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Spin polarized density functional theory computations were performed to elucidate electronic effects

based on first-row transition metal doped Fe(100) and Fe5C2Ĳ100) surfaces for CO dissociation. Both Mn

and Cr doped Fe(100) and Fe5C2Ĳ100) surfaces can enhance the dissociation of CO, while the Co, Ni and

Cu doped ones are unfavorable for the dissociation of CO. Besides the BEP relationship, a linear

relationship between activation energy and the electronegativity of the dopant atom is established. It can

be deduced that the metals with lower electronegativity are favorable for the activation of CO. The reason

has been analyzed by density of states and crystal orbital Hamilton population. The metals with lower

electronegativity relative to Fe could donate electrons to doped sites and then activate CO with a more

delocalized O 2p orbital. The electronic effects revealed herein are helpful for the understanding of the CO

activation process and for the design of catalysts with desired activity.

1. Introduction

Iron-based Fischer–Tropsch synthesis (FTS) can synthesize clean
liquid fuels and significant chemicals via catalytic
polymerization of syngas (CO and H2) derived from gasification
of coal or biomass.1–6 The raw materials of iron oxides need
prerequisite activation under a syngas or hydrogen atmosphere
to be converted into active ingredients.7,8 As has been
demonstrated, metallic iron could realize the chain
propagation9,10 and could transform into χ-Fe5C2 under
operating conditions (270 °C, 30 bar, H2/CO = 2.0), which is
identified as one of the most prominent active components.11–13

However, due to the mediocre performance and poor stability of
the active components in CO conversion, it's essential to
introduce transition metal promoters, such as Mn, Co and
Cu.14–17

Transition metal promoters could integrate into internal
environments or couple with surface atoms, thereby
modulating the surface composition and electronic state,
which grant iron catalysts enhanced performance in FTS.18–20

Cr could improve the catalytic activity by increasing the
amount of active intermediates.21 A moderate amount of Mn
could enhance surface basicity, improve the dissociation rate
of CO and tune the selectivity to light olefins and heavy
hydrocarbons (C5+).

16,17,22 The FeCo alloy could affect the CO
adsorption and activation by tuning the d-band center of pure
metals.23,24 Fe–Ni bimetallic active sites provide optimal
performance compared to pure NPs in CO methanation,
owing to the change in CO dissociation adsorption energy
and oxygen binding energy.25–27 Cu could reduce the
adsorption of CO and raise the activation energy considerably
on both Cu adsorbed and substituted Fe(100) surfaces.28–30

The dual active sites created on Cu modified Fe-based
catalysts could provide non-dissociative CO adsorption, which
is helpful for the C2+ alcohol selectivity.5,31 The above studies
indicate that the electronic effects of hybrid sites introduced
by transition metals are notably different. However, attempts
to unravel the electronic effects of bimetal remains a
challenge, which is limited by the development of technology,
complex surface structure and the facile phase change.

Single-atom bimetallic alloys provide a scenario to reveal
electronic effects. Single-atom alloys (SAAs) are doped with
another metal in a high dispersion state forming doped active
sites,32 which gives unique electronic properties and alters
the minor element's adsorption properties.33,34 Therefore,
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both the electronic properties and the synergistic effects of
SAAs in catalysts are certainly frontier topics worthy of
insightful investigation.35

With so many intriguing scientific discoveries and
comprehensive studies on SAAs in the recent few years, it's
non-trivial to predict atomic surface structures and electronic
properties and reveal the relationship between doped sites
and performance theoretically. CO activation is applied to
explore the electronic properties of catalytic materials or FTS
activities.36–39 It has been found that the dissociation energy
decreases for transition metals from left to right in the
periodic table.40 In later studies, the d band center and BEP
relationship is applied to correlate the reactivity of
metals.41,42 To the best of our knowledge, although much
research has been committed to reveal electronic properties
for CO activation,43–45 the electronic effects caused by doped
transition metals on Fe-based catalysts have not been studied
systematically.

Compared with other low index surfaces Fe(110) and
Fe(111), Fe(100) has higher activity for CO conversion.46–48

Fe5C2Ĳ100) is one of the largest exposed surfaces under
operating conditions (600 K, 10 bar, H2/CO = 2.5) based on
the equilibrium shape of the Wulff construction and exhibits
low CO activation energy with C vacancies.49,50 Thereby, to
obtain in-depth insights into the electronic effects, Cr/Mn/
Co/Ni/Cu doped (M-doped) Fe(100) and Fe5C2Ĳ100) surface
sites are employed in this work to study the electronic effects
on the adsorption and activation of CO by density functional
theory. The density of states (DOS), Bader charge analysis,
and the crystal orbital Hamilton population (COHP) are used
to interpret the electronic effects of metal doping on CO
adsorption and activation.

2. Computational methods and
models
2.1. Methods

DFT calculations are executed by using the Vienna ab initio
simulation package (VASP).51,52 The electron exchange and
correlation energy are treated within the Perdew–Burke–
Ernzerhof (PBE) functional53 of generalized gradient
approximations (GGAs),54 because it is more suitable for the
characterization of transition metals or carbides.55,56 The
projector augmented wave (PAW) method is used for
describing electron–ion interactions.57,58 A plane-wave basis
set is employed with an energy cut-off of 400 eV and spin
polarization is applied on the magnetic materials Fe and
χ-Fe5C2. The convergence criteria for atoms forces and
electronic self-consistent interactions are set to 0.03 eV Å−1

and 10−4 eV, respectively.
The CO adsorption energy (Eads) is calculated from Eads =

ECO/slab − [Eslab + ECO]. Here, ECO/slab, Eslab, and ECO are the
energy of CO adsorbed on the slab, the slab and gas phase
CO, respectively. The more negative the value of Eads, the
stronger the adsorption. The CO dissociation barrier (Ea) is
calculated from Ea = ETS − EIS and the reaction energy (ΔE) is

calculated from ΔE = EFS − EIS, where EIS, ETS, and EFS are the
total energy of the initial, transition and final states,
respectively. To locate the transition states, the climbing-
image nudged elastic band (CI-NEB) method is used,59,60 and
only one imaginary frequency is confirmed by frequency
calculations. We tested zero-point energy (ZPE) corrections
for the adsorption energies of a gaseous CO molecule, the
dissociation barriers, and the dissociation energies of an
adsorbed CO molecule on doped Fe(100) and Fe5C2Ĳ100)
surfaces (Table S1†). For the CO adsorption energy, the
maximal correction is 0.06 eV for doped Fe(100) surfaces and
is 0.07 eV for doped Fe5C2Ĳ100) surfaces. For the CO
dissociation barrier, the maximal correction for doped
Fe(100) surfaces and doped Fe5C2Ĳ100) surfaces is both 0.04
eV. For the CO dissociation energy, the maximal correction is
0.04 eV for doped Fe(100) surfaces and is 0.03 eV for doped
Fe5C2Ĳ100) surfaces. All these rather small corrections do not
alter the results and conclusion without corrections.
Therefore, we used all energetics without ZPE corrections for
our analysis and discussion.

Regarding the bonding analysis, from the plane-wave
calculated electron density, we partition the band-structure
energy in terms of local orbital-pair contributions within the
crystal orbital Hamilton population (COHP) analysis.61–63 The
bonding information was analyzed through DFT calculations
in the form of antibonding and bonding character from the
electronic states.

2.2. Models

To study the electronic effects caused by doped transition
metals on the Fe-based catalyst for CO activation, we use a p(3
× 3) Fe(100) surface model with four atomic layers, where the
adsorbates and top two layers are relaxed and the bottom two
atomic layers are fixed. As shown in Fig. 1, the substitution
mode is used, where the local surface Fe sites are substituted
by Cr/Mn/Co/Ni/Cu atoms with the formation of surface
substitution sites, as reported by many researchers.64,65

Based on a previous study, Fe5C2Ĳ100) in the thermodynamic
equilibrium shape according to the Wulff construction under
FTS operating conditions (600 K, 10 bar, H2/CO = 2.5) is one of
the largest exposed surfaces.48 In the perfect surface, the unit
cell surface consists of 4 Fe and 2 C atoms and the C* coverage

Fig. 1 Top views of the pure Fe(100) surface (a) and M-substituted
Fe(100) surface (b). Fe atoms are represented by blue spheres. M is the
substitution metal atom, shown by a yellow sphere.
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is 0.5 ML, as shown in Fig. 2a. When both the first and then the
second C* are removed, θC* decreases to 0.25 ML and 0 ML,
respectively. The surface C* could participate in chemical
reactions giving vacant sites.39,49 We therefore removed the first
C* (θC* = 0.25ML) and constructed vacancy containing
Fe5C2Ĳ100)0.402 facets (Fig. 2c) to study the electronic effects of
metal doping on the CO adsorption and dissociation. The
surface carbon vacancy forms B5 sites, and the transition metal
atoms substitute the top iron atoms (Fig. 2d).

3. Results and discussion
3.1. CO adsorption and dissociation on the pure and
M-doped Fe(100) surfaces

Three CO adsorption sites have been located on the pure
Fe(100) surface, including top sites, bridge sites and hollow
sites. Among them, the 4-fold hollow site is the most
energetically preferred.50 To unravel the electronic effects
introduced by transition metals, CO adsorption and
dissociation are systematically studied on the 4-fold hollow
site with first-row transition metal doping.

At the hollow sites of the Fe(100) surface, direct CO
dissociation can easily take place by shifting the O atom to
the 4-fold sites. However, two dissociation directions exist for
the M-doped Fe(100) surfaces. One pathway proceeds toward
the M atoms, and the other one proceeds away from the M
atoms (Fig. S1†). The adsorption configurations of the initial
state (IS), transition state (TS), and final state (FS) are shown
in Fig. 3 for CO dissociation on the pure and M-doped
Fe(100) (M = Cr/Mn/Ni/Co/Cu) surfaces accompanied with the
preferred dissociation direction.

CO dissociates toward the doped atoms on the Cr and Mn
doped surfaces, while CO dissociates away from the M-atoms

on the Co/Ni/Cu doped surfaces. All the geometrical and
energetic data are summarized in Tables S2–S6.†

For CO adsorption, as shown in Table 1, compared with that
on the pure Fe(100) surface (−2.25 eV), the adsorption energy is
lowered by 0.20 eV and 0.06 on the Cr and Mn doped surfaces,
while on the Co/Ni/Cu doped surfaces, the adsorption energy is
increased by 0.01 eV, 0.11 eV, and 0.31 eV, respectively. The
adsorption energy is in the order FeĲ100)–Cr < FeĲ100)–Mn <

FeĲ100)–Fe < FeĲ100)–Co < FeĲ100)–Ni < FeĲ100)–Cu.
For CO dissociation, the activation energy barrier on

Fe(100) is 1.09 eV, in line with that reported in the
literature.46 As shown in Fig. 4 and Table 1, Cr and Mn
doping promotes the C–O bond scission and lowers the
barrier by 0.14 eV and 0.06 eV. In contrast, the C–O bond
breaking is slightly suppressed on the Co/Ni/Cu doped
surfaces with the barrier raised by 0.04 eV, 0.08 eV and 0.13
eV, respectively. As for the thermodynamics, the negative

Fig. 2 Top (a) and side views (b) of the perfect Fe5C2Ĳ100) surface
with 0.5 ML carbon coverage; top views of pure (c) and M-substituted
(d) Fe5C2Ĳ100) surfaces with 0.25 ML carbon coverage. The blue
spheres stand for Fe atoms, the black spheres stand for C atoms, and
the orange sphere stands for M atoms.

Fig. 3 Initial state (IS), transition state (TS), and final state (FS) of CO
dissociation on the FeĲ100)–M (M = Cr/Mn/Fe), FeĲ100)–M (M = Co/Ni),
and FeĲ100)–Cu surfaces. Black spheres represent C, red spheres
represent O, blue spheres represent Fe, and other colored spheres
represent the substitution M atoms.

Table 1 Energetic data of CO dissociation on the pure and M-doped
Fe(100) (M = Cr/Mn/Fe/Co/Ni/Cu) surfaces; qCO is the net Bader charge
of adsorbed CO in the IS; En is the electronegativity of the doped atoms

Surface EadsĲIS)/eV dĲC–O)/Å Ea/eV ΔE/eV En qCO/e

FeĲ100)–Cr −2.45 1.331 0.87 −0.99 1.56 −1.207
FeĲ100)–Mn −2.31 1.329 0.92 −0.91 1.60 −1.198
FeĲ100)–Fe −2.25 1.317 1.09 −0.85 1.64 −1.162
FeĲ100)–Co −2.24 1.314 1.13 −0.82 1.70 −1.115
FeĲ100)–Ni −2.14 1.314 1.17 −0.77 1.75 −1.090
FeĲ100)–Cu −1.94 1.287 1.22 −0.73 1.75 −1.022
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values of ΔE on all the surfaces suggest that the elementary
step is exothermic. The reaction energy is reduced by 0.14 eV
and 0.06 eV for Cr and Mn doping, while being slightly
increased for Co/Ni/Cu doping.

Among the doped surfaces, FeĲ100)–Cr stands out as the
best one for CO adsorption and activation with the lowest
barrier. The CO dissociation on the Cr doped surface is also
thermodynamically the most favored. In contrast, FeĲ100)–Cu
considerably elevates the potential energy surface as well as
the barrier, which implies the negative effects introduced by
Cu on CO adsorption and dissociation.

On the basis of the computed energy data on the pure and
M-doped Fe(100) surfaces (M = Cr/Mn/Co/Ni/Cu), we examined
the Brønsted–Evans–Polanyi (BEP) relationship, as shown in
Fig. 5a. The value of R2 is 0.93, which suggests a linear
relationship between the activation barrier and reaction energy.

It is worth noting that a linear relationship exists between
the electronegativity (En) of the doped metals and CO
activation barrier, as shown in Fig. 5b, which indicates that
the CO activation barrier is increased with the increase of
electronegativity of M-atom. An atom with a higher
electronegativity has a stronger ability to bind electrons,
which leads to less electron feedback to the antibonding

orbital of CO. As a result, the adsorbed CO molecule is less
activated with a shorter C–O bond length and needs higher
activation energy to dissociate (Table 1). A higher net Bader
charge of CO on the low electronegativity metal doped
surfaces is also found (e.g. Cr and Mn). Moreover, there exists
a linear relationship between activation energy and the Bader
charge of absorbed CO, which is consistent with our previous
study (Fig. S2 and S3†).44 These relationships are helpful to
estimate the dynamic properties as well as the
thermodynamic properties for CO adsorption and activation
on catalysts promoted with various metals.

In order to gain insight into the underlying mechanism of
electronic effects introduced by transition metals for CO
activation, we performed electronic structure analysis based
on the partial density of states (pDOS) and bonding analysis
based on the crystal orbital Hamilton population (COHP). In
the projected COHP (pCOHP),63 the quantity is generally
represented as −(pCOHP), so that the positive and negative
values correspond to the bonding and antibonding states,
respectively. The pDOS and pCOHP analyses corresponding
to the TS of CO dissociation on the transition metal doped
Fe(100) surfaces are carried out. As shown in Fig. 6, one
sharp band appearing in the C and O pDOS curves around
the energy value of −12 eV with respect to the Fermi level is
attributed to the carbon 2s orbital. The broad p orbital band
from C and O hybridized with the metal d-bands is observed
at about an energy level of −5 eV. In the pCOHP curves, C–O
bonding interaction can still be observed, which means that
C and O are still slightly interacting with each other in the
transition state despite the increased C–O distance. The
pDOS and pCOHP curves of free molecular CO are also
displayed in Fig. S4† for comparison.

The band structures of the TSs for CO dissociation are
very similar with each other, due to the similar
configurations and local environment in the transition states.
The differences are the oxygen 2p orbitals for the doped
metal atoms as shown in the pDOS curves. Specifically, the O
2p orbital on the Cr and Mn doped surfaces is more
delocalized towards the lower energy level than that on the
other metal doped surfaces, which indicates the stronger

Fig. 4 Potential energy surfaces for CO dissociation on the pure and
M-doped Fe(100) (M = Cr/Mn/Co/Ni/Cu) surfaces.

Fig. 5 The BEP relationship for CO activation (a) and the linear relationship between the activation barrier (Ea) and the electronegativity (b) of
M-atoms on the pure and M-doped Fe(100) surfaces (M = Cr/Mn/Co/Ni/Cu).
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interaction between the O atom and the surfaces, thereby
consequently lowering the activation barrier. Moreover, as
can be seen in the pCOHP curves, the bonding interaction
between the surfaces and O on the Cr and Mn doped Fe(100)
surface sites is more distributed in the low energy level than
that on the other surfaces; that is, the O atom in the
transition state is more stabilized by Cr and Mn doping. The
calculated integrated overlap population up to the Fermi level
(ICOHP) of CO adsorption TS for surface-O bonding also
proves the stronger interaction between the O atom and the
Cr/Mn doped surface sites (Table 2).

The corresponding pDOS and pCOHP curves of CO
adsorption IS on the pure and doped Fe(100) surfaces as well
as the detailed discussion are given in the ESI† (Fig. S5). The

more intense 5 band and the lower center of d from pDOS
demonstrate the stronger interaction between CO and the
surfaces and the consequently higher adsorption energy. The
more negative ICOHP of CO adsorption IS of the M–C bond
for the Cr/Mn doped Fe(100) surfaces also indicates stronger
adsorption (Table S7†) and the less negative ICOHP for the
C–O bond indicates stronger activation.

3.2. CO adsorption and dissociation on the pure and
M-doped Fe5C2Ĳ100) surfaces

Iron-based catalysts can be carburized to χ-Fe5C2 (Hägg)
under FTS conditions. Therefore, studies on transition metal
modified Fe5C2 surfaces for CO dissociation are also valuable.

Fig. 6 PDOS and pCOHP curves for CO dissociation TS on the pure and doped Fe(100) surfaces. The pDOS and pCOHP curves for the Cr/Mn/Fe/
Co/Ni/Cu doped surfaces are shown in (a.1/a.2), (b.1/b.2), (c.1/c.2), (d.1/d.2), (e.1/e.2), and (f.1/f.2), respectively.

Table 2 The integrated overlap populations up to the Fermi level (ICOHPs) of M–C and M–O bonding of CO adsorption TS for the pure and transition
metal doped Fe(100) surfaces; the more negative ICOHP indicates the stronger interaction

FeĲ100)–Cr FeĲ100)–Mn FeĲ100)–Fe FeĲ100)–Co FeĲ100)–Ni FeĲ100)–Cu

ICOHP (M–C) −11.22 −11.06 −11.03 −10.97 −10.87 −10.48
ICOHP (M–O) −5.82 −5.16 −4.93 −4.85 −4.82 −4.69
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The dynamic catalysis process can consume the surface
carbon atoms of the carbide and produce vacant sites, on
which CO can directly dissociate.39,49 In this work, half of the
surface carbon were removed to construct vacant sites on the
most stable Fe5C2Ĳ100)0.402 surfaces on which transition
metals are introduced and Cr/Mn/Co/Ni/Cu doped vacant
sites are structured.

The geometries of the initial state (IS) of CO adsorption
and the corresponding transition state (TS) and final state
(FS) for CO dissociation on the pure and transition metal
doped Fe5C2Ĳ100) surfaces are shown in Fig. 7. All the
geometries are similar for the IS and TS except for the FS on
the Cr-doped surface with the oxygen being located on the
top sites of the Cr atom.

On the pure Fe5C2Ĳ100) surface, the adsorption energy of
CO on the vacant sites is −2.26 eV. As shown in Table 3, the
adsorption energy is lowered by 0.57 eV and 0.15 eV on the
Cr and Mn doped surfaces, while it is increased by Co/Ni/Cu
doping. On the Fe5C2Ĳ100)–Cu surface, CO has the weakest
adsorption with an energy of −1.75 eV.

As for CO dissociation, the activation energy on the pure
Fe5C2Ĳ100) is 0.77 eV, in line with that reported in the
literature.49 This is similar to the case of the doped Fe(100)
surfaces as doping Fe5C2Ĳ100) surfaces with Cr and Mn is found
to promote the C–O bond scission by lowering the barrier to
0.48 eV and 0.69 eV (Table 3 and Fig. 8). Conversely, the C–O
bond breaking is inhibited by the Co/Ni/Cu doping with the

barrier being raised to 0.91 eV, 0.98 eV, and 1.12 eV, respectively.
This is different from the case of the doped Fe(100) surfaces as
CO dissociation on all the doped Fe5C2Ĳ100) surfaces is
endothermic except for that on the Cr doped surface.
Nevertheless, Cr and Mn also reduce the reaction energy by
−0.75 eV and 0.03 eV, respectively. Thus, Cr and Mn
thermodynamically facilitate the CO dissociation relative to the
pure Fe5C2Ĳ100) surface. The catalytic activity for CO activation
follows this sequence: Fe5C2Ĳ100)–Cr > Fe5C2Ĳ100)–Mn >

Fe5C2Ĳ100)–Fe > Fe5C2Ĳ100)–Co > Fe5C2Ĳ100)–Ni > Fe5C2Ĳ100)–
Cu. Among the doped surfaces, Fe5C2Ĳ100)–Cr exhibits the
highest activity for CO adsorption and activation, while
Fe5C2Ĳ100)–Cu hinders CO activation remarkably. All the
geometry parameters for the corresponding structures are
summarized in Table S8.†

On the basis of the computed energy data on the pure and
M-doped Fe5C2Ĳ100) surfaces (M = Cr/Mn/Co/Ni/Cu), we
examine the Brønsted–Evans–Polanyi (BEP) relationship, as
shown in Fig. 9a. The value of R2 is 0.95, which suggests a
good linear relationship between the activation barrier and
reaction energy due to the similar sites and dissociation
pathways. Also, we investigate the effects of metal
electronegativity on CO activation. Compared with the pure
Fe5C2Ĳ100) surface, the surfaces doped with Cr and Mn
atoms, with a lower electronegativity than Fe, exhibit lower
energy barriers, while the ones doped with Co, Ni, and Cu
atoms, with a higher electronegativity than Fe, have higher

Fig. 7 Initial state (IS), transition state (TS), and final state (FS) of CO
dissociation on the Fe5C2Ĳ100)–M (M = Cr/Mn/Fe/Co/Ni/Cu) surfaces.
Black spheres represent C, red spheres represent O, blue spheres
represent Fe, and other colored spheres represent M atoms.

Table 3 Energetic data of CO dissociation on the pure and M-doped
Fe5C2Ĳ100) (M = Cr/Mn/Co/Ni/Cu) surfaces; qCO is the net Bader charge
of adsorbed CO in the IS; En is the electronegativity of the doped atoms

Surface EadsĲIS)/eV dĲC–O)/Å Ea/eV ΔE/eV En qCO/e

Fe5C2Ĳ100)–Cr −2.83 1.342 0.48 −0.75 1.56 −1.141
Fe5C2Ĳ100)–Mn −2.41 1.340 0.69 0.03 1.60 −1.177
Fe5C2Ĳ100)–Fe −2.26 1.331 0.77 0.27 1.64 −1.126
Fe5C2Ĳ100)–Co −2.09 1.321 0.91 0.36 1.70 −1.080
Fe5C2Ĳ100)–Ni −1.91 1.316 0.98 0.52 1.75 −1.052
Fe5C2Ĳ100)–Cu −1.75 1.307 1.12 0.86 1.75 −1.022

Fig. 8 Potential energy surfaces for CO dissociation on the pure and
M-doped Fe5C2Ĳ100) (M = Cr/Mn/Co/Ni/Cu) surfaces.
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activation energies. The correlation shown in Fig. 9b suggests
the trend that the CO activation barriers increase with the
increase of the electronegativity of the doped metal atoms,
which is similar to that on the Fe(100) surfaces.

Similar to the analysis of the substituted Fe(100) surfaces,
as shown in Fig. 10, two sharp bands appearing in the C and

O pDOS curves around the energy value of −12 eV with
respect to the Fermi level are attributed to the carbon 2s
splitting orbital. The broad p orbital bands from C and O
hybridized with the metal d-bands are observed at about an
energy level of −5 eV. The pCOHP curves also demonstrated
that some C–O bonding interactions still exist. We can find

Fig. 9 The BEP relationship (a) for CO activation and the linear relationship between the activation barrier (Ea) and the electronegativity (b) of
M-atoms on the pure and M-doped Fe5C2Ĳ100) surfaces (M = Cr/Mn/Co/Ni/Cu).

Fig. 10 PDOS and pCOHP curves for CO dissociation TS on the pure and metal-doped Fe5C2Ĳ100) surfaces. The pDOS and pCOHP curves for the
Cr/Mn/Fe/Co/Ni/Cu doped surfaces are shown in (a.1/a.2), (b.1/b.2), (c.1/c.2), (d.1/d.2), (e.1/e.2), and (f.1/f.2), respectively.
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that the O 2p orbital on the Cr/Mn doped surfaces are more
delocalized than that on the other metal doped surfaces by
comparing the pDOS curves. Like that on the doped Fe(100)
surfaces, the O 2p orbital on the Cr doped Fe5C2Ĳ100) surfaces
is more delocalized than that on the other surfaces, which
leads to a lower dissociation energy barrier. According to the
pCOHP curves, the lower energy level of the bonding
interaction between O and the surfaces on the Cr/Mn doped
surfaces demonstrates the stronger interaction between the O
atom and the surface sites. The calculated integrated overlap
population up to the Fermi level (ICOHP) for the M–O bond
also proved the stronger interaction between the O atom and
the Cr/Mn doped surface sites (Table 4).

Similarly, the pDOS and pCOHP curves of the CO initial
adsorption states (ISs) on the pure and doped Fe5C2Ĳ100)
surfaces are also displayed in Fig. S6.† The center of d is
slightly raised from the Mn doped to the Cu doped surfaces,
which results in the decrease of CO adsorption energy. The
less negative ICOHP of CO adsorption IS of M–C bonding for
the Cu doped Fe5C2Ĳ100) surfaces also indicates weaker
adsorption (Table S9†).

4. Conclusions

In summary, to gain an insight into the electronic effects of
transition metal doping on catalysts, spin polarized density
functional theory computations have been carried out to
investigate CO adsorption and dissociation on pure and Cr/
Mn/Co/Ni/Cu doped Fe(100) and Fe5C2Ĳ100) surfaces. On both
the Fe(100) surfaces and Fe5C2Ĳ100) surfaces, Cr and Mn
doping is found to enhance the adsorption of CO and doping
with the other atoms weakens CO adsorption by different
degrees.

For CO activation, Cr and Mn play a positive role in
promoting CO dissociation, while the dissociation energy
barrier is increased by Co, Ni and Cu doping. C–O bond
breaking is promoted mostly on the Cr or Mn doped surfaces
and is mostly suppressed by Cu doping. The Brønsted–
Evans–Polanyi relationship is found to be applicable to this
system. Furthermore, a correlation between the CO activation
energy and the doped metal electronegativity is found.

The analysis by pDOS and pCOHP provides the
mechanisms of electronic effects on the CO adsorption and
activation from the electronic orbital level. The Cr/Mn doped
Fe(100) and Fe5C2Ĳ100) surface metals activate CO with a
more delocalized O 2p orbital than those on the other metal
doped surfaces according to the pDOS curves. The bonding
interaction between O and the doped surface sites on the Cr/
Mn doped surfaces demonstrates the stronger bonding

interaction between the O atom and the surfaces from the
analysis of pCOHP curves.

In summary, the doped metals with a lower
electronegativity (Cr/Mn) relative to Fe could donate electrons
to activation sites and then allow electron feedback to CO,
which lowers the CO activation energy, while the doped
metals with a higher electronegativity (Co/Ni/Cu) relative to
Fe have the opposite effects. Our results are helpful to get an
insight into the electronic effects of transition metal dopants,
which modulates the adsorption and activation of CO. It is
instructive to optimize the promoters and design of catalysts
according to electronic effects. Furthermore, our research has
also illuminated the activation process of N2, NO, and CO2

molecules.
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