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Catalytic ultrasound-driven synthesis of syngas
from CO2 saturated water†
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James Kwan *b and Dermot O’Hare *a

Conventional catalytic CO2 reduction into value-added products often encounters challenges such as

high energy barriers and complex operational setups. Here, we introduce a sonocatalysis approach to

CO2 reduction in water under ambient conditions. In an acoustic cavitation-induced high-energy local

environment, the Cu nanoparticles incorporated on the ZnAl-layered double oxide create a favorable

energy barrier for CO2 reduction in water, a CO production rate of 23.8 mmolCO g�1 h�1 with over 85%

selectivity was achieved by ultrasonic irradiation of a CO2-saturated aqueous solution at room

temperature. Furthermore, more acoustic cavitation was produced with 5% CO2 in argon dissolved in

water, resulting in a higher CO productivity of 252.7 mmolCO g�1 h�1, 11 times larger than pure CO2.

Hydrogen production also increased with acoustic cavitation, creating a syngas mixture with a CO to H2

ratio of 1.2 to 2.2. This approach produces a high sonochemical efficiency of 211.1 mmol kJ�1 g�1 L�1 for

the ultrasound-driven fuel production from CO2 and water. These results highlight the use of cavitation

to provide an alternative approach to CO2 conversion.

Broader context
In this manuscript we describe an application of the emerging technology of sonocatalysis. We have found that in an acoustic cavitation-induced high-energy
local environment, a solid catalyst comprised of metallic Cu nanoparticles incorporated on the ZnAl-layered double oxide creates a favourable energy barrier for
CO2 reduction in water. Currently, our best catalyst produces CO at a rate of 23.8 mmolCO g�1 h�1 with over 85% selectivity upon ultrasonic irradiation of a CO2-
saturated aqueous solution at room temperature. We found that more acoustic cavitation can be produced with 5% CO2 in argon dissolved in water, which
resulted in a higher CO productivity of 252.7 mmolCO g�1 h�1, 11 times larger than in pure CO2. Hydrogen production also increased with acoustic cavitation,
creating a syngas mixture with a CO to H2 ratio of 1.2 to 2.2. This approach produces an outstanding sonochemical efficiency of 211.1 mmol kJ�1 g�1 L�1 for the
ultrasound-driven fuel production from CO2 and water. Overall, these results dramatically highlight the use of cavitation to provide an alternative approach for
CO2 conversion.

Introduction

Upgrading CO2 to value-added fuels and chemicals will be a key
component of our future circular economy particularly if it
can be achieved under mild conditions.1,2 Among the well-
established technologies, electrocatalysis and photocatalysis
can enable CO2 reduction in water.3,4 However, electrocatalysis
requires complex setups and high overpotentials to drive the
reaction, while photocatalysis depends on an intermittent solar

flux and suffers from low efficiency. Both methods typically
utilise media such as KHCO3 or organic additives, which
despite enhancing CO2 solubility and activation, increases costs
and pose environmental risks.5,6 Therefore, developing alternative
approaches to achieve CO2 conversion with green, safe, and low-
cost methods in pure water under ambient conditions would be
highly desirable.

Sonochemistry employs ultrasound to generate cavitation
bubbles in water, whose collapse creates a local high-energy
microenvironment to drive chemical reactions.7–9 The local
microenvironment may reach temperatures and pressures up
to 5000 K and 1000 atm respectively at the moment of
collapse.10,11 This high-energy microenvironment enables the
sonochemical reduction of CO2, this non-catalytic process has
been termed CO2 sonolysis and can be traced back to 1985 and
1998.12,13 CO2 sonolysis is typically an inefficient process or
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requires an additional agent (e.g. H2).12,14 The introduction of a
catalyst to a sonochemical system is termed sonocatalysis, in
the case of CO2 sonocatalysis, the catalyst not only provides
nucleation sites for cavitation bubbles but also provides
chemically active sites for CO2 reduction.15–17 Moreover, the
cavitation bubbles potentially act as microreactors, which
experience rapid oscillating temperatures enabling environ-
mental conditions far from equilibrium, thereby potentially
inhibiting reverse reactions and promoting product formation.11

In this regard, CO2 sonocatalysis has the potential to emerge as
a promising carbon fixation technology. Recently, our group
reported a novel sonochemical cylindrical reactor design that
enables an intense localised acoustic field with spontaneous
cavitation, advancing sonocatalysis research.18 However, CO2

sonocatalysis, remains in its nascent stages and necessitates
further research to fully comprehend its potential applications.
Like other catalysis approaches, the efficiency of CO2 conver-
sion in sonocatalysis depends heavily on the presence of
catalytically active sites. Therefore, a critical focus in its devel-
opment is the exploration of catalysts that can effectively
harness ultrasound energy to convert CO2 efficiently and selec-
tively, which is a subject of significant interest and priority,
despite its challenging nature.

Inspired by extensive studies on CO2 catalysis systems,
copper (Cu0) has been widely identified as a metal that provides
active sites for CO2 conversion.19,20 However, nanoscale metallic
Cu-containing materials are prone to oxidation, leading to
deactivation. To address this, various methods have been
explored to stabilise metallic Cu, including the introduction
of capping agents, alloying with other metals, and anchoring on
supports.21–24 Among these, metal oxides and metal hydroxides
have shown promise as supports due to their ability to enhance

its resistance to oxidation and also facilitate CO2 adsorption.23,24

Layered double hydroxides (LDHs) are a large class of lamellar
materials that are commonly represented by the formula,
[M1–xM0

x(OH)2]a+[An�
a/n]�mH2O (M and M0 are commonly diva-

lent and trivalent cations respectively, An� is the interlayer
anion, and 0 o x o 1).25,26 In particular, Cu-containing LDHs
have been shown to offer great promise as precursors to Cu-
based catalysts for thermal CO2 reduction using H2.27,28

In this study, CuxZnAl-LDHs were prepared by co-precipi-
tation method. Upon calcination in air, it produces uniform
mixed metal oxides, also referred to as layered double oxide
(LDO). The Cu0 nanoparticles that form following a subsequent
reduction step are securely supported on a ZnAl-LDO, desig-
nated as r-Cux/ZnAl-LDO (Fig. 1a). ZnAl-LDO can serve to both
stabilise, geometrically control and electronically promote Cu.
The Cu : Zn : Al ratio has been varied to produce an optimum
catalytic performance. These catalysts facilitate the sonocataly-
tic CO2-to-CO conversion under 1 MHz ultrasound irradiation,
the best of which was identified as r-Cu0.8/ZnAl-LDO with a CO
productivity of 23.8 mmolCO g�1 h�1 and selectivity of over 85%
in pure CO2 saturated water under 1 atm CO2. Based on mecha-
nistic insights we suggest that the active metallic Cu sites,
within the ultrasound-induced micro-high-energy environ-
ment, synergistically promote the sonocatalytic CO2 reduction
process. It is noteworthy that dissolved gases influence acoustic
cavitation, with previous research indicating that the highest
cavitation was found under Ar.13,14 Accordingly, positive corre-
lation of the cavitation activity and CO2 conversion was revealed
and showed that the heightened cavitation in 5% CO2/Ar leads
to both enhancements of CO (252.7 mmolCO g�1 h�1) and H2

(150.1 mmolH2 g�1 h�1) for syngas production, achieving a superior
sonochemical efficiency (SE) of 211.1 mmol kJ�1 g�1 L�1.

Fig. 1 Synthesis and characterisation of r-Cu0.8/ZnAl-LDO. (a) Schematic illustration of the synthesis of Cu0.8/ZnAl-LDO catalyst. (b) XRD patterns
of Cu0.8ZnAl-LDH, Cu0.8ZnAl-LDO, and r-Cu0.8/ZnAl-LDO. # peak from PMMA holder. (c) and (d) TEM image of r-Cu0.8/ZnAl-LDO. (e) HRTEM image
of r-Cu0.8/ZnAl-LDO. (f) STEM image of r-Cu0.8/ZnAl-LDO with its elemental mapping results of Cu (purple), Zn (light blue), Al (red), and O (green).
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Results and discussion

As depicted in Fig. 1a, CuxZnAl-LDHs were synthesised as
precursors that form r-Cux/ZnAl-LDO catalysts following calci-
nation and reduction treatments. To analyze these materials,
powder X-ray diffraction (XRD) studies were conducted (Fig. 1b
and Fig. S1, ESI†). The XRD pattern of Cu0.8ZnAl-LDH exhibits
the characteristic Bragg reflections of an LDH, including a both
a harmonic (00l) series, and (110), (113) Bragg reflections. The
interlayer anion was identified as CO3

2� using IR spectroscopy
(Fig. S2, ESI†). After calcination in air at 500 1C, the charac-
teristic LDH Bragg reflections disappear, and a broad feature
appears that can be assigned to an amorphous mixed metal
oxide (Cu0.8ZnAl-LDO). Further reduction in H2 at 290 1C
resulted in the appearance of a new Bragg reflection at 2y =
441, corresponding to Cu0 (111),29 indicating the formation of
metallic Cu in the r-Cu0.8/ZnAl-LDO catalyst. A series of r-Cux/
ZnAl-LDOs with different Cu loadings was synthesised, where x
represents the stoichiometry of Cu in the catalyst. The amount
of Cu in the samples was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) (x = 0, 0.4, 0.8,
1.4, 2.8) (Table S1, ESI†). The introduction of different Cu
loadings did not affect the formation of LDH precursors,
and a similar Cu0 (111) Bragg reflection was observed after
reduction among r-Cux/ZnAl-LDOs but additional CuO and
Cu2O were found in r-Cu2.8ZnAl-LDO with higher Cu loading
(Fig. S1, ESI†).

Transmission electron microscopy (TEM) revealed that the
nanoplatelet morphology of r-Cux/ZnAl-LDO remains (Fig. 1c
and Fig. S3, ESI†). Enlarged images of the nanoplatelets show
well-dispersed dark dots embedded on the nanoplatelet (Fig. 1d
and Fig. S3, ESI†). As Cu is more readily reduced than Zn and
Al, it is predicted that these well-dispersed dark dots are
metallic Cu nanoparticles formed after the reduction step in
H2 at 290 1C. HRTEM image confirms that these dark dots are
indeed metallic Cu as evidenced by characteristic (111) lattice
fringes of metallic Cu with d spacing of 0.208 nm30 (Fig. 1e).
It can be seen that the resultant size of metallic Cu nano-
particles in the r-Cux/ZnAl-LDOs (x = 0, 0.4, 0.8, 1.4, 2.8)
increases with increasing Cu loading (Fig. S2, ESI†). Addition-
ally, energy-dispersive X-ray spectroscopy (EDS) images demon-
strate the uniform distribution of Cu, Zn, Al, and O elements in
the r-Cux/ZnAl-LDOs (Fig. 1f and Fig. S4, ESI†).

The elemental composition and chemical oxidation states
were characterised by X-ray photoelectron spectroscopy (XPS).
The XPS results demonstrate the coexistence of Cu, Zn, Al, and
O in the r-Cux/ZnAl-LDOs (Fig. S5, ESI†). The XPS spectrum of
Cu 2p photoemission for r-Cu0.8/ZnAl-LDO shows characteristic
peaks centred at 932.20 eV for Cu 2p5/2 and 952.00 eV for Cu
2p3/2, with a spin–orbit splitting distance of 19.8 eV.31 These
values are close to those of metallic Cu (932.05 eV for Cu 2p5/2

and 952.05 eV for Cu 2p3/2), significantly differing from the Cu
2p spectra of CuO and Cu0.8ZnAl-LDO (Fig. 2a). This indicates
that the copper in r-Cu0.8/ZnAl-LDO is primarily in a metallic
state rather than in an oxidised form. Similar results for Cu 2p
photoemission were also found in the r-Cu0.4/ZnAl-LDO, but

with a slightly positive shift for r-Cu1.4/ZnAl-LDO (Fig. S6, ESI†).
The Zn 2p photoemission spectrum for r-Cu0.8/ZnAl-LDO
showed a slight shift to lower binding energy compared to
Cu0.8ZnAl-LDO, indicating a slight reduction in Zn due to the
H2 reduction (Fig. 2b and Fig. S6b, ESI†). Conversely, the Al XPS
spectra showed little change in binding energy in the r-Cux/
ZnAl-LDOs, suggesting that the oxidation state of Al remains
largely unchanged after H2 reduction (Fig. S6c and d, ESI†).
X-ray absorption fine structure (XAFS) spectroscopy was further
performed to confirm the chemical state and coordination
environment of Cu atoms. As shown in Fig. 2c, the normalised
Cu K-edge X-ray absorption near-edge structure (XANES) data of
r-Cu0.8/ZnAl-LDO most closely resembles metallic Cu. The
oxidation state of Cu was determined using the first derivative
of the XANES spectra (Fig. S7, ESI†), confirming the dominance
of metallic Cu in r-Cu0.8/ZnAl-LDO. Extended X-ray absorption
fine structure (EXAFS) spectra were analyzed using k2w(k)
weighted Fourier transform (FT) spectra (Fig. 2d and Fig. S8,
ESI†). A notable peak centred at approximately 2.14 Å corre-
sponds to the Cu–Cu scattering path, which is comparable to
that of Cu foil (2.22 Å). Additionally, a very weak peak at 1.45 Å
is attributed to Cu–O bonding, with CuO (1.49 Å) serving as a
reference (Fig. 2d). This result supports the presence of pri-
marily metallic copper with minor contributions from copper
oxides in the r-Cu0.8/ZnAl-LDO catalyst. The wavelet transforms
(WTs) were also conducted to further elucidate the Cu atomic

Fig. 2 Structural characterisation of r-Cu0.8/ZnAl-LDO. (a) and (b) High-
resolution XPS spectra of Cu 2p and Zn 2p spectra of r-Cu0.8/ZnAl-LDO
catalyst. (c) Cu K-edge X-ray absorption near-edge structure (XANES)
spectra and (d) the Fourier transforms of EXAFS spectra of r-Cu0.8/ZnAl-
LDO, Cu foil and CuO. Wavelet transforms (WTs) of Cu in Cu foil (e),
r-Cu0.8/ZnAl-LDO (f), and CuO (g).
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coordination structures (Fig. 2e–g). The WT maximum inten-
sities at 7.1 and 5.3 Å�1 correspond to the Cu–Cu bonds for
Cu foil and Cu–O for CuO, respectively. In r-Cu0.8/ZnAl-LDO,
the main WT maximum intensities centered at 7.1 Å�1 could be
assigned to Cu–Cu bonding. Together, the results suggest that
Cu nanoparticles incorporated on the ZnAl-LDO were stabilised
primarily in the metallic oxidation state, which is important for
CO2 conversion.

Sonocatalytic testing was carried out in a custom-made
chamber placed in a sonochemical cylindrical reactor that
directs acoustic waves to the reactor vessel (Fig. S9 and
Table S2, ESI†). 10 mg catalyst and 2.5 mL DI water were placed
in the sealed chamber, followed by CO2 purging under room
temperature and pressure. Detailed procedures for the sonoca-
talytic CO2 reduction reaction are described in the ESI.† The
gaseous and liquid products were determined by gas chroma-
tography and 1H NMR spectroscopy, respectively. No liquid
products were detected whereas gaseous products, including
H2, CO and CH4, were observed when using the r-Cux/ZnAl-
LDOs catalysts (Fig. S10 and S11, ESI†). To probe the origin of
the gaseous products, a series of control experiments was
conducted (Fig. 3a). No impurities are detected in the CO2

gas supply, and no gaseous products were detectable without
ultrasound irradiation or without addition of a catalyst. There-
fore, we conclude that the presence of the Cu-based catalyst, in
combination with ultrasound, is necessary to obtain gaseous
products. Upon substitution of the CO2 supply with pure inert

gases, such as N2 and Ar, no CO was observed but H2 and CH4

were detected (Fig. S12, ESI†). The H2 production is due to the
well documented enhanced cavitation-induced H2O sonolysis.32

Further 13C isotope labelling experiments were performed to
identify the origins of carbon-containing gaseous products. Our
results demonstrate that CO2 is responsible for the formation
of CO, as m/z = 29, corresponding to 13CO, was consistently
detected in repeated 13CO2 isotope labelling experiments (Fig. 3b
and Fig. S13, ESI†). In contrast, CH4 was found to originate from
the catalyst itself rather than from CO2 (Fig. S14, ESI†). Combined
with the observations in Fig. S11–S13 (ESI†), CO production
originates from CO2 conversion rather than decomposition of
carbon-based residues within the catalysts. In addition, both
CuxZnAl-LDH precursors and CuxZnAl-LDOs produce negligible
gaseous products after the CO2 sonocatalysis, indicating that
H2 reduction to produce metallic Cu0 nanoparticles immobi-
lised on a ZnAl-LDO support (r-Cux/ZnAl-LDO catalysts) is
essential for successful sonocatalytic CO2-to-CO conversion.

To gain an overall view of the active sites for this reaction,
the evolution of sonocatalytic CO2-to-CO conversion was tested
as a function of Cu participation. No CO production was detected
using a Cu-free, r-ZnAl-LDO catalyst, and only a trace amount of
CO was detected using a H2 reduced copper oxide catalyst (r-CuO)
(Fig. S15, ESI†). The r-CuO catalyst without ZnAl-LDO may not
be stable, resulting in low catalytic CO2-to-CO activity (Fig. S16,
ESI†). In contrast, the catalytic activity significantly changed
when the trimetallic r-Cux/ZnAl-LDO catalysts were tested as

Fig. 3 Sonocatalytic CO2 reduction performance of r-Cux/ZnAl-LDO catalysts. (a) Evolution of products in a series of control experiments under various
reaction conditions. (b) Mass spectrum of produced 13CO (m/z = 29) via isotopic 13CO2 reduction under ultrasound treatment over r-Cu0.8/ZnAl-LDO
catalyst. (c) CO production among r-Cux/ZnAl-LDOs with different Cu loadings. (d) Peak intensity of CO produced over r-Cu0.8/ZnAl-LDO at different
total running time. (e) Time-dependent CO yield of r-Cu0.8/ZnAl-LDO at 1 MHz and 0.212 kW. (f) Time-dependent CO productivity and selectivity for
r-Cu0.8/ZnAl-LDO catalyst. The quantitative analysis was derived from the ultrasound irradiation time, calculated using duty cycles relative to the total
running time (see ESI† for details).
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shown in Fig. 3c, whereby CO was the dominant carbonaceous
product. Further optimization of Cu loadings indicates that CO
productivity initially increases (x = 0.4 to 0.8) with increased Cu
loading and then decreases (x 4 0.8). Peak CO productivity of
23.8 mmolCO g�1 h�1 (or 95.6 mmolCO gCu

�1 h�1 when normal-
ised against Cu loadings) was found for the r-Cu0.8/ZnAl-LDO
catalyst (Fig. 3c). We presume the reduction in catalytic activity
at higher Cu loadings is likely related to the increased average
diameter of the Cu nanoparticles.25 Using r-Cu0.8/ZnAl-LDO
catalyst, CO production continuously increased with increasing
ultrasound irradiation exposure (Fig. 3d). Quantitative analysis
for CO indicates that the yield has a linear relationship to
ultrasound time (Fig. 3e and Fig. S17, ESI†). Over the ultra-
sound time range examined, the production rate of CO was
calculated to be 19.7 to 23.8 mmolCO g�1 h�1 with a selectivity
consistently above 85% (Fig. 3f). It is noted that quantitative
analysis for the productivity calculation is based on the time
with ultrasound irradiation exposure rather than the total
running time. This is because the sonochemical reactor
emitted pulsed ultrasound (as opposed to continuous wave
ultrasound) to prevent the ultrasound transducer from over-
heating. Detailed calculations are given in the ESI.† In addition,
physical mixtures with calcination treatment, including a
r-(Cu + ZnO + Al2O3) mixture and a r-(Cu + ZnAl-LDO) mixture,
show poorer CO and H2 productivity in comparison to r-Cu0.8/
ZnAl-LDO (Fig. S18, ESI†). These results confirm that the
sonocatalytic performance is related to the critical size of active
metallic Cu nanoparticles stabilised on the ZnAl-LDO.

Above a critical ultrasound intensity threshold, acoustic
cavitation occurs and emits noise distinct from the acoustic
field.33,34 Cavitation and its subsequent chemical effects are
influenced by the nature of the local liquid environment such
as dissolved gas. Thus, the gas mixture may critically impact
sonocatalytic CO2 performance since cavitation may create
extreme conditions that could facilitate CO2 catalysis. Here,
we investigated two gas atmospheres, pure CO2 and a 5%
CO2 in Ar mixture. The inert gas Ar was chosen because it is
known to enhance sonochemical activity owing to the low heat
capacity. We measured the cavitation threshold as a metric for
cavitation activity, and thus sonocatalytic CO2-to-CO conver-
sion. Noise emitted by cavitation bubbles was detected with a
passive cavitation detector and analyzed for its frequency con-
tent. This power spectral density curve was summed to calcu-
late a metric for power. Values with a signal greater than 6 dB
above noise from water under identical acoustic conditions
(an arbitrary threshold) was defined as emissions from a
cavitation event.35 Detailed cavitation detection and analysis
were given in the ESI,† Fig. S19 and Table S3. As shown in
Fig. 4a, the probability of cavitation events in both pure CO2

and 5% CO2/Ar are not enhanced until the peak-to-peak drive
voltage exceeds 103 V. Interestingly, the likelihood for cavita-
tion in 5% CO2/Ar was consistently higher than that in pure
CO2 above 103 V. Similarly, higher performance in CO2 conver-
sion was found with the gas supply of 5% CO2/Ar compared to
pure CO2 (Fig. 4b and inset of Fig. 4b). Using a 5% CO2/Ar
gas mixture, the productivity of H2 and CO was measured at

150.1 and 252.7 mmol g�1 h�1 respectively, along with the
sonochemical efficiency (SE) of 211.1 mmol kJ�1 g�1 L�1 for
the total product formation from CO2 and water. Both SE and
CO productivity of r-Cu0.8/ZnAl-LDO in 5% CO2/Ar rank top
among the ultrasound-triggered catalysis and recently reported
photocatalytic CO2-to-CO research (Tables S5 and S6, ESI†).
In addition, the H2 and CO productivity represents a B36-fold
increase and a B11-fold enhancement with respect to pure
CO2, respectively (Fig. 4b). High productivity of CO and H2 was
achieved under 5% CO2/Ar; for example, H2 and CO yields
reach B0.10 and B0.17 mmol, respectively, with 10 mg of
catalyst for a running time of 40 min. It is noteworthy that
the production of CO : H2 ratio using 5% CO2/Ar lies in the
range 1.2 to 2.2 (Table S4, ESI†), demonstrating its potential in
syngas production. These results confirm a significant impact
of introducing Ar on boosting catalytic CO2-to-CO conversion,
providing a clear trend linking the cavitation to sonocatalytic
CO2 conversion.

In addition, we further investigate the influence of cavitation
on CO2 sonolysis, the experiment was conducted in the 5%
CO2/Ar atmosphere with the absence of a catalyst. Fig. S20
(ESI†) shows very small amounts of H2 and CO were detected,
greatly lower than that with the presence of r-Cu0.8/ZnAl-LDO
catalyst. Previously, Koblov et al. reported the introduction of
RANEYs Ni-Ru/C as catalyst for CO2 to syngas sonocatalysis
results in the production of H2 (0.79 mmol g�1 h�1) and CO
(0.894 mmol g�1 h�1) (Table S5, ESI†).36 Although this work
presented the enhancement with the presence of catalyst,
its performance showed around 239 times lower by comparing
tor-Cu0.8/ZnAl-LDO catalyst. These results suggest that the
enhanced cavitation for CO2 conversion still requires the
presence of a suitable catalyst, underscoring the critical role
of catalysts.

We note that previous studies have demonstrated ultra-
sound-triggered catalysis for CO2 conversion. These examples
are based on piezocatalysis or triboelectric nanogenerators.37–39

Piezocatalysis relies on an ultrasound-triggered spontaneous
polarisation in piezoelectric materials (eg. Nb-doped lead zirco-
nate titanate) due to the acoustic pressure from the applica-
tion of ultrasound in the vicinity of Curie temperature (Tc)
creates free charges for CO2 reduction. Whereas triboelectric

Fig. 4 Correlation of cavitation and sonocatalytic CO2 reduction reaction
performance in different gas atmospheres. (a) The comparison of prob-
ability for cavitation between pure CO2 and 5% CO2/Ar with catalyst in
2.5 mL DI water. (b) The comparison of the gaseous productivities from
sonocatalysis between pure CO2 and 5% CO2/Ar.
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nanogenerators (TENG) convert mechanical energy into elec-
trical energy by utilising the charge difference generated by
friction. Both required the charge difference on the catalyst to
access CO2 reduction reaction.40 To examine whether electron
transfer is involved during sonocatalytic CO2 to CO conversion,
we added 1 mM AgNO3 solution as electron sacrificial agent.41

As shown in Fig. 5a, the production of CO has little change by
introducing AgNO3 sacrificial agent. This result suggests that
the CO2-to-CO reduction might not involve electron transfer
during sonocatalysis, potentially excluding the contribution
from piezocatalysis and contact-electro-catalysis.

Further investigation on radical involvement during CO2

sonocatalysis was conducted. 5,5-Dimethyl-1-pyrroline-N-oxide
(DMPO) was added with a view to capture radicals produced
during the ultrasound irradiation.42 Our results show CO
production increased by the addition of DMPO (Fig. 5a).
Analysis of the electron paramagnetic resonance (EPR) spectrum
taken after ultrasound irradiation reveals a quadruplet charac-
teristic of DMPO-�OH. This result shows that the capture of �OH
radical leads to an increase of CO production. Considering the
cavitation-induced bubble collapse results in the formation of
�H and �OH radicals. The capture of �OH radical potentially
leads to the enrichment of �H for CO2 reduction reaction. Thus,
a possible mechanism was proposed as shown in Fig. 5c. The
CO2 adsorbed (*CO2) on the metallic Cu active sites could be
protonated by �H with the formation of *CO(OH); accompany
with the local high-energy environment from the moment of
bubble collapse could thermodynamically facilitate the breakage
of C–OH bonding to form adsorbed CO (*CO) and �OH radicals.
In the final step, the desorption of *CO leads to CO production
and regenerates the active sites.

The evolution of the catalyst before and after CO2 sonocata-
lysis was investigated. TEM images show that the nanoplatelet
morphology of r-Cu0.8/ZnAl-LDO is largely preserved, although
slight cracking into smaller pieces was observed under intense
ultrasonication. Element mapping analysis showed little
change after the catalytic process (Fig. S21, ESI†). The crystal-
linity and phase composition were analysed using XRD.
As shown in Fig. 6a, the XRD data shows that r-Cu0.8/ZnAl-
LDO was unchanged after CO2 purging whereas new diffraction
features with characteristic Bragg peaks of an LDH were found

in the catalyst after CO2 sonocatalysis. This is due to the well-
documented reconstruction of the LDO back to an LDH struc-
ture in the presence of water and air. Interestingly, the Bragg
peak at 2y = 441 corresponding to Cu (111) remained before and
after sonocatalysis, indicating a good stability of Cu nano-
particles during the reaction. This result suggests the recon-
struction of LDO might occur within Zn and Al elements as the
presence of Jahn–Teller distortion of Cu in LDH makes it less
prone to reconstruct. Cu 2p XPS spectra further confirms that
the binding energy of Cu has negligible change before and after
the sonocatalysis (Fig. 6b). Although a slight oxidation of Cu
was found in the Cu XANES spectra after sonocatalysis, the
majority of Cu was still in the metallic state with the main WT
maximum intensities centered at 7.1 Å�1, corresponding to
Cu–Cu bonding (Fig. 6c and inset of Fig. 6c). These results
indicate the Cu nanoparticles on ZnAl-LDO are relatively stable,
which is crucial for maintaining catalytic efficiency.

Conclusions

We have demonstrated that sonocatalysis has the potential
to become an appealing technology for CO2 reduction under
mild and green conditions. This approach creates a local high-
energy environment surrounding a suitably active catalyst
favorable for CO2 reduction. r-Cu0.8/ZnAl-LDO has been shown
to be active for CO2 reduction in water at room temperature and
ambient pressure with a CO productivity of 23.8 mmolCO g�1 h�1

and 4 85% selectivity using pure CO2. Detailed experiments
on the catalysts reveal that the active sites for CO2 reduction
are metallic Cu0 nanoparticles stabilised by ZnAl-LDO. Our
proposed mechanism suggests that metallic Cu sites synergis-
tically couple with ultrasound-induced micro-high-energy
environment to enable the sonocatalytic CO2 reduction process.
This novel approach creates a local high-energy environment
driven by acoustic cavitation that can be tuned using different
gas atmospheres. Further study on the correlation between
CO2-to-CO conversion and cavitation reveals that higher cavita-
tion likelihood leads to higher CO productivity. A B11-fold
enhancement in the CO production with the yield of
252.7 mmolCO g�1 h�1 was achieved in 5% CO2 in Ar gas. This
result indicates that high CO productivity can be achieved at

Fig. 5 Investigation on the mechanism of sonocatalytic CO2-to-CO
conversion using r-Cu0.8/ZnAl-LDO. (a) The comparison of CO production
in the presence of radical or electron trap. (b) Measured electron para-
magnetic resonance (EPR) spectrum of the solution with addition of
DMPO after ultrasound irradiation. (c) Proposed mechanism for CO
production.

Fig. 6 Evolution of the catalyst before and after CO2 sonocatalysis.
(a) The XRD patterns and (b) XPS spectra of r-Cu0.8/ZnAl-LDO before
and after the CO2 sonocatalysis with the specific air-sensitive chambers.
(c) Cu K-edge X-ray absorption near-edge structure (XANES) spectra
before and after the CO2 sonocatalysis, inset is Wavelet transforms (WTs)
of catalyst after sonocatalysis. (i): r-Cu0.8/ZnAl-LDO; (ii): r-Cu0.8/ZnAl-
LDO-after CO2 purging; (iii): r-Cu0.8/ZnAl-LDO-after CO2 sonocatalysis.
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low CO2 concentrations, potentially offering an alternative
approach to utilising CO2 feedstock. In addition, the CO : H2

ratio produced in 5% CO2/Ar lies in the range of 1.2 to 2.2,
demonstrating its potential for syngas production. This approach
achieved a high sonochemical efficiency of 211.1 mmol kJ�1 g�1 L�1

for ultrasound-driven product formation from CO2 and water.
This work not only advanced CO2 reduction technologies but
also provides an innovative approach that may have significant
impact across multiple fields.
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