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       The increasing demand for environmentally friendly indus-
tries and effective pollution control has attracted great atten-
tion from both academic and industrial organizations for the 
development of new processes and novel materials. As a major 
air pollutant, hydrogen sulfi de (H 2 S), originating from various 
sources (natural gas processing, the refi ning and consumption 
of fossil fuel, etc.) must urgently be removed and reused due 
to its high toxicity towards the environment (acid rain) and 
living organisms. [  1  ]  Great efforts have been made to explore 
the effective removal of H 2 S and in most cases transition-
metal oxides and mixed oxides are used as adsorbents and/or 
catalysts for the oxidation of H 2 S, whereas others use zeolite, 
activated carbon (AC), and carbon nanotubes (CNTs) as adsor-
bents. [  2,3  ]  Carbon materials have appealing properties as adsor-
bents or catalyst supports for the removal of H 2 S. For instance, 
AC or CNTs have been widely used as supports of catalysts 
(ZnO, NiS 2 , etc.) for the catalytic oxidation of H 2 S. [  3  ]  Neverthe-
less, the regeneration and full utilization of the H 2 S and the 
development of high-performance adsorbents are still hard to 
realize. Thus, it is necessary to develop an appropriate approach 
to eliminate and recycle H 2 S to realize its regeneration and 
environmental protection. 

 As a fascinating carbon material, graphene possesses excel-
lent electrical, thermal, and mechanical properties due to its 
unique 2D structure, making it versatile in fundamental sci-
ence and various applications, such as energy storage, sensors, 

adsorption, etc. [  4  ]  Due to its large and fully accessible sur-
face and excellent conductivity, the use of graphene in the 
removal of H 2 S has been examined both experimentally and 
theoretically. [  1a,  2,  5  ]  Density functional theory (DFT) studies show 
that H 2 S molecules are physisorbed only on the surface of gra-
phene, thus, in most cases, graphene has a low catalytic activity 
for H 2 S oxidation and also a low adsorption capacity. Graphene 
oxide (GO), the most important derivative of graphene, is deco-
rated by abundant oxygen-containing groups on the graphene 
layer, and these help improve the reactivity and processability 
due to their hydrophilic nature. Although GO suffers from 
poor conductivity due to the destruction of the continuous sp 2  
hybridized network, it is the most frequently used precursor for 
the preparation of graphene and graphene-based materials. [  6  ]  
Some groups have prepared reduced graphene oxide (RGO)/
metal oxide composites as adsorbents for H 2 S; the oxygen-
containing groups of GO help the homogeneous distribution 
of the metal oxide nanoparticles and the residual oxygen after 
the reduction of GO can accelerate the catalytic oxidation of 
H 2 S. However, the metal oxide still plays a dominant role in the 
oxidation of H 2 S and the effect of the oxygen in GO is always 
neglected. [  1a,  5a,  7  ]  

 As the main element in H 2 S, sulfur attracts much attention 
nowadays due to its potential for use in high energy density bat-
teries. There is increasing demand for high-performance energy 
storage devices and the lithium ion battery is constrained by its 
relatively low energy density. The lithium-sulfur (Li-S) battery, 
which uses sulfur as the cathode material, has attracted atten-
tion for use in electric vehicles and portable devices because of 
its high energy density and ability to operate for long times. [  8  ]  
Unfortunately, the poor electric conductivity of sulfur and 
the dissolution of the polysulfi de cause low effi ciency and 
fast capacity fade of the battery. To solve these problems and 
make the battery usable, S is always combined with a conduc-
tive polymer such as polypyrrole (PPy) or a carbon matrix of 
mesoporous carbon, CNTs or graphene. [  9  ]  However, in most 
cases the uniform distribution of sulfur is hard to realize for 
high-performance electrode materials. 

 Here, GO is reduced by H 2 S and the concentrated H 2 S can 
be effectively removed by such a reduction process. As a result, 
a graphene/S hybrid is obtained in which sulfur is uniformly 
distributed onto graphene layers and graphene layers are inter-
connected with each other with curly structure. The resultant 
graphene/S hybrid shows potential for use in a Li-S battery. This 
strategy realizes a combination of pollutant control and the fabri-
cation of advanced electrode materials for energy storage devices. 
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 The reduction process is illustrated schematically in 
 Figure    1  a, concentrated H 2 S is bubbled continuously into a GO 
aqueous suspension at 70 °C, and the large number of oxygen-
containing groups act as active sites and accelerate the reaction 
with H 2 S. The strategy in this work is highlighted by using 
H 2 S as a reducing agent to realize the reduction of graphene 
oxide and to obtain a graphene/sulfur hybrid with high sulfur 
content and a uniform distribution, which is hard to achieve 
using other methods. [  10  ]  Our previous results show that dried 
GO powder adsorbs very little H 2 S due to the insuffi cient con-
tact and fortunately the GO aqueous suspension helps the 
monolayer-dispersing of the hydrophilic GO layers ensuring 
the full contact of H 2 S with the surface of GO. After a certain 
reaction time, GO is deoxygenated to reduced graphene oxide 
(RGO) and S 2−  is transformed into elemental S attached to the 
RGO layers, and the obtained H 2 S-reduced graphene oxide/S is 
denoted HRGO/S. An obvious color change of the GO suspen-
sion from bright brown to black is observed after the reaction 
(top right of Figure  1 a), confi rming the effective reduction of 
the GO. A control experiment was conducted without the bub-
bling of H 2 S to verify whether the heating causes the reduc-
tion of GO and, as shown in Supporting Information Figure S1, 
the color does not change after heating under the same condi-
tions but without H 2 S bubbling, indicating that no deoxidiza-
tion occurs and that it is the H 2 S that induces the reduction 
of GO. It is worth noting that the obtained HRGO/S suspen-
sion is highly stable and no precipitation occurs after several 
months. This phenomenon is mainly attributed to the incom-
plete removal of negatively charged oxygen groups. [  6d  ]   

 The HRGO/S hybrid is then obtained after drying. Figure  1 b 
clearly shows the curly and interconnected structure of the 
HRGO/S. The layers are slightly thicker than layers of GO and 
thermally exfoliated graphene, which results from the effective 
and homogeneous loading of S on the surface (as shown in 

the elemental mapping in Supporting Information Figure S2). 
Such a structure ensures contact between HRGO and S, which 
facilitates electron transfer when it is used as an electrode 
material. X-ray diffraction (XRD) results further confi rm the 
effective reduction of GO, which can be identifi ed by the dis-
appearance of the typical diffraction peak of GO located at 12° 
that is transformed into a broad and weak peak at 26° (the (002) 
peak of graphite). This is caused by the random and localized 
stacking of the HRGO, indicating that the loaded S prevents 
the restacking of graphene layers. In comparison with the 
XRD pattern of crystalline S, no typical peaks of S in the XRD 
of HRGO/S can be indexed, indicating that the S exists in a 
non-crystalline state. No obvious S particles can be observed 
in the SEM image, also suggesting the non-crystalline state of 
sulfur. Raman spectra further demonstrate the effective reduc-
tion of GO and prove the state of S. As shown in Figure  1 d, the 
intensity ratio of D band and G band ( I  D / I  G ) of the HRGO/S 
is higher than that of GO, which is may be due to the increase 
of the edges during the reduction process, similar to previous 
reports. [  11  ]  It is also interesting that no vibrational mode can 
be assigned to sulfur in HRGO/S. This is quite distinct from 
pure S, which has several vibration signals below 500 cm −1  
(Figure  1 d). [  9c,  12,  13  ]  This result agrees well with the XRD anal-
ysis, and both reveal the non-crystalline structure of S in the 
HRGO/S. 

 To elucidate the chemical composition of HRGO/S and 
the reduction degree of GO, X-ray photoelectron spectroscopy 
(XPS) analysis was conducted to obtain precise evidence of the 
chemical state of each element. An obvious S peak emerges in 
the full-scan of HRGO/S, and we further fi t the C 1s  peaks to 
analyze the categories and numbers of functional groups on the 
HRGO layers. As shown in  Figure    2  a,b, the binding energies of 
284.5 and 285.2 eV are attributed to the C=C and C–C bonds, 
respectively. Moreover, the binding energies of 286.9, 287.5, 

      Figure 1.  a) Illustration of the formation of HRGO/S hybrid. b) Scanning electron microscopy (SEM) image of HRGO/S. c) XRD patterns of graphite, 
graphite oxide, sulfur, and HRGO/S. d) Raman spectra of S, HRGO/S, and GO. 
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HRGO layers are monolayer or few layers (less than four layers, 
detailed in Supporting Information Figure S3). Numerous dark 
curves can be observed in Figure  2 c, which represent the curly 
and interconnected structure of the HRGO/S layers. Such a 
unique structure may be attributed to a slight aggregation of 
HRGO/S due to its hydrophobic nature after the reduction of 
GO. The microstructure can be further tuned by the drying pro-
cess, which is investigated in our ongoing work. Energy-fi ltered 
TEM (EFTEM) was used to track the elemental distributions of 
carbon and sulfur in HRGO/S. The thickness map (Figure  2 c) 
exhibits a more obvious curly and interconnected structure 
of HRGO/S and the corresponding element maps of C and S 
(Figure  2 e,f) further demonstrate a well-matched spatial dis-
tribution. Thus, we believe that S is homogeneously distrib-
uted on graphene layers. The S 2p  XPS spectra further provide 
detailed information of the chemical state of S in the hybrid. 
The S 2p2/3  (163.8 and 165.0 eV) and S 2p1/2  (164.3 and 165.5 eV) 
correspond to the S–S bond and S–O bond, respectively, indi-
cating the formation of elemental S. A weak peak located at 
168.6 eV can be observed as sulphate species originating from 
the oxidation of S in air and a trace residue of sulfate. [  13  ]  A N 2  
adsorption isotherm was also used to analyze the structure and 
surface area of the HRGO/S. The specifi c surface area (SSA) 
of HRGO/S is ≈10 m 2  g −1  (Supporting Information Figure S4), 
which is far lower than exfoliated graphene powder due to the 
tightly interconnected structure and the loaded S, which cannot 
contribute to the N 2  adsorption. Although it shows a low SSA, 
the electrolyte can still fully access the inner surface, which can 
be proven by the high capacity and power capability resulting 
from the interconnected structure that provides suffi cient ion 
transportation channels. The sulfur content in this hybrid is 
estimated of ≈40% (Supporting Information Figure S5), which 
is the maximum sulfur content even if the the reaction time is 
prolonged. Differential scanning calorimetry (DSC) measure-
ments (Supporting Information Figure S5) further confi rmed 
the existence of sulfur by the same melting and vaporization 
temperature (around 290 °C) with pure S, which is in consist-
ence with thermogravimetric (TG) analysis results. To increase 
the sulfur content, the oxidation state of the graphene oxide 
should be optimized, [  10  ]  and related study is ongoing now. 

 This strategy for the removal of H 2 S not only achieves the 
elimination of H 2 S, but also realizes the in situ preparation of 
the HRGO/S hybrid. As reported previously, carbon/S hybrids 
are appealing electrode materials for Li-S batteries, [  8  ]  and a gra-
phene-based cathode has been demonstrated as a promising 
candidate for Li-S batteries. Here, we demonstrate the possi-
bility of HRGO/S as the cathode of a Li-S battery. The electro-
chemical process, which contains the oxidation of sulfur and 
the reduction of sulfi des in HRGO/S, is illustrated in  Figure    3  b. 
From the cyclic voltammetry (CV) curves, the reduction peaks 
located at 2.3 and 2.0 V are two typical reduction potentials of 
S to a soluble polysulfi de and further to the insoluble low-order 
S 2− . Two anodic peaks can be observed at 2.4–2.5 V and are 
assigned to the oxidation of lithium sulfi des to polysulfi des and 
further to element S. [  13  ]  The CV results provide solid evidence 
for the existence of sulfur in the HRGO/S hybrid, as discussed 
previously, because the redox potential is in good agreement 
with that of S reported elsewhere. The galvanostatic charge/
discharge performance of HRGO/S is evaluated at different 

and 288.7 eV, respectively, correspond to the C–O, C=O and 
O=C–O functional groups. Compared with the case of the GO 
(Figure  2 a), the peak intensity of the C=C bond of HRGO/S 
(located at 284.5 eV) increases signifi cantly accompanied by 
a dramatic decrease in the intensities of the peaks due to the 
C–O, C=O and O=C–O bonds, demonstrating the effective res-
toration of the sp 2  hybridized carbon network. [  13  ]  Additionally, 
the C/O atomic ratio of the GO increased from 1.9 to 9.5 after 
reduction by H 2 S, which is attributed to the reaction between 
oxygen groups and HS − . [  3a  ]  This result combined with XRD and 
Raman analyses gives powerful evidence for the effective reduc-
tion of the GO by the adsorption of H 2 S.  

 It should be noted that a small number of oxygen-containing 
groups still exist on the graphene layers, which is a result of 
the incomplete reduction under mild reduction conditions 
(<100 °C). In the case of the Li-S battery, these oxygen groups in 
the HRGO/S should have great help to trap S and limit the dis-
solution of polysulfi de. [  13  ]  The above results demonstrated that 
GO is a promising adsorbent for H 2 S and can thus be reduced 
dramatically to obtain a promising electrode material. Transmis-
sion electron microscopy (TEM) analysis gives a more accurate 
observation for the microstructure of HRGO/S as illustrated in 
Figure  2 c,d. The HRGO/S layers can be identifi ed easily from 
the TEM images and the relatively low contrast indicates that the 

      Figure 2.  C 1s  XPS spectra of a) GO and(b) HRGO/S. c) TEM image of 
HRGO/S. d) Thickness map of HRGO/S by EFTEM. Elemental maps 
from EFTEM mode of e) element S and f) element C. 
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approach for the preparation of a graphene/S hybrid and the 
structure can be readily controlled. This strategy also hints at 
an effective adsorption of concentrated H 2 S and more detailed 
work on the adsorption behavior is ongoing. More signifi -
cantly, this work provides a method for the entirely “green” 
regeneration of pollutant H 2 S gas for use in high-perfor-
mance Li-S batteries with long life-span and superior power 
performance.  
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