online EFC ICP-OES cell. b) Chronopotentiometry protocol
during online EFC ICP-OES. c) Transient analysis of the eluted Fe from
the FSN and TPP-FSN catalyst in Fe-purified KOH (1.0 M) during the
stress test. d) Metal dissolution rate per unit area achieved from
chronopotentiometric measurement at 10 mAcm™ 2 for 30 min.

tions and in situ ICP mass spectroscopy (ICP-MS)" results
at 10 mAcm™ 2 This result excluded NiFe destabilization
from the surface-Fe diffusion to the inside of the lattice
(bulk Fe).’'l A higher dissolution rate was observed at
10 mA cm™ 2 than at 20 mA cm™ 2, which is attributed to the
surface reconstruction process in the initial step of the OER,
which accelerated the Fe dissolution (Figure 3c).[***! Knop-
pel et al.P” reported that an oxygen evolution electrocatalyst
stabilizes over time after severe dissolution in the beginning
(<1h). TPP also filtered the Ni dissolution (Ni: 7.9 and
TPP-Ni: 2.2 pgs™ 'cm™ ?), as observed in the first 5 CV cycles
(Figure 1d). In particular, TPP-FSN significantly suppressed
Fe dissolution to 0.3 pgs~ 'cm™ * as compared to that of FSN

(20.9 pgs™ 'em™ %) at 10 mAcm™ % This was also observed at

the 20 mAcm™ 2 OER operation. Geiger et al.”!l performed
lifetime calculations where FSN revealed a lifetime of 3.2 d
as compared to 219.8 d for TPP-FSN, thus showing that
TPP-FSN had a 69-fold lifetime increase. The TPP layer on
the FSN kept the Fe population on the surface of the OER
catalyst. This observation is in accordance with the quantifi-
cation results of the metal content from XPS and SEM-EDS
(Tables Sla and b).

All electrochemical measurements were performed in a
polymer-based electrochemical cell (polytetrafluoroethylene
and polyetheretherketone) to prevent glass etching."™ Fe
was thoroughly purified from KOH (1.0 M), and the Fe
purification results were verified by ICP-MS (Figure S6) and
electrochemical tests (Figure S7) in bare carbon. A graphite
rod counter electrode was used to address Pt
dissolution.>™ The reference electrode was calibrated
using an RH E with the value of the hydrogen oxidation/
evolution reaction from the x-intercept (Figure S8).5% The
activity and durability of FSN and TPP-FSN were compared
using CV tests (Figure 4a). The substrate CP and additive
TPP did not exhibit considerable anodic currents in the 1.2—-
1.7 Vgy grange, thus confirming their inactivity toward
OER. In the first CV, FSN and TPP-FSN exhibited similar
activity (352 mV@30 mAcm~ ?), indicating that TPP
loading
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Figure 4. a) CV experiment for activity and stability tests in a half-cell.
b) Overpotential comparison against cycle number. Error bars repre-
sent the standard deviation of triplicate measurements. c) Schematic
representation of 9 cm”* MEA with cell hardware. d) Voltage profile
along 115 h of TPP-FSN in 500 mAcm 2. Gas products of AEMWE (H,-
filled, O,-void rectangular) were quantified along with the long-term
stability test. All membranes are 50-pm-thick X37-50 grade T. Cell

temperature was set as 60°C. KOH (1.0 M) was fed at a flow rate of

36 mLmin~".

did not affect the initial activity in triplicate measurements
(Figure 4b). To estimate the energy barrier due to the
presence of TPP, NEB calculations were performed along
the various pathways. The relative energy barrier calculation
for OH to travel around TPP-FSN was approximately 0.1-
0.4 eV near the phenyl ring and less than 0.05eV at the
other sides (Figures 2d, S9, and S10), which indicated that
mostly, the reactant could diffuse following the latter path-
ways to the active site with the trivial energy barrier. The
locally captured reactants, rather than the repulsive reac-
tants from the hydrophobicity, leads to the local rearrange-
ment of the phenyl ring, which however seems not to
influence the overall OER potential. Remarkably, TPP-FSN
showed much less activity loss after EOT. The FSN over-
potential increased from 352 to 374 mV, showing an increase
of 22mV after EOT at 30 mA cm 2, while the TPP-FSN
overpotential increased from 352 to 362 mV, demonstrating
an increase of 10 mV under the same stability test conditions
(Figure 4b). Similar trends were observed at 50 mAcm 2
(Angsn =24 mV and Anppprsy =12 mV), and the experiments
were performed in triplicates. To determine the effect of
TPP loading on the mechanism, Tafel slopes were com-
pared. No mechanism change was observed in the catalysis
with FSN (51 mVdec™) and TPP-FSN (58 mVdec™) (Fig-
ure S11). Corresponding microkinetic studies indicated that
M-0,,/M—OOH,,, was the rate-determining step (RDS).P’"!
Bai etal.*! also concluded by operando Raman spectro-
scopy that FeOOH-NiOOH OER electrocatalysis suffers
from the second electron transfer reaction as the RDS. The
Tafel slope of FSN increased to 64 mVdec' (AFSN=
13mVdec ') at EOT, indicating poor OER Kkinetics in the
same RDS. However, the TPP-FSN Tafel slope increment
decreased by six times (ATPP-FSN=2mVdec'), thus



indicating that the TPP buffered OER kinetic worsening
after EOT. The changes in charge transfer resistance (ARcr)
for FSN and TPP-FSN, examined by electrochemical
impedance spectroscopy (EIS), were 0.96 and 0.29 Q,
respectively (Figure S12). A series of electrochemical tests
(CV, Tafel analysis, and EIS) reproduced the stability
enhancement role of TPP in FSN OER catalysis, when the
TPP loading amount was evaluated at 1, 2, and 3 mLcm™
(Figure S13). A less stable OER performance was demon-
strated at 1 and 3 mLcm™ 2, due to the lack of loading and
overloading, respectively. This observation showed that
insufficient TPP loading (1 mLcm™ %) was inefficient as
compared to the optimal loading amount (2mLcm™ ?).
Furthermore, overloading might lead to the agglomeration
of TPP (3mLcm™ ?), and a similar result was shown in the
ionomer content optimization in MEA.P¥ Consequently, the
optimal amount of TPP loaded (2mLcm™ %) on FSN was
employed in all experiments. The Ni(OH )/NiOOH peak
intensity reflects the electrochemical surface area (ECSA)
of the Ni atom directly contacting the electrolyte. The TPP-
FSN shrinkage of 142mAcm * as compared to
1.75mAcm™* for FSN at the first cycle (Figure S14)
supported the hypothesis that TPP partially blocks the Ni
site when forming hydrogen bonds with FSN. Notably, the
redox intensity of TPP-FSN steadily increased through
1500 CV cycles and reached 2.05 mAcm™ % In contrast, the
redox intensity of FSN decreased to 1.5mAcm™ 2 This is
due to the detachment of the weakly adsorbed TPP at 1-
500 CV cycles in TPP-FSN, and the trace amount of
dissolved Fe redeposition on the clean NiO,H, surface. Fe
concentration in 1 M KOH electrolyte after 500 CV was
measured by ICP-MS (Figure S6). The difference in Fe
amount increment after 500 CV in the electrolyte (AFeggy:
12 pgL~ !, AFeqpppgn: 3.8 ugL™ ') made the different behavior
of Ni redox peak. Boettcher etal. reported that NIOOH
OER cycling in Fe-containing electrolytes exhibited a
decrease in the Ni redox peak,** which indicates that Fe
impurities covered the Ni site, thus lowering Ni ECSA. This
observation further proved the role of TPP in preventing the
liberation of eluted Fe into the electrolyte during OER
catalysis. The application of TPP in AEMWE was then
evaluated (Figure 4c). The MEA was prepared by the
catalyst-coated-membrane method using a commercial Pt/C
(cathode) on a commercial AEM. The experiments were
performed at 60°C in KOH (1.0 M) and MEA (9 cm?), with
real-time detection of the product gases (H,/O,). Chronopo-
tentiometry measurement was conducted at 500 mA cm™ 2 for
115h at a 1.41 mVh ! degradation rate, which was lower
than the degradation rate during the first 25h (1.56 mVh™ ')
(Figure 4d). This result was in accordance with those
obtained by Knoppel etal.,” where the S-number,”! a
metric for electrocatalyst stability, drastically increased over
time in a single cell. This value is in agreement with recently
published papers under similar operating conditions (cath-
ode catalyst: platinum group metal (PGM), anode catalyst:
non-PGM, 1.0M KOH ,and 45-70°C cell temperature)
ranging from 1 to 2 mVh~ .7 Furthermore, a 126 Lh™ ' H,
flow rate and 62 Lh™ ' O, flow rate showed a 91 % faradaic
efficiency, that is beneficial for the practical application of

2

non-PGM anode electrocatalyst-based AEMWE. These
results provide insights into the material design strategy for
minimizing metal dissolution in metal-based catalysts.

To investigate the stability enhancement after TPP
loading, three deactivation mechanisms, dissolution,!'¥!
agglomeration,™ and bulkization,® were considered (Fig-
ure S15). The Fe portion (Fe/(Fe+Ni)) at the surface and
bulk decreased by approximately 35 % in FSN, while with
TPP-FSN, it only dropped approximately 12 % after EOT
(Table S1). This implied that the Fe in the bulk and at the
surface was eluted in OER catalysis and that TPP blocked
the dissolution from the electrode. Metal agglomeration was
excluded based on X-ray absorption spectroscopy (XAS) at
the Fe K-edge (Figure 5a). Both FSN and TPP-FSN at BOT
had a singlet pre-edge peak at 7114 eV, resembling that of
FeOOH,™ which is in agreement with the results of Raman
spectroscopic analysis. The peak was split into a doublet at
EOT, indicating that FeO and Fe,O; were redeposited after
the elution of FeOOH in the electrolyte. A doublet peak
verified the presence of Fe’* T, coordination from the Fe,O;
phase as compared to FeOOH (Fe’* Oy), which is expressed
as a singlet peak.”™! Agglomerated FeOOH, which deterio-
rates the stability,[30] was not observed at EOT. In contrast,
the dissolution/redeposition dynamics formed a new phase
(FeO/Fe,03) in TPP-FSN. It is plausible that surface atom
liberation from the electrode (dissolution) is the primary
cause of the TPP-FSN degradation after ruling out the
agglomeration and bulkization of Fe.
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Figure 5. a) XAS spectra of the (TPP-)FSN at BOT and EOT in the Fe K-
edge. (gray dotted line: Fe film, short dotted line: FeO, solid line: Fe,O,
reference) b) in situ Raman cell. In situ Raman spectra of c) Ni,

d) FSN, and e) TPP-FSN. "®O-labeling was conducted in K'*OH (1 M)
applying 21 mAcm™ anodic current for 30 min. '*O-labeled samples
then moved to fresh K'®*OH (1 M) and 1.2 mAcm ™2 of OER current was
applied.



The stability enhancement origin after TPP loading on
FSN has three candidates: (1) the remnant of Fe in the
electrode without agglomeration, (2) the anchored Fe by the
four nitrogen-containing pyrrole rings (N4) in TPP, and (3)
OER mechanism shift from lattice oxygen participation
mechanism (LOM) to adsorbate evolution mechanism
(AEM). To rule out scenario (2), XAS was employed to
detect the location of Fe on the electrode (Figure 5a). An
interaction between the eluted Fe and N4 in TPP was not
observed due to the absence of the Fe— N4 of Fe-TPP
reference intense pre-edge signature peak at 7114.6eV
(black line). H owever, doublet peaks at 7113.7 and
7115.2 eV were attributed to FSN and TPP-FSN at EOT,
respectively. Consequently, Fe remained in the electrode
layer during the stability test in OER. Furthermore, the
Ni— N4 structure was not observed, which indicated that the
hydrated Ni cannot be coordinated by N4 in TPP (Fig-
ure S16). The amount of metal dissolution is affected by the
OER mechanism.' LOM which forms the O vacancies
disrupts the stability of the catalyst. To rule out (3), *O-
labeling experiments coupled with in situ Raman spectro-
scopy were employed to probe the OER mechanism of FSN
and TPP-FSN. Experiments were conducted using home-
made in situ electrochemical Raman cell in 1 M Fe-purified

the lifetime near the electrode and enlarges the concen-
tration of redeposition reactant by forming a nonpolar layer.

Conclusion

In conclusion, the factors resulting in the destabilization and
strategy for reinforcement of NiFe-based catalysts (FSNs) in
alkaline OER catalysis were investigated. The detailed
electrochemical and spectroscopic analyses revealed that Fe
population decrement by its dissolution was the main
deactivation pathway. The loading of nonpolar TPP on FSN
acted as a barrier for the hydrated Fe to remain in the
electric double layer. TPP enhanced the lifetime of the
eluted Fe in the electric double layer and facilitated its
redeposition on the FSN catalyst. Upon TPP coating, the
durability of the catalyst increased without changing oxygen
evolving mechanism. Furthermore, the role of TPP in
enhancing the stability of AEMWE was confirmed. High-
current-density chronopotentiometric operation
(500 mAcm™?) with TPP-loaded FSN maintained a long-
term OER activity (115 h) with a substantial H, evolution
(rate of ~126 Lh™'). This improved mechanistic under-
standing of FSN provides insights into the future develop-

KOH electrolyte (Figure 5b). *O— Ni showed the §(Ni**— O) ment of durable electrocatalysts for water electrolysis.

(472 cm™ ') and v(N**— O) (555cm™ ') in 1.2 mAcm™ *> OER

current density (Figure 5c). 'O isotope labeling was con-
ducted by applying 21 mA cm~ ? of anodic current for 30 min
in 1M K®OH .This process red-shifted §(Ni*"— O)
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shifted (3(Ni**— O) (469 cm™ ') and v(Ni*"— O) (548 cm™ 1)).

And their 'O labeled peak was sustained in the *O labeled
form and was not directly placed back to the °O. This is in
agreement with the previous study® that Fe-incorporated
NiO,H, samples follow the AEM and TPP-FSN also does
not change the OER mechanism. Our result in Figure 3d,
that Ni dissolution suppression after incorporation of Fe
also supports the fact Fe incorporation induces the mecha-
nism shift from LOM to AEM. Similar Tafel slope (ca.
60 mV dec™ ') in Figure S11 indicates that FSN and TPP-FSN
both have the same RDS strengthening TPP does not
influence the oxygen-evolving pathway of FSN. Those
results also rule out the possibility of (3) that TPP enhances
the stability of FSN by changing the OER pathway from
LOM to AEM. Fully hydrated FeO,”" species redeposition
occurs dynamically."*3*! The TPP protective layer then
prohibits its complete dissolution to bulk electrolyte. TPP
doesn’t change the OER mechanism of FSN and elongates
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