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Effect of coordination environment on the kinetic and
thermodynamic stability of single-atom iron catalysts

Weijie Yang?*, Mingliang Zhao?, Xunlei Ding®, Kai Ma?, Chongchong Wu¢, lan D.Gates¢ and
Zhengyang Gao®*

The stability of a single-atom catalyst is directly related to its preparation and application, especially for high-
loading single-atom catalysts. Here, the effect of coordination environment induced by nitrogen (N) atoms
coordinated with iron on the kinetic and thermodynamic stabilities of single-atom iron catalysts supported
with carbon-based substrates (Fesa/CS) were investigated by density functional theory (DFT) calculations. Five
Fesa/CS with different numbers of N atoms were modelled. Kinetic stability was evaluated by analyzing the
migration paths of iron atom and energy barrier. The thermodynamic stability was studied by calculating the
adsorption and formation energies. Our results indicated that the coordination environment induced by N can
promote the kinetic and thermodynamic stability of Fesa/CS. N atoms on the substrate promote the kinetic
stability by raising the energy barrier for iron migration and not only raises the thermodynamic stability, but
also contributes to catalyst synthesis. Doping N on the substrate enhances charge transfer between the iron
atom and substrate simultaneously improving kinetic and thermodynamic stabilities. This theoretical research
provides guidance for synthesizing stable and high loading single-atom catalysts by tuning the coordination

environment of the single-atom element.

1. Introduction

Single-atom catalysts (SACs) have raised extensive attention for
their high catalytic activity and selectivity 7. Due to its large specific
surface area, excellent conductivity, and the unique physicochemical
properties of carbon-based materials, SACs supported with carbon-
based substrates (SACs/CS) have been widely studied in preparation,
characterization, and catalytic performance by density functional
theory (DFT) studies 812,

There are several SACs/CS experimental studies that have been
reported in previous works® 1314, Wu et al. developed a general top-
down strategy for almost 30 kinds of SACs/CS, based on the pyrolysis
of metal organic framework (MOF) materials 14 15, He et al. prepared
twenty-four SACs/CS by pyrolyzing tetraphenylporphyrin and
metalloporphyrin with a precursor-dilution strategy °. However, the
preparation of high loading SACs/CS is still a challenge, especially for
those SACs/CS with the loading over 5% 14. Currently, low metal
loading is an important factor that hinders the catalytic performance
17,18 Therefore, developing high loading SACs/CS is a main challenge
for experimental preparations.

To achieve high loading of SACs, substrates must firmly anchor
the metal atoms, in order to avoid migration and agglomeration. In
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the system of metal oxide substrates, the vacancy of cation or oxygen
can hold metal atoms firmly through a strong covalent metal-
support interaction 1°21, However, in the system of carbon-based
substrates, the investigation on the interaction between metal atom
and carbon-based substrates is insufficient. Based on the previous
research on metal oxides substrates, the coordination environment
of the metal atom is directly related to the stability of the SACs 22. In
the system of carbon-based substrates, the coordination
environment of the metal atom includes the coordination number
and coordinated atoms. Zhou et al. studied the effect of coordination
number on the stability and catalytic activity of the water splitting
reaction by using DFT calculations 23. Gao et al. investigated the
effect of coordination number on catalytic activity and selectivity in
hydrogen and oxygen evolution reactions 24, However, there was a
lack of systematic investigation on the effect of coordination
environment dominated by coordinated atoms on the stability of
SACs/CS. In an experimental study of catalyst preparation, Wu et al.
prepared three kinds of four-coordinated single-atom cobalt
catalysts with different N atom numbers by regulating calcination
temperature and found that the three kinds of cobalt catalysts with
different numbers of N atoms exhibited significant differences of the
catalytic activity in CO, electroreduction 2°. Therefore, it is
particularly important to study the effects of coordination
environment dominated by the doped atom on the stability of
SACs/CS.

To discuss the effect of coordination environment on the single-
atom dopant, we chose single-atom iron catalysts supported with
carbon-based substrates (Fesa/CS) as an example, due to its excellent
performance in many catalytic reactions including methane
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conversion 26 27, oxygen reduction %7, and nitrogen reduction 1%
Considering that Fesa/CS with double-vacancy carbon-based
substrates have been successfully prepared by experimental
research 2832, a double vacancy carbon-based substrate was selected
in this study. In addition, the doping of N into carbon-based substrate
is one of the most common methods for modification of Fesa/CS, thus
we modeled five Fesp/CS with varying numbers of N atoms, to
analyze the effect of coordination environment on the stability of
Fesa/CS. The stability of SACs/CS embodies two aspects: i) thermal
stability and ii) kinetic stability. In theory, thermal stability can be
measured through the adsorption energy of metal atom 33 and
deformation energy of SACs/CS 3* whereas kinetic stability can be
analyzed by examining the energy barrier of the transfer process of
the metal atom 35,

2. Calculation method

All the DFT calculations were performed with Vienna ab initio
simulation (VASP 5.4.1) package 3¢ 37. The Perdew, Burke, and
Ernzernhof (PBE) functional with projector augmented wave (PAW)
basis set was used to describe the interactions between core and
valence electrons 32. To obtain more accurate interactions between
iron atom and substrates, spin polarization and Van Der Waals
interactions were included in the analysis. DFT-D3 correction was
applied to study weak intermolecular interactions 3°. Consistent with
previous researchers 334042 the cutoff of the kinetic energy for the
projector augmented wave basis set and Gaussian smearing were
selected at 500 eV and 0.05 eV, respectively. Based on a 4x4
supercell graphene, the theoretical calculation model with a 15 A
vacuum layer was constructed 4> 44, For geometry optimization, the
energy and force convergence standards were set equal to 107 eV#°
and 0.02 eV//A%, respectively. For reaction path search and potential
energy surface location, the CI-NEB method with eight image points
was applied 47 48, A 7x7x1 l-centered k-point grid was used in
geometry optimization, and a 15x15x1 l-centered k-point grid was
used to ensure a self-consistent field to obtain accurate electronic
energy in ground state.

To evaluate the difficulty in the formation of Fesa/CS, the
formation energy was calculated, according to the following
equation:

Ef= Egejcs+ XM~ yun— Ec— Ere (1)
where Eg/cs is the total energy of M/GS, x is the number of carbon
atoms removed from the pristine graphene; pc is the chemical
potential of carbon defined as the total energy per carbon atom for
pristine graphene, y is the number of nitrogen atoms added, py is the
chemical potential of nitrogen (defined as half of the total energy of
a N, molecule), Eg is the total energy of perfect graphene, and E. is
the total energy of an isolated iron atom in the vacuum.

To investigate the interaction between iron atom and
substrates, the adsorption energy (E,) was calculated according to
the following equation:

Ea= Erejcs — Esup — Ere (2)
where Es,, is the total energy of double vacancy carbon-based
substrate.

To measure the difficulty of iron atom migration, the energy
barrier (E,) was calculated, according to the following equation:

Ep=Ers—Eis (3)

This journal is © The Royal Society of Chemistry 20xx

where Ers is the total energy of transition state configyration.and £is
is the total energy of initial configuration. DOI: 10.1039/C9CP053498

3. Results and discussion
3.1 Catalyst model

Five Fesa/CS with different N atoms, from zero to five, were
constructed with different coordination environments all with the
same coordination number. The geometric structures of double
vacancy carbon-based substrate and five Fesa/CS with different N
atoms were plotted, as shown in Fig. 1. From Fig. 1(b) to (f), the
number of N atoms in Fesa/CS increased from zero to four. The key
bond lengths were summarized in Tablel, which are consistent with

previous studies.

(a) ()

Qc

et
Fesa/DV-N1 o

) Fe

Fe/DV-N3 Fega/DV-N4

00
Fesa/DV-N2

Fig. 1 Fesa/CS and N atoms configuration cases

Table 1 Bond lengths of double vacancy substrate and five
single-atom iron catalysts

Structures Bond lengths (A)
iy C1-C2 C2-C3 C3-C4 C4-C1
3.03 1.91 3.03 1.91
Fe-C1 Fe-C2 Fe-C3 Fe-C4
Fesa/DV-NO 1.96 1.96 1.96 1.96
(1.9649)  (1.96%%)  (1.96%)  (1.96%9)
Fe-N1 Fe-C2 Fe-C3 Fe-C4
Fesa/DV-N1
1.99 1.93 1.91 1.94
Fe-N1 Fe-C2 Fe-N3 Fe-C4
FeSA/DV-NZ
1.96 1.86 1.96 1.86
Fe-N1 Fe-N2 Fe-C3 Fe-N4
FESA/DV—N3
1.88 1.93 1.92 1.87
Fe-N1 Fe-N2 Fe-N3 Fe-N4
Fega/DV-N4 1.89 1.89 1.89 1.89
(1.89%) (1.89%41) (1.89%) (1.89%41)

In addition, spin density and magnetic moment of five Fesa/CS
were calculated (Fig. S1), and the unpaired electron distribution
mainly distributed around the iron atom, indicating that Fe atom is
active site. Moreover, decomposed charge density near Fermi energy
level of five Fesa/CS were calculated, as shown in Fig. S2. Similar to
the spin density, the charge density near Fermi energy level mainly
located at Fe atom, confirming that Fe atom is the catalytic centre
and the calculated results are reasonable.

3.2 Analysis of kinetic stability

3.2.1 Possible migration paths

To determine migration paths of iron metal on the five
different Fesp/CS cases, we designed five possible migration
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paths, as shown in Fig. 2. In Fig.2, the five possible transfer sites
of iron atom are labeled in red number. The final geometric
structures and relative energies of the five different migration
paths are plotted in Figs. S3 to S7. There were three possible
transfer sites in Fesa/DV-NO and Fesa/DV-N4 due to their system
symmetry. By comparing the relative energies between initial
and final geometric structures, the most thermodynamically
stable final geometric structures were found. In addition, the
most possible migration paths for the five Fesa/CS cases were
identified and labeled with red arrows. From the results, the
relative energies for the five Fesa/CS cases were 4.59, 5.53, 5.51,
5.89, and 5.94 eV, respectively. When iron atoms transfer from
vacancy defects to the graphene surface, they are likely to
agglomerate with each other to form clusters or nanoparticles.

Fig. 2 Five possible migration paths and transfer sites of Fe
atom
3.2.2 Analysis of reaction paths

Based on the above discussions on the migration paths,
the reaction paths and transition state structures of iron atom
migration for the five Fesa/CS cases were calculated, as shown
in Figs. 3-7. Considering that there were significant energy
variation and height variation of the iron atom in the migration
reaction, the energy variation, height variation of iron atom,
and key configuration (side and top views) are examined. To
analyze the energy and height variations of the iron atom, the
initial configuration energy and iron atom height were taken as
the energy and height reference states. For example, the
Fesa/DV-NO, as shown in Fig. 3, the height of iron atom enlarges
as the migration reaction proceeds. Simultaneously, the energy
increases with the rise of iron atom height. However, it should
be noted that the maximum of the energy and iron atom height
are not in the same configuration. For the other four Fesa/CS
cases, the migration reaction of the iron atom is similar to that
in Fesp-DV-NO. The energy barriers of iron atom migration in the
five Fega/CS cases are 5.03, 5.73, 5.87, 6.05, and 6.31 eV,
respectively, which are similar to that of Mn (4.87 eV 3> and 5.91
eV %) and Pd (4.08 eV °1), suggesting that the calculated results
are reasonable. The calculated transfer energy barriers of Fe
atom are obviously larger than the general chemical reaction,
which is an exactly desirable property in the system of SACs to
guarantee the stability of catalysts. In addition, the maximum
relative heights of iron atom of the five Fesa/CS cases are 1.33,
1.62, 1.91, 2.10, and 2.39 A, respectively. Moreover, the
coordinates of initial, transition state and final configurations
were provided in Table S1 to S5.

This journal is © The Royal Society of Chemistry 20xx
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To further investigate the effect of doping N atoms on the
kinetic stability, the energy barrier of the migration process of the
iron atom was calculated according to Equation (3). The relationship
between energy barrier and number of N atom and the relationship
between maximum relative height of iron atom and number of N
atom were calculated, as shown in Fig. 8. The results show that there
is a linear relationship between the energy barrier of iron atom
migration and number of N atoms, with a correlation coefficient (R?)
equal to 0.90, suggesting that doping N atoms into substrates can
promote the kinetic stability of Fesa/CS by raising the energy barrier
of iron atom migration. Furthermore, a linear relationship was also
evident between the maximum relative height in the iron atom
migration process and number of N atoms, with a R of 0.91,
suggesting that doping N atoms into substrates raises the energy
barrier of iron atom migration by increasing the elevation of iron
atom in migration reaction. The higher the elevation of iron atom,
the stronger is the interaction between the iron atom and substrate
which has to be overcome, and thus, the larger is the reaction

barrier. Therefore, according to our results, the coordination
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environment has a significant effect on kinetic stability, and
furthermore, we can regulate the kinetic stability by tuning the
number of N atoms coordinated with iron. In addition, In addition, to
verify that the calculation results are independent of the model size,
take the system of Fesa/DV-N4 as an example, we calculated the
charge and transfer energy barrier of Fe atom in the supercell of 4x4,
5x5 and 6x6, as shown in Fig. S8. Obviously, there was no significant
variation in the calculated charge and transfer energy barrier of Fe
atom with 4x4, 5x5 and 6x6 supercell, suggesting that our calculated
results should be independent of the model size, and the conclusion

should be general.
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Fig. 8 Energy barrier and maximum relative height of iron
atom, with the function of the number of N
3.3 Analysis of thermodynamic stability

To analyze the effect of coordination environment on
thermodynamic stability, the adsorption energy of iron atom
(E,) and formation energy of Fesa/CS (Ef) were calculated
according to Equations (1) and (2) (Fig. 9). In Fig. 9(a), the
adsorption energy of iron atom in Fesa/DV-NO is -6.12 eV, which
is significantly less than another four Fesa/CS with N atom
doped, suggesting that doping N atoms into substrates promote
the interaction between iron atom and substrates. In Fig. 9(b),
the formation energy of Fesa/DV-NO is 2.06 eV, suggesting that
the formation of Fesa/DV-NO requires large external energy
input. According to the research of Robertson et al. 32, Fega/DV-
NO can be prepared through focused electron beam irradiation
at 80 kV, which is consistent with a positive formation energy.
In addition, the formation energy of Fesa/DV-N4 is -3.26 eV,
suggesting that the formation energy does not require external
energy. According to the research of Deng et al. 12, Fesa/DV-N4
can be prepared through high-energy ball milling (a mechanical
process), which is consistent with a negative formation energy.
Furthermore, the formation energies of the five Fess/CS cases
drop gradually with the increase of the number of doped N
atoms, suggesting that nitrogen-coordinated Fesa/CS is facile be
synthesized. Therefore, the coordination environment has a
significant effect on thermodynamic stability of Fesa/CS, and we
can regulate the interaction between iron atom and substrate
and the synthesis difficulty through tuning the number of N
atoms coordinated with the iron atom.

This journal is © The Royal Society of Chemistry 20xx
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3.4 Analysis of binding mechanism

According to the above discussions on the kinetic and
thermodynamic stabilities, we conclude that the number of N
atoms coordinated by iron atom is directly related to the kinetic
and thermodynamic stability of Fesa/CS. To further explore the
essential relevance between the coordination environment and
stability, the binding mechanisms of iron atom on substrates in
five Fesa/CS were investigated. According to previous studies 4%
53, 54 there were two main contributions to the binding
interaction in the gas adsorption system of Fesa/CS, including
covalent bond contributions dominated by orbital hybridization
and ionic bond contributions dominated by charge transfer®s.
Therefore, we calculated the projected density of states (PDOS)
of the five Fesa/CS cases and charge variation of the iron atom
to analyze orbital hybridization effects and charge transfer,
respectively, as shown in Fig. 10.
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Fig. 10 (a) ~ (e) PDOS of five Fesa/CS (f) Charge transfer
evaluations of five Fesa/CS
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In Fig. 10(a)-(e), the total density of states, p orbital of the
substrate, and d orbital of the iron atom are plotted in black,
orange, and green, respectively. The results suggest no
significant orbital hybridization between the p orbital of
substrates and d orbital of the iron atom, suggesting that
covalent bonds are not dominant in the binding process of iron
atom and substrates. In Fig. 10(f), the charge variations of iron
in the five Fesa/CS cases were all larger than zero, indicating that
the iron atom gained electrons in the binding process.
Moreover, the number of electrons obtained by the iron atom
in the five Fesa/CS cases were 0.90, 1.01, 1.05, 1.06, and 1.08 e,
respectively, suggesting that doping N atoms into substrates
promotes the contribution of ionic bonds by facilitating charge
transfer between the iron atom and substrate. Therefore, the
contribution of the ionic bond dominated by charge transfer
acts is more dominantly in the binding process, and doping N
atoms into substrates can simultaneously improve kinetic and
thermodynamic stability by enhancing charge transfer between
iron atom and substrates.

Conclusions

The effect of coordination environment induced by N
coordinated with an iron on the kinetic and thermodynamic
stability of Fesa/CS was investigated by DFT calculations. Five
Fesa/CS with different types of N, from zero to five, with
different coordination environments with the same
coordination number were studied. Our results indicate that
doping N atoms into substrates promote kinetic stability of
Fesa/CS by raising the energy barrier of iron atom migration.
There was a significant linear relationship between the energy
barrier and maximum relative height of iron atom in the
migration process. Doping N atoms into substrates not only
promotes thermodynamic stability of Fesa/CS, but also
contributes to the ease of synthesis of Fesa/CS. The
contributions of ionic bonds dominated by charge transfer is
dominant in the binding process. According to the anchoring
mechanism, the coordination environment induced by N atoms
number coordinated with iron atom regulate both kinetic and
thermodynamic stability by tuning the charge transfer between
the iron atom and substrates, which provides guidance for
synthesizing highly stable and high loading single-atom
catalysts.
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