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Orbital hybridization within the d-band model has been widely recognized as an important factor affecting
the catalytic properties of materials. Separately, the spin degrees of freedom have also been gaining increasing

attention in catalytic processes on magnetic substrates. Here, using first-principles calculations based on density
functional theory, we systematically investigate the catalytic activity of ferromagnetic MX, (M =V, Cr, Mn; X
= Se, Te) in the 17 phase, focusing on water splitting. Our studies show that 1T-VSe, and 1T-VTe, are excellent
catalysts for the crucial constituent steps of hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER), respectively. The enhanced reactivities in these two systems over the other four counterparts can be
traced to the synergistic effects of magnetism and strong hybridization between the p orbitals of X and d orbitals
of V. We also propose a modified descriptor of A,,+ to characterize the HER activity, defined by the bonding
and antibonding energy splitting, and further demonstrate that the magnetic properties of the catalysts should be
explicitly accounted for in both reactions. The present findings may shed light on a microscopic understanding
of the physical mechanisms of various catalytic reactions on two-dimensional magnets.
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I. INTRODUCTION

Global warming caused by the greenhouse effect has be-
come a widespread concern of the scientific community and
society. The development of sustainable energy technologies,
including electrochemical water splitting, has become conse-
quently vitally important. The sluggish kinetics of the two
key half-reactions of water splitting, hydrogen evolution re-
action (HER) and oxygen evolution reaction (OER), can be
effectively promoted by introducing efficient catalysts [1-3].
In this field, a descriptor-based approach to predict the cat-
alytic activity of materials has been well developed, upon
which a volcanic-type curve of the catalytic performance is
usually correlated by the descriptor [4-9]. For example, the
free energy of a hydrogen adsorption (denoted as AGgy+) is
considered to be a good descriptor of the activity of HER
catalysts [4], while the free-energy difference between OH*
and O* adsorptions (AGoy* — AGo-+) [8] and other descrip-
tors such as the e,-orbital filling [7] can well describe the
activity of OER catalysts. The deeper physical foundations
of these descriptors mainly lie in the intrinsic properties of
the materials that can lead to differences in adsorption en-
ergy. For a single adsorption process on a transition metal
(TM) surface, the d-band model has been well recognized to
be instructive and powerful in describing the differences in
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adsorption energy, due to the fact that a highly localized d
orbital influences the most on the bond hybridization, charge
transfer, and adsorption [10-15]. In general, since complex
catalytic processes may consist of multiple adsorption steps,
the d-band model and Sabatier principle jointly determine
the catalytic performance of TM-based materials [9]. Under
such a physical framework, the catalytic efficiency of precious
metal catalysts was usually found to stand on the peak of
the catalytic volcanic curve, such as Pt being one of the best
catalysts for HER and IrO, being an excellent catalyst for
OER under acidic conditions [3,16].

Besides TM catalysts, some surfaces terminated with
atoms whose valence electrons occupy p orbitals have also
been reported to be catalytically reactive. Here, in analogy
to the d-band model, a p-band center has been proposed
as an effective catalytic descriptor, such as in double per-
ovskites [17-19]. In addition, attentions have been paid to
the effects of hybridization of d and p orbitals on the cat-
alytic processes [20-23]. For example, in perovskite systems,
regulating the number of oxygen vacancies can change the
degree of hybridization between the d and p orbitals, thereby
improving the catalytic activities in HER and OER [20,21]. A
physical picture that emphasizes electron exchange between
the d and p orbitals has also been proposed in describing
HER processes of defective MoS; [22]. Compared to the
localized d orbitals, the relatively delocalized p orbitals are
accompanied by weakened adsorption. Thus, the effective p-d
hybridization between the p-block elements and the d-block
TM elements with relatively high d-band center is expected to
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result in superior catalysts that can compete with noble metals
such as Pt and Pd [23]. However, to the best of our knowledge,
such a conceptual proposal has not been fully exploited, which
nevertheless is potentially instructive in high-efficiency and
low-cost catalyst design and fabrication.

So far, our discussions of the catalytic processes have been
solely focused on the electron degrees of freedom. Separately,
the spin degrees of freedom have also been gaining increasing
attention in catalytic processes on magnetic substrates. For
example, the initial sticking coefficient of a dissociative O,
molecule on the Al(111) surface is better interpreted by invok-
ing Wigners spin selection rule [24], but applied in chemical
reaction [25-27]. Although the validity of such a physical
picture emphasizing spin selection is still debatable [28],
more efforts have been focused on the spin degrees of free-
dom or magnetism in specific catalytic processes [29-39].
For instance, the spin selection rule has been shown to be
operative in single atom catalysis (SAC), revealing various
novel effects in CO oxidation reaction or other catalytic
processes [30,32,39]. More importantly, in the processes of
HER and OER, it has been established experimentally that
the catalytic effects can be enhanced by applying a magnetic
field or tuning the spin states of the catalysts, convincingly
demonstrating that consideration of the electronic degrees of
freedom of the catalysts alone is insufficient to completely
characterize the catalytic processes involved [29,31,33-38].

In this paper, we present a systematical investigation of the
catalytic efficiency and mechanism of ferromagnetic 1 T-M X,
(M =V, Cr, Mn; X = Se, Te) for water splitting reactions
using first-principles calculations. Such two-dimensional (2D)
magnetic metals discovered experimentally may serve as plat-
forms for exploration of catalytic processes [40—43], not only
because of their exceptionally high surface-reactive areas, but
also for the possibility to integrate the merits of p-electron
dominance and magnetism. We predict that 1T-VSe, and 1T-
VTe, are excellent catalysts for the crucial constituent steps of
HER and OER, respectively. The enhanced catalytic perfor-
mance in these two systems over the other four counterparts
can be traced to the synergistic effects of magnetism and
strong hybridization between the p orbitals of X and d orbitals
of V. For HER, we demonstrate that the catalytic activities
of these 1T-MD systems are dominated by the p, orbitals of
anions with p-d hybridization, and further propose a modified
descriptor of A,,+ defined by the bonding and antibonding
energy splitting to characterize the catalytic activity. Thus,
1T-VSe,; exhibits superior HER catalytic performance due to
the appropriate position of its p, orbital center and strong
p-d hybridization around the Fermi level. We further reveal
that the magnetic properties of the catalysts should be ex-
plicitly accounted for, indicating the joint effects of orbital
hybridization and spin degrees of freedom. Moreover, un-
like the HER, the strong p-d hybridization near the Fermi
level leads to strong binding with the highly electronega-
tive O atoms. But analogous to HER, the magnetic degrees
of freedom in the OER are again cooperatively involved,
specifically, in the reaction process of O* adsorption on 1T-
VTe,. The present findings on p-d-hybridization-dominated
and magnetism-enhanced catalytic activities are expected to
provide perspectives for developing high-performance cata-
lysts based on 2D magnets.

This paper is organized as follows. The methods and details
of first-principles calculations are introduced in Sec. II. The
results and discussion of the electronic and catalytic properties
are presented in Sec. III. Finally, we present a brief summary
in Sec. IV.

II. COMPUTATIONAL DETAILS

We performed first-principles calculations based on density
functional theory (DFT) implemented in the Vienna Ab ini-
tio Simulation Package (VASP) [44—46]. Projector augmented
wave (PAW) was employed with an energy cutoff set to be
600 eV [47,48]. Generalized gradient approximation in the
Perdew-Burke-Ernzerhof formalism was used to describe the
electron exchange and correlation energy [49]. To describe
the 2D magnetic system, spin-polarized calculations with van
der Waals interactions corrected by the DFT-D3 method were
employed [50]. A4 x 4 x 1 supercell with more than 15 thick
vacuum space were used to avoid coupling between periodic
structures. The total energy convergence criterion was set
to 1075 eV and the force convergence criteria for structure
optimization was set to be 0.01 eV /A. To simulate more real-
istic magnetic correlation systems, different effective on-site
Coulomb interaction parameters (Uer = 2, 3, 4 for V, Cr,
Mn, respectively) were adopted according to the previous
studies [51-53]. For a deeper understanding of the bonding
and antibonding between the catalyst and the intermediate in
these two chemical reactions, we used Lobster software for
the spin resolved crystal orbital Hamilton population (COHP)
analysis [54].

The computational hydrogen electrode (CHE) model was
employed to calculate the free energies for both the HER and
OER [4]. For the HER in an acid environment, two steps
are involved: hydrogen adsorption (Volmer reaction step) and
formation of H, molecule (Heyrovsky reaction step and Tafel
reaction step) [9]. The Gibbs free energy of hydrogen ad-
sorption (AGpy-) is usually used to characterize the catalytic
activity of a catalyst, which can be expressed by

AGy+ = AEy- + AEzpg — T AS, 1)
with the binding energy of hydrogen (AEp+) defined by
AEy: = Ep — 3En, — Eqi. €

vskip-3ptHere, AEzpg and AS represent the zero-point en-
ergy difference and the entropy difference before and after
hydrogen adsorption, respectively; Ep«, Ep,, and Eg,, are
the energies of the combined system of a H atom adsorbed
on a substrate, H, molecule in gas phase, and the substrate,
respectively; T is the temperature, which was set to 298.15 K
to simulate the reaction in room temperature. According to the
famous volcano curve with AGg-+ as the horizontal axis, ma-
terials with AGy-+ approaching 0 eV are considered to possess
the best HER catalytic activity, while the AGy+ < 0 eV and
AGg+- > 0 eV regions represent stronger and weaker binding
of H*, respectively. And the overpotential of HER (nygr) is
represented by AGpy-+/e.

For the OER in alkaline conditions, a four-step process is
given as

OH +* - OH* 4+ ¢~ 3)
OH™ +OH* - O* + ¢~ +H,0 )
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TABLE I. Lattice constants and magnetic moments of the metal atoms of monolayered 1T-MX, with the DFT-D3 method. The lattice

constants in previous studies are also shown for comparison.

Lattice constant calculated

Lattice constant in previous Magnetic moments

IT-MX, with DFT-D3 (A) studies (A) of TMs (uB)
1T—VSe, 3.42 3.35 (experiment) [55] 1.46
1T—VTe, 3.64 3.6 (experiment) [56] 1.76
1T—CrSe, 3.44 3.6 (experiment) [43] 3.14
1T—CrTe, 3.68 3.79 (experiment) [42] 3.33
1T—MnSe, 3.63 3.62 (calculation) [57] 3.96
1T—MnTe, 3.82 3.87 (calculation) [58] 4.12

OH™ + O0* — OOH* + ¢~ 5)

OH™ + OOH* — 0, + ¢~ + H,O ©)

Similarly, the Gibbs free energy for each step can be expressed
by AG = AE + AEzpg — TAS — eU. Here, e represents the
number of electrons participating in the reaction, and U
stands for the electrode potential with respect to the standard
hydrogen electrode (SHE), which was set to 1.23 V in our cal-
culations. To characterize the possibility of evolution from the
previous adsorbate to the next adsorbate, four free energies are
defined as AG; = AGopn+, AG, = AGo- — AGoy+, AG3 =
AGOOH* — AGO*,and AG4 = AGoo* — AGOOH*- The OER
activity can be evaluated by the overpotential nogr, which is
defined as

NOER = max[AGl, AGz, AG3, AG4]/€ — 1.23V. (7)

The most widely used OER volcano curve proposed by
Ngrskov takes AGop+ — AGo+ as the horizontal axis, due
to the linear relationship between the OER adsorbates [8].
Materials located around the curve peak possess the best cat-
alytic activity. On the left-hand side of the volcano curve, the
binding of oxygen is too strong, while on the right-hand side,
the binding of oxygen is too weak.

III. RESULTS AND DISCUSSION

A. Electronic properties of 1T-MX,

1T-MX, (M =V, Cr, Mn; X = Se, Te) have sandwich
structures with a space group of P3m1, wherein the d-block
M atoms are located in the sandwich home surrounded by
the p-block X atoms, forming an octahedral crystal field. The
calculated lattice constants of monolayered 1T-MX, with the
DFT-D3 method are given in Table I, consistent with the
experimental and previous theoretical studies [42,43,55-58].

To analyze the electronic properties of monolayered 1T-
MX,, we calculate the band structures and the density of
states (DOS). As shown in Fig. 1, all the six systems are of
obvious metallicity. Specifically, for 1T-VSe, and 1T-VTe,,
the d-electrons of the M atoms dominate the states near the
Fermi surface [see Figs. 1(g) and 1(h)]. For 1T-CrSe, and
1T-CrTe,, the contributions of the d orbitals move downward
and are located in the energy range [-2, 0 eV], while for
1T-MnSe, and 1T-MnTe;, the main peaks of the d-orbital-
dominated DOS (d-DOS) sink to a deeper energy window
far below the Fermi level [see Figs. 1(i)-1(1)]. Moreover, we
also compare the p-orbital-dominated DOS (p-DOS) of these

systems. As compared to the d-DOS, the p-DOS are more
extended within the range of [-5, 5 eV]. Among them, for
the case of 1T-VX,, the p orbitals of the X atoms hybridize
significantly with the d orbitals of the V atoms near the Fermi
level. For 1T-CrX;, the p-d hybridization still exists, which,
however, is only observed in a relatively low-energy range as
compared to 1T-VX,, mainly due to the lower-energy range of
the d orbitals for the former. In contrast, for 1T-MnXj, the p
orbitals of the X atoms absolutely dominate the DOS near the
Fermi level, with merely minor contributions of the d orbitals
of the Mn atoms.

The calculated magnetic moments of the M atoms of
monolayered 1T-MX, are also summarized in Table I. By
combining the DOS and magnetic moments, we can estimate
the valence states of the M elements using the Hund’s rules.
Cr and Mn exhibit valence states of +3, while the V atoms
show a valence state between +1 and +2, as also manifested
by the significant contribution of V to the DOS near the Fermi
level. Note that, these 1T-MX, systems have been experi-
mentally and theoretically reported to have the long-range
ferromagnetic ordering in or near to the monolayer limit with
Curie temperatures close to room temperature [40-43,59]. It
is worth pointing out that even though a material may not be
able to perfectly maintain long-range ferromagnetic ordering
at room temperature, it still maintains ferromagnetic proper-
ties within a local range due to the higher Curie temperature.
For possible AFM states, we also incorporate self-consistent
results in Sec. S10 of the Supplemental Material (SM) [62].
Therefore, the relevant properties of these systems in ferro-
magnetic states can be investigated in this study.

B. HER performance of 1T-M X,

Now, we investigate the HER catalytic activity of magnetic
1T-M X, with the CHE model as introduced in Sec. II. As a
starting point, we identify the preferred adsorption site of a H
atom on the surface of each 1 T-M X, to be on top of the X atom
by comparing the adsorption energies on different adsorption
sites, as detailed in Sec. S1 of the SM [62]. The HER reaction
step diagram (Fig. 2) shows that 1T-VSe, possesses the lowest
AGg+ =0.07 eV and is the best catalytic candidate for the
HER. Moreover, it is found that for a specific X anion, the ad-
sorption free energy increases with the increase of the atomic
number of the M atoms in the periodic table. Alternatively,
for a given M element, the 1T-M X, consist of the Se anions
have a superior HER activity to that with the Te anions. To
address the underlying mechanism of the differences in the
HER catalytic activity, we analyze charge transfer processes
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FIG. 1. Projected band structures of (a) 1T-VSe,, (b) 1T-VTe,, (c) 1T-CrSe,, (d) 1T-CrTe,, (e¢) 1T-MnSe,, and (f) 1T-MnTe,. The red and
blue data points represent the spectral weights contributed by the metal and chalcogen atoms, respectively. (g)—(1) The corresponding density
of states (DOS). The blue and yellow areas represent the contributions from the d orbitals of the metal atoms and the p orbitals of the chalcogen

atoms, respectively.

and changes in the projected DOS (PDOS) after H* adsorption
on 1T-MX;. The charge density differences for all the 1T-MX,
are shown in Fig. 3, which is defined by

A,O = PTMX,+adsorbates — PTMX, — Padsorbates (8)

where PTMX,+adsorbatess PTMX, and Padsorbates Tepfesent the
charge density of the adsorption system, an isolated 1T-MX,
monolayer and an incoming adsorbate, respectively. Here

H* —1T-VSe,
I——--- 1
0.6 X \ = = “1T-VTe,
. ] | ——1T-CrSe,
] \
E N l = = "1T-CrTey
m- - T T T Vo —
€] ] \ 1T-MnSe
&g 04 i W 2
5 " |7~ "1T-MnTe,
=
=
N
£ 02
= o
0.0

Reaction coordinate

FIG. 2. Calculated free-energy diagram of the HER over 1T-M X,
in acid media. 1T-VSe; exhibits superior HER activity with AGy« =
0.07 eV.

we differentiate the nearest-neighboring (NN) and distant M
atoms of the adsorption sites as shown in Fig. S2 within the
SM [62]. From Fig. 3, we see that there is an obvious charge
density change between the X and H atom as well as in the
M-X hybrid regime in each system, due to the hybridization

(a) o (b)
(&) i

@

®

FIG. 3. Charge density differences for H* adsorption on (a) 1T-
VSe,, (b) 1T-VTe,, (¢) 1T-CrSe,, (d) 1T-CrTe,, (e) 1T-MnSe,, and
(f) 1'T-MnTe,. Blue and yellow areas represent electron depletion and
electron and accumulation, respectively. The position marked by the
down arrow corresponds to the distant M site, while the up arrow
highlights the NN M atom of the adsorption site, which can refer to
Fig. S2 within the SM [62]. The circle highlights significant charge
redistribution of the p-d hybridization region.
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FIG. 4. Projected density of states (PDOS) of the NN M atoms of adsorption sites and the H* adsorbed Se atom before (upper panels) and
after (lower panels) H* adsorption on (a) 1T-VSe,, (b) 1T-CrSe,, and (c) 1T-MnSe,. The red circles highlight significant changes in PDOS of

VSe, around the Fermi level.

of the p, orbital of X and the s orbital of H in the formation
of the covalent bond and consequently weakening of the NN
M-X bonds. In particular, for VX,, there are also significant
charge redistributions on the distant metal atoms, while for the
other systems, minimal charge redistribution is observed.

We also present the PDOS of the NN M atoms of the
adsorption sites and the H* adsorbed X atoms of 1T-MSe,;
(IT-MTe,) before and after the H* adsorption in Fig. 4
(Fig. S3 within the SM [62]), which clearly show that in
IT-VX,, there are significant changes in the d orbitals. Such
a feature indicates that although the s orbitals of H hybridizes
with the p, orbitals of X, the d orbitals of V are also highly
involved in this process. In contrast, for the cases of 1T-CrX;
and 1T-MnX;, the PDOS changes of the d orbitals are not
significant, which can be rationalized by the weaker p-d hy-
bridizations compared to the 1T-VX; case. As a consequence,
upon H* adsorption, the s — p, hybridization simultaneously
results in a rearrangement of the d states. In addition, ac-
cording to the reconstruction of the distant M atoms charge
distribution shown in Fig. 3, we also observe significant PDOS
changes of the distant M atoms in 1T-VX, and minimal PDOS
changes in the other four systems, as shown in Fig. S4 in
Sec. S2 of the SM [62]. Collectively, we can draw a self-
consistent conclusion that there are significant PDOS changes
in both the NN and distant V atoms of the adsorption sites
before and after adsorption of H*, and minimal PDOS changes
in both the NN and distant Cr/Mn atoms in their respective
systems.

Moreover, one can find that, for a given d-block M or
p-block X element, the change of AGy+ caused by changing
the p-block anions is more significant than that for chang-
ing the d-block metal atoms. For instance, the HER activity

difference between 1T-VSe; (0.07 eV) and 1T-VTe; (0.44 eV)
is much more remarkable compared to that between 1T-VSe;
and 1T-CrSe; (0.16 eV) or 1T-MnSe, (0.31 eV). These find-
ings indicate that the direct s-p interaction between the s
orbital of H and the p orbitals of the surface reactive X atoms
dominates the H* adsorption, nevertheless the p-d hybridiza-
tion between the surface p-block X atoms and the sandwiched
d-block M atoms also plays a crucial role in H* adsorption
and corresponding HER processes.

To provide a more quantitative analysis of the adsorption
process of H* on 1T-MX,, we further calculate the crystal
orbital Hamilton population (COHP) between the X and H
atoms. The COHP is the overlapping integral of a Hamiltonian
matrix of two atoms in a system, with negative and positive
values reflecting the bonding and antibonding between the
atoms, respectively, and the magnitude of its absolute value
reflects the strength of the interaction. As depicted schemati-
cally in Fig. 5(a), the interaction between the X and H atoms
is similar to the H-H bonding in the formation of H,, with
a significant energy gap between the bonding and antibond-
ing peaks. Since the same bonding law exists in all the six
systems, it is possible to analyze the differences between the
systems in a unified manner based on this bonding situation.
We observe that the energy gaps between the bonding and an-
tibonding energy levels in the six systems exhibit a significant
correlation with their catalytic activities. For this reason, we
calculate the bonding energy level center E, and antibonding
energy level center E,+, as well as their spacing A+,

A(ra* = Lg*x — E(r
_ J Veowr(E)EAE [ Veonr(E)EAE
Jo Veorr(EYAE  [° Veoup(E)E
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FIG. 5. (a) Schematic diagram of an X-H interaction. The right and left areas with respect to the zero value represent the bonding and
antibonding, respectively. The E, and E,~ are the centers of bonding and antibonding states, respectively. A,,+ is the distance between E,; and
Ey«. (b) AGy~ as a function of A,,+. The R-square of the linearly fitted line is 0.98, indicating a significant correlation between the variables.
(c) Fitted linear relationships of AGy+ and Ag, _y (inred) and A, 4+ and Ag, _y (in blue).

where Vcopp is the value of COHP and the Fermi level is set to
0eV. As shown in Fig. 5(b), a nearly linear trend is established
between the calculated Ay« and AGy-, i.e., the larger Ayq+
is, the better the HER catalytic activity becomes.

To figure out the physical reason for the direct relationship
between A+ and AGpg+, a simplest molecular orbital theory
(MOT) can be invoked. As discussed surrounding Fig. S10
and Sec. S7 within the SM [62], when two isolated equivalent
energy levels form a covalent bond, the new antibonding and
bonding energy levels move symmetrically up and down in
energy, and half of the difference between these two energy
levels corresponds to the energy decrease caused by the bond
formation. When the two energy levels are not equivalent,
the larger their difference, the larger the energy gap between
the bonding and antibonding states, resulting in more energy
gain upon bonding. Similar to this picture, A,,+ is directly
related to AGy-+. In analogy to the concept of d-band center
model, here we define the center of the p,-orbital states of
each system before H* adsorption (&_center) a8

[ PDOS, (E)EJE
[ PDOS,, (E)E

(10)

Ep.center =

where PDOS,,_(E) is the DOS projected onto the p. orbital
of X, characterizing the position of the p, energy level. The
estimation of the initial energy level of the H atom (ep)
is discussed in Sec. S7 of the SM [62]. As expected, the
energy difference Ag, g = ey — €p center €xhibits approxi-
mately linear relationships with both A, and AGy-, as
shown in Fig. 5(c). This means that when the s — p bonding
dominates the H* adsorption, the different positions of the p,
center with respect to the H energy level can lead to different
intervals between the bonding and antibonding energy levels
after adsorption, which ultimately determines the HER cat-
alytic activity (see details in Sec. S7 of the SM [62]). It is

noted that, due to the lack of considering the p-d hybridization
intensity, only overall approximately linear relationships are
obtained.

To demonstrate the importance of ferromagnetism of 1T-
VSe, in HER, we further investigate the HER activity of
both the nonmagnetic (NM) 1T-VSe, and the optimized
ferromagnetic 1T-VSe, structure but with spin polarization
off (FM-off). The corresponding calculated Gibbs free ener-
gies of hydrogen adsorption are AGgy+_xm = 0.23 eV and
AGy+_pMm—off = 0.54 eV, both much larger than that of the
ferromagnetic state (AGy+—py = 0.07 eV), indicating that
the emergence of magnetism significantly enhances the HER
activity of the system. Note that magnetization cannot always
guarantee benefits for catalysis in different systems, but it
can synergistically decrease the H* adsorption energy in the
HER catalytic process of 1T-VSe,. Applying an appropriate
external magnetic field can be an alternative way to enhance
the HER activity of 1T-VSe; even if the magnetism of the
system is reduced under some conditions.

C. OER performance of 1T-MX,

Similar to the H* adsorption, the adsorbates in the OER
also prefer to stay on the on-top sites of the X atoms for
all the 1T-MX,. The OER reaction step diagram of each
system is shown in Fig. 6, and the corresponding adsorption
free energies are presented in Table S2 within the SM [62].
We find a perfect linear relationship between AGgooy* and
AGoy+ for 1T-M X, with R-square = 0.998, indicating that
the adsorption behavior of the adsorbates on 1T-MX, systems
is consistent with the framework described by Ngrskov [8].
Based on the famous volcano curve with AGog+ — AGp+ as
a descriptor [8], 1T-VTe, has the catalytic efficiency closest
to the top of the volcanic curve and is an efficient catalyst
candidate for the OER. The calculated overpotential noggr is
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FIG. 6. Calculated free-energy diagram of the OER over 1T-M X,
under alkaline condition. 1T-VTe, exhibits superior OER activity
with the overpotential noggr = 0.49 V.

0.49 V, comparable to IrO, (about 0.5 V), which is one of the
best OER catalyst under acidic conditions and commercially
applied [16].

Before further exploring the differences in the OER activity
among various systems, we would like to point out that since
the OER consists of four steps, the overall catalytic activity is
related to these four reactions. Due to the linear relationship
between the adsorption of OOH* and OH*, we only consider
the adsorption of OH* and O* in the following discussion.
From Table S2 within the SM [62], we find that, for the
same cation, 1T-M X, containing Te atoms have better OER
performance than that containing Se atoms. For the same X
atom, these systems exhibit catalytic efficiency characteristics
of IT-VX, > IT-CrX, > 1T-MnX,;. Specifically, the adsorp-
tion free energies of OH* and O* on 1T-VX, are significantly
lower than that for the other four systems. 1T-CrX, and 1T-
MnX; exhibit a similar behavior when adsorbing OH*, but the
adsorption of O* on 1T-MnX is clearly stronger.

Figure 7 shows the charge density differences of 1T-MTe,
in the OH* and O* adsorption processes, and that for the 1T-
MSe; systems are displayed in Fig. S6 within the SM [62].
In contrast to the H* adsorption, the adsorption of OH* and
O* induces the significant charge transfer from the catalytic
1T-M X, substrate to the adsorbates, due to the relatively large
electronegativity of O. However, similar to the H* adsorption
on 1T-VX;, upon OH* or O* adsorption, the charge density of
the X atom in 1T-VX, decreases, with a rearrangement of the
charge density around both the distal and NN V atoms of the
adsorption sites.

We also calculate the PDOS of the d orbitals and p or-
bitals of 1T-MTe, (1T-MSe,) systems before and after the
OH* or O* adsorption, as shown in Fig. 8 (Fig. S7 within
the SM [62]). As expected, significant hybridization between
the p orbitals of the X and O atoms are observed. Similar to
the HER, the d-DOS of the NN V atoms in 1T-VX, changes
significantly upon adsorption, while the d-DOS of the NN
metal atoms in 1T-CrX, and 1T-MnX, changes slightly, due
to their relatively deeper d-orbital levels. Moreover, similar
to the HER process, due to the strong p-d hybridization near

o L
Om b

FIG. 7. Charge-density differences diagram for adsorption of
OH* (left panels) and O* (right panels) on (a) 1T-VTe,, (b) 1T-CrTe,
and (c) 1'T-MnTe,. Blue and yellow areas represent electron depletion
and electron and accumulation, respectively. The positions of the
distant M atoms and the NN M atoms of the adsorption site are
corresponding to Fig. S2 within the SM [62].

the Fermi level, not only the reactive X atom but also all
the metal atoms in the entire layer synergistically participate
in the catalytic reactions for 1T-VX;, as manifested by the
considerable changes of the d-DOS of the distant V atoms
shown in Fig. S8 within the SM [62].

To provide more insights on the charge density variations
in the p-d hybridization regime, we calculate ICOHP (in-
tegral of the COHP) of the M-X bond before and after a
specific reaction. Here, X is the adsorbed surface X atom
and M denotes the metal atoms closest to the adsorption
site. Such calculations can, to some extent, reflect the M-X
bond strength and further characterize the strength of the p-d
hybridization. The results are shown in Table S3 within the
SM [62], containing the detailed ICOHP changes of M-X
during the OER processes. From the table, we see that the
ICOHP values for OH* and OOH™* are identical, while the
ICOHP values for O* are lower than that of OH* and OOH*.
These observations are in line with our generic understanding
that different strengths of p-d hybridization are involved in the
O* or OH*/OOH* adsorption processes, with respectively the
number of electrons given by two or one.

Furthermore, to partially reflect the importance of mag-
netism in determining the catalysis of the present 1T-M X, for
the OER, here we explore the effects of the adsorption on
the magnetic properties of the substrates by comparing their
spin-density differences and magnetic moment changes on the
magnetic atoms upon OH* and O* adsorptions, as shown in
Figs. 9 and 10, respectively. It can be distinctly found that the
spin change of each V atom in 1T-VTe, is more pronounced
than that in the other systems. Usually, the metal atoms closest
to the adsorption site (TM7, TM11, and TM12 in Figs. 10 and
shown in Fig. S9 and Sec. S6 of the SM [62]) exhibit the most
significant spin changes, but in the adsorption on VTe,, the V
atoms relatively far away from the reactive site also exhibit the
most significant spin changes (see Figs. 9 and 10, and Tables
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FIG. 8. Projected density of states (PDOS) of the NN TM atoms of the adsorption site and the radical adsorbed Te atom before (upper
panels) and after adsorption of OH* (middle panels) and O* (lower panels) on (a) 1T-VTe,, (b) 1T-CrTe, and (c) 1T-MnTe,. the red circles
highlight significant changes in PDOS of VTe, around the Fermi level.

S4-S9 within the SM [62]). Recently, 2D ferromagnetic metal OER catalyst [60]. In contrast, for 1T-CrX, and 1T-MnXj,
Fe;GeTe, has also been theoretically predicted to be a good such a synergetic effect on the OH* or O* adsorption between
the nearest neighboring M atoms to the adsorption site and

I V of VTe,
T T T T T T T T T T T T - Cr of CrTez
0.20 | - Mn of MnTe,
~ 015} .
=]
=,
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E 0.10 | .
=
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FIG. 9. Spin-density differences for adsorption of OH* (left
panels) and O* (right panels) on (a) 1T-VTe,, (b) 1T-CrTe, and FIG. 10. Absolute values of the magnetic moment changes of
(c) 1T-MnTe;,. Blue and yellow areas represent spin density decrease 1T-MTe, upon the O* adsorption. The labels of the TM atoms corre-
and spin density increase, respectively. spond to Fig. S9 within the SM [62].
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other M atoms is minor. By comparing Tables S6-S9 (see
SM [62]) and Figs. 9(b) and 9(c), it is evident that only the
three metal elements nearest to the adsorption site exhibit
significant spin changes, nevertheless the metal elements far
from the adsorption site remain basically unchanged. Note
that the significantly reduced spin synergetic behavior involv-
ing neighboring M atoms from 1T-VX,, through 1T-CrX>,
to 1T-MnX, seems highly correlated with their relative cat-
alytic activities, which indicates again that synergistic effects
of magnetism and p-d hybridization in the present systems
significantly enhance their catalytic efficiencies. In addition,
our calculations show that NM-VTe2 has poorer OER activity
(noer = 0.61 V) than the FM one (nogr = 0.49 V). To more
directly reflect the importance of magnetism on the catalytic
activity, we further examine whether the spin selection rule
works in these systems, by taking the O* adsorption on 1T-
VTe, as an example system. The total magnetic moments
of the systems before and after adsorption are compared,
showing that such a process obeys the spin selection rule. The
detailed analysis is presented in Sec. S8 of the SM [62]. In
general, the spin selection rule focuses on the single magnetic
atom and the adsorbate, whereas for 1 T-VTe,, all the magnetic
atoms should be considered due to their synergetic effect on
the O* adsorption discussed above. The spin selection rule
in the catalytic processes not only exhibits the limitation of
the spin quantum number in the spin Hilbert subspace, but
also greatly affects the charge reconstruction and transfer
processes by influencing the spin variation. The existence of
the spin selection rule also indicates different microscopic
catalytic processes in the magnetic systems from those in the
nonmagnetic systems.

IV. DISCUSSIONS AND CONCLUSIONS

Here we note that the p-d hybridization mechanism may
prove to be generic in catalytic processes, applicable to both
metallic and nonmetallic systems. Nevertheless, for the spe-
cific catalytic processes of HER and OER, the crucial step is
for the H or OH™ to respectively accept or donate an electron
upon adsorption on the catalytic surface, which can more
favorably take place on a metal system. We also recognize
that the OER involves more complex intermediate steps, but
abundant itinerant electrons of the catalyst are crucial for its
overall efficiency [3].

To demonstrate the predictive power of the descriptor
Ago+, we now expand our searching for more systems that
may have optimal HER efficiencies. These additional sys-
tems include two classes. The first class is the 1T-MX, (M
=V, Cr, Mn; X = Se, Te) doped with different M atoms
(Nb, Mo, Co, and Fe). The second is metal-N4 @ graphene
systems [61]. For the doped 1T-MD systems, we expect that

when doping leads to stronger p-d hybridization and lower
p.-band center, Ag, _y and consequently A4+ will both be
enlarged, resulting in a decrease in AGpy~, and vice versa.
In addition, in selecting a proper dopant, we ensure that no
significant structural change takes place for the parent system
and the atop adsorption of H* retains. The results are shown in
Fig. S12 within the SM [62]. We find, indeed, doping CrSe;
with Mo and doping CrTe, with V or Mo can enhance both
Ag, _p and Ag,+, the two obeying a linear scaling relation
{Fig. S12(a) within the SM [62]}. Furthermore, when the
results of AGy-~ for the doped systems are plotted together
with those of the pristine systems, the data preserve the linear
scaling between AGy- and A, .+ [Fig. S12(b)], with several
new desirable catalytic systems predicted for HER. Similar
trends are also observed for the metal-N4 @ graphene systems,
as depicted in Fig. S13 within the SM [62].

In summary, we have systematically investigated the cat-
alytic properties of 1T-MX, for water splitting reactions.
First, our comparative studies have shown that the ferro-
magnetic 1T-VSe, exhibits excellent HER catalytic activity.
Through the combination analysis of charge density differ-
ences and PDOS, the p,-band center of the X atoms has
been demonstrated to dominate the H* adsorption and the
p-d hybridization and magnetism synergistically enhance the
HER catalytic performance of 1T-MX,. We have proposed
that A,,+ can be used as a descriptor to characterize the HER
activity and elucidated the corresponding physical origin.
Next, we have shown that ferromagnetic 1T-VTe, possesses
excellent OER catalytic performance. Due to the strong elec-
tronegativity of the O atoms, the systems with strong p-d
hybridization can provide more abundant electronic states,
which mainly affects the OER catalytic activity of 1T-MX,.
In addition, the spin selection rule has been observed upon
O* adsorption on 1T-VTe,, even though the local magnetic
moment of each V atom changes significantly, indicating the
importance of the spin degrees of freedom in the catalytic
processes. Overall, this study has taken into account both
orbital and spin degrees of freedom to explore the possible
mechanisms in catalytic scenarios where the d-band model
is not applicable, offering insights into the catalysis of two-
dimensional magnetic materials.
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