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ABSTRACT: Although substantial advances have been made in a few reactions of
industrial significance over single-atom catalysts (SACs), the origin of the superior
catalytic performance, the nature of the active sites, and the reaction pathways are
still the subject of debate. Even for CO oxidation over SACs on nonreducible
substrates, the understanding is limited. We investigated the performance of Pd
atoms monodispersed on graphene (PdGr) in CO oxidation. Combining first-
principles-based thermodynamics calculations and microkinetics modeling, we
showed that the positively charged PdGr can exhibit a rather high low-temperature
activity in CO oxidation. Under reaction conditions, the Pd atom binds strongly
with O2, acting as the reactive species to convert CO. A comparison of the
conversion rates of steps along different potential reaction pathways provides direct evidence that CO oxidation mainly proceeds
through revised Langmuir−Hinshelwood pathways, and the dissociation of the peroxide intermediate (O−O−CO) is the rate-
limiting step. The predicted catalytic performance was attributed to the specific electronic structure of PdGr with the positively
charged Pd on graphene monovacancy exposing sp-type frontier states. We expect these findings to help in understanding the
performance of SACs and to guide the design and fabrication of SACs with superior catalytic performance.

KEYWORDS: single-atom catalysis, CO oxidation, Langmuir−Hinshelwood, microkinetics modeling, first-principles

1. INTRODUCTION

Low-temperature catalytic conversion of carbon monoxide
(CO) to carbon dioxide (CO2) via oxidation is one of the key
parts of several chemical processes of industrial significance,
including CO removal by preferential oxidation in H2-rich
stream for fuel cell applications,1−4 control of toxic contents in
the exhaust gas from combustion engines and automobiles,5,6

and so forth. Though noble-metal catalysts, including Pt,7−15

Pd,16−23 Rh,24,25 Au,26−29 Ir,30,31 and so forth, are highly active
in CO oxidation, they are expensive, and their performances
are strongly dependent on the reaction conditions.9,12,32

Considerable attention has been devoted to develop novel
CO oxidation catalysts efficient at low temperatures.31,33,34 For
a more profitable use of noble metals, fabrication and
application of noble metal-based single-atom catalysts
(SACs) have become a new area of focus in the field of
catalysis.29,35−37 Since its rise to prominence, graphene was
proposed as a catalyst support because of its large surface area,
superior mechanical and chemical properties, and so
forth.38−40 Recently, various graphene-derived SACs have
been fabricated41,42 and proved to be efficient for electro-
catalysis,43−45 olefin hydrogenation and dehydrogenation,46−52

arene oxidation,53−55 and CO oxidation.56−59

Though substantial advances have been made in a few
reactions of industrial significance over SACs, the origin of the
superior catalytic performance, the nature of the active sites,

and the reaction pathways are still under hot debate. Such
concerns exist, especially in the field of SACs over non-
reducible supports, such as Al2O3, graphene, and graphene-like
two-dimensional (2D) materials. Several mechanisms have
been proposed for CO oxidation over supported SACs. On
SACs over a reducible oxide support, CO oxidation may
proceed through a Mars−van-Krevelen pathway, where CO is
first oxidized by the O atom of the support and then the
reduced support is reoxidized by O2.

34 Alternatively, the
nonreducible supports of certain SACs were proposed to
promote the adsorption of reaction species, facilitating the CO
oxidation at the metal−support interface.23,30 As graphene is
inert to both CO and O2, the reaction pathways of this kind are
also not applicable to graphene-based SACs.23,34 Apart from
these, because of lack of binding sites for CO, O2, and O atoms
from O2 activation, the conventional Langmuir−Hinshelwood
(LH) and Eley−Rideal (ER) pathways would both be less
effective.60−62 Iglesia et al. investigated CO oxidation over
well-defined Pt nanoparticles, and they suggested that the CO
oxidation may proceed through a revised LH (rLH) type of
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pathway with a CO-assisted O2 dissociation, leading to a
peroxide species that decomposes to form CO2 and
chemisorbed O.63 Feng et al. proposed that this is the pathway
for CO oxidation over Au1/graphene SAC.56 On the other
hand, Landman et al. suggested that the carbonate species
(CO3) would be dominant because its formation is more
plausible than other alternatives, and this was assumed by
Allard et al., Narula et al., and Moses-DeBusk et al. in their
investigations on CO oxidation over Pd/Al2O3 and Pt/Al2O3
SACs.21,23,64 However, the potential formation of the peroxide
species still could not be ruled out.21 The recent in situ
investigation on CO oxidation over Pt/Al2O3 SACs by Newton
et al. ascribed the observed superior catalytic performance to
the “CO3” species at high frequencies (∼1690 cm−1).12 These
findings highlight the superior CO catalytic performance of Pd-
and Pt-based SACs, but the detailed reaction pathways still
remain a mystery in the absence of understanding the
mechanism.
Apart from the rLH mechanism explored by Iglesia et al.63

and Feng et al.56, several alternative pathways were also
proposed theoretically for CO oxidation over 2D SACs. Chen
et al. proposed that over Fe1/graphene, the approaching CO
may facilitate O2 dissociation by forming CO3 species and that
the reaction would proceed through an ER-type pathway
(ER2), with the CO3 dissociation as the rate-determining
step.57 Lin et al. proposed that CO oxidation over Co1/h-BN
may proceed through an alternative ER mechanism (ER1) by
direct formation of CO2 from the adsorbed O2 and CO and
reduction of the metal site by gaseous CO.65 Yang et al.
proposed that CO oxidation may proceed through the
formation and dissociation of an OCOAuOCO species formed
by multiple preadsorbed CO and gaseous O2 [trimolecular ER
(TER)] over Au1/h-BN.66 A similar trimolecular ER
mechanism was also proposed for Pd-based SACs.67 Though
the predicted performances of these SACs for CO oxidation
were excellent according to the reported activation energies, it
is still meaningful to develop tools to correlate these properties
with the reaction kinetics under conditions relevant to the
experiment.
Pd is regarded as the most Pt-like metal and is capable of

overcoming CO poisoning through the direct pathway,68

especially when deposited over a carbon support as the

cathode material in fuel cells using formic acid69,70 and
alcohols.70−72 Stimulated by previous works, we theoretically
explored the reaction network for CO oxidation over PdGr
that was recently synthesized and tested in butyldiene and
acetylene hydrogenation.49,52 We used first-principles-based
thermodynamics calculations, capable of overcoming the
“pressure” and “temperature” gaps, to describe the relative
stability of surface species and the reaction thermodynamics.
Microkinetics simulations were also performed to distinguish
the dominant reaction pathway and to predict the performance
under experimental relevant conditions. We expect these
findings will help in rationalizing the current knowledge on the
catalytic performance of SACs.

2. THEORETICAL METHODS

All first-principles-based calculations were performed using the
Perdew−Burke−Ernzerhof functional within the generalized
gradient approximation with the DSPP pseudopotential as
implemented in DMol3.73−78 Transition states (TSs) were
located through the synchronous method with conjugated
gradient refinements and confirmed by the frequency
analysis.79,80 The population analysis was performed with the
Hirshfeld scheme.81 Within the above methods, the calculated
bulk lattice parameters of Pd and graphene are 4.04 and 2.46
Å, respectively.82,83 In the microkinetics simulations, the
adsorption of gaseous molecules was treated with an early
gaslike TS, and desorption of surface species was assumed to
be in equilibrium with adsorption.84−86 The rate constants of
surface reactions were calculated in an Arrhenius form, as
established in the TS theory according to the first-principles-
based statistics and thermodynamics.87 The apparent activa-
tion barrier at each condition was calculated by fitting the
Arrhenius plots (ln(reaction rate/s−1) ≈ (1/T) curves).88 The
microkinetics simulations were performed by numerically
solving the differential chemical master equation system
based on the reaction network with MATLAB software. The
steady state was determined by evaluating the evolution of
surface species coverage with respect to time. Further details
concerning the theoretical methods and models can be found
in the Supporting Information.

Figure 1. Top (left panel) and side (insets in the left panel) views of the calculated atomic structures and temperature dependence of the Gibbs
free energies (ΔG, right panel) for the potential reaction species formed over PdGr in CO oxidation. ΔG was calculated with respect to
monovacancy graphene and Pd atom at PCO = 0.01 atm and PCO/PO2

= 1:1.
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3. RESULTS AND DISCUSSION

3.1. Thermodynamics Considerations. Our investiga-
tion started with the thermodynamics calculations to under-
stand the stability of potential reaction species under
experimental CO oxidation conditions. We calculated the
formation Gibbs free energies of all potential reactants at
various temperatures (T) at PCO/PO2

= 1:1 and PCO = 0.01 atm
(Figure 1, Table S1), which are conventionally used to
characterize the CO oxidation performance of a catalyst.89

The calculation suggests that the replacement of a sp2 C
atom by a Pd atom (PdGr, Figure 1a, Eb = −5.43 eV) is
thermodynamically more favorable by more than 4 eV than the
adsorption of a Pd atom on pristine graphene (Eb = −1.10 eV)
because of the possible interactions between Pd and the
graphene monovacancy. In PdGr, the Pd−C distances are
∼1.96 Å, and Pd is calculated to be positively charged by 0.53 |
e|. These findings are in good agreement with the reported X-
ray photoelectron spectroscopy of Pd atoms dispersed over
graphene and N-doped graphene, where the Pd atoms are
confirmed to be positively charged and undercoordinated
reaction centers.49,90 According to the calculated ΔG of the
potential reaction species (Figure 1, right panel), O2 adsorbed
on PdGr (Figure 1b, Ead = −1.05 eV) was found to be the most
plausible species at temperatures ranging between 250 and 450
K. Here, O2 lies immediately on top of Pd, with the stretched
O−O bond (1.34 Å) parallel to one pair of C atoms directly
bonded to Pd, and interacts with Pd through states of t2g
symmetry. The Hirshfeld charge on Pd is 0.56 |e|, and the spin
is mainly localized on the O atoms. Reactants, such as CO,
prefer to form σ−π interactions with transition metals, and this
is also valid for PdGr. The ΔG curves (Figure 1j) of CO
adsorption (Figure 1c, Ead = −0.83 eV) and CO + O2
coadsorption (Figure 1d, Ead = −1.53 eV) stand right above
that of O2 adsorption and are negative from 250 to 450 K and
intersect each other at ∼330 K, showing that CO + O2 may
form from the O2 adsorption structure via coadsorption or
ligand exchange. As for the other coadsorption species, such as
coadsorption of 2 CO, 2 O2, 3 CO, and 2 CO + O2 (Figure
1e−h), and other reaction species, such as the van der Waals
complexes formed between adsorbed O2 and gaseous CO
(Figure 1i), and so forth, the ΔG curves are much higher in
energy than those for O2, CO, and CO + O2 (Figure 1j).

Though these species may potentially exist, their coverage
would be much lower than those for O2, CO + O2, and CO,
and they would evolve into more stable species by ligand
desorption or exchange. Our results from standard first-
principles-based calculations (Figure 1) and also with the
consideration of van der Waals interactions (Figure S1,
Supporting Information) clearly indicate that the O2
adsorption over PdGr (Figure 1b) is the most plausible
reaction species in the 250−450 K temperature range under
CO oxidation conditions. We also investigated the impact of
CO and O2 chemical potential on the relative stability in terms
of ΔG of these reaction species by varying the CO and O2
partial pressure in the range of 0.01−0.2 atm in the same
temperature interval (Figure S2, Supporting Information).
Though the calculated values of ΔG of these identified major
reactants, namely, O2, CO, CO + O2, and 2CO (Figure 1b−e),
may shift due to the variation of reaction conditions, O2
adsorption is still the most plausible, considering that the ΔG
curves of CO and CO + O2 remain right above that of O2. This
is in reasonable agreement with the experimental finding that
the active reaction species in CO oxidation on atomically
dispersed transition metal over various substrates is positively
charged or even oxidized metal atoms.12,21,22,64,91 The
calculated stretching frequency of CO (Figure 1c) is slightly
red-shifted from that of gaseous CO, that is, from 2143 to 2128
cm−1, and further shifted to 2125 cm−1 in CO + O2 (Figure
1d), confirming the positively charged nature of the atomically
dispersed Pd atoms. Similar red shifts of the CO stretching
frequency have been reported for CO oxidation over Pd- and
Pt-based SACs and nanoparticle catalysts.7,9,12,21,63,64,92 As the
proposed model (Figure 1a, PdGr) has provided consistent
evidence for the positively charged nature of PdGr, we moved
on to investigate its performance in CO oxidation.

3.2. Determination of the Reaction Network. We
considered the aforementioned reaction pathways, namely,
rLH, ER1, ER2, and TER, as the potential reaction pathways
for CO oxidation. We focused on the pathways initiating from
O2 adsorption and referred this structure as LH-ISA (Figure
2a). We treated the other pathways, such as TER, as starting
with the ligand-exchange reaction between gaseous CO and
adsorbed O2. The optimized structures and corresponding
(free) energy profiles of the reaction species for the rLH
pathway at 298 K are shown in Figure 2.

Figure 2. Optimized structures of the reaction species involved, including reaction intermediates, TSs and products (a−i), and (free) energy
profiles (j) for CO oxidation over PdGr through the rLH pathway. In (a−i), the C, O, and Pd atoms are in brown, red, and silver, respectively. In
(j), the bracketed letters correspond to the structures shown in (a−i). All energies are calculated with respect to LH-ISA (a).
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3.2.1. rLH Pathway. The rLH pathway for CO oxidation
can be described as the sequence of elementary steps shown in
Figure 2. As Pd in LH-ISA is not fully coordinated, CO may
coadsorb with O2 (LH-IS1, Figure 2b) with the CO in plane
with one of the Pd−C bonds perpendicular to the O−O bond.
According to the calculated ΔG (Figures 1 and 2j), the
formation of LH-IS1 is only 0.21 eV less plausible than that of
LH-ISA. The small endothermicity can be attributed to the
repulsive interaction between coadsorbed CO and O2, whereas
the calculated Ead of CO is −0.48 eV with respect to LH-ISA,
about 0.35 eV less than Ead of CO in Figure 1c. Considering
the large exothermicity for the formation of LH-ISA (∼−5.5
eV), LH-IS1 may exist but with a smaller population. Further,
variation of ΔG from LH-ISA to LH-IS1 also suggests that the
formed species would be active for subsequent reactions.92

Driven by the electrostatic interaction between O(O2) and
C(CO) (with partial charges of 0.12 and −0.14 |e|,
respectively), the C(CO) atom moves to interact with
O(O2). By crossing a TS (LH-TS1, Figure 2c), where the
O−C distance is decreased from 2.99 Å in LH-IS1 to 2.81 Å, a
peroxide intermediate (LH-MS, Figure 2d) is formed. The
calculated energy and free-energy barriers for the formation of
LH-MS are 0.42 and 0.21 eV, respectively. The newly formed
C−O bond stabilizes the reaction product and makes the
formation of LH-MS slightly exothermic (ΔG = −0.09 eV)
with respect to LH-IS1. In LH-MS, the O−O distance of 1.50
Å and the O−O stretching frequency of 811 cm−1 are both
typical of O−O bonds in peroxides.93 The CO stretching
frequency in LH-MS was calculated as 1754 cm−1, which falls
in the higher range of experimentally reported values.12,21,64

Because of the instability of the peroxide O−O bond, LH-MS
undergoes dissociation and a CO2 molecule is formed (LH-
FS1, Figure 2f) by charge reorganization within the newly
formed C−O bond (LH-TS2, Figure 2e). When going from
LH-MS to LH-TS2, the CO distance retains the value of
1.22 Å, whereas the O−O and Pt−C distances elongate from
1.50 and 2.15 Å to 1.88 and 2.33 Å, respectively, and the C−O
distance is shortened from 1.37 to 1.25 Å, showing the
tendency for breaking the O−O bond and reorganizing the
structure to form CO2. Accompanying this structure change,
charge is accumulated on C and 2 O(O2) atoms, as evidenced
by the calculated increase of Hirshfeld charges on the C and 2

O(O2) atoms from 0.03, −0.08, and −0.25 |e| in LH-MS to
0.10, −0.10, and −0.30 |e|, respectively, in LH-TS2. This
charge accumulation is further enhanced in LH-FS1 where the
charges on C, O(CO2), O(Pt), and Pt are 0.27, −0.14, −0.48,
and 0.58 |e|, respectively, implying the subsequent oxidation of
Pd in this process and the weak binding of CO2 to the PdO
center. This is in agreement with the calculated Ead of CO2 in
LH-FS1 of only −0.08 eV.
According to the rLH pathway for SACs, the subsequent

reaction may proceed with the formation of the van der Waals
complex between gaseous CO and O(Pt) (LH-IS2, Figure 2g).
The calculated ΔE and ΔG between LH-FS1 and LH-IS2 are
only 0.06 and 0.34 eV, respectively. The electrostatic
interaction between positively charged C(CO) (0.05 |e|) and
the 0.41|e| negatively charged O(Pt) stabilizes LH-IS2 and
initiates the subsequent reaction by an induced charge transfer
from 5σ, the highest occupied molecular orbital (HOMO) of
CO, to π*, the lowest unoccupied molecular orbital (LUMO)
on O(Pt). CO moves toward O(Pt) in this process to reach
the TS (LH-TS3, Figure 2h), where the C−O(Pt) distance
decreases to 1.91 Å and the calculated Hirshfeld charge on C
and O(Pt) changes to 0.04 and −0.36 |e|, respectively,
indicating a charge transfer from CO to O for the formation
of the CO bond (Figure S3). By crossing the energy barrier
of 0.44 eV (LH-TS3), another CO2 is formed (LH-FS2, Figure
2i). As the calculated Ead of CO2 is only −0.08 eV, desorption
of CO2 would be easy even at room temperature.

3.2.2. Alternative Reaction Pathways. It is well accepted
that CO3 species (Figure S4) are formed according to ER types
of reaction pathways. Narula et al. proposed that the CO3
species are formed from coadsorbed CO and O2 (LH-IS1).

21

The calculated barrier for CO3 formation through this
mechanism is at least 1.22 eV. Previously, a barrier of 1.48
eV was reported for a similar mechanism of CO oxidation over
Pd/Al2O3 SACs.

64 As this barrier is much higher than Ead of O2
or CO, desorption would take place prior to CO3 formation;
therefore, we did not include this pathway into the reaction
network. We also investigated the CO oxidation through other
alternative paths, namely, the ER1 and TER pathways (Tables
1 and S2; Figures 3 and S5−S8). The conventional ER
mechanism for CO oxidation over metals requires the
adsorption and activation of one of the reaction species on

Figure 3. Reaction network for CO oxidation over PdGr. The reaction species appearing on ER1, TER, and rLH pathways are connected with dark
blue, orange, and purple lines, respectively, whereas the species shared by different pathways are connected by lines of joint colors. The names of
the surface species along each path are shown in red, whereas their abbreviated names in the microkinetics simulations are in light blue.
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the reaction site. Though O2 is activated upon adsorption on
PdGr, as evidenced by the elongated O−O distance (1.34 Å),
dissociation of O2 is still endothermic by 1.09 eV, with an
energy barrier of 2.09 eV, implying that the adsorbed O2 may
desorb prior to dissociation. This is similar to what happens on
pristine graphene where O2 is physically adsorbed and
graphene oxidation with O2 is a spin-restricted reaction with
high reaction barriers.94 Considering the thermostability of CO
+ O2 and O2 and 2O2 and the small barrier for LH-MS
formation (Figures 1 and 2), PdGr cannot effectively catalyze
O2 dissociation to oxidize the graphene substrate. As there is a
charge transfer from PdGr to O2 (−0.15 |e| on each O atom),
the HOMO and LUMO of adsorbed O2 are both 2π* orbitals,
whereas the HOMO and LUMO of CO are 5σ and 2π*
orbitals, respectively. For the reaction of gaseous CO with O2
adsorbed on PdGr to form CO3 species through the ER2
pathway, only the interaction between CO 2π* and O2 2π* is
symmetry allowed, which results in the unusual charge transfer
from O2 to CO. We confirmed this charge transfer by
calculating the charge-density difference for the CO3 formation
from CO and adsorbed O2 (Figure S4, Supporting
Information). To continue the reaction process along this
path, O2 has to dissociate into O atoms before the reaction
with CO through an endothermic process of 2.09 eV. This is
why the calculated reaction barrier along the ER2 pathway is
much higher than for the other pathways and is quite similar to
that for O2 dissociation. Therefore, CO oxidation along the
ER2 pathway57 was not considered in the reaction network.
We noticed that the interaction between CO 5σ and O2 2π*

orbitals is slightly plausible when the O−O(O2)−C(CO) angle
is about 130°; but in this case, the reaction may proceed along
the ER1 or the rLH pathway.65

3.3. Insights from Microkinetics Modeling and First-
Principles Data. A continuous flow reactor was built, and a
series of microkinetics simulations were performed based on
the aforementioned results from first-principles-based calcu-
lations and the TS theory (Figure 3, Tables S2−S5) to
distinguish the dominant reaction pathway and the rate-
determining steps under experimental conditions. The TSs of
the highest barrier on the ER1, TER, and rLH pathways are the
direct attack of gaseous CO to O2 (ER1-IS to ER1-FS, Figure
3), the dissociation of the OCOOCO intermediate (TER-MS
to TER-FS, Figure 3), and the dissociation of the peroxide
intermediate (LH-MS to LH-FS1, Figure 3), respectively
(Tables 1 and S3−S5).
The rates calculated at different reaction conditions (T, PCO,

and PO2
) for the three reaction pathways suggest that the rLH

one is dominant over 250−450 K, and high turn over
frequencies (TOFs) are possible for CO oxidation over PdGr
(Table 1 and Figure 4). The TER pathway is preferred over
the ER1 one, though their contributions to the overall reaction
rate and TOF are at least 106 smaller in magnitude than that of
the rLH pathway. A close look at the evolution of the surface
species coverage at T = 298.15 K, PCO = 0.01 atm, and PCO/PO2

= 1:20 (Figure S9a) shows that O2 adsorption (LH-ISA)
dominates the population of the surface species at the steady
state, whereas the peroxide species (LH-MS) ranks second and

Table 1. Calculated Reaction Barriers, Rate Constants, and Coverage of Rate-Determining Reaction Species and Reaction Rate
for the Rate-Determining Steps for CO Oxidation on PdGr through rLH, ER1, and TER Pathwaysa

T = 298 K, <keep-together>PCO/PO2
= 1:20,</keep-

together> PCO = 0.01 atm
T = 325 K, <keep-together>PCO/PO2

= 1:1,</keep-
together> PCO = 0.20 atm

reaction barrier (eV) kc c of RDSd re kc c of RDSd re

rLH Pathway
LH-IS1 → LH-MS 0.41
LH-MSb→ LH-FS1 0.72 3.20 × 102 8.63 × 10−5 2.76 × 10−2 3.13 × 103 3.16 × 10−4 9.89 × 10−1

LH-IS2 → LH-FS2 0.44
ER1 Pathway

ER1-ISb→ ER1-FS 0.73 4.89 × 101 1.13 × 10−12 5.55 × 10−11 2.15 × 102 5.16 × 10−11 1.11 × 10−8

TER Pathway
TER-IS → TER-MS 0.25
TER-MSb→ TER-FS 0.42 4.55 × 106 1.18 × 10−14 5.36 × 10−8 9.93 × 106 1.23 × 10−12 1.22 × 10−5

aThe nomenclature of reaction species is the same as those in Figure 2, S5, and S6. Please note that the ER1 pathway also goes through LH-IS2,
LH-TS3, and LH-FS2 after CO2 desorption from ER1-FS. bThe rate-determining species along each reaction path. cThe rate constant for the rate-
determining step along each reaction path. dThe coverage of the rate-determining species at the steady state along each reaction path. eThe reaction
rate along each reaction path at the steady state.

Figure 4. Variation of reaction rates with temperature at PCO = 0.01 atm and PO2
= 0.20 atm (a) and variation of the TOF with temperature at PO2

=

0.20 atm with different PCO/PO2
ratios (b). As the reaction rates along the TER and ER1 pathways are similar, they are enlarged in the inset of (a).
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the CO + O2 coadsorption structure (LH-IS1) ranks third.
This is in excellent agreement with the thermodynamics
analysis according to which LH-ISA is the most plausible
surface species in the temperature range from 200 to 450 K.
The high population of LH-MS can be attributed to the large
dissociation barrier to form CO2 and adsorbed O on Pd. On
the other hand, the high population of LH-IS1 is due to its
intrinsic thermostability as shown in Figure 1 and its crucial
position on the reaction pathways for formation of other
surface species (Figure 3). As the reaction proceeds, the
adsorbed atomic oxygen and bare PdGr (Figure 1a) are also
minor species on the surface. This is due to the fact that after
the dissociation of LH-MS, the adsorbed atomic oxygen may
quickly react with CO through a reaction barrier of only 0.44
eV. In this sense, the relatively poor coverage of LH-IS2 is not
only due to its low thermostability but also due to the fast
reactions involved. All surface species with significant coverage
belong to the rLH pathway. As for the other pathways, such as
ER1 and TER, although the reaction rate constants of the rate-
limiting steps (i.e., the dissociation of the OCOOCO
intermediate for TER and the direct reduction of adsorbed
O2 by CO for ER1) are much larger or similar to that for the
rLH pathway, the 106 lower coverage of the corresponding
surface species makes the contribution of these pathways to the
total reaction rate and TOF negligible (Table 1, Figure 4a). To
back up these findings, we also performed simulations under
the same reaction condition, starting with bare PdGr and PdGr
fully covered with CO (Figure S9b,c). Though starting with
different surface species, both the reactors reached the same
steady state according to the final coverage of the reaction
species. However, the detailed evolution processes on PdGr are
different according to the variation of surface coverage at the
beginning of the reaction. This suggests that there is no
potential CO or O2 poisoning taking place over PdGr because
of the high preference for O2 adsorption and, correlatively,
relatively weak CO adsorption. When exposed to gaseous
mixtures under reaction conditions, O2 adsorption may take
place to compete with CO adsorption through the formation
of a coadsorption structure or by ligand exchange or
desorption.
We note that the CO oxidation rate through the rLH

pathway is sensitive to and increases with the reaction
temperature. As LH-MS is the rate-determining species and
its dissociation is the rate-determining step on the rLH
pathway, the variation of free energy of LH-MS and LH-TS2
and the free-energy barrier for dissociation of LH-MS were
calculated (Figure S10). Obviously, ΔG of LH-MS is slightly
more sensitive and increases faster with temperature than that
of LH-TS2. This can be attributed to the instability of its
peroxide O−O bond that makes the free-energy barrier
decrease with the reaction temperature and partially
contributes to the increase of the reaction rate.
The TOFs at different PCO values were also calculated

(Figure 4b). As CO cannot compete with O2 for adsorption on
PdGr, the increase of PCO helps to increase the surface
coverage of LH-IS1 and leads to a high coverage of LH-MS
that directly impacts the total reaction rate and the TOF.
Specifically, an increase of PCO from 0.01 to 0.02 atm at 298 K
with PO2

fixed at 0.20 atm may lead to an increase of TOF from
0.05 to 0.11 s−1. This effect, together with the positive effect of
a temperature increase due to the intrinsic instability of the
peroxide, makes the TOF and reaction rate drastically increase

with PCO and temperature. An increase of the PCO/PO2
ratio to

1:1 and temperature from 298 to 325 K may lead to a nearly
40-fold increase of the TOF from 0.05 to 1.98 s−1. We also
performed the apparent barrier analysis under these two
conditions by fitting the Arrhenius plot, and the calculated
apparent barriers are 15.4 and 15.6 kJ/mol, respectively (Table
S6 and Figure S11). In this sense, the catalytic performance of
PdGr would be comparable with some of the reported SACs
for CO oxidation, such as Pt/m-Al2O3 (0.18 s

−1 at 525 K)9 and
Pt/θ-Al2O3 (0.19 s−1 at 525 K).64 Because we did not include
the formation and impact of the carbonate species into the
reaction network, we possibly underestimate the overall
catalytic performance of PdGr, considering the experimentally
justified promotion effect of carbonate in CO oxidation at low
temperatures.11,12

The CO stretching frequency was widely used to
investigate the mechanism of CO oxidation. However, because
of the strong light absorbance of graphene, there is less data for
diffuse reflectance Fourier transform (DRIFT) or in situ
infrared (IR) during CO oxidation over SACs or metal
nanoparticles supported on graphene. We tried to connect the
calculated results with the available DRIFT and in situ IR data
for CO oxidation over Pt/Pd SACs. The calculated CO
stretching frequency in LH-MS is 1754 cm−1. Previously, C
O stretching of 1700−1800 cm−1 was observed during CO
oxidation on CoOx/Al2O3, Pt/CeO2, and Pt/Al2O3 and was
assigned to the CO stretching frequency of species formed
with lattice oxygen or in aldehyde-related function groups
during CO oxidation.11,12,64,95,96 The present calculated value
is reasonable considering the coordination environment of the
lattice oxygen. For comparison, the CO stretching frequency
in the carbonate CO3 species potentially formed on PdGr
(Figure S3, Supporting Information) was calculated to be 1584
cm−1, in excellent agreement with previous suggestions that the
CO stretching frequency in the 1500−1700 cm−1 range
corresponds to the carbonate species. However, another recent
investigation based on the in situ vibrational spectrum showed
that there is potentially more than one kind of CO3
intermediate formed during CO oxidation over the Pt/Al2O3
SAC according to the observed broad vibration band from
1500−1730 cm−1. The detailed analysis showed that the CO
stretching at 1670 cm−1 corresponds to a reactive “CO3”
intermediate that cannot be assigned to conventional
carbonate on the Al2O3 substrate and accounts for the reaction
kinetics for CO2 evolution. The one observed at ∼1610 cm−1

can be attributed to the carbonates formed on Pt or Al2O3.
12

Though the CO stretching frequency is dependent on the
metal−support interaction and the exact form of the metal
species, the calculated CO stretching frequencies for
peroxide and carbonate species show a similar trend, and the
calculated CO stretching frequencies of the carbonate
species are usually lower than those of the unstable peroxides.
In this sense, we proposed that the peroxide species may
behave in the same way as the observed reactive “CO3” species
over PdGr.
Additional electronic structure arguments can further

corroborate and validate the predicted catalytic performance
of PdGr (Figure 5). We note that the Pd atom binds nearly
equally with the C atoms around the vacancy on graphene
(Figure 1a), and their interactions induce a strong charge
transfer (Figure 5, inset). The graphene defect states are down-
shifted to overlap with the Pd-sp and Pd-d states below the
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Fermi level (EF). Some Pd states are up-shifted by about 1 eV
to resonate with the C-sp states. This hybridization between
Pd and graphene defect makes the calculated EF of PdGr
higher than that of Pd(111), and the calculated work functions
of PdGr and Pd(111) slabs are 4.27 and 5.20 eV,
respectively.97−99 The lowered work function suggests that
PdGr may exhibit different affinity for CO and O2 as well as for
other reaction species, compared with conventional transition
metals (Figure 1, Table S1), and accounts for the thermo-
stability of the reaction species on the rLH pathway. As the
occupied frontier states of PdGr are mainly composed of Pd-sp
and C-sp (Figure 5), the charge transfer to bind O2 is more
favored than σ−π coordination with CO. This is consistent
with the thermodynamic analysis and microkinetics simulation
results that O2 adsorption is thermodynamically preferred over
CO adsorption (Table 1 and Figure 1) and explains the anti-
CO-poisoning feature of PdGr and the relatively superior
stability of the surface species on the rLH pathway. In this
sense, the superior catalytic performance of PdGr in CO
oxidation can be attributed to the specific electronic structure
of PdGr.

4. CONCLUSIONS
To connect the experimental observations with the theoretical
predictions on catalytic performance over graphene-supported
SACs, we investigated the thermodynamics and kinetics of CO
oxidation over PdGr. Combining first-principles-based ther-
modynamics calculations and microkinetics modeling, we
showed that a positively charged PdGr with sp-type frontier
states can exhibit a rather high low-temperature activity for CO
oxidation. Under reaction conditions, O2 binds strongly with
Pd acting as the major surface species to convert CO. We also
showed that the microkinetics simulation is an effective tool to
distinguish the dominant reaction pathways. CO oxidation
over PdGr mainly proceeds with the rLH pathway, with the
dissociation of the peroxide species as the rate-limiting step.
The reaction rate is strongly dependent on the thermostability
of the reaction species. The reaction rates along some

previously proposed pathways with even lower activation
energy are significantly slower as compared with the rLH
pathway because of the low surface coverage of the involved
species originating from their poor thermostability. In
conclusion, the predicted catalytic performance of PdGr can
be attributed to the specific electronic structure of PdGr
originating from the Pd−C interactions, with positively
charged Pd exposing sp-type frontier states. We expect that
these findings would help to understand the performance of
SACs and rationalize the design and fabrication of SACs with
superior catalytic performance.
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