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a b s t r a c t

For treatment of sulfion-containing wastewater, coupling the electrochemical sulfion oxidation reaction

(SOR) with hydrogen evolution reaction (HER) can be an ideal way for sulfur and H2 resources recovery.

Herein, we synthesize a metal-modified carbon nanotube arrays electrode (Co@N–CNTs/CC) for SOR and

HER. This electrode has excellent performance for SOR and HER attributed to the unique array structure. It

can achieve 99.36mA/cm2 at 0.6V for SOR, and 10mA/cm2 at 0.067V for HER. Density functional theory

calculations verify that metal modification is able to regulate the electronic structure of carbon nanotube,

which is able to optimize the adsorption of intermediates. Employed Co@N–CNTs/CC as bifunctional elec-

trodes to establish a hybrid electrolytic cell can reduce about 67% of energy consumption compared with

the traditional water splitting electrolytic cell. Finally, the hybrid electrolytic cell is used to treat actual

sulfion-containing wastewater, achieving the sulfur yield of 30mg h−1 cm−2 and the hydrogen production

of 0.64mL/min.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Water pollution and energy crisis are one of the serious is-

sues in current society [1–3]. Nowadays, large amount of sulfion-

containing wastewater are produced during the industrial produc-

tion, which has caused serious environmental pollution [4]. At

present, the conventional methods for treatment those sulfion-

containing wastewater include adsorption, membrane separation,

biodegradation, etc. [5,6]. Although these methods are effective

in purifying the polluted water, they do not recover the sulfur

resources. In contrast to the above methods, ion exchange resin

method can simultaneously purify water and recover sulfur re-

sources, but limit by the high cost and complex process [7,8].

Hence, the development of new methods to recycle treatment the

sulfion-containing wastewater is extremely important [9–12].
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Hydrogen (H2), as a kind of promising green energy, is brought

about widespread attention. During water electrolysis, H2 is pro-

duced at the cathode via a hydrogen evolution reaction (HER), and

anodic oxygen evolution reaction (OER) occurs with a theoretical

overall cell voltage of 1.23V [13,14]. Regrettably, practical overall

cell voltage is much higher than 1.23V, owing to the sluggish an-

odic OER [15,16]. It is considered as an effective way to reduce the

voltage of electrolytic cell by substituting the slow OER with the

anodic oxidation reaction of other compounds, such as urea [17],

alcohol [18], and hydrogen sulfide [19]. It is gratifying that sul-

fion oxidation reaction (SOR: S2− → S+2e−, E=−0.48V vs. RHE) is

more thermodynamically advantageous than that of OER (E=1.23V

vs. RHE) [20]. There are many advantages if SOR is coupled with

HER. (1) The driving voltage of this hybrid electrolytic cell will be

greatly reduced to achieve H2 production with low energy con-

sumption. (2) The source of S2− can be provided by the sulfion-

containing wastewater. During the electrochemical oxidation pro-

cess, not only the wastewater can be purified, but also the S2− can

be oxidated to S as a valuable chemical. However, compared with

https://doi.org/10.1016/j.cclet.2023.109166
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Fig. 1. (a) Preparation process of Co@N–CNTs/CC. (b) FESEM image of Co-MOF/CC.

(c, d) FESEM, (e, f) TEM, (g) HRTEM, (h) STEM images and (i-k) according C, Co, N

elemental mapping of Co@N–CNTs/CC.

the extensive exploration of HER electrocatalysts [21], the high-

efficient and long-term stable electrocatalyst on SOR is still insuf-

ficient.

Metal-based electrocatalysts have been proved with high cat-

alytic performance for SOR [22–26]. However, the exposed of ac-

tive substance metals are susceptible to corrosion or poisoning

by S2− leading to activity and stability decrease. Hence, develop-

ing high catalytic activity and stable electrocatalysts is essential to

achieve sustainable SOR. Our previous work confirmed that coat-

ing of carbon shell can effectively protect the metal-based cata-

lyst from etching [27]. At the same time, the electron transfer be-

tween the inner metal and the carbon shell is conducive to en-

hancing electrocatalytic activity [28,29]. In addition, more active

sites can be exposed with the increasing of the specific surface

area by building a whole array of nanowires [30,31], nano sheets

[32,33], nanotubes [34,35], etc., which is conducive to improve cat-

alytic activity.

Bearing these points in mind, we put forward a self-template

growth method for preparing a nitrogen-doped carbon nanotube

arrays encapsulating with cobalt nanoparticle on carbon cloth

(Co@N–CNTs/CC) as the effective electrode for simultaneous sul-

fur recycling and hydrogen generation from sulfion-containing

wastewater. The as-prepared Co@N–CNTs/CC showed excellent per-

formance compared to RuO2 and possessed long-term durability

over 120h. Meanwhile, the Co@N–CNTs/CC electrode also exhibited

excellent performance toward HER. Theory calculations demon-

strated that the unique core-shell structure of Co@N–CNTs could

promote the adsorption of intermediates on carbon surface, there-

fore resulting in high SOR and HER performances.

The dendrites-like electrocatalyst, nitrogen-doped carbon nan-

otubes micro-nano array encapsulated with cobalt nanoparticle on

carbon cloth (Co@N–CNTs/CC), was prepared via a self-template

growth method (Fig. 1a). First of all, the O2-plasma treated hy-

drophilic carbon cloth (Fig. S1 in Suppporting information) was

employed as flexible substrate for the growth of microsheet-like

metal-organic frameworks (Co-MOF/CC, Fig. 1b and Fig. S2 in Supp-

porting information) arrays via a facile room-temperature crystal-

lization route [36–38]. During this process, the treatment of O2-

plasma is crucial for the full growth of Co MOF (Fig. S3 in Supp-

porting information). In the second step, the Co-MOF was in-situ

transformed to hierarchical Co@N–CNTs array by pyrolysis with di-

cyandiamide at 800 ◦C. After pickling treatment to remove the un-

coated Co NPs in Co@N–CNTs/CC, the final product was obtained.

In the process of synthesis, the calcination temperature and the

amount of dicyandiamide have a great influence on the morphol-

ogy, and then affect the performance (Figs. S4–S7 in Suppporting

information). The detailed morphology and structure evolution of

the optimal Co@N–CNTs/CC was firstly analyzed by field emission

scanning electron microscope (FESEM) and transmission electron

microscope (TEM). The surface of carbon micro-sheets was growth

numerous Co@N–CNTs (Figs. 1c and d), which were about 20nm in

diameter and hundreds of nanometers to micrometers in length.

For further characteristic the microstructure of Co@N–CNTs, the

sample was peeled up from the CC and then measured by TEM.

As depicted in Figs. 1e and f, it could be clearly found that abun-

dant of nanoparticles, speculated as metallic Co, with the size of 5–

10nm were captured in the top of the carbon nanotube (CNTs). To

verify this guess, the high-resolution TEM (HRTEM) measurement

was employed. As shown in Fig. 1g, the lattice fringes with inter-

planar spacing distances of 0.204 and 0.34nm were in good accor-

dance with the metal Co (111) and graphite C (200) planes, respec-

tively. Additionally, the hierarchical carbon dendrite feature in the

typical morphology of Co@N–CNTs was verified through the scan-

ning transmission electron microscopy (STEM) and elemental map-

ping. Elemental mapping images (Figs. 1h–k) of a single Co@N–CNT

exhibited the core-shell structure of Co nanoparticle encapsulated

in the top of N-doped CNTs. All the above results confirmed that

Co@N–CNTs/CC was successfully prepared.

The crystal phase of Co@N–CNTs/CC was identified by the X-

ray diffraction (XRD) pattern (Fig. 2a). Metal Co phases with

the diffraction peaks at 44.2° (111), 51.5° (200), and 75.8° (210)

were confirmed in Co@N–CNTs/CC (JPCDS No. 15-0806). The broad

diffraction peaks at 26.6° were assigned to carbon indicating the

defect-rich nature [39,40]. To further study the characteristic of C

in Co@N–CNTs/CC, Raman spectrum (Fig. 2b) was measured. The

peaks of 1360 cm−1 (D band), 1591 cm−1 (G band), and 2700

cm−1 (2D band) were appeared. High ID/IG band intensity ra-

tio of Co@N–CNTs/CC demonstrated plenty of N atoms doping in

graphite carbon layer to form rich defects. Moreover, the shape and

weak intensity of 2D band demonstrated the existence of multi-

layers graphene in Co@N–CNTs/CC, and consistent with the struc-

ture in Fig. 1g. Surface area (SBET) and porosity of Co@N–CNTs/CC

were studies through nitrogen adsorption-desorption isotherms.

The curve could be divided into two parts, rapid absorption at low

relative pressure (<0.05) and gradual absorption at high relative

pressure (0.45–1.0) with hysteresis loop (Fig. 2c). The result indi-

cated that micropores and mesopores were coexistent, which was

confirmed in pore size distributions (inset in Fig. 2c). SBET and pore

volume of Co@N–CNTs/CC was 330.8 m2/g and 0.263 cm3/g. Higher

SBET of electrode facilitated to provide more active sites.

Surface chemical composition and electronic states of

Co@N–CNTs/CC was investigated by X-ray photoelectron spec-

troscopy (XPS). The C, N, Co, and O elements existed in full XPS

spectrum (Fig. S8 in Supporting information). Co 2p XPS spectrum

(Fig. 2d) showed that the peaks at 780.7 and 796.0 eV could be

corresponding to Co2+ 2p3/2 and Co2+ 2p1/2. Meantime, the peaks

at 778.5 and 795.7 eV revealed the present of Co0 in sample

[41–43]. For C 1s spectrum, the fitted C 1s XPS spectrum (Fig. 2e)

showed two main peaks near 284.8 and 285.5 eV, corresponding

to sp2 carbon and C–N species, respectively. High-resolution N 1s

XPS spectrum (Fig. 2f) was analyzed to study the type of N species

in Co@N–CNTs/CC. Three peaks at 398.7, 399.8, and 401.3 eV were

assigned to pyridinic N, pyrrolic N, and graphitic N, respectively.

Valence states and coordination environment of cobalt species

can be further analyzed by X-ray absorption fine structure spec-
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Fig. 2. (a) XRD, (b) Raman spectrum and (c) N2 adsorption-desorption isotherms of Co@N–CNTs/CC. High-resolution XPS spectra of Co@N–CNTs/CC of (d) Co 2p, (e) C 1s,

and (f) N 1s. (g) XANES and (h) Co K-edge FTEXAFS spectra of Co@N–CNTs/CC, Co3O4 and Co foil. (i) Calculated charge-density differences of Co@N–CNTs/CC, red (green)

represents the charge accumulation (deletion).

trum. Fig. 2g shown that the valence state of Co in Co@N–CNTs/CC

was slightly larger than that of Co foil. In Fig. 2h, only one peak

at 2.17 Å assigned to Co-Co bond was observed in the curve of

Co@N–CNTs/CC, indicating that there was no oxidation exist in the

sample. These results indicated that the increase in the valence

state of cobalt species is caused by the transfer of electrons from

the metal core to the carbon shell. At the same time, this charge

transfer phenomenon is confirmed by charge-density differences of

Co55@N–C240. An obvious charge transfer behavior from Co55 clus-

ter to the shell of N–C240 could be observed, which leaded to the

enrichment of charge density on N–C240 shell (Fig. 2i).

Electrochemical tests were conducted on the electrocatalytic

SOR and HER performance of Co@N–CNTs/CC using a system of

three electrodes. First of all, the polarization curves were measured

in 1mol/L NaOH containing 1mol/L Na2S. The Co@N–CNTs/CC

exhibited an excellent SOR activity with lower onset poten-

tial (0.217V) than those of the Co NPs, N–CNTs, 20 wt% Pt/C,

RuO2. The overpotential of Co@N–CNTs/CC was 0.28V to achieve

10mA/cm2 (Fig. 3a). The current density of different electrodes

at 0.4, 0.5, and 0.6V were summarized in Fig. 3b. The cur-

rent density of Co@N–CNTs/CC could reach up to 99.36mA/cm2

at 0.6V, which was 5.8 and 3.3 times higher than those of

20 wt% Pt/C (17.26mA/cm2) and RuO2 (30.28mA/cm2), respec-

tively. The electrocatalytic kinetics of SOR was investigated by

electrochemical impedance spectroscopy. The charge transfer re-

sistance of Co@N–CNTs/CC was smaller than those of Co NPs,

N–CNTs, 20 wt% Pt/C and RuO2 at 0.4V vs. RHE (Fig. 3c), indi-

cating that Co@N–CNTs/CC owned faster electron transfer rates.

The quantity of active sites on electrodes were qualitative by elec-

trochemically active surface area (ECSA). ECSA of Co@N–CNTs/CC

was 14.22 mF/cm2 (Fig. 3d and Fig. S9 in Supporting informa-

tion), which was much higher than that of Co NPs (2.21 mF/cm2),

N–CNTs (3.17 mF/cm2), 20 wt% Pt/C (1.76 mF/cm2) and RuO2 (5.73

mF/cm2). High ECSA was crucial to obtain high current density

for SOR. However, after correlation between the LSV and ECSA of

the samples, the Co@N–CNTs/CC catalyst still exhibited the high-

est activity. This result indicated that constructing a core-shell

structure can effectively enhance the intrinsic activity of the cat-

alyst and expose more active sites (Fig. S10 in Supporting in-

formation). Besides, the current density of Co@N–CNTs/CC main-

tained at around 100mA/cm2 (Fig. S11a in Supporting informa-

tion) in 120h at 0.65V vs. RHE. After 120h durability test, the

polarization curve showed almost exactly the same as initial per-

formance (Fig. S11b in Supporting information) and the structure

of Co@N–CNTs/CC has not undergone significant changes (Fig. S12

in Supporting information), indicating the outstanding durability of

Co@N–CNTs/CC. All above results demonstrated the high SOR per-

formance of Co@N–CNTs/CC.

Electrocatalytic OER and HER performance of Co@N–CNTs/CC

were assessed by the polarization curves in 1mol/L NaOH. In Fig.

3e, it needed 1.37V to achieve 10mA/cm2 for OER, which was

larger than that of SOR (0.28V). This result indicated that the

energy consumption could be significantly reduced by replacing

OER with SOR. Furthermore, the Co@N–CNTs/CC exhibited supe-

rior HER activity, which only needed the overpotential of 0.067V to

achieve 10mA/cm2. For the sake of analyzing kinetics of HER, the

according Tafel slopes (Fig. S13 in Supporting information) were

gained via the equation of η = a+ blog|j|. The values of all the sam-

ples exceeded than 120mV/dec, indicating rate-limiting step of the

HER is Volmer step. Generally, the current density of HER would

be associated with the quantity of electrocatalytic active site,

which was calculated by the double layer capacitance (Figs. S14

and S15 in Supporting information). ECSA of Co@N–CNTs/CC was

107.0 mF/cm2, which was larger than that of Co NPs (5.17 mF/cm2),

N–CNTs (15.58 mF/cm2) and 20 wt% Pt/C (29.14 mF/cm2). Usually,

larger ECSA provided more active sites achieving higher current

3
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Fig. 3. (a) SOR polarization curves and (b) current densities at the potentials of 0.4, 0.5 and 0.6V for samples. (c) Nyquist curves of samples tested at 0.4V. (d) The capacitive

currents as a function of scan rates. (e) LSV of as-prepared Co@N–CNTs/CC in comparison with contrast materials, and SOR and OER polarization curves of Co@N–CNTs/CC.

(f) Comparison of the SOR and HER performance with reported literatures. (g) LSV of (+)Co@N–CNTs||Co@N–CNTs(−) and (+)Pt/C||RuO2(−) in the hybrid electrolytic cell of

coupling SOR with HER.

density. Furthermore, the durability measurements confirmed that

the integrated Co@N–CNTs/CC had robust stability (Figs. S16–S18

in Supporting information). Actually, the Co@N–CNTs/CC showed

superior activities for SOR and HER to most of the previously re-

ported nonprecious metal base electrocatalysts (Fig. 3f, Tables S1

and S2 in Supporting information).

To obtain high energy conversion efficiency of electrolytic wa-

ter, a fast kinetic SOR was adopted to instead of the slow ki-

netic OER. A homemade coupled electrolyzer system of HER with

SOR by using Co@N–CNTs/CC as cathode and anode produced

H2 and upcycled S2− to S, respectively. As illustrated in Fig. 3g,

the overpotential of electrolyzer was 0.55V to afford 10mA/cm2

for HER(−)//SOR(+), which was smaller than 0.84V in 20 wt%

Pt/C(−)//RuO2(+) electrolyzer.

To gain further understand the source of high perfor-

mance of Co@N–CNTs/CC, Density functional theory (DFT) calcu-

lations were performed. According to structural characteristics of

Co@N–CNTs/CC, the core@shell structure of a carbon cage (C240)

encapsulated 55 metal atoms cluster (Co55) was constructed, which

worked well in previous studies [44–49]. In addition, to clarify the

effect of doping N element, it was created in C240. As a result, a

total of three structures, including C240, Co@C240 and Co@N–C240

were employed in this work (Fig. 4a).

Firstly, the catalytic performances towards SOR of different

models were evaluated and the catalytic reaction pathways (S2− to

S4) of CNTs/CC, Co@CNTs/CC and Co@N–CNTs/CC were confirmed

by ultraviolet and visible (UV–vis) spectrophotometry system (Fig.

S19 in Supporting information). According to the computational re-

sults as shown in Fig. 4b, the adsorption and activation of inter-

mediate S∗ state on C240 was relatively difficult due to their high

�G from S2− to S∗ (�G1), which seriously hindered the progress

of the SOR. As for Co@C240 and Co@N–C240, the �G1 was sig-

nificantly reduced. The results indicated that the internal metal

can greatly optimize the intermediates adsorption of carbon shell.

And the potential-determining steps (PDS) of Co@N–C240 was also

changed from the first step to the third step. Projected density of

states (PDOS) in Fig. 4c showed a downshifted band center for the

occupied state of the S-N bond on Co@N–C240 compared with S-C

on C240. Meanwhile, the hybridized peaks (located at around −1.2

and −3.2 eV) between N-2s and S-3p orbitals could be observed.

These revealed that the stronger S-C chemical bonding enhanced

the sulfur adsorption on Co@N–C240 to enhance the SOR activity.

As for HER, the adsorption free energy of H∗ (�GH∗ ) on differ-

ent models were calculated. Fig. 4d showed the calculated �GH∗ . A
higher value of �GH∗ was observed for C240, indicating its low HER

activity. Interestingly, �GH∗ was significantly reduced from 1.22 eV

to 0.61 eV by encapsulating Co55 core, and the introduction of N

atom could further optimize �GH∗ . The value of �GH∗ closed to

0 eV for Co@ N–C240 (�GH∗ = −0.18 eV), indicated their excellent

catalytic activity for HER, which was consistent with our experi-

mental results.

To determine the effectiveness of the above hybrid electrolytic

cell system to utilize sulfion-containing wastewater for produc-

tion of sulfur and H2 in a realistic system, a demo was con-

structed for electrocatalytic selective removal of H2S from simu-

lated industrial syngas (VCO:VH2
=1:1, with 2% H2S), which em-

ployed Co@N–CNTs/CC as a bifunctional electrode (Fig. 5a). Com-

pared with traditional treatment methods, electrochemical meth-

ods were cleaner, more efficient and had mild reaction conditions.

In order to verify the ability of 1mol/L NaOH electrolyte to re-

move H2S impurities in the synthesis gas, we tested the con-

tent of H2S in the synthesis gas after flowing through the elec-

trolyte in different times. As shown in Fig. 5b, the analysis re-

sult of gas chromatography showed that the impurity content of

H2S in the synthesis gas could be almost ignored after purifica-

tion in the electrolytic cell. Polarization curves showed that the
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Fig. 4. (a) Structural diagrams of C240, Co@C240, and Co@N–C240. (b) Calculated SOR free energy diagram on different models. (c) Comparison of PDOS of S(3s3p) and its

bonded C(2s2p) or N(2s2p) when S is adsorbed on C240 and Co@pyridinic N–C240. (d) Calculated adsorption free energy of H∗ (�GH∗ ) on different models.

Fig. 5. (a) The schematic diagram of a demo for the selective removal of H2S from industrial syngas and produce H2 employed Co@N–CNTs/CC as cathode and anode

in 1mol/L NaOH. (b) Hydrogen sulfide content in synthesis gas after flowing through electrolytic cell at different times. (c) The polarization curves for the activity over

(-)Co@N–CNTs/CC//Co@N–CNTs/CC(+) in industrial syngas (VCO:VH2
=1:1, with 2% H2S), syngas (VCO:VH2

=1:1) and Ar. (d) i-t curve of (-)Co@N–CNTs/CC//Co@N–CNTs/CC(+)

for removing H2S in industrial syngas accompanying HER. (e) UV–vis spectra of electrolytes in a galvanostatic test. (f) XRD pattern of product sulfur. Inset: photo of collected

sulfur powder. (g) The yield rates of H2 production.

(-)Co@N–CNTs/CC//Co@N–CNTs/CC(+) electrolyzer system showed

obvious response current when containing 2% H2S in syngas, while

hardly any response for syngas without H2S (Fig. 5c). This indi-

cated that Co@N–CNTs/CC owned excellent activity for the selective

oxidation of S2−, while CO and H2 would not be spent in purifica-

tion process.

To obtain actual yield of electrolyzer system of

(-)Co@N–CNTs/CC//Co@N–CNTs/CC(+) for oxidation of S2− and

production of H2, a galvanostatic test at 100mA/cm2 was carried

out (Fig. 5d). At the anode, the oxidation product was tested by

visible (UV–vis) spectrophotometry system [50,51]. The peaks at

300 and 370nm represented short-chain polysulfides (S2
2––S4

2–)

in the electrolyte (Fig. 5e). With the progress of the reaction,

the signal intensity of polysulfide increased significantly. The

polysulfides could be converted into yellow powders by further

acid treatment [44]. The obtained powder was confirmed to

be elemental sulfur by XRD analysis (Fig. 5f). After calculation,

the production rate of sulfur reached 30mg h−1 cm−2. At the

cathode, profiting from the excellent catalytic activity of the

Co@N–CNTs/CC for HER. Through real-time monitoring by gas

chromatography, H2 production was kept at about 0.64mL/min

(Fig. 5g). These results demonstrated that the Co@N–CNTs/CC

electrocatalyst could effectively eliminate H2S impurities from

industrial syngas, and produced of H2 and S, synchronously. In

order to further explore the stability of the above hybrid elec-

trolytic cell system, we extended the test time to 72h (Fig. S20

5
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in Supporting information). It was apparently that the obvious

declined current density was not observed. Therefore, the stability

of the (-)Co@N–CNTs/CC//Co@N–CNTs/CC(+) electrolyzer system

was outstanding.

In summary, we constructed a dendritic core-shell structure

catalyst via a self-template growth method to prepare a Co

nanoparticle encapsulated within a nitrogen-doped CNTs loaded on

carbon cloth. The core-shell catalyst possessed an ultralow over-

potential (0.28V) to afford 10mA/cm2 for SOR. The current den-

sity of the catalyst was 3.28 times higher than that of RuO2 at

0.6V. The optimized electrode owned outstanding durability for

120h. Meanwhile, Co@N–CNTs/CC exhibited high performance of

HER with a low overpotential of 67mV to achieve 10mA/cm2.

DFT calculations indicated that excellent activity for SOR and HER

might attribute to the modulation of surface electronic structure

of graphene by encapsulating a Co nanoparticle and doping with

nitrogen, which facilitated the adsorption of the intermediates on

the surface of graphene. Finally, the electrolytic cell was used to

treat actual sulfion-containing wastewater, achieving the hydrogen

production of 0.64mL/min and the sulfur yield of 30mg h−1 cm−2.

This study shows a novel scheme to recover and utilize sulfion-

containing wastewater.
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