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The precise control of spin states in transition metal (TM)-based
single-atom catalysts (SACs) is crucial for advancing the functionality of
electrocatalysts, yet it presents significant scientific challenges. Using density
functional theory (DFT) calculations, we propose a novel mechanism to precisely
modulate the spin state of the surface-adsorbed Fe atom on the MoS, bilayer. This
is achieved by strategically intercalating a TM atom into the interlayer space of the
MoS, bilayer. Our results show that these strategically intercalated TM atoms can
induce a substantial interfacial charge polarization, thereby effectively controlling
the charge transfer and spin polarization on the surface Fe site. In particular, by
varying the identity of the intercalated TM atoms and their vacancy filling site, a
continuous modulation of the spin states of the surface Fe site from low to
medium to high can be achieved, which can be accurately described using
descriptors composed of readily accessible intrinsic properties of materials. Using the electrochemical dinitrogen reduction reaction
(eNRR) as a prototypical reaction, we discovered a universal volcano-like relation between the tuned spin and the catalytic activity of
Fe-based SACs. This finding contrasts with the linear scaling relationships commonly seen in traditional studies and offers a robust
new approach to modulating the activity of SACs through interfacial engineering.
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Single-atom catalysts (SACs) are gaining prominence in the p lane‘of MoS, by utilizing a single-atom p romot-er (SAP) "Thls
field of electrocatalysis, chiefly due to their exceptional atomic tec}.lnlque. has shown remarkable performance in numerlce.llly
utilization efficiency and distinctly defined active centers.'® tumng.spm mOoments across a broad sp ectrum, demﬁnstratlpg
This emerging class of catalysts, especially those involving potential applications in various ctatalytlc processes.' Despite
transition metal (TM) atoms, has been recognized for its all of these a.dvances, ther.e remains a neec} for an inherently
potential to revolutionize catalytic processes. One critical more convenient and contmuousl}f modu_latmg strategy. Such 2
aspect underpinning the catalytic performance of SACs is the strategy would enable a more precise design and modulation of
spin state of these active TM centers.””"® This spin state, the spin state at the active sites. . i

intrinsically linked to the catalytic behavior, offers a vital . Recent advancemgr?ts have seen .the 1nterca¥at10n of atoms
parameter in the rational design and optimization of the into layered transition metal dichalcogenides (TMDs),

catalysts. As such, the importance of effectively modulating the h.erailf;hngt 2 Itle“;, il:ass of coval;n';lytbor?ded Tatega_l; ?}tlh
spin state at the TM atom site is paramount. However, this SIGNICAnt potential in eNergy and eectronics Sectors. €

. L . incorporation of metal atoms not only enhances the electronic
task presents significant challenges, making it a focal point of ] ) . ) 3
current research and development in the field and magnetic properties of these materials due to an interfacial

2326 . . .
Substantial efforts have been dedicated to the modulation of effect, but also markedly improves their electrocatalytic

spin states at the active sites by employing a variety of

techniques. These include chemical doping,'”'* coordination January 9, 2024
environment modulation,">' edge and defect engineering,'” March 14, 2024
adsorption of neighboring metal atom,'®'” and the application March 14, 2024

of external magnetic field."”*”*" However, these conventional March 22, 2024

approaches have offered only limited flexibility in tuning the
spin states. A recent progress has been made to modulate the
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Figure 1. (a) Left: schematic illustration of adding a TM atom into the interlayer space of the MoS, bilayer in the Fe @ bilayer MoS, system.
Yellow, purple, gold, and blue spheres represent S, Mo, Fe, and TM atoms, respectively. Right: illustration of the octahedral (defined as O),
tetrahedral (T), and trigonal-prismatic (Tr) vacancy sites, and these filling sites with the TM atom pointing to the Mo (O, Tyo, and Tryy,
respectively). Bottom: illustration of the 3d and 4d TM atoms that are used to fill the interlayer space of the bilayer MoS,. (b) Heatmap plot of the
formation energies (E;) of the intercalated metal atoms for all TM atoms and filling patterns.

performance.””** More importantly, the metal atoms confined

in bilayer TMDs possess high stability because of the
chainmail-like protective structure, stabilizing the interstitial
atoms even under extreme experimental environments.””*°
Therefore, one may anticipate that intercalating TM atoms
into the inherent interlayer spaces of layered two-dimensional
(2D) materials, forming an intercalation single-atom structure,
is poised to significantly modulate the electronic structures of
the surface-adsorbed metal sites, thereby tuning the catalytic
efficiency using the surface-adsorbed metal sites as the active
centers.

The electrocatalytic dinitrogen reduction reaction (eNRR)
to NH; under ambient conditions, powered by renewable
energy sources, is emerging as a viable alternative to the
energy- and carbon-intensive Haber—Bosch process.”"*
However, the eNRR faces challenges due to the strong N=
N bond and slow reaction kinetics, necessitating high-
performance catalysts capable of activating and efficiently
converting N, into NH; under mild conditions.”™*” Among
the various TM-based SACs explored for NRR, Fe has
garnered extensive attention due to its critical role in the
FeMo-cofactor of nitrogenases for N, binding and its earth
abundance.'>***” More importantly, Fe sites could exhibit a
diverse range of spin configurations, including low,***!
medium,** and high spin states,'>*? leading to a substantial
effect on its catalytic behavior. However, the development of
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an effective strategy for precisely tuning the spin state of Fe,
along with a comprehensive understanding of the correspond-
ing modulation mechanism, remains a challenge that has yet to
be fully addressed.

Herein, utilizing high-throughput DFT calculations, we first
demonstrated a significant modulation of electronic spin
moments of surface Fe atoms by intercalating a single TM
atom into the interlayer space of the MoS, bilayer. Our
investigation, encompassing 20 different 3d and 4d TM atoms
across seven distinct intercalation patterns, revealed that a TM
atom intercalated into the MoS, bilayers can initiate a long-
range charge polarization. This polarization facilitates charge
transfer from the TM atom to the Fe atom through the
semiconducting sulfur—molybdenum—sulfur (S—Mo—S)
layers. As a result, this charge transfer between Fe and
intercalated TM atoms alters the spin-polarized d-electronic
states of the Fe atom, thus enabling the tuning of its spin
moments over a wide range of values. Furthermore, based on
the intrinsic atomic properties, we identified an effective data-
driven descriptor to accurately predict the electronic spin.
Taking the eNRR as a model reaction, we constructed a
universal volcano-like relation between the tunable spin
moments of Fe and the corresponding catalytic activity,
which distinctly differs from the linear scaling relation
identified in previous studies.”'>*"*> Notably, we also
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showcased that the Fe atom with medium spin states can
largely boost the N,-to-NH; conversion.

All calculations were performed using the projector augmented wave
method (PAW)*® as implemented in the Vienna ab initio simulation
package (VASP)."” The generalized gradient approximation in the
form of Perdew—Burke—Ernzerhof (PBE)*® was used to describe the
exchange-correction potential. A cutoff energy of 450 eV for the
plane-wave basis was adopted. Spin polarization for all of the
calculations was used. The DFT-D2 method by Grimme® was
employed so that the effect of long-range van der Waals (vdW)
interactions was considered. During geometry optimization, the
atomic structures were fully released. The converging tolerance for
forces on all atoms is less than 0.02 eV/A, and the energy convergence
criterion was set to 1 X 107> eV. A z-direction vacuum space of at
least 16 A was used for avoiding interactions between periodic images.
A 3 X 3 X 1 grid centered at the I' point was used to sample the
Brillouin zone for geometry relaxation. Atomic charges were analyzed
based on Bader’s charge population.’”*! Atomic spin moments were
obtained by using the state-of-the-art density-derived electrostatic and
chemical (DDEC06) atomic population analysis method.””*® To
evaluate the thermal stability of the intercalated TM atoms on the
interlayer space of the MoS, bilayer, ab initio molecular dynamics
(AIMD) simulations were performed in the canonical ensemble
(NVT) with a time step of 1 fs. Two distinct temperatures, 600 and
900 K, were considered to evaluate the thermal stability under high
temperature.

To mimic the intercalation of TM atom into the interlayer of a bilayer
TMD, supercell (4 X 4 X 1) models of the 2H-MoS, phase were used.
Test calculations showed that increasing the supercell size has a
negligible effect on the spin moments of Fe (see Table S1 in the
Supporting Information). In the bilayer structure of TMDs, the
interlayer space typically comprises vacancies of various geometries,
including octahedral, tetrahedral, or trigonal-prismatic vacancies,™
depending on the interlayer stacking pattern between two TMD
monolayer. Consequently, in our study, we focused primarily on these
three types of vacancies for filling the TM atoms. For the octahedral
and trigonal-prismatic vacancies, the intercalated TM atoms are
coordinated with six S atoms, while for the tetrahedral one, the TM
atoms have four coordinated S atoms. For each vacancy site, the
occupied TM atoms contain two filling configurations: one where the
TM atom points to the hexagon center of six neighboring S—Mo
bonds, defined as O, T, and Tr patterns for octahedral, tetrahedral,
and trigonal-prismatic vacancies, respectively; the other one where the
TM atom points to the Mo atom in the Mo layer of MoS,, namely
Osnior Thvier and Tryy, patterns for the corresponding vacancy sites.
Additionally, a third filling structure of the O pattern was considered,
where near the Fe side, the TM atom points to the Mo atom, while
for the opposite side, the TM atom points to the hexagon center
(named O,y,). Accordingly, seven filling configurations (or
patterns)—O, Ojpo Oomior T) Trior T, and T,y ,—were constructed
for each intercalated TM atom. The surface-adsorbed single Fe atom,
placed on top of the Mo atom and connected with three neighboring
S atoms, was primarily constructed to simulate the SAC. Figure la
presents the schematic illustration for intercalating a TM atom into
the interlayer space of the MoS, bilayer with a surface Fe atom and
the corresponding six vacancy filling configurations.

To elucidate the impact of intercalated metal atoms on the
electronic structures at the Fe sites, we explored a comprehensive set
of 3d and 4d transition metal atoms, including the TM elements of
period 4 (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) and period § (Y,
Zr, Nb, Mo, T¢, Ry, Rh, Pd, Ad, and Cd). Combining the 20 TM
atoms and seven types of occupied vacancy sites (O, O,y 0 O 1oy T,
Ty Tr, and Tryy,, ), there are 140 sampling data points (see Figures
S1—S8 for detail of structures). The details of the calculations on the
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free energy and catalytic activity for eNRR are elaborated in the
Supporting Information.

To further verify the generalizability of the tuned electronic
structures of Fe, we performed additional Heyd—Scuseria—Ernzerhof
screened hybrid density functional (HSE06°>°®) and GGA+U (with
U of 4 eV and on-site exchange constant J of 1 eV>"*®) calculations
on selected systems (see details in Table S2—S4 and Figure S9—S11).
The Poisson—Boltmann implicit solvation model*” as implemented in
VASPsol was used, when considering a solvent environment, with the
dielectric constant & of water as 80.

Following previous models,”® when the effect of concentration of
intercalated TM atom (o) is considered, the 2a X </3 a periodic lattice
of 2H-MoS, was used to simulate 6 = 25%, 50%, and 75%, whereas
for o = 33.3% and 66.7%, the \/3 X /3 a superlattice of MoS, was
adopted. The parameter o is defined as the percentage of the initial
total vacancy sites occupied by the intercalated TM atoms.

To accurately predict the electronic spin moments of Fe and establish
a quantitative structure—property relationship based on a small data
set, we applied an interpretable machine learning method, namely, the
compressed sensing and symbolic regression, sure independence
screening and sparsifying operator (SISSO),” to suggest effective
descriptors and unveil the mathematical correlations between input
features and target properties (see the Supporting Information for
more details).

Our calculations for the relative total energies of MoS,
structures with intercalated TM atoms across different
configurations—O,y,, Oy T, Ty Tr, and Tryy,—in
comparison to the structure with O pattern (see Figure
S12), reveal a notable trend. Generally, for all considered 3d
and 4d TM atoms, excluding Co, Ni, Cu, and Rbh,
configurations with the octahedral vacancy site demonstrate
more stability than those with the tetrahedral and trigonal-
prismatic structures. Furthermore, compared to the pure O
site, a majority of the TM atoms exhibit a preference for the
O,no OF Ojyy, sites, where the TM atom points to the Mo
atom. Among the 7 evaluated filling patterns, the trigonal-
prismatic configuration exhibits the lowest stability.

To evaluate the thermodynamic stability of the intercalated
metal atoms, we calculated the formation energy of TM atoms
sandwiched between the MoS, bilayer by E; = E(TM-2MoS,)
— 2E(MoS,) — E(TM), where E(TM-2MoS,), E(MoS,), and
E(TM) are the total energies of the MoS, bilayer with the filled
TM atom, pristine MoS, monolayer, and metal atom in its
most stable bulk structure, respectively. According to this
definition, a negative formation energy (E; < 0) indicates that
the intercalated TM atom is thermodynamically more stable
than in its bulk phase. Our calculations, as illustrated in Figure
1b, show that most TM atoms considered (excluding Zn, Mo,
Tc, and Cd) can be atomically dispersed within the interlayer
space of the MoS, bilayer, where the metal atom can adopt at
least one filling pattern that is favorable, as indicated by the
negative E; value. These single TM atoms, specifically Sc, Tij,
Fe, Ni, Cu, Y, Zr, Nb, Rh, and Pd, demonstrate notably high
stability with E¢ values lower than —0.6 eV in their most
favorable filling configurations. In addition, AIMD simulations
have confirmed that TM atoms with 6-fold S coordination are
securely situated in the octahedral vacancy site of the MoS,
bilayer. Notably, the geometrical structure of Fe SACs remains
unchanged at 900 K even after 2 ps, as shown in Figure S13.
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Figure 2. Geometry structures (top panel), spin-polarized band structures (middle panel), and total density of states (TDOS) and partial DOS of d
orbitals of the Fe atom (bottom panel) for Fe SACs supported by the MoS, bilayer (a) without and with (b) Mn and (c) Cr intercalation. In the
middle panel, the bands with red for minority spin represent the d orbitals of Fe, while in panels (b) and (c), the bands with green originate from
the intercalated metal atom. The Fermi level is normalized to 0 (dashed lines) across all band structures.

Previously, many experimental methods, such as a metal-rich
chemical potential,”® modified atmospheric preesure achemcial
vapor deposition (APCVD),” and solvent-baded intercal-
tion,”* have been proposed to intercalate the metal atom into
bilayer transition metal dichalcogenides. Therefore, it is
anticipated that the realization of the designed metal atom
intercalations into the MoS, bilayer is viable experimentally.

We now explore the impact of intercalated TM atom on the
electronic structure of the surface Fe atom adsorbed on the
bilayer MoS,. Figure 2a—c presents the band structures of Fe-
adsorbed bilayer MoS,, without and with Mn or Cr
intercalation, along with the corresponding total density of
state (DOS) of the material and the partial DOS (PDOS) of
the d orbitals of Fe (see Figures S14—S21 for other TM atom
and the intercalation pattern combinations). Clearly, the
intercalated TM atoms narrow the band gap of pristine Fe
SACs, which is attributed to the shift of the energy levels of the
highest occupied and the lowest unoccupied d molecular
orbitals (HOMO and LUMO) of Fe toward the Fermi level.
Additionally, new flat states originating from the TM atom are
introduced into the gap, as evidenced in the middle panel of
Figure 2¢ and Figure S14, and in the total DOS (bottom panel
of Figure 2). This reduction in the band gap could enhance the
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conductivity of the material, thereby facilitating charge transfer
between the MoS, bilayer substrate and the Fe active site.
More importantly, the calculated PDOS shows that the d-
electronic states of Fe around the Fermi level, particularly in
the minority spin channel, are significantly influenced by the
intercalated TM atoms. In contrast, the majority spin channel
shows a smaller effect (see the bottom panel in Figure 2 and
Figures S16—S21). As a result, intercalation leads to a
modulation in the spin polarization behavior of the Fe atom,
thus tuning its electronic spin moments.

To further elucidate the intercalation impact on the
electronic structure of the Fe atom, we conducted an in-
depth analysis of the charge density difference in Fe SACs on
the MoS, bilayer, along with the corresponding the spin
densities (see left and right panel in Figure 3a and Figures
$22—-823, respectively). The charge distribution was deter-
mined by subtracting the total charge densities of Fe, the
intercalated TM atom, and the remaining MoS, from the
overall charge densities of the whole intercalated system. This
analysis reveals the principal effects of modulation with
intercalation. First, the charges of the intercalated TM atoms
become polarized due to the interaction with the MoS, bilayer.
This charge polarization, in turn, initiates electron transfer
from the intercalated TM to the surface Fe atom through the
S—Mo—S layered structures. As a result of these processes,
there is a modulation of both the charges and the electronic

https://doi.org/10.1021/jacsau.4c00030
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Figure 3. (a) Polarized charge distribution (left panel) and spin densities (right panel) for the surface-adsorbed Fe atom on the MoS, bilayer with
Ti (al), Mn (a2), Mo (a3), and Rh (a4) intercalation. In the left panels of (al)—(a4), the orange and green foams represent electron accumulation
and depletion, respectively, while in the right panel, the blue foams define the majority spin. The Bader charge (Qg.) and spin moment (Mg,)
values of Fe are provided. In the bottom panels of panels (al)—(a4), the slices of charge and spin distribution along the plane across Fe, TM, and
their neighboring Mo atoms are presented. All isosurface values are set to 0.005 e/A®. Changes in (b) Qg and (c) Mg, of Fe as a function of the
intercalated TM atoms for seven vacancy filling patterns. The horizontal dashed line marks the baseline values of Fe without TM intercalation.

spin moments of the Fe atom. These findings are crucial, as
they provide insights into the dynamic interactions and
electronic structural changes occurring on the surface Fe site.

To quantitatively analyze the modulation effect with
intercalation, we computed the Bader charge (Qg.) and spin
moment (Mg,) values of the surface Fe atom. This analysis
encompassed 20 TM atoms across 7 distinct filling
configurations as introduced above, totaling 140 data points,
as illustrated in Figure 3b. Our comparative assessment of the
7 filling configurations revealed a consistent trend in the
changes of Qg, and Mg, versus the intercalated TM atoms.
Notably, we observed a decrease in Qg, when transitioning
from Sc to Ni for the 3d metals (and from Y to Pd in the case
of the 4d metals). This was followed by an increase when TM
is changed to Cu (Ag) and then another decrease when the
TM atom was changed to Zn (Cd). The range of these
variations spanned from 7.30 to 7.52e” (see the top panel in
Figure 3b).

Mg, (bottom panel in Figure 3c) exhibits an inverse trend
compared to that of Qg,. By altering the type of intercalated
TM atom and its specific intercalation pattern, Mg, experiences
a broad range of modulation, with values extending from
approximately 0 to 2.8yp. Interestingly, in cases where TM =
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S¢, Y, and Zr with an O filling pattern, the spin states of Fe are
almost negligible. Therefore, the transformation of Fe spin
states from low to medium and then to high spin states is
precisely realized by combining the choice of TM atom and
the appropriate filling configuration. When one MoS, layer was
replaced with graphene due to its high conductivity, a wide-
range tuning in spin moments was also realized (see Figure $24
for details).

3.3. Mechanisms for Modulation in Spin Moments of Fe

To reveal the origin of spin moment modulation on the Fe
atom, we further delved into the charge transfer dynamics
involving the intercalated TM atom, adsorbed Fe atom, and
their connecting moieties. Figure 4a presents the relationship
between the surplus charges of the connecting S atom (AQy),
the polarized charge of the intercalated TM atom (AQgy),
and the surplus charge of the adsorbed Fe atom (AQj,) in the
O pattern, relative to the catalyst without Fe (see Figure S25
for other filling pattern). A clear correlation among these
parameters suggests the establishment of an effective charge
transfer channel from the intercalated TM atom to the surface
Fe site. Initially, the inverse scaling relation between AQg and
AQqyy, as depicted by the black line in Figure 4a, indicates that
TM atoms donate electrons to the connecting S atoms due to
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Figure 4. Scaling relations among the electronic structures of Fe, intercalated TM atoms, and the connected S atoms: (a) surplus charge of the
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Schematic mechanism for spin state modulation of Fe by tuning the spin-polarized d electronic states by charge communication between TM and

Fe atoms. (f) Fitting performance of the descriptor ¢ = ,/ ed*ZTM , for the O filling pattern. (g) Pearson correlation coefficient matrix maps between
each other of 8 primary features and these features with Mg,. Comparison of DFT-computed and best SISSO model-predicted Mg, on (h) the

source test set and (i) the new test set with Sd TM atoms.

the intercalation interaction. Subsequently, these electrons,
donated by the TM atoms to the S atoms, are further
transferred to the Fe atom through the neighboring Mo and S
atoms. This process is evidenced by a strong positive
correlation between AQg and AQg, as shown by the red
lines in Figure 4a.

It appears that the degree of charge polarization of TM
atoms plays a crucial role in determining the d electronic
charges of the Fe atom and thus influencing the magnitude of
electronic spin moments at the Fe site. In general, a stronger
charge polarization of TM atoms (corresponding to a larger
net AQqy) leads to a higher occupation of d electrons in Fe, as
illustrated by the black line in Figure 4b. This, in turn, results
in smaller spin moments (depicted by the red line in Figure 4b,
see Figure S26 for other patterns), a relationship further
validated by an inverse scaling between Mg, and Qg (black
line in Figure 4c). The change in Qg is ascribed to the tuned
Fermi level of SACs (red line in Figure 4c). Consequently, we
can infer that Mg, tends to decrease as the TM atom shifts
from the right to the left in the periodic table due to an
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increase in net AQqy,. This trend indicates a mechanism for
precisely tuning the spin state of the surface Fe atom through
modulation of the charge polarization of the intercalated TM
atom.

Now, we present a comprehensive physical explanation of
the mechanism governing the modulation of spin states at the
Fe atom, as depicted in Figure 4d. This mechanism begins with
the polarization of charges in the intercalated TM atoms,
which is driven by intercalation interactions with the interlayer
of the MoS, bilayer. This polarization facilitates the
penetration of electrons (or charges) from the TM atoms to
the surface Fe atoms through the connecting S atoms and the
neighboring Mo atoms. Finally, the variation of d electronic
charges of Fe leads to the effective modulation of spin
moments of Fe.

To gain a deeper insight into the relationship between
charge and spin of Fe atoms, we compared their d electronic
state-related properties across both majority and minority spin
channels based on the calculated d-band center (Figure S27)
and PDOS of Fe (Figures S15—S21). As depicted in a
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the selected TM atoms are Ti (black line), Nb (blue), and Rh (red) in the form of O, O,y,, and T, filling patterns, respectively. The vertical
arrows denote the free energy barrier of the potential-determining step (PDS).

schematic diagram in Figure 4e, we observed two distinct
differences in the d orbitals of Fe between these two spin
channels (excluding the cases with near zero spin): (1) for
most of TM atoms, the d-band center of the minority spin is
positioned closer to the Fermi level compared to that of the
majority spin; (2) the HOMO and LUMO for d orbitals of the
minority spin are located near the Fermi level, whereas those
for the majority spin are further away from the Fermi level.
These differences indicate that the minority spin HOMO and
LUMO of Fe predominantly govern its charge transfer
behavior, thereby influencing the tuning of spin as TM
atoms are intercalated. A more detailed discussion can be
found in the Supporting Information (see also Figure S28).

Although a notable correlation exists between AQgy; and Mg,,
as evidenced by a relatively high Pearson coefficient of r = 0.9
(see red line in Figure 4b), the ability to accurately predict Mg,
using intrinsic material properties that are readily available
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without the need for complex calculations is more practical in
real-world applications. This is particularly important given the
challenges associated with experimental measurement of
atomic charge. Inspired by previous studies,”' ™ we identified
two intrinsic atomic properties of the TM atom as key
determinants of charge transfer, i.e., the number of d electrons
(6;) and electronegativity of the TM atom (yp). We

proposed a descriptor, ¢ = Gd*)(TM, to predict Mg, for the

O filling structures. The high Pearson correlation coeflicient of
r = 0.91 and a small root-mean-square error (RMSE) of 0.29
ug (Figure 4f) indicate that this descriptor, relying solely on
materials’ intrinsic properties, could approximately describe the
spin state of Fe (see Figure S29 for other filling pattern). This
allows for a quick and precise modulation of Mg, by rationally
adjusting the type of the intercalated TM atom rationally.

To further improve the prediction accuracy for Mg, when
considering all O filling structures, as shown in Figure S29¢, we
expanded our model beyond the initial parameters of 64 and
Xrm We incorporated 6 additional input features, encompass-
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ing various intrinsic properties, geometry parameters, and
binding energy of the TM atom as well as work function (Wg)
of the bilayer substrate (see Table SS). Pearson correlation
coeflicient matrix maps show that in addition to 83 and yry,,
the ionization energy (I), and WF have a strong correlation
with Mg, and these four parameters are also correlated to each
other. We thus employ the 8 parameters as input features,
utilizing SISSO, to suggest improved descriptors for Mg, (see
Tables S6 and S7 for training set and testing set, respectively).

Figure 4h showcases the superior predictive power of the top
10 3D descriptors (3 terms in the mathematical expression) for
Mg, as suggested by SISSO (see Table S8 for details of all
models). The agreement between the predicted values and
those computed via DFT are excellent. The Pearson
correlation coefficients stands at 0.94, with a low RMSE of
0.1up (see Table S9 for prediction detail), which falls within
the error range of DFT calculations. Notably, even we
deliberately discard the descriptors with the term of binding
energy; due to its challenging experimental measurement, the
predictive accuracy of the best descriptor still remains high (r =
0.91, RMSE 0.14u5) (see Table S10). These findings
highlight the exciting potential of accurately predicting Mg,
from materials’ intrinsic properties.

More intriguingly, we attempted to adapt the obtained
descriptors to predict Mg, on a new testing set comprising 5d
TM atoms, Ta, W, Re, Os, Ir, Pt, Au, and Hg, previously not
included in our training data set. Impressively, the models
demonstrated robust predictive capabilities when applied to
these new TM atoms, as illustrated in Figure 4i and detailed in
Table S11. This remarkable performance underscores the
transferability of our descriptors, highlighting their potential in
broader applications beyond the initial training scope.

Previous studies”® have demonstrated that covalently bonded
bilayer transition metal dichalcogenides, specifically TaS, with
self-intercalated tantalum (Ta), exhibit electronic properties
that vary with the concentration of the intercalant. To this end,
we further investigated the effect of the concentration of the
intercalated TM atoms (6) on Mg,. In this analysis, we only
focus on TM atoms from the 3d metal series occupying
octahedral vacancy sites, specifically 25%, 33.3%, 50%, 66.7%,
and 75% because of the stable phase as previously reported on
Ta$, experimentally (see Figures S30 and S31 for geometric
structures).”” The results reveal (see Table $12) that for many
of the TM atoms considered the concentration of the
intercalated TM markedly impacts the value of Mg, (see
Figure S32a,b for detailed discussion on the Zn atom). For
each TM concentration evaluated, Mg, consistently appears to
be inversely proportional to the polarized charges of the TM
atoms (see Figure S32c), a trend agrees well with the case of
single TM atom interactions (red line in Figure 4b).

Taking the eNRR as a representative catalytic reaction, we
examined how the intercalated TM atoms influence the
catalytic activity of the Fe SACs. To this end, we computed the
entire reaction pathway for N, reduction to NH; on selected
Fe SACs. We specifically included three types of spin states of
Fe, low, medium, and high, when choosing the systems for
analysis, with three reaction mechanisms, namely, distal,
alternating, and enzymatic, being considered. The distal and
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alternating mechanisms originate from the end-on N,
adsorption configuration, whereas the side-on N, adsorption
results in the enzymatic pathway (see Figure S33 for details of
the mechanism). The end-on configuration for N, adsorption
is still more stable than the side-on structure (Figure S34).
Compared with the Fe SACs, most of the intercalated TM
atoms could strengthen the N, adsorption. Figure Sa presents
the geometries of the intermediates through the distal pathway
of eNRR (see Figure S3S for other pathways).

Tables S13—S15 list the free energy change for all
elementary steps in N, reduction to NH; through the distal,
alternating, and enzymatic pathways (see Table S16 for free
energy corrections). It is found that the potential-determining
step (PDS) consistently involves the first protonation process
from *N, to *N,H. The N, reduction to NH; on the selected
Fe SACs predominantly occurs through the distal or
alternating pathway, as opposed to the enzymatic mechanism.

A comparison of the free energy change at the PDS
(AGppg(*N, = *N,H)) among these Fe SACs with varying
spin states (illustrated in Figure Sb) reveals that a medium spin
state is more conducive to the protonation of *N, to form
*N,H, as indicated by a lower AGppg compared to Fe atoms in
other spin configurations. For instance, Figure Sc shows that
the medium spin state of Fe, at 1.6up, lowers the AGppg to
0.61 eV, being much lower than the AGppg values of 1.0 and
0.85 eV for the low (1.1ug) and high spin states (2.6ug).
Additionally, compared with the high spin configuration, the
desorption of NH; occurs more easily on Fe SACs with low
and medium spin states. Interestingly, although solvation
effects increase the spin moments of Fe atoms for the low and
medium spin states, the main conclusion that the eNRR
catalytic activity is improved by the medium spin remains
unchanged (see detailed discussions in Figure S36).

To establish the correlation between Mg, and the catalytic
activity, we plotted the relationship between AGppg and spin
moments of Fe for all systems considered as shown in Figure
6a (see Figure S37 for details of AGpps(*N, — *N,H)).
Intere_stinglgr, our findings diverge from previous stud-
ies, 7" which suggested a linear relationship between
the catalytic activity of SACs and the spin of the metal site.
Instead, we obtained a volcano-like curve between AGppg and
Mg.. This suggests the existence of an optimal Mg, value to
achieve the lowest possible barrier for the PDS of eNRR. The
volcano-shaped relation can be understood by the N,
activation step, which controls the whole reaction process of
eNRR on our Fe SACs. In general, the amount of d electrons
on the active metal plays the key role in N, activation due to
the electron “acceptance-donation” mechanism between
them.” From the constructed volcano-like relation between
Qg. and AGppg, a moderate d electron density of Fe is optimal
for promoting the *Nj activation (see Figure $S38). Combining
the well linear correlation of Mg, with Qg (Figure 4c), a
medium spin of Fe should be beneficial to reducing the
limiting-potential of eNRR. We also noted that the catalytic
activity of SACs is also heavily influenced by other factors
beside the spin, such as d-band center of Fe and work function
of materials, leading to complicated correlation beyond that
with single electronic structure-based descriptor (see detailed
discussions alongside Table S17 and Figure S39).

In particular, Fe SACs with intercalated TM atoms, such as
Mn, Nb, and Mo—positioned near the apex of the volcano
curve—exhibit promising eNRR activity. These catalysts
demonstrate the lowest limiting potential of —0.58 V among
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Figure 6. Volcano-shaped relationship between the free energy
change of the hydrogenation step from *N, to *N,H (AGppg(*N, —
*N,H)) and (a) Mg, for all TM atoms considered with different filling

patterns and (b) ¢ = ,/Hd*)(TM for the O,y filling pattern.

all considered catalysts. This predicted limiting potential is
even lower than those observed for FeN,* (—1.03 V) and
FeN,” (=1.3 V) embedded in graphene, single Fe atom on
MoS, (=0.9 V),°**” and stepped Ru (0001)*° (—0.98 V),
which are considered benchmarks in metal-based catalysis,
thereby highlighting the outstanding catalytic activities of the
present findings.

Many previous theoretical works have constructed excellent
descriptors to correlate with the electrocatalytic activity of
single-atom sites based on certain intrinsic properties of
materials, such as the coordination number, the electro-
negativity of metal atom and its coordination atom.’>®*

Herein, we proposed a descriptor, ¢ = Gd*)(TM , to predict the

AGppg of eNRR on Fe SACs, where the 8; and yr,, are the d
electrons number and electronegativity of the intercalated
metal atoms, respectively. As illustrated in Figure 6b, a
volcano-like relation between AGppg and ¢ is obtained for the
O, filling pattern (see Figure S40 for other patterns). Based
on the relation, the most promising Fe SACs for eNRR are
realized when the ¢ is located at about 2.75. Interestingly, an
approximate volcano-shaped relation between AGppg and Mg,,
and ¢ is still obtained, if the ratio of Fe to intercalated TM
atoms is set to 1:2 in the structural models (see Figure S41),
indicating the usefulness of the present descriptor and the
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importance of maintaining a moderate spin moment of the Fe
atom for higher eNRR activity.

To further clarify whether the spin of the metal site
predominantly influences the catalytic activity, particularly in
relation to its correlation with charges, we conducted test
calculations using Ni and Co as alternative active sites to Fe. In
these calculations, only 3d TM atoms were used as intercalants
in the O filling pattern within the interlayer space of the MoS,
bilayer. The results show that the Ni site did not exhibit any
spin moments, both before and after metal intercalations,
across all of the TM atoms (Table S18). This consistently
leads to a high free barrier for the *N, to *NNH step, with
AGppg averaging 1.82 eV (Table S18). In contrast, for the Co
active site, significant spin moments were observed solely with
intercalated Ni atoms. The intercalation of other TM atoms
led to degeneration of the spin on Co (Table S19). As
expected, the induced spin moments can significantly lower the
AGpps to 1.0 eV from approximately 1.29—1.61 eV in cases
where the Co sites hold no spin (Table S19). Therefore, the
improved catalytic activity of Fe SACs could be attributed to
the finely tuned spin state at the Fe site.

Recently, two interesting theoretical works by Li et a
reported that during the processes of the O, activation/CO
oxidation on the two-dimensional materials with magnetic
single Mn atoms, the spin-conservation rule was well
manipulated by the synergetic charge transfer and spin
selection at neighboring magnetic single-atom sites. Herein,
we examined the evolution of charge and spin of Fe site-related
segments during *N, and *N,H adsorption as illustrated in
Figures S42 and S43. The calculated results showed that the
spin moments of Fe sites were mainly transferred to the MoS,
substrate and/or the intercalated metal atom. The inter-
mediates accumulated most of the electrons, which were
mainly transferred from the MoS, fragments through the
channel of the Fe atom. Therefore, the synergetic charge
transfer, provided by the MoS, substrate, and spin selection,
preserved by transferring spin from the metal center to MoS,,
were responsible for the observed spin-conservation.

69,70
1.%°

We have achieved, for the first time, a precise modulation of
the spin state of the surface-adsorbed Fe atom through
interfacial charge polarization induced by the TM atom
intercalated into the bilayer space of the MoS, bilayer. The
intercalated TM atoms, notable for their remarkable stability,
initiate a substantial charge transfer to the surface Fe atoms via
the S—Mo—S layers. This process effectively modulates the
spin-polarized d electronic states of Fe, thereby tuning its spin
moments. Furthermore, our research has meticulously ex-
plored the impact of varying the type of intercalated TM, the
pattern of filling vacancies, and the concentration of TM
atoms. This comprehensive approach has enabled us to achieve
a diverse range of spin moments on Fe atoms, spanning from
low to medium, and ultimately to high spin states. We have
also developed an innovative and eflicient data-driven
descriptor that utilizes easily accessible intrinsic features of
TM atoms, to accurately predict the spin moments at the
surface Fe sites.

Focusing on the eNRR as a model catalytic reaction, our
findings unveil a previously unseen volcano-like relationship
between the tuned spin moments and the catalytic activity.
Here, medium spin moments of Fe are shown to significantly
lower the barrier of the potential-determining step, facilitating
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the hydrogenation of *N, to *NNH. This breakthrough not
only establishes a robust and novel method for the modulation
of spin states in single-atom catalysts but also sets a new
precedent for advancing sustainable ammonia synthesis, a
critical challenge in the realm of green chemistry. Overall, our
computational results deliver compelling evidence of the
pivotal role of spin state modulation via interfacial engineering,
demonstrating a useful way to discover future innovations in
materials science and catalysis.
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