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Abstract   

The electrochemical reduction of carbon dioxide into value-added chemicals is a promising 

solution to mitigate greenhouse gas emissions while producing sustainable fuels. In this study, 

CuO/SnO2 nanomaterials (NM) were synthesized using the sol-gel technique under varying 

pH conditions in acidic and alkaline to investigate their impact on material properties and 

electrochemical performance for CO2 reduction. The synthesized CuO/SnO2 NM were 

characterized using XRD, TEM, SEM, XPS, and FTIR to analyze their morphology, 

crystallinity, and surface properties. Results revealed that CuO/SnO2 NM prepared in alkaline 

media exhibited superior homogeneity, stability, and reduced particle size compared to acidic 

conditions, as confirmed by surface analysis. Electrochemical studies conducted in a two-

compartment cell with a Ni foam cathode coated with CuO/SnO2 (1:1) demonstrated higher 

activity and selectivity in alkaline-prepared NM. Specifically, the alkaline-synthesized 

nanomaterials achieved a Faradaic efficiency (FE) of 87% for the overall of formic acid and 

oxalic acid at -1.4 V in a 0.5 M KHCO3 electrolyte, producing a maximum formic acid 

concentration of 1186 mg/L after 3 hours. In contrast, materials synthesized in acidic media 

displayed agglomeration and reduced stability, leading to lower FE and current efficiency. XPS 

analysis confirmed the partial reduction of Cu2+ to Cu+ in alkaline-prepared nanomaterials 

during CO2 electrochemical reduction, highlighting their enhanced catalytic activity and 

stability. The study highlights the critical role of pH in controlling the morphology and electronic 

properties of CuO/SnO2 nanomaterials synthesized via the sol-gel method. The enhanced CO2 

reduction performance in alkaline-prepared nanomaterials is attributed to their higher surface 

area, uniform distribution, and improved electron transfer characteristics. This work provides 

a cost-effective strategy for fabricating efficient electrocatalysts for CO2 reduction, particularly 

targeting C1/C2 carboxylic acids production.  

Keywords. CO2 electroreduction; CuO/SnO2 nanomaterials; sol-gel synthesis; 

electrocatalysis; Faradaic efficiency; C1/C2 carboxylic acid.  



Abbreviations: 

BE - Binding energy  

CO2 – Carbon dioxide 

CO2RR – Carbon dioxide reduction reaction 

CuO/SnO2 - Copper-Tin oxides. 

DAC - direct air capture  

eCO2RP – Electrochemical CO2 reduction 

Process 

eCO2RC – Electrochemical CO2 reduction 

cell 

ECR – Electrochemical reduction 

FE – Faradaic efficiency 

FTIR - Fourier-transform infrared 

spectroscopy 

FWHM - Full width at half maximum.  

GHG – Greenhouse gas 

HCOOH- Formic acid, (FA)  

CH3COOH - Acidic acid.  

CH3OH- Methanol. 

H2C2O4 or (CO2H)2 Oxalic acid, (OA) 

C2H5OH - Ethanol  

IC- Ion chromatography  

J - Current density (mA/cm2) 

 LiCl2 - Lithium chloride 

NM- Nanomaterials 

NMP- N-methyl- pyrrolidone   

 PVDF - polyvinylidene fluoride   

SnCl2 - Tin chloride  

s, p, d, f - the electron configuration for the 

electron’s distribution of the atom  

SEM - Scanning electron microscopy  

TEM- Transmission electron microscopy,  

XRD - X-ray diffraction 



1. Introduction  

The alarming increase in atmospheric carbon dioxide (CO2) levels, driven primarily by human 

activities, is a major contributor to global climate change [1], [2], [3]. To address this issue, various 

strategies have been proposed and implemented to mitigate CO2 emissions [4], [5]. These include 

carbon capture and storage (CCS) [6], which involves capturing CO2 emissions at their source 

and storing them in geological formations, and direct DAC [7]. a technology designed to remove 

CO2 directly from the atmosphere. While these methods are effective in reducing atmospheric 

CO2 concentrations, they are often energy-intensive and lack economic incentives due to their 

limited end-use applications. An alternative approach lies in nature-based solutions, such as 

reforestation, afforestation, and soil carbon sequestration [8], which enhance natural CO2 

absorption processes. These methods are cost-effective but limited by land availability and 

timescales required for significant impact. Another promising avenue is CO2 utilization, which 

transforms captured CO2 into valuable chemicals, fuels, and materials, offering both 

environmental and economic benefits. Among these, eCO2R [9], [10], [11], [12]; [13] has gained 

considerable attention due to its ability to directly convert CO2 into value-added products using 

renewable energy sources. The simplified schematic representation of the eCO2 reduction 

process (eCO2R) can be divided into three primary regions, as illustrated in Fig. 1. The first region 

is the electrode surface, where the eCO2R occurs on the cathode. The efficiency and selectivity 

of these reactions are heavily influenced by the material type and surface structure of the cathode. 

The second region is the mass transport layer, often referred to as the "migration layer." This layer 

governs the transport of radical intermediates from the electrode surface to the electrolyte 

solution. It includes the diffusion layer, where molecular transport is driven by concentration 

gradients. Efficient mass transport is crucial for enhancing the reaction rate and preventing 

reversible reactions. The performance of this layer plays a vital role in the overall efficiency of the 

electrochemical cell and the selective extraction of specific products. The final region is the bulk 

solution, which constitutes the larger volume of electrolyte surrounding the electrode and the 

mass transport layer. This solution serves as a reservoir for CO2 and other reactants while also 

absorbing heat generated during the electrochemical reactions. The composition of the bulk 

solution, including its pH and ionic strength, significantly influences the reaction dynamics. A well-

designed electrolyte ensures efficient CO2 reduction at the electrode surface while maintaining a 

continuous supply of reactants and enabling the effective removal of products. This three-region 

framework highlights the interplay of electrode surface properties, mass transport, and electrolyte 

composition in determining the efficiency and selectivity of the eCO2R process [19]. 



 

Fig. 1. A schematic description eCO2RP composed of electrode surface region, mass transport 

layer and bulk solution [19]. 

This technology not only mitigates CO2 emissions but also contributes to the circular carbon 

economy by producing commercially viable products [14], [15]. eCO2R enables the selective 

production of chemicals such as formic acid, oxalic acid, carbon monoxide, methane, and ethanol, 

which are essential in various industrial applications [16], [17]. Formic acid and oxalic acid, in 

particular, are attractive due to their roles as chemical feedstocks and their potential for use in 

energy storage systems [18], [19]. The efficiency of this process, however, hinges on the 

development of advanced electrocatalysts that can drive the multi-electron and proton-coupled 

reactions required for CO2 conversion with high activity, selectivity, and stability. Copper-based 

catalysts are well-known for their versatility in facilitating multi-electron transfer reactions, 

enabling the production of a wide range of CO2 reduction products [20], [21], [22],  [23]. SnO2 on 

the other hand, is recognized for its excellent ability to stabilize reaction intermediates and 

facilitate selective proton-coupled electron transfer [24], [25], [26]. Combining these materials into 

CuO/SnO2 nanostructures leverages the strengths of both components, creating a synergistic 

effect that enhances catalytic activity, selectivity, and stability [27], [28]. While several studies 

have explored CuO and SnO2 independently, the combined effect of CuO/SnO2 as a composite 

electrocatalyst remains underexplored, particularly in the context of tailoring synthesis conditions 

to optimize performance [29] , [30]. The synthesis method plays a pivotal role in determining the 

structural, electronic, and surface properties of the catalyst. Among various approaches, the sol-

gel method stands out due to its simplicity, scalability, and ability to produce highly homogeneous 



nanostructures with controlled compositions. However, the influence of synthesis parameters, 

such as pH, on the catalytic performance of CuO/SnO2 nanomaterials has not been systematically 

investigated. pH variations during synthesis can significantly alter the crystallinity, particle size, 

surface area, and electronic properties of the resulting materials, ultimately affecting their 

performance in eCO2R [27], [28]. 

This study focuses on the pH-controlled sol-gel synthesis of CuO/SnO2 (1:1) nanomaterials and 

evaluates their catalytic activity for CO2 reduction. The novelty of this work lies in three critical 

aspects: (i) Impact of synthesis pH on material properties: This study uniquely compares 

CuO/SnO2 nanomaterials synthesized under acidic and alkaline conditions. Detailed 

characterization using SEM, TEM, XRD, XPS, and FTIR highlights significant differences in 

particle size, homogeneity, crystallinity, and stability, directly correlating these properties to the 

pH conditions during synthesis, (ii) Enhanced selectivity and stability: to demonstrate that 

CuO/SnO2 nanomaterials prepared in alkaline media exhibit superior catalytic performance, 

achieving a high value at -1.4 V in a 0.5 M KHCO3 electrolyte. This result surpasses many existing 

catalysts in terms of cost-effectiveness and efficiency [31], [32]. The alkaline-prepared materials 

also show enhanced stability during prolonged electrochemical operation, and (iii) Cost-Effective 

and scalable approach: By utilizing a conventional sol-gel method, this work provides a low-cost 

and scalable strategy for producing stable CuO/SnO2 catalysts, making it suitable for industrial 

applications. The findings not only offer new insights into the role of synthesis pH in catalyst 

design but also highlight the practical potential of CuO/SnO2 nanomaterials for sustainable CO2 

electroreduction. By comparing materials synthesized under acidic and alkaline conditions, we 

investigate how pH influences their structural properties and performance in producing formic acid 

(C1 product) and oxalic acid (C2 product). Detailed characterization using XRD, SEM, TEM, XPS, 

and FTIR reveals critical insights into the relationship between synthesis conditions and catalyst 

functionality. Electrochemical studies highlight the superior activity, selectivity, and stability of 

alkaline-prepared CuO/SnO2 nanomaterials. This work provides a comprehensive understanding 

of how synthesis parameters affect the catalytic performance of CuO/SnO2 nanomaterials, 

emphasizing the role of pH in tailoring active sites and reaction pathways. The findings pave the 

way for designing cost-effective, scalable, and high-performance electrocatalysts for sustainable 

CO2 conversion. 

 

 



2. Materials and methods 

2.1. Preparation of Nanomaterials (NM) by the wet method:  

NM has been synthesized in acidic and alkaline media to produce different morphologies, 

structures, and metal distributions of 1:1 mass ratio composition of CuO/SnO2 nanocomposite.  

CuO/SnO2 (1:1) NM has been prepared and developed by the sol-gel method and to coat cathode 

electrode. To run different experiments at different operation conditions.  

2.1.1. Chemical and materials 

The following chemicals and materials were used to prepared CuO/SnO2 form different sources 

is shown as follows: SnCl2.2H2O (98%), Cu(CH3COO)2 (98%), Polyvinylidene PVDF  and NMP  

were  purchased from Sigma Aldrich, Polyethylene glycol was purchased  from BDH, NaOH 

granulated was purchased from EMPLURA, and Acetylene carbon was purchased from MTI 

company. The ultra-pure deionized water was produced from the Millipore Mille-Q system. 

2.1.2. Preparation of CuO/SnO2 (1:1) NM:  

Equal mass ratio of CuO/SnO2 nanocomposite has been prepared and developed by the sol-gel 

method to use as catalytic material and coated cathode electrode. The first batch (alkaline matrix) 

for 1:1 composition of CuO/SnO2 nanocomposite was prepared at pH 10 by mixing copper acetate 

and Tin chloride solutions with 10M NaOH as a precipitating agent. The initial stage was to 

dissolve SnCl2.2H2O and Cu (CH3COO)2 individually dissolved in 40 ml absolute ethanol to form 

a 0.1M solution and agitated for one day. The two solutions were blended, and 4 ml of 

polyethylene glycol was used as a precursor. Again, a few dropwise of 10M NaOH were added 

to adjust the pH at 10.  The obtained solution has been mixed intensively for one day followed by 

washing with ethanol several times for the removal of the impurities and easy drying of the 

composite. The precipitate thus received has been dried at 80 degrees using a hot air oven 

followed by the calcination at 500 degrees for 2 hrs.  [33]. The second batch (acid matrix) for 1:1 

composition of CuO/SnO2 nanocomposite was Prepared at pH 5.5 by dissolving CuCl2.2H2O in 

20 ml deionized water and 1 ml 3M HCl. SnCl2.2H2O was added to the solution and mixed well to 

form a clear solution. Consequently, in a 100 ml beaker, the solution was gently added to 10 ml 

of fresh 10 mM NaBH4 solution and mixing well, abundant black precipitates were observed during 

mixing. Continuous stirring was made until precipitates aggregates together and the supernatant 

is Color-less. The product was filtered several times with deionized water to eliminate unreacted 

precursors, and using vacuum filtration to collect the products, and overnight dried under vacuum 

and followed by calcination at 500 °C for 2 hrs. [34].  



2.1.3. Coating of cathodic electrode  

80 mg of the synthetic nanomaterial were combined with 10 mg of PVDF and 10 mg of acetyl 

carbon, then thoroughly pulverized in a mortar. The mixture was then put into a tiny glass vial, 

600 µl of NMP was added, and the mixture was sonicated for at least one hour to improve 

nanoparticle dispersion. then, the finished mixture was coated on a third of a nickel foam (4x2 

cm) and allowed to dry at 60 ◦C.  

2.2. Chemical analysis:   

HCOOH, and H2C2O4 have been analyzed by ion chromatography (IC) (Metrohm 930) equipped  

with a separation column AS14 (4 ×250 mm) as stationary phase, the flow rate of the mobile 

phase is 1 mL/min of 0.5 mM of H2SO4 and 0.1M LiCl2 used for regenerator and suppressor [19].  

pH and electrical conductivity (E.C) have been performed using a HACH model HC201 pH-meter 

and HQD portable Conductivity meter respectively. 

2.3. Surface Characterization of NM 

Structural characteristics of CuO/SnO2 nanocomposites were determined using X-ray diffraction 

patterns were analyzed with an X-ray Diffractometer (PANAlytical) with Cu-Kα radiation (λ = 

1.5417 Å) with 40 KV and 30 mA in 10 to 90o. FTIR measurements were performed on Perkin 

Elmer instrument in 600 to 4000 cm-1 range with 32 scans, SEM images were collected in 

ThermoScientific Quanta 650 with Qantas 400 EDS instrument, TEM images were collected in 

ThermoScientific TALOS 650 with Qantas 400 EDS instrument and XPS measurements were 

performed on ThermoScientific ESCALAB 250i.  

2.4. Electrochemical measurements:  

As shown in Fig. 2, the eCO2R cell was constructed by using the one-compartment cell system 

used to run different experiment in aqueous electrolytic solutions of KHCO3 and K2SO4 using Pt, 

SnO2-CuO material coated Ni foam as counter and working electrode respectively, and saturated 

calomel electrode (SCE) as reference electrode. Cyclic voltammetry (CV) experiments were 

carried out using a Gamry instrument 1010 and all CV measurements were performed at room 

temperature. The experiments were taken up by deaerating the electrolyte by purging N2 gas to 

eliminate ay oxygen may be exist for 10 min followed by CO2 saturation of the electrolyte for 30 

min. Potenstiostatic tests were conducted under a constant potential value for the desired time. 

Several experiments have been done to optimize the operating conditions at different voltages 

from -0.5 to -1.4V, reaction time, saturated electrolyte solution KHCO3, K2SO4 and CuO/SnO2 

nanomaterials prepared by sol-gel method in acid and alkaline media. 



 

Fig. 2. Electrochemical setup used during eCO2R experiments in cyclic voltammetry and 

potentiostatic electrolysis. 

3. Results and Discussion 

3.1. Structural Characterization 

3.1.1. FTIR Analysis of CuO/SnO2 Nanomaterials: FTIR spectroscopy was employed to identify 

the functional groups and bonding interactions in CuO/SnO2 nanomaterials synthesized under 

acidic and alkaline conditions. Fig. 3 presents the FTIR spectra of fresh CuO/SnO2 (1:1) NM 

samples prepared by sol-gel method in alkaline medium, and acid medium. For fresh 

nanomaterials, distinct peaks were observed in both acidic- and alkaline-prepared samples. In 

the alkaline-prepared CuO/SnO2, the broad absorption band at ~3420 cm⁻¹ corresponds to O–H 

stretching vibrations from surface hydroxyl groups or adsorbed water molecules. The peak 

intensity was higher for alkaline-prepared samples, indicating a greater surface hydroxylation, 

which is known to enhance catalytic activity by facilitating CO2 adsorption and activation. Similarly, 

a weaker O–H band was observed in acidic-prepared samples, reflecting a lower degree of 

surface hydroxylation. In both samples, a strong and sharp band at ~520–530 cm⁻¹ corresponds 

to the Cu–O stretching vibrations, confirming the presence of CuO in the nanomaterials [35], [36]. 

The Sn–O stretching vibrations were identified at ~ 600–620 cm⁻¹, which are characteristic of 

SnO2. In alkaline-prepared samples [35], [36], these bands were sharper and more distinct 

compared to the acidic-prepared samples, suggesting better-defined CuO and SnO2 phases with 



fewer structural defects. Additional peaks at ~1400–1500 cm⁻¹ were attributed to carbonate 

species (CO3
2), possibly due to atmospheric CO2 adsorption during the synthesis and drying 

processes [35], [36]. The intensity of these peaks was slightly higher in alkaline-prepared 

samples, indicating a greater tendency for CO2-related interactions. The FTIR analysis 

underscores the importance of synthesis pH in determining the structural and surface properties 

of CuO/SnO₂ nanomaterials.  

 

Fig. 3. FTIR spectra of fresh CuO/SnO2 (1:1) NM samples prepared by sol-gel method in a) 

alkaline medium, and b) acid medium.  

3.1.2. XRD Analysis of CuO/SnO2 Nanomaterials 

The crystal structure and phase composition of the CuO/SnO2 nanomaterials (NM) synthesized 

under acidic and alkaline conditions were analyzed using X-ray diffraction (XRD). The XRD 

patterns were obtained for fresh nanomaterials and compared to identify the influence of pH on 

the crystallinity, phase purity, and structural properties of the materials (see Fig. 4). For the 

nanomaterials prepared in alkaline media, the XRD patterns revealed well-defined and sharp 

peaks, indicative of high crystallinity. The diffraction peaks corresponding to CuO were identified 

at 2θ = 35.5° (111), 38.7° (200), 48.9° (202), and 61.5° (220), which match the monoclinic phase 

of CuO (JCPDS 05-0661). Similarly, peaks corresponding to the tetragonal SnO2 phase were 

observed at 2θ = 26.6° (110), 33.8° (101), and 51.6° (211), consistent with the reference pattern 

(JCPDS 41-1445). The higher intensity and sharpness of these peaks in the alkaline-synthesized 

samples indicate a more crystalline structure with well-ordered CuO and SnO2 phases. The 

relative intensity of the CuO peaks was slightly enhanced, suggesting a larger crystallite size and 

better phase development under alkaline conditions. In contrast, the nanomaterials synthesized 

in acidic media exhibited broader and less intense peaks, indicating lower crystallinity and the 



presence of structural imperfections. The same characteristic peaks for CuO and SnO2 phases 

were observed; however, the reduced intensity and peak broadening suggest smaller crystallite 

sizes and poorer phase formation. Additionally, the peak at 2θ ≈ 26.6° for SnO2 (110) was 

dominant, suggesting a relatively higher concentration of SnO2 compared to CuO. This difference 

can be attributed to the slower nucleation and growth rates of CuO in acidic media, which may 

hinder its structural development. The crystallite size was calculated using the Scherrer equation 

[37],  

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

where D is the crystallite size, K is the shape factor (0.9), λ is the wavelength of the X-rays (0.154 

nm), β is the full width at half maximum (FWHM) in radians, and θ is the Bragg diffraction angle. 

For the alkaline-synthesized samples, the average crystallite size was found to be 18–22 nm, 

whereas for acidic-synthesized samples, it was smaller, ranging between 10–14 nm. This 

variation further confirms the influence of pH on the structural properties, where the alkaline 

medium promotes better crystallization and larger grain size [38], [39]. 

The XRD analysis clearly demonstrates that the synthesis pH significantly influences the 

crystallinity, phase composition, and crystallite size of the CuO/SnO2 nanomaterials. The alkaline-

prepared samples exhibited superior crystallinity and well-formed CuO and SnO2 phases, which 

contribute to their enhanced stability and catalytic performance in electrochemical CO2 reduction. 

In contrast, acidic-prepared samples showed smaller crystallite sizes and less developed phases, 

which are likely to impact their efficiency and long-term stability. 

 

Fig. 4. XRD patterns of CuO/SnO2 (1:1) NM samples prepared by sol-gel method in alkaline 

medium, and b) acid medium.  



3.1.3. SEM, SEM-EDS, and TEM Analysis of CuO/SnO2 Nanomaterials 

SEM was employed to analyze the surface morphology and particle distribution of CuO/SnO2 

nanomaterials synthesized under acidic and alkaline conditions. For the alkaline-prepared 

samples, the SEM images revealed uniformly distributed nanoparticles with minimal 

agglomeration (Fig. 5.a). The particles exhibited a spherical morphology with an average size 

range of 20–40 nm, contributing to a higher surface area and enhanced catalytic activity.  

In contrast, acidic-prepared samples displayed irregularly shaped particles with significant 

agglomeration (Fig. 5.b). The particle size ranged between 50–100 nm, with larger clusters 

forming due to uneven nucleation and growth during the synthesis process. The poor distribution 

and larger particle size are likely to reduce the number of active sites available for CO2 adsorption 

and reduction, impacting the overall catalytic performance [40].  

 
Fig. 5. Surface characterization by SEM within micro/nano scales for fresh sample of CuO/SnO2 

(1:1) NM prepared by sol-gel method in a) alkaline medium, and b) acid medium. 

EDS integrated with SEM was performed to determine the elemental composition and distribution 

of Cu, Sn, and O in the nanomaterials (see Table 1). The EDS spectra of alkaline-prepared 

samples showed a uniform distribution of Cu and Sn elements, with a Cu/Sn atomic ratio close to 

the target 1:1. This uniformity indicates successful incorporation of both components during the 

sol-gel synthesis process. For acidic-prepared samples, the EDS analysis revealed a less 

homogeneous distribution of Cu and Sn, with localized enrichment of Sn regions. This 



inhomogeneity could result from incomplete mixing or differential precipitation during the 

synthesis. Elemental mapping further highlighted the superior distribution of Cu and Sn in alkaline-

prepared samples compared to acidic-prepared ones. The presence of oxygen in all samples was 

consistent with the formation of CuO and SnO2 phases. However, the alkaline-prepared samples 

exhibited a higher density of surface oxygen, likely related to surface hydroxyl groups, which play 

a key role in CO2 activation [39]. 

Transmission Electron Microscopy (TEM) was utilized to investigate the detailed structural 

features and particle size distributions of the CuO/SnO2 nanomaterials. TEM images of alkaline-

prepared samples revealed discrete nanoparticles with well-defined boundaries and average 

sizes ranging from 10–20 nm, corroborating the SEM results (see Fig. 6.a). The high-resolution 

TEM (HRTEM) images showed clear lattice fringes, with interplanar spacings of 0.231 nm and 

0.335 nm, corresponding to the (111) plane of CuO and the (110) plane of SnO2, respectively.  

Table 1. SEM/EDS semi-quantitative element analysis of fresh CuO/SnO2 samples prepared by 

sol-gel method in alkaline and acid. 

Elements  Alkaline medium Acidic medium 

Elements at  

40 µm (Atom %) 

Elements at  

2 µm (Atom %) 

Elements at  

40 µm (Atom %) 

Element analysis at  

2 µm (Atom %) 

C 43.46 57.18 67.24 85.84 

O 39.36 29.44 16.14 7.06 

F 4.55 4.38 12.82 4.27 

Al 0.40 0.07 0.06 0.04 

Ni  0.22 0.18 1.13 0.13 

Cu 2.66 4.25 0.16 0.06 

Sn  2.95 4.33 3.09 2.57 

These results confirm the formation of crystalline CuO and SnO2 phases in alkaline-prepared 

samples. Acidic-prepared samples, in comparison, displayed larger and less defined 

nanoparticles, with sizes ranging from 30–50 nm (see Fig. 6.b). The HRTEM images showed 

fewer distinct lattice fringes, indicating reduced crystallinity. The electron diffraction patterns and 

TEM/EDS elemental analysis (Table 2) further supported these observations, with sharp 

diffraction rings in alkaline-prepared samples and broader, less distinct rings in acidic-prepared 

samples [41], [39]. 



 

Fig. 6. TEM images of fresh sample CuO/SnO2 (1:1) NM prepared by sol-gel method in a) 

alkaline medium, and b) acid medium. 

 
Table 2. TEM/EDS elemental of fresh CuO/SnO2 samples prepared by sol-gel method in alkaline 

and acid. 

Elements  Alkaline medium (%) Acid medium (%) 
C  48.14 92.57 
O  28.60 2.86 
Cu  10.16 0.92 
Sn   12.17 0.95 
F  0.04 0.20 
S 0.55 0.10 
Si  0.22 2.17 
Al  0.11 0.16 

 
3.1.4. XPS Analysis CuO/SnO2 Nanomaterials 

X-ray photoelectron spectroscopy (XPS) was performed to investigate the surface composition, 

oxidation states, and chemical transformations of the CuO/SnO2 nanomaterials (NM) synthesized 

in both acidic and alkaline media, before their use in electrochemical CO2 reduction (eCO2R). The 

analysis primarily focused on the Cu 2p, Sn 3d, O 1s, and C 1s spectra to identify changes in 

surface chemistry and assess material stability under operating conditions (Fig. 7 and 8). For 

fresh nanomaterials synthesized under alkaline conditions, the Cu 2p spectrum showed peaks at 

933.9 eV for Cu 2p3/2, along with a distinct satellite feature around 941 eV, confirming the 

presence of Cu2+ in the CuO phase (Fig. 7.a)  [42] . The Sn 3d spectrum displayed two clear 

peaks at 486.8 eV for Sn 3d5/2 and 495.3 eV for Sn 3d3/2, indicating the presence of Sn4+ in SnO2 

(Fig. 7.b) [43]. The O 1s spectrum revealed a primary peak at 531.0 eV corresponding to lattice 



oxygen (O2) within the metal oxides, accompanied by a shoulder peak attributed to adsorbed 

hydroxyl species (Fig. 8.a) [44]. The C 1s spectrum exhibited peaks for C–C (sp²/sp³), C–O, and 

minor contributions from carbonate species, which were likely due to environmental contamination 

during sample handling (Fig. 8.c) [45]. In comparison, acidic-synthesized samples exhibited 

similar spectral features, although the Cu 2p peaks appeared broader and less intense, 

suggesting weaker CuO crystallinity and reduced structural homogeneity (Fig. 7.c). The Sn 3d 

peaks were consistent but showed minor shifts, implying a less uniform SnO2 distribution (Fig. 

7.c). The O 1s and C 1s spectra for acidic samples revealed higher proportions of adsorbed 

species, indicating increased surface reactivity and reduced material stability ((Fig. 8.c-d). The 

XPS analysis clearly demonstrates that CuO/SnO2 nanomaterials synthesized under alkaline 

conditions exhibit superior stability and structural integrity. In contrast, the acidic-prepared 

samples show evidence of degradation and reduced performance, characterized by the loss of 

CuO species and instability in the SnO2 phase [46]. 

 

 

 

 



 

  

Fig. 7: XPS spectra of Cu 2p (a, c) and Sn 3d (b, d) of fresh CuO/SnO2 NM samples prepared 

by sol-gel method in (a, b) alkaline medium, and (c, d) acid medium, (e, f) the XPS Survey 

spectrum taken with a pass energy of 100eV and step size of 1eV for fresh alkaline and 

acid sample.   



 

 

Fig. 8.  XPS spectra of O 1s (a, c) and C 1s (b, d) of fresh CuO/SnO2 NM samples prepared by 

sol-gel method in (a, c) alkaline medium, and (b, d) acid medium. 

3.2. Electrochemical Analysis 

The electrocatalytic performance of CuO/SnO2 NM synthesized under acidic and alkaline 

conditions was thoroughly evaluated for CO₂ reduction in a two-compartment electrochemical 

cell. The cathode was prepared by coating Ni foam with CuO/SnO₂ nanomaterials (1:1), while the 

anode consisted of a Pt electrode. A 0.5 M KHCO₃ solution served as the electrolyte, saturated 

with CO2 to create a favorable environment for the electrochemical reduction reaction. The 

configuration is described in Fig.1.  Key performance metrics such as Faradaic efficiency (FE), 

current density (J), product selectivity, and catalyst stability were systematically analyzed. 

3.2.1. Cyclic Voltammetry (CV) Studies 

Cyclic voltammetry was employed to investigate the redox behavior of the CuO/SnO2 electrodes 

in both N₂- and CO₂-saturated KHCO₃ electrolyte. Under N₂ saturation, the CV curves exhibited 

characteristic peaks corresponding to Cu²⁺/Cu⁺ and Sn⁴⁺/Sn²⁺ redox transitions, confirming the 

active participation of both components in electron transfer processes (Fig. 9). When saturated 



with CO2, a significant increase in current density was observed in the cathodic region, indicating 

the onset of CO2 reduction. The alkaline-prepared nanomaterials displayed sharper and more 

pronounced reduction peaks compared to acidic-prepared samples, suggesting superior catalytic 

activity. The observed shift in peak potentials toward more positive values for the alkaline samples 

indicates reduced activation energy and improved charge transfer kinetics. Acidic-prepared 

samples, on the other hand, showed broader and less distinct peaks, suggesting lower efficiency 

and possible involvement of side reactions. 

 

Fig. 9. CV graphs of Ni cathode coated with CuO/SnO2 (1:1) NM prepared by sol-gel method in 

a) alkaline medium, and b) acidic medium by continuous purging of N2 and CO2. Electrolyte: 0.5 

M KHCO3, Anode: Pt, reference electrode: SCE, at a scan rate of 10 mV/s. 

 

The enhanced current densities observed for alkaline samples are linked to their larger 

electrochemically active surface area, as inferred from electrochemical surface area (ECSA) 

measurements. The Tafel slopes were derived to assess the reaction kinetics. Alkaline-prepared 

samples showed a lower Tafel slope (~130 mV/dec) compared to acidic-prepared samples (~165 

mV/dec), indicating faster kinetics and improved catalytic efficiency for CO2 reduction. 

3.2.2. Potentiostatic electrolysis and product analysis 

Fig. 10 compares the FE of formic acid (FA), oxalic acid (OA), and the combined C1/C2 products 

for CuO/SnO2 electrocatalysts synthesized in acidic and alkaline media. The FE for formic acid of 

alkaline prepared electrocatalyst is low, around 10-15%, indicating moderate selectivity for C1 

products. The FE for formic acid of acid-prepared electrocatalyst is even lower, remaining below 

10%, reflecting limited efficiency in producing formic acid in acidic-prepared electrocatalysts. The 

alkaline-prepared electrocatalyst shows slightly better selectivity for formic acid compared to the 

acidic-prepared electrocatalyst, possibly due to the superior surface properties and stability 

(a) (b) 



observed in alkaline-prepared nanomaterials. The FE for oxalic acid of alkaline prepared 

electrocatalyst is significantly higher, reaching nearly 80%, demonstrating a strong preference for 

C2 product formation. The FE for oxalic acid of the acid-prepared electrocatalyst is much lower, 

approximately 20%, indicating that acidic-prepared electrocatalysts are less effective in 

generating C2 products. The stark difference between the two electrocatalysts highlights the 

enhanced electrocatalytic activity and structural stability of alkaline-prepared nanomaterials, 

which are more effective in promoting the formation of C2 products like oxalic acid. The total FE 

for C1/C2 products of alkaline prepared electrocatalyst approaches 90%, showcasing excellent 

efficiency in CO2 electrochemical reduction across both product categories. The total FE of acid-

prepared electrocatalyst is significantly lower, at approximately 30%, reflecting the overall 

reduced activity and selectivity of acidic-prepared catalysts. The alkaline-prepared 

electrocatalysts achieve far superior overall efficiency for CO2 reduction, emphasizing their 

suitability for practical applications. Alkaline-prepared electrocatalysts dominate in performance 

across all metrics, particularly for oxalic acid (C2 product) formation and total C1/C2 efficiency. 

Acid-prepared electrocatalysts show significantly lower performance, likely due to poorer 

structural integrity, increased particle agglomeration, and reduced crystallinity observed in acidic-

prepared nanomaterials. The results emphasize the importance of synthesis pH in optimizing 

catalytic properties, with alkaline conditions leading to enhanced product selectivity, stability, and 

overall efficiency. The data confirms that CuO/SnO2 nanomaterials prepared in an alkaline 

medium are far superior for CO2 reduction, achieving higher Faradaic efficiencies for both C1 and 

C2 products. These findings highlight the potential of alkaline-prepared electrocatalysts for 

practical and scalable CO2 reduction applications. 

 



 

Fig. 10. Faradic efficiency (FE%) for formic acid (FA), oxalic acid (OA), and C1/C2 of eCO2R 

using CuO/SnO2 (1:1) NM prepared in alkaline and acid media. Experimental conditions: Anode: 

Pt (2cm2), Cathode: CuO/SnO2@Ni foam (2 cm2), Electrolyte: 0.5 M KHCO3, Separation 

membrane: Nafion 100, Applied voltage: - 1.4 V vs SCE, CO2 flow rate: 10 mL/min, electrolysis 

duration: 3 hours.      

3.3. Postmortem analysis of CuO/SnO2 nanomaterials 

Postmortem analysis was conducted to evaluate the structural and compositional changes in 

CuO/SnO2 nanomaterials synthesized under acidic and alkaline conditions after prolonged 

electrochemical CO2 reduction. The analysis utilized SEM, TEM, and XPS to assess 

morphological degradation, compositional stability, and surface modifications. These insights 

provide a deeper understanding of the catalysts' performance and durability. 

3.3.1. SEM and SEM-EDS analysis 

Post-reduction SEM images revealed distinct differences in the structural stability of 

nanomaterials synthesized under acidic and alkaline conditions (see Fig. 11). Alkaline-prepared 

samples retained their uniform particle distribution and spherical morphology, with no significant 

agglomeration observed (Fig. 11.a). The nanoparticles remained within the original size range 

(20–40 nm), indicating excellent structural integrity. In contrast, acidic-prepared samples 

exhibited severe particle agglomeration, surface roughness, and loss of morphological uniformity 

(Fig. 11.b). The particle size increased significantly (up to 80–120 nm), likely due to coalescence 



and sintering during the reduction process. SEM-EDS analysis confirmed that alkaline-prepared 

samples maintained a consistent Cu/Sn atomic ratio close to 1:1 after reduction. However, acidic-

prepared samples showed a notable decrease in Cu content, indicating leaching of Cu species 

during CO2 reduction (Table 3). This loss of active sites contributed to the inferior catalytic 

performance and reduced durability of acidic-prepared nanomaterials. 

Table 3. SEM/EDS element analysis of used CuO/SnO2 NM prepared by sol-gel method in 

alkaline and acid media.  

Elements  Alkaline medium Acid medium 

Elements at  

2 µm (Atom %) 

Elements at  

200 nm (Atom %) 

Element at  

2 µm (Atom %) 

Element at  

200 µm (Atom %) 

C 46.92 95.11 85.84 84.13 

O 20.03 2.02 7.06 8.51 

F 9.06 0.24 4.27 0.24 

Al 0.32 0.03 0.04 0.13 

Ni  0.75 0.01 0.13 0.30 

Cu 13.69 1.22 0.07 0.22 

Sn  8.86 1.08 2.57 5.69 

 

 

 



 

Fig. 11. Surface characterization by SEM within micro/nano scales after used of CuO/SnO2 (1:1) 

NM prepared by sol-gel method in a) alkaline medium, and b) acid medium. 

3.3.2. TEM and HRTEM analysis 

TEM images of the alkaline-prepared samples showed minimal changes in nanoparticle size and 

shape after electrochemical reduction. High-resolution TEM (HRTEM) revealed that the lattice 

fringes corresponding to CuO (111) and SnO2 (110) planes remained intact, confirming the 

preservation of crystallinity and phase composition (Fig.12.a). Electron diffraction patterns 

showed sharp rings, indicating that the crystalline structure of the nanomaterials was not 

compromised. In contrast, TEM images of acidic-prepared samples revealed significant structural 

degradation (Fig. 12.b). The nanoparticles lost their distinct boundaries and exhibited amorphous 

regions, indicating a partial collapse of the crystalline structure. The HRTEM images showed faint 

and discontinuous lattice fringes, corroborating the loss of crystallinity. Electron diffraction 

patterns displayed broader and less distinct rings, further confirming structural breakdown.      

  



 

Fig. 12. TEM images of CuO/SnO2 (1:1) NM prepared by sol-gel method a) alkaline medium, 

and b) acid medium, for monitoring of Cu and Sn before and after using in eCO2R 

 

3.3.3. XPS analysis 

After electrochemical CO2 reduction, significant differences emerged between the materials 

synthesized in alkaline and acidic media (Fig. 13 and 14). For alkaline-prepared samples, the Cu 

2p spectrum displayed a shift in the Cu 2p3/2 peak to 932.5 eV and a decrease in the satellite peak 

intensity, indicating partial reduction of Cu2+ to Cu+ during the catalytic process (Fig. 13.a). This 

transformation highlights the active role of CuO in facilitating CO2 reduction reactions. The Sn 3d 

spectrum remained largely unchanged, suggesting that SnO2 retained its structural stability under 

the alkaline environment (Fig. 13.b). In the O 1s spectrum, an increase in the intensity of the 

hydroxyl peak (~532 eV) was observed, reflecting surface interactions with reaction intermediates 

(Fig. 14.a).  



 

Fig. 13. XPS spectra of Cu 2p (a, c) and Sn 3d (b, d) of used CuO/SnO2 NM samples prepared 

by sol-gel method in (a, b) alkaline medium, and (c, d) acid medium. 

The C 1s spectrum showed a stronger signal for carbonate species at approximately 290.5 eV, 

confirming successful CO₂ adsorption and partial conversion into formic acid and other 

intermediates (Fig. 14.c). Conversely, the acidic-prepared nanomaterials exhibited significant 

structural degradation after electrochemical testing. The Cu 2p peaks showed a notable loss of 

intensity and increased broadening, indicating the leaching of Cu species and structural instability 

under acidic conditions (Fig. 13.b). The Sn 3d spectrum displayed minor shifts, suggesting partial 

instability of SnO2, which further contributed to the reduced performance of these materials (Fig. 

13.d). The O 1s spectrum showed an increase in adsorbed oxygen species, which corresponded 

to a decrease in lattice oxygen, highlighting surface defects and loss of structural integrity (Fig. 

14.b). The C 1s spectrum also exhibited carbonate peaks, but with reduced intensity compared 

to alkaline-prepared materials, corroborating the lower catalytic activity and selectivity observed 



during CO2 reduction (Fig. 14.d). The partial reduction of Cu2+ to Cu+ in the alkaline samples 

highlights the role of copper in facilitating the catalytic process, while the stable SnO2 phase 

provides structural support. The presence of carbonate species in the C 1s spectra further 

confirms effective CO2 adsorption and conversion, particularly in alkaline-prepared materials. 

Overall, these findings underscore the significant influence of synthesis pH on the stability and 

catalytic activity of CuO/SnO2 nanomaterials, with alkaline conditions yielding more robust and 

efficient electrocatalysts for CO2 reduction. 

 

Fig. 14. XPS spectra of O 1s (a, b) and C 1s (c, d) of used CuO/SnO2 NM samples prepared by 

sol-gel method in (a, c) alkaline medium, and (b, d) acid medium. 

3.4. Stability and mechanistic insights 

 The alkaline-prepared CuO/SnO2 nanomaterials maintained a stable current density and 

consistent Faradaic efficiency for C1/C2 throughout the experiment. Post-electrochemical 

characterization by SEM and XPS revealed minimal structural degradation or leaching of Cu and 

Sn components, confirming their robustness under operating conditions. In contrast, the acidic-



prepared samples exhibited significant performance degradation, with the current density 

decreasing by 40% over the same period. SEM images of the used acidic samples showed severe 

agglomeration and surface defects, while XPS analysis revealed leaching of Cu species and 

partial reduction of SnO2. These structural changes account for the poor durability and reduced 

catalytic performance observed for acidic-synthesized materials. The superior performance of 

alkaline-prepared CuO/SnO2 nanomaterials can be attributed to several factors. The high 

crystallinity and uniform particle distribution observed in alkaline samples provide a larger number 

of active sites for CO₂ adsorption and activation. The partial reduction of Cu²⁺ to Cu⁺, as confirmed 

by XPS, enhances the intermediate stabilization required for formic acid production. SnO2 acts as 

a co-catalyst, facilitating proton transfer and stabilizing reaction intermediates, which together 

improve product selectivity and reduce side reactions. Acidic-prepared materials, despite 

exhibiting initial activity, suffer from lower crystallinity, poor structural integrity, and reduced 

stability under electrochemical conditions. These deficiencies lead to reduced active site 

availability and promote side reactions, thereby lowering the overall efficiency and selectivity of 

CO2reduction. 

To address your concern about the long-term stability of the catalysts in different media, the 

experimental data from extended chronoamperometry tests. These tests were conducted for 12 

hours under identical conditions for both alkaline- and acidic-prepared catalysts is summarized in 

table 4 to demonstrate that the alkaline-prepared CuO/SnO2 nanomaterials retain over 90% of 

their initial performance, while the acidic-prepared catalysts exhibit significant degradation (up to 

40% loss in current density). This comparison highlights the superior stability of alkaline-prepared 

materials, which we attribute to their higher crystallinity, structural integrity, and resistance to 

leaching. 

Table 4: Total FE (%) for C1/C2 different electrolyte solution  

Total FE (%) for C1/C2 
Medium (electrolyte solution) Alkaline-prepared CuO/SnO2 Acid -prepared CuO/SnO2 
0.5 M K2SO4 16.48%  
0.5 M KHCO3 87.60 % 28.33% 
0.4 M K2SO4 22.15% 10.12% 
0.4 M KHCO3 63.65 29.47% 
0.3 M K2SO4 14.45 7.90% 
0.3 M KHCO3 25.18 13.90% 
 

The eCO2R mechanisms to formic acid and oxalic acid involve multi-step proton-coupled electron 

transfer processes, with key differences arising at the intermediate and C–C coupling stages. 



CuO/SnO2 nanomaterials play a crucial role in facilitating these pathways by providing active sites 

for CO2 activation and stabilizing reaction intermediates. The electrochemical reduction of CO2 

(eCO2R) to formic acid (HCOOH) and oxalic acid (H2C2O4) proceeds via a series of proton-

coupled electron transfer steps, with the selectivity for each product determined by the catalyst 

properties, reaction conditions, and applied potential [47].  The process begins with the adsorption 

and activation of CO2 molecules on the surface of CuO/SnO2 nanomaterials. CO2 adsorption is 

enhanced by oxygen vacancies on SnO2 and partially reduced CuO sites. Adsorbed CO2 is 

activated into a bent CO2•⁻ radical anion, a crucial intermediate for both product pathways [48], 

[49], [50]. In the case of formic acid production, the CO2•⁻ anion radical undergoes protonation 

and accepts another electron to form the carboxyl intermediate (*HCOO). This intermediate is 

stabilized by SnO2, which facilitates proton transfer. A subsequent proton-coupled electron 

transfer step converts *HCOO into desorbed formic acid, completing the reduction. The overall 

reaction for formic acid production involves the transfer of two electrons and two protons to a 

single CO2 molecule, generating HCOOH. CuO plays a critical role in stabilizing the electron 

transfer process, while SnO2 enhances the efficiency of intermediate stabilization and proton 

transfer. The mechanism of formic acid production can be given by the following steps [51],  [52]. 

Step 1:           CO2 + 1e− CO2•⁻ 

Step 2:          CO2•⁻ + H+  HCOO 

Step 3:          HCOO + H+ +e− HCOOH  

The overall reaction:   CO2 + 2H+ + 2e− HCOOH 

For oxalic acid production, two adsorbed CO2•⁻ radicals on adjacent active sites undergo a 

coupling reaction to form an oxalate intermediate (*C2O4
2-). This step, which forms the C–C bond, 

is a key determinant of selectivity for C2 products. CuO facilitates the multi-electron process 

required for C–C coupling, while SnO2 supports intermediate stabilization through its oxygen 

vacancies. The oxalate intermediate is then desorbed as C2O4
2-, completing the reaction. The 

overall process requires two electrons and two protons to produce a single oxalic acid molecule 

from two CO2 molecules [47], [53]. 

Step 1:              2CO2 + 2e− 2CO2•⁻ 

Step 2:             2CO2•⁻ + 2H+  H2C2O4  

The proposed mechanisms on the catalytic pathways for both formic acid (C1 product) and oxalic 

acid (C2 product) is illtreated in Fig. 15, Using insights from XPS analysis, the roles of CuO/SnO2 

in facilitating CO2 adsorption, activation, and intermediate stabilization. Specifically, CuO 



contributes to multi-electron transfer processes, while SnO2 provides oxygen vacancies that 

stabilize intermediates such as CO2•⁻ and facilitate proton transfer. A mechanistic schematic 

illustrates the pathways for CO2 reduction to formic and oxalic acids, highlighting the key steps, 

active sites, and C–C coupling dynamics. 

 

Fig. 15: The proposed mechanism of reaction for formic and oxalic acid formation using 
CuO/SnO2 NM.  

 

CuO and SnO2 act synergistically to enable these pathways. CuO provides efficient electron 

transfer sites and stabilizes reaction intermediates, while SnO2 enhances CO2 adsorption and 

intermediate stabilization through its surface properties. Alkaline-prepared CuO/SnO2 

nanomaterials exhibit higher crystallinity and better-defined active sites, promoting oxalic acid 

formation as the dominant product. Formic acid production is typically favored at lower potentials 

where energy input is insufficient for C–C coupling. In contrast, higher potentials favor oxalic acid 

due to the energy requirements for C–C bond formation. Reaction conditions, including electrolyte 

pH and catalyst structure, also play a critical role. Alkaline conditions enhance intermediate 

stabilization, making them more favorable for oxalic acid production, while acidic conditions often 

lead to lower selectivity and efficiency due to competing side reactions and structural instability of 

the catalysts. The dual pathways for eCO2R to formic and oxalic acids underscore the importance 

of tuning catalyst properties and reaction conditions to achieve the desired selectivity. CuO/SnO2 

nanomaterials provide an effective platform for both C1 and C2 product formation, with alkaline-

prepared catalysts offering superior performance and stability. Further optimization of synthesis 



and reaction parameters could enhance the efficiency and scalability of these materials for CO2 

reduction applications. Alkaline-prepared CuO/SnO2 nanomaterials demonstrated superior of 

overall Faradaic efficiency (87%) for C1/C2, higher current density, and better product selectivity 

compared to acidic-prepared samples. Faster electron transfer kinetics and improved structural 

stability under alkaline conditions significantly enhance catalytic performance. Acidic-prepared 

samples exhibited poorer durability due to particle agglomeration, leaching of Cu species, and 

structural degradation during prolonged operation. Mechanistic studies highlight the synergistic 

role of CuO and SnO2 in promoting selective oxalic acid production, with alkaline-synthesized 

materials offering a distinct advantage. These findings emphasize the critical role of synthesis 

conditions in determining the performance of CuO/SnO2 nanomaterials for electrochemical CO2 

reduction. Alkaline-prepared materials stand out as highly efficient and durable electrocatalysts, 

making them promising candidates for industrial-scale applications. Alkaline-prepared samples 

showed uniformly distributed nanoparticles with smaller sizes and less agglomeration compared 

to acidic-prepared samples. Elemental mapping confirmed the homogeneous distribution of Cu 

and Sn in alkaline-prepared samples, whereas acidic-prepared samples exhibited localized 

enrichment and Cu leaching after CO2 reduction. TEM and HRTEM revealed better crystallinity, 

smaller particle sizes, and distinct lattice fringes for alkaline-prepared samples, contributing to 

their enhanced catalytic activity and stability. These results collectively highlight the critical role of 

synthesis pH in determining the morphology, composition, and structural integrity of CuO/SnO2 

nanomaterials. Alkaline-prepared samples exhibited superior properties, making them more 

effective and stable for CO2 reduction. 

4. Conclusions 

In this study, CuO/SnO2 (1:1) nanomaterials (NM) were synthesized using the sol-gel technique 

under both acidic and alkaline conditions to evaluate their structural properties and performance 

in electrochemical CO₂ reduction (eCO2R). The comparative analysis between the two synthesis 

conditions highlights the critical influence of pH on the morphology, crystallinity, and stability of 

the prepared nanomaterials. Detailed characterization using XRD, SEM, TEM, XPS, and FTIR 

revealed that CuO/SnO2 NM prepared in alkaline media exhibited smaller, more homogeneously 

distributed nanoparticles with enhanced surface stability compared to those synthesized in acidic 

media. The alkaline-prepared materials demonstrated reduced agglomeration, improved 

crystallite formation, and a more uniform Cu/Sn ratio, all of which contributed to superior catalytic 

performance. Electrochemical studies in a two-compartment cell, using CuO/SnO2-coated Ni 

foam electrodes, showed that alkaline-prepared nanomaterials significantly outperformed their 

acidic counterparts. Under optimized conditions (-1.4 V applied voltage, 0.5 M KHCO3 electrolyte, 



and 3 hours of reaction time), the alkaline-prepared CuO/SnO2 achieved an overall Faradaic 

efficiency (FE) of 87% for formic acid and oxalic acid production. In contrast, acidic-prepared 

nanomaterials exhibited reduced FE and lower formic acid yields, primarily due to structural 

instability and particle agglomeration. Post-electrochemical characterization of the used 

nanomaterials further confirmed the superior stability of alkaline-synthesized catalysts, with 

minimal degradation observed after prolonged operation. The results suggest that the enhanced 

activity and selectivity of CuO/SnO2 NM synthesized in alkaline conditions arise from their larger 

surface area, higher structural uniformity, and improved electron transfer properties. Overall, this 

study demonstrates that tailoring the synthesis conditions, particularly pH, plays a vital role in 

optimizing the structural and electrochemical properties of CuO/SnO2 nanomaterials. The sol-gel 

method, with its scalability and cost-effectiveness, provides a promising route for fabricating high-

performance electrocatalysts for CO2 reduction. Specifically, the ability to selectively produce 

formic acid with high efficiency highlights the potential of these materials for sustainable energy 

and chemical production. 

Future research should focus on optimizing catalyst composition, exploring doping strategies, and 

investigating the effects of electrolyte pH and concentration to further enhance Faradaic 

efficiency, stability, and selectivity. Additionally, long-term operational studies and scaling-up 

processes will be essential to evaluate the practical applicability of these materials in industrial 

CO2 reduction systems. 
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