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The d-band center and charge states are often used to analyze the catalytic activity of noble or transition
metal surfaces and clusters, but their applicability for single-atom catalysts (SACs) is unsure. This work
suggests that the spatial structure and orientation of frontier orbitals which are closest to the Fermi level of
SACs play a vital role. Taking adsorption of several molecules and CO oxidization on C3N-supported
single-atom Au as examples, we demonstrate that adsorption and catalytic activities are well correlated with
the characteristics of frontier orbitals. This work provides an effective guidance for understanding the
performance of single-atom catalysts.
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Single-atom catalysis is an exciting research subject in
recent years, as it has great potential to provide unmatched
high reactivity and selectivity for many important
reactions and yet much reduced consumption of precious
materials [1–8]. Noblemetals such as Au are among themost
attempted active elements in single-atom catalysts (SACs)
for CO oxidation and a few other chemical processes [9–14].
Experimentally, it is puzzling that Au atoms are catalytically
active on some substrates [11,14–18] but inactive on others
[19–21]. This large swing calls for theoretical explanations
so as to identify rational strategies for the optimization of
their catalytic properties. The traditional noble metal cata-
lysts are designed with macroscale surfaces and more
recently with nanoclusters. Analyses on the d-band center
and charge state have been rather successful to predict the
trend of catalytic activities in different environments.
However, the applicability of these approaches for the studies
of SACs appears to be questionable. For example, recent
studies of the Au SAC brought about an intense debate on
which charge states are catalytically more active [22–25].
Therefore, universal mechanisms and simple guiding rules
for the design of SACs remain to be explored.
One may ask what the main difference between SACs

and traditional metallic catalysts is, so they may follow
drastically different rules. One obvious factor is that active
metal atoms are sparse and are separated by large spaces in
the former, whereas they mutually interact and form broad
bands in the latter. As the adsorbates and reactants interact
with only one active atom in SACs, the wave function
matching between the their lowest unoccupied molecular
orbital (LUMO) or the highest occupied molecular orbital
(HOMO) and the atomic orbitals closest to the Fermi level
of SACs, named the frontier orbitals (FOs) in the following
discussions, becomes extremely important. Obviously,
reactants and SACs do not hybridize without appropriate

orbital matching even if they have orbitals close in energy.
Therefore, the wave function characteristics of SAC’s FOs
should be the foremost issue for the analyses of single-atom
catalysis. Indeed, the importance of FOs in zeolite catalysts
has been recently brought into attention [26]. It is plausible
that FOs’ details can be determined using the maximally
localized Wannier function (MLWF) method [27] and the
crystal field theory nowadays, and, hence, this type of
analyses becomes very convenient.
In this work, we take the C3N-supported Au SACs as

examples to investigate the correlation between their FOs
and catalytic activities. C3N is a new graphene-based
material with a hexagonal structure [see Fig. 1(a)] and
inherits many merits of graphene such as structural
flexibility and thermostability. Au=C3N SACs own notice-
able advantages that are suitable for fundamental studies
as different coordination modes and charge states,

FIG. 1. (a) C3N primitive cell, in which C and N atoms are
shown in brown and gray, respectively. (b) Single Au atom
bonded on the C-deficient C3N. (c) Single Au atom bonded on
the O-modified C3N. (d) Band structure of the pristine C3N
monolayer.
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including Auþ, Au−, and neutral Au (Au0), can be achieved
by modifying the C3N substrate as depicted in Figs. 1(b)
and 1(c). As FOs alter with the change of charge state or
geometry, this allows us to separately investigate different
factors and correlate FO characteristics with chemical
activity and catalytic performance and to establish simple
rules for guiding the design of high-performance SACs.
Furthermore, the MLWF method has been used for studies
of various properties of materials [28–31] but rarely for
studies of catalysis. This work, hence, bridges knowledge
from different fields.
All computational details are given in Supplemental

Material [32], so we may directly discuss results, starting
from the structural stability. Unlike zero band-gap gra-
phene, a pristine C3Nmonolayer has a band gap of 0.39 eV
[see Fig. 1(d)] [49,50], and its work function is also smaller
than that of graphene [51,52]. The calculated binding
energy of the Au atom on C3N is 0.93 eV. Although this
value is not small compared to Au on other two-
dimensional van der Waals substrates such as graphene
(0.37 eV), the energy barrier for Au segregation on C3N is
low, only 0.11 eV. Therefore, Au atoms may easily
aggregate on pristine C3N, as also evidenced by ab initio
molecular dynamics (AIMD) simulations in Fig. S1 [32]. In
order to stabilize Au=C3N SACs, we introduce the C
vacancy and O modification (see Fig. S2 and discussions
regarding the possibility of making this modification [32])
in the C3N substrates to anchor single Au atoms [see
Figs. 1(b) and 1(c)]. Experimentally, the oxygen modifi-
cation has been used to enhance the stability of single-atom
Au on the substrates of graphitic carbon nitride [32].
Indeed, the binding energies of Au increase to 2.45 and
1.53 eV on these two defected surfaces, respectively. The
corresponding energy costs (1.52 and 0.6 eV, respectively)
for dragging the Au atom from these defect sites to the
smooth areas should be adequate to prevent sparse Au
adatoms from escaping. Furthermore, the formation of
Au dimers, by moving one Au adatom to the adjacent
Au adatom from the defected site, is unfavorable in energy,
with a cost of 2.0 and 0.1 eV on the C-deficient or
O-modified C3N, respectively. The AIMD simulations
at room temperature also show that the single-atom
geometries are sustainable on two defected C3N within a
few picoseconds (see Table S1 and Figs. S1 and S3 [32]).
Although the period of simulations is truly short, we may
view these results as indicatives of the structural stability of
defected Au=C3N SACs.
Interestingly, the charge state of Au on pristine and

O-modified C3N is negative according to the Bader charge
analysis for different coverage [Figs. S4(a) and S4(b) [32] ],
a status which is considered to be favorable for enhancing
the catalytic activity of Au [53–55]. Au adatoms can even
become neutral on an O-modified C3N substrate as the
density of oxygen increases [see Fig. S4(c) [32] ]. In
contrast, the calculated Bader charge of Au becomes
positive and has a magnetic moment of 1 uB on the

C-deficient C3N [see Fig. S4(a) [32] ]. Overall, stable
single-atom Auþ, Au−, and Au0 configurations on C-
deficient and O-modified C3N substrates provide ideal
cases for studies of the correlation among chemical activity,
charge state, and FO characteristics. To this end, we use
molecular adsorbates and CO oxidization reaction as
probes in the following discussions.
The optimized adsorption configurations of H2, O2, N2,

and NH3 molecules are shown in Fig. S5 [32]. We
especially focus on the O2 adsorption in the following
discussions due to its importance in many chemical
processes [56–58]. The calculated adsorption energies in
Table I suggest that the Au atom in the positive charge state
is more active for gas adsorption than in the neutral or
negative charge state. A remarkable rule is that the value
of Ead increases with the reduction of the number of
electrons on Au. In the brackets of Table I, the elongation of
the O─O bond also indicates that Auþ is active for O2

dissociation than Au−, as was also reported for other cases
[15,59]. A similar trend was found for H2 dissociation in
our calculations, as Ead increases to 2.11 eV and the
H-H distance expands to 2.7 Å on Auþ. However, this
appears to contradict with common believes that single Au
atoms in the negatively charged state are more activate
[22,24,54,55]. Therefore, the correlation between the
charge state and chemical activity remains unresolved
for Au SACs.
The d-band center is often regarded as a key quantity for

the activity of noble metal catalysts such as surfaces, films,
and nanocluster [60–62]. For single-atom Au in this work,
the d orbitals of Au are split by the crystal field of the
substrate as they form discrete levels as shown in Fig. 2. If
we take the averaged energy positions of all d orbitals as the
“d-band center,” the corresponding values of Au− and Au0

on the O-modified C3N are −2.72 and −3.28 eV, closer to
the Fermi energy than that of Auþ on the C-deficient C3N,−3.96 eV. However, the adsorption energies for H2 and O2

on Au− and Au0 are obviously smaller than those on Auþ,
and, hence, the applicability of the d-band center is
questionable for the present SACs. To understand the
reason, it is instructive to compare the electronic structures
of d orbitals of single-atom Au, Au surface, and Au cluster.
Figures S6(a) and S6(b) show the PDOS of five d orbitals
of the Au(111) surface and Au cluster (Au56) [32]. A
remarkable common characteristic for these two cases is the
strong hybridization among Au d orbitals in a broad energy

TABLE I. Adsorption energies (eV) of various gas molecules
on negatively and positively charged Au. The values in bracket
are O─O bond elongation (Å).

H2 O2 N2 NH3

Au− 0.20 0.64 (0.057) 0.31 0.96
Au0 0.58 0.76 (0.057) 0 .71 1.43
Auþ 2.11 2.28 (0.178) 0.87 1.44
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range, and there is no obvious sequence issue among them.
In contrast, the d orbitals of single-atom Au split into
discrete levels as shown in Figs. 2(a)–2(c), and their
sequence strongly depends on the substrate. For the
interaction between two quantum states (e.g., one from
Au and the other from absorbates), the overlap between
their wave function (or, equivalently, the hopping integral)
is as important as their energy separation. Since more than
one metal atom on surfaces or clusters interact with
adsorbates and all d orbitals participate to some extent,
their activity can be reasonably described by an average
quantity, i.e., the d-band center. For SACs, adsorbates or
reactants mostly interact with one metal atom, and the wave
function matching becomes critical. It is also conceivable
that FOs are the most important ones due to the small
energy separation with the HOMO and LUMO of adsor-
bates or reactants. We also examined the effect of using a
hybrid functional on the description of C3N. While the
band gap agrees better with the experimental value [63], the
orbital sequence and Wannier functions are not much
different from PBE results (see Figs. S7 and S8 [32]).

Therefore, we focus on PBE results in our following
discussions.
In principle, the d-level splitting and sequence depend on

the crystal fields of the substrates. As shown in Fig. 2, the
FO of Auþ on the C-deficient C3N is dxz, whereas the FO
of both Au0 and Au− on the O-modified C3N is dz2 (Au

0

has a higher PDOS peak and lower energy position). The
wave function features of FOs can be better appreciated
through Wannier functions. As shown in Fig. 3(a), Au on
the C-deficient C3N interacts with two C and one N atoms,
and the crystal field has a mirror symmetry with respect to
the y-z plane. Among the five d-orbitals [see Fig. S9(a)
[32] ], the dxz orbital is the highest in energy. On the
O-modified surface, Au takes the top site over a C atom,
and the crystal field around Au has a quasi-U(1) symmetry
by leaving out the next-nearest neighbor interaction, as
shown in Figs. 3(b) and 3(c). The dz2 vertical orbital
becomes the highest in energy [see the left side of
Figs. 3(b) and 3(c); other Wannier functions are shown
in Fig. S9(b) [32] ].
To discuss the role of FOs for chemical activities of

SACs, we take O2 adsorption and CO oxidization as
examples, as they are involved in many chemical processes.
Obviously, O2 adopts very different adsorption configura-
tions on the C-deficient and O-modified Au=C3N, as shown
in Figs. 4(a) and 4(b). The optimized geometries are
independent of the initial structural setting and are driven
by the tendency of matching the Au’s FOs and the LUMO
of O2 [see Fig. 4(c)]. On the C-deficient Au=C3N, the FO is
dxz, which matches well with the 2π� orbital of O2 in a

FIG. 2. Projected density of states (PDOS) of Au d orbitals in
C-deficient (a) and O-modified C3N (b),(c). Their frontier orbitals
are highlighted. Positive and negative DOS values indicate spin-
up and spin-down components, respectively.

FIG. 3. Calculated Wannier functions of frontier d orbitals of
single-atom Au in two different crystal fields, where yellow (þ)
and light blue (−) represent the sign of the Wannier function.
(a)–(c) correspond to defective C3N and O-modified C3N with
low and high O coverages, respectively.
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horizontal adsorption geometry depicted in Fig. 4(a). In
contrast, only a tilted adsorption geometry allows the
formation of one Au─O bond between the 2π� orbital of
O2 and the FO (dz2) of O-modified Au=C3N, as shown in
Fig. 4(b). The level of hybridization between FOs of Au
and 2π� orbital of O2 dictates the binding energy in these
two cases [see Figs. 4(a)–4(c) and corresponding values in
Table I].
For the dissociation of O2, electron transfer from

catalysts to the unoccupied antibonding 2π� orbital of
O2 is essential. That is the main reason why negatively
charged Au catalysts are often preferred. For Aun clusters
or Aun substrates, O2 molecules may easily dissociate at the
corner or edge sites or the three-phase boundaries (TPBs)
(Fig. S10 [32]) [64,65], where two O atoms bind to separate
Au atoms and substrate atoms. This status can be somewhat
achieved on the C-deficient Au=C3N SAC via the two lobes
of the dxz FO as shown in Fig. 4(a). As this FO is also close
to the Fermi level, Au-O2 hybridization is strong and the
2π� orbital of O2 extends its tail to below the Fermi level
and, hence, receives some electrons, even if Au is in a
positively charged state. The partial occupation of the
antibonding state certainly activates the dissociation of
O2. In contrast, the dz2 FO leads to the tilted geometry of O2

on the O-modified Au=C3N with a weak wave function
overlap. Along with the large energy separation between
FO and the 2π� orbital, this leads to much weaker Au-O2

hybridization and charge transfer, even if Au has a negative
charge state on the O-modified C3N [see Fig. 4(b)].
Therefore, the ability of hybridizing with the 2π� orbital
rather than the negative charge state plays the major role in
activating O2 dissociation on these SACs.

CO oxidation on a SAC may follow either the Eley-
Rideal (ER) mechanism or the Langmuir-Hinshelwood
(LH) mechanism, starting from two different initial states:
O�

2 þ CO (g) and O2 ðgÞ þ CO�, respectively. Here, “*”
and “g” represent the adsorbed phase and gas phases,
respectively. For the ER mechanism, O2 adsorption and
dissociation is the precursor of CO oxidation, and CO
directly attaches to one of the O atoms. The transition states
for CO oxidation on the two Au=C3N SACs are searched
by using the climbing image–nudged elastic band method
(see Fig. S11 [32]). The calculated activity energies are
0.47 eV on the C-deficient Au=C3N SAC and 0.74 eV on
the O-modified Au=C3N SAC, supporting our argument
that the wave function matching is crucial for the catalytic
performance of SACs.
For the LH mechanism of CO oxidization, previous

studies suggested that the reaction often undergoes a
process of coadsorption of CO and O2 [66]. On the C-
deficient Au=C3N, the optimized geometry in Fig. 4(d)
shows a stable coadsorption configuration with O2 and CO
separately attaching to two lobes of the FO. In contrast, CO
and O2 cannot simultaneously form bonds with O-modified
Au=C3N SAC as the dz2 FO only has one outward lobe [see
Fig. 4(e)]. Again, these results are independent of the initial
structural setting (see Fig. S12 [32]) and are the conse-
quences of having different FOs in the two SACs. The
calculated energy barrier of the rate-determining step of CO
oxidation on the C-deficient Au=C3N via the LH mecha-
nism is about 0.32 eV (see Fig. S13 [32]). On the O-
modified Au=C3N, the LH reaction path is blocked,
because the intermediate coadsorption of CO and O2 is
absent. Again, these results show that different FOs control
the adsorption, coadsorption, and reaction for SACs (see
the schematic in Fig. S14 [32]).
In summary, we propose that spatial structures of frontier

d orbitals play a vital role for the chemical and catalytic
activities of single-atom catalysts. This stems from the
requirement of having adequate wave function overlap for
SACs to attract adsorbates and reactants, as demonstrated
through discussions for adsorptions of small molecules and
CO oxidation reaction on the Au=C3N SACs. The reason-
ing is general and should be applicable to other SACs. This
paves a convenient way for the estimation of catalytic
performance of SACs based on the matching between their
FOs and LUMOs of reactants, much like the use of the d-
band center model for metal surfaces and clusters.
Additionally, the present work bridges Wannier function
construction from solid state calculations with periodic unit
cells and conventional bond analysis in chemical physics.
For example, Wannier functions can also provide insightful
images for the understanding of “the lone pair-surface
bonds” [48] in NH3 and H2O adsorptions on different
surfaces (see Figs. S15 and S16 [32]).
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