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Single-atom catalysts (SACs) are promising for 4e�oxygen reduction reaction (4e�ORR). However, they
are rarely utilized in other oxygen-involved reactions, e.g. 2e�ORR to produce H2O2, 4e

�oxygen evolution
reaction (4e�OER), and 2e�water oxidation reaction (2e�WOR). Herein, we applied density functional
theory (DFT) calculations to investigate the applicabilities of SACs, including Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Nb, Mo, Ru, Rh, Pd, Pt, and Au with axial coordination (e,g, eOH, ¼O, and ≡N) for all 4e�/2e� oxygen
reactions. With axial coordination, SACs derived from early transition metals exhibit high catalytic
performance, including V-SAC-OH with an overpotential of 0.61 V for 4e�ORR, Mo-SAC-OH with an
overpotential of 0.05 V for 2e�ORR, Mo-SAC-O with an overpotential of 0.52 V for 4e�OER, and Nb-SAC-
OH with an overpotential of 0.14 V for 2e�WOR. Among them, most SACs deliver a trend of adsorption-
energy decreasing with the increase of axial bond, which successively meets various adsorption re-
quirements of all 4e�/2e� oxygen reactions. This finding has led to the discovery of highly active SACs
adapted to different oxygen reactions. Importantly, an intrinsic framework that combines SAC configu-
ration, transition metal (TM) species, and TM charges was established to describe the adsorption ability
of SACs. This work offers an intrinsic landscape to understand the correlation of the adsorption ability of
SACs with the tendentiousness of oxygen-involved reactions and guides the rational design of SACs.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oxygen-involved electrocatalytic reactions, including 4e�/
2e�oxygen reduction reaction (ORR), 4e�oxygen evolution reaction
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(OER), and 2e�water oxidation reaction (WOR), are key reactions
for new-generation energy technologies utilizing renewable clean
fuels [1e3]. Up to now, tremendous effort has been devoted to the
discovery and design of advanced electrocatalysts, such as transi-
tion metal/alloys [4], sulfides [5], phosphides [6], oxides [7,8], (Oxy)
hydroxides [9], and carbon-based materials [10]. Among them,
precious metal materials, mainly platinum-group metals [11,12],
are the only commercially available catalysts, but their high costs
and scarcity severely inhibit their large-scale commercial applica-
tions. Designing non-precious metal catalysts with high oxygen
electrocatalytic performance to replace noble-metal-based cata-
lysts is essential for practical applications.

Single-atom catalysts (SACs) can be obtained by anchoring the
single transition metal (TM) atom on nitrogen-doped carbon ma-
terials [13e17], and have been employed in oxygen-involving re-
actions. The active centers of SACs are mainly tetracoordinate
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planar TM-N4 moieties, and some SACs (e.g., Mn, Fe, Co, Ni, and Cu)
can efficiently catalyze oxygen reactions [18e23]. For example, Fe-
based SACs favor ORR, while Co-based SACs tend to catalyze O2 into
H2O2 [24,25]. Nevertheless, other SACs, especially those that orig-
inated from early TMs, generally exhibit extremely poor perfor-
mance due to their relatively excessive adsorption strengths [26].

In this work, to effectively reduce the adsorption strength of
single-atom catalysts, we tune strong axial coordination (-OH, ¼O,
and ≡N) to SACs for tailoring the adsorption ability of TM-derived
SACs. Using density functional theory (DFT) calculations, we sys-
tematically investigated the role of axial coordination in regulating
O2 adsorption and catalytic performance on various SACs. Our re-
sults revealed that many SACs, not reported yet, exhibited excep-
tionally good activity for 4e�/2e� oxygen reactions, including V-
SAC-OH with an overpotential of 0.61 V for 4e�ORR, Mo-SAC-OH
with an overpotential of 0.05 V for 2e�ORR, Mo-SAC-O with an
overpotential of 0.52 V for 4e�OER, and Nb-SAC-OH with an over-
potential of 0.14 V for 2e�WOR. Herein, we demonstrated that
weakening the adsorption ability of SACs towards oxygenated
species (*OOH, *OH, and *O) can promote the catalytic activity
toward different oxygen-involved reactions. Furthermore, we pro-
posed a theoretical framework that integrates the SAC configura-
tion, TM species, and TM charges to describe the catalytic ability of
SACs. Our results built a full profile to understand the catalytic
behavior of SACs and provided a new approach for developing
highly active SACs in oxygen-involved reactions.
2. Computational details

All spin-polarized [27] DFT calculations were conducted with
the Vienna Ab initio simulation package (VASP) [28,29]. The
exchange-correlation functional was described by the popular
Perdew-Burke-Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) [30]. The frozen-core projector-augmented wave (PAW)
method with a cutoff energy of 520 eV was used to describe the
interaction between core electrons and valence electrons [31]. In
addition, Grimme's DFT-D3 scheme was used to describe the long-
range vdW interactions [32]. A 6� 6� 1 supercell of graphene layer
embedded with The TM-N4 moiety was embedded in a 6 � 6 � 1
supercell of graphene layer to simulate the TM-SAC catalyst. A 15 Å
vacuum layer was set to eliminate the interactions with the peri-
odic images along the Z axial direction. G-centred MonkhorstePack
k-point mesh grid of 3 � 3 � 1 was employed for all supercells [33].
Moreover, the criteria of energy and force convergence were set to
1.0 � 10�5 eV per atom and 0.02 eV Å�1 for geometry optimization,
respectively. Bader charge analysis was used to study the atomic
charge changes. The VESTA program [34] was employed to
construct all models and to plot charge density differences.

The elementary steps for 4e�ORR in an acidic medium are
shown in Eqs (1)e(4), whereas the elementary steps for 2e�ORR to
produce H2O2 are the combination of Eqs (1) and (5).

* þ O2 þ Hþ þ e� /*OOH (1)

*OOH þ Hþ þ e� / *O þ H2O (2)

*O þ Hþ þ e� / *OH (3)

*OH þ Hþ þ e� / * þ H2O (4)

*OOH þ Hþ þ e� / * þ H2O2 (5)

The 4e�OER pathway is shown in Eqs (6)e(9), and the 2e�WOR
pathway to form H2O2 is the combination of Eqs (6) and (10).
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* þ H2O / *OH þ Hþ þ e� (6)

*OH / *O þ Hþ þ e� (7)

*Oþ H2O / *OOH þ Hþ þ e� (8)

*OOH / * þ O2 þ Hþ þ e� (9)

*OH þ H2O / * þ H2O2 þ Hþ þ e� (10)

where * denote adsorbed sites on SACs, adsorbed intermediates
*OOH, *O, and *OH are adsorbed intermediates, respectively.

For each elemental step, the Gibbs free energy DGi can be
calculated using Eq (11).

DG ¼DE þ DEZPE � TDS þ DGpH þ DGU (11)

where DE is the total energy of reactions obtained from DFT cal-
culations, DEZPE and DS represent the changes of zero-point energy
and entropy, respectively. T denotes the temperature (298.15 K).
The zero-point energy and entropy are calculated using the vibra-
tional frequencies of the oxygenated intermediate species based on
the harmonic normal mode approximationwhile fixing the catalyst
slab. DGpH ¼ �kBTln[Hþ] ¼ kB � pH � ln10 is the contribution of Hþ

concentration change for Gibbs free energy during the ORR process,
where kB is the Boltzmann constant, and the value of pH is assumed
to be zero. DGU ¼ �neU is the contribution of applied electrode
potential, where n is the number of electrons transferred in each
elemental reaction and U is the applied electrode potential. Besides,
according to the computational hydrogen electrode (CHE) model
suggested by Nørskov et al. [35,36], the chemical potential of a
proton/electron pair is equal to half of the energy of H2. Due to the
difficulties in the DFT calculations of open-shell triplet O2, the free
energy of the O2(g) molecule is calculated by
GO2ðgÞ ¼ 2GH2O t 2GH2

þ 4:92 eV [35].
Based on the free energies of elemental steps, the thermody-

namic overpotential of ORR/OER/WOR on SACs can be obtained via
Eqs (12)e(15). The elementary step with the maximum over-
potential is considered the potential-determining step (PDS), which
limits the ORR/OER/WOR processes.

h4e
� ORR ¼maxfDG1; DG2; DG3; DG4g

.
e þ 1:23 V (12)

h2e
� ORR ¼maxfDG1; DG5g

.
e þ 0:68 V (13)

h4e
�OER ¼maxfDG6;DG7; DG8; DG9g

.
e� 1:23 V (14)

h2e
�WOR ¼maxfDG6;DG10g

.
e � 1:78 V (15)

Eqs (16)e(18) are the reactions for the formations of key in-
termediates on SACs.

* þ 2H2O/ *OOH þ 3=2H2 (16)

* þ H2O / *O þ H2 (17)

* þ H2O / *OH þ 1=2H2 (18)

The calculated free energy of formation of each key ORR-
intermediate can be obtained by using Eqs (19)e(21):
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DG*OOH ¼ G*OOH þ 3
�
2GH2

� G* � 2GH2O (19)

DG*O ¼ G*O þ GH2
� G* � GH2O (20)

DG*OH ¼ G*OH þ 1
�
2 GH2

� G* � GH2O (21)

3. Results and discussion

3.1. O2 adsorption on SACs

Experimentally, TMs can be embedded into the bulk vacancies
such as single vacancy, double vacancies, and Stone-Wales defects
[37], to form single-atomic active sites. It is observed that most of
the metals are trapped at the nitrogenated double vacancies based
on the advanced characterization including transmission electron
microscopy and X-ray absorption near edge structure [23,38], dis-
played in Fig. 1(a), and it is the SAC model in this study. A total of 18
metals, including all 3d TMs except Sc, six 4d TMs, and three 5d TMs
can be anchored on N-doped graphene via chemically binding with
four pyridinic-nitrogen atoms (Figs. S1e2). Due to their lone-pair
orbitals, we choose axial ligands (e.g., eOH, ¼O, and ≡N) to
strongly bound to the central metals of these SACs (Fig. S3) via
single-, double-, and triple-bonds, respectively, in Fig. 1(b).
Increasing the axially coordinated orbitals with d orbitals can
gradually increase the interaction with central metals of SACs. In
addition, the dissolution potential in Fig. S4 shows that SACs with
Fig. 1. Structural prototype of SACs (a). The axial ligand-free SAC and SACs with OH, O, an
tribution of O2 adsorption configurations on SACs (d).
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axial ligands exhibit higher stability in an electro-chemical envi-
ronment. Finally, 72 SACs were screened for further investigation.

Theoretically, O2 adsorption/desorption is a key process for ORR/
OER, reflecting the reactivity of SACs. We thus estimated the O2
adsorption ability on SACs through O2 adsorption energy and
configuration. Fig. 1(c) demonstrated four adsorption configura-
tions of O2 molecules, including dissociation adsorption O2ad (1),
side-on adsorption O2ad (2), top-on adsorption O2ad (3), and
physisorption O2ad (4). These configurations of O2 adsorption
highly correlate with the interaction between oxygen molecules
and active sites [39], revealing the change in the adsorption ability
of SACs.

We then optimized O2 adsorption on SACs. Our computations in
Fig. 1(d) demonstrated that SACs derived from early TMs strongly
adsorb O2 and form the O2ad (2) configuration with stretched O2
bonding length. This indicates that these early TMs delivered a high
adsorption ability towards O2. SACs derived from late TMs show
relatively weak adsorption ability with the O2ad (3) or O2ad (4)
configuration. With the axial ligands being stronger, the O2
adsorption configuration gradually changes from O2ad (2) to O2ad
(4), especially for Ti, V, Nb, andMo. Besides, the corresponding OeO
binding length and adsorption energy decrease with stronger
ligand bonding as displayed in Figs. S5 and S6. Hence, axial coor-
dination was confirmed to effectively regulate the adsorption of
SACs for further investigation in oxygen reactions.
3.2. Catalytic activity of SACs

The intrinsic catalytic activity of SACs with axial ligands towards
d N axial ligands (b). The possible O2 adsorption configurations on SACs (c). The dis-
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oxygen reaction was further investigated. As exhibited in Fig. 2(a),
the 4-electron ORR can be divided into four steps based on the
number of electron transfers. Depending on the O2 adsorption
configuration, the adsorbed O2 interacted with the first Hþ/e� pair
and then generate three different species 1, including *Oþ*OH,
*O*OH, and *OOH. Besides, all these species 1 can expose two ox-
ygen sites for the subsequent hydrogenation. The second Hþ/e� pair
can accordingly attack either of the oxygen atoms of species 1 to
form species 2, including the intermediates (*OHþ*OH or *O) or
the production of H2O2. The generation of H2O2 implies the
completion of 2e�ORR and the start of the next reaction cycle [2]. If
the third electron/proton transfer occurs, the above intermediates
can only convert into species 3, namely *OH, and then reduced to
H2O, followed by desorption.With 4-electron transferred, O2 can be
reduced to H2O, which finalizes the 4e�ORR process [40]. Along the
reverse direction of electron transfer, the H2O molecule couples
two or four electrons to form H2O2 and O2, corresponding to
2e�WOR and 4e�OER, respectively [8,41].

Within the theoretical frame of such four oxygen-involving re-
actions, we calculated the free energy change for each elementary
reaction in Eqs (1)e(10) (Tables S3e4). Based on Eqs (12)e(15), we
estimated the catalytic activity of SACs (with/without axial coor-
dination) by using the DFT calculated overpotential. Fig. 2(b-e)
summarized the heatmaps of the overpotentials on SACs. Taking
the 4e�ORR overpotential of 0.43 V on Pt (111) as a golden standard
[35], a few SACs even without axial coordination exhibit high cat-
alytic performances such as Cr- and Mn-SAC for 2e�ORR, Co- and
Rh-SAC for 4e�ORR, 2e�ORR, and 4e�OER, Ni-, Cu-, Ag-, and Au-SAC
for 2e�WOR, Zn-SAC for 4e�OER. None of the SACs derived from the
other 11 TMs, especially the early TMs, exhibit low overpotentials
for the oxygen-involving reactions, revealing that the late TM
metal-derived SACs have a superior catalytic activity compared to
Fig. 2. The 4e�/2e�ORR pathways on SACs along with the hydrogen/electron transfer (a). Th
(d), and 2e�WOR (e) on various SACs.
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the early TM-derived SAC in catalyzing O2/H2O conversion [42].
With axial coordination, a large number of newly active SACs arise
including 6 SACs for 4e�ORR, 16 SACs for 2e�ORR, and 5 SACs for
4e�OER, and 20 SACs for 2e�WOR. Meanwhile, some SACs possess
higher or comparable catalytic performance to the conventional
tetra-coordinated SACs: 4 SACs for 4e�ORR, 10 SACs for 2e�ORR,
and 6 SAC for 2e�WOR. Especially, Mo-SAC-OH possesses the
lowest overpotential of 0.05 V towards 2e�ORR, revealing that the
Mo-SAC-OH is a potential excellent catalyst for 2e�ORR. Nb-SAC-
OH exhibited the best catalytic activity towards 2e�WOR with the
lowest overpotential of 0.01 V. Therefore, it proved again that
moderate axial coordination can be an efficient strategy to regulate
the catalytic activity of SACs. Furthermore, it is worth noting that
early TM-derived SACs display great potential in the development
of new catalysts for catalyzing oxygen reactions via axial
coordination.
3.3. Regulation rule of SACs

The above activity data motivated us to find an underlying
mechanism to shed light on the regulation rule for SAC systems.
First, we constructed the scaling relation between the adsorption
energy of three key intermediates (species 1, 2, and 3) to describe
the adsorption behavior of SACs. Apart from *Oþ*OH on Ti-SAC, V-
SAC, Nb-SAC, and Mo-SAC, the adsorption energy of other species 1
(*O*OH and *OOH) linearly correlated with the adsorption energy
of *OH with R-square of 0.93 in Fig. 3(a).

The linear relation between DG*OOH and DG*OH is
DG*OOH ¼ 0.87DG*OH þ 3.2. This is similar to the scaling relation:
DG*OOH ¼ DG*OH þ 3.2 in metal oxides [43]. Meanwhile, due to the
different bonding patterns in *O/*OH (double-bond vs single-bond)
and the high sensitivity of double-bonded *O to the adsorption site,
e heatmap of catalytic activity (Overpotential / V) of 4e�ORR (b), 2e�ORR (c), 4e�OER



Fig. 3. The scaling relation of DG*OH vs. DG*OOH and DG*O (a). The volcano curve of SACs on basis of ORR free energies (b). The I, II, III, IV, and V regions represent the feasible DG*OH

ranges for highly 4e�ORR, 4e�OER, 2e�ORR, 2e�WOR, and sluggish oxygen reactions. The distribution of *OH adsorption energy of SACs (c). The gray lines denote the optimal *OH
adsorption energy for 4e�ORR and 2e�WOR. The suitable catalytic oxygen reaction of various SACs (d).
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the linear relationship for *O/*OH (R-square ¼ 0.84) is not as good
as that for *OH/*OOH (R-square ¼ 0.93), and the fitted linear
relationship for *O/*OH is: DG*O ¼ 1.57DG*OH þ 0.9. Accordingly,
these linear fitting showed that the adsorption energy of *OH can
be employed as a descriptor to describe the influence of the change
of adsorption in the catalytic activity. Furthermore, Fig. 3(b) ex-
hibits a volcano-shaped relationship between free energy change
along oxygen reactions and the adsorption energy of *OH. The
commercial Pt/C has an overpotential of 0.43 V for ORR, and we
have used this value to screen the electrocatalysts. It is worth
noting in Fig. S7 that there are four volcano peaks corresponding to
4e�ORR [44], 4e�OER [45], 2e�ORR [46], and 2e�WOR [41],
respectively. The optimal DG*OH is corresponding to 0.92, 1.10, 1.20,
and 1.93 eV. It indicates that the high-performance 4e�ORR cata-
lysts require relatively strong adsorption, whereas 4e�OER,
2e�ORR, and 2e�WOR require weak DG*OH. Fig. S8 demonstrates
that weakening *OH adsorption can gradually increase the catalytic
activity toward 4e�ORR, 4e�OER, 2e�ORR, and 2e�WOR. Fig. 3(c)
presents the DG*OH values of conventional SACs, and Ti-, V-, Cr-,
Mo-, Nb-, Ru-, and Os-SACs possess strong adsorption with DG*OH
below or close to 0 V and are located in area I in Fig. 3(b). This
indicated that they have poor catalytic activity towards all oxygen
reactions, which is consistent with the previous discussion. Mn-,
Fe-, Co-, Ni-, and Rh-SACs exhibited a feasible DG*OH near 1 eV in
5

area II. These SACs deliver good ORR performance [21]. Among
them, with the larger value of the DG*OH, the SACs tend to be closer
to area II, implying an improved activity of 2e�ORR, and 2e�WOR.
With high DG*OH above 1.90 eV, Ni-, Cu-, Zn-, Pd-, Pt-SACs exhibit
weak adsorption in area IV, which indicates the high activity of
2e�WOR. Besides, it can be found that axial coordination can
decrease DG*OH. Furthermore, early TMs exhibit a sharp decrease of
DG*OH compared with late TMs and a moderate DG*OH approaching
or slightly exceeding 1 eV. This breaks the limitation of SACs
derived from early TMs to catalyze oxygen reactions. Consequently,
as shown in Fig. 3(d), there are a growing number of SACs with axial
coordination exhibiting high catalytic activity towards either
4e�ORR, 4e�OER, 2e�ORR, or 2e�WOR. Therefore, the axial coor-
dination strategy can effectively tune the catalytic activity of SACs
towards oxygen-involved reactions and extend the SACs to the
early TMs.
3.4. Catalytic activity of SACs

In this section, we discuss the correlation between the reduced
adsorption energy of SACs and the improved catalytic activity to-
wards oxygen-involved reactions. Electron transfer processes on
*OOH, *OH, and *O adsorption on Mo-SAC with/without axial co-
ordination were analyzed, and displayed in Fig. 4(a-d). Mo-SAC



Fig. 5. The distribution of DG*OH and corresponding Bader charge of active TMs in
various SACs.
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displays strong adsorption of *OOH (DG*OOH ¼ �1.55 eV), *OH
(DG*OH ¼ �1.52 eV), and *O (DG*O ¼ �2.56 eV), phenomenally
corresponding to the prolonged OeO the bond length of 2.63 Å in
*OOH, short MoeO bond lengths of 1.86 and 1.69 Å in *OH and *O.
Comparably, with the additional eOH ligand in an axial direction,
the adsorption ability is weakened (e.g., DG*OOH ¼ 4.18 eV,
DG*OH ¼ 1.04 eV, and DG*O ¼ 0.70 eV), which attributed to a shorter
OeO the bond length of 1.46 Å. Additionally, the MoeO bond
lengths in *OH and *O were stretched to1.91 and 1.72 Å,
respectively.

As shown in Fig. 4(b) and (d), the presence of axial coordination
can reduce the electrons transferring from the central Mo site into
oxygenated intermediates, which is in good agreement with the
observation of the change of adsorption. In addition, considering
the effect of potential by using the potential-fixedmethod, the axial
coordination still promotes the catalytic activity (Fig. S11) [47].
Therefore, weakening the electron-donating ability of a central
metal atom in SACs can tailor the adsorption ability. The Bader
charge of central metals is shown in Fig. 4(e), and the plot of DG*OH
vs Bader charge is given in Fig. 5, which demonstrates that most
conventional SAC configuration without axial coordination locates
at the lower bound of the triangle framework. This certifies SAC
configuration plays a significant role in tailoring the *OH adsorp-
tion energy of SACs. Besides, increasing the Bader charge of the TM
center via axial coordination boosts the *OH adsorption energy of
SACs. Increasing axial bond endows TM the highest positive charge,
accordingly resulting in the weaker *OH adsorption. Furthermore,
it can be observed that the SACs, located farther to the left in the
periodic table, exhibit a higher charge state, indicating the role of
TM species in influencing adsorption. Therefore, SAC configuration,
charge state, and transition metal species were integrated into the
theoretical triangular framework (SI) to describe the catalytic
behavior of SACs.

To explore the role of TM species in tailoring the adsorption of
Fig. 4. The adsorption configuration (*OOH, *OH, and *O) on Mo (a) and MoeOH (c), the cor
red, and gold balls represent the H, C, N, O, and Mo atoms, respectively. The yellow and blue
is 0.003 e/Å3. The Bader charge of active TMs in SACs (e).
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SACs, we further investigated the frontier d-orbital distribution. As
displayed in Fig. S12, the coefficients of determination R-squares
between spin-up (UP) d-band center and spin-down (DW) d-band
center, including the projected dyz� , dxz� , dxy� , dx2�y2� , dz2� band and
the full d-band center, are 0.78, 0.88, 0.88, 0.84, 0.88, and 0.88,
respectively. Besides, their corresponding slopes are close to 1,
indicating the high correlation between the spin-up (UP) d-band
center and the spin-dw (DW) d-band center. It is thus reasonable to
apply the single spin-up (UP) d-band center to describe the varia-
tion of the total d-band center. Furthermore, the linear fitting of
dyz� , dxz� , dxy� , dx2�y2� , dz2� band center (UP) exhibited in Fig. S13
showed their R-squares of 0.88, 0.91,0.93, 0.81, and 0.94, respec-
tively, and their corresponding formulas are shown in Table 1. These
fitting results manifest that the energy level of all d-band centers
(UP) can be expressed as a function of the energy level of dz2� band
center (UP). As can be seen in Fig. 6(a), with the increase of the dz2�

band center (UP), the order of the projected d-band is changing.
responding charge difference density for Mo (b) and MoeOH (d). The white, black, blue,
regions denote electron accumulation and depletion, respectively. The isosurface value



Table 1
The linear relationship between and spin-up (UP) dyz� , dxz� , dxy� , dx2�y2� , d-band band centers and spin-up (UP) dz2� band center, where P denotes parallel lines.

d-orbitals Function R [2] Points of intersection

dxy dyz dxz dx2�y2 dz2 d

dxy y ¼ 1.09x-0.23 0.88 / �0.50 0.00 P 2.56 P
dyz y ¼ 1.13x-0.21 0.91 �0.50 / P 9.00 1.62 3.50
dxz y ¼ 1.14x-0.23 0.93 0.00 P / 7.60 1.64 5.20
dx2�y2 y ¼ 1.09x-0.15 0.81 P 9.00 7.60 / �1.67 P

dz2 y ¼ x / 2.56 1.62 1.64 �1.67 / 0.78
d y ¼ 1.09x-0.07 0.94 P 3.50 5.20 P 0.78 /

Fig. 6. The linear relationship between and spin-up (UP) dyz� , dxz� , dxy� , dx2�y2� , dz2� band centers and spin-up (UP) dz2� band center (a). Orbital splitting pattern along increasing
spin-up (UP) dz2� band center (b). The distribution of DG*OH and corresponding spin-up (UP) dz2� band center of active TMs in various SACs (c).
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Based on the points of intersection listed in Table 1, we can divide
Fig. 6(a) into four areas, and each area corresponds to a d-orbital
splitting shown in Fig. 6(b).

As shown in Fig. 6(a) and (b), with the increase of the dz2� band
center (UP), the relative order of dz2� orbitals downshift, while dxz�
and dyz� orbitals upshift to a relatively higher order. As reported
previously, decreasing d-electrons can induce the upshift of the d-
band center [48e50]. Such upshift will lead to the reordering of the
dz2-orbital (downshift) and dxz� and dyz� orbitals (upshift) in
Fig. 6(b). It drives the dz2� orbital approaching the Fermi level and
becoming a good electron donor, whereas the dxz� , dyz� orbitals
becoming good electron acceptors. Such change can strengthen the
interaction between SACs and the adsorbates since the three d-
orbitals are mainly involved in the bonding with adsorbates [51].
Therefore, the early TM-derived SACs, with fewer electrons in d-
orbitals, have the weak adsorption ability of SACs. We then divided
the framework in Fig. 6(c) into 4 areas. There are various cases of
3d-orbital splitting in each area. In conventional SACs, Cu, Ag, and
Au belong to area I, and most Mn, Fe-, Co-, Ni-, Ru-, Pd-, and Pt-
derived SACs are in area II, while Ti-, Ve Cr-, Nb-, Mo-, Rh-, and
Os-derived SACs located at area III. It is worth mentioning that part
7

of SACs, such as Ni, exists in two areas because axial coordination
can regulate not only the charge state of metal sites but also the
energy level distribution of 3d-orbitals through orbital interaction
[52e54]. Therefore, the number of d-electrons in the 3d-orbital of
SACs, determining the 3d-orbital splitting, further affects the
adsorption behavior of SACs. Therefore, a theoretical framework
plotted in Fig. 6, combining TM species, charge states, and SAC
configurations can be employed to describe the adsorption of SACs
and catalytic activity toward oxygen-involved reaction.
4. Conclusions

In this work, we investigated the catalytic activity of a single
atomic catalyst (SAC) with axial coordination towards oxygen-
involving reaction, including 4e�/2e�ORR, 4e�OER, and 2e�WOR
by density functional theory calculations. With the presence of
axial coordination (-OH,¼O, and ≡N), SACs, even early TMs-derived
SACs, can exhibit high catalytic activity towards four oxygen-
involved reactions. The accurate scaling relation confirmed weak-
ening the adsorption ability can improve the catalytic activity to-
wards different oxygen reactions. More importantly, a theoretical



C. Zhang, Y. Dai, Q. Sun et al. Materials Today Advances 16 (2022) 100280
framework of SAC configuration, transition metal (TM) species, and
TM charge states have been established to describe the adsorption
ability of SACs. This work offers an intrinsic landscape to explore
the catalytic activity of SACs, providing rational guidelines for
designing high-performance SACs.
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