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Hydrogen sulfide (H2S), a highly toxic and corrosive gas emitted from natural,
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Published: 8 December 2025  HzS in the tail gas, necessitating advanced technologies for further transformation and
purification. Continuously selective oxidation of H2S (H2S-CSO) has emerged as a
promising technology that can achieve near-complete sulfur recovery and ensure
compliance with emission regulations. Carbon-nitrogen catalysts show significant
potential to replace metal-based catalysts in the H2S-CSO process due to their tunable
electronic structures, cost-effectiveness, and resistance to sulfur poisoning. This review
comprehensively summarizes the major milestones in the development of carbon-
nitrogen catalysts for H2S-CSO process. We focus on key advances, including
construction of active sites (e.g., pyridinic N and metal single atoms), regulation of
surface electronic structure (e.g, via elemental doping and defect engineering), the use
of supports, optimization of pore structure to facilitate both reactants (HzS and 03)
adsorption and sulfur desorption processes. These modifications are critically discussed
in relation to catalytic performance and stability, so as to unveil the underlying
e Modified carbon-nitrogen  structure-activity relationships. Despite these advances, review articles dedicated to

hydrogen sulfide;

continuously selective oxidation;
carbon-nitrogen catalysts;
sustainable environment

catalysts boost reactant carbon-nitrogen catalysts for H2S-CSO remain scarce, and this work aims to fill that gap.

adsorption and product Current challenges such as sulfur poisoning, SOz over-oxidation, and catalyst scalability

desorption are addressed, along with future directions for the rational design of robust carbon-
e Kinetics insights, in situ nitrogen catalysts aimed at sustainable HzS treatment and sulfur resource recovery.

experiments and density

H,S sources: natural, industrial, and Sulfur applications: rubber

functional theory establish agricultural activities medicament, and batter ux?‘\~
the structure-activity N

. . , i ﬁ\;) :
relationship and elucidate = H,5-CSO E‘/ »
catalytic mechanism = process ]

e Future research focus on the by k P
a1 a1 gCN. 3
scalability and stability of oy @
. e e Carbon-nitrogen

carbon-nitrogen catalysts I1r) = BE(iE A=

Nitrogen-doped carbon

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons Attribution (CC
BY) license (https://creativecommons.org/licenses/by/4.0/).
BY

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.



HzS, a highly toxic and flammable acidic gas,
originates from diverse natural and anthropogenic
sources, such as volcanic emissions, biological
decomposition, and various industrial and agricultural
activities (Figure 1) [1-3]. With escalating global fossil
fuel consumption, industrial HzS emissions have evolved
into a pressing environmental and economic issue.
Notably, HzS is detectable by its characteristic rotten-egg
odor at concentrations as low as 10 ppb. Prolonged
exposure to low concentrations can induce adverse health
effects, while levels exceeding 500 ppm may cause rapid
loss of consciousness, fatal respiratory paralysis, and
death [4-6]. Beyond its direct health hazards, H2S also
triggers severe corrosion in pipelines, valves, and
industrial equipment, and leads to the rapid deactivation
of metal-based catalysts, incurring substantial economic
losses. Moreover, the atmospheric oxidation of H2S
produces sulfur dioxide (SO2), a primary precursor to acid
rain, thereby exacerbating environmental damage [7-9].
Consequently, the development of efficient and
economical technologies for H2S removal is imperative.
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Figure 1. Schematic diagram of HzS sources.

For nearly a century, wet absorption processes
employing alkaline solutions (e.g., ammonia or amine-
based solvents) have been widely utilized for H2S capture.
However, the high operational costs of these methods
stem not only from the non-regenerative nature of many
absorbents but also from the reversible absorption in
regenerative processes that allow HzS re-release [10-12].
The Claus process, patented in 1883, emerged as a
dominant technology for HzS elimination and sulfur
recovery. This process is suitable for high-concentration
H:S scenarios to achieve sulfur recovery at industrial
scale, which involves the partial oxidation of H2S to SO:
(Equation (1)), followed by its reaction with remaining
H:S over catalysts to form elemental sulfur (Equation (2)).
Despite its widespread adoption, the Claus process is

constrained by thermodynamic limitations, typically
achieving only 60-70% conversion per catalytic stage.
This necessitates multiple reactors in series to attain an
overall sulfur recovery efficiency of ~98%, yet the
resultant tail gas still contains 3-5% H:S, requiring
further treatment [13-15].

H2S + 3/202 »S02 + H20 AH = -519 k]/mol (1)

2H2S + SOz »3/nSn + 2H20 AH = -147 kJ/mol (2)

H2S + 1/202 »1/nSy + H20 AH = -222 kJ/mol (3)

To address residual H2S, enhanced catalytic
technologies such as the Mobil Direct Oxidation Process
and Super Claus have been developed and
commercialized [16,17]. These systems rely on the direct
selective oxidation of H2S to sulfur (H2S-CSO process,
Equation (3)), which offers several distinct advantages:
absence of thermodynamic equilibrium limitations,
reduced SO: emissions, high sulfur selectivity, lower
operating temperatures, tolerance to moisture, ease of
integration into existing infrastructure, applicability to
various feed compositions, and no hydrogen consumption
[18-20]. As illustrated in Figure 2, the H2S-CSO process
enables near-complete sulfur recovery and ensures
compliance with stringent emission regulations.
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Figure 2. Schematic diagram of H:S removal from
industrial sources.

In recent years, significant research efforts have
been devoted to developing more efficient heterogeneous
catalysts for H:S selective oxidation, such as metal-based
catalysts (e.g., oxides, carbides, sulfides), carbon-based
catalysts, zeolites, metal organic frameworks, covalent
triazine frameworks, and layered double hydroxides
[17,20-26]. Owing to their superior intrinsic activity,
extensive research has primarily focused on metal-based
catalysts for H2S-CSO process. However, their
performance is frequently hampered by deactivation
mechanisms including metal sulfidation, pore blockage by
sulfur deposits, and active-site coverage by sulfate species
[27-30]. These persistent challenges have motivated the
exploration of nonmetal alternatives. Carbon-based
materials, particularly activated carbon (AC), have
garnered significant interest due to their low cost, high




specific surface area (SSA), tunable porosity, and
demonstrated efficacy in low-temperature H:S removal
[31-33]. Nevertheless, the conventional low-temperature
H2S removal process is inherently discontinuous, as
accumulated sulfur must be periodically desorbed,
requiring reactor shutdown and catalyst regeneration
[34-36]. Transitioning to a continuous operation mode
demands temperatures above the sulfur dew point to
facilitate sulfur evaporation. Under such conditions, most
AC catalysts exhibit limited activity due to a scarcity of
active sites for HzS activation [37-39]. Furthermore, their
predominantly microporous structure often impedes
sulfur diffusion, thereby promoting over-oxidation to SO2
[40-42]. Recently, carbon-nitrogen catalysts, especially
nitrogen-doped carbon (NDC), have shown considerable
promise. The incorporation of nitrogen functional groups
(e.g., pyridinic N) serves as the Lewis basic site that
enhances H:S dissociation and moderate local pH. This
synergistic effect promotes sulfur migration from
micropores to larger pores, thereby improving desorption
kinetics and suppressing SOz formation [43,44].

Given their promising activity, the application of
carbon-nitrogen catalysts in the H2S-CSO process has
become increasingly noteworthy. This review provides a
comprehensive overview of the development, catalytic
performance, and mechanistic insights of carbon-nitrogen
catalysts for the H2S-CSO process. We systematically
summarize the synthetic strategies, modified strategies,
catalytic performance and underlying mechanism of these
catalysts, with a particular emphasis on the role of active
sites and pore structure in promoting the adsorption of
reactants (HzS and 0:2) and the desorption of sulfur
products. Furthermore, we critically examine the
relationships between catalyst properties (e.g., element
doping, surface chemistry, pore structure, and electronic
configuration) and catalytic performance under various
conditions, such as high 02 concentrations or elevated
reaction temperatures. This review also addresses
persistent challenges in the fields, such as achieving long-
term stability under industrial conditions, suppressing
over-oxidation, and scaling up catalyst production. By
evaluating recent experimental and theoretical advances,
this work aims to guide the rational design of high-
performance carbon-nitrogen catalysts and to accelerate
their practical implementation for efficient H2S removal
and sustainable sulfur recovery, ultimately contributing to
cleaner industrial processes and environment protection.

Since the 1980s, NDC materials have garnered
significant interest due to their capacity to modulate the
atomic and electronic structures of the carbon matrix,
thereby enhancing electrical conductivity and tailoring

chemical reactivity [45,46]. The nitrogen functionalities in
these materials are broadly classified into two categories:
(i) surface-dangling groups, such as amines (-NHz, -NH-, -
N=), nitro (-NO2), nitroso (-NO), and cyano (-C=N); and
(ii) framework-incorporated species, including pyridinic N,
pyrrolic N, graphitic N, and pyridinic N-oxide (Figure 3a)
[34]. Surface-dangling groups are typically introduced via
low-temperature pyrolysis (400-500 °C) of AC or carbon
nanotubes (CNTs) under NHs atmosphere or in the
presence of urea [47]. These nitrogen-modified carbons
exhibit a higher HzS adsorption heat (50 k] /mol) compared
to their unmodified counterparts (10-40 kJ/mol), which
facilitates H2S capture [48]. However, their practical
application is hampered by limited content (usually below
10%) and stability during long-term H2S-CSO process,
typically resulting in irreversible functional loss [49,50].

To achieve more stable nitrogen incorporation
within the carbon framework, strategies such as high-
temperature pyrolysis (around 900 °C) under NHs or
pyridine for AC and CNTs, as well as chemical vapor
deposition (CVD), have been employed [51-53]. Owing to
the higher electronegativity of nitrogen (x = 3.04)
compared to carbon (x = 2.55), framework-incorporated
pyridinic N acts as a Lewis basic site with considerable
thermal stability [34]. This functionality modulates the
local pH and enhances surface polarity, thereby
promoting H2S adsorption [54,55]. A direct correlation
between pyridinic N content and H:S uptake was
evidenced by Sun et al. [43]. Furthermore, the electron-
donating character of pyridinic N significantly
strengthens 02 activation, contributing to markedly
improved H:S-CSO performance [56]. For instance,
Ghasemy et al. demonstrated that N-doped CNTs, even
with a limited pyridinic N content, achieved complete H2S
conversion (~100%) at 230 °C, vastly outperforming
pristine CNTs (~28%) [57].

Conventional doping strategies, however, often face
limitations in either nitrogen content or scalability and cost
[53]. In response, research has shifted toward intrinsically
nitrogen-rich carbon-based catalysts. Graphite carbon
nitride (g-C3N4), a metal-free polymer with a high theoretical
nitrogen content (57.1 at%), has emerged as a promising
candidate for the H2S-CSO process (Figure 3b) [58,59]. In a
seminal 2018 study, Shen et al. reported the first application
of g-C3N4 catalysts in this process, where an optimal sample
(CNM-600) achieved a sulfur yield of 93% at 180 °C, far
exceeding that of a commercial Fe20s3 catalyst (~17%) [60].
The potential for scalable synthesis and practical application
of g-C3N4 is underpinned by two key advantages: (i) the
diversity of low-cost precursors (e.g, urea, thiourea,
dicyandiamide, melamine, cyanuric acid and trithiocyanuric
acid) and (ii) a relatively simple preparation process (often
involving direct pyrolysis in air) [61]. Inspired by g-C3Na,
other N-rich polymers have been explored. Lei et al. reported
the first use of carbon-doped boron nitride for the H2S-CSO
process, demonstrating high sulfur yield and corrosion
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resistance [62]. A covalent triazine framework derived from
the self-polymerization of 1,4-dicyanobenzene was shown to
outperform bulk g-C3Ns across the entire reaction
temperature range [25]. Mi et al. developed pyridinic N-
functionalized hierarchical porous polymers via the
copolymerization of vinylbenzyl chloride and 4-
vinylpyridine, realizing 100% H2S conversion at 180 °C [63].

Beyond g-C3N4, the direct pyrolysis of nitrogen-rich
precursors—such as biomass, conductive polymers, and
metal organic frameworks—represents a dominant
pathway for NDC synthesis. The resulting catalysts
typically feature high SSA and well-developed porosity,
which facilitate H2S adsorption, sulfur desorption, and the
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exposure of active nitrogen sites [64-66]. In contrast to
the limited porosity of g-CsNs, these NDC catalysts
generally possess higher SSA and more developed pore
structure. This hierarchical porosity not only ensures full
exposure of doped nitrogen species, but also promotes
mass transport, accounting for the enhanced catalytic
performance (Figure 3c) [67]. Furthermore, the tunable
electronic structure of NDC catalysts allows for co-doping
with other heteroatoms (e.g, B, P, S) to fine-tune
performance under specific conditions [68-70]. Their
compatibility with various supports (e.g., CNTs and silicon
carbide) further underscores their versatility and
potential for scalable industrial implementation [53,71].
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Figure 3. (a) Schematic representation of different types of nitrogen species in carbon-nitrogen catalysts. Reproduced with
permission. Copyright 2000, American Chemical Society [34]. (b) H2S-CSO process over g-C3N4 catalysts. Reproduced with
permission. Copyright 2019, Elsevier [59]. (c) H2S-CSO process over NDC catalysts. Reproduced with permission. Copyright

2021, American Chemical Society [67].

For both g-C3N4 and NDC catalysts, their inherent
nitrogen sites are propitious for loading and anchoring
metal species, enabling the construction of well-defined
active sites. A prevalent and straightforward strategy is
the one-step pyrolysis of a mixture containing a carbon-
nitrogen precursor and a metal salt [17,72]. During the
thermal treatment under an inert atmosphere, the
simultaneous carbonization, nitrogen doping, and in situ
reduction of the metal ions occur, leading to the formation
of metal species uniformly dispersed within the N-rich
matrix, as demonstrated in the synthesis of metal single-
atom (e.g., Fe and Co) catalysts on g-C3Ns and Co
nanoparticles encapsulated by N-doped carbon layers
[73-76]. Subsequent density functional theory (DFT)
studies on such models, like Co-Nx and Fe-Nx (x = 3 or 4)

doped graphene, confirm these M-Nx configurations as
the active centers for HzS and O: activation [77-79]. An
alternative approach involves a two-step process, where
N-doped carbon nanotube (N-CNT) is first synthesized
and subsequently functionalized to introduce surface
groups that facilitate the uniform deposition of
molybdenum (Mo) precursors via incipient wetness
impregnation, followed by a calcination step to form well-
dispersed MoOy, on N-CNT [80]. Furthermore, a
coordination-assisted pyrolysis strategy has been
effectively utilized, as exemplified by the synthesis of
Mn-N4 single-atom catalysts. Mn ions are first
coordinated with a nitrogen-rich resin, and the
subsequent pyrolysis in the presence of fumed silica,
followed by acid and alkali etching, yields a porous NDC
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matrix with atomically dispersed Mn-Ns sites,
demonstrating the versatility of precursor design in
creating defined coordination environments [81]. These
synthetic pathways collectively leverage the inherent
affinity of nitrogen sites in the carbon framework for
metal species, enabling the precise construction of highly
active and stable catalysts for H2S-CSO process.

2.2. Modified Strategies of Carbon-Nitrogen Catalysts

2.2.1. g-C3N4 Catalysts

Despite the abundance of amino functional groups in
graphitic carbon nitride (g-CsN4), which facilitates H2S
adsorption, its extended m-conjugated electronic
structure—arising from the sp? hybridization of carbon
and nitrogen—results in a lack of active sites for O2
adsorption and activation. Furthermore, the inherent
tendency of t-conjugated layers to stack via van der Waals
interactions and hydrogen bonding leads to the formation
of bulk morphologies with low SSA [61]. These structural
limitations impede the desorption of elemental sulfur,
causing surface deposition and rapid catalyst deactivation.
To overcome these challenges, researchers have pursued
systematic optimization of g-CsNs4 through synthesis
process control, micro-nanostructure regulation, surface
modification, and electronic structure modulation.
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To disrupt the stacked bulk architecture, Lei et al.
exfoliated bulk g-C3Ns via secondary thermal treatment,
obtaining ultrathin nanosheets with a thickness of only
1.02 nm as evidenced by transmission electron
microscopy (TEM) and atomic force microscopy (AFM)
images (Figure 4a-e) [82]. Such thickness is much smaller
than bulk g-CsNs (~2.5 nm, Figure 4fg) [83]. The
diminished intensity of XRD diffraction peaks and the blue
shift of the absorption edge in DRS spectra further
confirmed successful exfoliation. The resulting material
exhibited an increased SSA from 41 to 156 m2/g, and its
sulfur yield at 180 °C improved by 3.9-fold relative to bulk
g-C3Ns. However, the durability of the exfoliated catalyst
remained limited, sustaining activity for only 4 h, which
was attributed to insufficient pore volume and persistent
sulfur accumulation. To address pore structure
limitations, Kamali et al. employed SBA-15 as a hard
template to synthesize g-C3N4 nanorods with a high SSA of
525 m?/g (Figure 4h,i). These nanorods functioned as
nanoreactors that enhanced mass transfer, achieving
99.8% H2S conversion, while shortened diffusion
pathways promoted sulfur desorption, yielding 88.8%
sulfur selectivity. The catalyst lifetime was extended to 20
h. A key challenge of this approach, however, lies in the
template removal step, which requires hazardous
hydrofluoric acid, thereby complicating the synthesis and
impeding scalable production [84].
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Figure 4. (a) [llustration of the processes for the generation of exfoliated g-C3Na catalysts. (b,c) TEM images, (d) AFM image,
and (e) height scanning of CNU-p600. Reproduced with permission. Copyright 2019, American Chemical Society [82]. (f)

AFM image of 2D 0-g-C3N4 and (g) the corresponding thickness analysis. Reproduced with permission. Copyright 2022, IOP

Publishing [83]. SEM images of (h) bulk and (i) nanorod g-C3N4 catalysts. Reproduced with permission. Copyright 2019,

Elsevier [84].
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Beyond morphological control, electronic structure
modulation represents a powerful strategy to strengthen
reactant adsorption and enhance catalytic performance.
Lei et al. pyrolyzed a mixture of wurea and
cetyltrimethylammonium bromide (CTAB) to obtain
carbon-conjugated g-C3N4 porous nanosheets (Figure 5a).
CTAB served a dual role: as a carbon source that extended
the m-electron system and as a soft template whose
thermal decomposition generated in situ porosity. This
synergistic modification significantly enhanced the
adsorption of both HzS and Oz, leading to a sulfur yield of
97.9% at 180 °C and a lifetime of 24 h [59]. In an

Ye, H. et al.

alternative approach, Lyu et al. directly doped carbon
atoms into the g-C3N4 framework. This not only expanded
the m-conjugated system, but also introduced unpaired
electrons and induced structural distortion in the stacked
layers, creating active sites for H2S and Oz adsorption and
activation. The optimized catalyst (CNGo.2) achieved 99%
H:S conversion and 95% sulfur selectivity at 200 °C, with
a durability exceeding 70 h. Notably, CNGo: was
synthesized on a large scale using low-cost melamine and
glucose  while retaining comparable catalytic
performance (Figure 5b), demonstrating promise for
practical application [85].
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Figure 5. (a) Schematic illustration for the generation of in-plane holey carbon-conjugated CN nanosheets. Reproduced
with permission. Copyright 2019, Elsevier [59]. (b) The fabrication process of formed CNGo.2 and corresponding H2S
conversion compared to CNGo.2. Reproduced with permission. Copyright 2022, Elsevier [85].

Building on the success of carbon modification, Shen
et al. grafted bromophenyl functional groups onto the g-
C3Ns4 framework. This modification delocalized the -
conjugation and enhanced the basicity of nitrogen active
sites, thereby promoting H:S dissociation and reducing
affinity for adsorbed sulfur. These electronic and structural
optimizations collectively enabled simultaneous high HzS
conversion (100%) and sulfur selectivity (100%), along
with an extended lifetime of 200 h [86]. Besides metal-free
modifications, Lei et al. modified g-C3N4+ with MozC.
Combined experimental and theoretical studies revealed
that Moz2C induced charge redistribution in the g-CsNa

framework, strengthening HzS adsorption on adjacent N
sites and achieving a sulfur yield of 99% at 190 °C [21].
These studies underscore the versatility of electronic
modulation strategies for both metal-free and
metal-modified g-C3N4 catalysts.

Compared to metal-free modification, the Mo:C-
modified g-C3N4 exhibited a shorter lifetime of only 30 h,
possibly due to sulfur poisoning of the metal sites. It is
well-known that nitrogen-rich motifs in g-C3Ns4 can
effectively disperse and stabilize metal species, forming
single-atom catalysts (SACs). Such architectures offer
multiple advantages: (i) enhanced metal stability and
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sulfur tolerance, (ii) reduced metal usage and cost, (iii)
effective modulation of the m-conjugated electronic
structure to promote reactant adsorption and activation,
and (iv) well-defined active sites conducive to
establishing structure-activity relationships [72,87]. In
this regard, Lei et al. developed a g-C3Ns-supported Fe—N4
SAC with a flaky morphology, in which Fe single atoms
were clearly observed at both narrow and wide scales and
had little influence on the inherent structure of g-CsN4
(Figure 6) [73]. Compared to its nanoparticle counterpart
(a sulfur yield of ~40% and a lifetime of 20 h), the Fe SAC
exhibited markedly superior performance (~99% sulfur
yield at 180 °C) and durability (270 h). By varying
precursor compositions, the valence state of Fe could be
precisely tuned: Fe SACs derived from dicyandiamide and
FeCls featured exclusively Fe3+ (Figure 6a), whereas those
from trithiocyanuric acid and iron (II) phthalocyanine
contained a mixture of Fe? and Fe2+ (Figure 7a). The dual-
valence Fe SAC achieved higher sulfur yield (~99%) than
the single-valence analogue (~82%), which was
attributed to accelerated redox cycling between adjacent
valence states [73,74]. Further enhancement was
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achieved by substituting Fe with Co single atoms (Figure
7b), which attained 100% H:S conversion and a lifetime of
460 h, alongside excellent thermal stability and tolerance
to typical industrial gas components such as H20, SOz, COz,
and H: (Figure 7c) [75].

Besides transition metals, Lyu et al. applied a molten
salt method to synthesize a crystalline poly(triazine
imide) intercalated with lithium ions (PTI-Li*),
representing the first use of crystalline carbon nitride in
the H2S-CSO process (Figure 8a). In contrast to the melon
structure of conventional g-C3Nas, PTI-Li* exhibits a well-
defined crystalline framework, enabling clearer
correlation between structure and activity. The
interaction between atomically dispersed Li sites and the
triazine framework enhances electron delocalization and
modulates the electronic band structure, thereby
promoting the adsorption and activation of both 02 and
H:S (Figure 8b-f). As a result, PTI-Li* achieved 98% HS
conversion and 98% sulfur selectivity at 200 °C, with a
durability of approximately 100 h [88]. All above works
confirm superior stability of metal single atoms in the
H2S-CSO process.

T (%)

©-CN-NH5
Fe-CN-NH7

2158 cm”' ]
808 cm’

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6. (a) Pyrolytic synthesis of Fe-CN-NHy catalysts. (b) SEM image, (c,d) HAADF-STEM images, and (ef) the
corresponding element mappings of Fe-CN-NH5 catalyst. (g) FT-IR profiles of Fe-CN-NHy catalyst. Reproduced with

permission. Copyright 2020, Elsevier [73].
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Figure 8. (a) Preparation and structure of PTI-Li* and corresponding (b) SEM image, (c) HAADF-STEM image, (d) AC-iDPC
image along the [0001] direction, as well as (e) expanded view of (d), (f) the crystal structure and the schematic diagram
of a PTI-Li* crystal. Reproduced with permission. Copyright 2024, Wiley-VCH [88].

2.2.2. NDC Catalysts

Similar to g-C3Ny, pristine carbon materials possess a
m-conjugated electronic structure arising from sp?-
hybridized carbon, which inherently lacks active sites for
the adsorption and activation of both HzS and Oz. Initial
efforts to enhance their catalytic performance in the H2S-
CSO process focused on direct acid treatment to introduce

oxygen-containing functional groups. While this approach
led to significant initial improvements, the poor durability
of these oxygen groups—stemming from their reaction
with H2S to form H:0—Ilimited their practical utility
[38,89,90]. In contrast, nitrogen doping, which leverages
the comparable atomic sizes of N and C, provides a more
robust means of modulating the surface electronic
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structure of carbon matrices, thereby effectively promoting
the co-adsorption and activation of H2S and Oz [54,56].

Early applications of NDC catalysts in H2S-CSO
primarily involved nitrogen-doped CNTs (N-CNTs)
synthesized via CVD. A marked enhancement in HzS
conversion was observed, increasing from 2% for undoped
CNTs to 99.8% for N-CNTs [53]. To address reactor
pressure drop issues, Ba et al. scaled up N-CNTs into
macroscale spherical particles using an alginate gel
method. The gel framework contributed to an elevated SSA
and meso-macroporous structure. However, the spherical
N-CNTs exhibited diminished H2S conversion and sulfur
selectivity compared to the pristine powder. This decline
was attributed to CNT entanglement within the spheres,
which reduced the accessible SSA, limited active site
exposure, and impeded sulfur desorption. The prolonged
residence time of sulfur within the porous network
subsequently promoted its over-oxidation to SOz [91].

To mitigate these issues, N-CNTs were supported on
macroscopic silicon carbide (N-CNTs/SiC) with various
geometries (e.g., particles, extrudates, foams, rings). N-

Glob. Environ. Sci. 2026, 2(1), 1-22

CNTs/SiC demonstrated superior HzS conversion (~95%)
compared to its unsupported counterpart (~35%) at 190
°C (Figure 9a-f). This enhancement was ascribed to the
improved spatial distribution of N-CNTs within the
catalytic bed, ensuring more efficient contact between
reactants and active sites. SiC foam supports, in particular,
induce turbulence that enhances gas mixing. A critical
finding was that higher catalystloadings do not invariably
yield better performance, as excessive loading can impede
reactant access to active sites (Figure 9g,h), underscoring
the advantage of supports in optimizing catalyst
utilization [92-94]. Further improvement was achieved
by Wang et al., who replaced conventional Joule heating
with non-contact induction heating, thereby boosting Hz2S
conversion [95]. Although SiC supports enhanced H2S
conversion, sulfur selectivity often declined, likely due to
extended sulfur residence time facilitating over-oxidation.
Introducing toluene into the feed gas effectively mitigated
this issue by increasing the solubility of elemental sulfur,
thereby accelerating its removal from mesopores and
suppressing SOz formation [96].
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Figure 9. Photographs of (a) SiC foam and (b) N-CNT/SiC foam composite. (c,d) SEM images of N-CNT/SiC composite.
Reproduced with permission. Copyright 2012, Wiley-VCH [53]. (e) HzS conversion and (f) sulfur selectivity on N-CNT/SiC-
750 and N-CNT-750 catalysts. (g) H2S conversion and (h) sulfur selectivity on N-CNT/SiC with different N-CNT loading.

Reproduced with permission. Copyright 2014, Elsevier [94].

Despite these advances, the aforementioned strategy
faces two primary challenges: (i) the high cost of SiC
supports and (ii) the typically low nitrogen content of CVD-

synthesized N-CNTs, which necessitates reaction
temperatures above 200 °C for satisfactory HzS conversion,
increasing energy consumption. To address these

https://doi.org/10.53941/ges.2026.100001

9



Glob. Environ. Sci. 2026, 2(1), 1-22

limitations, Li et al. employed low-cost CNTs as tunable
supports. Pyrolysis of nitrogen-rich precursors mixed with
CNTs yielded NDC catalysts with a relatively high nitrogen
content (8.4 at%), achieving 99.4% H:S conversion at 190
°C [71]. Inspired by this, Wang et al. treated waste AC with
melamine and formed monolithic N-AC catalysts using
lotus root starch gel. These macroscopic catalysts achieved
approximately 90% H2S conversion and sulfur selectivity,
outperforming their powdered equivalents [97]. Besides
CNTs and AC, Liu et al. employed electrospinning of
polyacrylonitrile and polyvinylpyrrolidone followed by
pyrolysis to produce macroscopic NDC catalysts with high
nitrogen content (10.8 at%) and excellent durability
exceeding 200 h [98].

A dominant methodology for synthesizing NDC
catalysts involves the direct pyrolysis of carbon- and
nitrogen-containing compounds with templating agents
(e.g., alkalis, salts) to maximize SSA, thereby exposing
more nitrogen active sites and creating defects that
enhance reactant adsorption and activation. Li et al. used
KOH as an activator to prepare an NDC catalyst with an
ultrahigh SSA of 3530 m2/g, rich in defects and nitrogen
(Figure 10a). Experimental results indicated that defect
density increased with melamine content, while nitrogen
content decreased at higher pyrolysis temperatures

Ye, H. et al.

(Figure 10b,c). Catalytic performance in the H2S-CSO
process exhibited positive correlations with both defect
density and pyridinic N content. Consequently, the EM-
3.5-800 catalyst, pyrolyzed at a relatively low
temperature (800 °C), exhibited high defect density and
pyridinic N content, achieving optimal performance
(97.7% HaS conversion and 90.2% sulfur selectivity) [44].
Liu et al. further demonstrated the synergistic role of
defects and pyridinic N, wherein pyridinic N enhanced
H:S adsorption while defects promoted O activation into
superoxide radicals [99]. Apart from KOH, Liu et al.
utilized NaCl as a template to fabricate porous NDC
catalysts. The addition of NaCl dramatically increased the
SSA from 41 m2/g (NC-0-800) to 502 m2/g (NC-10-800),
with defect density increasing concomitantly with NaCl
content. The NC-10-800 catalyst maintained high H2S
conversion (~96%) and sulfur selectivity (91%) over a
100-h stability test, indicating excellent stability of the
defective structure. Differential charge density analysis
revealed greater charge accumulation for both HzS and Oz
adsorbed on defective NDC surfaces compared to defect-
free models (Figure 10d,e). These defects significantly
enhanced the Lewis basicity of pyridinic N, and promoted
the adsorption and activation of both H2S and Oz, thereby
improving overall H2S-CSO performance [100,101].
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Figure 10. (a) Nitrogen adsorption-desorption isotherms of the N-doped carbon nanoflakes synthesized with different
melamine concentrations. (b) defect density of samples with different melamine mass. (c¢) High-resolution N 1s spectra and

the contents of different nitrogen species of N-doped carbon nanoflakes prepared at different temperatures. Reproduced
with permission. Copyright 2020, Royal Society of Chemistry [44]. 3D differential charge densities of (d) HS* and (e) Oz on
N-G and N-D-G. The yellow and blue isosurfaces correspond to the increase in the number of electrons and the depletion
zone, respectively. Reproduced with permission. Copyright 2026, Elsevier [101].

Considering that template removal complicates the
synthesis process and hinders scalability, Yang et al.

directly pyrolyzed thermally stable polyaniline (PANI) in
air without templates, obtaining an NDC catalyst (NrC-

10
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450) with high nitrogen content (17.2 wt.%) and
developed porosity (474 m?2/g). The air atmosphere
facilitated the conversion of PANI to NDC at relatively low
temperatures (>350 °C), markedly reducing energy
consumption (Figure 11a). Benefiting from high pyridinic
N content and developed pore structure, the optimal NrC-
450 catalyst achieved 99.6% H:S conversion and 93.4%
sulfur yield, demonstrating excellent stability over 72-h
[64]. Inspired by this work, various polymers, including

a Polyaniline

ZI

b Airlaid paper
‘KOH <

i

Carbonization

Porous carbon
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copolymer, polypyrene, and polyimide, have been
employed as precursors to prepare NDC catalysts with
superior H2S-CSO performance, highlighting the promise
of polymeric precursors [67,102,103]. Beyond synthetic
polymers, biomass represents another important source
for NDC catalysts, with materials such as waste air-laid
paper, discarded cigarette butts, and biochar already
applied in H2S-CSO process (Figure 11b) [65,104,105].
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XY
N Y ¢

Z
N

N-doped porous carbon

N-doped edge defects

Figure 11. (a) Possible chemical changes accompanying the thermal treatment of polyaniline leading to the formation of
(1) ether, (2) phenazine rings, (3) pyrrolic N, (4) nitrile groups, (5) ketone, and (6) quaternary N. Reproduced with
permission. Copyright 2020, American Chemical Society [64]. (b) Schematic fabrication process for N-doped porous carbon

from waste air-laid paper. Reproduced with permission. Copyright 2021, Elsevier [65].

reactant
product

A catalytic reaction
adsorption/activation,

encompasses
conversion, and

desorption. In the H2S-CSO process, the catalytic
performance depends not only on the efficiency of HzS
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adsorption and conversion, but also critically on the rate
of sulfur desorption. Due to capillary effects, both reactant
HzS molecules (3.72 A) and product sulfur molecules
(8.06 A) tend to adsorb and deposit in catalyst micropores
(Figure 12a). If sulfur is not promptly desorbed, it
inevitably undergoes over-oxidation to SOz and block Hz2S
access, reducing both H:S conversion and sulfur
selectivity. To address this, Li et al. prepared an NDC
catalyst with an interconnected micro-mesoporous
network. The abundant mesopores facilitated rapid HzS
diffusion to active sites located in micropores, while
greatly enhancing the diffusion and desorption of sulfur
transferred from micropores via nitrogen species. This
hierarchical structure enabled the catalyst to achieve
100% H2S conversion and approximately 90% sulfur
selectivity at an extremely high weight hourly space
velocity (WHSV) of 60,000 mL gt h-! for over 160 h
[106,107]. Building on the concept of mesoporosity,
Zhang et al. synthesized NDC catalysts with tunable sizes
(0.12-1.06 um) by controlling the size of zeolitic
imidazolate framework (ZIF) precursors. The resulting
catalysts possessed similar SSA, pore size, and nitrogen
content, enabling the establishment of a size-activity
relationship. Results indicated that smaller particle sizes
promoted higher H:S conversion but lower sulfur
selectivity, likely due to enhanced active site exposure and
improved reactant diffusion, coupled with severe particle
stacking that prolonged sulfur-O: contact time and
promoted over-oxidation [66]. Consequently, selecting
larger ZIF-8 particles (0.89 um) and adding NaCl as a
protective agent during pyrolysis effectively mitigated
nitrogen loss at high temperatures and further enhanced
the interconnected micro-mesoporous structure (Figure
12b). This optimized catalyst achieved high H2S
conversion (96.5%) and sulfur selectivity (93.5%) at a
WHSV (60,000 mL g-t h-1) [108]. The obtained product
sulfur is the important raw materials for various value-
added applications such as sulfuric acid, fertilizers,
polymers [109,110].

While nitrogen species promote Oz activation, this
can lead to the over-oxidation of H:S or sulfur to SO:
under conditions of high 02 concentration or
temperature. However, the O2/H2S ratio in practical
applications usually exceeds 0.5. To suppress over-
oxidation, Liu et al. co-doped N and S atoms into the
carbon matrix. The incorporated S atoms effectively
reduced the Lewis basicity of pyridinic N, moderately
weakening the adsorption of both H2S and 0. This
adjustment enabled 94.3% H:S conversion and 84.5%
sulfur selectivity at an 0z/H2S ratio of 2.5. though
selectivity dropped sharply to 70.0% at a ratio of 7.5 [69].

To further improve performance, phosphate groups were
modified onto an NDC catalyst. Temperature-
programmed desorption (TPD) and O: reduction
experiments revealed that phosphate groups mitigated O2
adsorption capacity. Furthermore, the interaction
between pyridinic N and phosphate groups, combined
with a steric hindrance effect, inhibited sulfur
accumulation around active sites, thus preventing over-
oxidation. This design yielded a superior sulfur selectivity
of 93% at an Oz/HzS ratio of 12.5, although HzS conversion
was limited to ~85%, likely because excess 02 covered the
sites for H2S adsorption [68]. To achieve both high H2S
conversion and sulfur selectivity under high O:
conditions, Ye et al. developed a series of metal single
atoms supported on NDC (M-NDC) to tailor the surface
electronic structure and systematically screened the
effect of metal identity on the adsorption energy of H2S
and 02. Mn-NDC was identified as the optimal catalyst,
maintaining over 90% H2S conversion and 90% sulfur
selectivity even at an Oz/HaS ratio of 10 (Figure 13a).
Importantly, this ratio can be attained by direct dilution
with air, significantly simplifying the process and
enhancing practical applicability. Quasi-in situ XPS
analysis revealed that the rapid redox cycling between
Mn2+ and Mn3+ species during the conversion of Hz2S and
02 underpinned high catalytic performance across a wide
range of Oz/HzS ratios (Figure 13b) [81]

For high-temperature operations, Ye et al. prepared
N-P co-doped carbon (P-NDC) catalysts. Combined
experimental and theoretical calculations revealed that
compared to C atoms (x = 2.55), N (x =3.04) and P (x =
2.19) atoms function as Lewis base (LB) and Lewis acid
(LA) sites, respectively. Their spatial separation within
the carbon matrix facilitated the formation of Lewis pairs
(LPs). These LPs significantly enhanced the
chemisorption of both H2S and SOz molecules, effectively
promoting the Claus reaction (Figure 13c). Consequently,
the P-NDC catalyst achieved excellent sulfur yields of
97.4% at 240 °C and 95.7% at 260 °C, demonstrating
potential as an alternative to traditional metal-based
catalysts and filling the application gap for carbon-based
catalysts in the H2S-CSO process within the 200-300 °C
range [70].

To provide a clearer overview and facilitate a direct
comparison of the various g-CsNs and NDC catalysts
discussed in this section, Table 1 summarizes their key
physicochemical properties (e.g., specific surface area and
nitrogen content) alongside their catalytic performance in
the H2S-CSO process. This systematization helps to elucidate
the structure-property-performance relationships that
govern the design of efficient H2S-CSO catalysts.
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Figure 12. (a) Illustration of sulfur cluster diffusion in the pore structures of the fabricated defective-edges N-doped porous
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(b) Schematic illustration of the reaction pathway and critical parameters of size-controllable NPC carbocatalysts for H2S
selective oxidation. Reproduced with permission. Copyright 2021, Elsevier [66].
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Table 1. Comparison of physicochemical properties and catalytic performance of reported g-C3N4 and NDC catalysts in the

H2S-CSO process.

Class Samples (nSl';E/Tg) N Content WHSV/GHSV T (°C) HzSConv. SSel. Lifetime (h) Refs.
CNM-600 114.1 51.7 at% 3Lg1lht 180 97% 96% 4 [60]
CNU-p600 156.0  62.1 wt% 3Lg1lh 180 74.5%  100% 4 [82]

MCNR 524.6 / 1200 h-1 190 99.8%  88.8% 30 [84]
PCNUC5 125.6 49.5 at% 3Lglht 210 100%  97.9% 24 [59]
CNGo. 256 41 at% 12 Lg1h-1 200 99% 95% 70 [85]
g-C3Ny CNU-Brss 99.8 / 3Lg1h1 180 100%  100% 200 [86]
MC/CN / / 6Lg1lht 190 99%  100% 30 [21]
Fe-CN-NH5 19.3 55.9 wt% 6Lg1h1 240 941%  100% 180 [73]
Fe-CNN4 2399  51.1wt% 6Lg1h1 180 100%  99% 270 [74]
4Co-N/NC 205.1 23.7 3Lglht 210 100%  97% 460 [75]
PTI-Li* 44 45.6 at% 6Lg1hl 200 98% 98% 100 [88]
N-CNTz6n 210 2.6 at% 0.32 h-1 190 91% 75% 120 [53]
N-CNT-750 205 2.4 at% 35% 90% 50
N-CNT/SiC-750 150 4.1 at% 0.6h 190 95%  75% 50 [92,94]
N-CNTs 205 / } 100%  83% 30
N-CNT beads 237 / 2400 210 98% 76% 30 [91]
) } 190 JH)  87% 82% 140
NMC/SiC 54 / 2400 h-1 190 () 100%  77% 140 [95]
N-C/CNTg5) 412 4.2 at% 0.6 h-1 190 99.4%  79.2% 130 [71]
N@AC-700 609 5.0 at% 20Lg1ht 190 93% 83% 50 [97]
N@CF-800 20 10.8 at% 0.6 h-1 230 57% 95% 200 [98]
EM-3.5-800 941 16.2 at% 0.9 h-1 190 97.7%  90.2% 80 [44]
C-N-5 1768 3.1at% 12 Lgth-1 220 100%  95% 12 [99]
NC-10-800 502 19 at% 60Lg1ht 190 96% 91% 100 [100]
NDC-700 1442 19.5 at% 20Lg1ht 190 948  92.6% 80 [101]
NDC NrC-450 474 17.2 wt% 6Lg1h-1 180 99.6%  94% 72 [64]
N-OMCS-700 1575 4.46 wt% 12Lg1h-t 180 100%  92% 22 [102]
PPy-KOH-700 3157 6.8 wt% 6Lg1h-1 150 100%  97% 24 [67]
HNMC-800 330 8.7 wt% 6Lg1h-1 150 100%  93% 80 [103]
NPC700 1143 0.9 at% 0.6 h-1 190 95% 85% 45 [65]
NrCC-700 2267 3.34 at% 60Lg1h-1 180 100%  100% 100 [105]
M/B-1-PZ-700 1269  14.64 wt% 60 Lg-1h-1 170 100%  94% 36 [104]
NC-4-800 352 10.2 at% 60Lg1h-1 180 100%  90% 160 [107]
PAM-0.3-700 1727 2.9 at% 40 Lg1h-1 210 96.6% 82.8% 80 [106]
NPC-8 1116 8.0 at% 15Lg1h-1 190 98% 80% 100 [66]
H-NC800 1585 / 60 Lg1h-1 190 96.4%  95.0% 80 [108]
N-S-C-2 356 16.97 at% 40 Lg1h-1 210 943%  84.5% 100 [69]
N-C/CNT-2%P 275 4.8 at% 0.6 h-1 190 85% 93% 100 [68]
Mn-NDC 392 37.41 wt% 24 Lg1th 200 90% 90% 110 [81]
P-NDC 377 9.02 at% 12 Lg1h-t 260 99.6%  96.1% 60 [70]

The reaction mechanism of H2S selective oxidation is
intrinsically linked to the electronic structure and surface
properties of the catalyst. For unmodified g-C3Ns, its
abundance of amino groups facilitates H2S adsorption as
evidenced by in situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (Figure 14ab), while the
inherent m-conjugated electronic structure leads to a lack
of active sites for Oz adsorption and activation [60,82].
This configuration suggests that the reaction likely
follows an Eley-Rideal (E-R) mechanism. In this pathway,
H2S molecules are first activated on the active sites
(denoted as X, Equation (4)), subsequently reacting with
gaseous 02 to form elemental sulfur and H:0, thereby

regenerating the active sites and sustaining the catalytic
cycle (Equation (5)).

2H2S(g) + 2X —» 2X-H:S (4)

2X-H2S + 02(g) — 2X + 25(g) + 2H20(g) (5)

Modulation of the m-conjugated system in g-C3N,
through strategies such as C doping or the anchoring of
metal single atoms, markedly enhances its capacity for Oz
adsorption and activation. For instance, DFT calculations
revealed that the adsorption energies of both 02 and H2S
became more negative on C-doped g-C3Ns (Eads—H2S =
-0.51 eV and Eads—02 = -0.56 eV) compared to the pristine
catalyst (Eads—H2S = -0.36 eV and Eads—02 = -0.05 eV)
(Figure 14c). This is further confirmed by TPD
experiments (Figure 14d,e) [85]. A similar enhancement
in co-adsorption is observed for g-C3Ns4 -catalysts




incorporating Fe, Co, or Li single atoms [74,75,88].
Combining with kinetics insights, these findings indicate
that the modified catalysts adhere to a
Langmuir-Hinshelwood (L-H) mechanism. In this
scenario, both 02 and H2S molecules are activated on the
active sites (Equations (6) and (7)), followed by a surface
reaction to yield elemental sulfur and H20, completing the
catalytic cycle (Equation (8)).

2H2S(g) + 2X — 2X-HaS (6)
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02(g) + X = X-02 (7)

2X-HzS + X-02 = 3X + 25(g) + 2H20(g) (8)

Interestingly, diverging from the L-H mechanism
proposed by Lei et al., Tong et al. reported, based on DFT
calculations, a quasi Mars-van Krevelen (MvK)
mechanism for g-C3Ns-supported Fe-Ns sites. This
mechanism involves the reversible extraction and
replenishment of protons from the catalyst framework
(Figure 14f) [79].
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Figure 14. (a) In situ DRIFT spectra of the adsorption of H2S (5% H2S/95% Nz) on CNGo.z at 200 °C. (b) SSITKA-DRIFTS
spectra recorded after 20 min of 1602/H2S/N: reaction and after 20 min of the isotopic switch to 1802/H2S/Nz over the
CNGo.2 catalyst at 50 °C, and the deconvolution and curve fitting in the 3800-3300 cm-1 range. (c¢) Optimized structures and
charge density difference of 02 and H:S adsorption on PCN and CNGo.2. The violet and blue regions represent electron
depletion and accumulation, respectively. The isovalue is 0.00035|e|/A3. (d) O2- and (e) H2S-TPD spectra of PCN, CNGo.z,
G-C, and MCN. Reproduced with permission. Copyright 2022, Elsevier [85]. (f) Illustration of quasi-MvK of HzS selective
oxidation on FeNs-CN. Ha and HP represent the protons on HzS and the FeNs-CN, respectively. Reproduced with permission.

Copyright 2022, Elsevier [79].

Analogous to modified g-CsN4, NDC catalysts with
anchored Mn single atoms also follow an L-H mechanism,
with both reactants activated at the Mn sites [81]. Even in
the absence of metals, the Lewis basicity of pyridinic N in
pure NDC catalysts can, in principle, facilitate the
adsorption and activation of both Oz and HzS. This is
particularly effective in the presence of a surface water
film. Under such conditions, H2S from the gas phase can
dissolve into the water film and dissociate into HS-
(Equations (9) and (10)), which can be accelerated by the
increased local basicity imparted by Lewis basic nitrogen
species. Concurrently, Oz molecules are adsorbed and
activated to form reactive oxygen species (Equation (11)).

The subsequent reaction between HS- and these oxygen
species produces elemental sulfur and H:0, regenerating
the active sites and closing the catalytic cycle (Equation
(12), Figure 15a) [44,68,69,101].

H2S(g) = HS~(1) + H*(1) (9)

HS-(1) + X - X-HS-(l) (10)

02(g) + X - X-02(1) (11)

4X-HS-(1) + X-02(1) - 5X + 4S(g) + 2H20(g)  (12)

In the absence of a water film, however, the
mechanism can shift. Ye et al. reported that NDC catalysts
under dry conditions followed the E-R mechanism
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distinct from that of unmodified g-CsNs4 via TPD
experiments, in which the desorption temperature of 02
molecules was higher than that of H2S molecules (Figure
15b) [81]. In this case, Oz molecules are first activated on
the active sites (Equation (13)), subsequently reacting
with gaseous H:S to form elemental sulfur and Hz0,
achieving the regeneration of active sites and cycle of H»S-
CSO process (Equation (14)) [81].

02(g) + X - 2X-02 (13)

X-02 + 2H2S(g) — X + 2S(g) + 2H20(g)
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(14)
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Although the MvK mechanism is more characteristic
of metal oxides, Liu et al. provided evidence for its
operation in NDC catalysts. Specifically, TPD results
indicated a lack of Oz adsorption, thereby ruling out both
L-H and E-R pathways. Subsequent TPD-MS experiments
revealed reproducible Hz0 evolution during cyclic
exposure to Hz2S and O2. This suggests that H»S initially
reacts with surface reactive oxygen groups, which are
subsequently replenished by O: interacting with carbon
defects (Figure 15c-e). In essence, the oxygen functional
groups on the NDC surface function analogously to lattice
oxygen in metal oxide catalysts [99].
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Figure 15. (a) Schematic illustration of H2S-CSO mechanism on the defect enriched N-doped carbon nanoflake model in the
presence of water steam. Reproduced with permission. Copyright 2020, Wiley-VCH [44]. (b) TPD spectra of HzS and O:
towards NDC catalyst. Reproduced with permission. Copyright 2025, Wiley-VCH [81]. (c¢) O2-TPD of C-N-x catalysts. (d)
Reactive oxygen species validation experiment of C-N-5. (e) O 1s XPS spectra before and after adsorption of oxygen of C-N-
5 catalyst. Reproduced with permission. Copyright 2025, Elsevier [99].
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Growing environmental and safety concerns
regarding H:S have led to increasingly stringent emission
standards. The H2S-CSO process stands as a promising
technology to meet these standards, with its efficacy
hinging on advanced catalyst design. Carbon-nitrogen
catalysts, encompassing g-CsNs+ and NDC, have
demonstrated exceptional potential due to their versatile
synthesis routes, diverse nitrogen active sites, and highly
tunable electronic structures. The use of inexpensive
precursors in their synthesis underscores a clear pathway
toward scalable and practical applications. To enhance
catalytic performance, a multitude of modification
strategies have been successfully employed. These
include elemental doping (with both metal-free
heteroatoms and metal single atoms), defect engineering,
and optimization of pore structure, electronic
configuration, and support interactions. These strategies
collectively aim to enhance the adsorption of reactants
(H2S and 0O2) and the desorption of sulfur products.
Notably, specific approaches have been tailored to
maintain superior performance under industrially
relevant conditions, including high 02 concentrations or
elevated reaction temperatures. The establishment of
structure-activity relationships and the elucidation of
reaction mechanisms have been greatly facilitated by the
integration of kinetic studies, in situ characterization
techniques, and DFT calculations.

Despite significant progress, several challenges
remain: (i) The formation mechanisms of active sites in
carbon-nitrogen catalysts are not fully elucidated,
impeding the precise and uniform control of key sites,
such as pyridinic N in NDC catalysts; (ii) The field employs
a wide variety of catalyst morphologies (e.g., bulk,
nanotubes, nanofibers) derived from disparate
precursors. The lack of comparative studies using
consistent material categories hinders a clear
understanding of the specific role of morphology. Future
research should focus on the rational design of well-
defined catalytic centers through advanced synthetic
methodologies and  operando  characterization.
Concurrently, establishing robust morphology-activity
relationships will provide crucial guidance for utilizing
other inexpensive and eco-friendly precursors, forming a
solid foundation for industrial application. The
integration of high-throughput computational modeling
and machine learning is poised to further accelerate the
discovery of next-generation carbon-nitrogen catalysts
with tailored active sites and optimized reaction
pathways, ultimately enabling efficient and sustainable
H:S conversion and sulfur recovery.
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