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Enhancing catalytic durability in alkaline
oxygen evolution reaction through squaric
acid anion intercalation

Ruoyao Fan1,4, Shanshan Lu2,4, Fuli Wang1, Yusheng Zhang1,
Mirabbos Hojamberdiev3, Yongming Chai1 , Bin Dong 1 & Bin Zhang 2

The corrosive acidic interfacial microenvironment caused by rapid multi-step
deprotonation of alkaline oxygen evolution reaction in industrial high current
water electrolysis is one of the key problems limiting its stability. Some func-
tional anions derived from electrocatalysis exhibit special functionalities in
modulating the interface microenvironment, but this matter has not received
adequate attention in academic discussions. Herewe show that the coordinate
squaric acid undergoes a dissolve-re-intercalation process in alkaline oxygen
evolution, leading to its stabilization within the Fe-doped NiOOH interlayer in
the form of the squaric acid anions (NiFe-SQ/NF-R). These intercalated squaric
acid anions stabilizes OH− through multiple hydrogen bond interactions,
which is conducive tomaintaininghigh catalytic interface alkalinity. Hence, the
interfacial acidification of prepared NiFe-SQ/NF-R is inhibited, resulting in a
tenfold prolong in its catalytic durability (from 65 to 700h) when exposed to
3.0 A cm−2, as opposed to NiFe-LDH/NF-R. This derived functional anion
guarantees the enduring performance of the NiFe-derived electrocatalyst
under high current densities by controlling the interfacial alkalinity.

With the rapid expansion of the hydrogen energy industry and the
wide application of large-scale water electrolyzers,1–3 the micro-
environmental effect between the electrode and electrolyte interface4,5

in industrial-scale devices has increased. In large-scale, high-current,
and compact water electrolysis systems, the relationship between the
influence of special material transformation pathways, ion conduction
modes, and interfacial molecule/ion interaction on the local micro-
environment of electrodes and the catalytic performance remains
unexplored. Further regulation of the dynamic interface micro-
environment will help to enhance the selectivity and reaction rate of
some catalytic processes,which provides an idea for further improving
the activity and stability of electrocatalysts.

Ni-Fe-based (oxy)hydroxide stands out as a widely favored elec-
trocatalyst for the oxygen evolution reaction (OER) under alkaline

conditions.6–8 Numerous endeavors have been undertaken to bolster
its catalytic performance throughmethods such as element doping9–11,
morphology manipulation12,13, strain adjustment14, and various other
approaches. However, the catalytic interface microenvironment can
also have a drastic impact on the apparent catalytic performance.15,16

The focus on the catalyst in themicrostructure design alonemayprove
insufficient to fulfill the demands of practical application require-
ments. In the violent reaction process of high-current water electro-
lysis, the multistep deprotonation of the alkaline OER initiates the
rapid formation and local accumulation of H+, resulting in the forma-
tion of an acidic interfacial microenvironment. This local acidic
microenvironment is strongly corrosive to the metal site of Ni-Fe-
based (oxy)hydroxide, posing a challenge to enhancing its perfor-
mance and durability.17–19 As a consequence, promoting the swift
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transformation and consumption of H+ is essential for addressing the
abovementioned acid corrosion issue, ensuring favorable alkalinity at
the anode interface, and further enhancing catalytic activity and sta-
bility, particularly during large-current electrolysis operations.

While some studies have demonstrated that breaking down Ni-Fe
layered double hydroxides (NiFe-LDH) into thin nanosheets20 or initi-
ating element leaching to loosen the catalyst’s outer layer21 can pro-
mote the diffusion of OH− as a proton acceptor to slow the formation
of a local acidic microenvironment, the challenge now lies in quickly
and adequately consuming such a large amount of H+ under a large
current. Recent studies by Ranit Ram show that defect structures
induced by selectively dissolvedWO4

2− ions have the capability to trap
and preserve H2O and OH−, thus prolonging the catalytic activity of
OER electrocatalysts in acidic conditions.22 Motivated by this dis-
covery, our research aims to incorporate specific functional com-
pounds known as “intermediaries” to stabilize OH− at the
electrochemical interface, addressing the challenge of anodic acid-
ification in high-current alkaline OER processes.

Herein, we prepared a squaric acid anion (Sq2−) modified Fe-
doped NiOOH as a derived catalytic active layer to drive alkaline OER
catalytic processes with ampere-scale currents. Due to the spatial
volume effect of Sq2−, the increase in the layer spacing of Fe-doped
NiOOH promotes the effective diffusion of OH−, which increases the
concentration of OH− near the active sites and thus enhances the cat-
alytic activity. The intercalation adsorbed Sq2− has been found to sta-
bilize OH− of the interface through multiple hydrogen bonding
interactions, thereby preserving a high interface alkalinity, which plays
a critical role in prolonging the catalytic lifespan, particularly in
instances of large current densities. Thus, the NiFe-SQ/NF-R electrode
created in this research exhibits a lowoverpotential of 284mV to reach
1.0 A cm−2 and demonstrates a remarkably large current stability sur-
passing 700h at 3.0 A cm−2. This work demonstrates the feasibility of
using the stabilization effect of functional anions on OH− to maintain
high anode interface alkalinity and improve catalytic activity and sta-
bility, paving the way for the innovative design of large-scale current
OER electrocatalysts for industrial applications.

Results
Structural design and characterization
The importance of designing more stable large-current OER electro-
catalysts from the perspective of improving the local anode alkalinity
or weakening the acidic interfacial microenvironment has not been
widely recognized, and there is a lack of comprehensive research and
literature in this area. Therefore, to further prolong the actual service
life and increase the large current resistance of anode electrocatalysts
in industrial water electrolyzers, an effective strategy and innovative
mechanisms for designing catalyst structures based on real interfacial
microenvironments are urgently needed. We are dedicated to devel-
oping a more practical Ni-Fe-based alkaline OER electrocatalyst by
focusing on improving its activity and stability at large current den-
sities. Our efforts involved creating a consolidated integrated anode
using nickel foam (NF) as the self-supporting base and etched
substrate.23,24 As illustrated in Fig. 1a, the Ni-Fe bimetallic squarate-
based coordination polymer (NiFe-SQ/NF) was synthesized through a
one-step hydrothermal process involving in situ etching of NFwith the
help of an acidic environment facilitated by SQ, Fe(NO3)3·9H2O, and
polyvinyl pyrrolidone (PVP) solution (Supplementary Table 1). Addi-
tional detailed synthesis procedures and reaction equations for the
etching processes can be found in the experimental methods section
and in the notes section of Supplementary Fig. 1. As shown in Fig. 1b,
NiFe-SQ/NF exhibited a distinct cuboid angular stack structure,
growing uniformly and closely on the initially smooth NF surface
(Supplementary Fig. 2). The scanning electron microscopy (SEM)-
mapping images show that Fe, Ni, O and C elements are uniformly
distributed on the surface of NiFe-SQ/NF (Supplementary Fig. 3). The

analysis conducted using inductively coupled plasma-optical emission
spectroscopy (ICP-OES) revealed that the ratio of iron to nickel in the
NiFe-SQ/NF sample was approximately 0.39 (Supplementary Table 2).
The typical square structure of the squarate-based coordination
polymer is only achievable through the inclusion of ferric nitrate
during the synthesis process (Supplementary Fig. 4), which highlights
the significance of the purple Fe-based complex and the acidic con-
ditions in facilitating the production of NiFe-SQ/NF. The samples
synthesized without ferric nitrate (Ni-SQ/NF-R) showed poor catalytic
activity (Supplementary Fig. 5). X-ray diffraction (XRD) analysis of
NiFe-SQ/NF reveals distinctive peaks associated with the Ni-Fe coor-
dination polymer (NiFe(H2O)2(C4O4))

25–27 and metallic Ni (PDF# 96-
210-0644) (Supplementary Fig. 6), suggesting a straightforward phase
composition. Then, cyclic voltammetry (CV) was utilized to initiate the
rapid surface electrochemical reconstruction activation process of
NiFe-SQ/NF, and NiFe-SQ/NF-R was obtained. Only the peaks of metal
Ni were detected in the XRD pattern of NiFe-SQ/NF-R, which may be
attributed to the presence of numerous amorphous metal hydroxide/
hydroxyl oxide species within the surface reconfigurable layer. Alka-
line hydrolysis occurs on the surface of NiFe-SQ/NF during electro-
chemical anodic activation treatment, causing someSq2− to run off and
creating a net-like fissure structure in NiFe-SQ/NF-R (Fig. 1c). These
fissures act as beneficial micron-scale channels that increase gas
release and electrolyte flux at the electrode surface, particularly under
large current conditions. A comparison of the water contact angles of
the NiFe-SQ/NF and NiFe-SQ/NF-R surfaces reveals that the electro-
chemical activation treatment shifts the catalytic surface from hydro-
phobic to superhydrophilic (Supplementary Fig. 7), promoting rapid
wetting and electrolyte diffusion on the electrode. In Supplementary
Fig. 8, the SEMmaps of NiFe-SQ/NF-R show no elemental aggregation,
indicating that the electrochemical treatment only excites the super-
ficial specieswithout changing themain structure. SEM images ofNiFe-
SQ/NF-R sample cross-section after OER show that the square catalyst
is closely bound to the outer surface of the nickel foam (Supplemen-
tary Fig. 9). This self-etching growth strategy ensures strong adhesion
at the interface between catalyst and substrate.

The electrochemical oxidation reconstruction and the dissolution
of the squaric acid ligand were carried out simultaneously. The dissolu-
tion of squaric acid results in an increased presence of defects in the
restructured framework (NiFe-SQ/NF-R), which in turn accelerates dee-
per reconstruction process.28,29 To illustrate this phenomenon, a com-
parison was conducted between the electrolyte after CV activation and
the KOH solution of Sq2−, revealing that they have similar Raman char-
acteristic peaks attributed to Sq2− (Supplementary Fig. 10).30,31 To further
investigate the more subtle structural transformation of NiFe-SQ/NF
during electrochemical activation, we performed an in-depth examina-
tion of the sample using spherical aberration-corrected transmission
electron microscopy (AC-TEM). Specifically, in Fig. 1d, short and dis-
ordered lattice fringes can be observed in the outer reconstructed layer
of NiFe-SQ/NF-R, which are attributed to metallic hydroxyl oxides. More
comprehensive AC-TEM images of NiFe-SQ/NF-R are shown in Supple-
mentary Fig. 11. Following the formation of this special crystalline-
amorphous composite layer, the reconstruction process can be termi-
natedquickly, servingasaprotectivebarrier for the internal coordination
polymerization structure. The selected-area electron diffraction pattern
(Supplementary Fig. 12) for NiFe-SQ/NF-R exhibits similar structural
information that matches that of r-NiOOH (PDF# 00-006-0075). Under
the same test conditions,NiFe-LDH/NF-R exhibits a longer-rangeordered
distribution of the (1 0 1) crystal plane (Supplementary Fig. 13), which
corresponds to its XRD (PDF#00-040-0215, Supplementary Fig. 14). The
NiFe-LDH/NF composite discussed in this study was prepared using a
conventional hydrothermal method.32,33 The in situ Raman analysis
revealed that the NiFe-LDH/NF experienced a reconstruction process
under the excitation of oxidation current, leading to the gradual trans-
formation of Ni(OH)2 (455, 530 cm−1) into (Fe-doped) NiOOH (475,
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550 cm−1) (Supplementary Fig. 15). This indicates that NiFe-LDH/NF and
NiFe-SQ/NF produce similar NiOOH components after electrochemical
reconstruction, which is recognized as an active species of OER. The
standard spacing of NiOOH (1 0 5) crystal faces is typically measured at
0.209nmaccording to statistical dataof PDF (#00-006-0075).However,
our actually observations show that the (1 0 5) crystal face of unin-
tercalated NiOOH produced by electrochemical activation is slightly
smaller at 0.205nm under identical test conditions (Supplementary
Fig. 16). The small gap with the standard values could potentially be
attributed to inevitable structural strain induced by electrochemical
activation during the preparationprocess. Thepresence of Sq2− insertion
leads to a noticeable broadening of the (1 0 5) crystal face of NiOOH,

measuring at 0.210 nm as indicated by the blue frame in Fig. 1e, f when
compared to the NiOOH (1 0 5) crystal face without Sq2− (0.205nm). At
the same time, theNiOOH in-situ Raman characteristic peaks of NiFe-SQ/
NF also show peak shift caused by intercalated Sq2− (Supplementary
Fig. 17). The results above demonstrate that the Sq2− intercalation-
modified Fe-doped NiOOH obtained by electrochemical directional
reconstruction results in a larger layer space (Fig. 1g), serving as a wide
electrolyte diffusion channel and an ideal reaction region. The element
mapping images ofNiFe-SQ/NF-R under high-resolutionAC-TEM reveal a
homogeneous distribution of Ni, Fe, O, and C (Fig. 1h–l), suggesting that
the electrochemical activation treatment does not lead to phase segre-
gation of the catalytic components.

Nickel foam NiFe-SQ/NF NiFe-SQ/NF-R

Hydrothermal Electroactivation
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Fig. 1 | Synthesis strategy and physical characterization of NiFe-SQ/NF-R.
aDiagramof the preparation process ofNiFe-SQ/NF-R. SEM images ofbNiFe-SQ/NF
and c NiFe-SQ/NF-R. d AC-TEM images with color processing of NiFe-SQ/NF-R
(Taken from the square morphology region). e AC-TEM image of NiFe-SQ/NF-R.

f The corresponding autocorrelated lattice fringe pattern of NiOOH(Sq2−) (1 0 5).
g Structure diagram of Fe-dopedNiOOH(Sq2−) (Green, blue, red, and gray represent
the Ni, Fe, O, and C atoms). hHAADF TEM image and i–l elemental mappings of Ni,
Fe, O, and C elements for NiFe-SQ/NF-R.
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Electrocatalytic oxygen evolution reaction performance
The electrochemical properties of all samples in standard three-
electrode and membrane electrode systems were investigated in
depth. Purified KOH was used as the electrolyte during the test. Sup-
plementary Fig. 18 displays that the fast surface reconstructionprocess
driven by electrochemistry allows the catalytic surface to achieve a
state of relative equilibrium after ten CV activations, exhibiting con-
sistent and stable catalytic properties. In Fig. 2a, NiFe-SQ/NF-R
demonstrates desirable overpotentials of 261mV and 284mV to
achieve the current densities of 500mA cm−2 and 1000mA cm−2 posi-
tioning it as a leading electrocatalyst for efficient OER at large current
levels, which are lower than thatofNiFe-LDH/NF-R (Fig. 2d). Thenon-iR
corrected voltammograms for these three electrocatalysts is shown in
Supplementary Fig. 19. Based on the previously mentioned results, we
believe that such notable catalytic properties are due to micron-scale
transport channels, wider layer spaces, and faster catalytic reaction
kinetics, which are caused by Sq2− intercalation. Comparative

experiments (Supplementary Fig. 20) were carried out to confirm the
limited influence of Sq2− adsorption at the catalytic interface on the
catalytic performance of the OER. The augmentation of Sq2− did not
result in a noteworthy rise in the oxidation current, which also proves
from the side that Sq2− will not be further oxidized in an alkaline
environment. Upon comparing the LSV curves of NiFe-SQ/NF-R and
NiFe-LDH/NF-R, NiFe-SQ/NF-R exhibits notably larger Ni2+/Ni3+ oxida-
tion peaks, suggesting that the intercalation effect of Sq2− can promote
the formation and stabilization of NiOOH.34,35 The reduced Tafel slope
observed for NiFe-SQ/NF-R (50mVdec−1) (Fig. 2b) indicates that the
presence of intercalated adsorbed Sq2− enhances the catalytic reaction
kinetics. The interfacial charge transfer capability of the samples was
assessed using electrochemical impedance spectroscopy (EIS). NiFe-
SQ/NF-R exhibited the smallest charge transfer resistance (Rct)
(Fig. 2c), which suggests that the interlayer Sq2− facilitates rapid
transfer of the interface charge to enhance the OER. The electro-
chemical active surface area (ECSA) of NiFe-SQ/NF-R (99.75 cm2) and
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Fig. 2 | Enhanced catalytic activity and stability of OER at high currents. a LSV
curves for NiFe-SQ/NF-R, NiFe-LDH/NF-R, and NF-R in 1M KOH at a scan rate of
5.0mV s−1 with iR-correction, where the system solution resistance values (R1) was
measured to be 0.80 ±0.02, 0.89± 0.02 and 0.99 ± 0.02Ω. b The corresponding
Tafel slopes. c Nyquist diagram of NiFe-SQ/NF-R, NiFe-LDH/NF-R, and NF-R at a
constant potential of 1.48VversusRHE.dOverpotentials ofNiFe-SQ/NF-R andNiFe-
LDH/NF-R at 100mAcm−2, 500mA cm−2and 1000mA cm−2. The error bars are
means ± standard deviation (3 replicates). e Long-term CP test (without iR

compensation) of the samples at a current density of 3.0 A cm−2. The illustrations
are SEM images of NiFe-LDH/NF-R and NiFe-SQ/NF-R after 65 h and 700h of sta-
bility testing, respectively. f Polarization curves of the assembledNiFe-SQ/NF-R(+) ||
Pt/C(−) and NiFe-LDH/NF-R(+) || Pt/C(−) AEMWEs. The inset image is a schematic
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assembled with NiFe-SQ/NF-R electrodes at 1.0 A cm−2 (without iR compensation).
Source data are provided as a Source Data file.
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NiFe-LDH/NF-R (46.00 cm2) was determined from CV curves at differ-
ent sweep speeds (Supplementary Fig. 21a–c). Analysis of the polar-
ization curves normalized by the ECSA reveals that NiFe-SQ/NF-R
demonstrates higher intrinsic catalytic activity (Supplementary
Fig. 21d). The Faraday efficiency is calculated bymeasuring the volume
of oxygen produced by the NiFe-SQ/NF-R during electrolysis (drainage
method). The experimental findings, illustrated in Supplementary
Fig. 22, exhibit a notable proximity between the observed data and the
theoretical values derived from Faraday’s principles of electrolysis.
This yields a Faraday efficiency nearing 96 (±0.86) %, suggesting that
the augmented current density stems from the OER process. In other
words, the outstanding alkaline OER performance of NiFe-SQ/NF-R is
mainly attributed to the intercalation of Sq2−, which promotes
increased NiOOH generation, increases OH− diffusion channels, expe-
dites interfacial electron transfer, and provides higher intrinsic cata-
lytic activity. The CoFe-SQ/CF-R and Fe-SQ/IF-R samples were
effectively synthesized through similar methods using cobalt foam
(CF) and iron foam (IF) (Supplementary Fig. 23). Our proposed
synthesis method has been validated for universal applicability, mak-
ing it well-suited for widespread industrial implementation.

The multistep chronopotentiometry (CP) step test diagram illus-
trates that NiFe-SQ/NF-R can adjust to fluctuating current (Supple-
mentary Fig. 24a). Additionally, NiFe-SQ/NF-R can maintain stable
catalytic performance for more than 100h at consistent current den-
sities of 100mAcm−2 and 500mA cm−2 (Supplementary Fig. 24b) while
retaining its original catalytic structure even after this duration (Sup-
plementary Fig. 24c–f). The catalytic activities of NiFe-SQ/NF-R and
NiFe-LDH/NF-R were evaluated at different temperatures (Supple-
mentary Fig. 25a, b) due to the observed increase in the local tem-
perature near the anode under high current density conditions. The
findings revealed a considerable enhancement in the catalytic activity
of both compounds with increasing temperature. To mitigate the
influence of temperature, rigorous measures were taken to maintain a
consistent temperature by utilizing a temperature-equalizing appara-
tus during high-current assessments. Analysis of the Arrhenius plot
indicated that NiFe-SQ/NF-R exhibited a lower apparent electro-
chemical activation energy (Ea)36 than did NiFe-LDH/NF-R (Supple-
mentary Fig. 25c). Further examination was conducted on the long-
term stability of NiFe-SQ/NF-R andNiFe-LDH/NF-Rwhen subjected to a
persistent large current density of 3.0 A cm−2. As depicted in Fig. 2e,
conventional NiFe-LDH/NF-R can only endure ~65 h of CP testing at
3.0 A cm−2, whereas NiFe-SQ/NF-R exhibits notable stability for more
than 700 h. After observing the surface morphology of the electro-
catalysts before and after the large-current stability test using SEM,
despite undergoing 700 h of high-current testing, the surface struc-
ture of NiFe-SQ/NF-R does not exhibit obvious dissolution or large
areas falling off, a stark difference from the incomplete catalytic sur-
face of NiFe-LDH/NF-R after 65 h of testing (illustration of Fig. 2e).
While some potassium salt deposits are visible on the surface of NiFe-
SQ/NF-R during the drying process, altering its morphology is not
expected to greatly impact its stability. In addition, under industry-
relevant conditions (30wt% KOH, 60 °C), NiFe-SQ/NF-R also exhibits
lower battery voltages and better stability than typical NiFe-LDH/NF-R
(Supplementary Fig. 26). And under simulated industrial conditions,
the NiFe-SQ/NF-R we prepared is comparable to other reported cata-
lytic electrodes (Supplementary Table 3). Therefore, the sudden
deactivation of NiFe-LDH/NF-R is mainly due to the structural collapse
and surface degradation caused by acidic interfacial microenviron-
ment. Building upon the preceding characterization findings, it is
deduced that the distinctive function of intercalated Sq2− in upholding
high interface alkalinity results in the preservation of the structural
integrity of NiFe-SQ/NF-R, enhancing its stability notably under high
current conditions. Next, we integrated NiFe-SQ/NF-R as a self-
supporting anode into an anion exchange membrane water electro-
lyzer (AEMWE) to investigate the comprehensive performance of

water electrolysis. For the cathode, we selected the Pt/C electro-
catalyst, whose performance is shown in Supplementary Fig. 27.
Notably, Fig. 2f illustrates that the NiFe-SQ/NF-R electrode outper-
forms theNiFe-LDH/NF-Relectrode, operating at a lower cell voltageof
2.13 V to achieve a large current of 3.0 A cm−2, compared to the
requirement of 2.44 V for NiFe-LDH/NF-R. Compared to findings in
other research studies, the utilization of AEMWE to attain such ele-
vated levels of current density stands as a cutting-edge approach
(Supplementary Table 4). The AEMWE combined with NiFe-SQ/NF-R
demonstrates stability under high current density of 1.0 A cm−2, sug-
gesting promising application prospects within membrane electrode
systems (Fig. 2g).

The structural source of long-term stability for high currents
The strong dissolution tendency of Fe elements in the OER process is
also one of the important factors affecting the stability of OER
electrocatalysts.37,38 Consequently, ameticulous analysis of theelectronic
environment and coordination configuration of NiFe-SQ/NF-R is carried
out utilizing X−ray photoelectron spectroscopy (XPS) and X-ray
absorption fine structure energy spectrum (XAFS) methodologies. The
results depicted in Fig. 3a illustrate a slight shift in the Ni2+ 2p3/2 and Ni3+

2p3/2 peaks between NiFe-SQ/NF-R and NiFe-LDH/NF-R, implying a clo-
sely resembling electronic configuration surrounding theNi sites inboth.
Nonetheless, discernible distinctions were observed in the Fe sites
environment between the two. In the K-edge XANES spectrum of Fe,
compared with NiFe-LDH/NF-R, the pre-edge peak intensity of NiFe-SQ/
NF-R is increased, indicating that there are coordination vacancies near
the Fe sites39 (Fig. 3b). The wavelet transform (WT) contourmap of NiFe-
SQ/NF-R illustrates unique coordination features linked toFe-OandFe-M
(Fig. 3c). In more detail, the K-edge extended X-ray absorption fine
structure (EXAFS) spectra of Fe shows that the characteristic peaks
attributed to both Fe-O (1.5 Å) and Fe-M (2.7Å) shells in NiFe-SQ/NF-R
show obvious downward trends (Fig. 3d). Upon examination, it was
determined that the coordination number in proximity to the Fe sites
withinNiFe-SQ/NF-R exhibited a notable decrease compared to that near
the Fe sites in NiFe-LDH/NF-R (Supplementary Table 5). This disparity is
linked to the emergence of vacancies surrounding the Fe site, just as the
electron paramagnetic resonance (EPR) result show that the signal
strength of NiFe-SQ/NF-R is stronger than that of NiFe-LDH/NF-R under
the same conditions (Supplementary Fig. 28). Detailed analytical fitting
procedures are depicted in Supplementary Fig. 29. The removal of
squaric acid ligands from the primary framework results in an increased
presence of vacant sites in the hydroxyl oxide derivatives obtained
through reconstruction. These vacancies can buffer the lattice distortion
of the Fe site to reduce the dissolution tendency of Fe, thereby avoiding
phase segregation of Fe.35 Therefore, the presence of coordination
vacancies within the NiFe-SQ/NF-R plays a pivotal role in safeguarding
the integrity of the Fe sites, thereby contributing to its notable stability.

In addition to the coordination environment, the dynamic evo-
lution of the catalytic structure and electrode interface micro-
environment will also greatly influence the catalytic behavior of metal
centers. This research delves into a detailed examination of the elec-
trochemical structure evolution and interface microenvironment for-
mation mechanism of NiFe-SQ/NF-R and NiFe-LDH/NF-R through in
situ Raman and attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR). Under alkaline conditions, the diffusion of
OH− dominates the Ni(OH)2 +OH−↔NiOOH+H2O + e− reaction. By
applying the Randles–Sevick equation, the effect of the scanning rate
on the oxidation peak current density was investigated (Fig. 4a)40. The
results show that NiFe-SQ/NF-R demonstrates improved OH− diffusion
kinetics, which is a key element in facilitating the generation of NiOOH
and improving catalytic activity. Considering the structural features of
NiFe-SQ/NF-R, it is reasonable to speculate that the swift OH− diffusion
capability stems from the external micron-scale channel structure and
the increased interlamellar spacing resulting from internal Sq2−
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intercalation. In Fig. 4b, the initial NiFe-SQ/NF structure displays a
prominent peak at 1492 cm−1, which is indicative of the structural C−O
bond (O−C−C−Ostr) and represents the saturated coordination
between squaric acid and the metal center. Following the CV-driven
electrochemical reconstruction process, the O−C−C−Ostr peak van-
ished from the catalytic surface, while a newly O−C−C−Oad associated
with Sq2− emerged at ~1560 cm−1 41,42. The wide peak at ~3300 cm−1 is
associated with the O−H stretching vibration pattern of asymmetric
hydrogen bonds resulting from the interaction of OH− with adsorbed
Sq2−. The magnitude of these peaks increases proportionally to the
level of activation, as the incorporation of Sq2− leads to a gradual
expansion of the Fe-doped NiOOH layer, facilitating enhanced inter-
layer diffusion and steady presence of more OH−. Even after con-
ducting 20 CV activation scans, the peaks at 1560 cm−1 and 3300 cm−1

remained present, suggesting the stable intercalation and adsorption
of Sq2− between the layers of the sample. In the CV activation process
of NiFe-LDH/NF, no obvious change in the peaks at about 3300 cm−1

(Supplementary Fig. 30) was found, but the peaks of NiFe-SQ/NF-R
were enhanced during the activation, further highlighting the impor-
tant role of Sq2− in stabilizingOH−. The structural evolution of NiFe-SQ/
NF during the electrochemical reconstruction process can be deduced
as follows: the alkali hydrolysis process first disrupts the coordination
bond between the squaric acid ligand and the metal center, enabling
the uncoordinated C−O group to establish an anchoring effect with
OH− through hydrogen bonding. In addition, Sq2− interacts with M-OH
(M: Fe or Ni) at the metal-catalyzed interface to create adsorption-
bonded O−C−C−Oad for stable interlayer insertion. The analysis of the
ATR-FTIR data further validates the evolution process of the structure,

supporting previous findings from spherical aberration electron
microscopy.We employed an improved in-situ Ramanelectrochemical
cell (Supplementary Fig. 31) to accurately examine the interfacial H2O/
OH− structure near the electrode surface. Three different hydrogen-
bonded water structures are deconvolved: 4−HB·H2O (~3200 cm−1),
3−HB·H2O/OH

− (~3400 cm−1), and 0−HB·H2O (~3600 cm−1).22,43,44 Sq2−

with four uncoordinated O* is able to form more complex hydrogen
bond interactions with interfacial H2O and OH− to regulate interfacial
water structure. This resulted in distinct O-H stretching patterns
observed in NiFe-SQ/NF-R samples in contrast to NiFe-LDH/NF-R
(Fig. 4c, d). In Supplementary Fig. 32, the ratio of 4-HB·H2O and 3-
HB·H2O on the NiFe-SQ/NF interface demonstrated a consistent
increase with prolonged testing duration, while it exhibited a notable
decrease on the NiFe-LDH/NF interface. These results suggest that the
inserted Sq2− has the ability to regulate interfacial water and capture
OH−, which is conducive to alleviating local acidification during OER.

Changes in the interface alkalinity of NiFe-SQ/NF and NiFe-LDH/NF
were observed through in situ Raman spectroscopy, utilizing the phos-
phoric acid-sensitive pH characteristics. The principle of this method is
that as the pH value increases, the phosphate species can undergo the
conversion of H3PO4→H2PO4

− →HPO4
2− → PO4

3− (illustration of Fig. 5a).45

Theelectrolytewith aphosphate compoundservedas apHprobeduring
in situ Raman analysis. Through the correspondence between the char-
acteristic Raman vibration peakof the phosphate species andpH,we can
establish a linear relationship between pH and the vibration peak. This
monitoring is crucial for understanding the local acidification micro-
environment on Ni-Fe-based layered materials during anode testing,
which is a notable issue that impacts activity and stability, particularly
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under large current density testing conditions. During in situ testing,
spectral datawere collected at 4-min intervals under a consistent current
density of 10mAcm−2 in a solution of KOHandphosphoric acid at pH 12.
By observing the variation of the characteristic peaks of PO4 (936 cm−1),
PO3 (990cm−1), and P(OH) (857 cm−1), we get the local pH values of the
NiFe-LDH/NF and NiFe-SQ/NF. Low vibrational transition energy leads to
a weak peak signal of P(OH). Nevertheless, this minimal effect does not
hinder the formulation of conclusions. It was found that rapid reduction
of local pH from 12 to 8 inNiFe-LDH/NFwas accomplishedwithin a short
duration of 12min (Fig. 5a). This provides direct evidence that the
layered structure of NiFe-LDH tends to promote an acidic micro-
environment, pinpointing a key factor contributing to its limited large
current stability. Surprisingly, during the initial 52min of the examina-
tion, the regional pHofNiFe-SQ/NFexhibitedconstancyat 12,which then
transitioned to 11 by the 56th min (Fig. 5b), with its acidification rate at
the interface notably lagging behind that of NiFe-LDH (Fig. 5d). The
primary factor contributing to this outcome is the tendency of the
intercalation adsorbedSq2− to trap andstabilizeOH−. In Fig. 5c, twopeaks
at approximately 1554 and 1640cm−1 are identified, which are attributed
to asymmetric C-O vibrations ((M-)C-O and C=O) of adsorbed Sq2− (O−C
−C−Oad), respectively. Over time, these peaks demonstrated a slight
tendency towards augmentation, suggesting an increase in the presence
of Sq2− adsorbed within the layers with the deepening of the recon-
struction process. Therefore, the presence of intercalated adsorbed Sq2−

is demonstrated to be pivotal in upholding localized interface alkalinity,
thereby notably prolonging the catalytic lifespan by tenfold under high
currents of 3.0A cm−2. As shown in Fig. 5e, basedon the above analysis, it
becomes evident that the sluggish surface acidification rate of NiFe-SQ/

NF stems from two key factors. First, in terms of surface structure
composition, the dispersed micron-scale diffusion channels and expan-
ded layer spacingdirectly facilitated the internal diffusionofOH− and the
outward transfer of H+. Second, when considering internal structural
groups, Sq2− as “intermediaries”, is adept at trapping and steadying OH−,
thereby expediting the conversion of H+ and consequently delaying the
emergence of a localized acidic microenvironment, thus sustaining
heightened interface alkalinity. In short, this regulatory mechanism of
interface alkalinity is particularly important for optimizing the local
interfacial microenvironment under harsh conditions characterized by a
high current.

The theoretical source of enhanced catalytic activity
The enhancement of catalytic activity through the internalmechanism
of interlaminar Sq2− anions was further investigated via spin polariza-
tion density functional theory (DFT) calculations. Peaks corresponding
to Ni(OH)2 (455, 530 cm−1) and NiOOH (476, 553 cm−1) are evident in
Fig. 6a, suggesting thatNiFe-SQ/NFunderwent surface restructuring to
facilitate the formation of NiOOH, a notably potent species. The
electrochemical reconstruction processes of NiFe-LDH/NF and NiFe-
SQ/NF led to the formation of Fe-doped NiOOH (Fe-NiOOH(NiFe-LDH/
NF-R)) and Fe-doped NiOOH with intercalated Sq2− (Fe-NiOOH(Sq2−)
(NiFe-SQ/NF-R)), respectively, which served as the primary active lay-
ers. After a rounded analysis, it is clear that the model architecture
harbors promising active sites denoted asNi−O−Fe−O−Ni andNi−O−Ni
−O−Ni. As shown in Supplementary Fig. 33, computational assess-
ments were conducted to determine the optimal OER pathways for Fe-
NiOOH(Sq2−)(NiFe-SQ/NF-R) and Fe-NiOOH(NiFe-LDH/NF-R) at these
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designated active sites (Supplementary Data 1). For the Ni−O−Fe−O−Ni
site in Fig. 6b, the rate-determining step (RDS) of the OER is the tran-
sition from *O to *OOH, and the barrier is reduced from 3.37 eV to
2.76 eV through the incorporation of Sq2− anions. This is because
interlayer Sq2− increases the effective concentration of OH− near the
active site through multiple hydrogen bonds interacting with OH−,
which facilitates the formation of key *OOH intermediates. Addition-
ally, the deprotonation barrier of the *OOH step in Fe-NiOOH(Sq2−)
(NiFe-SQ/NF-R) is notably lower at 0.01 eV than that in Fe-NiOOH(NiFe-
LDH/NF-R), which is 1.07 eV. This result indicates that Sq2− accelerates
the *OOHdehydrogenation process, which is due to both the unpaired
O* sites and the captured OH− serve as proton acceptors to ensure the
efficiency of the deprotonationprocess. In this study, the predominant
active site for the OER was identified as the Ni−O−Fe−O−Ni site. This
site is proposed to enable anSq2− led efficient pathway,which supports
the activation and stabilization of *OOH intermediates and assists in
their deprotonation. Consequently, this mechanism reduces the
reaction energy barrier and increases the catalytic effectiveness.

Upon examination of the density of states (DOS) images, it was
noted that the electron state density of Fe-NiOOH(Sq2−)(NiFe-SQ/NF-R)
surpasses that of Fe-NiOOH(NiFe-LDH/NF-R) at the Fermi level, sug-
gesting that the intercalated Sq2− plays a notable role in enhancing
electron transport efficiency (Fig. 6c). The electron state density of Fe
within Fe-NiOOH(Sq2−)(NiFe-SQ/NF-R) is notably lower compared to Fe
in Fe-NiOOH(NiFe-LDH/NF-R) across a wide energy range. This

observed disparity suggests a reduction in the electron cloud density
surrounding the Fe orbital subsequent to the Sq2− intercalation pro-
cedure. This is consistentwith the conclusion shownby the differential
charge density map (Supplementary Fig. 34). The orbital state den-
sities of Fe and O in Fe-NiOOH(Sq2−)(NiFe-SQ/NF-R) demonstrate clo-
ser overlapping resonances, leading to stronger electron
interactions.34,46 Consequently, our as-designedNiFe-SQ/NF-R catalytic
interface facilitates a comprehensive improvement in the catalytic
activity for OER.

Discussion
In summary, we present a simple approach for controlling the local
alkalinity of the interfacial microenvironment under large current
conditions by incorporating steadily adsorbedSq2− anions between the
layers of Fe-doped NiOOH. Intercalated Sq2− facilitates the activation
and stabilization of *OOH intermediates and assists in their deproto-
nation, thereby increasing catalytic activity. The captured OH−, acting
as potent proton receptors, facilitates the rapid consumption of H+,
postponing the formation of acidic microenvironments, thereby bol-
stering the durability of the material when subjected to high current
conditions. As a result, the NiFe-SQ/NF-Rwe produced demonstrates a
lower overpotential (284mV at 1.0 A cm−2), a decreased Tafel slope
(50mVdec−1), and reliable long-term stability (700 hunder 3.0A cm−2).
This research successfully incorporated functional ligand-derived
anions into layered materials, leading to enhanced performance in
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OER materials by minimizing the local acidic microenvironment and
maintaining high interfacial alkalinity, especially under large current
conditions.

Methods
Materials
Ferric nitrate nonahydrate (Fe(NO3)3·9H2O, ≥99.9%), nickel nitrate
hexahydrate (Ni(NO3)2·6H2O, ≥98.0%), cobaltous nitrate hexahydrate
(Co(NO3)2·6H2O, ≥98.5%), polyvinylpyrrolidone (PVP K30, ≥99.8%),
ammoniumfluoride (NH4F,≥96.0%), urea (CO(NH2)2,≥99.0%), acetone
(CH3COCH3, ≥99.5%), ethanol (C2H5OH, ≥99.9%), hydrochloric acid
(HCl, 36–38%) and potassium hydroxide (KOH, ≥85.0%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
3,4-dihydroxy-3-cyclobutene-1,2-dione (squaric acid, C4H2O4, ≥98.0%)
was acquired from Macklin Chemical Reagent Co., Ltd., Shanghai,
China. Nickel foam (NF) (aperture: 110 ppi, thickness: 1.5mm) was
obtained fromKunshanLvchuang Electronic TechnologyCo., Ltd. Pt/C
(20wt%, Macklin Chemical Reagent Co. Ltd.) and Nafion (5wt%,
Sigma‒Aldrich) were also used. Deionized water was used in all
experiments. All the chemicals used in this study were of analytical
grade and were used without further purification. All aqueous solu-
tions in this experiment were prepared with deionized water (room
temperature resistivity of 18.2MΩ).

Synthesis of NiFe-SQ/NF-R
NF (2.5 cm * 3.5 cm * 1.5mm) was initially subjected to ultrasonic
cleaning in acetone, hydrochloric acid (1M), and ethanol, each for
15min. Thorough removal of oxides and organic residues from the NF

surfaces played a crucial role in the preparation of the electrocatalysts
for this study. Subsequently, the NF was placed in a solution com-
prising 0.3000g of PVP, 2.5mmol of squaric acid, 0.5mmol of
Fe(NO3)3·9H2O, and 30mL of deionized water. Then, the mixture was
transferred to a 100mL Teflon vessel sealed with a stainless autoclave,
heated to 120 °C, and maintained for 6 h. The resulting dark green
NiFe-SQ/NF sample was obtained after rinsing with deionized water
and drying in a vacuum oven at 60 °C. Finally, NiFe-SQ/NF underwent
electrochemical activation in 1M KOH to yield NiFe-SQ/NF-R. The
specific activation process involved cyclic voltammetry in a standard
three-electrode configuration, with a scanning range of 0−1.488 V
versus RHE, a scanning rate of 10mV s−1, and a total of 10 cycles.

Synthesis of NiFe-LDH/NF-R
The process of synthesizing NiFe-LDH/NF-R closely mirrors that of
NiFe-SQ/NF-R, differing primarily in replacing the solution with
1.0mmol of Ni(NO3)2·6H2O, 0.5mmol of Fe(NO3)3·9H2O, 2.5mmol of
NH4F, 6mmol of CO(NH2)2, and 30mL of deionized water.

Structural characterization
The crystal phase of the catalyst was analyzed using XRD with Cu Kα
radiation (λ = 1.54Å) on a Rigaku D/max-2500 pc apparatus. The
morphological characteristics of the samples were examined by
scanning electronmicroscopy (SEM)with aHitachi S-4800 instrument.
The elemental composition and distribution of the catalyst were
evaluated using energy-dispersive spectroscopy in conjunction with a
Hitachi S-4800 instrument. The powder samples were dissolved in
dilute acid for inductively coupled plasma-optical emission
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spectroscopy (ICP-OES) test (Agilent 5110 (OES)) to obtain the exact
content of Fe andNi elements. Electron paramagnetic resonance (EPR)
data was collected on the German-Bruker-A300 spectrometer. Sphe-
rical aberration-corrected transmission electron microscopy (AC
−TEM) images and elementalmaps were obtained using an aberration-
corrected transmission electron microscope (Titan Themis Cubed G2
300) operating at 300 kV. The contact angle of ultrapure water on the
electrodewasmeasured at room temperatureby employing a dynamic
contact angle system (JC2000C1). XPS data were calibrated to the C 1s
peak energy of 284.8 eV using a Thermo Fisher Scientific II spectro-
meter equipped with an Al Kα source (1486.6 eV). ATR-FTIR was con-
ducted with a BRUKER ALPHA II infrared spectrometer. In situ Raman
spectroscopy was performed in electrolytes of KOH and H3PO4 at pH
12 using the samples and platinum wire as the working and counter
electrodes, respectively. The laser excitation wavelength during the
measurements was 532 nm, a constant current density of 10mAcm−2

was maintained by the electrochemical workstation, and spectral data
were collected every 4min. The X-ray absorption fine structure energy
spectrum (XAFS) was obtained at the Shanghai Synchrotron Radiation
BL13SSW station (SSRF, 3.5 GeV, 220mA, Si(111) twin). Data acquisition
is carried out using a small detector under environmental conditions.
The Athena module in the IFEFFIT package is used for standard XAFS
data processing.

Electrochemical measurements
This investigation examined the performance of various electro-
catalysts in the OER utilizing a standard three-electrode configuration
in an alkaline environment (KOH) with a GamryInterface 3000E
workstation. The electrolyte employed in this investigation is 1M KOH
solution, exhibiting a pH of 13.6 ± 0.1. To maintain the purity and pH
stability of the electrolyte, immediate utilization is recommended. The
solution is prepared by dissolving a specific mass of solid potassium
hydroxide in deionized water, adhering to the prescribed stoichio-
metric ratio. Short-term storage is permissible in a capped poly-
propylene container prior to experimentation. A polypropylene-based
cell (50mL) was utilized to minimize contamination from glassware in
alkaline solutions. The synthesized electrocatalysts (1.0 cm2), Pt sheet,
andmercury oxide (Hg/HgO) electrode are used as working electrode,
opposite electrode and reference electrode respectively. Standard
new Hg/HgO electrodes are used to calibrate the working electrodes.
Specifically, the electrode to be calibrated and the new Hg/HgO elec-
trode are placed in the KOH electrolyte at the same time, and the open
circuit voltage (OCP−T) of the system is tested after connecting the
workstation respectively. If the potential difference remains stable
within a 5mV range, the working electrode is deemed calibrated and
suitable for use. All potentials were converted to the reversible
hydrogen electrode (RHE) utilizing the following equation:

ERHE = EHg=HgO +0:059×pH +0:098V ð1Þ

Linear sweep voltammetry (LSV) was carried out at a rate of
5.0mV s−1 with manual iR compensation, unless otherwise stated.
Specifically, the resistance of the system solution is tested first and
compensatedmanually at a value of 95%. EIS tests spanned a frequency
range of 105-0.1 Hz at 1.48 V versus RHE. The system solution resistance
values of NiFe-SQ/NF-R, NiFe-LDH/NF-R andNF-R samplesmeasured in
this experiment are 0.80 ±0.02, 0.89 ±0.02 and 0.99 ±0.02Ω,
respectively. The large current performance and stability were eval-
uated using a GamryInterface 5000E workstation assisted by stirring
and automatic circulation refill devices. In this process, the electro-
chemical workstation acts as a potentiostat to automatically collect
and store test data.

Membrane electrode measurement
NiFe-SQ/NF-R (electrode area: 1.0 cm2) and Pt/C (electrode area:
1.0 cm2, mass loading: 0.5mg cm−2) were used as the anode (OER) and
cathode (HER), respectively. KOH (1M) was circulated through the
membrane electrode at a flow rate of 50mLmin−1. The anion exchange
membrane (AEM) employed is Fumasep FAA-3-50, with dimensions of
1.3 * 1.3 cm and a thickness of 50μm. Prior to utilization, the AEM is
pretreated by immersion in a 0.5–1.0M KOH solution for a duration of
12 h, followed by rinsing with deionized water. The full-cell OER per-
formance was evaluated on a GamryInterface 5000E work-
station at 25 °C.

Density functional theory calculations
DFT calculations were conducted employing the Vienna ab initio
simulation package (VASP) to explore the alkaline OER. The calcula-
tions were carried out using the Projector augmented wave method
with a cutoff energy of 400 eV and the Perdew–Burke–Ernzerhof
functional. To consider the impact of the 3d electrons of the Ni and Fe
atoms, the DFT +U method was utilized with effective U values of
5.5 eV47 and 5.3 eV48, respectively. Moreover, the DFT-D3 method was
applied to correct for the influence of the 3d electrons of Ni atoms and
vanderWaals interactions.49 This study involved cleaving two layers of
NiOOH (00 1) facetswith a vacuum layerof 20Åand incorporating 16%
of theNi atoms substitutedwith Fe atoms to formthe Fe-dopedNiOOH
(Fe-NiOOH(NiFe-LDH/NF-R))model. Furthermore, Sq2−was introduced
between the layers to create Fe-dopedNiOOHwith an intercalated Sq2−

(Fe-NiOOH(Sq2−)(NiFe-SQ/NF-R)) model. All models underwent full
relaxation with an energy convergence criterion of 10−5 eV and a force
convergence criterion of 0.02 eVÅ−1. The Γ point was utilized in the
K-point mesh, and the adsorption energy (Eads) was computed using
formula 2.

Eads = Etotal � Esubstrate � Eadsorbate ð2Þ

Etotal, Esubstrate and Eadsorbate represent the energies of the
adsorption structure, substrate, and adsorbate, respectively. The free
energies were calculated using the following formula 3:

G= EDFT +ZPE � TS ð3Þ

G, EDFT, ZPE, and TS represent the free energy, energy from DFT
calculations, zero-point energy, and entropic contributions,
respectively.

Data availability
The data that support the plots within this paper are available from the
corresponding author upon request. The source data generated in this
study are provided in the Source Data file. Source data are provided
with this paper.
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