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Ultrasound-assisted synthesis of copper-based catalysts for the 
electrocatalytic CO2 reduction: Effect of ultrasound irradiation, precursor 
concentration and calcination temperature 
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A B S T R A C T   

The reduction of high CO2 concentrations in the atmosphere is an imperative task to reduce the consequences of 
the greenhouse effect on our planet. Developing active and selective materials for electrochemical CO2 reduction 
towards value-added products is mandatory to bring this technology to a practical application. This work studied 
the effect of assisting Cu and Zn oxides co-precipitation with sonochemistry. Different factors were investigated: 
the ultrasounds (US) amplitude, the effect of US irradiation time during either precipitation or ageing processes, 
the precursor concentration and calcination temperature. The synthesised catalysts were tested for the electro
catalytic CO2 reduction reaction in a Rotating Disk Electrode (RDE) system. Faradaic efficiencies >14% towards 
alcohols were obtained using US-assisted synthesised Cu-based catalysts. Instead, with the US-prepared Cupper- 
Zinc-based catalysts, the selectivity towards H2 and C1 products (CO and formate) was improved, and the syngas 
productivity was increased by > ⁓1.4-fold compared to the non-sonicated one. The alcohols production of the 
best Cu-catalyst was also confirmed on scalable electrodes. Controlling the synthesis conditions allowed to tune 
the physicochemical properties of the nanoparticles, including specific surface area, porosity, crystallite size and 
phases. Mesoporous materials with a mean pores size of around 25 nm were found to induce a better CO2 
diffusion and CO retention time in the porous network, improving the *CO intermediate adsorption at active 
sites, promoting its dimerisation and thus enhancing the selectivity towards C2+ alcohols. The here reported 
results open the way for new electrocatalysts designs with properly tuned porosity for the selective CO2 con
version to different valuable products.   

1. Introduction 

Carbon dioxide is a greenhouse gas found as a trace in the atmo
sphere. Despite this, it has been declared as one of the major drivers of 
the greenhouse effect. Its tendency over time has increased since the 
industrial revolution; this behaviour is mainly attributed to sources from 
human action. Nevertheless, in 2020 an unusual event occurred with 
respect to this gas, there was a decrease in global energy-related carbon 
emissions; these fell by 5.8%, that is, about 2 gigatons of carbon dioxide, 
thanks to the reduction in the demand for oil, coal, and gas, according to 
a report by the International Energy Agency (IEA) [1]. However, this 
reduction does not have a significant long-term impact on global tem
peratures as they depend on cumulative emissions in the atmosphere. In 

fact, this unusual event represented just an oasis in the middle of the 
desert. 

Increasing CO2 in the atmosphere continues and is becoming more 
and more pressing. In this context, alternatives that reduce greenhouse 
gas emissions and increase energy supply are especially attractive. One 
of these alternatives is electrochemical CO2 reduction (EC CO2R). The 
EC CO2R is especially attractive due to its potential application in storing 
CO2 in high-energy products [2,3]. Among the different reduction 
products, CO is one of the sustainable and simplest products [4]. Indeed, 
CO formation follows the simplest electrocatalytic CO2 reduction reac
tion with 2 e− transfer. Thus, it is the most studied product in the 
literature. For this purpose, noble metals such as Ag have been deeply 
investigated because of their excellent performance. Nonetheless, to 
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overcome obstacles such as the high cost of those materials, earth- 
abundant and inexpensive metals, including Cu, Zn, and Cd, have 
been explored and investigated for the electrochemical production of CO 
from CO2 [5,6]. Conversely, liquid products (C1+) from CO2 could lead 
to a faster transition towards a low C-based economy since they can be 
stored under ambient conditions. In this regard, methanol and other 
alcohols (>C2), like ethanol, are of particular interest [7,8]. These 
compounds are usually favoured using copper-based electrocatalyst 
with different structures (Cu nanoparticles, oxide-derived Cu, and Cu 
composites). Although, other types of materials have been found (e.g. 
FeP nanoarray on Ti mesh) that have achieved good efficiencies for 
highly selective EC CO2R to alcohols [9,10]. 

Regarding the relevance of using copper-based catalysts for EC CO2R, 
a previous review work of our group [11] mentions the most recent 
advances in the electrochemical transformation of CO2 towards alcohols 
by using copper-based catalysts. The study confirmed how different 
authors have used copper-based catalysts to valorise CO2 with successful 
results in several cases. As shown in the review, the catalysts perfor
mance depends on different factors such as the electrolyte, catalyst 
morphology, composition, and cell configuration, among others. Copper 
has also been combined with different amphoteric metal oxides like ZnO 
to improve its performance. ZnO has been used as a support to obtain a 
better distribution of the active catalytic sites, which in some cases 
means a greater selectivity towards products of interest such as alcohols 
[12]. Another advantage of Zn in terms of the available active surface 
area is that it prevents the poisoning and deactivation of copper [13]. It 
makes the interaction between Cu and Zn oxides in the same catalytic 
material an interesting object of study. 

In this context, many types of synthesis have been investigated to 
prepare copper-based catalysts, including co-precipitation, sol-gel, hy
drothermal, thermal decomposition, microwave irradiation, thermal 
and sonochemical processes [14]. Each one with its advantages and 
disadvantages according to each context. The co-precipitation technique 
is probably the simplest and most efficient chemical pathway through 
which many nanoparticles can be synthesised. Moreover, it is an 
environment-friendly and economical method [15]. This method pro
vides homogeneity control through various synthesis parameters (con
centration, temperature, pH). Hence, this work used the co-precipitation 
technique to synthesise Cu-based catalysts. In addition, it was decided to 
use sonochemistry to study the effect that it would have on the physi
cochemical characteristics of the catalysts and their selectivity in the EC 
CO2R. 

Sonochemistry involves wave motion to generate chemical reactions 
due to the physical phenomena produced by ultrasounds (US). The 
significant advantage of the sonochemical synthesis approach is the 
cost-effectiveness, high reaction rate, controllable synthesis condition, 
narrow size distribution, environmentally friendly nature and scalability 
[16]. The main physical phenomenon involved in sonochemistry is 
acoustic cavitation. Acoustic cavitation consists of the formation, 
growth, and collapse of bubbles in a solution [17]. Consequently, high 
temperatures and high pressures are observed for very short lifetimes; 
these transient and localised hot spots facilitate chemical reactions 
during synthesis [18]. 

Crystallisation is one of the aspects influenced by US irradiation. 
According to Luque de Castro and Priego-Capote [19], an effect of ul
trasounds on nucleation is shortening the induction time between the 
establishment of supersaturation and the onset of nucleation and crys
tallisation. These authors also state that applying ultrasounds induces 
nucleation and increases reproducibility. In addition, a beneficial effect 
on the prevention of agglomeration has also been described since the 
conditions generated after the implosion of cavitation bubbles cause the 
contact between particles to be shorter than usual and decrease the 
interaction that holds them together. 

Regarding the synthesis of Cu-based catalysts through this technique 
for thermocatalytic applications, Allahyari et al. [20] synthesised a 
catalyst called CuO-ZnO-Al2O3/HZSM-5 (CZAZ) by ultrasound-assisted 

co-precipitation method at different irradiation times, which was char
acterised and tested for the direct synthesis of dimethyl ether from 
syngas at high temperatures and pressures. They observed a synergetic 
effect between the ultrasounds and the precipitation that provides a 
favourable environment for the nucleation and growth of the particles. 
They also observed that as the ultrasound irradiation time increases, the 
CZAZ nanoaggregates become smaller, with a low tendency to 
agglomerate. In another work by Yap et al. [21], the effect of the use of 
ultrasound in co-precipitation for the synthesis of copper‑manganese 
oxide catalysts was evaluated. The US synthesised catalyst increased 
methane conversions with respect to the non-sonicated material. They 
observed alterations in the morphology of the materials, better disper
sion of the particles, an increase in the surface area, and were able to 
tune the conversion rate by varying the intensity of the applied radia
tion. Dasireddy and Likozar [22] explored the different synthetic 
methods for the Cu/Zn/Al catalyst: co-precipitation, ultrasonic, sol-gel 
and solid-state methods for CO2 hydrogenation to methanol. They 
observed that the preparation method significantly influences the 
physicochemical properties and the catalytic performance. They also 
concluded that among the preparation techniques that they studied, the 
ultrasonic method improved the dispersion of copper particles, 
increased the number of active sites, and reached significant selectivity 
values towards methanol compared to conventional synthetic 
techniques. 

Ultrasounds have also been employed to prepare different metal 
oxides with other wet synthesis techniques for different applications. For 
instance, Pinjari et al. [23] synthesised nanostructured titanium dioxide 
by using conventional and ultrasound-assisted sol-gel techniques to 
understand the role of cavitation effects in the synthesis process. They 
found that synthesis in the presence of ultrasounds resulted in a much 
higher yield, and this is attributed to the ability of acoustic cavitation to 
improve reaction kinetics through improved mass transfer. They also 
stated that the development of ordered surface morphology is a char
acteristic of the US process. 

Theoretical concepts and results, such as those previously 
mentioned, motivated the interest in using ultrasound-assisted co-pre
cipitation to synthesise new catalysts to be exploited in the emerging 
field of the electrocatalytic conversion of CO2. In this work, Cu and 
Cu–Zn– based catalysts were synthesised by this method and tested for 
the EC CO2R process. To the best of our knowledge there are no other 
published works in which sonochemistry and precipitation are jointly 
used to obtain copper-based materials for the electrochemical reduction 
of CO2. Instead, there are works in which sonoelectrochemistry has been 
used with Cu-based electrodes to improve the CO2 reduction process, 
such as those of Ohta et al. [24] and Islam et al [25]. However, their 
approach is completely different since ultrasounds are applied directly 
to the electrochemical reactor during the electroreduction process. 

Herein, we applied for the first time the sonochemistry technique in 
the development of catalysts for the EC CO2R and analysed the different 
factors that could influence the material performance. Thus, a compar
ison was made between catalysts synthesised without the US and 
assisted by US irradiation. Regarding the US-assisted synthesis, the ef
fect of different irradiation times during the precipitation process and 
amplitudes of ultrasonic power were studied. On the other hand, the 
influence of the increase in the precursor concentration was also studied, 
together with the use of US, to evaluate if there was any synergy be
tween these factors that affected both the physical results and the per
formance of the catalysts. In addition, the effect of calcination 
temperature (between 250 ◦C and 550 ◦C) on the best-performing cat
alysts was investigated to evaluate the effect of the particle size and the 
porosity of the material on its electrocatalytic performance [26]. In fact, 
the porosity can affect the mass transport of the reagents and reaction 
intermediates [27]. It could influence the retention time and interaction 
between CO* intermediates (Selectivity Determining Step), which 
would lead to an increase in selectivity towards products with two or 
more carbon atoms [11]. Finally, with these variations in the synthesis 
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process, the aim is to understand better the parameters that can influ
ence the performance of a catalyst and the techniques that can be used to 
tune the optimal physicochemical characteristics for the CO2 electro
reduction process. 

2. Materials and methods 

2.1. Materials 

Copper (II) nitrate trihydrate (CuN2O6⋅3H2O, 99–104 %). Zinc ni
trate hexahydrate crystallised (Zn(NO3)2⋅6H2O, ≥99.0 %). Potassium 
bicarbonate (KHCO3, 99.7%). Nafion perfluorinated resin solution 
Green Alternative (5 wt% in lower aliphatic alcohols and water contains 
15–20 % water). Sodium Carbonate (Na2CO3, ≥99 %). Isopropanol for 
HPLC ((CH3)2CHOH, 99%). All the materials were purchased from 
Sigma-Aldrich and used as received unless otherwise specified. 

2.2. Synthesis 

The catalysts were prepared with a procedure analogous to that 
proposed by Schüth et al. [28]. Herein, different variations were made to 
evaluate the effect of some parameters on the synthesis (i.e., ultrasound 
amplitude applied during the ageing time, Cu concentration, ultrasound 
irradiation time during the precipitation, calcination temperature). 
Amphoteric metal oxides like ZnO are traditionally investigated as metal 
supports of Cu materials for the CO2 hydrogenation to CO and methanol 
at high temperature and pressure. However, we have recently demon
strated that a Cu/ZnO (65/35%mol) catalyst prepared by the low- 
temperature oxidation of Cu nanoparticles and its mixing with ZnO 
crystalline powder can be used for the electrochemical CO2 reduction to 
alcohols [12]. The presence of ZnO nanoparticles with this composition 
(65 %mol) in the mixed Cu/ZnO catalyst was found to play an important 
role in forming and stabilising mixed oxidation states of copper (Cu1+

and Cu0) in the electrocatalyst (in bulk and surface). Based on those 
results, it was chosen as the precursor ratio for preparing the mixed 
metal oxide. On the other hand, we also have proved that a copper oxide 
catalyst synthesised with a copper nitrate concentration of 0.6 M has 
high selectivity towards the formation of hydrocarbons and multicarbon 
oxygenates (including aldehydes and alcohols) [29]. Thus, it was the 
selected concentration for synthesising the bare copper material and 
studying the abovementioned effects. 

Regarding the synthesis process, the metal nitrates used for each 
catalyst and their concentration are reported in Table 1. A sodium car
bonate solution (1 M) was used as the precipitating agent. The setup 
consists of a beaker with a volume of 200 mL of distilled water immersed 
in a hot silicone oil bath to maintain the temperature at 70 ◦C. The 
temperature was monitored with a thermocouple. The pH was 
controlled by an MC720 pH Controller, which regulated the amount of 
precipitating agent sent to the beaker to maintain a constant pH value of 
7. 

The setup of the synthesis is shown in Fig. 1. It consists of two 
peristaltic pumps, one that is part of the pH controller and regulates the 

flow rate of precipitating agent and another that regulates the nitrate 
solution flow rate. 

After adding the 40 mL of the nitrate precursor, the system was left 
ageing for one hour; then, the precipitate was filtered and left drying 
overnight at 60 ◦C in an oven. Finally, the calcination was carried out 
with 500 mg of catalyst in a furnace for 3 h at a certain temperature with 
a heating ramp of 2 ◦C min− 1. 

The ultrasound effect was evaluated during the co-precipitation time 
and in the ageing time using an Ultrasonic Processors VCX 750 (Fre
quency: 20 kHz, Net power output: 750 W). The sonicator has amplitude 
settings. It tells how vigorously the particles vibrate, which is propor
tional to the square root of intensity. The amplitude/intensity is pro
portional to the operating voltage; thus, the sonication will occur more 
vigorously as you increase it. The solution was irradiated with different 
amplitudes of 23 %, 30 %, and 37 % to study the effect on the particle 
size of the synthesised powders. That and other variations made in the 
ultrasound-assisted synthesis, such as changes in precursor concentra
tions, co-precipitation time, and the calcination temperature of the 
precipitated particles, are shown in Table 1. 

% after the name of the resulting calcined catalysts was referred to as 
the amplitude percentage used for the ultrasound-assisted co-precipi
tation. A and #P after the applied amplitude percentage (% X) stand for 
the US conditions: A indicates that the US irradiation was only applied 
during the ageing process, and P means that the US was used during the 
co-precipitation time; # is the corresponding precipitation time (i.e. 4, 8, 
or 12 min). For the latter, the volume of 40 mL of the precursor was kept 
constant, and its flow rate was 10, 5 and 3.33 mL min− 1, respectively. 
The co-precipitation time was set at 8 min to evaluate the effect of ul
trasounds during the ageing process. On the other hand, the calcination 
was performed at 350 ◦C in most cases, but when it was changed, the 
new settled temperature was indicated at the end of the catalyst name (i. 
e. 250, 450 or 550 ◦C). 

2.3. Characterisation of powder catalysts 

Morphological characterisation and semi-quantitative elemental 
composition of the samples were obtained by using a ZEISS MERLIN 
field-emission electron microscope (FE-SEM), equipped with an Energy 
Dispersive X-ray Spectroscopy System (EDS) that was operated at 3 kV. 

The main textural parameters such as the specific surface area, total 
pore volume and pore size distribution were characterised through N2 
adsorption using a volumetric equipment TriStar II 3020 supplied by 
Micromeritics. The samples were subjected to a pre-treatment process 
for 2 h at a temperature of 200 ◦C to eliminate impurities and humidity. 
The Brunauer–Emmett–Teller (BET) equation was used to calculate the 
surface area, and the method of Barrett, Joyner, and Halenda (BJH) was 
used to calculate the pore size distributions from experimental isotherms 
by using the Kelvin model of pore filling. 

X-Ray Diffraction (XRD) technique was used to obtain information 
about the crystallinity of the samples by using a Panalytical X’Pert PRO 
diffractometer working in Bragg-Brentano configuration and equipped 
with Cu Kα radiation (λ =1.5418 Å) set at 40 kV and 40 mA. Crystallite 
sizes were calculated by using the Scherrer formula D = kλ / β cos θ, 
where D is the average crystallite size (nm), λ is the wavelength of X-ray 
radiation (0.15418 nm), k is the shape factor (0.90) and β is the full- 
width half-maximum. 

2.4. Electrochemical cell and experimental conditions 

2.4.1. RDE system 
The electrochemical activity was evaluated at room temperature and 

atmospheric pressure using a traditional three-electrodes electro
chemical cell. The US-prepared catalysts were deposited on a glassy 
carbon Rotating Disk Electrode (RDE), which was used as a working 
electrode (electrode area of 0.1963 cm2) to eliminate the effects of mass 
transfer limitations. The counter electrode was a platinum wire, and the 

Table 1 
Composition of the US-prepared CuZn oxide-based catalysts.  

Catalyst Precursor concentration, M Amplitude (X), 
% 

Cu 
(NO3)2.3H2O 

Zn 
(NO3)2.6H2O 

CuZ-065-035-(%X)- 
A-T 0.65 0.35 

23 
30 
37 

Cu-06-(%X)-A-T 0.6 – 
23 
30 
37 

Cu-06-(%X)-#P-T 0.6 – 30 
Cu-1-(%X)-#P-T 1.0 – 30  
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reference electrode was a silver/silver chloride electrode (Ag/AgCl, 3 M 
NaCl). 20 mL of KHCO3 (0.1 M) in water was used as the electrolyte. A 
Biologic VSP-300 multichannel potentiostat and an RRDE-3A rotator 
system were used to perform the electrochemical tests. The experi
mental setup to perform the electrochemical CO2 reduction has been 
described in our previous study [29]. 

The ink was prepared using a Nafion solution as a binder, iso
propanol as the carrier, and a percentage of Vulcan XC 72R Carbon (VC, 
9.5 wt% of active phase) was added to increase the conductivity of the 
mixture. The mixture was sonicated for 10 min to obtain a better 
dispersion of the particles. For the ink preparation, the following ratios 
were considered: a mass ratio of active phase/Nafion of 70:30 and an 
isopropanol/solids mass ratio of 97:3. 

With a catalyst loading of 0.6 mgCuO cm− 2, the electrochemical 
behaviour was studied using a protocol in N2 and CO2 that includes 
Cyclic Voltammetry (CV), Linear sweep voltammetry (LSV) and Chro
noamperometry (CA). Specifically, CV from 0 to -2 V vs Ag/AgCl at a 
scan rate of 30 mV s− 1, LSV from 0 to − 3 V vs Ag/AgCl at a scan rate of 5 
mV s− 1 and the electrochemical reduction of CO2 employing a CA for 2 h 
under CO2-saturated electrolyte to evaluate the selectivity of the cata
lyst. The tests were performed for each catalyst at − 0.99 V vs RHE of 
applied potential after performing a pre-reduction in N2-saturated 0.1 M 
KHCO3 aqueous solutions at − 0.8 V vs RHE. 

The CO2 flow rate was set via a mass flow controller (EL-Flow Select, 
PN64) at 8.86 NmL min− 1. All the electrochemical measurements were 
made at a rotation speed of 3700 rpm. The gaseous products were 
analysed online with a gas chromatograph (Inficon, Micro GC Fusion 
Gas Analyzer). In contrast, the liquid ones in the electrolyte solution 
were analysed with a high-performance liquid chromatograph (Shi
madzu HPLC, Prominence model with detector RID-10A, SPD-M20A, 
ELSD-LT II and RF-20A) and with a Perkin Elmer Gas Chromatograph 
(model Clarus 580) equipped with a Head Space (Turbomatrix 16) and a 
Stabilwax-DA column. 

Thanks to the analysis of liquids and gases just mentioned, it is 
possible to measure the selectivity of the process towards a specific 
product utilising the Faradaic efficiency with the following formula: 

FE (%) =
z • ṅ • F
j • A • t

• 100 (1) 

Where z is the number of electrons needed for CO2 reduction, F is the 
Faraday constant, ṅ is the outlet molar flow rate of each product, j is the 
current density, t is the reaction time, and A is the electrode area. 

2.4.2. Electrodes by airbrushing 
In addition to the tests carried out using the glassy carbon surface of 

the RDE as the working electrode, it was decided to carry out additional 

tests using electrodes supported on carbon paper. It was done for two of 
the most promising catalysts previously tested in the RDE system. The 
electrodes were prepared by depositing the catalytic ink on a porous 
carbon support (Toray carbon paper, TP-060T Quintech) by airbrushing. 
The catalytic ink was prepared with the same components mentioned in 
section 2.4.1. The electrodes had a geometric area of 1 cm2 and a 
catalyst loading of 1.2 mgCuO cm− 2. As for the RDE test, the same cell, 
electrolyte, counter electrode and reference electrode were used. 

On the other hand, the electrochemical behaviour of the catalysts 
was evaluated at the same CV and LSV conditions. Finally, the electro
chemical reduction of CO2 was carried out employing a chro
nopotentiometry (CP) at the current density obtained in the 
chronoamperometry previously carried out in the test performed with 
the RDE configuration. The system was stirred with a stir bar to avoid 
mass transfer limitation problems during the test. 

3. Results and discussions 

3.1. Physico-chemical characterisation of synthesised powder catalysts 

3.1.1. Effect of different US amplitudes 
The FESEM micrographs of the CuZ-065-035 synthesised catalysts 

are shown in Fig. 2. Fig. 2(b), (c), and (d) indicate FESEM micrographs of 
the CuZn catalysts synthesised under different amplitudes. The micro
graph of the original CuZ-065-035 was added to compare the differ
ences. The biggest difference between these samples is in the particle 
agglomeration. Indeed, the samples synthesised with the ultrasound- 
assisted co-precipitation method show more dispersed, smaller, and 
more uniform particles than the original precipitated sample CuZ-065- 
035. It seems that assisting the co-precipitation synthesis with the US 
offers a uniform environment for the nucleation and growth of the 
particles while avoiding their agglomeration, similar to the synergistic 
effect of the ultrasounds observed by Allahyari S. et al. [30]. Smaller 
particles were obtained at the highest applied amplitudes, probably due 
to high nucleation rates achieved during these US-assisted pre
cipitations. Instead, the applied amplitude of 23 % was not enough to 
disaggregate the formed nuclei. Hence, the produced particles are bigger 
because of a higher agglomeration of the smaller crystallites, as shown in 
Fig. 2(b). 

Contrarily, Fig. 3 shows that the Cu-06 samples synthesised with the 
US-assisted ageing process do not show different morphologies at 
different applied amplitudes (23 % and 30 %) compared to the original 
Cu-06 sample. Instead, as the amplitude increases to 37 %, the porous 
spherical hierarchical microstructure is incomplete. It seems that the 
employed applied amplitudes are not enough to obtain more dispersed 
and smaller particles when only copper nitrate is used as a precursor. It 

Fig. 1. Synthesis process set up.  

H. Guzmán et al.                                                                                                                                                                                                                                



Sustainable Materials and Technologies 35 (2023) e00557

5

could demonstrate the role of zinc in increasing the dispersion of copper 
particles. The textural features of the US-prepared samples were 
changed concerning the original catalyst. The BET specific surface area, 
porosity and crystallite size of the samples obtained by irradiating the 
solution with different US amplitudes are shown in Table 2. The hy
pothesis is that in the ageing process, the stability of the developed 
crystalline phases differs depending on the amplitude used. These pre
cipitates are constituted by mixtures of metal-hydroxy‑carbonate pha
ses, which decompose during the calcination treatment to produce well- 
dispersed oxidic phases. The decomposition of these different stable 
phases gives place to a different porosity in the structure. 

The use of ultrasound has increased the specific surface area of the 
CuZ-065-035 sonicated sample at.% 23 of amplitude compared to the 
non-sonicated one, which agrees with the literature [18]. The higher 
BET surface area of the %23 sample is probably due to the smaller 
crystallites of ZnO (CuO crystals are similar among all the samples). 
Instead, the specific surface area decreased by increasing the applied US 
amplitude. In agreement with this, the total pore volume decreased at 

the highest amplitude percentage (% 37), as demonstrated by the results 
of nitrogen uptake measurements (see Table 2) and the pore size of the 
catalysts that became wider by increasing the US amplitude, see Fig. 4 
(a). Moreover, a higher ZnO crystals size and an improved crystallinity 
were observed at the highest applied amplitudes. In this regard, a higher 
exposure of the CuO (111) and new facets of CuO (202) and ZnO (002) 
and (103) are evident from the XRD spectra in Fig. 5(c) and (d). The 
effect of acoustic cavitation generates a transient high temperature, 
pressure and strong stirring power that benefit smaller and more porous 
nanoparticles [31,32]. In this regard, the CuZ-065-035 presents a 
bimodal pore size distribution, showing peaks centred at 10 and 30 nm, 
while the US-prepared catalyst shows a dominating diameter of 30 nm. 
The BJH pore size distribution plots confirm the disordered mesopores 
structures. 

Unlike the CuZn catalysts, the bare CuO materials do not show 
appreciable differences in the crystalline structure. In fact, there are no 
changes between the original and the new US-prepared Cu-06 catalysts 
(see Fig. S1). However, the BET surface area at 23 % and 30 % of US 

Fig. 2. FESEM micrographs of US-prepared CuZn-oxide based catalysts (a) original CuZ-065-035, (b) CuZ-065-035-%23-A, (c) CuZ-065-035-%30-A and (d) CuZ-065- 
035-%37-A. 

Fig. 3. FESEM micrographs of US-prepared CuO catalysts (a) original Cu-06, (b) Cu-06-%23-A, (c) Cu-06-%30-A, and (d) Cu-06-%37-A.  
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amplitude increased by ⁓100 % with respect to the original sample 
(Table 2). In agreement with this, the pores size distribution shift to 
smaller values with and slightly smaller CuO crystallites, corresponding 
to the (11–1) facet, were produced by assisting the co-precipitation 
synthesis with these US intensities (see Table 2). For the Cu-06-%37- 
A, a decrease in BET surface area was observed, probably due to the 
larger crystallite size obtained. This amplitude value appears to be a 
critical value for which the crystallite and pore size are similar to the 
original material (see Table 2 and Fig. 4(b)). 

3.1.2. Effect of different Cu concentration 
A catalyst with a more concentrated Cu nitrate solution (1 M) was 

synthesised to compare the influence of the precursor concentration on 
the textural features. The synthesis was assisted with the US during the 
ageing process at 30 % of amplitude. As shown in Fig. 6, increasing the 
Cu precursor concentration to 1 M (Cu-1-%30-A) influences the 
morphology of the formed porous spherical hierarchical microstructures 
vs. the Cu-06-%30-A. As the copper nitrate precursor concentration in
creases, CuO formation is incomplete at the investigated ageing time. 
Nevertheless, the CuO structure grew from a common nucleation point 

in both cases. 
It is worth mentioning that increasing the copper nitrate concen

tration resulted in the formation of slightly larger CuO crystallite sizes 
(from 14 to 15 nm), corresponding to the (11–1) facet, as shown in 
Table 3. It can be attributed to a synergetic effect of the presence of the 
US and the higher supersaturation. Moreover, larger pores were ob
tained by increasing the precursor concentration (Fig. 7(a)), in agree
ment with the decrease of 18% of the BET surface area (see Table 3). 

3.1.3. Effect of different precipitation times 
Fig. 8 illustrates the FESEM micrographs obtained by varying the 

precipitation time in the US-assisted synthesis. Particles with spherical 
shapes were obtained with the previously used precipitation time of 8 
min, as shown in Fig. 8(b). When the time decrease to 4 min or increase 
to 12 min, the spherical morphology is not fully formed (Fig. 8 (a) and 
(c)). However, the particles grow from a common nucleation point in all 
cases. 

The variations made during the US-assisted synthesis of the Cu-06 
catalyst produce a modification in the spherical hierarchical original 
structure. However, the inter-particle collisions during sonication do not 
significantly influence the size of these big particles. Although ultra
sound is a method to obtain more dispersed, de-agglomerate and smaller 
nanoparticles in aqueous media, it probably requires high specific en
ergy inputs to overcome the adhesive forces in the case of the CuO 
synthesis process. Nevertheless, the US-assisted precipitation for 8 min 
reached an optimum with a higher specific surface area (⁓ 32 m2 g− 1) 
than the 4 and 12 min precipitation time (see Table 3). Regarding the 
pores size distribution, there are no significant differences between the 
samples precipitated for 4 and 8 min. However, the increase of the US- 
assisted precipitation time to 12 min leads to the formation of bigger 
pores (see Fig. 7(b)). 

3.1.4. Effect of calcination temperature 
The changes in the calcination temperature were evaluated for the 

powders produced by US-assisted co-precipitation synthesis for 8 min. 
Morphological differences are observed. Although spherical structures 
are observed in all cases, the external rectangular structures are of 
different sizes, indicating the sintering of the crystallites by increasing 
the calcination temperature (see Fig. S2). It probably produces changes 
in porosity. In fact, Table 3 shows that the obtained specific surface area 
increased of 1.9-fold by decreasing the calcination temperature to 
250 ◦C (with respect to the previously used: 350 ◦C for the Cu-06-%30- 
8P sample). The pore size distribution is narrower and smaller by 
decreasing the calcination temperature, as shown in Fig. 7(c). 
Contrarily, the total pore volume and specific surface area decreased by 
increasing the calcination temperature, probably due to the increase of 
the particles size and degree of agglomeration by the effect of sintering 

Table 2 
Main textural parameters of the US-assisted CuZn oxide-based catalysts.  

Catalyst BET 
surface 
area, m2 

g− 1 

ECSA,  
cm2 

g−

Total pore 
volume, 
cm3 g− 1 

EDS, 
atomic 
ratio 

Crystallite size, nm 

(11− 1) 
facet of 
CuO 

(100) 
facet of 
ZnO 

CuZ- 
065- 
035 

54.64 3.02 0.19 
Cu/Zn 
63:37 6 7 

CuZ- 
065- 
035-% 
23-A 

60.68 3.43 0.23 
Cu/Zn 
57:43 7 6 

CuZ- 
065- 
035-% 
30-A 

50.81 4.37 0.25 Cu/Zn 
58:41 

7 12 

CuZ- 
065- 
035-% 
37-A 

26.11 4.50 0.07 
Cu/Zn 
60:40 7 10 

Cu-06 18.40 2.40 0.11 Cu/O 
1:1 

17 – 

Cu-06-% 
23-A 

34.07 2.77 0.14 Cu/O 
1:1 

14 – 

Cu-06-% 
30-A 32.07 1.66 0.13 

Cu/O 
1:1 14 – 

Cu-06-% 
37-A 

18.68 3.53 0.12 
Cu/O 
1:1 

16 –  

Fig. 4. BJH pore size distribution curves of the US-prepared CuZnoxide-based samples: (a) CuZ-065-035 and (b) Cu-06.  

H. Guzmán et al.                                                                                                                                                                                                                                



Sustainable Materials and Technologies 35 (2023) e00557

7

occurred in the material [26]. 
In addition, the X-ray diffraction peaks can be assigned to the 

monoclinic CuO crystalline phase and to the same facets found for the 
original Cu-06 (see Fig. S1). Table 3 demonstrates the low increase of 
crystallite size in the range of calcination temperatures evaluated 
(250 ◦C – 550 ◦C), most probably due to the presence of water molecules 
and hydroxy carbonate groups, which prevents the rapid crystals 
growth. 

3.2. Electrochemical measurements 

3.2.1. Effect of different US amplitudes on electroactivity for EC CO2R 
The electrocatalytic performance of the CuZ-065-035 and Cu-06 

samples prepared without and with the US-assisted co-precipitation 
(at an applied amplitude of 30 %) was determined for the electro
chemical CO2 reduction reaction in CO2-saturated 0.1 M KHCO3 
solution. 

As shown in Fig. 9(a), the US-prepared CuZ catalyst and CuZ-065- 
035 LSV curves exhibit a similar performance, indicating that the pre
pared materials have similar electrocatalytic activity for the CO2 
reduction reaction. This behaviour is also evidenced by the time evo
lution of the current density during the CO2 co-electrolysis in Fig. 9(b). 
The current density in both cases increases towards more negative 
values by about 25 % after 60 min of testing. However, the US-prepared 
CuZ catalyst reached a slightly higher current density with respect to the 
original CuZ-065-035. This result correlates well with the increased 

Fig. 5. XRD patterns of US-prepared CuZn-oxide based catalysts (a) original CuZ-065-035, (b) CuZ-065-035-%23-A, (c) CuZ-065-035-%30-A, and (d) CuZ-065-035-% 
37-A. 

Fig. 6. FESEM micrographs of the effect of precursor concentration in the US-prepared CuO catalysts (a) Cu-06-%30-A and (b) Cu-1-%30-A.  
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availability of electrochemically active sites showed by the US-catalyst 
(see ECSA results in Table 2) and agrees with a recently published 
work demonstrating that the geometric current density (reductive cur
rent with respect to the geometric surface area) under CO2 increases 
with the roughness of the catalysts [33]. Fig. 9(c) and (d) evidence the 
various products, including ethanol, acetone, formate, CO, hydrogen, 
and a little amount of methanol, that were detected. 

In detail, the original CuZ-065-035 achieved a total Faradaic effi
ciency towards C2+ products of ⁓ 11 %, whereas the US-prepared ma
terial produced ⁓ 1.5 % as maximum FE for C2+ products at this 
negative applied potential. It is worth noting that a small quantity of 
methanol was produced with the CuZ-065-035-%30-A sample. It in
dicates that the smaller and less agglomerated particles induced from 
the US-assisted co-precipitation synthesis decrease the selectivity of C2+
products. At the same time, the US-prepared CuZ catalyst increased by 
⁓1.4 fold the syngas (H2/CO) productivity. Based on the previously 
mentioned physicochemical characteristics of this material, the higher 
selectivity for syngas of the US-prepared CuZ-based catalyst could be 
attributed to their smaller particle sizes and higher pore volume struc
ture than the not US-prepared materials [34–39]. In particular, the 
desorption of the first intermediate *CO is probably favoured, thus 
reducing its residence time inside the catalyst for its further reduction 
or/and for C–C bonds formation by *CO dimerisation reactions. In fact, 
as aforementioned, the original CuZ presents pores smaller than 10 nm 
that could increase the residence time of these intermediates, promoting 
the formation of more reduced products. 

Additionally, the influence of the thickness of the catalytic layer on 
the selectivity for CO2 reduction reaction was evaluated. The registered 
current density increased by increasing the used catalyst loading (Fig. 10 
(a)). In all cases, the current profile was not stable with time during the 
entire period. During the first 10 min, the current density slightly 
decreased. It could be ascribed to insufficient porosity in the thickness of 
the catalytic layer, causing the accumulation of gaseous product bubbles 
and, subsequently, the partial block of catalytic sites. Then, the current 
densities unquestionably decreased (become more negative). This 
instability could be attributed to the material reducing from CuO to Cu if 
the previously applied pre-reduction was insufficient. Interestingly, 
when 0.2 mg cm-2 was used as the catalyst loading, the FE towards C2+
products was slightly increased to 2% (Fig. 10(b)). However, this cata
lyst loading decreased the electrocatalytic activity (J) by about 50%. 

The results obtained for the original Cu-06 and Cu-06-%30-A are 
shown in Fig. 11. As revealed by the LSV curves in Fig. 11(a), the US- 
prepared Cu-06-%30-A achieved a total current density of about − 50 
mA cm− 2 at − 2.5 V vs RHE, which was lower than that of the original 
Cu-06 catalyst (− 70 mA cm− 2). This performance indicates that the 
latter has a better electrocatalytic activity for the CO2 reduction reac
tion. The long-term stability was tested at − 0.99 V vs RHE. The US- 
prepared CuO catalyst displayed the lowest current density, which is 
in agreement with the roughness factor as in the case of CZ materials. 
Indeed, the Cu-06-%30-A catalyst has a lower electrochemical active 
area (ECSA) than the original Cu material. However, it showed better 
stability during the entire test than the original Cu-06 sample (Fig. 11 
(b)). The Faradaic efficiency and productivities of the detected gas and 
liquid products are exhibited in Fig. 11(c) and (d). The selectivity to
wards more reduced products is 2-fold lower for the US-prepared cata
lyst than in the original one. However, methanol was again detected on 
the US-prepared catalyst. Both materials present spherical hierarchical 
microstructures formed by porous pyramids (see Fig. 3). The Cu-06-% 
30-A presents twice the surface area of the original Cu-06 (see Table 2), 
which is related to the effect of sonication. In addition, ultrasonic irra
diation affects the formation of tight porosity, with a dominating 
diameter of 15 nm in the case of Cu-06-%30-A, while original Cu-06 
presents a well-ordered mesopore structure with a pore size of 26 nm 
(see Fig. 4(b)). The best electrocatalytic activity for the CO2 reduction 
reaction could be related to the diffusion properties of as synthesised 
catalysts. The well-ordered mesopore structure could enhance the 

Table 3 
Main textural parameters of the US-assisted CuO-based catalysts.  

Catalyst BET surface 
area, m2 g− 1 

ECSA, 
cm2 

g−

Total pore 
volume, cm3 g− 1 

Crystallite 
size, nm 

(11–1) facet of 
CuO 

Cu-06-%30-A 32.07 1.66 0.13 14 
Cu-1-%30-A 26.27 3.72 0.14 15 
Cu-06-%30- 

4P 25.13 4.22 0.12 14 

Cu-06-%30- 
8P 31.55 3.62 0.13 15 

Cu-06-%30- 
12P 

20.37 2.58 0.10 15 

Cu-06-%30- 
8P-250 ◦C 

58.64 6.46 0.14 10 

Cu-06-%30- 
8P-450 ◦C 16.54 3.10 0.08 14 

Cu-06-%30- 
8P-550 ◦C 10.96 1.28 0.05 14  

Fig. 7. BJH pore size distribution curves of the US-prepared CuO samples: (a) 
effect of copper concentration, (b) effect of temperature calcination and (c) 
effect of precipitation time. 
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suitable diffusion, adsorption, and subsequent reduction of reagents and 
intermediates of the reaction. 

The catalyst loading effect was also evaluated for this US-prepared 
Cu-06 catalyst at 30 % applied amplitude (Fig. 12). As in the previous 
case, a lower catalyst loading further confirms the higher selectivity for 
C2+ products, while higher catalyst amounts increased the C1 products 
like CO and formate, indicating the role of a suitable porosity in the 
thickness of the catalytic layer on the selectivity of the electrochemical 
reaction. 

Fig. 13 shows the correlation between the Faradaic efficiencies of the 
products obtained on the different CuZ and Cu catalysts prepared using 

ultrasonic irradiation at different amplitude percentages and the cor
relation with the total pore volume. The comparison was carried out 
with a catalyst loading of 0.2 mg cm− 2. 

In the case of CuZ, from % 23 to % 37 of applied amplitude, the FE to 
ethanol is reduced (from ⁓3 % up to ⁓0.8 %) in the same way that the 
catalyst particles become more dispersed (less agglomerated in larger 
particles), as shown in Fig. 2. Besides, the CuZ-065-035-%23-A material 
shows the lowest ECSA value although it has the highest BET surface 
area (see Table 2), suggesting that not the entire surface of the catalyst 
participates in the electrocatalytic reactions. It could be attributed to the 
shape and length of the porous channels, which could generate 

Fig. 8. FESEM micrographs of the effect of co-precipitation time in the US-prepared CuO catalysts (a) Cu-06-%30-4P, (b) Cu-06-%30-8P, and (c) Cu-06-%30-12P.  

Fig. 9. Linear sweep voltammetry responses (a), evolution time of the total current density of the electrochemical reduction of CO2 (b), Faradaic efficiencies (c) and 
productivities of gas and liquid products (d) for CuZ-065-035 and CuZ-065-035-%30-A (0.6 mg cm− 2) tested in 1 M KHCO3 aqueous electrolyte at − 0.99 V vs RHE. 

H. Guzmán et al.                                                                                                                                                                                                                                



Sustainable Materials and Technologies 35 (2023) e00557

10

Fig. 10. Chronoamperometry responses (a) and Faradaic efficiencies for CuZ-065-035-%30-A catalyst with different catalyst loading tested in 1 M KHCO3 aqueous 
electrolyte at − 0.99 V vs RHE. 

Fig. 11. Linear sweep voltammetry responses (a), evolution time of the total current density of the electrochemical reduction of CO2 (b), Faradaic efficiencies (c) and 
productivities of gas and liquid products (e) for Cu-06 and Cu-06-%30-A (0.6 mg cm− 2) tested in 1 M KHCO3 aqueous electrolyte at − 0.99 V vs RHE. 
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additional ohmic drop effects and render electrochemically inactive the 
catalytic sites inside the deeper pores [33]. In particular, slightly higher 
FEs were observed towards CO, H2 and other liquid products like 
acetone and 2-propanol by increasing the applied US amplitude (Fig. 13 
(a)). In this regard, it is possible to appreciate that the higher selectivity 
towards products more reduced than C1 (i.e. 2-propanol) appears to 
correlate with the increase in the CO formation and decrease in the 
formate desorption. It has been demonstrated that the enriched ZnO 
surface increases the local CO concentration, allowing a higher forma
tion of the *CO intermediate that is transformed by dimerisation re
actions (that is, *CO-*CO or *CHx-*CO) into a C2+ product [12,40–42]. 

However, the small particles of US-prepared bicomponent CuZn mate
rials promoted the syngas (CO + H2) formation over the liquid products. 
Probably, the *CO intermediate does not stabilise enough on the small 
crystals and a high volume of pores of this material; therefore, the 
production rate of more reduced products is not favoured. 

Regarding the US-synthesised CuO, Fig. 13(b) shows that the trend 
with respect to CO and formate production is the opposite. Higher FEs 
were observed towards formate production by increasing the applied US 
amplitude while the CO formation was suppressed. The best FE for al
cohols (specially ethanol) were obtained by applying an amplitude of % 
30. Interestingly, also in this case, the Cu-06-30%-A presents the lowest 
availability of electrocatalytic sites and high BET surface area. Then, it is 
demonstrated that the ohmic drop effects across the porous channels 
could play an important role in tuning the obtained products. Thus, the 
most promising catalyst for the liquid product among the new US- 
prepared catalysts is the Cu-06-%30-A with 14 % of FE to alcohols. 
For this reason, this catalyst was chosen for the rest of the investigations. 
We also observe that by increasing the applied amplitude, there is a clear 
trend favouring formate production. 

3.2.2. Effect of different Cu concentrations on electroactivity for EC CO2R 
The electrocatalytic performance towards the CO2 reduction reaction 

of a US-synthesised CuO-based catalyst prepared with a higher con
centration of copper precursor was studied. The Cu-06-%30-A was 
added for comparison. These tests were carried out with 0.6 mg cm− 2. As 
shown in Fig. 14(a), increasing the copper nitrate concentration allowed 
a higher total current density with the new prepared Cu-1-%30-A 
catalyst. The reductive current density achieved ⁓ 40 mA cm− 2, slightly 
increasing by 5 % after 40 min. It is important to mention that both 
materials were subjected to the same pre-reduction treatment to reduce 
the CuO in the fresh electrode. In this regard, two hypotheses are pro
posed to explain the instability of the current density curve over time. 
On the one hand, the decreasing of the cathodic current density may be 
related to the bad transport of gaseous products through the catalytic 
layer at high reaction rates; instead, the increase may be ascribed to the 
continuing transformation of CuO to a more reduced species, which 
makes the electrode much more conductive. A better CO2 reduction 
activity for alcohols was detected by increasing the concentration of the 
copper precursor (see Fig. 14 (b)). The Cu-1-%30-A catalyst increased 3- 
fold the FE (⁓ 11%) with about 4.2 mA cm− 2 of partial current density 
towards alcohols. That behaviour could be due to the stabilisation of 
*CO species and subsequent dimerisation in higher pores volume made 
of a predominate size between 25 and 30 nm, as shown in Fig. 7(a). 
Additionally, according to the values shown in Table 3 for Cu-1-%30-A 

Fig. 12. Chronoamperometry responses (a) and Faradaic efficiencies for Cu-06-%30-A catalyst with different catalyst loading tested in 1 M KHCO3 aqueous elec
trolyte at − 0.99 V vs RHE. 

Fig. 13. Faradaic efficiencies for the US-prepared CuZ-06-035 (a) and US- 
prepared Cu-06 (b) catalysts with 0.2 mg cm− 2, tested in 1 M KHCO3 
aqueous electrolyte at − 0.99 V vs RHE. 
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and Cu-06-%30-A, the higher the ECSA, the higher the geometric current 
density, which agrees with the results of Koper M. et al. [33] It seems 
that as the Cu precursor concentration increases, the electrocatalytic 
sites are more active; as well, it is plausible that the ohmic drop effects 
along the length of the porous channels are also decreased. 

3.2.3. Effect of different precipitation times on electroactivity for EC CO2R 
The yields obtained for the synthesised catalysts with varying pre

cipitation times are shown in Fig. 15. The Cu-06 catalysts were devel
oped by assisting the synthesis with ultrasonic irradiation during 
different precipitation times at 30 % of applied amplitude. 

As the precipitation time increases, an increase in the reductive 
current density was obtained, being that for 8 min and 12 min practi
cally the same, as shown in Fig. 15(a). Contrary to what was previously 
observed, at higher precipitation times under US conditions, the lower 
the ECSA the higher the current density, which means that a longer US 
precipitation time induces a better specific activity (JECSA, mA cm− 2

ECSA) 
of the available catalytic sites. The highest obtained current density was 
⁓30 mA cm− 2, which was stable for 60 min; then, it rose by 5 %. The 
CO2 electrolysis results are presented in Fig. 15(b), where a marginal 
decrease in the production of alcohols can be appreciated by decreasing 

the precipitation time to 4 min. Instead, there are no greater differences 
between the 8P and 12P samples, with a partial current density of about 
− 3.4 mA cm− 2 to alcohols and > 40 % CO2 reduction products. It is 
probably attributed to the fact that as the sonication time is increased, 
the overall cavitation effects in the system increase, which probably 
results in a better porous and crystalline structure (with crystallite size 
to 15 nm) that could promote the exposure of accessible active sites and 
facilitates the diffusion of CO2 and products. Thus, a consequent 
improvement in C2+ products was observed [36,38,43–45]. 

3.2.4. Effect of calcination temperature on electroactivity for EC CO2R 
Copper oxide nanoparticles were prepared by assisting the ageing 

process with ultrasonic irradiation, with 0.6 M of a solution of copper 
nitrate as a starting precursor. The as-precipitated powders were 
calcined at various temperatures ranging from 250 to 550 ◦C. The results 
are shown in Fig. 16. 

Fig. 16(a) shows small differences between the current density 
generated for the different calcined temperatures. The highest value was 
obtained at 250 ◦C and 350 ◦C (⁓30 mA cm− 2). Faradaic efficiencies for 
the different generated products can be appreciated in Fig. 16(b). The as- 
precipitated powders calcined at 350 ◦C present the most promising CO2 

Fig. 14. Evolution time of the total current density of the electrochemical reduction of CO2 (a) and Faradaic efficiencies (b) for Cu-06-%30-A and Cu-1-%30-A (0.6 
mg cm− 2) tested in 1 M KHCO3 aqueous electrolyte at − 0.99 V vs RHE. 

Fig. 15. Chronoamperometry responses of electrochemical reduction of CO2 (a) and Faradaic efficiencies (b) for Cu-06-%30-XP. X stands for 4, 6 and 8 min. Tests 
were carried out with 0.6 mg cm− 2 in 1 M KHCO3 aqueous electrolyte at − 0.99 V vs RHE. 
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reduction electroactivity, achieving a total Faradaic efficiency towards 
C2+ products of ⁓ 11 %. It is worth noting that these products have > 95 
% selectivity to ethanol. Usually, an increase in calcined temperature 
leads to obtaining larger crystallite sizes [26]. Here, the largest crys
tallites of 15 nm were obtained at 350 ◦C (see Table 3), and the smallest 
of 10 nm were obtained at 250 ◦C, which further confirms the role of 
crystal size on the performance of the catalysts. Further increasing 
calcined temperature up to 550 ◦C, the catalyst porosity drastically 
drops due to the effect of sintering occurring in the material (see Fig. 7 
(b)), which probably hinders the electrocatalytic activity and the CO2 
diffusion. Indeed, increasing the calcination temperature diminishes the 
ECSA value, while increasing the mean pore size (see Fig. 7(c)), which 
further confirms that the pores size distribution influences the electro
catalyst activity. 

3.2.5. Influence of pore size on selectivity towards alcohols 
As mentioned before, the size of the pores of the catalysts influences 

selectivity. It is closely related to the CO retention time (RT) inside those 
pores, the *CO species stabilisation at the catalyst surface and their 
subsequent dimerisation to obtain more reduced products. Fig. 17 shows 
the FE towards alcohols with respect to pore size. Observing the points in 
the figures that correspond to groups whose tests were made with the 
same conditions, we can see that the blue curve evidences a trend. We 
observe that around 20–30 nm, there is an optimal value for pore size at 
which the highest FE towards alcohols was produced. Mostly ethanol, as 
mentioned previously. This point corresponds to the experiments done 
by varying the precipitation time under US conditions. 

The existence of optimal pore size to produce alcohols is because 

certain conditions favour both the diffusion of CO2 to the active sites of 
the catalyst where the reaction will evolve, as well as the adequate 
retention time of CO-species, enhancing the amount of *CO intermediate 
that can dimerise to obtain more reduced products. In Fig. 17, we also 
see that the efficiency towards alcohols is also very low for low pore 
sizes. That is probably because the diffusion of CO2 and its conversion is 
limited. While for the pores larger than 20 nm, the limiting factor for 
obtaining alcohols is the faster diffusion and low retention time of 
gaseous CO, which does not allow the subsequent dimerisation of its 
adsorbed species. The Volcano-like plot of CO vs Ethanol productivity 
shown in Fig. 18 supports the previous hypotheses. The initial increase 
in the CO productivity is related to the samples with the lowest RT to CO 
in which the formation of the *CO intermediate is less favoured; thus, 
the optimal conditions for the *CO dimerisation are not presented and, 
consequently, there is low ethanol production. Then, the CO produc
tivity decrease after a maximum value indicates an enhanced CO 
adsorption at the surface of the catalyst; i.e. an increased presence of 
bonded *CO species are available for its subsequent dimerisation and 
generation of products with more than one carbon-atom like ethanol, 
whose productivity is maximised in this region of the figure. 

3.3. Tested electrodes on a porous carbon support 

Two of the materials with the best performance for liquid products 
were selected to be tested in electrodes prepared on porous carbon 
supports: i.e. Cu-1-%30-A and Cu-06-%30-8P; to reduce the issue of 
bubbles accumulation on the catalyst surface. In the case of the Cu-1-% 
30-A, an increase in the current density (⁓-42 mA cm− 2 with respect to 

Fig. 16. Chronoamperometry responses of electrochemical reduction of CO2 (a) and Faradaic efficiencies (b) for Cu-06-%30-8P calcined at different temperatures; 
250, 350, 450 and 550 ◦C. Tests were carried out with 0.6 mg cm− 2 in 1 M KHCO3 aqueous electrolyte at − 0.99 V vs RHE. 

Fig. 17. Relationship between FE alcohols and pore size for different groups 
of catalysts. Fig. 18. Relationship between productivity towards ethanol and towards CO.  
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⁓-20 mA cm− 2 for Cu-06-%30-A) was obtained by increasing the con
centration of the precursor, in addition to a better CO2 reduction activity 
for alcohols in the RDE system. However, the response obtained in the 
reduction of CO2 was slightly unstable. As mentioned above, this can be 
attributed to the bad transport of gaseous products in the catalytic layer. 
On the other hand, the Cu-06-%30-8P tested in the RDE system pre
sented a relevant current density (⁓-31 mA cm− 2) in the CO2 reduction 
and a notable selectivity towards alcohols, especially towards ethanol. 
However, it also presented instability during the CO2 reduction reaction. 
The tests carried out in RDE have the disadvantage that the glassy car
bon surface is non-porous, which could generate bubbles accumu
lationthat reduces the availability of the active sites. A way to solve the 
difficulty in handling the gaseous products through the pores of the 
catalytic layer is to deposit the catalytic ink on a porous conductive 
substrate. Some advantages of the carbon-based porous substrate are the 
high specific surface area, high electrical conductivity, and low cost 
[46]. For comparison purposes, the porous electrodes were tested under 
the galvanostatic condition at the same current densities achieved dur
ing the RDE test for each specific catalyst. The chronopotentiometry 
responses are shown in Fig. S4 in the Supporting Information. 

The physicochemical characterisation of the electrodes, fresh and 
tested, was done through FESEM to study the changes that occur to the 
catalytic layer during the testing phase. Fig. 19 compares the FESEM 
images before and after the test for both catalysts. 

In terms of morphology, changes were observed between the elec
trode before and after the test. However, it should be noted that in Fig. 6 
and Fig. 8, the FESEM images correspond only to the powders. In 
contrast, in Fig. 19 (a,c), they correspond to the fresh electrodes, in 
which the particles have been deposited immersed in a solution of 

Nafion and isopropanol for the ink preparation. For this reason, Fig. 19 
shows that a film of this polymeric material covers the particles. In 
Fig. 19 (a), the morphology of the Cu-1-%30-A catalyst in the electrode 
is observed, and it is similar to that shown in Fig. 6 (b). There is an 
incomplete formation of CuO that does not allow to complete the 
spherical shape of the particles. Fig. 19 (b) shows that the micrometric 
catalyst particles are covered with much smaller particles after the 
electrochemical reaction. Regarding the Cu-06-% 30-8P electrode, in 
Fig. 19(c), the particles are not modified with respect to the powders. 
After the test, in Fig. 19(d), they appear much smaller, less defined, and 
with greater dispersion. 

Fig. 20 shows the selectivity towards CO2 reduction products ob
tained with the porous carbon electrodes, neglecting hydrogen 
production. 

The results show that the same CO2 reduction products observed in 
the RDE experiments were obtained with the catalyst deposited in the 
porous carbon supports. The Cu-06-%30-8P catalyst has a higher 
selectivity towards alcohols, which agrees with the results shown in 
section 3.2.5, in which the influence of pore size and selectivity towards 
alcohols was studied. The sample synthesised by applying the US during 
the precipitation time had better physical characteristics with respect to 
the sample prepared with the highest concentration of the nitrate pre
cursor. As shown in Fig. 7 and Table 3, the Cu-06-%30-8P sample has a 
higher surface area (⁓32 m2 g− 1) and narrower distribution of optimum 
pores sizes (⁓ 20 nm) that allows reaching a selectivity of 59% towards 
alcohols. Instead, the selectivity towards formate does not appear to 
have been highly influenced, while CO is 4.8-fold higher for the Cu-1-% 
30-A sample. Having these two fresh samples a similar crystalline CuO 
phase, in the latter, there was probably a lower stabilisation of the *CO 

Fig. 19. FESEM micrographs of the electrodes on porous carbon support (a) Cu-1-%30-A Fresh, (b) Cu-1-%30-A Tested, (c) Cu-06-%30-8P Fresh, and (d) Cu-06-%30- 
8P Tested. 
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intermediate due to the bigger pores size, which induced a greater 
amount of produced CO and a lower selectivity towards alcohols. 

4. Conclusions 

In this work new catalysts were developed  by assisting the co- 
precipitation synthesis with ultrasonic irradiation. The effect of the ul
trasounds was evaluated in the precipitation time and the ageing 
process. 

During the CO2 electro reduction tests in aqueous media, enhanced 
selectivity towards H2 and C1 products (CO and formate) was obtained 
with the CuZ catalysts, which were synthesised with the ageing process 
under ultrasound irradiation. An improved synergistic effect between 
the ZnO and CuO metal oxides has been demonstrated towards these 
products with respect to the original CuZ catalyst. Under the same 
operating conditions, the US-prepared CuZ catalysts increased the pro
ductivity of syngas by > ⁓1.4-fold. It could be explained by the influ
ence of the use of ultrasound to promote the dispersion of very fine and 
uniform CuO particles (crystallite sizes <7 nm). Besides, new CuO 
crystalline planes were promoted by applying different US amplitude 
percentages. On the other hand, the BET surface area increased by 100 % 
with respect to the original sample in most of the US-assisted CuO 
synthesis under different amplitudes, obtaining > 14 % of FE to alcohols 
in the RDE system with a catalyst loading of 0.2 mg cm− 2. Additionally, 
the effects of precursor concentration, US-assisted precipitation time, 
and calcination temperature of the as-synthesised powders on the elec
troactivity performance of the catalysts were discussed. It was possible 
to tune the physical and chemical properties of the synthesised nano
particles through these changes. Mesoporous materials with mean pores 
size of around 20 were formed, which induced better CO2 adsorption 
and diffusion, and this allows to have the optimal conditions for 
increasing the CO retention time in the catalyst pores and enhancing 
both the formation of *CO intermediates and its dimerisation to produce 
products with more than one carbon atom. Two catalysts with inter
esting results were selected for their deposition on a porous carbon 
substrate. It was observed that the same CO2 reduction products were 
produced with respect to the RDE test, and it was possible to validate the 
relationship between pore size and selectivity towards alcohols. In 
conclusion, the electrocatalytic activity for the CO2 reduction reaction to 
alcohols was improved by increasing the copper precursor concentration 
(up to 1 M) and increasing the precipitation time (up to 8–12 min). 
Considering that liquid products from the electrochemical CO2 reduc
tion have advantages in terms of transportation, storage, and handling, 
the most promising electrocatalysts were able to produce a total 
cathodic current density higher than 10 mA cm− 2 and FE towards liquid 
products (>C1+) of ⁓20 % in this liquid-phase system. Further 

investigations are needed to pursue high current densities (> 200 mA 
cm− 2) and industrially relevant production rates. Furthermore, super
ficial characterisations and advanced analysis under operative condi
tions are necessary to understand the role of the ultrasound in the CuO- 
formed species for the EC CO2R. 
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