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a b s t r a c t

Molecular catalysts can effectively steer the electrocatalytic acetylene semihydrogenation into ethylene,

but realizing high Faradaic efficiency (FE) at industrial current densities remains a challenge. Herein, we

report a ligand engineering strategy that utilizes polymeric N–heterocyclic carbene (NHC) as a hydropho-

bic ligand to modulate the microenvironment of Cu sites. This polymeric NHC imparts appropriate hy-

drophobic properties for the chelated Cu sites, thereby moderating the H2O transport and enabling easy

access of acetylene. Consequently, the polymeric NHC chelated Cu exhibits an FEethylene of ∼97% at a cur-

rent density of 500mA/cm2 in a flow cell. Particularly in a zero-gap reactor, the FEethylene consistently ex-

ceeds 86% across current densities from 100mA/cm2 to 400mA/cm2, reaching an optimal FEethylene of 98%

at 200mA/cm2 and achieving durable operation for 155h at 100mA/cm2. This work provides a promising

paradigm to regulate the microenvironment of molecular catalysts for improving electrocatalytic perfor-

mances under industrial current densities.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ethylene is among the most produced commodity chemicals

for the polymer industry, predominantly made from steam crack-

ing of liquefied petroleum gas [1]. Electrocatalytic semihydrogena-

tion, combined with coal-derived acetylene, affords a petroleum-

independent route to produce ethylene utilizing water (H2O) as a

proton source under ambient conditions [2]. Here, electrocatalysts

driven this semihydrogenation process towards the desired ethy-

lene product while minimizing the formation of by-products [3–5].

Copper (Cu) represents a promising metal for electrocatalytic

acetylene semihydrogenation (EAH) because of its favorable prop-

erties in acetylene absorption and ethylene desorption [6]. To date,

various design strategies, including unsaturated/undercoordinated

sites [7,8], heteroatom doping [9], single atom [10,11], ligand engi-

neering [12,13], bimetallic sites [14–16], structure/facet engineering

[17,18], have been proposed to enhance the EAH performance of

Cu-based catalysts. Among them, ligand engineering is an effective

yet underexplored strategy for Cu-based catalysts. Cu-based molec-

ular catalysts offer well-defined Cu sites with controllable coor-

∗ Corresponding authors.

E-mail addresses: leizhang@nwpu.edu.cn (L. Zhang), blzhang@nwpu.edu.cn (B.

Zhang).

dination environments, enabling the fine-tuning of catalytic per-

formance through ligand engineering. Nevertheless, most reported

molecular catalysts for EAH operate at current densities below

200mA/cm2, which falls short of the profitability threshold that

requires Faradaic efficiencies of ethylene (FEethylene) above 85% at

current densities ≥200mA/cm2 [7]. Moreover, molecular catalysts

that satisfy this profitability threshold in a zero-gap reactor remain

unexplored for EAH.

In this regard, we reported a ligand engineering strategy that

utilized polymeric N–heterocyclic carbene (NHC) as a hydropho-

bic ligand to modulate the microenvironment of Cu sites. Molec-

ular dynamics (MD) simulations and experimental results demon-

strated that polymeric NHC endowed the chelated Cu sites with

appropriate hydrophobic character, which slowed down H2O trans-

port and allowed acetylene to access the Cu sites easily. Accord-

ingly, the polymeric NHC chelated Cu (IOP-NHC Cu) exhibited re-

markable EAH performance in a flow cell, with an FEethylene of

∼97% at a current density of 500mA/cm2. Especially in a zero-

gap reactor, IOP-NHC Cu kept the FEethylene exceeding 86% across

current densities from 100mA/cm2 to 400mA/cm2, realizing an

optimal FEethylene of 98% at 200mA/cm2 (Ecell =–2.5V). Addition-

ally, IOP-NHC Cu substantiated exceptional stability, sustaining an
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Fig. 1. Schematic illustration for the synthesis of IOP-NHC Cu.

FEethylene >90% and steady Ecell over 155h of continuous operation

at 100mA/cm2. These results surpassed the performance of most

reported molecular catalysts for EAH to a significant extent.

As depicted in Fig. 1, IOP-NHC Cu was synthesized via quat-

ernization and deprotonation processes. Specifically, imidazolium-

based organic polymer (IOP) was first prepared through quater-

nization of 2,4,6-tris(4-(bromomethyl)phenyl)–1,3,5-triazine (TBPT,

Fig. S1a in Supporting information) with 1,3,5-tri(1H-imidazol-1-

yl)benzene (TImB, Fig. S1b in Supporting information). The struc-

ture of resulting IOP was characterized by scanning electron mi-

croscopy (SEM), transmission electron microscopy (TEM) and X-ray

diffraction (XRD) pattern. These results evidenced that IOP had a

nanofiber morphology with homogeneous distribution of C, N and

Br elements (Figs. S2 and S3 in Supporting information) as well as

an amorphous crystal structure (Fig. S4 in Supporting information).

As the Fourier transform infrared (FT-IR) spectra shown in Fig. S5

(Supporting information), -C-Br stretching vibration of TBPT at 601

cm-1 disappeared for IOP [19], indicating the complete quaterniza-

tion of TBPT and TImB. Also, solid-state carbon nuclear magnetic

resonance (13C ssNMR) spectra of IOP possessed distinct peaks of

triazine, methylene and aromatic carbons deriving from TBPT and

TImB (Fig. S6 in Supporting information).

Subsequently, the deprotonation of IOP with copper precursor

and potassium tert–butoxide (t-BuOK) yielded the IOP-NHC Cu. As

observed in Fig. S7 (Supporting information), IOP-NHC Cu featured

uniformly distributed Cu sites, while preserving the morphology

characteristics of IOP nanofibers. Meanwhile, Cu sites are chelated

into IOP without affecting its amorphous in nature (Fig. S8 in

Supporting information). By comparing the FT-IR spectra of IOP

and IOP-NHC Cu (Fig. 2a), a distinctive IR peak representing C–N

stretching vibration of NHC emerged at 1262 cm-1 for IOP-NHC

Cu [20], whereas its C–N+ stretching band of imidazolium ring at

1222 cm-1 decreased significantly [21]. This result signified the for-

mation of IOP-NHC Cu based on IOP. Besides, X-ray photoelectron

spectra (XPS) of IOP and IOP-NHC Cu were performed to investi-

gate their chemical composition (Fig. S9 in Supporting informa-

tion). As displayed in Fig. 2b, the N 1s spectrum of IOP was de-

convolved into distinct N 1s peaks with imidazolium at 401.7 eV

and triazine at 398.8 eV [22]. Notably, the N 1s peak at 401.7 eV

for IOP was negatively shifted to 401.2 eV for IOP-NHC Cu, simi-

lar to the behavior of N 1s spectra for imidazolium-derived NHC

on metal sites [23,24]. Furthermore, the Cu 2p3/2 spectrum of IOP-

NHC Cu exhibited two characteristic peaks at the binding energy

of 932.2 eV and 934.5 eV (Fig. 2c), while the Cu LMM Auger spec-

tra displayed peaks at 571.4 eV and 569.9 eV (Fig. S10 in Supporting

information), corresponding to the chelated CuI and CuII sites [25–

28]. The thermogravimetric analysis (TGA) revealed weight losses

Fig. 2. Spectroscopic characterizations of IOP-NHC Cu. (a) FT-IR spectra of IOP and

IOP-NHC Cu. (b) The deconvolution spectra of N 1s for IOP and IOP-NHC Cu. (c) The

Cu 2p3/2 fitting results of IOP-NHC Cu. (d) 13C ssNMR spectra of IOP and IOP-NHC

Cu. (e) Contact angle measurements on IOP-NHC Cu and IOP electrodes.

of 60 wt% for IOP and 51 wt% for IOP-NHC Cu at 800 °C rela-

tive to their initial masses (Fig. S11 in Supporting information).

Therein, IOP-NHC Cu had a smaller weight loss compared to IOP,

also implying the successful chelation of Cu sites within IOP-NHC

Cu. Combined with 13C ssNMR results of IOP and IOP-NHC Cu (Fig.

2d), the existence of Cu-C bond at 184ppm in IOP-NHC Cu further

confirmed the chelation of Cu sites with carbenic carbon deriving

from imidazolium of IOP [29–31]. Additionally, contact angle (CA)

experiments were conducted on electrodes to investigate the mi-

croenvironment of IOP-NHC Cu and IOP as electrocatalysts by us-

ing 1mol/L KOH electrolyte (Fig. 2e). Obviously, the CA of elec-

trolyte increased from IOP (57°) to IOP-NHC Cu (103°), showcas-

ing a more hydrophobic surface for IOP-NHC Cu. This characteristic

is typically unfavorable for the hydrogen evolution reaction (HER)

[32,33], thereby predicting the optimal accessibility of C2H2 toward

the IOP-NHC Cu during EAH.

To verify the merits of IOP-NHC Cu for EAH, IOP-Cu was se-

lected as the benchmark electrocatalyst, prepared by physically ab-

sorbing the same amount of Cu sites onto IOP. As characterized by

SEM, TEM, HAADF-STEM, XRD and TGA analysis (Figs. S12–S15 in

Supporting information), the morphology, composition and amor-
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Fig. 3. EAH performances in (a-c) a flow cell and (d-f) a zero-gap reactor. (a) Polar-

ization curves, (b) ethylene partial current densities, (c) product FEs at 500mA/cm2

of IOP-NHC Cu and IOP-Cu in 1mol/L KOH aqueous solution under an acetylene

stream. Inset of (c) was corresponding contact angle measurements for IOP-NHC Cu

and IOP-Cu. Ecell and corresponding FEs as a function of current densities for (d)

IOP-NHC Cu and (e) IOP-Cu using 1mol/L KOH anolyte with 50 sccm humidified

acetylene flow in the cathode. (f) Long-term stability of IOP-NHC Cu for the contin-

uous semihydrogenation of humidified acetylene flow at cathodic current densities

of 100mA/cm2 and 200mA/cm2.

phous structure of IOP-Cu were identical to those of IOP-NHC Cu.

Unlike IOP-NHC Cu, no chelated Cu sites were observed in the FT-

IR and 13C ssNMR spectra of IOP-Cu (Figs. S16 and S17 in Sup-

porting information), confirming that the Cu sites in IOP-Cu were

merely physically absorbed. Next, the EAH performance of IOP-

NHC Cu and IOP-Cu were assessed in 1mol/L KOH electrolyte us-

ing a custom-made flow cell (Fig. S18 in Supporting information).

The cathodic polarization curves displayed that the current den-

sity of IOP-NHC Cu in acetylene was significantly higher than that

in argon (Fig. S19 in Supporting information), highlighting superior

electrocatalytic activity towards acetylene. Remarkably, the current

density of IOP-Cu at –1V vs. RHE (187mA/cm2) was substantially

lower than the 495mA/cm2 achieved by IOP-NHC Cu (Fig. 3a).

Also, IOP-NHC Cu exhibited significantly higher ethylene partial

current densities (JC2H4
) compared to IOP-Cu across the potential

range from –0.6V to –1.8V (Fig. 3b). Correspondingly, IOP-NHC Cu

achieved a maximum JC2H4
of 485mA/cm2 at –1.03V. Notably, IOP-

NHC Cu possessed ethylene Faradaic efficiency (FEethylene) of >95%

at current densities from 100mA/cm2 to 500mA/cm2 (Fig. S20

in Supporting information). Especially at 500mA/cm2, FEethylene of

IOP-NHC Cu was nearly 97% while the FEethylene for IOP-Cu was 74%

(Fig. 3c), which was in accordance with the CA results of IOP-NHC

Cu (103°) and IOP-Cu (81°). This indicated that polymer-chelated

Cu sites within IOP-NHC Cu possessed appropriate hydrophobic-

ity, hence effectively suppressing the HER [34]. To this end, we

further conducted control experiments on small molecule-chelated

Cu sites (chloro(1,3-dimesitylimidazol-2-ylidene)copper, denoted as

NHC–Cu) to verify whether the improved performance of IOP-

NHC Cu benefiting from polymer-chelated Cu sites. As expected,

IOP-NHC Cu completely outperformed NHC–Cu in terms of cur-

rent density, JC2H4
and FEethylene (Fig. S21 in Supporting informa-

tion). Moreover, IOP made a minimal contribution to FEethylene (Fig.

S22 in Supporting information), unambiguously demonstrating the

dominant role of polymer-chelated Cu sites in promoting EAH.

In addition, we explored the full-cell EAH performance of IOP-

NHC Cu as the cathode in a zero-gap reactor using humidified

acetylene as the feed gas, wherein iridium oxide supported on ti-

tanium mesh (IrO2/Ti mesh) as the anode for oxygen evolution

reaction (Fig. S23 in Supporting information). As demonstrated

in Fig. 3d, the current density of IOP-NHC Cu increased from

100mA/cm2 to 400mA/cm2 at the full-cell voltage (Ecell) range of

–2.28V to –2.83V (without iR compensation). Concurrently, IOP-

NHC Cu retained ≥86% of FEethylene between Ecell of –2.28V and

–2.83V, reaching an optimal FEethylene of 98% at a current den-

sity of 200mA/cm2 (Ecell =–2.5V). IOP-NHC Cu delivered a full-

cell energy efficiency of ethylene (EEethylene) of 21.5%, with a cur-

rent density of 100mA/cm2 at a Ecell of –2.28V. In contrast, the

FEethylene and Ecell of IOP-Cu were inferior to those of IOP-NHC Cu

under the same conditions (Fig. 3e). Particularly at 400mA/cm2,

IOP-NHC Cu maintained 86% of FEethylene with a relatively low Ecell
of –2.83V, whereas the FEethylene of IOP-Cu decayed to 55% with

a high Ecell of –3.25V. In addition, the exceptional stability of IOP-

NHC Cu in the zero-gap reactor was demonstrated in Fig. 3f, show-

ing continuous operation at current densities of 100mA/cm2 for

155h and 200mA/cm2 for 20h, simultaneously maintaining ≥90%

of FEethylene and steady Ecell. Furthermore, XRD pattern of IOP-NHC

Cu after the stability test confirmed stable Cu sites without form-

ing Cu clusters or NPs (Fig. S24 in Supporting information). The

above results further solidified that IOP-NHC Cu favored EAH over

HER. As compared in Tables S1 and S2 (Supporting information),

the EAH performance of IOP-NHC Cu surpassed most previously

reported molecular catalysts both in flow cell and full-cell config-

urations [12,13,35–37].

Given the differences in performance between IOP-Cu and IOP-

NHC Cu, molecular dynamics (MD) simulations were performed at

300K for 35ps using a canonical ensemble to investigate the ab-

sorption of H2O molecules on the catalyst surface during EAH. The

analysis of molecular density along the z-direction unveiled sig-

nificantly different distributions of H2O on the surfaces of IOP-

NHC Cu and IOP-Cu (Fig. 4a). Specifically, the counts of H2O ad-

sorbed on the surface of IOP-NHC Cu were distinctly lower relative

to IOP-Cu (Fig. 4b), which contributed to the suppression of HER

[38]. Since protons are mainly provided by water dissociation in

an alkaline electrolyte, the water motion was subsequently probed

and compared to understand the proton supply. The mean square

displacement (MSD), representing the motion of water molecules,

was 116.7 Å/ps on IOP-Cu and 63.8 Å/ps on IOP-NHC Cu (Fig. 4c).

This result illustrated the relatively slow proton supply of IOP-NHC

Cu. Besides, in-situ Raman measurements were conducted to gain

molecule-level insight into the microenvironment of IOP-NHC Cu.

As shown in Fig. 4d, -OH stretching peak at 3436 cm-1 representing

the interfacial water was only observed at a relatively high poten-

tial of –0.6V [39]. This evidenced sluggish H2O coverage on IOP-

NHC Cu, in agreement with the MD simulation results. Moreover,

in comparison with characteristic peaks of IOP-NHC Cu observed

in the in-situ electrochemical Raman cell, a Raman peak associated

with -C≡C- stretching vibration of acetylene (1918 cm-1) was de-

tected from the open circuit potential (OCP) to –0.6V, confirming

the adsorption of acetylene on IOP-NHC Cu [3]. Besides, the in-

crease in potential led to a noticeable disparity in the peak area of

-C=C- stretching vibration at 1558 cm-1 [40], indicating that IOP-

NHC Cu favored the acetylene semihydrogenation into ethylene.

In summary, we developed polymeric NHC as a hydrophobic

ligand to chelate Cu sites, thereby optimizing the microenviron-

ment around the catalyst surface. This ligand engineering strategy

created suitable accessibility of acetylene and H2O, which facili-

tated the acetylene semihydrogenation into ethylene and guaran-
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Fig. 4. (a) Molecular dynamics simulation snapshots of H2O diffusion near the IOP-

NHC Cu and IOP-Cu surfaces during 35ps. (b) The number of surface H2O near the

IOP-NHC Cu and IOP-Cu surfaces during 35ps. (c) Analysis of the mean square dis-

placements of H2O at the surface of IOP-NHC Cu and IOP-Cu. (d) In-situ electro-

chemical Raman spectra of IOP-NHC Cu for acetylene semihydrogenation in 1mol/L

KOH solution.

teed the EAH stability. As a result, IOP-NHC Cu demonstrated im-

pressive performance with an FEethylene of ∼97% at a current den-

sity of 500mA/cm2 in a flow cell. Furthermore, in a zero-gap re-

actor, IOP-NHC Cu maintained an FEethylene above 86% across cur-

rent densities from 100mA/cm2 to 400mA/cm2, reaching a max-

imal FEethylene of 98% at 200mA/cm2. More importantly, IOP-NHC

Cu performed durablely and persisted ≥90% of FEethylene at current

densities of 100mA/cm2 for 155h and 200mA/cm2 for 20h. This

work highlighted a polymeric ligand engineering strategy to reg-

ulate the microenvironment of molecular catalysts for enhancing

EAH performances under industrial current densities.
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