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A B S T R A C T

The electrochemical reduction of CO₂ (CO₂RR) to value-added chemicals offers a promising route for carbon 
recycling and renewable energy storage. Cu-based catalysts are uniquely capable of producing multi-carbon 
products such as ethylene, but their selectivity is highly sensitive to their morphology. In this work, we sys
tematically investigate the impact of Cu₂O nanocube size (45–600 nm) on CO₂RR performance in both alkaline 
flow cell and zero-gap electrolyzer, both operating at industrially-relevant current densities. The catalysts were 
synthesized with well-controlled geometries and edge lengths. In the flow-cell, smaller nanocubes (45–75 nm) 
exhibited superior selectivity toward ethylene and liquid C2 products, achieving Faradaic efficiencies toward C2 
products (FEC2) of up to 50%, attributed to an optimal balance between edge and facet sites. In contrast, in the 
zero-gap cell, although 45 nm cubes were the most ethylene-selective, overall FEC2 was reduced and strongly 
influenced by operational parameters, such as anolyte composition. Long-term tests revealed a trade-off between 
catalyst durability and ethylene selectivity. These findings demonstrate the critical interplay between nano
structure, testing configuration, and electrolyte, and emphasize the need to assess catalyst performance under 
industrially-relevant conditions.

1. Introduction

The electrochemical reduction of CO2 (CO2RR) has emerged as a 
pivotal technology for sustainable carbon management and renewable 
energy conversion [1]. Electrocatalysts play an important role in 
determining the selectivity of the reaction toward specific reduction 
products [2]. Among the various electrocatalysts explored for this pur
pose, copper (Cu) stands out due to its ability to selectively produce 
valuable hydrocarbons and oxygenates, particularly C2+ products, under 
electrochemical conditions [3]. These unique properties of Cu are due to 
its intermediate CO binding energy, following Sabatier’s principle [4,5]. 
The intrinsic properties of Cu are highly sensitive to its surface 
morphology, which significantly influences product selectivity during 
CO2RR [6–9].

Notably, the presence of specific crystal facets (facet-effect), such as 
the (111), (100), and (110) surfaces, has been linked to distinct 

pathways for C–C bond formation and subsequent product distribution, 
favoring methane, ethylene, and oxygenated hydrocarbons, respectively 
[10–13].

However, it is important to control not only the surface structure of 
Cu but also the size of the nanostructures employed. Previous research 
on the size-dependency of CO2RR selectivity of Cu catalysts led to con
flicting results. Manthiram et al. reported improved methanation ac
tivity of 7 nm Cu nanoparticles (NPs) as compared to Cu foil [14]. On the 
other hand, Reske et al. found that hydrocarbon (both methane and 
ethylene) production was increasingly suppressed for smaller spherical 
NPs (up to 5 nm) [15]. These results emphasize that the change in the 
laboratory testing setups could lead to substantially different experi
mental outcomes and conclusions.

Cu2O nanocubes, with their well-defined geometry, present an ideal 
platform for investigating how these factors influence the selectivity of 
CO2RR [13]. In particular, the size of the nanocubes can alter surface 
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atom arrangements and the availability of active sites, potentially 
enhancing the kinetics of relevant reaction intermediates. Furthermore, 
the local electrochemical environment, influenced by factors such as pH 
and ionic strength, also plays a critical role in modulating the perfor
mance and selectivity of the nanostructured catalysts.

In a previous work, Loiudice et al. found that Cu nanocubes with an 
edge length of 44 nm exhibit the highest Faradaic Efficiency (FE) toward 
ethylene among 24, 44, and 63 nm cubes [16]. The reason for the 
boosted C2 production was attributed to the optimal ratio between edge 
and plane sites. Furthermore, the initial edge length of Cu nanocubes 
influences their long-term stability; larger nanocubes (580 nm) experi
ence significant reconstruction and a more rapid decline in the CO2RR to 
hydrogen evolution ratio compared to 280 nm cubes [17]. For Cu2O 
cubes with sizes ranging from 80 to 390 nm, fragmentation, detachment, 
aggregation, and redeposition processes occur, though to different ex
tents depending on the initial edge length of the cubes; specifically, 170 
nm Cu2O cubes were found optimal for the production of C2+ products 
due to the limited detachment and aggregation combined with a high 
density of re-deposited particles [18]. These aspects are particularly 
important for the future scaling up of CO2 electrolyzers, where catalysts 
should operate at high current densities for prolonged periods.

In much of the existing literature, the size effect of nanocubes has 
been assessed using standard H-cells, where the resulting current den
sities (j) typically range from a few mA cm–2 to tens of mA cm–2 [17–20]. 
However, evaluating catalysts in flow cells or zero-gap electrolyzers 
provides insights into their catalytic activity, stability, and selectivity at 
industrially relevant current densities (i.e., j ≥ 200 mA cm–2) [21]. 
These setups address the limited solubility of CO2 in aqueous electro
lytes by directly supplying CO2 gas to the back of a gas diffusion elec
trode (GDE) [22–25]. Product distribution is highly sensitive to the 
setup, as high current densities induce fast catalyst restructuring [26,
27]. Moreover, van der Veer et al. showed that GDE flooding, a typical 
reason for electrode failure, is fastened by the roughening induced by 
high current densities used in flow cells [27].

In this study, we systematically investigate the influence of Cu2O 
nanocube size on the product selectivity of the CO2 reduction reaction. 
By synthesizing a series of nanocubes with varying edge lengths, we aim 
to elucidate the structure-activity relationships that direct their perfor
mance in two different setups, namely in flow and zero-gap electro
lyzers. Although the selectivity is strongly dependent on the setup, we 
found an optimal size range of cubes for boosted ethylene production. 
Our findings will contribute to the broader understanding of how 
nanostructure design affects the selectivity and efficiency of CO2 
reduction processes, thereby advancing the potential for practical ap
plications in carbon recycling and renewable energy.

2. Experimental

2.1. Materials

CuSO4⋅5H2O (Merck, 99 % min.), CuCl2 (Sigma Aldrich, 99 %), tri
sodium citrate dihydrate (Sigma Aldrich, 99 %), NaOH (Sigma Aldrich, 
98 %), ascorbic acid (Sigma Aldrich, 98 %), isopropanol (Sigma Aldrich, 
99.8 %), KOH (Sigma Aldrich, 84 % min.) were used without further 
purification. Milli-Q water (18.2 MΩ⋅cm) was used for solution 
preparation.

2.2. Synthesis

Different syntheses were performed to obtain Cu2O nanocubes with 
different edge lengths.

Smaller nanocubes (in the range of 45–75 nm) were prepared 
following the procedure reported by Chang et al. [28], using trisodium 
citrate as chelating agent to tune the nanocube size. Briefly, 400 mL of 
deionized water was put in a beaker, and different amounts of a 1.2 M 
trisodium citrate solution were added: 0 mL for the 45 nm cubes and 

0.75 mL for the 75 nm cubes. The solution was stirred for 20 min at room 
temperature. Then, 1 mL of 1.2 M CuSO4⋅5H2O solution was added, 
followed by stirring for 5 min to obtain a pale blue color. 1 mL of 4.8 M 
NaOH was then added to the solution, inducing the rapid formation of 
Cu(OH)2 with an intense blue color. After stirring for 5 min, 1 mL of 1.2 
M ascorbic acid solution was added as a reducing agent. The color of the 
solution gradually changed to orange within 30 min. Finally, the solid 
products were collected after centrifugation of the solution at 4200 rpm 
for 20 min. The products were subsequently washed and centrifuged 
three times (twice in water, once in ethanol). The product was then dried 
overnight in a vacuum oven set at 40 ◦C.

Larger nanocubes (600 nm) were obtained using the procedure 
described by Gao et al. [29]: briefly, 1 L of 0.01 M CuCl2 solution was 
placed in a round-bottom flask, heated at 55 ◦C in an oil bath, and kept 
under vigorous stirring. Then, 100 mL of 2 M NaOH was added drop
wise. After stirring for 30 min, 100 mL of a 0.6 M ascorbic acid solution 
was added dropwise, leading to a gradual change from brownish to 
reddish color. The solution was maintained at 55 ◦C under stirring for 3 
h. After cooling, the product was separated by using the centrifugation 
method employed for the small nanocubes and described above.

Intermediate nanocubes (450 nm) were obtained using a modified 
procedure by Gao et al. [29] (employed for the 600 nm nanocubes), 
utilizing a lower amount of copper salt, 5 mM CuCl2 solution, and 
keeping all the other parameters equal. The list of synthesized catalysts 
is reported in Table 1.

2.3. Electrochemical tests in flow cell

Gas diffusion electrodes (GDEs) for tests in a flow cell configuration 
were prepared on Freudenberg H23C6 gas diffusion layer (GDLs) pur
chased from Fuelcellstore. An ink with 2.5 mg of catalyst, 12.5 µL of 
Nafion 5 wt % solution (Sigma Aldrich), and 400 µL of isopropanol was 
prepared and sonicated until a homogenous suspension was obtained. 
Then, a volume of 40 µL of ink was deposited by drop-casting on a 0.5 
cm2 delimited area of GDL while keeping the substrate on a hot plate (T 
≈ 80 ◦C). The catalyst loading was 0.5 mg cm–2.

Electrochemical tests were performed in a flow cell manufactured by 
Electrocell at room temperature (Fig. S1). The Cu-based GDE, an IrO2- 
coated titanium plate, and an Ag/AgCl (3 M Cl–) electrode were used as 
working, counter, and reference electrodes, respectively. A Fumasep 
FAB-PK-130 anionic exchange membrane (AEM) was used to separate 
the cathodic and anodic compartments. Electrochemical tests were 
performed using a Biologic SP-300 potentiostat. The experiment time 
was 45 min unless otherwise indicated. The 45-minute electrolysis 
period was selected to efficiently screen the different catalyst sizes and 
current densities and to allow reliable quantification of all gaseous and 
liquid products under steady-state conditions, considering that CO₂ 
electrolysis at high current density, in its current state of development, is 
prone to specific failure modes irrespective of the setup and catalyst 
employed [30]. Current densities were normalized to the geometric area 
of the electrodes.

A KOH (Sigma-Aldrich, 84 % min.) 1 mol L–1 solution was used as 
both catholyte and anolyte and pumped through the electrode com
partments at a flow rate of 1 mL min-1 using a peristaltic pump. CO2 was 
fed at the back of the cathode at a flow rate of 15 mL min-1 using a 
Bronkhorst mass flow controller.

Gas-phase products were analyzed by an online micro gas 

Table 1 
List of synthesized catalysts.

Nominal cube edge length / nm Ref.

45 [28]
75 [28]
450 modified from [29]
600 [29]
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chromatograph (μGC, Fusion®, INFICON) with two channels containing 
a 10 m Rt-Molsieve 5 A column and an 8 m Rt-Q-Bond column. Both 
channels were equipped with a micro-thermal conductivity detector 
(micro-TCD).

The Faradaic efficiency (FE) for each gas product was calculated 
using the following equation: 

FE (%) =
z F X f

I
× 100 

where z is the number of transferred electrons to form each specific 
product (2 for H2 and CO, 8 for CH4, 12 for C2H4), F is the Faraday 
constant (96,485 C mol–1), X is the mole fraction of the gas product in 
the flow, f is the total gas flow (mol s–1) measured at the μGC inlet, and I 
is the total applied current.

The liquid products were collected and analyzed by high- 
performance liquid chromatography (Shimadzu Prominence HPLC) 
equipped with a Repromer H column with pre-column, using 9 mM 
H2SO4 as mobile phase. The Faradaic efficiency of each liquid product 
was calculated using the following equation: 

FE (%) =
z F C V d
106 MM Q

× 100 

where z is the number of transferred electrons to form each specific 
product (2 for HCOO–, 12 for C2H5OH), C is the measured concentration 
(in ppm) of the product in the total volume of electrolyte, V is the total 
volume of electrolyte (in mL) collected at the end of each test, d is the 
density (in g mL–1) of the product, MM is the molar mass (in g mol-1) of 
the product, and Q is the total charge (in C).

Error bars were obtained by averaging the FEs of at least two to three 
independent samples for each GDE.

2.4. Electrochemical tests in zero-gap cell

Gas diffusion electrodes (GDEs) for tests in a zero-gap configuration 
were prepared on Sigracet 28BC gas diffusion layer (GDLs) purchased 
from Fuelcellstore. An ink containing catalyst, Sustainion 5 wt % solu
tion as binder (Dioxide Materials), and solvent (75 vol % of isopropanol 
and 25 vol % of water) was prepared and sonicated until a homogenous 
suspension was obtained. The binder accounts for 2.7 wt % out of the 
total catalyst and binder loading.

The ink was spray-coated on a 5 cm2 area of GDL using a spray coater 
(Nadetech) until the targeted catalyst loading was reached. Catalyst 
loading was set at 0.5 mg cm2 and was checked by weighing the GDEs 
before and after spray deposition. GDEs were tested in a zero-gap cell 
(Dioxide Materials), where the Membrane Electrode Assembly (MEA) 
was prepared by sandwiching an AEM (Sustainion X37, Dioxide Mate
rials) between the Cu-based GDE and an IrO2-coated Ti mesh (catalyst 
loading: 3 mg cm–2). Both electrodes were secured in PTFE gaskets, and 
the cell was tightened to a torque of 4 Nm. The performance of the cell 
was investigated through chronopotentiometry at 250 mA cm⁻² using a 
Biologic HCP-103 potentiostat. The current density was normalized to 
the geometric area of the electrode. Gaseous humidified CO₂ was 
delivered to the cathode at 100 mL min⁻¹ via a mass flow controller 
(Bronkhorst EL-FLOW), and the outlet stream was monitored by a mass 
flow meter (Bronkhorst EL-FLOW) and directed to an online micro gas 
chromatograph (μGC, Fusion®, INFICON) for product quantification. A 
0.1 M KHCO₃ solution was used as the anolyte and recirculated on the 
anodic side of the cell using a peristaltic pump at a flow rate of 40 mL 
min⁻¹. The test was carried out until the maximum concentration of C₂H₄ 
was detected in the outlet stream. The anolyte was sampled at the end of 
the test to quantify liquid products using high-performance liquid 
chromatography (Shimadzu Prominence HPLC), as described above. 
Long-term tests were performed under the same conditions, replacing 
0.1 M KHCO₃ with 0.1 M CsHCO₃ as the anolyte, and continued until a 
significant decrease in CO₂RR efficiency was observed.

2.5. Materials characterization

Field Emission Scanning Electron Microscopy (FESEM) images were 
acquired using a Zeiss Supra at an accelerating voltage of 5 kV. The edge 
length of nanocubes was measured using ImageJ software.

X-ray Diffraction (XRD) patterns were acquired in a Bragg-Brentano 
geometry using a Panalytical Xpert Pro instrument (Cu-Kα radiation, 
voltage 40 kV, current 40 mA) equipped with an X’ Celerator 1D de
tector in a 2θ range of 20–80◦ with a step size of 0.026◦

X-Ray Photoelectron Spectroscopy (XPS) spectra were acquired 
using a PHI 5000 Versaprobe instrument equipped with a mono
chromatic Al-Kα (1486.6 eV) X-ray source. An electron gun and an Ar 
ion gun were used for charge compensation. The spot size was 100 µm. 
The pass energy for the acquisition of high-resolution spectra was set at 
23.5 eV. Calibration of the binding energy axis was performed by setting 
the position of the adventitious C 1s sp3 peak at 284.8 eV. The spectra 
were processed using CasaXPS Software (v2.3.23, Casa Software Ltd).

Raman measurements were carried out using a LabRAM Soleil 
equipped with a 785 nm laser line with a 100 × objective in the range 
from 100 to 900 cm-1.

3. Results and discussion

3.1. Materials characterization

Cu2O nanocubes with edge sizes ranging from 45 to 600 nm were 
synthesized through two different synthesis techniques. For the small 
cubes (45–75 nm), the size can be controlled by varying the amount of 
trisodium citrate, which acts as a chelating agent and decreases the 
amount of Cu2O seeds but leads to bigger nanocubes [28]. For the larger 
cubes (450–600 nm), the Cu salt concentration is the determining factor.

The as-prepared materials were characterized by XRD to gain in
sights into their crystalline structure. All fresh powders exhibit diffrac
tion peaks at 2θ angles of 29.6◦, 36.5◦, 61.4◦, 73.6◦, 77.4◦, that are 
ascribed to Cu2O phase (COD #96–100–0064) (Fig. 1).

No peaks attributable to other Cu phases are visible in the dif
fractograms of the fresh catalysts, indicating that the synthesis proced
ures led to the formation of the desired products.

XPS was employed to gain insights into the surface composition of 
spectra of selected samples. Cu 2p spectra of fresh catalysts (Fig. S2a) 
show peaks of Cu 2p3/2 and Cu 2p1/2 at binding energies of ≈ 932.4 eV 
and ≈ 952.3 eV, respectively, which are ascribed to Cu0 or Cu+ species 
[31–34]. To distinguish between the presence of these two reduced Cu 
species, we acquired Cu Auger spectra (Fig. S2b). The main peaks at 
kinetic energies of ≈ 916.7 eV indicate that Cu is present as Cu+ [33], in 

Fig. 1. XRD of as-prepared powdered catalysts.
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agreement with the XRD data that pointed out the formation of Cu2O 
phase. All samples consist of Cu2O cubes, differing mainly in particle 
size as indicated by variations in edge length.

The morphology and size distribution of the as-prepared particles 
were analyzed by FESEM (Fig. 2).

All the catalysts exhibit a well-defined cubic shape, meaning that 
both the syntheses are well-suited to obtain Cu2O nanocube catalysts. 
The size distribution of the particles is reported in Fig. S3, and shows a 
narrow particle size distribution, especially for the smaller cubes (45 nm 
and 75 nm), while the bigger cubes also have a broader size distribution. 
We highlight here that the latter cubes have been obtained through a 
longer and higher-temperature reaction, which might account for the 
broader size distributions obtained for the large cubes.

3.2. Electrocatalytic tests in flow cell

To investigate how different edge lengths of Cu2O influence the 
catalytic activity, we performed CO2RR experiments in alkaline condi
tions (KOH 1 M) using a flow cell reactor. The FEs of the main products 
measured at different current densities are reported in Fig. 3, while the 
chronopotentiometries are shown in Fig. S4.

We investigated the performance of the catalysts at three industrially 
relevant current densities (− 150, − 250, and − 350 mA cm–2) to capture 
their behavior across the range typically targeted in practical CO₂ 
electrolysis systems. To contextualize our results within the state of the 
art, Table S1 reports representative ranges of faradaic efficiencies, 
nanoparticle sizes, and operating conditions for Cu2O cube–based cat
alysts as documented in the literature.

In Cu-based CO2RR systems, FEs frequently sum to values below 100 
%, especially at high current densities. This behavior arises from the 
exceptionally broad product distribution characteristic of Cu catalysts, 
which can generate numerous highly reduced liquid products (e.g., 
methanol, n-propanol, acetaldehyde, formaldehyde) at trace concen
trations. Although these compounds often appear at ppm levels and may 
fall below standard detection limits, their formation requires a large 
number of electrons such that even small amounts can account for a non- 
negligible portion of the total charge. Additional FE losses can result 
from product crossover, retention in tubing or membrane interfaces, 
volatilization during gas–liquid separation, and other system losses.

Regardless of the current density, FEH2 is higher for bigger cubes 
than for smaller cubes. On the other hand, FECO decreases while 
increasing the edge length of nanocubes, in agreement with previous 
works [18]. For the other C1 products, formate and methane, the se
lectivities are low (below 10 %). Regarding C2+ products, we reported 
the FEs for ethylene, ethanol, and acetate, since other C2+ products were 
detected only in traces. At the lowest current density explored (i.e., –150 

mA cm–2), the highest FEC2H4 was found for cubes with an edge length of 
75 nm and then decreased for bigger cubes; the FE of ethanol is also the 
highest for 75 nm cubes, where it reaches a plateau and does not further 
change for the other edge lengths.

At higher current densities, the selectivities are more affected by the 
changes in the edge length of the nanocubes. At j = –250 mA cm–2, the 
trends of H2 and CO selectivities are similar to those recorded at –150 
mA cm–2, with the former increasing and the latter decreasing at larger 
edge lengths. For all the samples, FECO is, however, lower than that 
recorded at lower current density. On the other hand, the FE of C2 
products increases due to the boosted C–C coupling at more negative 
potentials [35]. In this case, the FE of ethylene peaks at edge lengths of 
75 nm and then drastically drops for cubes of larger sizes.

At j = –350 mA cm–2, H2 production again increases and CO selec
tivity decreases with increasing edge lengths, though the decrease in CO 
production with the size is slighter than at lower current densities. 
Ethylene selectivity also gradually decreases and reaches a plateau at 
edge lengths of 450 nm.

The highest FEs for C2 products (50 % ± 1 %) were obtained for 
cubes of 45 and 75 nm edge lengths at –350 mA cm–2 and for 75 nm 
cubes at –250 mA cm–2. Despite the lower overpotential required by 
smaller cubes to reach the same current density (Fig. S4), no direct 
correlation between potential and product selectivity is observed. This 
indicates that the selectivity trends arise primarily from morphology- 
dependent reconstruction and the nature of the resulting active sites, 
rather than from differences in applied potential during chro
nopotentiometry. Loiudice et al. previously identified 44 nm Cu nano
cubes as those with the highest FEC2H4 among 24, 44, and 63 nm edge 
lengths, due to their optimal balance between plane- and edge-sites 
[16]. Although from our results the 75 nm cubes seem to be slightly 
more selective, especially at –250 mA cm–2, this discrepancy can be 
explained by the higher current densities (≈50–100 times higher) 
employed in our setup, which can induce profound catalyst recon
struction, as we will discuss below.

3.3. Materials characterization after electrocatalytic tests in flow cell

We then analyzed the catalysts after the electrocatalytic tests with 
XRD and FESEM to gain insights into the changes in morphology and 
crystalline structure induced by electrochemical polarization.

The XRD patterns of electrodes after the electrochemical tests are 
reported in Fig. S5. After CO₂RR, the characteristic Cu2O peaks decrease 
in intensity while metallic Cu peaks emerge, confirming a partial elec
trochemical reduction of Cu+ to Cu0 under CO2 reduction conditions 
[36–38]. Nevertheless, Cu2O is still present, in agreement with a pre
vious observation that oxide-derived Cu rapidly reoxidizes after elec
trolysis [39]. Residual Cu+ species may persist even after CO2RR 
experiments [9] and are essential for C2 product formation as they can 
stabilize adsorbed CO and facilitate C–C coupling [40,41]. Moreover, 
the presence of subsurface or interfacial suboxide species can promote 
CO2 binding and activation in the initial steps of CO2RR [42]. Overall, 
these observations indicate that the catalyst partially evolves into a 
metallic Cu structure during CO₂RR, with Cu+ species likely formed at 
the surface or near-surface.

The additional peaks observed in the region of 30–35◦ 2θ do not 
correspond to any Cu catalyst phase but likely originate from residual 
electrolyte species that crystallized on the electrode surface after drying 
(e.g., hydrated KOH, K2CO3).

XPS spectra of Cu 2p region acquired for a selected sample (45 nm 
cube) after electrochemical test (Fig. S6a) show almost identical features 
to those of as-synthesized catalysts, confirming the presence of reduced 
Cu species (Cu0 or Cu+). Again, analysis of Cu LMM Auger region 
(Fig. S6b) pointed toward the presence of Cu+ species rather than 
metallic Cu in the used catalyst.

We also acquired Raman spectra of GDEs prepared with nanocube 
catalysts before and after electrocatalytic tests in flow cell (Fig. S7). The 

Fig. 2. FESEM images of as-prepared Cu2O nanocubes with different edge 
lengths: a) 45 nm; b) 75 nm: c) 450 nm; d) 600 nm.
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spectra of fresh and used electrodes present similar features, in partic
ular bands that can be ascribed to Cu-O vibration modes, indicating an 
oxidized surface of the catalysts, likely CuO [43,44].

The morphology of electrodes after the tests has been assessed by 
FESEM (Fig. 4).

Smaller cubes (45 nm and 75 nm, Fig. 4a, b) underwent the most 
severe changes in morphology during the electrochemical tests. While 
fresh samples exhibited well-defined cube nanostructure, after tests, 
most of the nanoparticles aggregated into clusters and interconnected 
particles. On the other hand, bigger cubes (450 nm and 600 nm, Fig. 4c, 
d) retained their shape under reaction conditions, despite a slight ag
gregation and reconstruction. These results are in accordance with the 
previous observation that aggregation and detachment of smaller cubes 
are accelerated by their higher mobility [18]. The higher selectivity 
toward CO2RR in general, and C2 products in particular, was previously 
attributed to the exposure of defects and residual oxygen species in the 
rearranged, fragmented catalyst [45,46].

3.4. Electrocatalytic tests in zero-gap cell

Although the flow cell setup allows screening the catalyst activity at 
industrially relevant current densities, zero-gap cells represent the most 
promising setup for CO2 electrolysis in industrial applications [47,48]. 
Thus, we decided to verify the behavior of nanocubes in a zero-gap cell 
with an active area of 5 cm2. We selected an industrially-relevant cur
rent density (j = –250 mA cm–2) to first evaluate the FEs of nanocubes 
with different edge lengths. The results are reported in Fig. 5.

Compared to the results obtained in the flow cell reported in Fig. 3b, 
the FEH2 is substantially higher and less variable with cube edge length 
in the zero-gap cell. The FECO increases as the edge length increases up 

to the 450 nm cubes and then reaches a plateau; this trend is opposite to 
what we observed in the flow cell, further supporting that the catalyst 
selectivity is strongly dependent on the boundary testing conditions 
(electrolyte, cell type, etc.). On the other hand, FEC2H4 is highest (28 %) 
for the smallest cubes (45 nm), and then decreases for the 75 and 450 nm 
cubes. For the large cubes (450 and 600 nm), we observed the appear
ance of CH4 with FEs ≈ 5 %, while this product was not detected for the 
small cubes. This finding is very similar to what we previously observed 
for the flow cell. Regarding the liquid products, formate was detected 
only in traces, while ethanol and acetate were found to be similar for all 
the samples, and the FE of each of these two products did not exceed 7 
%.

Comparing these results with those obtained for the flow cell, we can 
observe a drastic reduction of FE for ethanol, whose FEs were ≈3 times 
higher in the flow cell, regardless of the cube size. Since the liquid 
products were collected in the anolyte, a fraction of ethanol could 
potentially be lost in the gas phase at the cathode side and therefore is 
not detected in our analysis.

The higher FEH2 and lower FE for C2 products (ethylene, ethanol) 
obtained in the zero-gap cell as compared to the flow cell can be 
attributed to the highly alkaline electrolyte used in the flow-cell (KOH 1 
M), which helps keep a high local pH. Local pH values above 10 promote 
the formation of C2+ products [49,50] by favoring *CO adsorption and 
HER suppression [51]. In contrast with flow cells, in zero-gap configu
rations, the local environment at the membrane surface strongly in
fluences catalysis. As a result, the local pH depends on several variables, 
including the rate of OH⁻ generation and the ionic species transported 

Fig. 3. Faradaic efficiencies of different Cu2O nanocube electrocatalysts in flow cell obtained at different current densities: a) –150 mA cm–2; b) –250 mA cm–2; c) 
–350 mA cm–2. Electrolyte: KOH 1 M.

Fig. 4. FESEM of electrodes after electrocatalytic tests in flow cell (j = –250 mA 
cm–2) prepared using Cu2O nanocube electrocatalysts with different edge 
lengths: a) 45 nm; b) 75 nm; c) 450 nm; d) 600 nm.

Fig. 5. Faradaic efficiencies of Cu2O nanocube electrocatalysts in zero-gap 
electrolyzer at j = –250 mA cm–2. Anolyte: KHCO3 0.1 M.
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through the membrane. This, in turn, limits the ability to precisely 
control the local pH in this type of setup.

For industrial applications, not only activity and selectivity but also 
stability is an important factor to consider. Therefore, we selected the 
most selective catalyst for ethylene production, i.e., Cu2O cube with an 
edge length of 45 nm, for a long-term test. For this purpose, we con
ducted the test with cesium bicarbonate instead of potassium bicar
bonate as anolyte, since highly soluble Cs salts help delay salt 
precipitation and thus electrode deactivation [47,52,53]. The time 
evolution of gas products during the stability test is reported in Fig. 6.

In the first 4 h of the test, the FEs for the main products were con
stant: the main gas product was CO, with FECO ≈ 43 %, while FEC2H4 was 
≈ 14 %. The cell voltage was ≈ 3.6 V. In the remaining time of the test, 
we observed a strong decrease in the CO production with an increase of 
H2 and C2H4 production until t = 19 h, where FEC2H4 dropped due to salt 
accumulation on the back of the electrode. The image of the GDE after 
test confirmed the deposition of salt in large parts of the electrode 
(Fig. S8a), supporting the hypothesis that salt deposition is responsible 
for electrode failure in MEA setups. On the other hand, the catalyst 
particles are present in form of aggregates with dimensions of tens of nm 
(Fig. S8b).

Although the use of CsHCO3 as anolyte helps delay salt formation, 
FECO was significantly higher and FEC2H4 lower compared to the per
formance of the same catalyst (45 nm cubes) with KHCO3 anolyte (re
ported in Fig. 5), pointing toward a critical role of the electrolyte in 
directing the selectivity among the different CO2 reduction products. 
The effect arises from the ability of alkaline cations to modulate the local 
environment near the catalytic active site. In particular, electrolyte 
cations exhibit different buffering capacities near a negatively charged 
cathode surface: Cs+ provides a lower local basicity than K+ [54], which 
negatively affects ethylene formation in favor of carbon monoxide (see 
Fig. 5 and Fig. 6). For long-term operation, however, CsHCO3 as the 
anolyte allows to reduce salt accumulation on the cathode, which would 
otherwise limit electrolyzer lifetime. Achieving FEC2H4 values compa
rable to those obtained in flow-cell systems will require further opti
mization of MEA design and operating conditions.

Strategies reported in the literature include the use of pure water as 
the anolyte while incorporating the necessary cations directly into the 
cathode catalyst layer [55,56], or operating with KHCO₃ anolyte while 
actively monitoring cation crossover. Before reaching the solubility limit 
of the cathode-side electrolyte, KHCO3 can be replaced by pure water to 
reduce accumulated K⁺ until it falls below the threshold at which cata
lytic performance is affected [57]. Achieving high FEC2+

selectivity in 
zero-gap configurations therefore requires a careful balance between 
cation transport, local pH regulation, water availability, and salt 
management.

4. Conclusions

Cu₂O nanocubes with edge lengths ranging from 45 to 600 nm were 
successfully synthesized and evaluated as electrocatalysts for CO₂ 
reduction, with a focus on ethylene production. Screening in an alkaline 
flow cell setup at industrially relevant current densities (–150 to –350 
mA cm⁻²) revealed that smaller cubes (45 and 75 nm) achieved signifi
cantly higher Faradaic efficiencies (FEs) for C₂ products compared to 
larger cubes (450 and 600 nm). All samples underwent morphological 
reconstruction under high current densities. In a zero-gap electrolyzer, 
more representative of industrial systems, 45 nm cubes again exhibited 
the highest ethylene selectivity at j = –250 mA cm⁻². Durability tests 
using CsHCO₃ as the anolyte, aimed at mitigating salt precipitation, 
showed a trade-off: although catalyst stability improved, ethylene 
selectivity decreased compared to tests using KHCO₃ or the flow cell 
setup. These findings indicate that while smaller nanocubes are more 
selective for ethylene, their performance is highly dependent on the 
operating environment. Therefore, assessing catalyst behavior under 
industrially relevant conditions is essential for the development of 

scalable CO₂RR systems.
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