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Abstract:
The recent development of carbon-based desulfurization catalysts is reviewed, including activated carbon modified by alkalis, por-

Carbon materials for the room-temperature selective oxidation of H,S have attracted growing attention in recent years.

ous carbon doped with nitrogen or modified with functional groups, and carbon composites with other species such as alkaline metal
oxides. The oxidation mechanisms for H,S on the various catalysts are discussed, and the important function of carbon in desulfuriza-
tion are emphasized, including its large specific area, porous structure and adjustable surface chemistry. In addition to the catalytic
oxidation of H,S, the extended use of the spent catalysts, sulfur/carbon composites, as sulfur cathode materials for high-performance
lithium-sulfur batteries, is discussed as a way to add extra value to the sulfur-containing pollutants. Finally, the outlook for using car-

bon-based materials for room-temperature desulfurization and the key challenges to its large-scale use are explored.
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1 Introduction

Hydrogen sulfide (H,S) is one of the most toxic
and malodorous pollutants, which mostly comes from
chemical industries, such as natural gas purification
and utilization, sulfurized dye, petroleum refining,
coal chemistry, sewage treatment, papermaking, and a
small part comes from organic corruption process'' .
Industrial gas containing H,S has great bad effects on
the chemical process including poisoning catalysts
and corroding engines'®™. It is estimated that the an-
nual H,S emissions from industrial production are as
high as 1x10’ tons/year, which, even worse, can
spread in the air, thus posing a hazard to people and
the environment. As a strong neurotoxin, H,S with a
high concentration (>700x10™°) can cause human
death™, With the continuously increasing demand for
energy, the release of H,S is becoming more and more
widespread, and the resulting environmental pollution
problems must be addressed.

Various desulfurization strategies based on wet
or dry technology have been adopted to treat the H,S-

containing tail gas” ", The wet method such as using
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ammonia, alcohol-ammonia and hot potash alkali as
reactants is mature for H,S removal in industrial pro-

duction® "

, which, however, suffers from the prob-
lem of high cost, low desulfurization precision (cy,s>
2x107° v/v), and low efficiency. Given that the contin-
ued growth in demand of environmental protection,
sulfur recovery has become increasingly significant.
H,S selective oxidation is regarded as the general
strategy to extract elemental sulfur (S), which is a
non-toxic, pollution-free and valuable product. Claus
process is a common selective oxidation technology
for treating the high concentration pollutants, in which
typical sulfur recovery efficiencies are 90%-95% for a
two-stage reactor plant and 99% for a super Claus
process!''"). Limited by thermodynamic kinetic of reac-
tion, low concentration of H,S is still left in the tail
gas, and extra purification processes are urgently
needed for further purifying the Claus tail gas. The
method of using carbon-based materials as desulfuriz-
ation catalyst is regarded as the most promising
strategy to eliminate H,S with relatively low concen-

tration in view of its mild reaction conditions, effi-
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cient removal ability, and high reactivity!"” ', This
oxidation process could thermodynamically reduce
H,S at room temperature to a subparts-per-million
level and realize the directional conversion to ele-
mental S which is widely used in Claus tail-gas
treatment, sewage treatment, and coke oven gas puri-

fication!''*)

. The irreversible reaction process is as
follows (equation 1 is the main reaction and equa-

tions 2 and 3 are the side reactions):

1 1
HQS+ —02 — —Sn+H20 (1)
2 n
1
~8,+0, SO, 2)
3
H:S+30; = SO, +H,0 3)

The catalyst in the system can play a double role
as the initiator for the direct reaction of H,S with O,,
then as the storeroom to accumulate solid S within the
pore structure. Due to the controllable surficial chem-
istry and developed porous structure, the carbon-based
catalysts can exhibit higher activity for catalytic H,S
oxidation and larger sulfur capacity compared to oth-
er metal/metal oxide-based materials at relatively low
temperature'” ). Specifically, the confined space sup-
plied by ultra-micropores (arises from the tight ar-
rangement of graphene walls) promotes the O=0
bond distortion and O, activation, while the electron
transfer of conductive sp’-conjugated graphene to the
outer orbit of activated-O, further facilitates the gener-
ation of oxygen radical, which exhibits a much higher
redox potential than its parent product and can react
with dissociated HS™ into solid S”*. The produced S
can be stored further in the nanopores or adhered on

(2521 Therefore, some essential

the carbon surface
conditions, such as the suitable chemical environment
for H,S dissociation, the adequate micropores for gas
adsorption and activation, and the developed meso-
macropores for reactants transfer as well as the S stor-
age, are needed for carbon-based catalysts in the des-
ulfurization system.

Achieving H,S efficient conversion is a pre-
requisite for the subsequent utilization of S resources

to realize its high value-added utilization. The highly

selective conversion of H,S to solid S can not only re-
duce air pollution but also bring considerable econom-
ic benefits. As global energy scarcity intensifies, the
need for high-performance energy storage devices is
continuously increasing. Known for the overwhelm-
ing energy density (2 600 Wh kg ') and theoretical ca-
pacity (1675 mAh g'), eco-friendly lithium-sulfur
batteries (LSBs) using S as the cathode, are expected
to be a next-generation energy storage system to sub-
stitute the traditional lithium-ion batteries”’>*. The S-
related multiphase conversion covers the reduction of
solid sulfur units (Sy) to solid lithium sulfide (Li,S),
with the generation of a series of dissolvable interme-
diates, lithium polysulfides (LiPSs), and the revers-
ible oxidation process. The cooperation of carbon ma-
terials with S realize the effective mitigation of poor
conductivity of S, volume change and shuttle effect of
LiPSs during discharge and charge processes in
LSBs"* !, Given that the reaction of H,S oxidation
over carbon-based catalysts could realize in-situ S de-
position and its chemical immobilization, the pro-
duced carbon/sulfur composites would be the prom-
ising cathode candidate for LSBs.

In recent decades, a broad range of carbon mater-
ials have been severed as the room-temperature cata-
lysts for H,S selective oxidation. This review sum-
marizes the carbon materials used in the subject of
room-temperature desulfurization, and different car-
bon-based materials are shown to explore the theories
of efficient H,S oxidation. It is indicated that the high
selectivity of H,S to elemental S can be achieved
based on carbon materials through the pore structure
optimization, surficial modification and coupling of
heterogeneous components (Fig. 1). More important-
ly, the expended application of the in-situ generated
carbon/sulfur composite after desulfurization is de-
veloped in energy storage system. The aim is to re-
view the development of carbon-based materials on
H,S catalytic oxidation at room temperature, and to
provide theoretical guidance for designing novel ma-
terials to realize the high added-value transformation

of H,S pollutants.
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Fig. 1 Modulation strategies of carbon-based catalysts for H,S selective

oxidation at room temperature.

2 Modulation strategies of carbon ma-
terials for H,S selective oxidation

Carbon materials are characterized by developed
porous structure, large specific area and modifiable
surface chemistry. When they are used as room-tem-
perature desulfurization catalysts, the mechanism of
H,S oxidation upon carbons can be summarized as
following steps: (1) the water in the feed gas is ad-
sorbed by the porous structure and forms a water film
on its surface; (2) H,S and O, diffuse into the nano-
pores and are adsorbed, then dissolve in water-film;
(3) H,S dissociates to HS™ ions, meanwhile, O, is ac-
tivated to oxygen radicals and further reacts with HS™.
In recent years, several attempts including three as-
pects of pore structure, surface chemistry and carbon-
based composite designing have been adopted to ad-
just the adsorption characteristics and dissociation of
H,S, the activation of O, as well as the storage capa-
city of produced S, for improving the desulfurization
performance.

2.1 Pore structure regulation

Based on the definition of pore structure by Inter-
national Union of Pure and Applied Chemistry
(IUPAC), the pores in carbon can be divided into mi-
cropore (< 2 nm), mesopore (2-5 nm) and macropore
(> 50 nm), and micropores can further be divided into
ultra-micropore with a pore size less than 0.7 nm and
super-micropore with a pore size more than 0.7 nm.
Achieving effective regulation of pore size plays an
essential role in catalytic H,S oxidation, as manifes-

ted in the adsorption of reactants, the formation of wa-

ter film, the activation of oxygen, and storage of oxid-
ation products.

Studies have shown that the pores less than 1 nm
in carbon have a strong physical adsorption on H,S
and O, gas molecules™. The activation of O, based
on carbon involves two steps of strong physical ad-
sorption and electrons transfer. In the case of ultra-mi-
cropores (<0.7 nm), the adsorption is enhanced by the
potential overlapping of the interactive pore walls, fa-
O=0O bond distortion and O,

. However, these small pores (<1 nm)

cilitating the
activation®
with limited pore volume cannot act as nano-reactors
for the H,S dissolution and accommodate the oxida-
tion products. The dissociation of H,S to HS is a pre-
requisite for the selective oxidation™!. For pores lar-
ger than 3 nm, their physisorption of H,S is too
weak!, and only pore smaller than 5 nm can be filled
with water at 80% relative humidity”®, so the H,S
molecules can only be effectively adsorbed and disso-
ciated in the pores of 1-3 nm"”. After the reaction of
oxygen radicals with HS™ ions, the obtained elemental
S can be detached from the active sites with the flow
of water-film and accumulated to S clusters, which are
stored in the larger pores. Compared to micropores,
the exist of mesopores in carbon can not only provides
a large storage space for oxidation product but also re-
duces the mass transfer resistance and facilitates the
gas diffusion. For example, Zhang et al.”* used a hard
template method to prepare the ordered mesoporous
carbon to analyze the effect of pore diameter and
volume on H,S selective oxidation, confirming that
the presence of mesopores is beneficial for the growth
of elemental S. Furthermore, the hierarchical macro-
meso-microporous structure further promotes the H,S
adsorption-diffusion kinetics, which is also instruct-
ive for H,S catalytic oxidation studies. Wang’s
group™™ investigated the desulfurization performance
of carbon nanofibers with a multistage pore structure,
finding that the meso-macropores could provide the
channel for rapid H,S diffusion and a rich stored
room, while micropores mainly contributed to the sup-

ply of nano-reactors for efficient catalytic oxidation.
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2.2 Surface chemistry regulation which can effectively weaken the O=0 bond, thus fa-
Surface chemical modulation, such as  het- voring oxygen activation®). Beside that, the exist of

eroatom doping and functional group grafting, is one
of the important strategies to improve the catalytic ox-
idation of porous carbons. On the one hand, as an
acidic gas, the dissociation of H,S can be promoted by
the enhanced surface alkalinity. On the other hand,
there are plenty of * electrons in conductive sp*-con-
jugated carbons, and the exist of defective sites in car-
bon lattice can boost the electron-donating ability to
adsorb O,, further facilitating the generation of active
oxygen species’>® >3,

Doping nitrogen (N) atom is the most common
doping option for carbon materials, which has a simil-
ar size and a higher electronegativity (3.04) than car-
bon atoms (2.55). When N atoms are doped in carbon
lattice and bonded with sp” carbon atoms, it exists in
three main forms as follows: pyridine-N, pyrrole-N
and graphitized-N*". Among them, pyridine-N is sp’
hybridized, which replaces a defective atom in the
hexagonal carbon ring and provides one p-electron to
7 system. Pyrrole-N means the sp’-hybridized N atom
that replaces a defective carbon atom of the five-
membered ring and contributes two p-electrons to ©
system, while graphitized-N replaces a carbon atom of
hexagonal ring. It is demonstrated that the doped N in
carbon lattice can create the local tension of hexagon-
al skeleton, leading to structural deformation*'.
Moreover, the lone-pair electrons of N atoms can sup-
ply negative charge to sp’ hybrid carbons, thus enhan-
cing its electron donating and chemical reaction activ-
ity!*?. Electron-rich N doping can modify the energy-
band configuration of carbon, lower its valence-band
and improve the chemical stabilization, while the elec-
tron density at Fermi-energy level can be increased™”.
Additionally, the doped-N atoms not only affect the
physical properties of carbons (e.g. electrical conduct-
ivity), but also can change the chemical properties,
such as enhancing the Lewis basicity of carbon'*l,
The charge delocalization induced by N atoms can
also change the model of O, adsorption on carbon ma-
terials: from end-point adsorption mode (Pauling

model) to lateral adsorption mode (Yeager model),

functional groups on surface also impact the chemical
properties of a catalyst a lot. For example, the intro-
duction of amine (—NH,) group are effective for in-
creasing the number of basic sites of carbon and en-
hancing the interplay with H,S"> *!, the O-containing
functional groups on the alkaline-impregnated carbon
can anchor alkali sites by hydrogen bonds*”, which
both can promote catalytic H,S oxidation.
2.3 Heterogeneous structure regulation

Although the activated O, molecule can react
with many substances such as CO, H,S, and organics,
it often suffers from poor stability, leading to its short
lifetime and limiting its catalytic performance!®.
Thus, enhancing the stability of the activated oxygen
species is urgently needed in the existing systems.
Some dipolar aprotic solvents are demonstrated use-
ful to stabilize the generated superoxide, based on the
prevention of the disproportionation reaction**>",
which can effectively improve the catalytic perform-
ance in various systems. However, compositing these
additives with the metal-free catalysts for heterogen-
eous catalysis is rather difficult. Accordingly, the
methods of physical/chemical trapping are usually ad-
opted to achieve the stability of oxygen radicals".

Some metal oxides, such as MgO, TiO,, and ZnO
with high electron affinity, are speculated to have the
ability to bond with oxygen radicals strongly™* ", Tt
is shown that the improved stability leads to a longer
lifetime and higher concentration of oxygen free rad-
icals in system. Nevertheless, the O, cannot format
on these metal oxides without other stimulation (pho-
tocatalysis or electrocatalysis, et.al) at room temperat-
ure™. Thus, compositing the active phase of oxygen-
activated, porous carbon, with the trapping phase of
oxygen radical, metal oxide, can effectively solve this
problem of stabilizing and enriching O, radicals.
Moreover, the heterogenous composite of basic metal
oxide with carbon matrix can not only boost the utiliz-
ation of activated oxygen species, but also increase
the alkalinity of carbon, that is, improving the desul-

furization activity from two aspects of H,S dissoci-
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ation and oxygen activation together.

3 Carbon materials for H,S selective
oxidation

3.1 Carbon materials with different porous struc-
tures

Depending on the pore size, the desulfurization
carbon-based catalysts can be divided into activated
carbons, mesoporous carbons and hierarchical porous
carbons. Given that the surface inertness of pristine
carbon will hinder the step of H,S dissociation, al-
kaline impregnation was adopted as a common meth-
od to increase the alkalinity of water-film, facilitating
the formation of HS™ ions. The H,S removal over the
carbon without alkaline modification, whose desulfur-
ization ability mainly arises from the physical adsorp-
tion by micropores rather than catalytic oxidation, is
not discussed in this review.

3.1.1 Activated carbons

Activated carbon is generally abundant in micro-
pores, whose diameter fits the scale of small mo-
lecules and is suitable for adsorbing gas molecules.
Such as, the kinetic diameter of O, is around
0.346 nm, which can be adsorbed by micropores of
carbon and further be activated by ultra-micropores™*.
Compared to the original state, the reactive oxygen
with a much higher redox potential can boost the reac-
tion kinetics of H,S oxidation. Alkaline-modified ac-
tivated carbons have been studied as room-temperat-
ure desulfurization catalysts for several years, and
there has been a widely debated about the mechanism
of H,S oxidation over activated carbons. In general,
two steps are included in the oxidation process:

(1) Physical adsorption step: firstly, H,S is ad-
sorbed on the micropores of carbon, dissolving in wa-
ter-film and dissociating in an adsorbed state.

H,S (g) — H,S (ads)
H,S (ads) — H,S (ads-liq)
H,S (ads-liq) — HS (ads)+H"*

(2) Oxidation step: the adsorbed-H,S reacts with
O, to form elemental S, with the side reaction of sul-
fur dioxide (SO,) and sulfate (SO,>) generation in the

presence of water.

HS™ + O*(ads) — S (ads) + OH™
HS™ +30"(ads) — SO, (ads) + OH™
SO, (ads) +O" (ads) +H,0 (ads) — H,SO, (ads)
H"+OH — H,0

The dominant product is highly active S atoms,
which can self-assembly to a stable unit (Sg)P**").
These small S clusters grown in water-film could dif-
fuse along the carbon surface and are stored in larger
pores finally. The catalyst is not deactivated until the
active sites are covered or the nanopores are blocked.
Sulfur capacity (Qs) is a key indicator to evaluate the
catalytic performance of a catalyst, which represents
the weight of H,S oxidized by the unit weight of the
catalyst (g H,S/g catalyst). Ling’s group used
Na,CO,-impregnated activated carbon fibers (ACFs)
to research the impact of pore structure on desulfuriz-
ation performance”®, indicating that the smaller mi-
cropores could act as the initiator of reaction and the
Qs was dominated by the nanopores with the diamet-
er larger than 0.7 nm (Fig. 2a). Additionally, it was
found that the diameter of pores even guides the
products of H,S oxidation. The obtained ACFs with
more pores larger than 0.7 nm could produce more
elemental S, while those with smaller pores could pro-
duce more sulfur oxides (Fig. 2a-b). It is speculated
that the edge (or defect) of carbon atoms should be the
active sites of H,S oxidation, on which the electron
density is intensified thus the O, can be readily cap-
tured and activated. The alkaline impregnation has
been verified to accelerate the H,S dissociation, thus
facilitating the subsequent oxidation of HS™ ions to S.
The catalytic reaction process is shown in Fig. 2c.

The flow of water-film upon the carbon surface
can transfer the produced S, continuously cleaning the
active sites for maintaining the activity of a catalyst!' ",
Bagreev et al. proposed that the process may also hap-
pen at sulfur sites, that is, the as-formed elemental S
might also as the reactor for H,S oxidation when the
original active site is covered”*>>**. In larger nano-

pores, the oxidation process can happen as follows:
S,+HS™ — HS,S”

1
HS,S™ + 502 — HS,S7O"
HS,STO"+HS™ — HS,,;S™+OH"
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V.4V, (¢) Schematic diagram of H,S oxidation and sulfur species deposition in the nanopores of ACFs™".

(Reprinted with permission by American Chemical Society, Copyright 2010).

1
HS, SO0 + 502 — HS,;S™ +S0,

SO, + %02 +0H — SO; +H"
2H,S + SO, — 3S +2H,0
where HS,S™ (HS, ,S7) and HS,S O* represent poly-
sulfides and adsorbed radicals at S sites, respectively.
The accumulated S clusters can spontaneously as-
semble to larger S particles, then deposited in the
large nanopores. That is to say, the value of Qg mainly
depends on the nanopores with larger volume. Thus,
the alkaline impregnated activated carbon desulfur-
izer was limited at 0.2-0.8 g H,S/g catalyst due to
their small micropore diameter and pore volume that
cannot accommodate much more solid S, which
limits their industrialized applicability.
3.1.2  Mesoporous carbon materials
Due to its excellent structural characteristics,
mesoporous carbon has been widely used in adsorp-

tion™, catalysis'®”, electrochemistry'®, and other
fields. Compared to the activated carbons, the meso-
porous carbons can additionally provide enough space

for product storage and highly open channels for pro-

moting the diffusion of gases, which is more favor-
able for H,S catalytic oxidation'®. Zhang et al. used
the silica-templating synthesis method to prepare al-
kaline mesoporous carbons (AMCs) for room-temper-
ature desulfurization (Fig. 3a)”*. The produced AMCs
have both good H,S dissociation ability and, more im-
portantly, enough mesopores for elemental S storage
(Fig. 3b-c), which leads to a high Qg of 4.49 g H,S /g
catalyst. Long’s group prepared a kind of millimeter-
sized mesoporous carbon spheres (MCSs) and used
the MCSs as a support to load different alkalis for ef-
ficient H,S catalytic oxidation'®’, It was found that
upon various alkalic impregnates such as Na,CO,,
K,CO,;, NaOH and KOH, the catalyst impregnated
with MgO could exhibit a much higher Qg (2.46 g
H,S/g catalyst) than that with conventional basic salts
(Fig. 3d). It should be ascribed to the different solubil-
ities of various basic salts in water. During the catalyt-
ic oxidation, the alkalic MgO is slightly soluble in wa-
ter, releasing the OH™ continuously and facilitating the

H,S dissociation for a long time (Fig. 3e). Contrast-
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[63]

(Reprinted with permission by Elsevier, Copyright 2016).

ively, the normal basic salts are highly soluble in wa-
ter and forming OH™ ions immediately, which not only
facilitate the dissociation of H,S to HS", but also are
easily consumed via an acid-base neutralization. Sim-
ilarly, Yan et al. investigated the effect of alkali-im-
pregnation on H,S oxidation and the oxidation mech-
anism is remarkably different upon carbons modified
by various alkaline species'®.
3.1.3 Hierarchical porous carbon materials
Moreover, carbon with a hierarchical micro-
mesoporous structure has attracted lots of attentions
given that the combined advantages of two kinds of
pores can achieve a synergistic effect of promoting
H,S oxidation. A catalyst of Na,CO,-impregnated car-
bon aerogel with a hierarchical porous structure was
designed by Chen’s group, the micro- and mesopor-
ous structures were regulated by the sol-gel condi-
tions and CO, activation, and their respective roles on
H,S catalytic oxidation were further explored®. Stud-
ies showed that the micropores can act as the micro-
reactor for desulfurization, and meso-macropores as

storage for elemental S. Moreover, with the increase

of mesopore sizes, the utilization efficiency of meso-
pores decreased, and the catalytic oxidation can
achieve the best when the volumes and sizes reach a
compromise. This phenomenon can be accounted as
follows (Fig. 4a): the S clusters could be readily co-
alesced to large agglomerations in the mesopores with
small diameters (2-30 nm), allowing the epitaxial
growth of S clusters rather than covering the active
surface. While the S clusters could be isolated or
hardly be coalesced in the mesopores with large sizes
(>30 nm), leading to the growth of S clusters directly
along the active surface. In 2019, Sun et al. fabricated
the hierarchical porous carbon nanofibers (N-PCNFs)
via a simple electrospinning method””. Owing to the
action of interfacial stress arising from different pyro-
lysis properties of two precursors (PAN, ZIF-8), nu-
merous mesopores are generated, further resulting in
the formation of macropores, which can act as the pas-
sage for H,S molecules to the accessible micropores.
Meanwhile, due to the volatilization of coordinated
zinc from the original ZIF-8 and the chemical activa-

tion of KOH (Fig. 4b-c), the micropores will be gener-
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ated, which facilitate the formation of water-film to
dissociate the adsorbed-H,S. The porosity, especially
the volume percentage of micropores (v

i/ Vioy) Of ma-
terials greatly affects the performance of desulfuriza-
tion. The carbonization temperature varied from 600
to 900 °C, enabling effective regulation of hierarchic-
al porous structures ( Fig. 4d ), the optimum N-PCN-
Fs catalyst exhibits ultra-high activity with the Qg up
to 3.57 g H,S/g catalyst. It should be attributed to the
synergistic effect of the micro-mesoporous structure
of carbon materials, during which micropores act as
the micro-reactors for triggering H,S oxidation and
mesopores serve as the passage for reactants and
storehouse for elemental SP% %%

3.2 Chemically modified porous carbons

3.2.1 Nitrogen-doped porous carbon

Heteroatoms doping is considered as another ef-
ficient strategy for promoting the catalytic process of
carbons™> “®*_The doped nitrogen (N) in carbon can
act as alkalic sites, enhancing the electron donating of
carbon lattice, further increasing its redox reactivi-
ty*> % Long’s group prepared a kind of N-rich meso-
porous carbon (NMC), which exhibits the high-effi-

cient desulfurization activity at room temperature’.

It is suggested that the N content and the bonding con-
figurations are both responsible for H,S oxidation per-
formance (Fig. 5a-b). Pyridinic-N atoms, which are
located at the edges of carbon lattice, are favorable for
the O, adsorption and the subsequently oxidation reac-
tion. Actually, the pyridinic-N were previously repor-
ted to be active for catalytic oxygen reduction® and
sulfur dioxide removal””. Based on the mechanism of
vapor-liquid-solid for H,S oxidation (Fig. 5c), the
presence of pyridinic-N groups could act as Lewis-ba-
sic sites to enhance the basicity of carbon, facilitating
the H,S dissociation and the generation of HS ions
(pK 6.89). Moreover, the spent NMC can be regener-
ated by CS, washing or thermal treatment””. After
that, a series of N-rich carbon with various dimension-
al structures are designed as desulfurization catalysts.
Sun’s group synthesized one-dimensional (1D) N-
doped hierarchical porous carbon nanofibers (N-PCN-
Fs) as a desulfurization catalyst®®. Studies proved that
the special design of 1D nanofibers can act as a high-
way for the rapid migration of gas reactants, and the
synergy between N-rich and hierarchical meso-micro-
pores to efficient desulfurization has been demon-
strated. The doped N atoms, especially pyridinic-N
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Fig. 5 (a) The configuration of N in NMC prepared at different temperatures. (b) Relationship between sulfur capacity and pyridinic-N content. (c) Schematic

diagram of H,S oxidation and sulfur deposition on NMC™"), (Reprinted with permission by American Chemical Society, Copyright 2013).

and pyrrolic-N, can offer rich alkalic-sites for binding
acidic molecules, and enhance the reactivity of car-
bon for O, activation. Yu et al. reported a kind of two-
(2D)
nanosheets (NMCS) as a room-temperature H,S oxid-

dimensional N-rich mesoporous carbon
ation catalyst””. The thin nanosheets shorten the dif-
fusion distance of reactants, and the mesopores on
nanosheets are convenient for the growth of S
clusters.
3.2.2 N-containing group functionalized porous car-
bons

Besides the N-doping, N-containing functional
group grafting can also increase the desulfurization
activity by enhancing the alkalinity of water film.
Wang et al. prepared the N-functionalized mesopor-
ous carbon nanosheets (MCNs) by grafting polyethyl-
(GO)
nanosheets*”. The N-containing group of PEI create

eneimine (PEI) wupon graphene oxides
the basic environment upon GO, favoring the H,S dis-
sociation and resulting in the high desulfurization per-
formance of MCNs-PEI (Fig. 6a). Furthermore, the

concentration of active free radicals in the system has

been increased due to the introduction of active sites
upon GO, which is favorable for O, activation and
further boosts the H,S oxidation (Fig. 6b). With in-
creasing the loading content of PEI, the sulfur
capacity gradually raises and a maximum Qg of
13.68 mmol H,S/g catalyst is realized with 25% PEI.
Similarly, Sun et al. produced a kind of amino-
functionalized lotus-root-like carbon nanofibers (NH,-
PLCNFs) assisted by dielectric barrier discharge
(DBD) plasma technology™. As the diffusion high-
way, the inside channels also allow nanofibers great S
storage and physical confinement abilities, while the
porous structure in carbon wall increases the reactive
area of catalysts and, to a certain extent, guarantees
the entry of gaseous reactants. Together with the syn-
ergistic contribution between unique structure and -
NH, functionalities, the catalyst exhibits efficient des-
ulfurization abilities with Qg of 3.49 g H,S/g catalyst.
(Fig. 6¢). The whole process of H,S selective oxida-
tion upon NH,-PLCNFs are as follows: (i) the water-
film formation on the basis of capillary effect, (ii) H,S
adsorption and reaction with —NH, to form HS™ and
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—NH,", (iii) O, activation to active free radical, (iv)
HS™ reaction with oxygen radical for generation of S
and OH", (v) the storage and fixation of as-formed S
in lotus-root-like nanochannels.
3.2.3 O-containing group functionalized porous car-
bons

As a special carbon, graphene oxide with lots of
O-containing functional groups and structural defects
has been regarded as an ideal playground for catalysis,
and has been widely used as a desulfurization catalyst
in recently years. It is reported that the 2D plane could
achieve the more S deposition than that in pores'’",
which is favorable for improving the desulfurization
performance. Hence, the thin 2D plane with more re-
active sites endows GO with excellent reactivity and
processability!” ", Nevertheless, the graphene nano-
sheets prefer to stack to form graphite-like bulks due
to the action of strong n-m interaction, which would
remarkedly reduce the effective utilization of gra-
phene units. Constructing a three-dimensional (3D)
interconnected network is verified as a useful method
to enhance the practicality of graphene nanosheets. In-

spired by this, 3D alkaline graphene aerogels (AGAs)

produced by GO have been firstly used in the field of
desulfurization by Long’s group’. The open net-
work of AGAs promotes the gas diffusion, and the O-
containing functional groups on surface, with the ef-
fect of hydrogen bonds, would uniformly anchor the
alkali substance (Fig. 7a) and facilitate the capture of
H,O molecules to form the water-film (Fig. 7b). Fi-
nally, a saturated capacity of 3.19 g H,S/g catalyst has
been achieved. Additionally, Yang’s group demon-
strated that the aqueous GO suspension was favorable
for dispersing the hydrophilic GO monolayers, guar-
anteeing the full contact between H,S and GO for fur-
ther redox reaction'™. During this process, H,S was
oxidized to elemental S that deposited on the reduced
GO (RGO) nanosheets, eventually producing a H,S-
reduced graphene oxide/sulfur (HRGO/S) composite.

4 Carbon supported heterogeneous
materials for H,S selective oxidation

Coupling carbon with metal oxides for improv-
ing the desulfurization performance has been de-

veloped in the last few years. A strategy has been re-



55 4 1]

SUN Ming-hui et al: Review of H,S selective oxidation over carbon-based materials at low------ + 685 -

(a) r

[ — Elemental sulfur

/_'\

—\Water film

° —H,S molecule e

L —=Sulfur bulk

— O, molecule

Fig. 7 (a) A proposed mechanism of Na,CO, deposition on graphene nanosheets. (b) Schematic diagram of H,S oxidation and sulfur deposition on AGAs"

47

(Reprinted with permission by Elsevier, Copyright 2020).

ported by Fan’s group for enhancing the catalytic
activity by varying the interaction between N-doped
carbon and ZnO" . The coal-based activated carbon
(AC) is used as the matrix, whose interaction with
ZnO is modulated by the amount of introduced N spe-
cies on its surface. It is demonstrated that such inter-
action can reduce the electron density of ZnO, some
defect sites, such as oxygen vacancies, are thus gener-
ated™. These defective sites are confirmed to boost
the adsorption of free radicals. After the water vapor
in the feedstock condenses on the surface, the hy-
droxylation of ZnO occurs on its surface and provides
a weak alkali environment for the dissociation of H,S
to HS™'*% which is further oxidized by the adsorbed
oxygen-free radicals to elemental S.

Pan et al. designed the catalyst of MgO-loaded
porous carbon (PC/MgO) and demonstrated by DFT
calculations that the couple of MgO with carbon can
realize the surficial enrichment of produced free radicals
(Fig. 8a-b), the radical detection analysis with elec-

tron paramagnetic resonance (EPR) characterization

also confirms this point (Fig. 8¢)**. In addition, MgO
with weak alkaline could promote the H,S adsorption
and its dissociation. Compared to other alkali-modi-
fied porous carbon including PC/Na,CO, and PC/Na-
OH, whose EPR intensities are almost indistinguish-
able from that of pure PC. Whereas the EPR intensity
enhances obviously when PC is coupled with MgO
(Fig. 8d), indicating the effect of MgO for radical en-
richment and promotion of H,S oxidation (Fig. 8e).

Furthermore, Bandozs’s group'™”!

synthesized a series
of bifunctional ZnO-MgO/activated carbon desulfur-
izers (Mg, Zn, /AC) with developed porous structure
and high dispersion of metal oxides. Owing to the
weak water-solubility of ZnO and MgO, their basicity
makes H,S-dissociation continuously be promoted.
Thus, the desulfurization capacity could be enhanced.
Recently, the heterostructure of 2D CaO/carbon
nanosheets was synthesized as room-temperature des-
ulfurization catalysts'”'"’, whose superior Qg up to 9.1 g
H,S/g catalyst is caused by the comprehensive boost-

ing for the enrichment of free radical, the dissociation
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of H,S, and the storage of S. It can be suggested from
the EPR results that the carbon matrix is responsible
for the O, activation and the superoxide radical’s gen-
eration. The couple of CaO with carbon can enhance
the trap of the generated oxygen radicals and in-
creases the alkalinity of carbon matrix for promoting
the H,S dissociation. Moreover, the 2D plane of the
heterostructure is favorable for exposing more active

sites, thus boosting the catalytic reaction.

The desulfurization performances of carbon-
based materials mentioned above are summarized in
Table 1, and the related parameters of reaction sys-
tems are also listed and compared.

5  Applications of spent desulfuriza-
tion catalyst in Li-S batteriess

The chemical-reaction-induced S deposition is
expected to realize the in-situ S growth to produce the
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Table 1 Carbon-based catalysts for the selective oxidation of H,S to elemental sulfur at low temperature.

Catalysts Reaction conditions 0Os(gH,S/8catalyst)  Reference
Na,CO,-impregnated activated carbon fibers H,S 1000x10°%; O, 1%; RH 80%; 30 °C; flow rate 150 mL min™". 0.2-0.8 [56]
Alkaline mesoporous carbons H,S 1000x10™; O, 1%; RH 80%; 25 °C; flow rate 150 mL min™". 4.49 [38]
Na,CO,-impregnated carbon aerogels H,S 1000x10°%; O, 1%; RH 80%; 30 °C; flow rate 150 mL min . 2.26 [65]
Millimeter-sized mesoporous carbon spheres H,S 1000x10°%; O, 1%; RH 80%; 30 °C; flow rate 150 mL min™". 2.46 [63]
N-rich mesoporous carbon H,S 1000x10°%; 0, 1%; RH 80%; 30 °C; flow rate 150 mL min ™" 2.77 [27]
N-doped porous carbon nanofibers H,S 1000x107%; O, 2%; RH 70%; 25 °C; flow rate 100 mL min™". 3.57 [26]
N-doped mesoporous carbon nanosheets H,S 1000x10 ;i OO\; rzftz; ZROIS r71?1j70 I;;ggm temperature; 1.37 [39]
Graphene aerogels H,S 1000x10°%; 0, 1%; RH 80%; 30 °C; flow rate 150 mL min”". 3.19 [47]
N-functionalized mesoporous carbon nanosheets H,S 1000x107; O, 1%; RH 80%; 25 °C; flow rate 150 mL min™". 0.47 [46]
Amino-functionalized lotus-root-like carbon nanofibers ~ H,S 1000x10°%; O, 1%; RH 80%; 25 °C; flow rate 25 mL min . 3.46 [25]
Z0O/N-modified AC H,S 600 mg/m’; pre-humidified for 1.5 h using the moist N, 0.06 791

MgO-loaded porous carbon
ZnO-MgO/activated carbon

CaO/carbon nanosheets

(ca. 3% moisture); 30 °C; flow rate 100 mL min™".
H,S 1000x10°%; 0, 1%; RH 80%; 30 °C; flow rate 150 mL min " 2.40 [24]

H,S 850 mg/m®; pre-humidified for 1.5 h using the moist N,
(ca. 3% moisture); 30 °C; flow rate 100 mL min .

H,S 1000x10°%; 0, 1%; RH, 80%; 30 °C; flow rate 150 mL min " 9.10 [71]

1 0.11 [83]

carbon/sulfur composite, which could be regarded as
the ideal cathode candidate of LSBs. In 2014, Yang’s
group achieved the reduction of GO and the oxidation
of H,S pollutant simultaneously in a liquid environ-
ment, and the graphene/S hybrid was prepared by this
chemical process (Fig. 92)"*. During the process, GO
is effectively reduced while H,S is oxidized to ele-
mental S that uniformly distributed on the graphene
layers, and the 2D graphene/S plane (HRGO/S) are in-
terconnected with each other to form a convoluted
structure (Fig. 9b-d). The obtained composite is ex-
pected to be an ideal candidate for LSB cathodes,
presenting the outstanding electrochemical perform-
ance and cycling stability (Fig. 9e-f). Two points are
responsible for the excellent power properties: the
evenly deposition of S on the tightly convoluted
graphene layers, and the presence of O-containing
functional groups, which leads to a far superior rate
performance to the cathode of GN/S (prepared by the
method of molten S diffusion, Fig. 9g). Then, using
the similar method of redox-triggered S deposition
and self-assembly of GO, followed by the strategy of
evaporation-induced volume shrinkage, Yang et al.
further prepared a compact graphene/sulfur compos-
ite for high-density LSBs"™". This assembly delivers a
much higher volumetric capacity than other common
carbon/sulfur cathodes.

Moreover, according to the reaction of SO, +

H,S—S + H,0, the water was used as the medium to
produce water-dispersed sulfur nanoparticles (WDS,
Fig. 10a)"*. Various sulfur/carbon composites with
adjustable sulfur content can be easily prepared by
contaminant-free WDS due to its excellent aqueous
dispersibility. Based on the totally green strategy,
Yang et al. dispersed multi-walled carbon nanotubes
(MWCNTs) into WDS to prepare the S/MWCNT
composite, which are connected with each other to
build a 3D conductive architecture with very uniform
S deposition (Fig. 10b-c). The S/MWCNT mem-
branes with different S contents (S-x/MWCNT) can
be obtained by changing the concentration of WDS,
and show their excellent electrochemical performance
when used as LSBs cathodes (Fig. 10d-e). Addition-
ally, using graphene and PANI as substrates for WDS
deposition, various cathodes could also be prepared,
showing the practicality of this strategy in fabricating
the advanced electrode materials with high-perform-
ance.

Similarly, Sun et al. used an efficient bottom-up
catalytic approach to produce the sulfur/carbon com-
posite for high-performance LSB cathodes®. The
H,S pollutant could be selectively oxidized to ele-
mental S by the catalyst of a N-rich mesoporous car-
bon and further layer-by-layer deposited on the car-
bon framework. This uniform S deposition enables the

strong bind between atomic S and the carbon network,
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Fig. 9 (a) Preparation schematic and (b) SEM image of HRGO/S composite. (c) XRD patterns, and (d) Raman spectra of different samples. (¢) CV curves

(scan rate: 0.1 mV s™'), and (f) discharge/charge profiles of HRGO/S cathode. (g) Rate performance of different S cathodes™. (Reprinted with permission by
WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 2013).

realizing effective immobilization of electroactive
substance. In addition, the doped-N atoms can in-
crease the interactions between carbon and polysulf-
ides, and mitigate the shuttle effect of polysulfides ef-
fectively. When the composite was used as a LSB
cathode material, a reversible capacity of 939 mAh g
at 0.2 C after 100 cycles and a superior rate capability
of 527 mAh g ' at 5 C after 70 cycles can be achieved.

Further enhancements have been made in the last
few years. Wang’s group reported the integrated
strategy of H,S selective oxidation and LSBs enabled
by amino-functionalized porous lotus-root-like car-
bon nanofibers (NH,-PLCNFs)®!. The oxidation of
H,S pollutant and S growth are simultaneously real-
ized upon the metal-free catalyst (Fig. 11a), and the
spent catalyst with S deposition (S@NH,-PLCNFs)

can be regarded as an ideal cathode material for LSBs,
due to its high-efficient desulfurization capacity with
the Qg of 3.46 g H,S/g catalyst derived from the
strong covalent bonding between deposited S with
NH,-functionalized carbon nanofibers. Together with
the physical confinement of nanochannels to polysulf-
ides, a reversible specific capacity of 705.8 mAh g at
1 C after 1 000 cycles, and an excellent cycling stabil-
ity was obtained when S@NH,-PLCNFs was as-
sembled as the LSB cathode (Fig. 11b-c). On the basis
of the capillary effect on water and gas-liquid-solid
chemical reaction, the uniform S growth is induced
upon the nanochannels, just like the chemical vapor
deposition (CVD), resulting in the superior power per-
formance than that prepared by the physical method of
traditional molten infusion (S/NH,-PLCNF-M).
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6 Conclusions and outlook

In summary, we discuss the development of car-
bon-based materials from the modulation strategies
for room-temperature H,S catalytic oxidation, and the
expanded application of spent catalysts for energy
storage system. Carbon materials have the advantages
of controllable surface chemistry and large specific
surface area, as well as developed pores. When used

as a desulfurization catalyst, carbon-based materials

can thermodynamically decrease H,S to a subparts-
per-million level and realize the selective oxidation to
solid S. The complete “green” transform of H,S pol-
lutant to precious S resource and the in-situ prepara-
tion of electrode for advanced energy storage devices
can be achieved simultaneously. The critical factors
for high-efficiency catalyst design are as follows:
(1) suitable surface chemistry for H,S dissociation,

(i1) efficient catalytic center for O, activation, and
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(iii) a developed micro-mesoporous structure for gas
adsorption and storage of products. Although signific-
ant progress has been made, several key points for fur-
ther development and large-scale application of H,S
selective oxidation must be considered.

(1) The design of catalytic materials. Typically,
to sufficiently improve the H,S dissociation, more
than 20 wt.% of alkaline substances are needed for
most carbon materials, even for some heteroatom-
doped systems. Nevertheless, that’s generally at the
expense of covering active sites. There are a couple of
strategies that can be employed to promote the H,S
anchoring and dissociation such as defect engineering,
dispersity engineering of adsorptive sites, and increas-
ing the adsorptive sites/water/H,S contact area
through inter- or intra-molecular interactions. A small
amount of metal doping is promising to be a win-win
approach to regulate the electronic states of the ad-
sorptive center for adsorption-dissociation, and
change the regional electron density of carbon layers
for increasing the catalytic activity. Whereas the con-
sideration of how to protect the metal species from the
reaction in the oxidation process is essential, and the
degree of doping involves the balance of oxidation
performance and cost, should also be considered.

(2) Combination of theoretical simulation and ex-
periment. Elaborating on the catalytic oxidation mech-
anism is believed to offer a basis for the design of
room-temperature desulfurizer. The systematic re-
search is absolutely essential to further define the
catalytic sites, which have been mostly considered as
carbon atoms in defective or edge sites, while some
believe that doped heteroatoms are the origin of cata-
lytic activity. This needs to be further clarified with
the help of theoretical calculation or other advanced
characterization. The clarification of the reaction
mechanism can not only provide theoretical guidance
to design high-efficient catalyst, but also help to avoid
the production of by-products in reaction (such as SO,
and SO,”). Furthermore, to visualize the oxidation
process and confirm the factors that control the cata-

lytic reaction rate, advanced dynamic characterization

technologies that featuring in real-time recording are
necessary. For instance, synchrotron X-ray powder
diffraction coupled with high-resolution electron mi-
croscopy could be applied to investigate the process of
sulfur deposition upon nanopores and the structural
evolution of catalysts. It is expected to offer more
foundational understanding of the synergy between
structural and chemical property on H,S oxidation.
While for S electrodes prepared by the reaction-re-
duced method, the in-situ characterization can provide
a basis for exploring the relationship between desul-
furization performance and optimal S loading, which
is related to the uniformity of S growth and its electro-
chemical performance.

(3) Practical application test. At the current stage,
the H,S catalytic oxidation was operated as a strict
stoichiometric O,/H,S ratio rather than at various ra-
tios, and the flow is controlled at a fixed rate. The im-
pact of dynamic environmental changes, for example,
the composition of feed gas, humidity and partial
pressure, on oxidative desulfurization is unclear,
which is the greatest challenge for achieving actual in-
dustrialization. Generally, the inevitable appearance
of sulfate (SO,”) during the H,S selective oxidation
may be related to the O, concentration in reaction sys-
tems, thus the unclear relationship between the O,
concentration in feed gas and the degree of H,S oxida-
tion needs to be explored further. Additionally, take
the cost into consideration, catalyst should be de-
signed to be scalable for mass production and be com-
pliant with industrial production processes.

To sum up, carbon materials have the infinite
possibilities and tailored abilities that can meet vari-
ous demands of room-temperature H,S oxidation (i.e.
adsorption, catalytic oxidation, storage of products), it
is believed that constructing a carbon-based catalyst is
a prospective method for achieving the high-effi-
ciency desulfurization. Considering the above chal-
lenges and numerous opportunities for improvement,
the design of carbon for room-temperature desulfuriz-
ation has great research value, and there is still a lot of

work to be done in the future.
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