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Manipulating Spin Exchange Interactions and Spin-Selected
Electron Transfers of 2D Metal Phosphorus Trisulfide
Crystals for Efficient Oxygen Evolution Reaction

Chih-Ying Huang, Hung-Min Lin, Chun-Hao Chiang, Hsin-An Chen, Ting-Ran Liu,
Deepak Vishnu S. K, Jau-Wern Chiou,* Raman Sankar,* Huang-Ming Tsai,
Way-Faung Pong,* and Chun-Wei Chen*

. . . 1. Introduction
Because oxygen molecules in the ground state favor a triplet spin

configuration, spin-polarized electrons at electrocatalysts may promote the The need for sustainable energy resources
generation of parallel spin-aligned oxygen atoms, enhancing oxygen evolution has become :incr?asmg?' ap;l)afrenlt as mod-
reaction (OER) kinetics. In this study, a significant enhancement of OER ern society develops. Fossil fuel reserves

. . ) . ) are dwindling, and the consequences of cli-
performance is demonstrated by controlling the spin-exchange interaction mate change are becoming more severe.!

and spin-selected electron transfer of 2D Co, Fe,_,PS; (x = 0-0.45) van der Researchers are exploring more efficient,
Waals (vdW) single crystals through Co doping. The pristine FePS; exhibits clean, and sustainable alternatives. One
antiferromagnetic orbital ordering, while the Co-doped FePS, exhibits the such alternative is hydrogen (H,), which

has gained significant attention recently
due to its potential for the worldwide devel-
opment of clean energy, zero carbon emis-

emergence of interatomic ferromagnetism due to doping-mediated magnetic
exchange interactions. The coupling between Fe and Co ions in the Co-doped

FePS; crystal allows the formation of efficient spin-selective electron transfer sions, and high combustion heat value.?
channels compared to the pristine FePS;. The correlation of spin-exchange One environmentally-friendly method for
interactions and spin-selected electron transfers of 2D Co-doped FePS, H, production is the water-splitting pro-

cess, which can be achieved through var-
ious techniques, including photochemical,
electrochemical, and photoelectrochemical
methods.’] Among these techniques, elec-

crystals with a superior OER performance is further revealed by
superconducting quantum interference device magnetometer, in situ X-ray
absorption near edge spectra and density functional theory simulations. The

result suggests that manipulating the spin-exchange interactions of 2D vdW trochemical water splitting has emerged as
crystals to enhance the spin-selected electron transfer efficiencies through a preferred approach to scale up the high
doping is an effective strategy to boost their OER catalytic performances. purity of H, production and achieve en-

ergetic sustainability.¥! However, the high
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activation barriers and sluggish kinetics of the anodic oxygen
evolution reaction (OER) severely hinder the overall efficiency of
water electrolysis, making it a bottleneck for large-scale industrial
applications.*®%] To address this challenge, there is a pressing
need to develop low-cost, efficient, and stable electrocatalysts for
the OER.

The understanding of OER mechanisms is critical for the de-
velopment of highly active and stable electrocatalysts. Various
fundamental mechanisms have been proposed to guide the de-
sign of efficient OER catalysts. One widely studied mechanism is
the electron transfer steps involved in the adsorption and desorp-
tion of intermediates on the active sites.°! The e, theory explains
the correlation between the binding energy of transition metals
and surface oxygen with the active transition metal ion’s e, value,
specifically for perovskite OER catalysts.!”] However, some excep-
tions have been found not well fitted with the e, theory, partially
due to the diverse and complicated magnetism in the transition
metal oxides family. The ground state of di-oxygen is a spin triplet
with the lowest energy, while the excited state of di-oxygen and
the reactants (H,0 and OH™) are a spin singlet with about 1 eV
higher. Therefore, the spin between the reactants or products in
the OER reaction is not conserved and requires extra energy to
drive.l®] Recent theoretical studies have proposed using quan-
tum spin-exchange interactions (QSEI) to explain the enhanced
catalytic activity of OER by manipulating the spin configuration
of catalysts.”] The spin-polarized electrons on the active catalyst
surface promote the generation of parallel spin-aligned oxygens,
which further improve the performance of OER.I'1 Accordingly,
reaction kinetics (thus catalytic activity) generally increase when
interatomic ferromagnetic (FM) interactions are dominant, while
it sensibly decreases when antiferromagnetic (AFM) interactions
prevail.l'!l The effect of direct magnetic field-enhanced electro-
catalytic water oxidation was recently observed, and the enhance-
ment is positively correlated with magnetization.?] A series of
experiments show that efficient spin-related electron transfer by
engineering the local spin-states of catalysts is the origin of the
enhanced OER process.['*] Therefore, controlling the spin config-
urations of catalysts plays an important role in designing highly
efficient OER catalysts.

2D van der Waals (vdW) materials have attracted great inter-
est due to their novel physical properties in electronics, optics,
and spintronics." In particular, the realization of magnetism
in the exfoliated 2D vdW crystals provides accessibility to con-
trol the magnetic properties at a single atomic layer level.'5]
Among them, transition metal phosphorus trichalcogenides are

H.-M. Tsai

National Synchrotron Radiation Research Center
Hsinchu 300092, Taiwan

W.-F. Pong

Department of Physics

Tamkang University

New Taipei City 251301, Taiwan

E-mail: wfpong@gms.tku.edu.tw

C.-W. Chen

Center of Atomic Initiative for New Materials (Al-MAT)
National Taiwan University

Taipei 106319, Taiwan

E-mail: chunwei@ntu.edu.tw

Adv. Funct. Mater. 2023, 2305792

2305792 (2 of 10)

www.afm-journal.de

a series of ternary layered materials stacked through weak vdW
forces and belong to a monoclinic system with general formula
MPX; (M = Fe, Co, Ni, and Mn; X = S and Se). Bulk crystals
of MPX; with a 2D graphene-like honeycomb lattice arrange-
ment have gained attention due to their interesting magnetic
and superconductive properties.!'! In addition, MPX; materials
have been considered promising catalysts for water-splitting re-
actions due to their band structures with electron affinity and
electronegativity that allow both efficient hydrogen evolution re-
action (HER) and OER.I'”] Many research works have reported
the excellent OER performances of MPX;-based catalysts.['® For
example, NiPS; nanosheets doped with a certain amount of Fe
exhibit excellent HER and OER activities for water splitting.!*°!
Until now, the fundamental understanding of OER mechanisms
of MPX;-based catalysts mainly focuses on the thermodynamic
process of adsorption and desorption between active sites and
intermediates.[?%] The spin configuration of the oxygen product
and its coupling with the electrocatalyst has been ignored. How-
ever, the local spin states may play an important role in determin-
ing the OER catalytic activities.[*!]

In this work, a significant improvement in the correspond-
ing OER performance can be achieved by controlling the spin
configurations and exchange interactions of 2D Co,Fe,_ PS,
(x = 0-0.45) vdW single crystals through Co doping. The pris-
tine FePS, exhibits AFM orbital ordering, while the Co-doped
FePS, exhibits the suppression of AFM orbital orderings and the
emergence of weak interatomic ferromagnetism resulting from
doping-mediated magnetic exchange interactions. The introduc-
tion of Co into FePS; crystals provides a large number of Co?*
high-spin states, which are responsible for the active sites of OER.
In addition, the Co-doped FePS, exhibits more efficient spin-
selected electron transfer than the pristine FePS,. Accordingly,
Fe, s5Co, 45 PS; crystals exhibit an outstanding OER performance
with an onset potential of 290 mV (on Ni foam) and 310 mV (on
carbon fiber paper) at a 10 mA cm™ current density of oxygen
generation, outperforming the OER performance of the pristine
FePS,. The fundamental understanding of the superior OER per-
formance of Co-doped FePS; compared to the pristine FePS; is
further systematically explored by superconducting quantum in-
terference device (SQUID) magnetometer, in situ X-ray absorp-
tion near edge spectra (XANES) and density functional theory
(DFT) simulations. Our result suggests that tuning local spin
configurations and spin exchange interactions in 2D vdW crys-
tals through doping is an effective strategy to boost their OER
efficiencies.

2. Results and Discussions

The high-quality FePS; and Co, Fe,_,PS; (¥ = 0.15, 0.30, 0.45)
crystals were grown using a chemical vapor transport (CVT)
method. The maximum cobalt doping limit in FePS, is x = 0.45.
If cobalt doping exceeds more than 0.45 (x > 0.45), the mag-
netic impurity of Co,P appears. Figure 1a,b shows the top and
side view of the crystal structure of Co,Fe, ,PS;, respectively.
Co, Fe,_,PS; is a monoclinic layered material with a space group
of C2/m, and every single Fe (or Co) coordinates with six sulfur
atoms which form a honeycomb structure. The transition metal
ions (Co and Fe) honeycomb lattice is distributed around the
(P,S¢)* bipyramids with a vdW interaction between every two

© 2023 Wiley-VCH GmbH
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Figure 1. Structure characterization of Co,Fe;_,PS; (x =0, 0.15, 0.30, 0.45) crystals. a) Crystal structure models of Co,Fe;_,PS; monolayer along the
c-axis, and b) b-axis. c) Powder XRD patterns of Co,Fe;_,PS; compare with the standard FePS; (PDF #33-0672). d) Raman spectra of Co,Fe;_,PS;. €)
HRTEM image and SAED pattern of Cog 45Fe( 55 PS; along the [103] zone axis shown in the inset. f) EDS mapping images of Cog 45Feq 55PSs.

atomic layers along the ¢ axis. This layered structure can be exfo-
liated to a few layers (or a single layer) by the mechanical exfolia-
tion method and the layered crystal image is shown in Figure Sla
(Supporting Information). The FePS; and Co,Fe,_,.PS; (x=0.15,
0.30, 0.45) crystal structure and composition were further verified
by the powder X-ray diffraction (XRD), as shown in Figure 1c. The
diffraction peaks of all samples fit well with that of the standard
FePS, (PDF#33-0672, a = 5.947° A, b = 10.3° A, c = 6.722° A,
p =107.16°), and there are no other impurity phases in all sam-
ples. The sharp diffraction peaks were observed for the (00I)
plane, which suggests the good crystallinity and layered struc-
ture of the samples. Besides, Co,Fe,_,PS; has the same mono-
clinic crystal structure and symmetry as that of FePS; (C2/m).
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As the content of the Co ion is increased, the main (001) peak
slightly shifted to a higher angle (from 13.79° to 13.92°), which is
caused by the lattice contraction when the Fe ions are partially
substituted by Co ions with a smaller ionic radius.??l Raman
spectra show the intramolecular vibrations from (P,S,)*~ bipyra-
mid structure peaks at 250 and 380 cm™!, which stand for the
out-of-plane A;, modes. Meanwhile, the peak at 280 cm™" rep-
resents the in-plane E, mode (Figure 1d). No other peaks were
observed in the Raman spectra for all the samples, which indi-
cated the absence of chemical impurities. Besides, the similar Ra-
man shift denotes that the structure of Co, Fe;_,PS; remains the
same when the Co ions concentration is increased. Transmission
electron microscopy (TEM) is used to evaluate the morphological

© 2023 Wiley-VCH GmbH

85U8017 SUOWILLOD 3A 81D (eddde ay3 Ag peusenob ale sajoiie VO ‘88N Jo sejn. Joj ARIqi8UIIUO 431N UO (SUOIPUOD-PUR-SWBIAL0D A8 |1 AfeIq Ul |uD//SdY) SUONIPUOD PUe SWB | 841 88S *[£202/80/TE] Uo ARIqiT8uluO /8|1 BOIUIS BIWEPESY AQ 26/S0EZ0Z WIPR/Z00T OT/I0p/Wod A8 | Afeiq1jeuljuo//sdiy woiy papeojumod ‘0 ‘820€9T9T



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

(a)NAGO

Potential (V vs. RHE)

(€) 150 (d)

l— FePS, w — FePS,
E == Co5.15F€0esPS; I == C0g,15Fe; 65PS;
5 == C0qg30F€070PS; 14 w== C0g3oFeq7PS;
=== C0y 45F €0 55PS; = === C0gy45F€; 55PS;
. "4 ’
é je==Coy 45F€, 55sPS,/Ni foam > 0.5 |190mVidec == C0g4sFe,ssPSy/Ni foam
330 - a 047F i
7] ©
c - 89 mV/dec
80 mV/d 62 mVidec
______ -
= 0 0.3
o = 59 mV/d
= 0 — m ec
5 1 1 1 g 1 1 1 1 1
O 14 1.5 1.6 1.7 © 04 06 08 10 12 14 16

www.afm-journal.de

Log j (mA/cm?)

8= FePS, &
«®= Coy15Fe0a5PS; g 2 Co, 4sFeq 55PS,
«®= Cog3Feq,oPS; E B 200,
100 } =B Coo'45Fe0.55PS:,, E 9090000000039
¢ z
=N| la 10 |
" 50 S
©
=
G
o ] 1 1 L 1 g o 1 1 1
0 50 100 150 200 250 o 0 5 10 15 20
Z'(Q) Time (h)

Figure 2. Electrochemical catalytic activity for OER. a) iR-corrected LSV curves recorded in 1 m KOH electrolyte at a scan rate of 10 mV s~'. b) Tafel
plots. c) EIS of Co,Fe;_,PS;. d) The 20 h stability test of Cog 45 Feq 55 PS; at a constant potential of 1.55 V versus RHE.

quality, and it reveals the thin and layered nanosheet morphology
of the Co, 4sFe, s PS; crystal, as shown in Figure S1b (Support-
ing Information). In addition, a high-resolution TEM (HRTEM)
image shows the clear lattice fringe of 0.165 nm, and the cor-
responding selected area electron diffraction (SAED) pattern is
indexed to the monoclinic crystal structure along the (103) axis,
further confirming the crystallinity of the Co, ,sFe, ssPS; crystals
(Figure 1e). To get the details about element distribution, dark
field image, and energy-dispersive spectroscopy (EDS) mapping
were carried out on the Co, ,sFe, s PS; crystals in Figure 1f. It re-
veals a homogenous distribution of Fe, Co, P, and S elements in
the Co, 45 Fe, 5sPS; crystals.

To investigate the electrocatalytic OER activities of FePS; and
Co,Fe,_,PS; (x = 0.15, 0.30, 0.45) crystals, we adopt the typical
three-electrode system which is composed of Ag/AgCl (3 m KCI)
as reference electrode, Pt wire as a counter electrode, and carbon
fiber paper with our catalysts as a working electrode in 1 M KOH
electrolyte. Figure 2a shows the linear sweep voltammetry (LSV)
curves of FePS; and Co,Fe,  PS; crystals, which shows that
the increased cobalt dopant concentration enhances the current
density and boosts the overpotential dramatically. The pristine
FePS; exhibits a poor overpotential of 620 mV at 10 mA cm~2 for
OER. By contrast, the OER performance of Co,Fe,_,PS; crystals
is significantly improved by showing a decreasing overpotential
with an increased Co concentration. In particular, Co, 4sFe, ssPS,;
shows the best overpotential versus RHE of 310 mV at a cur-
rent density of 10 mA ¢cm™2 on carbon fiber paper. The OER
performance of Co, ,sFe, ssPS; is further improved when loaded
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on a nickel foam substrate, exhibiting an enhanced overpoten-
tial of 290 mV due to the high surface area of an open-porous
foam-type substrate. The corresponding Tafel slopes also reveal
the improved reaction kinetics of Co-doped FePS, crystals as
shown in Figure 2b. The Tafel slope of Co,,sFe,ssPS; is only
62 mV dec™ (59 mV dec! on Ni-form substrate), which is
smaller than that of Co, 5 Fe, ,,PS; (80 mV dec™?), Co, ;s Feg 45 PS;
(89 mV dec™!), and FePS; (190 mV dec™'). A smaller Tafel slope
means Co, 4sFe;ssPS; has a most favorable reaction kinetics
with a faster reaction rate for accelerating the rapid oxygen pro-
duction in the OER process. Electrochemical impedance spec-
troscopy (EIS) was employed to evaluate the charge transfer re-
sistance of the catalyst during OER (Figure 2c). The semicir-
cles in the Nyquist plots were fitted using Randle’s equivalent
circuit model, which consists of the electrolyte and electrolyte-
catalyst interface resistance (R,) and capacitance (CPE) and the
charge-transfer resistance (R) at the electrolyte—electrode inter-
face. By measuring the fitted semicircles, Co, ,Fe,ssPS; pos-
sesses the smallest R, of 19 Q, revealing excellent charge trans-
fer efficiency. The corresponding overpotentials, Tafel slopes, and
charge transfer resistances for all the Co,Fe,_,PS; catalysts are
listed in Table S1 (Supporting Information). Long-term stability
is an essential factor for deciding electrocatalytic performance.
The chronoamperometry was conducted to evaluate the poten-
tial at 1.55 V versus RHE during the long-term measurement.
Co, 4sFe, 5 PS; exhibits long-term stability of 20 h, indicating its
potential for OER application under an alkaline environment
(Figure 2d).
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Figure 3. Electronic structures and magnetic properties of Co,Fe;_,PS; crystals. a) Fe L; ,-edge XANES spectra, and b) Co L; ,-edge XANES spectra
of various Co,Fe;_,PS; together with Fe;04 and CoO. c) Temperature dependence of the zero-field-cooled magnetization was measured at 100 Oe on
various Co,Fe;_,PS;. d) Hysteresis loops measured at 5 K of Co,Fe,_,PS;. €) The illustration of magnetic moment distribution in the hexagonal lattice

of FePS; and Co-doped FePS;.

XANES was carried out at the TPS45A2 of the National Syn-
chrotron Radiation Research Center (NSRRC), Taiwan to under-
stand the electronic structures of FePS, and Co,Fe, PS; (x =
0.15, 0.30, 0.45) crystals. Figure 3a,b displays the normalized Fe
and Co L, ,-edges XANES spectra of FePS; and Co,Fe,_ PS; crys-
tals, respectively. The reference Fe;O,, and CoO were obtained
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in the total electron yield mode, which primarily reveals the tran-
sition of electrons from Fe/Co 2p;, (L;) and 2p,, (L,) states to
unoccupied Fe/Co 34 states. From Figure 3a, the line shapes
of the Fe L, ,-edge XANES spectra of Co Fe, ,PS; crystals are
different from the pristine FePS; crystal, implying that Co dop-
ing can cause significant changes the electronic structures of Fe
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3d-orbital in Co,Fe, ,PS; crystals. The intensity of the Fe L, ,-
edges XANES spectra of Co,Fe, ,PS; crystals gradually de-
creases as the Co doping concentration increases, which reflects
a reduction in the number of unoccupied Fe 3d-derived states
(Figure S2a, Supporting Information). Meanwhile, the general
energy features of Co-doped FePS; crystals are close to those of
the reference Fe;0,, indicating that Fe ions exist in the valence
state of mixed Fe?* and Fe** in all Co,Fe,_,PS; crystals. The
spectra exhibit a multipeak structure with two prominent fea-
tures at ~707.7 and 709.3 eV corresponding to Fe?™ and Fe*" in
the octahedral site.?3] By contrast, the pristine FePS, crystal only
exhibits the Fe?* peak, consistent with previous studies.[?*] The
presence of mixed valence Fe** and Fe’* in Co, Fe,  PS, crys-
tals may result from creating surface defects or vacancies during
doping, where cobalt dopants break the symmetry in the crys-
talline structure of FePS,.[?*] In addition, the mixed-valence tran-
sition metals (Fe?™/Fe’*) have been reported to be beneficial to
improving conductivity due to the electronic delocalization.!¢]
On the other hand, the line shapes and energy positions of the
Co L;,-edges XANES spectra of Co Fe,_ PS; crystals are simi-
lar to those of reference CoO as shown in Figure 3D, inferring
that the valence state of Co ions is 2+ charge in all Co,Fe,_ PS,
crystals. Cobalt 2+ ions are considered to possess a high-spin
state (t),’e,”) if they can be stabilized under octahedral sites.*’]
The intensity of the Co L; ,-edges XANES spectra of Co,Fe,  PS,
crystals gradually increases as the Co doping concentration in-
creases (Figure S2b, Supporting Information). It has been re-
ported that the high-spin state Co™* (t,,°e,?) cations in d orbital
consisting of three unpaired electrons may ease the formation
of a o bond between OH™~ adsorbate and Co atom, resulting in
an enhanced OER performance.['** However, it is found that
the pristine CoPS; shows a relatively poor electrocatalytic per-
formance than the Co, ,sFe,ssPS; although CoPS; consists of a
higher concentration of high-spin state Co?* cations. (Figure S3,
Supporting Information). The result implies that the origin
of the enhanced catalytic activity of Co,Fe, ,PS; depends not
only on the concentration of cobalt dopants but also on other
possible factors with the involvement of both Fe and Co
ions.

Recently, Gracia and co-workers have proposed the theory of
QSEI to explain the observed enhanced OER performance of
magnetic-related catalysts.[®) Because the number of unpaired
electrons is not conserved during OER, the spin potential in
magnetic-related catalysts may act as a selective gate to affect
the transport of local spin currents. The catalysts with AFM spin
coupling exhibit much poorer conductivity and OER catalytic ac-
tivity than those with FM coupling.[?®! Here, we measured the
static (dc) magnetic susceptibilities (y = M/H) and magnetiza-
tion for powder samples using a SQUID magnetometer to un-
derstand the magnetic properties of FePS, and Co, Fe,_ PS; crys-
tals. Figure 3¢ shows the temperature dependence of dc magnetic
susceptibilities for Co,Fe, ,PS; (x = 0, 0.15, 0.30, 0.45) in an
applied field of pyH = 100 Oe with a temperature range of 2—
300 K. All samples obey the Curie-Weiss law [y (1) = C/(T-0)]
at high temperature (T > 150 K), where y is magnetic suscepti-
bility, C is the Curie constant, and 0 is referred to as the Curie—
Weiss temperature. The AFM behavior is observed below the
Néel temperature (Ty) ~ 119 K for the pristine FePS; consistent
with the literature.[??] As the Co concentration increases, these
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curves exhibit an AFM to FM transition in the Co,Fe,_ PS; crys-
tals with an increased x content. Figure 3d shows the field de-
pendence magnetization for Co,Fe;_,PS; (x =0, 0.15, 0.30, 0.45)
in the field range of —500 to 500 Oe at low temperature (5 K),
which reveals that the FM interaction is getting stronger with
increasing Co concentrations. The presence of Co is responsi-
ble for the suppression of long-range AFM correlations and the
emergence of weak interatomic FM, resulting from the doping-
mediated magnetic exchange interactions. Figure S4 (Support-
ing Information) shows the field dependence magnetization of
Co, 4sFe,5sPS; measured at different temperatures, and results
indicate that stronger FM interactions are developed with de-
creasing temperatures. The AFM interaction of pristine FePS,
is predominantly resulting from strong third nearest-neighbors
(TNN) exchange interaction (J;) by forming a zig-zag pattern with
alternating chains of antialigned Fe atoms, mediated by two S
atoms located on the same chalcogen sublayer (Figure S5, Sup-
porting Information).*%) This mechanism is known as superex-
change interaction.*!! The presence of Co in FePS; could change
the lattice configurations locally and disrupt the effective long-
range hopping between two antiferromagnetically aligned TNN,
inducing spin fluctuations in the system (Figure 3e) As a re-
sult, Co doping in the Co, Fe,_ PS; crystals could induce ferro-
magnetism, which is predominated by the interactions from the
first and the second nearest Fe neighbors (J; and J,), where J,
is stronger than J, (Figure S5, Supporting Information). A simi-
lar AFM to FM transition has been observed in the recent report
on the defect-mediated NiCoPS, system, where the presence of
sulfur vacancies in the Ni Co,_,PS; may be responsible for the
suppression of long-range AFM correlation and the emergence
of weak FM interaction.®?] It is also believed that the addition of
Co atoms in the FePS; crystal by doping may also create sulfur
vacancies in the Co_Fe,  PS, crystals.?"]

Figure 4a,b exhibits the spin-related partial density of states
(pDOS) of FePS; and Co-doped FePS; calculated by density func-
tional theory (DFT) simulations. The calculation details are de-
scribed in the Supporting Information. The FePS; shows a sym-
metric spin-related pDOS with a large bandgap, where the net
spin value of FePS; is zero. On the other hand, the Co-doped
FePS, exhibits an asymmetry pDOS with a small bandgap, where
the net spin value of Co-doped FePS; is not zero. According to
QSEI the predominant interatomic AFM orbital orderings leads
to electronic localization, where the spins of neighboring mag-
netic centers mostly point in opposite directions. By contrast, the
partial orbital filling of the FM covalent bonds allows the spin
of the magnetic metals to point in the same direction. It was re-
ported that such a phenomenon still prevails in catalysts even
above the Curie temperature, where fast electronic transitions
may occur through the locally available FM spin delocalization,
even in the presence of oscillations due to vibrations and/or dis-
ordered magnetic domains.[°) Although the FM interaction of Co-
doped FePS; is only observed at low temperatures according to
the above magnetic measurement data in Figure 3d, the local un-
paired spin configuration can be observed at room temperature.
Figure S6 (Supporting Information) exhibits electron paramag-
netic resonance (EPR) spectra of the FePS; and Coy 4 Fe,ssPS;
crystals under room temperature. There is no EPR signal for
the pristine FePS;, while the presence of a significant EPR sig-
nal from Co, ,sFe,ssPS; indicates a large number of unpaired
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electrons after Co doping. Therefore, more efficient spin-selected
electron transport may occur at Co-doped FePS; as compared to
the pristine FePS; according to QSEI. Figure 4c,d depicts the cor-
responding spin-related electron transfer mechanism of FePS,
and Co-doped FePS;, respectively. The presence of spin-up and
spin-down characters in the neighboring iron cations of the pris-
tine FePS, limits the mobility of spin-related electron transfer,
resulting in poor OER performance (Figure 4c). By contrast, Co-
doped FePS, consists of the mixed valences of Fe?* and Fe3* as
shown in the above XANES data, where the Fe3* is typically con-
sidered a combination of mixed high-spin (HS) and low-spin (LS)
Fe3* ions.*] However, because LS Fe3* ions are the ones that can
provide the spin channel for electron transfer based on the QSEI
theory, we only show the LS configuration in the schematic rep-
resentation of Figure 4d. The coexistence of Fe** and Co?* facili-
tated the spin-selective electron transfer process through the sul-
fur ions. The initial electron transfer step occurs through a spin-
selective channel, resulting in the formation of an intermediate
with a fixed spin direction, for example, O~ (|). Subsequently, this
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intermediate can form the triplet state intermediate O(})O(|)H,
which leads to highly efficient OER performance (Figure 4d).
From the above result, it is known that such a doping-mediated
spin-selective electron transfer is essential for efficient OER. The
high-spin state Co** cations (t,,’e,”) can selectively remove spin-
oriented electrons from the reactants and facilitate the generation
of triplet oxygen, enhancing the OER performance.['*] Because
CoPS; has a similar crystal structure to FePS,;, its spin-related
electron transfer efficiency is low, owing to the e, state of the Co**
ions, which is not completely empty as likely Fe** ions. There-
fore, CoPS, exhibits a relatively poor electrocatalytic performance
than Co, 4sFe, 55 PS; although CoPS; consists of a higher concen-
tration of high-spin state Co?* cations. Through doping the high-
spin Co?* in FePS;, the synergistic effect of increasing the num-
ber of active sites and promoting spin-selected electron trans-
fer boosts the overall OER catalytic activities of 2D Co,Fe,_,PS,
crystals. The complete spin-related OER mechanism is de-
picted in the supporting information of Figure S7 (Supporting
Information).
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To further support the enhanced spin-selective charge transfer
of 2D Co,Fe,_,PS; catalysts by doping, we performed in situ Co
and Fe L; ,-edge XANES measurements of Coy 45 Fe, ssPS; in real-
time during OER. The in situ soft X-ray experiment was also oper-
ated under an ultrahigh vacuum with a liquid cell at the TPS45A2
of NSRRC. Figure 5a shows the schematic illustration of the in
situ XANES setup. The transition d-block metals are typically cru-
cial in electrocatalysis owing to the unoccupied d-orbitals. The
spectra of Co/Fe L; ,-edge XANES are attributed to the transitions
from Co/Fe 2p to 3d unoccupied orbitals, which can be utilized to
observe the charge transfer behavior and oxidation state between
the catalyst and reactant during the OER reaction. Figure 5b,c
displays the in situ Co/Fe L; ,-edge XANES of Co,, 4;Fe, 5sPS; un-
der open circuit potential (OCP), where no OER reaction occurs,
and at 1.8 V versus RHE, where OER reaction occurs. The Co L; ,-
edge XANES spectra in Figure 5b shows a shift in the energy of L,
absorption from 778.2 to 779.3 eV as the applied bias is changed
from OCP to 1.8 V versus RHE. The result indicates that the oxi-
dation state of Co in Co, 4 Fe, ssPS; was changed from Co?* close

Adv. Funct. Mater. 2023, 2305792

2305792 (8 of 10)

to Co** during OER, which means the intermediate species of
Co(III)OOH was attached to Co sites.* Furthermore, the corre-
sponding intensity of Co L; ,-edge XANES decreases with an ap-
plied bias 0f 1.8 V compared to that at OCP, suggesting that cobalt
atoms accept the electrons from the reactants, OH™, to fill the un-
occupied states at 3d orbitals of Co during the OER process.!'?>3]
By contrast, there is no energy shift in the Fe L;,-edge XANES
during OER, while the intensity of Fe L, absorption is slightly
enhanced as the applied bias is changed from OCP to 1.8 V versus
RHE (Figure 5c¢). The increased intensity of unoccupied states at
3d orbitals in the Fe L;,-edge XANES indicates some electrons
transfer away from Fe ions and move to the other electrode for
the counter-reaction of HER. The result indicates that Fe ions
mainly play a role in the spin-selective charge transfer, not the
oxidation process like Co ions. We also performed a similar exper-
iment for the pristine FePS;. The change in Fe L, ,-edge XANES
spectra of the pristine FePS; during OER under the same opera-
tion condition is almost negligible (Figure S8, Supporting Infor-
mation), indicating no charge transfer occurs. The above Co and
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Fe L, ,-edge spectra of Co, ,5Fe,ssPS; obtained from the in situ
XANES experiment during the OER reaction suggests the effi-
cient charge transfer process in Co, 45 Fe, 55 PS; is responsible for
the outperformed OER catalytic activity compared to the pristine
FePS,, which also supports the above-proposed mechanism of in
Figure 4c,d.

3. Conclusion

In summary, this work demonstrates the manipulation of spin-
exchange interactions to enhance the spin-selected electron
transfer efficiencies of 2D Co,Fe,_,PS; (x = 0-0.45) vdW single
crystals during OER reaction through Co doping. The presence of
Co dopants in 2D Co,Fe,_,PS, disrupts the antiferromagnetically
aligned spin interactions of FePS, and causes the emergence
of weak interatomic FM orbital ordering. Such doping-mediated
magnetic exchange interaction is found to be responsible for the
efficient spin-selected electron transfer between Co?* and Fe3*,
leading to an efficient OER catalytic performance. The result is
further evident from the SQUID magnetometer, in situ XANES
analyses, and DFT simulations. Further exploration of those cata-
lysts consisting of transition-metal elements by considering their
spin configurations and spin-catalyzed reactions is particularly
important for the future design of highly efficient OER catalysts.

Supporting Information

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