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Since the D-band center theory was proposed, it has been widely used in the fields of surface chem-
istry by almost all researchers, due to its easy understanding, convenient operation and relative
accuracy. However, with the continuous development of material systems and modification strate-
gies, researchers have gradually found that D-band center theory is usually effective for large metal
particle systems, but for small metal particle systems or semiconductors, such as single atom sys-
tems, the opposite conclusion to the D-band center theory is often obtained. To solve the issue
above, here we propose a bonding and anti-bonding orbitals stable electron intensity difference
(BASED) theory for surface chemistry. The newly-proposed BASED theory can not only successfully
explain the abnormal phenomena of D-band center theory, but also exhibits a higher accuracy for
prediction of adsorption energy and bond length of intermediates on active sites. Importantly, a
new phenomenon of the spin transition state in the adsorption process is observed based on the
BASED theory, where the active center atom usually yields an unstable high spin transition state to
enhance its adsorption capability in the adsorption process of intermediates when their distance is
about 2.5 A. In short, the BASED theory can be considered as a general principle to understand cat-
alytic mechanism of intermediates on surfaces.
© 2024, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

successful application in surface chemistry field [24], where the
D-band center (e4) was considered as a descriptor to predict

Surface chemistry is a hot topic and frontier for global re-
searchers today, especially in electrochemistry [1-5], hetero-
geneous catalysis [6-10], corrosion [11-14] and other fields.
How to understand the various phenomena and mechanism
[15-18] of surface chemistry is the fundamental obstacle for
researchers to develop new catalysts and materials. D-band
center theory, which was proposed by Prof. Hammer and Prof.
Ngrskov et al. [19-23], has received widespread attention and
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the adsorption strength, implying that materials with low en-
ergy level of ed would usually have weaker adsorption capabil-
ity [24-26]. However, in the early time when the D-band center
theory was proposed, researchers found that simple D-band
center theory was insufficient to explain the adsorption behav-
ior of very late transition metals and complex multi-metallic
systems [27-29]. To solve this issue, Prof. Ngrskov’s group [28]
further proposed a descriptor which combined the bandwidth
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of the D-band peak (Wa) and &4 to predict adsorption energy in
2013. On this basis, Prof. Abild-Pedersen [29] proposed the
upper band edge as a key property, and further combined with
Wa and €4 to derive a new descriptor for better prediction in
2022. These modifications contain complex formulas and pa-
rameters, which may limit their physical meaning for investi-
gators. Unfortunately, D-band center theory and its modifica-
tions are based on the overall properties of materials without
considering adsorbates, so they have high accuracy only for the
adsorption behavior of metal or alloy bulk systems with unitary
active site configuration on the surface. However, for the same
surfaces, different adsorption active sites [30,31] or even spin
multiple states [32-34] will significantly affect the values of
adsorption energy, and therefore obtain different adsorption
energies. It is noted that these adsorption configurations are
actually presented in experiments, and some are even the main
active centers of catalysts. In this case, it is quite difficult in
prediction of adsorption energies of these multiple absorbed
states solely by the properties of catalytic materials without
considering adsorbates.

In fact, with the increase of material types and modification
methods, more and more systems yield opposite conclusions
[24,35-39] with the D-band center theory, which has caused
confusion for researchers. For example, for heterostructure
materials with localized reactions at the interface, different
intermediates may have different adsorption sites and different
adsorption behavior, but the material only has one &4, while the
adsorption strength of different intermediates shows an oppo-
site trend [35,40,41]. For the clusters containing multiple index
crystal surfaces, the &4 cannot accurately characterize the spe-
cific adsorption behavior of each crystal surface of clusters,
which sometimes even forces researchers to calculate the ever
&d of each atom on the material [30] to obtain a more accurate
prediction of adsorption energy. This implies that the ad-
vantage of the D-band center theory, which is reducing compu-
tational cost, is no longer significant. Moreover, due to the fact
that the D-band center theory is based on metal bulk materials
with continuous D-band [23], there is still a lack of discussion
and testing on whether the newly developed single atom cata-
lysts (SACs [38,39,42-47], which is a semiconductor catalyst
and has a discontinuous D-band) can use the D-band center
theory. These newly emerging materials systems often exhibit
some abnormal phenomena with D-band center theory, which
would lead to the confusing for researchers and therefore hin-
der the understanding of surface catalysis mechanism. There-
fore, it is urgent to reveal the origin of the abnormal phenome-
na of the D-band center theory, and propose a more general
theory that can predict the adsorption strength of materials
based on the electronic structure.

By analyzing the fundamental origin of the abnormal phe-
nomena of the D-band center theory, herein, we proposed a
Bonding and Anti-bonding orbitals Stable Electron intensity
Difference (BASED) theory, to describe interatomic interac-
tions. The BASED can be severed as a general descriptor to
accurately predict the adsorption energy (R? = 0.95) and bond
length (R2 = 0.94) for both SACs systems and pure metals sys-
tems. Besides, we use this descriptor to discover an interesting

phenomenon, Spin Transition State (STS), during adsorption
process for SACs. The STS indicates that the active center atom
will open its spin and become an unstable high spin state at the
distance about 2.5 A between the active site and adsorbent,
which thereby significantly improves its adsorption capability.
This phenomenon provides a new physical insight for under-
standing the catalytic mechanisms of surface chemistry.

2. Density functional theory (DFT) calculation details

DFT calculations were performed through the projector
augmented wave (PAW) method by using the Vienna ab initio
simulation package (VASP) [48]. The Generalized gradient ap-
proximation (GGA) method with the Perdew-Burke-Ernzerhof
(PBE) was adopted as the exchange-correlation functional. The
k-mesh in Brillouin zones was determined based on Monk-
horst-Pack kpoint grids. All the calculations use gam-
ma-centered k-points 3x3x1, zero damping DFT-D3 method of
Grimme, 500 eV cutoff energy and the spin-polarized calcula-
tions (collinear). The convergence tolerance for the residual
force and energy on each atom during structure relaxation was
set to 0.015 eV A-1 and 1 x 10-5 eV. VASP-sol package [49] is
used to simulate the solution environment for all calculations,
where the dielectric constant (&) is set to 78.5. For semicon-
ductor systems like SACs, the Hubbard U correction (only for
3d TM) was also employed within the DFT+U approach, U-J:
2.11 eV for Sc, 2.58 eV for Ti, 2.72 eV for V, 2.79 eV for Cr, 3.06
eV for Mn, 3.29 eV for Fe, 3.42 eV for Co, 3.4 eV for Ni, 3.87 eV
for Cu, 4.12 eV for Zn [47]. In order to accurately obtain the
DOS information, we use the most precise tetrahedron method
with Blochl corrections, scatter 2000 points and completely
turns off the symmetry for all electronic structure calculations
to pursue sufficient accuracy. The z-direction is set to 20 A to
make the vacuum distance more than 10 A for all the models,
which is to avoid steric hindrance and interaction due to perio-
dicity. The optimization of the unit cell parameters is carried
out by the method of fixing the lattice vector, and the cell pa-
rameters are obtained as 14.903 x 12.735 x 20.000,a ==y =
90° for related calculations of SACs. And the cell parameters of
the Bulks model can be obtained through separate optimization
calculations: 9.370 x 10.796 x 20.000, a = § = y = 90° for Pt
bulk, 8.429 x 9.724 x 20.000, a = f =y = 90° for Ni bulk, 9.943 x
11.399 x 20.000, a = § = y = 90° for Ag bulk, 8.682 x 9.976 x
20.000, a = B = y = 90° for Cu bulk. The Lobster software
[50,51] performed the COHP analysis to obtain the bonding and
anti-bonding information in the d orbital.

Calculate the adsorption energy using the following equa-
tion:

AEado* = Eslab-ado* — Eslab — Eado* (@8]
where the AEado+ represents the adsorption energy of the active
center atom on the adsorbent, Esiab-ado* represents the total en-
ergy of slab and adsorbent, Esab represents the energy of slab
and Eado* represents the energy of adsorbent. Notably, The
structure of Esiab needs to directly remove the adsorbent from
the structure of Esiab-ado*, and then obtain its static energy to
ensure that the energy of Esb can represent the spin state of
the active site during adsorption, which we also use in previous
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work [47,52]. The adsorbents include * H, * O, * OH, and * OOH,
and their corresponding energies are Eado shown in Table S30.

When using the BASED theory to calculate Q, for sites with
multiple active centers (e.g., Pt/Ag/Cu/Ni Bulk), multiple bonds
should be formed, so each Q needs to be stacked and summed,
as follows:

Qsum :J012+Q22+Q32+"' @)

The detailed Qsum data obtained from this formula is shown
in Tables S2-S13.

3. Results and discussion

3.1. The origin of abnormal phenomena of D-band center
theory

The abnormal phenomena of D-band center theory refer to
the fact that the materials with high/low energy level of &4 have
weaker/stronger adsorption capability, which was also implied
by Prof. Ngrskov et al, i.e,, the small metal particles have a dis-
continuous D-band, which could lead to the failure of the D
band center theory (In Chapter 8.2 in Ref. [23]). For conven-
ience, we marked abnormal phenomena of D-band center the-
ory as anti-D-band center phenomenon. Obviously, if we want
to reveal the intrinsic mechanism of anti-D-band center phe-
nomenon, we need to revisit the formula of eq4, given by

5. ep(e)de

T p(e)de ®3)

where ¢ represents the energy level, p(€) represents density of
state (DOS) distribution. It is noted that the integration range of
€is from oo to -0, so the range of &4 can be higher or lower than
the Fermi level. Essentially, this formula mainly calculates the
energy level of the d orbitals for metal by using the weighted
average method, with the distribution of DOS as the weight.
Obviously, it seriously ignores the contribution of the electron
number involved in the bonding, because it only considers the
energy level. The importance of electron number for predicting
adsorption energy was also mentioned in 2017 [53]. Moreover,
D-band center theory only simply considers the DOS of pristine
slab, so that it ignores some critical factors which significantly
affect the bonding information and bonding orbitals DOS dis-
tribution during the adsorption process, e.g. magnetic moment
[34,38,54-57] or internal strain [26,58,59]. Therefore, the key
to reveal the intrinsic mechanism of anti-D-band center phe-
nomenon is how to accurately depict the bonding behavior of
metal active centers with adsorption intermediates.

According to modern molecular orbital (MO) theory, in the
bonding process of atoms, their orbitals linearly combine to
form molecular orbitals, including bonding and anti-bonding
molecular orbitals. Electrons are filled in the molecular orbitals
in order of energy levels from low to high. The orbitals with
electron filling are called as the occupied orbitals, while the
orbitals without electron filling are called as the unoccupied
orbitals (empty orbitals). In general, the bonding orbital elec-
trons could enhance the bond strength, while the anti-bonding
orbital electrons would weaken the bond strength. The unoc-

cupied orbitals have no contribution to the bond strength.

Fig. 1(a) shows that when &4 is below the Fermi level, the
shift of e4 towards the lower-energy level (left shift) will lead to
an increase in the proportion of anti-bonding orbitals, thereby
reducing the adsorption capability of the active center. Howev-
er, on the contrary, for these cases that energy level of €4 is
above the Fermi level (Fig. 1(b)), the shift of the e4 towards the
lower-energy level causes the proportion increase of the bond-
ing orbitals, which enhances the adsorption capability of the
active center, and thus resulting in the anti-D-band center
phenomenon. Therefore, we propose that D-band center theory
is valid only when &4 of pristine slab models and all the bonding
orbitals of adsorption models both are completely below the
Fermi level (Fig. 1(a)). Otherwise, anti-D-band phenomenon
occurs when the &4 is greater than 0 eV or some bonding orbit-
als above the Fermi level (Fig. 1(b)), which has been observed
in many works [25,37-39, 52,60].

Based on this analysis, we believe that the energy levels of
both bonding and anti-bonding orbital electrons have crucial
impact on adsorption energy, which is also consistent with
previous research [37-39,47], i.e, the energy level difference
between the occupied orbitals of the a and £ spin states of the
adsorbed active site can serve as a descriptor to correlate ad-
sorption energy. However, this method only considers the en-
ergy level information of o and 8 electron orbitals, without
considering the energy levels of bonding orbitals and an-
ti-bonding orbitals. As a result, it lacks corresponding physical
insight and has a low degree of accuracy.

3.2. Integral crystal orbital hamiltonian population (ICOHP)

Alternatively, in 2011, Deringer et al. [61] improved the
crystal orbital hamiltonian population (COHP) theory by using
the pane wave basis sets to obtain bonding information. And in
2016, the COHP can be provided by quantum chemical pro-
gramming software [50], where the negative values of COHP
represent bonding orbitals, and the positive values represent
anti-bonding orbitals. The integral COHP (ICOHP) has been
successfully used as a descriptor to quantify the adsorption
intensity [47,62] by directly integrating the COHP proportion of
bonding orbitals (pconpbond) and anti-bonding orbitals

b Anti-D-band center phenomenon

%w ZE)

Fermi level

a D-band center theory

Fermi level

€ Left shift € Left shift
Decreased adsorption ability Increased adsorption ability
Fermi level Fermi level
7
. Bonding orbital /// Unoccupied bonding orbital ¢ D-band center position
- Anti-bonding orbital % Unoccupied Anti-bonding orbital

Fig. 1. Illustrations of D-band center theory and anti-D-band center
phenomenon. (a) D-band center theory; (b) Anti-D-band center phe-
nomenon.
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(pconp-antibond) to obtain the corresponding relative energy of
bond strength, the unit is eV. ICOHP is usually positively corre-
lated with the number of electrons, given by

0 0 0
ICOHP = f Peonp (€)de = f PcoHP —bond (€)de — f —PCoHP —antibond (€)dE

= a(erond electrons — €Nanti-bond electrons) = aeNeffective electrons [4)
where Nbond electron and Nanti-bond electron Tepresent the relative
number of bonding and anti-bonding orbital electrons, respec-
tively. The e represents the relative energy of the electron. The
a is the conversion coefficient between the relative energy of
bond strength and the energy of electrons, which is an unitless
constant. The € represents the energy level of the orbital elec-
trons calculated by COHP method. Notably, ICOHP only inte-
grates from -oo to 0 because only the orbitals below the Fermi
level are filled with electrons, which determines the bonding
strength. While the orbitals above Fermi level are unoccupied
ones, which have no effect on bonding strength. So, the physical
meaning of ICOHP can be considered as the relative energy of
effective bonding electrons number (eNbond electron = €Nanti-bond
electron, marked as, effective electron energy), which indicates
that the number of bonding and anti-bonding orbital electrons
is a crucial and important factor in determining adsorption
strength. Unfortunately, ICOHP still ignores another key factor,
the orbital energy levels of electrons [47], which may seriously
limit the accuracy of ICOHP in quantitatively describing ad-
sorption intensity.

3.3.  Bonding and anti-bonding orbitals stable electron intensity
difference (BASED) theory

Inspired by above analysis, we proposed the bonding and
anti-bonding orbitals stable electron intensity difference
(BASED) theory by combining D-band center, COHP and MO
theory to serve as a general descriptor for quantitatively de-
scribing adsorption intensity, given by

0
BASED = f & X peonp ()de (5)
This is a very ingenious equation. To understand its physical
meaning, the following deduction is given by
0 0
BASED = J- € X peonp —Bond (€)deE +J- € X Pconp —antiBond (£)dE

0
f_m € X Pconp —Bond (€)de 0
=0 X | Ppconp —Bond ()de —
f_m PcoHp —Bond (£)de -

0
J_., € X Pconp —antiBond (€)de

0
0 Xf —PCOHP —AntiBond (£)dE
f_w PCOHP —AntiBond (€)dE -

= £c-Bond X @€NBond electron — EC-Antibond X €N Antibond electron  (6)
where eNpond electron and e€Nantibond electron Tepresent the energy of
electrons for bonding orbitals and anti-bonding orbitals.
pcoup-Bond(€) and pconp-anti-Bond(€) represent COHP proportions of
bonding and anti-bonding orbitals; ec-Bond and ec-antiBond repre-
sent the energy level centers of the bonding and anti-bonding
orbitals, respectively, which was similar with the D-band cen-
ter. We consider the product of orbital energy level of electrons
and effective electrons energy as the intensity of stable electron
(which is ec x aeNelectron), Where the negative values represent
stable state (electrons filling in bonding orbitals), and the posi-

tive values represent unstable state (electrons filling in an-
ti-bonding orbitals). According to MO theory, molecular orbit-
als are split into bonding and anti-bonding orbitals. The elec-
trons are preferring to fill into the bonding orbitals which are
usually at the low energy level and make the bond more stable,
while the electrons filled into anti-bonding orbitals are usually
at the higher energy level, which weakens the stability of bond.
So, it is obvious that BASED represents the difference between
the products of electrons energy and their corresponding or-
bital energy level of electrons (ec x aeNelectron) in bonding orbit-
als and anti-bonding orbitals (Fig. 2(a)), and the BASED repre-
sents the stable intensity of orbitals electrons. Actually, the unit
of BASED is eV2, because BASED is a relevant term of £2. So, the
BASED may be related to second-order moment Mj3; pro-
posed by Prof. Xin [63] and AEg-nyb proposed by Prof. Ngrskov
[23,64].

The difference between BASED and ICOHP is that ICOHP
only considers the effective electrons energy, while BASED
considers both the effective electrons energy and the orbital
energy level of electrons. Fig. 2 was used to clarify the reason
for the relatively low accuracy of ICOHP. Figs. 2(b) and 2(c)
show two cases of bonding states, and they have the same ef-
fective electrons energy in both bonding and anti-bonding or-
bitals (the same area of COHP peak), but the anti-bonding or-
bitals are at lower energy levels in Fig. 2(b), while they are at
higher energy levels in Fig. 2(c). Since ICOHP only considers the
effective electrons energy, it predicts that the bond strengths of
the two bonding states are the same. Obviously, ICOHP seri-
ously ignores the fact of anti-bond orbital energy level shifting
towards the higher energy level, which would make the bond
more stable, i.e, the bonding strength in Fig. 2(b) should be
significantly weaker than that in Fig. 2(c). Similarly, if the
bonding orbital shifts towards the lower energy level, it will
also increase the bonding strength. Therefore, the absence of
orbital electron energy level is essential origin of relatively low
accuracy of ICOHP. On the contrary, when the proportion of
bonding orbitals and anti-bonding orbitals is fixed, we believe
that the larger distance between bonding orbitals and an-
ti-bonding orbitals would represent the stronger bond
strength, which can be predicted by the BASED theory (Fig.
2(c)). In particular, Fig. 2(d) shows a special case, where all the
anti-bonding orbitals are in the unoccupied orbital region. In
this case, we set the center of the anti-bonding orbitals
(&c-antiBond) to 0. For the calculation convenience of investiga-
tors, we also provided a code here for calculating BASED, which
needs the Python 3.x environment (BASED v1.0 program code)
(see Supporting Files-BASED v1.0.py).

3.4. Verification and comparison of BASED

To verify the BASED theory, we conducted extensive calcu-
lations of adsorption energy for various adsorption configura-
tions. Fig. 3 shows the simplified adsorption models which in-
clude ten types of single atom catalysts (SACs, including ScNa,
TiN4, VN4, CrN4, MnNs, FeN4, CoN4, NiN4, CuN4, ZnNy, Fig. 3(a))
and Pt\Ni\Ag\Cu bulk models (Fig. 3(b)). The SACs models
were used to systematically explore the atomic interaction due
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Fig. 2. lllustrations of BASED theory. (a) Schematic diagram of molecular orbital conversion to BASED. (b-d) Schematic diagram of three different
bonding and anti-bonding orbitals, where the anti-bonding orbitals gradually right shift until they become unoccupied orbitals.

to its simple adsorption method, while the bulk models were
used to validate our theory of atomic interaction through vari-
ous adsorption methods. In addition, we additionally calculated
the H*, O* and OH* adsorption data of all models to verify our
understanding and explanation of the D-band center theory.
We used about 180 SAC models which have different distances
between active centers and H* 0* and OH* adsorbents, respec-
tively (Fig. S1), to explore the influence of distance on atomic
interactions.

The calculation result clearly supports our viewpoint for an-
ti-D-band center phenomenon. Figs. 4(a)—(c) clearly show the
relationship between the adsorption energy of H*, 0*, OH* and
D-band center, which exhibits a V-shaped trend. This means
that the adsorption capability of the active site increases first

a SAC models

O* SAC OH* SAC H* SAC CH,* SAC NH, * SAC

Expanded materials surface models

m m '
0* Top O* Hollow (hep) O* Top OOH* Top H* Hollow (hep)

05055 s s oo ool

H* Top OH* Bridge OH* Top

OOH* Hollow
(hep and fec)

OOH* Hollow
(hep and fec)

Fig. 3. Adsorption illustrations of different surface models. (a) The 0%,
OH*, H*, CHs* and NH:* adsorption models of SAC, including all kinds of
3d transition metal SACs. (b) The 0* OH* OOH* and H* adsorption
models of expanded material surface models (Bulk models) after ad-
sorption, including RuO2 (001), Pt (111), Ni (111), Ag (111), and Cu
(111) bulk models.

and then decreases as the value of the D-band center (g4) in-
creases. According to the eq4 data which are displayed in Fig. S2
and Table S1, as the number of valence electrons in TM in-
creases, the €4 exhibits a gradual left-shift from ScN4 to ZnNa
(from 2.828 to —5.967 eV, Fig. 4(d)). Fig. S2 also presented pro-
jected DOS information of detailed five types d orbits in 3d TM
SACs. It is noted that &4 of ScN4, TiN4, VN4, and CrN4 is the posi-
tive value, which usually leads to bonding orbitals near the
Fermi level (Figs. S3-S5), and the proportion of bonding orbit-
als would gradually increase with the decreased value of &4,
resulting in the anti-D-band center phenomenon (Figs. 4(a)—(c)
right leg). While €4 of MnN4 ~ ZnNa, and Pt\Ni\Ag\Cu bulk are
negative values, which could lead to anti-bonding orbitals near
the Fermi level and the proportion of anti-bonding orbitals
would gradually increase when the value of &4 becomes more
negative, and they can be explained by the D-band center theo-
ry (Figs. 4(a)-(c), left leg).

To verify the accuracy of BASED in quantifying adsorption
intensity, we also used adsorption energy to comprehensively
compare BASED with ICOHP, which includes all these data from
all kinds of adsorption forms in above Figs. 3(a) and (b). Since
the unit of BASED is eV?, thus we adopted a parameter Q (an
abbreviation for Quantum) whose unit is eV (Eq. (7)) as a gen-
eral descriptor to predict the adsorption energy of activity cen-
ter.

0
Q = VBASED f Peonp (e)ede (7)

Obviously, Fig. 4(f) shows a well linear relationship between
Q and adsorption energy, where the correlation factor R2 for
adsorption energy reaches 0.95 (Q, Fig. 4(f)), where a larger Q
value means a stronger adsorption energy. On the contrary, for
ICOHP (see Tables S2-S13 for the detailed data), the correla-
tion factor R? for adsorption energy is only 0.75 (ICOHP, Fig.
4(e)), due to the lack of orbital electron energy level infor-
mation in ICOHP. Moreover, the COHP-DOS diagrams of the
adsorbent and surface (Figs. S6-S26) also show that as the
adsorbents (H*, O* and OH*) gradually stay away from the sur-
face (CrN4, MnN4, FeNs, CoNs, NiNs, CuN4, ZnNg,), the distance
between the bonding and anti-bonding orbitals gradually ap-
proaches (also meaning that adsorption capability and bond
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length. (h) The relationship between Q and bond length.

strength weaken). Until the distance is far enough, both the
bonding and anti-bonding orbitals disappear. This phenome-
non provides a solid evidence to prove the physical insight of
BASED, i.e, the distance between the bond orbital and the an-
ti-bond orbital is also a key factor of adsorption strength.

To make the BASED theory more universal, we conducted a
detailed study on the relationship between Q and bond length,
and also made a comparison with ICOHP. By correcting atomic
radius (Fig. S27), Figs. 4(h) and (g) show that the correlation R2
of BASED with bond length can reach 0.94, while it is 0.54 for
ICOHP. Such a high correlation R? indicates that BASED can
serve as the general descriptor for the next generation simula-
tion software, which can be used in chemistry, biology, and
semiconductors and other field. It should be pointed out that
accuracy of BASED in predicting adsorption energy may be
affected by the accuracy of DOS and COHP (about 3%-5%). In
short, the BASED provides a more accurate method for reveal-
ing adsorption phenomena from the viewpoint of electronic
structure.

Moreover, the metal oxide systems are also the semicon-
ductor systems, and the active sites are also the exposed metal
atoms on the surface. Thus, the adsorption behavior of metal
oxide systems should be similar to that of SACs systems
[65,66]. When the BASED theory is applicable to the SACs, it
should be also applicable to the metal oxide system. Similarly,
when the BASED theory is applicable to the SACs adsorbing H*,
0* OH* and OOH¥*, the BASED theory should also be applicable

to the SAC adsorbing other molecules such as NH2* and CHz*.
To confirm this conclusion, we used these data from RuO2-0*
and FeNs-NH2*/CHs* as validation sets (Figs. 4(f) and (h), Ta-
bles S26-S29). All the results indicate that the BASED theory is
applicable to newly-calculated data.

3.5, Spin transition state phenomenon

Interestingly, when the BASED was used to investigate the
adsorption center and the spin flip (Fig. S1, Figs. 5(a)-(c)), we
accidentally discovered that the magnetic moment of the active
center atom is usually not a fixed value. In the process of ad-
sorbent approaching adsorption center, the active center atom
usually has a high spin transition state (Tables S14-S25). This
may be due to the bands of two different spins are affected
differently, making the up-spin bands relatively lower in ener-
gy, which causes the spin polarization in the periodic systems.
And this transition state will disappear and become a low spin
state when the distance of adsorbent and the surface is small
enough. As shown in Figs. 5(d)—(f) and Fig. S28, when the dis-
tance between the adsorbent and the surface is about 4-6 A,
the active center is usually at a low magnetic moment, for ex-
ample, the magnetic moment of FeNs slab is 2 uB (Fig. 5(d)),
CoNs slab is 1 uB (Fig. 5(e)) and NiNs slab is 0 pB (Fig. 5(f)).
However, as the distance is about 2.5 A, the magnetic moment
of the active center suddenly increases, and magnetic moment
of FeN4 increases to 4 pB, and they are 3 uB for CoN4 and 2 pB
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in high spin state. (c) Schematic diagram of active center atoms completing adsorption process. The relationship between magnetic moment of active
center atoms and the distance between the adsorbent (H*, 0* and OH*) and slab, based on FeNa (d), CoNs (e), NiN4 (f), where the gray arrow repre-
sents the trend of magnetic moment variation with height. The relationship between magnetic moment of active center atoms and @Q, based on FeN4
(8), CoN4 (h), NiN4 (i). High value of Q represents strong adsorption capability of the active center atom. The gray arrow represents the trend of the
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for NiN4. When the distance becomes smaller (say, less than 2
&), the magnetic moment of the active center atom returns to
its original low spin state. This phenomenon is similar to the
transition state process, and Fig. S29 shows that the relative
energy of the surface significantly increases at 2.5 A as the ad-
sorbent approaches the surface, and then drops back to the
stable low spin state, which means that the high spin state is an
unstable transition state. During this process, there is an energy
barrier of 0.3-2 eV, which is relatively weak for CrN4, MnNs,
and FeN4 (usually less than 0.8 eV), but higher for CoNs, NiNs,
CuNs, and ZnN4 (1.5-2 eV). This may be the intrinsic reason
why FeNs species always have good electrocatalytic activity.
The phenomenon exists in almost all the processes of active
centers adsorbing adsorbents, and we marked it as Spin Tran-
sition State (STS).

In order to reveal the origin of STS, we quantitatively ana-
lyzed the adsorption capability of active centers by using the
BASED theory. Figs. 5(g)-(i) and Fig. S30 show that the adsorp-
tion capability of active centers is usually weak or sometimes
almost zero at low spin, while at high spin, their adsorption
capability is greatly enhanced, with an increase of more than 3
times. For example, the adsorption capability in low spin of
FeNas slab is 0-2.5 (Fig. 5(g)), CoNas slab is 0-3 (Fig. 5(h)) and
NiN4 slab is 0-3 (Fig. 5(i)) which were calculated by BASED.
While the adsorption capability in high spin of FeNs slab is
5.5-8, CoNs slab is 5-8 and NiNa slab is 6.5-7. So, the high ad-
sorption strength of high spin states may be due to the fact that
high magnetic moments result in a large energy level difference
between bonding orbitals and anti-bonding orbitals. Based on
the above analysis, we believe that active center atoms with

high spin states often have a high adsorption capability but a
low stability, while active center atoms with low spin states
often have a high stability but a low adsorption capability. This
phenomenon indicates that the active center is in the low spin
state initially (Fig. 5(a)) and then the active center is activated
by the adsorbed molecules to the high spin state (Fig. 5(b)),
which improves its adsorption capability. The appearance of
high spin state may be attributed to the fact that the active
center atoms tends to increase its coordination number to off-
set the axial strain effect caused by the adsorbent. After the
adsorption process is completed, the system will back to a low
spin state (such as FeN4, CoNs, NiNg, Figs. 5(d)-(f)) because the
high spin state is usually unstable. However, in some cases, if
the high spin is a relatively stable state, it may still remain in
the high spin state (such as MnNa, Fig. S28), which is the reason
why both high spin and low spin states exist at 1-2.5 A. It is
noted that an excessive high spin state may not lead to a
stronger adsorption capability due to instability. For example,
CrN4, MnN4, and ZnN4 (Fig. S30) initially have strong adsorp-
tion capability at relatively high spin states, but when they
reach higher spin states, their adsorption capability would
suddenly decrease due to their excessive instability. Actually,
by the BASED theory, we discovered that the active center at-
oms usually exist a relatively unstable STS with a high spin
magnetic moment in the adsorption process, which is favorable
for adsorbing intermediates.

4. Conclusions

In summary, we have proposed the BASED theory as a gen-



Zelong Qiao et al. / Chinese Journal of Catalysis 64 (2024) 44-53 51

eral descriptor to quantitatively depict adsorption capability of
active sites, include SACs, bulk and other systems which have
different adsorption methods. Simultaneously, we also ex-
plained the puzzles why the anti-D-band center phenomenon
exists. Compared with the existing ICOHP, the BASED theory
exhibits very high accuracy for predicting adsorption capability
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