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Methods

Materials. 

Sodium hydroxide, sodium carbonate, CuCO3.Cu(OH)2, Cu(NO3)2·3H2O, Zn(NO3)2·6H2O, Al(NO3)3·9H2O, dimethyl 
sulfoxide (DMSO), AgNO3, and 5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPO) were purchased from Sigma-Aldrich. All 
chemicals and materials were used without purification. 70% nitric acid and 25 wt% tetrapropylammonium 
hydroxide (TPAOH) was purchased from Thermo Fisher Scientific. The standard gases for calibration are ordered 
from BUSE. The pure CO2 (99.999%), nitrogen (99.999%), Argon (99.999%), and 5% CO2 in Ar were ordered from 
BOC. Deionized water (18.2 MΩ cm-2) was used in the synthesis and the CO2 sonocatalysis. Degassed DI water was 
to fill the sonochemical cylindrical reactor and prepared using a degas unit, which consists of a membrane 
contractor (3 M Liqui-Cel™ G541), vacuum pump (Welch MPC 090 E, type 412021) and a water pump (Flojet LFP, 
24 V RLFP222202D), to degas the DI water with the oxygen concentration lower than 20% (Duo pH/Ion/DO meter 
SG98, Mettler Toledo). 

Synthesis of CuZnAl-LDHs. 

Cu0.8ZnAl-LDH: CuCO3.Cu(OH)2 (0.27g, 1.29 mmol), Zn(NO3)2.6H2O (1.1 g, 3.70 mmol), and Al(NO3)3.9H2O (1.4 g, 
3.73 mmol) were dissolved in DI water (256 mL) with 70% HNO3 (0.82 mL, 9.1 mmol). In a separate beaker deionised 
water (240 mL) was adjusted to pH 10 with TPAOH. The metal salt solution was added dropwise at 152 mL h-1 under 
stirring at 500 rpm whilst pH was kept constant at 10 with TPAOH. Once all metal salt solution had been added into 
the solution, the mixture was then aged at room temperature for 1 hour at 500 rpm. The LDH was collected by 
filtration, washed with water until pH 7, and dried overnight at 30 ⁰C under vacuum to afford Cu0.8ZnAl-LDH. 

For preparing samples with different copper loading, only the relative molar proportions of metal salts are adjusted 
as appropriate, the rest of the procedure remains the same and the samples are named as CuxZnAl-LDH, where x is 
the stoichiometry of Cu in the sample. The sample ZnAl-LDH is LDH without Cu. 

Calcination of CuZnAl-LDHs. 

CuZnAl-LDHs were calcined at 500 °C for 5 hours at a 2 °C min–1 ramp rate under constant air flow at 50 mL min–1 
to obtain CuxZnAl-LDOs, following with the reduction of CuxZnAl-LDOs at 290 °C for 2 hours at a ramp rate of 2 °C 
min–1 under constant gas flow of H2 at 50 stp mL min–1 (stp = standard temperature and pressure: P = 101.3 kPa, T 
= 298 K). The sample after reduction treatment was denoted as r-Cux/ZnAl-LDO, e.g. r-Cu0.8/ZnAl-LDO.

Acoustic setup. 

A cylindrical sonochemical reactor was employed in all acoustic experiments detailed in our previous research.15 In 
brief, a function generator (Keysight Technologies, 3600A) delivered a 1 MHz tone burst that was amplified with a 
fixed gain 55 dB RF power amplifier (Electronics & Innovation, 1040L) to a bespoke 1 MHz ultrasound tube 
transducer. The tone burst pulse sequence consisted of 100 cycles with a burst period of 1 ms.

This ultrasound transducer created a radially diverging pulse that was reflected 180° to form a converging acoustic 
pressure wave within a 2.5 mL volume. The pulsed ultrasound, rather than the conventional continuous wave 
excitations, was employed to minimise heating and prevent second order bubble effects that reduce 
sonochemistry, such as coalescence and non-spherical bubble motion. The duty cycle (D) is calculated as follows:

  
𝐷 =

𝑁𝑐
𝑇burst × 𝑓

where D represents the duty cycle (dimensionless),  represents the number of cycles (dimensionless),  𝑁𝑐 𝑇burst

represents the burst period (s),  represents the frequency (Hz).𝑓

CO2 sonocatalysis experiment
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To run the CO2 sonocatalysis experiments, 10 mg catalyst was dispersed in 2.5 mL DI water in a 5 mL polypropylene 
vial. Pure CO2 was bubbled into the suspension for 15 min to obtain a CO2-saturated system before being sealed. 
Once sealed, the vial was placed in the centre of the sonoreactor (Supplementary Fig. 8) before exposure to 
ultrasound irradiation for a given time. All reactions were performed at ambient pressure and room temperature. 
The acoustic parameters of sonoreactor for CO2 sonocatalysis have been provided in Supplementary Table 2.  After 
the sonication, the gas product was collected and directly analysed by GC (SHIMADZU GCMS 2030) equipped with 
Carboxen®-1010 PLOT Capillary GC column. using the barrier discharge ionization (BID) as the detector; liquid 
products were analysed by 1H NMR spectroscopy. 1H NMR spectra were recorded on a Brucker AVIII HD 500 
spectrometer with a pre-saturation technique to suppress the water signal, in which 0.5 mL filtered solution was 
mixed with 0.1 mL DMSO (internal standard, diluted to 100 ppm (v/v) by deuterated water). 1H spectrum was 
recorded at 298 °K and referenced internally to the residual protio-solvent resonance of the deuterated water used. 
The 13C isotopic labelling experiment performed with similar procedures except for replacing the CO2 by 13CO2. 

Cavitation detection and analysis

The in-situ detection of cavitation was conducted within the sonoreactor; the transmitting transducer used had a 
1.17 MHz centre frequency. Acoustic responses during the sonochemical reactions were detected using a 3.5 MHz 
centre frequency passive cavitation detector (PCD) (Olympus, V384) aligned orthogonal to the incident acoustic 
wave transmitted by the ultrasound transducer. The PCD signal was filtered with a 1.8 MHz high-pass filter 
(Thorlabs, EF509) before 20 dB amplification by a broadband amplifier (Edgerton, Germeshausen, and Grier, Model 
5185). The amplified signal was captured for subsequent analysis (Supplementary Fig. 18) using a data acquisition 
device (Tiepie Engineering, HS5) and monitored in real-time with an oscilloscope (Keysight Technologies, 
DSOX2024A). Detailed acoustic parameters of the sonoreactor for cavitation detection have been provided in 
Supplementary Table 5.

To identify cavitation events, the recorded noise signals were post-processed using a power Fast Fourier Transform 
(FFT) to generate a power spectral density (PSD) curve for each individual ultrasound burst11,36. A metric 
proportional to the power of the noise from cavitation, simply referred to as cavitation power henceforth, was 
calculated by summing across the frequency spectrum. For each burst, the cavitation power was compared to that 
of degassed water exposed to ultrasound under identical conditions. A cavitation event was defined as a cavitation 
power from the sample being 6 dB higher than the cavitation power from the degassed water control. The 
probability of cavitation was determined as the percentage of bursts that recorded a cavitation event out of the 
total number of bursts at a given driving voltage. Cavitation threshold was defined here as the drive voltage at 
which 50% of the bursts resulted in cavitation.

The calculation on the productivity and selectivity of products (CO and H2)

The number of mol of CO produced is calculated according to following equation:

𝑛co =
𝑃 × 𝑉𝑐𝑜

𝑅 × 𝑇

P is the pressure in the atmosphere (1 atm), VCO is the total volume of CO produced, R is the gas constant (0.082 L 
atm K-1 mol-1), and T is the temperature based on the laboratory condition (293 K). 

The VCO was evaluated from the GC calibration data (Supplementary Fig. 16). Similar calculation is conducted to the 
number of the mol of H2 produced. 

The productivity of CO (pco) is calculated as followings:

𝑝co =
𝑛𝑐𝑜

𝑚𝑐𝑎𝑡 × 𝑡𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
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nco is the number of mol of CO produced (µmol), mcat is the mass of catalyst used (g); and tirradiation is the ultrasound 
irradiation time (h). Similar calculation is performed to get the productivity of H2 (pH2). Both amount of CO and H2 
in the liquid phase is not counted in the calculations. Note that:

𝑡𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = 𝐷 × 𝑡𝑡𝑜𝑡𝑎𝑙

The selectivity of the CO (SCO) and H2 (SH2) is calculated as followings:

𝑆co =
𝑛𝑐𝑜

𝑛𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
× 100% =

𝑛𝑐𝑜

𝑛𝑐𝑜 + 𝑛𝐻2
× 100%

𝑆H2 =
𝑛𝐻2

𝑛𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
× 100% =

𝑛𝐻2

𝑛𝑐𝑜 + 𝑛𝐻2
× 100%

ntotal products, nco, and nH2 is the number of mol of total products, CO and H2 produced (µmol) from CO2 sonocatalysis, 
respectively. 

Sonochemical efficiency (SE) calculation

The sonochemical efficiency for CO2 sonocatalysis was based on the following equation:

𝑆𝐸 =
𝑌𝑖𝑒𝑙𝑑product

(𝑃𝐷 × 𝑡𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛) × 𝑚𝑐𝑎𝑡 × 𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟
=  

𝑛H2 + 𝑛co 

(𝑃𝐷 × 𝑡𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛) × 𝑚𝑐𝑎𝑡 × 𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟

PD represents the power density (kW), which is determined as below:

𝑃𝐷 = 𝑉𝑟𝑚𝑠 × 𝐼𝑟𝑚𝑠 × 𝑐𝑜𝑠𝜃

    𝑃𝐷 =
𝑉𝑝𝑘 ‒ 𝑝𝑘 × 𝐼𝑝𝑘 ‒ 𝑝𝑘 × 𝑐𝑜𝑠𝜃

8

Where Yieldproduct represents the amount of CO and H2 produced (µmol), PD represents the power density (kW), and 
tirradiation is the ultrasound irradiation time (s), mcat represents the mass of catalyst (g) and Vreactor represents the 
volume of sonoreactor vessel (L) with exposure to the irradiation. The following SE calculation example is based 
on the data from CO2 sonocatalysis in 5%CO2/Ar with r-Cu0.8ZnAl-LDO catalyst for irradiation time for 1 h: 
tirradiation = 1 h =3600 s, PD = 0.212 kW, mcat = 0.01 g, Vreactor = 0.0025 L, nH2 = 1.501 µmol and nco = 2.527 µmol. Thus, 

the SE =  211.1 µmol kJ-1 g-1 L-1.

2.527 + 1.501
(0.212 × 3600) × 0.01 × 0.0025

=

Characterisation. 

X-ray diffraction (XRD) measurements were recorded on Bruker D8 diffractometer (40 kV and 30 mA) with Cu Kα 
radiation (λ1 = 1.544 Å and λ2 = 1.541 Å). XRD characterizations in Figure 1 and Figure S1 used the PMMA holder 
whereas in Figure 6 used the holder for air-sensitive holder.

Transmission electron microscopy (TEM) images and EDX were obtained from a JEOL 2100 electron microscope 
with an accelerating voltage of 200 kV using a single tilt specimen at DCCEM within the Department of Materials, 
University of Oxford. HR-TEM were obtained from JEOL ARM300CF instrument with an accelerating voltage of 300 
kV at the electron Physical Sciences Imaging Centre (ePSIC).

Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to analyse the Cu, Zn and Al elements 
using a Themo Fisher Scientific iCAP 7400 Duo ICP Spectrometer in the University of Cambridge. 

XPS data was collected on K-alpha XPS X-ray photoelectron spectrometer (Thermo Fisher Scientific) in the 
Department of Materials, University of Oxford.
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XAFS spectra was recorded at the Cu K absorption edge, in transmission mode in B18, Diamond light source. The 
Demeter software package (Athena)38-40 was used for XAFS data analysis for the Cu data. The spectra were 
calibrated with foils as a reference. To ascertain the reproducibility of the experimental data, at least two scan sets 
were collected. 

Electron paramagnetic resonance (EPR) data was recorded on a Bruker Biospin EMXmicro with continuous wave 
EPR (CW-EPR) spectrometer operating at X-band (9.1–9.9 GHz), in the Centre for Advanced ESR (CAESR) of the 
Department of Chemistry, University of Oxford. All EPR data was processed with EasySpin.41
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Supplementary Figures 

Fig. S1. XRD paterns. XRD patterns of CuxZnAl-LDHs (a) and r-Cux/ZnAl-LDOs (b).

Figure S2. IR characterization of catalyst precursors.

Fig. S3. TEM and HRTEM images. TEM and HRTEM images of r-ZnAl-LDO (a, b), r-Cu0.4/ZnAl-LDO (c, d), r-Cu1.4/ZnAl-LDO (e, f) 
and r-Cu2.8/ZnAl-LDO (g, h).
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Fig. S4. STEM images with elemental mapping results. STEM images of r-Cu0.4/ZnAl-LDO (a), r-Cu1.4/ZnAl-LDO (b) and r-
Cu2.8/ZnAl-LDO (c) with its elemental mapping results of Cu, Zn, Al and O. 
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Fig. S5. XPS surveys. XPS surveys of r-Cu0.4/ZnAl-LDO (a), r-Cu1.4/ZnAl-LDO (b) and r-Cu2.8/ZnAl-LDO (c).
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Fig. S6. High-resolution XPS spectra. High-resolution XPS spectra of Cu 2p (a), Zn 2p (b), Al 2s (c) and Al 2p (d) spectra of r-
Cux/ZnAl-LDOs catalysts.

Supplementary Fig. 7. The Cu K-edge XANES first-order differential of Cu foil, CuO and r-Cu0.8/ZnAl-LDO.
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Fig. S8. EXAFS k space curves of Cu foil, CuO and r-Cu0.8/ZnAl-LDO.

Fig. S9. A photograph of sonochemical cylindrical reactor design, along with the home-made chamber as the reactor.
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Fig. S10. 1H NMR (500 MHz, 298 K, D2O) spectrum of liquid after CO2 sonocatalysis over r-Cu0.8/ZnAl-LDO catalyst. 1H chemical 
shifts, δ, are given in parts per million (ppm).

Fig. S11. The GC signals patterns of gaseous products determined by BID detector after CO2 sonocatalysis over r-Cu0.8/ZnAl-
LDO catalyst. 

Fig. S12. GC results from sonocatalysis in pure N2 and Ar. The gaseous products from the sonocatalysis conducting in pure N2 
(a) and pure Ar (b) without the introduction of CO2 over the r-Cu0.8/ZnAl-LDO catalyst. Note: the retention time of gaseous 
products changed due to the upgradation of GC and all calibration curves were redone accordingly for data analysis. 
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Fig. S13. 13CO2 isotopic experiment to determine the carbon source of CO. The m/z analysis of CO peak in GC with the gas 
supply of non-labbeling CO2 (a) and labelling 13CO2 (b). (c) The GC signals of CO peaks under the 12CO2 gas supply.
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Fig. S14. The determination of the source of CH4. Heating the catalyst in pure CO2 . Insets are the enlarged GC signals for H2 
and CO. (a) and repeated labbelling experiments of CO2 sonocatalysis by using 13CO2 as gas source(b, c).(d) The GC signals of 
CH4 peaks with D2O as solvent, along with its m/z signals.

The confimation of the origin of CH4: First, the signal of CH4 is detected when the catalyst was heated at 40 ℃ in water without 
the ultrasound (Figure S13a), suggesting CH4 is released from catalyst itself. Second, CH4 signal was still observed when 
sonocatalysis was performed under pure Ar or pure N2 without the introduction of CO2 (Figure S11), further confirming that 
CH4 is not derived from CO2 conversion. Third, isotope-labelling experiments of 13CO2 and D2O were conducted, respectively. 
In the 13CO2 labelling experiment, the m/z = 17 signal corresponds to OH from water rather than 13CH4, as verified by multiple 
experiments where m/z =17/18 ratio remained constant, (Figure S13b and S13c), aligning to the water signal. As a result, there 
is no 13CH4 generated with the 13CO2 gas supply. Similarly, in the D2O labelling experiment, the observed signals from methane 
peak (16, 17 and 18) were attributed to CH4 and water with no evidence of CD4 or CDxH(4-x) species (Figure S13d). Taking all 
these investigation into account, CH4 is from catalyst itself. 
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Fig. S15. The comparison of CO productivity among the catalysts of r-ZnAl-LDO without Cu incorporation, r-Cu0.8/ZnAl-LDO and 
r-CuO without the incorporation of ZnAl-LDO.

Fig. S16. The XPS spectra of Cu 2p for r-CuO and commercial CuO.

Fig. S17. The standard curves showing the correlation of gaseous products concentration with the areas of GC peak. 
Experimental GC calibration for H2 (a) and CO (b).
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Fig. S18. The comparison of CO and H2 productivity between the r-Cu0.8/ZnAl-LDO and physical mixtures.

Fig. S19. The schematic diagram of the data acquisition for cavitation detection.
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Fig. S20. The comparison of the gaseous productivities from sonocatalysis among 5% CO2/Ar without catalyst, pure CO2 with 
catalyst and 5% CO2/Ar with catalyst.

Fig. S21. The characterisations of TEM and elemental mapping of catalyst after CO2 sonocatalysis. TEM image (a) and element 
mapping result (b) of r-Cu0.8/ZnAl-LDO.
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Supplementary Tables

Table S1. The ICP-OES results of r-Cux/ZnAl-LDOs.

Note: Calibration was performed by construction of a standard curve using ICP standards from Sigma-Aldrich. Samples 
were run in ~2% nitric acid (Fisher TraceMetal grade). Samples were weighed on a Mettler UMT2 balance and dissolved 
in 5 mL nitric acid, diluted with 5 mL water and a 0.5 mL aliquot was diluted to 10 mL with water. There is a total error of 
<5% on the values obtained (<2% measurement error, <3% sample preparation error)

Table S2. Acoustic parameters of sonoreactor for CO2 sonocatalysis.
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Table S3. Acoustic parameters of sonoreactor for cavitation detection.

Table S4. The calculation of CO/H2 ration among several individual tests for r-Cu0.8ZnAl-LDO catalyst in 5% CO2/Ar. 
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Table S5. Comparison the performance of CO2 conversion of r-Cu0.8/ZnAl-LDO with other ultrasound-triggered catalytic 
systems. 
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Table S6. Comparison the performance of CO2 conversion of r-Cu0.8/ZnAl-LDO with those of recently representative 
photocatalysts without the involvement organic solvent and cocatalyst.
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Future prospect for CO2 sonocatalysis
The integration of CO2 catalysis with sonochemistry presented here makes a significant contribution to the 
emerging field of sonocatalysis. We believe it highlights substantial new opportunities to further develop the 
technology by advancing sonochemical reactors, optimising operating conditions, and designing more 
efficient and robust catalysts to upscale CO production while minimizing the energy input. Given the positive 
correlation of CO production to cavitation noise, reducing the cavitation threshold is a key factor for improving 
CO yield. This can be achieved by reducing the drive frequency, optimizing gas compositions, and 
structuring the catalysts to trap gas and facilitate cavitation. Additionally, designing a larger reactor vessel 
that more efficiently delivers ultrasound to larger volumes presents another promising route for scaling up 
CO production. Future catalyst design would not only focus on prioritizing high CO production efficiency but 
also ensuring structural stability and operational robustness for long-term operation. Moreover, CO2 
sonocatalysis holds great potential to produce higher-value products beyond CO by developing catalysts 
with different types of active sites. Since we are still in the early stages of development, advancements in 
acoustic technology—such as those listed above—are anticipated to significantly improve ultrasound-to-fuel 
conversion efficiency in the future.
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