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Abstract

:

Recently, nanostructured copper oxides formed via anodizing have been intensively researched due to their potential catalytic applications in emerging issues. The anodic Cu2O and CuO nanowires or nanoneedles are attractive photo- and electrocatalysts since they show wide array of desired electronic and morphological features, such as highly-developed surface area. In CO2 electrochemical reduction reaction (CO2RR) copper and copper-based nanostructures indicate unique adsorption properties to crucial reaction intermediates. Furthermore, anodized copper-based materials enable formation of C2+ hydrocarbons and alcohols with enhanced selectivity. Moreover, anodic copper oxides provide outstanding turnover frequencies in electrochemical methanol oxidation at lowered overpotentials. Therefore, they can be considered as precious metals electrodes substituents in direct methanol fuel cells. Additionally, due to the presence of Cu(III)/Cu(II) redox couple, these materials find application as electrodes for non-enzymatic glucose sensors. In photoelectrochemistry, Cu2O-CuO heterostructures of anodic copper oxides with highly-developed surface area are attractive for water splitting. All the above-mentioned aspects of anodic copper oxides derived catalysts with state-of-the-art background have been reviewed within this paper.
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1. Introduction


Anodic oxides are well-known for their applications in metals corrosion protection. Compact, adherent and hard oxide coatings prevent majority of aluminum alloys items and devices from the degradation [1,2,3]. This approach is widely applied in industry—for example: bodywork of aircrafts, aluminum alloys turbine blades, and smartphones are anodized.



A certain milestone in the field of anodizing has been reported by Masuda and Fukuda in 1995 [4]. It had been noticed earlier that the anodic oxide on aluminum is nanoporous [5], however Masuda and Fukuda have experimentally proven that the arrangement of the nanopores can be significantly improved. They have reported a two-step anodizing that leads to the formation of hexagonally arranged, honey-comb like nanostructures [4]. Since this breakthrough, tremendous progress in anodic alumina template-assisted nanofabrication of nanowires, nanotubes and nanodots has taken place [6].



Achievements in nanostructuring of alumina via anodizing encouraged scientists world-wide to research anodizing of other metals. Many metals have been anodized, leading to the progresses in: superhydrophobic and superhydrophillic surfaces (mainly Al [7,8,9]), nanofabrication (mainly Al [6,10,11,12]), improved performance of biomaterials (mainly Al [13,14] Ti [15]), drug releasing platforms (mainly Ti [16,17]), lab-on-chips (mainly Al [18]), optical and electrochemical sensors (mainly photonic crystals made on Al [19,20,21], and nanostructures formed via anodic alumina template-assisted nanofabrication [22]), photonic and luminescent materials (mainly Al [19,20,21] and Ti [23]), heat transport (mainly nanostructures formed using anodic Al2O3 [12] and anodic alumina itself [24,25]), photocatalytic and photoelectrochemical reactions (i.e., Al [11], Ti [26,27,28], Fe [28], Zr [28,29], Cu [30,31] and W [32,33]), surface enhanced Raman spectroscopy (i.e., Zr [34], Ti [35], Al [36]), dye sensitized solar cells (mainly Ti [37,38]) and structural color generation (mainly Al [19,20,21,39,40]).



The majority of the anodic oxides have a few common features:




	
Fixed stoichiometry (despite some minor fluctuations of the composition associated with the anions incorporation);



	
Amorphous crystal structure, however, in particular cases, anodic ZrO2 [41,42], and FeAl2O4 [43,44] were reported to be crystalline (when as-anodized samples were examined);



	
Consist of nanopores or nanotubes (except ZnO which is made of nanorods [45]).








Therefore, anodic oxides grown on copper seem to be unique due to the following features:




	
Have developed surface area due to their morphology, i.e., nanowires, nanoneedles or nanorods [46];



	
Their stoichiometry is not fixed: Cu2O, CuO, and Cu(OH)2 co-exist in as-obtained samples [46];



	
In as-anodized samples crystalline phases: cuprite (Cu2O) and tenorite (CuO) are present [46].








Therefore, these unique features, combined with high surface area, make copper anodizing interesting for both: fundamental research and their applications, especially in catalysis, due to the developed surface area and properties of Cu2O and CuO.




2. Anodic Copper Oxides—Unique Features and Applications


2.1. Morphology and Composition of Nanostructures Grown by Copper Anodizing


In electrochemical fabrication of the nanostructured copper oxides, two major approaches can be distinguished [46]:




	
Passivation of copper using potentiostat/galvanostat;



	
Anodization of copper employing standard 2-electrode system.








Using potentiostat one can easily find an optimal electrolyte for a given system (from Pourbaix diagram) [47] and determine appropriate potential range from polarization experiment (passivity range) [48]. On the other hand, two-electrode approach allows to scale-up easily anodizing procedure and is much more promising for large scale applications.



The potentiostat-based approach allows formation of: nanoneedles (1.0 M NaOH, −200 mV vs. Ag|AgCl—see Figure 1a [49], 1.0 M KOH, −200 mV vs. Ag|AgCl, RT, 1 h [50], 0.5–4.0 M KOH, 0.5–4.0 mA cm–2, 5–25 °C, 5–40 min [51], 0.5 M KOH, Linear Stripping Voltammetry (LSV) at scan rate ranging from 10 mV s–1 to 30 mV s–1 [52], 2.0 M KOH, 1.5 mA cm–2 [53], 2.0–3.5 M KOH, 1.5 mA cm–2 at temperature up to 28 °C [54]), nanotubes (2.5 M KOH, 1.5 mA cm–2 at temperature up to 28 °C [54]), nanoparticles (3.5 M KOH, 1.5 mA cm–2 at 28 °C [54]) and dendrite crystals (1.0 M NaOH, linear scan with 40 mV s–1 rate since –1.6 V up to 0.4 V vs. SCE [55]). Using potentiostat, we have also recently explored passivation regimes in electrolytes with lower pH, like 0.1 M NH4HCO3 (Figure 1b; unpublished research).



Much greater diversity of morphology is reported when a standard, two-electrode system is applied for copper anodizing. For example, Allam and Grimes [56] reported in their study, formation of cross-linked needle/ribbon nanoarchitectures (solution of KOH at pH = 11, 10 V), dendrites (0.2 M KOH + 0.1 M NH4Cl, 6 V, 300 s), nanopores (0.15 M KOH + 0.1 M NH4F, 6 V, 300 s), and leaf-like structures (0.15 M KOH + 0.1 M NH4F + 3% H2O in ethylene glycol, 30 V, 300 s). Copper anodizing in NaOH in two-electrode system allows formation of nanoneedles (1.0 M NaOH, 6 mA cm–2, 5 min, 25 °C) [57]. Moreover, what is in-line in Allam and Grimes findings [56], modification of the anodizing electrolyte has a significant impact on the oxides’ morphology: addition of chlorides allows formation of chrysanthemum-like nanostructures (4 g L–1 NaOH + 1200 g L–1 NaCl, 0.2 mA cm–2) [58], while anodization in ethylene glycol (EG) based, fluoride rich electrolyte allows formation of nanoporous oxide (EG based electrolytes containing: 0.1–0.5 M KOH, 1 vol% H2O, up to 0.1 wt% NH4F; 20 V, 5 °C, 15 min) [59].



In the case of copper, there are still numerous unexplored regimes of anodizing that lead to new nanostructures formation. Recently, copper anodizing in aqueous solution of salts with alkaline hydrolysis, namely in 0.1 M Na2CO3 (Figure 2a–c; 3–31 V, 1 h, 20 °C [60]) and 0.1 M K2CO3 (Figure 2d–f; 5–50 V, 1 h, 10 °C [61]) allowed formation of nanorods and nanowires, respectively.



The varied morphologies with detailed experimental procedures have been collated in review paper [46] and book chapter [62].



Variety of the morphologies of the anodic nanostructures formed on copper results from much more complex mechanism of growth, when compared to the other nanostructured anodic oxides. It is generally accepted that the nanostructured anodic oxides grow as an effect of two driving forces: oxidation of metal, forming passive/anodic layer and field-assisted etching. In the case of copper, re-deposition of Cu2+ species is also involved [63]. Namely, during copper passivation/anodizing in alkaline media, water soluble copper species like Cu(OH)42− are formed as an effect of metallic copper oxidation and alkaline environment [52]. However, during anodizing, there is a local pH drop on the surface of the anode, caused by oxidation of hydroxyl anions (1):


2OH− → H2O + ½ O2 + 2e‒



(1)







It means that locally, at the anode, above mentioned water soluble species precipitate, forming Cu(OH)2, according to the pH shift (2):


Cu(OH)42− → Cu(OH)2 + 2OH−



(2)







Overall, phenomena at the anode can be considered according to the following reaction (3):


Cu(OH)42− → Cu(OH)2 + H2O + ½ O2 + 2e−



(3)







It means, that re-deposited copper (II) hydroxide precipitates, and subsequently participates in the formation of the nanostructures. Of course, Cu(OH)2 can decompose into CuO and H2O, increasing the amount of the obtained cupric oxide. This phenomenon makes formation of anodic copper oxides unique, from the mechanistic point of view.



What is interesting, when the redeposition is blocked, totally different morphology of the formed materials is obtained [63]. For example, when ethylenediaminetetraacetic acid (EDTA) is added into the electrolyte, re-deposition of copper is halted due to the chelate effect (4) [63]:


Cu(OH)42− + EDTA4− → Cu(EDTA)2− + 4OH−



(4)




and different morphology of the anodizing product is obtained. For example, when copper is anodized in 0.01 M KHCO3 nanorods are formed in wide range of applied voltage [63]. When anodizing is performed in an electrolyte containing 0.01 M KHCO3 and 10−3 M EDTA, nanoparticles are formed and in an extreme situation, when electrolyte composed of 0.01 M KHCO3 and 0.01 M EDTA at 10 V nanopores are formed. Therefore, for the same base electrolyte and same voltage, depending on the concentration of EDTA, as redeposition hindering agent, various morphologies are obtained. What is even more interesting and in line with the assumptions, the more the EDTA in the electrolyte the less CuO is present in the formed oxide layer (confirmed by Raman Spectroscopy) when compared to Cu2O and the less crystalline tenorite (CuO) when compared to cuprite (Cu2O) (confirmed by X-ray Diffraction) [63]. It means that redeposition during copper anodizing is also a supplementary source of the Cu2+ species in the anodically formed nanostructures.



X-ray Photoelectron Spectroscopy (XPS) studies clearly reveal that the nanostructures formed by anodic oxidation of copper consist of Cu2O, CuO, and sometimes Cu(OH)2 which was repeatedly confirmed by deconvolution of binding energies peaks for Cu2p3/2, Cu2p1/2, and O1s orbitals [62]. Carbonates [60] and fluorides [59] from the electrolytes were also found to be incorporated into the anodically grown nanostructures. This is analogous to the anions incorporation into anodic aluminum oxide [64,65]. Furthermore, X-ray diffraction (XRD) experiments reveal that the formed nanostructures are made of two major crystal phases: monoclinic tenorite (CuO) and cubic cuprite (Cu2O) [62]. Simultaneously, for results where XPS show presence of Cu(OH)2 no reflections from crystalline Cu(OH)2 is found that means that the formed Cu(OH)2 is amorphous.



Nevertheless, composition of the nanostructures formed by copper anodizing can be tuned. For certain applications, materials composed of only Cu2O or CuO are demanded. Moreover, in many cases crystallinity of the nanostructures is a highly desired feature. The simplest way to achieve crystallinity of as-obtained nanostructures is post-annealing. It leads to thermal decomposition of Cu(OH)2 into CuO and H2O that evaporates (temperature range 250–400 °C is usually applied for this purpose) and crystallization of tenorite and cuprite, which is confirmed by intensity increase of corresponding reflections in XRD patterns [62,66,67]. When the annealing was conducted in the furnace under air atmosphere, oxidation of Cu2O into CuO also occurred [62,66].



Another way to increase the oxidation state of copper in the nanostructured anodic oxides is chemical oxidation. Arurault et al. reported that immersion of as-anodized samples in a solution containing 3 wt% of NaOH and 3 wt% KMnO4 (4 min at 50 °C, followed by drying at 90 °C for 15 min) allowed to obtain surface coating composed mainly of CuO with traces of Cu3O2 [68].



On the other hand, reduction of Cu(II) to Cu(I) on anodic copper oxides was also studied. Zhang et al. [30] reported three various routes for anodic copper oxides chemical reduction into Cu2O. One of them is reduction of Cu2+ species via decomposition of hydrogen peroxide (5):


2Cu(OH)2 + H2O2 → Cu2O + O2↑ + 3H2O



(5)







Annealing of as-obtained anodic copper oxides in hydrogen atmosphere at 280 °C also results in Cu2+ species reduction (6):


2Cu(OH)2 + H2 → Cu2O + 3H2O



(6)







Another, much more facile method is reduction of copper (II) hydroxide by glucose (7):


2Cu(OH)2 + CH2OH-(CHOH)4-CHO → Cu2O + CH2OH-(CHOH)4-CHOOH + 2H2O



(7)







Therefore, anodization and passivation of copper result in variety of morphologies. Moreover, their post-synthesis treatment enables formation of nanostructures with desired chemical composition, tailored for certain applications.




2.2. Applications of Electrochemically Grown Copper Oxides


One of the most conventional applications of anodic oxides is corrosion protection. Despite the fact that copper is a semi-noble metal, it still may undergo corrosion—especially crevice and pitting corrosion might be dangerous for this metal. Mahmood et al. reported formation of oxide “grain” on copper (diameter ranging from 25 to 68 nm) that slowed down corrosion in both neutral and alkaline environment [69]. In 3.5% NaCl aqueous solution corrosion rate decreased from 0.083 mm y−1 (copper without surface treatment) to 0.011 mm y−1 after anodizing. When 2 mg L−1 NH3 solution was applied as the electrolyte, the corrosion rate after anodizing was as small as 0.070 mmy−1. More sophisticated approach has been reported by Xiao et al. [51]. In their research, anodizing of copper resulted in the formation of oxide nanoneedles. Since nanoneedles can be strongly defected (oxygen vacancies provide polarity of the surface), they were coated with FAS-17 (2H,2H-perfluorodecyltriethoxysilane). After the coating, a lotus-leaf effect was observed—the treated surface gained hydrophobicity and the wetting contact angle was equal 169°. As prepared hydrophobic surfaces were examined for corrosion protection–polarization curves were approximated using Tafel’s equation and charge transfer resistance was obtained via Electrochemical Impedance Spectroscopy (EIS). The conducted research revealed that after 1 day of immersion in 3.5% NaCl the anodized and FAS-17 coated samples have corrosion potential as small as −124 mV vs. Ag|AgCl|3 M KCl, while as-anodized samples had corrosion potential equal −121 mV vs. Ag|AgCl|3 M KCl (not-treated reference sample had corrosion potential equal −254 mV vs. Ag|AgCl|3 M KCl). What is more impressive, corrosion current density analysis showed that the treatment significantly slowed down the corrosion rate. Namely, anodized and FAS-17-coated samples had corrosion current density as low as 0.66 μA cm−2 (what translates in corrosion rate equal 0.016 mm y−1). Simultaneously, not treated and as-anodized samples current densities were equal 19.58 and 9.11 μA cm−2, respectively (corrosion rate decreases from 0.44 to 0.21 mm y−1, respectively). Furthermore, EIS-derived charge transfer resistance (RCT) increased from 0.25 (not treated samples) to 2.47 kΩ (anodized and FAS-17 coated samples) vs. 0.44 kΩ for only anodized sample. The data show a synergistic effect of anodic coating protection and superhydrophobicity of the surface. The worse the contact between the electrolyte and the protected metal surface, the better the corrosion protection. Data acquired for samples immersed for 1 week in 3.5% NaCl revealed that the excellent performance of anodized and FAS-17 coated samples was maintained: corrosion potential equaled −134 mV vs. Ag|AgCl|3 M KCl, corrosion current density and corrosion rate equaled 0.99 μA cm−2 and 0.023 mmy−1 respectively, while RCT was equal 1.91 kΩ. It translates into still much better corrosion performance than for only-anodized samples (note that corrosion potential of only-anodized and anodized and FAS-17 coated samples were comparable and both were much more noble than for not-treated, reference sample).



Similar surface treatment procedure, anodizing and FAS-17 bonding, was applied by Jiang et al. in order to hinder scale formation on copper [57]. Generally, due to its great thermal condcutivity, copper is frequently used in heat exchange devices. In such systems, tap water is commonly applied as a cooling medium. Tap water contains Mg2+ and Ca2+ cations that precipitate as MgCO3 and CaCO3, forming scale that worsens performance of the device. The effect of copper anodizing and coating with FAS-17 on scale formation was researched using CaCO3. It was shown that the greater the contact angle (increased from 4.5 to 154° for water and from 0 to 133° for CH2I2 after anodizing and FAS-17 coating) the less CaCO3 crystallizes on the surface. The results reveal that, the surface functionalization can extend performance of a heat-exchanging device without a failure.



Another application arising from the surface morphology of anodically grown nanostructures on copper is formation of pH-switchable meshes [53]. What is very important, research reported in this paper shows that even very developed surface area of substrate leads to formation of uniform nanostructures. Anodizing in 2.0 M KOH allowed formation of high-aspect ratio nanoneedles. Afterwards, the nanoneedles were coated with gold via sputtering and then material was immersed for approx. 12 h in 1 mM ethanol solution of thiols, containing HS(CH2)9CH3 and HS(CH2)10COOH, what allowed chemical bonding of the compounds to the formed nanostructures. The permeation of the mesh was strictly related to the pH of the applied solution: at pH = 12 or greater, the contact angle was equal 8° and the mesh was permeable. In contrary, at lower pH, the contact angle equals 153° and the mesh is not permeable for water anymore. What is the most interesting, the response-time of the mesh is 3 s. Thus, it can be considered as a real-time pH-responsive surface.



Another application of nanostructures formed via electrochemical copper oxidation was reported by Ratyński et al. [70]. Authors anodized copper in 2.5 M NaOH at 3.0 mA cm−2 and subsequently annealed it at 80 °C. Obtained nanostructures served as cathodes in batteries, showing that CuOx nanostructures can easily compete with currently available technologies. Namely, the practical energy density for anodized copper oxide based cell equals 192 Wh kg−1 (mass includes current collector) versus 150 Wh kg−1 reported for alkaline zinc-manganese oxides and 155–230 Wh kg−1 for Li-MnO2 spirally wound cell. Self-discharge (“shelf-life”) of the anodic CuOx base cells is also relatively low, what is also crucial in energy storage: after 30 days of storage only 0.7 ± 0.5% of energy of the cells was lost. Wang et al. used similar procedure for batteries electrode formation [71]. In their experiment, after anodizing in 1.0 M KOH at 10 mA cm−2 for 10 min, the samples were also annealed at 185 °C for 1.5 h in order to convert all Cu(OH)2 into CuO. Authors used porous copper foam (macro-porous framework) as a starting material for anodizing and as an effect a 3D morphology with extremely developed surface area was obtained. It was found to be beneficial for the electrode performance. Authors have shown that after 100 charge-discharge cycles the Coloumbic efficiency of the cells remained at 50% for CuOx 3D morphology obtained by foam anodizing while for anodized copper foil it dropped to ca. 13%. Moreover, when compared to other copper-based cells, anodization of copper foam appears to be the most promising approach for energy storage applications: comparison to other techniques shows that for the reported approach material capacity after 100 charge-discharge cycles remained at the level of 510 mA g−1, for nanospheres it reached 500 mA g−1 (after 40 cycles), and found to be as low as 91 mA g−1 for hollow nanospheres after 50 cycles. Therefore, formation of CuOx via anodizing is beneficial due to its composition (high practical energy density, long shelf-life [70]) and morphology (anodization of Cu-foam [71]) for energy storage applications and has large commercialization potential.



Qin et al. reported research in which Cu40Zr50Ag10 metallic glass obtained by spin melting was firstly dealloyed in HF (in order to remove Zr) and subsequently anodized (0.5 M KOH, 10 mA cm−2, 5–7 min) and calcinated (200 °C, 2 h) [72]. Formed nanowires (25–35 nm in diameter) were composed of CuOx decorated with Ag nanoparticles (12–13 nm in diameter). Furthermore, the impact of the fabricated nanostructures on bacterial cells culturing was investigated: after 12 h of E. coli incubation 3–4 colonies were found (depending on anodizing time), while for the blank control sample, 311 bacterial colonies were found to be present. The antibacterial performance of the material is attributed mainly to the presence of Ag nanoparticles.



Arurault et al. reported formation of anodic oxide layer on copper via anodizing in an electrolyte containing 10 wt% NaOH and 5 wt% NaClO2 (60°, 15 min) [68]. The anodizing was followed by chemical oxidation in a mixture containing 3 wt% NaOH and 3 wt% KMnO4 (50 °C for 4 min followed by drying at 90 °C for 15 min). As previously mentioned, due to the chemical oxidation, except CuO, metastable Cu3O2 was also found in the formed oxide coating, as formed black coatings served as light absorbers [68]. Typically, light absorbers with satisfactory properties (i.e., absorptivity at the level of α = 0.94, emissivity at the level of ε = 0.14) used to be based on hazardous chemicals, including Cr(VI) species and were not stabile above 200 °C. Approach based on copper anodizing allowed to form absorptive, black coatings on copper without use of environmentally hazardous chromates. Additionally, the satisfactory performance of the film was maintained even above 200 °C: at 220 °C in both vacuum and under air atmosphere, the absorptivity was as high as α = 0.96.



To sum up, on the one hand, anodic copper oxides nanoneedles and nanowires were found to be beneficial in applications, where highly developed surface area is demanded. On the other hand, chemical composition enables opportunities in application of the anodic copper oxides where properties of CuO and Cu2O might bring contribution. What is worth noting, CuO and Cu2O are semiconductors with band gap ranging from 1.2 to 2.16 eV (p-type semiconductor) and 2.1 to 3.8 eV respectively [73,74]. It means that both compounds have band gaps in the visible light range and are attractive for photocatalytic applications.



Therefore, highly-developed surface area, attributed to the nanostructured morphology and properties of anodic copper oxides, resulting from chemical composition, prerequisite the anodic copper oxides for applications in catalysis, especially when they can contribute in emerging issues, like renewable energy harvesting and greenhouse gases reduction. The major goal of this review is state-of-the-art literature analysis focusing on nanostructured anodic copper oxides application in electrochemical and photoelectrochemical reactions, exploring potential solutions nowadays to such issues like carbon dioxide reduction reaction or photoelectrochemical water splitting.





3. Electrochemical CO2 Reduction Reaction


Since the preindustrial age, humanity has been constantly affecting natural environment by releasing enormous amount of CO2 to atmosphere. Concentration of this greenhouse gas has doubled since the 1800s, mainly due to the fact that combustion of fossil fuels has been our main energy source [75,76]. Increased accumulation of atmospheric CO2 is a major anthropogenic origin of today’s global warming [77]. In order to hinder the climate change and maintain relatively sustainable temperature increase, net CO2 emission needs to be decreased to zero by 2050 [78]. Beside limiting fossil fuels usage, this goal can be achieved by recycling of the CO2 that is being released in i.e., coal, petrol, and natural gas incineration. In this light, carbon cycle could be closed by CO2 reconversion into value-added fuels and chemicals. This approach would enable sustainable energy recovery and inhibit progressive trend of climate change.



One of the prominent strategies for transforming this greenhouse gas into value-added products is CO2 electroreduction reaction (CO2RR). Carbon atom in CO2 is at its highest oxidation state which needs to be reduced by electrons intake in order to convert this molecule into more energetic form. To overcome thermodynamic limitations associated with the process, CO2 reduction is conducted in electrocatalytic cell, where cathode act as electrocatalyst for CO2RR. Hence, in such a configuration, cathodic CO2 reduction (8) competes with hydrogen evolution reaction (HER) (9).


xCO2 + nH+ + ne− → product + yH2O



(8)






2H+ + 2e− → 2H2



(9)







Electrons and protons consumed in the cathodic process are produced in oxygen evolution reaction (OER) that proceeds on anode (10):


2H2O → O2 + 4H+ + 4e−



(10)







Nonetheless, mechanism of electrochemical CO2RR is a complicated matter since CO2 hydrogenation occurs via multiple steps yielding variety of possible products. Additionally, mechanism and possible reaction pathways of CO2RR are highly dependent on catalyst specification and reaction conditions, such as electrolyte, pH and applied potential. CO2 molecule can be converted into CO, hydrocarbons and oxygenates through reduction by intaking two, four, six, or even eighteen electrons when reaction leads to propanol formation (Table 1). However, independently of the final outcome, first step of the reaction relies on one electron CO2 activation which results in formation of unstable CO2− radical [79]. Activated molecule may adsorb on catalyst surface, undergo protonation or react with other species or reaction intermediates. In heterogenous catalysis, surface process occurs via three main steps: substrates adsorption, surface reaction and products desorption. During CO2RR to C1 compounds, activated CO2 molecule adsorbed on catalyst surface undergoes transformation into *CO (C-O cleavage) followed by protonation to form C-H bonds and eventual desorption after atoms rearrangement. When reaction yields C2+ products CO2RR mechanism becomes more complicated due to additional C-C bond formation associated with increased number of electrons and protons taking part in the conversion of CO2. Reaction pathway through carbon-carbon coupling is a debatable topic and various mechanistic explanations were reported, such as C-C formation via *CO dimerization [80] and protonated *CHOCO intermediate [81].



The only pure metal that enables C2+ products formation in CO2RR is copper. In 1985, Hori et al. [82] reported their pioneering work on product distribution of constant-current CO2 electrolysis with various polycrystalline metal electrodes. This initiated a series of experimental investigations performed to unveil selectivity of pure metal electrodes in electrochemical CO2RR [83,84].



According to those findings, tested metals can be divided into four groups on the basis of their affinity to different products during 1 h CO2RR in 0.5 M KHCO3 electrolyte and at constant current density (geometric) of −25.0 mA cm−2. The first group of metals converts CO2 mainly into formate (i.e., Pb, In, Sn), the second produces mainly CO (i.e., Pd, Au, Ag) and the third favors HER (i.e., Ni, Fe and Pt). Finally, copper was featured as a separate class due to its unique ability to produce C2+ hydrocarbons and alcohols in conducted tests. Various selectivity of transition metals to reduce CO2 results from differences in their binding energy to crucial intermediates of CO2RR and HER, such as *CO and *H (Figure 3).



The unique properties of copper may be explained by the fact that it is the only pure metal that indicates moderately negative adsorption energy for *CO and slightly positive adsorption energy for *H. Therefore, copper surface favors adsorption of *CO leading to higher probability of CO2RR over HER. Additionally, Cu moderate adsorption energy for *CO appears to be sufficient to enable its activation for further reduction and subsequently support C-C coupling (Sabatier principle) [86,87]. Other transition metals bind *CO whether too strongly or too weakly to activate the molecule for further transformation towards C2+ products. Considering exceptional properties of copper in electrocatalytic CO2 reduction, development of new Cu-based catalyst seems to be a promising strategy to turn excessively emitted CO2 into liquid fuels and feedstock chemicals.



Despite those exceptional properties of copper in reducing CO2, catalysts based on this metal can be further modified in order to improve its catalytic performance in CO2RR. Copper electrodes that are derived from oxidized metal are an example of such optimization. Family of oxide-derived copper (OD-Cu) catalysts is gaining more and more attention since it shows significantly higher affinity towards C2+ products when compared to bare copper [88]. OD-Cu materials are made in two steps: (i) copper oxidation performed prior to the electrocatalytic reaction and (ii) subsequent reduction of oxidized surface layer during CO2RR. Oxidation phase leads to formation of nanostructured oxide layer on copper surface which is reconverted into metallic form when inserted to reducing CO2RR media, leaving highly roughened copper surface. This redox cycle introduces numerous changes to catalyst morphology enhancing copper catalytic ability to selectively transform CO2 into C2+ products [89,90]. One of the most expected results obtained from the surface roughening via redox treatment is expansion of geometric, and consequently, electrochemically active surface area (ECSA). Oxidation of CO2RR intended copper electrodes yields various types of nanostructures depending on method, process conditions and oxidizing agents. As it was reported, nanowires (NW) [91,92], nanoneedles (NN) [93], nanocrystals (NC) [94,95], and nanoparticles (NP) [96,97] of copper oxides and/or hydroxides can be produced during OD-Cu catalyst preparation. Gao et al. [98] reported ECSA of O2–plasma oxidized Cu that was 44 times larger than parent Cu flat foil after 1 h of CO2RR. Roughened material with high ECSA showed enhanced catalytic performance in the investigated system. However, in spite of intuitive implication that higher ECSA of rough OD-Cu leads to better reactivity, surface area and catalytic efficiency correlation requires deeper consideration [99]. In a consecutive oxidation/reduction processes, development of large surface area increases number of surface defects that can act as the active sites governing electrocatalytic surface reaction. Furthermore, active sites generated during redox OD-Cu synthesis are highly diverse and represent defects with different coordination. This lack of active sites’ homogeneity mirrors their different catalytic potential and ability to support given surface reaction [100]. Therefore, while discussing surface-activity dependence in OD-Cu catalyzed CO2RR, both quantitative and qualitative analyses need to be performed.



The nature of copper active sites generated via surface modification in OD-Cu synthesis alters adsorption energies for CO2RR intermediates and consequently material selectivity. In general, active sites that indicate strong binding interaction with *CO favors C2 products formation, whereas weakly adsorbed CO groups are more likely to be converted into C1 product. Verdaguer-Casadevall et al. [101] investigated binding energies of CO on OD-Cu versus polycrystalline Cu. It was proposed that grain boundaries of OD surface show strong Cu-CO binding interactions and are the main active sites that facilitate C-C formation. Therefore, application of OD-Cu catalysts with grain boundaries-rich surfaces could accelerate CO dimerization, a rate-limiting step of CO2 to C2 conversion [80]. Another study [102] shows various catalytic performance of different Cu2O facets and their separating boundaries/interfaces in OD-Cu catalyst. As reported, there was a synergistic effect in catalyst that possesses mixed (111) and (100) Cu2O. In this case, (100) facet was found to support C2H4 formation with 45% FE and (111) with 38% FE due to the difference in CO binding energy. Stronger interactions between CO and (100) was a reason for higher ethylene production. However, as provided by theoretical calculations, combined effect of both facets in OD-Cu increased FE for ethylene up to 59%. It was reasoned by the fact that facets boundaries are additional strong binding sites enhancing C-C formation (together with (100) facet), whereas neighboring (111) facet displayed weak Cu-C2H4 binding facilitating C2 product desorption. This finding was confirmed in literature [103] which also highlights facets effect on Cu catalyzed CO2RR. It was stated that Cu (100) supports C2 formation, Cu (111) favors C1 products, and Cu (110) enables generation of C2 and C3 oxygenates.



Another important feature introduced to OD-Cu based materials by redox modification is incorporation of different copper valances to catalyst surface. In their comparative studies, Xiao et al. [104] assumed three simulated models representing pure Cu (111) facet, pure Cu2O (111) and Cu embedded in oxidized matrix as CO2RR catalysts to study the influence of Cu+ on the process. As reported, mixed valances (Cu0/Cu+) catalyst displayed the lowest energy barrier (0.27 eV) for CO2 physisorption as an initial, CO2 activating phase of the reaction. On pure Cu0 and Cu+ surfaces the value was significantly higher and reached 0.49 eV and 0.56 eV, respectively. Superior CO2 physisorption on Cu0/Cu+ was explained by the additional stabilization of *CO2 species by water molecules adsorbed at Cu+ sites. Moreover, surface composed solely of Cu+ was found unstable during CO2RR leading to formation of C1 oxygenates which denies the statement that oxidized copper itself is behind great C2+ selectivity of OD-Cu. A similar conclusion was found for CO dimerization on modelled systems. Cu embedded Cu2O matrix showed the lowest energy barrier for this C2 formation rate-limiting step [105]. Carbon atoms in CO species adsorbed at Cu0 and Cu+ carry opposites charges, which facilitates their dimerization by mutual attracting interactions. This phenomenon decreased energy barrier for the process to 0.71 eV for mixed valance surface from 1.10 eV and 3.15 eV for pure metal and oxide phases, respectively. Furthermore, CO dimerization was found to be less energy demanding than CO protonation (C1 product formation mechanism) on Cu0/Cu+. Enhanced ability of Cu+ containing Cu catalysts to selectively convert CO2 into C2+ products was proven by many experimental research reports [106,107].



Besides strictly morphological aspects of OD-Cu catalysts, surface roughening achieved by oxidation-reduction cycle impacts CO2RR catalytic system by tuning the pH value near catalyst surface. The local pH effect over OD-Cu relies on higher consumption of protons due to remarkably larger surface area leading to increased concentration of OH– ions near roughened surface [108,109]. Well-developed surface area of modified catalysts increases initial efficiency of protonation processes: HER and CO2RR which generates pH gradient from solid-liquid interface to bulk. It was reported that pH values of CO2 saturated 0.1 M KHCO3 over OD-Cu can differ from 6.8 in bulk solution to 9.8 near to the surface (−1.8 V vs. SCE) [110] and from 6.8 to 10.8, respectively, as showed by theoretical studies [111]. Those changes in protons distribution affects pH-dependent processes. Therefore, high local pH value, on the one hand, suppresses HER evolution in time and, on the other hand, inhibits pH-dependent *CO protonation (C1 product formation mechanism) [112,113]. Since CO dimerization pathway is not pH-dependent, C2 product formation is not disturbed by the high local pH and consequently ethylene selectivity is enhanced over OD-Cu. This effect can be empowered by limited ion diffusion in highly roughened surfaces, such as densely packed nanowires. Ma et al. [114] reported that length and density of Cu NW formed in Cu redox modification altered ion diffusion along with CO2RR selectivity to C2 products. Additionally, selectivity to ethylene was rising when the reaction was catalyzed by material with longer and denser NWs, hence, while ion mobility was hindered to a higher extent.



In the subject of OD-Cu electrocatalysts used in CO2RR, one characteristic of this material remains a debatable matter, namely the role of subsurface oxygen. Scientific literature provides proposed mechanisms for the influence of residual/subsurface oxygen on CO2RR intermediates adsorption, however, its stability in reductive conditions is frequently undermined [115]. Due to experiments and calculations conducted by Favaro et al. [116] presence of oxygen incorporated to Cu structure during oxidative pre-treatment impacts CO2 adsorption on Cu (111) surface. As reported, CO2 molecule can be adsorbed in two configurations: physisorbed linear CO2 and chemisorbed bent CO2, whereas, the molecule transfers from physisorbed to chemisorbed state in order to undergo further reduction. According to the theoretical simulations, both CO2 linear physisorption and its subsequent conversion into chemisorbed bent form was thermodynamically facilitated when system contained 1:4 O to Cu ratio. This result implies the significance of subsurface oxygen in initial CO2 activation. Eilert et al. [117] stated that the presence of subsurface oxygen alters CO2 adsorption due to its electronegative nature. By combining findings of theoretical simulation and experimental techniques it was proposed that oxygen incorporated into Cu subsurface lowers charge density at the catalyst surface by attracting electrons towards bulk of the material. As a result, δ-repulsion between approaching CO2 molecule and Cu surface are weakened. This consequently leads to stronger CO2 adsorption and increases population of *CO species. Copper catalyst surface densely covered by adsorbed CO was proven to favor CO dimerization mechanism that shifts CO2RR selectivity to C2 products.



Great catalytic performance of oxide-derived copper electrodes in transforming CO2 to C2+ products inspires researchers to constantly explore and develop new methods for OD-Cu synthesis. The plethora of protocols for redox copper modification can be categorized in accordance to oxidation process that Cu foil was subjected to. The most commonly used methods for forming oxide layer on copper surface are thermal oxidation [118,119], chemical oxidation [120], and electrodeposition [121,122]. In order to retrieve Cu metallic active sites oxidated nanostructures undergo subsequent partial or complete reduction. Kanan et al. [123] achieved thick Cu2O film by annealing copper foil at different temperature and tested the materials in CO2RR. It was found that thermal treatment at 130 °C did not cause significant changes in catalytic performance when compared to polycrystalline Cu. When annealing temperature was risen to 500 °C, 3 µm thick oxide film was formed on copper surface. This modification improved catalyst performance in CO2RR by achieving higher activity at lower overpotential. Generally, copper electrodes that underwent high-temperature treatment indicate significant enlargement of ECSA that is abundant with surface defects. Frequently, those features are highlighted as morphological changes behind high efficiency of CO2RR catalyzed by thermally oxidized copper. On the other hand, electrodeposition method leads to formation of OD-Cu catalyst with ECSA that is typically smaller than in thermally oxidized materials. It is due to formation of less roughened morphologies, such as nanoparticles and nanoprisms [124]. Nevertheless, despite relatively small ECSA, materials obtained in electrodeposition method were found to impactfully enhance C2 selectivity during CO2RR [125]. Another technique worth noting for OD-Cu preparation is O2-plasma oxidation of the metal substrate [126,127]. Plasma treatment appears to be a versatile method that enables controllable modification of copper surface in order to tune its reactivity and C2+ selectivity in the process. Mistry et al. [126] applied H2-plasma and O2-plasma approach to activate surface of polycrystalline Cu catalyst for CO2RR. It was reported that morphology of OD-Cu can be tuned by altering plasma power and exposure time. Furthermore, O2-plasma treatment resulted in incorporation of O atoms into subsurface Cu layers. Morphological changes and presence of subsurface oxygen led to significant C2+ selectivity enhancement for plasma-treated OD-Cu when compared to bare Cu foil. The ethylene faradaic efficiency obtained for CO2RR catalyzed by this material reached 60% at –0.9 V vs. RHE (~20% for Cu).



Oxide derived copper surface with highly developed surface area attained in controllable manner can be also achieved by anodic electrooxidation process. Growth of oxide/hydroxide layers on copper surface can be steered by tuning process variables, such as: electrolyte concentration and pH, temperature or applied potential. Xie et al. [58] reported CO2 reduction over electrooxidized copper catalyst. In their work, authors generated 3D-structured CuO nanoflowers (Figure 4a) via pulsed electrochemical oxidation in alkaline environment. Electropolished copper foil was subjected to chronoamperometric treatment in 3.5 M NaCl and 0.1 M NaOH containing solution with three electrode configurations (Ag|AgCl reference electrode and Pt counter electrode). In oxidation cycles anodic (0.2 mA cm−2) and cathodic (0.0 mA cm–2) currents were applied consecutively (10 s and 2 s respectively) for 36 min The procedure led to formation of cupric oxide chrysanthemum-like structures on copper surface. Electrocatalytic tests were performed in 0.1 M KHCO3 electrolyte within potential range of −1.6 V to −0.6 V (vs. RHE). As reported, copper material with electrochemically developed superficial nanostructure indicated improved performance in catalyzing CO2RR when compared to pristine Cu foil. Total current density for pre-prepared copper was higher within the whole range of applied potentials. It was due to significantly larger specific surface area of nanostructured copper. Besides well-developed surface area, growth of passive oxide layer on copper and subsequent reduction in reaction medium allowed creating numerous low-coordination defects that lower free adsorption energy of adsorbates in C2 products formation. As confirmed by selectivity study, nanostructured Cu favored production of ethylene over methane, whereas polycrystalline Cu indicated opposite trend. Stability tests conducted at −1.3 V (vs. RHE) showed that C2H4 was a dominant product over CH4 for 9 h with maximum Faradaic efficiency for C2H4 of ca. 20% (Figure 4b).



More currently, Dai et al. [128] reported protocol for pulse copper anodization using square-wave electrochemical redox treatment. In their approach, oxidation and reduction potentials (−0.45 V and −0.75 V vs. SCE) were applied consecutively to ultrapure copper foil in concentrated KOH. Catalyst preparation was conducted at 40 °C, pH = 13.7 with addition of lactate ions in frequency of 5 redox cycles in 1 s. During one redox cycle copper followed transformation sequence: Cu → Cu(OH)2 → Cu2O/CuO and eventually underwent reduction to its metallic form. After multiple rapid redox cycles carried out for 0.5 to 10 h copper was roughened with surface layer of Cu2O (Figure 5).
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Figure 4. Collective results of morphology analysis (SEM images: (a,c,e,g)) and CO2RR product distribution in time (b,d,f,h) for anodically oxidized copper based catalysts: (a) SEM image of nanoflower (NF) OD-Cu structure and (b) CO2RR results for OD-Cu NF and Cu at −1.3 V vs. RHE in 0.1 M KHCO3 reproduced from [58] © 2014 Elsevier Ltd.; (c) SEM image of nanoneedle (NN) OD-Cu structure and (d) constant current CO2RR selectivity results of OD-Cu NN in time at −10 mA cm–2 in 0.1 M KHCO3 reproduced from [93] © 2018 American Chemical Society; (e) SEM image of nanowire (NW) structure OD-Cu and (f) CO2RR results for OD-Cu NW at −1.05 V vs. RHE in 0.1 M KHCO3 reproduced from [106] © 2018 American Chemical Society; (g) SEM image of OD-Cu nanoparticles (NP) morphology and (h) CO2RR results for OD-Cu NP at −0.64 V vs RHE, under 45 atm. CO2 in 0.1 M KHCO3. Reproduced from [128] © 2020 American Chemical Society. 
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Copper oxide grown during the synthesis was in a form of nanoparticles (Figure 4g) which size depended of anodization time. As prepared catalyst was used for formate production in CO2RR in 0.5 M KHCO3 at −0.64 V vs. RHE. Prior to electrocatalysis, bicarbonate electrolyte was saturated with various pressure of CO2 in a range of 1–60 atm. Since cathode in such electrochemical systems governs at least two competitive reactions, CO2RR and HER, high CO2 saturation favors CO2RR. High suppression of HER with simultaneous improvement of CO2RR was observed when CO2 pressure was equal or higher than 45 atm. Under those conditions, anodized copper electrode indicated exceptionally high selectivity in CO2RR towards formate production reaching 97.7% faradaic efficiency of this product. To confirm Cu2O significance and contribution to this result, oxide phase was monitored during the reaction. It was found that Cu2O was slowly undergoing reduction and in 20 h 80% of oxide phase was reduced. Decrease in Cu2O content impacted formate production reaching 84% FE when catalyst contained 20% of initial Cu2O (Figure 4h).



In another study [93], the role of copper oxide in CO2RR was intensively investigated by comparing polycrystalline copper with three oxide-derived catalysts prepared via different synthesis procedures. Surface oxidized layer was achieved by anodization, thermal annealing, and electrodeposition yielding three various CuOx nanostructures: nanoneedles (NN), nanoparticles (NP), and nanocrystals (NC), respectively. Anodizing process of Cu foil was carried out in 2 M KOH solution with 2 electrode configurations (graphite counter electrode) for 5 min at constant current density (7 mA cm−2). The process led to formation of Cu(OH)2 which was subsequently thermally converted into Cu2O NN (Figure 4c). Electrocatalytic tests were performed in 0.1 M KHCO3 electrolyte at constant current density and monitored using standard gas chromatography (GC) technique and operando selected-ion flow tube mass spectrometry (SIFT-MS). Results indicated that reduction of Cu2+ to Cu0 is kinetically preferred reaction. Therefore, CO2RR (and hydrogen evolution reaction, HER) is not occurring until Cu2O is completely reduced. Nevertheless, authors stated that residual oxygen can be present in the system but not in a form of copper oxide. Electrocatalytic tests showed similar performance of OD-Cu materials in CO2RR at constant current density (adjusted to ensure approximate potential of −0.8 V vs. RHE). Application of all the OD-Cu catalysts shifted selectivity of the process towards C2+ products formation. Catalyst prepared by electrochemical oxidation exhibited slightly higher affinity to C2+ products than other OD materials (Figure 4d). A study showed that OD-Cu catalysts led to a high C2/C3 ratio which was assigned to three features of OD-Cu catalysts: well developed geometric surface area, numerous surface defects that support CO adsorption, and increase of local pH value. High local pH originated from increased concentration of OH— ions generated when protons from water underwent CO2RR and HER. As aforementioned, high local pH enhances CO dimerization on copper at low overpotentials [129,130].



The significance of oxygen in OD-Cu catalysts was highlighted by Lee et al. [106] in their study on anodized copper electrode for CO2RR. Copper oxidation was conducted in 3 M KOH aqueous solution for 1 min at constant current density (10 mA cm−2). Applied conditions led to formation of Cu(OH)2 nanowires morphology on the copper foil surface (Figure 4e). Subsequently, anodized material was subjected to electroreduction in CO2RR medium: CO2 saturated 0.1 M KHCO3. To study the influence of pre-reduction step in CO2RR over OD-Cu the catalyst was exposed to quick and slow reduction process. Samples of anodized copper were exposed to high and low potential (−4.0 V and −1.15 V vs. Ag|AgCl) for 10 and 100 min, respectively. It was found that pre-treatment conditions impacted catalyst specification and consequently its yield in CO2RR. The overall charge that was delivered to the sample during quick electroreduction was an order of magnitude higher than that in the slower process. Rapid and intense reduction introduced more drastic changes in macroscopic appearance of the sample causing nanowires collapse. However, after CO2RR microscopic morphology of both samples did not differ in a significant manner which implied that nanowires orientation was not a contributing factor in CO2RR performance. Further investigation of slowly and rapidly reduced samples provided more detailed insight into samples diversity. Surprisingly, due to X-ray diffraction results, slow reduction at lower applied potential showed better effectiveness in reducing Cu(OH)2. Therefore, rapidly reduced catalyst was more abundant in mixed copper valances (Cu0, Cu+ and Cu2+). The result was confirmed by X-ray photoelectron spectroscopy investigation. As it was found, oxygen to copper ratio (O/Cu) in rapidly reduced sample was 1.15, whereas O/Cu value reached only 0.10 in slowly pre-treated material. Those dissimilarities of materials pre-treated in contrasting conditions altered their ability to catalyze CO2RR. Anodized copper indicated high selectivity towards ethylene in comparison to bare copper foil which led to methane formation. Additionally, it was found that shorter pre-treatment at higher applied potential enhanced catalyst selectivity and stability to a higher extend than longer and less intense process. Ethelene faradaic efficiency rose to almost 40% with rapidly pre-treated anodized copper (FE methane < 1%) and 30% with slowly reduced sample (FE methane~7%). Catalytic performance of reduced OD-Cu electrodes is also shown in Table 2. Besides selectivity improvement towards C2 product, rapid pre-reduction at harsh conditions remarkably extended material durability in CO2RR. Catalyst remained stable for 10 h on stream at −1.05 V vs. RHE (Figure 4f). As concluded, enhanced catalytic ability of rapidly reduced sample to reduce CO2 into ethylene resulted from more diverse morphology that contained various copper valances, higher oxygen content, and surface defects generated during harsh condition pre-treatment.




4. Direct Methanol Fuel Cell


Over past few decades direct methanol fuel cells (DMFCs) have been extensively studied as promising energy conversion devices with a simple set-up [131]. Direct methanol fuel cells have numerous desired advantages, including: high energy conversion efficiency, low operating temperature, and low pollutant emission. Storage and transportation of liquid methanol, used as fuel in such cells, is much safer than hydrogen, used in hydrogen proton exchange membrane fuel cells. Moreover, methanol oxidation does not include cleavage of C-C bond, leading to faster anodic reaction rates. Although the first small scale cells were commercially available, the development of technology to produce large-scale and cost-effective DMFCs is still a huge scientific challenge. The main issues in DMFCs design development that have to be addressed are: sluggish kinetic rates of oxygen evolution reaction, stable electrocatalytic activity, long-term durability of the catalyst, and achieving a high current density. A great deal of research is aimed at development of the electrode materials at which the typically large overpotential of methanol oxidation is lowered [132].



More recently copper and copper-derived materials attracted scientific interest as anodes for DMFCs, due to their high sensitivity and reactivity toward oxygen [133]. Copper is much less expensive and abundant in nature as compared with precious elements with superior electrochemical activity, such as Pt, Ru, and Pd [134]. Heli et al. [132] for the first time reported Cu as advantageous—in terms of cost-efficiency, ease of handling, and conductivity—material for methanol oxidation in alkaline solution. The methanol oxidation started at potential of 550 mV vs. Ag|AgCl through a mediated electron transfer mechanism catalyzed by CuIII species formed at the same potential region. Panah et al. [133] showed, that the morphology of the Cu-derived anode is an important factor for the efficiency of the catalyst in the methanol fuel cell. They pointed out that the cyclic voltammetry polarization in 1 M NaOH led to increased surface roughness of Cu, due to formation of copper oxide layer, and subsequently increased electrocatalytic performance for ethanol oxidation in alkaline medium. Therefore, it is not surprising that the copper-derived anodes have been already reported in literature for oxidation of methanol.



Methanol oxidation plays an important role of masking for highly-efficient hydrogen production from water electrolysis [135]. The oxidation of the methanol requires formation of CuOOH at the surface of Cu-derived electrode according to (11) and (12):


Cu(OH)2 + OH− ↔ CuOOH + H2O + e−



(11)






CuO + OH− ↔ CuOOH + e−



(12)







In the presence of methanol, the subsequent reaction occurs (13):


4CuOOH + 4CH3OH + 5O2 ↔ 4Cu(OH)2 + CO2 + 6H2O



(13)







It is quite reasonable to assume that only the C2+ sites that got oxidized before methanol oxidation or only the Cu3+ sites that got reduced after methanol oxidation are the actual catalytically available Cu sites for methanol oxidation.



Similarly to those used for CO2 reduction reaction, copper oxide electrodes for methanol oxidation were mainly obtained by hydrothermal method [136], however other methods have been also reported, such as reactive radio-frequency magnetron sputtering [137], electrodeposition and calcination [134] or anodization [135]. On the one hand, direct synthesis of the electrocatalytic material on the Cu substrate enhances mechanical adhesion, leading to fast charge-transfer between the oxide film and the current collector, without peeling off the active material [138,139]. On the other hand, such methods of synthesis do not require binding agent and support material.



El-Said et al. [140] reported hydrothermal method of synthesis of CuO nanoparticles (NPs) at indium tin oxide (ITO), however such electrode has been proven to be not suitable as anode for methanol oxidation in alkaline media. In acidic media CuO NPs@ITO exhibited long-time stability and retained 96.4% of its efficiency after 100 cycles. Xie et al. [141] prepared Cu(OH)2 nanowire (with diameter in a range of 300–400 nm) array electrode at the surface of copper foam by wet chemical reaction. The Cu(OH)2 nanowire array at Cu foam electrode was not efficient to catalyze the OER as it needed overpotential of 440 mV vs. SCE to obtain the current density of 50 mA cm–2. Pawar et al. [136] reported Cu(OH)2 and CuO nanowires array electrodes, prepared by chemical oxidation and annealing, for methanol electrooxidation. The Cu(OH)2 nanowires were prepared at the surface of Cu by chemical oxidation in an alkaline medium (2.5 M NaOH and 1.25 M (NH4)2S2O8) at room temperature. The Cu(OH)2 nanowires were transformed to CuO nanowires by annealing in air at 300 °C. The Cu(OH)2 nanowires were 200–250 nm in diameter and 2 µm in length, however the CuO nanowires’ dimensions were reduced in the process of annealing. As it was mentioned above, nanowires prepared by in-situ growth at the Cu substrate facilitate fast electron transfer between the current collector and the electro-catalyst with enhanced mechanical adhesion. The oxidation of methanol was performed in 1 M KOH and 0.5 M methanol solution. Both electrodes showed maximum current density above 100 mA cm−2 at 0.6 V vs. SCE and good long-term (up to 1800 s) electrochemical stability during methanol oxidation. The onset potential values were around 0.4 V vs. SCE. Pawar et al. [137] reported the use of singular phase materials of Cu2O or CuO prepared by controlling the oxygen flow rate during reactive radio-frequency magnetron sputtering of copper, for electrooxidation of methanol. The measured onset potential in 1 M KOH and 0.5 M methanol solution, for both electrodes was ca. 0.42 V vs. SCE. However, the anodic current density of the CuO electrode was much higher than that of the Cu2O electrode. This indicated that the CuO electrode is more electro-catalytically active as compared to the Cu2O electrode. After the addition of 0.5 M methanol, the current densities for the Cu2O and CuO electrodes were about 10 and 16 mA cm−2 respectively, in the steady-state region and did not show any decay up to 3000 s.



Up to date lowest onset potential of methanol oxidation of around 0.38 V Ag|AgCl in 1 M KOH + 0.5 M methanol (scan rate 10 mV s−1) was reported at CuO@Ni foam catalyst prepared by copper electrodeposition at Ni substrate and calcination at 400 °C [134]. Current density recorded in the presence of methanol was 130 mA cm−2, which constituted 10 fold increase as compared with solution without methanol addition. Current density reported by Roy et al. [134] is higher than the ones reported earlier by other authors [133,135,140], which can be attributed to relatively higher electrochemically active surface area due to the use of Ni foam. Such electrode showed 95% retention of the current density after 2000 s.



Interestingly, the use of Cu-derived electrode obtained by electrochemical copper oxidation as an electrode for methanol oxidation has been reported to date only once (Figure 6a) [135]. Anantharaj et al. [135] showed a swift potentiostatic method of copper electrooxidation in 1 M KOH for fast fabrication of 5–7 µm long nanoneedle array of Cu(OH)2-CuO on Cu foil within 100 s at −60 mV vs. Hg|HgO (Figure 6b). Such electrode was screened toward electrochemical oxidation of 0.5 M methanol in 1 M KOH, and at current density of 70 ± 10 mA cm−2 at 0.65 V vs. Hg|HgO was recorded. The measured current density increased with duration of anodization and stabilized after 50 s (Figure 6). The addition of 0.5 M methanol lowered the overpotential at 10 mA cm−2 by 334 mV, when compared to the reference test without methanol. The enhanced activity was attributed to formation of the high active surface area. Moreover, such electrode exhibited excellent stability for over 6 h of potentiostatic electrocatalytic methanol oxidation while retaining the charge-transfer resistance, nonetheless some changes in the morphology of the material was evident. Anantharaj et al. [135] found that Cu(OH)2-CuO/Cu electrode had 2.64 × 1016 electrochemically accessible Cu sites for methanol electrooxidation. This value was used to calculate turnover frequency (TOF). The TOF for methanol oxidation increased with the increasing potential and the highest value (3.5k s−1) was observed at the vortex potential of 0.65 V vs. Hg|HgO, OH−. This is the highest TOF value ever reported for a nonprecious methanol oxidizing electrocatalyst. Authors also pointed out, that the methanol oxidation at the electrode material exhibited Nyquist plot characteristic for a totally charge-controlled reaction, indicating, that the methanol oxidation is controlled by reaction kinetics rather than the diffusion of methanol. However, the oxidation of Cu2+ to Cu3+ is a diffusion-controlled reaction. One can suspect that further increase of the electrode surface, e.g., by anodizing the foam-like Cu substrate could lead to even more impressive results.



It is important to point out, that although the Cu-derived electrodes exhibit multiple advantageous features for DMFCs (discussed earlier), the onset potential values of methanol oxidation reported to date are too high to directly exploit these electro-catalysts in practical application.




5. Glucose Sensing


Anodic copper oxides are considered as outstanding electrodes in numerous reactions. Oxidation of organic compounds, at specific potential, on anodically grown CuOx is also a foundation of non-enzymatic sensing. Literature study reveals that anodic copper oxides have been also proven to be reliable glucose sensors.



The electrodes for glucose sensing can be divided into two groups: enzymatic and non-enzymatic. Although the commercially available enzymatic biosensors are commonly applied and superior in terms of sensitivity and selectivity to non-enzymatic biosensors, their use is limited by higher costs and poor stability over time. Due to low cost and good chemical activity, Cu-derived nanostructured electrodes have been explored as promising non-enzymatic electrodes for sugars oxidation [142]. Such nonnoble electrodes exhibit lower overpotential for the redox reaction, however accomplishing their high selectivity, sensitivity and refractoriness to surface poisoning is still a challenge [143]. Up to this point, reports considering Cu-derived glucose sensors point out that their performance, detection range and detection limit are influenced by the particle shape and morphology, and therefore indirectly by the synthesis method (See Table 3). One general approach of CuO glucose sensors preparation is direct immobilization of copper oxide nanoparticles at the surface of supporting material (e.g., glassy carbon). Due to weak adhesion, the CuO nanostructures can be easily detached from the surface, leading to unreliable results. To resolve this issue, use of polymer binder, i.e., Nafion®, was proposed [144,145]. Another method uses in-situ preparation of copper oxides at the surface of Cu substrate by wet-chemical method [146] or thermal oxidation [147]. Such samples provide better adhesion of the oxide to the substrate surface, however large-scale, reproducible synthesis of uniform material remained challenging. Finally, electrochemical oxidation (anodization, cyclic voltammetry polarization [148], etc.) was used as a method of direct fabrication of the copper oxide layer on the copper surface as a strategy for highly sensitive and stable glucose sensor development.



Ashok et al. [145], in their work, pointed out that not only the morphology of the particles, but also composition and crystallinity of the material, influence sensor performance. Previous reports [144,155] are in line with these findings. Lu et al. [153] showed that the electrooxidation conditions (current density and concentration of electrolyte) influenced morphology and composition of the obtained material, what was accompanied by changes in the electroactivity toward glucose oxidation. Additionally, Li et al. [143] pointed out that there is an optimal thickness of the Cu-derived layer that provides the best analytical response due to advantageous balance between: (i) diffusion of the glucose and products to and from the electrode surface, (ii) high number of active sites at highly developed surface, (iii) electron transport form oxide layer to conductive substrate.



Babu et al. [149] reported formation of CuO/CuOx (copper oxalate) modified Cu electrode by potentiodynamic anodization by cyclic voltammetry (CV) in potassium oxalate solution and its successful application as a glucose sensor. Its performance was examined in both in water solution and blood serum with good linearity in a range of 0–15 mM as well as satisfactory selectivity (compared with ascorbic and uric acid) and reproducibility (variation less than 1%), over one month of storage (sensitivity lost 2.5% of its original current density response value). The limit of detection (LOD) of this nonenzymatic sensor was reported to be 0.05 μM, while the sensitivity was found to be 1890 μA mM cm−2. CuO nanotube arrays, obtained by anodization in 3.0 M KOH solution at constant current density of 3 mA cm−2 for 25 min in three-electrode system followed by heating at 200 °C for 3 h under nitrogen atmosphere, showed similar sensitivity and negligible loss of electroactivity (95% retention after 32 days) [155]. The improvement of the current density as compared with CuO powder, indicated that glucose oxidation strongly depends on the surface morphology of the electrodes. The superior sensitivity of the CuO nanotube arrays sensor is acknowledged to the ideal electrode architecture, which increase the electroactive surface area and accelerate the mass diffusion to the active sites. Additionally, in-situ fabrication of such CuO array sensor avoids the use of polymer binders. Dhara et al. [151] showed that CuO nanoflower glucose sensor prepared by potentiodynamic electrooxidation in 0.5 M NaOH exhibited even higher sensitivity of 3225 μA mM cm−2 and LOD of 0.06 µM. It showed good selectivity towards glucose in presence of other commonly interfering analytes, such as ascorbic acid, acetaminophen, dopamine, uric acid, urea, creatinine, sodium chloride, and carbohydrates (fructose, maltose, galactose, and lactose) at their physiological concentrations. Interesting approach was reported by Fan et al. [148] as they used cyclic voltammetry to oxidized Cu nanowire array, prepared by electrodeposition of copper in the pores of anodic aluminum oxide membrane. As a result, Cu nanowires were covered with CuxO spikes, which significantly increased the active surface area of the electrode. The sensitivity was only 1210 µA mM−1 cm−2 in a range of 0.01–7 mM, and the response time was under 1 s. Such low sensitivity could be associated with the fact that the nanowires are densely packed, impeding diffusion of glucose and products of its oxidation.



Interestingly, a sample made of Cu2O octahedron nanocrystals at Cu, prepared by anodization at 5 V applied potential for 5 min in mixed alcohol–water (1:1) solution containing 0.01 M benzoentricarboxylic acid and 0.1 M NaClO4, showed higher LOD (37 µM) and lower sensitivity [154]. Conversely, Cu2O micro- and nanocrystals decorated Cu electrode prepared by electroxidation of copper in 3 M NaOH solution at constant current density of 1.415 mA cm−2 for 300 s exhibited much better performance as a glucose sensor with LOD of 2.57 µM and sensitivity of 2524.9 µA mM−1 cm−2 [153]. Authors also pointed out that Cu2O covered electrodes showed higher catalytic activity in oxidation of glucose than orthorhombic Cu(OH)2 (in a form of nanotubes) obtained by anodizing at higher current density and lower NaOH concentration. More recently, Dat and Viet [150] reported preparation of Cu2O nanowires at copper foil by galvanostatic anodization (3 M KOH, 6 mA cm−2, 10 min) with subsequent calcination at 600 °C in Ar flow, which exhibited impressive sensitivity of 4060 µA mM−1 cm−2 with low LOD (0.58 µM) and good selectivity toward glucose in the presence of dopamine, uric acid, ascorbic acid, NaCl, and sucrose.



Zhang et al. [159,160] recently proposed use of CuxO/Ag2O on Cu foam, prepared by galvanostatic anodization (15 mA cm−2) in 0.5 M KOH and subsequent annealing at 200 °C in air, however as prepared composites did not exhibit improved sensitivity, LOD, or linear range as above mentioned materials. However, it showed superior stability of 96.94% current density response after 30 days, as compared to original value. Interestingly, Cu2O/CuO nanowires prepared by anodization (3 M NaOH, 6 mA cm−2, 10 min) and annealing (600 °C in air), subsequently modified by CuS, exhibited sensitivity of 4262 µA mM−1 cm−2 in linear range 2 µM–4.1 mM of glucose and LOD of 0.89 µM, what was attributed to the increased surface area [161]. Up to date, the best results for electrooxidized Cu glucose sensors were reported by Jayasingha et al. [158]. Cu2O nanotubes were prepared by anodization of copper foam in 3 M NaOH at 25 °C at constant current density 10 mA cm–2, and subsequent annealing at 180 °C for 1 h in N2 and 500 °C for 3 h in a tube furnace. As-prepared material exhibited sensitivity of 5792.7 µA mM−1 cm−2 up to 0.1 M with extremely low LOD of 15 nM, and the response time under 1 s. The superior performance was attributed to distribution of the Cu2O nanotubes grown on the entire surface of the copper foam, leading to high accessibility to glucose molecules. The electrochemical detection of glucose was however disturbed in the presence of fructose, sucrose and ascorbic acid. The stability of the material was moderately good, and the amperometric response was ca. 95% of its original value after 10 days.



Cu/Cu2O/CuO hollow spheres, synthesized using aerosol furnace reactor, bounded to the GC surface using Nafion®, exhibited uncanny sensitivity of 8726 µA mM−1 cm−2 in a range of and LOD of 0.39 µM [157]. The main issue observed for this material was its stability, as the efficiency dropped by ca. 24% after 14 days (sensitivity of 6545 µA mM−1 cm−2), therefore its commercial use is not practical.



To date, highest sensitivity toward glucose exhibited CuO nanowire array at Cu foam prepared by hydrothermal method and subsequently annealed at 180 °C in air for 2 h, i.e., 32,330 µA mM−1 cm−2, with quite good reproducibility [146]. This material had also good stability, as the amperometric response was ca. 94.1% of the original current density value after 12 days.



Although the exact mechanism of electrooxidation of glucose at the surface of CuO, Cu2O or Cu derived electrodes in alkaline medium is still under debate, the works of Marioli and Kuwanna [162], and Wei et al. [163] put forward multistep process as follows. The initial oxidation of CuO, Cu2O, and Cu(OH)2 to CuOOH or Cu(OH)4– occurs, leading to formation of centers at Cu(III) state (14)–(17).


Cu2O + 2OH− + H2O → Cu(OH)2 + 2e−



(14)






Cu(OH)2 + OH− → CuOOH + H2O + 2e−



(15)






CuO + OH− → CuOOH + e‒



(16)






CuO + H2O + 2OH− → Cu(OH)4‒ + e−



(17)







Subsequently, the deprotonation of glucose in an alkaline medium triggers isomerization to an enediol form which reacts with Cu(III), and is oxidized to gluconolactone (18), and further hydrolyzes to more stable gluconic acid (19).


CuOOH + e− + C6H12O6 (glucose) →C6H10O6 (gluconolactone) + CuO



(18)






C6H10O6 + H2O → C6H12O7 (gluconic acid)



(19)







Alternatively, in alkaline medium, a 12-electrone process can lead to cleavage of the C–C bond in glucose, resulting in formation of products with lower molecular weight, i.e., formate or carbonate [164].



Since the oxidation of the glucose occurs at the surface of copper oxide, very high sensitivity of sensors discussed in this undersection may be attributed to the synergistic effect of two significant factors, i.e., (i) the supreme electrocatalytic activity of the Cu(II)/Cu(III) redox couple, and (ii) the highly developed surface of microporous structure [149]. It is well known that the electro-oxidation of glucose is a kinetically controlled sluggish reaction. The Faradaic currents associated with a kinetically-controlled electrochemical reaction are sensitive to the nanostructure of electrodes with large surface area. Obviously, the enhanced electroactivity for glucose oxidation on the highly porous electrode prepared by in-situ copper anodizing may be attributed to its high porosity, highly conductive matrix and large surface area which provides more active sites for the reaction and significantly enhances electron transfer and mass transport rate. It should be noted that the precise values of sensitivity should be considered carefully, as the real surface area of the electrodes is rarely determined, and their performance as glucose sensors is difficult to compare solely on the bases of the literature reports. Nonetheless, the systematic study on direct influence of the morphology, composition and structure on performance of Cu-derived glucose sensor has not been reported yet.




6. Organic Pollutant Photodegradation


Another emerging application of Cu-derived materials, formed by anodization, is photocatalytic degradation of water pollutants [165]. Photocatalytic degradation process of various environmental pollutants (i.e., organic dyes) using semiconductors has received considerable attention because of its low cost and high efficiency. Along with the widely used TiO2, ZnO, and V2O5 photocatalysts [166,167,168], the p-type Cu2O semiconductor has also been employed due to its narrow band gap (2.17 eV) [169]. The Cu substrate provides a conductive path for the photo-generated electrons, preventing their recombination with photo-holes, therefore maintaining photocatalytic activity and stability. Although some novel Cu2O@Cu heterostructures prepared by electrodeposition and annealing have been reported for photodegradation of organic dyes [170], the copper oxide obtained by Cu mesh anodization proved superior activity in degradation of rhodamine B [165,171].



Yang et al. [170] reported enhanced photocatalytic degradation of rhodamine B by Cu2O coated silicon nanowire arrays in presence of H2O2. Cu2O was formed by electrodeposition of copper and subsequent annealing. The photocatalytic activity of material was attributed to formation of p-n junction between p-type Cu2O nanoparticles and n-type silicon nanowire array, which could effectively accelerate separation of photo-generated electron-hole pairs. The degradation rate of rhodamine B in the presence of H2O2 was 97.5% within 60 min, and apparent rate constant of degradation was 0.0611 min−1.



Porous Cu2O film, prepared by anodization (0.2 M ammonium chloride, 5 mA cm−2, 600 s, room temperature) combined with foaming (immersion in H2O2 solution for 30 min) was used for photodegradation of negatively charged methyl oxide, and showed superior activity when compared with microcrystalline Cu2O due to its higher active surface area [172]. Cu2O porous nanosheet arrays, prepared directly at the surface of Cu by chemical oxidation and subsequent calcination also showed improved photodegradation of methyl orange.



Li et al. [171] used 10 min anodizing in 0.5 M KOH at the constant current density of 5 mA cm−2 and subsequent calcination to fabricate Cu2O/CuO nanosheets at the surface of the nanoporous copper/bulk metallic glass (NPC/BMG), obtained in turn by dealloying of Cu50Zr45Al5. Such material exhibited higher activity toward photodegradation of rhodamine B in the presence of H2O2 (99% degradation after 9 min), as compared with anodized in identical conditions: Cu plate (unwanted corrosion pits) and commercial Cu foam, where Cu2O/CuO nanosheets were much larger. This was attributed to the differences in the size of the Cu substrate skeleton, as the best results were obtained for the composites with ultra-fine nanosheet arrays. Moreover, prepared material retained 95.2% of photoactivity over 7 cycles. In further work, Li et al. [165] studied how the morphology of nanoporous copper and the conditions of galvanostatic anodization affected the morphology of Cu2O. The anodization was performed in 0.5 M KOH solution at constant current density of 20 mA cm−2 for 1–20 min at 25 °C at the same dealloyed material. Subsequently, as-prepared samples were annealed at 200 °C for 2 h in the air atmosphere. At higher current density they observed gradual formation of nanowires gathered in nano-flower-like bundles. Sample prepared by 15 min-long anodizing showed 100% degradation of RhB after 5 min, with 96% retention over 7 cycles, which is the best stability reported to date for Cu-derived materials.



On the one hand, micro- and macroporous morphology of this material provides more surface area to absorb light and therefore produces more photo-generated electrons and holes. On the other hand, heterojunction of copper oxides and copper is beneficial for fast transfer of electrons and avoiding the recombination of electron-hole pairs. Finally, the Cu2O nanowires gathered in nanoflowers with fan-shaped structure can offer ideal channels to transfer RhB molecules in solution. The mechanism of the RhB degradation at Cu2O@NPC was proposed in the Figure 7. The hydroxyl radicals (•OH), formed from H2O2 in the presence of Cu2O and visible light, are essential for the degradation of RhB. The rhodamine B molecules react with the hydroxyl radicals (•OH) and finally are degraded.




7. Copper Oxides Photocathodes for Photo-Electrochemical (PEC) Water-Splitting Applications


Nowadays, one of the most promising alternatives to fossil fuels to attend the energetic demand is hydrogen fuel. The hydrogen can be produced via several processes like steam methane reforming, from biomass, biological processes, water electrolysis, photo-electrochemical (PEC) processes, among others [173]. PEC cells are sustainable devices that convert solar energy into hydrogen via the water-splitting reaction. Consisting basically of a photocathode, a photoanode, and an aqueous electrolyte, these devices are designed to absorb photons on the photoelectrode surfaces with sufficient energy to generate electron-hole pairs which separate and migrate to the electrodes/electrolyte interface where the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) take place. The electrochemical set up, where reactions are conducted is designed to carry out HER and OER separately in different cell compartments. Then the hydrogen gas can be collected for storage or used in a fuel cell to generate electric energy.



The overall water electrolysis reaction: 2 H2O (aq) → O2 (g) + 2 H2 (g) requires 1.23 eV e−1, however, potentials in 1.4–1.8 V range are used to obtain a significant amount of gas with conventional Pt electrodes [174]. Since semiconductors can intake part of this energy from the absorption of photons [174], these materials are considered as promising and sustainable alternative for Pt electrodes in hydrogen production by water splitting. In this sense, the hydrogen reduction from water discharge occurs at the photocathode surface, usually composed of a p-type semiconductor, whereas n-type semiconductors are used in the photoanodes, where oxygen from water is oxidized to O2 [175,176].



The conduction band edge of p-type semiconductors is more negative than the potential required for HER. For this reason, these semiconductors are used as photocathode for PEC water-splitting. The p-type CuO and Cu2O semiconductors with a 1.2–2.2 eV bandgap have been explored as photocathodes in PEC systems due to their attractive properties, like suitable conduction band position, strong redox capability, good conductivity, abundance, and non-toxicity [176,177,178]. The p-type characteristics of the copper oxides are usually ascribed to the copper vacancies and can be tuned by the synthesis method [179].



Bandgap values lower than 2.0 eV indicate that the semiconductor can absorb a larger part of visible light irradiation [175], which is an eligible criterion for economical photoelectrodes materials, in addition to the desired properties like high efficiency and long-term stability. The theoretical solar-to-hydrogen (STH) efficiency for a Cu2O photocathode with a bandgap of 2.0 eV is 18% [180,181] which is a promising result for a practical application of this material in PEC water-splitting systems. The higher stability and superior light absorption of CuO [73,181,182] turn the cupric oxide preferred for PEC applications than the Cu2O. Stability of Cu2O-CuO systems, in different architectures, was proven to be better than in the case of Cu2O alone [67,175,181,183].



Despite these advantages, the copper oxides exhibit low resistance to photocorrosion in contact with the electrolyte and limited carrier diffusion length—factors that can reduce the overall performance of the PEC device and limit the practical use of this semiconductor as a photocathode in technological applications [181]. In this sense, different approaches are being used to overcome these limitations and improve PEC performance including: (i) the use of protective layers to enhance the oxide stability [182]; (ii) the fabrication of aligned nanostructures creating direct pathways for the photogenerated charges and increasing the surface area [178,181,183]; (iii) the manufacture of Cu2O-CuO heterostructures for a rapid charge carrier separation, reducing the recombination of the photogenerated electrons and holes due to the energy level differences of the conduction and valence bands in the interface of the heterostructure layers [46,183].



Besides electrode architecture and morphology, structural parameters like the preferred crystallographic orientation and grain size can also influence the PEC efficiency [67,175]. Since these parameters depend on experimental conditions of the synthesis, a suitable choice of the synthetic route is pivotal to control composition, morphology, crystallography, and electronic structure of the copper oxides for PEC applications.



Currently, the development of copper oxides photocathodes for hydrogen production via PEC water-splitting is in its early-stages. Most of the studies are focused on the design of the synthetic routes in order to control the properties of the oxide and to improve its stability and photoconversion efficiency. Among these synthetic methods, the anodization of copper foils stands outs for being a facile, scalable, time-efficient manufacturing process for the fabrication of 1D nanostructures such as nanowires, nanoneedles or nanoflakes [31,178,182]. In addition, it provides efficient metal back contact with the oxide, avoiding the use of binding agents [178].



Different strategies combining anodization and thermal treatments are being used to investigate the photoelectrochemical activity of the copper oxides by analysis of the electronic structure and photocurrent density measurements [67,175,178,181,182,183]. In general, these studies aimed to correlate composition, morphology, crystallographic orientation, and grain size with the electronic properties and, consequently, with the photocurrent response. To investigate the electronic structure of the semiconductor, Diffuse Reflectance Spectroscopy (DRS) and EIS coupled with Mott-Schottky analysis are used to extract the information about semiconductor bandgap, conduction band position, flat band potential, and charge carrier density.



It is important to emphasize it is difficult to perform a direct comparison between efficiency and photocurrent activities of the materials based on the actual literature devoted to PEC systems, since there is a lack of standardized procedure for PEC parameters evaluation. The photocurrent characterization is carried out under different conditions and the efficiency is usually determined using different models such as the applied bias photon-to-current efficiency (ABPE), incident photon-to-current efficiency (IPCE), absorbed photon-to-current efficiency (APCE), and solar-to-hydrogen conversion efficiency (STH) [180,184]. Hence, the overall efficiency is not standardized and can change depending on the experimental conditions.



Therefore, a general description of PEC systems involving copper oxides requires a more qualitative approach instead of a quantitative one. One exception to a comparative analysis is the study performed by Zimbovskii and Baranova [179] that performed a preliminary investigation of photocatalytic activity of Cu2O layers on Cu deposited over Fluorine-doped Tin Oxide (FTO) substrates. In this case, since all electrodes were tested under the same experimental conditions, a direct comparison among different synthetic methods could be visualized. In this work [179], the authors compared three synthetic routes using copper substrates: (i) chemical oxidation of copper and thermal reduction; (ii) anodization of copper and thermal oxidation; and (iii) hydrothermal synthesis. A fourth methodology using a different substrate, i.e., (iv) electrodeposition of copper over a FTO glass was also applied for comparison. They observed that the photoactivity of the synthesized electrodes increased in the following sequence: iv < iii < i < ii. The anodized oxide electrode exhibited a maximum photocurrent density of −1.6 mA·cm−2 at −0.6 V vs. Ag|AgCl and quantum efficiency of 2.0% under irradiation of a 6300 K white light-emitting diode (100 mW cm−2). The authors attributed this behavior of the anodized sample to the small diameter of Cu2O microrods with a large surface area, which allowed an effective absorption of the incident light.



Regarding the studies focusing on anodized copper oxides in PEC applications, Table 4 depicts the photocathode architectures explored and the parameters extracted from photocurrent characterization, usually performed by LSV in a 3-electrode electrochemical cell under chopped light irradiation. In general, these copper oxides nanostructures are produced by anodization of Cu foil/films in alkaline media followed by heat treatment. John et al. [182] reported the growth of CuO nanoflakes by galvanostatic anodization of Cu foil in 3 M KOH solution followed by hydrothermal treatment at 100 °C (30 min, 1 h and 3 h, respectively) with a good PEC activity. However, to improve the photo-response without altering the phase and morphology of the CuO nanoflakes, the authors applied a rapid thermal treatment at 400 °C for 10 s. EIS and Mott-Schottky analysis revealed that this procedure increased the charge carrier density of the sample, resulting in a high photocurrent density (Table 4), with an efficiency of 2.35% (ABPE). The conduction band positions estimated from the bandgap were more negative than the water reduction potential, ideal for water splitting applications. The authors also compared the photocurrent results with other materials from the scientific literature to emphasize the superior photoactivity of the anodized material. Despite the remarkable results, the stability tests of the anodized photoelectrode showed decay in the photocurrent density over time which authors ascribed to the cathodic photocorrosion of CuO into Cu2O.



In a subsequent report from the same research group [183], a core-shell heterostructure was synthesized in order to improve charge separation and reduce recombination. The Cu2O nanostructures were produced by anodization of Cu foil in 3 M KOH solution at 10 mA cm−2 for 60 s and followed by annealing at 450 °C for 2 h. Then, the Cu2O nanowires were thermally treated in diluted KOH solution for 10, 20, and 30 min to form CuO nanoflakes over Cu2O nanowires. The authors observed that the Cu2O@CuO nanowire/nanoflake heterostructure produced via controlled oxidation of the Cu2O to CuO not only provided a fast charge separation but also offered a higher surface area for catalytic reactions, enhancing the performance of the photocathode.



By applying anodic oxidation, hydrothermal synthesis, and partial thermal oxidation, Mirzaei et al. [175] fabricated photoelectrodes over Cu substrate containing Cu2O (majority) and CuO. Since (100) and (110) crystallographic planes of Cu2O are more susceptible to photocorrosion [175], the synthesis was optimized to favor the preferred (111) orientation, which could be done by control of the hydroxyl and oxygen concentration on the surface as well the by control of the oxide growth rate. The resulting films possessed a nanosphere structure with significant photoactivity. Nevertheless, the sample with better photostability presented the lowest photocurrent density. The highest photocurrent response was obtained by the sample exhibiting the highest charge carrier density.



The influence of crystallinity on the photocurrent response was also investigated by Zhang and Wang [67]. By using ITO glass covered with an electrodeposited Cu film as the substrate, they prepared Cu2O/CuO composites via galvanostatic anodization in 3 M NaOH for 30 min followed by calcination at 400 °C for 1 h. According to the authors, CuO is a very stable phase so it was used as a protection layer of the Cu2O to prevent it from photocorrosion. Initially, the authors observed that the preferred orientations of the metallic Cu were affected by the applied potential in the electrodeposition step, which could influence the growth of the oxide in the following anodization step. The Cu2O sample with (220) orientation exhibited a significantly better PEC performance than other samples, which the authors attributed to an electron mobility higher in (220) direction than in other directions. The authors also observed that CuO nanostructure on top of Cu2O inhibited both photocorrosion and recombination of electron and holes, increasing the overall PEC activity of the material.



A strategy to enhance simultaneously the efficiency and stability of a photocathode for water splitting was addressed by Shi et al. [178], which covered Cu2O nanowires with a thin layer of carbon by immersion of the anodized oxide electrodes into glucose solution for 12 h followed by annealing at 550 °C in Ar atmosphere. For comparison, the authors prepared a sample without the glucose immersion step as reference. The authors observed that this procedure did not alter the morphology of the samples, however photocurrent density of the C-coated Cu2O was significantly higher than that of the bare Cu2O electrode. A maximum (IPCE) efficiency of 0.28% (at 0.21 V vs. RHE) was registered and it retained 61.3% of photoactivity after 1000 s of irradiation. Besides the photocurrent characterization, the authors also performed water-splitting experiments obtaining 6.64 µmol of H2 after passing 1.8 C (at 0 V vs. RHE) with a faradaic efficiency of 70%. According to the authors, the enhanced photostability indicated that the surface modification with carbon suppressed the redox activities of the Cu2O nanowires photoelectrode and improved the photogenerated carrier separation and charge transfer.



In an insightful investigation, Luo et al. [181] explored both material properties as well as the PEC water-splitting application of a photocathode based on copper oxides. To fabricate a highly efficient and durable photocathode, the authors fabricated a Cu2O/CuO heterostructure over a Cu thin film over FTO with a protective layer of Al-doped ZnO (AZO) and TiO2 decorated with a RuOx catalyst. Interestingly, they controlled the composition of the nanowire arrays only by the thickness of the sputtered Cu film. To inhibit the contact of the exposed parts of the Cu metal substrate with the electrolyte, they passivate the exposed Cu before the deposition of the protective layer creating a blocking layer. From comparison with a similar but planar Cu2O electrode, a significant enhancement of 25% in photo-response under sunlight-driven water-splitting was observed by using this novel architecture in the photocathode. IPCE spectra obtained under monochromatic illumination revealed an efficiency of ~75% in the 400–470 nm range, which decayed significantly with the increase of the wavelength, reaching values smaller than 20% in the 600–650 nm range. The authors observed a remarkable photocurrent response of 10 mA cm–2 and stable operation up to 55 h, considered a new benchmark for copper oxides photocathodes.



These studies showed that morphology, crystallinity, and electronic properties are essential parameters affecting the performance of copper oxides photocathodes. Besides efficiency, the properties of the material must be designed taking into account its long-term stability and resistance to photocorrosion, which is still a major drawback for these semiconductors. In general, in the literature devoted to PEC water-splitting systems, since OER is the rate-limiting step [185], too much attention is given to the photoanodes in detrimental to photocathodes. These results showed the performance of a PEC device can be also strongly be influenced by the photocathode. Low-costs, non-toxicity, and abundance of copper materials encourage further research in order to improve performance and economic competitiveness of the photocathode’s fabrication.




8. Summary


The state-of-the art review on the copper oxides reveal these materials can significantly contribute in numerous catalytic reactions bringing solutions in the emerging issues like greenhouse gases reduction or harvesting of clean energy. The major outcomes of the review can be listed in a few bullet points:




	
Copper and copper-derived nanostructures display unique catalytic properties in electrochemical CO2 reduction reaction: copper is the only pure metal that allows C2+ hydrocarbons and alcohols production; such catalysts possess moderately negative adsorption energy for *CO and slightly positive adsorption energy for *H—adsorption of *CO and consequently CO2RR is preferred over HER.



	
Oxide-derived copper catalysts possess superb affinity towards C2+ formation during CO2RR, even when compared to bare copper; it prerequisites anodic copper oxides for applications in CO2RR;



	
Anodic copper oxides successfully contribute as catalysts in direct methanol fuel cells (DMFCs) —for these materials the highest value of turnover frequency (TOF) in methanol oxidation for non-precious metal was reported, reaching 3.5k s−1 at the vortex potential of 0.65 V vs. Hg|HgO, OH−;



	
Anodic copper oxides based glucose sensor achieve very high sensitivity due to their supreme electrocatalytic activity attributed to Cu(II)/Cu(III) redox couple, making the electrode highly sensitive and highly developed surface nanostructured materials;



	
High surface area and band structure of the nanostructured anodic copper oxides contribute in photocatalytic degradation of water pollutants;



	
Photoelectrochemical water splitting on the nanostructured anodic copper oxides has satisfactory performance due to the formed direct pathways for the photogenerated charge and highly-developed surface area; Cu2O-CuO heterostructures provide rapid charge carrier separation, reducing the recombination of the photogenerated electrons.








Copper anodization is a controllable method for preparation of novel nanomaterials abundant with electronic and morphological features beneficial for photo- and electrochemistry. Its undoubtable application potential will ensure constant development of anodized copper electrodes. However, since anodization introduces multiple changes that may have impact on material properties, an additional effort should be devoted to investigate and deeply understand structure-activity dependence in such systems. Narrowing the gap between computational and experimental approaches will bring mechanistic insight that will allow optimizing the anodization process for a specific application. By acquiring understanding on the role of material characteristics crucial for given surface current-assisted reaction it will be possible to design electrooxidation pre-treatment towards desired outcomes.



Anodized copper electrodes indicate exceptional performance in electrocatalysis. Nevertheless, their catalytic effectiveness can be tuned by cooperative influence from addition of second metal. Anodization of bimetallic systems seems to be one of the promising strategies for future development of photo- and electrocatalysis. Various metallic active sites within one material combined with highly-developed surface area rich with surface defects would provide new possibilities in designing highly efficient devices for e.g., CO2 reduction, methanol oxidation, or water splitting. Due to its feasibility and controllability, anodization of copper and copper based bimetallic systems could be also employed for engineering of electrodes tailored for application in novel cell configurations, such as gas diffusion cells. In this matter, anodization step can be followed by further modification, including galvanic replacement or post-synthetic metal and metal oxides nanoparticles decoration, yielding new porous functional materials.
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Figure 1. FE-SEM images of nanostructured oxides formed by copper passivation in 1.0 M NaOH (a) (−200 mV vs. Ag|AgCl, 10 min) [49] and 0.1 M NH4HCO3 (b) (−200 mV vs. Ag|AgCl, 14 h; unpublished results by A. Brudzisz, D Giziński, W.J. Stępniowski et al.). (a) has been reproduced from [49] ® 2019 Elsevier. 






Figure 1. FE-SEM images of nanostructured oxides formed by copper passivation in 1.0 M NaOH (a) (−200 mV vs. Ag|AgCl, 10 min) [49] and 0.1 M NH4HCO3 (b) (−200 mV vs. Ag|AgCl, 14 h; unpublished results by A. Brudzisz, D Giziński, W.J. Stępniowski et al.). (a) has been reproduced from [49] ® 2019 Elsevier.
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Figure 2. FE-SEM images of nanostructured oxides formed by copper anodizing in 0.1 M Na2CO3 (a–c) (31 V, 1 h, 20 °C) [60] and 0.1 M K2CO3 (d–f) (35 V, 1 h, 10 °C [61]). (a–c) has been reproduced from [60] ® 2020 Elsevier. (a,d–f) has been reproduced from [61] ® 2019 Elsevier. 
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Figure 3. Categorization of transition metals based on their binding energies to *CO and *H. Reproduced from [85] © 2017 Wiley-VCH. 
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Figure 5. SEM cross-section image of OD-Cu catalyst prepared via square-wave electrochemical redox treatment (a) and its EDX mapping (b) showing oxide layer on copper surface. Reproduced from [128] © 2020 American Chemical Society. 
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Figure 6. (a) Scheme of Cu(OH)2-CuO formation during potentiostatic electrooxidation of copper in 1 M KOH. (b) Scheme of methanol oxidation at the surface of as prepared electrocatalyst. (c) Voltammograms of methanol electrooxidation at the surface of the pristine Cu foil in comparison with the Cu foils anodized for different time periods. Reproduced from [135] © 2020 American Chemical Society. 
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Figure 7. Schematic illustration of the possible mechanism for the RhB degeneration by the Cu2O@NPC composite. Figure adapted from [165]. 
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Table 1. Selected pathways of CO2 reduction with equilibrium potentials.
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	Possible CO2 Reduction Reactions
	E0 [V vs. RHE]





	CO2 + 2H+ + 2e− → HCOOH(aq)
	–0.12



	CO2 + 4H+ + 4e− → C(s) + 2H2O
	0.21



	CO2 + 6H+ + 6e− → CH3OH(aq) + H2O
	0.03



	CO2 + 8H+ + 8e− → CH4(g) + 2H2O
	0.17



	2CO2 + 10H+ + 10e− → CH3CHO(aq) + 3H2O
	0.06



	2CO2 + 12H+ + 12e− → C2H4(g) + 4H2O
	0.08



	2CO2 + 14H+ + 14e− → C2H6(g) + 4H2O
	0.14



	3CO2 + 16H+ + 16e− → C2H5CHO(aq) + 5H2O
	0.09



	3 CO2 + 18H+ + 18e− → C3H7HO(aq) + 5H2O
	0.10
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Table 2. Collective results of CO2RR catalyzed by electrochemically oxidized copper-based catalysts referenced in this section.
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Morphology

	
Synthesis Method

	
Electrolyte

	
Potential

[vs. RHE]

	
Faradaic Efficiency

	
Ref.




	
C2+

	
C1

	
Formate






	
CuO nanoflowers

	
electrochemical pulsed oxidation

	
0.1 M KHCO3

	
−1.3 V

	
9%

	
4%

	
30%

	
[58]




	
Cu2O nanoparticles

	
square-wave electrochemical redox treatment

	
0.1 M KHCO3 45 atm. CO2 saturated

	
−0.64 V

	
-

	
-

	
98%

	
[128]




	
CuOx nanoneedles

	
anodization

	
0.1 M KHCO3

	
−0.8 V

	
43%

	
<1%

	
2.4%

	
[93]




	
CuOx nanocrystals

	
electrodeposition

	
0.1 M KHCO3

	
−0.8 V

	
38%

	
<1%

	
12%

	
[93]




	
CuOx nanoparticles

	
thermal annealing

	
0.1 M KHCO3

	
−0.8 V

	
21%

	
–

	
-

	
[93]




	
Cu foil

	
-

	
0.1 M KHCO3

	
−0.8 V

	
4%

	
47%

	
-

	
[93]




	
CuOx nanowires (collapsed after reduction)

	
anodization followed by rapid reduction

(10 min at −4.0 V vs. Ag/AgCl)

	
0.1 M KHCO3

	
−1.05 V

	
38%

	
<1%

	
-

	
[106]




	
CuOx nanowires (collapsed after reduction)

	
anodization followed by slow reduction

(100 min at −1.15 V vs. Ag/AgCl)

	
0.1 M KHCO3

	
1.05 V

	
29%

	
7%

	
-

	
[106]




	
CuOx nanowires

	
anodization

	
0.1 M KHCO3

	
−1.08 V

	
38%

	
1.3%

	
-

	
[106]




	
Cu foil

	
-

	
0.1 M KHCO3

	
−1.08 V

	
15%

	
24%

	
-

	
[106]
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Table 3. Overview of selected reports on non-enzymatic Cu-derived glucose sensors performance.
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	Material
	Method of Synthesis
	Morphology
	Linear Response Range
	Limit of Detection
	Sensitivity
	Ref.





	CuO@GC
	Wet-chemical method
	Nanowires with nanoflower particles
	1–850 µM
	0.25 µM
	2062 µA mM−1 cm−2
	[145]



	CuO/CuOx/Cu
	Electrooxidation:

potentiodynamic
	Rough and porous
	Up to 15 mM
	0.05 µM
	1890 µA mM−1 cm−2
	[149]



	Cu2O@Cu
	Galvanostatic anodization and annealing under Ar flow
	Flower-like nanowires with length > 5 µm
	1 µM–2 mM
	0.58 µM
	4060 µA mM−1 cm−2
	[150]



	CuxO@Cu
	Electrooxidation:

potentiodynamic
	Spike covered nanowire array
	10 µM–7 mM
	10 µM
	1210 µA mM−1 cm−2
	[148]



	CuO @SPE
	Electrooxidation:

potentiodynamic
	Flower-like nanoparticles
	0.5 µM–15 mM
	0.06 µM
	3225 µA mM−1 cm−2
	[151]



	CuxO@Cu nanoparticles@ Cu foil
	Thermal oxidation
	Nanowire array
	Up to 4.0 mM
	49 µM
	1620 µA mM−1 cm−2
	[147]



	CuxO@Cu
	Potentiostatic anodization
	Microparticles 100–800 nm
	25 µM–9.05 mM
	14.3 µM
	452.4 µA mM−1
	[152]



	CuO@ Cu foam
	Hydrothermal and annealing in air
	Nanowires and nanoflowers
	0.10 µM–0.50 mM
	0.02 µM
	32330 µA mM−1 cm−2
	[146]



	Cu2O@ Cu foil
	Galvanostatic polarization
	Cubic nanoparticles 30–150 nm in diameter
	0.1–1 mM
	2.57 µM
	2524.9 µA mM−1 cm−2
	[153]



	CuO
	Wet-chemical method/microwave assisted
	Microparticles with sandwich-like structure
	Up to 3.2 mM
	~1 µM
	5342.8 µA mM−1 cm−2
	[144]



	Cu2O@Cu foil
	Potentiostatic polarization
	Octahedron microcrystals
	0.05–6.75 mM
	37 µM
	62.29 µA mM−1
	[154]



	CuO
	Galvanostatic anodization
	Nanotube array with 300 nm diameter and 15 µm length
	5 µM–3.0 mM
	0.1 µM
	1890 µA mM−1 cm−2
	[155]



	CuO UPN
	Wet-chemical method and annealing in air
	Carnation-like particles 2.5 µm in diameter composed of 15 nm thick nanosheets
	3 µM–5.3 mM
	0.098 µM
	3150 µA mM−1 cm−2
	[156]



	Cu/Cu2O/CuO
	Aerosol furnace reactor assisted synthesis
	Hollow spheres with diameter of 0.05–3 µm
	0.5 µM–30 mM
	0.39 µM
	8726 µA mM−1 cm−2
	[157]



	Cu2O
	Galvanostatic anodization and annealing
	Porous nanotube or nanorod array with diameter of 40–70 nm
	Up to 0.1 mM
	0.015
	5792.7 µA mM−1 cm−2
	[158]







GC—glassy carbon; CV—cyclic voltammetry; CuOx—copper oxalate; SPE—screen printed electrode UPN—ultrathin porous nanosheets.
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Table 4. Photocathode architectures based on anodized copper oxides and maximum photocurrent densities obtained under experimental conditions indicated.






Table 4. Photocathode architectures based on anodized copper oxides and maximum photocurrent densities obtained under experimental conditions indicated.





	Photocathode
	Method of Synthesis
	Morphology
	Maximum Photocurrent Density
	LSV Experimental Condition
	Irradiation Source
	Ref.





	CuO on Cu substrate (Eg = 1.50 eV)
	Galvanostatic anodization, hydrothermal and annealing
	Nanoneedles or nanoflakes
	−4.6 mA cm−2

(at 0.05 V vs. RHE)
	0.5 M Na2SO4, pH = 7 Range: 0.0 V to 0.8 V

SR: 10 mV s−1
	300 W XL with AM 1.5 G filter
	[182]



	Cu2O@CuO on Cu substrate

(Eg = 2.01 eV)
	Galvanostatic anodization and annealing
	Nanoflowers
	−1.54 mA cm−2

(at −0.3 V vs. Ag|AgCl)
	0.5 M Na2SO4, pH = 6

Range: −0.5 V to 0.1 V
	300 W XL with AM 1.5 G filter
	[67]



	Cu2O on Cu substrate
	Potentiostatic anodization
	Sponge-like
	−0.304 mA cm−2

(at −0.6 V vs. SHE)
	0.5 M Na2SO4, pH = 9.6
	35 W XL with a UV cut-off filter

(100 mW cm−2)
	[175]



	Cu2O/CuO on Cu/ITO substrate
	Galvanostatic anodization
	Vertically aligned nanosheets
	−1.54 mA cm−2

(at 0 V vs. NHE)
	0.05 M Na2SO5, pH = 6.82

Range: 0.0 V to 0.6 V

SR: 5 mV s−1
	300 W XL with AM 1.5 G filter (100 mW cm−2)
	[31]



	C-coated Cu2O on Cu substrate

(Eg = 2.08 eV)
	Galvanostatic anodization and annealing
	Nanowires with 200 nm diameter
	−2.7 mA cm−2

(at 0 V vs. RHE)
	0.5 M Na2SO4, pH = 6.23 Range: 0.0 V to 0.6 V

SR: 5 mV s−1
	300 W XL with AM 1.5 G filter (100 mW cm−2)
	[178]



	AZO/TiO2/RuOx-covered Cu2O/CuO on Cu/FTO substrate

(Eg ~ 2.0 eV)
	Galvanostatic anodization and annealing
	Nanowire array with diameters 100–300 nm and lengths of 3–5 µm
	−10 mA cm−2

(at −0.3 V vs. RHE)
	0.5 M Na2SO4 + 0.1 M KH2PO4, pH = 5.0

Range: −0.3 V to 0.6 V

SR: 10 mV s−1
	450 W XL with AM 1.5 G filter

(100 mW cm−2)
	[181]







SR–scan rate; XL–Xenon lamp.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
“OH + Organic dye molecules
GO, + H,0
H.0, .9






media/file4.png





nav.xhtml


  catalysts-10-01338


  
    		
      catalysts-10-01338
    


  




  





media/file2.png
Remaining Cu,0O (%)

1 o o o o o
N _©® O ¥ o
_ &
i o
[ 3
) @«
[ '
gninin = ;
Y 1~ E Rp—
weee -~ ) o~/
i~ !
{38 :
Q > )
A 295 oF | ——
{aSWw {~ | g
I
n
/' . o7
/W. = o ~
vy ~
w0
AL A " = E...MEO _ [+2]
o — : :
E B - 8 S 8 8 8 8
o, ) Aouaioiyg olepele
% 34 (%) 101)3 olepeled
Ne)
@ L =) =
[ /
Z o U [ a
-u \
&)
e I~ \ Las
. -
".l)..u..u.": = / 3
.J"(( 'q.c
uﬂa - |
v [ ;= | "

\ "

_—
«X
0
£ —,.
‘ Y

T T T - -
o o o o o
(o) n -t Ie) ~

(%) Aduaia1y3 dlepesey

l.“mu

T T v =

T v v T v
=] 0 < gl <

~l o —
(94,) Aud1d1Jd dtepeaeyy

=N

OpF«~

—0o—CO
—A—C:H‘

T
o

10 4

RR Reaction Time (h)

Cco,

Time (h)





media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg
AEco- [eV]

o
]

Cco HCOOH
0.0
=05 _Fu
-1.0
-1.5k

AEy- [eV]

1.0





media/file10.png
d

ERNRE AN S Ty

.l.llllll.l.l..l..l..lIl.l..ll..l....

-
.

-~ DI o~ 3
pr o " -

.

N\

500 nm






media/file12.png
uonNjoAa 3sAjejed juapuadap awiij

Cu(OH),-Cu0 Nanoneedles on Cu
foil within 60 sec

CuOOH+CH,0H«Cu(OH),+CO,

-2

i/ mA cm

60 -
——00s
| —10s
504 ——20s
{—30s
404 —40s
| —50s
—060s
3091 —70s
1—80s
204 ——100s

10 -

{10.5M MeOH + 1.0 M KOH

045 050 055 060 06
E/V vs. Hg/HgO





media/file9.jpg





media/file0.png





media/file14.png
oH

‘OH + Organic dye molecules
CO,+H,0
D o- O HO::






media/file8.png
O
n

O
o

I
O
n

AEC() ' [eV]
A
o

I
=
u

N
(-

| Beyond CO

~©20.5

0.0 0.5 1.0
AE - [eV]





media/file11.jpg





media/file6.png





