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Support effects on adsorption and catalytic activation of O, in
single atom iron catalysts with graphene-based substrates
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DOI: 10.1039/x0xx00000x The adsorption and catalytic activation of O, on single atom iron catalysts with graphene-based substrates were
investigated systematically by density functional theroy calculation. It is found that support effects of graphene-based
www.rsc.org/ substrates have significant influence on the stability of single atom catalysts, adsorption configuration, electron transfer
mechanism, adsorption energy and energy barrier. The difference of stable adsorption configuration of O, on single atom
iron catalysts with different graphene-based substrates can be well understood by symmetrical matching principle based
on frontier molecular orbital analysis. There are two different mechanisms of electron transfer, in which Fe atom acts as
electron donor in single vacancy graphene-based substrates while Fe atom mainly acts as the bridge of electron transfer in
double vacancy graphene-based substrates. Fermi softness and work function are good descriptors of adsorption energy
and they can well reveal the relationship between electronic structure and adsorption energy. Single atom iron catalyst
with single vacancy graphene modified by three nitrogen atom is a promising non-noble metal single atom catalyst in
adsorption and catalytic oxidation of O,. Furthermore, the findings can lay a foundation for the further study of graphene-
based support effects and provide a guideline for development and design of new non-noble-metal single atom catalysts.

metal atoms in graphene-based substrates (M/GS) can further
1. Introduction reduce the cost of catalysts, and a large number of theoretical
and experimental studies on TM/GS have been performed. 16-
Previous researches suggested that Fe/GS has high
adsorption activity for toxic gases, such as COZI, NOZZ, HCN23,
50224 and NH325. Furthermore, the catalytic performance of
Fe/GS in oxygen reduction reaction can come up to the noble
metals of Pd and Pt* 26.Therefore, Fe as a kind of non-noble-
metal can be the catalyst atom of SACs, and Fe/GS is a
promising catalyst. However, there are also many worthy of
further research and exploration, such as support effects 27,
synthesis and preparation 28,29
The adsorption and activation of O, on catalysts surface
can be considered as the essential step of a variety of reaction
processes 30, such as CO oxidation *"3? and oxygen reduction
reaction >>. Zhang et al. investigated the adsorption of O, on
Au/GS under an external electric field and found that the
mechanism of electron transfer between O, and Au/GS can be

Single atom catalysts (SACs) have attracted increasing
attention in the field of heterogeneous catalysis owing to their
high catalytic activity and high selectivity. As a type of novel
heterogeneous catalyst, SACs promise to become a bridge
between homogeneous and heterogeneous catalysis and show
super catalytic activity in many industrial catalytic reactions,
such as CO oxidation®? , water-gas shift 4 5, carbon dioxide
reduction 6, hydrogen evolution reaction 7 and oxygen
evolution reaction ¥°. As the size of catalyst becomes smaller
and smaller, the stability of catalyst becomes more and more
difficult to guarantee, indicating that substrates should firmly
anchor the metal atom and avoid the occurrence of metal
atom agglomerationm. The interaction between pristine
graphene and metal atom is relatively weak'!, while the
vacancy of defective graphene12 and graphyne13 can firmly
anchor metal atom. Therefore, graphene with vacancy defects

can be an excellent support for SACs for its anchor effect, large modula}ted .by .external electric field. Liu et al. studied the
specific surface area and unique physicochemical properties catalytic oxidation of O, on Pt/GS and Pt,/GS and concluded

14,15 that the positive polarized charges of Pt can significantly
decrease dissociation barrier of O, 3, However, up to date,
there is limited investigation insight into the detailed
adsorption and catalytic activation of O, on Fe/GS. Therefore,
: — - - — the interaction between O, and Fe/GS deserves
"School of Energy and Power Engineering, North China Electric Power University, ) ) . ) ) .

Baoding 071003, China. comprehensive investigations to realize the design and
® School of Mathematics and Physics, North China Electric Power University, Beijing application of low price and high efficiency catalyst.

102206, China.
“ School of Mathematics and Physics, North China Electric Power University, SACs belong to supported CatalySt’ and the SUpporg‘? gf
Baoding 071003, China. catalysts have a significant influence on catalysis activity = ™.

E-mail: yangwj@ncepu.edu.cn or dingxl@ncepu.edu.cn. Fax: +86 0312 7522681; The researches of support effects on single atom catalysts are
Tel: +86 0312 7522681

Published on 05 February 2018. Downloaded by Fudan University on 06/02/2018 00:28:58.

SACs which are synthesized by embedding non-noble-
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still relative insufficient, and most of investigations are focused
on the supports of metal oxides. Wang et al. investigated the
effect of support phase transition on Rh;/VO, catalyzing
ammonia—borane hydrolysis, and results suggested that band
structure of support will affect the catalytic activity of Rh;/VO,
by influencing the highest electron occupancy state of Rh
atom*>. Tang et al. studied the adsorption characteristics of CO
on Au;/MO, and Au;/MO,., (M=Ti, Zr, Ce, Hf, Th), and they
concluded that quantum primogenic effect plays a critical role
in the adsorption modes of CO on various MO, supports 2
Comparing the oxidation of CO on single Pt atom catalyst with
different graphene-based substrates36'38, we can conclude that
support effects of graphene-based substrates have obvious
influence on catalytic activity of SACs. Furthermore, the same
catalytic reactions on metal nanoparticles supported with
different graphene-based substrates show remarkably
different energy barriers which also confirm the importance of
support effects® *°. However, there is limited study insight
into support effects of graphene-based substrates on the
adsorption and activation of O, in TM/GS, although the
support effect is known to be a key factor in determining the
structural and chemical properties of TM/GN catalysts.
Therefore, it is imperative to systematically study the
adsorption and reaction mechanism of O, molecule on Fe/GS
to reveal the nature of support effect of graphene-based
substrates.

Taking into account the catalyst preparation in practical,
vacancy defects and nitrogen doping are common and
accessible modification method, ten kinds of graphene-based
substrates were constructed through vacancy defects and
nitrogen doping to systematically study the support effects of
graphene-based substrates on adsorption and catalytic
activation of O, molecule. Firstly, end-on and side-on
adsorption configurations of O, molecule on Fe/GS were
optimized. The electron transfer mechanism under side-on and
end-on adsorption model was analyzed, and the relationship
between adsorption and bond length of O, was discussed.
Secondly, the frontier molecular orbital method was applied to
reveal the most stable adsorption of O, on Fe/GS. Thirdly,
Fermi softness and work function of Fe/GS were calculated to
deepen the understanding of the relationship between
adsorption energy and electron structure of Fe/GS. Finally, the
energy barrier of O, dissociation was obtained through
transition state calculation to further examine the catalytic
activity of Fe/GS. The present investigation can provide new
insights for understanding support effects of graphene-based
substrates and designing new non-noble-metal single atom
catalysts.

2. Calculation method

All calculations were performed using Vienna ab initio
simulation package (VASP) with the projector augmented wave
(PAW) pseudo—potentials“'43. The generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional was adopted to treat the exchange correlation
interactions**. The PBE functional has been previously found to
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essentially match the graphene cell parameter (2.46 °)11' 45,

and also to successfully investigate the interaction between
gas molecules and graphene doped metal atom?'? 2148 The
spin polarization was taken into account to gain the ground-
state energy. Consistent with previous research models 49'52, a
4x4 supercell of graphene was built as catalyst supports and
the vacuum layer was set to 15 A to avoid the interaction
among mirror images 49,33

Through the convergence test, the kinetic energy cutoff for
the plane-wave basis set was chosen as 500 eV (as shown in
Fig. S1 of supporting information). Gaussian smearing with a
width of 0=0.05 eV was adopted for the occupation of the
electronic levels® ** °°. For structure optimization, the
positions of all atoms were allowed to fully relax with the
conjugate gradient method until the maximum force on any
atom was less than 0.02 eV/A. Considering the computational
time and accuracy, the Brillouin zone was sampled with a
7x7x1 T-centered k-point grid for structure optimization
calculation, and k-point grid selection was tested until energy
change was less than 10 meV/atom (as shown in Fig. S1 of
supporting information). While a 15x15x1 l-centered k-point
grid was used to calculate energy and density of states (DOS).
Additionally, the convergence precision of total energy
between two self-consistent steps was taken to be 107 eV for
structure optimization and DOS calculation. In order to locate
transition states, climbing-image nudged elastic band (CI-NEB)
method was adopted with four images between the starting
and ending geometries 34, 36, 57, Frequency calculation was
performed to confirm the accuracy of minima and transition
states and to acquire zero point energy correction. There was
no imaginary frequency in equilibrium structures, and there
was only one imaginary frequency in transition state along the
reaction path. In detail, the vibrational frequencies were
obtained from numerical Hessian calculations with finite
displacements of +0.02 A. Considering the computational
accuracy and time, Hessians were calculated entirely for O,
molecule but only partly for Fe/GS (Fe atom and the atoms
adjacent to Fe atom). The previous study has indicated that
such partial Hessian computations yield accurate vibrational
frequenciesss.

The binding energy (E,) between Fe adatom and substrates
was defined as Ep = Egp + Ere— Esupires Where Egpire, Esup and Ege
are the total energy of Fe/GS, graphene substrates and Fe
atom, respectively. In addition, the adsorption energy (E,qs) of
0, on Fe/GS was calculated to describe the interaction
strength between gases and Fe/GS. It was calculated according
to Euys = EFe/GS + Egas — Lgas—Fe/GS, where EFe/GS: Egas and Egas-Fe/GS
are the energy of Fe/GS, O, and adsorption systems,
respectively. According to the calculation formula of binding
energy and adsorption energy, a positive value of E, or E.q
represents a stable adsorption, and a higher positive value of
Ey, or E.4s corresponds to a stronger interaction. The energy
barrier (E,) was calculated to examine the catalytic activity of
Fe/GS and it can be obtained according to E, = E;s — E;s, where
Eisand Eqg are the energy of reaction and transition state. The
energies of isolated Fe atom and O, molecule were calculated
in a large cell of 9.84 Ax9.84 Ax15 A with only T point. In
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addition, the binding energy, adsorption energy and energy
barrier were calculated through zero point energy correction.
Furthermore, Bader charge was calculated to analyze the
electron transfer in quantity 9

3. Results and discussion
3.1 Catalyst model

According to the number of doping nitrogen atom and
vacancy, the geometric structures of single atom iron catalysts
with ten kinds of graphene-based substrates were selected as
research model, as shown in Fig. 1. In detail, for doping two
nitrogen atoms, there are two kinds of configurations which
are contraposition and ortho position. For ortho position, we
select the highest stability configuration from two different
configurations according to the research of Zhangso. The
corresponding adsorption height of Fe atom, charge of Fe
atom and binding energy are summarized in Table 1. In detail,
according to the number of vacancy in graphene, we can
divide Fe/GS into two groups, one is single atom iron catalysts
with single vacancy graphene-based substrates (Fe/SV-GS),
and the other is single atom iron catalysts with double vacancy
graphene-based substrates (Fe/DV-GS). In Fig. 1, the number
of nitrogen atom in Fe/SV-GS increases gradually from (a) to
(d), and the number of nitrogen atom in Fe/DV-GS increases
gradually from (e) to (j).

a. A lL A, B0,
QG 5 T G G
I/Li VLI I (Y11 ZI B¢
AL, LA, O, OO,
(a) Fe/ 9» (1N (b) Fe/SV-N1 (c) I~c s» I\IZ (d) Fe/SV-N123 (&) Fe/DV-GN
A A A a ,,VDYn o_a., OYE v oy
LLEL T M. Tl 5§ %
& qb'v‘"‘ vb\? b £ vI A, ,Z o I A I
b Ty LT LI L
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(f) Fe/'DV-N1 (g) Fe/DV-NI13 (h) Fe/DV-N14 (i) Fe/DV-N123  (j) Fe/DV-N1234
Fig. 1 The structures of single atom iron catalysts with different

graphene-based substrates

Table 1 The adsorption height of Fe atom (h, A), charge of Fe
atom (g,e) and binding energy (E,, eV) for Fe/GS.
(The distance between Fe atom and substrates plane was
defined as the adsorption height of Fe atom)

Fe/GS h(A) q(e) Ep (eV)
Fe/SV-GN  1.345(1.36") +0.687 7.138(7.28%")
Fe/SV-N1 1.312 +0.747 5.779
Fe/SV-N12 1.404 +0.840 5.219

Fe/SV-N123 1.230 +0.889 4.406
Fe/DV-GN  0.660(0.67"7) +0.895 6.123(6.47%)
Fe/DV-N1 0.555 +1.008 7.190
Fe/DV-N13 0.023 +1.100 7.564
Fe/DV-N14 0.066 +1.054 7.058

Fe/DV-N123 0.068 +1.061 7.391

Fe/DV-N1234  0.053(0.03%) +1.081 7.139(7.07%)

This journal is © The Royal Society of Chemistry 20xx

The catalyst of Fe/SV-GN, Fe/DV-GN and Fe/DV-N1234
have been studied widely. The calculated structure parameter
of Fe/SV-GN, Fe/DV-GN and Fe/DV-N1234 in this work
corresponds well with the previous results,
guarantee the rationality and validity of this calculated results.
However, there is a difference of 0.35 eV between the
calculated results and previous calculationssl,
be caused by different surface coverage of Fe atom and
calculation parameters. In the research of Liu 34, the charge of
Pt atom is a good descriptor of adsorption and catalytic
activation of O, in the system of Pt/GS, so the charge of Fe
atom should be took into account. In Fe/SV-GS, with the
number of doped nitrogen atoms increase, the charge of Fe
atom increases gradually, indicating that the Fe/SV-GS will be
more active with nitrogen atoms doping. In DV-GS, the charge
of Fe atom shows an increasing tendency as the number of
nitrogen atoms increases. Comparing Fe/SV-GS and Fe/DV-GS,
the charge of Fe atom in Fe/DV-GS is bigger than that in Fe/SV-
GS, which may suggest that Fe/DV-GS will be more active than
Fe/SV-GS according to the research of Liu 3 In addition, the
adsorption height of Fe atom in Fe/DV-GS is obviously smaller
than that in Fe/SV-GS, and the Fe atom almost locates in
graphene plane when the number of nitrogen atoms reaches
two in Fe/DV-GS.

As mentioned above, the stability is a key factor for SACs.
Compared with the binding energy of Fe atom on perfect
graphene (1.04 eV)“, the binding energies of Fe/GS are all
sufficiently large to anchor the catalyst atom. In order to
further confirm the stability, the cohesive energy of Fe bulk in
experiment was selected as a reference. The value of cohesive
energy is 4.28 eV® which is smaller than the binding energies
of Fe/GS, suggesting that Fe/GS should have high stability. In
detail, a large change in binding energies of Fe/GS can be
found. The binding energy of Fe/SV-GS decreases gradually
with nitrogen atoms doping, while the binding energy of
Fe/DV-GS increases slightly when nitrogen atom is doped in
graphene-based substrates. In the research of Liu34, the
binding energies of Pt/SV-GS are -7.25 eV, -4.94 eV, -4.58 eV
and -3.02 eV, respectively. The tendency of binding energy in
Pt/SV-GS is the same as Fe/SV-GS and the variation of binding
energy in Pt/SV-GS is 4.2 eV which is bigger than that of Fe/SV-
GS, suggesting that the large change in binding energies under
different  graphene-based substrates is reasonable.
Furthermore, the large variation of binding energy also
suggests that the support effect of graphene-based substrates
has a significant influence on the stability of SACs.

3.2 Adsorption of O, molecule on Fe/GS

which can

which seems to

In order to search the energetically most favorable
adsorption configuration, horizontal and vertical initial
configurations of O, molecule with different orientation were
optimized, and the corresponding stable adsorption
configuration are named as end-on and side-on adsorption
model. The stable adsorption geometries of O, molecule on
Fe/SV-GS and Fe/DV-GS are shown in Fig. 2 and Fig. 3,
respectively. In addition, the adsorption geometric parameters
and adsorption energies are summarized in Table S1.

J. Name., 2013, 00, 1-3 | 3
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(a) Fe/SV-GN-O,(side-on)  (b) Fe/SV-GN-O,(end-on)  (c) Fe/SV-N1-0 (side-on)

P XA

B

(d) Fe/SV-N1-O (end-on)  (e) Fe/SV-N12-0(side-on) (f) Fe/SV-N12-0,(end-on)

. S

(&) Fe/SV-N123-0,(side-on) (h) Fe/SV-N123-0,(end-on)

Fig. 2 The adsorption geometries of O, molecule on the surface
of Fe/GN catalyst with single vacancy graphene

(d) Fe/DV-N1-O,(cnd-0n)  (e) Fe/DV-N13-O,(side-on)  (f) Fe/DV-N13-O,(cnd-on)

smodbis-sns

(g) Fe/DV-N14-O (side-on) ~ (h) Fe/DV-N14-0,(end-on) (1) Fe/DV-N123-0,(side-on)

o

(j) Fe/DV-N123-0,(end-on) (k) Fe/DV-N1234-O (side-on) (1) Fe/DV-N1234-0,(cnd-on)

Fig. 3 The adsorption geometries of O, molecule on the surface
of Fe/GN catalyst with double vacancy graphene

In order to further analyze the support effects on
adsorption and catalytic activation of O,, the most stable
adsorption configurations of O, were selected as research
objects, and the histogram of adsorption energies of O, on

This journal is © The Royal Society of Chemistry 20xx
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Fe/GS were plotted to analyze the support effects of
graphene-based substrates on adsorption characteristics, as
shown in Fig. 4.
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Fig. 4 The adsorption energies of O, under different Fe/GS

From Fig. 4, there is an obvious difference of adsorption
energy of O, between different Fe/GS catalysts. It is worth
noting that there is an interesting change of the most stable
adsorption configuration of O, on Fe/GS. Apart from Fe/DV-
N1234, the most stable adsorption configuration of O, on
Fe/GS is side-on adsorption model. In detail, the adsorption
energy of O, on Fe/SV-GS increases as the doping of nitrogen
atom, while the adsorption energy of O, on Fe/DV-GS shows a
gradual decreasing tendency. The adsorption energy of O, on
Fe/SV-N123 is biggest, which indicates that Fe/SV-N123 may
has high catalytic activation for O, dissociation. The adsorption
characteristics of O, on Fe/GS suggested that support effect of
graphene-based substrates has a significant influence on O,
adsorption.

Combining the charge of Fe atom (Table 1) and
corresponding adsorption energy of O,, the adsorption energy
of O, on Fe/SV-GS increases with the charge of Fe atom
increases. In the research of Liu34, there is an obviously
positive correlation between the charge of Pt atom and
corresponding adsorption energy of O, on the surface of Pt/GN
catalysts, which suggests that the adsorption of O, on Fe/SV-
GS is also mainly affected by the charge of Fe atom. However,
there is no obvious relationship between the adsorption
energy of O, on Fe/DV-GS and the charge of Fe atom,
indicating that the adsorption of O, molecule on Fe/GS may be
affected by other factor. Therefore, a further explanation for
the difference of adsorption energy of O, between different
Fe/GS should be conducted.

Considering that the bond length of two oxygen atoms can be
an indicator of O, activation and there may be a positive correlation
between adsorption energy of O, and bond length of two oxygen
atoms 46, the relationship of adsorption energy and bond length
was investigated, as shown in Fig. 5. From Fig. 5, strong positive
correlation of adsorption energy and bond length can be found,
with the square of correlation coefficient is 0.75, so the bond length
of O, seems to be a descriptor of adsorption strength.

J. Name., 2013, 00, 1-3 | 4
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Fig. 5 The adsorption energies of O, as a function of bond
length of O,

The electron transfer is a key factor for understanding
chemical adsorption and reaction process. For instance, there
are two different electron transfer mechanisms under an
external electric field in adsorption of O, on Au/GS46.
Therefore, in order to analyze the mechanisms of electron
transfer in the adsorption process, the charge change before
and after adsorption of O, (Ag-O,, e), Fe atom (Ag-Fe, e) and
graphene substrate (Ag-sub, e) were plotted in Fig. 6, and the
detail data were provided in Table S2.

0.9
—8—Ag-
0.8 Aq-0,
0.7 e AgFe
—4A— Ag-sub
0.6
0.5
04
o
< 0.0
<
0.1 r/) o ¢ o o
0.2 //
031 e/
049 ‘\/A/‘*‘/
0.5
-0.6 T T T T T T T T T T

N N vooD > \J > h 5l >
\\Q 4[% 4%\ < \\/Q 4)% ,%\ N I%\'b éa"a

$ & &Y
& < F & N

Fig. 6 The scatter diagram of the valence electron variation of
0,, Fe and graphene substrates

From Fig. 6, O, molecule always gains electron, while Fe
atom and graphene substrates always loss electron in the
adsorption of O, on Fe/GS. The number of electron gain of O,
in Fe/SV-GS increases gradually as the doping of nitrogen
atom, while there is no obvious variation tendency in Fe/DV-
GS. O, acts as the electron adopter and Fe atom and graphene-
based substrates act as the electron donor in the adsorption of
0, on Fe/SV-GS, and the number of donor electron of Fe atom
and graphene substrates are about the same. However, in
Fe/DV-GS, the number of donor electron of graphene
substrates is much larger than that of Fe atom, indicating that
graphene substrates act as the electron donor and the Fe atom
is mainly acts as the bridge of electron transfer. In particular,
the number of donor electron of Fe atom is 0.064 e (From

This journal is © The Royal Society of Chemistry 20xx
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Table S2) which is accounts for only 1% of the gain electron of
O, in the adsorption of O, on Fe/DV-N1. In summary,
graphene-based substrates and Fe atom act as electron donor
in the adsorption of O, on Fe/SV-GS, while Fe atom mainly act
as bridge of electron transfer in the adsorption of O, on Fe/DV-
GS. Furthermore, the graphene-based substrates not only act
as anchoring effect of catalyst atom, but also participate in the
adsorption of O, through donating electrons to O, molecule.
Overall, there are two key issues need to be further
discussed: one is the reason why the end-on adsorption
configuration is preferred only on Fe/DV-N1234, the other one
is the relationship between support effect of graphene-based
substrates and adsorption energy of O,. In order to analyze the
issue, frontier molecular orbital and electronic structure
analysis have been performed.
3.3 Frontier molecular orbital analysis

From the above analysis, there is an obvious electron
transfer between O, molecule and Fe/GS, and the direction of
electron transfer is from Fe atom and graphene-based
substrates to O, molecule. In detail, we can conclude that the
electron at the valence band maximum (VBM) of Fe/GS
transfers to the lowest unoccupied molecular orbital (LUMO)
of O, molecule in the process of electron transfer. Considering
that the bonding process should follow the symmetrical
matching principle in frontier molecular orbital methodes, we
examined the frontier molecular orbital distribution of O,
molecule and Fe/GS. The density of states and frontier
molecular orbital distribution of O, molecule was plotted in
Fig. 7. From Fig. 7, the positive and negative phases of
wavefunction are plotted in red and blue respectively and
there is an obvious difference between the HOMO and LUMO
of O, molecule in wavefunction distribution. According to the
symmetrical matching principle, if the most stable adsorption
configuration of O, on Fe/DV-N1234 is end-on adsorption
model, the wavefunction distribution of Fe/DV-N1234 at VBM
should only has one phase of wavefunction.

60+
spin-up
spin-down
404
HOMO
20
% 20
i
g 0q
173
2204
e
-40
LUMO
-60 ~+—

T T
30 25 20 -15

0 5 0 5 10
L-E, (V)
Fig. 7 The density of states and frontier molecular orbital
distribution of O,. (The contour lines in plots are drawn at 0.03
e/A%intervals)

In order to validate this suppose, the wavefunction
distribution of Fe/GS at VBM has been plotted in Fig. 8 and Fig.
S2. From Fig. 8, the wavefunction of Fe/DV-N1234 at VBM has
only one phase, while the wavefunction of other Fe/GS at VBM
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)_

has two phase. Therefore, the most stable adsorption
configuration of O, on Fe/DV-N1234 is end-on adsorption
model can be well understood through symmetrical matching
principle in frontier molecular orbital method.

(c)Fe/DV-GN

(d)Fe/DV-N1234

Fig. 8 The wavefunction distribution of valence band maximum
(VBM) of four typical Fe/GS. (The contour lines in plots are
drawn at 0.03 e/A® intervals)

3.4 Electronic structure analysis

Since the Fe/GS are composed of the same catalyst atom
(Fe) and different graphene-based supports, the difference of
adsorption energy between Fe/GS should originate from the
effect of graphene-based substrates. Furthermore, it is known
that there is a close relationship between the support effect
and electronic structure of catalysts. Therefore, the electronic
structure analysis of Fe/GS was performed to understand the
nature relationship between the support effect of graphene-
based substrates and adsorption energy, and Fermi softness
and work function were calculated for electronic structure
analysis.

According to frontier molecular orbital theory, the whole
frontier electronic band of the solid surface is reactive. It is
known that the closer the electronic state to the Fermi level,
the greater the contribution to bonding interaction. Therefore,
the reactivity of a catalyst should be determined by both
density of states (g(E)) and a weight function (W(E)) which
quantifies the contribution of every electronic state to the
surface bonding &6, According to this idea, Fermi softness (Sg),
which can describe the chemical reactivity of solid surfaces in
quantity, is proposed by the research group of Zhuangee, and
the Sr can be calculated from the following equation:

S = L’g(E) w(E)dE (1)
Where g(E) is the total density of states. W(E) can be acquired
from the derivative of the Fermi-Dirac function, —ff(E—EF).

The —f]'*(E—EF) is defined as the following equation:
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le (e(E—EF)/kT +1)1(e(EF_E)/kT+lj (2)

Where kT is the nominal electron temperature (k is the
Boltzmann constant and T is parametric temperature)66
According to the calculation formula of Fermi softness, T is just
a parameter to control the distribution of weight function,
suggesting that T cannot compare with the true temperature.
In addition, W(E) is affected by the value of kT, so the value of
kT has a significant influence on Fermi softness.

From the calculation According the research of Zhuangee,
the selection of kT depends on adsorbates, indicating that the
value of kT between different adsorption systems should have
a difference. The value of kT in the adsorption of H atom on
VSZ67 is 0.4 eV, while the value of kT in the adsorption of toxic
gases (NO,, NH3, SO5 and H,S) on single atom iron catalyst25 is
0.25 eV. Therefore, it is necessary to choose an appropriate
value of kT before applying Fermi softness to analyze the
activity of catalyst.

To gain the optimal value of kT and investigate the effect of
kT on Fermi softness, we calculate the Fermi softness under
different values of kT according to the method of Zhuang66
The optimal value of kT can be determined according to the
corresponding square of correlation coefficient (Rz) between
adsorption energy and Fermi softness. The value of S; and R?
for ten kinds of Fe/GS under different kT were plotted in Fig. 9.
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Fig. 9 Fermi softness and the square of correlation
coefficient under different kT
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From Fig. 9, the R? between adsorption energy and Fermi
softness vary significantly with the value of kT, suggesting that
the choice of kT is crucial for Fermi softness analysis. In detail,
R? increases first and then decreases with the increase of kT,
and R’
Therefore, we selected 1.15 eV as the optimal value of kT, and
Fermi softness of Fe/GS with optimal value of kT was
summarized in Table S3. Furthermore, the liner fitting between
adsorption energy and Fermi softness was performed, as
shown in Fig. 10. Form Fig. 10, the value of R? under optimum
condition is 0.81, indicating that Fermi softness can be an
efficient descriptor of adsorption energy.

reaches the maximum value when kT is 1.15 eV.
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Shen et al. investigated the adsorption of O, OH and OOH
on seven different metal surfaces and proposed that ionic
bonding energy (Eionic) can be used as an effective descriptor
for adsorption energy in ionic bonding systemss. The
calculation of Ejy,ic can be defined as:

Eionic =g x A D= Ag x ( @- CDO) (3)
Where Aq is the amount of electron transfer, @ and @, are
the work function of Fe/GS and O, molecule, respectively. In
detail, the work function ( @) and be obtained from the
following equation:
@=E,—E¢ (4)
Where E, and E; are the vacuum level and Fermi level,
respectively. In order to further verify and broaden the
applicability of this method, the method was applied to explain
the relationship between adsorption energy and support
effect. The detail data of E,. for different Fe/GS was
summarized in Table S3, and the liner fitting between
adsorption energy and Ej,,i. was performed, as shown in Fig.
11.

35

3.0

Eads=—2' 1 3Emmc_ 1.33
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Fig. 11 The adsorption energy of O, as a function of work
function

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

From Fig. 11, an obvious correlation between adsorption
energy and work function can be found, with R? value of 0.85,
indicating that the work function is also a good descriptor of
adsorption energy in the system of Fe/GS. Compared with
Fermi softness analysis, work function is not dependent on
given parameter (kT), so it is more direct and effective for
analyzing the adsorption of O, on the surface of Fe/GS.

3.4 Catalytic activation of O, analysis

In order to further examine the activity of Fe/GS in catalytic
activation of O,, the most stable adsorption configuration of
O, on Fe/GS were selected to investigate the dissociation
reaction of O, molecule. The dissociation reaction of O,
molecule on Fe/GS has been systematically studied through CI-
NEB method, and the detail reaction path and transition state
structures have been plotted in Fig. S3 and Fig. S4. To analyze
energy barrier, the potential energy surfaces were plotted, as
shown in Fig. 12. From Fig. 12, the energy barrier of O,
dissociation on Fe/SV-N123 is the smallest, and the value is
1.12 eV which is close to the energy barrier of O, dissociation
on Pt/SV-N123 (1.09 eV)34, indicating that the catalytic activity
of Fe/GS can be compared with precious metals. Different
from the dissociation reaction of O, on Pt/GS“, the
dissociation reaction of O, on Fe/GS (apart from Fe/SV-N1 and
Fe/DV-N123) is exothermic, which indicates that the
dissociation reaction of O, on Fe/GS (expect Fe/SV-N1 and
Fe/DV-N123) may take place spontaneously. Combining the
performance in adsorption and activation of O,, we can
conclude that Fe/GS, especially Fe/SV-N123, is a kind of
promising catalyst for adsorption and catalytic activation of O,
molecule which is hopeful to replace the noble metal.

— Fe/SV-GN
1.52eV. e Fe/SV-N1
s Fe/SV-N12
m— Fe/SV-N123
e Fe/DV-GN
m— Fe¢/DV-NI
e Fe/DV-N13
— Fe/DV-N14
= Fe/DV-N123

Relative energy/eV

IS TS
Intrinsic reaction coordinate

Fig. 12 Potential energy surfaces for dissociation reaction of O,
on Fe/GS

Conclusions

Adsorption configuration, electron transfer mechanism,
adsorption energy and energy barrier have been studied in the
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