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Abstract

:

As an external field, a magnetic field can change the electrocatalytic activity of catalysts through various effects. Among them, electron spin polarization on the catalyst surface has attracted much attention. Herein, we investigate the sensitive response behavior of a Cu2O nanocubes to an in situ magnetic field. Under a 3 T strong magnetic field, the total transferred electron quantity in IT test (−1.1 VRHE) and the current density in the polarization curve increase by 28.7% and 54.7%, respectively, while the onset potential decreases significantly by 114 mV. Moreover, it was found that product selectivity was also altered by the magnetic field. The Faraday efficiency of C1 increases substantially, along with the inhibition of C2+ reaction paths and the HER. Our experimental results and DFT calculation demonstrate that a hybrid magnetic effect accelerates the CO2RR kinetic and generates spin polarization of the catalyst surface. The polarized surface changes the binding energy of *OCHO/*COOH and inhibits singlet C–C coupling, which restrains the C2+ reduction path and thus more CO2 is reduced to HCOOH.
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1. Introduction


The CO2 reduction reaction (CO2RR) is able to capture the carbon dioxide in the atmosphere and transform it into diversified hydrocarbons, easing the greenhouse effect [1,2]. Copper-based catalysts can bond CO* tightly owing to the appropriate CO adsorption energy and are considered the only monometallic catalysts that can reduce carbon dioxide to carbonous micromolecule. The catalytic activity and selectivity of copper-based catalysts are affected by multiple factors such as different crystal surfaces [3,4], surface ingredients [5,6] and electrolytes [7,8]. Apart from the above factors, external fields can also affect electrocatalytic reactions. In recent years, research on the intersection of magnetic fields and electrocatalysis has attracted increasing attention [9]. It can exert various forces on ions and paramagnetic molecules, including Lorentz forces [10,11,12], Kelvin forces [13,14] and Maxwell tension [15]. Therefore, due to the directional movement of ions in the magnetic field, circumfluence is inevitably generated by the Lorentz force. This effect not only exposes more active sites by sweeping away bubbles on the catalyst surface, but also enhances mass transport, which is a key factor in the CO2RR. Whitesides’ study demonstrates the presence of circumfluence on the catalyst surface under a 0.3 T magnetic field, which increased the current density and selectivity of carbonous products, and this was attributed to the enhancement of mass transport and the reduction in the pH on electrode surface [11]. This result also confirmed previous studies showing that the CO2RR is largely dependent on local pH. When the pH decreases, the concentration of carbon dioxide increases and the concentration of OH- decreases, which inhibits the competitive hydrogen evolution reaction (HER) [16]. Although the influence of this magnetic effect is visible. The behavior of the CO2RR under magnetic fields cannot solely be well explained by the agitation-like effect such as the significantly increased CO2RR current density, which conflicts with Koper’s conclusion [8], and the different tendency of some products (formic acid, ethylene, etc.) between the magnetic field and mechanical stirring.



In this regard, magnetic fields have an omnifarious effect on the CO2RR. In fact, due to the different chemical composition of the free radical pairs, the frequency of Larmor precession is inconsistent, which leads to the spin states being transformed between singlet and triplet states. A magnetic field can speed up flipping between the free radical spin states [17,18]. As such, we can obtain a higher current density [19] and yield of the target product in the magnetic field. Pan et al. found that a 0.9 T magnetic field can accelerate the combined rate of a COO/H· radical pair on a Sn nanosheet, thus increasing the yield of formic acid by 99.9% [20]. Moreover, by polarizing unpaired electrons on the catalyst surface, we can alter the adsorbed intermediates in the same spin direction. On account of the triple-state oxygen molecula, the spin polarization effect is mainly applied to OER. Galán-Mascarós et al. tested a range of Ni-Fe oxides with magnetic fields and found that the magnetocurrent is positively correlated with the magnetic property of the catalyst. They attributed this phenomenon to the lower energy barrier to form O–O bonds on the spin parallel neighboring sites [21]. In addition, the experimental results and the DFT data of Yang et al. also proved that the M-3d and O-2p orbitals of spin-polarized CoFe2O4 nanoparticles show stronger hybridization, thus facilitating spin-selected charge transport [22].



In a similar way, C–C coupling can also be affected by spin polarization. According to the spin conservation rule, the single-state RC/RC·(R represent O, OH, etc.) radical pairs will be inhibited on the spin-polarized surface, which restrains the generation of C2+ products. A copper-based catalyst is a suitable choice to observe this phenomenon. Even though copper is a diamagnetic material, it also exhibits paramagnetic and even ferromagnetic properties when activated by nanoscale and vacancy [23,24,25]. Herein, we investigated the CO2RR activity and selectivity of Cu2O under 0–3 T magnetic fields with an in situ electrochemical testing system, which is set up by combining a magnetic field device with an electrochemical workstation and gas chromatography (Figure 1d and Figure S1). As catalysts, the pretreated Cu2O nanocubes exhibit paramagnetism and are sensitive to magnetic response.




2. Materials and Methods


2.1. Preparation of Catalyst


Cu2O nanocubes were prepared by an similar approach similar to that in a previous paper [26] and all reagents were purchased from Sigma Aldrich at ACS grade and used without further purification. Firstly, 2.5 g CuSO4·5H2O was added to 400 mL ultrapure water (>18 MΩ cm−1). After stirring for 10 min at room temperature (25 °C), 2.75 g NaOH was added to the solution. After the solution turned dark blue in color, 1 g CTAB was added to the solution as a surfactant and the mixture was stirred for 30 min. Then, 10 mL L-ascorbic acid (1 M) was used as a reducing agent by adding slowly to the solution and stirring for 30 min. The solution gradually turned from blue to orange-red. The as-prepared Cu2O nanocubes were collected by centrifugation and washed with absolute ethyl alcohol 3 times. After drying overnight in a vacuum oven, the Cu2O nanocubes were stored in ethanol solution.



To prepare the working electrode, 60 μL Cu2O ink (4 mg Cu2O and 30 μL Nafion solution spread in 1 mL ethanol) was doped onto 1 cm−2 × 1 cm−2 carbon fiber paper (GDL240). After drying in air, the working electrode was immersed in KHCO3 electrolyte for subsequent testing.




2.2. Physical Characterizations


The powder XRD patterns of the samples were recorded with an X-ray diffractometer (Japan Rigaku D/MAX-γA) using Cu-Ka radiation (λ = 1.54178 Å) with a 2θ range of 30–80°. TEM images were collected from a Hitachi H-800 transmission electron microscope using an accelerating voltage of 200 kV, and a HRTEM (FEI Talos F200X) was operated at an accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was conducted on an ESCALAB 250 X-ray photoelectron spectrometer. Magnetic hysteresis loops were prepared using a superconducting magnetometer (MPMS-175).




2.3. Electrochemical Measurements


The electrochemical measurements were conducted at 25 °C by an electrochemical workstation (CHI 660E) in a two-compartment batch cell (H-cell) containing 30 mL of 0.5/0.1 M KHCO3 solution. A platinum wire and an Ag/AgCl electrode were employed as the counter and reference electrodes, respectively. Before all the electrochemical CO2 reduction tests, a high-purity CO2 flow with a flow rate of 30 sccm (standard cubic centimeter per minute) was purged into the KHCO3 solution for 30 min. Before the CO2RR test, cyclic voltammetry (CV) treatment (ten circles with scan rate of 0.1 V/s under the potential range from −1.5 V to −0.4 V) and IT treatment (20 min at −1.0 V) were used to pretreat the Cu2O nanocubes. During the CO2RR test, linear sweep voltammetry (LSV) was conducted with a scan rate of 0.05 V/s and further used to calculate the Tafel slopes. Electrochemical impedance spectroscopy (EIS) was conducted at −1.8 VRHE with a frequency range of 100–106 Hz. All potentials were measured against an Ag/AgCl reference electrode and converted to the RHE scale based on the Nernst equation (ERHE = EAg/AgCl + 0.059 × pH + 0.205).




2.4. Generation of a Magnetic Field


The in situ magnetic field was generated by a 5 Tesla mini Cryogen-Free Magnet system produced by CRYOGENIC LTD (The Installation photograph is shown in Figure S1). The high-temperature superconductor coil works at a temperature of approximately 4.2 Kelvin and can generate a horizontal constant magnetic field in the cavity. To maintain the operating temperature of the coil, the change in the magnetic field needs to be less than 1 T. Additionally, it takes a few minutes to wait for the next operation.




2.5. Analysis of Reaction Products


We performed product testing at the potential range from −1.3 to −1.0 V in 0.1 M KHCO3. To exclude the influence of irrelevant factors between different tests, IT tests under different magnetic field strengths were performed with the same working electrode.



The gas-phase products (H2, CO, CH4, and C2H4) were analyzed by gas chromatography (Agilent 7890B). The Faradaic efficiency of the gas product was calculated on the basis of the following Equation (1):


Faradaic efficiency = ix/itot = nx × vgas × cx × F/(itot × Vm)



(1)




where ix is the partial current of product x, itot is the total current, nx represents the number of electrons transferred towards the formation of 1 mol of product x, vgas is the CO2 flow rate (s.c.c.m), cx represents the concentration of product × detected by gas chromatography (ppm), F is the Faraday constant (96,485 C mol−1), and Vm is the unit molar volume, which is 24.5 l mol−1 at room temperature (298.15 K).



The liquid-phase products (HCOOH, C2H5OH, and C3H8O) were analyzed by nuclear magnetic resonance spectroscopy (AVANCE III 500MHz/54mm). All 1HNMR samples were acquired by diluting the aqueous sample with D2O to achieve a 9:1 H2O/D2O ratio, and by adding 0.01 mL DMSO (500-fold dilution) as the internal standard.




2.6. DFT Calculations


The DFT calculations were performed using a Vienna Ab Initio Simulation Package (VASP) [27,28], and the generalized gradient approximation (GGA) [29] of Perdew–Becke–Ernzerhof (PBE) [30] is used for the exchange-correlation function. All models were built in a Cu2O (111) slab model with a size of 6 × 6 × 25 Å, and the height of the vacuum layer was greater than 15 Å to avoid interlayer interaction. The cut-off energy was set to 400 eV for the plane-wave expansion of the electronic wave function. All structures were optimized with a convergence criterion of 1 × 10−5 eV for the energy and 1 × 10−7 eV for the frequency. The k-point mesh is 3 × 3 × 1. We believe that magnetic fields affect the interaction between catalyst and intermediate mainly through spin polarization, that is, magnetic fields change the spin direction of unpaired electrons on the catalyst surface in the same direction. In order to simulate the effect of the magnetic field, we used the “LSORBIT” and “SAXIS” keywords in the static calculation to give the model an initial magnetic moment [22]. Instead of setting the initial magnetic moment for each atom, we use the default value. When SAXIS = 0 0 1, the initial magnetic moment of each atom is 0 0 1, which points towards the Z axis.



The reduction of CO2 to HCOOH and CO on the surface of Cu2O (111) crystal has been studied, and the reaction pathways are listed as follows.



The HCOOH reaction pathway:


* + CO2 + H+ + e− → *OCHO



(2)






*OCHO + H+ + e− → * + HCOOH



(3)







The CO reaction pathway:


* + CO2 + H+ + e− → *COOH



(4)






*COOH + H+ + e− → * + CO2 + H2O



(5)







Here, the asterisk (*) represents the surface substrate active site. The reaction free energy for each species is calculated according to Equation (6):


∆G = ∆E + ∆ZPE−T∆S



(6)




where ∆E is the energy difference between products and reactants from the DFT calculation. ∆ZPE is the difference in zero-point energy, and the ∆E and the corrections of zero point energy and the entropy of the CO2RR intermediates can be found in Table S2. ΔS is the entropy difference between the adsorbed state and the gas phase (T = 298.15 K).





3. Results and Discussion


3.1. No Significant Structure Reconstruction during Testing


The Cu2O nanocubes will undergo a transition from Cu+ to Cu0 under a negative applied potential, accompanied by the change in surface oxidation state and surface reconstruction, which will highly affect the catalytic activity [26,31,32,33]. In order to exclude the influence of catalyst reconstruction, we pretreated the catalyst before the CO2RR test, and the current density and selectivity of the catalyst remained stable during testing (Figure S2). Moreover, material characterization of the as-prepared, pretreated, and after-test catalysts was studied.



Ex situ X-ray diffraction (XRD) was applied to detect the evolution of phase transition during the test. Figure 1a shows that the as-prepared catalyst is matched well with pure-phase Cu2O. After pretreatment and the CO2RR test, several new diffraction peaks appeared at 43.2°, 50.3°and 73.7°, is attributed to the formation of metallic copper. The coexistence of Cu and Cu2O diffraction peaks and their relative intensities were similar in the pretreated and after-test catalysts, indicating the inappreciable phase transformation. Additionally, the hysteresis behavior of the as-prepared and pretreated catalysts are shown in Figure 1b,c, respectively. The as-prepared catalysts are diamagnetic due to the full d shell Cu+ and nonmagnetic O2−, matching well with the XRD results. After pretreatment, the catalysts show paramagnetic properties (χ = 1.5 × 10−5 emu g−1 Oe−1) due to the increase in vacancy concentration in the Cu2O lattice [23,34]. Additionally, this behavior could be ascribed to the unpaired surface spin electron, which proved the possibility of spin polarization under magnetic fields.



Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and STEM-HAADF were carried out to observe the change in morphology. The SEM (Figure 1f), STEM-HAADF (Figure S3) and TEM images (Figure S4) indicated that the as-prepared Cu2O are nanocubes with a diameter of 100–200 nm, and the predominating facets of the edge area are {111}. After pretreatment and 1 h IT test (−1.0 V versus RHE), the structure did not collapse significantly, but the surface gradually became rough. The STEM-EDX maps also indicated that unchanged Cu/O nanocubes structure during the test, and the Cu/O atomic ratio of the as-prepared catalyst was close to 2:1, which rises slightly after the test due to the reduction of Cu2O (Table S1).



X-ray photoelectron spectroscopy (XPS) was performed to study the chemical states on the catalyst surface during the test. Figure 1e presents the Cu 2p and Cu LMM of the as-prepared catalyst and catalysts after pretreatment and testing. The Cu 2p3/2 peaks at 932.1 and 934.2 eV could be attributed to the Cu+/Cu0 and Cu2+ species, respectively. For the as-prepared catalyst, only the Cu+/Cu0 peak could be observed. In combination with the weak satellite peaks (Figure S5) and the peak at 916.8 eV in Cu LMM, this indicates that the main phase of our catalyst is Cu2O, which is consistent with the XRD result [26,32]. After pretreatment and testing, the appearance of a peak at 918.6 eV in Cu LMM confirmed the transformation from Cu+ to Cu0 during the test. Additionally, the Cu2+ peak and stronger satellite peaks in the pretreated and after-test catalysts indicated the emergence of CuO, which arises from reoxidation by air during XPS testing.




3.2. The Effect of a Magnetic Field on Electrocatalytic Performance


To investigate the effect of a magnetic field on the electrocatalytic performance of a catalyst, we performed electrochemical tests in an in situ magnetic field: the working electrode (carbon paper) was placed vertically to the magnetic induction line and tested in 0.5/0.1 M KHCO3 solution with carbon dioxide saturation. The magnetic field was generated by a mini cryogen-free system, which allowed us to accurately and quantitatively control the strength (B) of the magnetic field. The data of linear sweep voltammetry (LSV) are shown in Figure 2a. A significant increase in current density could be observed under magnetic fields. At −1.4 VRHE, the magnetocurrent reached 15.2 and 32.7 mA cm−2 in a 1 and 3 T magnetic field, respectively. The current density increased by 25.3% in the 1 T magnetic field and increased by 54.7% in the 3 T magnetic field. There are some phenomena that are noteworthy. The first is that the onset potential was positively shifted (114 mV) under magnetic fields, which is difficult to change by the Lorentz force [21]. We attribute this to the effect of radical pairs. Another is that the limit current of the magnetocurrent could be observed in the 1 T magnetic field, while it is invisible in a 3 T magnetic field.



The response time and intensity of magnetic effects were studied by intermittently applying a magnetic field during the test. In Figure 2b, when the magnetic field strength started to change, the current density increased immediately, and it regained the original current density after evacuation of the magnetic field, which indicates that the magnetic effect occurs straightaway and is reversible. In Figure 2c, a variational magnetic field was performed (in the order of 0 T-1 T-2 T-3 T-2 T-1 T-0 T). The trapezoidal-like curve indicates the positive correlation between magnetic field intensity and magnetocurrent density. However, the nearly identical density in the 1 and 2 T magnetic fields reveals that the relationship between J and B is not a simple linear relationship, which is also supported by Figure S6. The Tafel slope and electrochemical impedance spectroscopy (EIS) behavior are important indicators to evaluate the dynamics of the CO2RR [35,36]. As shown in Figure 2e, the Tafel slope in 0 T is 90.0 mv dec−1, and Cu2O exhibited a lower Tafel slope of 87.2 and 83.1 mv dec−1 in the 1 and 3 T magnetic fields, respectively. This result indicates that the magnetic field accelerates the reaction kinetics, which is likely because the majority of the sluggish 12 e− transfer process (CO2 transform to C2H4 and C2H5OH) tends to convert to the more rapid 2 e− transfer process. The EIS result also coincides with this phenomenon (Figure 2f). Charge transfer resistance is slightly decreased in a magnetic field.



To further illustrate the radical pairs effect, electrocatalysis under different magnetic field orientations was studied. A number of previous studies have shown that the Lorentz force effect is sensitive to the direction, and it can be eliminated by making the working electrode surface parallel to the magnetic sensing line [21,22,35]. We altered the orientation of the carbon paper in the magnetic field and found that an obvious magnetic field-enhanced phenomenon can be observed in both states (Figure 2g). In addition, other CO2RR catalysts without C–C coupling, such as Bi2O3, were also tested under different magnetic fields, and only a pimping magnetocurrent and an unchanged onset potential were observed (Figure 2d and Figure S7). All these phenomena indicate that there is a hybrid magnetic effect on Cu2O, and the Lorentz force effect is not the main effect.




3.3. A hybrid Magnetic Effect in the CO2RR


The CO2RR has an intricate reaction path (Figure 3a) [2,37]. It is currently believed that the activation of a CO2 molecule is the first step. The adsorbed *CO2 is reduced to *OCHO or *COOH, which is further reduced to HCOOH and *CO, respectively [38,39]. Additionally, *CO is an important intermediate in the CO2RR, and it can be reduced to a C1 product (CH3OH and CH4) via subsequent proton-coupled electron transfer or it forms CO by desorption. Moreover, a pair of *CO on neighboring active sites can further couple to form C2+ (C2H4 and CH5OH) products [1,2,3,4,5,6,37]. We collected the products in various potentials with/without a magnetic field in a high overpotential region (−1.0 VRHE–−1.3 VRHE). The contrasting result (Figure 3b) shows that the Faraday efficiency of the C1 product (HCOOH and CO) is increased significantly with the decreasing Faraday efficiency for the H2 and C2+ products (C2H4, C2H5OH, and C3H8O). The detailed data are displayed in Figure 3c–g.



C2H4, C2H5OH and C3H8O were detected by GC and 1HNMR. The FE of C2+ was relatively low at −1.0 VRHE, and increased at a more negative applied potential. With a 3 T magnetic field, the FE of C2+ showed a similar variation tendency. The FE of C2H4 changed from 28.4% to 14.0% and the FE of C2H5OH changed from 13.1% to 5.3% at −1.2 VRHE. An similar inhibition also occurred in C3H8O (Figure S8). To explain this, we noticed that the reaction pathways of the C2+ product highly overlap, and have to go through C–C coupling [37]. Under a strong magnetic field, the polarized surface arranges the spin electron toward an identical orientation, which leads to the spin-forbidden *CO or *CHO turn to other reaction pathways [21,22,36]. CO and HCOOH showed different behavior. The FE of CO decreased suddenly at −1.1 VRHE. However, under the magnetic field, the FE of CO showed no significant changes at each voltage. Supporting the transformation of *CO into the C2+ product was inhibited. It is worth noting that the variation tendency of HCOOH was unchanged under a magnetic field, but the FEHCOOH under magnetic fields was 3-fold larger than the FEHCOOH without magnetic fields. There was a different variation tendency between the FECO and FEHCOOH possibly due to the different influences of the magnetic field on the adsorption energy of *OCHO and *COOH, which will be further discussed in the DFT result. The FE of the main competitive product, H2, was approximately 40~50% from −1.0 to −1.3 VRHE. The introduction of the magnetic field obviously suppressed H2 production at −1.0 and −1.1 VRHE, and this suppression gradually diminished as the potential decreased. At −1.3 VRHE, there was no difference between the FEH2 with/without a magnetic field.



The current density of the main product was further studied (Figure S9). The 3 T magnetic field has no obvious inhibition effect on the partial current density of H2, and the HER rate even increased at −1.3VRHE. Moreover, the magnetic field reduces the partial current density of C2 products and significantly increased the partial current density of C1 products, showing a similar variation trend to their Faraday efficiency. This result indicates that the magnetic field directly increased the reaction rate of C1 products and decreased the reaction rate of C2 products, without a significantly decreased HER rate. Previous studies have proven that the selectivity increase in the CO2RR by improving material transport was mainly due to the inhibition of HER, rather than the direct enhancement of the CO2RR [8]. This conclusion indicates that the increase in mass transport caused by circumfluence is not the main cause of the magnetic effect. We further analyzed the partial current density and the Faraday efficiency of each product at different stirring rates (Figure S10), and the different variation trend also supported this view.



DFT calculations were performed to explain the different influences of magnetic fields on FECO and FEHCOOH. We compared the Gibbs free energy of the CO and HCOOH reaction paths on spin-polarized and unspin-polarized Cu2O (111) crystal surfaces (Figure 4a). To model the spin-polarized catalyst surface, we used the “LSORBIT” and “SAXIS” keywords to set the magnetic moment of the surface atoms parallel to z [22]. The projected density of the states (PDOS) of the two key intermediates (*OCHO and *COOH) on the spin-polarized and unspin-polarized surface are shown in Figure 4b [38,39]. The spin polarization slightly reduced the d-band center of the surface copper atom and changed the overlap ratio between the Cu-3d orbit and the O-2p/C-2p orbit. This suggests that spin polarization can alter the adsorption energy of the intermediates by affecting the hybridization of surface atoms and the *OCHO/*COOH, thus affecting the selectivity of CO2RR products [40,41]. The free energy diagrams are shown in Figure 4c. For CO reaction paths, the rate-determining step (RDS) is the formation of *COOH, and the energy barriers of the spin-polarized and unspin-polarized surface are 0.817 and 0.568 eV, respectively. For HCOOH reaction paths, the binding energies of *OCHO on the spin-polarized surface is higher than on the unspin-polarized surface, which led to a lower energy barrier of RDS. Obviously, compared with the unspin-polarized surface, the spin-polarized surface lowers the energy barrier of the HCOOH reaction path (ΔG = −0.158 eV) and enhances the energy barrier of CO reaction paths (ΔG = 0.249 eV) (Figure 4d). This result indicated that the magnetic field-introduced spin polarization makes the CO2RR more inclined to follow the HCOOH reaction path, which is in good agreement with the experimental results.





4. Conclusions


In summary, we investigated the hybrid magnetic effect of the CO2RR on the Cu2O nanocubes. Our comparative test results and physical characterization exclude the magnetic effects dominated by Lorentz forces and phase transition during the test. The hysteresis loop of pretreated Cu2O and DFT results proves that magnetic fields lead to the spin polarization of surface electrons. The polarized surface affects the hybridization between surface copper atoms and *OCHO/*COOH and inhibits singlet C–C coupling. The spin-forbidden *CR intermediates are diverted to other reaction paths, resulting in the change in reaction kinetics and selectivity of the CO2RR. Under a 3 T magnetic field, the current density increased by 54.7% and the onset potential decreased by 114 mV. Moreover, the magnetic fields change product selectivity. That is, the Faraday efficiency of C2+ products (C2H4, C2H5OH, (CH3)2CHOH, etc.) is halved and the Faraday efficiency of C1 products (HCOOH, CO, etc.) is increased substantially. This work demonstrates the hybrid magnetic effect of the CO2RR on the spin-polarized surface and provides a new method to regulate the catalytic activity and selectivity.
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Figure 1. Material characterization of the catalyst: (a) XRD pattern of the as-prepared, pretreated and after-test catalyst. (b,c) The M(H) curves at 300 K of the as-prepared and pretreated catalyst. (d) The schematic diagram of the magnetic field device and electrochemical H-cell. (e) XPS spectra of Cu 2p of the as-prepared, pretreated and after-test catalyst. (f) SEM images and EDS mapping of the as-prepared, pretreated and after-test Cu2O nanocubes. 
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Figure 2. Electrochemical characterization of the catalyst under different magnetic fields. (a) LSV curves and magnetocurrent curves under 0 T, 1 T, and 3 T magnetic fields. (b) Plot of current density vs. time in a 1 T intermittent magnetic field; the yellow arrow corresponds to the switching time. (c) Plot of current density vs. time in a magnetic field; the gray area corresponds to the interim time. (d) LSV curves of Cu2O and Bi2O3 with/without a magnetic field. (e) Tafel slope of Cu2O under different magnetic fields. (f) EIS plot of Cu2O under 0 and 3 T magnetic fields. (g) Plot of current density vs. time in vertical and parallel orientations toward the magnetic sensing line. 
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Figure 3. (a) The Faraday efficiency in −1.1V VRHE under different magnetic fields and the reaction roadmaps of the CO2RR on Cu2O catalysts; the red roads are inhibited in the magnetic field by preventing C–C coupling. The Faraday efficiency plot with/without a magnetic field of C1, C2 (b), C2H4 (c), CH3CH2OH (d), HCOOH (e), CO (f) and H2 (g). All tests were performed in 0.1 M KHCO3, and the error bars represent the s.d. (n = 3). 
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Figure 4. (a) Schematic diagram of the HCOOH and CO reaction paths. (b) Projected density of the states (PDOS) of the Cu2O (111) with adsorbed COOH and OCHO. The Fermi level is referenced at 0 eV. (c) Free energy diagrams for the CO2RR to CO and HCOOH on spin-polarized and unspin-polarized Cu2O (111) crystal surfaces. (d) The ΔG of RDS for the HCOOH and CO reaction paths. The blank, slash-filled and horizontal-filled columns represent the ΔG values of RDS on spin-polarized and unspin-polarized catalysts and the difference in values, respectively. 
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