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Abstract

:

The threat of ozone in indoor spaces and other enclosed environments is receiving increasing attention. Among numerous ozone catalytic decomposition technologies, copper catalytic material has a superior performance and relatively low cost, making it one of the ideal catalyst materials. This review presents the recent Cu catalyst studies on ozone decomposition, particularly morphological design, the construction of heterostructures, and monolithic catalyst design used to improve their performance. Moreover, this review proposes further improvement directions based on Cu materials’ inherent limitations and practical needs. On this basis, in the foreseeable future, Cu materials will play a greater role.
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1. Introduction


Gaseous ozone (O3) is naturally produced in the atmosphere through ultraviolet radiation and silent corona electric discharge [1]. While it serves a beneficial role in the upper atmosphere by absorbing harmful ultraviolet radiation, ground-level ozone poses significant threats to the environment and human health [2]. It is known to cause respiratory illnesses and contribute to the formation of photochemical smog, which results from complex reactions between volatile organic compounds (VOCs) and nitrogen oxides (NOx) [3,4,5,6,7]. Besides that, ozone is widely used in various industrial and everyday applications, such as food sterilization, organic pollutant treatment, and tap water disinfection, owing to its strong oxidative properties [8,9]. However, these applications often lead to the emission of residual ozone, which can harm human health and the environment. Additionally, indoor processes like photocopiers and laser printers can generate ozone, necessitating effective treatment to safeguard human health [10]. Occupational safety and health regulations, as well as international standards, have set permissible exposure limits for ozone due to its toxicity. Therefore, the development of effective methods for eliminating ozone is urgently needed [11,12].



Several methods for ozone decomposition include thermal decomposition, thermal catalytic decomposition, plasma decomposition, photocatalytic decomposition, and adsorption and absorption. Ozone can quickly decompose into oxygen at around 100 degrees Celsius, but its energy consumption limits its application scenarios. Thermal catalytic decomposition offers the advantage of achieving ozone decomposition at room temperature, making it a safe, economical, and efficient method [13]. However, the high cost and limited practical applications of noble metal catalysts, as well as the potential reduction in activity under high humidity conditions, present bottlenecks. Plasma decomposition is effective in decomposing ozone, but it can be energy-intensive and may generate waste emissions, leading to environmental concerns [14]. A photocatalytic decomposition is a promising approach for ozone removal, leveraging light and a catalyst for the decomposition process [15,16]. However, it may require complex and energy-consuming synthesis methods, and its efficiency can be impacted by factors such as humidity and space velocity. Adsorption and absorption methods are commonly used but may not offer the complete decomposition of ozone and can require additional steps for the regeneration of the adsorbent material.



Among the methods for ozone decomposition, the catalytic decomposition method stands out as optimal. It offers the efficient and cost-effective removal of ozone, making it an effective solution for both industrial and environmental applications [17]. With its ability to achieve ozone decomposition at room temperature and its safety and economic advantages, catalytic decomposition is a highly promising approach [18]. Furthermore, the use of transition metal oxide catalysts represents a low-cost and efficient alternative to noble metal catalysts, making this method particularly attractive for addressing ozone pollution challenges [19,20]. Despite potential challenges, such as reduced activity under specific conditions, ongoing research and development efforts focus on optimizing the performance of catalytic decomposition for ozone removal [21,22].



The advantages of transition metal oxide catalysts for ozone decomposition are evident in the scientific community’s growing interest, primarily due to their low energy consumption and cost-effectiveness. While noble metals like Au and Ag have demonstrated efficient ozone degradation, their high cost restricts their practical applications. In contrast, transition metal oxides, particularly FeOx, MnOx, Co3O4, Cu2O, and NiO, have shown promise in catalytic ozone decomposition [23,24,25,26,27,28,29,30,31]. The low cost and high efficiency of transition metal oxides make them preferable. However, challenges exist, including the need for efficient and cost-effective synthesis methods, controllability, and water resistance of the catalysts. The development of transition-metal-based monolithic catalysts using facile methods is highly sought after. In addition, in terms of mechanism research, the effects of particle size, morphology, bulk defects (ion doping), and surface defects (heterostructure) on the catalytic decomposition performance and moisture resistance of ozone still need further exploration [32].



Among the transition metal oxide catalytic materials reported in recent years, copper-based series catalysts not only have outstanding performance but also can construct multi-layer nanostructures through simple thermal oxidation/reduction treatment, which has great application prospects [33]. Here, this article focuses on introducing copper-based ozone decomposition materials and their optimization routes, further proposing the challenges and opportunities currently faced in the field of ozone catalytic decomposition.




2. The Powder Copper Catalyst: Mechanism and Key Factors


2.1. Ozone Decomposition Mechanism


The current reported principle of the catalytic decomposition of ozone by cuprous oxide is consistent with that of general transition metal oxide materials [34]. As shown in Figure 1, the ozone molecule is a linear molecule composed of three oxygen atoms, and due to its internal electron cloud often leaning to one side, it has Lewis’s alkalinity. Therefore, ozone molecules will adsorb on Lewis’s acidic sites (Cu*) in the material and undergo surface chemical reactions [35]. In this process, the presence of oxygen vacancies is believed to participate in and promote the decomposition of ozone molecules in the adsorption–desorption process, but the critical rate-determining step is desorption, as shown in the red box in Figure 1.




2.2. Morphology of Copper-Based Material


Using soluble copper salts, copper hydroxide, and other Cu(Ⅱ) as raw materials, Cu2O with different morphologies can be obtained under the control of alkaline conditions and weak reducing agents. In this process, organic templates or surface-active agents play a key role in controlling the morphology. Another key control factor is the reductant, which directly determines the success or failure of Cu2O synthesis. The reductants often used are glucose, hydroxylamine, hydrazine hydrate, and ascorbic acid. Kuo et al. [36] used ammonia monohydrate as a reductant and sodium dodecyl sulfate (SDS) as a surfactant to synthesize Cu2O with various morphologies and sizes of 160–382 nm. M. Mallik et al. [37] used ascorbic acid to reduce CuSO4 in a solution with polyethylene glycol 6000 (PEG 6000). Wei et al. [38] selected hydrazine as a reducing agent and polyvinyl pyrrolidone (PvP) as a surfactant to control the morphology of Cu2O by controlling the pH of the solution system. Of course, surfactants are not irreplaceable in the process of synthesizing Cu2O particles. For example, Ahmed et al. [39] reported a simple method to synthesize a Cu2O octahedron: dissolve CuSO4 and glucose in a flask, stir under the protection of Ar gas flow until it is completely dissolved, and then add NaOH and hydrazine hydrate to the solution in turn to obtain brick-red Cu2O precipitation. It was also reported by Yu et al. [40] that no surfactant was used in the hydrothermal synthesis of Cu2O hollow spheres. These studies provide sufficient feasibility for the morphology control of a Cu2O ozone decomposition catalyst. So, it is significant work to study the effects of particles with different shapes, sizes, and crystal-exposed surfaces on ozone catalysis.



The initial reported work was to increase the exposure of oxygen vacancies and active sites per unit mass through morphology control. Gong et al. [41] synthesized cubic, octahedral, and truncated octahedral Cu2O materials through a simple liquid-phase reduction process (Figure 2a–c). By comparing their properties, it was found that cubic structures with more exposed [1] planes were considered to have better performance (Figure 2d–g). On this basis, smaller Cu2O particles were synthesized by adjusting the NaOH concentration to optimize their catalytic performance further. From another perspective, reducing the particle diameter of the material from >1 micrometer to 40 nm brings much greater performance improvement than exposing different crystal planes.



Gong et al. [42] further adjusted the Cu2O synthesis process to obtain catalysts with the smallest possible particle size. In the synthesis process, it is generally believed that the alkaline environment is the determining factor for the reduction of Cu+ rather than Cu0 (Figure 3a). This study further elucidates the direct relationship between different OH− concentrations in solution systems and the morphology and size of product particles. Consistent with previous research findings, smaller materials exhibit significantly better catalytic activity for ozone decomposition.



In addition, Jiang et al. [43] reported a Cu2O ozone decomposition catalyst with a high specific surface area. Although this work highlights the positive correlation between specific surface area and catalytic performance, the high specific surface area of the material is obtained by stacking smaller grains. The best-performing material synthesized by Gong et al. has a grain size of 5.1 nm, the smallest of all materials synthesized by this method. The same trend was validated again in Jiang et al.’s study. As in Figure 3b, in the process of reducing, a combination template of triblock copolymers and n-butanol is used to further decrease the particle size to 2.7, which also resulted in higher catalytic activity. This study further confirms that reducing the size of Cu2O particles can expose more defects on the material surface and bring additional effects such as an increase in specific surface area, which helps to improve catalytic performance.




2.3. Heterostructure of Copper-Based Material


Although morphology has a significant impact on most materials, the use of complex templates brings higher economic costs and is not a perfect solution to enhance catalyst activity. Starting from the principle of ozone catalytic decomposition and its determining rate steps, utilizing the semiconductor properties of materials to enhance their catalytic activity is another route [44]. The transition metal oxide ozone decomposition catalysts reported are all semiconductors, among which p-type semiconductor oxides perform better than n-type semiconductors. The advantage of p-type semiconductors is that their majority carrier is holes, which facilitates the rate determination step. There are many ways to construct heterojunctions, and the existing reports are based on two ways: crystal structure modification and surface modification [45,46,47,48,49].



Ma et al. [50] utilized the construction of heterojunctions to enhance the catalytic ozone decomposition activity of Cu2O. They reported the use of acid pretreatment in the synthesis of Cu2O to produce Cu0 and successfully constructed a Mott–Schottky heterojunction in Cu2O materials (Figure 4a). This work utilizes the energy band changes and the built-in electric field generated by the contact between metals and semiconductors to promote the adsorption and desorption of oxygen species on the catalyst surface, proposing another approach to improve the efficiency of ozone catalytic decomposition (Figure 4d).



Based on the analysis of the catalytic mechanism, the key step of ozone decomposition is the discharge desorption of charged oxygen groups, and the main difficulty in this step is that the material needs to have the ability to capture electrons [52]. According to this viewpoint, Ma et al. [51] proposed a method of partially oxidizing the Cu2O surface to produce CuO heterojunctions to improve catalytic efficiency. By annealing the pre-synthesized Cu2O at different temperatures for 30 min, heterojunction materials with different degrees of oxidation can be obtained (Figure 4b). Due to the different crystal types of Cu2O and CuO, a large number of dislocations and defects will be generated at the crystal interface during annealing to form CuO (Figure 4c). However, forming the maximum number of vacancies may not have a favorable effect on catalysis. It means that a layer of CuO is formed on the surface, and its catalytic performance is far inferior to Cu2O. Moreover, most of the defects will not be exposed to the surface and cannot interact with ozone. Wang et al.’s [53] concern is changing the number of charge carriers per unit material by doping Cu2O with Mg, Fe, and Ni. However, from the analysis of characterization results, doping of Cu2O crystals is a difficult task. Although Figure 5a–e shows a crystal morphology closer to the amorphous morphology obtained through doping, there is no shift in the diffraction peak of Cu2O in the XRD characterization results (Figure 5f). It is speculated that Mg, Fe, and Ni ions become defective parts of the material when they precipitate with Cu2O in the solution system through co-precipitation. Gong et al. [54] reported a Cu2O–CuO–Cu(OH)2 hierarchical composite obtained in an alkaline solution. As the processing time increases, the needle structures (CuO and CuOH) on the surface of Cu2O also increase (Figure 5g,h). Alkaline solution treatment for more than 6 h will completely eliminate the Cu2O crystal phase (Figure 5i), and this composite structure can significantly improve the ozone decomposition performance in sea-urchin-like morphology. Gong et al. [55] also reported another hybrid composite Cu2O material. In their research, it was pointed out that the composite of reduced graphene oxide (r-GO) and Cu2O material significantly enhances the ozone decomposition performance (Figure 5j,k). By comparing the mechanical mixing of two materials and in situ composites, it can be concluded that graphene is not simply added as an electron donor or antioxidant component. Its strengthening effect can be attributed to changing the coordination environment of Cu, as confirmed by the shift of the Cu 2p peak in XPS characterization (Figure 5l). The Cu peak in Cu/rGO composite material is shifted towards low binding energy, indicating that it is in a more pronounced non-stoichiometric state, where some Cu atoms are between Cu0 and Cu1. Jiang et al. [56] synthesized Cu2S catalysts by completely replacing Cu2O templates with heterostructures. The principle is that the difference in strong mass transfer rates in a solution leads to the Kirkendall effect (Figure 6a), and the morphology of the Cu2S catalyst constructed by it evolves from the Cu2O template, forming hollow structures based on their respective templates (Figure 6b–d). Cu2S material is also a p-type semiconductor, and according to the characterization by Jiang et al., its catalytic principle is basically consistent with the catalytic decomposition of ozone by transition metal oxides, and it has better acid gas tolerance.



Overall, ozone-catalyzed decomposition is a surface chemical process, and heterostructure modification should focus on how to have the greatest impact on the surface chemical structure. If the heterostructure is partially or mostly in the copper bulk phase, it is necessary to consider how to increase the exposure of the heterostructure, or how to use charge carriers to transfer the generated electron hole to the surface and participate in the ozone decomposition process.





3. The Monolithic Copper-Based Catalyst


Current research on ozone decomposition catalysts mainly focuses on powder materials, yet the disadvantages of powder material catalysts include their inconvenience in use, as they often require additional binders for application, which can complicate the preparation process. Additionally, powder catalysts are susceptible to surface deactivation, which can diminish their catalytic activity over time and affect their overall performance. In contrast, monolithic catalyst materials offer superiority in applications due to their enhanced stability and durability, eliminating the need for binders and providing a more convenient and efficient catalyst application process [57,58,59,60].



Copper materials, due to their metallic and oxide crystal characteristics, can be annealed in a gas environment to generate nanowire structures on the surface [61]. Since the process of constructing nanowires does not require liquid processes, the use of solvents and protective agents is avoided, resulting in a greener process. Jiang et al. [62] reported the method of gas-phase annealing growth of nanowires on copper mesh, followed by M. Košiček et al. [63] supplementing the explanation of the growth mechanism of nanowires. As in Figure 7a, after the oxide on the surface of copper material is removed, a Cu-Cu2O-CuO composite structure is formed by heating with oxygen. The special growth mechanism of CuO NW is attributed to the equiaxed nucleus formed on the copper surface, which is formed by the initial twinned CuO grains. Through electron microscopy characterization and simulation calculations, it was found that the twinning at the top has a catalytic effect, leading to the rapid oxidation of adjacent Cu and the formation of a mass transfer channel through an oxygen concentration gradient (Figure 7b).



Using this simple route to generate nanowires, Wang et al. [64] further reduced and oxidized the nanostructures generated, and prepared Cu2O nanocones at the Cu foam base (Figure 8a). Pure CuO nanowires have poor catalytic activity for ozone decomposition reactions, but after constructing Cu2O nanocones, this Cu composite structure exhibits high activity, making it suitable as a practical catalyst (Figure 8b). Guan et al. [65] further modified the copper mesh and constructed Cu2O nanocones on the surface, then applied it to the nonwoven cloth (Figure 8c). The cost of modified copper mesh is lower than that of foam metal, which helps to remove ozone in daily applications, expanding the application of ozone decomposition catalysts from fixed (indoor or enclosed spaces) to mobile scenarios. In contrast, the use of copper foam requires loading in the tubular catalytic device to form an integrated catalyst, whether it is a wet redox process or a gas-phase redox process [66] (Figure 8d).




4. Copper-Based Catalyst for Water Treatment


A Cu2O-CuxO catalyst has an important application in ozone wastewater treatment technology. Ozonation treatment of wastewater is an important part of current environmental engineering [67,68]. Its basic principle is to use the strong oxidation of ozone to oxidize the organic matter in wastewater, to greatly reduce its harm [69,70]. Ozone is a potent oxidizer, with an oxidation capability significantly greater than that of chlorine and chlorine dioxide [71]. Some developed countries have already applied oxidation technologies such as ozone to wastewater treatment, thereby ensuring better water quality. Currently, the ozonation process primarily encompasses two main aspects: one is direct ozonation reactions, and the other is indirect catalytic reactions [72,73].



In the direct ozonation reaction process, two main methods are employed: the dipole addition reaction and the electrophilic substitution reaction [74]. The primary reason for the dipole addition reaction is that ozone possesses a dipole structure; thus, during the reaction process, it undergoes an addition reaction with organic compounds containing unsaturated bonds, achieving the desired objective [75]. The electrophilic substitution reaction primarily occurs between aromatic compounds with electron-withdrawing groups and ozone, making them less susceptible to a reaction [76]. Therefore, when these reactions occur, they exhibit a certain selectivity. Typically, the direct oxidation of organic compounds by ozone is best achieved under acidic conditions. Although the reaction is slow, it possesses excellent selectivity, and the oxidation products are also organic acids. They are difficult to further oxidize, and the response speed of each organic compound varies significantly. Despite its strong oxidizing nature, ozone is challenging to remove from wastewater due to its high selectivity. With the continuous advancement in science and technology, research in this area is increasing, and ozone water treatment is continually being improved [77]. Currently, the objective of the degradation of organic compounds is achieved through homogeneous catalysis and heterogeneous catalysis using ozone. The indirect catalytic reaction primarily involves the oxidation of various compounds by free radicals generated either directly or through triggering, propagation, and termination reactions [78]. Each reaction generates distinct free radicals. The reaction between free radicals and organic compounds in water is rapid and occurs without selection, with the hydroxyl radical being the key component [79]. The hydroxyl radical is the most common oxidant, and its oxidation potential is only lower than that of chlorine. Its advantage is its swift reactivity with organic compounds, which does not require selection. It readily reacts with organic compounds at various positions in the gas phase, producing easily oxidizable intermediates [80].



Feng et al. [81] built a CuxO/Fe2O3 core–shell nanotube composite structure on the surface of foam copper, which made use of the synergistic effect of CuxO and Fe2O3 to form a large number of Lewis acid sites with moderate acidity at the CuxO/Fe2O3 interface. This structure can produce a large number of hydroxyl radicals and superoxide radicals in a neutral solution to oxidize pollutants such as methyl orange. K. Wantala et al. [82] in situ-doped Cu+/Cu2+ in octahedral molecular sieves (K-OMSs) to construct active sites, which can greatly enhance the catalytic ozonation performance and degrade reactive red 120.



The reason why ozonation treatment of wastewater is classified as the application of ozone decomposition catalysts is essentially because the role played by the Cu catalyst in the process is to catalyze the decomposition of O3. During the process, active hydroxyl radicals and active superoxide radicals are produced as intermediate products, which are more oxidizing than ozone and can more efficiently oxidize total organic carbon in wastewater.




5. Comparison of Copper-Based Catalytic Materials with Other Semiconductor Oxides


Copper-based materials are much cheaper than precious metals in terms of cost but still have higher costs compared to iron oxides and manganese oxides. However, according to literature reports, the catalytic performance of copper-based catalytic materials for ozone is at a relatively high level (as shown in Table 1), which may compensate for their high-cost disadvantage. The integrated catalyst prepared on the substrate of copper-based material has a performance advantage (as shown in Table 2), which is due to its convenient in situ growth of nanowires.




6. Conclusions


In the field of ozone catalytic decomposition, copper-based catalysts have superior catalytic activity and are suitable for use under common harsh working conditions. The current research has optimized the design of copper-based materials from the perspectives of morphology, semiconductor properties, and heterostructure, and developed integrated catalytic devices using the inherent characteristics of copper materials. However, further research and improvement are still needed in the following areas:




	
Although the cost of copper-based material is lower than that of precious metal catalysts and meets the demand for substitution, its cost needs to be further reduced, such as using lower-cost activated carbon and copper oxide in combination to reduce its usage cost.



	
Under high-humidity and corrosive conditions, all transition metal oxide catalysts, including cuprous oxide, need to improve their stability.



	
The performance of a copper powder catalyst is excellent, but the catalytic performance of more practical Cu–monolithic catalysts still needs to be further improved.
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Figure 1. Schema of ozone decomposition on the surface of a Cu catalyst. 
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Figure 2. SEM images, TEM images, and SAED patterns of the Cu2O crystals synthesized with various morphologies; (a1–a3) cube, (b1–b3) octahedral, and (c1–c3) truncated octahedral (insets are corresponding TEM images). (d) The ozone conversion of c-Cu2O as a function of time over c-Cu2O catalysts with different sizes at 25 °C, (e) moisture resistance test of cube—40 nm at 25 °C and RH 80%, (f) stability test of cube—40 nm at 25 °C (ozone inlet concentration: 200 ppm, SV: 60,000 mL g−1 h−1), and (g) ozone conversion as a function of time over cube—40 nm at 0 °C for 200 ppm ozone and at 25 °C for 770 ppm ozone (reproduced with permission from Royal Society of Chemistry. Copyright 2017, [41]). 
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Figure 3. (a) A schematic of the Cu2O formation process under different molar ratios of CuSO4 and NaOH; (b) schematics of the highly porous Cu2O catalyst synthesis process (reproduced with permission from Royal Society of Chemistry, copyright 2020 [42] and MDPI copyright 2021 [43]). 
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Figure 4. (a) Schematic of synthesis of Cu2O, traditional method, and method in this work; (b) annealing preparation of Cu2O/CuO heterostructures; (c) mechanism of oxygen vacancies and defects in Cu2O/CuO heterostructure; (d) accelerating effect of Schottky junction for surface ozone decomposition reaction (reproduced with permission from copyright 2022, American Chemical Society [50] and Elsevier, copyright 2022 [51]). 
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Figure 5. (a–d) Scanning electron microscope (SEM) images of doped Cu2O; (e) transmission electron microscope (TEM) and high-resolution transmission electron microscope (HRTEM) images of Cu2O; (f) XRD patterns of pristine and doped Cu2O samples. Inset: high-resolution XRD patterns. (g) The SEM image recorded for the sample obtained after 15 min; (h) the SEM, TEM images recorded for the sample obtained after 1 h; (i) the XRD patterns recorded for the samples obtained after different reaction times. (j,k) SEM and TEM of Cu2O/rGO composite material; (l) Cu 2p XP spectra of Cu2O and Cu2O/rGO composite materials, the red circle is an enlarged view of graphene composite structure. (reproduced with permission from Royal Society of Chemistry copyright 2018 [53] and copyright 2020 [54]). 






Figure 5. (a–d) Scanning electron microscope (SEM) images of doped Cu2O; (e) transmission electron microscope (TEM) and high-resolution transmission electron microscope (HRTEM) images of Cu2O; (f) XRD patterns of pristine and doped Cu2O samples. Inset: high-resolution XRD patterns. (g) The SEM image recorded for the sample obtained after 15 min; (h) the SEM, TEM images recorded for the sample obtained after 1 h; (i) the XRD patterns recorded for the samples obtained after different reaction times. (j,k) SEM and TEM of Cu2O/rGO composite material; (l) Cu 2p XP spectra of Cu2O and Cu2O/rGO composite materials, the red circle is an enlarged view of graphene composite structure. (reproduced with permission from Royal Society of Chemistry copyright 2018 [53] and copyright 2020 [54]).
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Figure 6. (a) Kirkendall effect process: The copper atom is transferred to the surface through mass transfer channels, forming a Cu2S hollow structure, the arrow shows the direction of material transfer. (b) A TEM image of Cu2S from the Cu2O spherical template, (c) TEM image of Cu2S from the Cu2O cubic template, and (d) TEM image of Cu2S from the Cu2O porous template (reproduced with permission from MDPI copyright 2023 [56]). 
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Figure 7. (a) Mechanism of CuO and Cu2O growth after thermal oxidation of copper; (b) mechanism of radial motion of copper atoms and process of forming nanowires. Blue spheres represent copper atoms, and red spheres represent oxygen atoms (reproduced with permission from the American Chemical Society, copyright 2022 [63]). 
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Figure 8. Schematics of (a) copper-based monolithic catalyst oxidized sample and reduced sample; (b) Cu2O-coated Al honeycomb integrated catalytic module; (c) Cu-Cu2O-modified Cu mechanism and application of it to nonwoven cloth; (d) nanowire-loaded Cu foam monolithic catalyst in a typical application scenario (reproduced with permission from American Chemical Society, copyright 2022 [64], Royal Society of Chemistry, copyright 2020 [65], and American Chemical Society, copyright 2023 [66]). 
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Table 1. Comparison of copper-based powder catalytic materials for ozone decomposition.
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	Catalyst
	O3

Conc.

(ppm)
	GHSV

(h−1)
	RH (%)
	O3

(%)
	Rate (μmol/g min−1)
	Ref.





	Ag-MnOx
	40
	840,000
	65
	81
	20.25
	[83]



	Mn3O4 CNTs
	50
	1,200,000
	50
	70
	31.25
	[22]



	Ce-MnO2
	110–120
	1,200,000
	dry
	98
	99.60
	[84]



	FeO-M2LFh
	600
	1,500,000
	dry
	95
	636.16
	[85]



	Cu2Ocube-40
	770
	60,000
	dry
	100
	300.59
	[41]



	Cu2Oultra-fine
	3000
	240,000
	90
	95
	111.6
	[42]



	Cu2O/rGO
	20
	60,000
	90
	96
	7.87
	[53]



	Cu2O-Mg
	3000
	240,000
	90
	99.97
	32.0
	[52]



	Cu2O-CuO-Cu(OH)2
	20
	240,000
	90
	82
	6.67
	[55]



	Cu/Cu2O
	800
	1,920,000
	dry
	89.5
	1022.85
	[50]



	Cu2O/CuO
	1000 ± 50
	1,920,000
	90
	55
	785.71
	[51]



	Cu2S
	400
	480,000
	90
	85
	254.7
	[56]










 





Table 2. Comparison of monolithic ozone decomposition catalysts.
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	Catalyst
	Substrate
	O3

Conc.

(ppm)
	GHSV

(h−1)
	RH (%)
	O3

Conv.

(%)
	Ref.





	Ni-MnOx
	diatomite
	16
	25,000
	1
	80
	[86]



	Mn
	TiO2
	21
	82,000
	60
	83
	[87]



	NiO/Mn3O4
	cordierite
	50
	20,000
	50
	98
	[88]



	Mn-Co
	Al mesh
	400
	2000
	dry
	100
	[89]



	Cu2O
	Cu foam
	20
	12,500
	90
	80
	[64]



	CuO-Cu2O
	Cu mesh
	0.3
	140,000
	45
	100
	[65]
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