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ABSTRACT: A meticulous understanding of the electronic structure of
catalysts may provide new insight into catalytic performances. Here, we
present a d−d interaction model to systematically study the electronic
interaction in Cu-based single-atom alloys. We refine three types of
electronic interactions according to the position of the antibonding state
relative to the Fermi level. Moreover, we also find a special phenomenon in
Mn-doped single-atom alloys in which no obvious electronic interaction is
found, and the doped Mn metal seems to be a free atom. Then, taking Hf/
Mn-doped single-atom alloys as an example, we discuss the electronic
structure based on the density of states, charge transfer, crystal orbital
Hamilton population, and wavefunctions. To support the proposed model
and help analyze the data, we perform an energetic analysis of water
dissociation in the water-gas shift reaction. The calculation results well
confirm the d−d interaction model, where alloys with the position of the
antibonding state close to the Fermi level exhibit excellent water dissociation ability in the water-gas shift reaction. However, the
catalytic performance of the Mn-doped alloy is unsatisfactory, which is caused by its own special phenomenon.

■ INTRODUCTION
The d-band model, which was proposed in 1995, has been well
demonstrated to develop a quantitative understanding of
trends in transition-metal catalysis1−3 and has been employed
as a descriptor of the design scale relationship in many catalytic
reactions.4−6 In this model, its essence is an adsorbate bonding
model evolved from the Newns−Anderson−Grimley model to
describe the hybridization between adsorbate molecules and
electronic band structures of metal surfaces.7−10 It is well
known that adsorbate molecules over the metal surface would
lead to an orbital interaction between the s/p orbitals of
adsorbate molecules and the d orbital of metal surface, thus
causing energy level splitting. The position of the antibonding
state relative to the Fermi level plays a crucial role in
chemisorption and catalytic property. The d-band center of the
antibonding state can be viewed as a key parameter to predict
the position of the antibonding state. Therefore, tuning the d-
band center may be an effective strategy to design new
catalysts. Until now, for specific metals, there have been usually
two methods to regulate the d-band center of the material
itself, one is to control the coordination number, and the other
is to adjust the lattice strain. For example, Tian et al. illustrated
the synergistic effects derived from both the lattice strain and
ligand effects in the catalysts and revealed the existence of
fewer strongly bonded platinum-oxygen sites.11 Wang et al.
reported on a strategy to resolve the problems of the interfacial
reconstructions and nanocatalyst geometries by exploiting

intrinsic surface stresses in two-dimensional transition-metal
nanosheets.12

Nowadays, alloying is an emerging strategy to harmonize the
electronic structure of metal catalysts. However, conventional
alloy catalysts lack precise control over the catalysts with
several types of active sites or local binding environments for
different intermediates.13,14 Meanwhile, mean-field behavior in
metals often dominates the adsorption property of heteroge-
neous catalysts and restricts their achievable catalytic proper-
ties.15 Single-atom alloys (SAAs) can bridge homogeneous and
heterogeneous catalysis, thus effectively tailoring the optimal
active site of catalysts.16−18 The varieties of electronic
structures typically observed on alloying involve a shift of the
d-band position relative to the Fermi level. Greeley et al.
designed the alloy catalysts from first-principles calculations,
highlighting the function of the d-band center and the differing
coupling matrix elements of the hosts.19,20 Currently, Cu-based
catalysts appeared in many industrial processes with fascinating
catalytic properties, such as the water-gas shift reaction
(WGSR),21,22 CO2 reduction reaction,23−25 and so on.
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Furthermore, a series of studies have also shown that Cu-based
SAAs exhibit excellent catalytic abilities26−28 in many reactions,
nevertheless, this does not mean a thorough understanding of
the origin on catalytic performances. Previous research studies
were focused on experimental science and macroscopic
theoretical research studies, whereas the detailed electronic
structure on the surface of Cu-based SAAs is still lacking. To
date, the role of electronic interaction between the doped
metal and host metal in surface chemisorption and catalysis has
not been disclosed until now.
In this work, we studied 27 Cu-based SAAs and meticulously

discussed the electronic interaction by first-principles calcu-
lations. According to the electronic interaction between the
doped metal and host metal, Cu-based SAAs studied here were
divided into three sets. Surprisingly, we found a unique
phenomenon that there is almost no electronic interaction in
Mn-doped SAAs. Then, we conducted detailed electronic
structure analysis including density of states (DOS), charge
transfer, crystal orbital Hamilton population, and wave-
functions. Moreover, we performed an energetic analysis on
water dissociation in the WGSR for the differences caused by
the modification of the electronic structure. The calculation
results show an obvious scaling relationship from the
qualitative analysis between the electronic structure and
catalytic performance, which fits the d−d interaction model.

■ METHODS
The Vienna ab initio simulation package29,30 is used in all spin
polarization calculations with the generalized gradient
approximation (GGA). We took the Perdew−Burke−Ernzer-

hof functional31 and projector augmented wave method.32,33

The electronic states were expended on a plane wave basis with
a kinetic cut-off energy of 400 eV. The convergence criterion
was set as 1.0 × 10−5 eV in energy, and the force convergence
criterion was set as 0.02 eV/Å. The transition state geometry
optimizations are allowed to relax until the force on each atom
is less than 0.02 eV/Å by the climbing-image nudged elastic
band method.34,35 Electronic structure and electronic factor
analysis were calculated by Bader charge analysis software,36

crystal orbital Hamilton population (COHP) analysis with the
LOBSTER code,37 and wavefunction analysis with the
VASPMO code.38

We selected the Cu(111) facet as the calculation model
because of its typical benchmark for fundamental studies.39−41

The slab is a 4 × 4 unit cell with four layers fixing the bottom
two layers and separated by 15 Å of vacuum region. The
structure relaxation sampling of the k-point Gamma scheme is
3 × 3 × 1, and the DOS calculation is 7 × 7 × 1. All the Gibbs
free energy (ΔG) calculations were corrected at 523 K and 100
kPa (experimental conditions reported by Nakamura et al.)42

by the VASPKIT program.43

■ RESULTS AND DISCUSSION
d−d Interaction Model. For electron interaction between

metals, it is generally attributed to the interaction between
metal d orbitals. Then, the energy level after electron
interaction will split into a bonding state and an antibonding
state via interactions of metal d orbitals. The Fermi level plays
a vital role to stabilize the system, where the position of the
antibonding state relative to it directly regulates the electronic

Figure 1. Schematic illustrations of d−d interaction between the doped metal and host metal correspond to M-I (a), M-II (b), and M-III (c) alloys,
respectively. The rectangular frame represents the d orbital of the metal. The color fill in the rectangular frame represents the electron filling in the
d orbital, where red fill represents the host metal and cyan the doped metal. (d) Part of periodic table shows the d-band center varieties of CuM on
alloying.
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interaction. The higher the position of the metal d state relative
to the Fermi level, the higher the d-band center and the
narrower the metal valence band; conversely, the lower the
position of the metal d state relative to the Fermi level, the
lower the d-band center, the wider the metal valence band.
Here, we present a d−d interaction model in an attempt to
explore the electronic interaction in Cu-based SAAs (labeled
CuM, where M represents doped metal). To understand
surface science more intuitively, we mainly focus on surface-
localized metal in our ensuing studies. The d−d interaction
model, as in Figure 1, reveals a striking feature of the electronic
interaction between the doped metal and host metal (Cu) in
CuM. We select the most close-packed surface of the doped
metal (state before interaction) and doped metal of CuM
(state after interaction) to simulate the varieties on alloying.
The model exhibits three electronic interactions, correspond-
ing to three alloy sets according to the varieties of d state in
doped metal on alloying: (I) M = Hf, Ta, Zr, Ti, Y, Nb, W, Sc,
Mo, Re, V; (II) M = Tc, Os, Ru, Cr, Co, Fe, Rh, Ni, Ir; and
(III) M = Cd, Zn, Au, Pt, Ag, Pd. The positions of the d states
of M-I, M-II, and M-III alloys after electron interaction relative
to the Fermi level are divided into three types: (I) The doped

metal d state is completely above the Fermi level; (II) the
doped metal d state is partially above the Fermi level; and (III)
the doped metal d state is completely below the Fermi level,
respectively. We rely on the d-band center to qualitatively and
intuitively describe the varieties of the d state in CuM, which
are summarized in Figure 1d (see Table S1 for details in the
Supporting Information).
Clarifying the main contribution of bonding and antibond-

ing states split by electronic interaction between the doped
metal and host metal will play a guiding role for us to better
explain the d−d interaction model. It can be seen intuitively
from the DOS analysis, the main contribution of the bonding
state comes from the host metal, whereas the doped metal
controls the antibonding state. More detailed DOS analysis will
be shown in the Electronic Structure section later. On the basis
of understanding the main contribution of bonding and
antibonding states (see the subsequent Electronic Structure
section), we continue to explain the d−d interaction model.

Electronic Interaction of the M-I Alloy. As shown in the
schematic diagram in Figure 1a, the electronic interaction
results in the formation of a bond (host metal d state) and an
antibond (doped metal d state) on alloying. As mentioned

Figure 2. Electronic structures of Cu and CuHf. The DOS diagrams correspond to Cu and CuHf (a), Cu and Hf metals in CuHf (b), Cu metal in
CuHf (c), and Hf metal in CuHf (d), respectively. The COHP analysis of Cu−Cu bond (e) and Cu−Hf bond (f) indicates the hybridization
between the doped metal and host metal. (g) Charge density difference reveals the charge transfer in CuHf, in which the yellow and cyan
isosurfaces (isosurface levels: 0.002) stand for the accumulation and depletion of electron density, respectively. (h) Wavefunctions of bonding and
antibonding states for CuHf illustrate the real-space bonding formed.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05536
ACS Omega 2022, 7, 41586−41593

41588

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05536/suppl_file/ao2c05536_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05536?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05536?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05536?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05536?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


above, the position of the antibonding state relative to the
Fermi level plays a crucial role in chemisorption and catalytic
property. It can be seen that the antibonding state for the M-I
alloy is the highest relative to the Fermi level in three
electronic interactions, and the doped metal d state is
completely above the Fermi level after the electron interaction.
Before the electron interaction, the doped metal d state of the
M-I alloy is partially above the Fermi level, where the d orbital
partially occupies electrons. The position of the doped metal d
state for M-I alloying relative to the Fermi level is higher than
that before the electronic interaction, the higher the d-band
center and the narrower the metal valence band. However, the
orbital volume of the metal itself cannot be changed, in order
to make the unoccupied orbitals of the metal free of filling
electrons, electrons above the Fermi level (d state of the
antibonding state) will be completely transferred to below the
Fermi level after the electron interaction. At this time, the
antibonding orbital approximates an empty d orbital, and the
bonding orbital completely occupies electrons. It is an ideal
electronic structure for catalysts. It means that the electronic
interaction of the M-I alloy may make catalytic activity
enhanced compared to that of M-II and M-III alloys.
Electronic Interaction of the M-II Alloy. The electronic

interactions of the M-II alloy and M-I alloy are similar to some
extent, the difference is that the doped metal d orbital of the
M-II alloy occupies more electrons than the M-I alloy before
the electronic interaction. This difference leads to the fact that
the doped metal d state of the M-II alloy cannot be completely
above the Fermi level after the electron interaction. Therefore,
the doped metal d state of M-II alloy can only be partially
above the Fermi level, causing electrons above the Fermi level
to be fully transferred to below the Fermi level after the
electron interaction. At this time, the antibonding orbital
partially occupies electrons, and the bonding orbital still
completely occupies electrons. It is noted that according to our
calculation results, the bonding orbital of the M-II alloy (host
metal Cu) does not downshift after the electron interaction,
but upshift slightly compared to the M-I alloy. Although the
bonding orbital upshifts, it does not exceed the Fermi level,
and the bonding orbital always remains fully filled with
electrons. This phenomenon cannot greatly affect the activity
of metal catalysts, because the activity of metal catalysts mainly
depends on the contribution of the antibonding state. Thereby,
the catalytic activity of the M-II alloy may still be improved,
but the effect may not be as good as that of the M-I alloy.
Electronic Interaction of the M-III Alloy. The M-III alloy

exhibits a completely different electron interaction than M-I
and M-II alloys. It can be seen that the antibonding state for
the M-III alloy is the lowest relative to the Fermi level in three
electronic interactions, and the doped metal d state is
completely below the Fermi level after the electron interaction.
Although the antibonding state of the M-III alloy upshifts like
M-I and M-II alloys, the doped metal d state does not exceed
the Fermi level. In the process of electron interaction,
including bonding state and antibonding state, the phenom-
enon of electrons crossing the Fermi level does not occur in
the whole alloy. The bonding and antibonding orbitals of the
M-III alloy always occupy all electrons during the electron
interaction. Therefore, solely relying on the contribution of the
antibonding state does not seem to improve the activity of the
catalyst. At this time, the downshift of the bonding state will
promote the activity of the metal catalyst. Because the
contribution of the bonding state has little effect on the

metal catalyst, it is possible that the catalytic activity of the M-
III alloy is only slightly improved compared to that of M-II and
M-III alloys.
In short, we summarize three electron interactions in the d−

d interaction model. Surprisingly, we discover a special alloy in
which CuMn alloy cannot be explained by this model. The
doping of Mn atom in the host metal Cu does not seem to
show significant electronic interactions, where the doped Mn
metal is more like a free atom. The specific reason will be
explained in detail in the Electronic Structure section.
Electronic Structure. To reveal the essence of electronic

interaction, we conducted a rigorous study on the electronic
structure. Taking Cu and CuHf as examples, we show the DOS
analysis in Figure 2. According to previous description, we first
consider the main contribution of bonding and antibonding
states. We can clearly see the sharp contrast between the
bonding state and antibonding state, where the former belongs
to host metal (Cu) and the latter is classified by doped metal
(Hf) from Figure 2a−d. As shown by the electronic interaction
in Figure 2c,d, the DOS of host metal Cu deviates from the
Fermi level, while that of doped metal Hf splits into two parts,
a downshifted and an upshifted part. It is observed that the
contribution of the bonding state can be divided into two
components, a lush peak of Cu metal and a dwarf peak of Hf
metal below the Fermi level. Because of the energetic and
spatial overlap between both, the bonding state forms, but the
contribution of which mainly depends on Cu metal, owing to
its absolute component. Relatively, the peak above the Fermi
level of Hf metal corresponds to the contribution from an
antibonding state. At this point, we have a deep understanding
on the contribution of bonding and antibonding states.
To further explore the origin of electronic interaction, we

investigated the d state of CuHf in the framework of crystal
field theory. The d states of Cu and Hf metals are both split by
strong interaction with their coordination environment, in
which dxz and dyz orbitals are a set of degenerate orbitals as are
dxy and dx2−y

2 orbitals. Corresponding to the d−d interaction
model, the maximum decrease of energy level represents dxz
and dyz orbitals of Cu metal, while the maximum increase
denotes dxz and dyz orbitals of Hf metal (Table S2). In terms of
electronic factor, primitive electrons filled in dxz and dyz orbitals
of Hf metal transfer to below the Fermi level, which are stored
in dxy and dx2−y

2 orbitals. Therefore, the fundamental of
energetic and spatial overlap between Cu and Hf metals
appeared, which is the hybridization of dxy and dx2−y

2 orbitals
between both. However, because of the mismatching orbital
symmetry between Cu and Hf metals, the dz2 orbital shows a
weak hybridization with little contribution. From the charge
density difference analysis in Figure 2g and Bader charge
analysis in Figure S1, we can clearly see the electrons transfer
around Hf metal, which is consistent with the analysis in the
framework of crystal field theory.
We further investigated some important factors responsible

for the modification of d-band properties in CuHf, which
examines the strain and ligand effects. The synergy between
strain and ligand effects leads to the evolution of the electronic
structure, in which the ligand effect dominates. On the strain
aspect (lattice parameter), the shortening of the distance
between host metals and doped metal means that the
compression strain will increase the d orbital overlap between
host metals and doped metal, resulting in a downshift of the d-
band center for host metals and doped metal. As a complement
of strain effect, we built a Cu model with the same strain of
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CuHf by fixing the bond length of the Cu surface (denoted Cu
with strain). The results show that strain effect weakens the d
orbital overlap of the central Cu atom and surrounding six
surface Cu atoms, upshifting both of the d-band center (Table
S3). On the ligand aspect (coordination environment), strong
hybridization with electronic interaction makes a downshift
and an upshift of the d-band center for Cu and Hf metals,
respectively. To gain deep insights into the strong orbital
hybridization quantitatively, we performed the COHP analysis
for the Cu−Hf bond and Cu−Cu bond (Figure 2e,f). Note
that a more negative value of integrated-crystal orbital
Hamilton population (ICOHP) implies a stronger orbital
hybridization (−4.35 vs −1.46 eV). Also, the d state nature of
bonding and antibonding states becomes even clearer when
one looks at the spatial distribution of wavefunctions in CuHf,
which are more deeply rooted in terms of both shape and
spatial extent (Figure 2h). The observed bonding nature
results from two main contributions: ionic and covalent
bonding. The increased negative charge density on the
impurity ion (Hf) influences the ionic contribution, whereas
the pi bond influences the covalent contribution and no
effective sigma bond contribution is observed.
Next, we focus on CuMn. As shown in Figure 3a, except for

the weaker d state peak of CuMn, there is almost no difference
in the DOS shape of CuMn and Cu as shown in Figure 3a. The
highly similar electronic structure means that CuMn may have
unfriendly catalytic activity similar to that of pure Cu catalysts.
Meanwhile, doped metal Mn forms a strong spin polarization
because of its magnetic property. It is surprisingly found that
the d state of host metal has hardly changed and the d-band
center is not even shifted (Table S1). Moreover, α-spin d states
of Cu and Mn metals are well matched because of the strong
spin polarization of Mn metal with the downshift of the α-spin
d state and upshift of the β-spin d state (Figure 3b, Table S4).
However, the d-band property indicates that there are no
prominent efficacious electron density mixing between the Mn
metal α-spin d state and Cu metal α-spin d state. This may be
expected from the d-band center position but cannot be
completely relied upon. To further confirm this phenomenon,

we performed the COHP analysis in Figure 3c,d. The Cu−Mn
bond is almost the same as the Cu−Cu bond, and the ICOHP
differs only 0.17 eV. Coupled with a nearly uniform
coordination field (five degenerate α-spin d orbitals of Cu
and Mn metals in energy), special electronic structure features
reveal the fundamental cause of Mn metal d state, which is
similar to be free atom (Table S5). From the wavefunctions of
α-spin and β-spin d orbitals in CuMn, we can intuitively see a
special phenomenon mentioned above and almost no electron
density mixing in Figure 3e.
A series of calculations reveals that this phenomenon occurs

when the solute exhibits weak interactions with the electronic
state of the matrix element at dilute concentrations (that is, in
the absence of solute−solute bonding). This effect arises due
to the minimal energy and spatial overlap between the solute
and matrix atoms. Although the electronic structure is similar
to be free atom in terms of its energy distribution, the
equilibration of electron chemical potentials with the
surrounding matrix gives the doped metal Mn a cationic
character, as apparent from our calculations in Figures 3f and
S1. The d orbital electron configuration of the Mn element is
d5, and its d orbital occupies five electrons as a whole, which
means that α-spin and β-spin in the d orbital of the Mn
element jointly occupy these five electrons. It is found that the
d orbital of Mn metal in the CuMn alloy is also filled with five
electrons, which can be obtained from our calculation results
by magnetic moment (mag) analysis (approximately 4.6 μB on
Mn metal). Although the number of d orbital electron fillings
of Mn atoms before and after alloying remains the same, the
electron filling ways of the two are quite different. From the
DOS analysis, we can see the upshift of the β-spin d state and
the downshift of the α-spin d state for the doped metal Mn in
the CuMn alloy. The β-spin d state of the doped Mn is
completely above the Fermi level, and the α-spin d state of the
doped Mn is completely below the Fermi level. Because the
unoccupied orbital does not allow electrons to be filled, the
original electrons in the β-spin d state of the doped Mn will be
transferred to below the Fermi level and stored by the α-spin d
state of the doped Mn. At this time, the α-spin d state of the

Figure 3. Electronic structures of Cu and CuMn. The DOS diagrams correspond to Cu and CuMn (a) and Mn metal in CuMn (b), respectively.
The COHP analysis of Cu−Cu bond (c) and Cu−Mn bond (d) indicates the similarity between Cu and CuMn. (e) Wavefunctions of the α-spin
and β-spin d state in CuMn illustrate the real-space bonding formed. (f) Charge density difference reveals the charge transfer in CuMn, in which
the yellow and cyan isosurfaces (isosurface levels: 0.002) stand for the accumulation and depletion of electron density, respectively.
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doped Mn is completely filled with electrons, while the β-spin
d state of the doped Mn approximates an empty state. The α-
spin and β-spin d states for the doped metal Mn in the CuMn
alloy are similar to the antibonding state upshift and electron
transfer phenomenon in the d−d interaction model mentioned
above. However, the d state of host metal Cu as a bonding
contribution hardly changed its electronic structure before and
after alloying, so the special phenomenon cannot be regarded
as electronic interaction.
Furthermore, we found other strong spin-polarized systems

like CuCr, CuCo, and CuFe; however, they do not have the
same trend as CuMn. The varieties of d states in the doped
metal on alloying for CuCr, CuCo, and CuFe prefer the M-II
alloys in the d−d interaction model.
Role of the d State in Catalysis. To explore the role of

the d state in catalysis, we employed the WGSR (CO + H2O
→ CO2 + H2) as an example to support the proposed model
and help analyze the data. In catalytic reactions, the stability of
catalysts is crucial. Before exploring their catalytic activity, it is
essential to analyze the stability of these catalysts. We
examined the difference in stability of the alloyed CuM
relative to the pristine pure Cu catalyst, indicating that almost
all doped M atoms assumed to be an adsorbate are
thermodynamically stable when surrounded by host metal
Cu, except CuZn, CuAg, and CuCd SAAs (Figure S2). Then,
we compared the catalytic property of CuM with Cu by water
dissociation, which is the rate-determining step.21,22 Our
calculated activation barrier on Cu (1.34 eV) is consistent with
the experimental results of 1.23 eV41 and the density functional
theory (DFT)-GGA calculation results of 1.36 eV by Gokhale
et al.39 on the Cu(111) surface. Moreover, our results show
that all activation barriers of water dissociation on M-I, M-II,
and M-III alloys are less than that on Cu (except for the special
CuMn), showing that alloying greatly enhances the water
dissociation activity of Cu catalysts. We must point out that the
catalytic behavior of the rate-determining step alone is not
enough to quantitatively judge the catalytic property of the
whole WGSR. Nonetheless, one can still rely on some special
behavior to explain the catalytic activity like the relationship
between the electronic structure and catalytic performance,
including the electronic interaction between the doped atom
and host atom on the catalyst surface, the strain and ligand

effects, and so on. As expected, from the qualitative analysis
between the electronic structure and catalytic performance, the
calculated results show a clear scaling relationship, which fits
the d−d interaction model. Based on electronic interaction, M-
I alloys exhibit extraordinary catalytic performance with a slight
activation energy and reaction energy, followed by M-II and
M-III alloys (Figure 4). Furthermore, we can see that the
special phenomenon in CuMn alloy leads to catalytic behavior
as inactive as pure Cu or even worse than pure Cu in water
dissociation. It is clear that the catalytic behavior of CuMn
alloy is quite different from that of M-I, M-II, and M-III alloys,
completely deviating from the above scaling relationship. It is
consistent with our analysis results that the d−d interaction
model is not suitable for explaining CuMn alloys. The reason
for this special phenomenon is due to the d state transition
from fully filled state of pure Cu metal to half-filled state of the
CuMn alloy. Therefore, it is inappropriate to correlate the
catalytic behavior of the CuMn alloy with the efficiency for the
WGSR in terms of water dissociation.
To evaluate the strain and ligand effects, we calculated the

water dissociation process of Cu (1.34 eV), Cu with strain
(1.11 eV), and CuHf (0.23 eV) in Table S6. Cu with strain
simulates the strain effect, and CuHf simulates the synergistic
effect of strain and ligand effects, indicating that both strain
and ligand effects are aggressive and ligand effect is the
domination, which is consistent with electronic structure
analysis. Besides that, we also studied the geometric structure
of key intermediates in water dissociation. In many cases, the
decrease of the activation barrier is not enough as it might also
result in increased adsorbate-catalyst interaction, leading to
catalyst poisoning, which can be observed in the results for
OH* adsorption energy in Table S7. Generally, the electronic
structure is closely associated with the geometric structures.
Then, we examined a series of geometric structures for water
dissociation and found that the H2O molecule prefers to
adsorb on top site of doped metal, except for Au and Pt metals
on the Cu metal top site (Figure S3). The transition state
structure (Figure S4) is not much different from the H2O*
structure; however, the most interesting aspect is the difference
in the active sites of water dissociation (H* + OH* in Figure
S5). It is not difficult to note that M-I, M-II, and M-III alloys
possess well-defined dissociative active sites, where OH*

Figure 4. DFT-calculated activation energy (Ea) and reaction energy (ΔE) for Cu and CuM on water dissociation. The Cu, M (doped atom), O,
and H are illustrated as orange, dark yellow, red, and white balls, respectively.
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prefers to dissociate on doped metal, between doped metal and
host metal, and around host metal, respectively. It can be
summarized as that the dissociative active site ranges from
doped metal sole adsorption, to doped metal and host metal
coadsorption, and finally to host metal co-adsorption for OH*,
respectively. Also, OH* absorbs between Mn and Cu metals
similar to host metal coadsorption because of the special d
state of Mn metal like a free atom.

■ CONCLUSIONS
The d−d interaction model plays a guiding role in the
meticulous understanding of electronic interaction. Relying on
the varieties of d-band centers for doped metal, three types of
Cu-based SAAs are proposed. Furthermore, it was found that
the rare Mn atom seems to be a free atom without almost
electronic interaction on alloying. Detailed electronic structure
analysis clarifies the fundamental of the electronic interaction
between the doped metal and host metal in Cu-based SAAs. In
the WGSR, alloys with an antibonding state above the Fermi
level generally display an outstanding water dissociation
activity. The special phenomenon that no obvious electronic
interaction is observed in CuMn alloy restricts the catalytic
activity of the water dissociation, and even the activation
energy is higher than that of pure Cu catalysts. Furthermore,
we investigated the geometric structure of key intermediates,
and the results show that the adsorption site of OH* obeys the
electronic interaction model.
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