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Strain-mediated oxygen evolution reaction on
magnetic two-dimensional monolayers†

Mingjie Pu, Yufeng Guo * and Wanlin Guo*

By screening 56 magnetic 2D monolayers through first-principles

calculations, it was found that 8 magnetic 2D monolayers (CoO2,

FeO2, FeSe, FeTe, VS2, VSe2, VTe2 and CrSe2) can bind O*, OH* and

OOH* intermediates of the oxygen evolution reaction (OER), in

which the overpotentials of CoO2, FeO2, VSe2, and VTe2 monolayers

are 0.684, 1.107, 0.863 and 0.837 V, respectively. After applying

suitable biaxial tensile strains, the overpotentials of CoO2, FeO2 and

VTe2 monolayers are reduced over 40%. In particular, the over-

potentials of CoO2 and VTe2 monolayers decrease to 0.372 V and

0.491 V under the biaxial tensile strains of 4.0% and 3.0%, respec-

tively, which are comparable to the reported overpotentials of

noble metal and low-dimensional materials. Tensile strains modify

the potential determining step for the OER and enhance the

catalytic activity of metal atoms of magnetic 2D monolayers.

Magnetic 2D monolayers could be activated by strain engineering

as catalysts for the OER.

Introduction

Sustainable and renewable energy-conversion and -storage
technologies, including electrocatalytic water splitting,1 fuel
cells2 and metal–air batteries,3 have been widely applied in
clean and green energy fields.4–6 The oxygen evolution reaction
(OER) plays an important role in enabling the chemical process

and efficiency in those energy-storage technologies.7,8 The multi-
step proton-coupled electron-transfer process in the OER usually
leads to a high overpotential and sluggish reaction kinetics.9

Traditional noble metal catalysts like IrO2
10 and RuO2

11,12 have
state-of-the-art chemical activity for improving the efficiency of
the OER, but noble metal elements and their compounds are rare
in the Earth, which results in high exploitation costs and limits
their widespread application. Therefore, seeking low-cost, stable
and high-efficiency catalysts is critical for the OER and the
development of green and clean energy-storage technologies.

In recent years, graphene and transition metal dichalcogenides
(TMDs) as typical two-dimensional (2D) van der Waals (vdW)
materials have exhibited excellent chemical properties,13,14 and
can be good catalysts for water splitting15–17 and the hydrogen
evolution reaction (HER).18–20 For the OER, the adsorption cap-
ability of O*, OH* and OOH* intermediates that are critical
reaction steps of the OER is different on perfect graphene21 and
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New concepts
Using two-dimensional (2D) materials as catalysts to improve the
chemical reaction activity and efficiency has attracted great scientific
interest and attention. The oxygen evolution reaction (OER) plays an
important role in sustainable and renewable energy-conversion and
-storage technologies. However, the catalytic capability of the basal
surfaces of magnetic 2D materials for the OER has seldom been
considered. Here, by screening 56 predicted magnetic 2D monolayers
through extensive first-principles calculations we show that 8 magnetic
2D monolayers (CoO2, FeO2, FeSe, FeTe, VS2, VSe2, VTe2 and CrSe2) can
bind O*, OH* and OOH* intermediates that are key reaction steps in the
OER. After applying suitable biaxial tensile strain values, the
overpotentials of the CoO2, FeO2 and VTe2 monolayers are reduced over
40%. In particular, the overpotentials of CoO2 and VTe2 monolayers
decrease to 0.372 V and 0.491 V under biaxial tensile strain values of
4.0% and 3.0%, respectively, which are comparable to the reported
overpotentials of noble metal and low-dimensional materials. Tensile
strain modifies the potential determining step of the OER and
significantly enhances the catalytic activity of the metal atoms of
magnetic 2D monolayers. Our results highlight a possible route for
utilizing strain engineering to activate magnetic 2D monolayers as
catalysts for the OER.
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TMDs.22 The relatively high adsorption energies of the intermedi-
ates give rise to higher overpotentials in the OER on the basal
planes of graphene23 and TMDs.24 Further experimental and
theoretical studies have shown that the adsorption sites and
energies of the O*, OH* and OOH* intermediates can be altered
and controlled by introducing defects or single-atom metals such
as Fe, Co, Mn or Ni on the graphene and TMDs surfaces, upon
which the OER overpotentials are decreased accordingly.25 For
example, the electrochemical overpotential of mononuclear Mn
embedded in nitrogen-doped graphene is only 0.337 V, which is
better than traditional noble metal catalysts.26 Using structural
engineering or combining active single-atom metals, 2D vdW
materials could play the role of a catalyst in enhancing the
OER.27,28 Except from non-magnetic 2D materials, magnetic 2D
materials have been successfully obtained and have also attracted
a great deal of scientific attention and interest because of their
potential spintronics and valleytronics applications.29 The hetero-
structures formed by magnetic 2D materials show good catalytic
activity for the OER.30–32 Different from experimental synthesis
and exfoliation for achieving magnetic 2D materials,33,34 a recent
theoretical study based on high-throughput computation pre-
dicted 56 possible magnetic 2D materials that are held by weak
vdW interactions in their bulk states.35 Magnetic 2D materials
possess a flat atomic structure and a high surface-to-volume ratio,
making an ideal platform for catalytic reactions.36 On the other
hand, mechanical deformation and loading have been proved to
be an effective way to change and improve the chemical properties
of 2D materials, which can also render 2D materials with novel
physical effects.37 However, the OER on the basal surfaces of
magnetic 2D materials and the influence of mechanical deforma-
tion on the catalytic activity of magnetic 2D materials have seldom
been investigated.

In this study, 56 magnetic 2D monolayers that were theore-
tically predicted are considered as possible OER catalysts via
first-principles calculations. Our calculation results show that
O*, OH* and OOH* intermediates can only adsorb on the basal
surfaces of 8 magnetic 2D monolayers, in which the over-
potentials of the CoO2, FeO2, VSe2, and VTe2 monolayers for
the OER are 0.684, 1.107, 0.863 and 0.837 V, respectively. When
the biaxial tensile strain of 4.0%, 6.0%, 5.0% and 3.0% is
applied on the CoO2, FeO2, VSe2 and VTe2 monolayers, their
overpotentials decrease to the lowest values of 0.372, 0.600,
0.796 and 0.491 V, respectively. For the CoO2 monolayer, the
overpotential of 0.372 V is comparable to that of the noble
metal catalyst RuO2. The biaxial tensile strain changes the
potential determining step (PDS) of the OER, strengthens the
adsorption of intermediates on the 2D monolayers and reduces
the energy barriers of intermediate transition. Strain engineer-
ing can enhance the chemical activity of magnetic 2D mono-
layers, which makes them suitable as catalysts in the OER.

Model and method

According to theoretical prediction and experimental results,35,38,39

56 magnetic 2D monolayers were considered (see Table S1 in the ESI†)

and constructed in rectangular unit cells, the lengths of which
in the x and y directions are both larger than 15 Å. In Fig. 1, the
atomic structures of three 2D monolayers are given. The
periodic boundary conditions were applied in the x and y
directions and the vacuum regions were set as 20 Å in the z
direction. The O*, OH* and OOH* intermediates that are
involved in the OER adsorb on the center of basal surfaces.
All spin-polarized calculations were performed within the fra-
mework of density functional theory (DFT) as implemented in
the Vienna ab initio simulation package (VASP) using the
projector augmented wave method with the generalized gradi-
ent approximation (GGA) in the Perdew–Burke–Ernzerhof (PBE)
exchange–correlation functional.40–42 The influence of van der
Waals interactions was considered using DFT-D3 correction,
which was developed by Grimme et al.43 The plane wave energy
cutoff was set to 500 eV and the special G-centered k points
sampled on a 3 � 3 � 1 mesh were employed after the
convergence test. Biaxial tensile strain was applied by gradually
increasing the unit cell lengths in the x and y directions. Then
those systems were relaxed using a conjugate-gradient algo-
rithm until the force on each atom was less than 0.01 eV Å�1.

In the electrochemical reaction, the overall OER can be
written as:44

2H2O(l) - O2(g) + 4H+ + 4e� (1)

The overall reaction involves four elementary reaction steps,
and each step involves the transfer of one electron. The specific
expressions are as follows:44

H2O(l) + * - OH* + H+ + e� (2a)

OH* - O* + H+ + e� (2b)

O* + H2O(l) - OOH* + H+ + e� (2c)

OOH* - * + O2(g) + H+ + e� (2d)

where * represents an active site on the basal surface of the
magnetic 2D monolayers. H2O(l) and O2(g) are a liquid-phase
water molecule and a gas-phase oxygen molecule, respectively,
and O*, OH* and OOH* are the three different adsorbed
intermediates in the OER. H+ and e� are a proton and electron,
respectively.

Fig. 1 Top (upper) and side (lower) views of the atomic configurations of
three magnetic 2D monolayers: (a) CoO2, (b) FeO2, and (c) VTe2.
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The binding energies of different adsorbed intermediates
are calculated using the following equations:45

DEOH� ¼ EslabþOH� � Eslab � EH2O �
1

2
EH2

� �
(3a)

DEO� ¼ EslabþO� � Eslab � EH2O � EH2

� �
(3b)

DEOOH� ¼ EslabþOOH� � Eslab � 2EH2O �
3

2
EH2

� �

where DEOH� , DEO� and DEOOH� are the binding energies of the
OH*, O* and OOH* intermediates, respectively. Eslab is the
ground-state energy of the magnetic 2D monolayer. EslabþOH� ,
EslabþO� and EslabþOOH� are the total energies of the magnetic 2D
monolayer binding with the OH*, O* and OOH* intermediates,
respectively. EH2O and EH2

are the energies of H2O and H2

molecules in the liquid and gas phase, respectively.
At zero electrode potential and pH = 0, the Gibbs free energy

of the adsorbed intermediates is obtained using the following
equation:45

Gads = DEads + DEZPE � TDS (4)

where DEads is the binding energy, DEZPE is the difference in
zero point vibrational energy, T is the thermodynamic tempera-
ture (298.15 K), and DS is the change in entropy of the
intermediates adsorbed on the magnetic 2D monolayer at one
standard atmospheric pressure (101.325 kPa).

For each elementary reaction step, the Gibbs free energy
difference DGi(i = 1, 2, 3, 4) is given by these equations:45,46

DG1 ¼ GOH� (5a)

DG2 ¼ GO� � GOH� (5b)

DG3 ¼ GOOH� � GO� (5c)

DG4 ¼ 4:92� GOOH� (5d)

where the value of 4.92 eV is the total change in the Gibbs free
energy for the overall reaction 2H2O - O2 + 2H2 at 298.15 K.
After that, the theoretical overpotential Z for the OER is
obtained using:45

DGmax
i = max[DG1,DG2,DG3,DG4] (6)

Z = DGmax
i /e � 1.23 (7)

In the OER, the PDS is an important reaction step that
dominates the overall catalytic performance of catalysts,47

which can be obtained from DGmax
i .

Results and discussion

The OER includes four elementary steps in which oxygen-
containing intermediates (O*, OH* and OOH*) adsorb on the
surfaces of magnetic 2D monolayers. After screening the 56
magnetic 2D monolayers via first-principles calculations, eight
magnetic 2D monolayers on which all the intermediates can
adsorb were selected, and they are CoO2, FeO2, FeSe, FeTe, VS2,

VSe2, VTe2 and CrSe2. The Gibbs free energy differences DGi

and overpotentials Z of the eight monolayers for the OER were
calculated according to eqn (5)–(7). For the 8 magnetic 2D
monolayers, monolayer CoO2 possesses the lowest overpoten-
tial of 0.684 V, see Table S2 in the ESI.† An ideal catalyst for the
OER is one in which all Gibbs free energy differences between
two adjacent elementary reactions are 0 eV at 1.23 V external
potential, and a lower overpotential means a better catalytic
capability. In order to improve the catalytic properties for the
OER, in-plane biaxial tensile strain was applied on the eight
magnetic 2D monolayers. Our results show that the overpoten-
tial of monolayer CoO2 decreases from 0.684 V to the lowest
value of 0.372 V when a 4.0% biaxial tensile strain exy was
applied, which is close to that of RuO2.44 Meanwhile, the
overpotentials of monolayer FeO2, VSe2 and VTe2 decrease to
the lowest values of 0.600, 0.796 and 0.491 V when 6.0%, 5.0%
and 3.0% biaxial tensile strain exy is applied, respectively. For
the other four magnetic monolayers, their overpotentials are all
larger than 1 V, even in the presence of tensile strain, see
Table S2 (ESI†). Reduction of the overpotential demonstrates
the validity of tensile strain in enhancing the catalytic perfor-
mance of magnetic 2D materials for the OER. Moreover, Table 1
shows a comparison of the overpotentials of magnetic 2D
materials for the OER with other low-dimensional materials.
The overpotentials of 0.372 V for the strained CoO2 monolayer
and 0.491 V for the strained VTe2 monolayer are comparable to
the theoretically predicted overpotentials of non-magnetic
nanomaterials and nanostructures. This means that magnetic
2D CoO2 and VTe2 combined with strain engineering can be
used as catalysts for the OER on their basal planes.

Fig. 2(a) shows the Gibbs free energy diagram of the
adsorbed intermediates on monolayer CoO2 for the OER. The
PDS of the OER on monolayer CoO2 without strain is the first
step DG1 (H2O - *OH) with a value of 1.914 eV, but the PDS
changes to the second step DG2 (*OH - *O) and decreases to
1.602 eV under a biaxial tensile strain of 4.0%, as shown in
Fig. 2(a). By contrast, it can be seen from Fig. 2(b) that the PDSs
of monolayer FeO2, VSe2 and VTe2 under biaxial tensile strain
values of 6.0%, 5.0% and 3.0%, respectively, are all the third
step DG3 (*O - *OOH). To further elucidate the effect of tensile
deformation on the PDS, the variation in the Gibbs free energy
difference (DGi) of the four magnetic 2D monolayers with
biaxial tensile strain are shown in Fig. 3. Excluding 4.0% biaxial

Table 1 Theoretical predicted overpotentials for the OER using low-
dimensional materials as catalysts

Material Overpotential (V) Ref.

2D-CoO2 (4.0% exy) 0.372 This work
2D-VTe2 (3.0% exy) 0.491 This work
Fe–MoS2 nanosheets 0.328 28
Mn-NG 0.337 26
RuO2 (110) 0.370 44
Zn@MoSi2N4 0.380 48
Armchair N-doped graphene 0.405 49
Ni-NHGF 0.420 25
Pd-GeC 0.440 50
Pt-MoS2 edge 0.460 51
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strain, the PDSs of the OER on monolayer CoO2 are all the first
step DG1 in the absence or presence of biaxial tensile strain. For
monolayer FeO2, the PDSs of the OER are the first step DG1

before the biaxial strain is lower than 3% but become the third
step DG3 under larger biaxial strain values. The PDSs of the OER
on monolayer VSe2 and VTe2 are the third step DG3 without any
strain or in the presence of biaxial tensile strain but become the
fourth step DG4 (*OOH - O2) when the strain is larger than 6%
and 5%, respectively. The tensile strain imposes a significant
modification and change on the PDSs of the OER, which could
be used accordingly to decrease the overpotentials of the
magnetic 2D monolayers.

Moreover, the relationship between biaxial tensile strain and
the binding energies of the intermediates on monolayer CoO2

is shown in Fig. 4(a). The variation in the binding energies is
non-monotonic with biaxial tensile strain exy. Under 4.0%
biaxial tensile strain, the binding energies of all the intermedi-
ates decrease to their lowest, indicating the strongest binding
between the intermediates and the CoO2 surface. On the other
hand, it can be seen from Fig. 4(b) that the binding energies
DEO� and DEOOH� obtained under different biaxial tensile strain
are approximately linear functions of DEOH� . The scaling relation
between DEO� or DEOOH� with DEOH� is fitted as DEO� ¼ 0:70462�
DEOH� þ 2:26156 or DEOOH� ¼ 0:59148� DEOH� þ 3:5054. Further-
more, the variation in the Gibbs free energies of the adsorbed
intermediates under different biaxial tensile strain values
shown in Fig. 4(c) is similar to that of the binding energies.
There still exists approximately linear scaling relations between
GO� or GOOH� with GOH� : GO� ¼ 0:69712� GOH� þ 2:0999 and
GOOH� ¼ 0:53982� GOH� þ 3:79849, see Fig. 4(d). As a result,
DEOH� and GOH� can be used to predict the binding energies
and Gibbs free energies of the *O and *OOH intermediates on
the CoO2 surface. For the FeO2, VSe2 and VTe2 monolayers, their
Gibbs free energies GO� and GOOH� under different biaxial tensile
strain also exhibit approximately linear relations with GOH� , see
Fig. S1 and S2 (ESI†). These linear scaling relations between
DEO� or DEOOH� with DEOH� and between GO� or GOOH� with
GOH� are consistent with previous studies.44,45,48,49,51

The metal atoms of 2D materials play a key catalytic role in
the OER and HER.50,51 To reveal the mechanism of tensile
strain that modifies the catalytic properties of the metal atoms,
Fig. 5 shows the density of states (DOS) of the metal atoms
(Co, Fe and V) of the CoO2, FeO2, VSe2 and VTe2 monolayers
without strain and under the biaxial tensile strain that leads to

Fig. 2 Gibbs free energy diagrams of the adsorbed intermediates for the
OER on (a) monolayer CoO2 without strain and under 4.0% biaxial tensile
strain, and (b) monolayer FeO2, VSe2 or VTe2 under 6.0%, 5.0% and 3.0%
biaxial tensile strain, respectively. The inset in (a) shows the reaction steps
in which the O*, OH* and OOH* intermediates adsorb on monolayer
CoO2, where the red, gray and white spheres denoted O, Co and H atoms,
respectively.

Fig. 3 Gibbs free energy differences (DGi) in the elementary reaction
steps for (a) CoO2, (b) FeO2, (c) VSe2 and (d) VTe2 monolayers under
different biaxial tensile strains. The PDSs are circled by dash lines and the
optimal strains for the lowest overpotentials are marked by arrows.

Fig. 4 (a) Binding energies of the three intermediates on the CoO2

monolayer under different biaxial tensile strain, and (b) the scaling relation
between DEOH� and DEO� or DEOOH� . (c) Adsorption Gibbs free energies of
the three intermediates on CoO2 under different biaxial tensile strain, and
(d) the scaling relations between GOH� and GO� or GOOH� . The solid lines in
(b) and (d) are fitting lines.
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the lowest overpotential. It is shown from Fig. 5(a) and (b) that
the DOS around the Fermi level of both spin-up and spin-down
for the Co and Fe atoms is increased by the biaxial tensile
strain, but the increasing magnitude of spin-down for the Fe
atom is much higher than that of its spin-up counterpart. For
the VSe2 and VTe2 monolayers, the DOS around the Fermi level
of only spin-up for the V atoms is increased by the biaxial
tensile strain, as shown in Fig. 5(c) and (d). Moreover, the d-
band centers ed of the metal atoms of the four magnetic

monolayers were calculated using ed ¼
Ð1
�1nd eð ÞedeÐ1
�1nd eð Þde

; where

nd(e) is the density of states projected onto the d-states and e
is the energy.52,53 The closer the d-band center is to the Fermi
level, the stronger the binding with the intermediates and the
better chemical activity of the metal atom.54 For the CoO2 and
FeO2 monolayers, biaxial tensile strain makes the d-band
centers for spin-down of the metal atoms closer to the Fermi
level, where the d-band center of the Co atom moves from
�1.05 to �0.88 eV, and that for the Fe atom moves from �0.76
to �0.42 eV. By contrast, the d-band centers for spin-up of the V
atoms for VSe2 and VTe2 monolayers are closer to the Fermi
level when under biaxial tensile strain, where the d-band center
of the V atom of VSe2 moves from �0.33 to �0.26 eV, and that
of VTe2 moves from �0.37 to �0.32 eV. The tensile strain
imposes a stronger improvement on the spin-down d-band
centers of Co and Fe atoms, and on the spin-up d-band centers
of V atoms. Furthermore, the spin-down charge densities rspin-

down around the Fermi level of the CoO2 and FeO2 monolayers
and the spin-up charge densities rspin-up around the Fermi level
of the VSe2 and VTe2 monolayers are shown in Fig. 6. Clearly,
more charges move to the metal atoms in the presence of
biaxial tensile strain, which indicates the chemical activity

enhancement of metal atoms and also coincides with the
movement of the d-band centers to the Fermi level.

Different from the metal atoms, the changes in the DOS around
the Fermi level of non-metal atoms (O, Se and Te) of the CoO2,
FeO2, VSe2 and VTe2 monolayers are relatively slight under tensile
strain, as shown in Fig. S3 (ESI†). We compared the influence of
uniaxial tensile strain (in the x or y direction) on the overpotential
with that of biaxial tensile strain. It can be seen from the over-
potentials of the CoO2 or VTe2 monolayers in Fig. S4 (ESI†) that the
lowest overpotentials occur under biaxial tensile strain. Further-
more, the overpotentials of four of the 2D magnetic monolayers
(CoO2, FeO2, VSe2 and VTe2) were calculated using the PBE+U
method.55 As shown in Fig. S5 (ESI†), the difference in the
obtained overpotentials between the PBE and PBE+U methods is
slight. For comparison with the 2D magnetic monolayers, three 2D
non-magnetic monolayers NiO2, MoTe2 and MoSe2 were consid-
ered as catalysts for the OER using the same DFT calculation
procedure. It can be seen from Fig. S6–S8 (ESI†) that the non-
magnetic NiO2, MoSe2 and MoTe2 monolayers are unable to bind
the OOH* intermediate, and biaxial tensile strain imposes a slight
influence on the DOS around the Fermi level and the Gads. Clearly,
the strain-induced improvement in catalytic capability of the
magnetic 2D monolayers for the OER is much stronger than that
for the non-magnetic 2D monolayers.

In experiments, utilizing interfacial lattice mismatch,56,57 elas-
tic modulus mismatch58,59 and thermal expansion mismatch60–62

Fig. 5 DOS (in units of a.u.) of spin-up (top) and spin-down (bottom) for
the metal atoms (Co, Fe and V) of (a) CoO2, (b) FeO2, (c) VSe2 and (d) VTe2

monolayers without strain and under the biaxial tensile strain that leads to
the lowest overpotential. Here, the red and black dashed lines denote the
d-band centers of spin-up and spin-down for the metal atoms, and the
Fermi level is set to zero.

Fig. 6 2D projections of the charge densities (in units of e�Å�3) of (a and b)
spin-down for monolayer CoO2 in the energy range from �0.15 to 0.15 eV,
(b and c) spin-down for monolayer FeO2 in the energy range from �0.30
to 0.30 eV, (e and f) spin-up for monolayer VSe2 in the energy range from
�0.30 to 0.30 eV, and (g and h) spin-up for monolayer VTe2 in the energy
range from �0.20 to 0.20 eV in the absence and presence of biaxial tensile
strain.
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between the 2D materials and the substrates, as well as bending of
the underlying substrates, are feasible ways to apply strain to 2D
materials.63,64 Using thermal expansion mismatch between 2D
materials and substrates of high Young’s modulus can generate
homogenous biaxial strain on 2D materials.60–62 In our work, the
DFT results on the catalytic activity of magnetic 2D monolayers are
all obtained from the homogenous tensile deformation of 2D
monolayers. Therefore, in a practical situation it is better to apply
homogenous strain on magnetic 2D monolayers for improving
their catalytic activity for the OER.

Conclusions

In summary, our extensive first-principles calculations show
that 8 magnetic 2D monolayers (CoO2, FeO2, FeSe, FeTe, VS2,
VSe2, VTe2 and CrSe2) screened from 56 predicted magnetic 2D
monolayers can bind O*, OH* and OOH* intermediates that are
involved in the OER. The overpotentials of the CoO2, FeO2, VSe2

and Vte2 monolayers for the OER can be reduced to lower than
1.0 V by applying a suitable biaxial tensile strain. In particular,
the overpotentials of the CoO2 and VTe2 monolayers decrease to
0.372 V and 0.491 V under biaxial tensile strain values of 4.0%
and 3.0%, respectively, which are comparable to the reported
overpotentials of low-dimensional materials. The reduction of
overpotentials is attributed to the tensile-strain-induced mod-
ification of the PDSs and adsorption strengthening of the
intermediates. Tensile strain could improve the catalytic activ-
ity of metal atoms of magnetic 2D monolayers by increasing the
charge distribution around the metal atoms and moving the
d-band centers of metal atoms closer to the Fermi level. These
results provide a possible route for utilizing strain engineering
to activate magnetic 2D monolayers as catalysts for the OER.
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