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ABSTRACT: Catalytic oxidation represents a predominant strategy for NO 0.0

abatement. While SO, has been recognized as a critical promoter of NO oxidation, M GO R
the fundamental principles governing catalytic performance and robust descriptors for 0.5 O e 4 "
material selection remain inadequately explored. Herein, we investigate the catalytic 10 o Ry OO " "
oxidation of NO with HSOj as the oxidant over transition metal single-atom catalysts E‘ =101 S - Ni
(TM-N,—C, TM = V ~ Zn) through density functional theory (DFT) calculations. b= e .
For HSOj; generation, the energy barriers showed minimal variation among catalysts, < =151 ° >
providing an insufficient basis for screening. Thus, we focused on the critical HSO;- o ol
mediated NO oxidation step (HSO; + NO — SO, + HNO,). Using the Bronsted— =201

Evans—Polanyi relationship and microkinetic modeling, we established HSO; HSOLND HNO,+S0

adsorption energy as a descriptor and constructed a catalytic activity volcano plot. 25 S A A
Notably, through screening 3d-5d transition metal single-atom catalysts identified HSO, Adsorption Energy (eV)

Co—N,—C as the most active catalyst, which exhibits an optimal balance between a

moderate 0.42 eV energy barrier and weak 0.43 eV Co-SO, interaction. Subsequently, fixed-bed experiments performed on the
theoretically screened optimal catalyst (Co—N,—C) confirmed the significant promotional effect of SO,, demonstrating that
appropriate SO, concentrations effectively enhance NO oxidation via the HSO;-mediated pathway. This work elucidates the
fundamental promotion mechanism of SO, and establishes a descriptor-based framework for the rational design of high-performance
NO oxidation catalysts.

1. INTRODUCTION (H,0,) is widely employed due to its cost-effectiveness and
environmental benignity. Although H,O, exhibits moderate
reactivity in its native state, proper activation can generate
highly reactive hydroxyl radicals (*OH), enabling efficient
degradation of refractory pollutants.'”” This characteristic
makes H,0,-based AOPs particularly promising for environ-
mental remediation applications. Researchers have developed
diverse synthetic strategies to engineer H,0,-activatin
catalysts for nitrogen oxide (NO) oxidation. Chen et al.'
fabricated Pt/TiO, catalysts through an impregnation-reduc-
tion method, demonstrating that optimal Pt loading enhances
both H,0, chemisorption and activation, consequently
boosting *OH generation for efficient NO oxidation. Similarly,
Wau et al.'* investigated La,_,Ca,FeO, perovskites (x = 0—0.5)
for H,0, decomposition and found that LaFeO; (x = 0)
exhibited the highest catalytic activity in the series, achieving
89.9% NO conversion under optimized conditions. Their

Nitric oxide (NO) is a predominant atmospheric pollutant
emitted from coal-fired power plants and industrial boilers. It
not only poses significant threats to human health but also
adversely impacts ecosystems. Consequently, the development
of efficient purification technologies for NO has remained a
key research focus in the field of environmental catalysis."” At
present, catalytic oxidation stands out as a promising strategy
for pollutant removal, showing exceptional potential in NO
removal.”* Notably, SO, is a common flue gas component that
amplifies NO oxidation efficiency by modifying reaction
pathways in specific catalytic systems.”® Nevertheless, the
synergistic mechanism of SO, in NO removal remains
incompletely understood, and the existing catalysts fail to
fully exploit the promoting effects of SO, on NO, limiting
further improvements in denitrification efficiency.””” There-
fore, investigating the enhancement mechanism of SO, and
developing catalysts that can effectively harness its facilitating
effect on NO removal are of significant importance. Received: November 9, 2025
Advanced oxidation processes (AOPs) achieve efficient Revised:  January 7, 2026
pollutant degradation through in situ generation of reactive Accepted: January 30, 2026
oxygen species, offering advantages such as robust oxidative Published: February S, 2026
power, fast reaction kinetics, and minimal environmental
impact.'”"" As a representative oxidant, hydrogen peroxide
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characterization results indicated that gradual Ca substitution
led to concurrent increases in surface hydroxyl density and
oxygen vacancy concentration. Notably, oxygen vacancies
predominantly exhibited a negative effect on *OH generation
and subsequent NO removal, as they promoted H,O,
decomposition without yielding *OH radicals. These insights
highlight the pivotal role of *OH radicals in advanced
oxidation processes (AOPs), offering critical guidance for
catalytic system optimization. The underlying mechanism not
only explains performance variations among different catalytic
materials but also provides a theoretical foundation for
designing high-efficiency AOP systems.'”> Among °*OH
generation methods, H,0, decomposition over solid catalysts
has emerged as a practical and effective approach, achieving
high pollutant removal efficiency in flue gas treatment.'
Therefore, developing advanced catalytic materials to create an
efficient NO oxidation platform for complex flue gases is of
significant importance.

Single-atom catalysts (SACs) have emerged as frontier
materials in catalytic oxidation due to their exceptional atom
efficiency, tunable active sites, and remarkable antipoisoning
properties."’~"* The chemical inertness of graphene supports
enables precise electronic modulation of anchored metal sites
through strategic doping,” which has been shown to impart
outstanding NO oxidation activity through optimized elec-
tronic configurations and maximal atomic utilization. For
instance, Liu et al.”' systematically investigated the oxidation
mechanisms of NO and Hg’ on Pd single-atom catalysts
supported on g-C3N, (Pd SAC/g-C3N,), revealing relatively
low reaction barriers (0.46 eV for NO oxidation and 1.81 eV
for Hg" oxidation), indicative of superior low-temperature
catalytic performance. Yang et al.** employed density func-
tional theory (DFT) calculations to investigate NO reduction
on Fe-embedded monovacancy graphene (Fe/MG), identify-
ing a Langmuir—Hinshelwood mechanism with an activation
barrier of 0.81 eV, which confirms its high catalytic efficiency.
Notably, the presence of SO, profoundly enhances catalytic
NO oxidation by altering H,0, decomposition pathways.”’
Experimental work with Fe,(SO,);** and Fe/ALO,@SiO,”
catalysts confirmed substantially higher NO conversion rates in
SO,-containing environments compared to SO,-free con-
ditions. Moreover, our earlier work elucidated the mechanism
of SO,-promoted H,0, oxidation over the Fe—N,—C catalyst,
demonstrating that HSO; intermediates are crucial for highly
efficient NO oxidation.”® However, a generalizable descriptor
for the catalytic activity across diverse metal centers and the
electronic-structure origin of the SO, promotion effect remain
unexplored. Herein, we extend the investigation to 28 TM-
N,—C catalysts (TM = 3d, 4d, 5d metals) and establish the
HSOj; adsorption energy as a universal descriptor. Using this
descriptor, we develop an activity volcano plot that identifies
Co—N,—C as the optimal catalyst. Furthermore, we reveal the
electronic-structure basis of the promotion mechanism,
thereby providing a robust framework for rational catalyst
design.

In this work, we systematically investigated the SO,-
promoted NO oxidation mechanism over eight transition
metal single-atom catalysts (TM-N,—C, TM = V ~ Zn)
through spin-polarized DFT calculations. Initially, we exam-
ined HSO; formation pathways across the eight TM-N,—C
catalysts, uncovering the geometric configurations of critical
reaction intermediates and their energetic profiles. Subse-
quently, we calculated the NO oxidation process by HSO; on
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all eight TM-N,—C catalysts, obtaining linear relationships
between HSO; adsorption energy and the reaction energy
barrier, and the SO, desorption energy barrier. Through
microkinetic modeling of 28 3d, 4d, and 5d transition metal
SACs, we constructed an activity volcano plot for NO
oxidation using HSO; adsorption energy as the descriptor,
identifying Co—N,—C as the optimal catalyst located near the
volcano apex. Based on the theoretical screening results, the
Co—N,—C catalyst was synthesized and evaluated in fixed-bed
experiments. Moreover, electronic structure analysis was
performed to elucidate the correlation between the electronic
properties and catalytic activity. The fundamental structure—
activity correlations developed in this work establish a robust
framework for designing and selecting high-efficiency NO
oxidation catalysts.

2. CALCULATION AND EXPERIMENTS
2.1. DFT Calculation

The quantum mechanical calculations presented in this work
were implemented within the framework of density functional
theory (DFT), utilizing the Vienna Ab Initio Simulation
Package (VASP). we adopted the projector augmented wave
(PAW) pseudopotential approach throughout all simula-
tions.”” To properly describe exchange-correlation effects,
our calculations incorporated the Perdew—Burke—Ernzerhof
(PBE) generalized gradient approximation (GGA) functional,
supplemented with the DFT-D3 correction scheme to account
for van der Waals interactions.”® " The catalyst was modeled
using a 5 X 3\/ 3 X 1 graphene supercell with a 20 A vacuum
layer to prevent periodic interactions.”' Geometry optimiza-
tion procedures were conducted with careful attention to
numerical convergence parameters. The Brillouin zone
integration was sampled using a I'-centered 2 X 2 X 1 k-
point mesh, coupled with a plane-wave basis set cutoff energy
of 450 eV to ensure complete convergence of the electronic
wave functions (Figure S1). Atomic positions were relaxed
until the maximum residual force on any atom fell below the
stringent threshold of 0.02 eV A™". For subsequent electronic
structure analysis, we increased the k-point sampling density to
4 X 4 X 1 and enforced an electronic self-consistency criterion
of 1073 eV. To precisely monitor the electron transfer behavior
during the reaction, the charge distribution was analyzed using
the Bader charge analysis ::1pproach.32 Concurrently, the
bonding stability in the model was examined through the
projected crystal orbital Hamiltonian population (pCOHP)*’
method in conjunction with the LOBSTER computational
tool.>*

The determination of reaction pathways and activation
barriers employed a dual-methodology approach combining
the climbing-image nudged elastic band (CI-NEB)*” technique
with the improved dimer method (IDM).* During these
calculations, we enforced a tightened force convergence
criterion of 0.0S eV/A. Minimum-energy configurations and
transition states were confirmed via vibrational frequencg
analysis, with atomic displacements constrained to +0.02 Al
The calculation equations of binding energy, adsorption
energy, energy barrier, and electronegativity were provided in
the SI and S2. Furthermore, the Gibbs free energies of all
intermediates and transition states were calculated by
considering zero-point energy, enthalpy, and entropy con-
tributions from vibrational frequency analysis (see SI S1). The
activity volcano plot was constructed through Sabatier
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Figure 1. (a) Top and (b) side views of the SACs configuration. (c) Binding and cohesive energies of 8 types of TM-N,—C (TM = V ~ Zn)
catalysts. C, N, and TM atoms are represented by white, blue, and gray colors, respectively.

microkinetic modeling, in which the activity is derived from
the Sabatier rate-taken as the slowest step among R2-R4, with
step R1 assumed to be in quasi-equilibrium. Further kinetic
equations and coverage details are provided in SI S2.

2.2. Verification Experiments

To validate the accuracy of the catalyst screening results
predicted by the activity volcano plot, fixed-bed experiments
were conducted. The experiment were carried out under
simulated flue gas conditions with a total flow rate of 1 L/min,
in which the O, content was 6 vol % and the NO
concentration was 500 ppm. The NO removal efficiency was
monitored as a function of time by systematically varying the
SO, concentration (0, 200 ppm). The catalytic reaction was
carried out in a quartz tube reactor (diameter 10 mm, length
300 mm) packed with 0.1 g of catalyst (for materials
information in S3, preparation and characterization details in
S4) and maintained at 140 °C. Simultaneously, 3 wt % H,0,
solution was continuously vaporized at a flow rate of 250 uL/
min and introduced into the reactor using N, as the carrier gas.
The reaction products were dried with anhydrous CaCl, to
remove moisture before real-time NO concentration monitor-
ing using a flue gas analyzer (MRU). All gas lines were heated
to 140 °C to prevent H,0, condensation. This system
configuration ensured uniform gas-catalyst contact while
enabling precise control of reaction conditions. Further details
of the experimental apparatus are provided in Figure S2. The
removal efficiency of NO (i) is calculated according to the
following equation

n (%) = <

inlet

Coutlet % 100%

inlet

(1)

where C,, is the inlet concentration of NO; and C,,, is the
outlet concentration of NO.

3. RESULTS AND DISCUSSION
3.1. Catalyst Model

Previous studies have established that single-atom catalysts
supported on tetra-nitrogen-doped graphene (N,-G) sub-
strates exhibit remarkable structural stability.”® Therefore, we
designed a series of carbon-based SACs by anchoring eight 3d
transition metals (TM = V ~ Zn) at N,-vacancy sites.”” The
optimized geometries of the TM-N,—C configurations are
presented in Figure la (top view) and 1b (side view). To
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evaluate structural stability, we calculated the binding energies
(IEyl) for all catalysts (Figure lc). Stability is determined by
comparing |E,| with the metal’s cohesive energy (IE.yl,
represented by dashed lines in Figure 1c). All catalysts satisfy
|Ey| > |E 4|, confirming their thermodynamic stability.

3.2. Reaction Pathways Analysis

Having established the structural stability of these SACs, we
next examined their catalytic performance for NO oxidation.
The sulfur in SO, exhibits a +4 oxidation state, displaying
strong reducing ability. This property promotes SO,
adsorption on the catalyst surface, where it subsequently
reacts with radicals to form adsorbed high-valence species such
as SO;, SO,27, HSO;, and HSO4.40 Moreover, we speculate
that these intermediates exhibit strong adsorption energy and
considerable oxidation capacity on TM-N,—C catalyst. Based
on our previous studies, NO is most likely oxidized by HSO;,
with HNO, being the final product, as this pathway presents
the lowest energy barrier for the rate-determining step.’’
Therefore, we investigated the reaction pathway of NO
oxidation by sulfur-containing intermediates (HSO;) to form
HNO, on single-atom catalysts (SACs). Considering HSO5 as
the oxidant for NO catalytic conversion, the overall reaction
process can be divided into the following steps: (1) The *OH
radicals generated from H,0, activation adsorb on the
catalyst’s active sites, where they react with SO, to form
HSO;. (2) NO reacts with HSO;, producing SO, and HNO,,
which desorbs from the surface.

3.2.1. Reaction Pathways for HSO; Formation on
SACs. To uncover the mechanistic role of SO, in promoting
NO oxidation, we initially explored the formation of the key
intermediate HSO;. Although subsequent screening identified
Co—N,—C as the most active catalyst, we employed the Fe—
N,—C system as a representative model in the following
sections to uncover the reaction mechanisms. This choice is
based on its well-established status in prior studies and the
representative nature of its reaction pathways across the TM-
N,—C series.”® As shown in Figure 2a, the reaction mechanism
of HSO; formation from adsorbed *OH and gaseous SO, on
the Fe—N,—C catalyst was systematically examined. First, the
*OH radical generated from H,O, activation preferentially
occupies the metal site of the Fe—N,—C catalyst, forming a
stable adsorption configuration (IMO), as its adsorption energy
(—1.52 €V) is higher than SO,. Following this, SO, gas
molecules migrate into the vacuum region adjacent to the *OH
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Figure 2. (a) Reaction process of SO, oxidation by *OH over Fe—
N,—C catalyst. (b) Energy variation diagram of the reaction process
on 8 types of TM-N,—C catalysts. The initial state (ISO, energy zero)
is defined as the clean catalyst plus gaseous *OH and SO,. The final
state (FS) corresponds to the clean catalyst with HSO; in the gas
phase. C, N, O, H, S, and Fe atoms are represented in white, blue, red,
pink, yellow, and brown, respectively.

radical, where their presence affects the originally stable *OH
adsorption configuration on the Fe—N,—C surface. As the
reaction proceeds, SO, molecules initiate an attack on the
oxygen atom, resulting in progressive weakening of the O—Fe
interaction while the S—O bonding strengthens. The cleavage
of the O—Fe bond is accompanied by the formation of an O—S§
bond. Eventually, the O atom in HSOj; adsorbs onto the Fe
metal active site of the catalyst, resulting in the final state
structure (IM1). Despite retained O—Fe bonding, the oxygen
adsorbate transforms from *OH to HSO;, exhibiting enhanced
adsorption strength (AE,, = —1.13 eV, from —1.52 eV to
—2.65 eV). This process proceeds with an activation barrier
(E,) of 0.58 €V and releases 0.05 eV of energy, confirming its
thermodynamic favorability. Our calculations reveal similar
reaction pathways for HSO; formation across eight TM-N,—C
(T™M V ~ Zn) catalysts, while the transition state
configurations vary significantly among different metal centers.
Detailed reaction processes for *OH radical and SO,
conversion to HSOj; on all eight catalytic systems are presented
in Figures S3—S9.

To better analyze the reaction mechanism of SO, oxidation
by *OH radicals, the energy profiles for HSO; formation on
eight TM-N,—C catalysts are presented in Figure 2b. We set
the zero-point energy state by summing the energies of the
*OH radical, SO, molecule, and catalyst framework. Mean-
while, the enforcement of proton conservation constraints
across all intermediate configurations enables the construction
of a detailed energy step diagram of the reaction pathway.
Figure 2b shows that all eight TM-N,—C catalysts exhibit low
reaction barriers for the *OH-mediated SO, oxidation process.
The energy difference between the initial (IS0) and final (FS)
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states corresponds to the net energy change of the reaction:
gaseous "“OH + SO, — gaseous HSOj;. From Table S1, it can
be observed that the energy barriers for the oxidation of SO,
by *OH radicals on the eight TM-N,—C catalysts exhibit
minor differences. This suggests that it is difficult to investigate
the reaction mechanism of *OH radicals oxidizing NO in the
presence of SO, through this process, screening catalysts based
on these computational results becomes challenging. There-
fore, we further calculated the reaction process of HSOj,
oxidizing NO on the eight TM-N,—C catalysts.

3.2.2. Reaction Pathway of NO Oxidation by HSO; on
SACs. Based on our calculations, the reaction mechanisms
across the eight types of SACs are similar. Therefore, to further
probe the catalytic mechanism, we take the Fe—N,—C catalyst
as an example to elaborate in detail the oxidation pathway of
NO by HSO; on SACs (Figure 3a). Initially, HSO; adsorbs
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Figure 3. (a) Reaction process of NO oxidation by HSO; over Fe—
N,—C catalyst. (b) Energy variation diagram of the reaction process
on 8 types of TM-N,—C catalysts. The initial state (ISO, energy zero)
is defined as the clean catalyst plus gaseous HSO; and NO. The final
state (FS) corresponds to the catalyst with SO, adsorbed and HNO,
in the gas phase. C, N, O, H, S, and Fe atoms are represented in
white, blue, red, pink, yellow, and brown, respectively.

onto the metal site of the catalyst, forming the intermediate
IMO. Subsequently, an NO molecule enters the vacuum layer
above HSO;, forming the initial reaction state IS1. As the
reaction proceeds, the NO molecule attacks the S—OH bond,
leading to its cleavage. The *OH group then interacts with the
NO molecule, generating the product HNO,. This step follows
an Eley—Rideal mechanism, where gaseous NO directly attacks
adsorbed HSO;. During S—OH cleavage, the newly formed
HNO, is kinetically expelled from the surface, while SO,
remains adsorbed due to its retained metal coordination.
Crucially, the desorption barrier of SO, (e.g., 0.30 eV on Fe—
N,—C) is significantly lower than that of HNO, in the
conventional SO,-free pathway (~0.98 eV)—this switch in the
desorption-limited step is the key to the SO, promotion
effect.”® Upon completion of the reaction, only SO, remains
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adsorbed on the metal site Fe. The energy barrier (E,) for this
reaction is 0.37 eV, and the entire process requires an energy
absorption of 0.06 eV from the surroundings. After the
reaction, SO, remains adsorbed on Fe—N,—C, with a
desorption energy barrier (Eg,) of 0.3 eV. The catalytic
oxidation of NO by HSO; on other SACs is depicted in
Figures S10-S16.

The catalytic oxidation removal of NO fundamentally relies
on the generation of highly oxidative active species on the
catalyst surface, which react with NO molecules to form
higher-valent nitrogen oxides that are more easily eliminated.
Previous studies have demonstrated the catalytic oxidation of
NO using O,-based strong oxidants on single-atom catalysts
(SACs),*" where the rate-determining step (RDS) exhibits a
high energy barrier of 1.33 eV. Other researchers have
investigated NO oxidation via H,O,-activated intermediate
radicals on Fe—N,—C catalysts, achieving a significantly lower
reaction barrier of 0.14 eV. However, in this process, HNO,
remains adsorbed on the catalyst surface, with a desorption
energy as high as 0.98 eV, which hinders the regeneration of
active sites and thus impedes further catalytic cycles.*”*
Additionally, studies on Fe—N,—C catalysts have explored the
influence of Hg on NO removal, providing valuable insights for
this work regarding the effect of SO, on NO oxidation.™
Compared to conventional catalytic approaches, the strategy of
utilizing SO, to promote NO oxidation significantly reduces
the energy barrier required for the reaction. Moreover, the
weak adsorption energy of SO, on the catalyst prevents it from
occupying active sites, thereby accelerating the overall reaction
kinetics.

To more intuitively analyze the energy changes during the
entire reaction process, Figure 3b presents the energy profiles
of the complete reaction on eight TM-N,—C catalysts. The
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zero-energy state was defined as the sum of energies for the
HSO; sulfur-containing intermediate, NO molecule, and the
catalyst surface. Proton conservation was maintained for each
intermediate state to ensure well-defined relative energies with
respect to the ground state, enabling the construction of a
comprehensive reaction energy ladder diagram. By comparing
the reaction energy barriers (E,) and desorption barriers (Eg.),
we observed that for Fe—N,—C, Co—N,—C, Mn—N,—C, Cu—
N,—C, Zn—N,—C, and Ni—N,—C catalysts, although both E,
and Ej,, values were relatively small, the reaction barriers
slightly exceeded the desorption barriers. Consequently, the
activity limit of these catalytic systems was determined by the
reaction barrier magnitude. In contrast, for Cr—N,—C and V—
N,—C catalysts, the desorption barriers were marginally higher
than the reaction barriers, making Eg4 the limiting factor for
overall activity. These analyses reveal that an optimal catalyst
must possess balanced reaction and desorption barriers, as
either excessively high E, or E,, would adversely impact
catalytic performance. Detailed energy variations for the
HSO;-mediated NO oxidation process on all eight TM-N,—
C catalysts are summarized in Table S2. It is worth noting that
this focus shift from HSO; formation (rate-limiting in Fe—N,—
C) to the HSO; + NO — SO, + HNO, step aligns with our
screening goal. HSO; formation barriers vary minimally across
catalysts (Figure 2b), providing poor screening power. In
contrast, the NO oxidation step shows significant, systematic
variations in reaction barriers (Figure 3b), making it the
descriptor-sensitive key step for universal activity prediction.

3.3. Correlation Analysis

There exists an intrinsic correlation between reaction kinetics
and the thermodynamics of catalytic processes.”~*” Therefore,
we studied the correlation between reaction kinetics and
thermodynamics through the thermodynamic evaluation and
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mechanistic interpretation of the reaction pathway. Given that
the adsorption energy has been widely recognized as a robust
descriptor for predicting catalytic activity in heterogeneous
catalysis,**” we investigated the linear relationships between
the adsorption energy of HSO; and several key parameters: the
adsorption energy of *OH, the reaction energy barrier (E,; and
E,), and the desorption energy barrier (Ez, (SO,)). As
illustrated in Figure 4a, the adsorption energy of HSO; exhibits
a positive linear correlation with that of *OH, indicating that as
the HSO; adsorption energy increases, the *OH adsorption
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energy also rises. Figure 4b—d present the respective
relationships between HSO, adsorption energy and (i) the
activation barrier E,;, (ii) the reaction barrier E,,, and (iii) the
SO, desorption energy (Eg., (SO,)). Significantly, the HSO,
adsorption energy shows a negative linear correlation in all
three cases, meaning that as the HSO; adsorption energy
increases, these energy barriers decrease. Through this analysis,
a crucial catalytic principle emerges: enhancing the adsorption
strength of HSO; increases the *OH adsorption energy but
simultaneously reduces the reaction energy barriers (E,; and
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E,) and the SO, desorption energy barrier (Ez, (SO,)),
thereby modulating the overall catalytic activity. This dual
effect suggests that neither excessively strong nor excessively
weak adsorption is conducive to optimizing catalytic perform-
ance. Therefore, to achieve highly reactive catalysts, the
adsorption energy of HSO; must be regulated within an
optimal range.

3.4. Microkinetic Analysis

The aforementioned analysis demonstrates linear correlations
between the HSO; adsorption energy and the reaction energy
barriers (E,; and E,,) as well as the SO, desorption energy
barrier (Eg (SO,)) during the reaction process. Consequently,
the HSOj; adsorption energy serves as an effective descriptor
for accurately predicting catalytic activity. Here, Sabatier
analysis was employed to determine the maximum achievable
reaction rates of different catalysts,””>" thereby providing an
effective assessment of their intrinsic catalytic performance. To
better simulate realistic flue gas conditions, the catalytic
oxidation activity of HSO; toward NO was evaluated at T =
400 K and Py, = 0.05 bar, generating an activity volcano plot

(Figure Sa). The constructed 1D volcano model, using HSO,
adsorption energy as the descriptor, positioned eight single-
atom catalysts (SACs) on the plot. Analysis reveals that the
activity limits for catalysts on the left and right branches of the
volcano are governed by the *OH radical activation energy and
the combined effects of the NO oxidation barrier (E_,) and
SO, desorption energy (Eg., (SO,)), respectively. Among all
SACs, Co—N,—C exhibits optimal performance, located
nearest to the volcano apex which corresponds to an HSO,
adsorption energy of —2.41 eV. Therefore, among various
single-atom catalysts, those with HSO; adsorption energies
approaching —1.50 eV exhibit enhanced theoretical reaction
rates for NO oxidation.

To extend the predictive scope, this study additionally
computed the HSO; adsorption energies on 4d and Sd
transition metal SACs (isoelectronic to the Ti ~ Zn series),
obtaining their theoretically predicted values of their catalytic
activity. As shown in Figure Sa, the results indicate that Co—
N,—C exhibit superior catalytic activity among the 28
evaluated SACs. Moreover, to better visualize the periodic
trends in single-atom catalyst activity, we employed a heatmap
analysis to predict the reactivity of various SACs. As illustrated
in Figure Sb, the x-axis corresponds to the group number of
the metal elements, while the y-axis represents their respective
periods. The color intensity directly correlates with catalytic
activity, with darker shades indicating higher performance. Our
analysis reveals a positive correlation between group number
and catalytic activity in groups 4—9, while group 10 metals
display markedly reduced reactivity. Furthermore, within the
same group, 3d transition metals consistently demonstrate
enhanced activity compared to their 4d and Sd counterparts.
Although the volcano plot in Figure Sa is presented at fixed
conditions for clarity, the underlying full microkinetic model is
capable of predicting activity trends under varying operational
parameters. As shown in Supporting Figure S17, the model
successfully captures the variation of the turnover frequency
(TOF) with total pressure and temperature for the optimal
Co—N,—C catalyst, confirming its robustness beyond the
simplified Sabatier analysis.

3.5. Experimental Analysis

The volcano plot analysis predicted that the Co—N,—C
catalyst would exhibit excellent activity for NO oxidation by
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HSO;. To verify this theoretical prediction, we conducted
systematic fixed-bed experiments to investigate the promo-
tional effect of SO, on NO oxidation. Prior to catalytic testing,
comprehensive structural characterizations were performed.
The X-ray diffraction pattern of Co—N,—C (Figure 6a) shows
characteristic (002) and (101) reflections of graphitic carbon
at 28° and 50°(26), confirming the intact graphite framework.
The absence of diffraction signals from metallic Co or cobalt
oxides suggests atomic-scale dispersion of cobalt species. To
further verify this, extended X-ray absorption fine structure
(EXAFS) measurements were performed to probe the local
coordination environment of Co atoms. As shown in Figure
6b, the optimal fitting analysis of the EXAFS spectra for the
Co—N,—C reveals that the Co atom is coordinated with four
N atoms, which is consistent with our DFT calculations.
Moreover, the high-angle annular dark-field-scanning trans-
mission electron microscopy (HAADF-STEM) image (Figure
6¢) clearly reveals uniformly distributed isolated bright spots
on the carbon support, directly demonstrating the Co species
are dominantly present in the form of single atoms rather than
clusters or nanoparticles.

To investigate the effect of SO, on NO oxidation, the
catalytic performance was evaluated under controlled con-
ditions (140 °C, 500 ppm of NO, 2 mol/L H,0,) with varying
SO, concentrations (0 and 200 ppm). As shown in Figure 6d,
we obtained the variation curves of NO removal amount over
time under these two different SO, concentrations. During the
reaction, the NO removal efliciency with 200 ppm of SO, was
notably higher than in the absence of SO, (0 ppm).
Remarkably, the results demonstrate that 200 ppm of SO,
promotes NO oxidation by facilitating HSO; generation and
lowering desorption energy barriers. This observation agrees
well with the volcano plot prediction, thereby validating the
accuracy of the activity volcano plot screening using HSO;
adsorption energy as the descriptor. The close theory-
experiment agreement validates the physical relevance of our
computational model. The gas-phase treatment of NO/SO, in
DFT is a justified simplification for the high-concentration,
continuous-flow fixed-bed conditions. Although the model
simplifies NO adsorption, it correctly captures the activity
trend governed by the HSOj; adsorption energy—the key
descriptor that correlates directly with the observed SO,-
promotion effect. Thus, the model is validated both by its
predictive volcano-plot screening and by its consistency with
macroscopic catalytic performance. Together, these experi-
ments provide proof-of-concept validation for the SO,-
promotion mechanism, confirming the HSO;-mediated path-
way on the optimal Co—N,—C catalyst. While focusing on
validating the fundamental promotion effect, comprehensive
testing across multiple TM-N,—C catalysts would directly
verify the volcano plot ranking. Such systematic experimental
screening is a natural extension of the framework established in
this work.

3.6. Electronic Characteristics

Next, to further investigate the role of electronic properties in
regulatin§ the catalytic activity of single-atom catalysts
(SACs),”” ™" particularly their influence on the adsorption
strength of sulfur-containing intermediates like HSO;, we
systematically analyzed the electronic characteristics of 28
different SACs. Theoretical calculations revealed clear linear
correlations between the HSO; adsorption energy and two key
electronic descriptors: As shown in Figure 7a, the Bader charge
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of the metal active site exhibits a significant correlation with
HSO; adsorption energy. Similarly, Figure 7b demonstrates
that the electronegativity of the catalyst also follows a linear
dependence with adsorption strength. These quantitative
relationships provide crucial insights for the rational design
of high-efficiency NO oxidation catalysts through electronic
structure modulation.

Our previous studies revealed that SO, enhances the H,O,-
mediated oxidation of NO primarily by modifying product
desorption properties.”® For example, on Fe—N,—C catalysts,
SO, participation lowers the desorption barrier from 0.98 to
0.30 eV by converting the final product from HNO, to SO,,
thereby, significantly boosting catalytic activity. To probe the
underlying mechanisms of SO, desorption, we employed
Crystal Orbital Hamiltonian Population (COHP)> and
Electron Density Difference (EDD) analyses.*® Figure 7c,d
present the COHP analysis of the interaction between SO, and
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the catalyst surfaces for Fe—N,—C and Co—N,—C systems,
respectively. The COHP results reveal that the Fe—N,—C
catalyst exhibits minimal antibonding orbital occupancy,
yielding a strong Fe-SO, interaction (1.37 eV). In contrast,
for the Co—N,—C catalyst system, the antibonding orbital
population is significantly larger, leading to a weaker
interaction energy of only 0.43 eV between the Co atom and
the SO, molecule. This reduced adsorption strength facilitates
the desorption process of SO,. Based on these findings, we
conclude that weaker adsorption strength between the catalyst
surface and SO, facilitates easier desorption of reaction
products, thereby enhancing the overall catalytic activity. The
COHP analyses of other SACs (Figure S18) further reveal that,
with the exception of the V—N,—C catalyst system, all other
investigated catalysts demonstrate comparatively weaker
bonding strengths with SO, molecules.
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At the same time, to gain deeper insight into the electronic
origins of the varying bonding strengths between different
SACs and SO,, we performed electron density difference
(EDD) analyses on both Fe—N,—C and Co—N,—C catalyst
systems (Figure 7e,f). The electron density difference (EDD)
analysis shows that pink regions correspond to electron gain,
while blue regions indicate electron loss. For the Fe—N,—C
catalyst system, the Fe atom is surrounded by a blue region,
demonstrating its role as an electron donor during the catalytic
process, with the majority of transferred electrons migrating to
the adsorbed SO, molecule. In contrast, although the Co atom
in the Co—N,—C system is similarly enveloped by a blue
region, the extent of electron transfer is significantly less
pronounced compared to the Fe system. A portion of the
donated electrons is instead redistributed to the coordinating
nitrogen atoms in the immediate vicinity. Due to greater
electron donation to SO, on Fe—N,—C, the Fe-SO,
interaction (1.37 eV) is stronger than the Co—SO, interaction
(0.43 eV), explaining the easier desorption of SO, from Co—
N,—C and its enhanced overall catalytic activity. The above
analysis elucidates the origin of bonding strength variations
between different SACs and SO, at the microscopic electronic
level, while also providing guidance for subsequent exploration
of catalysts with higher reactivity. The EDD analysis of other
SACs is presented in Figure S19. Additionally, Table S3
summarizes the charge transfer and bond length variations
between different SACs and SO, molecules.

4. CONCLUSION

In summary, this study systematically investigated the SO,-
promoted NO oxidation mechanism over single-atom catalysts.
Through density functional theory (DFT) calculations, we first
examined the reaction pathway of SO, with *OH radicals to
form HSOj; intermediates. The results indicate that the energy
barriers for HSO; formation are similar across all eight SACs,
making it difficult to screen catalysts. Subsequently, the HSO;-
mediated NO oxidation process on these catalysts was
explored to determine the corresponding reaction energy
barriers and thermodynamic profiles. Based on the Brensted-
Evans—Polanyi (BEP) relationship, we identified the HSO,
adsorption energy as a key descriptor, which exhibits linear
correlations with *OH adsorption energy, reaction barriers,
and SO, desorption energy. Following the Sabatier principle,
we constructed a volcano plot to evaluate the catalytic activity
of HSOj;-assisted NO oxidation, successfully predicting the
performance of 28 SACs (3d, 4d, and Sd metals). Among
them, Co—N,—C exhibits the highest activity near the volcano
peak. Fixed-bed experiments confirmed that SO, enhances NO
oxidation over Co—N,—C, validating the theoretical predic-
tions from the volcano plot. Furthermore, we analyzed the
relationship between Bader charge, electronegativity, and the
descriptor, revealing strong linear trends that enable catalytic
performance prediction based on electronic structure. Finally,
crystal orbital Hamiltonian population (COHP) and electron
density difference (EDD) analyses were employed to elucidate
the bonding interactions and charge redistribution between
SO, and Co/Fe—N,—C surfaces, establishing a microscopic
electronic structure—macroscopic activity correlation for
rational catalyst design. This work not only proposes a novel
SO,-enhanced strategy for NO removal but also provides a
universal descriptor and theoretical framework for screening
high-performance NO removal catalysts. We anticipate that
this research will provide novel theoretical insights for
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pollutant removal strategies and a robust framework for
identifying high-performance NO oxidation catalysts.
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