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Abstract
The conversion and utilization of CO2 has attracted considerable research attention over the past few decades,
as it not only contributes to emission reduction but also promotes more sustainable energy development. One
promising approach for converting CO2 into valuable products is the electrocatalytic CO2 reduction (ECR)
technology. In this mechanism, copper is widely recognized as an effective catalyst for reducing CO2 into hy-
drocarbons such as methane and ethylene. To improve the catalytic performance, it is essential to investigate
factors that influencing product selectivity. In this study, the effect of nanoporosity of copper powder on product
selectivity was investigated. Porous copper powders were synthesized via a novel technique termed Intraparticle
Expansion, which generates porous Cu by thermally reducing copper oxide in a simple and cost-effective man-
ner through controlled reduction time and temperature. Electrochemical experiments were conducted using
a gas diffusion electrode (GDE) flow cell. The catalytic performance of the reduced powders was compared
with that of the initial CuO powder. Surface morphology was characterized using Scanning Electron Mi-
croscopy (SEM), while the intrinsic surface area and electrochemical surface area (ECSA) were evaluated by
the Brunauer–Emmett–Teller (BET) method and Electrochemical Impedance Spectroscopy (EIS), respectively.
Catalytic activity and stability were assessed via Linear Sweep Voltammetry (LSV) and Chronoamperometry
(CA), and product distribution was analyzed using Gas Chromatography (GC) and High-Performance Liquid
Chromatography (HPLC). Based on these results, nanoporosity was found to significantly influence the se-
lectivity of specific products. The porous Cu samples exhibit higher faradaic efficiency toward C2 products
non-porous CuO at both −1.2 V and −2.5 V (vs. Ag/AgCl). Nevertheless, further optimization and more
extensive experiments are required to fully validate these findings.
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1 Introduction
Energy is an inescapable topic in human activities. For a long time, the combustion of fossil fuels has been
the primary method of energy generation. One of its most prominent by-products is carbon dioxide, which is
also the main culprit behind the greenhouse effect. According to current emission data and professional fore-
casting models, global temperatures are projected to increase by 2.7 degrees by the end of this century[1, 2].
Therefore, mitigating CO2 emissions is of critical importance. Several strategies have been proposed, including
the adoption of alternative energy sources and efficiency improvements, CO2 capture and sequestration, and
CO2 conversion and utilization[3]. Among these approaches, CO2 conversion and utilization (Figure 1) has
attracted considerable research attention, as it not only contributes to emission reduction but also achieve more
sustainable energy development.

Figure 1: CO2 utilization pathways[4].

Currently, various approaches through chemical process are available for CO2 conversion, including electrochem-
ical, thermal, biochemical, chemo-enzymatic, and photocatalytic techniques[5]. Among these, the electrochem-
ical approach holds significant potential for CO2 utilization and transformation, as it allows convenient storage
of renewable electricity in a high-energy-density form[6].

Electrocatalytic CO2 reduction (ECR) technology has garnered significant attention due to its favorable opera-
tional conditions, wide product distribution, and flexible energy sources. Currently, ECR is becoming increas-
ingly mature, supported by a robust theoretical foundation derived from the oxygen reduction reaction (ORR)
and hydrogen evolution reaction (HER)[7]. The working principle of ECR is illustrated in Figure 2, where the
reaction typically occurs in a double chamber separated by an ion-exchange membrane, comprising an anode
and a cathode. As shown, photo-anode and bio-anode can convert other energy sources into electrical energy,
which will not be elaborated here[8, 9]. This project will primarily focus on the general anode. Usually, with
an external potentiostat as the power supply, platinum (Pt) serves as the anode material. While the cathode
material, functioning as the working electrode, facilitates CO2 reduction.
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Figure 2: Various ECR systems using A) general anode, B) photo-anode, and C) bio-anode[7].

In energy conversion processes, catalysts often play a crucial role in reducing reaction barriers and enhancing
reaction rates. In the reduction of carbon dioxide, the choice of catalyst is particularly critical, as it directly in-
fluences reaction efficiency, selectivity, and overall performance. Due to the inertness of CO2, a key requirement
for its reduction is the application of a high overpotential to overcome the energy barrier. However, excessively
high overpotential can lead to hydrogen evolution as a competing reaction. This has created a demand for effec-
tive catalysts to accelerate ECR and supress HER[10]. Tailored electrocatalysts can stabilize key intermediates
formed during the CO2 reduction reaction (CO2RR), thereby lowering the overpotential. The achievement of
low overpotential and high selectivity is essential for optimizing CO2 reduction, highlighting the critical role of
electrocatalysts in this process[6, 7].

Electrocatalysts used for CO2 reduction can be categorized into two types: homogeneous and heterogeneous.
A homogeneous catalyst is a compound present in solution that diffuses to the electrode surface to facilitate
electron transfer and capable of driving multiple proton-coupled reactions. This indirect electrolysis can prevent
electrode passivation[11]. Transition-metal complexes with organic ligands are classic examples of homogeneous
catalysts. Additionally, to limit catalysts usage, they can be immobilized on material surfaces, typically ap-
plied to conductive substrates, polymeric films, or carbon electrodes. Homogeneous catalysts help prevent CO2

overbinding but may decompose and lead to suboptimal performance over long-term reactions[12]. In contrast,
heterogeneous catalysts directly act as the cathode material to absorb electrons and combine with protons from
the electrolyte to catalyze the CO2 reduction at the electrode-electrolyte interface. A heterogeneous catalytic
process typically consists of three stages: 1) the chemical adsorption of CO2 onto the catalyst surface, 2) electron
or proton transfer to facilitate the formation of CO or formate (C1 product), and 3) product desorption from
the catalyst surface through structural rearrangement, followed by diffusion into the electrolyte[13]. Compared
to homogeneous catalysts, heterogeneous catalysts possess higher active surface areas, providing more sites
for reaction. For example, heterogeneous catalysts such as nanostructured metals, alloys, and carbon-based
materials enhance selectivity and reaction rates by increasing the density of accessible sites[7, 14, 15]. Among
them, metal catalysts have garnered significant attention due to their structural simplicity, robustness, stability,
and ease of synthesis. For CO2 reduction, simpler C1 products can be achieved near 100% Faradaic efficiency.
However, for multi-carbon products, which are more valuable, improving their selectivity and efficiency remains
a central focus of current research.

In particular, copper benefits from its electronic structure that endows it with moderate binding energy for *H
and *CO, which contributes to reduce CO in aqueous electrolyte and generate C2+ species, making it highly
valuable for CO2 reduction studies[16, 17]. However, improvements are still required in terms of lowering the
overpotential and achieving selectivity toward specific products. Moreover, the formation pathways of multi-
carbon products on copper catalysts remain not fully understood, and catalyst durability continues to be a
significant challenge, limiting their industrial-scale application[18, 19].
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To overcome these challenges, several effective strategies have been developed to enhance catalytic performance
while maintaining acceptable activity and efficiency. It is well-known that the surface engineering[20, 21, 22]
and compositional modulation[23, 24, 25] can significantly influence CO2RR by altering the local chemical en-
vironment through the adjustment of active sites and structural features, thereby affecting the overall catalytic
process. In other words, product selectivity can be influenced by both the surface morphology and structural
confinement, which can be further tuned by controlling the pore characteristics of the catalysts[26, 27].

In this project, the main objective is to investigate the effect of nanoporosity on product selectivity. To syn-
thesize nanostructured porous copper, a novel method termed Intraparticle Expansion, or Additive Expansion
by the Reduction of Oxides (AERO), was applied. This approach produces porous copper powder with varying
degrees of porosity by reducing copper oxide under different controlled reduction time and temperature[28,
29]. The resulting porous powder was further processed into powder-based working electrodes and subjected
to electrochemical experiments to evaluate its catalytic performance. The experimental techniques and results
of these experiments are presented and discussed in detail in following sections. Finally, the key findings and
potential improvements of the whole project are also summarized.
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2 Theoretical Background

2.1 Fundamentals of CO2 Electrochemical Reduction
As mentioned earlier, ECR is carried out under an applied potential, where the catalyst serves as the working
electrode and is separated from the anode by an ion exchange membrane (Figure 3). Therefore, understanding
the half-reaction processes of cathode involved is essential for investigating product selectivity.

Figure 3: Process of CO2RR and the possible products[30].

2.1.1 Thermodynamics of CO2RR

CO2 reduction is a multi-step reaction involving the transfer of multiple electrons, leading to a variety of prod-
ucts. For reduction reactions occurring in the liquid phase, CO2 typically accepts electrons and protons to break
C–O bonds and/or form C–H bonds, while interacting with active sites on the catalyst surface. These processes
include adsorption and desorption steps, which generate specific intermediates or hydrocarbon products[18, 19].
Therefore, the standard electrochemical potentials (Table 1) of different products are critical for understanding
the thermodynamic limitations of CO2RR.

Table 1: Standard electrochemical potentials for CO2 RR[18]

Products Reaction E◦ (V) vs. SHE (pH 7)
Carbon monoxide (CO) CO2 + 2e− + 2H+ → CO(g) + H2O -0.53
Hydrogen (H2) 2e− + 2H+ → H2(g) -0.42
Formic acid (HCOOH) CO2 + 2e− + 2H+ → HCOOH(l) + H2O -0.61
Formaldehyde (CH2O) CO2 + 4e− + 4H+ → CH2O(l) + H2O -0.50
Methanol (CH3OH) CO2 + 6e− + 6H+ → CH3OH(l) + H2O -0.39
Methane (CH4) CO2 + 8e− + 8H+ → CH4(g) + H2O -0.25
Ethylene (C2H4) CO2 + 12e− + 12H+ → C2H4(g) + 4H2O -0.38
Ethane (C2H6) CO2 + 14e− + 14H+ → C2H6(g) + 4H2O -0.28

Interestingly, the standard potentials are not particularly high, and products such as methane and ethylene
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exhibit more favorable potentials than hydrogen. However, the small differences among these standard potentials
make it difficult to generate targeted products with high selectivity. Moreover, it is important to note that under
practical conditions, the applied potentials are typically different from the standard values due to kinetic and
environmental constraints. This leads to the introduction of the concept of overpotential. By tuning the reaction
conditions and surface morphology of catalyst, the overpotential can be reduced[31].

2.1.2 Catalytic performance

Overpotential is one of the key indicators for evaluating catalytic performance, as it reflects the reaction en-
ergy barriers. The overpotential is defined as the absolute difference between the applied potential and the
corresponding standard (or equilibrium) potential[31], as expressed in the following equation:

η = |Ea − E◦| (1)

where η is the overpotential, Ea is the applied potential (V), and E◦ is the standard (equilibrium) potential (V).

In practice, catalytic performance is often evaluated in terms of both activity and selectivity[32]. The activity is
commonly represented by the measured current normalized to the electrochemical surface area (ECSA), which
can be calculated as:

i =
Irecorded
ECSA

(2)

where i is the current density (mA cm−2), Irecorded is the measured current (mA), and ECSA is the electro-
chemical surface area (cm2)[32].

Selectivity, is typically expressed in terms of the Faradaic efficiency (FE), which quantifies the fraction of the
total current consumed to produce a specific product:

FE =
n · z · F

Q
× 100% (3)

where z is the number of electrons transferred, n is the number of moles of the desired product, F is Faraday’s
constant (96 485 C mol−1), and Q is the total charge passed during electrolysis[32].

In summary, an ideal catalyst for CO2 reduction should exhibit a low overpotential, high activity, and high
selectivity toward the desired products, which together define excellent catalytic performance.

2.2 State-of-art Copper-based Electrocatalysts
Copper catalysts in CO2 reduction are capable of producing C2+ products due to their binding strength with
key intermediates, which provides excellent sites for carbon-carbon coupling[15, 19]. To date, more than six-
teen CO2 reduction products have been reported[33]. The unique ability to generate high-value products has
attracted considerable research interest in copper-based catalysts. Recent advancements of copper-based elec-
trocatalysts for enhanced catalytic performance will be introduced in following sections.

2.2.1 Copper single-atom catalysts

Single-atom catalyst (SAC) exhibits uniform dispersion and nearly 100% atomic utilization due to the unique
electronic structure of the atomic metal center. However, the unsaturated anchoring sites in SACs hinders
C–C coupling, leading to the preferential formation of C1 products[34]. This limitation can be addressed by
introducing specific carriers. When SACs are connected to carriers via covalent or ionic bonds, the resulting
metal-support interaction can modulate the d-state electronic structure of the metal centers. These interactions
optimize catalytic performance by enhancing the adsorption and desorption of key intermediates[19]. Conse-
quently, the choice of carrier plays a crucial role in selective formation of C2 products in CO2RR. Carbon-based
materials, heteroatom-doped supports, and metal–organic frameworks (MOFs) are the most widely used carriers
and have achieved remarkable progress in promoting the formation of multi-carbon products[23, 34]. Recent
studies have increasingly focused on atomic Cu anchored onto various carriers, resulting in composite catalysts
with superior performance. For example, Shen et al. developed a MOF-derived carbon-based catalyst, in which
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MOF shells encapsulate copper active sites through charge-transfer interaction, thereby promoting uniform dis-
persion of the metal centers. This unique MOF-derived Cu–carbon composite achieved a Faradaic efficiency of
75.6% for C2 products at a C2 partial current density of 377.9 mA/cm2[35]. Similarly, studies have shown that
the catalytic performance of single-atom sites can be effectively tuned by modifying the local microenvironment
when carbon is doped with nitrogen. A nitrogen-modified carbon-supported Cu nanoclusters has been reported
to achieve an excellent C2H4 Faradaic efficiency of 61.4% with a current density of 208 mA/cm2 at −1.05V(vs
RHE)[36].

2.2.2 Cu-based bimetal catalysts

For Cu-based systems, the incoporated-alloyed metals adopt various atomic arrangements that significantly
improve catalytic performance in CO2RR. To date, the combined metal elements include both precious(Au[37,
38], Ag[39, 40], Pb[41]) and non-precious(Zn[42, 43], Ni[44], Ti[45], Sn[46], Bi[47], Pd[48]). The interaction
between the metals allows the d-band center of Cu shift to Fermi level. The resulting reconstruction of surfaces
electrons modify catalytic performance by affecting the adsorption and activation of intermediates. For example,
the Cu-Pd catalyst favors the formation of CH4, Cu-Ni predominantly generate CH3OH. As for Cu-Ag, CO is
thermodynamically and kinetically favored[49]. Not only the type of alloyed metal but also its compositional
ratio plays a critical role in tuning the product selectivity. Chen et al. designed a series of CuZn-based catalysts
with varying Zn ratios to investigate their CO2RR performance. They observed that the highest Faradaic effi-
ciency for CO production (61%) was achieved at a Cu/Zn ratio of 1:9. However, the Faradaic efficiency of CH4,
HCOO−, C2H5OH, and CH3COO− remained unchanged with the variation of Cu/Zn ratio. This outcome
can be attributed to the Zn sites, which selectively promote *CO binding while suppressing *H adsorption.
Therefore, the formation of C2H4 was outcompeted by CO generation. Furthermore, they reported that the
incorporation of Ni inhibited hydrogen evolution, thereby enabling the catalyst to reach the CO Faradaic ef-
ficiency up to 80%[24]. Similarly, Su and co-workers evaluated the effect of Ag content in CuAg bimetallic
catalysts and identified the optimal composition for enhanced catalytic performance. At a Cu/Ag ratio of 1:5,
the abundant Ag component thermodynamically promotes C–C coupling, facilitating the formation of ethanol
while suppressing H2 and C2H4 production. A maximum Faradaic efficiency of 51.8% for C2H5OH was achieved
at −1.0V(vs RHE)[25].

2.2.3 Oxide-derived Cu catalysts

Oxide-derived Cu (OD-Cu) catalysts have also attracted significant attention in CO2RR due to their unique
surface properties. Several studies suggest that the oxidation state and structure play a critical role in deter-
mining both catalytic activity and selectivity. It has been reported that metastable sites (particularly under-
coordinated sites) on OD-Cu surfaces enable strong interactions with CO. The CO binding strength on these
sites is higher than that on low-index and stepped Cu facets, which is fundamental to the high CO2 reduction
activity of oxide-derived Cu[17, 50]. Compared to metallic Cu, OD-Cu demonstrates significantly enhanced
selectivity toward ethylene and ethanol. In general, OD-Cu catalysts can be synthesized by chemical deposition
or thermal treatment. By controlling parameters such as treating time, current density, PH and temperature,
the surface morphology and structural characteristics can be effectively modulated to optimize the catalytic
performance[51]. For instance, Li and Kanan et al. investigated the influence of copper oxide layer thickness on
CO2RR performance by varying the annealing temperature. Their results showed that a thicker Cu2O film (≥ 3
µm) reduced the overpotential by approximately −0.5V compared to polycrystalline Cu and exhibited more
stabale catalytic activity[52]. Wei and coworkers further elucidated the role of adsorbed hydroxyl species (OHad)
on the surface of OD-Cu. By combining electrochemical reduction and thermal treatment, they successfully
fabricated OD-Cu catalysts with sub-20 nm surface nanoparticles. Their study revealed that OHad promotes
(1) the adsorption of low-frequency CO and C–––O species, and (2) the dimerization of CO intermediates. These
effects were consistently observed in both H-type cells and electrolyte flow cells. However, an excessive concen-
tration of OHad may lead to increased H2 evolution. Under optimized conditions, this OD-Cu catalyst achieved
stable C2 product generation with a high selectivity of approximately 60% at a current density of 200 mA/cm2

and a potential of −0.95V(vs RHE)[53].

2.2.4 Organic-derived Cu catalysts

Organic ligands can modify the surface properties of catalysts by modulating the electronic and steric envi-
ronment around the active sites. The interaction between hydrophobic/hydrophilic functional groups and key

6



intermediates is crucial in tuning product selectivity[19, 54]. For example, incorporating hydrophobic triflu-
oromethyl (–CF3) functional group onto Cu nanoparticles has been shown to enhance the formation of C2+

products. This surface modification leads to an increased *CO coverage and a reduced formation energy for
the *COCOH intermediate, while also suppressing H2O accessibility. These combined effects promote C–C cou-
pling, leading to a high C2+ product Faradaic efficiency of 71.08% and an impressive partial current density of
355.4 mA/cm2[55]. The introduction of quinone groups has also shown excellent performance in promoting the
formation of C2 products, particularly ethylene. Owing to their high CO2 affinity, quinone groups can directly
react with CO2 to form carbonate adducts. This accelerates conversion of CO2 to CO, resulting in high surface
CO coverage, which in turn promotes C–C coupling. As a result, Li et al. reported a remarkable partial current
density for ethylene of up to 325 mA/cm2 in CO2/pure water coelectrolysis[56].

2.3 Effect of Nanoporosity
An effective approach to enhance their catalytic performance of copper-based materials is tuning the porosity.
Nanostructured catalysts, with their increased exposed surface area, provide a larger number of active sites,
thereby facilitating CO2 RR. Moreover, the well-controlled microstructure of the catalyst can influence the
transport and diffusion of reactants and intermediates, ultimately affecting product selectivity[26]. In partic-
ular, pore dimensions and distribution are critical factors that significantly impact the selectivity of CO2RR
products[57]. This section focuses on the effects of nanoscale microstructures during catalysis.

2.3.1 Confinement

In recent years, nanotechnology has been extensively applied in catalyst design. As expected, catalysts with
nanoporous structures often exhibit superior catalytic performance compared to their conventional counterparts.
Improvements in catalytic performance involves the enhanced catalytic activity and increased product selectivity.
The steric confinement effect mainly regulates selectivity by influencing diffusion processes. Within intercon-
nected porous networks, diffusion gradient generated by the pore structure manipulates the fluxes of reactants,
intermediates, and products[58]. Additionally, cavity confinement induces diffusion retardation, which increases
the residence time of key reaction intermediates, thereby affecting reaction pathways and selectivity[26]. For
example, Yang et al. demonstrated that nanocavities helped to lock the local concentration of carbon inter-
mediates, effectively masking the active CO2RR surface and preventing the reduction of Cu+ species. Their
multihollow cuprous oxide catalyst achieved a Faradaic efficiency exceeding 75% for C2+ products at partial
current densities above 250 mA/cm2[59]. Similarly, Zhong et al. found that an increased local CO concentration
resulting from the confinement effect in a core-shell Ag@Cu catalyst enhances C–C coupling, with the catalyst
achieving a Faradaic efficiency of 73.7% for C2+ products at 300 mA/cm2[60]. More recently, Kong and cowork-
ers confirmed that spatial confinement-induced diffusion retardation positively influenced *CO concentration.
Their porous carbon-supported Cu nanocluster electrocatalyst exhibited a Faradaic efficiency of approximately
74% for multi-carbon products under industrially relevant partial current densities[58]. Pan et al. fabricated
bicontinuous porous CuO nanofibers featuring long-range mesochannels via microphase-separated block copoly-
mers. Their density functional theory (DFT) calculations suggested that enhanced confinement promotes the
adsorption of OHad and Oad species, facilitating CO–CO dimerization and CO–CHO coupling. This special
design achieved a C2 Faradaic efficiency up to 74.7%, significantly outperforming catalysts with conventional
short-range pores[61]. Moreover, hydrogen evolution can be suppressed by limiting the excess protons, which
in turn favors CO2 adsorption by preserving more active sites. For instance, Hall et al. demonstrated that the
thickness of Au-IO thin films plays a crucial role in hydrogen suppression during CO2 reduction[26].

2.3.2 Pore structure

Numerous studies have demonstrated a strong correlation between surface morphology and product selectivity.
Active sites for C–C coupling, as well as reaction intermediates, tend to be retained within mesopores, thereby
influencing catalytic performance[62, 63, 64, 65]. Sen et al. synthesized 3D hierarchical foamed porous Cu with
pore diameters ranging from 20-50 µm, exhibiting dominant (111), (200), and (220) orientations. The observed
pore diameter gradient was attributed to nanoscale dendritic structures surrounded by interconnected channels,
which extended the retention time of reaction intermediates. This structural feature enableed the formation of
multi-carbon products such as propylene. Moreover, they elucidated the interaction between critical concen-
tration and the electrical double layer (EDL) to explain product selectivity. When the EDL thickness exceeds
the pore volume, the pore’s inner surface area becomes inaccessible. At minimum EDL thickness, nanoscale
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pores lower the desorption energy of surface-bound intermediates, enhancing retention time for better catalytic
performance[66]. Yang et al. further investigated the interaction mechanism between pore volume and the
EDL and its effect on the product selectivity of Cu mesoporous electrodes. By comparing three types of Cu
meshes with mesopores: 30nm width and 40nm depth, 30nm width and 70nm depth, and 300nm width and
40nm depth. They found that smaller and deeper pores led to an increased C2 /C1 product ratio. In addition,
they highlighted the role of mass transport in the reaction process. At lower flow rates, EDL overlapped within
the narrow and deep pores trapped reaction intermediates, extending their residence time and enhancing C–C
coupling. As the flow rate increased, although the total current density also rose, the catalytic performance was
diminished due to an intensified hydrogen evolution reaction [67].

The interaction of pores and confinement effect also plays a significant role in determining product selectivity.
As previously mentioned, the confinement effect in a core–shell Ag@Cu catalyst enhanced C–C coupling. In this
study, the researchers simultaneously emphasized the effect of pore size. By comparing porous Cu shells with
average pore diameters of 2.8, 4.9, and 11.2 nm, they found that the 4.9 nm pores most effectively enhanced the
local CO concentration, resulting in a Faradaic efficiency for C2+ products of 73.7%[60]. Another recent study
demonstrated that the pore structure of the catalytic layer in a gas diffusion electrode can directly influence
product selectivity by modulating the local electrolyte microenvironment. A highly porous catalyst layer en-
hanced the mass transport of alkaline ions, thereby maintaining a stable local supply of both H+ and CO2. As a
result, the catalyst layer with higher porosity (80%, average pore size: 224.71nm) achieved a significantly higher
C+

2 Faradaic efficiency of 79.61%, compared to a less porous layer (porosity: 68%, average pore size: 263.62nm),
which exhibitd only 38.20%[68]. A very recent study further investigated the relationship between porosity
and catalytic performance. Tsai and his colleagues compared the CO2 reduction performance of hierarchical
nanoporous copper and homogeneous nanoporous copper. While the average ligament size and morphology
appeared comparable under high-magnification SEM characterization (nanoscale), significant differences were
observed at low magnification (micron scale). The lower hydrophobicity of the hierarchical structure enhanced
electrolyte interaction, thereby promoting triple-phase reactions and increasing the electrochemical surface area.
The bicontinuous nanopores provided superior transport pathways for key intermediates, thereby facilitating
C–C coupling and increasing the yield of C2 products such as ethylene and ethanol. The authors pointed out
that mass transport was the dominant factor responsible for the enhanced C2 product formation. The reaction
barrier of the hierarchical structure was lower, enabling the reduction of reaction overpotential. At around
-0.704 V (vs RHE), the C2+ partial current density of hierarchical structure reached 362 mA/cm2, compared
to 72 mA/cm2 for homogeneous structure, with Faradaic efficiency of 60% for C2+ products[57].
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3 Experimental Section
This section covers the experimental design of the whole project, including the sample synthesis, electrode
preparation, experimental setup, electrochemical measurements, as well as characterization and product analy-
sis.

3.1 Sample Synthesis
All samples were synthesized by using a simultaneous symmetric thermoanalyzer, a technique capable of mon-
itoring weight loss during the thermal reduction of metal oxides. The process of heat treatment is illustrated
in Figure 4. First, 500 mg CuO powder was weighed in a specific crucible (diameter:10 mm) and transferred
to a furnace under a reducing atomsphere consisting of 150 mL/min hygroden and 50 mL/min argon. The
initial powder was heated at a rate of 10 ◦C/min to a target temperature, maintained for a specified period,
and then cooled to room temperature. Finally, all reduced Cu powder was stored in desiccator to prevent
oxidation. By controlling the reduction time and temperature, the CuO powder was fully reduced into Cu
powder with different porosity. Notably, the reduction time is the isothermal holding period but not the total
heat treatment time. For example, when the powder was heated to the defined temperature and cooled im-
mediately without the isothermal step, the reduction time was recorded as 0 minute. In this project, porous
Cu powders were obtained by reducing CuO powder at 250 ◦C and 300 ◦C for 0 minute, and 1 hour, respectively.

Figure 4: Synthesis process of porous Cu powder.

The reduction degree can be calculated based on the measured weight loss and the theoretical molar mass of
the relevant elements. The calculation is expressed as follows:

Reduction degree (%) =
∆mmeasured

∆mtheory
× 100% (4)

where
∆mtheory = minitial ×

MO

MCuO
(5)

Here, ∆mmeasured is the weight loss measured by thermoanalyzer, ∆mtheory is the theoretical mass loss for 100%
reduction of copper oxide, minitial is the initial mass of the sample, MO is the molar mass of oxygen, and MCuO
is the molar mass of copper oxide.

3.2 Electrode Preparation
Before starting the electrochemical tests, the powder-electrodes were prepared through the following steps (Fig-
ure 5):

(1) Ink preparation. The catalyst ink was prepared by dispersing the sample powders in a mixed solvent with
a binder. Specifically, the solvent consisted of a mixture of distilled water and isopropanol in a 1:1 volumetric
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ratio. Polytetrafluoroethylene (PTFE, 55 wt%, density = 1.43 g cm−3) was added as a binder at a loading of
10 wt% relative to the powder mass. The suspension was ultrasonicated to ensure homogeneous dispersion.

(2) Drop casting. The prepared ink was deposited onto the substrate by drop casting, which is a widely
used technique for fabricating particle-modified electrodes. Carbon paper with a well-defined geometric area of
2.5 cm× 2.5 cm was used as the substrate. The ink was pipetted onto the surface to obtain a uniform catalytic
layer, with the loading controlled at 1 mg cm−2 for all samples. To accelerate solvent evaporation, the coated
substrates were placed on a heating plate maintained at approximately 45◦C until completely dried.

Figure 5: Procedure diagram for electrode preparation.

3.3 Experimental Setup
As an promising technique for electrochemical CO2 reduction, the gas diffusion electrode (GDE) benefits from
the reactions occurring at the three-phase interface, thereby exhibits superior electrocatalytic performance[69].
As displayed in Figure 6, a flow-cell equipped with a three-electrode configuration was employed in this study.
The anode consisted of a Pt foil, while the cathode was the prepared powder-based electrode, separated by
an anion exchange membrane. And a reference electrode (Ag/AgCl, saturated KCl) was mounted on the flow
plate. To enhance the solubility of CO2 in the electrolyte, the gas flow rate was set as 20 mL min−1. Two
peristaltic pumps were used to circulate the anolyte (0.5 M KOH) and catholyte (1 M KOH) at a flow rate of
10 mL min−1. Prior to electrochemical measurements, the electrolyte was saturated with CO2 for 1.5 h.

Figure 6: Schematic diagram of experimental setup for GDE.
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3.4 Scanning Electron Microscopy (SEM)
As a powerful technique providing qualitative visual images with remarkable resolution, scanning electron mi-
croscopy (SEM) is widely employed to investigate the surface phenomena of materials. The superior performance
of SEM compared to optical microscopy arises from the much shorter wavelength of the electron beam. When
visible light is used as the radiation source, the resolution is inherently limited[70].

In this study, since the materials require higher resolution to reveal nanoscale features, a JEOL JSM-6500F
field emission SEM was employed to characterize the pore structure. Sample preparation for SEM is relatively
straightforward. Metal powders were uniformly spread as a thin layer on a carbon tape, which was mounted onto
a specific sample holder before being transferred into the instrument. Under vacuum conditions, the primary
electrons emitted from the electron gun are accelerated into a focused electron beam and directed onto the near-
surface region of the sample. The interaction between the incident beam and the sample generates secondary
electrons, which are collected by detectors to provide detailed information on the surface morphology[70]. Con-
sequently, high-quality images revealing size, shape, texture, and surface roughness can be obtained, which are
critical for the investigation of pore characteristics in this study.

3.5 Brunauer–Emmett–Teller (BET) method
The Brunauer–Emmett–Teller (BET) theory, which is based on the monolayer of close-packed molecules, is
commonly applied for surface area determination[71]. The measurement generally involves two steps: (1) pre-
treatment and (2) analysis.

Pretreatment is carried out to remove moisture and impurities from the sample by degassing. Typically, inert
gases such as N2, Ar, or Kr are used under high-temperature vacuum conditions. A higher degassing tempera-
ture (as long as it does not damage the sample structure) generally results in a shorter degassing time[72]. In
this study, CuO powder and reduced Cu powders were degassed under N2 and Kr, respectively, at 120◦C for 14 h.

After degassing, the sample cell is transferred to the BET instrument (Micromeritics TriStar II Plus) for mea-
surement. The analysis is conducted at cryogenic conditions, usually using liquid nitrogen as the coolant, which
provides stronger interactions with solids compared to other phases and thus ensures a stable low-temperature
environment. As illustrated in Figure 7, adsorbates such as N2 are incrementally introduced into the evacuated
sample cell, where adsorption takes place at controlled relative pressures until saturation is reached. Subse-
quently, the sample is heated to induce desorption of the adsorbed gas[72]. The volume of adsorbed gas is
quantified by the data collector to produce a BET isotherm plot, from which the specific surface area was
estimated in the relative pressure range between 0.01 and 0.30 in this study.

Figure 7: Schematic diagram of BET instrument[72].
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3.6 Electrochemical Measurements
3.6.1 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a practical technique for probing electrochemical systems by
converting the real-time response of the system under an applied input signal (current or voltage) into output
signals (current or voltage) over a wide range of frequencies. These measurements allow the impedance behavior
to be simulated using an equivalent circuit. For instance, in a three-electrode system of this project (Figure 8a),
the electrolyte resistance (Rs), the capacitive behavior of the electric double layer (Cdl), and the charge-transfer
kinetics Rct) at the electrode–electrolyte interface can be represented by passive components of the equivalent
circuit model[73].

Typically, the impedance data are presented as Nyquist plots (Figure 8b), which ideally appear as a perfect
semicircle. The x-axis corresponds to the real part of the impedance (Z ′), and the y-axis corresponds to the
imaginary part (Z ′′). The diameter of the semicircle represents the charge-transfer resistance (Rct), while the
intercepts with the real axis at high and low frequencies correspond to the solution resistance (Rs) and the sum
Rs + Rct, respectively. The maximum of the imaginary component is determined by the combined effects of
Rct and the interfacial capacitance (Cdl)[73, 74].

(a) 3-electrodes electrochemical cell and equivalent circuit mode

(b) Nyquist plot

Figure 8: Configuration of 3-electrode electrochemical cell and Nyquist plot corresponding to the equivalent
circuit.
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The roughness and porosity of the electrode can cause a tilt in the impedance spectrum by influencing the so-
lution resistance and interfacial capacitances[73, 75]. In this study, the working electrode has a porous surface;
therefore, the ideal capacitor (Cdl) is replaced by a constant phase element (CPE) to account for non-ideal
capacitive behavior. Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) measurements were per-
formed at the open-circuit potential (OCP) with a probing signal amplitude of 10 mV over a frequency range
of 100 kHz to 0.1 Hz, using 30 points per decade. The EIS data were analyzed by EC-lab software.

The double-layer capacitance (CCPE) was extracted from the CPE as the following equation[73]:

CCPE = C
1/n
f

(
1

Rs
+

1

Rct

)(n−1)/n

(6)

where Cf is the parameter containing the capacitance information (in F sn−1), and n is a constant ranging from
0 to 1, defined by the phase deviation angle θ.

The electrochemical surface area (ECSA) was then calculated as[75]:

ECSA =
CCPE

Cs
(7)

where Cs = 0.4 F m−2 is the specific capacitance of 1 M KOH[75, 76, 77].

3.6.2 Linear Sweep Voltammetry (LSV) and Chronoamperometry (CA)

Chronoamperometry with a linear potential sweep, also referred to as linear sweep voltammetry (LSV) or lin-
ear scan, is a widely used technique to investigate the electrochemical behavior of materials, particularly for
electron-transfer related reactions[78]. In this method, the excitation signal, namely the applied potential and
the resulting current at the stationary working electrode, is recorded. The most common representation of the
data is a plot of current versus potential. Typically, the potential window is chosen starting from the open-
circuit potential (OCP) to ensure a zero-current initial condition. Since current is dependent on electrode size,
the measured current is usually normalized by the electrode surface area to allow for comparison. The sign
of the current is determined by the scan direction of the applied potential, either positive (anodic sweep) or
negative (cathodic sweep)[79]. For small electrodes, the LSV curve often exhibits a plateau-shaped response
due to spherical diffusion dominating the electron-transfer process[78].

In this study, LSV measurements were carried out using a VSP-300 potentiostat (Biologic) in a three-electrode
system with GDE. The potential was swept from –2.0 V to –0.5 V versus OCP (anodic sweep) at a scan rate of
50 mV s−1.

Chronoamperometry was performed by applying a fixed potential of –1.2 V and –2.5 V versus the reference
electrode for 75 min during the catalytic period to monitor the current response and stability of the working
electrode.

3.7 Product Analysis
3.7.1 Gas Chromatography (GC)

Gas chromatography (GC) is a widely used technique for both qualitative and quantitative analysis of gaseous
products. The resulting chromatogram contains peak heights and areas of adequately resolved signals, from
which product identity and distribution can be determined. This allows visualization of the gas product compo-
sition and yield in CO2 reduction experiments[80]. A typical GC instrument consists of three main components:
(i) the sample introduction device (injector), (ii) separation columns, and (iii) detectors (Figure 9). After injec-
tion, the gaseous products are carried by the carrier gas (Helium or Argon) into the column, where separation
occurs based on physicochemical properties such as boiling point, molecular weight/size, polarity, or ionic char-
acter. Once separated, each compound produces a characteristic chromatographic peak at a specific retention
time. Using the peak area in combination with calibration data, both qualitative and quantitative analysis can
be achieved[81].
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Figure 9: Schematic diagram of a chromatographic system[80]

In this study, a CompactGC 4.0 system was employed, which is equipped with three columns. The first column
separates hydrocarbons primarily according to boiling point and vapor pressure and is connected to a flame
ionization detector (FID). The other two columns are connected to thermal conductivity detectors (TCD), en-
abling the identification of gases according to their thermal conductivities. It should be noted that operating
parameters such as pressure, temperature, and flow rate can significantly influence the overall analysis pro-
cess[82]. Therefore, all parameters were carefully maintained at constant values to ensure reproducibility.

This work focuses on the detection of hydrocarbon products from column 1 (FID) and hydrogen from column 3
(TCD), since hydrocarbons are the main targeted CO2 reduction products of Cu, whereas hydrogen evolution
represents the primary competing reaction.

3.7.2 High-Performance Liquid Chromatography (HPLC)

The liquid products were analyzed using High-Performance Liquid Chromatography (HPLC). As illustrated in
Figure 10, the general procedure of HPLC is similar to that of GC, except that the samples are in the liquid
phase. In HPLC, the carrier gas (mobile phase) used in GC is replaced by an eluent, which is pumped through
the system by a high-pressure pump. Between the injector and the analytical column, a guard column is placed
to prevent strongly adsorbed sample components from entering the analytical column. Inside the analytical
column, the different compounds in the sample are separated based on their retention times, and their concen-
tration variations are subsequently converted into electrical signals by the detector[81].
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Figure 10: Schematic diagram of a high-performance liquid chromatography[81]

In this study, an Agilent Technologies-1260 Infinity HPLC system was employed for liquid product analysis.
The samples, sealed in uniform vials, were stored in an autosampler tray, allowing for automated injection of
multiple samples in sequence. A computer-controlled syringe needle withdrew a small aliquot of each liquid
sample and introduced it into the column for analysis. Diluted sulfuric acid was used as the eluent, with a
flow rate maintained at 0.6 mL min−1. This method was specifically used to identify and quantify liquid CO2

reduction products, such as formate, ethanol, and other alcohols, complementing the gaseous product analysis
performed by GC.
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4 Results and Discussion
This section presents and discusses the results of the catalyst synthesis, electrochemical measurements, and
product analysis. The experimental methods and analytical principles described in the previous section serve
as the foundation for interpreting the structural properties and catalytic performance of the synthesized porous
Cu electrodes.

4.1 Reduction Degree
The porous Cu powders were obtained by reducing metal oxides. Since the formation of pores originates from
the removal of oxygen from the oxide lattice, and the oxygen content of the precursor oxide is fixed, achieving
a complete (100%) reduction is the optimal condition to maximize porosity. To ensure reproducibility under
comparable conditions, it is essential to evaluate the reduction degree of the samples.

The calculation method for the reduction degree has been described in the previous section and will not be
repeated here. What should be emphasized is that the thermogravimetric analyzer (TGA) measures the to-
tal weight loss during the reduction process. In other words, volatile species, such as crystal water or other
impurities, may evaporate and interfere with the accuracy of the calculation. To correct for this factor, a
control experiment was conducted under identical conditions, except that the reducing atmosphere of 75% H2

and 25% Ar was replaced by 100% Ar. The weight loss measured in this control run was then subtracted from
the total weight loss during reduction, and the corrected reduction degree was calculated, as shown in Figure 11.

(a) 250 ◦C-0min (b) 300 ◦C-1 h

Figure 11: Reduction degree and corresponding furnace temperature profiles at different reduction conditions.

It is evident that both treatments resulted in a complete reduction, achieving nearly 100% reduction degree.
This confirms that the CuO powder was fully converted into Cu powder. For the sample 250 ◦C-0 min (Fig-
ure 11a), the copper oxide was directly heated to 250 ◦C and subsequently cooled to room temperature, i.e.,
without an isothermal step. Similarly, 300 ◦C-1 h (Figure 11b) corresponds to isothermal holding at 300 ◦C for
1 h. In both cases, the reduction degree (blue curve) reached 100% at around 250 ◦C (red curve), when the
total reduction time was approximately 35 min. This demonstrates the reliability and reproducibility of the
TGA results.

In some instances, the calculated value slightly exceeded 100%, which can be attributed to minor errors in
the initial powder mass measurement or instrumental precision. This minor deviation is considered negligible.
Additionally, a small decrease in the reduction degree is observed when the furnace temperature approaches
room temperature. This effect arises because the reducing atmosphere was terminated during cooling, which
may have slightly influenced the TGA measurement.

Moreover, as previously mentioned, the AERO method enables porosity adjustment by controlling the reduc-
tion temperature and time. From the TGA results, it is evident that the reduction was completed under the
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same conditions. Therefore, the variations in pore structure are likely governed by the interplay between steam
diffusion and powder sintering. At elevated temperatures, the stronger expansion and diffusion of vapor gases
are expected to generate larger pores. In contrast, with prolonged reduction time, or more precisely, isothermal
holding duration, powder sintering becomes dominant, which may lead to pore shrinkage or even disappear-
ance. Consequently, the 250 ◦C-0 min sample is expected to exhibit smaller but more numerous pores, while the
300 ◦C-1 h sample is anticipated to contain larger but fewer pores. The characterization of porosity and surface
area will be further confirmed in the following section through SEM and BET analyses.

4.2 Surface Morphology and Porosity
The surface morphology, including features such as surface roughness, pore dimensions, and pore distribution,
plays a crucial role in determining the catalytic performance of porous copper[64]. In this study, the pore
characteristics of the synthesized samples were evaluated using SEM, which provides detailed insights into the
porosity at different magnifications, thereby enabling direct comparison between the samples (Figure 12).

At the micrometer scale, the initial CuO powder (Figure 12a) exhibits very small, isolated particles with no
visible pores or interparticle connections. In contrast, the reduced foamed Cu powders show rougher surface
morphologies. Notably, the 250 °C–0 min sample (Figure 12c) exhibits a continuous, interconnected channel
structure, appearing to be the most porous with relatively small pore sizes. The 300 °C–1 h sample (Figure 12e)
also displays a porous structure but shows some degree of particle agglomeration, resulting in lower overall
porosity but larger pore sizes. At the nanometer scale, the initial CuO powder (Figure 12b) presents tightly
packed, needle-like crystals. The pores in the 250 °C–0 min sample (Figure 12d) are very small, less than
100 nm, while those in the 300 °C–1 h sample (Figure 12f) are relatively larger, on the order of several hundred
nanometers.

These observation are consistent with the expected behavior of this synthesis method. During thermal re-
duction of metal oxide, hydrogen diffuses and reacts with oxygen to form steam. At higher temperatures,
the expansion is more pronounced, leading to larger pore sizes. Additionally, longer isothermal holding periods
promote powder sintering, causing partial pore coalescence and agglomeration, thereby reducing overall porosity.
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(a) CuO, microscale (b) CuO, nanoscale

(c) 250 ◦C–0min, microscale (d) 250 ◦C–0min, nanoscale

(e) 300 ◦C–1 h, microscale (f) 300 ◦C–1 h, nanoscale

Figure 12: SEM images of CuO and reduced Cu powders at two magnifications. Microscale images (a, c, e) show
overall particle morphology, while nanoscale images (b, d, f) reveal fine crystal features and pore structures.
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(a) CuO, cross-section (b) 250 ◦C–0min, cross-section

(c) 300 ◦C–1 h, cross-section

Figure 13: Cross-sectional SEM images of CuO and reduced Cu powders.

To further investigate the internal pore distribution, cross-sectional images of the powder samples were ob-
tained, as shown in Figure 13. The cross-section of the CuO powder reveals a dense and compact morphology.
In contrast, the 250 ◦C–0 min sample exhibits a higher density of interconnected channels with relatively smaller
dimensions. The 300 ◦C–1 h sample also displays a porous cross-section, but with larger and less uniformly dis-
tributed channels, which can be attributed to particle agglomeration. These cross-sectional observations are
consistent with the porosity evolution discussed in the TGA results and SEM surface morphology images.

To further examine the pore size of the reduced powders, three random regions of each sample were selected
during SEM characterization for higher magnification, and the pore sizes were roughly estimated using ImageJ
(see Appendix). The average diameter of pores were approximately 78.4 nm for the 250,◦ C–0 min sample and
273.2 nm for the 300,◦ C–1 h sample. It should be noted that this estimation is only rough estimates, as the
representativeness and statistical reliability of randomly selected sites are limited. In particular, the full range
of hierarchical pore sizes cannot be captured by this approach. Therefore, more rigorous methodologies, such
as Barrett–Joyner–Halenda (BJH) analysis, will be required in future work to obtain an accurate and reliable
pore size distribution. However, for the BJH method, powder agglomeration may significantly affect the results,
which will be further discussed in the following section.

Overall, the reduced powders exhibited a porous structure. The 250 ◦C–0 min sample showed the highest poros-
ity, with an average pore diameter of 78.4 nm. In contrast, the 300 ◦C–1 h sample displayed a less porous
morphology with slight powder agglomeration, accompanied by a larger average pore diameter of 273.2 nm.
The SEM characterization results are consistent with the TGA observations, providing mutual confirmation.
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4.3 Surface Area
This section investigates the surface area of the samples, including both the intrinsic (physical) surface area of
powder and the electrochemically reactive surface area of powder-based electrode.

4.3.1 BET Surface Area

Since the powders in this study are nanoporous, direct measurement of the surface area using SEM or optical
microscopy is insufficiently accurate. Therefore, the BET method, which is specifically designed for open inter-
nal space measurements, was employed. The BET surface areas of the three sample powders are summarized
in Table 2. Nitrogen (N2) was used as the adsorbate for CuO, while krypton (Kr) was used for the reduced
powders. Kr was chosen because its lower saturated vapor pressure allows for more precise measurement of
small specific surface areas by the BET method[83].

Table 2: BET results for different catalysts

Sample Adsorbate BET SA (m2/g)

CuO N2 24.9905
250 ◦C-0min Kr 0.9742
300 ◦C-1h Kr 0.6088

Ideally, the reduced porous copper powders are expected to exhibit a larger surface area, as the formation
of pores increases the exposed surface. However, in this study, the reduced powders showed a relatively low
BET surface area compared to CuO due to the drawbacks of this synthesis method. During high-temperature
reduction, the powders tend to agglomerate and form interconnected structures, which significantly increases
the particle size and reduces the detectable surface area. This also explains why N2 was used as the adsorbate
to measure CuO[84], as its disproportionate large surface area makes achieving saturation adsorption with Kr
difficult, resulting in low measurement efficiency and exceeding the limitations of the BET equipment.

Although the BET surface area of CuO is much larger than that of the reduced powders, a comparison among the
reduced samples reveals that the 250 ◦C–0 min sample exhibits a higher BET surface area than the 300 ◦C–1 h
sample. This observation is consistent with the trends predicted from the TGA and SEM analyses.

4.3.2 Electrochemical Surface Area (ECSA)

While the BET surface area offers valuable information on the physical properties of the samples, its primary
value lies in evaluating the effectiveness of the synthesis method. It cannot be directly correlated with the elec-
trochemically active surface area during catalytic reaction. In contrast, electrochemical impedance spectroscopy
(EIS) enables the estimation of the electrochemical surface area (ECSA) by determining the capacitance of the
electrical double layer. Moreover, EIS data provides insights into the electrical properties and catalytic perfor-
mance of the powder electrodes.
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Figure 14: EIS spectra of different samples at open-circuit potential (OCP). Symbols indicate experimental
data, while lines represent fitted data.

As explained previously, EIS data is presented by impedance results. In the Nyquist plot (Figure 14), the
symbols correspond to the experimental data of the real part of the impedance (Re(Z)) and the imaginary part
(Im(Z)), forming a characteristic semicircle. The equivalent circuit model consists of the electrolyte resistance
(Rs) in series with the charge-transfer resistance (Rct), which is connected in parallel with the double-layer ca-
pacitance (modeled as a constant phase element, CPE). The fitted curves, shown as smooth lines, are obtained
by simulating the impedance with equivalent circuit.

Differences in electrode morphology (roughness) and porosity lead to variations in both the ECSA and Rct

under identical loading conditions, as summarized in Table 3.

Table 3: EIS results at OCP for different catalysts

Sample Rct (Ω) Cdl (F) ECSA (cm2)

CuO 2135 5.4× 10−4 13.5
250 ◦C-0min 1232 6.62× 10−4 16.6
300 ◦C-1h 502 3.20× 10−4 8.01

The diameter of the semicircle in the Nyquist plot corresponds to Rct, which reflects the charge-transfer kinetics
at the electrode–electrolyte interface. These differences can be attributed to variations in surface morphology
and pore size formed during the reduction process. For CuO, the dense thin layer structure hinders charge
transfer near electrode, resulting in the largest Rct. In contrast, the restricted smaller pore size of 250 ◦C–0 min
sample limits diffusion, giving rise to an Rct higher than that of the 300 ◦C–1 h sample but lower than that of
CuO.

As summarized in Table 3, the 250 ◦C–0 min sample exhibits the largest ECSA, whereas the 300 ◦C–1 h sample
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shows the smallest. For 250 ◦C–0 min sample, it possesses a super porous structure with relatively big amount
of pores, which provides the largest ECSA. For the 300 ◦C–1 h sample, agglomeration during reduction progress
leads to a reduced surface area with less pores, which attributes to the smallest ECSA.

In summary, the ECSA results of the porous reduced powder samples are consistent with the BET surface area.
However, the non-porous CuO powder shows significant deviations from these measurements. The EIS results
further indicate that ECSA and Rct are not directly correlated, as both surface morphology and pore structure
play a decisive role in electrochemical behavior.

4.4 Catalytic Activity
The LSV curves record the applied potential and the corresponding current density at the working electrode.
The currents were normalized by the ECSA obtained from EIS measurement, ensuring that the catalytic activ-
ities of different samples are comparable. As shown in Figure 15, the blue curves correspond to measurements
in Ar-saturated electrolyte, whereas the black curves represent measurements in CO2-saturated electrolyte. In
both cases, 1 M KOH was used as the cathodic electrolyte. Under Ar atmosphere, only the hydrogen evolution
reaction occurs. In contrast, under CO2 atmosphere, the CO2RR competes with HER.

When the blue curve lies above the black curve, i.e., when the current density under Ar is lower than that
under CO2, it indicates that CO2RR dominates in that applied potential range, implying enhanced catalytic
performance. For CuO (Figure 15a), no such potential window is observed, and once the potential reaches
approximately −1.2V vs. Ag/AgCl, the current density in Ar rapidly surpasses that in CO2 as the potential
increasing, confirming that HER dominates at more negative potentials. In contrast, for the 250 ◦C–0 min (Fig-
ure 15b) and 300 ◦C–1 h (Figure 15c) samples, the CO2RR exceeds HER at around −1.0 V vs. Ag/AgCl. This
shift suggests that these oxide-drived Cu catalysts exhibit a lower onset potential or lower overpotential for
CO2RR[85] compared to CuO, thereby favoring CO2RR over HER.

The superior CO2RR performance of the reduced samples can be attributed to their porous morphologies. Such
structural features increase the number of accessible active sites and facilitate the adsorption and activation of
CO2. Moreover, the presence of structural defects can accelerate charge transfer and stabilize intermediates,
which together lower the energetic barrier for CO2RR[86]. This is reflected in the reduced overpotential of
reduced Cu compared with pristine CuO, consistent with the lower Rct values observed in EIS measurements
for the porous Cu-based catalysts.
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(a) CuO (b) 250 ◦C–0min

(c) 300 ◦C–1 h

Figure 15: LSV curves of (a) CuO; (b) 250 ◦C–0 min; (c) 300 ◦C–1 h in CO2/Ar-saturated 1 M KOH.

Comparison of the LSV curves under CO2 (Figure 16) reveals further insights. At relatively low (less negative)
applied potentials, the current densities of the samples are comparable. As the applied potential becomes more
negative, CuO exhibits a higher overall current density than the reduced Cu samples. For the CuO sample,
two separated peaks are observed on the CO2RR LSV curve, corresponding to two sequential reduction steps.
Specifically, the CuO catalyst is first reduced to Cu+ species and subsequently to Cu0 as the potential becomes
more negative[87]. This two-step reduction partially induces surface reconstruction of CuO, which is reflected
in the variations of the current density.
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Figure 16: Comparison LSV curves in CO2

In conclusion, the catalytic activity of the samples follows trends similar to their ECSA values, with the porous
catalysts contributing to a reduction in overpotential. It is important to note that the current density measured
under CO2-saturated conditions reflects contributions from both the HER and CO2RR, and therefore cannot
be directly taken as a measure of CO2RR activity. The LSV curves exhibit noticeable fluctuations, which can
be attributed to the predominance of the HER. To further assess catalytic performance, product distribution
analysis is required, which will be discussed in the following section.

4.5 Catalytic Stability
Chronoamperometry (CA) was employed to evaluate the catalytic stability. As shown in Figure 17, the mea-
surements were performed at fixed applied potentials of −1.2 V (vs. Ag/AgCl) and −2.5 V (vs. Ag/AgCl) for
75 minutes.

At −1.2 V (Figure 17a), the current densities of the three samples are comparable, consistent with the results
obtained from the LSV measurements. In contrast, at −2.5 V (Figure 17b), the 300 ◦C–1 h sample exhibits
the highest current density with pronounced fluctuations. This behavior can be explained by the fact that, at
strongly negative potentials, the large driving force activates more reactive sites, and the lowest charge-transfer
resistance of the 300 ◦C–1 h sample facilitates electron transfer. Due to its relatively low porosity with larger
pores (273.2 nm), the reaction pathway is dominated by the HER, leading to unstable current responses. Under
such conditions, the catalytic kinetics are therefore predominantly governed by HER rather than CO2RR. In
contrast, the 250 ◦C–0 min sample maintains more stable current densities, suggesting that its porous structure
(78.4 nm) effectively stabilizes CO2RR intermediates and suppresses excessive HER. For CuO samples, the
existence of of surface reconstruction may result in an initial increase followed by a decrease in current density.
When the reduction is completed, or in other words, when CuO is fully reduced to metallic Cu, the current
density tends to stabilize. Nevertheless, all three catalysts demonstrate excellent long-term stability throughout
the CA measurement.
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(a) -1.2V (vs Ag/AgCl) (b) -2.5V (vs Ag/AgCl)

Figure 17: CA curves of three samples at (a) -1.2V (vs Ag/AgCl); (b) -2.5V (vs Ag/AgCl).

4.6 Product Analysis
To investigate the selectivity of different samples and elucidate the influence of the nanoporous structure, both
gaseous and liquid products of CO2RR were quantified and compared, as shown in Figure 18.

At an applied potential of −1.2 V, the hydrogen Faradaic efficiency (FE) (Figure 18a) of CuO is higher than
that of the porous Cu samples, consistent with the earlier discussion that reduced powder samples lower the
energy barrier of CO2RR at low applied potential. Among all, the 250 ◦C–0 min catalyst exhibits the lowest
HER effect, which may be attributed to its highly porous structure with abundant pore distribution. Such high
porosity facilitates the mass transport of alkaline ions, thereby maintaining a locally high pH in the electrolyte
microenvironment. This local concentration gradient influences the electrocatalytic process in alkaline media
according to the following equilibria[88, 89], which in turn favors CO2RR over HER. In contrast, the 300 ◦C–1 h
sample, characterized by reduced porosity, shows a weaker ability to suppress HER, though it still exhibits a
lower H2 FE than CuO.

CO2(aq) + OH− → HCO−
3 (8)

HCO−
3 +OH− → CO2−

3 +H2O (9)

(a) Faradaic effciency of H2 and C2H4 (b) Faradaic effciency of CH4 and formate

Figure 18: Faradaic effciency of (a) H2 and C2H4; (b) CH4 and formate at -1.2V (vs Ag/AgCl).
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Ethylene (Figure 18a), the only detected C2 product, demonstrates a strong dependence on the structural
characteristics. The 250 ◦C–0 min sample yields a significantly higher FE for ethylene compared with other
samples. This enhancement can be ascribed to the smaller pore size (78.4 nm) than 300 ◦C–1 h sample (273.2
nm), which prolongs the retention time of key intermediates and reactants, thereby promotes C–C coupling[26].
These results highlight that the nanoconfinement effect plays a decisive role in simultaneously facilitating ethy-
lene formation. Furthermore, they are consistent with the hypothesis that a locally elevated pH can lower the
overpotential required for C2 product generation[89].

The distribution of methane and formate, the only detected liquid product, are shown in Figure 18b. For all
three samples, these two C1 products follow the same trend. The 250 ◦C–0 min sample displays the highest FEs
of both methane and formate, which may be rationalized by its higher porosity that provides more accessible
catalytic sites, thereby promotes their production. Meanwhile, the local increased pH leads to the higher proton
activity, which acts as the rate-determining step that enhance proton transfer for the C1 product pathway[89].
Notably, the competition among H2, CH4, and formate pathways during CO2RR results in their inverse selec-
tivity trends.

To better analyze the impact of nanoporosity on product selectivity, the same comparative experiments were
conducted at a higher applied potential of –2.5 V vs. Ag/AgCl. The corresponding results are shown in Fig-
ure 19.

(a) Faradaic effciency of H2 and C2H4 (b) Faradaic effciency of CH4 and formate

Figure 19: Faradaic effciency of (a) H2 and C2H4; (b) CH4 and formate at -2.5V (vs Ag/AgCl).

The product distribution at the higher applied potential exhibited significant changes compared to the results
at lower potential. Regarding HER (Figure 19a), changes in potential of CuO do not affect mass transport due
to the non-porous structure. Consequently, the hydrogen yield remains almost unchanged, in agreement with
the observed results. For porous samples, the 250 ◦C–0 min sample still demonstrated the lowest FE of H2, in
line with expectations. However, the 300 ◦C–1 h exhibited nearly twice the hydrogen yield of the other samples,
this unexpected result that requires further investigation.

For porous structures, high applied potentials lead to a substantial increase in current density, and generate
potential differences within the pores which cause local potential gradients. The negatively charged surface re-
sult in the accumulation of cations (K+ in this study), which can impact proton transfer pathways and modify
the adsorption energy of key intermediates[89]. The densely packed K+ ions, being weakly hydrated, reduce
hydrogen-bond interactions and consequently inhibit HER[90]. Moreover, the relatively large size of K+ ions
induces a hydrophobic local environment, further promoting CO2RR over HER[91]. Therefore, for 250 ◦C–0 min
sample, the higher porosity facilitates denser K+ accumulation, resulting in stronger HER suppression compared
to the 300 ◦C–1 h sample.

Regarding ethylene production (Figure 19a), the 250 ◦C–0 min sample still exhibits the highest FE, whereas
ethylene formation on CuO is almost negligible. This suggests that porous structures retain their advantage
in promoting C–C coupling at high potential, whereas the applied potential may be too negative for CuO to
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form C2 products. In addition, the cation effect also plays a significant role for C2 products, particularly for
CO dimerization. The strong local electric field generated by dehydrated K+ ions stabilizes polarizable inter-
mediates and suppresses their further hydrogenation, thereby favoring C–C coupling pathways[91, 92]. These
results further confirm the ecisive influence of nanoconfinement effect on C2 product formation.

The yields of methane and formate also change under high potential (Figure 19b). Formate production contin-
ues to show a negative correlation with HER and same trend with ethylene. The presence of K+ ions stabilizes
the polarized intermediate *COOH, thereby enabling the highly porous 250 ◦C–0 min sample to achieve the
highest FE for formate[91]. For methane, CuO maintains a similar production level, whereas the methane yield
on porous copper is significantly reduced. As discussed earlier, during CO2RR, CuO is reduced to Cu+ species,
which alters the adsorption strength toward H+ and *CO intermediates[93]. Higher oxidation states of copper
favor the formation of the key intermediate *CHO, which subsequently leads to CH4 production[94]. Moreover,
under high OH− concentration, the Cu+ species are stabilized and the hydrogenation of *CO is thermody-
namically more favorable than dimerization[93]. It has been reported that methane is the dominant product
on Cu(I), formed via further hydrogenation of *CO[95]. In contrast, for porous Cu catalysts, the formation of
methane is less favorable. Under the cation effect, key intermediates such as *CHO or *COH are less prone to
hydrogenation toward CH4 but confined within the pores, where they interact with each other or with *CO to
proceed C–C coupling[96]. This correlated confinement effect is more pronounced for the 250 ◦C–0 min sample
due to its smaller pore size, which facilitates the C-C coupling by prolonging the retention time of key inter-
mediates. These observations collectively indicate that the applied potential exerts a pronounced influence on
product distribution, with the effect being dependent on the nanoporosity of the electrode.

In conclusion, nanoporosity affect the product selectivity during CO2RR. More porous structure can suppress
the hydrogen evolution reaction while promoting the formation of C2 products. At higher applied potential, the
influence of nanostructure becomes more pronounced. Regarding competing products with hydrogen, formate
selectivity appears slightly affected by nanoporosity and shows an inverse correlation with HER. In contrast, the
selectivity toward methane decreases significantly at high applied potentials. The stronger cation effect stablize
polarizable species *COOH and lead to weaker connectivity of H-bond network. Moreover, spatial confinement
of smaller pores restrict the diffusion and prolong the retention time of key intermediates, favoring C–C cou-
pling. As a result, the 250 ◦C–0 min sample exhibits lower methane yields but higher formate and ethylene
yields compared with the 300 ◦C–1 h sample. Among CO2RR products, CO is also an important species. Due
to time and technical limitations, this study does not include detection on CO and C2+ products, which should
be addressed in future work. Including such data would provide a clearer understanding of product distribution
and reaction pathway. For example, previous studies have also shown that at low applied potentials, C–C bond
formation proceeds via CO dimerization and *CO also plays a significant role on the pathway of CH4 forma-
tion[97, 98]. Moreover, the formation of C2+ products warrants attention, copper as a unique catalyst, can
produce higher hydrocarbons such as propane and butane under specific conditions[99, 100]. Further discussion
on these aspects can be found in the Outlook section of this article.
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5 Conclusion
In summary, this study investigated the effect of nanoporosity of Cu powders on CO2RR selectivity. The project
included sample synthesis, electrochemical measurements, and product analysis. Two porous copper powders
(250 ◦C–0 min and 300 ◦C–1 h) were obtained by controlling reduction time and temperature. Both samples
were fully reduced (100%), and SEM analysis revealed average pore sizes of 78.4 nm (250 ◦C–0 min) and 273.2
nm (300 ◦C–1 h). However, non-negligible powder agglomeration was also indicated by BET results.

To evaluate catalytic performance, the powders were drop-cast onto GDEs. EIS measurements reflected the
charge-transfer resistance and enabled estimation of the ECSA. The high-porosity sample (250 ◦C–0 min) ex-
hibited the largest ECSA (16.6 cm2), whereas the low-porosity sample (300 ◦C–1 h) showed the smallest (8.01
cm2). The initial CuO displayed an intermediate value of 13.5 cm2. These results suggest that the ECSA of
porous powders was significantly affected by particle agglomeration.

The normalized LSV and CA measurements were employed to probe catalytic activity and stability. The re-
duced porous powders decreased the onset potential of CO2RR. Reconstruction of CuO during electrolysis was
reflected in the appearance of two peaks in the LSV curve, as well as a gradual decline in current density over
time. Nevertheless, all samples maintained reasonable stability for up to 75 minutes.

Product distribution was further analyzed under two applied potentials, –1.2 V and –2.5 V (vs. Ag/AgCl). At
the lower potential, no significant differences in selectivity were observed. The most porous sample 250 ◦C–0 min
exhibited the best HER suppression behavior and highest FE of both C1 and C2 products due to local pH in-
crease and nanoconfinement effect. At the more negative potential, the 250 ◦C–0 min sample still exhibited the
highest FE for ethylene and the lowest FE for hydrogen. Meanwhile, methane and formate production followed
opposite trends relative to HER. Notably, in the high-porosity sample, methane selectivity was significantly
reduced, while C2 products were favored. This can be attributed to both the cation effect and the nanoconfine-
ment effect. The weak H-bond network caused by K+ accumulation not only lead to suppression of HER and
methane, but also contribute to the C-C coupling step. The smaller pore size restricting the diffusion of key
intermediates such as *COH and *CHO, thereby prolonging their retention time and promoting C–C coupling.

In short, the porous structure, due to its unique architecture, may cause local electric field and potential gra-
dients, which in turn affect the diffusion and transport of key intermediates or reactants, ultimately influencing
reaction pathways and product selectivity. These findings confirm the correlation between nanoporosity and
product selectivity. However, a more systematic analysis is still required, and further experiments are necessary
to strengthen and generalize these conclusions, as outlined in the following section.
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6 Outlook
This chapter discusses the current limitations of the present work and provides suggestions for future research.

6.1 Sample Synthesis
A notable challenge encountered in this study is powder agglomeration, which was clearly reflected in the BET
measurements. Ideally, porous copper is expected to exhibit a larger exposed surface area than the initial CuO.
To mitigate agglomeration, possible approaches include pre-milling the oxide precursor to further reduce the
particle size prior to reduction, or decreasing the batch size of the starting CuO powder. In addition, conducting
thermal reduction in larger containers with may help minimize the constraint imposed by the container walls,
thereby alleviating particle sintering and aggregation. Beyond these adjustments, advanced fabrication routes
such as 3D printing combined with dealloying hold promise for producing hierarchical nanoporous copper pow-
ders with more controllable porosity and morphology.

6.2 Experimental Methodology
(1) Drop-casting
In this work, powder-based electrodes were prepared by the drop-casting method. Although convenient and
widely used, this method introduces non-negligible uncertainties. Since the study aims to investigate the effect
of porosity on CO2RR, the reproducibility of surface morphology is critical. However, the coffee-ring effect
during drying leads to non-uniform particle deposition, potentially reducing the electrochemically active sur-
face area (ECSA) by partial coverage. Such extrinsic porosity may obscure the intrinsic effect of nanoporosity
on catalytic performance. Therefore, it is strongly recommended to adopt more advanced techniques, such as
air-brush spraying or inkjet printing, which enable more homogeneous and reproducible electrode coatings.

(2) GDE flow cell
The current setup employs screw-based fixation, which is prone to corrosion and uneven force distribution.
This occasionally caused gas and electrolyte leakage, leading to undesired energy losses and compromised re-
producibility. Future improvements could involve redesigning the sealing components and replacing critical
materials to ensure mechanical stability and minimize leakage.

6.3 Future Research Directions
(1) Defects
Porous copper generated by thermal reduction may contain different types and densities of defects (e.g., steps,
edges, and vacancies), depending on the reduction conditions. These defects can play an important role in
determining catalytic activity and selectivity. Thus, techniques such as XRD and advanced electron microscopy
should be employed to further clarify the crystallographic facets and defect distributions.

(2) Reconstruction
During CO2RR, CuO undergoes in-situ reduction to Cu+ and Cu0, which induces surface reconstruction and
alters catalytic behavior. Since different oxidation states strongly affect the reaction pathway and product
selectivity, using pristine metallic Cu powder as a reference catalyst may provide a more direct and accurate
comparison for isolating the effect of porosity.

(3) Potential-dependent selectivity
This study revealed substantial variations in product selectivity at different applied potentials. Future investi-
gations can include systematic measurements across a broader potential range. Coupling experimental results
with density functional theory (DFT) calculations would allow for a deeper understanding of adsorption ener-
getics and reaction mechanisms at the active sites.

(4) Pore size quantification
The pore size estimations in this study were based on a limited number of SEM images and lacked strong statis-
tical representation. Future work should adopt more rigorous methodologies, such as Barrett-Joyner-Halenda
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(BJH) analysis or advanced 3D tomography techniques, to obtain accurate pore size distributions.

(5) Product analysis
The present product analysis lacked quantification of CO, a crucial intermediate and product in CO2RR. In-
cluding CO detection in future experiments is essential for a more comprehensive analysis. Furthermore, as
copper catalysts are capable of producing C2+ products, updated calibration files should be employed to achieve
more precise quantification of multicarbon products.

Overall, this work highlights the significant role of nanoporosity in governing CO2RR selectivity. Nevertheless,
the summarized challenges cannot be overlooked, and more systematic future research is required. To further
investigate the influence of porosity in a more controlled manner, transforming loose powders into mechanically
stable pellets could be a promising alternative. In addition, advanced fabrication method such as the com-
bination of 3D printing and dealloying for hierarchical nanoporous powder, may offer an even more effective
strategy. In this case, several of the aforementioned external factors would be minimized, allowing for a more
rational and accurate evaluation of the intrinsic role of nanoporosity.
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Appendix

(a) 250 ◦C-0min, 90k (b) 250 ◦C-0min, 90k

(c) 250 ◦C-0min, 90k (d) 250 ◦C-0min, 90k

Figure 20: SEM images of 250 ◦C-0min at same magnification.
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(a) 250 ◦C-0min, 7k (b) 250 ◦C–0min, 14k

(c) 250 ◦C–0min, 200k

Figure 21: SEM images of 250 ◦C-0min at different magnifications.
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(a) 300 ◦C–1 h, 90k (b) 300 ◦C–1 h, 90k

(c) 300 ◦C–1 h, 90k (d) 300 ◦C–1 h, 90k

Figure 22: SEM images of 300 ◦C–1 h at same magnification.
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(a) 300 ◦C–1 h, 7k (b) 300 ◦C–1 h, 14k

(c) 300 ◦C–1 h, 200k

Figure 23: SEM images of 300 ◦C–1 h at different magnifications.
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(a) Hydrogen Calibration plot (b) Methane Calibration Plot

(c) Ethylene Calibration Plot (d) Formate Calibration Plot

Figure 24: Calibration Plots for products in GC and HPLC. Symbols represent real data, while lines indicate
calibration data.
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