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This study employed spin-polarized density functional theory and investigated the removal of surface oxygen on
FesCo(100) surfaces substituted with first-row transition metals. It was observed that the substituted metals with
lower electronegativity, such as Cr and Mn, could hinder the removal of surface oxygen. Conversely, substituted
metals with higher electronegativity, such as Co, Ni, and Cu, facilitates the removal of surface oxygen. The results
revealed a clear correlation between the energy barrier for oxygen removal and the electronegativity of
substituted metals, which provides a straightforward and efficient approach to estimate the energy barrier for
oxygen removal on iron carbide surfaces. Furthermore, the study demonstrated that the oxygen removal pathway
is dependent on the electronegativity of substituted metals. For Cr and Mn substituted surfaces (low electro-
negativity), the oxygen removal via CO, pathway is preferable both in thermodynamics and kinetics, while for
Cu substituted surfaces (high electronegativity), the hydrogenation of O to H20 is more favorable. These findings
reveal the significance of electronic promoters in catalyst design.

Electronic effects
Oxygen removal
Electronegativity
Bonding analysis

1. Introduction

In order to meet the growing demand for liquid fuels and comply
with stringent environmental regulations, the selective conversion of
syngas derived from carbonaceous resources (such as coal, natural gas,
shale gas, or biomass feedstocks) into ultra-clean liquid fuels is consid-
ered as a viable alternative to address the growing energy and envi-
ronment challenges [1-3]. The use of Fe-based catalysts has garnered
significant attention from researchers worldwide due to their high effi-
ciency, flexible process operation, and cost-effectiveness [4-6]. By
adjusting the synthesis conditions, the precursor can be transformed into
various iron carbides [7,8] which have been widely recognized as the
active component among the different iron species [9,10]. Remarkably,
Fe-based catalysts have demonstrated high conversion rates and excel-
lent selectivity for heavy hydrocarbons, leading to their industrial
implementation with a continuous production capacity of approxi-
mately 6.32 million tons in China [11-13]. However, their poor stability
and rapid deactivation necessitate frequent replacement, resulting in a

significant economic burden [6]. Therefore, understanding the deacti-
vation mechanisms and developing high-tolerance catalyst designs are
crucial.

Deactivation mechanisms reported for iron-based catalysts include
poisoning [14,15], sintering [16], coking [17,18], and oxidation
[15,19-21]. Among these, oxidation is considered a crucial deactivation
mechanism [21,22]. One form of oxidation arises from the dissociation
of carbon oxide, where dissociated chemisorbed oxygen strongly ad-
sorbs onto specific sites, becoming difficult to remove. This results in the
deactivation of surface sites and gradual oxidation of active species [23].
Another form of oxidation occurs through the re-adsorption of water
molecules produced during the reaction. Under conditions of excess HyO
partial pressure and lower temperature, complete surface oxidation can
occur, leading to irreversible oxidation [22,24]. HyO vapor selectively
adsorbs on active sites and releases oxygen atoms, a thermodynamically
favorable reaction, causing the oxidation of iron carbides to Fe3O4
during the Fischer-Tropsch synthesis (FTS) process [25]. Consequently,
enhancing the oxygen removal rate and improving the oxidation
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resistance of iron carbides are crucial for achieving catalytic stability.

Promoters have the ability to combine with the active component,
forming hybrid sites [26,27] or interface structure [28,29], thereby
modulating the behavior of intermediate species and creating interfacial
synergistic effects during oxygen removal. For instance, several studies
have reported that Cu promoters can inhibit the oxidation of active sites
by transferring H atoms to adjacent adsorbed oxygen species [30,31]. It
has been demonstrated that Pt promoters can reduce the energy barrier
for oxygen removal by adjusting the electron states of active sites [32].
Additionally, the addition of promoters can enhance the activity of the
water-gas shift reaction, leading to the removal of HoO molecules from
the catalyst surfaces [33,34]. The adsorption energy and oxidation
ability of HoO molecules can be significantly weakened by pre-adsorbing
carbon atoms or coating the catalyst with hydrophobic materials
[24,35,36].

Despite the numerous strategies employed to enhance the removal of
adsorbed oxygen and H,O molecules, predicting the performance of
oxygen removal based on electronic effects and experimentally modu-
lating the reaction pathway remains challenging. Theoretical simulation
offers a valuable approach to address this issue. In our previous study,
we investigated the electronic effects of substituted sites on CO
adsorption and activation [37]. In this paper, our objective is to gain
insights into the electronic effects of substituted sites on oxygen removal
and provide potential reaction pathways. To achieve this, we selected
FesC2(100) surfaces as the fundamental model, which represents one of
the largest surfaces according to Wulff construction. Subsequently, we
introduced substituted metals of first-row transition onto FesCy(100)
surfaces to simulate the electronic effects for oxygen removal, and
different reaction paths were considered and compared. Finally, we
analyzed the density of states (DOS) and crystal orbital Hamilton pop-
ulation (COHP) to elucidate the influence of electronic effects on oxygen
removal.

2. Computation methods and models
2.1. Methods

All calculations were performed by using the plane-wave based
density functional theory (DFT) method, coded in the Vienna Ab initio
Simulation Package (VASP) [38,39]. The electron—-ion interaction was
described by the projector augmented wave (PAW) [40]. The spin-
polarized generalized gradient approximation and Perdew-Burke-
Ernzerhof function (GGA-PBE) were used to describe the electron ex-
change and correlation energy [41,42]. Spin-polarization was intro-
duced for the magnetic properties of iron. The cut-off energy of plane
wave basis was set to 400 eV. The atoms forces and electronic self-
consistent interaction were set up to 0.03 eV/A and 107 eV,
respectively.

The adsorption energy (Eaq4s) of adsorbed species was calculated by
the formulation defined as Eags = Ex/slab — Eslab — Ex. Here, Ex/slap is the
total energy of the slab with the adsorbed species optimized to equi-
librium state, Egop is the total energy of the clean surface, and the Ex is
the total energy of the free adsorbates in the gas phase. The energy
barrier (E,) was calculated by the formula of E, = Ers — Ejg and the
reaction energy (AE) was according to AE = Egs — Ejs, where Ejgs, Ets, and
Eggs are the energy of adsorbed species consistent with the initial, tran-
sition and final states, respectively. The apparent energy barrier (E.f)
was the difference between the highest energy of reaction species and
the energy of initial adsorption species on the potential energy surfaces.
The transition states were located by the climbing image nudged band
(CI-NEB) method, and the frequency analysis were executed to find the
transition state exactly [43,44]. The zero-point energy (ZPE) correction
were included in our reaction barriers and energies.
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Fig. 1. Top (a) and side views (b) of perfect FesCo(100) surface with 0.5 ML
carbon coverage; top view of pure (c¢) and M substituted (d) FesC»(100) surface
with 0.25 ML carbon coverage. The blue spheres stand for Fe atoms, the black
spheres for C atoms, orange sphere for M atoms. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

2.2. Models

According to the research of thermodynamic equilibrium for the
Wulff construction, the surface of FesCy(100) is one of the largest
exposed surfaces under the FTS reaction conditions [45]. We chose p(2
x 2) slab model, which include 48 Fe atoms and 24 C atoms. For the
perfect surface of FesCy(100), there are 4 Fe and 2 C atoms in the unit
cell and the coverage for C* is 0.5 ML, as displayed in Fig. 1a. Actually,
the surface C* can be regarded as active atoms, which can participate in
the elementary reaction and then give the vacant sites for next circula-
tion. Based on that, the first C* were removed and the vacancy
FesCo(100) surfaces (Ocx = 0.25ML) were constructed. One of the va-
cancy Fe atoms was substituted by other metal atom to study the elec-
tronic effects for oxygen removal, as shown in Fig. 1d. For the
elementary reaction, the 20 top Fe atoms, 8 top C atoms and 4 top
substituted atoms together with adsorbate were allowed to relax, while
the other atoms were fixed. According to the lattice sizes, 2 x 2 x 1 k-
point grid sampling within the Brillouin zones was set.

2.3. Bonding analysis and atomistic thermodynamics

The bonding interactions between adsorbate and adsorption sites
were analyzed by density of state and the crystal orbital Hamilton
population (COHP) [46-48].

The desorption reaction under a specific condition was studied by
atomistic thermodynamics [49-51]. Here, we take CO2 desorption on a
FesC2(100) surface, CO2/FesCo —FesCy + CO2, as an example, and the
change of Gibbs free energy (AG) can be described by equation (1).

AG = G[FesC;(100) | + Gyus(CO2) — G[(COy) /FesC1(100)] )

For this equation, G[Fe5C3(100)] is the Gibbs free energy of the clean
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FesC2(100)-M(M=Mn/Fe/Co/Ni/Cu)

Fig. 2. Structure of consecutive hydrogenation process on the FesC2(100)—M (M = Cr/Mn/Fe/Co/Ni/Cu) surfaces. Black spheres for C, red spheres for O, white
spheres for H, blue spheres for Fe, and other color spheres for the substitution M atoms. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Table 1
Energetic data of oxygen removing via consecutive hydrogenation process for M
modified FesC2(100) surfaces.

surface E.qs(1S)/ deo- do- Ea E.p Eefe/ AE/
ev m/A m/A eV ev

FesC(100)— —-2.15 1.359 1.409 0.84 2.13 2.62 2.20
Cr

FesC2(100)— -1.37 1.406 1.428 0.39 1.90 1.89 1.51
Mn

FesCo(100)— -1.28 1.443 1.447 0.46 1.79 1.74 1.32
Fe

FesCo(100)— -1.15 1.459 1.471 0.51 1.62 1.57 1.19
Co

FesCo(100)— —-0.95 1.478 1.489 0.56 1.46 1.39 0.96
Ni

FesCp(100)— —0.52 1.515 1.466 0.50 1.30 1.04 0.51
Cu

FesC2(100) surface, while G[(CO3)/FesCo(100)] is the Gibbs free energy
of FesCy surface with an adsorbed CO, molecule. Some approximations
have been widely adopted by many researches for atomistic thermody-
namics methods. The Gibbs free energy of the solid surfaces can be
substituted by the energy calculated by DFT, owing to the negligible
vibration contribution [52]. The Gg,5(CO2) is equal to p(COs). Thus, the
chemical potential of CO, can be expressed as

#COZ (T7 P) = E::(:)[;l + ﬁcoz (T’ PO) +kl-‘?Tln(I:“Coz /PO)

E9Y is the energy of isolated CO2 gas-phase molecule, including the
zero-point vibration. fi,, (T,P°) is the chemical potential at different

temperatures, and ks TIn(Pco,/P°) can be defined as the contribution of
CO4, partial pressure and temperature to the chemical potential. Thus,
equation (1) can switch to

— otal
AG = E[FC5C2(100)] — E(COz)/FC5C2(1OO)]+E::0‘Z

+ Heo, (T, P°) + ks TIn(Pco, /P°)
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Fig. 3. Potential energy surfaces for oxygen removing via consecutive hydro-
genation process on M modified FesC5(100) surfaces.

3. Results and discussion
3.1. Oxygen removal by H,0 path

By conducting co-adsorption tests (Fig. S1, Supporting Information)
of O and 2H, we identified the most stable adsorption configuration,
which involves O atoms located on carbon vacancy sites and 2H atoms
situated on adjacent carbon vacancy sites. Building upon this finding, we
investigated the electronic effects of first-row transition metals on the
successive hydrogenation-based removal of O.

Fig. 2 displays the geometries during the consecutive hydrogenation
process for various transition metal substituted sites. There is a
distinction in the initial state (IS) of the Cr substituted surface, where
oxygen atoms are positioned on bridge sites, while for the other
substituted surfaces, oxygen atoms adsorb on the substituted hollow
sites. Across all surfaces, the OH species show a preference for adsorbing
on the substituted bridge sites, while HyO tends to adsorb on the top
sites. Moreover, the geometries of the transition state (TS) are similar,
owing to the comparable surface models and reaction pathway.

The co-adsorption energy of O and 2H is —1.28 eV for the pure
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Table 2

Energetic data of oxygen removing via OH disproportionation for M modified
FesC»(100) surfaces, En is the Allen electronegativity of substituted atoms.

surface Eqq5(IS)/eV Eq; Eq2 Eef/eV AE/eV En
FesCy(100)-Cr -1.49 0.90 2.15 2.35 1.82 1.56
FesC3(100)-Mn -1.38 0.51 1.92 1.82 1.65 1.60
FesC5(100)-Fe -1.12 0.58 1.76 1.68 1.44 1.64
Fes5C5(100)-Co —0.92 0.60 1.58 1.53 1.25 1.70
FesCy(100)-Ni -0.73 0.65 1.42 1.38 1.01 1.75
FesC5(100)-Cu —0.42 0.60 1.24 1.00 0.65 1.75

FesC2(100), as displayed in Table 1. There is a slightly lower (0.09 eV)
for Mn substituted surfaces, while it is sharply lowered by 0.78 eV for Cr
substituted surfaces. However, contrary tendency is found for Co/Ni/Cu
substituted surfaces. The co-adsorption energy increases by 0.13 eV for
Co substituted surfaces and 0.33 eV for Ni substituted surfaces, respec-
tively. On the Cu substituted surfaces, the co-adsorption energy
dramatically increased to —0.52 eV.

As shown in Table 1, for all of the surfaces, the energy barrier (E,;) is
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no more than 0.84 eV for the first step (O + H — OH) and they are
slightly exothermic except for those substituted with Cr, which means
that they are easy to form OH species. The transition state bond length of
O-H (d(o-n)) increased gradually from Cr to Cu substituted surfaces. In
comparison with the first step, the second step (OH + H — Hy0) has
higher energy barrier (E;2) and are endothermic for all the surfaces
(Fig. 3), forming the rate-limiting step of HoO formation. It is also found
that the transition state bond length of HO-H (d(to.m)) increased grad-
ually from Cr to Ni substituted surfaces, which is corresponding to the
change of energy barrier.

According to the co-adsorption of O + 2H, the apparent barrier (E.f)
and reaction energy (AE) were calculated, as displayed in Table 1. The
apparent barrier and reaction energy of pure FesC2(100) surfaces are
1.74 eV and 1.32 eV. By comparation, both the energy barrier and re-
action energy increase by 0.88 eV for Cr substituted surfaces. The
apparent barrier and reaction energy increase by 0.15 eV and 0.19 eV for
Mn substituted surfaces, respectively. Those results indicate that HyO
formation are inhibited by Cr and Mn substituted surfaces. On the

contrary, the energy barriers are lowered by 0.17 eV, 0.35 eV and 0.70
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Fig. 4. Potential energy surfaces for oxygen removing via OH disproportionation on M modified FesC5(100) surfaces
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Fig. 5. The BEP relationship for oxygen removing via OH disproportionation (a), and the linear relation between oxygen removing barrier (Eey) and the electro-
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FesC2(100)-M(M=Co/Ni/Cu)

Fig. 6. Structure of oxygen removing via CO, path on M modified
FesC,(100) surfaces.

eV, and the reaction energy are lowered by 0.13 eV, 0.36 eV and 0.81 eV
for Co, Ni, Cu substituted surfaces, respectively, which indicate that the
formation of HyO is thermodynamically favored. Therefore, the perfor-
mance for oxygen removing follows the following trend: FesC5(100)—Cr
< FesC(100)—Mn < FesCy(100)— Fe < FesCy(100)—Co < FesCy(100)—
Ni < FesCy(100)—Cu. Among all the modified surfaces, the Cu modified
surface stands out with the optimal performance.

Alternatively, the OH disproportionation process was also consid-
ered for surface oxygen removal (OH + O + H — H30 + O). The ge-
ometries of OH disproportionation process for different transition metal
dopants are shown in Fig. S2 and the energetic data are displayed in
Table 2. The energy barriers (Eg;) of the first step (OH + O + H — 20H)
fall into the range of 0.51—-0.90 eV, with the highest energy barrier for
Cr substituted surfaces, indicating OH species are easy to form. As the
rate-limiting step of HyO formation, the second step (20H — H20 + O)
has higher energy barrier (E,;) and are endothermic for all the surfaces
(Fig. 4). The apparent barrier (Egy) and reaction energy (4E) were also
calculated, as showed in Table 2. Compared with the consecutive hy-
drogenation process, the energy barrier is lowered largely for Cr
substituted surfaces (2.35 eV vs 2.62 eV), while the energy barrier is
only slightly lowered for other substituted surfaces. Conversely, the
reaction energy is improved to some extent for OH disproportionation
process except Cr substituted surfaces. By comparing two reaction paths
(Table S1), we can find that OH disproportionation process is kinetically
favorable and consecutive hydrogenation process is thermodynamically
advantageous. Therefore, Cr substituted surfaces are more likely to un-
dergo the OH disproportionation pathway, while other substituted sur-
faces may undergo either a disproportionation reaction (20H — Hy0 +
O) or consecutive hydrogenation (O + 2H — H50).

According to the computed energy data for all the modified surfaces,
relationships between the energy barrier and the reaction energy or the
energy barrier and metal electronegativity can be established and
analyzed. The Brgnsted-Evans-Polanyi (BEP) relationship was exam-
ined, as displayed in Fig. 5a. There is a good linear relationship between
the energy barrier and the reaction energy (R? = 0.90), which may be
attributed to the similar adsorption configuration and reaction path.
Furthermore, the effect of metal electronegativity on the energy barrier

Applied Surface Science 640 (2023) 158088

Table 3
Energetic data of oxygen removing via CO, path for M modified FesC5(100)
surfaces.

surface Eqq5(1S)/eV d(c_o)/.f\ E,/eV AE/eV
FesC,(100)—Cr -3.62 1.761 1.67 1.12
FesC(100)—Mn ~2.95 1.810 1.52 0.84
FesCy(100)—Fe —2.52 1.833 1.47 0.72
FesC,(100)—Co —2.13 1.848 1.34 0.59
FesC(100)—Ni -1.88 1.881 1.34 0.62
FesC(100)—Cu -1.33 1.951 1.16 0.37
0.0 -
-0.8
7~
> -1.6-
)
N’
22 -2.41
e
0 "
5 -3.2 - 4 ——— FesCx(100)-Cr
L -3.62 7 ——— FesC2(100)-Mn
4.0 FesC2(100)-Fe
FesCz(100)-Co
-4.8 - ——— FesC2(100)-Ni
= FesC2(100)-Cu
-5.6
CO(g)+1120:(g) CO+O TS CO:

Fig. 7. Potential energy surfaces for oxygen removing via CO, path on M
modified FesC»(100) surfaces.

of H,O formation was investigated (Table 2). The surfaces substituted by
the lower electronegativity element of Cr and Mn show higher energy
barrier, while the surfaces with higher electronegativity element of Co,
Ni and Cu, exhibit lower energy barrier. The negative correlation was
established between element electronegativity and apparent energy
barrier, as displayed in Fig. 5b, suggesting that the energy barrier of HyO
formation decreases with the increase of substituted elements
electronegativity.

3.2. Oxygen removal by CO; path

For the co-adsorption of CO and O, two adsorption configurations
were examined. As shown in Fig. S3, one is that CO is adsorbed on the
hollow sites and O atoms are located on the substituted bridge sites, the
other is that CO is adsorbed on the hollow sites and O atoms are located
on adjacent carbon vacancy with four coordination. The calculation
results indicate that the bridge adsorption is dominant for Cr/Mn/Fe
substituted surfaces, while the hollow adsorption is more stable for Co/
Ni/Cu substituted surfaces (Table S2). The bridge adsorption configu-
ration was considered as the initial configuration for Cr/Mn/Fe
substituted surfaces, while the hollow adsorption configuration was
adopted for Co/Ni/Cu substituted surfaces (Fig. 6).

As exhibited in Table 3, the co-adsorption energy (Eqqgs) of CO and O
is —2.52 eV for the pure FesCz(100). Compared with the pure
FesC2(100) surface, the co-adsorption energy for Cr and Mn substituted
surfaces are decreased by 1.1 eV and 0.43 eV, respectively. On the
contrary, the co-adsorption energy is increased by 0.39 eV and 0.64 eV
for Co and Ni substituted surfaces, respectively. Much lower co-
adsorption energy was obtained for the Cu substituted surfaces, which
increase by 1.19 eV dramatically.

As for the activation energy (E,) of oxygen removing by CO, it is 1.47
eV for the pure FesCy(100) surface, which is in line with the reported
results [53]. The similar case, like oxygen removal by HyO path, was
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Fig. 8. The BEP relationship (a) for oxygen removal and the linear relation between oxygen removal barrier (E,) and the electronegativity (b) of M atoms.

Fig. 9. Adsorption configuration for gas molecular: (a) Hy, (b) H20, (c) CO,
(d) CO.,.

found that the surfaces substituted by Cr and Mn inhibit the removal of
adsorbed oxygen by increasing the energy barrier of 0.2 eV and 0.05 eV,
respectively (Table 3 and Fig. 7). The oxygen removal energy barrier is
lowered by 0.13 eV equally for Co and Ni substituted surfaces and by
0.31 eV for Cu substituted surfaces, indicating that they promote the
removal of adsorbed oxygen atoms. Meanwhile, the increase of C—O
transition states bond length (d(c.o)) from Cr to Cu substituted indicates
that the bonding is enhanced progressively.

As displayed in Fig. 7, the reaction of oxygen removing via CO, path
for all the substituted surfaces are endothermic. Relative to the pure
FesC2(100) surface, the reaction energy (AE) is increased by 0.4 eV for
Cr substituted surfaces and 0.12 eV for Mn substituted surfaces,
respectively. This indicates that oxygen removal via COy path is ther-
modynamically inhibited. Conversely, the reaction energy is lowered by
0.13 eV, 0.10 eV and 0.35 eV for Co, Ni, Cu substituted surfaces,

respectively, promoting the removal of adsorbed
thermodynamically.

Based on the relevant energy data for oxygen removing by CO» path,
as showed in Fig. 8, there is also a good linear relationship between
energy barrier and reaction energy, which conforms the BEP relation-
ship with R? of 0.97. The relationship provides a way to evaluate the
energy barrier quickly from data of IS and FS. In addition, the rela-
tionship between energy barrier and electronegativity was examined,
which displays as negative correlation with R? of 0.86. This relationship
provides the possibility to assess the energy barrier from the charac-
teristic of substituted metal conveniently (see Fig. 8).

Subsequently, we compared the energy barrier and reaction energy
of oxygen removal by CO, with Hy0. The CO; path is dominant both
kinetically and thermodynamically for all the substituted surfaces
except Cu substituted surfaces. For Cu substituted surfaces, the oxygen
removal by HoO is preferred kinetically, indicating that Cu could pro-

mote the reduce of Fe-based catalysts [31,54].

oxygen

3.3. Desorption temperature

As shown in Fig. 9, CO is located on the hollow sites and Hy dis-
located adsorption on the adjacent vacancy, while CO; is located on the
B5 sites and H,0 located on the top sites. According to the adsorption
energy or energy barrier, the desorption temperature of CO, CO5, Hy and
H20 on the substituted surfaces at ultra-high vacuum (UHV) conditions
were computed. Because it is easy to dissociation, the Hy dissociation
adsorption energy was used to calculate the desorption temperature. As
shown in Table S3, the adsorption energy of HyO is very low, so the
desorption temperature dose not be controlled by the HoO desorption.
Instead, the desorption temperature of H,O was computed by the rate-
determining step barrier (OH + H — H30) [35]. For CO, desorption,
the adsorption energy is lower than the energy barrier of CO; formation,
so the desorption temperature of CO5 was also computed by the energy
barrier (O + CO — COy).

As shown in Fig. 10, the Hy desorption temperature of 365 K is very
close to the experiment of 315 K [35,55]. Comparatively, Cr/Mn
substituted surfaces increase the dissociation adsorption energy and
improve the desorption temperature. The desorption temperature was
lowered by Cu substituted surfaces, which is attributed to the higher
ability to activate Hy. The H2O desorption temperature of 668 K is very
close to the experiment of 623-800 K [56,57]. The desorption temper-
ature increases for Cr/Mn substituted surfaces, while it is decreased by
Co/Ni/Cu substituted surfaces. The formation of H5O is endothermic
and the energy barrier is higher than the adsorption energy of Hy, so the
high temperature and high H, partial pressure are indispensable for the
removal of the surface oxygen. The CO adsorption energy decreases
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progressively from Cr to Cu, and the desorption temperature falls in the
range of 440—680 K. The CO4 desorption temperature is much lower
than the desorption temperature of HyO for the Cr/Mn/Fe substituted
surfaces, indicating that lower temperature was needed to remove the
surface oxygen by CO2 path.

3.4. Electronic effects analysis

The partial density of states (pDOS) and the crystal orbital Hamilton
population (COHP) were performed to gain insight into the underlying
mechanism of electronic effects modified by transition metals for oxygen
removal. For convenience, the —(pCOHP) was used so that the positive
values correspond to the bonding. As shown in Fig. 11, the band struc-
tures and bonding analysis of adsorption oxygen on substituted sites
were carried out. Though they have the similar configuration and co-
ordination environment, many differences from pDOS and pCOHP
analysis can be found. The 3d orbitals of the substituted metals shift to
the lower energy from Cr to Cu atoms, which is consistent with the law
of d-band center theory. The interaction can be characterized by the
overlap of state density between 2p orbitals of oxygen and 3d orbitals of
substituted metals. Compared with Fe substituted surfaces, the larger
overlap for Cr/Mn substituted surfaces indicates a strong interaction,
while the smaller overlap for Cu substituted surfaces illustrates a weak
interaction. Furthermore, the strength of interaction can also be testified
by bonding analysis of COHP. The Cr/Mn substituted surfaces have
higher Cr—O/Mn—O bonding intensity and wider bonding region.
However, the bonding strength is weakened and bonding region is
reduced for Co/Ni/Cu substituted surfaces. The analysis indicates that
the interaction between the surfaces and adsorbed oxygen is enhanced
by Cr and Mn substituted surfaces, which increases the adsorption en-
ergy and oxygen removal energy barrier. On the contrary, the interac-
tion between surfaces and adsorbed oxygen is weaken by Co/Ni/Cu
substituted, which decreases the adsorption energy and promotes the

removal of adsorbed oxygen.
4. Conclusions

In summary, this study aimed to gain insight into the mechanism of
surface oxygen removal and explore the electronic modulation by
investigating the process of surface oxygen removal on FesCy(100)
surfaces modified with different metals using spin polarized density
functional theory.

Compared to the pure FesCy(100) surface, Cr/Mn substituted has
been observed to enhance the adsorption of surface oxygen, while Co/
Ni/Cu substituted weakens surface oxygen adsorption to varying de-
grees. In terms of the removal of oxygen from the surface, Cr/Mn
substituted exhibits a negative effect on promoting oxygen removal,
whereas Co, Ni, and Cu substituted decrease the energy barrier for ox-
ygen removal. The relationship between the energy barrier and reaction
energy follows the Brgnsted-Evans—Polanyi principle, and a correlation
has been established between the energy barrier for oxygen removal and
the electronegativity of the substituted metal. These relationships offer a
convenient means to estimate the energy barrier for oxygen removal.

A comparison of the results between the HyO path and CO, path
reveals that oxygen removal predominantly occurs via the CO, path on
Cr/Mn substituted surfaces. For Fe/Co/Ni substituted surfaces, both
paths are possible, although the system may shift towards the HoO path
on Cu substituted surfaces due to a lower energy barrier. The analysis of
electronic effects suggests a stronger bonding interaction between the
adsorbed oxygen and Cr/Mn substituted surfaces. However, the bonding
strength considerably weakens on Cu substituted surfaces.

The findings of this study provide valuable insights into the elec-
tronic effects involved in surface oxygen removal. These insights can be
highly instructive for catalyst design, as they enable the manipulation of
oxygen removal pathways based on electronic effects. This knowledge
can be leveraged to optimize catalyst performance and enhance catalytic
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