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A B S T R A C T

Single-atom catalysts (SACs) have been a research hotspot due to their high catalytic activity, selectivity, and
atomic utilization rates. However, the theoretical research of SACs is relatively fragmented, which restricts further
understanding of SAC stability and activity. To address this issue, we report our analysis of the geometric
structures, electronic characteristics, stabilities, catalytic activities, and descriptors of 132 graphene-based single-
atom catalysts (M/GS) obtained from density functional theory calculations. Based on the calculated formation
and binding energies, a stability map of M/GS was established to guide catalyst synthesis. The effects of metal
atoms and support on the charge of metal atoms are discussed. The catalytic activities of M/GS in both nitrogen
and oxygen reduction reactions are predicted based on the calculated magnetic moment and the adsorption
energy. Combined with the electronegativity and d-band center, a two-dimensional descriptor is proposed to
predict the O adsorption energy on M/GS. More importantly, this theoretical study provides predictive guidance
for the preparation and rational design of highly stable and active single-atom catalysts using nitrogen doping on
graphene.
1. Introduction

Recently, single-atom catalysts (SACs) have been a focal point in
energy and chemical engineering due to their high catalytic activity,
selectivity and atomic utilization rate [1,2]. Preparations of various SACs
have been reported, such as Pt1/FeOx [3], Rh1/CoO [4], Pd1/Fe2O3 [5],
and M-N4-C (M¼ Fe, Co, and Ni) [6–9]. Due to the large specific surface
area and unique physicochemical properties of graphene, SACs sup-
ported with graphene-based substrates (M/GS) have been widely applied
in catalysis including CO oxidation [10–15], CO2 reduction [16–18],
water splitting [19,20], and oxidation-reduction reaction [8,21–23]. Due
to their importance in catalytic reactions, the stability and catalytic ac-
tivity of SACs have become key issues in the evaluation of M/GS [1,
24–26].

Although various M/GS can successfully be prepared experimentally
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through high temperature calcination and chemical leaching processes
[27–30], ensuring high stability during processing is still challenging,
especially for high-loadingM/GS. The stability of SACs has been a critical
issue due to their tendency to agglomerate into clusters or nanoparticles
[1,24]. To investigate the agglomeration of single atoms, the binding
energy of the metal dopant on graphene-based substrates has been
studied using density functional theory (DFT) calculations in previous
studies [31–35]. Wang et al. [20] compared the binding energy of metal
atoms with the corresponding cohesive energy and concluded that the
adsorption of Ba, Mg, and Ti on the graphene-based substrate is strong
enough to prevent the agglomeration of metal atoms. However, some
previous studies only focused on the binding energy, and neglected the
cohesive energy of metallic bulk. Liu et al. [36] calculated the binding
energy of Pd on N-doped single vacancy graphene-based substrate
(�3.02 eV) and concluded that the graphene-based substrate could bind
. Meng), gaozhyan@163.com (Z. Gao).

n behalf of KeAi. This is an open access article under the CC BY-NC-ND license

mailto:idgates@ucalgary.ca
mailto:mengweihua121@163.com
mailto:gaozhyan@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoms.2019.10.008&domain=pdf
www.sciencedirect.com/science/journal/25899651
www.keaipublishing.com/cn/journals/nano-materials-science/
https://doi.org/10.1016/j.nanoms.2019.10.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.nanoms.2019.10.008
https://doi.org/10.1016/j.nanoms.2019.10.008


W. Yang et al. Nano Materials Science 2 (2020) 120–131
the Pd atom strongly, thus having good catalytic stability. However, this
binding energy (�3.02 eV) is weaker than the cohesive energy of bulk Pd
(�3.90 eV) [37], suggesting that Pd atoms are likely to agglomerate and
subsequently form nanoparticles. Also, the binding energy of Pt on a
single vacancy graphene-based substrate is �4.47 eV [32], which is
weaker than the cohesive energy of bulk Pt (�5.85 eV) [37].

Based on the above discussion, the current research based on the
binding energy versus the cohesive energy is insufficient to accurately
evaluate the tendency of metal atoms to agglomerate.

On the other hand, formation energy determines the thermodynamic
stability of catalysts [38–40], which provides an important guide for
catalyst synthesis. However, there is still a lack of consideration of the
formation energy in previous theoretical studies of M/GS [41]. In addi-
tion, there are currently two different calculation formulas for formation
energy of M/GS. Some studies consider the formation energy of
graphene-based substrates [20,38,42], while others neglect the contri-
bution of graphene-based substrates on the formation energy [39,40].
Considering that the formation energies of M/GS can be calculated by
different formulas, this leads to a lack of comparability of the formation
energy data in the literature. Therefore, it is necessary to study formation
energy systematically using a uniform calculation formula.

Regarding the catalytic activity of M/GS, there have been a large
number of theoretical studies focused on SACs, which typically inves-
tigated a given specific reaction using different computation methods
[20–24]. However, a simple descriptor that correlates catalytic struc-
ture and activity has not been developed, which limits the effective
screening of catalysts. To describe the potential energy variations in
catalytic reactions [43], scaling relationships [44] and Brønsted-E-
vans-Polanyi (BEP) correlations [45] have been proposed; these have
been applied in many catalytic reactions [46–48]. Combined with the
scaling and BEP relationships, the energy barrier of catalytic reactions
and the activity of catalysts can be predicted solely based on the
adsorption energy of a small adsorbate [49,50]. To bridge the gap
between catalyst structure and adsorption energy, the d-band center
(εd) theory proposed by Nørskov et al. [51] has been successfully
applied in the evaluation of CO [51], and CO2 adsorption [52]. How-
ever, the prediction of εd on the adsorption energy of H, O, OH, and
OOH has been proved to be less effective [53–57]. In addition, εd has
been proved to be an inappropriate descriptor of adsorption energy for
SAC systems [58–60]. Therefore, to facilitate catalyst screening, it is
necessary to develop a simple and effective descriptor of adsorption
energy in M/GS systems.

According to the research mentioned above, the investigation of
catalyst stability based on binding energy and formation energy in the
system of M/GS is scattered, and an effective descriptor of adsorption
energy is lacking, thus hindering the development of highly stable and
active M/GS. Therefore, it is imperative to perform a systematic theo-
retical study of the geometric structures, electronic characteristics, sta-
bilities, catalytic activities, and descriptors of graphene-based SACs in
order to prepare and design highly stable and active M/GS.

In this research, we studied 12 metal atoms and 11 graphene-
based substrates, for a total of 132M/GS systems. First, the geo-
metric structures of M/GS including bond length and elevation height
were evaluated. Second, the charge of the metal atom and d-band
center, as key parameters, were calculated to study the electronic
characteristics. Third, to guide the synthesis of catalysts, a stability
map of M/GS was established based on the formation and binding
energies of M/GS. Subsequently, the catalytic activities of M/GS in a
nitrogen reduction reaction (NRR) and oxygen reduction reaction
(ORR) were predicted, respectively, based on the calculated magnetic
moment and the oxygen adsorption energy. Finally, combined with
the electronegativity and d-band center, an effective activity
descriptor of M/GS is proposed to predict the adsorption energy of
oxygen on the surface of M/GSs.
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2. Methods

2.1. Computation methods

All DFT calculations were conducted using the Vienna ab initio
simulation package (VASP) using the Perdew-Burke-Ernzerhof (PBE)
functional and projector augmented wave (PAW) methods [61–63]. The
combination of PBE and PAW methods has been adopted for the calcu-
lation of adsorption and catalytic reaction on M/GS [4,38–40,60,64–70].
To determine the magnetic properties of the system, spin-polarization
was employed to acquire the accurate ground-state energy [71].
Consistent with our previous model [33,69], a (4� 4) supercell of gra-
phene with a 15 Å vacuum layer was adopted as the model's
graphene-based substrate.

The kinetic energy cutoff of the plane-wave basis set was set as
500 eV. Gaussian smearing (σ¼ 0.05 eV) was adopted for the occupation
of the electronic levels. A (7� 7� 1) Γ-centered k-point grid was selected
for structural relaxations, which has been shown to be accurate in our
previous studies [33,69]. Specifically, a convergent structure optimiza-
tion was defined as occurring when all the forces fell below 0.02 eV/Å. To
acquire a more accurate electronic structure, a (15� 15� 1) Γ-centered
k-point grid was adopted for the energy calculations to determine both
the system energy and the charge information.

M/GS are usually synthesized through physical [8,9,22,72] and
chemical [6,73] methods by using graphene [9,22] or graphene oxide [8,
17,73] as the raw materials. Therefore, the formation process of M/GS
should start with graphene, and the formation energy of defective and
doped graphene-bases substrates should be included in the formation
energy calculations of M/GS. The formation energy of the substrates and
the M/GS can be calculated using the following equations (1) [34] and
(2) [38], respectively:

for the substrate: Ef¼ ESub þ xμC – EG – yμN, or (1)

for the M/GS: Ef¼ EM/GS þ xμC – EG – yμN – EM, (2)

where ESub is the total energy of the graphene-based substrate; x is the
number of carbon atoms removed from the pristine graphene; μC is the
chemical potential of carbon defined as the total energy per carbon atom
for pristine graphene; y is the number of nitrogen atoms added; μN is the
chemical potential of nitrogen (defined as half of the total energy of an N2
molecule); EM is the total energy of an isolatedmetal atom in the vacuum;
and EM/GS is the total energy of M/GS. According to this definition, a
negative Ef value indicates a thermodynamically favorable configuration,
whereas a more negative value of Ef corresponds to a higher thermody-
namic stability. The binding energy of metal atoms on substrates can be
calculated according to the formula:

Eb¼ EM/GS – ESub – EM. (3)

The adsorption energy of oxygen on M/GS is defined by:

Eads(O)¼ Etot –EM/GS – EO, (4)

where Etot is the total energy of the adsorption system of oxygen; and EO
is the energy of oxygen, which is half of the energy of an oxygen mole-
cule. The d-band center of the catalyst can be calculated from Ref. [51]:

εd ¼
Rþ∞
�∞ E �DðEÞdE
Rþ∞
�∞ DðEÞdE ; (5)

where D(E) is the total d states of the metal atom in M/GS.
2.2. Modeling

There are two types of M/GS according to the number of vacancy
defects in graphene-based substrates. In Fig. 1, structures (a-d) belong to



Fig. 1. Structures of SACs with different graphene-based substrates.

Fig. 2. The elevation heights of metal atoms in M/SV-GS.

Fig. 3. The elevation heights of metal atoms in M/DV-GS.
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SACs with single vacancy substrates (M/SV-GS), while structures (e-k)
belong to those SACs with double vacancies substrates (M/DV-GS).
Taking into account the catalyst synthesis, both vacancy defects and the
doping of nitrogen are common and accessible modification methods.
Therefore, 11 types of graphene-based substrates were selected to study
the support effects on catalytic performance. In detail, three nonequiv-
alent structures in two nitrogen atoms were embedded into the graphene-
based substrates according to the different coordination environments of
the metal atoms. These structures were labeled as M/DV-N12, M/DV-
N13, and M/DV-N14, respectively. Fig. 1 shows that there are three
bonds adjacent to metal atoms in M/SV-GS (denoted as B1, B2, and B3),
and there are four bonds adjacent to metal atoms in M/DV-GS (denoted
as B1, B2, B3, and B4). The distance from the metal atoms to the plane of
the graphene-based substrates was denoted as the elevation height of the
metal atoms (H). To analyze the effect of metal atoms on catalytic per-
formance, transition metals in the third period (Ti, V, Cr, Mn, Fe, Co, Ni,
and Cu) and typical precious metals (Pd, Pt, Ag, and Au) were selected as
the atoms to be embedded. In summary, there were a total of 132 cata-
lytic structures which consisted of 11 types of graphene-based substrates
and 12 types of metal atoms.

3. Results and discussion

3.1. Geometric structures

The high activity and selectivity of SACs originates in their unique
geometric and electronic structure. Therefore, the bond lengths (between
the metallic dopant and the adjacent atoms) and the elevation heights of
the metal atoms are evaluated here. First, we summarized the bond
lengths between the metal and its adjacent atoms, as shown in
Tables S1–S12. From Tables S1–S12, we see that the bond lengths are in
agreement with previous studies in the literature, which guarantees the
accuracy of our calculated results. Second, the elevation heights of the
metal atoms are plotted in Figs. 2 and 3, with data from both our cal-
culations and the literature as shown in Tables S13 and S14.

From Fig. 2, the elevation heights of the metal atoms in the M/SV-GS
are all larger than 1.2 Å, indicating that the space of the single vacancy is
not large enough to hold the metal atoms in the graphene plane. The
elevation height gradually decreases from Ti to Co, and Co/SV-GS has the
lowest elevation height among the 12metal atoms in theM/SV-GS. There
is no clear effect of the doping of nitrogen on the elevation height of
metal atoms in M/SV-GS. From Fig. 3 and Fig. S1, generally, we see that
the elevation height of the metal atoms in the M/DV-GS decreases as the
122
amounte of doped nitrogen increases, which suggests that the doping of
nitrogen has a significant effect on promoting the embedding of metal
atoms on DV-GS. Except for Ti and V, all of the metal atoms can be
embedded in the graphene plane due to the promoting effect of doped
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nitrogen. Using the doped nitrogen, Cr is the first metal atom of the third
period which can almost be embedded in a graphene plane (Cr/DV-
N1234). As a consequence of having smallest atomic radius (1.45 Å)
[74], the elevation heights of Cu in M/DV-GS are the lowest, and Cu can
be directly embedded in the graphene plane without the promoting effect
of nitrogen doping. Compared to M/SV-GS, the elevation heights of metal
atoms in M/DV-GS are significantly lower, which can be explained by the
larger space of double vacancies available to accommodate the metal
atoms. Furthermore, according to Fig. S2, there was a tendency for the
average elevation heights of metal atoms to increase with the increase of
the atomic radius.
Fig. 5. The charge of metal atoms in M/DV-GS.
3.2. Electronic characteristics

3.2.1. Charge analysis
The charge of the metal atoms in M/GS (Q) is an important factor that

affects catalytic activity. Liu et al. [36] have shown that the charge of the
metal atoms in M/GS acts as the microscopic driving force for O2
dissociation. According to Sun et al. [75], there is a positive correlation
between the charge of metal atoms in M/GS and the dissociation energy
of propane dehydrogenation. In addition, our previous study [33] in-
dicates that there is a clear linear relationship between the charges of Fe
in Fe/SV-GS and the catalytic activity of the activating O2. Therefore, the
charge of metal atoms in M/GS are summarized in Figs. 4 and 5, with the
data from our calculations and data from the literature as shown in
Tables S15 and S16.

As we can see from Fig. 4, for the metal atoms in the third period, the
amount of charge of the metal atoms decreases gradually with the in-
crease of the atomic number. From Fig. 5, and similar to the charge of
metal atoms in M/SV-GS, we see that there is also a downward trend in
the amount of charge from Ti to Cu. Comparing the charge of the metal
atoms in M/SV-GS and M/DV-GS (as shown in Fig. S3), the metal atoms
in M/DV-GS are slightly larger than that the metal atoms in M/SV-GS,
suggesting that the double vacancies have a promoting effect on the
charges of metal atoms in graphene-based substrates. In addition, except
for Ti and V, the doped nitrogen has clear promoting effect on the charge
of the metal atoms.

To describe the charge of metal atoms in M/GS, electronegativity (X)
was introduced as a charge descriptor based on the atoms’ atomic elec-
tronegativity [76]. Given the different coordination environments in
different graphene-based substrates, the contribution of atoms adjacent
to the metal atom was considered. The value of Х can be obtained ac-
cording to the following equation:

X¼ ðxXC þ yXN �XMÞ � θd
nd
; (6)
Fig. 4. The charge of metal atoms in M/SV-GS.
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where x is the number of carbon atoms adjacent to the embedded metal
atom, XC is the electronegativity of the carbon atoms, y is the amount of
nitrogen adjacent to the embedded metal atom, XN is the electronega-
tivity of the nitrogen, XM is the electronegativity of the metal atoms, θd is
the number of occupied electrons of the d orbitals, and nd is the maximum
number of electrons in the d orbitals. The equation of electronegativity
consists of two parts: the contribution of metal atoms and the contribu-
tion of adjacent atoms.

Usinga Equation (6), specific values of X were calculated and are
summarized in Table S17. To examine the correlation between X and Q,
two types of correlations were investigated. One is the correlation be-
tween X and Q for different metal atoms with the same graphene-based
substrates, and the other is the correlation between X and Q for
different graphene-based substrates with the same metal atoms. Linear
regressions between X and Q for different metal atoms and different
graphene-based substrates were performed, as shown in Figs. 6 and 7,
respectively.

In Fig. 6, a significant negative linear relationship between X and Q
for different metal atoms is shown. The correlation coefficients all exceed
0.8, indicating that the descriptor of X can be used to describe the charge
tendency between different metal atoms in the same graphene-based
substrates. It is noteworthy that the slope of the regression line gradu-
ally decreases with the doping of nitrogen atoms, which may suggest that
the sensitivity of X to Q decreases with the doping of nitrogen atoms. In
Fig. 7, a clearly positive linear correlation between X and Q for different
graphene-based substrates is shown (except for Ti and Ni). By examining
the correlation of X and Q in different metal atoms and graphene-based
substrates, we can conclude that the descriptor X, based on electroneg-
ativity, can be a good descriptor for the charge information of metal
atoms in M/GS.
3.3. Investigations of d-band center

Owing to its importance in the description of catalytic activity, the d-
band center (average energy of d-electrons) of M/GS was calculated and
plotted in Figs. 8 and 9, and the data is summarized in Tables S18 and
S19. It can be seen from Figs. 8 and 9 that there is a decreasing trend in
the d-band center from Ti to Cu, which is consistent with the d-band
center order of their bulk forms. However, the effect of doped nitrogen on
d-band center, does not show a clear correlation between the d-band
center and doping nitrogen in M/DV-GS. However, doping nitrogen
caused a significant promoting effect on the d-band center in M/SV-GS
(M¼ Cu, Pd, Pt, Ag, and Au), suggesting that the catalytic activity of
M/SV-GS (M¼ Cu, Pd, Pt, Ag, and Au) can be tailored through the doping
of nitrogen.



Fig. 6. Linear regressions of X and Q for different metal atoms.
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3.4. Stability analysis

As mentioned above, structural stability is a key factor of SACs [77].
To investigate the stability of M/GS, the formation energy of M/GS was
calculated to assess the difficulty of forming a desired structure. By
comparing the formation energy with zero, we can evaluate whether the
formation of the catalyst is thermodynamically favorable. Moreover, we
calculated the binding energy of metal atoms on graphene-based sub-
strate to measure the anchoring strength for metal atoms. By comparing
the binding energy and the cohesive energy of metal atoms, we can es-
timate whether the metal atoms are likely to agglomerate.
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First, we plotted the formation energies of graphene-based substrates
and M/GS, as shown in Figs. 10 and 11, using the calculations from our
data and from the literature, as shown in Tables S20 and S21. Fig. 10
shows that there is a clear difference in the formation energy of M/GS
with different metal atoms and the same support. In M/GS with the same
metal atom and different supports, the formation energy of M/GS in-
creases as the amount of doped nitrogen increases, except for Pt, which
suggests that the doped nitrogen atoms have significant promoting ef-
fects on the stability of M/GS. Among the 12 types of metal atoms, the
formation energies of Ti/SV-GS are all below zero, indicating that Ti/SV-
GS has higher thermodynamic stability than the other systems studied.



Fig. 7. Linear fitting of X and Q for different graphene-based substrates.
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The formation energies of M/SV-GS (M¼ Cu, Pd, Pt, Ag, and Au) are all
above zero, suggesting that these configurations may not remain stable. It
should be noted that the formation energies of M/SV-GS (M¼ Fe, Co, Ni,
Cu, Pd, and Pt) are all negative, as calculated by Kirk et al. [39]; the
obvious differences in the formation energies between this work and that
in the literature are mainly caused by the different calculation formulas.
The formation energies of defects and doping were not included in Kirk
et al. [39] calculations of formation energies. From the perspective of
guiding catalysts’ synthesis, it is plausible that the effects of both defects
and doping should be considered when calculating the formation en-
ergies of M/GS. Therefore, we considered the effects of defects and doped
nitrogen in our formation energy calculations.
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In Fig. 11, similar to M/SV-GS, we see that the metal atoms have
significant influences on the thermodynamic stability of M/DV-GS,
together with the notable promoting effect of doped nitrogen atoms on
the thermodynamic stability of M/DV-GS. Among the three doping
configurations, when the doping used two nitrogen atoms in M/DV-GS
the formation energies of the M/DV-N14 were more negative than in
the other two configurations; thus, M/DV-N14 has a higher thermody-
namic stability than the other two configurations. In addition, the for-
mation energies of Ag/DV-GS and Au/DV-GS are above zero, suggesting
that these configurations may not be stable. In the M/SV-GS and M/DV-
GS, there was a linear relationship between the promoting effect of doped
nitrogen on the thermodynamic stability of M/GS and the amount of



Fig. 8. Calculated d-band center of M/SV-GS.

Fig. 9. Calculated d-band center of M/DV-GS.

Fig. 10. Formation energies of M/SV-GS.

Fig. 11. Formation energies of M/DV-GS.

Fig. 12. Binding energies of M/SV-GS.

Fig. 13. Binding energies of M/DV-GS.
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doped nitrogen, indicating the promoting effect of greater numbers of
doped nitrogen atoms.

Second, we plotted the binding energies of M/GS as shown in Figs. 12
and 13, with the results of our detailed calculations and those from the
literature are provided in Tables S22 and S23. In Figs. 12 and 13, the
reference values of the cohesive energies of different metal atoms are
126
labeled as stars. Fig. 12 shows that the binding energies of M/GS are all
below zero, which indicates that the metal atoms can be adsorbed on the
surface of graphene-based substrates. Regarding the effects of the doped
nitrogen atoms, the binding energies of M/SV-GS decreases as the
number of doped nitrogen atoms increases, revealing that the doping of



Fig. 14. Stability map of M/GS in formation and agglomeration. Blue squares represent the stable configurations in formation and agglomeration. Red circles
represent the unstable configurations in both formation and agglomeration. Cyan triangles indicate that the configuration is unstable with respect to formation. Green
stars indicate that the configuration is unstable with respect to agglomeration.

Fig. 15. Magnetic moment map of M/GS for nitrogen reduction reaction.
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nitrogen has an inhibitory effect on the adsorption of metal atoms. Spe-
cifically, the binding energies of Ag/SV-GS and Au/SV-GS are all above
their corresponding cohesive energies, which suggests that Ag/SV-GS
and Au/SV-GS are likely to agglomerate and form micro clusters.

In Fig. 13, we can see that the binding energies of M/DV-GS are
almost below the corresponding cohesive energies, indicating that the
anchoring effect of double vacancies in the graphene-based substrates on
metal atoms is strong enough to prevent agglomeration. As compared to
M/SV-GS, the double vacancy graphene-based substrates anchor the
metal atoms more firmly. Specifically, the binding energies of M/DV-GS
combined with the doped nitrogen are almost below the binding energies
in the samples without nitrogen doping, which means that the doping of
nitrogen can strengthen the binding energies of M/DV-GS. However, we
did not find a clear linear relationship between the amount of doped
nitrogen and the binding energy. It is worth noting that the doping of
nitrogen atoms has two opposite effects on the binding energies in M/SV-
GS and M/DV-GS, namely a suppressing effect on M/SV-GS and a pro-
moting effect on M/DV-GS. The different effects of nitrogen doping may
originate in the type of bonding between metal atoms and the adjacent
atoms, needs further study.

Based on the calculations of the formation energies and binding en-
ergies, the configurations of M/GS are labeled using different colors and
symbols, as shown in Fig. 14. According to the properties of formation
and agglomeration, 57 potentially stable configurations were revealed in
the 132 types of M/GS. In Fig. 14, we see that the configurations of Ag-GS
and Au-GS are all unstable, which indicates that Ag and Au may not be
suitable as embedding metals for SACs supported with graphene-based
substrates. Comparing M/SV-GS with M/DV-GS, we see that there are
more stable configurations in M/DV-GS than in M/SV-GS, indicating that
double vacancy graphene-based substrates are more suitable for use as a
catalytic support. In terms of the catalyst preparation, the configurations
of M/DV-N1234 (M¼ Fe, Co, and Ni) are all stable as shown in this
stability map, and those configurations have also been successfully syn-
thesized in substantial experiments [78]. Although many theoretical
studies have reported on Pd/SV [35,64,79,80] and Pt/SV [31,36,81],
studies on the preparation of Pd/SV and Pt/SV in experiment are rarely
discussed. According to tour stability map, the configurations of Pd/SV
127
and Pt/SV are all unstable which may cause the difficulties during syn-
thesis. We expect that this stability map of M/GS can provide some
theoretical guidance for the screening and preparation of catalysts.
3.5. Catalytic activity screening

The DFT calculation facilitates the prediction of catalytic activity
based on calculated geometric structures and their electronic character-
istics. According to the theoretical research of Huang et al. [82], there is
an obvious linear relationship between the magnetic moment of metal
atoms and overpotential in the system of single-atom Fe catalysts sup-
ported with single vacancy graphene-based substrates, and the higher
magnetic moment of metal atoms corresponding to the higher catalytic



Fig. 16. Relative O atom adsorption energy map of M/GS for ORR.
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activity of the nitrogen reduction reaction (NRR). Therefore, based on
this theoretical conclusion, we calculated the magnetic moment of metal
atoms in the 132M/GS to predict the catalytic activity of M/GS for NRR.
The calculation data of the magnetic moments are plotted in Fig. 15, and
the values are summarized in Table S24. Significantly, among the
132M/GS, the magnetic moment of Mn/SV-N123 is the highest, indi-
cating that Mn/SV-N123may have a relatively higher catalytic activity of
NRR. In addition, the magnetic moment of Fe/SV-N123 is relatively
large, and Fe/SV-N123 has a high catalytic activity of NRR, which has
been proved by the experimental research of Wang et al. [83].

In addition, the adsorption strength of the simple adsorbate on the
surface of the catalyst has been used to predict catalytic activity and
selectivity [45–47,84,85]. In particular, based on the adsorption energy
of O on a catalytic surface, the activity of catalysts in an oxygen reduction
reaction (ORR) [86–88] and ethylene epoxidation [47,89,90] were suc-
cessfully predicted. Therefore, we calculated the adsorption energies of O
on the 132M/GS, as shown in Table S24. According to the volcanomodel
of ORR by Nørskov et al. [91], the adsorption energy of O can be a simple
Fig. 17. (a) Top and (b) side views of Eads
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and effective descriptor of the catalytic activity in an ORR. Based on the
calculated adsorption energies of O atoms on the M/GS, we predicted
their catalytic activities in ORR utilizing the conclusion of the volcano
model. To facilitate the calculation of catalytic activity, the adsorption
energy of O atom on a pure Pt surface (1.57 eV) was selected as the target
catalyst, following previous studies [91–93], with the assumption that
the smaller difference between Eads(O) on M/GS and the Pt surface would
lead to higher ORR activity. Based on this, the ORR catalytic activity map
for the 132M/GS is plotted in Fig. 16. According to this relative O atom
adsorption energy map of M/GS, we can predict that Ni/DV-N1234,
Cu/DV, Cu/DV-N13, Cu/DV-N14, Cu/DV-N123, Cu/DV-N1234,
Pt/DV-123, Ag/DV, Ag/DV-N14, and Ag/DV-N123 are all promising
catalysts for ORR. Furthermore, considering the stability of the catalyst
(Fig. 8), Ni/DV-N1234 [6], Cu/DV-N123, and Pt/DV-N123 should be
experimentally tested; it is worth trying to apply these catalysts to
perform ORR. In addition, Cu/DV-N1234 has been proven to be an
effective catalyst for ORR in the experiments done by Baek et al. [94],
which further verifies that our predictions are reliable. We also expect
that these descriptor-based screening methods for SACs will also be
effective for other types of catalysis, such as hydrogen evolution [95],
oxygen evolution [96], and nitrite reduction [97].
3.6. Descriptor of adsorption energy

To further accelerate the development of catalysts, we studied a
simple and effective descriptor for O adsorption energy based on the
bonding mechanism. Given that bond hybridization and electron transfer
could occur simultaneously in the formation of chemical bonds on the
surface of catalysts [98], there should be two contributions to the
adsorption energies: the contribution of bond hybridization and the
contribution of electron transfer. The contribution of bond hybridization
and electron transfer to adsorption energies can be related to the d-band
center of a catalytic surface (εd) and the electronegativity (X), respec-
tively. Therefore, εd and X were adopted to describe the adsorption en-
ergies of oxygen on all the M/GS studied. The Eads of O on different M/GS
surfaces were fitted with εd and X using the two-dimensional (2D)
polynomial model shown in Fig. 17.

It can be seen from Fig. 17 that the data points of Eads are almost
distributed near the fitting plane with an R2 of 0.83, suggesting that the
model of Eads–(εd, X) can be an effective descriptor of the oxygen
–(εd, X) and the 2D polynomial fitting.
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adsorption. The fitted equation is Eads¼ 0.62X-0.21εd-5.04, which in-
dicates that the smaller the electronegativity and the larger the d-band
center, the greater the adsorption strength. In the adsorption on the
surface of M/GS, oxygen always gains electrons, so a small electroneg-
ativity could promote charge transfer and favors the adsorption of oxy-
gen. Regarding the relationship between adsorption energy and d-band
center, according to the method of d-band center [51,76,99], a higher
d-band center location (less electrons in the d-orbital) results in
anti-bonding states with a higher level of d-band center and lower oc-
cupancy of anti-bonding states, leading to the stronger interaction be-
tween the adsorbate and the catalyst's surface. Therefore, the fitted
equation is in accordance with the previous theory of electronegativity
and d-band center, which confirms that the model of Eads–(εd, X) contains
useful physical insights. Compared to the model of work function with
d-band center proposed by Shen et al. [98], the complex work function
calculation can be replaced by a simple electronegativity calculation in
the model of Eads–(εd, X), which allows us to calculate accurate adsorp-
tion energies of oxygen with the lowest computation costs. Furthermore,
we expect that the Eads–(εd, X) model can provide sufficient theoretical
guidance for the design of catalysts with high catalytic activity and
selectivity.

4. Conclusions

In this paper, the structures, charge, stability, adsorption energy,
catalytic activity, and descriptors for 132 types of single-atom catalysts
supported on different graphene substrates were evaluated using DFT
calculations. Based on the formation and binding energies, a stability
map of M/GS was developed, which can guide catalyst synthesis from the
perspectives of thermodynamic stability and agglomeration. We have
discussed the effects of metal atoms and supports on the charge of the
metal atoms and their stability. We have found that the doping of ni-
trogen on graphene-based substrates can significantly promote the
thermodynamic stability of M/GS. Based on the catalytic screening and
structural stability results, we suggest that Ni/DV-N1234, Cu/DV-N123
and Pt/DV-N123 are promising catalysts for ORR, while Mn/SV-N123 is
a potential catalyst for NRR. The electronegativity of M/GS can describe
the variation of metal atom charge in different metal atoms and sub-
strates. Combined with the electronegativity and d-band center, a simple
but effective descriptor of M/GS was proposed to predict the adsorption
energy of O on M/GS, which is expected to significantly lower the time
needed for theoretical screening of promising catalysts. Furthermore, we
expect that this comprehensive research will provide an important pre-
dictive guide, in the view of the stability and catalytic activity results
observed, for both the synthesis and rational design of single-atom
catalysts.
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