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The industrial manufacture of ethylene (C2H4) relies on the 
pyrolysis of naphtha or saturated C2 to C6 hydrocarbons. 
However, the product streams from these processes contain 

0.5–2.0 vol.% acetylene (C2H2), which can poison the Ziegler–Natta 
catalysts used for the polymerization of ethylene to polyethylene1. 
Accordingly, the acetylene content in polymer-grade ethylene 
streams must be reduced to a few parts per million, stimulating the 
development of absorption systems or catalytic processes for the 
selective removal of acetylene from ethylene-rich gas streams.

Solvent absorption was the initial strategy adopted for the 
selective removal of C2H2 (Fig. 1, Route 1) from ethylene-rich gas 
mixtures2,3. In this approach, C2H2 is removed by dissolving it in 
solvents such as N,N-dimethylformamide or ethyl acetate. However, 
such methods require large quantities of fossil fuel-derived organic 
solvents and result in the loss of C2H4, and thus are not sustainable 
from an environmental perspective. Since the 1950s, the selective 
catalytic hydrogenation of C2H2 to C2H4 has emerged as a more effec-
tive approach for acetylene removal (Fig. 1, Route 2)4. Benchmark 
palladium-based catalysts achieve >90% C2H2 conversion with 
85% ethylene selectivity at 200 °C (ref. 5). The thermodynamics 
and mechanism of C2H2 hydrogenation over palladium-based cata-
lysts have been systematically studied in recent years with the aim 
of lowering reaction temperatures and improving the selectivity 
towards C2H4 (ref. 6–8). However, in spite of some advances, reac-
tion temperatures of >100 °C are still required to achieve reasonable 
rates of C2H2 conversion. In addition, a molar excess of hydrogen 
relative to acetylene is required for both laboratory and industrial 
C2H2 hydrogenation reactors to increase the acetylene conversion 
ratio. However, this approach inevitably results in decreased ethyl-
ene selectivity through over-hydrogenation to ethane (C2H6). The 

formation of the latter represents a loss of valuable ethylene and is 
therefore economically undesirable9. Further, the use of excess H2 
generally requires an additional separation step following acety-
lene hydrogenation and can lead to dangerously thermal run-away 
processes10. Therefore, innovative strategies must be discovered for 
room-temperature acetylene-to-ethylene conversions that are both 
energy and atom economic.

In recent years, the electrochemical reduction of light carbon 
species (for example, CO and CO2) to produce liquid fuels and 
other useful chemicals has attracted enormous research attention 
owing to the mild conditions under which such electrochemical 
transformations can be performed, as well as the high selectivities 
for target products and the ability to directly use protons sourced 
from water oxidation in product synthesis11–13. Research into elec-
trochemical acetylene reduction (EAR) dates back to 1971 (ref. 14), 
but has received little attention as EAR catalysts generally show 
poor performance in terms of C2H2 conversion rates and product 
selectivities relative to conventional hydrogenation processes15–17. 
In addition, organic solvents or solid-state electrolytes are often 
needed for EAR with H2 due to the very poor solubility (~0.2 mM 
at 20 °C, 1 atm) and slow mass transfer of acetylene in aqueous 
media18–20. Most EAR studies to date have been carried out in batch 
H-type electrochemical systems using an acetylene-saturated elec-
trolyte in the absence of ethylene. The feasibility of employing route 
3 (Fig. 1) to achieve the complete electroreduction of acetylene in 
ethylene-rich gas feeds has not yet been explored, motivating a 
detailed investigation.

In the study reported herein we developed a gas diffusion 
electrode-based EAR system to overcome acetylene interfa-
cial mass transfer limitations in an alkali electrolyte21–23. In this 
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approach, gas-phase acetylene diffuses a short distance through 
a carbon-based gas diffusion layer (GDL) and microporous layer 
(MPL) to the surface of the catalyst layer via a well-defined gas/
electrolyte/catalyst interface, as schematically depicted in Fig. 2a. 
Room-temperature acetylene electroreduction then occurs at a 
layered double hydroxide (LDH)-derived copper electrocatalyst, 
which offers an onset potential of −0.39 V (vs the reversible hydro-
gen electrode, RHE) for ethylene production. This value is 210 mV 
greater than the competing hydrogen evolution reaction (HER). 
Using a simulated ethylene-rich gas mixture (0.5% acetylene) in an 
EAR flow cell, an acetylene conversion of over 99.9% was achieved 
with an ethylene selectivity of 90.1%, resulting in the production of 
high-purity ethylene at a rate of 50 ml min−1. Our results confirm 
that EAR represents a possible alternative to conventional thermal 
catalytic hydrogenation processes for the conversion of C2H2 into 
C2H4 in ethylene-rich gas streams, offering high activity and selec-
tivity under much milder conditions.

Results
Acetylene electroreduction in the absence of ethylene. In our 
previous work we have demonstrated the advantages of partially 
reduced LDHs in regulating the reaction pathways and intermedi-
ates in the selective hydrogenation of light carbon species24,25. In this 
work we used an in situ electrochemical reduction strategy to par-
tially reduce CuAl-LDH nanosheets to give an LDH-derived cop-
per catalyst (denoted herein as LD-Cu; Supplementary Figs. 1 and 
2). The LD-Cu catalyst was immobilized on the MPL (Fig. 2b,c), 
with the average thickness of the catalyst layer being 1.0 ± 0.2 μm. 
To promote the interaction between acetylene and the catalyst, a 
plane gas chamber with a geometric electrode area of 0.5 cm2 was 
first constructed (Supplementary Fig. 3).

The EAR performance of LD-Cu in the absence of ethylene 
was first investigated. The potentials given here are referenced to 
the RHE. Linear sweep voltammetry (LSV) measurements per-
formed in 5% C2H2 balanced with Ar showed a current density 
of 2.5 mA cm−2 at −0.3 V, which increased to over 70 mA cm−2 at 
−0.6 V (Supplementary Fig. 4). By comparison, experiments con-
ducted using 5% C2H4 or pure Ar showed negligible electrochemi-
cal response over LD-Cu, indicating that LD-Cu did not catalyse 
the electroreduction of C2H4 in the examined potential range. 
We also tested the LSV performance of the electrode without an 
added catalyst. Again, no current density was detected. As shown 
in Fig. 2d, the onset potential (at 10 mA cm−2) for ethylene produc-
tion was −0.39 V over LD-Cu, which is 210 mV greater than the 
competing HER, demonstrating the possibility of a hydrogen-free 

EAR process (that is, a process that does not require an external H2 
feed for ethylene production). Deuterium-labelled isotope experi-
ments further proved water to be the hydrogen source of the EAR 
(Supplementary Fig. 5). Figure 2e further reveals that ethylene is 
the major EAR product over LD-Cu, with the production of C2H6 
being almost negligible (Faradaic efficiency less than 1%). Some 
C4 oligomers (mainly C4H6) were also detected, with the Faradaic 
efficiency towards C4H6 decreasing at more negative cathodic 
potentials (from 11.9% at −0.28 V to 2.7% at −0.60 V). The change 
in product selectivity with applied potential can be understood in 
terms of the difference between the reduction potential of the acety-
lene dimerization reaction (2C2H2 + 2H+ + 2e− → C4H6, E° = 1.39 V) 
and the acetylene reduction reaction (C2H2 + 2H+ + 2e− → C2H4, 
E° = 0.73 V). The Faradaic efficiency for ethylene production 
increased from 39.2 ± 4.2% at −0.28 V to 79.5 ± 5.0% at −0.52 V. 
At −0.6 V, the Faradaic efficiency decreased slightly to 74.9 ± 0.8%. 
Judicious selection of the cathodic potential is therefore an impor-
tant requirement for achieving selective EAR to ethylene. A lin-
ear Arrhenius relationship for acetylene conversion was observed 
at temperatures ranging from 5 to 25 °C (Supplementary Fig. 6), 
affording an apparent activation energy of 21.4 kJ mol−1 at −0.4 V. 
We also investigated the EAR performance of LD-Cu in an H-cell 
in which the electrode was immersed in a 5%-C2H2-saturated 
1 M KOH solution and the GDL was blocked by silicone grease 
to eliminate any gas diffusion through the GDL. The cell exhib-
ited a non-linear relationship and a dramatically decreased 
acetylene conversion rate compared with the gas flow system, 
indicating a solubility-controlled liquid-phase diffusion process as 
the rate-determining step26. As shown in Fig. 2f, the flow electro-
chemical system with LD-Cu as catalyst provided partial current 
densities and Faradaic efficiencies for C2H4 production around 
10-fold and 40% higher, respectively, than previously reported 
EAR systems (comparative data are provided in Supplementary 
Table 1)14,19. We also investigated the performance of a commercial 
metallic copper nanoparticle catalyst (denoted here as Cu NPs) in 
the EAR (Supplementary Figs. 7 and 8). The onset potential gap 
between ethylene and hydrogen production over Cu NPs was only 
140 mV (compared with 210 mV over LD-Cu). For the Cu NPs, the 
ethylene Faradaic efficiency dramatically decreased at high par-
tial current densities owing to the negative ethylene production 
onset potential (−0.48 V) and severe competition for the HER. The 
Tafel slope for ethylene production on Cu NPs was determined to 
be 180.8 mV dec−1, which is nearly two times higher than that for 
LD-Cu (96.2 mV dec−1), indicating different EAR reaction kinetics 
over the two copper-based catalysts (Supplementary Fig. 9).

H2, >100 °C, Pd/Cu

Route 2, hydrogenation

Rectification

Remove excess H2

H2O, room temperature, Cu catalysts

Route 3, electrochemical reduction

N,N-Dimethylformamide, ethyl acetate, etc.

Route 1, solvent absorption 

C2H4 C2H2 H2

Fig. 1 | Routes for acetylene conversion in ethylene-rich gas streams. Route 1, a traditional solvent absorption process involving complicated pre/
post-treatment processes and environmental issues. Route 2, the catalytic semihydrogenation of acetylene at high temperature using H2, followed by a 
rectification step to remove excess H2 in the ethylene stream. Route 3, the electrochemical reduction of acetylene at room temperature using water as the 
proton source, achieving one-step acetylene-to-ethylene conversion with high efficiency.
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Structural characterization and reaction kinetics analysis. It has 
been reported that the valence state and coordination environ-
ment of copper species can greatly affect thermal hydrogenation 
reactions of acetylene27–29. To gain more insight into the enhanced 
EAR performance of LD-Cu, the catalyst structure was explored 
in detail. Figure 3a shows the X-ray photoelectron spectra (XPS) 
of the CuAl-LDH precursor and a series of LD-Cu catalysts pre-
pared at different electroreduction potentials. For the CuAl-LDH 
nanosheets, only Cu(ii) was detected. Samples reduced in the 
potential range of −0.3 to −0.6 V were observed to share similar 
nanoparticle morphologies (Supplementary Fig. 10) with a reduced 
copper valence state. Cu LMM auger electron spectroscopy (AES) 
analysis of LD-Cu reduced at −0.5 V revealed a mixture of Cu(0) 
and Cu(i) species (Supplementary Fig. 11)30. The electronic and 
coordination environments of the Cu species were further inves-
tigated by Cu K-edge X-ray absorption near-edge spectroscopy 
(XANES). The Cu K-edge XANES spectra of LD-Cu in Fig. 3b 
and Supplementary Fig. 12 show the Cu species to be intermedi-
ate between Cu and Cu2O, implying a positively charged Cuδ+ state 
(0 < δ < 1). In contrast, the Cu K-edge XANES spectrum for Cu NPs 
closely resembles that of the Cu reference foil, indicating that Cu(0) 
is the dominant oxidation state. Figure 3c shows Fourier transforms 
of the phase-uncorrected extended X-ray absorption fine structure 
(EXAFS) spectra of the different catalysts and selected reference 
materials. The spectrum of LD-Cu shows both Cu−O and Cu−Cu 

features, confirming the presence of a mixture of Cu metal and 
Cu2O. For the Cu NPs, only a Cu−Cu coordination shell associ-
ated with Cu metal can be observed, in qualitative agreement with 
the findings of powder X-ray diffraction analyses (Supplementary 
Fig. 13). Transmission electron microscopy (TEM) was employed 
to investigate the nanostructure of LD-Cu and the spatial disper-
sion of Cu2O and Cu metal. High-angle annular dark-field scanning 
TEM (HAADF-STEM) imaging and energy-dispersive X-ray spec-
troscopy (EDX) elemental mapping showed overlapping Cu and O 
signals on a carbon substrate (Fig. 3d and Supplementary Figure 
14), with notable variation in the intensities of the Cu and O sig-
nals from point to point on the sample. Elemental analysis further 
revealed an average Cu/O atom ratio of 2.7 ± 0.3 (Supplementary 
Table 2). Because the applied cathodic potential cannot reduce 
Al3+ to metallic Al (Al3+ + 3e− → Al, E° = −1.66 V), the Al(iii) in 
CuAl-LDH was hydrolysed and dissolved in the alkali electrolyte 
in the form of [Al(OH)4]− after the initial electroreduction pro-
cess31. Only trace amounts of Al were found in LD-Cu (0.008 mass 
per cent, measured by inductively coupled plasma atomic emission 
spectroscopy), indicating that Al acts as a sacrificial template and 
contributes little to acetylene electroreduction32. High-resolution 
TEM (HRTEM) images confirmed the coexistence of both Cu metal 
and Cu2O nanoparticles in LD-Cu (Fig. 3e,f and Supplementary Fig. 
15). Scans 1 and 2 in Supplementary Fig. 15 (and marked in Fig. 3f) 
show lattice fringes with a spacing of 0.180 nm, corresponding to 
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Fig. 2 | Characterization of EAR in a flow system. a, Schematic illustration of the cathode used for the EAR investigation. b, SEM image of LD-Cu on the 
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three independent measurements.

Nature Catalysis | VOL 4 | July 2021 | 565–574 | www.nature.com/natcatal 567

http://www.nature.com/natcatal


Articles Nature Catalysis

Cu(200) planes, whereas scans 3 and 4 show lattice fringes with a 
spacing of 0.213 nm, corresponding to Cu2O(200) planes. Because 
the Cu metal and Cu2O domains overlap, the active Cu species in 
LD-Cu is likely to be a Cu(0)/Cu(i) heterostructure with abundant 
Cu/Cu2O interfaces. Further control experiments revealed that the 
ethylene current density decreased 2.8-fold on reducing the LD-Cu 
with hydrogen, and no obvious EAR enhancement was observed 
for physically mixed Cu and Cu2O nanoparticles with respect to Cu 
NPs (Supplementary Figs. 16 and 17).

To better understand the origins of the acetylene electroreduc-
tion activity and ethylene selectivity, density functional theory 
calculations were then performed. Details of the computational 
methods and models can be found in the Supplementary Methods 
and Supplementary Fig. 18. The LD-Cu catalyst was modelled by 
a Cu/Cu2O heterostructure, in accord with experimental obser-
vations and EXAFS fitting results (Supplementary Fig. 19 and 
Supplementary Table 3), and Cu(200) and Cu(111) were used to 
model the Cu NPs catalyst. The atomic coordinates of the optimized 
models are provided in Supplementary Data 1. We first investigated 
the projected densities of states of C2H2 adsorption. As shown in 
Fig. 4a, the Cu 3d orbitals overlap with the π orbitals of C2H2 and 
are about 4 eV lower in energy than the π* orbitals, indicating that 
the adsorbate state is mainly ruled by d−π interactions33. The π 
orbitals are broadened and split into d−π bonding and antibonding 
orbitals below and above the original energy level when coupling 
to the Cu 3d orbitals in both Cu(200) and Cu/Cu2O. Compared 

with Cu(200), the d-band centre (εd) of Cu/Cu2O is narrower and 
shifted upwards from −2.49 to −1.98 eV, contributing to the forma-
tion of d−π antibonding orbitals above the Fermi level (εF)34. The 
additionally formed empty orbitals could facilitate electron transfer 
from hydrogen to acetylene, and suggest a further reduced activa-
tion energy for acetylene hydrogenation on Cu/Cu2O. Figure 4b 
and Supplementary Fig. 20 show the energy profiles and interme-
diate configurations for the hydrogenation of acetylene to ethane 
on the different model surfaces. Acetylene spontaneously adsorbs 
strongly on the Cu(200) and Cu/Cu2O surfaces. The formation of a 
Cu/Cu2O interface reduces the adsorption energy of acetylene from 
−1.77 to −1.24 eV, but the stability of the adsorbed acetylene and 
transition-state (TS) energies still favour hydrogenation to ethylene 
rather than desorption. For the first hydrogenation step, an endo-
thermic process with a TS energy barrier of 0.64 eV was calculated 
over Cu(200). In contrast, the Cu/Cu2O structure provides an exo-
thermic hydrogenation process, accompanied by reduced energy 
barriers for the first and second hydrogenation steps. The compu-
tational data thus strongly indicate that the Cu/Cu2O structure is 
a suitable candidate for acetylene activation and hydrogenation to 
ethylene, which was verified experimentally by the 90 mV higher 
ethylene production onset potential for LD-Cu (−0.39 V) compared 
with Cu NPs (−0.48 V).

The energy barriers for ethylene desorption and activation are 
the dominant parameters determining product selectivity, espe-
cially in ethylene-rich conditions35. The reaction on Cu/Cu2O was  
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calculated to have a barrier of 1.33 eV for the third hydrogenation 
step, which is significantly greater than the ethylene desorption 
energy (0.50 eV), suggesting that ethylene will desorb rather than 
undergo further reaction. Cu(200) shows a similar trend, which 
is in good general agreement with the low selectivity towards eth-
ane over LD-Cu and other copper-based control samples investi-
gated in this work (Supplementary Fig. 16). In addition, Cu/Cu2O 
shows a Gibbs free energy for H* adsorption (ΔGH*) of −0.37 eV 
(Supplementary Table 4), which is more negative than the ΔGH* for 
H* adsorption on Cu(200) and Cu(111) (0.11 and 0.19 eV, respec-
tively). Generally, materials with |ΔGH*| values larger than 0.2 eV 
are considered to be catalytically inert for the HER36,37. The value of 
ΔGH* for Cu/Cu2O indicates that the desorption of H* to generate 
H2 is difficult, suggesting that LD-Cu is thermodynamically unfa-
vourable for hydrogen evolution.

Electroreduction of acetylene in an ethylene-rich gas mix-
ture. The performance of the LD-Cu catalyst in the EAR in the  

presence of ethylene was subsequently investigated. All experi-
ments were performed at room temperature (20 °C) using a simu-
lated ethylene-rich gas source (0.5% C2H2, 20% C2H4 balanced with 
Ar). The gas flow rate and gas chamber structure were investigated 
as additional variables for this electrochemical reaction conducted 
under flow conditions38,39. The methods used to calculate the 
acetylene conversion and ethylene selectivity can be found in the 
Methods section. Due to the presence of abundant ethylene in the 
feed gas, the ethylene production selectivities were calculated on 
a carbon basis (with the exception of H2). The acetylene conver-
sions at different feed gas flow rates in a 0.5-cm2 plane gas chamber, 
as used in the above tests, are shown in Fig. 5a. Through cathodic 
potential regulation, over 98% acetylene was converted at a flow rate 
of 1 ml min−1, with the best conversion being observed at potentials 
between −0.4 and −0.5 V. Higher flow rates resulted in a decrease 
in acetylene conversion (88.9 and 33.4% conversions were achieved 
for flow rates of 5 and 20 ml min−1, respectively). The EAR was then 
investigated over time at a fixed flow rate of 1 ml min−1. Under these 
conditions, the theoretical total current needed for 100% conver-
sion of acetylene was calculated to be 0.67 mA (see the Methods for 
the calculation). As can be seen from Fig. 5b, the acetylene con-
version ratio remained constant at 99.1 ± 0.4%. Importantly, ethyl-
ene was the major product of acetylene electroreduction, with an 
average selectivity for ethylene of 93.2 ± 0.6% achieved over 5 h of 
operation (6.3 and 0.5% for C4 olefins and ethane, respectively). 
A H2 volume percentage of 0.07 ± 0.02 vol.% was maintained in 
the outlet stream, indicating that the competing HER was effec-
tively suppressed. Unlike the acetylene conversion ratio, the prod-
uct selectivities showed much less sensitivity to the gas flow rate 
(Fig. 5c and Supplementary Fig. 21). Even when the flow rate was 
increased to 20 ml min−1, the ethylene selectivity remained above 
90%. In addition, any H2 generated was diluted at the higher flow 
rates (Supplementary Fig. 22). Importantly, the acetylene conver-
sion was found to be highly dependent on the gas chamber area (or 
electrode area), as shown in Fig. 5d. For a flow rate of 10 ml min−1, 
the acetylene conversion at a 0.5 cm2 electrode was less than 50%, 
whereas over 99% acetylene conversion was achieved for an elec-
trode area of 2.0 cm2. Meanwhile, the H2 volume percentage 
decreased when the electrode area was increased from 0.5 to 2.0 cm2 
owing to the increase in cathodic potential from −0.63 to −0.46 V 
(Supplementary Fig. 23). A cycling test showed that the C2H2 con-
version and product selectivity maintained good stability with high 
conversion over 15 h of operation (Supplementary Fig. 24).

To further improve the acetylene conversion performance 
at higher flow rates and to evaluate the application prospects of 
the EAR, an enlarged two-electrode flow reactor containing a 
serpentine-type gas chamber with a geometric electrode area of 
25.0 cm2 was developed (Fig. 6a,b and Supplementary Fig. 25). 
NiFe-LDH nanosheets deposited on a carbon-based gas diffusion 
electrode was used as the anode for the oxygen evolution reaction 
(OER; Supplementary Fig. 26). EAR experiments in this enlarged 
flow reactor were performed at a flow rate of 50 ml min−1 (gas 
hourly space velocity = 4.0 × 103 l g−1 h−1). As shown in Fig. 6c, an 
average acetylene conversion of 99.9 ± 0.1% was maintained over 
4 h of operation, showing a high C2H2 conversion specific rate of 
834 mmol g−1 h−1 (24.8 μmol cm−2 h−1). The ethylene/acetylene 
volume ratio in the product gas exceeded 1 × 105, satisfying the 
purity requirement for a polyethylene-grade ethylene feedstock 
(Supplementary Fig. 27 and Supplementary Table 5). Further, the 
process maintained a very low hydrogen volume percentage of 
0.08 ± 0.01% in the outlet stream. As shown in Fig. 6d, the product 
distribution achieved over LD-Cu in the enlarged flow reactor was 
similar to that of the small reactor at the slow flow rate shown in 
Fig. 5b, with an average ethylene selectivity of 90.1 ± 0.8% (9.2 ± 0.9 
and 0.68 ± 0.12% for C4 olefin and ethane, respectively). During this 
experiment, the cell voltage slightly increased from 1.95 to 1.98 V 
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(Fig. 6e), which was possibly caused by the instability of the LD-Cu 
catalyst or the electrolyte penetration effect due to the GDL becom-
ing less hydrophobic during the experiment (the water contact 
angle on the GDL side reduced from 149° before to 112° after the 
experiment)40. As shown in Fig. 6f and Supplementary Table 6, the 
EAR process over LD-Cu (in terms of acetylene conversion and eth-
ylene selectivity) compares favourably with state-of-the-art thermal 
hydrogenation catalysts5,6,41–43, while exhibiting the special advan-
tages of room-temperature operation and high-purity ethylene pro-
duction with negligible residual hydrogen.

Discussion
Herein we have reported the successful development of a 
room-temperature acetylene electroreduction system that can oper-
ate at high flow rates with near 100% acetylene conversions and 
ethylene selectivities of >90%. However, some critical issues still 
need to be addressed before this electrochemical strategy can be 
applied on a large scale. Although over-hydrogenation to ethane can 
be effectively suppressed by this electrochemical route, controlling 
acetylene dimerization at low overpotentials needs to be addressed 
to further increase the ethylene selectivity. In addition, the full cell 
acetylene reduction experiments performed here were operated 

~1.5 V above the thermodynamic potential. This results in a cell 
energy efficiency of only ~21% (see Methods for details), which will 
increase the electricity cost required for the process. In this work, 
the OER was used as the proton source for the acetylene reduction, 
although potentially this could be replaced by another value-added 
anode reaction that is less energetic. For example, the selective 
oxidation of low cost and readily available alcohols (for example, 
glycerol and benzyl alcohol) has recently been demonstrated to be 
a possible alternative to the OER as a source of protons44,45. Hence, 
it should be possible to improve the cell energy efficiency through 
both cathode and anode engineering. At today’s electricity prices, 
the EAR system developed in this work would use around US$4.4 
in electricity to remove acetylene residues from 1 tonne of raw eth-
ylene stock, which represents less than 0.5% of the ethylene market 
price (see Supplementary Methods for details), suggesting its poten-
tial for large-scale ethylene gas purification.

Considering the massive scale of the polyethylene industry, the 
atom and energy economies of acetylene-to-ethylene conversion 
are important evaluation criteria that need to be considered. As 
shown in Fig. 6g, for acetylene conversion to ethylene through the 
conventional hydrogenation route, H2 production consumes most 
of the total energy needed for the process because the acetylene 
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hydrogenation reaction is spontaneous (standard Gibbs free energy, 
ΔG = −141 kJ mol−1). Steam reforming of methane and water split-
ting are two typical H2 production technologies. Steam reforming of 

methane has a relatively low ΔG of 33 kJ mol−1, but yields 0.25 equiv-
alents of CO2 for each molecule of C2H2 hydrogenated46. Water 
splitting for H2 production is CO2-free but is thermodynamically 
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unfavourable (ΔG = 237 kJ mol−1), meaning that the tandem water 
splitting−acetylene hydrogenation route is energetically wasteful47. 
In contrast, the EAR process represents a one-step strategy that has 
both a low theoretical energy input requirement (ΔG = 96 kJ mol−1) 
and is atom efficient (that is, it does not contribute to greenhouse 
gas emissions, as long as the electricity used to drive the reaction is 
sourced from renewables). Considering the atom and energy econ-
omies alongside performance, the room-temperature electrochemi-
cal reduction of acetylene in ethylene-rich streams appears to be a 
green and effective approach compared with conventional thermal 
hydrogenation routes and should attract the attention of the plastics 
industry.

Methods
Synthesis of the catalysts. To prepare the CuAl-LDH nanosheets, 1.06 g Na2CO3 
(AR, ≥99.5%, Shanghai Macklin Biochemical) was dissolved in 180 ml deionized 
water (to give solution A). Next, 3.62 g Cu(NO3)2·3H2O (AR, ≥99.5%, Tianjin 
Yongda Chemical Reagents) and 1.88 g Al(NO3)3·9H2O (AR, 99.0%, Shanghai 
Aladdin Biochemical Technology) were dissolved in 20 ml deionized water 
(to give solution B). Finally, 1.8 g NaOH (AR, ≥96%, Xilong Scientific) was 
dissolved in 30 ml deionized water (to give solution C). Solutions B and C were 
then simultaneously added dropwise to solution A under constant stirring. 
Throughout the synthesis, the pH of the solution was kept constant (9.5) and 
monitored with a pH meter (FE20, Mettler Toledo). After the addition of solutions 
B and C, a sky-blue suspension was obtained. The solid product was collected by 
centrifugation (8,000 r.p.m.) and then washed five times with deionized water. 
The as-prepared CuAl-LDH nanosheets were then redispersed in deionized water 
and kept at 2 °C in a refrigerator for later use. The CuAl-LDH concentration 
was typically 6.0 mg ml−1. The Cu/Al atom ratio in the as-prepared CuAl-LDH 
nanosheets was determined to be 2.5.

To prepare Cu2O nanoparticles (Cu2O NPs), 500 µl of a 0.1 M CuSO4 (AR, 
Tianjin Pharmaceutical Group) solution was added to a beaker containing 50 ml 
deionized water. Subsequently, 1.75 ml of a 1.0 M NaOH solution was added to the 
beaker under vigorous stirring to form a blue precipitate. Upon addition of 2.5 ml 
of 0.2 M ascorbic acid under constant stirring (AR, Macklin Reagent), the solution 
gradually turned bright yellow. After stirring for 10 min, the nanoparticle product 
was collected by centrifugation at 8,500 r.p.m. for 10 min and then washed several 
times with a water–ethanol mixture (1:1). The precipitate was then dried at 60 °C 
for 4 h for storage.

Preparation of the working electrode. To prepare the LDH-derived copper 
catalyst (LD-Cu) electrodes, the as-prepared CuAl-LDH nanosheet aqueous 
dispersion was first diluted with ethylene glycol and n-propyl alcohol to form a 
water–ethylene glycol–n-propyl alcohol mixed-solvent ink (volume ratio 1:1:1) in 
which the CuAl-LDH concentration was 0.5 mg ml−1. For experiments using an 
electrochemical cell of geometric area 0.5 cm2, 70 μl of the ink was drop-coated 
onto a carbon-based GDL (H14C9, Freudenberg Group) and dried under an 
infrared lamp. For experiments with an electrochemical cell of geometric area 
2.0 cm2, 280 μl of the ink was drop-coated onto a carbon-based GDL (H14C9, 
Freudenberg Group) and dried under an infrared lamp. The as-prepared gas 
diffusion electrodes were then connected to an electrochemical cell for the 
in situ electroreduction of the supported CuAl-LDH (see the Electrochemical 
measurements section for more details). The CuAl-LDH electroreduction was 
typically conducted at −0.4 V for 10 min in 1 M KOH immediately before further 
electrochemical measurements.

To prepare hydrogen-reduced LD-Cu (LD-Cu-H2), the electroreduced LD-Cu 
electrode was removed from the electrochemical cell, rinsed with water and dried. 
Then, the electrode was transferred to a crucible inside a tube furnace and heated 
in a 10% H2−Ar gas mixture at 300 °C for 5 h (heating rate 5 °C min−1, flow rate 
200 ml min−1). The obtained LD-Cu-H2 electrode was then removed from the 
furnace after naturally cooling to room temperature.

To prepare the metallic Cu NP electrodes, commercial Cu nanoparticles (99.9% 
metals basis, 10–30 nm, Shanghai Macklin Biochemical) were first dispersed in 
water–ethylene glycol–n-propyl alcohol (volume ratio 1:1:1) to form an ink with a 
Cu NP concentration of 0.5 mg ml−1. The ink was then applied to the carbon-based 
GDL (H14C9, Freudenberg Group) with all other procedures, including the in situ 
electroreduction treatment, the same as those described above for LD-Cu.

To prepare the Cu2O NP electrodes, the as-prepared Cu2O NPs were dispersed 
in water–ethylene glycol–n-propyl alcohol (volume ratio 1:1:1) to form an ink with 
a Cu2O NP concentration of 0.5 mg ml−1. Then, 70 μl of the ink was drop-coated 
onto a carbon-based GDL and dried under an infrared lamp to achieve a loading 
area of 0.5 cm2.

To prepare physically mixed Cu and Cu2O NP electrodes (Cu+Cu2O), 
commercial Cu NPs and the as-prepared Cu2O NPs (mass ratio 1:1) were dispersed 
in water–ethylene glycol–n-propyl alcohol (volume ratio 1:1:1) and then stirred to 
form a uniform ink with a nanoparticle concentration of 0.5 mg ml−1. Then, 70 μl 

of the ink was drop-coated onto a carbon-based GDL and dried under an infrared 
lamp to achieve a loading area of 0.5 cm2.

Synthesis of the NiFe-LDH nanosheets. NiFe-LDH nanosheets were prepared 
by a previously reported method48. Briefly, 20 ml of an aqueous solution 
containing 2.181 g Ni(NO3)2·6H2O (Beijing Chemical Works) and 1.010 g 
Fe(NO3)3·9H2O (Beijing Chemical Works) was added dropwise to an aqueous 
23 vol.% formamide solution (20 ml, Beijing Chemical Works) under magnetic 
stirring at 80 °C. Simultaneously, 2.5 M NaOH solution was added dropwise to 
maintain a pH of ~10. The reaction was completed within 10 min. After cooling 
to room temperature, the product was collected by centrifugation at 12,000 r.p.m., 
washed alternately with deionized water and ethanol five times in total, and then 
redispersed in water for subsequent use.

Electrochemical measurements. The electrochemical experiments were 
performed using a CHI660E electrochemical workstation (Shanghai Chenhua). 
A platinum electrode and Ag/AgCl (saturated KCl) electrode were used as the 
counter and reference electrodes, respectively. A 1 M KOH solution was used as 
the electrolyte (unless otherwise stated). Two types of flow cells were used for the 
electrochemical measurements, with the cells differing in the design of the gas 
flow chamber. The three-electrode flow cell had a gas chamber with an electrode 
area of 0.5 cm2, as shown in Supplementary Fig. 3. The two-electrode flow cell 
had a 25.0-cm2 serpentine-type gas chamber, as shown in Supplementary Fig. 25. 
Electrode potentials were rescaled to the RHE using the following equation:

ERHE = EAg/AgCl + 0.1976 + 0.0591 × pH (1)

Before the measurements, the working electrode (LD-Cu or Cu NPs) was 
first positioned at the interface between the gas flow chamber and the cathodic 
chamber. The gas chamber was then purged with the reactant gas (5.0 vol.% 
C2H2 in Ar) at a flow rate of 30 ml min−1 for 5 min, with the gas flow rate being 
controlled by a mass flowmeter (Sevenstar, D07-19B). Then, both the cathodic 
and anodic chambers of the electrochemical cell were filled with 5 ml of 1 M 
KOH. Subsequently, the three electrodes were connected to the electrochemical 
workstation. The resistance of the system was tested before each in situ 
electroreduction treatment or EAR measurement to minimize interferences (<5 Ω). 
No iR correction was applied during the measurements.

For EAR experiments in the absence of ethylene, a reactant mixture of 5.0 vol.% 
C2H2 with Ar balance was introduced. For EAR experiments in the presence 
of excess ethylene, a reactant mixture of 0.5 vol.% C2H2, 20.0 vol.% C2H4 and 
79.5 vol.% Ar was used. All electrochemical measurements except stability tests 
were carried out for 30 min, with gas samples being taken from the outlet stream 
by a syringe for analysis. The gas samples were analysed using a gas chromatograph 
(GC-2014C, Shimadzu) equipped with three channels. The first channel analysed 
hydrocarbons using a HP PLOT Al2O3 column for separation, He as the carrier 
gas and a flame ionization detector. The second channel analysed CO2, N2, Ar, 
O2, CH4 and CO using a micropacket Haysep Q H-N column and a MolSieve 
13X column for separation, He as carrier gas and a thermal conductivity detector 
(TCD). The third channel analysed H2 using a micropacket HayeSep Q and 
MolSieve 5 Å column, N2 as the carrier gas and a TCD detector. The products of 
the isotope experiment performed with D2O (99.9%, Innochem Technology) were 
identified using gas chromatography mass spectrometry (GCMS, 7890A, Agilent 
Technologies) with a 60 m GS-Carbonplot column feed to the mass spectrometer.

Performance calculations. The partial current densities (j) of the cathodic 
products were calculated as follows:

j = av
βs

×

zFP
RT

(2)

where a is the peak area of the products detected by gas chromatography, β is the 
conversion factor for the detected product based on the external standard method 
of gas chromatography, v is the velocity of gas flow, s is the electrode area, z is 
the electron transfer number, F is the Faraday constant (96,485 C mol−1), P is the 
atmospheric pressure (101.325 kPa), R is the molar gas constant (8.314 J mol−1 K−1) 
and T is the reaction temperature. The Faradaic efficiency (FE) of the cathodic 
products was calculated using the following formula:

FE(%) =
j
J
× 100 (3)

where J is the total current density. The acetylene conversion (C) and selectivity (S) 
for ethylene were calculated as follows:

C(%) =
cfeed − cx

cfeed
× 100 (4)

S(%) =
cfeed − cx

cfeed − cx + [C2H6] + 2[C4Hx]
× 100 (5)
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where cfeed represents the acetylene concentration in the feed and cx, [C2H6] and 
[C4Hx] are the concentrations of acetylene, ethane and C4 olefins in the product. 
To calculate the selectivity, it was assumed that acetylene was hydrogenated only 
to ethylene, which in turn may be hydrogenated to ethane49. Only C2 and C4 
hydrocarbons were detected in our electrochemical experiments, and the carbon 
balance (total carbon atoms in the detected products/total carbon atoms in the feed 
gas) was between 98% and 99%.

The H2 volume in the outlet stream was calculated as follows:

H2 volume (%) =
VH,g

Vfeed
× 100 (6)

H2 volume (%) =
VH,f − VC × C

Vfeed
× 100 (7)

where VH,g is the volume of generated H2, Vfeed is the volume of the gas feed, VH,f is the 
volume of H2 in the gas feed, VC is the volume of acetylene in the gas feed and C is the 
acetylene conversion ratio. Equation (6) was used for the EAR experiments in this 
study, whereas equation (7) was used for the hydrogenation experiments in previous 
reference works. In equation (6), the volume of feed gas is assumed to be constant. In 
equation (7), it is assumed that H2 is only consumed by C2H2 hydrogenation.

The theoretical current (IT) needed for 100% conversion of acetylene was 
calculated as follows:

IT =
zFPv′

RT
(8)

where z is the electron transfer number (equals 2 for the reduction of acetylene to 
ethylene), F is the Faraday constant, P is the atmospheric pressure, v′ is the velocity 
of acetylene, R is the molar gas constant and T is the temperature (293.15 K). For an 
ethylene-rich gas source (0.5% C2H2, 20% C2H4 balanced with Ar) with a flow rate 
of 1 ml min−1, v′ = 8.3 × 10−8 l s−1 and the theoretical total current was calculated to 
be 0.67 mA.

The cell energy efficiency (EE) for ethylene production from the simulated gas 
mixture by EAR was calculated using the following equation:

EE (%) =
ΔGrR (C2H2) S (C2H4)

UI
× 100 (9)

where ΔGr is the reaction Gibbs energy of the acetylene reduction reaction 
(C2H2 + H2O → C2H4 + 1/2 O2), which is 96 kJ mol−1, R(C2H2) is the conversion rate 
of acetylene, S(C2H4) is the selectivity of ethylene, U is the cell voltage and I is the 
total current of the reaction. From the full cell experiment, R(C2H2) and S(C2H4) 
were measured to be 1.7×10−7 mol s−1 and 90.1%, respectively, and U and I were 
determined to be ~1.98 V and 0.035 A, respectively. The cell energy efficiency of the 
full cell was calculated to be ~21%.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding authors on reasonable request.
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