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A B S T R A C T

Electrochemical reduction of carbon dioxide offers a sustainable route to reduce CO2 to combat climate change 
and advance renewable energy use. However, challenges such as high energy demand and unsatisfactory se
lective production of higher hydrocarbons (C2+) hinder its practical implementation. This work investigates the 
effects of operating conditions on the performance of CO2 electroreduction, based on an optimized zero-gap 
electrolyzer design and a high-pressure reaction setup. The results show that moderate temperatures can in
crease energy efficiency and selectivity, with Faradaic efficiencies over 40 % for C1–C3 gas products. High- 
pressure environments exceeding 10 bar can improve the availability and mass transport of CO2, and suitable 
proportions of syngas for subsequent reuse can be generated in this harsh environment. Tandem-layer catalysts 
can enhance CO generation, highlighting the need for precise control of catalyst interactions. In addition, lower 
neutral electrolyte concentrations favor the formation of C2+ products but consume higher energy compared to 
alkaline environments. These findings provide insights and strategies for optimizing CO2 electrolysis systems, 
aiding the development of efficient and scalable technologies for practical applications.

1. Introduction

The electrochemical reduction of carbon dioxide (CO2RR) offers a 
promising pathway for converting greenhouse gases into valuable 
chemicals and holds significant potential for mitigating climate change 
and advancing sustainable energy conversion [1,2]. The practicality of 
CO2RR applications relies on the development of advanced electro
chemical systems capable of delivering high reaction rates and product 
selectivity, all based on cost-effective and high-performance catalysts [3,
4]. Despite notable advancements in synthesizing specific products 
under controlled laboratory research conditions [5,6], the widespread 
implementation of CO2RR still faces persistent challenges, such as high 
energy demand and low selectivity to the desired products.

Copper-based materials are recognized as among the most effective 
catalysts for producing higher hydrocarbons C2+ due to their distinctive 
ability to stabilize reaction intermediates during CO2 reduction [7–10]. 
However, the distribution of products and the reaction efficiency are not 
solely dictated by catalyst properties but are also influenced by 
numerous operational factors within the electrolyzer. Variables such as 

electrolyte composition, electrode potential, temperature, and pressure 
play crucial roles in steering reaction pathways and energy conversion 
to favor specific products [11–15]. Furthermore, the design and oper
ating conditions of the electrolyzer, encompassing features like gas 
diffusion electrode design and fluid flow dynamics, significantly affect 
mass transport which in turn may influence both activity and selectivity 
[16–18]. A thorough understanding of the interplay between these pa
rameters is vital for achieving optimal CO2RR performance.

Electrolyzer designs based on membrane electrode assemblies (MEA) 
are considered particularly promising for the scale-up of CO2RR appli
cations due to the compact architecture and minimized interfacial 
resistance, enabling high current density [19,20]. Conducting CO2RR 
experiments under elevated temperature and pressure offers additional 
advantages, such as accelerating reaction kinetics, enhancing mass 
transfer, and improving product selectivity [21,22]. However, these 
conditions bring about technical challenges, such as the need for robust 
sealing and reliable safety measures for high-pressure environments, as 
well as ensuring the stability of catalysts and electrolytes under extreme 
conditions [23]. As a result, the development of advanced 
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electrocatalytic systems capable of efficient and stable operation in such 
demanding settings has become a central focus in CO2RR research.

Addressing these challenges necessitates optimizing the electro
catalysis process and systematically evaluating the impact of various 
operational parameters. This means fine-tuning factors such as tem
perature, pressure, electrolyte properties, and catalyst architecture 
should be taken into consideration for a universal CO2RR system. At this 
point, the test chain of the CO2RR system based on a modified zero-gap 
electrolyzer and compatible with a variety of reaction conditions was 
built and introduced in this work. By analyzing the combined effects of 
these variables on product distribution, current efficiency, and energy 
consumption in the modified electrolysis reactor and system, this work 
aims to provide valuable insights into the development of efficient, 
stable, and scalable CO2RR systems for future applications.

2. Experimental section

2.1. Preparation for MEA

Electrodes were prepared by spray-depositing catalyst ink onto a gas 
diffusion layer (GDL). For consistency, the active area of both cathode 
and anode electrodes was standardized to 12 cm2. A regular copper 
cathode was prepared by manually spraying the ink, which had been 
made by ultrasonically dispersing 30 mg of copper nanopowder (APS 
20–50 nm, 99.9 %, Thermo Scientific Chemicals) and 40 μL of 5 wt % 
Nafion solution in 2 mL of isopropanol for 20 min, onto a carbon paper 
substrate (Sigracet 39 BB) placed on a hotplate at 80 ◦C. This process 
produced a cathode catalyst layer with a mass loading of approximately 
1.5 mg/cm2. Additionally, the same mass of silver nanocatalyst (APS 
20–40 nm, 99.9 %, Thermo Scientific Chemicals) was spray-coated onto 
a copper-coated electrode to form a CuAg@C cathode, or copper was 
deposited onto a pre-coated silver electrode to form an AgCu@C cath
ode. The total catalyst loading for both tandem catalyst layer configu
rations was approximately 2.8–3.0 mg/cm2. The preparation of the 
anode catalyst layer followed a similar spraying process, in which 30 mg 
of iridium oxide nanopowder was deposited on a platinum-coated tita
nium fiber felt GDL to establish a uniform catalyst layer. The anion ex
change membranes (Sustainion® X37-50 Grade RT) were activated in 1 
M KOH for 24 h, followed by 0.1 M KHCO3 for an additional 12 h. Then 
the membrane was sandwiched between the cathode and anode cata
lysts to form an MEA.

2.2. Characterizations

The surface characterization and energy-dispersive X-ray spectros
copy (EDS) element mapping of the samples were performed using a 
Zeiss Gemini SEM 500 microscope equipped with a thermal Schottky 
field emission cathode. Cross-sectional SEM images of the coated sam
ples were obtained through a JEOL JXA 8530F microscope. Contact 
angle measurements were performed in a DSA25S Drop Shape Analyzer, 
with 5 μL deionized water droplets for imaging and angle determination.

2.3. High-pressure test bench modification

The MEA was placed between two custom-made titanium flow field 
plates, with titanium bolts on the sides acting as current collectors, as 
described in our previous work [24]. Then the assembly was enclosed by 
two stainless steel plates equipped with plug-in heating cartridges, 
which precisely control the temperature of the electrolyzer via the 
temperature indicator and controller (TIC). The process diagram of 
high-pressure electrochemical system is shown in Fig. 1. This system 
incorporated two high-pressure back-pressure valves (BPR) and an 
electronic pressure indicator and controller (PIC) to maintain equal 
pressure levels in the cathode and anode chambers of the MEA elec
trolyzer. Meanwhile, multiple pressure indicators and temperature in
dicators were built in to track dynamic changes within the system. Flow 
management was accomplished by a flow indicator and controller (FIC) 
and HPLC pumps, which delivered gases and anode liquid to the elec
trolyzer accurately and stably even at high pressures. For 
temperature-dependent electrocatalysis experiments, the stainless-steel 
cylinder containing 0.8 L of water and the glass bottle containing 3 L 
of anolyte were maintained at a temperature of 50 ◦C for any experi
ments above room temperature. The stainless-steel pipe at the cathode 
inlet was heated to the same experimental temperature of the 
electrolyzer.

2.4. Electrocatalytic performance

Electrochemical CO2 reduction performance was studied using a 
Biologic VSP-300 potențiostat equipped with a 10-A current booster. In 
the zero-gap MEA electrolyzer setup, the cell voltage was measured as 
the potential difference between the cathode and anode, with no iR 
compensation applied. The anolyte was circulated through the system 
using an HPLC pump at a flow rate of 30 mL/min. The CO2 flow rate to 

Fig. 1. Process diagram of high-pressure CO2RR system. Blue is the cathode flow, green is the anode flow, and red is the heating element. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the cathode was precisely regulated to 90 standard cubic centimeters per 
minute (sccm) using a mass flow controller (SLA5800 series, Brooks), 
where the CO2 gas was preconditioned by bubbling through a cylinder 
filled with water. To get rid of residual air from the system, CO2 was 
introduced 10 min before initiating each electrolysis experiment. Three 
consecutive linear sweep voltammetry (LSV) tests were performed at a 
scan rate of 30 mV/s to a potential of − 3 V to reduce trace amounts of 
copper oxide and activate the electrodes, before each chro
nopotentiometry on a fresh cathode.

2.5. Product quantification

The gas product composition was analyzed in a gas chromatograph 
(SHIMADZU 2010 plus) equipped with an HP-PLOT Q column. Ultra- 
high purity argon gas (99.9999 %) was employed as the make-up gas. 
The chromatograph was fitted with a flame ionization detector (FID) to 
quantify C1–C3 hydrocarbons and a thermal conductivity detector (TCD) 
to hydrogen. Both detectors were calibrated by a series of commercial 
standard gases before analysis. A float-type flux indicator (FI) located 
before GC served as a reference to verify the gas flow rate. The system 
was programmed to automatically collect gas samples every 15 min, and 
data from at least three consecutive measurements were recorded to 
ensure accuracy in calculating the Faradaic efficiency and associated 
error bars at each current density. Although trace amounts of formic acid 
and ethanol were detected in the liquid collected at the cathode outlet, 
the distribution of gaseous products was regarded as the predominant 
outcome under the reaction conditions investigated in this study. The 
Faradaic efficiency (FE) of the gas products was determined using the 
following equation: 

FE(x) =
Qi

Qtotal
× 100 % =

n × m × v × Fp
RT

I
× 100 % 

where Qi is the electrons transferred into product x and Qtotal stands for 
the total charge consumption. Specifically, n is the number of trans
ferred electrons (2 for CO, 8 for methane, 12 for ethylene), m is the flux 
of outlet gas products, v is the volume fraction of product determined by 
gas chromatography, F is the Faradaic constant (96485 C mol− 1), p is the 

gas pressure, T is the room temperature and R is the ideal gas constant 
with a value of 8.314 J mol K− 1, and I is the recorded total current. The 
overall cell energy efficiency (EE) is calculated by following equation, 
based on the thermoneutral potential of each product [2]. 

EE=
∑ En

(x)

Ecell
× FE(x)

En
(x) =

ΔH(x)

nF 

For example, the enthalpy change (ΔH) of the overall reaction of CO2 
+ 2H2O → CH4 + 2O2 is 890 kJ mol− 1, which gives a thermoneutral 
potential En of 1.15 V. The calculation methods are given in Supple
mentary Information.

3. Results and discussion

3.1. Characterization of electrodes

Fig. 2a presents an SEM image of the commercial copper catalyst 
used, highlighting discernible nanoparticles despite some inevitable 
agglomeration. The crystal structure and phase purity of the catalyst 
were analyzed using XRD (Fig. 2b). The characteristic peaks at 43.1◦, 
50.4◦, and 74.2◦ correspond to the (111), (200), and (220) planes of 
copper, respectively, as indexed by JCPDS No. 04–0836. Additionally, 
two minor peaks attributed to CuO, identified by JCPDS No. 48–1548, 
indicate partial oxidation of the copper. Diffraction peaks corresponding 
to the (111), (200), (220), and (311) planes of silver, as indexed by 
JCPDS No. 65–2871, are also observed in both types of tandem elec
trodes [25–27]. The cross-sectional SEM image (Fig. 2c) shows that the 
sprayed copper catalyst layer presents a uniform thickness of about 5 μm 
on the carbon GDL, and the top view in Fig. S1 also shows that the 
catalyst uniformly covers the GDL. The prepared Cu@C electrode ex
hibits superhydrophobicity over 149◦, as shown in Fig. S2, which is 
expected to accelerate the gas transport in the three-phase interface 
reaction during the catalytic process [28]. In addition, Fig. 2d provides a 
cross-sectional view of the CuAg electrode after the deposition of two 
catalyst layers, while Fig. S3 shows that of the AgCu electrode, 

Fig. 2. (a) SEM image of commercial copper nanoparticles. (b) XRD patterns of the Cu electrode, tandem CuAg@C, and AgCu@C electrodes. Cross-sectional SEM 
images of air-sprayed (c) Cu and (d) CuAg catalyst layers on the carbon GDL.
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demonstrating a seamless and continuous coating without visible 
boundaries or cracks. The total catalyst layer thickness measures 
approximately 8 μm, reflecting the uniformity of the deposition process 
across the electrode surface. These structural and morphological find
ings confirm the successful fabrication and integration of the catalyst 
layers.

3.2. Effect of temperature on CO2RR in alkaline electrolyte

Although electrolyzers are subject to varying external environments 
in practical applications, temperature is an underrated parameter when 
evaluating a CO2RR system [29]. Therefore, the distribution of products 
and the energy conversion over copper catalysts in the zero-gap elec
trolyzer with 1 M KOH anolyte was systematically investigated here 
from room temperature to a maximum of 80 ◦C. At room temperature, a 
total current of 1.2 A (current density of 100 mA/cm2), was achieved at 
a cell voltage of 2.62 V, while a higher current of 2.4 A (current density 
of 200 mA/cm2) corresponded to a cell voltage of 3.04 V, as shown in 
Fig. 3a. At a current density of 100 mA/cm2, the Faradaic efficiency (FE) 
for CO, C2H4, and C3 products was 6.25 %, 7.82 %, and 4.28 %, 
respectively. When the current density increased to 200 mA/cm2, the FE 
for CO dropped to 3.58 %, the one for C2H4 increased slightly to 8.79 %, 
and C3 products experienced a sharp decline to 1.81 % FE (Fig. 3b). 

These findings highlight that at ambient temperature, the alkaline sys
tem achieves moderate selectivity for ethylene even at high current 
densities. At the same time, C3 compound formation is constrained due 
to the competition from HER and other C2 products.

Raising the reaction temperature to 50 ◦C substantially reduced en
ergy requirements, as a current density of 100 mA/cm2 was achieved at 
2.45 V, while 200 mA/cm2 was obtained at 2.91 V. As illustrated in 
Fig. 3c, the FE for CO at 100 mA/cm2 rises markedly to 23.14 %, while 
the FEs for C2H4 and C3 products reached 9.50 % and 5.29 %, respec
tively. At 200 mA/cm2, CO selectivity dropped to 9.31 %, whereas C2H4 
formation increased to 11.82 %, and C3 products decreased to 1.10 %. 
The higher temperature likely enhances CO desorption kinetics and re
action rates, leading to increased CO production at moderate current 
densities. Furthermore, the acceleration of carbon-carbon coupling ki
netics can contribute to the increased generation of C2 products, albeit at 
the cost of diminished C3 selectivity at higher current densities. When 
the temperature was elevated to 80 ◦C, the system achieved further re
ductions in voltage demands, reaching 100 mA/cm2 at 2.3 V and 200 
mA/cm2 at 2.71 V. The Nyquist plots in Fig. S4 clearly show that 
increasing temperature increases ionic conductivity, reduces cell 
impedance, and thus improves power conversion. However, the product 
distribution undergoes significant changes at this elevated temperature. 
As Fig. 3d reveals, CO exhibited an FE of 14.46 % at the current density 

Fig. 3. Electrocatalytic CO2RR performance in 1 M KOH anolyte. (a) Polarization curves at several operating temperatures. Faradaic efficiencies of the products at 
reaction temperatures of (b) 25 ◦C, (c) 50 ◦C, and (d) 80 ◦C. (e) Stability of the electrolytic reaction at 1.2 A at 50 ◦C.
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of 100 mA/cm2, while the FEs for C2H4 and C3 products declined to 2.33 
% and 1.10 %, respectively. At 200 mA/cm2, CO remained a high FE of 
13.90 %, but C2H4 FE was restricted to 3.10 %. These shifts suggest that 
higher temperatures favor CO formation but destabilize the in
termediates required for the synthesis of C2 and C3 products. Addition
ally, the increased activity of HER at elevated temperatures likely 
suppresses the formation of higher hydrocarbons by enhancing proton 
availability. The energy efficiency of CO2RR depends on the reaction 
selectivity and overpotential, which is calculated and shown in Fig. S5. 
At a reaction temperature of 50 ◦C, the energy efficiency at a current 
density of 100 mA/cm2 exceeds 20 %, which is attributed to the 
increased Faradaic efficiency of the gaseous products and the reduced 
electrolyzer voltage compared to room temperature. At a higher reaction 
temperature of 80 ◦C, the energy efficiency does not continue to rise 
despite the further reduction of the electrolyzer voltage, mainly due to 
the lower Faradaic efficiency of the desired products, making the energy 
efficiency 2 %–5 % higher than that at ambient temperature. Although 
increasing the reaction temperature can reduce the overpotential, this 
benefit may be offset by the selectivity of the desired products due to the 
enhancement of side reactions. The stability of the CO2RR process was 
evaluated over a 3-h operation period at a working current density of 
100 mA/cm2 and a reaction temperature of 50 ◦C, and a GC spectrum for 
gas content analysis is shown in Fig. S6. While the overall FE for gas- 
phase products remained relatively stable within the 50 %–60 % 
range, subtle fluctuations were observed in the selectivity of individual 
products, as depicted in Fig. 3e. These variations can be attributed to 
transient shifts in local pH and CO2 coverage near the electrode surface 
[30]. Despite these variations, the system demonstrated robust stability, 
maintaining a commendable overall FE for gas-phase products.

Temperature variations exert a profound influence on the interplay 
between energy efficiency and product selectivity in CO2RR, by directly 
affecting thermodynamic equilibrium potential and ionic conductivity. 
Moderate temperatures around 50 ◦C strike an optimal balance by 
reducing energy demands while enhancing the production of CO and 
C2H4. However, at higher temperatures, while energy efficiency is 

further improved, the selectivity for complex products like C2H4 and C3 
diminishes. These findings underscore the necessity of optimizing 
operational parameters to achieve desired product outcomes. Moreover, 
monitoring both overall efficiency and product distribution during 
extended operation at a given current is crucial for exploring the 
interaction between reaction conditions and catalyst performance, 
thereby supporting the development of robust CO2RR systems.

3.3. Effect of pressure on CO2RR in alkaline electrolyte

The solubility of CO2 can be increased in the pressurized H-cell, 
which increases the local CO2 coverage of the catalyst surface and thus 
improves the productivity of liquid products [31–33]. However, the 
collection and analysis of products in high-pressure zero-gap electro
lyzers is still less discussed, which puts more stringent requirements on 
catalyst stability and reactor design [34,35]. Here, the influence of 
high-pressure conditions exceeding 10 bar on the performance of CO2RR 
in a 1 M KOH electrolyte was systematically evaluated in the modifier 
electrolyzer. At a current density of 100 mA/cm2, the cell voltage was 
2.49 V at an operating pressure of 10 bar, while it decreased to 2.44 V at 
15 bar and further to 2.42 V at 20 bar. When the current density 
increased to 200 mA/cm2, the cell voltage raised to 2.98 V at 10 bar, 
2.94 V at 15 bar, and 2.87 V at 20 bar. This trend persisted at a current 
density of 300 mA/cm2, with cell voltages recorded at 3.45 V, 3.33 V, 
and 3.28 V for operation pressures of 10 bar, 15 bar, and 20 bar, 
respectively (Fig. 4a). The increase in pressure slightly reduced the 
activation barriers for these reactions as shown in Pourbaix diagram 
(Fig. S7) derived from the Nernst equation [21], which is consistent with 
the slight decrease in cell voltage observed in the polarization curves at 
high pressure, indicating that high pressure is thermodynamically 
beneficial for CO2RR.

The Faradaic efficiencies for various products reveal considerable 
variations in selectivity for hydrogen and carbon-based products across 
different pressures. At 10 bar, the CO FE was 24.92 % at 100 mA/cm2 

but decreased to 8.98 % at 200 mA/cm2 and further to 3.83 % at 300 

Fig. 4. Electrocatalytic performance under high-pressure conditions in 1 M KOH anolyte. (a) Polarization curves. Faradaic efficiencies of the products at a reaction 
pressure of (b) 10 bar, (c) 15 bar, and (d) 20 bar.

S. Zhong et al.                                                                                                                                                                                                                                   International Journal of Hydrogen Energy 119 (2025) 73–81 

77 



mA/cm2. Ethylene exhibited an FE of 4.02 % at 100 mA/cm2 but became 
negligible at higher current densities, reaching only 0.86 % FE at 200 
mA/cm2 and 0.78 % at 300 mA/cm2 (Fig. 4b). In contrast, hydrogen 
production showed a clear increase, with FEs of 45.87 %, 61.56 %, and 
71.79 % at current densities of 100, 200, and 300 mA/cm2, respectively. 
At 15 bar, the product distribution shifted significantly (Fig. 4c). At a 
current density of 100 mA/cm2, the CO FE decreased to 16.08 %, while 
ethylene became negligible, and C3 compound production rose slightly 
to 1.88 % FE. As the current density increased, the CO FE dropped 
further to 8.73 % at 200 mA/cm2 and 1.87 % at 300 mA/cm2. Ethylene 
FE remained minimal across all current densities, while C3 product FE 
exhibited a slight increase at both 100 and 300 mA/cm2. Hydrogen 
production continued to dominate, with an FE of 75.55 % at 300 mA/ 
cm2, reflecting the fierce competition between hydrogen evolution and 
CO2 reduction. A similar trend is observed at 20 bar (Fig. 4d). At 100 
mA/cm2, the CO FE remained at 16.08 %, accompanied by a modest 
increase in ethylene production (0.26 %) and a higher C3 FE (2.13 %). At 
200 mA/cm2, the CO FE declined to 9.25 %, while ethylene and C3 FEs 
were recorded at 1.20 % and 0.82 %, respectively. At 300 mA/cm2, the 
CO FE further decreased to 7.18 %, with ethylene and C3 FEs slightly 
increasing to 1.74 % and 1.13 %, respectively. Hydrogen production 
reached its peak, with an FE of 78.53 % at 300 mA/cm2, again 
emphasizing the dominance of hydrogen evolution at elevated pres
sures. Despite the thermodynamic benefits brought by high pressure, 
CO2RR involving multi-proton coupled electron transfer is also subject 
to complex kinetics. The formation of C2 and C3 products usually in
volves multi-step reactions, requiring specific stabilization of in
termediates [36]. High pressure can enhance the coverage of CO2 on the 
catalyst surface, which may block the active sites or change the reaction 
pathway, such as promoting the desorption of CO instead of allowing it 
to be firmly attached to the catalyst surface as an intermediate to pro
vide the necessary C–C bonds for high-carbon products. In addition, the 
transport of water from cathode to anode through the membrane driven 
by the electric field and concentration gradient [37,38], may further 
enhance the competitiveness of the hydrogen evolution reaction (HER), 

especially at higher current densities. Together, these factors lead to the 
unexpected suppression of C2 and C3 product formation under 
high-pressure conditions.

The high-pressure experiments revealed a progressive shift towards 
hydrogen production, with a concurrent decline in selectivity for CO and 
C2 products. This also underscores the potential of utilizing high- 
pressure conditions to generate synthesis gas [39], a carbon monoxide 
and hydrogen mixture, ideal for downstream catalytic applications such 
as Fischer-Tropsch synthesis which needs a hydrogen to CO molar ratio 
of approximately 2:1. Thus, the capacity to adjust product selectivity 
under elevated pressure presents an opportunity for optimizing the 
integration of CO2RR with subsequent thermal catalytic processes, 
thereby enabling the efficient synthesis of valuable hydrocarbon fuels.

3.4. Effect of neutral electrolyte on CO2RR performance

Neutral KHCO3 electrolytes, known for their environmental friend
liness, non-toxicity, and wide availability, have emerged as the preferred 
medium for the CO2 electroreduction reaction, as they can serve as a pH 
buffer and proton donor [40,41]. Exploring the 
concentration-dependent effects of a KHCO3 anolyte within the zero-gap 
electrolyzer provides fundamental insight into the underlying reaction 
mechanisms.

As illustrated in Fig. 5a and Fig. 5b for a 0.1 M KHCO3 anolyte sys
tem, the cell voltage stabilized at approximately 3.43 V under a current 
density of 100 mA/cm2 (corresponding to a total current of 1.2 A), 
yielding predominantly gaseous products with the Faradaic efficiencies 
of ethylene and CO being 15.1 % and 25.4 %, respectively. When the 
current density increased to 200 mA/cm2, the cell voltage rose to 3.96 V, 
accompanied by a decline in the FEs for ethylene and CO to 10.1 % and 
12.1 %, respectively. The promotion of ethylene formation can be 
attributed to the facilitation of the CO dimerization pathway. These 
findings are in agreement with the observations of Peter Strasser et al., 
who demonstrated that a rapid increase in local pH during electrolysis 
with low bicarbonate concentrations promotes the formation of C2 

Fig. 5. (a) Polarization curves and (b) Faradaic efficiencies of the products in 0.1 M KHCO3 anolyte. (c) Polarization curves and (d) Faradaic efficiencies of the 
products in 1 M KHCO3 anolyte.
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products through C–C coupling [42]. However, the elevated cell voltage 
reflects the limited ionic conductivity and buffering capacity inherent to 
dilute electrolytes. The diminished selectivity for carbon-based products 
at higher potentials arises from intensified competition between proton 
and electron transfer steps, favoring the HER over the CO2RR. Conse
quently, the generation of higher hydrocarbons becomes less efficient at 
elevated current densities in low-concentrated KHCO3 solutions. In 
contrast, increasing the KHCO3 concentration to 1.0 M significantly 
lowered the cell voltage to 3.1 V at 100 mA/cm2 and to 3.71 V at 200 
mA/cm2 (Fig. 5c). Enhanced ionic conductivity and buffering capacity 
mitigate ohmic losses, as verified by the Nyquist plots shown in Fig. S8, 
and stabilize the local pH to facilitate a more energy-efficient reaction. 
Nevertheless, the FE for CO decreased to 21.2 %, while hydrogen 
emerged as the dominant product with an FE exceeding 51 % at a cur
rent density of 100 mA/cm2, as depicted in Fig. 5d. At a current density 
of 200 mA/cm2, the predominance of HER became even more pro
nounced, with hydrogen achieving an FE of 52.9 % and CO further 
declining to 18.7 %. These trends are consistent with the findings of 
Kastlunger et al., who reported that higher bicarbonate concentrations 
favor the production of methane and oxygenated C2+ products, often at 
the expense of ethylene [43]. Although the low-concentration neutral 
electrolyte system requires a higher voltage, its superior selectivity for 
C1–C3 products results in a higher energy efficiency (17 %) at a current 
density of 100 mA/cm2 than that of the high-concentration anodic 
electrolyte system, as shown in Fig. S9.

The concentration of the neutral electrolyte exerts a profound in
fluence on ethylene production, necessitating a delicate balance be
tween energy efficiency, product selectivity, and operational stability. 
While higher KHCO3 concentrations improve ionic conductivity and 
reduce cell voltage, the product distribution shifts toward HER, thereby 
limiting C2+ product yield. Conversely, lower concentrations favor the 
selectivity for ethylene but at the cost of increased energy requirements. 
Thus, the interplay between electrolyte concentration and reaction rate 
emerges as a critical factor in regulating product distribution during 

neutral CO2RR.

3.5. Effect of tandem catalysts on CO2RR

Tandem catalyst layer electrodes integrate silver with its high CO 
selectivity and copper capable of generating C2+ products to facilitate 
and establish a cascade reaction system [44,45]. Owing to the dual 
functionality, this system divides the CO2 reduction reaction into two 
steps: CO2-to-CO and CO-to-C2 at different catalytic sites, increasing 
surface *CO coverage and enhancing C–C coupling [46]. Here, an AgCu 
tandem catalyst electrode was prepared by spraying a silver catalyst 
layer on the GDL first, followed by a copper catalyst layer, and the 
reverse order was identified with CuAg. EDS mapping of the two hybrid 
electrodes demonstrates the uniform distribution of elements and the 
dominance of the upper metal elements, as shown in Figs. S10 and S11. 
While the migration or mixing of metal catalyst particles may potentially 
occur, no obvious evidence was detected in the XRD and SEM images. 
Therefore, it is assumed that such phenomena will not have a decisive 
impact on the experimental results.

In an alkaline electrolyte, the AgCu electrode still demonstrated a 
low voltage demand, achieving 2.7 V at 100 mA/cm2 and 3.08 V at 200 
mA/cm2, as Fig. 6a illustrated. The Faradaic efficiency at 100 mA/cm2 

was 24.14 % for CO, while ethylene and hydrogen showed 2.07 % and 
55.08 %, respectively. When the current density increased to 200 mA/ 
cm2, the CO FE declined significantly to 12.21 %, accompanied by a 
minor increase in C2H4 FE to 2.26 % and a notable rise in H2 FE to 66.75 
%, as shown in Fig. 6b. The CuAg electrode required slightly lower 
voltages of 2.6 V at 100 mA/cm2 and a higher one of 3.14 V at 200 mA/ 
cm2. The CO FE was initially lower at 20.63 %, with no detectable 
ethylene production at 100 mA/cm2. However, H2 dominated the 
product distribution with an FE of 71.15 %. At 200 mA/cm2, the CO FE 
further decreased to 13.07 %, while C2H4 appeared with an FE of 1.16 
%, and H2 increased to 74.90 % in Fig. 6c. In neutral electrolytes, the 
AgCu electrode required a cell voltage of 2.91 V at 100 mA/cm2 and 

Fig. 6. (a) Polarization curves of two types of Ag/Cu tandem catalysts in 1 M KOH anolyte. Faradaic efficiencies of the products from (b) AgCu and (c) CuAg catalysts 
in an alkaline system. (d) Polarization curves of the tandem electrodes in 1 M KHCO3 anolyte. Faradaic efficiencies of the products from (e) AgCu and (f) CuAg 
electrodes in a neutral system.
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3.31 V at 200 mA/cm2 (Fig. 6d), producing CO with an FE of 29.44 % at 
100 mA/cm2, alongside 1.81 % for C2H4 and 45.15 % for H2. As the 
current density rose to 200 mA/cm2, the CO FE declined to 19.71 %, but 
the C2H4 FE increased significantly to 6.50 %, as depicted in Fig. 6e. For 
the CuAg electrode, the voltage demands were 2.87 V at 100 mA/cm2 

and 3.3 V at 200 mA/cm2. At 100 mA/cm2, the CO FE was 15.80 %, with 
C2H4 and H2 achieving FEs of 2.20 % and 62.14 %, respectively. As 
shown in Fig. 6f, increasing the current density to 200 mA/cm2 resulted 
in a drastic drop in CO FE to 4.92 %, a rise in C2H4 FE to 4.33 %, and an 
increase in H2 FE to 73.20 %.

The tandem electrode configuration significantly improved CO pro
duction and Faradaic efficiency, but the yield of C2–C3 products was still 
limited compared to Cu electrodes. In addition, the overall improvement 
in C2H4 production over Cu-based catalysts in neutral electrolytes 
compared to alkaline electrolytes suggests that electrolyte composition 
significantly affects the catalytic pathways. This emphasizes the 
importance of catalyst design for controlling product selectivity and 
highlights the critical interplay of optimizing catalyst material proper
ties and electrolyte conditions toward the desired product distribution 
[47].

4. Conclusion

This study systematically explores the effects of key operational 
factors, including electrolyte concentration, reaction temperature, 
operating pressure, and catalyst design for CO2RR in a zero-gap elec
trolyzer. The results demonstrate that electrolyte concentration signifi
cantly influences current efficiency and product distribution. Lower 
concentrations promote the formation of C2 products, while higher 
concentrations reduce cell voltage and enhance proton transfer but in
crease competition from the hydrogen evolution reaction. Elevated 
temperatures improve the reaction kinetics, with moderate tempera
tures balancing energy consumption and product selectivity, whereas 
high temperatures suppress higher hydrocarbon formation despite 
lowering voltage demands. Increased pressure improves local CO2 
concentration, reduces cell voltage, and enhances both mass transport 
and reaction rates, but also intensifies HER competition, diminishing the 
selectivity for higher hydrocarbons. Furthermore, competition between 
tandem catalysts enhances CO production, possibly due to differences in 
intermediate adsorption energies, highlighting the need for precise 
control in future catalyst design. Overall, the study provides funda
mental insights and practical strategies for improving CO2RR system 
efficiency and product selectivity.
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