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Abstract

:

The conversion of carbon dioxide into value-added products is progressively gaining momentum. Several strategies have been used to develop technologies that reduce the net emissions of CO2. The utilisation of CO2 could either contribute to carbon recycling. In this paper, the transformation of CO2 was investigated in a coelectrolysis cell constituted of a solid polymer electrolyte, a carbon-supported CuO-Ag composite cathode and NiFeOx anode. Noncritical raw materials were synthesised according to the oxalate method and investigated in an alkaline environment. Low-carbon alcohols were obtained with a specific selectivity for ethanol and methanol over the CuO-Ag/KB cathode. The reaction rates at 1.6 V and 1.8 V cell voltages have been determined in steady-state experiments using NaHCO3 supporting electrolyte recirculated at the anode.
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1. Introduction


The electrochemical reduction of CO2 to produce green chemicals is an attractive approach for storing renewable energy and mitigating net greenhouse gas emissions in the atmosphere [1,2,3,4,5,6,7,8]. The conversion of CO2 is, in principle, prohibitive in conventional electrolysers based on a concentrated liquid alkaline electrolyte due to its immediate reaction to form a salt [9,10,11]. However, novel and advanced electrolysers based on solid-state alkaline electrolytes can become a promising technology for this process, although they still need to solve the high cost of materials and their durability [10,12]. Resistance to the CO2 environment of polymeric electrolytes with anionic functional groups is still under study, whereas the maximum operating temperature is 60 °C for most alkaline membranes developed until now [13,14,15,16,17,18]. Recent encouraging results in this field have fuelled the investigation of novel and hierarchical materials based on non-noble and noncritical raw materials, which generally are not stable in an acidic environment [9,19,20]. In principle, the electrodes based on noncritical raw materials (CRMs-free) are less effective than precious metal catalysts [21,22]. At the same time, the alkaline environment enhances the oxygen evolution kinetics due to the lower energy required compared to that in the acidic conditions, and the CO2 solubility producing an enhancement of the reaction rate according to the specific reaction order. Particular disadvantages of alkaline electrolytes include lower ionic conductivity than H+-based electrolytes and the need to recirculate caustic solutions [12,23,24]. However, in the absence of a breakthrough solution for a cost-effective anode electrocatalyst capable of operation in a protonic environment, i.e., a non-noble metal catalyst sufficiently active and stable at low pH values, the use of alkaline electrolysers, remains the most realistic approach.



This paper investigates the electrochemical reduction of carbon dioxide to alcohols carried out at a cathode based on (CRM-free). The reactions associated with the reduction of CO2 to form methanol and ethanol in alkaline conditions and related reversible potentials are presented in following:


CO2 + 5H2O + 6e− → CH3OH + 6OH−     E°rev, cathode = 0.04 V vs. RHE



(1)






6OH− → 3/2O2 + 3H2O + 6e−        E°rev, anode = 1.225 V vs. RHE



(2)






CO2 + 2H2O → CH3 OH + 3/2O2   E°rev, cell = 1.185 V



(3)






2CO2 + 9H2O + 12e− → CH3CH2OH + 12OH−   E°rev, cathode = 0.09 V vs. RHE



(4)






12OH− → 3O2 + 6H2O + 12e−        E°rev, anode = 1.225 V vs. RHE



(5)






2CO2 + 3H2O → CH3CH2OH + 3O2   E°rev, cell = 1.135 V



(6)







Moreover, under operating conditions, different parallel catalytic and electrocatalytic reactions can occur in the cathode chamber [1,9], and these include the formation of CO (4) and formate (5), H2 evolution (6) and CO reduction (7), which decrease the overall selectivity and yield to methanol.


CO2 + H2O + 2e− → CO + 2OH−     E°rev, cathode = −0.1 V vs. RHE



(7)






CO2 + H2O + 2e− → HCOO− + OH−     E°rev, cathode = −0.02 V vs. RHE



(8)






2H2O + 2e− → H2 + 2OH−     E°rev, cathode = 0.00 V vs. RHE



(9)






CO + 4H2 → CH3OH



(10)







In particular, we have studied the role of Ag in combination with the CuO for the cathodic reaction involving CO2 reduction. The CuO-Ag catalyst was selected to promote a synergistic effect between the copper oxide (usually recognised as one of the most active phases for CO2 conversion [25,26]) and Ag (a well-known catalyst for CO2 reduction into CO [8,27,28]). Then, the variable reducing conditions occurring at the cathode during dynamic operation can promote the formation of different species of Cu, including cuprite (Cu2O). However, a further cathode reduction can form metallic copper, especially under poor enthalpy efficiency. As a parallel reaction, the simultaneous evolution of hydrogen is possible. Ag can effectively mitigate the H2 evolution reaction, which can be competitive with the methanol yielding by enhancing CO2 reduction. According to these premises, this study investigates various operating conditions using a complete alkaline CO2-H2O coelectrolysis cell [29,30,31,32].




2. Results and Discussion


A preliminary study to detect phase purity and morphology was conducted on the milled catalyst. Figure 1 shows the crystal reflection of Ag/KB and CuO-Ag/KB specimens for comparison and includes the typical patterns of CuO (JCPDS card n° 05-0661) and metallic Ag for reference (JCPDS card n° 04-0783). The XRD spectra did not show any phase impurities, and the crystallite sizes determined using the Scherrer equation applied on the FWHM of CuO and Ag peaks were 8 nm and 17 nm, respectively [8,33,34].



We carried out the microscopic analyses to highlight the grain size of CuO and the morphology of the electrocatalyst. As shown in Figure 2, CuO has an oblong aspect and is evenly distributed with a particle size of about 17 nm, confirming the dimension determined through the XRD (Figure 1) and informing about a low agglomeration between the CuO crystallites.



The morphological aspects and chemical analysis of the as milled electrocatalyst are shown in Figure 3. We observed a regular distribution of the two phases, and the EDX analyses confirmed the nominal composition of the as-prepared catalyst.



The analyses of the catalyst surface carried out by XPS analysis revealed an atomic composition of 0.6% silver, 7.7% copper, 8.0% oxygen, carbon as balance, reflecting a low content of Ag in the surface (i.e., Ag:Cu ratio was about 0.1). In Figure 4, the spectra of C1s, O1s, Cu2p and Ag3d core levels are reported. The spectrum of Cu2p (Figure 4a) consisted of two spin-orbit components at binding energies of 934.4 eV (2p3/2) and 954.6 eV (2p1/2) and two Cu2+ shake-up satellites. The shape of the spectrum and the peak positions denotes the presence of Cu(II) species at the surface of CuOxAg/KB system, which are consistent with the structure of cupric oxide (CuO) [35,36,37]. The binding energy position of Ag 3d5/2 (368.6 eV) and 3d3/2 (374.6 eV) core levels (Figure 4b) proves the valence state of “zero” of the metal (Ag0) [38] at the surface of the catlyst. The profiles of O1s core level of the sample, as reported in Figure 4c, exhibits two components at 530.2 (OI) and 531.9 eV (OII), that can be ascribed to O2− ions of the surface lattice oxygen of CuO and to surface hydroxyl groups (e.g., Cu-OH), respectively [35,37]. The C1s spectrum (Figure 4d) is dominated by the presence of a sharp peak at 284.8 eV, which is typical for carbonaceous solids with a graphite-like surface, such as carbon fibres and graphitized carbon nanospheres [39]. However, the asymmetry of the peak and a small shoulder at higher binding energies, probably ascribable as a weak π–π* interaction, are consistent with the structure of conductive carbon black materials with different surface graphitic characters [40].



Figure 5 provides a scheme of the electrochemical process used for CO2-H2O coelectrolysis operating under an alkaline environment. In principle, water should be supplied to the cathode. However, for practical purposes, water containing KOH or NaHCO3 was fed to the anode to avoid diluting the organic products formed at the cathode. An anion exchange membrane separator was used between the CuO-Ag/KB and NiFe-oxide to create a zero-gap cell configuration.



The high voltage efficiency range was explored in this study (i.e., a cell voltage < 2 V). The operation at a cell voltage higher than 2 V means significant dissipation of electrical energy and exacerbation of electrochemical corrosion and modification of the cathode catalyst (e.g., reduction of copper oxide to metallic copper). Operation at low potentials combines high voltage efficiency and better stability for the electrocatalysts. Gas-chromatography was used to quantify the liquid phase products. In the first experiments, the characteristics of a MEA based only on CuO at the cathode were investigated. Figure 6 shows the polarisation curves and chronoamperometric test at 1.6 and 1.8 V. Initially, the pure copper oxide catalyst (without Ag) was investigated in the presence of 0.1 M of NaHCO3 at the anode, and humidified CO2 supplied at the cathode. Potentiostatic tests were carried out at 1.6 (Figure 6b) and 1.8 V (Figure 6d) for 24 h, and the productivity results are reported in Table 1.



Polarisation curves indicated substantial activation losses, which are much more relevant after the potentiostatic steady-state operation indicating a poisoning effect by CO2 adsorption on the electrode surface. The steady-state current density achieved at 1.8 V is 10 mA cm−2. A higher current density and alcohol yield were achieved using 0.1 M NaHCO3 instead of 0.5 M NaHCO3 (Figure 7) probably due to strong adsorption of carbonates on the electrode surface causing a significant poisoning effect. Ohmic resistances are higher in 0.1 M vs. 0.5 M NaHCO3. However, this does not affect the performance at these low current densities.



In Figure 8, the chromatograms of liquid phases analysis obtained at different potentials are reported. The presence of ethanol and methanol was observed mainly in 0.1 M of NaHCO3. The product yields are specified in Table 1. According to the reactions 1 and 4 above reported, we calculated a Faradaic efficiency of approximately 5%. Consequently, the residual current was mainly involved in forming other undetected gas species.



The presence of two waves in the polarisation curves indicates that the two catalytic sites are effective in different potential ranges. For better accuracy, the results are reported in the potentiodynamic mode [6,41].



The catalytic activity of the CuO-Ag/KB was evaluated by electrochemical measurements (Figure 9a). Liquid-phase analysis at the cathode outlet in the presence of different electrolytes for the CO2 reduction at Ag-CuO/KB catalyst is reported in Table 2. A higher current is achieved compared to CuOx in the initial experiment under similar conditions and lower deactivation after the steady-state potentiostatic test at 1.8 V in 0.1 M NaHCO3. Methanol and ethanol were observed in the presence of 0.1M NaHCO3. Thus, only ethanol was observed when KOH was recirculated at the anode of the cell (Figure 9b).



The enhanced electrocatalytic CO2 reduction activity of CuOxAg/KB catalyst compared to CuOx/KB can be attributed to the synergistic effects at the interface between Cu and Ag. Wanyu Su et al. investigated the Cu/Cu2O-Ag-x for efficient electrochemical CO2 reduction and found a synergetic role of Ag and CuO in the facilitation of C–C coupling reaction, thus boosting the selectivity towards the C2+ products [28]. The higher current density recorded in the CO2 environment in the presence of 0.1 M NaHCO3 at 1.8 V confirms that the CuOxAg/KB is electrocatalytically active for CO2 reduction. Interestingly, after a durability test of only 24 h at 1.8 V, it was observed an increase of current up to 0.02 A cm−2. The productivity of alcohols during the CO2 reduction process is reported for two similar MEAs tested under different conditions in Table 2. The highest productivity was achieved for CuOxAg/KB in 0.1 M NaHCO3. However, only ethanol and essential traces of methanol were obtained in KOH. Methanol was observed at 50 °C in the presence of NaHCO3 with a yield larger than ethanol for the formulation CuO/KB [25,42,43,44,45]. Karapinar and coworkers, in their review, reported that the addition of a secondary metal in a copper-based catalytic system is a widely used approach to tune the electronic structure of Cu and the binding energy of the key intermediates formed during the CO2 reduction and thereby improve the activity and selectivity for ethanol.




3. Material and Methods


3.1. Synthesis of Catalysts


Catalysts were prepared according to the oxalate method (Patent WO2004049491) [46]. Cu or Ag nitrates were dissolved in distilled water and mixed with a solution of oxalic acid neutralised at pH 6.5 with NaOH. The molar ratio between the chelating agent and metal was 10. A metal complex was formed and then decomposed at 80 °C with hydrogen peroxide to achieve a precipitate that then was filtered, washed and dried at 100 °C for 24 h. The raw powders were subsequently calcined at 350 °C for 120 min. The Ag catalyst was successively treated in diluted 5% H2/95% He atmosphere to form metallic silver nanoparticles. Finally, the as-prepared CuO and Ag specimens were milled for 24 h at 160 rpm.




3.2. Physicochemical Characterisation


The preliminary physical–chemical characterisations of synthesised electrocatalyst consisted in the analyses of phases and size of crystallites using a Philips X-pert 3710 X-ray diffractometer (Panalytical Italia, Lissone, Italy) equipped with a Cu Kα radiation operating at 40 kV and 20 mA. A FEI XL 30 scanning electron microscope (SEM) (FEI, Eindhoven, The Netherlands) equipped with energy dispersive X-ray analysis (EDX) (FEI, Eindhoven, The Netherlands) was used to investigate the composition and morphology of the sample at a micrometric level. The morphology of catalysts at the nanoscale magnification was studied through the Transmission Electron Microscopy (TEM-FEI CM12 equipped with LaB6 filament) (FEI, Eindhoven, The Netherlands). X-ray photoelectron spectroscopy (XPS) evaluated the surface chemical composition of the samples and the chemical environment of each element. Spectra were recorded using a Physical Electronics GMBH PHI 5800-01 spectrometer (Physical Electronics GmbH, Munich, Germany), equipped with a monochromatic Al-Ka source (1486.6 eV) with a beam of 300 W.



The surface chemical composition of the samples and chemical environment were evaluated by X-ray photoelectron spectroscopy (XPS). Spectra were recorded using a Physical Electronics GMBH PHI 5800-01 spectrometer (Physical Electronics GmbH, Munich, Germany), equipped with a monochromatic Al-Ka source (1486.6 eV) with a power beam of 300 W. The pass energy for determination of the oxidation state and concentration of surface species was 11.0 eV and 58.0 eV, respectively. The BE regions of C1s (280–300 eV), Cu2p (920–968 eV), Ag3d (364–378 eV) and O1s (525–535 eV) were investigated, taking the C1s line (284.8 eV) of adventitious carbon as reference, as reported in the literature [47].




3.3. Electrochemical Characterisation


Concerning the membrane electrode assemblies (MEAs), the first step was to prepare the anode and cathode inks to be deposited on backing layers and successively assembled with the electrolyte. The anode used in all electrochemical experiments was the NiFeOx electrocatalyst, fully described in our previous paper [46]. The inks contained 33 wt.% of anionic ionomer and 67 wt. % of electrocatalyst. These were dispersed and were sonicated for 30 min in ethanol before manufacturing the related electrodes. The gas diffusion layer (GDL) used for the cathode and anode was a backing layer purchased by Spectracarb, which was spray-coated with the ink of each electrocatalyst [48]. This procedure was conducted on a heated plate to facilitate the evaporation of ethanol. According to this procedure, the total metal loaded in the final electrodes was 2.5 mg cm−2 for the anode and 3 mg cm−2 for the CuO and CuO-Ag cathode [49,50], which were the subject of this study. Finally, cold-pressed membrane–electrode assemblies (MEAs) with a geometrical area of 5 cm2 for both electrodes were manufactured. The polymer electrolyte used was a Sustainion® X37-50 anion exchange membrane. The MEAs were then assembled in a nickel housing in single-cell configuration, and temperature-controlled in the range 30–50 °C for the time required by the electrochemical experiments. During the experiments, NaHCO3 (0.1 M or 0.5 M) or KOH solution (1 M) was recirculated at the anode side compartment at a flow rate of 4 mL min−1 using a peristaltic pump. Humidified CO2 was preheated at the cell temperature and then fed to the cathode compartment at a flow rate of 50 mL min−1. The electrochemical investigations consisted of polarisation curves (cell potential versus current density) and chronoamperometry analysis. The Keithley as power supply system (Tektronic, Rome, Italy) was used. The series resistance (Rs) was determined using an impedance bridge (4338B, Agilent, Rome, Italy) at a frequency of 1 kHz. Further tests consisted of the gas chromatographic analysis for the cathodic outlet collected during the endurance tests to check any possible organic soluble species. The liquid was entrapped in a vial maintained at temperatures below 0 °C into a cryogenic apparatus to comply with this.



A GC model Agilent 7890 A was used for this scope. The instrument included a capillary column (30 m × 0.53 mm × 0.2 μm film thickness) model Supelcowax 10 (Merck KGaA, Darmstadt, Germany), directly connected to a flame ionization detector. The analytes were eluted using helium as carrier gas. Each compound’s “sensitive factors” were determined by calibrating the GC with standards.





4. Conclusions


This work deals with a screening of cathode electrocatalysts in a coelectrolysis cell involving conversion of CO2 and water to sustainable fuels. NonCRM electrocatalysts were developed and assessed in terms of performance, productivity to alcohols, selectivity, and activity. Using the CuO/KB and CuO-Ag/KB composite catalysts, alcohols such as methanol and ethanol were obtained at both 1.6 and 1.8 V in 0.1 M NaHCO3 recirculated at the anode. By using a CuO/KB catalyst, a methanol and ethanol yield of 29.5 µmol/gcat and 14.4 µmol/gcat were obtained, respectively, in a 24 h test at 1.8 V, whereas 34.65 µmol/gcat of methanol and 7.45 µmol/gcat of ethanol was achieved for CuOAg/KB at the same potential during 24 h operation. These results appear very promising for alternative and innovative green fuels production from CO2 conversion.
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Figure 1. XRD pattern of the CuO-Ag/KB catalyst and CuO/KB catalyst. 
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Figure 2. TEM images of the CuO/KB catalyst at three different magnifications. (a) 200nm; (b) 50 nm; (c) 5 nm. 
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Figure 3. SEM (a) and EDX (b) analyses of the as-prepared CuO-Ag/KB electrocatalyst. 
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Figure 4. XPS spectra of (a) Cu2p, (b) Ag3d, (c) O1s and (d) C1s core levels of CuOxAg/KB catalyst. 
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Figure 5. Scheme of the electrochemical process used for CO2-H2O coelectrolysis (a), single-cell unit (b). 
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Figure 6. (a) Raw and IR-free polarisation curves before (BoT) and after (EoT) a potentiostatic test at 1.6 V. (b) Potentiostatic test at 1.6 V/cell. (c) Raw and IR-free polarisation curves before (BoT) and after (EoT) a potentiostatic test at 1.8 V. (d) Potentiostatic test at 1.8 V/cell. Cell-based on CuOx – Sustainion-NiFeOx, CO2 feed at the cathode, 0.1 M NaHCO3 feed at the anode. 
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Figure 7. Polarization curves at 50 °C (a) CuOx/KB-Sustainion X37-50 -NiFeOx/KB (BoT Rs = 0.32 Ohm cm2 and EoT Rs = 0.2 Ohm cm2) (b) chrono-amperometric curve at 1.6 V in presence of CO2 in presence of 0.5 M NaHCO3. (c) chrono-amperometric curve at 1.8 V in presence of CO2 and in presence of 0.5 M NaHCO3. 
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Figure 8. Liquid-phase analysis at the cathode outlet (CuOx/KB-Sustainion X37-50-NiFeO/KB), in the presence of 0.1 M and 0.5 M NaHCO3 feed at different potentials. 
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Figure 9. Polarization curves at 50 °C (a) CuOxAg/KB-Sustainion X37-50-NiFeOx KB (BoT Rs = 0.54 Ohm cm2 and EoT Rs = 0.24 Ohm cm−2). (b) Liquid-phase analysis at the cathode outlet, in the presence of 1M KOH at 1.8 V. (c) Liquid-phase analysis at the cathode outlet, in the presence of 0.1 M NaHCO3 at 1.8 V. 
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Table 1. Liquid-phase analysis for cell-based on CuOx/KB - Sustainion X37-50 -NiFeOx/KB.
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CuOx/KB-Sustanion-NiFeOx/KB




	
Operative Conditions

	
Product Yield (µmol gcat−1)

	
CO2 Conversion Rate

(µmol gcat−1 h−1)




	

	
Methanol

	
Ethanol

	






	
Cathode CO2 (50 °C)

Anode: 0.1 M NaHCO3 −1.8 V

	
29.5

	
14.4

	
2.43




	
Cathode CO2 (50 °C)

Anode: 0.1 M NaHCO3 −1.6 V

	
17.6

	
9.5

	
1.52




	
Cathode CO2 (50 °C)

Anode: 0.5 M NaHCO3 −1.8 V

	
4.5

	
0.7

	
1.19




	
Cathode CO2 (50 °C)

Anode: 0.5 M NaHCO3 −1.6 V

	
11.4

	
7.1

	
1.07
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Table 2. Liquid-phase analysis for cell based on CuOxAg/KB-Sustainion X37-50-NiFeOx/KB.
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CuOxAg/KB-Sustanion-NiFeOx/KB




	
Operative Conditions

	
Product Yield (µmol gcat−1)

	
CO2 Conversion Rate

(µmol gcat−1 h−1)




	

	
Methanol

	
Ethanol

	






	
Cathode: CO2 (50 °C)

Anode: 0.1 M NaHCO3; 24 h

	
34.7

	
7.5

	
2.07




	
CuOxAg/KB-Sustanion-NiFeOx/KB




	
Operative Conditions

	
Product Yield (µmol gcat−1)

	
CO2 Conversion Rate

(µmol gcat−1 h−1)




	

	
Methanol

	
Ethanol

	




	
Cathode: CO2 (50 °C)

Anode: 1 M KOH; 22 h

	
0

	
5.45

	
0.52
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