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A B S T R A C T

Excellent energy efficiency and system stability are critical factors guiding the practical application of carbon 
dioxide reduction reaction (CO2RR) systems. This work promotes reduction reaction kinetics in a modified zero- 
gap electrolyzer by regulating the operation temperature and pressure. The energy efficiency of the CO2RR 
system is enhanced, such as 52.6 % at a current of 1.2 A under alkaline conditions and 49.4 % under neutral 
conditions, with the characteristics of low voltage and high Faradaic efficiency. In addition, the optimization of 
the reaction microenvironment effectively alleviates the precipitation issue, enabling the system to operate stably 
for more than 100 h, with a Faradaic efficiency of more than 90 % for CO generation. Engineering-integrated 
electrochemistry inspires the future development of CO2RR technology.

1. Introduction

The electrochemical reduction of carbon dioxide powered by 
renewable sources such as solar or wind energy, stands out as a prom
ising technology for facilitating the sustainable energy transition [1,2]. 
The primary product carbon monoxide (CO) from CO2RR is a versatile 
and fundamental industrial feedstock utilized in the synthesis of a wide 
range of chemicals. It constitutes a main component of syngas, which 
can be further converted into methanol, olefins, and even sustainable 
aviation fuels [3–5]. However, the development of CO2RR technologies 
is currently constrained by high energy consumption, while stability and 
energy efficiency are the key indicators for evaluating the scalability and 
economic feasibility [6,7]. Although efficient catalysts are the decisive 
factor in improving the selectivity of specific products [8–10], the 
overall energy efficiency and operational performance of the electro
chemical reaction are also influenced by the reactor configuration 
[11–13].

The zero-gap electrolyzer configuration featuring adjacent elec
trodes, in which the catholyte is omitted, is aimed to minimize ohmic 
resistance and activate the catalytic reactions with a low overpotential 
[14–16]. This setup also permits direct contact between the catalyst and 

the ion exchange membrane, which not only significantly improves mass 
transport dynamics but also preserves the structural integrity of the 
electrodes [17–19]. Alkaline and neutral media are used to suppress the 
competitive hydrogen evolution reaction (HER) and strengthen the 
selectivity of CO2RR. Although there is no liquid electrolyte flowing 
through the cathode in the zero-gap electrolyzer, vapor carried by the 
humidified CO2 stream and water transported from the anode through 
the membrane are reactants for the reduction reaction (CO2 + H2O +
2e− → CO + 2OH− ) [20,21]. However, the reaction between OH− and 
CO2 on the cathode surface leads to the formation and precipitation of 
carbonates, particularly at high current densities [22,23]. Engineering 
approaches are introduced as strategies to address these issues, such as 
increasing the reaction temperature and pressure [24], which kinetically 
favors the reduction process to improve energy efficiency, and main
taining a stable microenvironment at the cathode to extend the system 
lifetime.

This work investigated the operational parameters of an electro
reduction system based on a zero-gap electrolyzer, and the management 
of the cathode microenvironment to boost the energy efficiency for CO2- 
to-CO and to prolong system longevity. With employing commercially 
available silver catalysts, the modified zero-gap electrolyzer 
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demonstrated a current of up to 4.2 A with a cell voltage below 4 V at 
ambient temperature, and indicated the downward trend of electricity 
costs as the operating temperature rose. It further exhibited a high en
ergy efficiency of over 50 % at a current density of 100 mA/cm2 under 
heated or pressurized conditions. Additionally, the device enabled stable 
operation for over 100 h at a total current of 1.2 A, with a CO Faradaic 
efficiency of no less than 90 %. This research provides fundamental 
insights for electrochemical CO2 reduction technologies in future 
applications.

2. Experimental section

2.1. Electrolyzer and test bench modification

The zero-gap reactor was adapted from a commercial electrolyzer 
(Parr Instruments). Here, two titanium flow field plates were refabri
cated, featuring spiral channels with a width of 0.75 mm, a depth of 
0.65 mm, and a pitch of 1.3 mm. Titanium bolts, inserted and tightened 
from the side of the flow field plate, here functioned as current collec
tors. The membrane electrode assembly (MEA) and flow plates were 
sandwiched between two stainless steel plates with a diameter of 9 cm 
and fastened by eight bolts, with polyimide foils as insulation between 
each layer. Liquid and gas feeds flowed through the housings to the 
anode and cathode, respectively.

The process and instrument diagram (PID) of the proposed CO2 
electroreduction system based on a zero-gap electrolyzer is shown in 
Fig. 1 and the photos of devices are shown in Fig. S1. A flow indicator 
controller (FIC) and a high-performance liquid chromatography (HPLC) 
pump are employed to maintain precise and stable flow rates for both 
gas reactant and anolyte. Two cartridge heaters are installed on each 
stainless steel plate, close to plug-in electronic temperature sensors, 
whose temperature is precisely regulated by an integrated temperature 
indicator controller (TIC) to ensure a stable and uniform thermal envi
ronment inside the electrolyzer. The back pressure regulators and 
electronic pressure indicator controller (PIC) work together to dynam
ically adjust and stabilize the consistent pressure at the cathode and 
anode sides. In addition, multiple electronic pressure indicators (PI) and 
temperature indicators (TI) are strategically distributed throughout the 
system to monitor temperature sensitively. The resultant gaseous 
products are analyzed in real time by a gas chromatograph (GC), 
enabling detailed component characterization.

2.2. Preparation of MEA

The electrodes were prepared by spraying the catalyst ink on the gas 
diffusion layers. Silver nanopowder (APS 20–40 nm, 99.9 %, Thermo 
Scientific Chemicals) and iridium oxide nanopowder (Fuel Cell Store) 
were selected as catalysts. Carbon paper (Sigracet 39 BB) and platinized 
titanium fiber felt (Fuel Cell Store) served as cathode gas diffusion layers 
(cGDL) and anode gas diffusion layers (aGDL), respectively. For the 
cathode, the catalyst ink was prepared by ultrasonically mixing 5 wt% of 
Nafion solution (40 µL) and Ag nanopowder (30 mg) in isopropyl alcohol 
(2 mL) for 20 min. Then the ink was manually sprayed onto the carbon 
paper placed on a heated plate at 80 ◦C, and the mass loading of the 
cathode catalyst layer (cCL) was approximately 1.5 ~ 2.0 mg/cm2. The 
same preparation procedure method was employed to coat IrO2 on 
platinized titanium fiber felt as the anode catalyst layer (aCL). The area 
of both electrodes was 12 cm2.

2.3. Characterizations

Surface characterization of the samples was carried out using a Zeiss 
Gemini SEM 500 microscope with a thermal Schottky field emission 
cathode, and the elemental distribution mappings were obtained using 
an Oxford energy dispersive X-ray spectrometer (EDS) instrument with a 
silicon drift detector. The cross-sectional images of the coated samples 
were collected from scanning electron microscopy (SEM) (JXA 8530F, 
JEOL) with various magnifications, and the catalyst distribution in the 
coating layer was analyzed with wavelength-dispersive X-ray spectros
copy (WDX). The contact angle measurements with 5 µL droplets of 
deionized water were conducted using a DSA25S Drop Shape Analyzer 
for photography and angle calculation.

2.4. Electrocatalytic performance

All electrochemical CO2 reduction tests were recorded on a Biologic 
VSP-300 potentiostat with a 10-ampere current booster. Anion exchange 
membranes (Sustainion X37-50 Grade RT) were activated in 1 M KOH 
for 24 h, in 0.1 M KHCO3 for 12 h, and rinsed with ultrapure water 
before use. In the modeled zero-gap MEA electrolyzer described above, 
the cell voltage was the potential difference between the cathode and the 
anode with no iR compensation. The aqueous anolyte was circulated by 
an HPLC pump at a flow rate of 30 mL/min. CO2 was bubbled through a 

Fig. 1. PID of electrocatalytic reduction of CO2 system with a zero-gap electrolyzer.
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cylinder filled with water at 50 ◦C before entering the reactor, and the 
CO2 was fed for 10 min before each electrolysis experiment to remove 
residual air. The flow rate of the CO2 gas into the cathode was kept at 90 
standard cubic centimeters per minute (sccm) by a mass flow controller 
(SLA5800 Series, Brooks) and another float-type flowmeter as an outlet 
reference. Each assembled MEA was activated in the voltage range of 
0.5–4.0 V by three linear sweep voltammetry (LSV) tests. Electro
chemical impedance spectroscopy (EIS) measurements were performed 
at several currents with a voltage amplitude of 5 mV, and the frequency 
limits were set from 100 kHz to 1 Hz.

2.5. Product quantification

The composition of the output gas was analyzed by a gas chro
matograph (SHIMADZU 2010 plus) with a packed HP-PLOT Q column. 
Ultra-high purity Ar gas (99.9999 %) was used as the make-up gas. A 
flame ionization detector (FID) for C1-C3 quantification and a thermal 
conductivity detector (TCD) for H2 quantification were installed in the 
gas chromatograph. The signal response of the TCD and FID was cali
brated by a range of commercial standard gases previously. The GC was 
set to automatically draw samples every 12 min and at least three 
consecutive detection data were collected to calculate the Faradaic ef
ficiency and error bars at each tested current density. The Faradaic ef
ficiency (FE) of products was calculated by the equation: 

FE =
Qi

Qtotal
× 100 % =

n × v × x × F
RT

I
× 100 % 

where Qi is the electrons stored in the products and Qtotal stands for the 
total charge consumption, n is the number of transferred electrons, v is 

the flow rate of CO2 gas, x is the volume fraction of product determined 
by gas chromatograph, F is the Faradaic constant, p is the pressure, T is 
the room temperature and R is the ideal gas constant with a value of 
8.314 J mol/K, and I is the recorded total current [25]. The energy ef
ficiency (EE) calculations based on the thermoneutral potential (change 
in reaction enthalpy) directly reflect the efficiency relative to the 
chemical energy stored in the final product [26]. The enthalpy change 
(ΔH) of the overall reaction of CO2 → CO + ½O2 is 283 kJ/mol, which 
gives a thermoneutral potential En of 1.47 V [27,28], and the energy 
efficiency of the system is given by the equations: 

En =
ΔH
nF 

EE =
En

E(i)
× FE 

where n is the number of transferred electrons, F is the Faraday constant, 
E(i) is the recorded cell voltage of the zero-gap electrolyzer and FE is the 
Faradaic efficiency of CO at a given current.

3. Results and discussion

3.1. Characterization of MEA

The modified zero-gap reactor includes a core membrane electrode 
assembly with the flow fields and housings on both sides, as illustrated 
in Fig. 2a. In the headspace over the flow channels (facing the ion ex
change membrane), a gap of 320 µm was reserved for the cathode 
electrode, while another one was 230 µm for the anode, as shown in 

Fig. 2. (a) Schematic diagram of the modified zero-gap electrolyzer. (b) Fabrication specifications for flow field plates with microchannels. (c) Cross-section 
schematic of the MEA, including the catalyst layers, GDLs, and an ion exchange membrane. (d) Photograph showing the thickness of the prepared MEA. (e) 
Cross-sectional SEM images and (f) intensity distribution of airbrushed Ag catalyst on carbon GDL. (g) Photograph of contact angle measurement on the fresh 
Ag@C electrode.
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Fig. 2b. An anion exchange membrane (AEM) with a thickness of 50 µm 
was placed between the electrodes, as Fig. 2c shows, to fulfill the MEA. 
To yield a compact design of the modified electrolyzer, the entire MEA 
including GDLs, catalyst layers, and ion exchange membrane, was 
compressed between the two flow field plates, maintaining a total 
thickness of 550 µm (Fig. 2d). Commercial silver nanoparticle catalysts 
with a primary diameter of approximately 50–100 nm can be distin
guished from the SEM image in Fig. S2, and the top view SEM of the 
cathode electrode reveals that the Ag catalyst is uniformly coated on the 
carbon GDL. The crystal structure and phase purity of the catalysts were 
examined by XRD in Fig. S3; the characteristic peaks at 38.1◦, 44.3◦, 
64.4◦, and 77.4◦ were assigned to the diffraction of (1 1 1), (2 0 0), (2 2 
0), and (3 1 1) crystal planes for Ag (JCPDS No. 04-0783), respectively 
[29,30]. The thickness of the spray-coated Ag catalyst layer on GDL is 
about 5 μm without obvious catalyst agglomeration, as shown from the 
cross-sectional SEM image (Fig. 2e), where the spray of ink mist and 
rapid solvent evaporation expedited the formation of a clear and uni
form catalyst layer on the GDL. Moreover, the intensity distribution 
spectrum in Fig. 2f demonstrates that Ag nanoparticles are well 
distributed in the direction perpendicular to the GDL. A catalyst layer of 
appropriate thickness provides numerous electrochemically active sites 
essential for CO2RR and avoids the electrical contact between the 
membrane and the bare carbon GDL [31,32]. The catalyst side of the 
fresh Ag/C electrode initially exhibits a water contact angle of 148◦

(Fig. 2g), and its hydrophobicity can ensure rapid gas diffusion and 
establish an effective reaction interface in the cathode [33,34]. The SEM 
micrographs in Fig. S4 show that the catalyst IrO2 powder with nano
particle size is air sprayed onto the surface of the titanium fiber to form 
the IrO2@Ti anode. The catalyst side of the fresh IrO2@Ti electrode 

initially shows a water contact angle of 136.3◦ (Fig. S5), which allows 
smooth penetration of the anolyte and rapid diffusion of the produced 
oxygen through the open structure.

3.2. Notable energy efficiency in alkaline anolyte

The no-catholyte MEA system with 1 M KOH flowing anolyte exhibits 
a high reaction rate with a current of 4.5 A at a cell voltage of 4 V under 
ambient temperature conditions, as indicated by the LSV curves in 
Fig. S6. This is further exemplified by a large current of 7 A at the same 
cell voltage when the operating temperature is increased to 80 ◦C. The 
maximum operating temperature of the membrane should not exceed 
90 ◦C to prevent decreased proton mobility through the membrane and 
flooding caused by increased water crossover [35,36]. Fig. 3a shows the 
impact of three representative operating temperatures on cell voltage at 
various current densities, as measured by chronopotentiometry. The 
total current of the CO2RR reaches 1.2 A (current density of 100 mA/ 
cm2) at a cell voltage of 3 V at room temperature, while increased 
temperature reduces the overpotential of the reaction to a cell voltage of 
2.6 V at 50 ◦C and 2.4 V at 80 ◦C. A total current of 3 A (250 mA/cm2) is 
achieved with a cell voltage of 3.63 V at room temperature, which is 
accessible with 2.97 V only at 80 ◦C. Fig. S7 reveals the CO volume 
fraction detected via gas chromatograph based on the CO2 outlet flow. 
While maintaining a current density of 100 mA/cm2, the CO2RR pro
duces similar CO volume fractions of 8 %–9 % at different temperatures. 
As the current density increases, the volume fraction of CO gradually 
grows to 20 %. The corresponding CO Faradaic efficiency (FECO) at 
various temperatures is presented in Fig. 3b, derived from the CO vol
ume fraction. For the CO2RR at room temperature, the FECO is 89.1 % at 

Fig. 3. CO2RR performance with 1 M KOH anolyte in the modified zero-gap electrolyzer. (a) Polarization curves, (b) Faradaic efficiencies of CO and H2, (c) the 
calculated energy efficiency, and (d) Nyquist plots at each current density under operating temperatures of 25 ◦C, 50 ◦C, and 80 ◦C. (e) The recorded cell voltages and 
corresponding FECO at a current of 1.2 A during 3 h of operation under operating temperatures of 25 ◦C, 50 ◦C, and 80 ◦C. (f) Polarization curves, (g) Faradaic 
efficiency, and (h) energy efficiency at each current density under a pressure of 1 bar, 3 bar, and 5 bar.
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a current density of 100 mA/cm2. Despite the increased HER activity at 
higher current densities, FECO remains at 75.4 % even at a high current 
density of 250 mA/cm2. At 50 ◦C, the CO2RR maintains excellent CO 
selectivity across various current densities, achieving 93.0 %–94.0 % 
FECO at current densities of 100–200 mA/cm2 and 87.1 % at 250 mA/ 
cm2. Even with the lowest cell voltage input at 80 ◦C, FECO values 
remain 85.7 %–88.0 % at current densities of 100–200 mA/cm2 and 
76.5 % at 250 mA/cm2. In general, achieving a considerably high 
selectivity for target products at a lower voltage signifies an enhanced 
energy efficiency of the system (Fig. 3c). The catholyte-free operation 
and unobstructed mass transport result in a CO2RR energy efficiency of 
43.3 % at a current density of 100 mA/cm2 and 33.3 % at 200 mA/cm2 

at room temperature. With the increased FECO at 50 ◦C, energy effi
ciency rises to 52.6 % at a current density of 100 mA/cm2 and 44.3 % at 
200 mA/cm2. At 80 ◦C, the CO2RR achieves comparable energy effi
ciencies of 52.5 % and 43.1 % with lower voltage. EIS was conducted to 
further analyze the effect of temperature on the CO2RR in the zero-gap 
electrolyzer. Fig. 3d shows a slight decrease in ohmic resistance as the 
temperature increases, attributed to enhanced electronic conductivity 
and diffusion coefficients, which lead to higher reaction rates and CO 
selectivity. The consistent trend of higher operating temperatures 
yielding lower cell voltages benefits electrolyzers aiming for future 

commercial-scale current densities and energy efficiency [37]. Addi
tionally, from an industrial viewpoint, waste heat from other chemical 
processes can sufficiently sustain CO2 electrolyzer temperatures up to 
80 ◦C [38].

During the CO2RR process at a constant current of 1.2 A, Fig. 3e 
shows a gradual decrease in FECO across all tested temperatures while a 
noticeable increase in cell voltage only at room temperature. However, 
pressure fluctuation in the reactor halted the reactions after three hours, 
because solids formed at the cathode blocked the flow channels. SEM 
images of the tested Ag@Carbon electrodes reveal no obvious structural 
changes at the micron scale compared to the initial morphology 
(Fig. S8), while surface EDX spectroscopy (Table S1) identifies the 
presence of potassium on the electrode. This observation can be ascribed 
to electrolyte permeation driven by concentration and potential gradi
ents, which further facilitates flooding and carbonate formation [39], 
thereby disturbing the gas–liquid equilibrium during electrolysis. 
Concurrently, the accumulated carbonate also imparts hydrophilic 
properties to the cathode surface [40,41]. This effect is manifested by 
the large decrease in water contact angles on the catalyst side of the Ag/ 
C electrode to 63◦ (25 ◦C), 82◦ (50 ◦C), and 68◦ (80 ◦C) after 3 h 
(Fig. S9), indicating severe flooding and an increased prevalence of the 
HER as the experiment progressed.

Fig. 4. CO2RR performance with 0.1 M KHCO3 anolyte in the modified zero-gap electrolyzer. (a) Polarization curves, (b) Faradaic efficiencies of CO and H2 products, 
and (c) calculated energy efficiency at each current density under operation temperatures of 25 ◦C, 50 ◦C, and 80 ◦C. (d) Electrochemical stability test at a working 
current of 1.2 A under operation temperature of 50 ◦C. (e) Diagram of carbonate precipitation and dissolution. (f) Polarization curves, (g) Faradaic efficiencies, and 
(h) calculated energy efficiency at each current density.
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Note that many chemical reactions using CO as a feedstock require 
elevated pressures [42]. As another strategy, CO2 feed is pressurized to 
enhance the local concentration of CO2 within the catalyst layer [43], 
which effectively shifts the onset potential positively on the LSV curves 
(Fig. S10). This adjustment is reconfirmed by the galvanostatic mea
surements, where the cell voltage decreases from 3.02 V at a current 
density of 100 mA/cm2 under ambient conditions (Fig. 3a), to below 2.8 
V when pressure is applied (Fig. 3f). Compared with CO2RR at ambient 
pressure, the generated CO volume fractions also increased within a 
pressure range of 1 to 5 bar (Fig. S11). Pressurization increases the 
concentration of CO2 reactants within the catalyst layer, further 
improving the single-pass conversion rate and the Faradaic efficiency of 
CO generation [44]. As shown in Fig. 3g, the total Faradaic efficiency of 
the product is close to 100 % at all tested current densities, which also 
demonstrates that the modified reactor with precision-engineered seal 
ensures stable operation and reliable measurements under demanding 
conditions. Adequate CO2 supply is vital especially at high current 
density due to the substantial consumption required to sustain optimal 
reaction rates. Furthermore, Fig. 3h shows that the energy efficiency of 
the pressurized reaction ranges from 49.0 % to 51.7 % at a current 
density of 100 mA/cm2 and from 31.2 % to 35.4 % at a higher current 
density of 250 mA/cm2, attributed to improved Faradaic efficiency and 
reduced cell voltage. Therefore, pressurized CO2 electrolysis may be a 
feasible method to directly provide CO product at the required pressure 
for downstream reproduction.

The foregoing analysis reveals that CO2RR in the MEA-based reactor 
under alkaline conditions holds considerable potential for accelerating 
reaction rates. Elevating the temperature or pressure proves to be a wise 
strategy to enhance selectivity and the overall energy efficiency of the 
system. Nonetheless, it is noteworthy that CO2 undergoes conversion to 
CO3

2− in the alkaline environment, and the formation of these carbonates 
will obstruct CO2 flow and diffusion, promoting hydrogen production 
[45,46]. Therefore, how to delay the production of carbonates or 
decompose carbonates over time while maintaining high current density 
without the system being destroyed is a key task for zero-gap electro
lyzer systems.

3.3. Extended operation in neutral anolyte

Adopting a milder electrolyte, such as KHCO3 solution with excellent 
buffering properties [47], appears to be a feasible approach to allevi
ating the problem of carbonate precipitation in the zero-gap electro
lyzer. As shown from the LSV curves in Fig. S12, the AEM-MEA system 
with 0.1 M KHCO3 anolyte demonstrates an enhanced reaction rate in 
elevated temperature environments, with a current from 2.2 A (25 ◦C) to 
3.7 A (80 ◦C) at the same cell voltage of 4 V. The higher cell voltage in 
this case, compared to alkaline electrolytes, is due to the lower ion 
conductivity of HCO3

− than OH− and diminished reaction kinetics in a 
microenvironment with lower cation concentration and pH [48,49]. 
And the electrolyzer operated at a current density of 200 mA/cm2 comes 
with corresponding voltages of 4.05 V, 3.48 V, and 3.14 V under oper
ation temperatures of 25 ◦C, 50 ◦C, and 80 ◦C (Fig. 4a), respectively, 
which again underscores the temperature-dependent characteristics of 
the CO2RR process. Fig. S13 highlights the direct correlation between 
current density and CO production, with a positive increase in the vol
ume fraction ratio of CO as the operating current density rises. Fig. 4b 
reveals that FECO declines from approximately 93.5 % to 57.8 % at room 
temperature along with an increase of the working current density from 
100 to 250 mA/cm2. Although a slightly increased trend in HER is 
observed at large current densities at elevated temperatures, the MEA 
still maintained 88.2 % FECO at a current density of 250 mA/cm2 at 
80 ◦C. Fig. 4c shows that the corresponding energy efficiency increases 
at elevated temperatures for each given current density. Specifically, the 
energy efficiency of this MEA system at 80 ◦C approaches 49.4 % at a 
current density of 100 mA/cm2 and still exceeds 40.8 % at 200 mA/cm2. 
When the higher operating temperature appropriately offsets the heat 

requirement for CO2-to-CO conversion, the demand for electrical energy 
decreases proportionally [50].

To affirm the stability of neutral CO2RR in the zero-gap electrolyzer, 
life tests were conducted at a current density of 100 mA/cm2 (total 
current 1.2 A) with 0.1 M KHCO3 anolyte cycling. Over a 10-hour 
operation at room temperature, the required voltage increased pro
gressively while the CO Faradaic efficiency declined modestly, as 
depicted in Fig. S14a. At an operating temperature of 80 ◦C, the voltage 
stabilized at 2.9 V with the FECO fluctuating around 90 % within 8 h 
(Fig. S14b). Both experiments were terminated after it was discovered 
that the pressure difference inside the reactor was increasing. More 
observations indicated that cathode GDL was flooded at room temper
ature after 10 h, whereas accumulated carbonate filled the micro
channels after 8 h at 80 ◦C. However, it is worth noting that the system 
maintained a stable voltage of 3.2 V for over 100 h at 50 ◦C, with a CO 
Faradaic efficiency exceeding 90 % (Fig. 4d). Here, the inserted water 
contact angle image of the used Ag@Carbon electrode confirms the 
retention of hydrophobicity after service, and the SEM image (Fig. S15) 
shows no significant structural changes of the catalyst layer. Again, 
small amounts of potassium are detected on the cathode GDL surface, as 
evidenced by EDX analysis in Table S2. Thus, the temperature- 
dependent strategy is responsible for the high efficiency and extended 
operation lifetime. Fig. 4e illustrates a schematic depiction of the dy
namic process within a zero-gap electrolytic cell, highlighting the 
impact of temperature on both dissolution and precipitation rates. In the 
process of electrolysis, potassium ions electrically migrate the cathode 
and interact with the alkaline microenvironment there, which facilitates 
carbonate compound formation [20]. Water vapor from the humidified 
CO2 gas stream and water transported from the anode to the cathode 
through the membrane participate as reactants in the CO2RR [51]. Some 
of this water accumulates within the cathode channels at room tem
perature, which dissolves the formed carbonates but can also cause 
flooding problems over time. As temperature increases, both the elec
troreduction reaction and carbonate precipitation accelerate as well as 
water evaporation losses on the cathode. This results in less available 
liquid water and more carbonate accumulation when the reactor is 
overheated. At the optimal temperature, an equilibrium between car
bonate production and dissolution can be established, where the stra
tegic mass and heat transfer dynamic balance enables the advanced 
efficiency and long-term stability of the system. Thus, fine-tuning the 
temperature to manage the solid/gas/liquid microenvironment within 
the catalyst layer is essential for durable, efficient, and stable CO2 
electrolysis.

Besides, LSV curves in the neutral electrolyte also admit that 
increased pressure enhances the overall reaction rate compared to at
mospheric pressure, as shown in Fig. S16. There is no wide difference in 
the CO2RR reaction rate for pressure changes in the range of 1 to 5 bar in 
Fig. 4f, with a close to full score of FECO and a clear suppression of the 
HER as depicted in Fig. 4g, particularly evident under high current 
conditions. The energy efficiency of pressurized CO2RR, highlighted in 
Fig. 4h, is attributable to improvements in Faradaic efficiency and 
reduced cell voltage. This configuration delivers sustained energy effi
ciencies from 43.1 % at a current of 1.2 A to 37.9 % at 2.4 A, compared 
to 37 % and 26 % at room temperature and atmospheric pressure. These 
interesting findings suggest that the approach of directly introducing 
pressurized CO2 gas into the cathode effectively augments the local 
concentration of reactants to occupy a greater number of reaction sites 
and expedite CO desorption. Experiments have validated that the 
structured deployment of zero-gap electrolyzers combined with a syn
ergistically engineered microenvironment can stimulate CO2RR perfor
mance. Increasing the operating temperature and pressure can 
significantly accelerate the reaction kinetics and mass transport, thereby 
improving the energy efficiency of both alkaline and neutral electrolyte 
systems.

The influence of temperature on the activation energy (Eact) for CO2- 
to-CO conversion in both electrolytes was quantitatively investigated, 
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which was achieved by plotting the linear fit of the natural logarithm of 
the CO partial current density against the inverse of temperature, 
following the Arrhenius equation over the temperature range of 298 K to 
353 K [52,53]. Across the applied voltage conditions, the alkaline sys
tem (Fig. 5a) exhibited consistently lower Eact values compared to the 
neutral system (Fig. 5b), demonstrating superior CO production effi
ciency under alkaline conditions. Furthermore, density functional the
ory (DFT) calculations (Fig. S17) revealed that increasing the 
temperature on the Ag catalyst surface elevates the Gibbs free energy 
associated with the formation of *COOH intermediates but promotes the 
desorption of CO products, as depicted in Fig. 5c. Additionally, the effect 
of pressure was clarified in Fig. 5d by Pourbaix diagram derived from the 
Nernst equation [54]. With increasing pressure, the Pourbaix line for the 
CO2-to-CO reaction shifts upward, indicating a slight reduction in the 
overpotential. Moreover, as per Le Chatelier’s principle [44], higher 
pressure and increased reactant concentrations enhance both the reac
tion rate and the conversion efficiency of CO2. Table S3 lists some 
studies reporting the performance metrics of CO2-to-CO conversion in 
MEA-based electrolyzers. This compilation highlights that the modified 
electrolyzer in this study achieves a combination of high current density 
and low operating voltage over a relatively large electrode area with 
controllable temperature and pressure, thereby delivering high energy 
efficiency and long-term operation stability, and these attributes remain 
key breakthrough points for future developments in this field.

4. Conclusion

In addressing the challenges of scalability and feasibility of the CO2 
electroreduction system, this work discovered a route towards enhanced 
energy efficiency and prolonged operational lifetime. This work found 
that the demands for low voltage and high current density in practical 

scenarios could be achieved by adjusting reactor temperature and 
pressure, which in turn increased reaction rate and efficiency. Further
more, the water vapor in humidified CO2 helped to mitigate the car
bonate precipitation issue at the cathode in a neutral anolyte. These 
adjustments have demonstrated a 10 %–20 % improvement in the en
ergy conversion efficiency of the MEA electrolyzer system compared to 
ambient environment conditions. The integration of engineering stra
tegies and the microenvironmental adjustment in a zero-gap MEA 
electrolyzer establishes a balance among electrochemical parameters, 
enhancing the efficiency and practicality of CO2RR, which is expected to 
provide valuable insights for future large-scale CO2 reduction 
applications.
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