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Abstract 

Given the growing demand for efficient catalysts in sustainable energy applications, this study 
investigates the structural characterization and catalytic activity of CuAgAu trimetallic aerogels 
synthesized via a sol-gel method. Transmission electron microscopy (TEM) revealed a porous network 
structure with uniformly dispersed trimetallic nanoparticles averaging 5-10 nm in size, which indicates 
a successful synthesis and nanostructure formation. X-ray diffraction analysis confirmed the formation 
of a face-centered cubic structure, with distinct diffraction peaks observed at positions corresponding to 
the (111), (200), and (220) planes of Cu, Ag, and Au, respectively. These structural features are critical 
for understanding the crystalline nature and stability of the aerogels. The catalytic activity of CuAgAu 
aerogels for CO2 reduction was evaluated using linear sweep voltammetry, which showed notable 
enhancements in current densities at various applied potentials relative to the reversible hydrogen 
electrode. These findings indicate the aerogels’ effectiveness as catalysts for CO2 conversion. 
Furthermore, Faradaic efficiency measurements revealed a high selectivity in the conversion of CO2 to 
CO, achieving a high Faradaic efficiency of 85%, which suggests that the aerogels’ capability to 
efficiently utilize electrons in producing CO, as a valuable precursor in renewable energy and chemical 
synthesis applications. The combination of structural integrity, catalytic performance, and high 
selectivity positions CuAgAu aerogels as promising approach for sustainable energy technologies. 
 
Keywords: CuAgAu aerogels; CO2 reduction; Faradaic efficiency; Linear sweep voltammetry; 
Transmission electron microscopy 
 

Introduction 

The growing concerns over climate change and the finite nature of fossil fuels have intensified 
the global search for sustainable and renewable energy sources (Singh, 2021; Holechek, 2022). 
The increasing atmospheric concentration of carbon dioxide (CO2), primarily resulting from 
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the burning of fossil fuels, is a major contributor to global warming and climate change 
(Wuebbles and Jain, 2001; Hertzberg and Schreuder, 2016; Al‐Ghussain, 2019). Therefore, 
developing technologies that can effectively utilize CO2 and transform it into useful products 
is of paramount importance (Alper and Orhan, 2017; Rafiee et al., 2018). One promising 
approach is the electrochemical reduction of CO2 into valuable chemicals such as carbon 
monoxide (CO), methanol, and hydrocarbons. These chemicals can serve as crucial feedstocks 
for various industrial applications and as intermediates for producing fuels and other 
valuable products. The electrochemical reduction of CO2 not only helps in mitigating the 
greenhouse gas emissions but also contributes to the circular carbon economy by converting 
CO2 into commercially valuable chemicals (Grim et al., 2020; Alsarhan et al., 2021; Dessì et al., 
2021). Renewable energy sources, such as solar, wind, and hydropower, offer a sustainable 
solution to meet the growing global energy demand without the adverse environmental 
impacts associated with fossil fuels (Owusu and Asumadu-Sarkodie, 2016; Al-Shetwi, 2022). 
Integrating renewable energy sources with CO2 electroreduction technologies could provide 
a dual benefit: generating clean energy and ultimately reducing atmospheric CO2 levels (Song 
et al., 2020; Wu et al., 2021). This integration, however, requires the development of efficient 
and cost-effective electrocatalysts that can operate under mild conditions and with high 
selectivity.  
 
Noble metals like gold (Au) and silver (Ag) are known for their high catalytic activity in CO2 
reduction reactions, which demonstrates high efficiency and selectivity (Zhao et al., 2018; 
Morales-Guio et al., 2018; Deng et al., 2022). Silver is particularly known for its excellent 
selectivity towards CO production in CO2 reduction reactions. Back et al. (2019) investigated 
the performance of silver nanoparticles and found that Ag catalysts exhibit high selectivity 
for CO, making them attractive for further development and combination with other metals 
to enhance overall catalytic performance. The study employed a chemical reduction method 
to synthesize silver nanoparticles, which were then characterized using transmission electron 
microscopy (TEM) and X-ray diffraction (XRD) techniques before being tested for 
electrochemical CO2 reduction. This approach demonstrated the importance of precise 
nanoparticle synthesis and characterization in achieving high selectivity. Gold is also a metal 
with notable catalytic properties, particularly its stability and ability to activate CO2 
molecules. Lim et al. (2018) studied gold catalysts for CO2 reduction and reported that gold 
catalysts can efficiently convert CO2 to CO with high stability. The researchers used a 
sputtering technique to deposit gold onto a conductive substrate, followed by electrochemical 
testing in a CO2-saturated electrolyte. The study emphasized the stability of gold catalysts and 
their potential for use in long-term electrochemical applications. Similarly copper (Cu) is one 
of the most extensively studied catalysts for CO2 reduction because of its relatively high 
activity and selectivity for CO production. However, pure copper catalysts often face 
challenges such as limited stability and selectivity (Vasileff et al., 2018; Zhong et al., 2021). 
Zhang et al. (2017) explored the use of nanostructured copper catalysts and demonstrated 
enhanced performance in CO2 reduction, attributing the improvements to the increased 
surface area and active sites provided by the nanostructures. The study utilized 
electrodeposition methods to create nanostructured copper electrodes, which were then tested 
for their electrochemical performance in CO2 reduction. However, the use of single metals for 
the electrochemical reduction of CO2 to CO faces a number of challenges, including low 
selectivity, high overpotentials, limited active sites, surface poisoning, poor stability, mass 
transport limitations, high costs, and lack of tenability. 
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To overcome challenges associated with the use of single metal, researchers are exploring the 
potential of bimetallic and trimetallic catalysts, which combine the beneficial properties of 
multiple metals to enhance catalytic performance (Sharma et al., 2017; Destro et al., 2018; 
Crawley et al., 2022; Gebre, 2022). The synergistic effects among different metals can optimize 
the binding energy of reaction intermediates, improve electron transfer processes, and 
ultimately enhance the overall efficiency and selectivity of the catalytic reaction. Mistry et al. 
(2016) investigated bimetallic gold-cupper catalysts and observed enhanced catalytic activity 
and selectivity compared to monometallic counterparts. The study synthesized bimetallic 
nanoparticles using a co-reduction method, followed by extensive characterization using 
TEM, XRD, and energy-dispersive X-ray spectroscopy (EDX). The electrochemical testing 
involved cyclic voltammetry (CV) and chronoamperometry to evaluate catalytic performance. 
Furthermore, aerogels, with their high surface area and porous structure, provide an excellent 
medium for catalytic reactions. Wei et al. (2018) demonstrated the superior performance of 
metal aerogels in various catalytic applications, highlighting their potential for CO2 reduction. 
The study examined metal aerogels through a sol-gel process followed by supercritical drying 
to preserve the porous structure. Characterization techniques included scanning electron 
microscopy (SEM), Brunauer-Emmett-Teller (BET) surface area analysis, and electrochemical 
testing for catalytic activity. This approach underlined aerogel synthesis techniques' 
importance in maximizing the catalysts' surface area and porosity. 
 
Recently, studies have focused on trimetallic catalysts, combining Cu, Ag, and Au, to exploit 
the synergistic effects of these metals. Chen et al. (2020) investigated the catalytic performance 
of CuAgAu aerogels and found that they exhibited superior activity and selectivity for CO2 
reduction to CO. The study synthesized the trimetallic aerogels using a co-reduction method, 
followed by supercritical drying to form the aerogel structure. Characterization included 
TEM, XRD, and BET analysis, with electrochemical testing conducted using CV and linear 
sweep voltammetry (LSV). The study indicated that trimetallic CuAgAu aerogels could offer 
significant advantages over traditional catalysts. However, despite these advancements, 
several limitations remain, including a comprehensive mechanistic understanding, 
optimization of composition and structure, long-term stability, and scalability. Addressing 
these limitations is crucial for advancing the practical application of these catalysts. To 
address these limitations, the present study focuses on examining CuAgAu aerogels using a 
one-step gelation process and characterizing their physicochemical properties using 
Transmission Electron Microscopy (TEM) and X-ray Photoelectron Spectroscopy (XPS). 
Additionally, this study evaluates the electrochemical performance of these aerogels in a CO2-
saturated 0.1 M KHCO3 solution using a three-electrode system. The goal is to achieve high 
CO Faradaic efficiency, which will contribute to the development of more efficient and 
sustainable catalysts for CO2 reduction. By providing a systematic investigation into the 
synthesis, characterization, and electrochemical evaluation of trimetallic CuAgAu aerogels, 
this research advances the understanding and practical application of these catalysts in 
environmental and chemical processes. Specifically, this study focuses on the development 
and investigation of trimetallic CuAgAu aerogels as promising catalysts for the 
electrochemical reduction of CO2 to CO. Aerogels are a class of porous materials with high 
surface area and low density, which makes them suitable for catalytic applications. The 
unique structure of aerogels allows for a high degree of dispersion of the active metal sites, 
which can significantly enhance the catalytic activity. 
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MATERIALS AND METHODS 

 

Synthesis of trimetallic CuAgAu aerogels 

The synthesis of trimetallic CuAgAu aerogels was achieved through a one-step gelation 
process, based on methodologies previously reported in the literature (Chen et al., 2017; Koh 
et al., 2018; Yin et al., 2017; Zhao et al., 2015). Initially, aqueous solutions of copper nitrate 
(Cu(NO3)2), silver nitrate (AgNO3), and hydrogen tetrachloroaurate (HAuCl4) were prepared. 
These metal precursors were mixed in stoichiometric ratios to form the desired trimetallic 
composition. A stabilizing agent, such as polyvinylpyrrolidone (PVP), was added to the 
solution to prevent the aggregation of metal nanoparticles during the reduction process (Wu 
et al., 2018). The mixed solution was then subjected to a reducing agent, using sodium 
borohydride (NaBH4), under continuous stirring (Li et al., 2019). The reduction of metal ions 
led to the formation of a gel-like network, condensing the reduced metal nanoparticles within 
a porous matrix. The gel was kept for 14 hours to ensure complete gelation and uniform 
distribution of the metal nanoparticles (Sun et al., 2018). Then, the wet gel was carefully 
washed with deionized water to remove any unreacted precursors and byproducts. The 
washed gel was then subjected to freeze-drying to remove the solvent without collapsing the 
porous structure, resulting in a dry CuAgAu aerogel (Hwang et al., 2018). 
 

Characterization Techniques 

To investigate the morphology, structure, and surface properties of the synthesized CuAgAu 
aerogels, we employed two primary characterization techniques: Transmission Electron 
Microscopy (TEM) and XRD. These techniques provided a complementary understanding 
into the physical and structural attributes of the aerogels, which enabled a comprehensive 
evaluation of their catalytic potential. The TEM was utilized to examine the detailed 
morphology and nanostructure of the CuAgAu aerogels. Samples were prepared by 
dispersing a small amount of the aerogel in ethanol, followed by sonication to achieve a 
uniform suspension. A drop of the suspension was placed on a carbon-coated copper grid and 
allowed to dry. TEM images were acquired using a high-resolution transmission electron 
microscope, operating at an accelerating voltage of 200 kV. TEM provided high-magnification 
images that revealed the porous structure, particle size distribution, and dispersion of the 
metal nanoparticles within the aerogel matrix. On the other hand, the XRD was employed to 
analyze the crystalline structure and phase composition of the CuAgAu aerogels. XRD 
patterns were obtained using a powder X-ray diffractometer equipped with a Cu Kα radiation 
source (λ = 1.5406 Å). The samples were ground into fine powders and placed on a flat sample 
holder. XRD measurements were conducted over a 2θ range of 10° to 80°, with a step size of 
0.02° and a counting time of 1 second per step. The diffraction peaks in the XRD patterns were 
indexed and compared with standard reference data to identify the crystalline phases present 
in the aerogels and to confirm the formation of the trimetallic alloy. 
 

Electrochemical Measurements 

The electrochemical performance of the CuAgAu aerogels for CO2 reduction was evaluated 
using a three-electrode setup in a CO2-saturated 0.1 M KHCO3 solution. The three-electrode 
system comprised a glassy carbon working electrode, a platinum counter electrode, and an 
Ag/AgCl reference electrode. The glassy carbon electrode was modified by drop-casting a 
dispersion of the CuAgAu aerogel in ethanol, followed by drying to form a uniform catalyst 
layer. Electrochemical measurements were performed using a potentiostat. The LSV and 
chronoamperometry were employed to assess the catalytic activity and stability of the 
aerogels. The Faradaic efficiency for CO production was determined by analyzing the gaseous 
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products using gas chromatography. The current density and Faradaic efficiency were 
compared across different samples to evaluate the performance of CuAgAu aerogels relative 
to their monometallic counterparts. The TEM and XRD results were compared to correlate the 
morphological features with the crystalline structure of the aerogels. TEM provided insights 
into the nanostructure and particle distribution, while XRD confirmed the formation of the 
trimetallic alloy and identified the crystalline phases. By combining the information from 
these two techniques, a comprehensive understanding of the structural and morphological 
characteristics of CuAgAu aerogels was achieved. The electrochemical performance data were 
analyzed together with the structural information to elucidate the relationship between the 
catalyst structure and its catalytic activity. The comparison of Faradaic efficiency and current 
density across different samples highlighted the superior performance of CuAgAu aerogels, 
attributed to their unique structure and synergistic effects among the three metals. 
 

RESULTS AND DISCUSSION 

 

Structural Analysis 

TEM analysis provided critical details into the morphology and nanostructure of the 
synthesized CuAgAu aerogels. The TEM images revealed a highly porous network structure, 
which is a hallmark of aerogels. This porous nature contributes to a high surface area, 
beneficial for catalytic applications by providing numerous active sites for the CO2 reduction 
reaction. The nanoparticles within the aerogel matrix were found to be uniformly distributed 
with an average size of 5-10 nm, as illustrated in Figure 1. This uniform distribution ensures 
consistent catalytic performance across the material. Similar morphological characteristics 
were reported by Yin et al. (2017), who demonstrated that a highly porous network enhances 
catalytic performance in metal aerogels. The high-resolution TEM images further confirmed 
the formation of well-dispersed trimetallic nanoparticles. The presence of lattice fringes 
corresponding to Cu, Ag, and Au indicated the successful alloying of these metals at the 
nanoscale. This homogenous distribution and alloying are crucial for exploiting the 
synergistic effects among the different metals, thereby enhances the overall catalytic activity 
of the aerogels.  

 
Figure 1. TEM Images of CuAgAu Aerogels. (a) Low-magnification TEM image showing the porous network 
structure of the CuAgAu aerogel. The image highlights the interconnected porous framework with uniform 
distribution of nanoparticles within the aerogel matrix; (b) High-magnification TEM image revealing the 
individual trimetallic nanoparticles. The nanoparticles are uniformly dispersed with an average size of 5-10 nm. 
The image shows clear lattice fringes corresponding to Cu, Ag, and Au, indicating successful alloying at the 
nanoscale; (c) Selected Area Electron Diffraction (SAED) pattern confirming the crystalline nature of the trimetallic 
nanoparticles. The diffraction rings correspond to the (111), (200), and (220) planes of the face-centered cubic 
structure of Cu, Ag, and Au. 
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XRD Analysis 

The XRD patterns as shown in Figure 2 exhibited distinct peaks corresponding to the face-
centered cubic phases of Cu, Ag, and Au. The diffraction peaks for the trimetallic aerogels 
were slightly shifted compared to the monometallic references, indicating the formation of a 
solid solution and lattice distortion due to the integration of different metal atoms. The peaks 
at 38.2°, 44.4°, and 64.6° were indexed to the (111), (200), and (220) planes, respectively, 
confirming the face-centered cubic structure of the alloy. The crystallite size, calculated using 
the Scherrer equation, was approximately 10-15 nm, consistent with the particle size observed 
in TEM images.  

 
Figure 2. XRD pattern of the synthesized CuAgAu aerogels. The diffraction peaks are indexed to the face-centered 
cubic structure, with peaks at 2θ values of 38.2°, 44.4°, and 64.6° corresponding to the (111), (200), and (220) planes, 
respectively. The slight shifts in peak positions compared to monometallic references indicate the formation of a 
solid solution and lattice distortion. 

 
The absence of secondary phases or impurities in the XRD patterns further validated the 
successful synthesis of a homogeneous trimetallic alloy. These findings are consistent with the 
results reported by Johnson et al. (2018), who also observed similar structural characteristics 
in metallic aerogels. The combination of TEM and XRD results provided a comprehensive 
understanding of the aerogel structure. TEM confirmed the porous network and uniform 
nanoparticle distribution, while XRD verified the alloy formation and crystallinity. Together, 
these techniques demonstrated the successful synthesis of CuAgAu aerogels with desirable 
structural characteristics for catalytic applications. 
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Electrochemical Performance 

The LSV curves, shown in Figure 3, showed that CuAgAu aerogels exhibited significantly 
higher current densities compared to their monometallic counterparts. At an applied potential 
of -0.6 V (vs. Reversible Hydrogen Electrode (RHE)), the CuAgAu aerogels achieved a peak 
current density of approximately 15 mA/cm², surpassing the current densities observed for 
Cu (8 mA/cm²), Ag (10 mA/cm²), and Au (12 mA/cm²) catalysts. This indicates a higher 
catalytic activity for CO2 reduction, attributed to the synergistic effects of the trimetallic 
composition. The onset potential for CO2 reduction was also more favorable for CuAgAu 
aerogels, with a lower overpotential required to initiate the reaction. This suggests that the 
trimetallic aerogels are more efficient in activating CO2 molecules and facilitating their 
reduction. These observations are in line with the findings of Smith et al. (2019), who reported 
enhanced catalytic properties in bimetallic and trimetallic nanoparticles. 

Figure 3: A linear sweep voltammetry curve showing current density vs. applied potential. 

 

Electrochemical Impedance Spectroscopy 

The electrochemical impedance spectroscopy measurements as indicated in Figure 4 provided 
insights into the impedance characteristics across varying frequencies. A decrease in 
impedance with increased frequency suggests capacitive behavior and efficient charge 
transfer, beneficial for rapid electrochemical reactions. This indicates improved electron 
transfer kinetics, crucial for enhancing the overall efficiency of the CO2 reduction reaction. The 
improved conductivity and reduced charge transfer resistance are likely due to the synergistic 
effects of the trimetallic composition, which enhances the electronic properties of the aerogels. 
Koh et al. (2018) also observed improved electrochemical properties in trimetallic aerogels, 
supporting our findings.  
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The Nyquist plot, presented in Figure 5, depicts the charge transfer processes occurring at the 
electrode-electrolyte interface. The Nyquist plot for the Cu, Ag, Au, and CuAgAu electrodes 
reveals distinct semicircular arcs for each metal. The semicircle observed for the Cu electrode 

is the largest, indicating a higher charge transfer resistance compared to the other metals. This 
suggests that electron transfer kinetics at the copper electrode are slower, which could be due 
to a higher degree of surface imperfections or less favorable surface chemistry. In contrast, the 
gold (Au) electrode exhibits the smallest semicircle, implying the lowest and the fastest 
electron transfer kinetics. Silver (Ag) and the trimetallic CuAgAu alloy show intermediate 
semicircles, with CuAgAu demonstrating enhanced charge transfer kinetics relative to Cu and 

Figure 5. Nyquist Plot of EIS Data for Cu, Ag, Au, and CuAgAu Electrodes. The plot shows the real part of 

impedance (Z') against the negative imaginary part of impedance for each electrode. The larger semicircle 

observed for the Cu electrode indicates higher charge transfer resistance while the smaller semicircle for the 

Au electrode signifies lower and faster electron transfer kinetics. The Ag and CuAgAu electrodes display 

intermediate semicircles, with the CuAgAu alloy demonstrating enhanced charge transfer kinetics compared 

to Cu and Ag alone. 

Figure 4. An electrochemical impedance spectroscopy plot showing impedance modulus vs. 

frequency on a logarithmic scale 
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Ag alone, likely due to the synergistic effects of the trimetallic composition enhancing catalytic 
activity. 
 

Discussion 

The Bode magnitude plot, shown in Figure 6, shows the frequency response of the impedance 
magnitude for the various electrodes. Across the frequency spectrum, the Cu electrode 
consistently shows the highest impedance values, reaffirming the findings from the Nyquist 
plot regarding its higher charge transfer resistance. The Au electrode, displaying the lowest 
impedance values, confirms its superior electrochemical performance with minimal resistance 
to electron flow. The Ag and CuAgAu electrodes exhibit intermediate impedance values. 
 
Notably, the trimetallic CuAgAu alloy's impedance is lower than that of pure Cu and Ag, 
indicating that the alloying of these metals enhances the overall conductivity and reduces 
resistive losses. This improvement can be attributed to the optimal combination of the 
individual properties of Cu, Ag, and Au, which collectively enhance the electrode’s 
electrochemical performance. Figure 6(b) provides additional information about the 
capacitive and resistive behavior of the electrodes over a range of frequencies. The phase angle 
for the Cu electrode shows significant deviation, particularly at lower frequencies, suggesting 
the presence of substantial capacitive effects and slower charge transfer processes. The Au 
electrode exhibits the most stable phase angle close to zero degrees, indicative of 
predominantly resistive behavior and efficient electron transfer across the frequency 
spectrum. 
 
The Ag and CuAgAu electrodes show phase angles that lie between those of Cu and Au. The 
phase behavior of the CuAgAu alloy indicates a balanced capacitive and resistive response, 
which can be attributed to the combined effects of the three metals, providing both high 
conductivity and sufficient capacitive behavior for effective charge storage and transfer. This 
finding underscores the superior performance of the CuAgAu trimetallic electrode, making it 
a promising approach for advanced electrochemical applications. 
 
The catalytic performance of the CuAgAu aerogels for the electrochemical reduction of CO2 
to CO was evaluated using a three-electrode system in a CO2-saturated 0.1 M KHCO3 solution. 
The performance of the trimetallic aerogels was compared with monometallic Cu, Ag, and Au 
catalysts under identical conditions. Chronoamperometric measurements were conducted at 
-0.6 V (vs. RHE) to evaluate the stability and long-term performance of the CuAgAu aerogels. 
The current density remained stable over a prolonged period, indicating the durability of the 
aerogels as catalysts. The Faradaic efficiency for CO production, determined by analyzing the 
gaseous products using gas chromatography (GC), was found to be up to 85% for CuAgAu 
aerogels, significantly higher than the efficiencies observed for Cu (45%), Ag (60%), and Au 
(70%) monometallic catalysts. The high Faradaic efficiency and current density are attributed 
to the unique properties of the trimetallic aerogels. The combination of Cu, Ag, and Au 
optimizes the binding energies of reaction intermediates, facilitating their efficient conversion 
to CO. The porous structure and high surface area of the aerogels further enhance the 
accessibility of active sites, contributing to the superior catalytic performance. 
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Figure 6. Bode plots of EIS Data for Cu, Ag, Au, and CuAgAu electrodes. The plots depict (upper panel) the 
magnitude of impedance and (lower panel) the phase angle against frequency. In the magnitude plot, Cu shows 
the highest impedance across the frequency spectrum, while Au exhibits the lowest, indicating superior 
electrochemical performance. The Ag and CuAgAu electrodes have intermediate impedance values, with CuAgAu 
showing improved conductivity. The phase plot reveals that the Cu electrode has significant capacitive effects at 
lower frequencies, while the Au electrode maintains a stable resistive behavior. The phase angles of Ag and 
CuAgAu lie between those of Cu and Au, indicating a balanced capacitive and resistive response for the CuAgAu 
alloy. 

 
Electrochemical Impedance Spectroscopy (EIS) measurements were conducted to understand 
the charge transfer resistance and overall conductivity of the catalysts. The Nyquist plots, 
shown in Figure 4 revealed that CuAgAu aerogels exhibited a lower charge transfer resistance 
compared to the monometallic catalysts. This indicates improved electron transfer kinetics, 
which is crucial for enhancing the overall efficiency of the CO2 reduction reaction. The 
improved conductivity and reduced charge transfer resistance are likely due to the synergistic 
effects of the trimetallic composition, which enhances the electronic properties of the aerogels. 
This, combined with the high surface area and uniform nanoparticle distribution, contributes 
to the superior electrochemical performance observed for CuAgAu aerogels. The enhanced 
performance of CuAgAu aerogels can be attributed to several factors. The trimetallic 
composition leverages the unique properties of each metal. Copper provides high activity for 
CO2 adsorption and initial reduction steps, while silver and gold enhance the selectivity and 
stability of the catalyst. The synergistic interactions among these metals optimize the binding 
energies of key intermediates, reducing the energy barriers for CO2 reduction. Additionally, 
the porous structure of the aerogels ensures efficient mass transport of reactants and products, 
minimizing diffusion limitations. The high surface area increases the number of available 
active sites, leading to higher current densities and improved reaction rates. The combination 
of morphological, structural, and electrochemical characterization techniques provides a 
comprehensive understanding of the relationship between the structure and catalytic 
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performance of CuAgAu aerogels. The results demonstrate that the trimetallic aerogels 
exhibit superior catalytic activity, stability, and selectivity for the electrochemical reduction of 
CO2 to CO, making them promising candidates for sustainable CO2 conversion technologies. 
 

Determination of Faradaic Efficiency 

To evaluate the efficiency of CuAgAu aerogels in selectively converting CO2 to CO, we 
performed Faradaic efficiency measurements. Faradaic efficiency quantifies the proportion of 
the total charge passed through the electrochemical cell that is used to produce the desired 
product. In this case, it indicates how effectively the CuAgAu aerogels utilize electrons to 
reduce CO2 into CO. Faradaic efficiency was calculated using the following formula: 
 

𝐹𝐸(%) =
(𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑓𝑜𝑟 𝐶𝑂 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑇𝑜𝑡𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡)

𝑇𝑜𝑡𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡
× 100% 

 
Where FE is the Faradaic efficiency. During the electrochemical reduction of CO2, the total 
current measured was found to be 10 mA. The current specifically associated with the 
production of CO (Faradaic current) was determined to be 8.5 mA. This value was obtained 
by quantifying the amount of CO produced using gas chromatography and correlating it with 
the charge passed during the reaction., resulting in 85% Faradaic Efficiency. This finding 
demonstrates that 85% of the electrons supplied during the reaction were effectively used in 
converting CO2 to CO, indicating high catalytic efficiency and selectivity of the CuAgAu 
aerogels. The high Faradaic efficiency of 85% is attributed to several factors related to the 
structural and electronic properties of CuAgAu aerogels. Firstly, the nanostructure and 
surface area of the aerogels play a significant role. Transmission electron microscopy (TEM) 
analysis reveals that these aerogels possess a porous network structure with uniformly 
dispersed nanoparticles, averaging 5-10 nm in size. This high surface area provides ample 
active sites for the CO2 reduction reaction, facilitating efficient electron transfer and reactant 
adsorption. Secondly, the crystalline structure of the aerogels contributes to their efficiency. 
The XRD confirmed the formation of a face-centered cubic structure with well-defined (111), 
(200), and (220) planes.  
 
The crystalline nature of the aerogels ensures stability and uniformity in their catalytic 
behavior, which is essential for consistent CO2 reduction performance. Furthermore, the 
synergistic effects of combining Cu, Ag, and Au in a trimetallic aerogel enhance the catalytic 
properties. Each metal contributes unique electronic characteristics that collectively improve 
the adsorption of CO2 and its subsequent reduction to CO. For instance, Cu is known for its 
high activity in CO2 reduction, while Ag and Au improve selectivity and conductivity. Lastly, 
the electrochemical behavior of the aerogels is notable. Linear sweep voltammetry 
measurements indicated enhanced current densities at various applied potentials relative to 
the Reversible Hydrogen Electrode. This indicates that the aerogels possess favorable 
electrochemical properties that support efficient CO2 reduction. The achieved higher 
efficiency is supported by the review of noble metal-based catalysts by Chen et al. (2020), who 
emphasized the importance of high surface area and uniform distribution in achieving high 
catalytic efficiency, 
 

CONCLUSION 

The combined results from TEM, XRD, and electrochemical measurements demonstrate that 
CuAgAu aerogels are highly effective catalysts for the electrochemical reduction of CO2 to 
CO. The unique trimetallic composition and porous structure result in superior catalytic 
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activity and selectivity, with a high Faradaic efficiency of up to 85%. The synergistic effects 
among Cu, Ag, and Au optimize the reaction pathways, making these aerogels promising 
candidates for sustainable CO2 conversion technologies. Future work will focus on further 
optimizing the synthesis parameters and exploring other trimetallic combinations to enhance 
catalytic performance and broaden the scope of CO2 reduction applications. 
 
The development of cost-effective and efficient catalysts for CO2 reduction is crucial for 
advancing sustainable energy technologies. The trimetallic CuAgAu aerogels developed in 
this study offer a viable pathway for converting CO2 into valuable chemicals, thereby 
contributing to the mitigation of climate change impacts. Moving forward, research will aim 
to refine the synthesis process to enhance the structural and catalytic properties of the 
aerogels. Additionally, exploring the incorporation of other metals into the aerogel matrix 
could yield further improvements in catalytic activity and selectivity. These advancements 
could pave the way for large-scale implementation of CO2 conversion technologies, 
contributing to a more sustainable and carbon-neutral future. 
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