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Spontaneous-Spin-Polarized 2D 7-d Conjugated
Frameworks Towards Enhanced Oxygen Evolution Kinetics

Won Seok Lee, Hiroaki Maeda, Yen-Ting Kuo, Koki Muraoka, Naoya Fukui, Kenji Takada,
Sono Sasaki, Hiroyasu Masunaga, Akira Nakayama, Hong-Kang Tian,*

Hiroshi Nishihara,* and Ken Sakaushi*

Alternative strategies to design sustainable-element-based electrocatalysts
enhancing oxygen evolution reaction (OER) kinetics are demanded to develop
affordable yet high-performance water-electrolyzers for green hydrogen
production. Here, it is demonstrated that the spontaneous-spin-polarized

2D r-d conjugated framework comprising abundant elements

of nickel and iron with a ratio of Ni:Fe = 1:4 with benzenehexathiol linker
(BHT) can improve OER kinetics by its unique electronic property. Among the
bimetallic NiFe,.,-BHTs with various ratios with Ni:Fe = x:y, the NiFe, ,-BHT
exhibits the highest OER activity. The NiFe,.,-BHT shows a specific current
density of 140 A g~! at the overpotential of 350 mV. This performance is one
of the best activities among state-of-the-art non-precious OER electrocatalysts
and even comparable to that of the platinum-group-metals of RuO, and

IrO,. The density functional theory calculations uncover that introducing Ni
into the homometallic Fe-BHT (e.g., Ni:Fe = 0:1) can emerge a spontaneous-
spin-polarized state. Thus, this material can achieve improved OER kinetics
with spin-polarization which previously required external magnetic fields.
This work shows that a rational design of 2D z-d conjugated frameworks

can be a powerful strategy to synthesize promising electrocatalysts with

1. Introduction

Water electrolysis is one of the most promis-
ing approaches to producing clean and
sustainable hydrogen energy, aiming to
achieve carbon neutrality.'! Water electrol-
ysis accompanies two simultaneous reac-
tions: cathodic hydrogen evolution reaction
(HER) and anodic oxygen evolution reac-
tion (OER). OER is a main bottle-neck of wa-
ter electrolysis as this reaction shows a high
overpotential even with the most effective,
however, limited-element-based electrocat-
alysts of iridium or ruthenium.l?! There-
fore, a wide spectrum of attempts has been
conducted to reduce OER overpotentials by
using abundant elements with the hope of
paving the way for large-scale green hy-
drogen production.’] These OER materials
have been designed under the framework
of the Sabatier principle.*! This principle
tells us that there is a combination of ap-

abundant elements for a wide spectrum of next-generation energy devices.

propriate adsorption energy on solid sur-
faces for any reactions, and this adsorption
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energy decides a combination of overpotential and rate-
determining steps. Adsorption energy on a solid is essentially
decided by a composition of materials: this predicts that if a com-
position of electrocatalyst is fixed, the fate of a reaction, such as
kinetics, selectivity, and overpotential, is decided. As such, aim-
ing to tune the adsorption energies on electrocatalysts, additional
external effects, such as light or magnetic field, have been em-
ployed in order to develop alternative approaches to material de-
sign for enhancing kinetics or selectivity: the former approach is
photoelectrochemistry,®! and latter magnetoelectrochemistry.!®]
However, these external energies often require additional extra
energy sources or special designs in devices. In consequence,
these further efforts often result in additional costs, which is un-
favorable to providing green hydrogen at a reasonable price in
our society, such as 1 dollar per kilogram.['®]

Herein we report that a designer material of spontaneous-spin-
polarized 2D #-d conjugated framework (2DCF) consisting of
abundant elements of iron with benzenehexathiol linker (BHT)
is able to improve OER kinetics by its unique electronic property.
The density functional theory (DFT) calculations unveiled that
a formation of bimetallic 2DCFs by introducing Ni into the Fe-
BHT (e.g., Ni:Fe = 0:1) can emerge a spontaneous-spin-polarized
state, e.g. a spin-polarization without the addition of external
magnetic fields. Thus, these materials can achieve an enhance-
ment OER kinetics as the result of adsorption energy optimiza-
tion by taking the advantage of the spin-polarization just by the
material design, which effect has been believed to be required
additional external magnetic field previously. Consequently, the
NiFe,,,-BHT was found to have the most optimal OER activity,
reaching up to 140 A g~! at the overpotential of 350 mV. This
performance is one of the best activities among state-of-the-art
non-precious OER electrocatalysts and even comparable to that
of the platinum-group-metals of RuO, and IrO,.

In this study, we employed the benzenehexathiolato-based
2DCFs as the model material system, which is well-known as
the first example of the metallically-conductive coordination
framework.!”] As aforementioned, an optimized electronic struc-
ture can provide optimal adsorption energies of reaction inter-
mediates, which leads to favorable conditions for the kinetics of
electrocatalysis. From this viewpoint, 2DCF is an ideal system
as an electronic structure of 2DCF is able to be designed by a
wide spectrum of possible combinations in the hybridization of
frontier p orbitals of organic linkers with d orbitals of transition
metal ions.!®! Due to this feature, in addition to high electronic
conductivities,I®) 2DCFs have successfully shown various intrigu-
ing chemical and physical properties,'” for instance, recharge-
able battery reaction,'!] electrocatalysis,'?! superconductivity,**!
sensing,*l and thermoelectric materials.'’] We take this ad-
vantage of 2DCFs to build up a model electrocatalysis system
to study the design strategy on materials with promising OER
activity.

2. Results and Discussion

2.1. Building up a Model Electrocatalysis System with 2D z-d
Conjugated Framework

Various NiFe, -BHT samples were synthesized using the in-
terfacial growth method, where a BHT/dichloromethane solu-
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tion was placed in the bottom of the sample vial, and metal
ions in an aqueous solution were added to the upper part
(Figure 1a).['5] Note that all solutions were degassed with Ar gas,
and all processes were conducted in an Ar-filled glove box. Ini-
tially, 10 mg of BHT was dissolved in 70 mL of dichloromethane
and placed in a 50 mL glass vial (LABCORN). Then, 5 mL
of deionized water followed by 5 mL of metal ion-containing
aqueous solution (2 x 107> M) were sequentially added to the
BHT/dichloromethane solution. To synthesize various NiFe,,-
BHT samples, metal solutions with different Ni (x) to Fe (y)
volume ratios (mL:mL) were used: 5:0, 4:1, 3:2, 2:3, 1:4, and
0:5. The samples fabricated using pure Ni or Fe metal aqueous
solutions were named Ni-BHT and Fe-BHT, respectively. The
samples were allowed to react for 48 h at room temperature to
form 2DCF samples in the liquid-liquid interface. As synthesized
2DCF were collected on the glass or silicon substrate for further
characterization.

The anodic OER performance of the synthesized 2DCF was
first evaluated to screen their potential as an electrocatalyst.
Figure S1 (Supporting Information) reveals that the bimetallic
NiFe, -BHTs exhibited more beneficial electrocatalytic properties
for OER than the homometallic Ni-BHT and Fe-BHT. Particu-
larly, among the NiFe-BHTs, the NiFe, ,-BHT was functionally
the most superior. Figure 1b illustrates the potential required
to reach 1 mA cm™ of the current density, indicating that the
bimetallic NiFe, -BHTs combinations required a lower potential
than homometallic samples, and the NiFe, ,-BHT presented the
lowest potential. To insightfully understand the unexpected func-
tional benefits of the NiFe,,-BHT, the structure, more detailed
electrocatalytic efficiency, and electronic structure based on the
DFT were systematically investigated, as shown later.

2.2. Physical Properties of the NiFe, -BHT

The successful synthesis of 2DCFs was confirmed by the
Fourier-transform infrared spectroscopy (FT-IR) and Raman
spectroscopy. FT-IR spectrum (Figure S2, Supporting Informa-
tion) reveals the entire coordination between the S-H groups in
the BHT ligands and the metal species. The disappeared sig-
nal of the S-H peak in all as-synthesized 2DCF supports this
conclusion.l”?] Raman spectra (Figures S3 and S4, Supporting In-
formation) also prove the completed metal-ligand coordination
since the vibration peak of the S-H group (#2500 cm™!) van-
ished in as-prepared 2DCF samples.l”?] Moreover, the peaks at
~1120 cm™! and 347/378 cm™! indicate the C—S and S—M bond
(Figure S4, Supporting Information), confirming the successful
synthesis of 2DCFs.

The information on the structure and orientation of synthe-
sized 2DCFs was characterized by thin-film X-ray diffraction
(XRD) techniques and the 2D grazing-incidence wide-angle X-
ray scattering (2D GIWAXS) patterns. Thin-film XRD patterns
highlight that the Ni-BHT is the most crystalline sample among
all the as-synthesized 2DCFs. A pronounced (001) diffraction
peak demonstrates a high crystallinity of the Ni-BHT (Figure S5,
Supporting Information), consistent with the liquid-liquid inter-
face growth method to produce the vertically stacked 2D planes.
Additional characterization by the 2D GIWAXS technique was
conducted with the as-synthesized Ni-BHT, Fe-BHT, and NiFe,, -
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Figure 1. a) Schematic description of the interfacial growth method to produce thin-film 2DCF for OER. b) Electrocatalytic OER performance comparison
of as-synthesized thin-film 2DCF electrocatalysts at a current density of 1 mA cm'2, data obtained from LSV curves.

BHT. Figure 2a shows an evident (001) diffraction peak in all
as-synthesized 2DCFs, showing their layered structure character.
The narrowest and sharpest diffraction peak in Ni-BHT further
exhibits its high crystallinity. Figure 2b displays a pronounced
ring-shaped (001) scattering phenomenon in the 2D GIWAXS
pattern of Ni-BHT, relating to the x stacking direction.[’*) 2D GI-
WAXS patterns also clearly reflect that the introduction of Fe
species destroyed the growth orientation of the 2DCF, and the
crystallinity deteriorated as Fe ratio increased (Figure 2b-h). Par-
ticularly, the NiFe, ,-BHT exhibited the most inferior crystallinity
because of the absence of ring-shaped scattering backgrounds
(Figure 2g).

The morphology of as-synthesized 2DCFs was evaluated by us-
ing a transmission electron microscope (TEM). The highly crys-
talline and layered structure of the Ni-BHT is visualized by the
TEM images (Figure 3a,b). In contrast, a disordered layered struc-
ture is displayed in the Fe-BHT (Figure 3c,d) and the NiFe, ,-BHT
(Figure 3e,f). These results are agreed with the aforementioned
diffraction experiments (Figure 2). The energy-dispersive X-ray
(EDX) scanning spectra collected from different areas confirmed
that Fe is the dominant metal species in NiFe,.,-BHT (Figure
S6, Supporting Information). In addition, the atomic ratio be-
tween Ni and Fe species was confirmed by the inductively cou-
pled plasma mass spectrometry (ICP-MS), and the Ni:Fe atomic
ratio of the as-synthesized NiFe, ,-BHT was confirmed to be 1.2:4
(Table S1, Supporting Information), which is very close to the the-
oretical ratio of 1:4.

The chemical bonding environments in the Ni-BHT, the Fe-
BHT, the NiFe,,-BHT, and the NiFe,,-BHT were investigated
using the X-ray photoelectron spectroscopic (XPS) technique.
Figure S7 (Supporting Information) shows the XPS full sur-
vey spectra, revealing Ni, Fe, C, and S as the major elements.
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Figure 4a displays the Ni spectra of the Ni species-contained
2DCF (i.e., the Ni-BHT, the NiFe,,-BHT, and the NiFe,,-BHT).
The two characteristic peaks ~#871.2 and ~854.1 eV correspond to
the Ni 2p, , and the Ni 2p; ,, respectively.*] Similarly, Figure 4b
exhibits the Fe spectra of Fe species-contained 2DCF (i.e., the
Fe-BHT, the NiFe,,-BHT, and the NiFe,,-BHT). Two peaks at
~724.9 and 711.3 eV correspond to the signals of the Fe 2p,;,
and the Fe 2p;,, respectively.!'®l Furthermore, as shown in
Figure 4a,b, the peak position of the bimetallic NiFe, -BHT
shifted compared to the parent Ni-BHT and Fe-BHT. In the case
of the NiFe,,-BHT, the binding energy of Fe 2p, , peak increased
(=713.0 eV) compared to the Fe-BHT (~711.1 eV) (Figure 4b),
implying that Fe complex tends to donate electrons to the neigh-
boring Ni or S complex (Figure 4d). The binding energy of Ni
2p;), (~853.9 eV) (Figure 4a) and S 2s (~227.1 eV) (Figure 4c) did
not exhibit considerable peak shifts from those of parent Ni-BHT
than the case of Fe 2p; ,. This result suggests that the charge from
Fe was donated to Ni and S complexes. For the NiFe, ,-BHT, the
binding energy of Fe 2p; , peak (~711.8 eV) did not show a sig-
nificant peak shift (Figure 4b). However, the emergence of a wide
peak (~856.0 eV) of Ni 2p;,, was observed (Figure 4a), and the
binding energy of S 2s (~227.6 eV) did not shift dramatically com-
pared to that of parent Fe-BHT (Figure 4c). This indicates that Ni
could donate charge to Fe and S complexes (Figure 4d). Collec-
tively, the heterometallic 2DCF exhibited an aspect of following
the chemical environment of each parent homometallic 2DCF by
the charge donation of the metal ion with a small amount. Fur-
thermore, the shifted binding energy of S2s in the NiFe, ,-BHT
(~227.6 eV) compared to that of the Ni-BHT (x227.1 eV) infers
that the valence oxidation state of Ni-complex in the NiFe, ,-BHT
is transitioned,/’*1%! suggesting a highly unsaturated valence ox-
idation state of the Ni atom in the NiFe,.,-BHT.
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Figure 2. a) XRD patterns of the Ni-BHT, the NiFe-BHT, and the Fe-BHT 2DCF converted from 2D GIWAXS patterns. 2D GIWAXS patterns of b) the
Ni-BHT, ) the NiFe,.,-BHT, d) the NiFe; ,-BHT, €) the NiFe,.-BHT, f) the NiFe,;-BHT, g) the NiFe, ,-BHT, and h) the Fe-BHT 2DCF.

2.3. Electrochemical Properties of NiFe,.,-BHT

The OER activities of the NiFe, -BHTs were evaluated in an al-
kaline electrolyte (0.1 m KOH solution, pH 13). As checked in
Figure S1 (Supporting Information), the NiFe,,-BHT exhibited
the lowest overpotential to reach the highest OER current density
among the NiFe, -BHTs, also demonstrating the superior elec-
trochemical property compared to the parent homometallic Ni-
BHT and Fe-BHT. According to the XPS analysis already shown
in Figure 4, NiFe,,-BHT highlighted its potential that the in-
corporation of Ni species into Fe-BHT can change its electronic
properties, in turn leading to significantly improved OER per-
formance. This exceptional performance of the NiFe, ,-BHT is
clearly illustrated by surpassing that of homometallic Ni-BHT
and Fe-BHT 2DCF, and other bimetallic ones (Figure 5a,b). The
overpotential for reaching OER current density of 10 mA cm™
was 412, 369, and 364 mV for the NiFe,,-BHT, the NiFe, ;-BHT,
and the NiFe,;-BHT, respectively (Figure 5a). For the bimetallic
NiFe-BHT 2DCEF, the OER activity depended on the ratio of Fe;
however, it did not exhibit a monotonic trend (Figure 5b). Partic-
ularly, the heterometallic NiFe, ,-BHT 2DCF, containing 76.9%
of Fe ratio (Table S1, Supporting Information), demonstrated the
most optimized OER activity as an electrocatalyst. In stark com-
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parison, the NiFe,,-BHT exhibited a similar current density at
1.58 V versus RHE to the homometallic Ni-BHT. However, an in-
creased actual Fe ratio resulted in a higher current density, with
the NiFe,.,-BHT (Fe ratio of 76.9%) achieving the highest current
density. Conversely, the current density in the homometallic Fe-
BHT was significantly lower than in the NiFe,,,-BHT. This per-
formance fluctuation indicates the unexpected synergetic effect
that varies with the Fe ratio in the heterogeneous metal species.
Notably, the overpotential required to reach 10 mA cm™,, (=
140 A g7!) was only 350 mV for the NiFe, ,-BHT electrocatalyst
(Figure 5a,c). This nonlinear trend can be explained by the vari-
ations in adsorption energy that would change with the Ni:Fe
ratio in the material. This suggests that the NiFe,.,-BHT would
exhibit the most optimized adsorption energy for OER reactant,
thus facilitating OER progress. According to the Sabatier princi-
ple, for beneficial catalytic performance, the adsorption between
the catalyst site and the reactant should be neither too weak nor
too strong.!'®) In this viewpoint, the NiFe,,,-BHT would feature
the most optimized adsorption environment for OER interme-
diates and water molecules among the samples. This aspect will
be further addressed in the subsequent section, using DFT cal-
culations from the viewpoint of adsorption energy and energy
barrier.
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Figure 3. TEM images of a,b) the Ni-BHT, c,d) the Fe-BHT, e,f) the NiFe;.,-BHT, and g,h) the NiFe;.,-BHT 2DCF after OER measurements. i,j) The
results of TEM-EDX mapping of the NiFe;.,-BHT 2DCF after OER measurement in different selected areas and magnifications.

An analysis of intrinsic parameters, such as the Tafel slope,
provides insight into the inherent kinetics of the electrocatalyst.
The OER process under alkaline conditions can be described by
the following four consecutive steps Equations (1)—(4):(%)

M+ OH™ = M — OH+e" (1)
M — OH + OH™ = M — O+H,O+e" 2)
M—0+OH™ = M — OOH+e" (3)
M — OOH + OH™ = M+H,0+0,+e” @)

Where M indicates an active site on the catalyst surface. One of
the steps can be a rate-determining step of the OER process, de-
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pending on the electrocatalyst.?”! Tafel slope can be calculated in
the following Equation (5);

n = a+ blog (j) (5)

where 7 is a difference between the electrode and standard po-
tentials (i.e, # = E— E,;), ais a constant, j means a current density,
and b indicates the Tafel slope.

In several studies under alkaline conditions, the magnitude
of Tafel slope has been utilized to evaluate the overall OER ki-
netics and predict the rate-determining steps in OER. A Tafel
slope value is correlated to a specific rate-determining step ac-
cording to the kinetic analysis. For example, a large Tafel slope of
120 mV dec! at low overpotential region can imply that the rate-
determining step can be step (1), while a decrease in the Tafel
slope can mean a shift of the rate-determining step to the other
steps.[*] For instance, the Tefel slope of 100 mV dec™! for the
polycrystalline y-FeO(OH) would denote step (2) (Equation (2)) as
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Figure 4. XPS spectra of a) Ni 2p region, b) Fe 2p region, and c) S 2s region of measured 2DCF. d) Schematic description of the molecular structure of

the NiFe,,-BHT.

a rate-determining step, while a Tefel slope of 40 mV dec™! would
signify the step (3) (Equation 3) as a rate-determining step.[?] For
instance, the Tafel slope of 40.9 mV dec™! for a NiFe selenide
catalyswas suggested that step (3) (Equation (3)) could be a rate-
determining step.?]

As shown in Figure S8 (Supporting Information), the NiFe,,-
BHT exhibited the lowest Tafel slope of 25.3 mV dec™!' com-
pared to that of the NiFe,,-BHT (38.8 mV dec™!) and the Fe-
BHT (79.8 mV dec™). Thus it can be concluded that the het-
erometallic NiFe . -BHT can exhibit different OER kinetics than
the homometallic Fe-BHT, and the NiFe,.,-BHT would be an op-
timal condition for promoting the OER process. Furthermore,
the lowest Tafel slope of the NiFe,,-BHT implies that the rate-
determining step becomes closer to step (3) (Equation (3)), which
would be the process of the formation of M-OOH from M—O.

Furthermore, the electrochemical impedance spectroscopy
and the electrochemical surface area (ECSA) values further pro-
vide fundamental viewpoints on high electrochemical properties
of the NiFe,,,-BHT by showing the lowest charge transfer resis-
tance and highest ECSA, which values are key to achieving bet-
ter electrochemical properties (Figure S9a, Supporting Informa-
tion). These results further substantiate the distinguished OER
activity of NiFe, ,-BHT. Figure S9b (Supporting Information) re-
veals that the structure of the NiFe, ,-BHT loaded onto the carbon
paper (the NiFe, ,-BHT/CP) is stable in the alkaline electrolyte
medium during a long-time operation. Figure S10a (Supporting
Information) shows the linear sweep voltammetry curve of the
NiFe, ,-BHT/CP. The ex-situ Raman spectrum at different OER
potentials (Figure S10b, Supporting Information), TEM images
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(Figure 3g,h), and TEM-EDX results (Figure 3i,j) confirmed no
structural transformation in the NiFe, ,-BHT, which even expe-
rienced a high OER potential, revealing its structural stability.
Collectively, the performance of the NiFe, ,-BHT (mass activity)
is comparable to the state-of-the-art non-precious OER electro-
catalysts and platinum-group-metal materials of RuO, and IrO,
(Figure 5d; Table S2, Supporting Information).!*'”] The improved
electrocatalytic performance of the NiFe, ,-BHT can pave the way
for industrial applications. For instance, its superior mass activ-
ity (140 A g1) will facilitate the efficient fabrication of an elec-
trocatalytic material system that can be robust under industrial
operation conditions (>500 mA cm™2).

2.4. Analysis of OER Mechanism on NiFe, -BHT

In order to uncover the reason for the superior electrochemi-
cal property of the NiFe, ,-BHT compared to other Ni/Fe ratios,
we constructed atomic models of the NiFe, -BHT with different
Ni/Fe ratios (1:5 and 5:1) and executed DFT calculations to as-
sess the impact of these ratios on electronic properties and re-
action mechanism. Figure S11a,b (Supporting Information) dis-
plays the monolayer structures utilized in this study, while Figure
S12 (Supporting Information) presents the total energy variation
as determined by DFT. This helped identify the most energet-
ically favorable structures for the NiFe,.-BHT and the NiFe -
BHT. Figure 6a presents a top view of the monolayer structures
and the magnetic moment for each Ni or Fe atom. The magnetic
moment of Fe atoms in the Fe-BHT, at 1.94 uB, markedly exceeds

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB017] SUOLUILLIOD SA1IER1D 3|eatidde aU Aq pouaAob a1 Sap1Le WO 138N 0 S3IN1 10} ARIGITBUIIUO A3 UO (SUOIIPUOD-UE-SWB) WY 4B | Aeiq]jou|uo//Sdy) SUORIPUOD PUe S | 81 39S *[720Z/G0/0E] U0 AIqiTauliu0 Ab1M ‘Ueder aURI20D) Ad 286TOVZ0Z'|IWS/Z0OT OT/10p/LI0D 5| W AIRIq U1 UO// STy LUOAJ PApeO|UMOQ ‘0 ‘6Z89ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

as0 F
a L 412 atj =10 mA-cm? bt O nNi-BHT c —— Ni-BHT
400 L O NiFe,,-BHT 250 - NiFe,,-BHT
369 364 [ © NiFe,,-BHT —— NiFe,,,-BHT
350 —) 351 &~ 8 | O NiFe,-BHT —— NiFe,,,-BHT
_ E O NiFe,;-BHT 200 - piFe, ,-BHT
E 300 < [ O NiFe,,BHT NiFe, ,-BHT
= E ;| O resnr — Fe-BHT
© < N
= 250 < o 150
3 o <
L ["d .
g 200 > al =
- : 100 |-
> 1 wn
(o) 50 o
®
100 e, 2 [ 50 L
50
ol ;
L1 L1 L1 o | L L | L

- oAl gul  guT  gul 0 20 40 60 80 100 1.2 ‘ 13 ' 1.4 l 1.5 ‘ 1.6 l 1.7
& NFesTFest iker® ke Actual Fe ratio (%) Potential (E-iR, V vs RHE)
€ 10000 =
‘é'- id @ This study
S 1000 ?' P @ NiFe-based catalyst
- E @ Ru/Ir-based catalyst
8 ] Qo o)

B 1004 2 Q ? @ ) QQ

S Q9 d 9

2 10

s 1 2

° 3

© -

§ 1 T T T T T T T

= 200 250 300 350 400

Overpotential (mV) for 10 mA cm2,,,
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as a function of actual Fe ratio in metal species. ¢) Mass activity versus potential curves taken by linear sweep voltammogram technique for the Ni-
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comparison with other electrochemical results, this graph was edited from Figure S1 (Supporting Information) and placed in Figure 5. d) Comparison

of mass activity versus overpotential of state-of-the-art OER catalyst at 10 mA cm

2 00129171 The mass-loading for this study is 0.07 mg cm_zgeo, and

the electrolyte KOH solution (0.1 m, pH 13). (See Table S2, Supporting Information, for the detailed numerical values).

that of Ni atoms in the Ni-BHT, which is 0.41 uB. This heightened
magnetic moment for Fe in the Fe-BHT arises from the asym-
metry between spin-up and spin-down d-orbital partial density of
states (PDOS), as depicted in Figure S13 (Supporting Informa-
tion). Conversely, in the Ni-BHT, the PDOS between spin-up and
spin-down is more balanced, resulting in a minimal magnetic
moment. Additionally, in the NiFe, .-BHT and the NiFe,.,-BHT,
Fe atoms exhibit an enhanced magnetic moment of 2.3 B, sur-
passing that of Fe atoms in Fe-BHT. The increased magnetic mo-
ment on the Fe atoms in the NiFe,..-BHT and NiFe ;-BHT can be
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attributed to spontaneous-spin-polarization induced by the pres-
ence of nearby Ni atoms.

Two key factors influencing the current density for NiFe,,-
BHT were considered in this work: the adsorption tendency of
OH on NiFe,,-BHT and the activation barrier through the OER
pathway. Figure 6b presents the adsorption energy (E,) of OH on
NiFe,,-BHT. Notably, the E,4 of the Fe-BHT (0.125 eV) is lower
than that of Ni-BHT (0.608 eV). Additionally, on the NiFe, s-BHT
and NiFes,,-BHT, all Fe atoms exhibit lower E,; values than those
of Ni atoms; 0.050 eV (Fe-atom) versus 1.072 eV (Ni-atom) and
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Figure 6. Various physical properties of NiFe,.,-BHT. a) illustrates the atomic configurations of NiFe,,BHT as viewed from above, with numerical labels
denoting the magnetic moment of Ni and Fe atoms. b) presents the computed adsorption energy (E,4) of OH on NiFe,. -BHT alongside the calculated
d-band center. Only spin-down values are displayed, as they exhibit a more positive charge conducive to bonding. c) showcases the calculated Gibbs
free energy diagram of NiFe,, BHT along the OER pathway, delineating four intermediate steps. The inserted numerical values represent the change in

Gibbs free energy between consecutive steps.

—0.436 eV (Fe-atom) to 0.651 eV (Ni-atom), respectively. The rel-
atively lower E,; suggests that Fe atoms serve as the primary ad-
sorption sites for the OER reactant, OH, rather than Ni atoms.
Furthermore, upon introducing Ni atoms to Fe-BHT, the E,; is
notably reduced compared to Fe-BHT, indicating a stronger ten-
dency and optimized condition for OH absorption on Fe atoms
in NiFe, .-BHT and NiFe.,-BHT, potentially augmenting the cur-
rent density. Figure 6b also displays the calculated d-band center.
The calculated spin-down d-band center is found to be higher
for Fe atoms than for Ni atoms, —0.174 and —1.241 eV, respec-
tively. Additionally, Fe atoms in the NiFe,.;-BHT and NiFe,,-BHT
display an even more positive spin-down d-band center, —0.117
and —0.059 eV, respectively. The alteration in the d-band cen-
ter correlates with the magnetic moment, as the high magnetic
moment stems from the substantial difference between spin-up
and spin-down d-states. A more positive d-band center is con-
sidered to result in stronger bonding between the surface and
absorbed molecules according to the d-band theory.[*?!] There-
fore, the lower E,; of OH on highly active Fe atoms, characterized
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by a higher magnetic moment, in NiFe, ;-BHT and NiFe,,,-BHT
can be attributed to the more positive d-band center, providing
stronger bonding with OH.

Regarding the activation barrier in the OER pathway, the Gibbs
free energy (G) of four intermediate steps: HO", 0", HOO", and
0,, as previously studied:'2¥! were calculated and depicted in
Figure 6c¢. For the Fe-BHT and the Ni-BHT, the largest AG is 2.45
and 1.68 eV for O° - HOO" and HO" — O, respectively, con-
sistent with prior research.['?l The larger AG,,,,, for the Fe-BHT
implies a higher overpotential is necessary to make all steps’ AG
negative and spontaneous. This is also supported by work func-
tion calculations (Figure S11c, Supporting Information), where
the work functions of the Ni-BHT and Fe-BHT are 5.10 and
4.47 eV, respectively. Thus, the Fermi level of the Fe-BHT ver-
sus the vacuum level is higher, indicating a weaker tendency to
extract electrons from water molecules, leading to a higher over-
potential compared to the Ni-BHT. Consequently, the Fe-BHT ex-
hibits a higher overpotential than the Ni-BHT, in line with ex-
perimental results (Figure 5c). Moreover, AG,,, of Fe atoms in

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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the NiFe,..-BHT and the NiFe.,-BHT is reduced by over 0.1 to
2.33 eV and 2.29 eV, respectively, indicating lower overpotential
compared to the Fe-BHT but still higher than Ni-BHT, consis-
tent with our experimental results. The agreement between DFT
predictions and empirical findings underscores the accuracy of
our calculations in capturing the intrinsic electronic properties
of these materials. The smaller AG,,, on the NiFe,.-BHT and
NiFe,,,-BHT suggests a reduced activation barrier in the OER
reaction, potentially enhancing the current density at the same
applied potential. This reduced activation barrier can also be ra-
tionalized by the heightened magnetic moment of Fe atoms in
the NiFe,.s-BHT and NiFe,-BHT. Previous researchl®! has sug-
gested that robust spin-polarization in transition metal atoms
can enhance OER performance by lowering the energy barrier.
This trend is evident in our calculations, as demonstrated above,
where the energy barrier of 0" - HOO" is reduced on Fe atoms
with high magnetic moments in the NiFe,;-BHT and NiFeg,-
BHT.

Through the foregoing analysis, it is evident that the primary
reaction site is Fe, with Fe atoms in the NiFe, s-BHT and NiFe,,-
BHT exhibiting even greater activity than those in Fe-BHT, as in-
dicated by their low E,; of OH and the lower activation barrier of
0" - HOO". However, in experimental results, the NiFe, ,-BHT
demonstrates a higher current density compared to the NiFe,-
BHT and other NiFe, -BHT compositions where the Fe content
is lower than in NiFe,.,-BHT, as depicted in Figure 5c. This dis-
crepancy can be attributed to the abundance of highly active Fe
sites. Despite the apparent higher activity of Fe atoms in NiFe,, -
BHT compared to Fe-BHT, NiFe,.,-BHT harbors more Fe atoms
than other NiFe, -BHT compositions, resulting in the highest
current density among them. Figure 7 shows the concepts of the
key factors for OER performance revealed in this study.

3. Conclusion

In this study, we present the heterometallic z-d conjugated
NiFe,.,-BHT featuring spontaneous spin-polarization as an OER
electrocatalyst. The NiFe, ,-BHT demonstrated the most efficient
OER activity among the samples of various Ni:Fe ratios, achiev-
ing a current density of up to 10 mA cm=2 at an overpotential of
350 mV. The DFT calculations, aligning closely with experimen-
tal data, elucidated the electronic and structural nuances influ-
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encing OER activity. The key findings in this study illustrate the
crucial role of magnetic moments in Fe atoms, the influence of
adsorption energy of reactant OH, and the quantity of reactive
Fe atoms in determining the optimal performance of the NiFe,,-
BHT by emerging spontaneous-spin-polarization. This study of-
fers not only a new strategy to realize 2DCF with abundant metal
species as a distinguished oxygen-evolving electrocatalysts but
also shows that 2DCFs as a platform to design materials with
unexpected functions. We anticipate that this study will inspire
the material science community and also other a wide spectrum
of research fields to establish green science and technology at an
affordable cost, ultimately contributing to developing human so-
ciety in the 21st century.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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