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a b s t r a c t

Deuterated ethylene is an important building block for manufacturing various deuterated polyolefins and

chemicals. However, low-cost and large-scale production of deuterated ethylene still remain a great chal-

lenge. Herein, with D2O as the D source, we first propose an electrocatalytic deuteration strategy for

continuous production of deuterated ethylene from acetylene under ambient conditions. Specially, Ag

nanoparticles exhibit a very high deuterated ethylene Faradic efficiency of up to 99.3% at –0.6 V vs. re-

versible hydrogen electrode. Meanwhile, Ag nanoparticles achieve a deuterated ethylene production rate

of 3.72×103 mmol h–1 gcat
–1 and an excellent long-term stability with deuterated ethylene Faradaic effi-

ciencies of ∼95% in a two-electrode flow cell, which substantially outperform state-of-the-art values for

previously reported deuterated alkenes. In-situ electrochemical Infrared absorption and Raman spectro-

scopies reveal superior acetylene absorption and formation of deuterated ethylene on Ag nanoparticles.

This efficient electrocatalytic deuteration strategy opens a new window for continuous and economic

production of deuterated alkenes.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Owing to their lower zero-point energy, the chemical stability

of C–D bonds is considerably superior to C–H bonds [1]. Accord-

ingly, deuterated molecules and polymers have been extensively

utilized as valuable standards in analytical chemistry, probes for

metabolism and pharmacokinetics [2,3], labeling tools for eluci-

dating reaction mechanisms [4], special materials like deuterated

polymers for laser inertial confinement fusion (ICF) [5], etc. As use-

ful building blocks or end products, the synthesis of deuterated

terminal alkenes (e.g., styrene) have been widely reported [6–8]. By

contrast, deuterated ethylene is a key commodity chemical for syn-

thesizing various deuterated products including deuterated poly-

olefins (polyethylene, etc.) and deuterated chemicals (e.g., ethylene

oxide, acetic acid, acetaldehyde), but its low-cost and large-scale

production still remain a grand challenge.

The H/D exchange and reductive deuteration are two uni-

versal approaches for selective incorporation of deuterium into

vinyl groups or alkenes [9,10]. Unfortunately, for the H/D ex-

change, precious metal-based catalysts and harsh reaction condi-

tions (strong acid/base or high temperature) are essential for pro-
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moting the substitution of deuterium atoms for hydrogen atoms

[11–13]. The H/D exchange also suffers from low deuteration effi-

ciency, poor selectivity of deuterated sites and numbers [14]. Con-

sidering that alkenes are commonly synthesized by selective semi-

hydrogenation of the corresponding alkynes, reductive deutera-

tion of alkynes is a straightforward strategy for synthesizing target

deuterated alkenes. Nevertheless, reductive deuteration of alkynes

often requires expensive and unrecoverable D2 [15] or other deu-

terium reagents (ethanol-d6 [16], EtOD-d1 [17], NaOD-D2O [18],

etc.) as deuterium source and noble metal Pd-based catalysts for

activating reactants at relatively high reaction temperature. There-

fore, the exploration of a high-efficiency reductive deuteration

strategy of alkynes with cheap and safe deuterium oxide (D2O)

as deuterium source is greatly appealing. Owing to its environ-

mental benignity and ambient reaction conditions, electrochem-

ically reductive deuteration of alkynes is such a promising ap-

proach for producing deuterated alkenes. For that, Zhang [19] and

Berlinguette’s [20] groups successively reported the electrochemi-

cally reductive deuteration of alkynes including long-chain termi-

nal alkynes and phenylacetylene-derived alkynes. However, the uti-

lization of organic solvents and low production rate of deuterated

alkenes seriously limit their large-scale implementations. Nowa-

days, the electrocatalytic reductive deuteration of acetylene to syn-
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Fig. 1. Schematic illustrations for electrocatalytic deuteration of acetylene to deuterated ethylene.

thesize commodity deuterate ethylene still remains unexplored

due to poor dissolution and diffusion of acetylene in water or or-

ganic solvents.

In this work, we first highlight a novel electrocatalytic acety-

lene deuteration strategy for producing deuterated ethylene on

Ag nanoparticles (Ag NPs) under ambient conditions, where deu-

terium oxide serves as the D source. Unprecedentedly, in alkaline

D2O solution, the deuterated ethylene Faradaic efficiency (FE) and

production rate of Ag NPs reach 99.3% at –0.6 V vs. reversible hy-

drogen electrode (RHE) and 3.72×103 mmol h−1 gcat
−1 in the flow

cell, respectively, which far exceed 1.87×102 mmol h−1 gcat
−1 for

previously reported deuterated alkenes. Meanwhile, the deuterated

ethylene FE of Ag NPs was steadily larger than 95% over a 40 h sta-

bility measurement in a large two-electrode flow cell. Mass spec-

trometry qualitatively confirms the synthesis of semi-deuterated

and perdeuterated ethylene products over electrocatalytic deutera-

tion process. In-situ electrochemical Infrared absorption (IRAS) and

Raman spectroscopic investigations reveal excellent acetylene ad-

sorption and the formation of deuterated ethylene on Ag NPs.

According to our previous work on electrocatalytic acetylene

semi-hydrogenation [21,22], Pd nanoparticles (NPs), Cu NPs and Ag

NPs were employed as model electrocatalysts for acetylene deuter-

ation. The morphologies and chemical structures of Pd NPs, Cu

NPs and Ag NPs were confirmed by scanning electron microscopy

(SEM), transmission electron microscopy (TEM), X-ray diffraction

(XRD), and X-ray photoelectron spectroscopy (XPS) (Figs. S1-S3 in

Supporting information). The electrocatalytic acetylene deuteration

was then investigated in a three-electrode flow cell (1 cm2) (Fig.

S4 in Supporting information). The electrocatalysts deposited on

gas diffusion electrode (GDE), nickel foam, and Hg/HgO electrode

were employed as the working, counter, and reference electrodes,

respectively. As shown in Fig. 1, an anion exchange membrane

(AEM) separates the anodic and cathodic chambers, both of which

are filled with 1 mol/L KOH D2O solution. The cathode was then

fed with pure acetylene at a flow rate of 20 sccm. The polariza-

tion curves of Pd NPs under acetylene flow presented an obviously

positive shift of ∼320 mV in comparison with that in Ar stream

(Fig. S5 in Supporting information). To investigate the possibility

of electrocatalytic deuteration of acetylene to deuterated ethylene

(Scheme S1 in Supporting information), the gas products on Pd

NPs were qualitatively analyzed by using mass spectrometry. Fig.

2a displays a characteristic peak at m/z 30, which is attributed

to semi-deuterated ethylene (C2H2D2). By contrast, no signal was

recorded at m/z 30 over electrocatalytic reduction of acetylene to

ethylene in 1 mol/L KOH H2O solution (Figs. S6 and S7 in Support-

ing information). Furthermore, after electrocatalytic deuteration of

semi-deuterated acetylene, perdeuterated ethylene (C2D4) was also

synthesized, which corresponded to the characteristic peak at m/z

32 in mass spectra (Fig. 2b). To exclude the disturbance of oxy-

gen, the curve changes at m/z 32 were recorded at different gas at-

mosphere including Argon, perdeuterated ethylene and air (Fig. S8

Fig. 2. The mass spectrums of semi-deuterated (a) and perdeuterated ethylene (b)

on Pd NPs. (c) Polarization curves of Ag NPs, Cu NPs and Pd NPs in 1 mol/L KOH

D2O solution. (d) Corresponding FE distributions of Ag NPs at –0.5 V to –0.9 V. (e)

FEC2H2D2
of Ag NPs, Cu NPs and Pd NPs at different potentials. (f) The FEC4

of Ag

NPs, Cu NPs and Pd NPs.

in Supporting information). These results undoubtedly validate the

feasibility of the electrocatalytic deuteration of acetylene to deuter-

ated ethylene using D2O.

Next, the electrocatalytic performance of Pd NPs, Cu NPs and

Ag NPs were evaluated. All potentials were referred to the RHE.

The FE distributions of Pd NPs during electrochemical acetylene

semi-deuteration are shown in Fig. S9a (Supporting information).

Clearly, the FEs of semi-deuterated ethylene (FEC2H2D2
) on Pd NPs

were always >90% over applied potentials from –0.5 V to –0.8 V.

However, as a result of strong competition of hydrogen evolution

reaction (HER), the FEC2H2D2
of Pd NPs drastically decreased to 83%

and the FED2
reached 16% at –0.9 V. The partial current density of

deuterated ethylene (jC2H2D2
) was 42 mA/cm2 at –0.9 V. By com-

parison, the FEC2H2D2
and jC2H2D2

of Cu NPs were 97% at –0.8 V and

110 mA/cm2 at –0.9 V, respectively, which were extremely higher

than those for Pd NPs (Figs. S9b-d in Supporting information). Un-

fortunately, the FEs of deuterated 1,3-butadiene (FEC4 ) byproduct

on Cu NPs were always larger than 3% over all applied potentials.
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Fig. 3. Electrochemical performance of Ag NPs catalysts for acetylene semi-

deuteration. (a) The production rate and partial current of deuterated ethylene at

different potentials in a three-electrode flow cell. (b) Comparison of the production

rate and selectivity of deuterated ethylene between Ag NPs and reported catalysts.

(c) Long-term stability test at a current of 100 mA in a large two-electrode flow cell

(25 cm2).

Particularly, the FEC4 reached 9% at –0.5 V, which brought about a

new impurity for semi-deuterated ethylene.

In comparison with Pd NPs and Cu NPs, Ag NPs exhibited a

jC2H2D2
of 100 mA/cm2 at –0.9 V, which was much higher than 54

mA/cm2 for Pd NPs, but slightly lower than 110 mA/cm2 for Cu NPs

(Fig. 2c). Fig. 2d and Fig. S10 (Supporting information) describe the

FEC2H2D2
distributions and jC2H2D2

of Ag NPs. Noticeably, Ag NPs

presented FEC2H2D2
of ≥98% over all applied potentials from –0.5 V

to –0.9 V (Fig. 2e and Fig. S11 in Supporting information). Mean-

while, the FEC4 was only 0.2% at –0.8 V, which was far lower than

3.4% for Cu NPs and 1.3% for Pd NPs (Fig. 2f). The electrochemical

double-layer capacitances (Cdl) of electrocatalysts were then esti-

mated based on CV scans at different scan rates. As illustrated in

Fig. S12 (Supporting information), the Pd NPs has a Cdl of 44.38

mF, which is lower than 56.5 mF for Ag NPs and 60.87 mF for Cu

NPs. The Tafel slope of electrocatalysts is another crucial parame-

ter for deeply probing electrocatalytic kinetics. As depicted in Fig.

S13 (Supporting information), the Ag NPs presents a substantially

declined Tafel slope of 189 mV/dec, which was considerably lower

than 239 mV/dec for Pd NPs and 319 mV/dec for Cu NPs, suggest-

ing an accelerated reaction kinetics for acetylene semi-deuteration.

Therefore, for electrocatalytic acetylene semi-deuteration, the Ag

NPs unambiguously manifested the excellent activity and selectiv-

ity. Moreover, the incorporation of H atoms in KOH into deuterated

ethylene was negligible (Fig. S14 in Supporting information).

For assessing its practical implementations, the deuterated

ethylene production rate (rC2H2D2
) of Ag NPs was further investi-

gated in a large two-electrode flow cell (25 cm2) by coupling NiFe-

layered double hydroxide (NiFe-LDH) on nickel foam as the anode

[23]. Remarkably, high FEC2H2D2
of >94% were achieved over the

cell voltages from 1.8 V to 2.8 V. Especially, negligible deuterated

1,3-butadiene was detected at 2.8 V (Fig. S15 in Supporting infor-

mation). At –0.9 V in Fig. 3a, the Ag NPs perform an unprece-

dented rC2H2D2
of up to 3.72×103 mmol h−1 gcat

−1 in a three-

electrode flow cell, which greatly exceeds those for previously re-

ported alkyne deuteration (Fig. 3b and Table S1 in Supporting in-

formation), e.g., 1.87×102 mmol h−1 gcat
−1 for deuterated styrene

using palladium membrane reactor. Fig. S16 (Supporting informa-

tion) depicts the rC2H2D2
and partial current (I) of Ag NPs in a

large two-electrode flow cell. Next, the electrocatalytic durability

of Ag NPs at an acetylene flow rate of 10 mL/min was further mea-

Fig. 4. In-situ electrochemical IR spectrum for electrocatalytic acetylene semi-

hydrogenation (a) and semi-deuteration (b) reactions on Ag NPs. In-situ electro-

chemical Raman analyses for electrocatalytic acetylene semi-hydrogenation (c) and

the semi-deuteration reactions (d) on Ag NPs.

sured in the 25 cm2 two-electrode flow cell (Fig. 3c). Obviously, the

augment of cell voltage was negligible over a 40 h operation. No-

tably, over the long-term stability test, Ag NPs manifested FEC2H2D2

of >95% and a stable rC2H2D2
value of 1.44×103 mmol h−1 gcat

−1

at 100 mA. After the long-term stability test, the morphology and

structural information of Ag NPs was scrutinized using the SEM,

XRD, and XPS (Figs. S17-S19 in Supporting information) and no ob-

vious variations were observed.

In order to profoundly reveal the kinetics of electrocatalytic

acetylene deuteration on Ag NPs, the electrocatalytic acetylene hy-

drogenation was investigated in 1 mol/L KOH aqueous solution us-

ing a three-electrode flow cell. As indicated in Fig. S20 (Support-

ing information), the current density of 115 mA/cm2 for acety-

lene semi-hydrogenation at –0.9 V was larger than 100 mA/cm2

for acetylene semi-deuteration, which was attributed to the slower

D2O dissociation kinetics [24]. Then, the in-situ electrochemical

Infrared absorption and Raman spectra were further conducted

for unveiling the underlying kinetics of electrocatalytic acetylene

deuteration on Ag NPs. As indicated in Fig. 4a and Fig. S21a (Sup-

porting information), the characteristic peaks of adsorbed acety-

lene on Ag NPs surfaces during electrocatalytic acetylene semi-

hydrogenation appear at 3000-3300 cm−1 and 1650 cm−1, which

correspond to ν(≡C–H) and ν(C≡C), respectively [25,26]. Along

with decreased potentials from –0.4 V to –1 V, the intensities of

above peaks gradually declined. Meanwhile, the distinctive signal

of δs(CH2) for ethylene was detected at 1396 cm−1 from –0.7 V to

–1 V, proving the semi-hydrogenation of acetylene into ethylene

[27]. For electrocatalytic acetylene semi-deuteration on Ag NPs, the

characteristic peaks of acetylide species (H–C≡C–H) were also ob-

served at 3000–3300 cm−1 and 1626 cm−1 (Fig. S21b in Support-

ing information). Afterwards, the peaks at 1399 cm−1 and 1444

cm−1 originated from δs(CHD) and CHD-scissor modes of deuter-

ated ethylene, respectively [28,29]. Markedly, a new peak appeared

at 1330 cm−1, which might be assigned to the δ(CHD)/ν(CC) of
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σ -bonded CH=CHD (Fig. 4b) [25]. The peak at 1399 cm−1 might

originated from ν12 of cis-configuration deuterated ethylene (cis-

C2H2D2) [30].

Next, as shown in Figs. 4c and d, for electrocatalytic acety-

lene semi-hydrogenation and semi-deuteration on Ag NPs, char-

acteristic Raman peaks of v(C≡C) stretching vibration appear at

1969 cm−1 and 2057 cm−1 at open circuit potential (OCP), sug-

gesting acetylene adsorption on the Ag NPs [31,32]. Evidently, in

comparison with that for acetylene semi-hydrogenation, the vibra-

tional frequency of C≡C bonds during acetylene showed a positive

shift. Therefore, the adsorption of acetylene molecules on Ag NPs

during acetylene semi-deuteration was weaker than that for acety-

lene semi-hydrogenation, which was well consistent with IRAS and

experimental results [33]. When the potentials decreased from –

0.2 V to –0.6 V, two characteristic peaks of adsorbed ethylene ap-

peared at 1126 and 1501 cm−1, which were assigned to CH2 scis-

sors (δs(CH2)) vibrations and v(C=C) stretch modes of π-bound

ethylene, respectively (Fig. 4c) [32,34]. By contrast, the Raman peak

of semi-deuterated ethylene at 1368 cm−1 was gradually observed

at potentials from 0.2 V to 0 V. Along with decreased potentials,

three pronounced peaks emerged at 876 cm−1, 1195 cm−1 and

1457 cm−1 (Fig. 4d), which were assigned to cis-C2H2D2 [35,36].

In conclusion, using deuterium oxide as the D source, we

demonstrate the electrocatalytic semi-deuteration of acetylene to

deuterated ethylene. Ag nanoparticles present an excellent elec-

trocatalytic performance with high deuterated ethylene Faradic

efficiencies, a prominent deuterium rate, and a superior long-

term stability. In-situ electrochemical Raman together with Infrared

absorption spectroscopy reveal the occurrence of electrocatalytic

semi-deuteration of acetylene to deuterated ethylene. Therefore,

this work will not only highlight a novel strategy for continuous

production of deuterated ethylene, but also pave a new avenue for

the efficient synthesis of other deuterated chemicals.
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