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Abstract

First principles studies combined with the microkinetic analysis were performed to study the
reliability and reaction mechanisms of single-atom doped graphene (SADGr) materials in
catalyzing NOy reduction with CO. By screening the 3d transition metals (Sc-Zn) and group-
IV elements (Si and Ge), it was found that the Ti and Co doped graphene sheets (TiGr and
CoGr) respectively own excellent catalytic activities in the NO/NO,-to-N,O and the N,O-to-
N, processes at low temperatures. Therefore, the TiGr/CoGr composite can be a promising
catalyst in NOy reduction with CO. It was further revealed the combination of adsorption
energy and electronegativity was a good descriptor to predict the activation energies. The
obtained results can provide useful information for rational design of carbon-based single-

atom catalysts for NOx reduction by CO at low temperatures.

Keywords: Computational chemistry, Multiscale modeling, Gas purification, Nitrogen

oxides, Selective catalytic reduction

Introduction

Nitrogen oxides (NO,) emitted by industrial processes (e.g. chemical engineering,
thermal power and metallurgy) are crucial atmospheric pollutants, which affect the
global environment and endanger human’s health.!* Thereby, the reduction of NO, to
harmless N, is an important task for environmental protection. Currently, the selective
catalytic reduction (SCR) of by NH; is the most widely used technology to remove
NO,.** However, the import of nitrogen-containing reducing agent requires large
investments and causes corrosion of equipment. The leakage of NHj; also leads to the
secondary pollution.’ It has been noted that in some heavy industries both CO and NO,
are simultaneously generated in the flue gas.®’ Therefore, using CO instead of NH; to

reduce NOy has been considered as an attractive amino-free strategy to remove both
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harmful NOy and another important pollutant CO. Another advantage of using CO as a

reducing agent is the avoidance of carbon deposition and corrosion of equipment.®'°

38,11 12,13

To date, a series of catalysts based on noble metals and/or transition metals on
the substrates of metal oxides or zeolites have been applied as efficient NO, reduction
catalysts. However, the massive metal consumption makes them not sustainable in the
long run. Furthermore, such kinds of catalysts usually exhibit low performance in CO-
SCR at low temperatures (< 300 °C).'*!> Therefore, development of carbon based
catalysts with little or no metals for NO, reduction at low temperatures will have
important implications on satisfying the sustainable development theory.

Recent advances in nanotechnologies and material science enable researchers to
explore tremendous novel nanostructured catalysts of single-atom catalysts (SACs)
with extraordinary catalysis properties due to the 100% atom utilization efficiencies.'®
' Among them, the single-atom-doped graphene (SADGr) has become one of the
hotspots for the ease of access and harmlessness to the environment.?*?!
Experimentally, the SADGr materials have been reported as electrode materials and
thermal reaction catalysts.?”?> Theoretical studies based on density functional theory
(DFT) simulations have demonstrated that heteroatom-doped graphene has good
adsorption/dissociation ability for NO,.>**’” However, there have been no systematic
studies on carbon-based single-atom catalysts for NOx reduction by CO.

In this work, the feasibility and the possible mechanisms of NO, reduction with CO
catalyzed by graphene sheets doped by the 3d TM (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
and Zn) and group-IV (Si, Ge) elements were investigated through first principles
studies combined with the microkinetic analyses and molecular dynamics (MD)

simulations. It was found the Ti-doped graphene (TiGr) possessed the excellent

activity in NO reduction to N,O at 450 K, while the Co-doped graphene (CoGr)



exhibited effecitve conducive in N,O reduction. Both catalysts showed high stability
under the reaction conditions. Thereby, the TiGr and CoGr combo-catalysis could be
an efficient cadiadate for NO, reduction with CO at low temperatures. It is further
revealed the combination of gas adsorption energy and catalyst electronegativity is a
great descriptor for the free energy barriers of key steps in the catalytic reactions,

thereby providing a simple method for the design of SACs.

Computational methods

DFT simulation setup

The first principles calculations are performed within the framework of density functional
theory (DFT) using the Vienna ab initio simulation package (VASP).?® The reparametrized
Perdew—Burke—Ernzerhof (revPBE) functional is employed to calculate the exchange and
correlation energies,” combined with the Rutgers-Chalmers van der Waals Density
Functional (vdw-DF),* in order to more accurately describe the dispersion interactions
between the adsorbate and the surface. The wavefunctions are described by a plane-wave
basis set (Ecor = 450 eV) and the projected augmented wave (PAW) pseudopotential. A 4x8
supercell of graphene sheet (composed of 64 atoms) doped by one single atom is used as the
catalyst model with a 20 A vacuum distance to eliminate the periodic image interaction. In
the electronic structure calculation, the first Brillouin zone (BZ) is sampled by a 2x1x1
Monkhorst—Pack k-mesh, and only Gamma point is used in the ab-initio Molecular Dynamics
(AIMD) simulations. Structural optimizations are carried out until the maximum atomic force
is <0.01 eV/A. The localized 3d electrons correlation for transition metal in fourth period can
be generally described by considering on-site coulomb (U) and exchange (J) interactions.
Here, we applied the DFT + U calculations through the rotationally invariant approach®' with

the corresponding U — J values for Ti and Co shown in Fig. S2.



The climbing image nudged elastic band method (CI-NEB)* is employed to search for the
transition states and minimum energy paths (MEP) for the reduction reactions. The spring
force between adjacent images is set to 5.0 eV/A and images are initially optimized until the
forces on each atom are less than 0.10 eV/A. After that, the exact location of the saddle point
is found by refining the estimate with the dimer method,* and thereby the activation energy

barrier can be calculated. The criterion force for the transition state is also 0.01 eV/A.

The ab-initio molecular dynamics (AIMD) simulations, including annealing and
constrained MD, are also carried out to confirm the reaction paths from NEB calculations as
well as the stability of catalysts under reaction conditions. The timestep is 1.0 fs, and the
heating rate of annealing method is 0.1 K/fs. The potential of mean force (PMF) of
constrained MD is calculated for deriving the Helmholtz free energy surface, based on the
slow-growth method proposed by Michiel Sprik.** The collective variables (CVs) used to
explore the CO oxidation process are set as the difference between the distance of O*-D
(dopant atom) and the distance of C-O*. Generally, AIMD simulations for 5-10 ps are
performed to collect the mean force on the reaction coordinate (the O*-D distance minus the
C-O* distance) to obtain the CO oxidation free energy. The CVs of other processes are

explained in the figure captions.

The Gibbs free energy G(7T) of each state is estimated through G(7) = U(T) + pV — TS, in
which the zero-point correction (AZPE) and the pJ contribution of gaseous molecules at 1
atm are included in the free energy correction. The thermodynamic correction data are
obtained from the VASPKIT package.*® The adsorption free energy (AG.s) on the catalyst

surface is calculated by

A Gads = Gtotal - Gadsorbate o Gcatalyst ’ ( 1 )



where Guow, Gaasorbaes a0d Geaayse T€prEsent the total free energy, the free energy of isolated

atom/molecule, and the free energy of bare catalyst, respectively. Similarly, the formation

free energy AGy,.» of (NO),* is calculated by
AG,,..=G

form ™

total —nx Gmonomer-ads_ Gcatalyst: (2)

where Gyo is the free energy of isolated NO monomer. The reaction free energy (AG,) of one

process is calculated by
AG, =Gy~ Gy, 3)

where G;s and Grs denote the free energies of the initial and final states, respectively. The

activation free energy barrier (AG,) is estimated according to
AG,=Gs—Gy, (4)
where Grs and G5 denote the energies of the transition and initial states, respectively.

Functional benchmark.

In order to ensure accuracy and efficiency of the computational method in this work, the
cohesive/adsorption energies and magnetic moments of Group-IV elements (Si and Ge)
doped graphene and gas-adsorption structures on SiGr derived from three different
functionals (PBE, vdw-DF, and HSE06*) are compared. As listed in Table S1, the three
different functionals provide consistent magnitudes of cohesive/adsorption energies of Si/Ge/
O-doped graphene and adsorption structures. The calculated magnetic moments from the
vdw-DF and HSEOQ6 are also identical, but inconsistent to the PBE results (D2 and D3 in
Table S1). Since it is widely accepted the HSE06 hybrid functional is usually more reliable in
electronic structure calculation but too computational expensive for transition state

optimization, the vdw-DF functional is employed in all the subsequent calculations.

Microkinetic model



The steady-state microkinetic model is used to derive the surface concentrations of all
reaction intermediates to quantify the reaction rate contribution of each reaction step.
According to the collision theory, the reaction rate constant (k;) of the adsorption or collision

processes can be obtained through

. —AG,;

g .
ki=——
T 5)

where o is the average area of an active center, the same size of the SADGr unit cell (o =
1.68x10"® m?). The other parameters are the mass of the adsorbed molecule m,, the activation
free energy of reaction AG,; (If there is no energy barrier in the adsorption process, it is set as
0.), Boltzmann's constant kp, and the temperature 7. Based on the transition state theory, the

rate constant (k;) of the dissociation or desorption steps can be obtained by

k:kBT
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where /& denotes the Planck constant. The reaction equilibrium constant (K;) is calculated by

k, —AG,, +AG,,
K:;f: L bi,f bi,r
1 ki’r exP( kBT

e, (7)

where k;; and k;, respectively correspond to the rate constants of the forward and backward

reactions.

In the microkinetic simulation, the reaction temperature is set to 450 K, the total gas
pressure is set as 1 atmosphere, the content of NO and N,O is set as 1000 ppm, the content of
CO is set as 1%, and the content of CO, is set as 20%. In the case of varying the partial
pressures of NO and CO to study TiGr activity, the contents of the other gas components
remain unchanged. When studying the CoGr activity with varying CO partial pressure, the
NO content is set as 10 ppm. In the study the activity of TiGr in catalyzing the reduction of

N,O by changing the partial pressure of N,O, the NO and CO contents are set as 100 ppm and



10%, respectively. The details of microkinetic model for NO, reduction by CO are given in

the Computational methods section.
The microkinetic model of NO, reduction by CO
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where 0.+6,, +8(N0)2* +0, +6NOz +6(NO+O)* +8N20

is established, as shown by
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Based on the steady-state model, the generation and consumption rates of each surface

specie are equal, so the coverage of surface adsorbed species and the reaction rate of each

step can be obtained as

00 8, 98 o)

S =—r -1, +1, =0 NO - +r =0 N — =1, =0
at 1 6 8 at 1 2 5 61 2 3
90 . a0 . a0

O =p—r,+r,-1,=0 X e —r =0 00 —r -1 =0
at 3 4 7 8 at 4 5 81‘ 6 7

Results and discussion

Structures and stabilities of catalysts

In the last decade, numerous atom-doped graphene materials (e.g. B, N, O, Si, P, S, Fe,

Mo, Ag, etc.) have been experimentally synthesized,”***"* and it is worth noting that the

TM-SADGr models have been widely reported as electrochemical reaction catalysts by DFT
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researches.®*" For the low temperature NO, reduction, we build models of single-atom-doped
graphene (SADGr) by replacing a C atom with a single metal atom (Fig. 1(a)). Based on the
functional benchmark (see details in Computational methods and Table S1 in the supporting
information, SI), the vdw-DF functional exhibits a good balance between high accuracy and
moderate computational cost, thereby is employed in all calculations in the present work. As
shown in Fig. 1(b), the large cohesive energies respecting to both the defected graphene
(E(SiGr) = 7.83 eV; E(GeGr) = 5.96 eV) and the bulk forms of Si and Ge (AE(SiGr) = 3.48
eV; AE.(GeGr) = 2.48 eV) demonstrate the high thermodynamic stability of both Group-1V
elements doped graphene sheets. Similarly, except CuGr and ZnGr, all the other 3d TM-
doped graphene materials are also provided with significantly larger cohesive energies
relative to bulk forms (AE(TMGr)= 1.32~3.48 eV, TM = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni),
indicating such doped graphene materials are highly stable, which can be easily obtained by
deposition of dopant substances on defected graphene. In addition, the high stability of
SADGr materials in the reaction environment (T = 450 K) are further verified by the AIMD
simulations in the subsequent discussions of reaction processes.
Reaction mechanisms

Since the (NO), dimer firstly characterized by infrared spectroscopy, (NO), has
been widely found in gas-solid catalytic systems. Extensive studies also pointed out
the energy barrier for direct dissociation of NO molecule is greater than the barrier for
NO reduction with the assistance of other molecules or active species'**'. Here, the
reduction of NO on the surface of SADGr is found to adopt the similar NO
dimerization mechanism. As shown in Fig. 1(c), all reactions involved in the catalytic
reduction of NO, by CO can be divided into three cycles, where the red, blue, and
orange cycles represent the reduction process of NO to N,O (No. 1), the generation

and reduction processes of NO, to NO (No. 2), as well as the reduction process of N,O



to N, (No. 3), respectively. The 1* cycle includes four elementary steps, as shown by 1,
cycle includes steps vi, vii, and viii. It is worth noting that, depending on the activity
of catalyst, the step v can be respectively divided into v(i), where NO, dissociates and
forms the co-adsorption (NO+O)* on the dopant atom, and v(ii), where the co-
adsorption (NO+O)* is reduced by CO to NO* and CO,. Similarly, the step viii can be
divided into viii(i), where CO and O* form a co-adsorption structure of (CO+O)* first,
efficient catalyst needs to conduct at least one reaction cycle and avoid being poisoned
by other substances in the reaction environment.
NO, Reduction

Since the gas adsorption is the key step of in the whole reaction on catalyst surfaces,
we firstly compare the adsorption structures and free energies AG,q of all the gaseous
chemical species (NO, CO, (NO),, N,O, O, and NQO,) involved in the NO, reduction.
The values of AG,s are estimated by including the entropy of the gaseous and
adsorbed molecules, as well as the pV contribution (p = 1 atm) from the gaseous
molecules (see details in Computational methods). Fig. 2(a) displays AG.s (the
maximum absolute values) of some key adsorbed species in the catalytic reactions.
The magnitudes of AG.ss and adsorption structures of all the gaseous species are
respectively listed in Table S2-S6 and shown in Fig. S1, SI. Except for the GeGr
(AGus = 0.406 eV), NO can strongly adsorb on SADGr sheets (AGus = -0.45 ~ -1.53
eV). Depending on the properties of SADGr surfaces, the NO can adopt three kinds of
stable adsorption configurations: the N-adsorption (N,4O) structure, the O-adsorption
(NO,q) structure, and the lying structure with both N and O attached to the dopant

(NadO.4), as shown in Fig. S1(a-c). By contrast, the adsorbed CO can form only one
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stable configuration with the C atom pointing to the dopants (Fig. S1(d)). The relative
higher adsorption free energies of CO (AGu.s = -0.54 ~ 0.59 eV) indicate the
adsorption of CO is much less preferable than NO. The (NO), dimmer can also take
three alternative adsorption configurations on the dopant denoted by D1, D2, and D3,
as shown in Fig. SI1(f-h). D1 and D3 are the cis-(NO), species chemisorbed on the
doping atom in form of O,4NNO,4, and ON,4N,4O, respectively, while D2 is a trans-
(NO); specie in form of ON,NO,4. As shown in Fig. 2(a) and listed in Table S4, the
formation free energies of adsorbed (NO), dimers are generally in the order of AG(D1)
< AG(D3) < AG(D2). In addition, we also carried out the PBE+U calculations on the
adsorption of key species on TiGr and CoGr, which provide consistent adsorption
energies with the conventional PBE results, as shown in Fig. S2. Therefore, the
calculations in this work are performed without considering the on-site coulomb (U)
and exchange (J) interactions.
NO reduction

Although D1 is the most energetically stable adsorption structure of (NO),, its
formation requires the previously adsorbed NO monomer converting from the N,;O
structure to the relatively unstable NO,q4 structure. For adsorption processes, the energy
barriers of D1 formation are usually large (AG, = 0.26 ~ 1.05 eV), as depicted by the
energy profiles (black lines) in Fig. 3(a-h & k-I). On the other hand, D2 and D3 can be
spontaneously formed from the N,4O structure and transformed into each other under
thermal fluctuations. Therefore, D2 and D3 are kinetically favorable to form on the
SADGr surfaces (except CuGr and ZnGr). It is further found D2 and D3 can easily
dissociate into adsorbed O* and gaseous N,O through small barriers (for a
decomposition reaction, AG, = 0.28 ~ 0.88 eV, except for VGr, CrGr and MnGr), as

shown by the energy profiles (red lines) in Fig. 3(a-h & k-1). The thermodynamically
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optimal values of forward and backward AG, of (NO), decomposition are also
depicted in Fig. 2(c). The spontaneous formation of the (NO), on TiGr and SiGr
indicated by the nudged elastic band (NEB) calculations are further confirmed by the
ab-initio molecular dynamics (AIMD) simulations at 450 K (Fig. S3-S4). As shown in
Fig. S5, the AIMD simulations are performed to discuss the thermal stability of all 12
types SADGr catalysts in NO atmosphere at 450 K. It is found that except for the
escape of Zn atom from the defect of ZnGr during the simulation process, other
SADGrtr exhibits excellent stability in the NO atmosphere.

NO; reduction.

It is known NO, mixture usually contains a small amount of NO,, which can
competitively adsorb on the exposed dopant sites. In addition, NO,* can be easily
formed by adsorbing a NO molecule from the gas phase on the O* remained from
(NO), reduction or N,O reduction. As shown in Fig. S1(k-m), the adsorbed NO, can
adopt three alternative structures, named as NO,-adsl (O,4NO), NO;-ads2 (0,4N.4O),
and NO;-ads3 (0,NO.q), with large adsorption energies (AG.s = -0.28 ~ -2.30 eV,
Table S5). Thus, in order to prevent catalyst poisoning, removing NO,* from the
catalyst surface is crucial for NO reduction. The elimination of NO,* may follow two
possible paths: endothermic decomposition back to NO(g) and O*, or reduction by
CO(g) to NO* and COy(g). The process of NO,* reduction by CO demonstrates two
situations, as shown in Fig. 4. On the highly coordinatively unsaturated metal site (Number of
d electrons < 8), the adsorbed NO; is first decomposed into (NO+O)* co-adsorbed on the
same site (step v(i) in Fig. 1(c)), and then reduced by CO. This process requires NO,* to
undergo the NO,-ads2 configuration and break the N,-O, bond. However, on the dopants
with fewer empty orbitals, including CuGr, ZnGr, SiGr, and GeGr, NO,* is directly reduced

to NO* under the collision of CO without undergoing the dissociation process. It is
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worth noting that, on the SADGr surfaces (except ZnGr), the energy barrier of the
reverse reaction of step iv (AGy, = 0.04 ~ 1.30 eV) is smaller than the forward barrier
of step v (AGvr = 0.91 ~ 1.61 eV) as Fig. 2(c). So the NO,* tends to decompose into
NO(g)+0O*, which can prevent these catalysts from being poisoned by NO, and shift
the reaction to the easy process (O* + CO(g) — COy(g) +%).
N,O reduction

The product N,O in (NO), reduction can be further reduced to harmless N,. Among
the SADGr materials, MnGr and CoGr are found to possess very high activity for N,O
reduction, where N,O can strongly adsorb and dissociate to N,(g) and O* (step vi and
vii in Fig. 1(c)) without any barrier, as shown in Fig. 5. The spontaneous reduction
processes on both surfaces are also reproduced by the AIMD simulation (Fig. S6-S7).
Furthermore, VGr (AGus = -0.17 eV) and CrGr (AGus = -0.05 eV) show weak
attraction to N,O as listed in Table S6, forming the N,sNO structure with the N atom
approaching to the dopant. By contrast, the positive adsorption free energies indicate
N,O cannot stably adsorb on remaining SADGrt surfaces, where the reduction can only
occur through the ER mechanism. All the reduction barriers of step vi and vii are
shown in Fig. 2(c).
CO Oxidation

The remained O* atoms from the reduction of (NO), and N,O can strongly
chemisorb on the SADGr surfaces (4Gas = -0.27 ~ -2.76 ¢V, Table S6), leading to the
poisoning of catalytic sites. Thus, the next key step of catalytic reduction of NOy is to
employ CO to take away the adsorbed O atoms. The energy profiles of reaction paths
for CO oxidized by O* are shown in Fig. 6. It is found the formation of CO and O co-
adsorption structure ((CO+0)*) on the single-atom sites covered by O* (step viii(i) in

Fig. 1(c)) is energetically unfavorable, only except for ScGr, indicating the CO

13



oxidation with O* is usually following the ER mechanism. Furthermore, although VGr
and MnGr exhibit great activity in NO, reduction, the CO oxidations on both surfaces
are endothermic or slightly exothermic (AG, = 0.34 ¢V and -0.07 eV, respectively),
attributing to the formation of strong O-V and O-Mn bonds. As a result, it is difficult
to remove O* from both surfaces, leading to the poisoning of the catalysts. The CO
oxidation processes obtained from the NEB calculations are also confirmed by the
constrained AIMD simulations, where both the free energy surfaces and intermediate

structures of the CO oxidation reaction are well reproduced (Fig. S8-S19).

Microkinetic analysis

Based on the energy barriers obtained from DFT, we employ the transition state
theory and the steady-state microkinetic analysis to quantitatively predict the reaction
rate, presented by the turn-over frequencies (TOFs), as well as the surface
concentrations of adsorbed species to evaluate the performance of catalysts under the
real reaction conditions (see Computational methods section). As listed in Table S7,
the forward reaction rate constants of steps v and viii are relatively small (ks¢ =
3.68x10" ~ 2.53x10° Pa''s! and kgy = 1.43x107 ~ 1.64 Pa''s'), due to the low
adsorption ability of CO and the nonnegligible energy barriers in the oxidation
reactions. By combining the backward reaction rate constants (Table S8), the reaction
equilibrium constants (K;) are derived, as listed in Table S9. Except for VGr (Ks =
2.15x10*) and MnGr (Kg= 7.23), the equilibrium constants of key reaction steps (Ks,
Ks, K7, and Ky) are usually far greater than 1, indicating the NO, reduction by CO is
thermodynamically favorable on most SADGr surfaces.
The forward and backward rates of each reaction step are calculated in the atmosphere

with the gas concentrations of 0.1% NO and 1% CO at 450 K, as listed in Table S10-
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S11. As shown in Figs. 7(a) and S20, the TiGr holds the highest TOFs of 1.8x10 and
3.4x10* s in reaction cycles 1 and 2, respectively, followed by FeGr, VGr, SiGr, on
which the TOFs in cycle 1 are 2.0x107, 7.1x10*, and 3.2x10* s, respectively.
However, all these four most active catalysts in cycle 1 show low efficiency in cycle 3,
where N,O is hardly reduced to N,. By contrast, the N,O reduction is barrierless on
MnGr and CoGr, although both catalysts do not possess high activity in cycles 1 and
2. According to the microkinetic results, although most catalytic sites of TiGr surface
are occupied by O and NO, (Figs. 7(b) and S21), the large reverse rate of step iv
indicates the NO,* can rapidly decompose into O* and NO(g), preventing the catalyst
from being poisoned by NO,. Thereby, the removal rate of O* is the rate-determining
step on TiGr. Similarly, many catalysts (including VGr, MnGr, FeGr, CoGr, NiGr, and
SiGr) are found to have good performance in the reaction cycles 1 or 3 with relatively
large reverse rates of step iv. However, these surfaces are all covered with a certain
concentration of O*, indicating the CO oxidation is the rate-determining step for these
SADGr catalysts. It is further proved that the small forward and reverse reaction rates
caused by the large reduction and dissociation energy barrier make ScGr and CrGr
easily poisoned by NO, and (NO), at 450 K.

Since TiGr owns the highest activity in the reaction of NO reduction by CO, the
influence of NO and CO partial pressures on its catalytic ability is further studied, as
shown in Fig. 7(c). The TOF of step viii presents positive and negative relations with
Prxo and Pco, respectively. Under the conditions of exhaust gas, where Pno and Pco
respectively equal to 1.01 Pa (10 ppm) and 1.01x10* Pa (10.0%), the TOF value can
reach ~ 0.5 s'. Furthermore, the reaction rate of step vii is also increased due to the
increasing Pnyo during the NO reduction (Fig. S22). However, such reaction rate (TOF

=107 ~ 10" s™) is negligible compared to the rates of steps iii and viii, therefore has
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no detectable effect on the total reaction rate. Similarly, the effect of Pco on the
reaction rates (Pnxo equals to 1.01 Pa) is also discussed on CoGr, the most active
catalyst in cycle 3, as shown in Fig. 7(d). By increasing the CO concentration from 1%
to 10 %, the reaction rates of steps vii and viii in cycle 3 is enhanced from 3.5x10* to
3.5x107 s, while the incidences of side reactions in cycles 1 and 2 remain extremely
low (TOFs < 107 s). Thus, the combination of TiGr and CoGr in a sequence is the
most efficient catalyst to reduce NO, to N, with CO. It is worth noting the TOF values
of TiGr for NO reduction and CoGr for N,O reduction can respectively reach 1.8x1072
and 3.5x10* s at ~180 °C, which are comparable to the activity of commercial V,Os/
TiO, catalyst in the traditional NH;-SCR (TOFs = 1.3 x 107 s7! at 277 °C** and 2.4 x
107 s7!' at 323 °C*). We also explore the sensitivity of the reaction rate to the energy
barrier of a non-rate-determining step. For instance, on the TiGr surface (Fig. S23), the
energy barrier of step iii is not provided with a significant impact on the total rate until
it is greater than 1 eV. According to the surface concentrations, until the energy barrier
of step iii becomes > 1.2 eV, the concentration of NO* can exceed it of O* or NO,*,
leading to the change of rate-determining step (Fig. S23).
Structure-activity discriptors

It is known the adsorption strength of key species is often related to the reaction
activity in thermal catalytic reaction. Here, it is revealed that the combination of
adsorption energy and electronegativity (Table. S12), another important indicator for
the interaction between reactants and catalytic sites, can be a good descriptor for the

activity of the NO, reduction as following:

p=cCx —Z (AGads<R)_AGads(P))

> (E(R)-E(P())In—E(D)i

1

(10)
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where AG,is(R) and AG.q(P) represent the adsorption energies of key species involved
in reactants and products, £(R), E(P) and represent the electronegativities of the atoms
in key species in reactants and products and E(D) represents the electronegativity of
the dopant atom, n is the net number of atoms in key species and c is the correction
coefficient. As displayed in Fig. 8, except for the N,O reduction, the energy barriers of
all the other three processes can be well fitted, where descriptors of NO reduction (¢no
in Fig. 8(a)), NO, reduction (¢no; in Fig. 8(b)), and CO oxidation (¢co in Fig. 8(d)) are

calculated as:

Pro=—00 (11)
_y  ~(4G(NO,)+AG,4,(CO)—~AG(0))
(pNoz_2 ((EN+2EO+EC_EO)/3_ED) (12)
_ « _(AGads<O)+AGads(CO))
P00 T (kv E T2 Ey) (1

It is worth noting that the fitting of CuGr and ZnGr is significantly biased by ¢noo,
due to the fact that NO,* does not decompose into (NO+O)* on both surfaces and
reacts with CO in a different path from other catalysts. The increase in the CO
oxidation barriers ranging from FeGr to CoGr is attributed to the difficulty of forming
the transition state (C,iO-O.)* structure on the post-transition element. For the
description of the barrier of the CO oxidation, we also try to conduct a charge density
difference analysis (Fig. S24). It can be found, to a certain extent, the greater the
amount of electrons transfer from the dopant atom to O*, the easier it is for O* to
oxidize CO. On the other hand, due to the weak adsorption of N,O and the low energy
barrier in the reaction process, there are no obvious trends of change, the descriptor
¢n20 cannot fit the N,O reduction well (Fig. 8(c)):

_ _(AGads(NZO>)
Ov.0(2E +E,)3—E,)

(14)
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In addition to the adsorption energy and electronegativity, the charge distribution of a
single-atom catalyst can be used to simply predict its adsorption performance for key
species.* As shown in Fig. 9, the relationships between the Bader charges of active
site of SADGr catalysts and the adsorption free energies of key species (NO, CO, NO,,
O) are derived. Since the adsorption of N,O is weak on almost all SADGr surfaces, it
is not considered in the descriptors. With the increase of the Bader charge, the
adsorption of key species shows a volcanic trend of first strengthening and then
decreasing. Therefore, the not-strong-not-weak adsorption of TiGr and CoGr is
relevant to the location of the volcanic mountainside formed by the trend line in Fig. 9.
Overall, according to the charge of the active sites of the catalyst, it may not be
possible to accurately predict the activity of the catalyst, but qualitatively, it helps us
analyse the adsorption performance and exclude some bad catalysts, which own too

strong or too weak adsorption to reactive species.

Conclusions

In summary, by using DFT calculations combined with microkinetic analysis and AIMD
simulations, we explore the reliability and mechanisms of the single-atom-doped graphene
(SADGr) catalytic reduction of NO, with CO at 450 K. The systematic research on 3d
transition metals (Sc-Zn) and two group-VI elements (Si and Ge) doped graphene materials
indicates that the TiGr holds an excellent catalytic activity in the reaction cycle of CO
reducing NO/NO, to N,O, while the CoGr is good at reducing N,O to N,. Both the carbon-
based single-atom catalysts are stable under the reaction conditions. The predicted TOFs of
both catalysts are comparable to the commercial V,0s/TiO, catalyst in traditional NH;-SCR,
indicating the TiGr/CoGr composite can be a promising catalyst to reduce NO, to N, with
CO. In addition, it is also revealed the combination of adsorption energy and

electronegativity can act as a good descriptor to predict the activation energy of the catalytic
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reaction. The present study gives a comprehensive theoretical understanding of the stability,
activity, and selectivity of SADGr catalysts to realize the NO, reduction with CO, and
provides important guidance for experimental and theoretical designs of novel green and

efficient NO4 removal catalysts.
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Figure Captions

Figure 1 (a) Atomic structure of the single-atom-doped graphene (SADGr) catalyst.
(b) Cohesive energies of SADGr sheets with different dopants respecting to bulk
(black splines) and single atomic (red splines) forms. (¢) Schematic illustration for the
reaction cycles (left panel) and the possible elementary steps (left panel) in the NO,
reduction by CO on SADGr surfaces. The D in the skeletal formulas represents the
active site of the doped atom. It should be noted that step v can be divided into v(i)
Figure 2. (a, b) The adsorption free energies of the key surface species on the SADGr
surfaces; (c¢) the reaction free energy barriers of the elementary steps on the SADGr
surfaces.

Figure 3. Gibbs free energy profiles of NO reduction to N,O and O* on the SADGr surfaces
at 450 K and 1 atm. The paths depicted by the red lines are the optimal paths, which are
chosen to do the microkinetic analysis. The structures (D2 and D3) within the areas filled
with mosaic frames can be transformed to each other with very low energy barriers.

Figure 4. Gibbs free energy profiles of NO, reduced by CO to NO* and CO, on the SADGr
surfaces at 450 K and 1 atm. The paths depicted by the red lines are the optimal paths, which
are chosen to do microkinetic analysis. The structures within the areas filled with mosaic
frames can be transformed to each other with very low energy barriers.

Figure 5. Gibbs free energy profiles of N,O reduction to O* and N, on the SADGr surfaces at
450 K and 1 atm.

Figure 6. Gibbs free energy profiles of CO oxidation by O* on the SADGr surfaces after at
450 K and 1 atm.

Figure 7. (a) The TOFs of key steps iii, v, vii, and viii on the SADGr surfaces. (b)

The normalized occupancy concentrations of possible surface species from
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microkinetic analysis. (¢) The TOFs of step viii on TiGr at 450 K respecting to the NO
and CO partial pressures. (d) The TOFs of steps iii, v, vii, and viii catalyzed by CoGr
versus the CO partial pressure (T = 450 K; Pno= 1.01 Pa, 10 ppm; Pn2o = 101.33 Pa,
1000 ppm).

Figure 8. The consistency between the reaction free energy barriers and the
descriptors combined by adsorption free energies and atomic electronegativities in the
reactions of (a) NO reduction (steps 1, ii and iii), (b) NO, reduction (step iv and v), (c)
N,O reduction (steps vi and vii), and (d) CO oxidation (step viii), respectively.

Figure 9. Values of |AG.s| versus the Bader charges of the doping atoms in the
adsorption structures of (a) NO-adsl, (b) CO-adsl, (¢) NO,-ads3 and (d) O%*,
respectively. The data points circled in red are excluded for the derivation of the
relationships. The legends show the linear change trend of the adsorption free energy

and the Bader charge. (e) The Bader charges of the single atoms doped in SADGr.
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