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1. Introduction

The formation and evolution of carbonate species
in CO oxidation over mono-dispersed Fe
on graphene

* Xin Zhang,” Yong Wu,” Hongdan Zhu,”
*© and Changgong Meng () *°

Jiang Zhu,*® Xining Feng,® Xin Liu,
Yang Yang,® Ting Duan,” Yanhui Sui,® Yu Han

Fe is not only the most abundant metal on the planet but is also the key component of many enzymes
in organisms that are capable of catalyzing many chemical conversions. Mono-dispersed Fe atoms on
carbonaceous materials are single atom catalysts (SACs) that function like enzymes. To take advantage
of the outstanding catalytic performance of Fe-based SACs, we extended a CO oxidation reaction
network over mono-dispersed Fe atoms on graphene (FeGR) by first-principles based calculations.
FeGR-catalyzed CO oxidation is initiated with a revised Langmuir—Hinshelwood pathway through a
CO-assisted scission of the O-O bond in peroxide species (OCOOQO). We showed that carbonate species
(CO3), which were previously generally considered as a persistent species blocking reaction sites, may
form from CO, and negatively charged O species. This pathway competes with desorption of CO, and
reduction of the Fe center with gaseous CO, and it is exothermic and inevitable, especially at low
temperatures and with high CO, content. Although direct dissociation of COsz is demanding on FeGR,
further adsorption of CO on Fe in COs is plausible and takes place spontaneously. We then showed that
adsorbed CO may react with COs, forming a cyclic-carbonate-like species that dissociates easily to
COs,. These findings highlight the reaction condition-dependent formation and evolution of COs as well
as its contribution to CO conversion, and it may extend the understanding of the performance of SACs
in low temperature CO oxidation.

reusability of the catalyst and easy product separation.’®'® Many
graphene-derived SACs of Fe,®*'72% Ni,*® Co,'® Mn,*° pd*'"°

Fe is not only the most abundant transition metal on the planet
but is also the key component of the reaction centers of many
enzymes in organisms, such as cytochrome P450,">
nitrogenase,” and methane monooxygenase,® as well as in
many Fe complexes,”” which are found to be catalytically
efficient in many industrially important chemical processes,
including the selective oxidation of hydrocarbons.®® Recently,
considerable attention has been continuously paid to the
controlled synthesis and application of heterogeneous transition
metal SACs that inherit not only the merits of enzymes and
metal complexes with each mono-dispersed transition metal
atom as a reaction center for efficient chemical conversion,
but also the advantages of heterogeneous catalysts for the
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Ay, pt,"'™ Ru,*™ etc., have been investigated and were
proposed to be efficient in many processes of industrial
significance.”> Fe-Based SACs on graphene and graphene-
related materials were shown to be effective for the oxidation of
arenes,® oxygen reduction,”'”*° the nonoxidative conversion of
methane to ethylene and aromatics,”® water oxidation,'® the
elimination of formaldehyde,*"** CO oxidation,>***?*”?% the
oxidative conversion of methane,”® etc. In Fe-based SACs,
enzymes and complexes catalyzed chemical conversion, and
the robust and reversible coordination of the reaction species
effectively stabilized Fe as reaction centers in mono-dispersed
form and maintained efficiency of the conversion. The dominant
role of the electronic structure in the performance of a specific
catalyst has been well recognized.***>*® Considering the mono-
dispersed under-coordinated nature of metals in SACs and the
dynamic adsorption and conversion of substrates in reaction
conditions, the impact of reaction species on metal centers
would be more pronounced, and it may stabilize or even drive
further evolution of metal centers, switch the reaction mechanisms
and contribute to the conversion and product selectivity.*’>"
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To this end, mechanism investigations on SAC-catalyzed chemical
conversion in conditions relevant to experiments would be more
helpful to rationalize the understanding of the observed superior
performance of SACs.>**

CO oxidation is one of the most investigated heterogeneous
reactions. Due to the strong affinity of conventional transition
metals to CO, O, activation and dissociation in CO oxidation
conditions are demanding.”® Combining experimental and
theoretical efforts, people showed that CO oxidation may take
place through a revised Langmuir-Hinshelwood pathway, an
Eley-Rideal pathway or their variants over SACs supported on
non-reducible supports. Eley-Rideal-type pathways can be
identified by the direct reaction of O, or CO, either in gas
phase or from the van de Waals complexes, as surface species
for formation of CO,> or various transition metal carbonates in
form of CO;,>* OCOOCO,** etc. In revised Langmuir-Hinshel-
wood type pathways, O, dissociation is facilitated by coadsorbed
CO, and the reaction involves peroxide species.’”****® CO,
species has long been considered as an ultrastable species
blocking reaction sites in CO oxidation, and it has been widely
used in discussions on mechanisms of reactions involving CO
and the catalytic performance of SACs.>® It was also recently
proposed to contribute to CO conversion over Pt/Al,0,;.°"®
However, the formation, evolution and role of CO; in CO
oxidation reaction conditions over SACs have not been well
discussed before. In this work, we extended the reaction network
for CO oxidation over FeGR with consideration of the reaction
condition-dependent formation and evolution of CO; species,
etc., which may be one of the origins of the superior catalytic
performance of SACs at low temperatures. These findings would
help to rationalize the current understanding of the impact of
the reaction conditions on the catalytic performance of SACs.

2. Theoretical methods

All the results were obtained with the Perdew-Burke-Ernzerhof
functional and DSPP pseudopotential as implemented in
DMol>.>*%* The electronic structures and reaction mechanisms
on FeGR were investigated with a (6 x 6) supercell of graphene
with an Fe/C ratio of 1:71. The reported structures were fully
relaxed without any constraints. Transition states (TSs) were
located through linear and quadric synchronous transit methods.
Frequency calculations were performed for all the reported
structures. The TSs were further optimized and confirmed with
the only imaginary frequency in the reaction direction.®>*®
We used a 4 x 4 x 1 k-point grid for the structure optimization
and TS search as well as for the frequency calculations.
Hirshfeld charges were used for population analysis.®” The
formation free energies of potential reaction species were
calculated from first-principles data with statistical mechanics
methods at Pco:Po, = 1:20, Pco = 0.01 atm at 298 K with
respect to single-vacancy graphene, Fe atom, gaseous CO, O,
and CO,. AE, and AG, were used to describe the energy and free
energy barriers of the elementary steps and were calculated as
the difference in the electronic energy and free energy between
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the reactants and transition states, respectively. The calculated
lattice parameters of bulk body-centered-cubic Fe and graphene
are 2.74 and 2.46 A, respectively.®®*® The formation energy and
binding energy of Fe atom of a single-vacancy defect on graphene
were calculated as 7.74 and —7.52 €V, respectively.**?>>7%7>

3. Results and discussion
3.1 Potential reaction species on FeGR

We firstly investigated the stability of potential reaction species
formed over FeGR (Fig. 1). The binding of an Fe atom to
defective graphene (FeGR, Fig. 1a, E}, = —7.52 eV) is 7 eV more
exothermic than that on pristine graphene (Ey, = —0.46 eV).>* In
FeGR, Fe is 0.27 |e| positively charged, and the Fe-C distances
are 1.78 A; these findings are in reasonable agreement with the
recent observation of positively charged mono-dispersed Fe
species on graphene and N-doped graphene.”**** 0, is activated
upon adsorption, and it lies right above and coordinates with Fe
at the corner of a distorted tetrahedral formed together with 3
interfacial C atoms at Fe-O and O-O distances of 1.88, 1.91 and
1.38 A, respectively (Fig. 1b, E,q = —1.81 eV). CO binds FeGR in
the reverse direction to one interfacial Fe-C bond at Fe-C(CO)
and C-O distances of 1.86 and 1.16 A, respectively (Fig. 1c, E,q =
—1.48 eV). CO adsorption on Fe with the C-O bond vertical to the
graphene plane was found to be 0.02 eV less plausible.
Coadsorption of CO and O, may occur (Fig. 1d), and the
calculated E,q is —2.19 eV. In this structure, the O-O (O,) and
C-O (CO) distances are 1.33 and 1.15 A, respectively, slightly
shorter than those in mono-molecular adsorption (Fig. 1b and c).
The coadsorption of 2CO was also investigated (2CO, Fig. 1e,
E,q = —2.64 eV). Similar to the case of CO, the 2CO also bind Fe
in the reverse direction to the interfacial Fe-C bonds at Fe-C(CO)
and C-O distances of 1.83 and 1.16 A, respectively. As for the
coadsorption of 20, (20,, Fig. 1f, E.q —1.64 eV), the
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Fig.1 Top views of the optimized atomic structures of the potential
reaction species on FeGR under CO oxidation conditions. Fe, C, and O
are shown in gold, brown and red, respectively.
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orientations of the 20, with respect to the Fe center are similar
to those in CO + O,, except that an O, takes the place of CO.
The stability of the van der Waals complex of preadsorbed O,
and gaseous CO (CO + O,(g), Fig. 1g, E,q = —1.84 eV) was found
to be similar to that of O, (E,q = —1.81 €V). O atomic adsorption
is generally considered to be an important reaction intermediate
from the dissociation of peroxide or carbonate species on revised
Langmuir-Hinshelwood or Eley-Rideal pathways for CO oxidation
and was found to be plausible with O standing 1.62 A on top of
the Fe center (O, Fig. 1h, E,q = —4.90 eV).>**° CO, adsorption
(CO,, Fig. 1i, E,q = —0.41 eV) with one O(CO,) 2.10 A above the Fe
center and a C-O-Fe angle of 149° is plausible. The E,q of O, is
more significant than that of CO; O, adsorption would be
dominant under the conventional conditions for characterization
of CO oxidation performance with Py, : Pco at the level of at least
10.” Because the stabilities of O, + CO(g), 20, and 2CO (Fig. 1e-g)
are only comparable to or even less than that of O, or their
formation may involve desorption of O,, their populations would
be quite limited on FeGR in O, lean CO oxidation conditions, and
they were not considered.

The stretching frequencies of CO in these surface species were
also calculated. For freestanding CO, the calculated frequency is
2083 cm™". This frequency shifted to 1978 and 2007 cm*,
respectively, after adsorption (CO, Fig. 1c) and in CO + O,
(Fig. 1d), and it further shifted to 1999 ecm™" in 2CO (Fig. 1e),
indicating charge transfer among FeGR and the adsorbates. The
stretching frequency of axial CO in Fe(CO)s in Ds;, symmetry was
reproduced as 2003 cm ' and agrees well with the experimental
observation of 2014 em '.* These calculated CO stretching
frequencies are not only consistent with the positively charged
nature of the mono-dispersed Fe atoms, but also provide direct
evidence for the reliability of the current theoretical approach for
investigation of CO oxidation over FeGR.”>”””

3.2 Conventional revised Langmuir-Hinshelwood pathway

We then investigated the potential pathways for CO oxidation
on FeGR. O, dissociation on FeGR was investigated firstly to
check whether reactive oxygen species can be formed prior to
CO adsorption. Although O, gains charge from FeGR and is
activated, according to the extension of the O-O bond to 1.38 A,
there is still a significant reaction barrier (AE,) of ~2.00 eV for
O, dissociation. This barrier can be attributed to the poor
stability of O atom originating from the limited binding sites
on FeGR. This barrier is already more significant than the
calculated E,4 of O, (—1.81 eV); therefore, O, may desorb prior
to dissociation.****”® As 0, adsorption is more plausible than
CO adsorption, Eley-Rideal-type pathways can only be initiated
with the reaction between gaseous CO or CO in van der Waals
complexes formed between CO and preadsorbed 0,.>* According
to the symmetry of the molecular states of gaseous CO and O,,
only the interactions between 5 of CO gaseous with the n*
states of O, in the direction with O(0,)-C-O of ~120° is allowed,
and the reaction may lead to direct formation of CO,.”* However,
a close examination of the structures of the expected van der
Waals complexes and that for CO + O, coadsorption shows that
the latter (Fig. 1d) is in fact a global minimum on the potential
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energy surface of gaseous CO and preadsorbed O,, and Fe would
interact with CO to achieve a plausible octahedral coordination
environment. In this sense, the population of CO + O, species
(Fig. 1d) would be significantly higher than that of O, + CO(g)
(Fig. 1g). Furthermore, gaseous CO is not activated, and its direct
reaction for CO, formation may experience a reaction barrier
comparable to that for O, dissociation on FeGR. Reaction
barriers reported for CO oxidation on Pt/4N-graphene (1.81 eV),
Fe (1.18 eV) and Cu-doped h-BN (1.91 eV) through Eley-Rideal-
type pathways’®®' are in line with the current proposal. These
findings not only explain the difference in stability between CO +
0, and O, + CO(g), but also suggest that CO oxidation initiates
from the coadsorption of CO + O, with a revised Langmuir-
Hinshelwood pathway with the CO-facilitated scission of the O-O
bond on FeGR (Fig. 2).

The AG value for coadsorption of CO with O, (LH-IS1,
Fig. 2b) is 0.27 eV higher than that of O,/FeGR (Fig. 2m),
showing that LH-IS1 would be reactive but with a lower population
in O,-lean conditions.*” In LH-IS1, O(0,) and C(CO) are —0.08 and
0.13 |e| charged, respectively, and the electrostatic interaction
drives them to move to and interact with each other. The transition
state (LH-TS1) connecting to a peroxide species (LH-MS1) is
reached when the O-C distance decreases to 1.72 A. The calculated
AE, and AG,; for the reaction to LH-MS1 are 0.62 and 0.60 €V,
respectively. LH-MS1 is a typical peroxide according to the O-O
distance (1.56 A) and O-O stretching frequency (717 cm™").%* The
calculated CO stretching frequency of LH-MS1 is 1743 cm ™, and
this is in reasonable agreement with experiments.”®”*** LH-MS1
then undergoes dissociation by passing a transition state (LH-TS2)
corresponding to scission of the O-O and C-Fe bonds to form CO,
(LH-FS1). In this process, the C=0 distance remains 1.21 A, while
the 0O-O and Fe-C distances are stretched to 1.72 and 2.18 A,
respectively. The Hirshfeld charges on the C and 20(0,) atoms are
0.14, —0.14 and —0.08 |e|, respectively, in LH-TS2 and are 0.28,
—0.14, —0.29 |e|, respectively, in LH-FS1, indicating that Fe is
oxidized in this process. At 298 K, Pco = 0.01 atm and Pco/Po, =
1:20, AG for CO, desorption is only 0.10 eV; therefore, the
formation of the bare O adsorption structure (LH-FS1a, Fig. 2g)
would be highly reversible. There is also a strong dependence of
the AG value for CO, desorption on Pco, and temperature (Fig. 2m,
insets). CO, desorption is nearly thermo-neutral and is only
favored at high temperature and low Pco,.

According to the conventional revised Langmuir-Hinshelwood
pathway for CO oxidation over SACs, the subsequent reaction may
take place between gaseous CO and O(Fe). A van der Waals
complex (LH-IS2, Fig. 2h) that is endothermic with respect to
LH-FS1a is formed firstly. The reaction starts with charge transfer
between the highest energy occupied orbital of CO with o
symmetry to the O(Fe) states of n* symmetry. Driven by electro-
static interaction, CO moves in the direction of O(Fe) and reaches
the transition state (LH-TS3, Fig. 2i), in which C-O(Fe) is
decreased to 1.87 A. Another CO, adsorbed on FeGR (LH-FS2,
Fig. 2j) is formed after passing LH-TS3, where AE, is 0.34 eV (AG,
is 0.33 eV at 298 K). Considering the weak binding of CO, (E,q =
—0.41 eV), further desorption of CO, would be facile with coad-
sorption of other gaseous species, even at room temperature.
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Fig. 2 Atomic structures of potential reaction species (a—l) in CO oxidation over FeGR through the conventional revised Langmuir—Hinshelwood

pathway and the corresponding (free) energy profiles with respect to the

O, adsorption structure (m). The AG values for CO, desorption and CO

adsorption and the AG, values for CO3 formation were plotted against Pco, (upper inset in m) and temperature (lower inset in m). In (@-1), the C, O and Fe

atoms are shown in brown, red and gold, respectively. In (m), species are
calculated by taking those of O,/FeGR (a) as zero.

We focused the investigation on FeGR with the Fe-C3
interfacial structure. The calculated formation energies of the
single (C3) and double vacancy (C4) defects are 7.74 and
7.83 eV, respectively,® while the calculated Ej, values of Fe with
the Fe-C3 and Fe-C4 interface structures are —7.52 and —6.69 €V,
respectively;®® this suggests that FeGR is thermodynamically more
favorable than Fe-C4 and may exist in a large population in
SACs synthesized by thermo-driven routes such as pyrolysis.
The calculated E,q values of O, on Fe-C3 and Fe-C4 are —1.81
and —1.74 eV, respectively, while those of CO are —1.48 and
—1.65 eV, respectively.®” Considering the limited activation of O,
on Fe-C4 and the high reactivity for weakly bind CO to assist the
activation of O,, the proposed results on FeGR would be more
relevant to the experimental findings.

3.3 Formation and evolution of carbonate

It is interesting to note that O in LH-FS1a (Fig. 1g) formed by
CO, desorption from LH-FS1 is —0.29 |e| negatively charged.
Previously, similar negatively charged on-framework and off-
framework species in porous materials for CO, capture, such as
mesoporous activated carbon, metal organic frameworks, and
zeolites, were proposed as binding sites.®® In LH-FS1, the
charge transfer from O (Fe—=0) to C(CO,) leads to activation
and bending of CO,, charging one O negatively to interact with
the positively charged Fe center. After crossing a transition
state (LH-TS2’, Fig. 2k) with AE; of 0.46 eV (AG; of 0.58 eV at
298 K), where the O-C-O angle in CO, was distorted to 150.7°

10512 | Phys. Chem. Chem. Phys., 2021, 23, 10509-10517

marked with bracketed letters, as shown in (a—l). All (free) energies were

and the O(Fe)-C and O(CO,)-Fe distances were changed to
1.84 and 2.58 A, respectively, a CO; intermediate (LH-MS2,
Fig. 21) was formed. LH-MS2 is 0.29 eV (AG = 0.10 eV) more
plausible with respect to LH-FS1. In this sense, the formation
of CO; is inevitable in CO oxidation on FeGR, especially in
CO,-rich conditions and at low temperatures (Fig. 2m, insets).
In fact, the formation of negatively charged surface O species
(NCSOS) is quite common in CO oxidation. CO3; was reported
even on SACs supported on transition metal oxides, including
Pt;/Fe;0,4, where CO oxidation is reported to go through Mars-
van-Krevelen pathways with the involvement of surface lattice
oxygen.®’® On that pathway, the regeneration of surface lattice
oxygen with gaseous O, may also lead to formation of NCSOS.
We proposed that these NCSOSs account for the formation of
surface carbonate species. Formation of CO; was also reported
on transition metal oxides, such as RuO,, that are highly
reactive for CO oxidation.’ Therefore, the proposed mechanism
for CO; formation is rather general and relevant to previous
experimental findings on various SACs as well as for supported
transition metal nanoparticles and oxides.

The evolution of carbonate species was further investigated
(Fig. 3). The direct thermo-driven dissociation of carbonate
(LH-MS2, Fig. 3a) can be considered as the reverse reaction to
the formation reaction (LH-FS1 — LH-MS2, Fig. 2). As LH-MS2
is more plausible than the van der Waals complex formed by
CO, and the remnant O (LH-FS1), the dissociation of LH-MS2 to
LH-FS1 may experience a rather high AE; of 0.75 eV and a AG,
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Fig. 3 Potential reaction species (a—l) on pathways for the evolution of CO3 species and the corresponding (free) energy profiles (m). The C, Fe and O
atoms are shown in brown, gold and red, respectively, in (a—l). The species (a—|) were noted with bracketed letters in (m), and their (free) energies were
calculated by taking those of O,/FeGR (Fig. 2a) as zero. In (m), the (free) energies of the reaction species along potential reaction pathways, namely
thermo-driven dissociation, evolution with CO present, evolution with CO as an ancillary ligand, and coadsorption of O, are shown in dark yellow, blue,

purple, and orange, respectively.

of 0.68 eV.>* Therefore, thermo-driven dissociation of carbonate
would be demanding. Furthermore, considering that the
desorption of CO, would be in equilibrium with the adsorption,
while the van der Waals complex of CO (LH-IS2) is also not as
plausible as LH-FSla, the subsequent reactions along the
conventional revised Langmuir-Hinshelwood pathway would
be highly dependent on the reaction conditions and would be
constrained at low temperatures or with high Pco, (Fig. 2 and 3).

In LH-MS2, Fe was not fully coordinated with 3 interfacial C
and 20 of CO; in a distorted polyhedral. Further interaction
with reaction species, such as CO or O,, would be possible in
the reverse direction to the interfacial Fe-C bond and nearly
vertical to the distorted planar CO; structure (CO3-MS1,
Fig. 3b). The calculated E,4q of CO on LH-MS2 is —0.13 eV and
AG is 0.49 eV at 298 K when Pco is 0.01 atm, suggesting high
activity of the adsorbed CO.*>**> In CO3-MS1, the C=0 bond
extends to 1.15 A and the C=O0 stretching frequency shifts to
2030 cm !, showing the considerable activation of CO. This is
in good agreement with the charge density redistribution
between CO and Fe and the significant downshift of the CO
molecular states from the Fermi level on the DOS (Fig. 4a,
middle and right panel). Specifically, the DOS peaks of the CO
50 state are even downshifted to right above those of CO 1.
Resonance of the CO states with the O states is also observable
in the energy range from —8.0 to —4.0 eV (Fig. 4a, right panel).
As for the CO; moiety, it binds Fe through 20 that are —0.21 and
—0.19 |e| charged at distances of 2.00 and 2.12 A, respectively.

This journal is © the Owner Societies 2021

The differences in electronic structure between LH-MS2 and
CO3-MS1 suggest that the interaction between CO and O(Fe) is
already initiated upon CO adsorption.

Driven by the electrostatic interactions, CO moves to react
with O(Fe). In the corresponding transition state (CO3-TS1,
Fig. 3c and 4b), the C-O distance in CO remains at 1.16 A,
but the O(Fe)-C(CO) distance decreases from 2.76 to 2.08 A;
meanwhile, the O-C(CO)-O(Fe) angle also decreases from 132°
to 117°, showing the tendency for formation of C(CO)-O(Fe)
bond and variation of the hybridization state on C(CO) (Fig. 3c
and 4b). Accompanying the structure change, the charge transfers
among the CO, Fe, O(Fe) and CO; moieties are significant (Fig. 4b,
middle panel). The Fe, CO and O states are obviously downshifted
to achieve better matching in energy (Fig. 4b, right panel),
indicating that the C(CO)-O(Fe) interactions are maturing.
Specifically, the DOS peaks of the CO molecular states originating
from the CO 1 and 50 states in the range from —8.0 to —5.0 eV
are downshifted by ~1 eV and further split into 5 peaks to
resonate with both the Fe-d and O(Fe) states (Fig. 4b, right panel).
The calculated AE, and AG; values at 298 K are 0.29 and 0.36 €V,
respectively.

In the exothermic process from CO3-TS1, the C(CO)-O(Fe)
interaction was further strengthened at the expense of
weakening of the C-O and O-Fe interactions, as evidenced by
the decrease of the C(CO)-O(Fe) distance to 1.36 A and the
elongation of the C-O and Fe-O distances to 1.48 and 2.73 A,
respectively. It should be noted that one of the O-Fe bonds is

Phys. Chem. Chem. Phys., 2021, 23,10509-10517 | 10513
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Fig. 4 Structures (left panel), isosurface plots of charge density difference (middle panel) and densities of states (DOS) of the reactant (CO3-MS1, a),
transition state (CO3-TS1, b) and intermediate (CO3-MS2, c) on the pathway for evolution of COs species. C, Fe and O atoms are shown in brown, gold
and red, respectively. The charge accumulation and depletion regions are shown in yellow and light blue, respectively, and the isosurface values are
+1.0 x 107% a.u. In the right panel, the DOS curves of Fe, CO and O(Fe) are plotted in black, red and blue, respectively.

activated and attached to C(CO), and CO is thus inserted into
the CO; moiety, forming quasi-planar C,0, interacting with the
Fe center (CO3-MS2, Fig. 3d and 4c). Charge transfer among Fe,
the CO; moiety and CO is also apparent, confirming the
variation of the hybridization state on C(CO) accompanying
the structure reorganization after CO3-TS1 (Fig. 4c, middle
panel). The DOS peaks of the CO states are shifted to lower
energy levels, and some empty states even cross the Fermi level,
falling in the range from —9.0 to —5.0 eV. There is an apparent
doublet below —8.0 eV, a peak with shoulder centered at ~—7.0 eV,
and 2 peaks at —6.0 and —5.0 eV, respectively (Fig. 4c, right panel).
These can be attributed to charge transfer and variation of the
hybridization state on C(CO). Formation of CO3-MS2 is exothermic
by 0.27 eV, and the corresponding AG is —0.22 eV at 298 K.

One unexpected feature of CO3-MS2 is an ultra-long C-O
bond of 1.48 A with a C-O stretching frequency of 795 cm™".
CO3-MS2 can be considered as an adduct of 2 adsorbed CO,
molecules. In CO3-MS2, 1 CO, coordinates with Fe through C
(0.14 |e| charged) and uses the negatively charged O (—0.09 |e])
as a Lewis base site to bind the positively charged Lewis acidic
C (0.22 |e]) of another CO, that binds Fe via negatively charged
O (—0.18 |e|). Therefore, dissociation of CO3-MS2 by scission of
the ultra-long C-O bond and ripening of the C=0O bonds to
form 2 adsorbed CO, would be rather facial. As expected, the
calculated AE, and AG; values for the dissociation of CO3-MS2
are both 0.01 eV (CO3-TS2, Fig. 3e), leading to the formation of
2 adsorbed CO, (CO3-FS1, Fig. 3f). In CO3-TS2, the unusual
C-0 bond is further distorted to 1.58 A, while the Fe-C and
Fe-O distances increase to 2.01 and 1.94 A, respectively,
showing the tendency for scission of the C-O bond and weakening
of the Fe-C and Fe-O interactions to form 2CO,. In CO3-FS1, the
CO, formed from CO is interacting with Fe at an O-Fe distance of

10514 | Phys. Chem. Chem. Phys., 2021, 23, 10509-10517

2.13 A and an Fe-O-C angle of 178.7°; meanwhile, the CO,
originating from CO; is nearly in plane with the other CO,, vertical
to the graphene plane at a Fe-O distance of 3.50 A. The charges on
the C and 30 atoms of the CO; moiety as well as the O and C
atoms of CO change to 0.23, —0.21, —0.18, —0.10, —0.16 and
0.16 |e|, respectively, from 0.22, —0.23, —0.18, —0.09, —0.16 and
0.15 |e|, respectively, in CO3-MS2, and they change further to 0.31,
—0.10, —0.09, —0.08, —0.10, 0.32 |e|, respectively, in CO3-FS1; this
indicates that Fe is being reduced while the C atoms transfer
charge to O atoms and become oxidized in this process.

It should be noted that AG for CO3-MS1 formation and
further evolution are more significant compared with that for
the dissociation of C,0,. Due to the heterogeneous nature, the
calculated AG for CO3-MS1 formation depends strongly on Pgo
and temperature; however, this correlation for AG, at CO3-TS1
is negligible (Fig. 3m, insets). In this sense, low temperature
and a reasonable Pgo are favored for CO adsorption and may
promote the population of CO3-MS1 as a surface species for
further evolution through CO3-TS1 to CO3-FS1.

The evolution of LH-MS2 on FeGR with CO as an ancillary
ligand was also investigated. Compared with the direct thermo-
driven decomposition of LH-MS2 with AE, and AG, values of
0.75 and 0.68 eV, respectively, the calculated AE, and AG;
values are 0.79 and 0.72 eV, respectively. In the corresponding
transition state (CO3-TS3), the CO; moiety is significantly
distorted, with extended C-O and O-Fe distances of 1.90 and
2.48 A, respectively, and a deformed O-C-O angle of 151.5°,
clearly showing the tendency for dissociation of CO; and
detachment of a CO, molecule. Following CO3-TS3, the distorted
CO, part moves far from the remnant O and ripens to form a
CO,, leaving a CO coadsorbed with the remnant O atom at the Fe
center (CO3-MS3). The AE and AG values between CO3-MS2 and

This journal is © the Owner Societies 2021
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CO3-MS3 are 0.24 and 0.09 eV, respectively, and the instability of
CO3-MS3 can be attributed to the high reactivity of the adsorbed
CO and O. The subsequent reactions would proceed with
desorption of CO, (CO3-MS4, Fig. 3i) and the combination of
coadsorbed CO and remnant O by passing a transition state with
AE, and AG; of 0.12 and 0.06 eV, respectively, at 298 K (CO3-TS5,
Fig. 3j), forming another CO, (CO3-FS2, Fig. 3k). Considering the
rather high AE, and AG, with CO as an ancillary ligand, the
contribution of the reactions along this pathway to the reaction
kinetics would be similar to that of the direct thermo-driven
dissociation of LH-MS2. The potential adsorption of O, at
LH-MS2 was also investigated. However, the small E,4 (—0.02 eV),
positive AG for O, adsorption (0.60 eV) and long O(O,)-Fe distance
(3.88 A) suggest that coadsorbed O, may not impact the further
evolution of CO; species. Therefore, we did not consider the
reaction pathways initiated with CO3-MS5 (Fig. 31 and m) further.
From the above analysis of various potential reaction pathways
and reported experimental findings, CO oxidation over FeGR
would initiate with the formation of coadsorption of CO with
preadsorbed O, and proceed through formation and dissociation
of peroxide species along the conventional revised Langmuir-
Hinshelwood pathway, leading to LH-FS1 (Fig. 2f). High reaction
temperature promotes both peroxide dissociation and CO,
desorption, leading to LH-FS1a (Fig. 2g and m), in which the Fe
center can either be reduced with gaseous CO or react with CO, to
form CO; (Fig. 2l). According to the reaction thermodynamics,
formation of COj; species is inevitable in CO oxidation conditions
and would compete with CO, desorption and subsequent
reduction of the Fe center, especially in conditions with low
temperatures and high Pco_ (Fig. 2m). Furthermore, CO adsorption
and incorporation into CO; species was proposed in this work for
the evolution of CO; species on FeGR and is plausible, involving
the formation and dissociation of C,0, to adsorbed CO,. Although
this pathway is reaction condition-dependent (Fig. 3m), it will, at
least, act as a supplement to the conventional revised Langmuir-
Hinshelwood pathway that is the dominant pathway at high
temperatures for CO oxidation over SACs, and it will contribute
positively to CO conversion, especially at low temperatures.

4. Conclusions

We extended the CO oxidation reaction network on FeGR by
extensive first-principles-based calculations. FeGR-catalyzed
CO oxidation initiates with a conventional revised Langmuir-
Hinshelwood pathway through CO-assisted scission of the O-O
bond in peroxide species. We propose that CO; forms from CO,
and NCSOS, even on SACs. This pathway competes with the
desorption of CO, and the reduction of the Fe center with
gaseous CO, and it is exothermic and inevitable, especially at
low temperatures and with high Pgo,. Although direct dissociation
of CO; is demanding, further adsorption of CO on Fe in COj; is
plausible and takes place spontaneously. A new pathway for the
evolution of CO; involving a reaction between adsorbed CO and
CO;, forming a cyclic-carbonate-like species that dissociates easily
to CO,, was proposed. This newly proposed pathway for CO;

This journal is © the Owner Societies 2021
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evolution would compete with the conventional revised
Langmuir-Hinshelwood pathway and contribute positively to
CO conversion, especially at low temperatures. These findings
highlight the reaction condition-dependent formation and
evolution of carbonate species as well as its contribution to CO
conversion, and it may extend the understanding of the catalytic
performance of SACs in low temperature CO oxidation. Further
investigations on the reaction kinetics and factors that may
promote the evolution of carbonate species would be vital to
improve the performance of existing SACs and for the design of
new ones with superior performance for CO oxidation.
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