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Direct electrocatalytic conversion of crude syngas
to ethylene via a multi-process coupled device†
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Direct electrocatalytic conversion of crude syngas is an economical

and ideal strategy for producing value-added ethylene without CO2

emission, which can directly use H2O instead of H2 as the clean

hydrogen source at atmospheric pressure and room temperature.

However, H2S impurities in the syngas inevitably poison the cata-

lysts and the sluggish anodic oxygen evolution reaction induces

substantial electricity losses, which largely hinder the overall effi-

ciency of the electrolysis process. Herein, we developed an energy-

saving carbon reduction multi-process coupled electrolysis device

for the conversion of H2S-containing syngas, which not only rea-

lized a high faradaic efficiency (FE) of ethylene with the removal of

H2S impurities but also increased the ratio of H2/CO in the residual

syngas and reduced the total energy consumption of electrolysis. This

‘‘Four in One’’ device can typically remove 10% H2S from syngas and

obtain an ethylene FE of up to 49.7%, which saves 46.5% energy as

compared to the uncoupled device.

Introduction

Conversion of syngas (CO + H2) to ethylene via Fischer–Tropsch
synthesis (FTS) provides an important pathway for producing
high-valued chemicals from coal or natural gas, which typically
requires high temperatures (200–450 1C) and high pressures (5–
50 bar).1–3 Apart from these harsh reaction conditions, the
selectivity of ethylene from the FTS process is often less than
30% according to the Anderson–Schulz–Flory distribution, lead-
ing to further complex processes for product separation.4–6

Different from the FTS, the electrocatalytic conversion of syngas

to produce ethylene proceeds under mild conditions at atmo-
spheric pressure and room temperature, which can directly use
H2O instead of H2 as the clean hydrogen source.7,8 Moreover,
the electroreduction process can deliver much higher ethylene
selectivity and produce no CO2 emissions directly compared
with the FTS.9,10 As a more economical and ecofriendly way,
preparing ethylene by the electrolysis of syngas has attracted
wide attention.

Many efforts have been devoted to improving the electrolytic
efficiency of ethylene production, including searching for better
electrocatalysts to increase the ethylene yield11–13 and design-
ing electrolyzers with lower resistance and higher reactant
concentration.7,9 While pure CO was always employed as the
reaction gas,7 the direct electrolysis of crude syngas has not
been reported until now due to its complex components.
Hydrogen sulfide (H2S), as the main impurity (even exceeding
10%) contained in the crude syngas, significantly decreases the
catalytic activity for ethylene production due to its poisoning of
the catalysts.14–17 Besides, the sluggish half-reaction of oxygen
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evolution reaction (OER) always proceeds over 1.23 V at the
anode, causing high energy consumption of the total electrolysis
process.18,19 Therefore, it is of great significance to produce
ethylene via direct electrolysis of crude syngas with lower energy
consumption, which requires innovative catalytic processes.

Herein, we design a multi-process coupled device for the
direct electrolysis of H2S-containing syngas to produce ethy-
lene. It integrates the process of H2S elimination and ethylene
production into one electrolytic device by carrying out the
sulfide oxidation reaction (SOR) at the anode and CO reduction
reaction (CORR) at the cathode (Fig. 1a). Specifically, the H2S-
containing syngas is firstly bubbled through the anodic electro-
lyte, and the graphene encapsulating CoNi alloy nanoparticles
supported on the Ni foam can catalyze the electro-oxidation of
H2S into sulfur. The SOR process can completely eliminate H2S
impurities from the crude syngas. Next, the purified syngas is
fed into the cathodic electrolyte, which can be electro-reduced
to ethylene efficiently by copper particles supported on the
carbon paper. Significantly, the ratio of H2/CO in the residual
syngas increases rather than decreases and is caused by the
competitive hydrogen evolution reaction (HER) process and water as
the hydrogen source for ethylene production. Furthermore, the
substitution of SOR with OER substantially reduces the anodic
potential, thereby decreasing the total energy consumption of
syngas electrolysis. In brief, this multi-process coupled device
integrates four functions in one device, including i) the removal
of H2S, ii) the high efficiency of ethylene production, iii) the increase
of H2 content in the residual syngas, and iv) the reduction of energy
consumption for ethylene production. Typically, by electrolyzing the
10% H2S-containing syngas, it can remove H2S impurities comple-
tely and obtain an ethylene faradaic efficiency (FE) of up to 49.7%,
saving 46.5% energy as compared to the uncoupled device (Fig. 1b).

Results and discussion

A schematic of the multi-process coupled device, shown in
Fig. 1a, presents that the double-cell electrolyzer is separated by

a Nafion 117 proton exchange membrane to form cathode and
anode chambers with 1 M NaOH as the electrolyte. Compared
to the commercial 40% Pt/C, graphene, carbon nanotubes
(CNTs), and cobalt and nickel oxide nanoparticles supported
on carbon nanotubes (CoNiOx-CNTs) as anodic catalysts, robust
single-layer graphene shell encapsulating CoNi alloy nano-
particles (CoNi@NGs) deliver a much higher activity for electro-
catalytic oxidation of H2S with excellent stability (Fig. S1–S8,
ESI†). The CoNi alloy nanoparticles with an average size of
5 nm were physically isolated from the reaction medium by the
graphene shell (Fig. S2 and S3, ESI†), for which the electro-
catalytic oxidation of H2S occurs on the graphene shell and
catalytic activity arises from the electron transfer from CoNi
nanoparticles to the graphene shell.16,20 Copper particles with
around 10 mm size supported on carbon paper act as the
cathode (Fig. S9 and S10, ESI†). In the electrolysis process,
the crude syngas containing CO, H2, and H2S is firstly bubbled
through the anodic electrolyte and then to the cathodic electro-
lyte. In the anodic chamber, H2S impurities are absorbed by the
alkaline electrolyte to form S2� and then rapidly electro-
oxidized to produce sulfur by the SOR reaction [eqn (1)]. Sub-
sequently, the purified syngas is fed into the cathodic electro-
lyte. The combined occurrence of the CORR and HER are
catalyzed by the Cu catalyst [eqn (2) and (3)]. As a result, the
H2S-containing syngas is converted to ethylene, and the resi-
dual syngas possesses a higher ratio of H2/CO without H2S,
which is a high-quality feedstock gas for preparing highly value-
added chemicals.

[SOR] H2S + 2OH� - S + 2H2O + 2e� (1)

[CORR] 2CO + 6H2O + 8e� - C2H4 + 8OH� (2)

[HER] 2H2O + 2e� - H2 + 2OH� (3)

For the ease of evaluation of the catalytic performance of the
multi-process coupled device, experiments are carried out
under simulated conditions with the mixture of 1 M NaOH
and 1 M Na2S as the anodic electrolyte and 1 M NaOH as the

Fig. 1 The multi-process coupled device of crude syngas electrolysis. (a) A schematic of the multi-process coupled device. CoNi@NGs and Cu catalysts
are used as anodic and cathodic catalysts, respectively. The crude syngas is first bubbled to the anodic chamber, where the SOR occurs to remove H2S.
Then, the outflow is bubbled to the cathodic chamber, where the CORR occurs to generate C2H4 and HER to produce H2. (b) Four functions integrated
into a multi-process coupled device for the direct electrolysis of crude syngas. Data in (b) from the electrolysis results of 10% H2S-containing syngas.
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cathodic electrolyte in a two-electrode system. The reactions of
SOR and CORR occur at the anode and cathode, respectively. In
contrast, the uncoupled device uses 1 M NaOH as the
electrolyte for the anode and cathode for the OER and CORR,
respectively. As shown in Fig. 2a and Fig. S11 (ESI†), the driving
potentials of SOR-CORR in the coupled device are at least 1.2 V
lower than the potentials of OER-CORR in the uncoupled device
between 5 and 100 mA cm�2. Moreover, the driving potentials
remain steady during the 24 h galvanostatic tests (Fig. 2b and
Fig. S12, ESI†). Furthermore, qualitative and quantitative
analyses present that the highest FE of C2H4 can reach 45.7%
at the current density of 10 mA cm�2, which is comparable to
the uncoupled device with a C2H4 FE of 47.4% (Fig. 2c
and Fig. S13 and S14, ESI†). Consequently, the energy con-
sumption of producing C2H4 is only 21.0 kW h m�3 in the SOR-
CORR process at the current density of 10 mA cm�2 but
43.3 kW h m�3 in the OER-CORR process, indicating that the
multi-process coupled device consumes lower energy than the
uncoupled device for C2H4 production (Fig. 2d). The optimal
selectivity of ethylene based on CO conversion can reach over
74.5% at the current density of 20 mA cm�2, breaking the 30%
selectivity limitation from CO to C2 hydrocarbons in the tradi-
tional FTS process (Fig. S15, ESI†). These results demonstrated
that the multi-process coupled device achieves the low-cost and

high-efficient production of C2H4 via direct electrolysis of crude
syngas.

To further verify the feasibility of the multi-process coupled
device, we evaluate the performance of direct electrolysis of
H2S-containing syngas to produce ethylene with different H2S
and CO contents. As shown in Fig. 3a, there is no response
current for CO and H2 electro-oxidation below 1.3 V, indicating
that CO and H2 in the syngas cannot be consumed at the anode.
In contrast, the high response currents for the 2% and 10%
H2S-containing syngas are observed below 1 V, which corre-
sponds to the efficient electro-oxidation of H2S to sulfur. When
dealing with H2S-containing syngas, the optimal FE and selec-
tivity of ethylene can reach 49.7% and 75.0% at 10 mA cm�2 in
the multi-process coupled device, respectively. It is noteworthy
that the coupled device still delivers comparable ethylene FE
but much lower driving potentials than the uncoupled device in
a wide range of current density from 5 to 20 mA cm�2 when the
content of H2S increases from 0% to 10% (Fig. 3b and c and
Fig. S16 and Tables S1–S3, ESI†). Moreover, with the increase of
H2 to CO ratio from 1 : 2 to 1 : 1, no obvious difference in the
driving potentials and FE of ethylene could be observed at a
current density of 10 mA cm�2 for the coupled device (Fig. S17,
ESI†). These results demonstrate that the multi-process
coupled device can handle a wide range of H2S-containing

Fig. 2 Performance of the multi-process coupled device. (a) Comparison of the driving potentials for SOR-CORR and OER-CORR at current densities
from 5 to 20 mA cm�2. (b) Galvanostatic tests for the multi-process coupled device in the SOR-CORR process. (c) The FE of CORR products at the
cathode. (d) The energy consumption of C2H4 production and energy saving efficiency in the SOR-CORR process in contrast to the OER-CORR process.
All the experiments are carried out at 25 1C.
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syngas and maintain high efficiency for ethylene production.
Further analysis of the energy consumption of ethylene produc-
tion indicates that 40.5 kW h is needed to produce one stere
ethylene for the OER-CORR process at the current density of
10 mA cm�2, while 21.7 kW h is needed for the SOR-CORR
process when dealing with 10% H2S-containing syngas
(Fig. 3d). These results indicate that 46.5% of electrical energy
can be effectively saved when dealing with 10% H2S-containing
syngas. Moreover, the content of H2 can even be increased from
30% to 39.2% at the current density of 20 mA cm�2, which is
favorable for converting syngas into highly value-added chemi-
cals (Fig. 3e). The composition of effluent gas from the cathodic
chamber is further analyzed by real-time mass spectrometry.
No signal of H2S in the tail gas is observed, indicating that H2S
impurities can be fully removed via the multi-process coupled
device (Fig. 3f).

Conclusions

In summary, we have designed a ‘‘Four in One’’ multi-process
coupled device to directly electrolyze H2S-containing syngas for
ethylene production, which integrates the process of H2S
elimination and ethylene production into one electrolytic
device by proceeding with the SOR at the anode and CORR at
the cathode. The FE of ethylene can reach up to 49.7%, and the
content of H2 can increase from 30% to 39.2% when dealing

with 10% H2S-containing syngas via the multi-process coupled
electrolysis device. Moreover, 46.5% of the electrical energy can
be effectively saved when producing one stere ethylene in
contrast to the traditional OER-CORR process. This efficient
multi-process coupled electrolysis device provides a promising
route for the direct conversion of crude syngas to produce
valuable chemicals.
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