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Abstract 

Copper-based materials have shown significant potential as catalysts for the electrochemical 

CO2 reduction reaction (CO2RR) due to their inherent ability to produce multicarbon products. 

The functionalization of Cu electrodes with organic additives represents a simple yet powerful 

strategy for improving the intrinsic activity of these electrocatalysts by tailoring the microen-

vironment around the Cu active sites to favor specific reaction pathways. In this work, we 

introduce NHC-CDI-functionalized Cu catalysts, which demonstrate a remarkable increase in 

activity for multicarbon product formation, surpassing bare Cu electrodes by more than an or-

der of magnitude. These hybrid catalysts operate efficiently in a gas diffusion configuration, 

achieving a multicarbon product selectivity of 58% with a partial current density of −80 
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mA/cm2. Using modified pulsed voltammetry measurements, we found that the activity for 

multicarbon product formation is closely linked to the surface charge that accumulates during 

electrocatalysis, resulting from the buildup of CO2RR intermediates. We further supported our 

findings with in situ Raman spectroscopy measurements, which unveiled a preference for car-

bon monoxide binding on Cu step sites, which are known to promote C─C coupling, in the 

best-performing hybrid catalysts. Additionally, we observed a general preference for atop-

bound *CO intermediates over bridge-bound ones in the molecularly functionalized catalysts. 

Our study underscores the significant potential of molecular tuning in developing efficient elec-

trocatalysts for CO2 reduction and emphasizes the utility of surface charge as a descriptor of 

multicarbon product activity.  

 

Introduction 

The ongoing climate crisis has underscored our need to accelerate the transition towards car-

bon-neutral pathways to produce fuels and chemical feedstocks.1–3 We require efficient tech-

nologies that promote the decentralized conversion of renewable energies into stable and easily 

transportable energy carriers, thus facilitating the sustainable growth of society. The electro-

chemical CO2 reduction reaction (CO2RR) represents a promising approach for seasonal energy 

storage, allowing for the conversion of wasteful CO2 to value-added products as well as ena-

bling closed-loop recycling of harmful CO2 emissions. Cu-based catalysts hold a unique posi-

tion in the field of CO2RR due to their ability to produce multicarbon (C2+) products at appre-

ciable reaction rates.4,5 The practical application of Cu-based catalysts faces limitations, requir-

ing intensive research into developing highly selective and stable Cu-based catalysts to effi-

ciently produce hydrocarbon products.6 Such efforts are crucial for addressing the challenges 

posed by the climate crisis and advancing sustainable energy solutions. 
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Over the years, several strategies to improve the electrochemical performance of Cu catalysts 

have been devised, a frequent one being the nanostructuring of the catalyst surface.7 While the 

introduction of unique architectures on the nanoscale has been shown to increase the overall 

performance of the catalyst, this strategy leaves the intrinsic activity of the catalyst unchanged, 

and the enhanced performance is merely due to an increase in surface area.6 In order to alter 

the intrinsic activity of the catalysts, strategies are required to change the binding environment 

for CO2RR intermediates, thereby breaking the thermodynamic scaling relations that govern 

the adsorption energy of reduction intermediates.8,9 Such approaches include doping of Cu sub-

strates with other elements to introduce distinct binding sites,10–12 the utilization of tandem 

systems in which the reduction of CO2 to CO and the further reduction of CO into multicarbon 

products are decoupled and hence facilitated at lower overpotential,13–16 and the introduction 

of molecular surface additives to alter the microenvironment at the catalytic active sites.  

The molecular modification of metal surfaces represents a promising strategy and has, in sev-

eral examples, been shown to increase the intrinsic activity of electrocatalysts via secondary 

coordination sphere interactions with key reaction intermediates, hydrophobicity effects, or 

surface charge rearrangements.17–21 For instance, Wang and coworkers demonstrated that in-

troducing amino acids on Cu surfaces leads to a significantly enhanced hydrocarbon production 

and attributed this to stabilizing hydrogen bond interactions between the *CHO reduction in-

termediate and the ─NH3+ moieties of the amino acids.20 Peters and coworkers used arylpyri-

dinium additives to stabilize atop-bound CO intermediates, thereby increasing ethylene pro-

duction.17,22 In more recent work, Lim and coworkers found that histidine-functionalization of 

Cu2O catalysts increased the surface charge accumulated during catalysis compared to non-

modified Cu2O and used this as a descriptor for the enhanced catalytic activity observed with 

the functionalized electrodes.21 
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In this work, we exploited N-heterocyclic carbene-carbodiimide (NHC-CDI) ligands as molec-

ular additives on Cu catalysts and obtained remarkable improvements of over tenfold in the 

intrinsic current density of C2+ products in an H-cell setup. The best-performing hybrid catalyst 

demonstrated a Faradaic efficiency (FE) of 58% for C2+ products at a total current density of 

─132 mA/cm2 at ─1.06 V in a GDE-based setup. This provides proof of concept for the appli-

cation of these hybrid catalysts in high-performing CO2 flow electrolyzers. Using a modified 

pulsed voltammetry method (mPV), we uncovered a correlation between the surface charge 

accumulated during electrocatalysis and the observed activity for all tested catalysts. Improve-

ments in hybrid electrodes are often attributed to hydrophobicity effects that shift the CO2/H2O 

ratio at the electrode surface. Furthermore, in situ Raman spectroscopy revealed that the hybrid 

Cu catalysts exhibit a preference for surface-adsorbed carbon monoxide (*CO) in an atop con-

figuration over a bridge-bound one. Notably, the best-performing hybrid catalysts showed a 

higher proportion of *CO on Cu step sites, underlining the role of NHC-CDI ligands in selec-

tively stabilizing CO on Cu active sites with higher reactivity towards C-C coupling reactions. 

 

Results and Discussion 

Synthesis of NHC-CDI ligands 

We synthesized all NHC-CDI ligands following the general procedure shown in Scheme 1. 

This synthetic pathway entailed coupling the relevant N,N-disubstituted imidazolium salt with 

the diarylcarbodiimide precursor.23,24 The syntheses of these starting materials are described in 

the Supplementary Information (Section S3). Initial deprotonation of the C2 carbon in the N,N-

disubstituted imidazolium salt by potassium tert-butoxide leads to the generation of the corre-

sponding N-heterocyclic carbene. The carbene reacts in situ upon adding the electrophilic car-

bodiimide reagent to form the NHC-CDI ligand. The generated carbenes are highly susceptible 
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to degradation upon exposure to ambient conditions, and maintaining an inert environment 

during the reaction is critical. Low yields were observed if the carbenes had been exposed to 

room temperature for extended periods, and the less bulky N,N-dimethyl-substituted carbene 

was found to be particularly temperature sensitive, leading to low yields if the solution reached 

room temperature. The main degradation pathway for the carbenes is expected to be the cou-

pling of two carbenes to form the inactive dimer (the Wanzlick equilibrium),25,26 explaining 

why the more sterically hindered carbenes were more robust in terms of temperature sensitivity. 

Good yields (77-98%) were observed for all NHC-CDI ligands except NHC-CDI 4, which was 

afforded a 20% yield. This was mainly due to a more extensive purification procedure requiring 

several recrystallizations. All NHC-CDI ligands have been characterized by 1H NMR, 13C 

NMR, ATR-FTIR, and HR-MS (found in the Supplementary Information). 

Scheme 1. General synthesis pathway for the preparation of NHC-CDI ligands. The yields are given after each 

ligand entry. 

 

Preparation of hybrid NHC-CDI-Cu catalysts and optimization of electrodeposition 

conditions 

The NHC-CDI ligands were used as molecular additives on Cu electrodes via an electrodepo-

sition method. Using CuSO4‧5H2O as the copper source, Cu particles were electrodeposited 

onto Cu foil under acidic conditions and at constant current (─2 mA/cm2) in the presence of an 

NHC-CDI ligand, leading to the incorporation of the ligand on the catalyst surface. For bare 

Cu samples, the electrodeposition took place in the absence of the ligand using otherwise the 
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same conditions. The electrodeposition conditions were optimized with respect to ligand con-

centration ([NHC-CDI]), total electrodeposition charge (Ced), and ligand-to-CuSO4‧5H2O ratio 

(NHC-CDI/Cu) to achieve the highest activity for multicarbon (C2+) products. The electro-

chemical testing of the hybrid catalysts in CO2RR was performed using a CO2-fed H-cell at 

constant potential. Ligand 2 was used in all optimization experiments, and the conditions iden-

tified for this ligand were then used to test the remaining NHC-CDI ligands. Figure 1a shows 

the effect of changing the concentration of 2 while keeping a constant concentration of 

CuSO4‧5H2O (90 mM) on the partial current densities of each product (jproduct). Focusing on the 

partial current density for ethylene, jC2H4, we obtain a volcano plot with the highest value at a 

ligand concentration of 5 mM in the electrodeposition solution. A similar trend is observed for 

the activity for all combined C2+ products, where jC2+ increases from ─0.15 mA/cm2 for the 

bare Cu sample to ─0.65 mA/cm2 at a 5 mM concentration, corresponding to more than a 4-

fold enhancement. A plot of FEs yields the same results with a ligand concentration in the 

electrodeposition bath of 5 mM corresponding to the highest FE for C2+ products (Supplemen-

tary Figure S1). Optimization plots for Ced and NHC-CDI/Cu can be found in the Supplemen-

tary Information (Figure S2-4). The optimum conditions were identified as 2 C/cm2 and 1:18 

for Ced and NHC-CDI/Cu, respectively, in terms of both jC2+ and FE(C2+). This corresponds to 

[CuSO4‧5H2O] = 90 mM and [2] = 5 mM.  

Under these optimal conditions for the electrodeposition of ligand 2, we next investigated the 

effect of the electrolysis potential on the CO2RR performance. Unless otherwise stated, all po-

tentials are reported versus the reversible hydrogen electrode (RHE). As seen in Figure 1b, 

three different potentials were tested, obtaining the highest value of jC2+ (─0.65 mA/cm2) at 

─1.06 V. Multicarbon product formation was significantly reduced at ─0.99 V (jC2+ = ─0.14 

mA/cm2) while it was similar at ─1.13 V (jC2+ = ─0.59 mA/cm2), although with a substantial 

increase in H2 production. Thus, further electrocatalytic evaluations were carried out at ─1.06 
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V. In summary, the optimum electrodeposition and electrolysis conditions were identified as 

[CuSO4‧5H2O] = 90 mM, [NHC-CDI] = 5 mM, Ced = 2 C/cm2, and E = ─1.06 V. These condi-

tions were employed in the preparation and electrochemical testing of the remaining NHC-CDI 

ligands. The hybrid catalysts are referred to Cu-1-5, depending on the ligand used in the prep-

aration. 

 

Figure 1. a) Electrocatalytic performance of hybrid catalyst Cu-2 in CO2RR at ─1.06 V using different concen-

trations of 2 during the electrodeposition step. b) Effect of the electrolysis potential on the partial current densities 

of different CO2RR products with a ligand concentration of 5 mM. In both bases, [CuSO4‧5H2O] = 90 mM and 

Ced = 2 C/cm2. 

Electrochemical performance of Cu-NHC-CDI catalysts in the CO2RR 

The performance of the hybrid catalysts in CO2RR was determined by constant potential elec-

trolysis experiments at ─1.06 V. Importantly, to establish that the intrinsic activity of the func-

tionalized electrodes was improved in comparison to bare Cu (Cu), we normalized the current 

density with respect to the electrochemically active surface area (ECSA). The ECSA of the 

hybrid electrodes was estimated via the capacitance method, in which the double-layer capac-

itance of the system is measured and related to the ECSA (see Supplementary Information for 

details).27 The normalized current densities with the ECSA (jECSA) for C2+ and C1 products are 

shown in Figure 2a-b. A higher value of jECSA,C2+ is obtained for all Cu-NHC-CDI samples 
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compared to Cu, indicating that the hybrid catalysts possess a higher intrinsic activity for pro-

ducing multicarbon products. The best-performing sample is Cu-3, which generates a partial 

current density of ─0.61 mA/cm2 for C2+ products, corresponding to a 10-fold increase com-

pared to Cu (jECSA,C2+ = ─0.056 mA/cm2). Cu-1, Cu-2, Cu-4, and Cu-5 produce 8-, 4-, 3-, and 

2-fold increases in jECSA,C2+, respectively, and the performance of the tested catalysts hence 

follows the order Cu-3 > Cu-1 > Cu-2 ~ Cu-4 > Cu-5 > Cu. The major C2+ product is ethylene. 

Interestingly, a concomitant decrease in the production of CO is observed for all hybrid cata-

lysts relative to Cu. In contrast, the production of all other C1 products increases (Figure 2b). 

This suggests that, as expected, the improved electrocatalytic activity towards C2+ products is 

a consequence of the enhanced dimerization of *CO, which is a step in the C2+ product pathway. 

The dimerization of *CO or its coupling with hydrogenated derivatives (*CHO, *COH) is be-

lieved to constitute the rate-determining step in the pathway towards C2+ products.28,29 Con-

versely, the activity towards H2 increases with the hybrid samples, ruling out that the observed 

catalytic changes are due to suppression of the hydrogen evolution reaction (HER) (Supple-

mentary Figure S5-6). Only Cu-5 exhibits similar activity for the HER, and this catalyst also 

displays the lowest activity for C2+ products of all hybrid catalysts, thus supporting the inde-

pendence of these two processes. 

 

Figure 2. Electrochemical performance of Cu-1-5 and bare Cu sample. Partial current density for a) C2+ products 

and b) C1 products. In both plots, currents are normalized with respect to the ECSA. 
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To confirm that the CO2RR products observed are genuinely derived from the reduction of 

CO2 and not due to the NHC-CDI ligands’ degradation, control experiments were performed 

using Cu-3 as the model sample (Supplementary Section S4.3). These experiments assessed 

the electrochemical performance in an argon-purged phosphate buffer electrolyte (pH = 6.8), 

resulting in the exclusive generation of H2. These results show that incorporating NHC-CDI 

ligands into Cu-based catalysts boosts C2+ reaction rates and enhances the overall catalyst ac-

tivity.  

To demonstrate the ability of NHC-CDI molecular additives to enhance C2+ product formation 

in higher-performing configurations, ligand 3 was used to prepare hybrid Cu-based gas diffu-

sion electrodes (GDEs) to be tested in a flow cell electrolyzer. CuGDE-3 and a bare reference, 

CuGDE, were prepared using Cu/PTFE substrates in a similar way as the Cu foil catalysts with 

slight modifications to the electrodeposition procedure to accommodate the Cu/PTFE substrate 

(see the Supplementary Information for details). The CO2RR performance of the catalysts was 

evaluated in a CO2 flow cell electrolyzer at ─1.06 V with 1.0 M KHCO3 as electrolyte. In line 

with the H-cell experiments, CuGDE-3 substantially improved its performance relative to 

CuGDE, increasing FE(C2+) from 33% to 58% (Figure 3a). With CuGDE-3, ethylene becomes 

the predominant reduction product with a FE(C2H4) of 42%. CuGDE-3 generates a total current 

density of ─132 mA/cm2 and jC2+ = ─77 mA/cm2, which is more than twice that produced by 

CuGDE (jC2+ = ─33 mA/cm2) (Figure 3b). Additionally, the production of H2 in terms of both 

the FE and current density is approximately the same for the two catalysts, indicating that the 

enhanced CO2RR performance is not due to HER suppression, which is in accordance with the 

H-cell experiments. The results presented in this section provide proof of concept for the ap-

plication of Cu-NHC-CDI catalysts as high-performing electrodes in CO2 flow electrolyzers. 
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Figure 3. Electrochemical performance of CuGDE and CuGDE-3 in a GDE-based setup using a liquid-electrolyte 

gas diffusion CO2 electrolyzer. The plots show a) the FE of all reduction products (left axis) and the total current 

density (right axis), and b) the partial current density of reduction products for each sample. In both cases, current 

densities are normalized with respect to the geometric area of the electrode (A = 0.785 cm2). 

Surface characterization of hybrid catalysts and further insights 

Catalyst surfaces were characterized by scanning electron microscopy (SEM) to investigate 

morphological features that may explain the difference in catalytic properties of chosen sam-

ples. Figure 4a-c shows SEM images of Cu, Cu-3, and Cu-5, representing the control, best-

performing, and worst-performing hybrid samples. All three samples exhibited microstructur-

ing on the surface, yet the features on Cu appear more well-defined than on the hybrid samples. 

The hybrid samples display similar morphologies distinct from the features observed on Cu. 

While these differences may contribute to the enhanced catalytic properties of the hybrid sam-

ples compared to Cu, it does not explain the marked increase in activity observed for Cu-3 

relative to Cu-5. SEM images at lower magnification reveal overall uniform surfaces with sim-

ilar macroscopic features between all samples (Supplementary Table S7). Hence, other exper-

imental methods are required to explain the catalytic behavior of the hybrid catalysts.  
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Figure 4. SEM images of a) Cu, b) Cu-3, and c) Cu-5 representing the reference sample, the best-performing, 

and the worst-performing hybrid catalysts. 

To confirm the presence of the NHC-CDI ligands on the surface of the catalysts, we used X-

ray photoelectron spectroscopy (XPS). Accordingly, an N 1s peak for Cu-3 and Cu-5 samples 

was observed, whereas no signal was detected for the bare Cu (Supplementary Figure S17). A 

red line showing the average intensity of the N 1s signal is included in the plots to highlight 

the low-intensity peak for the hybrid catalysts. In the spectrum of Cu, the red line corresponds 

to the noise level throughout the plot, clearly showing the absence of a signal. The average 

intensity rather than the assumed baseline is depicted in the plots. This indicates the presence 

of the ligand on the hybrid catalyst surface. The low intensity of the signal is in line with the 

expectedly low surface concentration of the ligand.  The presence of the ligands on the Cu 

surface was also corroborated by Raman spectroscopy measurements conducted on Cu-3 and 

Cu-5. The Raman spectra of Cu-3 and Cu-5 show two signals at ~1435 cm─1 and ~1655 cm─1, 

assigned to the C─C(N) stretch and the C=C ring stretch, respectively (Supplementary Figure 

S25).30  

The Cu 2p spectra in Figure 5a show two narrow 2p3/2 and 2p1/2 peaks at 932.8 eV and 952.6 

eV, respectively, for the three samples. Both signals indicate the presence of Cu0 or Cu2O since 

these two species have almost identical binding energies.31 The narrow peak shape (full width 

at half max of ~0.83) of the Cu 2p3/2 peak and the lack of satellite peaks at higher binding 
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energies indicate that CuO is not present in significant amounts. The Cu LMM spectra provide 

a deeper insight into the oxidation state of the surface Cu species (Figure 5b). For the bare Cu 

and Cu-5, two roughly equal-sized signals were detected at 918.4 eV and 916.4 eV stemming 

from Cu0 and Cu2O, respectively. For Cu-3, Cu0 is the dominating component, although 

smaller amounts of Cu2O are also observed. Hence, the surface valence states differ between 

Cu-3, Cu-5, and Cu. These findings can explain the superior electrocatalytic activity of Cu-3 

compared to Cu-5. The lower content of Cu+ surface states in Cu-3 indicates that NHC-CDI 

ligand 3 effectively increases the electron density of the hybrid electrocatalyst through a charge 

transfer mechanism. The more electron-rich surface would be expected to stabilize *CO inter-

mediates to a higher degree due to the increased π backbonding interaction between the CO 

2p* orbital and the d-band from Cu.32 This interaction strengthens the metal─carbon bond and 

weakens the C≡O bond, activating the intermediate toward dimerization. In the case of Cu-5 

and Cu, this stabilization is less prominent due to a lower surface concentration of the ligand 

or an intrinsically lower electron-donating ability, leading to lower activity for C2+ products.  

 

Figure 5. XPS spectra showing the a) Cu 2p and b) Cu LMM signals from Cu, Cu-3, and Cu-5. The intensity of 

individual spectra has been scaled to show the shift in binding/kinetic energy between samples. 
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Determination of surface charge by modified pulsed voltammetry  

XPS measurements revealed a higher concentration of Cu0 states in Cu-3, which can improve 

the stabilization of *CO and increase its coverage. To confirm this, we employed a modified 

pulsed voltammetry (mPV) technique to quantify the accumulation of charged species at the 

hybrid catalysts' surface during CO2RR (see Supplementary Section S2.4 and S4.6 for details). 

Hence, estimating the electrocatalytic surface charge can offer valuable insights into the role 

of the surface ligands in the selective generation of multicarbon products. Figure 6a shows an 

example of the decay of the anodic current at a potential difference (DE) of 1.6 V, where the 

integrated area is shaded blue. The integrated anodic current corresponds to a charge (Qan), 

which was normalized with respect to the ECSA of each catalyst (Qan,ECSA) and plotted as a 

function of DE (Figure 6b). For all hybrid catalysts and bare Cu, volcano plots were obtained 

where the highest value of Qan,ECSA was observed close to DE = 1.6 V, corresponding to the 

surface charge accumulated at an operating potential of ─1.06 V during bulk electrolysis. No-

tably, this potential value was identified as optimal during the electrocatalytic optimization 

using Cu-2 to generate C2+ products (Figure 1b). 

Plotting the jC2+,ECSA as a function of Qan,ECSA at DE = 1.6 V for all catalysts revealed a linear 

trend that provides crucial insight into the role of the NHC-CDI ligands in controlling the per-

formance of the hybrid electrocatalysts (Figure 6c). Higher values of Qan,ECSA led to greater 

efficiencies for generating multicarbon products. This indicates that the best-performing sam-

ples, such as Cu-1 and Cu-3, facilitate a higher population of charged intermediates at their 

surface than low-performing catalysts, such as Cu and Cu-5. This increased coverage of sur-

face intermediates aligns with an enhanced *CO stabilization resulting from an electron-rich 

surface, as revealed by the XPS measurements.  
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To confirm that the observed trends in Qan,ECSA are due to CO2RR intermediates, a control ex-

periment was conducted with Cu-3 in argon-purged phosphate buffer electrolyte at pH = 6.8 

(Figure 6d). In this case, the volcano-plot behavior disappears, and the Qan,ECSA values were 

significantly lower at all potentials. The accumulated charge in this control experiment is likely 

due to background processes unrelated to the CO2RR, such as HER and capacitive current. 

Overall, these results underscore the active role of NHC-CDI ligands in altering the surface of 

the hybrid electrocatalysts to increase the stabilization of CO2RR intermediates, which is di-

rectly correlated with an increased generation of multicarbon products.   

 

Figure 6. mPV results showing a) an example of the integrated area used to determine Qa for Cu-3 at DE = 1.6 V, 

b) Qan,ECSA as a function of DE for all catalysts, c) jC2+,ECSA as a function of Qan,ECSA for all hybrid catalysts, and d) 

control experiment conducted with Cu-3 in Ar-purged phosphate buffer electrolyte (pH 6.8).  
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In Situ Raman Spectroscopy 

The *CO intermediate is assumed to play a key role in the formation of C─C bonds during the 

CO2RR,28,29 hence studying this surface intermediate by in situ technologies can give access to 

valuable mechanistic insights. We next performed in situ Raman spectroscopy measurements 

to identify the surface intermediates present during the CO2RR and, specifically, probe the be-

havior of *CO under catalytic conditions. Figure 7a-c shows the in situ Raman spectra of Cu, 

Cu-3, and Cu-5 in the range 1760-2300 cm─1 at potentials ranging from ─0.4 V to ─1.3 V. In 

the spectra recorded using bare Cu (Figure 7a), a signal appears with Raman shift ~1900 cm─1 

at a potential of ─0.7 V and reaches its maximum at ─1.1 V, attributed to the *CObridge interme-

diate.33–35 In previous reports, it was proposed that  *CObridge is inactive towards further reduc-

tion during CO2RR due to a high energy barrier of the hydrogenation step to form the *CHO 

intermediate, which is important for C─C coupling.28,33 Furthermore, the presence of  *CObridge 

alone as the only *CO intermediate has been suggested to suppress hydrocarbon formation, 

which explains the low activity towards C2+ products that we observed with the bare Cu sam-

ple.35 For Cu-3 and Cu-5, a broad band appears with a Raman shift >2000 cm─1 corresponding 

to the *COatop intermediate (Figure 7b-c).34,36 In contrast to the reactivity of *CObridge, *COatop 

is an on-pathway intermediate believed to participate in the C─C coupling step either through 

a direct dimerization or via its hydrogenation to form *CHO/*COH intermediates.28,33 The ob-

servation of this intermediate hence explains the difference in catalytic behavior between the 

bare and the hybrid Cu catalysts; the latter facilitates the formation of the active *COatop over 

the largely inactive *CObridge, thereby enabling the dimerization to form C2+ products.  
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Figure 7. In situ Raman spectra obtained with a) Cu, b) Cu-3, and c) Cu-5 at potentials ranging from ─0.4 V to 

─1.3 V vs RHE. 

The *COatop signals observed for Cu-3 are blue-shifted compared to those seen for Cu-5, indi-

cating *COatop species with different vibrating frequencies exist. The *COatop signal for Cu-3 

can be deconvoluted into a high-frequency band (HFB) and a low-frequency band (LFB) with 

Raman shifts at ~2085 cm─1 and  ~2045 cm─1, respectively (Figure 8a). These bands have been 

previously assigned to *CO coordinated on Cu terrace sites (LFB) or step sites (HFB), and thus 

depend on the facets present at the Cu surface.37 Importantly, *CO at step sites (such as that 

between (100) and (111) planes) has been linked to greater production of C2+ products due to 

enhanced *CO dimerization.38,39 Figure 8b shows the results from the deconvolution of the 

*COatop signal with the ratio between the area of the HFB and the total area of the signal as a 

function of the applied potential. The relative area of the HFB increases with more negative 

potentials and peaks at ─1.2 V. This peak potential agrees with that identified in the mPV meas-

urements, suggesting the central role of *CO as a source of the accumulating species during 

CO2RR. The deconvolution of the *COatop signal from Cu-5 gives only rise to a single low-

frequency band located at ~2045 cm─1, and, therefore, does not indicate the presence of any 

*CO species at step sites (Figure 8a). Collectively, these results suggest that the enhanced ac-

tivity towards C2+ products observed for Cu-3 is due to the superior *CO dimerization reactiv-

ity taking place on Cu step sites which are absent in the case of Cu-5, which only exhibits *CO 
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at terrace sites. Bare Cu, on the other hand, presents a poor activity for C2+ products due to the 

accumulation of the inactive *CObridge. Thus, our in situ Raman results do not only explain the 

enhanced activity observed between bare Cu and the hybrid samples, but they also provide 

evidence that accounts for the difference in activity between the hybrid samples due to the 

different coordination mode of *CO induced by the presence of NHC-CDI ligand 3. 

 

Figure 8. The deconvolution of Raman signals obtained with Cu-3 and Cu-5. a) Example showing the deconvo-

lution of the signals obtained at ─1.1 V, and b) the area of the HFB relative to the total area of the signal as a 

function of applied potential. 

Conclusion 

In summary, this study introduces the use of NHC-CDI ligands as additives for Cu-based 

CO2RR electrocatalysts. Following the electrodeposition of NHC-CDI ligands onto the Cu sur-

face, the resulting hybrid Cu catalysts significantly enhance the activity for producing C2+ prod-

ucts, achieving more than a tenfold increase when compared to bare Cu in an H-cell setup. In 

tests conducted with a GDE-based electrolyzer, Cu-3 demonstrated a FE(C2+) of 58% and a 

total current density of −132 mA/cm2 at −1.06 V, providing a proof of concept for the practical 

application of Cu-NHC-CDI catalysts as high-performing electrodes in CO2 flow electrolyzers. 

We employed modified pulsed voltammetry measurements to assess the accumulation of 
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surface charge during catalysis, shedding light on the active role of NHC-CDI ligands in en-

hancing selectivity for multicarbon products. We established a correlation between the accu-

mulated surface charge and the observed activity for C2+ products across all catalysts. Higher 

surface charge accumulation, attributed to electronic effects resulting from ligand modification, 

translates into improved reactivity for C2+ products. Deeper mechanistic insights were gained 

through in situ Raman spectroscopy, allowing us to propose that the increased C2+ product 

activity in Cu-3 is due to enhanced *CO dimerization on Cu step sites, which are absent in the 

less effective hybrid Cu-5 and bare Cu. The poorer performance of bare Cu is further explained 

by the presence of the inactive *CObridge as the sole *CO intermediate. This work underscores 

the use of molecular additives to control the selectivity of Cu electrocatalysts by modifying 

their surface valence states and facilitating the stabilization of the critical *CO intermediate on 

highly active Cu sites for the production of multicarbon products. 
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