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CO oxidation is a vital catalytic reaction for environmental purification, facing challenges due to the cata-
lysts applied to oxidize CO are mainly rare and expensive noble catalysts. Since the high atomic availabil-
ity, catalytic efficiency, and selectivity of single-atom catalysis, it has been widely studied and proven to
be brilliant in CO oxidation. Au single-atom catalysts are regarded as excellent single-atom catalysts in ox-
idizing CO, whose progress is limited by the indistinct understanding of the reaction mechanism and role
of the active atom. Hence, DFT calculation was used to investigate CO oxidation processes, active mech-
anisms, and the role of Au single-atom. Graphene involving prominent physical and chemical properties
was selected as a model supporter. The single-atom support graphene materials exhibit better CO oxida-
tion activities than pristine graphene, among which CO oxidation property on Au/GP is the highest with a
0.38 eV rate-determining barrier following ER mechanism. The outstanding performances including excel-
lent electronic structures, adsorption properties, and strong activation of intermediate products contribute
to the high CO oxidation activity of Au/GP, and the Au single-atom is the active center. Our work pro-
vides a novel guide for single-atom catalytic CO oxidation, accelerating the development of single-atom

catalysis.

© 2019 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Catalytic CO oxidation plays a vital role in solving raised air
pollution problems induced by CO emission, which is produced
from incomplete combustion of carbon-based compounds in au-
tomobiles and industrial processes [1-3]. Searching for a suitable
catalyst effectively catalytic oxidation of CO is vital for purpose
of achieving removal of CO pollutants. As previous researches re-
ported, noble metal materials such as Au, Ag, Pt, Pd, and Rh are
available catalysts in oxidizing CO [4-7]. However, noble metal ma-
terials are source scarce and price expensive. Accordingly, seeking
catalysts that possessed low cost and high reaction activity is req-
uisite for CO oxidation application.

Single-atom catalysis is considered an attractive strategy to re-
duce cost, make atom efficiency maximal, and then improve cat-
alytic efficiency and selectivity, which has attracted much atten-
tion in environmental and energy catalysis [8-10]. Since Zhao
[11] firstly reported the Pt single-atom catalyst that Pt;/FeOx pos-
sesses excellent stability and high activity for CO oxidation, re-
markable advancements for single-atom catalysis have been made
in various fields [12-15]. Numerous single-atom embellished cata-
lysts have been fabricated and made great efforts in oxidation reac-
tion [16-18], further confirming it can show desirable potentials in
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oxidizing poisonous CO [19,20]. For example, Wang [21] prepared a
single-atom Pd;/CeO, catalyst by high-temperature atom trapping,
and the catalyst shows excellent properties for low-temperature
CO oxidation, and its active site was clarified. This work provides
a new approach for tailoring the nature of active sites in metal
single-atom catalysis by atom trapping.

An appropriate supporter is necessary for single-atom cataly-
sis [22,23]. Carbon-based materials have appeared much interest
on account of their favorable physical and chemical performances
[24,25]. Among these, graphene including many advantages that
excellent stability, conductivity, flexibility, and high specific surface
areas [26-29], has been commonly acted as supporter material of
catalysts [30-32] which can provide plenty of active sites.

The application of precious metals as single-atoms in single-
atom catalytically oxidizing CO has developed rapidly, which low-
ers the content of noble metal as well the price of catalysts [33,34].
There have been many reports about Pt or Au clusters for CO ox-
idation, some of which have benign catalytic performance [35,36],
so Pt and Au are selected as model single-atom in this article to
study the role of single-atom catalysis in oxidizing CO. Whereas,
there exist no agreement from the previous literature on whether
Pt or Au single-atom has greater activities for CO oxidation, what
roles do they play in CO oxidation reaction, and the reaction mech-
anism for oxidizing CO on single-atom decoration is controversial.
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In short, the understanding of the CO oxidation reaction on Pt
and Au single-atom catalysis remains vague, and thus appropriate
means should be accomplished to explore its reaction processes,
figure out rate-determining steps, and comprehend the role of the
active atom. Herein, taking graphene as a model supporter, con-
structing Pt single-atom and Au single-atom supported graphene
catalysts. Density functional theory (DFT) calculations were car-
ried out to investigate the CO oxidation property on Pt and Au
single-atom loaded graphene materials, and the potential mech-
anism was determined. Besides, calculating the minimum energy
pathways (MEPs) and electronic structures, further studying the re-
lationship between CO oxidation property and reactive atom. This
work enhances the understanding of single-atom catalysis and can
broaden its application ranges.

A periodical supercell of graphene containing 72 C atoms was
carried out as a model supporter with a rectangle boundary
(12.78 x 14.76 A), and perpendicularly added 20 A vacuum region
to the graphene plane to minimize the interaction between differ-
ent layers, seen in Fig. S1a (Supporting information) [37,38]. Based
on model graphene material that pristine graphene (GP), Pt and Au
single-atom was introduced, labeled as Pt/GP and Au/GP, respec-
tively, whose optimized structures were exhibited in Figs. S1b and
¢ (Supporting information).

All the first-principle DFT calculations were carried out by uti-
lizing the VASP5.4 code [39,40] and the generalized gradient ap-
proximation with the Perdew-Burke-Ernzerhof (PBE) exchange and
correlation functional [41]. The Gaussian smearing width was set
to be 0.2 eV. A plane-wave basis set together with cut-off energy
of 400 eV within the framework of the projector-augmented wave
(PAW) method was employed [42,43]. The van der Waals (vdW)
correction was described by the D2 method of Grimme with de-
fault parameters. A 3 x 3 x 1 Monkhorst Pack grid of the Bril-
louin zone was sampled. All atoms, except those on the boundary,
were allowed to relax and converge to 0.03 eV A~ for all systems.
Searching minimum energy pathways (MEPs) is using the nudged
elastic band (NEB) method [44,45], which varies from an initial
state (IS) to its final state (FS), using to define transitional state
(TS) combined with climbing image method as well proved by a
single imaginary frequency. The detailed reaction formulas of CO
oxidation were listed in the Support Information.

The binding energy (AE,) is defined as (Eq. (1))

_ E(AmBn) —m+E(A) —n+E(B) .
- m+n M

where E(AmBy), m, E(A), n and E(B) are the total energy of the
single-atom support graphene material, the numbers of C atom,
the energy of single C atom, the numbers of single Pt or Au atom
and the energy of single Pt or Au atom, respectively. As is known
to all, the lower the binding energy, the more stable it is. The neg-
ative binding energy is exothermic.

Based on the binding energy formula, the results of the binding
energy for Pt/GP and Au/GP were exhibited in Fig. S1. As shown
in Fig. S1, the binding energy values for Pt/GP and Au/GP both are
much more negative, hence Pt/GP and Au/GP materials both are
stable and they give off heat during their formation.

The adsorption energy (AE,q) is defined as (Eq. (2)):

AEqys = Er — (Es+En)

AE,

(2)

where E;, Es, and Ey, are the total energy of the adsorption com-
plex, the graphene material, and the isolated molecule, respec-
tively.

The single-atom decoration can affect the material property.
Firstly, the charge distribution cases of the three graphene ma-
terials were investigated, and then the charge density difference
and Bader analysis of the C atom, Pt atom, and Au atom were
calculated. As shown in Fig. 1a, the C atom for pristine graphene
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(GP) was surrounded by blue areas with the Bader value of —0.12
e, which indicates it gains electrons. Whereas the Pt atom of Pt
single-atom support graphene (Pt/GP) and the Au atom of Au
single-atom support graphene (Au/GP) both were surrounded by
yellow areas and the Bader values for they are similar and positive.
Those indicate that the Pt and Au atoms lose electrons and present
a positive center, which can attract negatively charged molecules.

The total density of state (TDOS) for GP, Pt/GP, and Au/GP was
implemented in Fig. 1b. Bringing in Pt and Au single-atom signif-
icantly influences the TDOS of graphene. In comparison with GP,
the Pt atom of Pt/GP moved TDOS in the direction of the occupied
state, indicating more electrons transfer on Pt/GP. As for Au/GP,
the TDOS was optimized, and an active peak appeared around the
Fermi level, which may assist in oxidizing CO. Accordingly, the in-
troduction of a single-atom over graphene can improve electronic
performances of the material and then enhance material catalytic
properties. The interaction of the introduced single-atom and the
surrounding C atom was further studied. As shown in Fig. 1c, there
existed more overlapping areas at the Fermi level between Au 3d
and C 2p than that between Pt 3d and C 2p, indicating a stronger
mutual effect appeared on Au/GP, which implies the import of Au
single-atom on graphene is more active than Pt.

Besides, the adsorption performances of CO and O, on GP,
Pt/GP, and Au/GP were investigated, possible adsorption construc-
tions of CO and O, on the three graphene materials (Fig. S2 for
CO, Fig. S3 for O, in Supporting information) were examined. The
summarized histogram for adsorption energy of CO as well O, on
these materials was shown in Fig. 1d, and the values of adsorption
energy were tabbed. Compared to GP, the adsorption energy of CO
and O, has immensely increased no matter on Pt/GP or Au/GP. O,
prefers to adsorb both on Pt/GP and Au/GP than CO, which is a
vital step for subsequent CO oxidation. Thus, O, adsorption perfor-
mances over graphene materials were further discussed. It can be
seen from Fig. 1e, O, weekly adsorbed on GP with —0.13 eV en-
ergy, while Pt/GP and Au/GP attract O, more with the adsorption
values are —1.71 eV and —1.83 eV. The O, adsorption site on GP is
the center of the hexatomic ring, which for Pt/GP is bridged at the
Pt atom and the center of the hexatomic ring, and that for Au/GP
is atop the Au atom. Among which Au/GP possesses the largest ad-
sorption energy of O,.

The partial density of state (PDOS) between the active atoms
(the C, Pt, and Au atoms) and the O atom of adsorbed O, was in-
vestigated (Fig. 1f). More overlapping zones existed between the
Au 3d and the O 2p at around Fermi level (0 eV) and the range
of —7 eV to —3 eV than that between the Pt and O as well the C
and O, indicating the Au atom had the strongest interaction with
the adsorbed O atom. The intensity of mutual effect between the
adsorbed O and GP, Pt/GP as well Au/GP was further probed by
electronic local function (ELF) analysis. It is seen in Fig. 1g, the ad-
sorbed O possesses a much stronger interaction with Au/GP than
GP and is not much different from that of Pt/GP. Consequently, the
PDOS and ELF result concert with the adsorption results, which all
reveal that Au/GP possesses the optimal O, adsorption properties.

Eley-Rideal (ER) mechanism has two cases. 1) O, adsorption
state: O, molecule directly participates in the reaction that is ad-
sorbed and activated O, reacts with free CO into CO,. 2) O, dis-
sociation state: surface activated O, dissociates into oxygen atoms,
and then the oxygen atoms severally react with free CO into CO,.

Based on the optimal O, adsorption structures on the three
graphene materials, the reaction processes of adsorbed 0, in
molecular state directly reacting with CO to form CO, in ER mecha-
nism were determined through the minimum energy method. Rel-
ative potential energy and the side views of the optimized con-
figurations of the initial state (IS), transition state (TS), final state
(FS) at each step for the three graphene materials were denoted in
Fig. 2.
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Fig. 1. (a) charge density difference of the graphene materials. The isosurfaces are 0.067 e/A3. Aq represents the charge transfer numbers of the C, Pt, Au atoms. The Bader
value is in e. (b) TDOS of the graphene materials. (c) PDOS of the graphene materials. (d) Histogram for adsorption energy of CO as well O, on the graphene materials. (e) O,
adsorption structure for the graphene materials. (f) PDOS of O 2p (adsorbed O,) and C 2p for GP, Pt 3d for Pt/GP, Au 3d for Au/GP. (g) ELF for O, adsorbed on the graphene
materials. The Fermi level is set to zero eV. Gray, blue and orange balls are severally behalf of carbon, platinum, and gold atoms.

As shown in Fig. 2, adsorbed O, attracts and initially oxide CO
into CO, + O* (tagged by 1H, and the following step is denoted
as 2H). The 1H step proceeds on GP requires 0.65 eV energy bar-
rier, while that on Pt/GP is 0.45 eV, and only 0.12 eV on Au/GP.
The 2H step that the remained O* oxides CO to form CO,, which is
the determining step for CO oxidation on the three graphene ma-
terials, where the activation energy of the 2H step is 0.81 eV for
GP, 0.59 eV for Pt/GP, and 0.38 eV for Au/GP, respectively. In brief,
CO oxidation processes in ER mechanism prefer to occur on Au/GP,
which possesses the lowest energy barrier in oxidizing CO. Besides,
the final product CO, can desorb from Au/GP since it just calls for
0.14 eV desorption energy which can be overcome easily.

According to the MEPs of CO oxidation on the graphene materi-
als, the 2H step is the reaction rate-limiting step in ER mechanism,
and the activity order is Au/GP (0.38 eV) > Pt/GP (0.59 eV) > GP
(0.81 eV), where Au/GP displays the most excellent property.

Based on the optimized adsorption structures of O,, O, dissoci-
ation was researched, and reaction pathways of dissociation were
shown in Fig. S4 (Supporting information). The activation barrier
of O, dissociation on GP is more than 3.00 eV, those of Pt/GP and
Au/GP are close to 2.00 eV. It is observed that the lowest energy
barrier of O, dissociation on the graphene materials is desired to
be 1.73 eV which is hard to accomplish, indicating that dissociat-
ing O, on the graphene materials is kinetics not viable. Hence, the
0, dissociation ER mechanism for graphene materials is not con-
sidered in this article.

Furthermore, CO oxidation in Langmuir-Hinshelwood (LH)
mechanism was carried out, and Fig. 3 shows the former step of
the LH mechanism whose later step is the same as the 2H step of
ER mechanism not be discussed repeatedly. Known from the pic-
ture, CO and O, initial co-adsorption on the materials, then they
react with each other to form OOCO* intermediate product, and
further generate CO, along with leaving an O* adsorbed on the
material surface. The O0CO* adsorbs on the single-atom of Pt/GP
and Au/GP and forms Pt/Au-O bond while OOCO* weak adsorption
above GP and forms an epoxy group. As shown in Fig. 3, compared
with GP, introducing Au single-atom decreases the value of the re-
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Table 1

The energy of the initial adsorption structures for GP,
Pt/GP, and Au/GP in the two mechanisms. The energy
value is in eV.

SurfaceSpecies GP Pt/GP Au/GP
ER: 0,* + CO -692.65 -686.37 -681.48
LH: 0,* + CO* -692.67 -686.35 —680.61

action rate-determining barrier by 43% but Pt increases a little. Ac-
cordingly, Au/GP can effectively improve CO oxidation performance
in the LH mechanism which is far better than that of Pt/GP.

Based on the summary performance results of CO oxidation in
the two mechanisms shown in Fig. 4, Au/GP shows the lowest ac-
tivation barriers on the graphene materials, and the two mecha-
nisms both are possible to follow. As for Pt/GP, it is observed to be
the ER mechanism, as well GP is an LH mechanism.

To further confirm the mechanism of the graphene materi-
als to follow, the energy of adsorbed O, with CO in ER mecha-
nism (O,* + CO) and co-adsorbed O, with CO in LH mechanism
(O2* + CO*) on the three materials were made a comparison. As
shown in Table 1, the energy value of O,* + CO on Au/GP is larger
than O,* + CO*. The energy result of the two intermediate prod-
ucts for Au/GP indicates CO oxidation on Au/GP follows ER mech-
anism, which agrees with the activation energy result. However,
the energy value of O,* + CO and O,* + CO* on GP is similar,
same issues occur on Pt/GP, which indicate the energy results of
the two intermediate products for GP and Pt/GP do not determine
the choice of the reaction mechanism.

Combining the oxidation performance with adsorption results,
oxidizing CO on Au/GP and Pt/GP both follow ER mechanism but
GP follows LH mechanism. Consequently, introducing a single-
atom not only decreases the reaction barrier of graphene but also
changes its reaction mechanism from LH mechanism into ER mech-
anism. Additionally, the introduction of Au single-atom is optimal.

As is well known, the conversion case from IS state to TS state,
and the arrival of the transition state is early or late can reflect the
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Fig. 2. Reaction pathways for CO oxidation (Eley-Rideal (ER) mechanism) on GP (a),
Pt/GP (b), Au/GP (c), respectively. IS, TS, and FS are initial state, transition state, and
final state, respectively. The *, O,*, and CO* represent catalyst, adsorbed O,, and
adsorbed CO. The reference energy (the total energy of the substrate, isolated O,,
and two CO,) is set to zero.

speed of reaction rate. The excellent material Au/GP is inclined to
follow ER mechanism and shows the best CO oxidation property.
Hence, the transform cases from IS to TS at the rate-limiting step
in ER mechanism of CO oxidation on the graphene materials were
further analyzed. The detailed minimum energy pathways (MEPs)
of CO oxidation in ER mechanism were demonstrated by Fig. S5
(Supporting information).

As mentioned above, the 2H step in ER mechanism is the rate-
determining step of CO oxidation on Au/GP. However, the reason
why Au/GP denotes the most satisfactory property for oxidizing
CO than other graphene materials should be further discussed. It
is seen in Fig. S5b, the length between the C atom of the absorbed
CO (denoted as C1, the same below) and the O atom leftover from
the absorbed O, (denoted as O, the same below) is 3.08 A at the
2H step for GP, and shortens 1.28 A to TS. Meanwhile, the distance
between the O* and the C atom of GP (denoted as C2, the same
below) extends from 1.46 A for IS to 1.86 A for TS, along with
the variation of 0.40 A. As for Pt/GP (Fig. S5d), the bond of the C1
and the O* prolongs 1.91 A from IS to TS which requires 1.5 times
change than that of GP, while the length between the O* and C2
just shortens 0.1 A needing 1/4 times change compared to that of
GP. As a result, Pt/GP can exhibit a better activity for the 2H step
of CO oxidation than GP due to the early arrival of a transition
state. Besides, Au demonstrates the best property for the 2H step
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step in ER mechanism and the first CO, formation in LH mechanism, respectively.
The energy barrier is in eV.

of CO oxidation (Fig. S5f) owing to the earliest arrival of a transi-
tion state. The distance change between the C1 and the O* from
IS to TS on Au/GP was 0.98 A which is 4/5 times in contrast to GP,
and that between the O* and C2 0.06 A which is 3/20 times. As for
the 2H step of CO oxidation in ER mechanism on the graphene ma-
terials, structural features meet CO oxidation performance results.

Furthermore, the electronic role of Au single-atom on graphene
material should be investigated, enhancing the understanding of
single-atom catalysis and broadening its application ranges. To our
knowledge, the transition state is of importance for the reaction
process, and its activation degree can reflect reaction activation en-
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ergy measure and determine the reaction rate. Therefore, the TS of
the 2H step for CO oxidation on GP and Au/GP were further dis-
cussed.

The charge density difference and Bader analysis for the ad-
sorbed CO* and the adsorbed O* of the TS in the 2H step was
investigated. As shown in Fig. 5a and b, the CO* and the O* (to-
gether denoted as COO*) on Au/GP was surrounded by more yel-
low and blue regions compared to that on GP, indicating the trans-
ferred electron numbers of the COO* on Au/GP are more than that
on GP. Consistent with the charge density difference results, Bader
analysis shows that the COO* on Au/GP owns more electrons than
that on GP, accompanied by the Bader value is —0.66e for Au/GP
while that is —0.57 e for GP.

The ELF was explored to study the interaction between the ad-
sorbed CO* and the adsorbed O* both on Au/GP and GP. As shown
in Fig. 5¢ and d, there present yellow between the C atom of the
CO* and the adsorbed O* on GP, while that is red on Au/GP, in-
dicating the mutual effect between the C and the O atoms over
Au/GP is stronger than that over GP, as well a stronger activation
of the transition state. Besides, the line profiles of ELF for the TS
in the 2H step on Au/GP and GP were calculated in Fig. 5e. It is
found that the value of ELF between the C and the O is 58% on
Au/GP and 46% on GP, indicating the atomic interaction on Au/GP
is higher than that on GP. Accordingly, the adsorbed COO* is more
intensely activated by Au/GP than GP.

Furthermore, the PDOS for the adsorbed CO* and the adsorbed
O* over Au/GP and GP was calculated. As can be seen in Fig. 5f,
there exist more overlapped areas between the C 2p orbital of the
CO* and the O 2p orbital of the adsorbed O on Au/GP contrast
with that on GP. The PDOS result shows that the adsorbed CO*
and the adsorbed O* on Au/GP have a stronger interaction than
that on GP, confirming Au/GP can activate TS strongly. This indi-
cates Au/GP shows more excellent performances of CO oxidation.
The result of electronic structure is consistent with the geometric
structure, which both verify Au/GP is the optimum catalyst for CO
oxidation over the graphene materials.

In conclusion, a first-principles calculation was utilized to in-
vestigate the reaction processes, rate-limiting steps, and reaction
mechanism of single-atom support graphene in CO oxidation. In-
troducing Au single-atom into graphene can be an excellent strat-
egy for improving CO oxidation property and changing its reaction
mechanism from LH to ER mechanism, whose rate-determining
barrier of CO oxidation is 0.38 eV, lower than 0.59 eV for Pt/GP
and 0.81 eV for GP. The single-atom Au is the active center for ad-
sorbing O, and then oxidizing CO on Au/GP. The excellent prop-
erties in oxidizing CO on Au/GP are ascribed to the tailored den-
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sity of state structures of the material, enhanced O, adsorption
performances, and improved activation of the reaction intermedi-
ate products. This work can afford an attractive understanding of
single-atom catalysis in catalyzing CO and provide a guide on de-
signing targeted catalysts with high reaction activity.
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