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Catalytic oxidation of H,S at room temperature has been regarded as a promising method for removing
malodorous H,S pollution. However, most of the existing research has primarily focused on developing
catalysts with high sulfur capacity, i.e., high elemental sulfur selectivity, which was unfavored for the cat-
alyst regeneration. The present work prioritizes efficient water wash regeneration as a key objective. A
series of activated carbon fibers (ACFs) was synthesized using a synergistic strategy of “nitrogen doping-
plasma defect engineering”. The certain amount of nitrogen species ensured a certain level of sulfur ca-
pacity. The plasma defect engineering can result in the enhancement of surface acidity and defect density,
which worked together to make the catalyst with high sulfate selectivity. The O,-plasma modified NHs-
ACF-010 catalyst achieved the best catalytic performance with appropriate sulfur capacity (0.21g/g) and
highest sulfate selectivity (85.40 %). Importantly, it can be easily regenerated by water wash, and almost
83.33% sulfur capacity can be recovered. Besides, superoxide radicals (0,*) were identified as the pri-
mary reactive oxygen species for the reaction. And the reaction obeyed a Langmuir-Hinshelwood (L-H)
like mechanism, i.e., the reaction was proceeded via chemisorbed H,S and O,*, which was adsorbed and

activated by defect.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, the issue of odor control has become increas-
ingly significant due to the rising civil complaints and growing
concerns regarding environmental and public health [1-3]. The pri-
mary gas responsible for malodor is hydrogen sulfide (H,S), which
is emitted at high concentrations (around 100 ppm) and presents
a considerable challenge in pollution management due to its ex-
tremely low olfactory threshold [4,5]. Currently, a variety of meth-
ods have been developed to remove H,S, including in situ pre-
cipitation, absorption, and room-temperature catalytic oxidation,
among others [6,7].

Among various catalytic methods, H,S catalytic oxidation at
room temperature is regarded as the most promising due to its
simplicity and cost-effectiveness [4]. During the reaction, H,S re-
acts catalytically with oxygen under moist conditions to produce
elemental sulfur and sulfate. As the reaction progresses, the prod-
ucts accumulate in the catalyst’s pores and on its surface until its
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storage capacity becomes fully saturated [8,9]. Therefore, identify-
ing suitable catalysts has become the central focus for optimiz-
ing this process. Significant progress has been made in the field
of metal oxide catalysts, and a deeper understanding of the un-
derlying reaction mechanisms has led to the development of ad-
vanced catalytic materials [10-12]. However, due to their inherent
susceptibility to deactivation under humid and sulfur-rich condi-
tions, metal oxides are not well-suited for this process. In contrast,
carbon-based catalysts are emerging as promising candidates for
room-temperature H,S oxidation, owing to their tunable surface
chemistry and high specific surface area [13-15]. Nevertheless, the
catalytic efficiency of pure carbon materials is limited by the ab-
sence of both basic and active sites. To enhance the catalytic per-
formance of carbon-based materials, various strategies have been
adopted, including heteroatom doping and metal single-atom mod-
ification, which enable efficient and selective oxidation of H,S [16-
19]. Among these strategies, nitrogen doping has become one of
the most prominent methods for enhancing the sulfur capacity of
carbon materials [20-22]. Nitrogen atoms, due to their difference
in electronegativity, act as Lewis basic sites, facilitating the adsorp-
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tion and dissociation of H,S [23,24]. However, the practical appli-
cation of nitrogen-doped carbon materials is significantly hindered
by regeneration challenges. A higher sulfur capacity often leads to
elemental sulfur as the primary reaction product, which is diffi-
cult to remove from the catalyst surface, thus limiting the catalyst’s
long-term performance.

It is worth noting that the catalyst can be regenerated readily
using a water-wash method if the predominant product of the re-
action can be shifted to water-soluble sulfate, that is, the catalyst
with high sulfate selectivity. Extensive research has demonstrated
that both porosity and surface acidity are important for the sulfate
selectivity [25-27]. It is believed that acidic surfaces and small mi-
cropores (pore size less than 0.7 nm) are conducive to sulfate for-
mation [8,28,29]. However, it is reported that the sulfate selectivity
can only reach 52.58% through the modification of the catalyst’s
porosity and surface acidity [30]. Significantly, superoxide radicals
(05) have been detected during the reaction over modified carbon
materials in recent studies, which can lead to the direct oxidation
of H,S to sulfate by considering the highly reactive of these rad-
icals. At the current stage of knowledge, ultra-micropores, carbon
defect sites and doped heteroatoms (N, S, B, P) can be regarded as
active sites that activate O, to form O, [31-34].

Therefore, more radical active sites lead to the generation of
more radicals, and consequently, high sulfated selectivity can be
achieved. Enhancing the defect density on the surface of carbon
materials has emerged as a key strategy to boost radical genera-
tion and improve sulfate selectivity, especially in light of the lim-
ited heteroatom content in the carbon framework and the higher
mass transfer resistance associated with ultra-micropores during
the reaction. However, it should be noted that the achievement of
both high sulfate selectivity and high sulfur capacity is inherently
contradictory in principle. Namely, high sulfate selectivity always
means relative low sulfur capacity.

Therefore, developing catalyst with both high sulfate selectivity
and appropriate sulfur capacity is a major challenge.

In the present work, a “nitrogen doping-defect engineering”
synergy strategy was employed out on activated carbon fibers
(ACFs) materials. First, ACFs were treated and activated under an
ammonia atmosphere. Plasma defect engineering was then further
applied to modify the nitrogen-doped ACFs. Hence, the doped ni-
trogen species can serve as basic sites and enhance the sulfur ca-
pacity. Meanwhile, the plasma treatment, in combination with NH3
etching, can introduce defects on the surface of ACFs and facilitate
the activation of oxygen to radicals. Additionally, the doped nitro-
gen atoms can contribute to the formation of defects as well and
can be considered as extrinsic defects. Subsequently, the catalytic
performance, regeneration performance, and the reaction mecha-
nism were thoroughly evaluated and investigated.

Fig. 1a showed the preparation process of plasma engineered N
doped ACFs. The SEM images of the modified ACFs were depicted
in Figs. 1b-e. It is shown that ACFs exhibited a rough surface af-
ter plasma-modified due to the plasma etching, where the active
species (N5, air and O,) colliding with the surface. Additionally,
it was evident that the extent of surface roughness strongly de-
pended on the reactivity of the active species (N, < air < 0,) and
followed the order: NH3-ACF-N10 < NH3-ACF-A10 < NH3-ACF-010.
Among these, NH3-ACF-010 exhibited the highest surface rough-
ness.

The N, adsorption-desorption isotherms of the synthesized
ACFs were presented in Fig. 1f. All isotherms exhibited the char-
acteristics of typical type I, indicating that all the samples were
dominated by micropore structures [35-37]. Table 1 summarized
the specific surface area, pore volume, and pore size of the pre-
pared ACFs. It was noteworthy that both the Sggr and pore vol-
ume decreased markedly after plasma treatment. Specifically, the
values were 1366, 1332, 1212, and 1064 m2/g for NH;-ACF, NH;-
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ACF-N10, NH3-ACF-A10 and NH3-ACF-010, respectively. Moreover,
the decreasing trend was in perfect agreement with the increase
in surface roughness. In other words, the greater the reactivity of
the active species, the more pores collapsed, leading to a reduction
in both the Sger and Vior. However, plasma modification had min-
imal impact on pore size and distribution, as illustrated in Fig. 1g,
where all samples displayed comparable pore dimensions.

XPS analysis was additionally performed to examine the chemi-
cal composition and characteristics of the prepared ACFs. The spec-
tra (Fig. S1 in Supporting information) revealed that C, N, O ele-
ments are presented on the surface for all the samples, indicating
the successfully introduction of nitrogen species. Regarding surface
nitrogen content, as shown in Fig. 1h, it was 1.28, 2.43, 1.79, and
1.04 at% for NH3-ACF, NH3-ACF-N10, NH5-ACF-A10 and NH3-ACF-
010, respectively. In other words, the nitrogen content increased
after N, and air plasma modification, however, decreased after O,
plasma. Meanwhile, the surface oxygen content increased signif-
icantly for all the plasma modified samples. As demonstrated in
Fig. 1i, the content of surface oxygen content in the NH3-ACF, NH3-
ACF-N10, NH3-ACF-A10 and NH3-ACF-010 ranges were 6.13, 12.78,
13.93, and 11.89 at¥%, respectively. As is known that the plasma
modification process is comprised of two distinct stages. The initial
stage encompasses the introduction of nitrogen and oxygen con-
taining functional groups. However, for the second stage, the car-
bon atom, the introduced nitrogen and oxygen atoms will be fur-
ther removed partially as processing time progresses and plasma
power increased [38]. Therefore, both the nitrogen and oxygen
content of NH3-ACF-A10 and NH3-ACF-O10 catalysts decreased sig-
nificantly compared with NH3-ACF-N10, which can be explained by
the fact that the active substances air and oxygen can cause more
oxygen and nitrogen species remove in the second stage. It was
noteworthy that the removal of carbon and nitrogen atoms from
the carbon framework may lead to the creation of vacancies due to
the rearrangement of the sp* hybridized carbon network [34,39,40].
This observation reinforced the notion that plasma modification ef-
fectively promoted the formation of defects on the catalyst surface.
More important, the N content of the prepared catalyst was ex-
tremely low comparing to the literature reports, which was in the
range of 5.00-20.00 at% [21,22,24].

Moreover, as depicted in Fig. S2 (Supporting information), the
oxygen species were further classified into C=0 species (531.1eV),
C-OH/C-0-C species (532.2eV), COOCO species (533.3eV) and
COOH species (534.2eV) [41]. In a similar manner, the N 1s spec-
tra (Fig. 1j and Fig. S3 in Supporting information) were deconvo-
luted into four peaks corresponding to binding energies of 398.5,
400.0, 401.0 and 403.0eV, attributable to pyridinic-N atoms (PdN),
pyrroline-N atoms (PyN), quaternary-N atoms (GrN), and pyridine-
N-oxide (N-X), respectively [42]. Notably, PAN content decreased
significantly after plasma modification due to the transformation
of nitrogen species to the more stable GrN and N-X species un-
der the high energy of the plasma process. The PdN content was
0.81, 0.57, 0.42, and 0.27 at% for NH3-ACF, NH3-ACF-N10, NH3-ACF-
A10 and NH3-ACF-010, respectively. PAN was considered the most
important nitrogen species for the reaction because it provided ba-
sic anchoring sites to capture acidic H,S. As illustrated in Fig. 1k,
the water contact angles of the plasma-modified ACFs did not ex-
hibit significant differences. Specifically, the water contact angles
of NH3-ACF, NH3-ACF-N10, NH3-ACF-A10, and NH3-ACF-010 were
measured at 95°, 88°, 88°, and 87°, respectively. However, the hy-
drophilic properties were slightly enhanced after plasma modifica-
tion, which could be attributed to the relatively increased content
of oxygen-containing functional groups.

As illustrated in Fig. 2a, Raman spectroscopy was used to an-
alyze the intensity ratio of the p-band to the G-band (Ip/Ig) in
the ACFs, which was sensitive to defects [24]. The findings shown
an increase in the Ip/Ig ratio for all plasma-modified samples (Fig.
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Fig. 1. (a) The preparation of NH3-ACFs and NH3-ACF-X, SEM images of NH3;-ACF (b), NH3-ACF-N10 (c), NH3-ACF-A10 (d), and NH3-ACF-010 (e). N, adsorption-desorption
isotherms (f), pore size distribution (g), the composition of nitrogen species (h), the composition of oxygen species (i), the high-resolution N 1s XPS spectra of NH3-ACF-010

(j) and water contact angle of ACFs (k).

Table 1

Pore structure parameters of ACFs.
Samp]es SBET (mzlg) Vmic (Cm3/g) Vmes (CmB/g) Vtot (Cmg/g) Vmic/VtOt (%) Dave (nm)
NH;-ACF 1366 0.51 0.19 0.70 72.86 2.04
NH;-ACF-N10 1332 0.49 0.19 0.68 72.06 2.05
NH;-ACF-A10 1212 0.45 0.16 0.61 73.77 2.03
NH;-ACF-010 1064 0.40 0.16 0.56 71.43 2.09

2b), with values of 1.19, 1.25, 1.30 and 1.35 for NH3-ACF, NH3-ACF-
N10, NH3-ACF-A10 and NH3-ACF-010, respectively. To further anal-
ysis defect density (np, cm2), the following Cancado’s equation Eq.
1 was used to quantify [43].

np(ecm=2) = (7.32 + 2.2) x 10°E.* (Ip/Ic) (1)

where E; is specified as excitation energy, which is set to 2.41eV
in this work.

As demonstrated in Table S1 (Supporting information), upon
subjecting the samples to plasma treatment, the observed change
in np values exhibited consistency with Ip/Ig, with NH3-ACF-010
demonstrating the highest np value, reaching 4.33 x 10" cm™2. In
other words, the defect density was significantly increased after
plasma modification, which was consistent with the XPS results.
Notably, the NH3-ACF-O10 catalyst exhibited the highest defect
density among the catalysts. The XRD spectrum was shown in Fig.
S4 (Supporting information). All samples exhibited a typical micro-
crystalline graphite-like feature with a prominent (002) diffraction
peak around 24° and a weaker (100) peak near 43° [44,45], indi-
cating a typical microcrystalline graphite-like structure.

Moreover, the interlayer spacing (dggz), and the L, and L. val-
ues (shown in Figs. 2c-e) increased and decreased for the plasma-
modified ACFs, respectively. The decrease in interlayer spacing in-

dicated a reduction in van der Waals forces, potentially enhanc-
ing the interaction of reactive species with graphite microcrystals.
Ly and L. were known to represent the average size of graphite
crystals in the plane along the a axis, as well as the thickness of
graphite planes stacked along the c axis, which was perpendicular
to the aforementioned plane. This further confirmed the damage
to the surface crystal structure of ACFs caused by plasma modifi-
cation, suggesting the formation of defects. As depicted in Fig. 2f,
the TEM results reveal the previously mentioned increase in layer
spacing, while the locally magnified images illustrated the short-
range ordering of surface microcrystals and the fracturing of lattice
planes, further confirming the formation of defects. Fig. 2g sum-
marized the mechanism of plasma modification and the resulting
transformation of the microcrystalline structure of ACFs.

C K-edge NEXAFS spectroscopy was used to gain a more pre-
cise understanding of the carbon defects. As depicted in Fig. 3a,
the minor peak observed at 288.8 eV was associated to 1s—m* res-
onances from oxygen-containing impurities [46]. This indicated an
increase in oxygen content in the ACFs after plasma modification,
which was in agreement with the XPS results. The spectra (Figs. 3b
and c¢) shown two prominent peaks at 285.5eV and 291.9 eV, which
were attributed to 1s—m* (C=C bond-ring) transitions and 1s—o*
(C-C bond-ring) transitions in the sp? hybridized network, respec-



Y. Liu, L. Wen, M. Wang et al.

Chinese Chemical Letters 37 (2026) 112153

(a) (b) ‘ (©
o 0.3565
.
1 X -2 -

= A\ 1.3 r

3 P \ ¥ =

- N B o 2 £ 0.3560 2

z \ ='= ¥ =

Z ‘ ‘ = » 2

£ NHACH ,/\\ 4 5 5

= 3 / J\ 124 119 7 . 3885 ooz ’

= T > T T 0.3550
1000 1500 2000 oy OV
Wavenumber (em™) ®
0.762
@[ (e) ®
= : ’ \) 3468
\ o3 nm
0.760 3564 nm

555 L
£ £
& £ 0.758
~ 5.50 L, vVt o AN

Effective depth of interaction ( EDI)

Etching effect

CEBET TR T

oo e Defects ¢
5
LT & 8 =
e dgp,
e ¥ AL o>
[ e = Y Fom—0>
o3 L,
e 'X“”"‘\”“’r’ X ¥
2 o
S S S R 1

Surface microcrystalline transformation
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tively [39,47]. These peaks were recognized to be sensitive to strain
and distortions in the carbon bonds within the sp? hybridized net-
work [48]. Notably, the strength of two dominant peaks decreased
significantly after plasma modification, indicating that the carbon
matrix was partially disrupted, leading to the formation of surface
defects. Additionally, the O, plasma modified sample exhibited the
weakest peaks, suggesting it possessed the highest number of de-
fects, which aligned with the Raman findings. As previously dis-
cussed, the presence of oxygen in the plasma process has been
shown to induce partial removal of nitrogen species. Indeed, the
removal of doped nitrogen has been demonstrated to create va-
cancies and induce the formation of topological defects. However,
it also indicated that the defects primarily manifested as vacancies,
given that the formation of new topological defects would result
in a notable enhancement of the 7* feature in the sp? hybridized
network [39,49], which contrasted with the NEXAFS results. More-
over, Fig. 3d provided a summary of the defects and specific nitro-
gen heteroatom transitions that occurred following plasma modi-
fication. The formed defects caused deviations in graphitic lattice,
and the resulting delocalization of 7 electrons could, in turn, in-
fluenced the defects and altered their chemical properties.

Fig. 4a illustrated the catalytic performance of the prepared
ACFs. As shown in Fig. 4b, NH3-ACF achieved the highest sul-
fur capacity of 0.36 g/g. However, this capacity decreased to 0.27,
0.23, and 0.21g/g for NH;-ACF-N10, NH5-ACF-A10, and NH;-ACF-
010, respectively. Notably, the pristine ACF (without nitrogen dop-
ing) exhibited an exceptionally low sulfur capacity, with a breakout
time of less than 10 min, underscoring the crucial role of nitrogen
doping in the reaction. In comparison with other studies on nitro-
gen doping, our sulfur capacity was comparatively minimal, with
conventional levels ranging from 0.4g/g to 1.8g/g [21,22,24]. This
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may be attributed to the comparatively low nitrogen content in our
doping.

XPS method was employed to investigate the sulfur-containing
products of the reaction. As shown in Fig. 4c and Fig. S5 (Sup-
porting information), the S 2p XPS spectra of all deactivated ACFs
were deconvoluted into peaks attributed to elemental sulfur (163.5
and 164.6eV) and sulfate (168.4eV) [50], respectively. Notably, the
sulfate selectivity varied among the different samples, and the re-
sults were presented in Fig. 4d. It was noted that NH3-ACF exhib-
ited the lowest sulfate selectivity, but it still achieved a notable
69.48 %. Remarkably, the sulfate selectivity increased significantly
after plasma modification, reaching 72.07 %, 74.82 % and 85.40% for
NH3-ACF-N10, NH3-ACF-A10 and NH3-ACF-010, respectively. Addi-
tionally, the spent ACFs were analyzed by TG in a N, atmosphere.
The TG curves (Fig. 4e) shown a distinct weight loss between 150
and 350°C, signaling the desorption of sulfur species. The deriva-
tive thermogravimetric (DTG) curves (Fig. 4f and Fig. S6 in Sup-
porting information) enabled the division of the weight loss into
two separate peaks: One at a lower temperature associated with
sulfate decomposition, and another at a higher temperature linked
to the desorption of elemental sulfur [8,29,51]. It was evident that
the weight loss from sulfur oxides was notably higher than that
of elemental sulfur across all samples, as shown in Table S2 (Sup-
porting information). Fig. 4d also shown the SOy content (sulfate
selectivity) of all samples which are calculated by peak integra-
tion, which was 77.27%, 80.20%, 83.37% and 89.10% for NH5-ACF,
NH5-ACF-N10, NH5-ACF-A10 and NH3-ACF-010, respectively. These
results were in perfect agreement with the XPS results.

Furthermore, the regeneration performance of NH3;-ACF-010
was explored using the water wash method, as described in the
experimental section in Supporting information. As shown in Fig.

4g, it was noteworthy that 83.33% of sulfur capacity (175 mg/g)
was recovered, indicating that nearly all the generated SOy were
removed from the catalyst surface. The results were also compared
with similar studies in literature (Figs. 4h and i). To the best of
our knowledge, the present work demonstrated the highest sul-
fate selectivity [21,22,24,26,29,50], as well as the highest sulfur ca-
pacity and regeneration performance based on the water washing
regeneration method [52], achieved on carbon materials to date.
Although the sulfur capacity progressively declines with regener-
ation cycles, and achieving near-perfect sulfate selectivity (ideally
100%) remains a key challenge for practical applications, the high
sulfate selectivity, combined with an appropriate sulfur capacity
of 0.21g/g, makes NH3-ACF-O10 one of the most promising can-
didates for practical use due to its easy regeneration. In compar-
ison with representative heterogeneous catalysts with alternative
regeneration methods, including thermal regeneration, the water-
wash method maintains high capacity and regeneration perfor-
mance (Table S3 in Supporting information). However, several key
issues remain to be addressed, such as the primary factors gov-
erning sulfur capacity and high sulfate selectivity, as well as the
underlying reaction mechanism.

For the reaction, it was assumed that H,S was initially adsorbed
on the basic sites of the catalyst surface, then dissolved into the
water layer to form HS-, which later reacted with reactive oxygen
species to produce sulfur-containing compounds [29,53]. As men-
tioned in the introduction, the porosity, Sger, and surface chemistry
could affect the catalytic performance greatly.

As illustrated in Figs. 5a-d, SEM-EDS analysis demonstrated that
no large sulfur deposits were observed on the surface of the ACFs,
and sulfur-containing species were evenly dispersed throughout
the pores. At the same time, ACFs demonstrated structural stabil-
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Fig. 5. Elemental mapping images with EDS of NH;-ACF-E and NH3-ACF-O10-E (a-
d) and H,S-TPD profiles of ACFs (e).

ity by maintaining good surface structure even after deactivation.
Subsequently, regression analysis was performed to evaluate how
pore structure influenced both sulfur capacity and sulfate selec-
tivity. Figs. S7a-d (Supporting information) shown linear fit plots
between the sulfur capacity and the Vior, Sger, Vinic and Vies of
the prepared ACFs, with R? values of 0.78, 0.71, 0.77 and 0.68, re-
spectively. Meanwhile, the linear fit plots the sulfate/elemental sul-
fur content versus micropores/mesopores density were displayed
in Figs. S7e and f (Supporting information), with R% values of
0.20. The statistically insignificant correlation between sulfur ca-
pacity/sulfate selectivity and pore structure strongly indicated that
the traditionally considered factors, such as Vi, Sger, and Vi,
were no longer the primary factors governing sulfur capacity and
sulfate formation for the prepared ACFs, respectively [29,30].

The results obtained above provide a rational basis for the as-
sumption that the deposition of sulfur-containing products on the
surface basic sites is one primary cause catalyst deactivation be-
fore the occurrence of complete pore blockage by sulfur species.
In essence, the surface basicity, as opposed to conventional pa-
rameters of pore structure, emerges as the pivotal factor deter-
mining sulfur capacity. It was strongly supported by the positive
and negative correlation between PdN content and sulfur capacity
and sulfate selectivity, respectively (Fig. S8 in Supporting informa-
tion). Furthermore, the H,S-TPD (Fig. 5e) indicated that H,S was
chemisorbed on the catalyst surface. The gradual weakening of the
desorption peak supports the hypothesis that surface basicity de-
creased after plasma modification, which is consistent with the ob-
served decrease in both sulfur capacity and PdN content.

Meanwhile, surface acidity may also influence sulfate selectiv-
ity, similar to the previously mentioned limitation of basic sites. To
investigate the effect of surface acidity and acid type on sulfate se-
lectivity, NH3-TPD and Py-IR analyses were performed. As shown
in Fig. 6a, the NH3 desorption profile was categorized into three
regions: weak acid sites below 300 °C, medium acid sites between
300°C and 500°C, and strong acid sites above 500 °C [54,55]. Figs.
6b-e display the fitted curves for peak splitting, and the corre-
sponding NH3 desorption peak areas were quantified and com-
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Fig. 6. (a) NH;-TPD profiles of ACFs. (b-e) TPD-peak-fitting analysis of ACFs, and the
relationships between sulfate selectivity and acid of ACFs (f).

piled in Table S4 (Supporting information). It was evident that both
weak acidity and medium acidity were significantly enhanced in
plasma-modified samples, primarily due to the transformation of
oxygen-containing functional groups. NH3-ACF-A10 and NH3-ACF-
010 exhibited the highest amounts of weak and medium acid sites,
respectively, along with the disappearance of strong acid sites.
This is because oxygen-containing, high-energy active substances
generated by Air and O, plasma can oxidize the strong acidic
sites, which typically contain unstable, oxygen-containing func-
tional groups. These high-energy active substances then react with
free radicals or unsaturated bonds on the carbon surface, form-
ing new weak and medium acid sites [56]. In contrast, N, plasma
tends to dope nitrogen atoms into the carbon matrix, achieving
surface acid-base regulation without directly affecting the strong
acid sites [57]. It has been demonstrated that when pH < 4.5,
physical adsorption of H,S does not dissolve in the water film. In
the range of 4.5 < pH < 7, the dissociation of H,S is inhibited, pro-
moting sulfate formation [8]. In the present work, the correlation
between the acid sites on the catalyst surface and sulfate selectiv-
ity is clear. Regression analysis (Fig. 6f) shows that medium acid
sites significantly influence sulfate selectivity (RZ =0.99), while the
influence of weak acid sites is negligible (R? = 0.40). As anticipated,
medium acid sites exhibit a negative correlation with sulfur capac-
ity, reflecting the inherent trade-off between sulfur capacity and
sulfate selectivity.

The Py-IR spectra were shown in Fig. 7a. As observed, six bands
were detected in the 1300-1700cm™! region, absorption peaks
were identified for Lewis acid sites at 1450, 1609, and 1620cm’,
for Brensted acid sites at 1540 and 1640cm™!, and a combined
band at 1490 cm™!, which corresponded to pyridine adsorption on
both Lewis and Bregnsted acid sites [58-60]. It was evident that
Lewis acid sites were the predominant acidic sites in all synthe-
sized samples, with their concentration notably increased follow-
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ing plasma treatment. However, contrary to expectations, NHs-
ACF-A10, rather than NH3-ACF-010, exhibited the highest Lewis
acid sites concentration, which contradicts with the trends ob-
served for sulfur capacity and sulfate selectivity. This observation
suggested that the strength of the acid sites, i.e.,, medium acid
rather than their type, was a key factor influencing catalytic per-
formance. The poor linear correlation (R2=0.30) between sulfate
selectivity and the content of Lewis acid sites (Fig. 7b) further sup-
ported this conclusion.

The influence of defects on sulfate selectivity was also investi-
gated. As illustrated in Fig. 7c, a significant linear correlation be-
tween the np ratio and sulfate selectivity was observed, with an
R? value of 0.84. This indicated that defects undeniably had a con-
siderable impact on sulfate formation. And the influence perhaps
due mainly to the catalytically generating oxygen-containing free
radicals with strong oxidative capabilities, which could directly ox-
idize H,S to sulfate. As demonstrated in Fig. S9 (Supporting infor-
mation), the EPR signal intensity of the reaction oxygen vacancy
(g=2.003) content in the catalyst gradually increases with the in-
crease in defect density. The appearance of O, signals in the EPR
spectra of all the samples (Fig. 7d) further confirms the formation
of superoxide radicals during the reaction process. Specifically, the
electrons accumulated at the carbon atoms exposed around vacan-
cies, which then reduced the adsorbed O, to 0, [61]. Further-
more, doped nitrogen atoms (PdN and PyN) in the carbon matrix,
due to the localized unpaired electrons, could activate O, to form
oxygen-containing free radicals. This activation occurred through
the conjugation and enhanced migration of 7 * electrons in the ad-
jacent sp? carbon [24,34,62].

Thus, it was clear that the further reduction of basic sites
was responsible for the relative low sulfur capacity, while the en-
hanced surface acidity, especially medium acid, together with the
increased defect density were contributed to the high sulfate se-
lectivity.

As is well known, oxygen was crucial for the reaction, how-
ever it must first be activated into reactive oxygen species because
of the stability of its triplet state with spin-paired electrons [9].
It was believed that chemically adsorbed oxygen species, oxygen-
containing group, and oxygen radicals could be served as reactive
oxygen species. Furthermore, it has been shown that O,*" could in-
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deed be generated by defects and enhance the formation of sulfate.
However, it remains necessary to investigate whether the other re-
active oxygen species also participate during the reaction.

As depicted in Fig. 8a, no O, desorption peak was detected
in the 0,-TPD spectra of any of the samples, indicating that the
ACFs surface could not form chemically adsorbed oxygen. In other
words, molecular oxygen was adsorbed exclusively at defect and
further activated by defect to form O,". Indeed, it has proved that
oxygen-containing functional groups could participate in the reac-
tion and exert a dominant influence. Therefore, in situ DRIFTS was
carried out to investigate the role of oxygen containing group. As
shown in Fig. 8b, when only H,S was present in the atmosphere,
the gradually intensified peak at 2344 cm™!, corresponding to the
stretching of the H-S bond in H,S [14], were detected, indicat-
ing the adsorption of H,S on the surface. Additionally, the appear-
ance of peaks at 1640 and 3313 cm’!, which corresponded to O-H
stretching in H,O0, together with the depletion peak at 1064 cm™!
related to the C-O species, strongly suggested that the adsorbed
H,S reacted with the C-O group on the surface to form wa-
ter and sulfur-containing species. This suggested that the oxygen-
containing function group were involved in the reaction. Further-
more, the peaks at 3598, 1532 and 891 cm™! were mainly ascribed
to the formation of sulfur oxides, specifically SO3-H,0, S=0 for tri-
dentate sulfate, and O-S-O for chelating bidentate sulfate, respec-
tively [21,63,64]. These findings were in perfect agreement with
the above-mentioned assumption. Fig. 8c shown the infrared spec-
trum after introducing O, into the atmosphere following H,S ad-
sorption. It was clearly observed that the consumed C-O was re-
covered, indicating that oxygen-containing functional groups can
be regenerated by molecule O,.

Concurrently, the extent of the participation of oxygen-
containing functional groups in the reaction was investigated. The
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related breakthrough curves were presented in Fig. 8d. It was ev-
ident that sulfur capacity of the catalyst was rather low when O,
was absent, amounting to 34mg/g comparing to 210 mg/g when
0, was involved in the reaction. This was also in sharp contrast
to the literature result, where the catalyst exhibited a sulfur ca-
pacity in the presence of H,S and H,O that was comparable to
that in a coexisting system of H,S, H,O, and O, when the oxy-
gen containing group was regarded as the main reactive oxygen
species. Thus, the possibility of oxygen containing group was the
main reactive oxygen species could also be excluded. Furthermore,
when only H,S and O, were introduced into the reaction simulta-
neously, even with a modest amount of functional group regener-
ation facilitated by oxygen, there was a negligible contribution to
the sulfur capacity (23 mg/g). This led to the conclusion that the
0, was thought the main reactive oxygen species for the reac-
tion. And water played an important role in the reaction, which
not only formed water film that dissolved adsorbed H,S and reac-
tive oxygen species, but also acted as a conveyor belt to transport
the generated sulfur species for storage on the surface and within
the pore channels.

Based on the above analysis, the reaction mechanism over the
prepared ACFs could be tentatively proposed as following (Fig. 9):

(1) H,S was chemisorbed on the basic sites of catalysts, i.e., the
doped N species, specially PAN species. However, the ad-
sorption capacity was relatively low due to the low content
of PAN content. Finally, the adsorbed H,S dissolved in the
water film in the form of HS".

the molecular O, was adsorbed on the defects (mainly in
the form of vacancy), where the adsorbed oxygen acquired
electrons and reduced to O,". Subsequently, the formed 0,*
dissolved in the water film.

the dissolved HS™ reacted with the O,* with strong oxida-
tive capabilities to formed sulfate via isolated sulfur radical
intermediate product. Meanwhile, a little fraction of isolated
sulfur radicals collided with each other to form elemental Sg.
Additionally, the collision probability of isolated sulfur radi-
cal was greatly limited due to the poor H,S adsorption ca-
pacity, namely low isolated sulfur radical generation, and en-
hanced surface acidity of the catalyst. Therefore, the gener-
ation of elemental sulfur was restricted, which in turn facil-
itated the further reaction of isolated sulfur radical to form
sulfate.

(2

—

w
=

Therefore, the reaction process obeyed a Langmuir-Hinshelwood
(L-H) like mechanism. As is known, the L-H mechanism usually
means that the reaction occurred via two chemisorbed molecules
[65]. However, for this reaction, it was proceeded via chemisorbed
H,S and superoxide radical, which was adsorbed and activated by
defect.

In summary, ACFs with high sulfate selectivity and optimal sul-
fur capacity were prepared through a synergistic strategy of “ni

trogen doping - defect engineering”. Among the prepared cata-
lyst, NH3-ACF-010 presented the best catalytic performance, which
could achieve sulfur capacity of 0.21g/g, sulfate selectivity of
85.40%, and outstanding water wash regeneration performance,
i.e., 83.33% sulfur capacity could be recovered. The sulfur capac-
ity was mainly depended on the content of N species, especially
PdN species. The low content of PdN species for the prepared ACFs
meant that limited amount of H,S could be adsorbed and partic-
ipate in the reaction, leading to the relatively low sulfur capacity.
Meanwhile, the enhanced surface acidity, especially medium acid,
together with the increased defect density after plasma modifica-
tion were responsible for the high sulfate selectivity. The enhanced
surface acidity could greatly decrease the collision probability of
isolated sulfur radical, subsequently, restricting the formation of
elemental sulfur and benefiting the formation of sulfate, which
was in turn further decrease the sulfur capacity. Simultaneously,
the molecular O, was adsorbed exclusively at defects and further
activated by defects to form O, with strong oxidative capabili-
ties, which could oxidize adsorbed H,S to sulfate directly. More-
over, based on the previous work, it was thought that the defects,
i.e., the formation of O,™, played a curial role in the formation of
sulfate. Besides, it was thought that O,*~ were the main reactive
oxygen species for the reaction. Moreover, the reaction obeyed a
L-H like mechanism, the reaction was proceeded via chemisorbed
H,S and 0O,". However, although relative high sulfate selectivity
was obtained for the prepared catalysts, it is critical to note that
achieving near-perfect sulfate selectivity (ideally 100 %) remained a
key challenge for practical applications.
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