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Abstract

Ni-Fe-based oxides are among the most promising catalysts developed to date
for the bottleneck oxygen evolution reaction (OER) in water electrolysis.
However, understanding and mastering the synergy of Ni and Fe remain
challenging. Herein, we report that the synergy between Ni and Fe can be
tailored by crystal dimensionality of Ni, Fe-contained Ruddlesden-Popper
(RP)-type perovskites (Lag.125570.875)n+1(Nio.25F€0.75)n03n41 (n =1, 2, 3), where
the material with n =3 shows the best OER performance in alkaline media.
Soft X-ray absorption spectroscopy spectra before and after OER reveal that
the material with n =3 shows enhanced Ni/Fe-O covalency to boost the
electron transfer as compared to those with n=1 and n=2. Further
experimental investigations demonstrate that the Fe ion is the active site
and the Ni ion is the stable site in this system, where such unique synergy
reaches the optimum at n=3. Besides, as n increases, the proportion of
unstable rock-salt layers accordingly decreases and the leaching of ions
(especially Sr**) into the electrolyte is suppressed, which induces a decrease in
the leaching of active Fe ions, ultimately leading to enhanced stability. This
work provides a new avenue for rational catalyst design through the
dimensional strategy.
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1 | INTRODUCTION

With the aggravation of the global greenhouse effect,
there is an urgent need to seek clean energy sources."”
Among many low-carbon energy sources, hydrogen is
considered as an ideal green energy fuel due to its high
energy density and carbon-free nature.>* Alkaline water
electrolysis (2H,0 — 2H, + O,) is expected to be one of
the most promising hydrogen production technologies in
the future.” However, the oxygen evolution reaction
(OER) at the anode is a complex four-electron transfer
oxidation process (4OH™ — O, + 2H,0 + 4e™), hindering
the overall efficiency of water splitting.®® Although
noble-metal oxides (e.g., IrO, and RuO,) have been
widely recognized as state-of-the-art OER electrocata-
lysts, their scarcity and high cost severely hamper large-
scale commercial applications.”'® Therefore, the use of
cost-effective, active, and stable nonprecious OER cata-
lysts is of paramount importance.

In alkaline solutions, Ni-Fe-based oxides/oxyhydroxides
are considered as the most promising nonnoble metal-based
electrocatalysts for OER.''™'® Numerous studies have
demonstrated that the physicochemical properties of
Ni-Fe-based oxides/oxyhydroxides can be modified by
adjusting the stoichiometry of Ni and Fe ions in the catalyst,
thus changing its catalytic activity.''”'® Forslund et al."’
tuned charge-transfer interactions by controlling the ratio of
Ni to Fe in LaysSr;sNi;_,FeO4ys oxides to enhance
electrocatalytic water splitting. Besides, the synergism at
Ni-Fe sites in Ni-FeOOH electrocatalysts can improve
Faradaic efficiency and OER dynamics, ultimately resulting
in superior catalytic OER activity."® Although it has been
generally agreed that the coexistence of Ni and Fe elements
can boost activity as compared with materials with a single
Ni or Fe element, however, most related studies focused on
the simple stoichiometric modulation of Ni and Fe ions to
achieve improved OER performance. As an important
structural parameter and a critical carrier for Ni-Fe ions,
crystal dimensionality regulation is always ignored. Further-
more, the role of Ni and Fe ions in the OER activity and
stability is still controversial. Friebel et al.* revealed that the
Fe site in Ni,Fe,OOH shows higher activity than the Ni site.
On the contrary, the doping of Fe** into the NiBi catalyst
was reported to promote the formation of Ni** active sites,
which boosts the OER activity.! To date, the debate on the
active sites of Ni-Fe-based oxides/oxyhydroxides is still
ongoing. Besides, the stability of Ni or Fe elements plays an

crystal dimensionalities, oxygen evolution reaction, Ruddlesden-Popper perovskites,

important role in OER performance, which has not been
systematically explored and studied so far.

Recently, due to the unique layered structure,
Ruddlesden-Popper (RP)-type perovskites have been
widely used in solid oxide fuel cells, catalytic NO
decomposition and reduction, and room-temperature
electrocatalysis.”*>* The general formula of RP-type
perovskites is A,;1B,03,41 (n=1, 2, 3, ...), where the A
site is rare/alkaline-earth-metal cation and the B site is a
transition-metal (TM) cation.”®> As shown in Figure 1,
along the c-axis direction of the crystal unit, the
perovskite-like motifs (ABO3) with n layers are situated
between the top and bottom rock-salt layers (AO) in the
structure of RP-type perovskites. Compared to the
conventional three-dimensional simple perovskite, this
two-dimensional layered structure provides the best
template for modulating the catalytic activity of Ni-Fe-
based oxides through crystal dimensionality.*** In
addition, the physicochemical properties of RP-type
perovskites can be well modified by tuning the number
of perovskite-like layers.”>?**’ For example, a Mott
insulator-metal transition with a change in bandwidth
can be observed in Sr,,Ir,03,,, (n=1, 2, and ») as n
increases.”® Besides, on increasing the number of
perovskite-like layers from LaSrNiO, (n=1) to La,Sr-
Ni,O,_s (n = 2) and further to La;SrNi;O,¢_s (n = 3), the
hybridization strength of Ni 3d-O 2p becomes stronger,
leading to enhanced conductivity and improved OER
activity.”” Therefore, the flexible crystal dimensionality of
RP-type perovskite is highly promising for understanding
the relationship between Ni and Fe ions in different
dimensions with respect to the OER activity and stability.

Following the above logic, a series of RP-type perov-
skites (Lag125570.875)n+1(Nio.25F€0.75)nO03n41 (n =1, 2, 3) with
adjustable crystal dimensionality was chosen to investigate
the relationship between Ni and Fe ions in different
dimensions with respect to OER activity/stability in
alkaline solutions. As the dimensionality increases with n,
the RP-type perovskites show enhanced OER activity and
stability. By combining various characterizations, we found
that the material with higher dimensionality shows faster
reaction kinetics, larger electrochemical active area, and
better electron transport capacity (induced by the strength-
ened Ni/Fe-O covalence). Furthermore, in this RP-type
perovskite system, the Fe ions are proven to be the major
active sites and the Ni ions to be the key stability sites
during the OER process. Besides, as n increases, the content
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FIGURE 1 Schematic diagram of a tetragonal crystal structure for RP-type perovskites, A,,;1B,03,41 (=1, 2, 3).

of unstable rock-salt layers decreases, which is accompa-
nied by a reduction in the leaching of ions. The leaching of
A-site ions further triggers the leaching of B-site active Fe
ions, while Ni ions are relatively more stable, leading to
improved OER stability. We believe that this work will spur
further efforts to develop highly active material candidates
by crystal dimensionality regulation in a wider range of
oxide systems.

2 | EXPERIMENTAL SECTION

2.1 | Catalysts synthesis

LSNF-1, LSNF-2, and LSNF-3 were all prepared using the
electrospinning method. Specifically, the corresponding
stoichiometric amounts of La(NOj);-6H,O, Sr(NOs),, Ni
(NO3),-6H,0, and Fe(NO3);9H,O (all analytical grade;
Sinopharm Chemical Reagent Co., Ltd.) were dissolved in
10 mL of N,N-dimethylformamide (DMF; Sinopharm Chem-
ical Reagent Co., Ltd.). Then, 1.0 g of polyvinylpyrrolidone
(PVP, Mv.1300000; Sinopharm Chemical Reagent Co., Ltd.)
was added to DMF, and stirring was continued for 12h to
ensure complete dissolution of the PVP. Subsequently, the
above solution was loaded into a 10mL plastic syringe
equipped with a 23-G needle for electrospinning. During
the electrospinning process, the voltage was 18 kV and the
distance between the aluminum foil collector and the needle
tip was set to 10cm. Finally, the powder catalyst was
obtained by calcining the as-collected nanofibers in air at a
heating rate of 1°C min™" at 900°C for 2 h.

2.2 | Characterization

X-ray diffraction (XRD) patterns were recorded using a
Rigaku Smartlab diffractometer with Cu Ko radiation
(A =1.5418 A), and the structural refinements were revealed
using Topas-4.2 software. scanning electron microscopy
(SEM) images were obtained using a scanning electron
microscope (Hitachi S-4800). High-resolution transmission
electron microscopy (HRTEM) images and bright-
field transmission electron microscopy (TEM) images were
obtained using a transmission electron microscope (FEI
Tecnai G2 F20 S-TWIN). The specific surface areas were
determined by N, adsorption-desorption isotherms on a
Quantachrome Autosorb-iQ3 instrument. O 1s X-ray photo-
electron spectroscopy (XPS) data were obtained on a Thermo
ESCALAB 250Xi instrument. Inductively coupled plasma-
mass spectroscopy (ICP-MS) results were obtained on an
iCAP 7400 instrument. Specifically, the electrolyte was
analyzed by ICP-MS after loading 50 mg of catalysts onto
6cm” of carbon paper and performing 500 OER cyclic
voltammetry (CV) scans in a 0.1 M KOH solution.

2.3 | Electrochemical measurements

Electrochemical tests were conducted on a three-electrode
electrochemical cell (Pine Research Instrumentation) with
an RDE configuration controlled by a CHI 760D electro-
chemistry workstation. Glassy carbon (GC, 0.196 cm?), Ag/
AgCl, and a graphite rod were used as the working,
reference, and counter electrodes, respectively. The catalyst
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ink consisted of 10mg of catalyst, 10 mg of Super P Li,
100 uL. of Nafion, and 1 mL of absolute ethanol. Subse-
quently, 5 uL of catalyst ink was transferred onto the surface
of the GC substrate. All polarization curves were recorded at
a scan rate of 5mV s~ from 0.2 to 1.0 V versus Ag/AgCl at a
rotation rate of 1600rpm. electrochemical impedance
spectroscopy (EIS) was recorded from 100 kHz to 0.1 Hz at
0.7V versus Ag/AgCl under an AC voltage of 10 mV. CV
was used to measure the electrochemical double-layer
capacitance (Cq). The potential was swept from 0.2 to
0.3V versus Ag/AgCl at different scan rates of 20, 30, 40, 60,
80, and 100mVs~'. To measure long-term  stability,
chronopotentiometry (CP) was recorded at 10 mA cm™2 with
0.5 mg of catalysts deposited onto carbon paper (HCP330N;
Hanghai Hesen Electric Co., Ltd).

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of
catalysts

First, we synthesized a series of RP-type perovskites by
electrospinning, including Lag,sSr; 75NigosFep750, (n=1,
LSNF'l), La()_37ssr2_625Ni0.5Fe1.507 (n:2, LSNF'Z), and

Lag 5815 5Nig75Fe5 25019 (m =3, LSNF-3). To exclude the
effect of component ratios between samples of different
dimensions, the molar ratio of La ions to Sr ions at the A site
is 1:7 and the molar ratio of Ni ions to Fe ions at the B site is
1:3 for all samples. The XRD pattern and the corresponding
structural refinement results (Figure 2A-C and Table S1)
show that the space groups of LSNF-1, LSNF-2, and
LSNF-3 are all I4/mmm with pure phases. To further
confirm the structure of RP-type perovskites, we
performed HRTEM. As shown in Figure 2D-F, LSNF-
1, LSNF-2, and LSNF-3 show lattice stripes of 0.364,
0.264, and 0.278 nm, respectively, corresponding to the
respective (011), (112), and (110) crystal planes.
Combining XRD refinement patterns and HRTEM
patterns, we confirm the successful synthesis of RP-
type perovskites by electrospinning with different
perovskite-like layers (n=1, 2, 3). Additionally, we
further increased n to 4 and «, namely, Lag 25514 375Ni-
Fe;0,3 (n=4, LSNF-4) and Lag 1,551 575Nig.25F€0.7503
(n =, LSNF-x), where both form complex multiphase
structures (Figure S1), which were not the RP-type
perovskites that we needed. Therefore, we selected
RP-type perovskites from single (LSNF-1) to double
(LSNF-2) to triple (LSNF-3) layers for further
investigation.
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FIGURE 2 Rietveld XRD refinement patterns of (A) LSNF-1, (B) LSNF-2, and (C) LSNF-3. HRTEM images of (D) LSNF-1, (E) LSNF-2,
and (F) LSNF-3. SEM images of (G) LSNF-1, (H) LSNF-2, and (I) LSNF-3, where the insets show the bright-field TEM images.
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To further demonstrate the microscopic morphology
of RP-type perovskites, SEM and bright-field TEM were
performed (Figure 2G-I). SEM and bright-field TEM
images show that RP-type perovskites with different
perovskite-like layers (n=1, 2, 3) all showed the
morphology of nanofibers with a diameter of about
100 nm. According to previous research, nanoscale fiber
morphology can provide more active sites for cata-
lysts,”**2% which facilitates the process of OER. The
above results show that the RP-type perovskites of
different dimensions possessed similar nanofiber
morphologies, which allows us to precisely investigate
the relationship between catalyst structural dimensional-
ity and OER activity/stability for our purpose.

3.2 |
origins

OER performance and activity

Next, to evaluate the OER performance of RP-type
perovskites, electrochemical tests were carried out on a
standard three-electrode system in an O,-saturated 0.1 M
KOH solution, and all voltages were iR-corrected to the
reversible hydrogen electrode (RHE) scale (Figure S2). The
polarization curves in Figure 3A show that the OER activity
was enhanced in the order of LSNF-1 < LSNF-2 < LSNF-3.
The LSNF-3 nanofibers require an overpotential of only
360mV to achieve the current density of 10mA cm™,
which is much lower than those of LSNF-1 nanofibers
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(448 mV) and LSNF-2 nanofibers (410 mV). Specifically, the
OER performance of the LSNF-3 nanofibers is comparable
to that of many representative Ni/Fe-based oxide catalysts
shown in Table S2, such as La,,; Ni,Oz,41 (n=1, 2, 3, »)*’
and Lag sSr; sNig,Fey304.'° Besides, we further analyzed
the mass and intrinsic activities of RP-type perovskites
with different perovskite-like layers (corrected to the
Brunauer-Emmett-Teller surface area; Table S3). As
shown in Figure 3B and Table S4, both the mass and the
intrinsic activities of LSNF-3 nanofibers are much better
than those of LSNF-1 nanofibers and LSNF-2 nanofibers in
0.1M KOH solution. Specifically, the intrinsic activity of
LSNF-3 nanofibers (0.823 mA cm 2oyqe) at 1.59V versus
RHE is ~10.0 times that of LSNF-1 nanofibers (0.082 mA
cm Zgge) and ~4.6 times that of LSNF-2 nanofibers
(0.177 mA cm ™ 244e). The above results demonstrate that
the OER performance of RP-type perovskites is greatly
enhanced by increasing the number of perovskite-like
layers. Next, we will investigate the origins of the activity of
LSNF-3 nanofibers.

First, we analyzed the OER Kkinetics of RP-type
perovskites by constructing Tafel curves. In Figure 3C,
the Tafel slope decreases from 81.6 mV dec™" for LSNF-1
nanofibers to 73.6 mV dec™! for LSNF-2 nanofibers, and
further to 68.5mV dec™" for LSNF-3 nanofibers, implying
that LSNF-3 nanofibers with the highest number of
perovskite-like layers show the fastest OER reaction
kinetics.>' Second, CV was used to further obtain the

C
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%0 o1MKoH@GocE | ° 3
3 = £
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FIGURE 3 (A) OER polarization curves of synthesized oxides. (B) Mass and intrinsic activities of synthesized oxides. (C) Tafel plots of
synthesized oxides. (D) Linear fitting of the capacitive currents versus CV scan rates of synthesized oxides.
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catalysts (Figure S3), which is positively correlated with
the electrochemical effective surface area (ECSA).”** The
Cq value of LSNF-3 nanofibers in Figure 3D is
approximately 1.3 and 2.1 times higher than those of
LSNF-2 nanofibers and LSNF-1 nanofibers, respectively.
The higher Cy4 value of LSNF-3 nanofibers means that
more electrochemical active sites can be generated in the
OER process. Meanwhile, it is worth noting that the OER
performance of RP-type perovskites, when normalized to
the value of ECSA, remains the best performance for
LSNF-3 (Figure S4). In addition, we analyzed the O
species on the surface of the samples by O 1s XPS. The O
1s spectra in Figure S5 were deconvoluted into four peaks
for lattice oxygen (0®7), reactive oxygen species (0,>/
O7), hydroxyl groups or surface-adsorbed oxygen (OH™/
0,), and adsorbed H,O or carbonate.>**** The results of
the O 1s spectra show that the content of 0,> /O~
species in LSNF-3 nanofibers is the highest, followed by
LSNF-2 nanofibers and LSNF-1 nanofibers. The 0,2 /0~
species have been reported to be the active sites in
OER.>***> Thus, the high concentration of 0,° /0~
species for LSNF-3 nanofibers promotes efficient water
oxidation. To sum up, with the increase of perovskite-like
layers in RP-type perovskites, the catalysts show faster
reaction kinetics, larger electrochemical active area, and
more active sites (for 0,>7/07), ultimately showing
better OER activity.

It has been widely reported that the chemical valence
state of the oxide surface also plays a crucial role in the
OER process.****” In RP-type perovskites, the B-site is
the TM ion, which is usually the active site in OER."”*°
The A site, on the other hand, is an alkaline earth/rare
metal ion with stable valence states and is mainly the
coordination environment for the active B-O site.”?
Therefore, we characterized and analyzed the Ni and
Fe ions in the B site for RP-type perovskites by soft X-ray
absorption spectroscopy (XAS). Soft XAS spectra of the
Ni-L; and Fe-L; absorption edges in total electron yield
(TEY) mode are reported to be highly sensitive to the Ni
and Fe valence states on the material surface.’®* As
shown in Figure 4A, the Ni-L; peaks (shaded area)
remain essentially unchanged as the number of
perovskite-like layers increases, implying that the
valence state of Ni ions on the surface of samples is
basically stable. In contrast, according to the intensity of
the Fe-L; peaks (shaded area) in Figure 4B, the peaks of
LSNF-1 nanofibers, LSNF-2 nanofibers, and LSNF-3
nanofibers become stronger. According to the Fe-L;
absorption peak intensities for Fe-O coordination
numbers of six-coordinated Fe,O; and four-coordinated
YBaCo;FeO-,* when the intensity of the absorption peak
at ~707 eV is stronger, the coordination number of Fe-O
is higher. Since the valence states of La/Sr ions in the A

site and Ni ions in the B site for RP-type perovskites are
stable, the higher Fe-O coordination number in the B
site shows increased Fe valence according to the
requirement of charge balance. Therefore, the Fe valence
in RP-type perovskites becomes higher with increasing
perovskite-like layers. Besides, complete iodometric
titration experiments were carried out to further confirm
the valence order of the B-site ions for RP-type
perovskites. Owing to the higher Fe/Ni valence of RP-
type perovskites with more perovskite-like layers, the
consumption of Na,S,03-5H,0 solutions for LSNF-3 is
the highest, followed by LSNF-2 and LSNF-1 (Figure S6).

It is well known that the TM-O covalency also plays a
key role in the OER process. Therefore, we performed
O-K XAS to study the TM-O covalency of our samples.
According to the above soft XAS results, there is almost
no difference in the valence of Ni for RP-type perovskites
with different perovskite-like layers. Thus, the difference
in the covalency of TM-O in the O-K XAS spectrum is
mainly a difference in Fe-O covalency. As shown in
Figure 4C, the energy position of the O-K pre-edge peak
shifts to lower energy positions from LSNF-1 nanofibers
to LSNF-2 nanofibers and further to LSNF-3 nanofibers,
and the spectrum weight of the O-K pre-edge peak
gradually increases from LSNF-1 nanofibers to LSNF-2
nanofibers and then to LSNF-3 nanofibers, which
indicates that LSNF-3 nanofibers show the highest
Fe-O covalency. Thus, with an increased number of
perovskite-like layers, the TM-O covalency increases as
the valence of the TM ion increases, which can be
demonstrated by the well-known charge-transfer model
(Figure 4E).**' As the number of perovskite-like layers in
RP-type perovskites increases from 1 to 2 and further to
3, the charge-transfer energy decreases (the energy
difference between the O 2p center and the unoccupied
TM 3d center) and the occupied and unoccupied orbitals
move towards the Fermi level (Eg), resulting in enhanced
density of the orbital electron cloud. Ultimately, it is
easier for electrons to jump from the occupied O 2p
orbitals to the empty TM 3d orbitals, conferring the best
electron transfer and OER performance for n=3."*
Experimentally, the conductivity of catalysts was further
verified by EIS tests. In Figure S7, the EIS spectra are
composed of the solution resistance (R;), the polarization
resistance (R,), and the constant phase element, where
the R, value can reflect the electron transport capacity of
the sample.** As expected, the R, value of LSNF-3
nanofibers (=72 Q) is much lower than that of LSNF-2
nanofibers (=88 Q) and LSNF-1 nanofibers (=118 Q),
indicating the fastest electron transfer on LSNF-3
nanofibers during OER. The above results indicate that
as the number of perovskite-like layers for RP-type
perovskites increases, the valence state of Ni ions
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FIGURE 4 (A)Ni-L; XAS spectra in TEY mode of synthesized oxides before and after OER and standard samples. (B) Fe-L; XAS spectra
in TEY mode of synthesized oxides before and after OER and standard samples. O-K XAS spectra in TEY mode of synthesized oxides
(C) before and (D) after OER. (E) Charge-transfer model of synthesized oxides.

remains essentially unchanged, while the valence state of
Fe ions becomes higher and the Fe-O covalency is
enhanced, resulting in higher conductivity and thus
higher OER activity for LSNF-3 nanofibers. From the
above results, we can infer that Fe ions are the main
active sites and Ni ions are the key stability sites in this
RP-type perovskite system, which is in agreement with
the results of ICP-MS in the study of stability below.

To further investigate the activated active site at the B
site for RP-type perovskites, we conducted soft XAS after
the OER. As shown in Figure 4A, the valence state of Ni
ions remained essentially unchanged after the OER as
the number of perovskite-like layers increased. Accord-
ing to the results of the Fe-L; spectrum (Figure 4B) after
the OER, the valence state of Fe ions remains in the
order of LSNF-3 > LSNF-2> LSNF > 1. Meanwhile, ac-
cording to the O-K XAS spectrum in Figure 4D, the
spectrum weight of the O-K pre-edge peak of RP-type
perovskites with different perovskite-like layers after the

OER still follows the same order as that before OER.
Therefore, we further confirmed that the Fe ions in the B
site are the active sites, while the Ni ions are the main
stable sites in the OER process.

In summary, with the increase of perovskite-like
layers in RP-type perovskites, LSNF-3 nanofibers show
higher Fe-ion valence and stronger TM-O covalency,
resulting in better electrical conductivity and a more
favorable OER process.

3.3 | OER stability and stability origins

In addition to the OER activity, stability is another important
concern for energy-conversion technologies. Here, we
compared the OER stability of RP-type perovskites with
different perovskite-like layers in O,-saturated 0.1 M KOH
solutions at a current density of 10 mA cm ™ by CP tests. As
shown in Figure 5A, the overpotential of LSNF-3 nanofibers
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solution for LSNF-1, LSNF-2, and LSNF-3.

shows negligible potential changes during the 70h test,
demonstrating excellent stability. However, the overpoten-
tials of LSNF-2 nanofibers and LSNF-1 nanofibers increase
significantly after 45 and 20 h, respectively.

To further analyze the origins of the differences in
stability in RP-type perovskites with different perovskite-
like layers, we conducted soft XAS and ICP-MS
measurements after OER. First, we investigated ion
leaching of La for RP-type perovskites before and after
OER by comparing the intensity of the La-M, absorption
peak (~848.8 €V) in the Ni-L; XAS spectra. The intensity
of the La-M, absorption peak becomes weaker when La
ions leach into solutions during the OER process. As
shown in Figure 5B-D (shaded area), the intensity of the
La-M, absorption peaks for LSNF-1 nanofibers and
LSNF-2 nanofibers decreases significantly after the
OER, while the intensity of the La-M, absorption peaks
for LSNF-3 nanofibers remains essentially unchanged.
Soft XAS results indicate that leaching of La ions is more
likely to occur in the LSNF-1 and LSNF-2 nanofibers
during the OER process, resulting in an unstable crystal
structure, while the LSNF-3 nanofibers show a more

stable crystal structure, which is consistent with the
results of the above stability test.

Moreover, we further studied ion leaching of all ions
in RP-type perovskites under the same conditions of OER
activation (500th CV) by ICP-MS. As shown in
Figure 5E-H, the leaching of Sr ions at the A site occurs
the most in all RP-type perovskites with different
perovskite-like layers. The leaching of the A-site ions
leads to partial collapse of the crystal structure, because
of which leaching of B-site ions is triggered as well. As
expected, the active Fe ions leach more readily than the
Ni ions at the B site, suggesting that the Ni ions are the
stable sites, which is consistent with the above XAS
results. In addition, as the number of perovskite-like
layers increases, the leaching of Fe ions is suppressed
from LSNF-1 nanofibers (n=1) to LSNF-2 nanofibers
(n=2) and further to LSNF-3 nanofibers (n=3). The
more active Fe ions are leached, the greater the decrease
in OER activity of the catalyst, resulting in poor stability.
Therefore, the activity of LSNF-3 nanofibers is main-
tained during the OER process, which is also consistent
with the conclusions above. The above results indicate
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FIGURE 6 Schematic diagram of the relationship between crystal structure and OER activity and stability for RP-type perovskites.

that the crystal structure stability of RP-type perovskites
increases with increasing perovskite-like layers.

Above, we have demonstrated that the Fe ions in the
B site are the active sites and the Ni ions are the stable
sites in this system and that this unique synergy results
in the optimal OER performance for n = 3. The Ni/Fe-O
covalency and leaching of Fe/Ni ions can be modulated
through the crystal dimensionality regulation of RP-type
perovskites, thus resulting in an increase in the OER
activity and stability. Specifically, the crystal structure of
RP-type perovskites consists of a rock-salt layer and an n
perovskite-like layer alternating with each other, and the
unstable rock-salt layer makes the crystal structure prone
to collapse during the OER process, which is also
consistent with the instability of rock-salt layers in RP-
type structures reported in the past.”** As shown in
Figure 6, when n is 1, the content of unstable rock-salt
layers in LSNF-1 is high and rock-salt layers are most
susceptible to collapse and accompanying leaching of Fe/
Ni ions during the OER process, leading to poor activity
and stability. As n increases, the number of intercon-
nected perovskite-like layers increases and the number of
unstable rock-salt layers decreases. When n is 3, the
crystal structure consists of three perovskite-like layers
and one rock-salt layer. Although the rock-salt layer is
unstable, due to the three perovskite-like layers in LSNF-3,

the overall crystal structure becomes more stable than those
of LSNF-1 and LSNF-2. However, when the number of
perovskite-like layers continues to increase (n = 4 and «), the
layered structure is not maintained and the resulting
composite-phase oxides show poor activity (Figure S8).
Besides, as n increases, the content of relatively stable
perovskite-like layers increases, allowing for increased Ni/
Fe-O covalency and enhanced activity. Therefore, the
activity and stability of RP-type perovskites increase with
increasing perovskite-like layers, and LSNF-3 shows the best
activity and stability during the OER process.

4 | CONCLUSION

In summary, we have successfully improved OER
activity/stability by tailoring the synergy of Fe and Ni
in RP-type perovskites through structural dimensionality
regulation. With the increase of perovskite-like layers,
the material with n =3 showed a higher Fe-ion valence
and stronger Ni/Fe-O covalency, which significantly
enhanced OER activity in alkaline media. Moreover, soft
XAS and ICP-MS measurements revealed that the Fe
ions are the main active sites and the Ni ions are the
main stability sites at the B site in this RP-type perovskite
system. As n increases, the number of unstable rock-salt
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layers decreases and the leaching of Sr ions at the A site
decreases, which induces a decrease in the leaching of
active Fe ions at the B site, ultimately leading to an
increase in stability. This work not only establishes the
relationship between the structure and the activity/
stability of RP-type perovskites but also enlightens the
design of next-generation high-performance catalysts in
terms of dimensional control.
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