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Abstract 

Electrocatalytic conversion of CO2 to high-energy-density multicarbon products (C2+) of-

fers a sustainable route for renewable energy storage and carbon neutrality. Precisely 

modulating Cu-based catalysts to enhance C2+ selectivity remains challenging due to un-

controllable reduction of Cuδ+ active sites. Here, an efficient and stable Ge/Cu catalyst was 

developed for CO2 reduction to ethanol via Ge modification. A Cu2O/GeO2/Cu core–shell 

composite was constructed by controlling Ge doping. The structure–performance rela-

tionship was elucidated through in situ characterization and theoretical calculations. Ge4+ 

stabilized Cu1+ active sites and regulated the surface microenvironment via electronic ef-

fects. Ge modification simultaneously altered CO intermediate adsorption to promote 

asymmetric CO–CHO coupling, optimized water structure at the electrode/electrolyte in-

terface, and inhibited over-reduction of Cuδ+. This multi-scale synergistic effect enabled a 

significant ethanol Faradaic efficiency enhancement (11–20%) over a wide potential range, 

demonstrating promising applicability for renewable energy conversion. This study pro-

vides a strategy for designing efficient ECR catalysts and offers mechanistic insights into 

interfacial engineering for C–C coupling in sustainable fuel production. 

Keywords: electrocatalytic CO2 reduction; copper-based catalysts; germanium doping;  

C-C coupling; in situ spectroscopy 

 

1. Introduction 

In recent years, the efficient utilization of CO2 as a feedstock for sustainable fuels and 

chemicals has become a research hotspot for mitigating anthropogenic emissions [1]. CO2 

conversion strategies mainly include thermochemical, electrochemical, and photochemi-

cal methods. Among these, the electrochemical CO2 reduction reaction (ECR) has attracted 

particular attention due to its ability to store intermittent renewable electricity from wind, 

tidal, and solar sources in chemical form, mild reaction conditions, flexible material selec-

tion (including catalysts, electrolytes, electrodes, and membranes), and broad process 

tunability [2]. Consequently, ECR has emerged as a key approach for producing carbon-

based renewable fuels and chemicals while reducing dependence on fossil energy. 
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Specifically, ECR can convert the greenhouse gas CO2 into high-value chemicals such as 

CO, CH4, C2H4, and ethanol, thereby promoting sustainable energy utilization and sup-

porting the achievement of carbon neutrality goals [3–5]. Among various catalysts, copper 

(Cu) is considered one of the most promising due to its unique electronic structure and 

moderate CO adsorption strength, enabling efficient production of C2+ products such as 

ethylene and ethanol [6,7]. Currently, there are a variety of Cu-based catalysts, including 

copper nanoparticles, copper oxides, copper alloys and surface-modified copper materials 

[8,9]. These catalysts exhibit different advantages in terms of activity, selectivity and sta-

bility, but the most promising for industrial application is still commercial copper with 

mass production, due to its low cost, wide source and mature processing. However, the 

catalytic performance of copper catalysts is significantly affected by their oxidation state 

and chemical valence, especially the presence of monovalent copper (Cu1+) which is con-

sidered to be crucial for promoting the generation of C2+ products [10]. 

Copper oxides demonstrate enhanced activity and selectivity for producing C2+ prod-

ucts such as ethylene and ethanol [11]. This is mainly attributed to the fact that Cu0 sites 

activate CO2 and facilitate subsequent electron transfer, while Cu1+ sites enhance adsorp-

tion of CO (*CO) and promote C-C coupling [12]. The synergistic interaction between Cu0 

and Cu1+ significantly improves CO2 activation and conversion to multicarbon products 

[13,14]. Recent studies have confirmed that the dynamic reversible conversion between 

Cu0 and Cu1+ can be significantly stabilized in Cu-based catalysts by constructing oxide 

composite structures or organic ligand modification strategies [15–17]. However, multi-

carbon product formation is limited to a narrow potential window, as the catalysts exhibit 

CO2 reduction behavior similar to that of a pure Cu catalyst at higher cathodic potentials 

[18]. Although construction of Cu0-Cu1+ synergistic interfaces in heterogeneous materials 

(e.g., Cu/CuxSx, Cu/CuPO) boost current density and selectivity, polysulfide or polyphos-

phate solubility causes instability at prolonged high redox potentials, increasing hydro-

gen evolution reaction (HER) and reducing the selectivity of the target product [19]. 

Therefore, effectively stabilizing Cu1+ species while suppressing HER remains a key chal-

lenge to improve Cu-based catalyst performance [20]. 

In this work, the ECR performance of GeOx-modified commercial Cu catalyst was 

systematically investigated, revealing the mechanism of Ge species regulation on the dy-

namic structural evolution and catalytic performance of Cu catalyst. The catalysts pre-

pared by the physical mixing-in situ reconfiguration strategy show a well-defined core–

shell structure, with a GeOx-Cu2O composite interfacial phase formed on the surface of 

the Cu core. This interaction played an important role in stabilizing the Cu1+ species, thus 

effectively enhancing the ethanol selectivity. Ethanol produced on the Ge/Cu catalyst 

reached a maximum Faradaic efficiency of 47.8% at –0.8 V vs. RHE, which was 11.2% 

higher than that on pure Cu. Excessive Ge doping enhanced the HER, resulting in a de-

crease in ethanol Faradaic efficiency. The catalytic performance was optimal at a Ge dop-

ing level of approximately 15%. In order to explore the effect of GeO2 on the stability of 

Cu1+ and its mechanism of regulating the pathway of ethanol generation, we employed 

advanced in situ characterization techniques to dynamically observe the structural evolu-

tion of the catalysts and the generation of intermediates. The structural features of the 

active centers were also analyzed in combination with non-in situ characterization. Den-

sity-functional theory (DFT) calculations were utilized to deeply explore the role of the 

introduction of Ge on the modulation of the electronic structure and reaction path of Cu. 

This study provides an important experimental and theoretical basis for optimizing the 

design of efficient and stable Cu-based catalysts. 
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2. Experimental Section 

The experimental details, including material preparation, performance testing, in situ 

testing experiments and DFT calculations were summarized in Supporting Information 

(SI). 

3. Results and Discussion 

3.1. Synthesis and Characterization of Ge/Cu-Catalysts 

A series of gas diffusion electrodes (GDEs) were prepared by making the catalysts 

into ink and spraying them on hydrophobic carbon paper. Scanning electron microscopy 

(SEM) was utilized to reveal the catalyst morphology and structure. The metallic germa-

nium (Ge) showed a block structure (5.58 ± 2.18 μm) formed by the accumulation of small 

cubes with a particle size of 0.423 ± 0.208 μm (Figure S1), and EDS confirmed that the 

germanium element was uniformly distributed on the GDE. Copper (Cu) presented a 

spherical structure of 0.446 ± 0.092 μm, and elemental mapping showed uniform distribu-

tion of Cu and O (Figure S2). After ultrasonically mixing 15 wt% Ge powder with 75 wt% 

copper powder, the resulting Ge/Cu inherited the spherical characteristics of Cu (particle 

size of 0.436 ± 0.088 μm) and the germanium bulk structure was effectively dispersed, and 

EDS confirmed that the three elements of Cu, O, and Ge were uniformly distributed (Fig-

ure S3). The x wt% Ge/Cu samples with different germanium doping amounts (5–30 wt%) 

all maintained similar morphology and size characteristics (Figures S4 and S5). The pro-

cess flow for the preparation of Ge/Cu composites was shown in Figure 1a, and the syn-

thesis path was systematically optimized to ensure structural controllability. The high-

resolution transmission electron microscopy (HRTEM) images of Figure S6 confirmed that 

the Ge/Cu catalysts exhibited a core–shell structure, in which the inner core was metallic 

Cu (marked in dark red) and the outer shell was Cu2O and GeO2 (marked in yellow), with 

the thickness of the shell layer of 72.3 nm. Figure 1b shows lattice spacings of 0.213, 0.296, 

and 0.246 nm, corresponding to the (200), (110), and (111) crystal facets of Cu2O, respec-

tively, while the 0.341 nm spacing matches the (101) facet of GeO2. Selected Area Electron 

Diffraction (SAED) images further validated the HRTEM observations. 
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Figure 1. (a) Schematic diagram of catalyst preparation, (b) TEM images of Ge/Cu, (c) XRD patterns, 

(d) Raman spectrum, (e) EPR spectra. 

Furthermore, the elemental distributions of Cu and O in the Energy-Dispersive X-ray 

Spectroscopy (EDS) images clearly show the structural features of the core–shell structure, 

while the Ge element is uniformly distributed in the shell layer. XRD analysis (Figure 1c) 

revealed that the pristine Ge, Cu and Ge/Cu mixtures were transformed into Ge/germa-

nium oxide (GeO2), cuprous oxide (Cu2O)/Cu and GeO2/Cu2O/Cu composite phases, re-

spectively, during the preparation process. No Ge or GeO2 characteristic peaks were de-

tected in GeO2/Cu2O/Cu due to the low Ge content. Cross-sectional elemental mapping 

revealed a nanometer-scale catalyst layer thickness. The catalyst structure was analyzed 

by Raman spectroscopy (Figure 1d). The characteristic peaks of metallic Ge and GeO2 at 

294 and 437 cm–1, and the vibrational peak at 144 cm–1 corresponds to the infrared active 

vibrational mode of Cu2O [21–23]. The peak located at 214 cm–1 is the second-order octave 

vibrational peak of Cu2O, while the peak at 635 cm–1 is attributed to the stretching vibra-

tion of the Cu-O bond in Cu2O. These results are consistent with the XRD analysis. Elec-

tron Paramagnetic Resonance (EPR) spectra (Figure 1e) showed that the Ge/Cu catalysts 

exhibited the strongest spin-single-electron signals compared to pure Ge, indicating that 

the introduction of Ge significantly changed the oxidation state and coordination environ-

ment of Cu. 

3.2. Electrocatalytic CO2 Reduction to Ethanol over Ge/Cu-Catalyst 

In order to investigate the mechanism of Ge modification on the ECR performance of 

Cu-based catalysts, a systematic test was carried out in 0.5 M KHCO3 electrolyte using a 

two-compartment flow cell system separated by a Nafion 117 ion-exchange membrane in 

this study. Linear scanning voltammetry (LSV) tests showed the current response of the 

carbon paper substrate under CO2 and Ar atmospheres almost overlapped (Figure 2a), 

confirming the absence of CO2 reduction activity. In contrast, the Ge/Cu catalysts showed 

significantly higher current densities in CO2 atmosphere than in Ar atmosphere in the 

potential range of −0.5 to −1.8 V vs. RHE, indicating significant ECR catalytic activity. Gas 

chromatography (GC) was used to detect the gaseous products, headspace sampler and 

ion chromatography to detect the liquid products, and the corresponding calibration 

curves are shown in Figures S7–S9. The Faraday efficiency (FE) of hydrogen (H2) gradu-

ally decreased and the FE of carbon monoxide (CO) increased with the negative shift of 

potential for the pure Cu catalyst (Figure 2b), whereas, after the introduction of 15–20% 

Ge, the HER process was effectively suppressed and the FE of ethanol was enhanced by 

about 11–20% (Figures S10 and 2c). The Faradaic efficiencies of individual products at 

different applied potentials were summarized in Table S1. For the Ge/Cu catalyst, the Far-

adaic efficiency for ethanol reached a maximum of 47.8% at –0.8 V vs. RHE, representing 

an 11.2% increase compared to pure Cu. As the potential became more negative, the eth-

anol Faradaic efficiency of pure Cu decreased significantly, dropping to only 5.4% at –1.7 

V vs. RHE, whereas the Ge/Cu catalyst maintained a relatively high efficiency of 25.9%, 

demonstrating superior potential stability and catalytic performance. Figure S11. Com-

parison of the catalytic performance of the Ge/Cu catalyst with previously reported cata-

lysts, showing that its overall performance lies at a moderate level. The partial current 

densities of individual products were shown in Figure S12. The introduction of Ge re-

sulted in a noticeable increase in the partial current density of ethanol. Electrochemical 

active surface area (ECSA) measurements (Figures 2d and S13) showed that Cu and Ge/Cu 

have similar ECSA values, unlike pure Ge, indicating that Ge enhances performance by 

modulating the intrinsic activity of catalytic sites rather than increasing their number (Ta-

ble S2). As shown in Figure S14, Cu and Ge/Cu catalysts exhibited markedly different 
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Tafel slope behaviors during electrocatalytic CO2 reduction to ethanol, revealing the in-

trinsic differences in their reaction pathways and stability. Based on the experimental re-

sults, we propose that the anomalous negative slope observed for the pure Cu catalyst 

arises from a potential-dependent “self-poisoning” effect: the excessive accumulation of 

strongly adsorbed CO intermediates blocked active sites, leading to a decrease in the eth-

anol formation rate and a concurrent increase in CO byproducts, resulting in a rapid de-

cline in ethanol selectivity. In contrast, the positive slope of the Ge/Cu catalyst reflected 

normal reaction kinetics. The introduction of Ge modulated the electronic structure, opti-

mized CO adsorption energy, prevented surface poisoning, and promoted the efficient 

conversion of CO intermediates into ethanol. Consequently, the Ge/Cu catalyst main-

tained high selectivity and stability over a wide potential range. This transition from a 

negative to a positive slope highlighted the critical role of intermediate adsorption regu-

lation in achieving efficient and stable CO2 electroreduction. 

 

Figure 2. Potential-dependent electrocatalytic ECR performance. (a) LSV curves recorded at a scan 

rate of 10 mV s–1, FEs of various products at different potentials for (b) Cu and (c) Ge/Cu, (d) Charg-

ing current density differences (Δj/2) versus scan rates, (e) CV curves after activation recorded at a 

scan rate of 50 mV s–1, (f) Stability of Ge/Cu for ECR. All potentials were not iR-corrected. 

No redox peaks were observed for Ge in the cyclic voltammetry (CV) curves in Figure 

2e. In contrast, Cu and Ge/Cu exhibited significant reduction peaks in the potential range 

of −0.12 to −0.5 V vs. Ag/AgCl due to the reduction of CuxO to Cu. Two oxidation peaks 

at −0.16 to 0.29 V vs. Ag/AgCl were the oxidation of Cu to Cu1+ and Cu/Cu1+ to Cu2+, re-

spectively [24]. The activated Cu catalyst exhibited a higher current density than the pre-

activated Cu, indicating the reduction of CuxO to Cu under negative potential, likely due 

to increased electronic conductivity. However, activated Ge/Cu electrodes showed lower 

current densities than before activation, suggesting that Ge modifies the Cu microenvi-

ronment and affects its oxidation state during electrolysis. To further prove the above con-

clusion, we performed electrochemical impedance tests (Figure S15). The solution imped-

ance and charge transfer impedance of the Ge catalyst remained unchanged before and 

after ECR (Table S3). The impedance of Cu decreased after activation, consistent with the 
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increase in current density. This is in agreement with the previously reported conclusion 

in the literature that the dynamic evolution of electrocatalysts strongly depends on the 

conductivity. In contrast, although the impedance of Ge/Cu also decreased after activa-

tion, the current density declined, suggesting that the change may be attributed to the 

modulation of the surface microenvironment. Therefore, introducing an appropriate 

amount of Ge4+ to modulate the Cu+/Cu0 ratio is essential. To systematically evaluate the 

stability of the Ge/Cu electrocatalysts, we performed constant potential durability tests 

using a flow cell in 0.5 M KHCO3 electrolyte for more than 2.5 h. As shown in Figure 2f, 

the Ge/Cu catalyst demonstrated stable operation at a current density of 100 mA cm–2 

without noticeable activity degradation. Remarkably, this test duration was not the ulti-

mate lifetime of the catalyst, but was limited by the electrolytic cell configuration, espe-

cially the salinization phenomenon of GDE after continuous operation. Since the perfor-

mance of Cu-based catalysts was closely related to their oxidation state, we preliminarily 

attributed the differences in catalytic behavior to variations in the microenvironment af-

fecting Cu electroreduction. 

Structural characterization of the catalyst after ECR testing revealed the dynamic 

evolution of the catalyst. The electronic structure and valence states of the catalysts were 

characterized in depth by X-ray photoelectron spectroscopy (XPS) (Figure S16). The Cu 

2p spectrum analysis showed that both Cu and Ge/Cu catalysts before ECR testing 

showed characteristic peaks at 952.5 eV (2 p1/2) and 932.5 eV (2 p3/2), which were attributed 

to Cu0/Cu1+ species [25]. The weak Cu2+ satellite peaks were also observed (Table S4), in-

dicating the presence of a small number of Cu2+ species. Further analysis of the Cu Auger 

LMM spectrum confirmed that Cu0 (918.5 eV), Cu1+ (916.5 eV), and Cu2+ (917.6 eV) coex-

isted before the ECR, and this mixed valence may enhance the adsorption capacity of the 

*CO intermediate. Quantitative data on the Cu0/Cu1+/Cu2+ ratios before and after the reac-

tion were provided in Table S4. After the ECR reaction, Cu2+ in the Ge/Cu catalyst de-

creased significantly, being reduced to Cu0, while the Cu1+ state remained stable. This in-

dicated that the introduction of Ge effectively stabilized the Cu+ active sites. The Ge ele-

ment remained in the +4 oxidation state, indicating that it existed in the form of GeO2. The 

analysis of XRD patterns (Figure S17) showed the disappearance of the characteristic 

peaks of Ge and the appearance of the characteristic peaks of GeO2 in the Ge/Cu catalysts. 

Raman spectrum (Figure S18) further confirmed the decrease in the crystallinity of the 

catalyst and the enhancement of the GeO2 signal, which was consistent with the XRD re-

sults. By observing the SEM images after the ECR test, it was found that the bulk structure 

of the Ge catalyst (0.280 ± 1.68 μm) was maintained but underwent a size change, and the 

small cubes of the constituent units (initially 0.423 ± 0.208 μm) were fragmented into ir-

regular particles (0.297 ± 0.085 μm) (Figure S19). The Cu catalyst maintained a spherical 

morphology (3.09 ± 1.70 μm) but reorganized into a secondary structure consisting of 

smaller nanorods (0.132 ± 0.05 μm) (Figure S20). The Ge/Cu catalyst showed a similar 

evolution, forming spherical aggregates of 0.324 ± 0.115 μm, with 0.093 ± 0.034 μm nano-

particles as the basic unit (Figure S21). 

The Ge/Cu catalysts after ECR testing were characterized in depth by HRTEM. The 

Ge/Cu still maintains the initial core–shell structure (Figure S22). The facet spacing of 

0.233 and 0.242 nm corresponds to the (012) and (110) facets of GeO2, respectively. The 

crystal plane spacings of 0.213 and 0.301 nm perfectly match the (200) and (110) crystal 

planes of Cu2O. These measurements of the interplanar spacing were highly consistent 

with the analytical results of the SAED profile, together confirming the coexistence of 

GeO2 and Cu2O in the catalyst. Notably, the thickness of the interfacial oxide layer of the 

core–shell structure increased by 30.9 nm (the total thickness reached 103.2 nm.) The EDS 

elemental mapping showed that the elements of Cu, Ge, and O were stably present and 

uniformly distributed. The above results indicate that the catalysts underwent significant 
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morphological fragmentation and reorganization and structural refinement under the ef-

fect of electrochemical reaction and electric field. This dynamic evolution may have an 

important impact on its catalytic performance. The defect sites of the catalysts were inves-

tigated by Pb underpotential deposition technique (Figure S23). Both Cu and Ge/Cu sam-

ples showed an anodic characteristic peak at −0.16 V (vs. Ag/AgCl), while pure Ge did not 

have this response. The intensity of this peak showed a volcano-type trend with increasing 

Ge doping, indicating that Ge doping did not form a high density of undercoordinated 

sites, but instead moderately reduced the unsaturated coordination defects of Cu. The 

highly consistent results of five consecutive cyclic tests confirm the reliability of the phe-

nomenon. These findings indicated that the electronic structure of Cu could be optimized 

by precisely controlling the Ge doping amount, which could significantly enhance the 

ECR performance of Cu catalysts. 

3.3. Investigation of Reaction Mechanism 

The reaction mechanism of Ge/Cu catalysts was revealed by in situ attenuated total 

reflection Fourier transform infrared spectroscopy (ATR-FTIR) studies (Figure 3). During 

the ECR process, characteristic absorption peaks were detected at 1860–1900 cm–1 (*CO-

bridge) and 2040–2080 cm–1 (*COatop) for both Cu and Ge/Cu catalysts, confirming the CO2 

activation and the formation of *CO intermediates [26,27]. The presence of both *COatop 

and *CObridge structures on the Cu catalyst, with peak intensities increasing and then de-

creasing with a negative shift in potential, suggests an accelerated rate of *CO consump-

tion at higher potentials (Figure 3a). However, the Ge/Cu catalysts exhibited significantly 

different adsorption characteristics, with the *CObridge structure dominating and the signal 

intensity continuously enhanced, while the *COatop signal was always weak (Figure 3b). 

This unique *CO adsorption mode not only effectively inhibits HER, but more importantly 

promotes C-C coupling. 

 

Figure 3. Potential-dependent in situ IR spectrum of (a) Cu and (b) Ge/Cu; Current density-depend-

ent in situ Raman spectrum of (c) Cu, (d) Ge/Cu, and (e) water molecule analyses at the 



Appl. Sci. 2025, 15, 11420 8 of 13 
 

electrode/electrolyte interfaces (Cu catalyst on top and Ge/Cu catalyst on bottom). Green represents 

Weak-HB, blue represents 2-HB, and red represents 4-HB. 

In addition to the *COatop and *CObridge characteristic peaks, the adsorption peaks of 

*CHO intermediates were observed in the in situ ATR-FTIR plots, indicating that the 

Ge/Cu catalysts preferred the formation of *COCHO (or *COCOH) intermediates via the 

asymmetric coupling of *CObridge to *CHO (or *COH). This coupling pathway is thermo-

dynamically more favorable than *CO dimerization, effectively enhancing the selectivity 

of the C2 product. Notably, the detection of *OCCOH and *OCCHO intermediates at 1328 

and 1080 cm–1 confirms the C-C coupling process, while the *OC2H5 characteristic peaks 

provide direct evidence for the ethanol generation pathway [28,29]. Crucially, the inten-

sity of the *OC2H5/*OCCOH peaks on the surface of the Ge/Cu catalyst was significantly 

higher than that of Cu, suggesting that the introduction of Ge stabilized the key interme-

diates of ethanol through two mechanisms: promoting the symmetric coupling of *CO 

and simultaneously inducing the asymmetric coupling of *CO with *CHO (or *COH). This 

dual action not only inhibits the generation of ethylene by-products, but also is highly 

consistent with the mechanism of “synergistic promotion of C2 alcohols formation by mul-

tiple active sites” reported in the literature, which perfectly explains the phenomenon of 

ethanol selectivity enhancement observed in the experiments [30,31]. 

We further verified the modulation mechanism of Ge on Cu catalysts by in situ Ra-

man spectroscopy analysis (Figure 3c,d). Compared with Cu, the Ge/Cu catalyst showed 

stronger Cu2O characteristic peaks at about 419, 521, and 606 cm–1, among which the in-

tensity of the peak at 521 cm–1 was enhanced with the increase in the current density, con-

firming that Ge effectively stabilized the Cu1+ species [32–34]. Notably, the Cu-CO stretch-

ing vibrational peak at 354.7 cm–1 was more intense on Ge/Cu but eventually disappeared 

[35], while the Cu-OHad peak at 693 cm–1 was continuously enhanced, indicating that Ge 

changed the catalyst surface microenvironment. In particular, the *CO32– peak at 1070 cm–

1 decried more slowly on Ge/Cu, confirming that Ge maintains a localized alkaline envi-

ronment, which facilitates C-C coupling [36]. In addition, more pronounced *COatop and 

*CObridge signals as well as detected *OCCHO intermediates were observed on Ge/Cu than 

on Cu, in perfect agreement with the in situ ATR-FTIR results. Together, these two in situ 

characterizations confirm the possible simultaneous occurrence of the *CO symmetric 

coupling promoted by Ge and the asymmetric coupling mechanism of *CO with CHO (or 

*COH), which may be a key factor in enhancing the selectivity of the C2 product. The mo-

lecular structure of water at the electrode/electrolyte interface was thoroughly investi-

gated by in situ Raman spectroscopy (Figure 3e). The O-H stretching vibration (νO-H) in 

the range of 3000–3800 cm–1 can be categorized into three characteristic peaks, 3200 cm–1 

(four-coordinated hydrogen-bonded water, 4-HB), 3400 cm–1 (two-coordinated hydrogen-

bonded water, 2-HB) [25,26] and 3600 cm–1 (weak hydrogen-bonded dangling O-H) 

[37,38]. The frequency of these peaks varies significantly with the applied potential (or 

current density), confirming that the detected signal originates from interfacial water 

within the molecular layer on the catalyst surface. Notably, the weak-HB water signal was 

markedly enhanced on the Ge/Cu catalyst. As reported, the activation energy for water 

dissociation follows the order: weak-HB < 2-HB < 4-HB. Therefore, the enrichment of 

weak-HB water on the Ge/Cu surface facilitates *H formation. This correlates well with 

the excellent ECR performance of Ge/Cu and highlights the critical role of interfacial water 

structure in promoting efficient catalysis. 

3.4. Density Functional Theory (DFT) Calculations 

By using density-functional theory (DFT) calculations, we revealed the mechanism 

of electronic structure modulation of Cu catalysts by Ge4+. The Calculations showed that 
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introducing Ge4+ shifted the Cu2O d-band center upward from –1.539 eV to –1.499 eV (Fig-

ure 4a), closer to the Fermi level, thereby significantly influencing the adsorption of key 

intermediates. In the Cu/Cu2O/GeO2 composite formed under cathodic conditions, the 

*CO adsorption energy decreased from –0.55 eV to –0.62 eV, consistent with enhanced 

*CO adsorption observed via in situ Raman and ATR-FTIR (Figure 4b,c). Meanwhile, the 

Gibbs free energy of *H increased slightly from 0.09 eV to 0.11 eV, effectively suppressing 

HER. These calculations demonstrated that the enhanced ECR performance of the Ge/Cu 

catalysts originated from strengthened *CO adsorption, which facilitated C–C coupling, 

and a moderate increase in *H binding energy, which effectively suppressed the HER, 

thereby collectively improving C2+ product selectivity. 

 

Figure 4. (a) Information for electron property of different active sites, including the density of states 

and band center of Cu and Ge/Cu, (b) the adsorption energy comparisons of CO and H on different 

sites of Ge/Cu, (c) differential charge density of Ge/Cu, (d) the ECR energy diagram showing the 

pathways alongside the key intermediates toward the different C2 products on Ge/Cu, (e) Schematic 

illustration of the ethanol formation mechanism. 

Based on the *COOH intermediate detected by ATR-FTIR spectroscopy, we eluci-

dated the CO2-to-C2 product formation mechanism using DFT calculations (Figure 4d). 

According to the widely accepted ECR pathway, CO2 is first reduced to *CO via *COOH, 

followed by C–C coupling as the rate-determining step. Theoretical calculations identified 

two primary pathways: (1) symmetric *CO dimerization (*CO + *CO → *OCCO → *OC-

CHO/*OCCOH) with a barrier of 0.97 eV; and (2) asymmetric coupling, where *CO is first 

hydrogenated to *CHO (0.46 eV) or *COH (0.86 eV), then coupled with *CO to form *OC-

CHO (0.31 eV) or *OCCOH (1.28 eV). Gibbs free energy analysis showed that the asym-

metric coupling of *CO + *CHO carried out after the hydrogenation of *CO to form *CHO 

was thermodynamically significantly superior to the symmetric dimerization pathway 

(0.97 eV), which was in perfect agreement with the characteristics of the *CHO 
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intermediates and the asymmetric coupling observed by in situ Raman and ATR-FTIR. 

These results collectively confirm that the Ge/Cu catalyst surface prefers the selective gen-

eration of C2 products via the asymmetric coupling pathway of *CO → *CHO → *OCCHO. 

Figure 4e presents a schematic illustration of the ethanol formation pathway, highlighting 

the key intermediates and the asymmetric coupling steps responsible for the high C2+ se-

lectivity. 

4. Conclusions 

In this study, the efficient catalytic mechanism of Ge-modified Cu-based catalysts for 

ECR was elucidated through systematic experiments, advanced characterizations, and 

DFT calculations. Experimental results revealed that Ge incorporation formed a stable 

core–shell structure, stabilized Cu1+ species, and modulated oxygen vacancy concentra-

tion, thereby optimizing the active sites. In situ infrared and Raman spectroscopy con-

firmed that unique *CObridge and *COatop adsorption modes on the Ge/Cu surface promoted 

the asymmetric *CO–*CHO coupling pathway. DFT calculations further clarified that Ge4+ 

doping shifted the Cu2O d-band center upward, enhancing *CO adsorption and signifi-

cantly lowering the energy barriers for asymmetric coupling compared to symmetric di-

merization. In addition, in situ Raman spectroscopy revealed that Ge induced a locally 

alkaline microenvironment and enriched weakly hydrogen-bonded water, further pro-

moting C–C coupling and suppressing the HER. This multilevel modulation strategy im-

proved the ethanol Faradaic efficiency of the Ge/Cu catalyst by 11–20%. In future studies, 

longer-term stability tests will be conducted, and the reactor design and ink formulation 

will be further optimized to systematically investigate the long-term stability of the cata-

lyst. Overall, this work proposes a novel approach to simultaneously tuning the electronic 

structure, intermediate adsorption, and interfacial microenvironment via heteroatom 

doping, offering new insights for designing efficient C2+ product catalysts. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/app152111420/s1, Figure S1. SEM images of Ge-GDE, (a,b) 

top view, (c) elemental mapping, (d) EDS image, (e,f) elemental mapping images from a lateral view, 

(g,h) Particle size distribution image. Figure S2. SEM images of Cu-GDE, (a,b) top view, (c,d) ele-

mental mapping, (e) EDS image, (f) elemental mapping images from a lateral view, (g) Particle size 

distribution image. Figure S3. SEM images of Ge/Cu-GDE, (a,b) top view, (c-f) elemental mappings, 

(g-i) elemental mapping images from a lateral view, (j) EDS image, (h) Particle size distribution im-

age. Figure S4. SEM images of 10 wt% Ge/Cu-GDE, (a, b) top view, (c-e) elemental mappings, (f) 

EDS image, (g-i) elemental mapping images from a lateral view. Figure S5. SEM images of 20 

wt%Ge/Cu-GDE, (a, b) top view, (c-f) elemental mappings, (g-i) elemental mapping images from a 

lateral view, (j) EDS image. Figure S6. (a) EDS image, (b) SAED image and (c) corresponding element 

mappings of Ge/Cu. Figure S7. Method for quantification of liquid products concentration. Calibra-

tion curves for (a) H2, (b) CH4, and (c) C2H4 in gas chromatography, respectively. Figure S8. Method 

for quantification of liquid products concentration. Calibration curves for (a) HCOOH and 

(b)CH3COOH in ion chromatography, respectively. Figure S9. Method for quantification of liquid 

products concentration. Calibration curves for (a) CH3OH, (b) EtOH, and (c) n-PrOH in GC with 

headspace sampler, respectively. Figure S10. FEs of various products at different potentials for (a) 5 

wt% Ge/Cu, (b) 10 wt% Ge/Cu, (c) 20 wt% Ge/Cu and (d) 30 wt% Ge/Cu. Figure S11. Comparison 

of the catalytic performance of Ge/Cu with reported catalysts [39–46]. Figure S12. Partial current 

density of Cu and Ge/Cu catalysts for individual products. Figure S13. Double-layer capacitances: 

(a) Ge, (b) Cu, (c) 5 wt%Ge/Cu, (d) 10 wt%Ge/Cu, (e) Ge/Cu, (f) 20 wt%Ge/Cu, (g) 30 wt%Ge/Cu, (h) 

Charging current density differences (Δj/2) versus scan rates (20–80 mV s–1). The electrodes are first 

pre-reduced in 0.5 M KHCO3 at 50 mA cm−2 for 30 min. Figure S14. Partial current density of Cu and 

Ge/Cu catalysts for individual products. Figure S15. EIS plots before and after the ECR process. The 
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full circles represent the data obtained after the ECR measurement, while the empty circles corre-

spond to the data recorded before the ECR measurement. Figure S16. XPS characterization of surface 

composition for Cu and Ge/Cu before and after ECR test: (a) Cu 2p, (b) Cu LMM, (c) O 1s, (d) Ge 3d 

spectrum. Figure S17. XRD patterns after ECR test. Figure S18. Raman spectroscopy after ECR test. 

Figure S19. SEM images of Ge/GDE after ECR test, (a, b) SEM images, (c) elemental mapping, (d, e) 

Particle size distribution image, (f) EDS image. Figure S20. SEM images of Cu-GDE after ECR test, 

(a, b) SEM images, (c) elemental mapping, (d, e) Particle size distribution image, (f) EDS image. 

Figure S21. SEM images of Ge/Cu-GDE after ECR test, (a, b) top view, (c) elemental mapping images 

from a lateral view, (d, e) Particle size distribution image. Figure S22. Structural characterization of 

15%Ge-Cu after ECR: (a) TEM image, (b) HRTEM image, (c) corresponding SAED pattern, (d) EDS 

element mappings. Figure S23. Pb underpotential deposition (UPD) tests were performed at a scan 

rate of 10 mV s–1 in a solution containing 0.1 M NaClO4, 10 mM HClO4, and 3 mM Pb(ClO4)2: (a) Cu 

and Ge, (b) 5 wt% Ge/Cu, (c) 10 wt% Ge/Cu, (d) Ge/Cu, (e) 20 wt% Ge/Cu, and (f) 30 wt% Ge/Cu. 

All samples were activated by ECR for 1 h at a current density of 20 mA cm–2. Table S1 Faradaic 

efficiencies of individual products at different applied potentials. Table S2 ECSA value of catalysts. 

Table S3 Experimental and simulated EIS values of the electrocatalysts before and after the ECR 

process. Table S4 Surface elemental composition determined by XPS. 
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