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Materials and Methods
Materials and chemicals
The following chemicals were used in this study without any further purification: Bismuth nitrate pentahydrate (Bi(NO3)3∙5H2O, 98%, Sigma-Aldrich), ammonium metavanadate (NH4VO3, 99.0%, Junsei), and citric acid monohydrate (HOC(COOH)(CH2COOH)2·H2O, 99.5%, Daejung). Nitric acid (HNO3, 60%, Sigma-Aldrich), glacial acetic acid (CH3COOH, 99+%, Alfa Aesar), and poly(vinyl alcohol) ([-CH2CHOH-]n, molecular weight 89,000 - 98,000; 99+% hydrolyzed, Sigma-Aldrich). Additionally, copper(II) acetylacetonate (Cu(acac)2, 97%, Sigma-Aldrich), dibutyltin bis(2,4-pentanedionate) (C18H32O4Sn, 95%, Alfa Aesar), and L(+)-ascorbic acid (C6H8O6, 99.6%, Kanto Chemical) were employed as reagents. Oleylamine (CH3(CH2)7CH=CH(CH2)7CH2NH2, 70%, Sigma-Aldrich) served as a surfactant, while carbon black powder (Vulcan XC-72R, Fuel Cell Store) was used as a conductive support material. Copper foil (thickness 0.5 mm, 99.98% trace metal basis, Sigma-Aldrich) and potassium bicarbonate (KHCO3, 99.7%, powder, crystals, or granules, Sigma-Aldrich) were essential components in the experiments. Poly(4-vinylpyridine) [(C7H7N)n, average molecular weight ~160,000, Sigma-Aldrich] solutions were prepared at concentrations of 0.1, 1, 3, and 5 wt.%. A perfluorinated Nafion resin solution (20 wt.% lower aliphatic alcohols and 34% water) was diluted with deionized water to prepare solutions with concentrations of 1, 5, 10, and 15 wt.%. Deionized water (DI water) was used throughout all experiments, produced using a Milli-Q IQ 7000 system equipped with a Millipak 0.22 µm filter. All chemicals and reagents were used as received without any additional purification.
Fabrication of (040)-crystal facet engineered BiVO4 photoanode
The (040)-BiVO4 photoanode was fabricated by simple seed-assisted hydrothermal method. The fabrication of the (040)-BiVO4 photoanode involved a two-step process. The first step focused on preparing BiVO4 seed layers on a fluorine-doped tin oxide (FTO) substrate, which served as the foundational layer. In the second step, the process was continued to develop the (040)-crystal facet BiVO4 phase. 
Step:1 Preparation of BiVO4 seed layer on FTO substrate
To prepare the BiVO4 seed layer on the FTO substrate, 5 mmol of Bi(NO3)3·5H2O (2.4254 g), 5 mmol of NH4VO3 (0.5849 g), and 10 mmol of citric acid (1.912 g) were dissolved in 15 mL of an aqueous solution containing 23.3% HNO3. This mixture was stirred for 30 minutes until it turned transparent blue. The resulting solution was then added to 3.75 mL of glacial acetic acid (Alfa Aesar, 99+%) containing 1.2 g of polyvinyl alcohol (PVA, Aldrich, MW 89,000 - 98,000, 99+% hydrolyzed) and stirred vigorously for approximately 12 hours until a transparent solution was obtained. Subsequently, 750 µL of the prepared solution was deposited onto a clean FTO substrate (2 × 2 cm2) by spin coating at a speed of 1000 rpm for 20 seconds, followed by annealing at 450 °C for 4 hours in an air atmosphere. 
Step:2 Fabrication of (040)-BiVO4 photoanode
For the typical fabrication of the (040)-BiVO4 photoanode, 1 mmol of Bi(NO3)3·5H2O (0.4851 g) and 1 mmol of NH4VO3 (0.1169 g) were dissolved in 75 mL of a 2.0 M HNO3 aqueous solution and stirred for 30 minutes. To this mixture, 0.2465 mmol of titanium (III) chloride solution (TiCl3, 12 wt% in HCl, Sigma-Aldrich, 0.12 mL) was added as a structure-directing agent (SDA), and the reaction mixture was stirred for an additional 30 minutes. The pH of the solution was adjusted to 1.12 using ammonia solution (NH4OH, Merck, 28-30 wt%), subsequently, the mixture was transferred to a 60 mL Teflon-lined autoclave. The prefabricated BiVO4 seed layer was placed on a PTFE holder within the autoclave, facing upwards, and the system was heated at 150 °C for 10 hours in an oven. Finally, the hydrothermally treated substrates were retrieved from the autoclave, rinsed with deionized water, and annealed at 500 °C for 4 hours to complete the process (See photograph in Supplementary Fig. 2a).
Fabrication of Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode   
Fabrication of Cu/Cu10Sn3 bimetallic alloy electrode
Step 1: Preparation of Cu10Sn3 Bimetallic Alloy Nanoparticles (NPs)
The Cu10Sn3 bimetallic alloy NPs were synthesized by simple co-reduction method. To synthesize Cu10Sn3 bimetallic alloy NPs, 0.1596 g of copper(II) acetylacetonate (Cu(acac)2, 6.09 × 10-4 mol), 2120 µL of dibutyltin bis(2,4-pentanedionate) (C18H32O4Sn, 5.99 × 10-3 mol), 0.324 g of ascorbic acid (1.84 × 10-3 mol), and 60 mL of oleylamine were combined in a sealed 100 mL vial. The mixture was ultrasonicated for approximately 30 minutes to ensure uniform dispersion. The sealed vial was then placed in an oil bath and heated at 180 °C for 1 hour as a result colloidal particles formed. The resulting product was collected by centrifugation, washed thoroughly with an ethanol/cyclohexane mixture, and dried to yield Cu10Sn3 bimetallic alloy NPs.
Step 2: Fabrication of Cu10Sn3 bimetallic alloy electrode 
To prepare the Cu10Sn3 bimetallic alloy electrode, 0.08 g of the alloy catalyst powder (Cu10Sn3 NPs/C-H) was dispersed in a mixed solution consisting of 3800 µL of ethanol, 200 µL of deionized water (DIW), and 50 µL of Nafion solution (5 wt.%). The resulting mixture was subjected to ultrasonication for 1 hour to ensure the formation of a homogeneous alloy catalyst ink. Following this, 100 µL of the prepared alloy catalyst ink was carefully deposited onto a copper foil substrate with dimensions of 2 cm × 2 cm. The coated substrate was then left to dry under ambient conditions. Once the initial layer was dried, an additional 100 µL of the alloy catalyst ink was applied dropwise to the same area, and the drying process was repeated. This procedure was carried out a total of three times to achieve a uniform coating. As a result, a uniform and well-adhered Cu10Sn3 bimetallic alloy layer was successfully formed on the surface of the copper foil, ensuring consistent coverage and good film quality.
Fabrication Cu/Cu10Sn3/rGO electrode
The fabrication of the Cu/Cu10Sn3/rGO electrode was carried out through a sequence of three distinct steps: the synthesis of graphene oxide (GO) using a modified Hummer’s method, chemical reduction of graphene oxide to reduced graphene oxide (rGO) and finally fabrication of Cu/Cu10Sn3/rGO electrode. 
Step 1: Synthesis of graphene oxide (GO)
Graphene oxide (GO) was synthesized using a modified Hummer's method, and reduced graphene oxide (rGO) was subsequently prepared through the chemical reduction of GO. The process began with the grinding of graphene flakes (Sigma-Aldrich) using a ball mill to achieve a fine powder. Next, 1.0 g of the ground graphene powder and 1.0 g of sodium nitrate (NaNO3, Sigma-Aldrich) were dispersed in 46 mL of concentrated sulfuric acid (H2SO4, Samchun Chemical, 95%) while maintaining the reaction mixture in an ice bath. This mixture was stirred for 45 minutes to ensure thorough mixing. Following this, 9.0 g of potassium permanganate (KMnO4, Sigma-Aldrich) was gradually added to the reaction mixture, which was then stirred for 10 minutes at room temperature. The reaction mixture was subsequently heated at 35 °C in a heating bath and stirred for 2 hours. After this step, 280 mL of warm deionized water was slowly added over a period of 30 minutes, ensuring controlled addition. To terminate the reaction and neutralize any residual KMnO4, hydrogen peroxide (H2O2, Samchun Chemical, 34.5%) was added dropwise until effervescence ceased, and the colour of the solution transitioned from dark green to dark brown. The resulting GO solution was filtered and washed with a diluted hydrochloric acid solution (HCl/H2O, v/v%, 9/1), and the purified GO was dried in a vacuum oven.
Step 2: Preparation of reduced graphene oxide (rGO)
To prepare reduced graphene oxide (rGO), 0.2 g of the synthesized GO was dispersed in 200 mL of DI water, and 10 g of ascorbic acid was added to the solution. The mixture was stirred at 60 °C for 30 minutes to facilitate the reduction process. The resulting rGO slurry was collected via centrifugation, and 10 mL of H2O2 was added to oxidize any remaining ascorbic acid. This mixture was stirred again at 60 °C for 30 minutes. The rGO precipitates were recovered through centrifugation and washed thoroughly with a solution of ethanol and DI water (v/v%, 1:1) to remove impurities. Finally, the purified rGO was dried in an oven at 120 °C overnight. For further use, the rGO was dispersed in chloroform to prepare a solution with a concentration of 2 mg/mL.
Step 3: Fabrication of Cu/Cu10Sn3/rGO electrode
A 100 µL of as prepared rGO solution (2 mg/mL in chloroform) was carefully deposited onto the Cu/Cu10Sn3 alloy electrode using a micropipette. The deposited layer was left to air-dry naturally. This step was repeated by adding another 100 µL of the rGO solution in the same manner, ensuring the formation of a uniform and consistent rGO layer. The resulting electrode, coated with the rGO layer, was designated as the Cu/Cu10Sn3/rGO cathode.
Fabrication Cu/Cu10Sn3/rGO/PVP electrode
A 100 µL of 3 wt.% PVP solution (prepared by diluting PVP in ethanol) was carefully dispensed onto the Cu/Cu10Sn3/r-GO electrode surface. To ensure uniform coating, the solution was evenly spread across the electrode using a spin coater (model ACE-200), operated at a rotational speed of 5000 rpm for 30 seconds. After the spin-coating step, the electrode was subjected to drying in an oven at a temperature of 80 °C for a duration of 6 hours. This thorough drying process allowed for the formation of a stable and well-adhered PVP layer. The resulting electrode, now coated with the PVP layer, was designated as the Cu/Cu10Sn3/rGO/PVP cathode.
Fabrication Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode
A 100 µL of 15 wt.% nafion solution (prepared by diluting the nafion resin in deionized water) was carefully dispensed onto the Cu/Cu10Sn3/rGO/PVP electrode surface. To achieve a uniform distribution of the nafion layer, the solution was spread evenly using a spin coater, operated at a speed of 500 rpm for a duration of 2 minutes. This process resulted in the formation of a MLDC electrode, named the Cu/ Cu10Sn3/rGO/PVP/Naf MLDC (See photograph in Supplementary Fig. 2b). A schematic illustration of the fabrication process for the dark cathode is presented in Supplementary Fig. 15, providing a visual summary of the sequential steps and layers involved in the electrode preparation.
Photoelectrochemical activity of (040)-BiVO4 photoanode
The photoelectrochemical activity of the (040)-oriented BiVO4 photoanode was evaluated using an artificial photosynthesis (AP) cell equipped with an Ivium potentiostat (CompactStat e10030 Ivium). The fabricated (040)-BiVO4 photoanode served as the working electrode, while an Ag/AgCl electrode (Eo = 0.197 V at 25 °C) and a Pt foil electrode were employed as the reference and counter electrodes, respectively. An aqueous 0.5 M KHCO3 solution (pH = 8.4) was utilized as the electrolyte for the measurements. The photoanode was illuminated by a simulated light source (solar simulator HAL-320, 300 W Xe Lamp) with an intensity of 100 mW/cm2 using an AM 1.5 filter (1 sun condition). The photocurrent response was recorded using linear sweep voltammetry (LSV) at a scan rate of 20 mV/s, with periodic light chopping at an on/off interval of 2 seconds to assess the transient behaviour of the photocurrent. Finally, the applied bias potential measured against the Ag/AgCl reference electrode was converted to the reversible hydrogen electrode (RHE) scale using the Nernst equation (Eqn. 1).

where, ERHE is the converted potential from Ag/AgCl to RHE, EAg/AgCl is the experimentally obtained potential, and E°Ag/AgCl is the known potential of the Ag/AgCl reference electrode (0.197 V at 25 °C).


Electrochemical CO2 reduction measurements
The electrochemical CO2RR activity of different types of the dark cathode was systematically evaluated by linear sweep voltammetry (LSV) and cyclic voltammetry (CV) in the presence of 0.5 M CO2-saturated KHCO3 solution as an electrolyte using customized three-electrode artificial photosynthesis (AP) cell. Dark cathodes, Ag/AgCl and Pt were used as working, reference and counter electrodes, respectively. To determine the overpotential and construct Tafel plots, the LSV data were plotted as potential (V) versus the logarithm of the current density (log j), where V represents the applied bias potential and j denotes the current density.
Photoelectrochemical CO2 reduction experiments
PEC CO2RR measurements were performed in an air-tight glass-made AP cell consisting of a Nafion membrane separated by anodic and cathodic compartments with quartz window for light illumination as shown in Supplementary Figs. 1,2. The volume of each compartment is 20 cm3 and each compartment is filled with 15 ml of 0.5 M KHCO3 solution. The dimensions of the photoanode and MLDC are 2 × 2 cm2, however, the active area of each electrode (the area in contact with the electrolyte) is about 1.13 cm2. The (040)-BiVO4 photoanode was used as the working electrode, Cu/Cu10Sn3/rGO/PVP/Naf MLDC was used as the cathode and Ag/AgCl (3 M KCl solution; Eº = 0.197 V at 25 ºC) was used as a reference electrode. Prior to initiating the PEC CO2RR experiments, both anodic and cathodic compartments were filled with 15 mL of a 0.5 M KHCO3 aqueous electrolyte solution. The cathodic compartment was subsequently purged with CO2 gas for a duration of 30 min. to ensure adequate CO2 saturation. The pH of the electrolyte solution was measured at approximately 8.4 before CO2 purging, which subsequently decreased to approximately 7.3 after purging, indicating the dissolution of CO2 and subsequent acidification and CO₂ gas was continuously purged throughout the entire experiment. For PEC CO2RR measurements, the photoanode was illuminated with a simulated light source (solar simulator HAL-320, 300 W Xenon lamp) with an intensity of 100 mW/cm2 using an AM 1.5 filter (1 sun condition). An external bias potential of 1.2 V vs. Ag/AgCl was applied during the measurements.
Faradaic efficiency (FE), which quantifies the selectivity of reaction towards individual products, is determined through the following equation (2):

where, e represents the number of electrons transferred, n denotes the total amount of products expressed in moles, F represents the Faraday constant (96,485 C mol-1), and Q is the total charge (expressed in coulombs) applied during the process. 
The solar-to-fuel (STF) efficiency, which represents the efficiency of the process to produce valuable products with solar light. STF efficiency can be calculated according to Eq. (3)1:

where, ΔrGo is the reaction Gibbs free-energy change for the formation of N moles of product, and Esolar is the total incident photon energy (100 mW/cm2).
In-situ spectroscopic techniques to monitor the formation of key reaction intermediates and products during CO2RR
In-situ Raman spectroscopy
The reaction pathway and mechanism of CO2RR were systematically monitored using in-situ Raman spectroscopy. The formation of key reaction intermediates and products at the electrode/electrolyte interface during CO2RR were recorded on a Nanobase Xperam-F1.4 spectrometer, equipped with a 785 nm microprobe laser operating at output power of 200 mW. A customized in-situ Raman cell was utilized for the in-situ Raman analysis (Supplementary Figs. 33,34). Prior to measurement, the Raman cell was filled with a 0.5 M KHCO3 electrolyte solution and purged with CO2 gas for 60 minutes to ensure full saturation, which was maintained throughout the experimental duration. A series of dark cathodes, including Cu/Cu10Sn3, Cu/Cu10Sn3/rGO, Cu/Cu10Sn3/rGO/PVP, and Cu/Cu10Sn3/rGO/PVP/Naf, were used as working electrodes, while a platinum foil and an Ag/AgCl electrode served as the counter and reference electrodes, respectively. The CO2RR process was carried out by applying a bias potential of -1.2 V vs. Ag/AgCl (equivalent to -0.58 V vs. RHE). Simultaneously, in-situ Raman spectra were recorded at 1 min. intervals to capture the formation of key reaction intermediates and products in real-time.
In-situ ATR-IR spectroscopy
The reaction pathway and mechanism of the CO2RR were further investigated using in-situ attenuated total reflection infrared (ATR-IR) spectroscopy. This analysis was performed with a SHIMADZU IRTracer-100 Fourier transform infrared spectrometer, utilizing a specialized horizontal ATR (HATR) cell accessory designed by Pike Technologies. The HATR cell featured a 4 mm thick germanium (Ge) crystal reflector with a surface area of 7 × 0.9 cm², as illustrated in Supplementary Figs. 42,43. To enable precise monitoring of key reaction intermediates and products formation at the electrode/electrolyte interface, the working electrode was securely mounted on the HATR cell with its active surface oriented downward, facing the Ge crystal, as depicted in Supplementary Figs. 42,43. The electrochemical conditions were employed for the in-situ ATR-IR measurements were identical to those used in the in-situ Raman spectroscopy analysis, ensuring consistency in the experimental approach.
EPR spectroscopy
The formation of the first-electron transfer CO2•− anion radical intermediates during the CO2RR was systematically investigated using electron paramagnetic resonance (EPR) spectroscopy under low-temperature conditions. These measurements were performed using a Bruker EMX/Plus spectrometer equipped with a dual-mode cavity (ER 4116DM), allowing for highly sensitive detection of radical intermediates (Supplementary Figs. 49,50). The EPR spectra were acquired using the following optimized parameters: a microwave frequency of 9.65 GHz, a modulation frequency of 100 kHz, a modulation amplitude of 1 Gauss, microwave power of 3 mW, a time constant of 20.48 ms, a conversion time of 20.00 ms, and a total of 8 scans. The formation of CO2•− anion radical intermediates during CO2RR were captured by dimethyl-1-pyrroline N-oxide (DMPO) as a spin trapping agent, which reacts with CO2•− anion radical to form a stable and long-lived DMPO-CO2 adduct, which can be reliably detected by EPR. The CO2RR was conducted by applying a constant bias potential of -1.2 V vs. Ag/AgCl (equivalent to -0.58 V vs. RHE) in a 20 mL electrochemical cell containing CO2-saturated 0.5 M KHCO3 as the electrolyte. A Cu/Cu10Sn3/rGO/PVP/Naf MLDC was employed as the working electrode, while a platinum foil and an Ag/AgCl electrode served as the counter and reference electrodes, respectively. For EPR sample preparation, 0.1 mL diluted DMPO solution was taken in the 1 mL syringe. After 1-hour CO2RR, approximately 0.2 mL of the electrolyte solution was immediately withdrawn from the electrochemical cell using the same syringe containing 0.1 mL diluted DMPO solution. The collected mixture was then rapidly frozen in liquid nitrogen and subsequently transferred into an EPR quartz tube. The frozen sample was subsequently analyzed by EPR spectroscopy at liquid nitrogen temperature to preserve and detect the CO2•− anion radical intermediates. 
Temperature-dependent electrochemical impedance spectroscopy (EIS) experiments
To determine the activation energy, electrochemical impedance spectroscopy (EIS) measurements were conducted over a temperature range of 20 to 50 ºC. These experiments were carried out on Cu/Cu10Sn3 and Cu/Cu10Sn3/rGO/PVP/Naf MLDC to analyze their charge transfer characteristics. The electrochemical setup consisted of Cu/Cu10Sn3 and Cu/Cu10Sn3/rGO/PVP/Naf MLDC were used as working electrode and Ag/AgCl as the reference electrode and a platinum foil as the counter electrode. EIS measurements were performed by applying an external bias potential of -0.58 V vs. RHE, while impedance spectra were recorded across a frequency range spanning from 3.0 to 10.0 MHz. Finally, the activation energy of the dark cathodes are estimated by Arrhenius equation (4-6) with the aid of temperature dependent EIS studies.
                                                
 

            Where, k-rate constant of the reaction, A-pre-exponential factor or frequency factor (related to collision frequency and geometrical orientation), Ea-activation energy (in joules or kJ/mol), R-universal gas constant (8.314 J·mol-1·K-1), T-absolute temperature (in Kelvin), e-Euler’s number (≈ 2.718).
Time-resolved chronoamperometry (TR-CA) experiments
Time-resolved chronoamperometry (TR-CA) experiments were conducted to validate the sequential multi-electron transfer process occurring through the rGO layer of the dark cathode. To specifically confirm the number of electron transfer to the CO2RR site, ethylphenothiazine (EPT), N-ethyl-3,7-dimethoxyphenothiazine (DMeOEPT), and rGO were individually coated onto the tip of a gold ultra-microelectrode. These coatings served as standard models for facilitating one-electron, two-electron, and four-electron transfer processes, respectively. In this study, gold ultra-microelectrodes modified with EPT, DMeOEPT, and rGO were used as cathodes, while an Ag/AgCl electrode and a platinum electrode were utilized as reference and counter electrodes, respectively. All electrochemical measurements were performed in a 0.1 M NaOH electrolyte solution, following a 30-minute CO2 purging process to ensure adequate saturation of the reaction environment.
Time-resolved photoluminescence (TR-PL) experiments
The electron captures and accumulation characteristics of rGO were comprehensively examined through time-resolved photoluminescence (TR-PL) decay curve analysis and two-dimensional (2D) imaging. These measurements were performed on Cu/Cu10Sn3 and Cu/Cu10Sn3/rGO electrodes, which were selectively excited using a single-mode pulsed diode laser (375 nm wavelength, 30 ps pulse width, and an approximate power output of 5 μW) under ambient conditions. The experimental setup included a Hitachi F-7000 spectrophotometer integrated with a confocal microscope (MicroTime 200, PicoQuant, Germany), enabling precise spectral and spatial resolution of electron dynamics within the system. The experimentally obtained decay curves were exponentially fitted by iterative least square deconvolution using Symphotime-64 software (Version 2.2). 
Product analysis by gas chromatography  
The generated solar liquid fuel products, including methanol ethanol and formaldehyde were quantitatively analysed using gas chromatography (GC) equipped with a flame ionization detector (FID) (GC Agilent Technologies 7890B; Supplementary Figs. 3 and 4). In contrast, the gaseous product, specifically hydrogen gas, was analyzed utilizing a gas chromatograph equipped with a thermal conductivity detector (TCD) (GC Agilent Technologies 7890A; Supplementary Figs. 5 and 6). These analytical techniques ensured accurate identification and quantification of the reaction products, facilitating a comprehensive assessment of the PEC CO2RR process.
DFT computational studies
All DFT calculations were carried out using the Vienna Ab Initio Simulation Package (VASP) with spin polarization.2,3 The electron exchange and correlation energies were described by the PBE (Perdew, Burke, and Ernzerhof) functional in the generalized gradient approximation (GGA),4 and the nuclei-electron interactions were represented by the projector augmented wave (PAW) pseudopotentials.5 For geometric optimization, the kinetic cut off energy for the plane wave basis was set to 520 eV. The semiempirical Grimme (DFT-D3) correction scheme was applied to account for Van der Waals interactions. The convergence criteria were set to 10-5 eV for electronic self-consistency and 0.02 eV/Å for ionic relaxation. The generation of a KPOINT file for determining the k-point mesh, as well as the k-point sampling, were facilitated by the VASPKIT script within the VASP framework.6 In this work, the PVP surface consisting of 7H-7C-N in a cubic cell with a vacuum introduction in each direction of (x, y and z, i.e., 33.00 Å) was selected as the model for the as-prepared cathode material.  The free energy of each intermediate was calculated using the following equation (7).
                                              
where, ΔG - Change in Gibbs free energy (kJ/mol or eV), ΔE - Electronic energy change (from DFT total energy calculations), ΔZPE - Zero-point energy correction (from vibrational frequency analysis), T -Temperature (in Kelvin, typically 298.15 K) and ΔS - Entropy change (in kJ/mol·K or eV/K). 
Material characterization
The powder X-ray diffraction (XRD) patterns of (040)-BiVO4 and Cu10Sn3 bimetallic alloy NPs were acquired on a Rigaku D/MAX-2500/pc diffractometer using CuKα (λ = 1.5406 Å) radiation at a scan rate of 1 o/min. The surface morphology and cross-sectional images of as-fabricated (040)-BiVO4 photoanode, Cu10Sn3 bimetallic alloy NPs, FTO/PVP (0.1-5 wt%) and FTO/Naf (1 -15 wt%) cathodes were obtained by field emission-scanning electron microscope (FE-SEM, JEOL JSM 890) equipped with energy dispersive X-ray analysis (EDX) facility. Information on the morphology, particle size and shape of the (040)-BiVO4 photoanode and Cu10Sn3 bimetallic alloy NPs were obtained using a high resolution-transmission electron microscope (JEOL JEM 2100F; acceleration voltage 200 kV) equipped with EDX facility. The chemical states of the elements as well as the surface elemental composition of the as-prepared Cu10Sn3 bimetallic alloy NPs samples were analyzed by an X-ray photoelectron spectrometer (XPS, Thermo VG Scientific Multitab 2000) with Al Kα (1486.6 eV) X-ray source.





Supplementary Note 1 | Fabrication process of Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer dark cathode  
The fabrication of multi-layer dark cathode is illustrated in Supplementary Fig. 15. This schematic presents a comprehensive outlining the sequential fabrication steps used to fabricate the functional Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer dark cathode designed for efficient and selective PEC CO2RR. The fabrication begins with the deposition of Cu10Sn3 bimetallic alloy nanoparticles (100 μL) onto a highly conductive Cu foil substrate via a controlled drop-casting process, repeated three times to ensure uniform coverage. This step results in the formation of the foundational Cu10Sn3 electrode layer, which facilitates direct electron transfer from the Cu substrate to the overlying rGO functional layer. Subsequently, rGO (100 μL) was deposited through drop-casting, creating a uniform, electronically conductive interlayer, with the process repeated two times to ensure consistent coverage. This rGO layer acts as a sequential multi-electron reservoir, enabling efficient accumulation and directional transfer of electrons to the CO2 reduction site. To further promote CO2 capture and activation, a 3 wt.% PVP solution in ethanol was spin-coated at 5000 rpm for 30 seconds. The resulting PVP layer is rich in nitrogen-rich pyridinium functional groups that facilitate CO2 capturing and activation by forming stable [PVPδ⁺-CO2δ⁻] complexes. After thermal drying at 80 °C for 6 hours to ensure robust film formation, a 15 wt.% Nafion solution was spin-coated at 500 rpm for 2 minutes to form the outermost hydrophilic and proton-conductive layer. The sulfonated groups in Nafion enable efficient proton transfer from the bulk electrolyte to the PVP-activated CO2RR sites, while simultaneously suppressing the competitive HER. Each layer have synergistic role during PEC CO2RR.








Supplementary Note 2 | Synthesis and physical characterization of Cu10Sn3 alloy nanoparticles  
	The Cu10Sn3 alloy nanoparticles (NPs) were synthesized by the co-reduction of copper (II) acetylacetonate (Cu(acac)2) and dibutyltin bis(2,4-pentanedionate) (C18H32O4Sn) at 180 °C for 1 h in the presence of ascorbic acid as the reducing agent and oleylamine as the dispersing surfactant as well as solvent. 
Low- and high-magnification of FE-SEM images of as-synthesized Cu10Sn3 alloy NPs showing spherical morphology with moderate agglomeration, as shown in the Supplementary Figs. 17a,b. The EDX mapping and spectrum both confirms the presence of Cu and Sn elements in the Cu10Sn3 alloy NPs (Supplementary Figs. 17c-e). Low- and high-magnification TEM images reveal a uniform distribution of spherical Cu10Sn3 alloy NPs with an average particle diameter of ~22.4 nm, as derived from the statistical particle size distribution. The Cu10Sn3 alloy NPs are well-dispersed and show no significant aggregation, indicating successful colloidal synthesis and stabilization (Supplementary Figs. 18,19a-c). The SAED pattern displays well-defined concentric diffraction rings, indicative of the polycrystalline nature of the Cu10Sn3 alloy NPs, specifically, the indexed diffraction rings match the (111) and (200) planes, which are consistent with the standard JCPDS card No. 01-1241 for cubic Cu phase (Supplementary Fig. 19b inset). As shown in Supplementary Fig. 19c, HR-TEM image revealing well-defined lattice fringes with a measured interplanar spacing of 0.209 nm, which corresponds to the (111) plane of face-centered cubic Cu phase (JCPDS 01-1241). This lattice spacing remains nearly unchanged upon alloying, suggesting atomic-scale substitution of Sn into the Cu lattice without significant lattice distortion. The corresponding Fast Fourier Transform (FFT) pattern displays sharp diffraction spots that can be indexed to the (111) and (200) planes of the cubic Cu phase, in agreement with simulated electron diffraction patterns (Supplementary Fig. 19d). The line-profile analysis of the inverse FFT image reveals a periodic atomic spacing of ~0.206 nm, corroborating the (111) lattice plane distance and confirming the long-range crystallographic order within the Cu10Sn3 alloy NPs (Supplementary Fig. 19f). High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images, combined with elemental mapping, demonstrate the homogeneous distribution of Cu and Sn throughout the nanoparticles. Notably, a weak oxygen signal is also observed, likely originating from surface oxidation under ambient conditions (Supplementary Fig. 19g-k). Powder X-ray diffraction (XRD) analysis further supports the alloy phase formation, two strong diffraction peaks at 2θ = 42.3° and 42.7° are assigned to the (113) and (300) planes of the hexagonal Cu10Sn3 phase (space group P63), confirming the formation of a well-ordered bimetallic alloy structure (JCPDS No. 65-2064) (Supplementary Fig. 19l). Moreover, X-ray photoelectron spectroscopy (XPS) provides additional information about the surface elemental composition and chemical states of the elements. The core-level Cu 2p elemental spectra of the Cu10Sn3 alloy NPs deconvoluted into two distinct peaks at binding energies of 932.8 and 952.5eV, which attributed to Cu0,+1 2p3/2 and Cu0,+1 2p1/2, respectively (Supplementary Fig. 19m). The high-resolution Sn 3d elemental spectra also were deconvoluted into two distinct peaks at binding energies of 485.9 and 494.3 eV, which are assigned to Sn+2 3d5/2 and Sn+2 3d3/2, respectively, and confirms the existence of Sn species in the Cu10Sn3 alloy NPs (Supplementary Fig. 19n). The ball-and-stick model and their corresponding space-filling model of Cu10Sn3 drawn by Vesta software clearly revealed the arrangement of Cu and Sn atoms in the hexagonal crystal structure (Supplementary Fig. 19o-q). 
















Supplementary Note 3 | Electrochemical activity studies of dark cathodes
The electrochemical activity of the as-fabricated dark cathodes was systematically evaluated through linear sweep voltammetry (LSV) and cyclic voltammetry (CV) using a standard three-electrode configuration, wherein the Cu-based dark cathode served as the working electrode, Ag/AgCl (3 M KCl, Eº = 197 V at 25 ºC) as the reference electrode, and a platinum foil as the counter electrode. All measurements were carried out in CO2-saturated 0.5 M KHCO3 electrolyte (Supplementary Fig. 22a, b). Initially, the bare Cu/Cu10Sn3 electrode exhibited an onset potential of 0.42 V vs. RHE and reached a current density of -18.2 mA cm-2 at -1.38 V vs. RHE. Upon the introduction of a rGO interlayer onto the Cu/Cu10Sn3 surface, a marked enhancement in electrocatalytic activity was observed. The onset potential shifted positively to 0.49 V vs. RHE, and the current density increased significantly to -31.4 mA cm-2 at -1.38 V vs. RHE, representing nearly a two-fold increase compared to the unmodified Cu/Cu10Sn3. This improvement underscores the beneficial role of rGO in lowering the activation overpotential and promoting electron transfer. High electrical conductivity and substantial high charge-storage capacity of rGO facilitate the efficient accumulation and relay of multiple electrons to the CO2RR sites. Subsequently, spin-coating of a PVP layer onto the Cu/Cu10Sn3/rGO electrode resulted in a moderate decrease in performance, with the onset potential remaining at 0.40 V vs. RHE and the current density dropping to -22.1 mA cm-2 at -1.38 V vs. RHE. This decline is attributed to the intrinsic hydrophobic and insulating nature of PVP, which may hinder the charge transport. Nevertheless, the presence of nitrogen-rich pyridinium groups in PVP enables selective CO2 capturing and activation, thus supporting intermediate formation. The final architecture, Cu/Cu10Sn3/rGO/PVP coated with a 15 wt.% Nafion overlayer, preserved the onset potential at 0.40 V vs. RHE but improved the current density to -27.8 mA cm-2 at -1.38 V vs. RHE. This enhancement is ascribed to the superior proton-conducting ability of Nafion, which facilitates rapid proton transport from the bulk electrolyte to the PVP-CO2 active interface, thereby promoting efficient proton-electron coupling essential for solar fuel production.
To further elucidate the role of each layer in enabling efficient charge transport, electrochemical active surface area (ECSA) was estimated form the double-layer capacitance as shown in Supplementary Fig. 22c. The pristine Cu/Cu10Sn3 electrode exhibited a relatively low ECSA of 0.31 cm2. Upon rGO modification, the ECSA increased sharply to 2.69 cm2, confirming the exceptional high charge-stroage ability of the rGO network. The subsequent addition of the insulating PVP layer led to a decrease in ECSA to 1.74 cm2, indicating partial suppression of electron transfer. However, this was partially recovered upon Nafion deposition, with the ECSA increasing to 1.88 cm2, likely due to the enhanced proton conductivity and stabilization of the interface. Electrochemical impedance spectroscopy (EIS) was employed to probe the interfacial charge-transfer resistance at the electrode-electrolyte interface (Supplementary Fig. 22d). Nyquist plots revealed a progressive reduction in the diameter of the semicircle with each successive layer, implying a decrease in charge-transfer resistance. This trend suggests that the sequential addition of rGO, PVP, and Nafion systematically reduces the activation overpotential and facilitates more efficient charge transport. The results demonstrate that each functional layer plays a synergistic role in optimizing electron and proton transport pathways, ultimately enhancing the kinetics of the CO2RR and the production of solar liquid fuels.


















Supplementary Note 4 | DFT calculation for CO2, [TSCO2]* and CO2•− anion radical 

To gain theoretical insights into the activation of CO2 molecules and the role of PVP in lowering the activation energy barrier during the rate-determining first-electron transfer step of the CO2RR, DFT calculations were performed using the Gaussian 09 software.7 Two distinct systems were modelled for comparative analysis: (i) free CO2 and its anionic radical form (CO2•-), and (ii) the PVP monomer (vinylpyridine, VP) interacting with CO2 and its corresponding anion radical (VP∙∙∙CO2 and VP:CO2•-). Geometry optimizations for all species were carried out in solution using the conductor-like polarizable continuum model (CPCM) without imposing symmetry constraints. Vibrational frequency analyses confirmed that all optimized ground-state structures corresponded to true energy minima, as evidenced by the absence of imaginary frequencies. The transition-state structures ([TS]*) for the electron transfer process were further optimized using UMP2/6-311+G(2d,p) for free CO2 and UMP2/6-31G(d) for the VP-activated CO2 system in solution. Both transition states exhibited a single imaginary frequency, validating their identity as first-order saddle points on the potential energy surface. Subsequent energy calculations were performed using the unrestricted B3LYP (UB3LYP) functional with the 6-311+G(d,p) basis set in solution, allowing for accurate comparison of electronic energies. The calculated energy diagram (Supplementary Fig. 27a) clearly demonstrated that VP interaction leads to the activation of linear CO2, with the VP∙∙∙CO2 complex exhibiting a slightly bent geometry and a marginally higher energy (1.61 kJ/mol) relative to free CO2. Most notably, the activation energy for the first-electron transfer step was significantly reduced in the presence of VP, with the calculated barrier dropping from 391.29 kJ/mol (free CO2) to 374.17 kJ/mol (VP:CO2), corresponding to a reduction (ΔEₐ) of 17.12 kcal/mol (71.63 kJ/mol).
Although these DFT simulations were performed under simplified aqueous conditions, they align well with the experimental observations obtained under more complex electrochemical environments involving Cu/Cu10Sn3 and Cu/Cu10Sn3/rGO/PVP/Naf dark cathodes in 0.5 M KHCO3 electrolyte. Experimentally, a similar trend was observed, with the activation energy lowered by approximately 13.80 kJ/mol in the presence of PVP, supporting the role of VP in facilitating the first electron transfer step. The optimized geometries of the various species (Supplementary Fig. 27b) further elucidate this process. For the free CO2 system, the C=O bond length increased from 1.161 Å to 1.184 Å, while the O=C=O angle slightly decreased from 180° to 178.4° as the molecule approached its transition state. Upon full electron transfer, the CO2•- anion radical exhibited a significantly more bent geometry (135.6°) and elongated bond lengths (1.235 Å), consistent with its activated state. In the VP-activated system, even prior to electron transfer, the CO2 molecule was slightly bent (176.9°) with a C=O bond length of 1.162 Å. The proximity between the nitrogen atom in VP and the carbon atom of CO2 progressively decreased through the sequence VP∙∙∙CO2 → [TSVP:CO2]* → VP: CO2•-, with N-C bond distances of 2.924 Å, 2.046 Å, and 1.479 Å, respectively. These structural distortions were accompanied by a gradual lengthening of the C=O bond (1.162 Å → 1.199 Å → 1.247 Å) and a significant bending of the molecular backbone (176.9° → 154.3° → 130.2°), indicating a hybridization shift from sp to sp2-like geometry as the molecule transitions toward its radical state. 
Furthermore, the highest occupied molecular orbital (HOMO) of VP:CO2•− indicated σ-bond interactions with partial ionic bonding between the nitrogen of VP and carbon atoms of CO2•− (Supplementary Fig. 28), confirming that the transition state of one-electron-transferred VP:CO2•− can be a stabilized species due to the electron delocalization through the whole ring of VP:CO2•− complex, which can be monitored by in-situ electron paramagnetic resonance (in situ-EPR) spectroscopy and DFT calculations. Collectively, these DFT results provide compelling theoretical support for the hypothesis that the pyridinium-rich PVP layer enhances CO2 activation and facilitates the initial electron transfer step by forming stable VP-CO2 complexes, thereby lowering both the activation energy and the transition state energy for the rate-determining step in PEC CO2RR. These findings complement the in-situ spectroscopic observations and further affirm the critical functional role of the PVP layer within the multi-layer cathode architecture.






Supplementary Note 5 | Local pH measurements at the electrode/electrolyte interface during CO2RR by in-situ Raman spectroscopy   
The local pH at the electrode/electrolyte interface plays a pivotal role in the formation of key reaction intermediates and significantly influences the formation of final products during CO2RR. The local pH variations strongly affect the key reaction parameters, including product efficiency, selectivity, and intermediate stability. To investigate this, we conducted a systematic analysis of local pH measurements at the electrode-electrolyte interface under reaction conditions using in-situ Raman spectroscopy, employing the Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer dark cathode as the working electrode. This multi-layer dark cathode was placed within a custom-fabricated in-situ Raman cell, and all measurements were carried out in CO2-saturated 0.5 M KHCO3 electrolyte (Supplementary Figs. 29,30). The Raman spectra acquired during CO2RR revealed four prominent vibrational modes originating from bicarbonate and carbonate ions in the electrolyte, along with characteristic peaks attributable to CO2RR intermediates as shown in Supplementary Fig. 30a. Specifically, peaks were observed at 1020 cm-1 (υC-OH of HCO3⁻), 1065 cm-1 (υC-O of CO32⁻), 1390 cm-1 (υsC-O of HCO3⁻), and 1603 cm-1 (υasC-O of HCO3⁻). 
It is very important to note that CO2RR and HER are highly competitive process as both occur at similar potential ranges. During CO2RR, electrons interact with protons as well (H⁺) and form hydrogen (H2) gas, as a result the hydroxide ions (OH-) concentration at the electrode/electrolyte interface was increased. The accumulation of these local OH- ions at the near electrode surface creates a higher local pH in comparison with bulk pH during CO2RR. As the concentration of OH- increases, these hydroxide ions react with the existing bicarbonate ions (HCO3-) in the electrolyte according to the following equilibrium reaction: HCO3-+OH- → CO32- + H2O. Given that pKa value of this reaction is 10.3, at high OH- concentrations, carbonate (CO32-) formation becomes more dominant than bicarbonate (HCO3-). As a result, during CO2RR, the concentration of carbonate (CO32-, 1065 cm-1) will become significantly higher compared to that of bicarbonate (HCO3-,1020 cm-1). This Raman signal intensity reflects the increasing local concentration of carbonate ions at the electrode interface. 
To determine the local pH quantitatively, we focused on the two most responsive and well-resolved Raman bands: the υC-OH stretch at 1020 cm-1 and the υC-O stretch at 1065 cm-1, corresponding to HCO3⁻ and CO32⁻, respectively (Supplementary Fig. 30b). The relative intensities of these peaks were used to estimate the [HCO3⁻]/[ CO32⁻] concentration ratio at the electrode/electrolyte interface, a key determinant of local pH. A calibration curve was constructed by plotting this intensity ratio as a function of potential which derived from in-situ Raman spectra (Supplementary Figs. 31 and 32). Using Henderson-Hasselbalch equation (Eqn. 8), we calculated the local pH values during CO2RR and HER based on the deconvoluted peak areas shown in Supplementary Figs. 31b and 32b. 

Where, pH is the acidity of the solution, pKa is the negative logarithm of the acid dissociation constant for the equilibrium (HCO3− ​↔ CO32−​ + H+; For this reaction, pKa ≈ 10.33 at 25 °C), [CO32−​] is the concentration of carbonate ions (the conjugate base), [HCO3−​] is the concentration of bicarbonate ions (the weak acid). The analysis revealed a significantly alkaline local environment, with the interfacial pH rising to approximately 9.8 during the reaction process (Supplementary Figs. 31c and 32c). This elevated pH suggests a local depletion of protons due to CO2 consumption and proton-coupled electron transfer reactions, favouring the formation of multi-protonated intermediates and enhancing selectivity toward methanol and ethanol products. These findings underscore the essential role of local pH modulation in steering the CO2RR pathway and support the efficacy of the multi-layer dark cathode architecture in enabling favourable interfacial microenvironments for selective solar fuel generation.
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Supplementary Fig. 1 | Experimental configuration of the photoelectrochemical CO2 reduction reaction (PEC CO2RR) system. a, Schematic diagram of the PEC CO2RR system configured in a custom-designed H-type cell. The system comprises a single-crystalline (040)-faceted BiVO4 photoanode positioned in the anodic compartment and a Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode in the cathodic compartment, separated by a proton-conducting Nafion membrane. CO2-saturated 0.5 M KHCO3 serves as the electrolyte in both compartments. Upon solar light illumination (AM 1.5 G, 100 mW cm-2), the BiVO4 photoanode drives water oxidation to generate oxygen and protons, while the cathode facilitates selective CO2 reduction to solar liquid fuels. b, Photograph of the actual PEC CO2RR setup under operation, showing focused light illumination on the BiVO4 photoanode through a quartz window.
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Supplementary Fig. 2 | Visual overview of the electrode architecture and custom-designed H-type PEC CO2RR reactor. a, Photograph of a single-crystalline (040)-facet engineered BiVO4 photoanode, synthesized on a FTO substrate using a seed-assisted hydrothermal method. The vertically aligned plate-like morphology imparts a distinct yellow appearance, indicating uniform growth of the (040)-crystal facet, which play a crucial role in enhancing light absorption, charge separation, and surface catalytic activity under visible light illumination. b, Photograph of the fabricated Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer dark cathode, showing the uniform coating of functional layers on a Cu foil substrate. The dark cathode integrates: a Cu10Sn3 alloy layer for electron transfer from Cu substrate rGO layer, a rGO layer for sequential multi-electron accumulation and transfer, a poly(4-vinylpyridine) (PVP) layer containing N-heterocyclic pyridinium moieties for CO2 capturing and activation, and a proton-conductive Nafion overlayer that enhances H⁺ transport to the CO2RR interface. This engineered cathode integrates sequential electron-conducting and proton-conducting pathways critical for efficient solar liquid fuel production. c, Side view of the custom-built H-type PEC CO2RR cell, consisting of two quartz compartments separated by a Nafion membrane. The (040)-BiVO4 photoanode and Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer dark cathode are immersed in CO2-saturated 0.5 M KHCO3 electrolyte, with external wiring to apply bias potential. d, Top view of the PEC CO2RR H-type cell, illustrating the spatial arrangement of the photoanode and dark cathode, as well as the gas inlet ports for continuous CO2 flow. The transparent quartz body allows for solar light and facilitates even light distribution across the BiVO4 photoanode under simulated solar light illumination (AM 1.5G, 100 mW/cm2).
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Supplementary Fig. 3 | Standard gas chromatography (GC) spectra and calibration plots for methanol, ethanol and formaldehyde. GC spectra of standard samples recorded at different concentrations using a flame ionization detector (FID)-equipped GC system under optimized conditions. a-b, GC spectra of standard methanol solutions with varying concentrations (a) and the corresponding calibration curve generated from the peak areas versus concentration (b), demonstrating a strong linear relationship used for accurate quantification of methanol. c–d, GC spectra of ethanol standards at different concentrations (c) and the respective calibration plot (d) showing linear dependence of peak area on ethanol concentration, allowing precise determination of ethanol. e–f, GC spectra of formaldehyde standards (e) and the corresponding calibration curve (f), used to calculate formaldehyde content from PEC CO2RR product mixtures. Each calibration curve was constructed by analyzing standard solutions under identical chromatographic conditions used in the experimental runs. These reference standards served as the basis for quantitative analysis of solar liquid fuel products (methanol, ethanol, and formaldehyde) formed over various dark cathodes during PEC CO2RR.
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Supplementary Fig. 4 | Gas chromatography (GC) analysis of solar liquid fuel products generated during PEC CO2RR using various dark cathode configurations. Representative GC spectra of CO2 reduction products collected after 1 hour of PEC CO2RR in a three-electrode configuration using a single-crystalline (040)-faceted BiVO4 photoanode and various dark cathodes in a CO2-saturated 0.5 M KHCO3 electrolyte under continuous CO2 bubbling. A constant bias potential of 1.2 V vs. Ag/AgCl was applied to the BiVO4 photoanode for 1 hour under AM 1.5 G illumination (100 mW cm-2). Four different cathode configurations were evaluated: (i) Cu/Cu10Sn3, (ii) Cu/Cu10Sn3/rGO, (iii) Cu/Cu10Sn3/rGO/PVP, and (iv) Cu/Cu10Sn3/rGO/PVP/Naf multilayer dark cathodes. The GC spectra display well-resolved retention time peaks corresponding to liquid-phase solar fuel products, including methanol, ethanol, and formaldehyde. The Cu/Cu10Sn3/rGO/PVP/Naf multilayer cathode exhibited the highest intensity product peaks, indicating superior CO2RR activity and selectivity toward solar liquid fuels. Each additional functional layer contributed synergistically to enhanced charge transfer, sequential multi-electron transfer, CO2 activation, intermediate stabilization and proton transfer. These GC results substantiate the role of electrode architecture in tailoring product selectivity and achieving high-efficiency PEC CO2 conversion into valuable solar liquid fuels.
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Supplementary Fig. 5 | Standard gas chromatography (GC) spectra and calibration plot for hydrogen gas quantification. a, GC spectra of standard H2 gas samples recorded at different concentrations (e.g., 10, 50 and 100 µmol) using a thermal conductivity detector (TCD)-equipped GC system under optimized conditions. The spectra show well-defined H2 peaks with retention times consistent across all injections, demonstrating instrumental stability and repeatability. b, The corresponding calibration plot generated by plotting the integrated peak areas against the known H2 concentrations reveals a linear correlation, ensuring high accuracy in the quantitative determination of H2. This calibration procedure is critical for precisely evaluating the Faradaic efficiency and selectivity toward H2 evolution relative to solar liquid fuel products. The obtained calibration data were used to quantify H2 production in PEC CO2RR experiments.
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Supplementary Fig. 6 | Gas chromatography (GC) analysis of H2 generation during PEC CO2RR using different dark cathodes. Representative GC spectra of hydrogen gas evolved from the PEC CO2RR conducted for 1 hour using various dark cathode configurations: Cu/Cu10Sn3, Cu/Cu10Sn3/rGO, Cu/Cu10Sn3/rGO/PVP, and Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathodes. The GC analysis was performed using a TCD detector calibrated with standard H2 gas mixtures, as detailed in Supplementary Fig. 5. Each cathode yielded a distinct H2 peak at its specific retention time, with the intensity of the H2 signal progressively increasing with the incorporation of additional functional layers. 
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Supplementary Fig. 7 | Isotope labeling experiment confirming CO2 origin of solar liquid fuels via 1H NMR spectroscopy (C-H coupling). Isotope labeling experiments were carried out at 1.2 V vs. Ag/AgCl for 12 h in a two-compartment PEC cell using either 12CO2-saturated 0.5 M KH12CO3 or 13CO2-saturated 0.5 M NaH13CO3 electrolyte (pH 7.3). After the reaction, the catholyte was collected and analyzed by proton-decoupled 1H NMR spectroscopy to probe C-H coupling signatures of the generated liquid products. For samples obtained under 13CO2, the 1H NMR spectra exhibit characteristic splitting patterns arising from 13C-1H scalar coupling, clearly visible in the methanol and ethanol resonances, whereas no such coupling is observed for the products derived from 12CO2. These results provide unambiguous evidence that the detected methanol and ethanol originate from the reduction of the supplied CO2 reactant, excluding contributions from possible carbon impurities.
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Supplementary Fig. 8 | Isotope labeling experiment confirming the CO2 origin of solar liquid fuels via 13C NMR spectroscopy (no proton decoupling). Isotope labeling experiments were carried out at 1.2 V vs. Ag/AgCl for 12 h using either 12CO2-saturated 0.5 M KH12CO3 or 13CO2-saturated 0.5 M NaH13CO3 electrolyte (pH 7.3). Following the PEC CO2RR, the catholyte was analyzed by 13C NMR spectroscopy under non-decoupled conditions to directly probe the presence of 13C-enriched carbon atoms in the solar liquid fuel products. In the case of the 13CO2 feed, distinct 13C resonances corresponding to ethanol and methanol appear at ~17, ~49, and ~58 ppm, accompanied by additional splitting features due to 13C-1H scalar coupling. By contrast, no such signals are observed when 12CO2 is used, confirming that the carbon backbone of the detected alcohols originates exclusively from the supplied 13CO2 reactant gas. These results are complementary to the proton-decoupled 1H NMR spectra (Supplementary Fig. 7) and the GC-MS isotope shift analysis (Fig. 4e), together providing unequivocal molecular-level verification that the liquid fuels are derived directly from the reactant CO2, with no contribution from external carbon sources.
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Supplementary Fig. 9 | Surface morphological analysis of a single-crystalline (040)-faceted BiVO4 photoanode. a-f, Field-emission scanning electron microscopy (FE-SEM) images of the single-crystalline (040)-facet-engineered BiVO4 photoanode reveal vertically aligned plate-like microstructures with well-defined edges and smooth, uniform surfaces. The distinct plate-like morphology highlights preferential crystal growth along the (040) crystallographic plane, which is known to facilitate efficient charge separation and transport. The uniform orientation and high crystallinity of these microstructures provide a structurally stable and electronically favorable architecture.
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Supplementary Fig. 10 | Surface morphological and compositional analysis of (040)-faceted BiVO4 photoanode. a, b, Field-emission scanning electron microscopy (FE-SEM) image of the (040)-facet-engineered BiVO4 photoanode reveals vertically aligned plate-like microstructures with well-defined edges and uniform surface morphology, indicative of preferential crystal growth along the (040) plane. The corresponding energy-dispersive X-ray spectroscopy (EDX) spectrum confirms the elemental composition of the sample, showing distinct peaks corresponding to bismuth (Bi), vanadium (V), and oxygen (O), consistent with the stoichiometric formulation of BiVO4. The absence of unnecessary elemental peaks further indicates high purity of the synthesized material. Together, the FE-SEM and EDX analyses verify the successful synthesis of phase-pure, (040)-oriented BiVO4 photoanodes suitable for PEC CO2 reduction applications.
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Supplementary Fig. 11 | Cross-sectional morphology of the (040)-faceted BiVO₄ photoanode.
a, b, Cross-sectional FE-SEM images of the (040)-facet-engineered BiVO4 photoanode reveal vertically aligned plate-like microstructures extending uniformly across the electrode thickness. The well-defined edges, dense packing, and smooth interfaces highlight preferential crystal growth along the (040) crystallographic plane. This vertically oriented, plate-like arrangement ensures intimate interfacial contact with the conductive substrate while maintaining open channels that can facilitate efficient electrolyte penetration and charge transport pathways. The uniform alignment and high crystallinity observed in cross-section further confirm the structural robustness and directional growth behavior of the BiVO4 microplates.
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Supplementary Fig. 12 | Crystallographic analysis of (040)-facet-engineered BiVO4 photoanode using HR-TEM, SAED, and FFT techniques. a, Low-magnification TEM image of a BiVO4 platelet highlighting distinct crystallographic regions marked for HR-TEM and SAED analysis. The BiVO4 plate exhibits well-defined rectangular morphology suggestive of controlled facet exposure. b, Selected Area Electron Diffraction (SAED) pattern acquired from the (040) facet region reveals sharp diffraction spots indexed to the (002) and (200) planes, confirming high crystallinity and long-range periodicity. c, HR-TEM image of the same region showing highly resolved lattice fringes with a measured interplanar spacing of 0.254 nm, corresponding to the (002) plane of monoclinic BiVO4. d, Fast Fourier Transform (FFT) of the HR-TEM image in panel c shows clear diffraction spots consistent with (002) and (200) planes, further validating single-crystalline nature. e, Inverse FFT image emphasizing atomic arrangement with distinct Bi atoms (marked by red arrow) and long-range periodicity along the (002) direction. f, Line-profile intensity analysis along the (002) direction extracted from panel e, confirming uniform lattice spacing of ~0.251 nm. g, SAED pattern acquired from the (110) facet of BiVO4 showing diffraction spots indexed to the (110) reflection, consistent with monoclinic BiVO4. h, HR-TEM image from the (110) region showing lattice fringes with an interplanar distance of 0.467 nm, assigned to the (110) plane of BiVO4. i, Corresponding FFT pattern displaying bright diffraction spots along the (110) zone axis, further supporting single-crystalline nature and facet-specific orientation. j, Inverse FFT image of panel (h) revealing periodic atomic contrast along the (110) plane, confirming spatial ordering at the atomic level. k, Intensity line scan from panel j demonstrating periodicity with a d-spacing of ~0.465 nm, matching the theoretical value for the (110) plane of BiVO4.
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Supplementary Fig. 13 | Atomic-resolution inverse FFT image and crystallographic visualization of monoclinic scheelite BiVO₄. a, The inverse FFT image distinctly reveals the periodic atomic arrangement of Bi and V atoms in the monoclinic scheelite BiVO4 crystal structure. b, Ball-and-stick model of BiO8 and VO4 units. c, Polyhedral model of BiO8 and VO4 units. d, Ball-and-stick model of the BiVO4 crystal structure constructed using VESTA software, illustrating the atomic arrangement of Bi, V, and O atoms within the monoclinic scheelite lattice. e, Corresponding polyhedral model visualizes the coordination environment, with BiO8 dodecahedra and VO4 tetrahedra clearly revealing the three-dimensional structural framework of the monoclinic BiVO4 phase. The crystal structure is monoclinic scheelite (JCPDS 014-0688) with space group I2/a and lattice parameters: a = 5.19350 Å, b = 5.08980 Å, c = 11.69720 Å; α = β = 90°, γ = 90.3870°. Atomic coordinates are as follows: Bi (x = 0.000000, y = 0.250000, z = 0.633500), V (x = 0.000000, y = 0.250000, z = 0.130000), O1 (x = 0.146500, y = 0.507700, z = 0.208200) and O2 (x = 0.260600, y = 0.381000, z = 0.449300).
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Supplementary Fig. 14 | Cross-sectional TEM analysis of the (040)-faceted BiVO4 photoanode.
a-d, Low-magnification cross-sectional TEM image showing the vertically aligned (040)-oriented BiVO4 microplates with typical lengths of ~2.2 µm, indicative of highly anisotropic crystal growth along the (040) direction. e, The corresponding SAED pattern obtained from the region marked in (d), indexed to the (110) zone axis and exhibits sharp and well-ordered diffraction spots, confirming the high crystallinity and single-crystalline nature of the (040)-oriented BiVO4. f, High-resolution TEM image displays clear lattice fringes with an interplanar spacing of 0.467 nm assigned to the (110) planes of monoclinic scheelite BiVO4. g, FFT pattern of the HR-TEM image, exhibiting sharp and well-defined diffraction spots characteristic of a high-quality single crystal. h, Atomic-resolution inverse FFT image showing a periodic Bi and V lattice configuration along the (110) zone axis, with atom positions indicated. i, Line profile analysis extracted from (h) confirming a lattice periodicity of ~0.465 nm, consistent with the (110) planes of BiVO4. 
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Supplementary Fig. 15 | Schematic illustration of the fabrication process of the Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer dark cathode.  Stepwise representation of the fabrication method for constructing the multi-layer dark cathode for PEC CO2RR.
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Supplementary Fig. 16 | Sequential fabrication steps and corresponding photographs of the multi-layer dark cathode. a, Photograph of the Cu/Cu10Sn3 base electrode prepared by controlled drop-casting of 100 μL of Cu10Sn3 bimetallic alloy NPs onto a pre-cleaned, high-conductivity Cu foil substrate. This process was repeated three times to ensure homogenous nanoparticle coverage and intimate interfacial contact, forming the electron-conducting catalytic layer. b, Photograph of the Cu/Cu10Sn3/rGO electrode, prepared by subsequent drop-casting of rGO dispersion atop the Cu10Sn3 layer. The rGO coating, deposited in two sequential steps, forms a uniform and highly conductive interlayer designed to mediate sequential multi-electron transfer and enhance charge accumulation. c, Photograph of the Cu/Cu10Sn3/rGO/PVP electrode following spin-coating of a 3 wt.% PVP solution in ethanol. This layer promotes efficient CO2 capturing and activation through Lewis base-Lewis acid interactions and electrostatic stabilization of reaction intermediates. d, Photograph of the fully assembled Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer electrode, prepared by spin-coating a 15 wt.% Nafion solution to provide a proton-conducting overlayer that facilitates directional proton transport toward the active CO2 reduction sites. The integration of all four layers in a rational sequence enables a synergistic improvement in selectivity and efficiency toward solar liquid fuel generation during PEC CO2RR.
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Supplementary Fig. 17 | FE-SEM surface morphology and elemental composition analysis of Cu10Sn3 alloy NPs. a,b Lower and higher magnification FE-SEM images of as-synthesized Cu10Sn3 alloy NPs showing spherical morphology with moderate agglomeration. c,d The corresponding EDX elemental mapping images confirm the uniform spatial distribution of Cu and Sn elements. e, The EDX spectrum confirms the presence of Cu and Sn elements in the Cu10Sn3 bimetallic alloy NPs.
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Supplementary Fig. 18 | TEM analysis of Cu10Sn3 NPs. a-d, Low-magnification TEM images reveal the uniform dispersion of Cu10Sn3 alloy NPs with an average size distribution in the nanometer regime, indicating effective control over the nucleation and growth process during synthesis. The nanoparticles exhibit quasi-spherical to slightly irregular morphologies, with no visible large-scale aggregation, confirming good dispersion. e, f, High-resolution TEM images display well-resolved lattice fringes, which can be indexed to interplanar spacings corresponding to Cu and intermetallic Cu10Sn3 phases. The clear lattice fringes confirm the high crystallinity of the Cu10Sn3 alloy NPs and suggest intimate atomic-level integration of Cu and Sn domains, which is expected to play a crucial role in tailoring the electronic structure and catalytic activity toward CO2 reduction. 
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Supplementary Fig. 19 | HR-TEM analysis and crystallographic structure of Cu10Sn3 alloy nanostructures. a,b, Low-and high-magnification TEM images of monodisperse Cu10Sn3 alloy NPs reveal uniform spherical morphology with an average particle diameter of ~22.4 nm, as confirmed by statistical particle size distribution (inset, panel a) and corresponding SAED pattern indicates high crystallinity with well-defined diffraction rings (inset, panel b). c, High-resolution TEM (HR-TEM) image displays clear lattice fringes with a measured interplanar spacing of 0.209 nm, which corresponds to the (111) plane of metallic Cu, indicating alloy crystallinity. d, Corresponding FFT pattern from panel c further confirms the crystallinity. e, Inverse FFT image shows the periodic arrangement of atomic fringes. f, Line profile analysis from the inverse FFT image validates a consistent d-spacing of ~0.206 nm, affirming the presence of well-ordered lattice planes. g, High-angle annular dark-field (HAADF) STEM image shows strong contrast for individual alloyed nanoparticles. h-k, Elemental mapping via energy-dispersive X-ray spectroscopy (EDX) demonstrates homogeneous distribution of Cu, Sn, and O across the particles, confirming alloy formation without phase segregation. l, Powder X-ray diffraction (PXRD) pattern matches well with JCPDS 65-2604 for Cu10Sn3, with additional minor contributions from metallic Sn (JCPDS 04-0674) and Cu (JCPDS 04-0836), confirming successful alloy formation. m,n, High-resolution XPS spectra of Cu 2p and Sn 3d regions show binding energies characteristic of Cu⁰/Cu⁺ and Sn2+ oxidation states, respectively, indicating surface oxidation likely due to ambient exposure. o, The ball model of the basic unit cell of Cu10Sn3 alloy crystal structure. p, Ball-and-stick model of the Cu10Sn3 alloy, constructed using VESTA software, highlights the atomic arrangement in the hexagonal unit cell, and q, Corresponding space-filling model visualizes the atomic packing density within the unit cell. The crystal structure is hexagonal with space group P63/m and lattice parameters: a = b = 7.313 Å, c = 7.870 Å; α = β = 90°, γ = 120°. Atomic coordinates are as follows: Cu4 (x = 0.666, y = 0.031, z = 0.080), Cu3 (x = 0.333, y = 0.667, z = 0.093), Cu2 (x = 0.333, y = 0.667, z = 0.750), Cu1 (x = 0.000, y = 0.000, z = 0.000), and Sn (x = 0.305, y = 0.987, z = 0.250).
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Supplementary Fig. 20 | Evaluation of electrochemically double-layer capacitance (Cdl) of dark cathodes using cyclic voltammetry. a-d, CV curves of (a) Cu/Cu10Sn3, (b) Cu/Cu10Sn3/rGO, (c) Cu/Cu10Sn3/rGO/PVP and (d) Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dak cathodes, recorded at scan rates ranging from 5 to 50 mV/s in the non-faradaic region using 0.5 M KHCO3 electrolyte. These measurements were conducted to assess capacitive behavior and surface charging characteristics without redox reaction interference. e-h, Corresponding linear regressions for Cdl extraction, based on plotting the capacitive current density (measured at the midpoint potential) versus scan rates. The slope of each linear fit reflects the Cdl value, which serves as a proxy for the ECSA of each electrode. Notably, the incorporation of rGO layer significantly enhances the Cdl value due to its high surface area and excellent electron storage capability. The addition of the PVP layer slightly reduces capacitance owing to its insulating nature, while the final Nafion coating modestly recovers the Cdl through improved ionic conductivity and proton accessibility. These results indicate that the rGO and Nafion layers synergistically contribute to maintaining a high Cdl and facilitating effective charge separation and transport, which are critical for boosting PEC CO₂RR performance.
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AI-generated content may be incorrect.]Supplementary Fig. 21 | Estimation of electrochemical active surface area from double-layer capacitance. a, Comparative bar diagram of Cdl values for Cu/Cu10Sn3, Cu/Cu10Sn3/rGO, Cu/Cu10Sn3/rGO/PVP and Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dak cathodes, determined from cyclic voltammetry measurements in the non-faradaic region using CO2-saturated 0.5 M KHCO3 electrolyte. b, Estimation of the electrochemically active surface area of each cathode, calculated from the Cdl values assuming a specific capacitance of a flat surface. The observed trend indicates a substantial increase in ECSA upon introduction of the rGO layer, which provides extensive surface area for charge storage and transfer. The presence of PVP and Nafion layers fine-tunes the interfacial environment, balancing surface accessibility with effective electron-proton coupling. 


















[image: A collage of graphs and diagrams

AI-generated content may be incorrect.]
Supplementary Fig. 22 | Electrochemical performance of various dark cathodes for CO2RR in 0.5 M KHCO3 electrolyte. a, LSV curves recorded for Cu/Cu10Sn3, Cu/Cu10Sn3/rGO, Cu/Cu10Sn3/rGO/PVP, and Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathodes, highlighting the progressive shift in onset potentials and enhancement in cathodic current densities with the addition of each functional layer. b, Cyclic voltammetry curve of the same dark cathodes recorded under continuous CO2 bubbling in 0.5 M KHCO3 electrolyte. c, Estimation of electrochemically active surface area (ECSA) based on extracted double-layer capacitance (Cdl) from non-faradaic CV measurements. d, Nyquist plots from electrochemical impedance spectroscopy (EIS) measured at a fixed cathodic potential of -1.2 V vs. Ag/AgCl (equivalent to -0.58 V vs. RHE), showing a significant reduction in charge-transfer resistance (Rct) as additional electron-conducting and proton-conducting layers were incorporated. The smallest semicircle radius observed for the Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode confirms the lowest interfacial charge-transfer resistance, supporting the improved kinetics and lower activation energy barriers for CO2RR in the multi-layer system.  
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Supplementary Fig. 23 | Cross-sectional FE-SEM analysis of PVP layer thickness deposited on fluorine-doped tin oxide (FTO) substrate. a-d, Cross-sectional FE-SEM images showing the morphology and thickness of PVP layers coated on FTO substrates with varying concentrations: (a) 0.5 wt% PVP, (b) 1 wt% PVP, (c) 3 wt% PVP, and (d) 5 wt% PVP. The FE-SEM images reveal a systematic increase in film thickness with increasing PVP concentration, from ~263 nm (0.5 wt%) to ~1210 nm (5 wt%), with thickness values quantified from vertical FE-SEM cross-sectional images. At 0.5 wt%, the PVP layer forms a uniform but ultrathin coating with limited surface coverage and low pyridinium group density, resulting in minimal CO2 capturing and activation. At 1 wt%, the layer becomes more continuous, but still relatively thin. The 3 wt% PVP layer yields a well-defined, crack-free, and moderately thick film (~1026 nm), facilitating efficient CO2 adsorption and activation via [PVPδ⁺-CO2δ⁻] complex formation. This concentration also corresponds to the lowest charge-transfer resistance observed in Nyquist plots (Supplementary Fig. 24). The optimal thickness (~1026 nm at 3 wt%) was found to minimize charge-transfer resistance while maintaining sufficient CO2 adsorption, playing a key role in reducing activation overpotentials in PEC CO2RR. At 5 wt%, the significantly thicker PVP layer exhibits reduced porosity and increased density, which can impede proton diffusion and restrict CO2 molecule transport to the active interface. Moreover, the insulating nature of the thick PVP layer may suppress electron transfer from the underlying rGO to the PVP-adsorbed CO2 intermediates, thereby increasing the interfacial impedance.
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Supplementary Fig. 24 | Electrochemical impedance spectroscopy analysis of the influence of PVP layer thickness on interfacial charge transfer kinetics during CO2RR. Nyquist plots of Cu/Cu10Sn3/rGO dark cathodes coated with different weight percentages of PVP layers (0.1-5 wt%) recorded at a fixed potential of -0.58 V vs. RHE using CO2-saturated 0.5 M KHCO3 electrolyte. The systematic analysis revealed a strong correlation between PVP layer thickness and interfacial charge-transfer resistance (Rct). As the PVP loading increased from 0.1 wt% to 3 wt%, the semicircle diameter in the Nyquist plots progressively decreased, reaching a minimum at 3 wt% PVP, which corresponds to an optimal thickness of ~1026 nm, as determined by cross-sectional FE-SEM imaging. This reduction in charge-transfer resistance is attributed to the enhanced formation of [PVPδ⁺-CO2δ⁻] complexes and improved electronic coupling between the PVP layer and rGO support, which together facilitate efficient electron injection into the adsorbed CO2 molecules at the cathode interface. However, further increase in PVP thickness to 5 wt% (~1210 nm) resulted in a larger semicircle diameter, indicating higher impedance due to the insulating nature of thick PVP films, which hinder proton penetration and suppress CO2 accessibility at the electrode-electrolyte interface. These findings highlight the critical importance of optimizing polymer thickness to balance electron transfer efficiency, CO2 adsorption, and proton accessibility at the catalyst-electrolyte interface for maximizing CO2RR performance.
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Supplementary Fig. 25 | Cross-sectional FE-SEM characterization of Nafion coatings on FTO substrates at varying concentrations. Representative FE-SEM cross-sectional images illustrating the morphology and thickness evolution of Nafion films deposited on FTO substrates using different solution concentrations: (a) Naf 1 wt%, (b) Naf 5 wt%, (c) Naf 10 wt%, and (d) Naf 15 wt%. The FE-SEM images clearly demonstrate a systematic increase in film thickness and compactness with increasing Nafion content. The 1 wt% Nafion layer (~1157 nm) forms a thin, discontinuous coating with visible inhomogeneities and voids, which may result in proton transport limitations and defective surface coverage, leading to reduced catalytic performance. At 5 wt%, the Nafion layer (~2631 nm) becomes more uniform, exhibiting improved adhesion and partial surface continuity that moderately enhances proton conductivity. The 10 wt% Nafion film (~4052 nm) presents a densely packed structure with fewer structural defects, enabling more efficient ionic transport across the cathode-electrolyte interface. Notably, the 15 wt% Nafion film (~4736 nm) forms a thick, cohesive, and crack-free layer that ensures optimal proton conduction via its well-developed network of sulfonated ionic channels. This configuration facilitates rapid and sustained delivery of protons to the CO2 reduction sites embedded beneath the PVP interface, as demonstrated by the significantly reduced semicircle diameters in the Nyquist plots (Supplementary Fig. 26). These FE-SEM cross-sectional profiles were critical for correlating Nafion layer thickness with charge-transfer resistance and proton conduction efficiency in the Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode. The 15 wt% Nafion layer was determined to be optimal, providing the highest proton conductivity and minimal impedance while also physically stabilizing the underlying electrode architecture during prolonged PEC CO2RR.



[image: A graph of a graph showing a graph of a complex function

AI-generated content may be incorrect.]
Supplementary Fig. 26 | Electrochemical impedance spectroscopy analysis of Nafion layer thickness effects on interfacial charge-transfer kinetics during CO2RR. Nyquist plots were acquired for Cu/Cu10Sn3/rGO/PVP multi-layer dark cathodes coated with Nafion films of varying concentrations (1, 5, 10, and 15 wt%) in a CO2-saturated 0.5 M KHCO3 electrolyte at a fixed applied potential of -0.58 V vs. RHE. The impedance spectra reveal a systematic reduction in semicircle diameter with increasing Nafion content, indicating a continuous decrease in charge-transfer resistance. The 15 wt% Nafion coating, with an estimated thickness of ~4736 nm (as determined by cross-sectional FE-SEM), exhibited the smallest semicircle among the tested samples, signifying the highest interfacial proton conductivity and the most efficient proton delivery to the CO2 reduction sites. This enhancement is attributed to the dense ionic network formed by the sulfonated (SO3-) functional groups in Nafion, which facilitates rapid proton transfer through the polymer matrix while simultaneously stabilizing the underlying catalyst surface. Conversely, thinner Nafion films (1 wt%) showed significantly higher Rct due to insufficient ionic channel formation and possible coating defects, leading to limited proton accessibility and inhomogeneous coverage of the catalytic interface. These findings underscore the importance of Nafion layer optimization, not merely for its proton-conducting role, but also for ensuring structural uniformity, electrochemical stability, and efficient coupling of the electron-proton transfer pathways. Together with the optimized PVP layer beneath, the 15 wt% Nafion coating enables a highly favorable interfacial microenvironment for synchronized multi-electron/multi-proton delivery to [PVPδ⁺-CO2δ⁻] complexes, thereby minimizing activation overpotential and maximizing catalytic efficiency during PEC CO2RR toward high-value solar liquid fuels such as methanol and ethanol.
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Supplementary Fig. 27 | DFT-calculated energy profiles and optimized molecular structures illustrating vinylpyridine (VP)-mediated CO2 activation and first-electron transfer.
a, Gibbs free energy profiles for the first-electron transfer step from neutral CO2 to CO2•-, comparing systems without (blue) and with (red) the VP monomer of PVP. The presence of VP significantly lowers the transition-state energy barrier, as shown in the inset, which highlights the VP-induced activation energy gain. All energies were calculated at the UB3LYP/6-311+G(d,p) level of theory with CPCM solvation (water). b, Optimized geometries of the ground state (CO2, VP∙∙∙CO2) and transition state structures ([TS]* for CO2 and VP∙∙∙CO2 complexes), as well as their respective reduced intermediates (CO2•-, VP∙∙∙ CO2•-). The comparison shows notable changes in bond lengths, bending angles, and VP-CO2 interaction distances upon electron transfer. VP facilitates CO2 activation by inducing bending (from 180° to ~176.9°) and elongating C=O bond lengths even before electron transfer, with further structural distortion in the [TS]* and CO2•- states. These results confirm the role of VP in lowering the activation energy and stabilizing the one-electron transfer transition state during CO2 reduction. Color scheme: oxygen (red), nitrogen (blue), carbon (grey), and hydrogen (white). All bond lengths are in angstroms (Å), and angles are in degrees (°).
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Supplementary Fig. 28 | Frontier molecular orbital analysis of CO2 activation and first-electron transfer transition states with and without VP co-ordination. Visualization of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) distributions for the ground-state CO2 and VP∙∙∙CO2 complexes, as well as their respective transition-state structures ([TSCO2]* and [TSVP:CO2]) during the first electron-transfer step. The VP molecule represents the monomeric unit of PVP, serving as an electron-donating and stabilizing ligand during CO2 activation. All ground-state orbital calculations were performed using the UB3LYP/6-311+G(d,p) level of theory with implicit water solvation (CPCM). Transition-state structures were optimized using a two-level approach: [TSCO₂] at UB3LYP/6-311+G(d,p) // UMP2/6-311+G(2d,p), and [TSVP:CO2]* at UB3LYP/6-311+G(d,p) // UMP2/6-31G(d,p), both in solution. The HOMO of VP∙∙∙CO2•- illustrates strong σ-bonding interaction and partial ionic character between the nitrogen of VP and carbon center of the reduced CO2 moiety, indicating charge delocalization that stabilizes the intermediate. Compared to the free CO2 system, VP binding lowers the transition-state energy and facilitates electron density redistribution, thereby promoting efficient CO2 activation. This orbital-level insight supports the experimental and computational evidence that VP substantially reduces the activation barrier for the rate-determining one-electron transfer step in the CO2RR.
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Supplementary Fig. 29 |  Detailed schematic illustration of in-situ Raman experimental set-up for local pH measurements at the electrode/electrolyte interface during CO2RR. a, Schematic representation of the experimental set-up employed for local pH measurements, comprising a customized in-situ Raman cell integrated with a multi-layer dark cathode (Cu/Cu10Sn3/rGO/PVP/Naf), a platinum foil counter electrode, an Ag/AgCl reference electrode were use as working, counter and reference electrodes, respectively. A metallic Raman probe equipped with a fiber-optic tip delivering a focused 785 nm laser onto the cathode surface immersed in CO2-saturated 0.5 M KHCO3 electrolyte. b, Corresponding potential-dependent in-situ Raman spectra recorded at specific intervals during the CO2RR, clearly highlighting characteristic peaks attributed to bicarbonate (HCO3-) and carbonate (CO32-) ions. The progressive changes in the peak intensities provide quantitative insights into the local pH evolution at the electrode/electrolyte interface, enabling accurate correlation between intermediate/product formation and local pH conditions during reaction progression.
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Supplementary Fig. 30 |  Spectroscopic analysis of electrolyte species and corresponding vibrational modes observed during CO2RR at the electrode-electrolyte interface using in-situ Raman spectroscopy. a, Potential-dependent in-situ Raman spectra recorded at 0.1 V intervals for Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode immersed in CO2-saturated 0.5 M KHCO3 electrolyte solution, demonstrating progressive evolution of peaks corresponding to electrolyte species and reaction intermediates. b, Enlarged view of Raman spectra in the frequency range of 950-1100 cm-1, highlighting two critical Raman bands observed at approximately 1020 cm-1 and 1065 cm-1, attributed to υC-OH stretching of bicarbonate ions (HCO3-) and υC-O stretching of carbonate ions (CO32-), respectively. These peaks provide valuable information regarding the local pH variations at the cathode surface, crucially influencing the reaction environment. c, d, Detailed schematic representation illustrating the specific vibrational stretching modes of bicarbonate (υC-OH at ~1020 cm-1) and carbonate (υC-O at ~1065 cm-1) species, respectively. The changes in relative peak intensities of these two Raman signals enable precise monitoring of the bicarbonate-to-carbonate concentration ratio ([HCO3-]/[CO32-]), thereby facilitating accurate quantification of local pH dynamics and their impact on the stability and formation of key intermediates and products during CO2RR.

[image: A diagram of a graph

AI-generated content may be incorrect.]
Supplementary Fig. 31 | In-situ Raman determination of local pH during CO2RR on the Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer cathode. To gain molecular-level insights into electrolyte speciation and interfacial proton activity during CO2 reduction reaction, we quantitatively determined the local pH at the electrode/electrolyte interface using potential-dependent in-situ Raman spectroscopy in combination with the Henderson-Hasselbalch equation. a, Enlarged Raman spectra collected in the frequency range of 950-1100 cm-1 reveal two diagnostic vibrational modes: the υ(C-OH) stretching of bicarbonate (HCO3-) at ~1020 cm-1 and the υ(C-O) stretching of carbonate (CO32-) at ~1065 cm-1. The relative intensities of these bands evolve systematically under applied bias, directly reflecting changes in the equilibrium distribution of carbonate species at the electrode/electrolyte interface. b, By integrating the peak areas corresponding to HCO3- and CO32-, their relative concentrations were extracted and employed in the Henderson-Hasselbalch relationship to calculate the effective local pH. This radiometric spectroscopic approach enables real-time quantification of proton activity in the vicinity of the electrode surface. c, The calculated local pH values, plotted as a function of applied potential, reveal a steady increase from near-neutral to moderately alkaline conditions, reaching approximately pH 9.8 under continuous CO2RR operation in CO2-saturated 0.5 M KHCO3 electrolyte. The formation of an alkaline microenvironment at the electrode/electrolyte interface is consistent with consumption of protons during CO2 reduction and concurrent hydroxide generation, which shifts the local bicarbonate-carbonate equilibrium. Such interfacial alkalinity is known to suppress competing hydrogen evolution while stabilizing key CO2RR intermediates (e.g., *COOH, *OCHO), thereby favoring the selective formation of C1-C2 liquid fuels such as methanol, ethanol, and formaldehyde. These findings underscore the central role of dynamic pH shifts in dictating CO2RR selectivity and kinetics and highlight the power of in-situ vibrational spectroscopy in tracking electrolyte speciation under operating conditions.
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Supplementary Fig. 32 | In-situ Raman quantification of local interfacial pH during HER on the Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer cathode. To evaluate the dynamic electrolyte speciation and interfacial proton activity during the hydrogen evolution reaction (HER), we employed in-situ Raman spectroscopy coupled with the Henderson-Hasselbalch equation. a, Enlarged in-situ Raman spectra recorded in the 950-1100 cm-1 region reveal two diagnostic vibrational signatures: the υ(C-OH) stretching mode of bicarbonate (HCO3-) at ~1020 cm-1 and the υ(C-O) stretching mode of carbonate (CO32-) at ~1065 cm-1. The relative intensities of these bands varied with applied potential, reflecting the evolving carbonate equilibrium in response to proton consumption at the electrode surface. b, Quantitative integration of the HCO3- and CO32- peak areas allowed determination of their concentration ratio, which was used in the Henderson-Hasselbalch relationship to calculate the effective local pH. c, The resulting potential-dependent interfacial pH profile demonstrates a pronounced alkaline of the electrode/electrolyte interface under HER conditions in Ar-saturated 0.5 M KHCO3 electrolyte. Specifically, the gradual increase in pH indicates the consumption of protons and the concurrent enrichment of OH⁻ species during HER, leading to a shift in the HCO3-/CO32- equilibrium toward carbonate formation. Such local alkaline is a characteristic feature of HER in buffered electrolytes and provides direct evidence of the coupling between proton transport and catalytic activity. These findings highlight the importance of interfacial pH as a governing parameter in HER kinetics and underscore the capability of in-situ Raman spectroscopy to capture dynamic chemical environments under electrochemical operating conditions.
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Supplementary Fig. 33 | Schematic illustration of the in-situ Raman spectroscopy experimental setup to monitor the formation of intermediates and products during CO2RR. The schematic illustration depicts the customized in-situ Raman cell used to monitor the real-time formation of reaction intermediates and products at the electrode-electrolyte interface during CO2RR. The system includes a Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode as the working electrode, a platinum foil as the counter electrode, and an Ag/AgCl (3.0 M KCl) reference electrode. The cell was filled with CO2-saturated 0.5 M KHCO3 electrolyte and continuously purged with CO2 gas to maintain saturation. A fiber-optic probe equipped with a 785 nm laser was inserted in the electrolyte and precisely aligned to focus directly on the electrode surface. 
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Supplementary Fig. 34 | Experimental setup and instrumentation for in-situ Raman analysis during CO2RR. a, Photograph of the Raman spectrophotometer (Nanobase Xperam-F1.4) equipped with a 785 nm laser source and microprobe optics used for real-time vibrational analysis of CO2RR intermediates. b, Image showing the dark cathodes with defined dimensions (1 × 4 cm2) used as the working electrode during in-situ Raman measurements. c, Configuration of the customized in-situ Raman cell includes Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode, platinum foil and Ag/AgCl (3.0 M KCL) were used as working, counter and reference electrodes, respectively. Moreover, the metallic probe consisted of fiber-optic tip at the end, 785 nm laser was emitted and accurately focused onto the electrode surface. d, Close-up view of the in-situ Raman cell. This configuration enables sensitive detection of transient surface-bound species formed during CO2RR at electrode/electrolyte interface under applied potential (-0.58 V vs. RHE).
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Supplementary Fig. 35 | Reference materials for spectral calibration and validation in in-situ Raman analysis. This figure presents the Raman spectra of standard reference materials used to calibrate and validate the accuracy and spectral resolution of the in-situ Raman spectroscopic system prior to CO2RR measurements. a, The characteristic Raman spectrum of acetaminophen, a widely used organic molecular standard, which displays sharp and well-defined vibrational bands in the fingerprint region (400-2000 cm-1), allowing precise calibration of spectral positions and verification of laser alignment, focus, and signal sensitivity. b, The Raman spectrum of crystalline silicon (Si), exhibiting a distinct first-order optical phonon mode at ~520 cm-1, which is commonly used to assess the spectral resolution system and instrument response function due to its strong and narrow peak profile. These reference measurements were performed under identical experimental conditions using the 785 nm excitation laser and the same fiber-optic probe assembly as employed for the in-situ CO2RR studies. The consistent acquisition of these reference spectra ensured reliable identification and attribution of in-situ vibrational signals associated with CO2-derived intermediates and products in the electrode/electrolyte interface.
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Supplementary Fig. 36 | Time-dependent in-situ Raman analysis of CO2RR intermediates and products formed on Cu/Cu10Sn3/rGO/PVP/Naf multi-layer cathode. a, in-situ Raman spectra were recorded at 2-minute intervals during CO2RR over the Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode in CO2-saturated 0.5 M KHCO3 electrolyte under a constant applied bias of -0.58 V vs. REH. The experiment employed a fiber-optic Raman probe (785 nm, 200 mW power) integrated into a customized in-situ Raman cell. The sequential spectra demonstrate the progressive evolution of surface-bound intermediates and product-specific vibrational features, including the υ*COOH stretching mode at ~408 cm-1, indicative of the carboxyl intermediate relevant to methanol and ethanol pathways and υ*OCO* band at ~556 cm-1, associated with bidentate species responsible for HCHO formation. The additional emerging peaks at 788, 1131, 1288, 1454, 1497, 1560, and 2065 cm-1 that are assigned to CO2-, reaction key intermediate, and υ*C≡O, reflecting real-time CO2 activation and multi-electron/proton transfer. b, Direct spectral comparison illustrating changes in surface species at the electrode-electrolyte interface at the initial (0 min.) and later reaction stages (20 min.). Initially, prominent Raman signals arise predominantly from the electrode substrate (Cu oxide layer at υCu-O stretching, 226 cm-1), the polymeric PVP layer (characteristic vibrations at 635 and 1190 cm-1), and electrolyte-derived bicarbonate/carbonate species (υC-OH at 1020 cm-1, υC-O at 1065 cm-1, υsC-O at 1390 cm-1, υasC-O at 1603 cm-1). After 20 minutes of reaction, significant emergence and amplification of intermediate-related peaks provide compelling spectroscopic evidence for sustained and efficient activation of CO2 and successful sequential multi-electron/multi-proton transfer reactions. These findings underscore the superior catalytic performance and prolonged intermediate stabilization capability of the Cu/Cu10Sn3/rGO/PVP/Naf cathode for selective production of solar liquid fuels during CO2RR.
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Supplementary Fig. 37 | Potential-dependent in-situ Raman analysis of CO2RR over Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode. a, In-situ Raman spectra recorded at 1-minute intervals during stepwise increasing potentials (ranging from -1.1 to -1.8 V vs. RHE) in a CO2-saturated 0.5 M KHCO3 electrolyte solution. The in-situ Raman experiments were performed using a customized electrochemical cell equipped with a fiber-optic probe (785 nm laser, 200 mW power). With incremental bias, distinct Raman peaks progressively intensified, signifying the formation and stabilization of key CO2RR intermediates at the electrode/electrolyte interface. Prominent peaks at ~408 cm-1 (υ*COOH), 556 cm-1 (υ*OCO*), 788, 1131, 1288, 1454, 1497, 1560 cm-1 (CO2- and related key reaction intermediate), and 2065 cm-1 (υ*C≡O intermediate) indicate an increasingly effective electron-proton coupled transfer and product formation, correlating closely with the applied bias potential. b, Corresponding chronoamperometric (CA) response curve measured simultaneously during Raman analysis, clearly illustrating current density variations at each incremental applied potential. The CA data confirm enhanced electrochemical activity and efficient electron transport processes at the electrode-electrolyte interface. The correlation between current density increments and intensification of in-situ Raman signals of intermediates substantiates the dependence of reaction intermediates stabilization and solar liquid fuel formation on applied potential, reflecting optimized catalytic performance of the Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode.
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Supplementary Fig. 38 | Time-dependent in-situ Raman spectroscopy monitoring intermediate and product evolution during CO2RR on Cu/Cu10Sn3/rGO/PVP cathode. a, Series of in-situ Raman spectra recorded at regular 2-minute intervals during CO2RR conducted at a constant applied potential of -0.58 V vs. RHE in CO2-saturated 0.5 M KHCO3 electrolyte solution. The spectra reveal a clear time-dependent evolution of distinct Raman peaks corresponding to crucial reaction intermediates such as carboxyl (υ*COOH at 429 cm-1), bidentate O-bound (υ*OCO* at 533 cm-1), adsorbed carbonyl species (υ*C≡O at 2071 cm-1), and CO2- anion intermediates identified through bending and stretching vibrations (δCO2- at 786 cm-1), δC-H/ υC-O at 1131 cm-1 and *OCHO* species at 1486 cm-1. The gradual intensification of these Raman bands over the reaction duration strongly indicates progressive formation, accumulation, and enhanced stabilization of reaction intermediates on the Cu/Cu10Sn3/rGO/PVP electrode surface, highlighting robust catalytic efficiency and sustained CO2 activation under operating conditions. b, Comparative Raman spectra at 0 and 20 minutes highlight the CO2RR, with clear development of intermediate-related vibrational signatures, including υ*COOH, υ*OCO, and υ*C≡O species. These early-stage intermediates confirm the effective stabilization and transformation of CO2 on the active sites within the Cu/Cu10Sn3/rGO/PVP multi-layer dark cathode and electrolyte interface. The intensity rise and spectral sharpening over time further validate the efficient coupling of electron-proton transfers and the selective progression toward solar liquid fuel generation, as enabled by the synergistic architecture of the multi-layer dark cathode.
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Supplementary Fig. 39 | Time-dependent in-situ Raman analysis of CO2RR intermediates and products on Cu/Cu10Sn3/rGO cathode. a, Sequential in-situ Raman spectra recorded at intervals of 2 minutes during CO2RR carried out at a constant cathodic potential of -0.58 V vs. RHE in CO2-saturated 0.5 M KHCO3 electrolyte. The spectra reveal progressive enhancement and appearance of Raman bands associated with critical reaction intermediates, reflecting their continuous formation and accumulation over reaction time. Prominent vibrational signatures include the carboxyl intermediate (υ*COOH, 403 cm-1) and the adsorbed carbonyl intermediate (υ*C≡O, 2060 cm-1) corresponds to methanol and ethanol formation pathway, whereas the bidentate O-bound intermediate species (υ*OCO*, 526 cm-1) corresponds to the formaldehyde formation pathways. Moreover, the presence of CO2- anion is evidenced by characteristic vibrations δCO₂⁻ (786 cm-1), γC-H deformation (1137 cm-1) and C-O (1188 cm-1), strongly supporting effective multi-electron activation and subsequent reduction of CO2 on the cathode surface. b, Comparative analysis of Raman spectra acquired at the initiation (0 min.) and after extended reaction time (20 min.). The initial spectrum (0 min.) predominantly features characteristic signals associated with native copper oxide (υCu-O at 226 cm-1), vibrational modes of reduced graphene oxide, and electrolyte-associated species such as bicarbonate (HCO3-: υC-OH at 1016 cm-1, υC-O at 1069 cm-1, υsC-O at 1386 cm-1, υasC-O at 1608 cm-1). After 20 min. of sustained electrolysis, intensified Raman peaks along with several newly emerged peaks distinctly reflect the robust formation and enhanced accumulation of reaction intermediates and final products, thus providing clear spectroscopic evidence of the dynamic transformation and mechanistic pathways underlying efficient CO2 reduction at the Cu/Cu10Sn3/rGO cathode surface.
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Supplementary Fig. 40 | Time-dependent in-situ Raman spectroscopy elucidating the dynamic evolution of intermediates and products formed during CO2RR over the Cu/Cu10Sn3 cathode. a, Sequential in-situ Raman spectra recorded at regular intervals of 2 minutes, under a constant applied potential of -0.58 V vs. RHE, in a CO2-saturated 0.5 M KHCO3 electrolyte solution. The progressive spectral evolution reveals the emergence of distinctive Raman signals associated with crucial reaction intermediates, providing insights into their formation, stabilization, and transformation processes. Key intermediates identified include the carboxyl intermediate (υ*COOH at 408 cm-1), the critical adsorbed carbonyl intermediate (υ*C≡O at 2060 cm-1) and the bidentate O-bound intermediate species (υ*OCO* at 533 cm-1), essential for the formation of methanol, ethanol and formaldehyde. Additionally, Raman bands at 790 cm-1 (δCO2⁻ bending), 1291 cm-1 and (υsCO2⁻ symmetric stretching) clearly demonstrate the formation and persistence of the CO2- anion intermediate, indicating efficient electron transfer and activation of CO2 molecules at the electrode/electrolyte interface. b, Comparison of representative Raman spectra acquired at the initial stage (0 min.) and after extended reaction duration (20 min.), explicitly highlighting temporal changes in the surface chemical species. At the initial stage (0 min.), characteristic Raman peaks predominantly reflect electrolyte-derived bicarbonate/carbonate species (1020, 1065, 1390, and 1603 cm-1). Notably, after 20 min of reaction, significant spectral transformations occur, including the emergence and intensified Raman signals associated with key CO2RR intermediates and hydrocarbon products. Enhanced intensities at 408 cm-1 (carboxyl intermediate), 533 cm-1 (bidentate O-bound intermediate), and 2065 cm-1 (adsorbed υ*C≡O intermediate) reflect the surface stabilization of these reaction intermediates essential for product selectivity and catalytic efficiency. The appearance of additional peaks, such as γC-H deformation mode at 1131 cm-1, C-O band at 1189 cm-1 and dual-band shape Raman signals at 1454 and 1497 cm-1 (attributed to υ*OCH*O intermediate), further confirms the formation and accumulation of formaldehyde intermediates/products on the Cu/Cu10Sn3 electrode surface. Collectively, these comprehensive in-situ Raman analyses provide compelling molecular-level evidence of the reaction pathway, intermediate stabilization, and progressive product formation during the CO2RR, thus clarifying critical mechanistic details pertinent to solar liquid fuel generation.
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Supplementary Fig. 41 | Chronoamperometric response curves recorded during in-situ Raman spectroscopy during CO2RR. a, Chronoamperometric curve of the Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode, measured during the time-dependent in-situ Raman spectroscopy. The current response is recorded at a constant applied potential of -0.58 V vs. RHE in a CO2-saturated 0.5 M KHCO3 electrolyte solution. The chronoamperometry curve demonstrates the dynamic behaviour of the cathode current during CO2RR, while providing insight into the stabilization and transient behaviour of reaction intermediates, as captured in the time-dependent in-situ Raman spectra. b, Chronoamperometric curve for Cu/Cu10Sn3/rGO/PVP cathode, recorded under similar conditions, highlighting the influence of the PVP layer on current stability and intermediate formation during CO2RR. This graph offers a comparison to the multi-layer cathode, emphasizing the role of PVP in enhancing the electron transfer and intermediate stabilization processes as seen in the time-dependent in-situ Raman spectra. c, Chronoamperometric curve of the Cu/Cu10Sn3/rGO cathode, showing the current evolution in the same experimental setup. This curve reveals how the rGO layer impacts the charge transfer kinetics and intermediate stabilization, providing insight into the electrochemical behaviour of the Cu/Cu10Sn3/rGO system. d, Chronoamperometric curve for Cu/Cu10Sn3 cathode, demonstrating the baseline current response without any additional surface modifications. The curve serves as a reference to evaluate the impact of rGO, PVP, and Nafion layers in enhancing the catalytic performance of the Cu/Cu10Sn3-based dark cathodes. These chronoamperometric measurements, paired with time-dependent in-situ Raman data, allow for a detailed investigation of the reaction mechanisms occurring at the electrode-electrolyte interface during CO2RR. The chronoamperometry curves correlate with the formation and evolution of key reaction intermediates, providing insights into how different cathode configurations influence the reaction kinetics and product formation pathways.
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Supplementary Fig. 42 | Schematic illustration of the in-situ ATR-IR spectroscopy setup for monitoring the formation of intermediates and products during CO2RR. A custom-designed horizontal attenuated total reflection (HATR) cell equipped with a high-refractive-index germanium (Ge) ATR crystal (4 mm thick, surface area: 7 × 0.9 cm2) was used in conjunction with a SHIMADZU IRTracer-100 FTIR spectrometer to perform real-time in-situ ATR-IR measurements. The multi-layer dark cathode composed of Cu/Cu10Sn3/rGO/PVP/Nafion was mounted face-down onto the Ge crystal, allowing intimate contact between the catalyst surface and the evanescent IR field. CO2RR was conducted in a CO2-saturated 0.5 M KHCO3 electrolyte, with a platinum foil and Ag/AgCl (3.0 M KCl) serving as the counter and reference electrodes, respectively. This configuration enabled the direct spectroscopic monitoring of interfacial vibrational features corresponding to key adsorbed intermediates and product species during CO2RR. Multiple internal reflections within the Ge crystal enhanced signal sensitivity, allowing precise identification of transient species associated with the methanol, ethanol, and formaldehyde formation pathways under real conditions.
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Supplementary Fig. 43 | Photographic overview of the in-situ ATR-IR spectroscopic system and critical components employed for real-time monitoring of CO2RR intermediates at the electrode-electrolyte interface. a, Photograph of the SHIMADZU IRTracer-100 Fourier transform infrared (FTIR) spectrometer used to perform real-time in-situ ATR-IR measurements during CO2RR. The instrument is equipped with a high-sensitivity detector and integrated with a horizontal ATR cell optimized for in-situ  studies. b, Top view of the customized HATR cell from Pike Technologies, designed for electrochemical in-situ ATR-IR analysis. The cell configuration ensures close contact between the working electrode and the ATR crystal for optimal signal collection. c, Side view of the HATR cell highlighting the electrode clamping system, electrolyte inlet/outlet ports, and transparent alignment window, which enables precise positioning of the working electrode relative to the IR beam path. d, Ge ATR crystal with 7.0 cm length and 0.9 cm width and ~4 mm thickness, exhibiting high refractive index (n ~ 4.0) and low IR absorption in the mid-IR region, thus facilitating multiple internal reflections and enhanced surface sensitivity for detecting vibrational modes of short-lived CO2RR intermediates. e, Photograph of the Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode cut to match the crystal dimensions, ensuring maximum contact area and uniform exposure to the evanescent field during the CO2RR. f, Front view of the multi-layer dark cathode showing the Cu tape contacts attached to the conductive side for secure electrical connectivity. The active face of the electrode is oriented downward toward the Ge crystal surface to allow efficient interaction with the evanescent wave. g, Back-side view of the same electrode demonstrating uniform Cu tape attachment and mechanical stability for reliable current collection and bias application during the CO2RR.

[image: A diagram of a graph showing a number of objects

AI-generated content may be incorrect.]Supplementary Fig. 44 | Time-dependent in-situ ATR-IR spectroscopy monitoring the formation of intermediates and products during CO2RR. a, in-situ ATR-IR spectra of the Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer dark cathode recorded at 1-minute intervals during CO2RR at a constant potential of -0.58 V vs. RHE in CO2-saturated 0.5 M KHCO3 electrolyte solution. The spectra were acquired using a SHIMADZU IRTracer-100 FTIR spectrometer equipped with a HATR cell featuring a 4 mm-thick Ge crystal. As the CO2RR progressed, the real-time vibrational features of transient intermediates and products were captured. Initially, only the asymmetric stretching band of dissolved CO2 (υasCO2) was observed at 2360 and 2337 cm-1. As the reaction proceeded, new vibrational bands appeared at 1643 cm-1 (CO2⁻), 1394 cm-1 (*COOH), and 1946 cm-1 (*C≡O), indicating sequential electron/proton transfer steps. The progressive emergence of lower-frequency bands at 1033 cm-1 (*CHO) and 1150 cm-1 (*OCH3) confirmed the formation of methanol related intermediates. b, Overlay of selected ATR-IR spectra recorded at 5-minute intervals, clearly illustrating the time-evolution and accumulation of intermediate species such as *CO-*CO (1698 cm-1), *CO-*COH (1558 cm-1) confirmed the ethanol related intermediates, and final product-related C-H stretching vibrations at 2955 cm-1 (methanol), 2924 cm-1 (ethanol), and 2869 cm-1 (formaldehyde). Additional peaks at 880 cm-1 (C-H bending) and high-frequency bands at 3382 and 3746 cm-1 were attributed to hydroxyl (-OH) groups, suggesting the presence of alcohol-based products. The complete spectral evolution supports a multi-step reaction pathway, involving CO2 activation, intermediate stabilization, and product formation over the multi-layer dark cathode. This spectroscopic evidence validates the cooperative roles of rGO, PVP, and Nafion layers in facilitating electron/proton transport and selective solar liquid fuel generation. 
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Supplementary Fig. 45 | Potential-dependent in-situ ATR-IR spectroscopic monitoring of CO2RR intermediates and products on Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode. a, In-situ ATR-IR spectra were recorded at 7-minute intervals across a stepwise increasing range of cathodic potentials (from −1.1 V to −1.9 V vs. RHE) during CO2-saturated 0.5 M KHCO3 electrolysis using the Cu/Cu10Sn3/rGO/PVP/Naf cathode. As the potential became more negative, the emergence and growth of vibrational bands corresponding to key CO2RR intermediates and products were observed. These include asymmetric stretching of adsorbed CO2⁻ species (~1643 cm-1), carboxyl intermediates (*COOH, ~1396 cm-1), carbonyl species (*C≡O, ~1969 cm-1), and reduced intermediates including *CHO (~1011 cm-1), *COOH (~1396 cm-1) and *CO-*COH (~1558 cm-1). Product confirmation was further validated by C-H stretching bands (2954, 2924, and 2847 cm-1) assigned to methanol, ethanol, and formaldehyde, respectively, as well as bending vibrations (~880 cm-1) and OH-stretching bands (~3379 and 3734 cm-1), associated with hydroxylated intermediates and final alcohol products. b, Corresponding chronoamperometric profile illustrating current response as a function of applied bias. The increase in current density with more negative potential reflects enhanced CO2 reduction activity, in alignment with the growing intensity of IR bands related to multi-step electron-proton transfer processes. Together, these results underscore the effectiveness of the Cu/Cu10Sn3/rGO/PVP/Naf electrode architecture in stabilizing key intermediates, promoting multi-electron reduction reactions, and driving the selective formation of solar liquid fuels via CO2 electroreduction.
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Supplementary Fig. 46 | Time-dependent in-situ ATR-IR spectra for monitoring the formation of intermediates and products during CO2RR over Cu/Cu10Sn3/rGO/PVP cathode. a, In-situ ATR-IR spectra recorded at 1-minute intervals during CO2RR at -0.58 V vs. RHE using a Cu/Cu10Sn3/rGO/PVP dark cathode in a CO2-saturated 0.5 M KHCO3 electrolyte. Spectra were acquired using a SHIMADZU IRTracer-100 FTIR spectrometer equipped with a HATR cell mounted with a Ge crystal. Upon applying a constant potential of -0.58 V vs. RHE, a range of IR-active vibrational bands emerged, corresponding to reaction intermediates and products associated with the CO2RR pathway. Key features included the asymmetric stretching mode of CO2⁻ at 1643 cm-1, carboxyl-related υ*COOH at 1388 cm-1, and the critical υ*C≡O stretching mode at 1952 cm-1, indicative of activated methanol and ethanol related intermediates. b, Overlay of in-situ ATR-IR spectra at 5-minute intervals reveals the progressive enhancement of intermediate and product bands, confirming stepwise transformation pathways. The sequential reduction of *C≡O intermediates was supported by the appearance of bands at 1049 cm-1 and 1150 cm-1, corresponding to the υCHO and υ*C-O modes, respectively, key signatures of methanol formation. Notably, while C-C coupling features (*CO-*COH at 1556 cm-1) were present, their intensities were less pronounced compared to Nafion-coated electrodes, underscoring the role of proton transport layers in multi-carbon product formation. Additional high-frequency C-H stretching vibrations at 2962, 2931, and 2870 cm-1 confirmed the generation of methanol, ethanol, and formaldehyde, respectively. Broad OH-stretching bands at 3384 and 3750 cm-1 were attributed to alcohol product signatures or adsorbed hydroxyl intermediates. These findings demonstrate that the Cu/Cu10Sn3/rGO/PVP interface enables effective CO2 activation and reduction to methanol product, while offering limited Ethanol selectivity without the synergistic proton transport enhancement provided by a Nafion overlayer.
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Supplementary Fig. 47 | Time-dependent in-situ ATR-IR spectroscopic analysis of CO2RR intermediates on the Cu/Cu10Sn3/rGO cathode. a, In-situ ATR-IR spectra recorded at 1-minute intervals during CO2RR over the Cu/Cu10Sn3/rGO cathode in a CO2-saturated 0.5 M KHCO3 electrolyte. The ATR-IR experiments employed a SHIMADZU IRTracer-100 FTIR spectrometer with a HATR setup equipped with a Ge crystal, enabling high-sensitivity probing of vibrational transitions at the electrode/electrolyte interface. Upon applying a constant bias of -0.58 V vs. RHE, distinct IR-active bands appeared over time, corresponding to key surface-bound intermediates and product species. Notably, characteristic IR absorption bands associated with the asymmetric stretching vibrations of CO2 (υasCO2 at 2360 and 2337 cm-1), resulting from CO2 gas saturation and surface adsorption, are initially observed. As the reaction proceeds, distinct bands emerge at 1649 cm-1 (υasCO2⁻), indicating the formation of the CO2⁻ anion, and at 1394 cm-1, attributed to the carboxyl (COOH) intermediate, a key species involved in the rate-determining step toward methanol and ethanol generation. b, Overlaid in-situ ATR-IR spectra collected at 5-minute intervals highlight the progressive intensification of vibrational bands assigned to CO2RR intermediates. A sharp signal at 1968 cm-1 indicates the presence of a *C≡O intermediate, which is central to both methanol and ethanol product pathways. Additional signals at 987 cm-1 and 1165 cm-1 correspond to *CHO and *OCH3 species, respectively, confirming partial progression toward methanol formation. However, compared to PVP- or Nafion-modified cathodes, signals corresponding to C-C coupling intermediates such as *CO-*CO (1697 cm-1) and *CO-*COH (1558 cm-1) were notably less intense, suggesting limited multicarbon product generation in the absence of PVP and proton transport layers. The presence of product-characteristic hydroxyl bands at ~3382 and ~3746 cm-1, confirms the formation of solar liquid fuels. These results underscore the role of rGO in facilitating electron accumulation and transfer, while highlighting the need for additional surface functionalization to drive multi-carbon products selectivity.
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Supplementary Fig. 48 | Time-dependent in-situ ATR-IR spectroscopic analysis of the Cu/Cu10Sn3 bimetallic alloy cathode during CO2RR. a, In-situ ATR-IR spectra were recorded at 1-minute intervals under an applied cathodic potential of -0.58 V vs. RHE. The evolving vibrational features highlight the dynamic formation of surface-bound reaction intermediates and product species during CO2RR. Initially, the asymmetric stretching vibrations of molecular CO2 are observed at 2360 and 2337 cm-1, reflecting effective CO2 gas saturation and adsorption on the catalyst surface. With the onset of CO2RR, prominent IR bands emerge, including a peak at 1644 cm-1 assigned to the asymmetric stretching of CO2⁻ anion, which represents the first-electron transfer intermediate. The carboxyl (COOH) group, a critical intermediate in the methanol and ethanol pathways, appears at 1396 cm-1, followed by the carbonyl stretch (υ*C≡O) at 1967 cm-1, which serves as a shared intermediate for both methanol and ethanol product formations. b, Time-dependent in-situ ATR-IR spectra recorded every 5 minutes offer a clearer visualization of downstream intermediate accumulation and product signatures. Peaks at 1010 cm-1 (*CHO) and 1141 cm-1 (*OCH3) are observed, consistent with methanol pathway intermediates. The detection of vibrational bands at 1558 cm-1, corresponding to *CO-*COH dimers, respectively, indicates C-C coupling events toward ethanol products. Final product formation is confirmed by C-H stretching vibrations at 2908 cm-1, assigned to methanol, ethanol, and formaldehyde, respectively. The appearance of a δC-H bending mode at 889 cm-1 and surface hydroxyl stretches at 3406 and 3749 cm-1 further support product formation. Although Cu/Cu10Sn3 exhibits moderate activity toward multi-electron CO2RR pathways, the comparatively weaker signal intensity and delayed intermediate buildup, relative to functionalized dark cathodes incorporating rGO, PVP, and Nafion, highlight the importance of interfacial engineering to enhance intermediate stabilization, electron-proton coupling, and overall product selectivity.
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Supplementary Fig. 49 | Schematic representation of EPR experimental setup and radical trapping mechanism during CO2RR. a, Schematic diagram illustrating the electron paramagnetic resonance (EPR) experimental setup used for the detection of short-lived radical intermediates generated during the CO2RR. Low-temperature EPR measurements were performed using a Bruker EMX/Plus spectrometer equipped with a dual-mode cavity, optimized for detecting radical species with short lifetime. The system employed a standard three-electrode system consisting of a Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer dark cathode (working electrode), a platinum foil (counter electrode), and an Ag/AgCl (3.0 M KCl) reference electrode. The reaction was performed in a custom-built 20 mL electrochemical cell containing 0.5 M KHCO3 electrolyte saturated with CO2 gas. A constant bias potential of -0.58 V vs. RHE was applied to drive the CO2RR. To capture the highly unstable CO2•− anion radical intermediates formed during the early electron transfer stages, 0.1 mL of diluted DMPO (5,5-dimethyl-1-pyrroline-N-oxide) spin trapping agent was introduced into the electrolyte solution. After 1 hour of electrolysis, 0.2 mL of the reaction solution was immediately drawn into the same syringe containing DMPO, rapidly frozen in liquid nitrogen, and transferred into a quartz EPR tube for spectral acquisition. b, Schematic illustration of the radical trapping mechanism showing the formation of the [CO2-DMPO]•− adduct. During CO2RR, CO2 molecules are first captured and activated by the nitrogen sites of the PVP layer within the cathode architecture. The first electron transferred from the rGO layer to the activated CO2 molecule results in the formation of the transient CO2•− anion radical. This highly reactive species is instantaneously trapped by DMPO to form a stable nitroxide radical adduct. The [CO2-DMPO]•− adduct is characterized by a six-line hyperfine splitting pattern in the EPR spectra, originating from unequal hyperfine coupling constants of nitrogen (αN = 15.4 G) and hydrogen (αH = 19.2 G). This spectroscopic signature serves as direct evidence of CO2•− formation during CO2RR. The stabilization of the CO2•− radical by DMPO not only confirms its role as a key first-electron transfer intermediate but also demonstrates the effectiveness of the Cu/Cu10Sn3/rGO/PVP/Nafion multi-layer cathode in prolonging intermediate lifetime and promoting multi-step reduction toward solar liquid fuel formation.
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Supplementary Fig. 50 | Instrumental setup for low-temperature EPR analysis during CO2RR. a, Photograph of the Bruker EMX/Plus electron paramagnetic resonance (EPR) spectrometer used for detecting short-lived radical intermediates during the CO2RR. The instrument is equipped with an X-band microwave bridge (9.65 GHz), a high-sensitivity dual-mode cavity (ER 4116DM), and a digital control system capable of precise tuning and stable signal acquisition. The system enables detection of radical species formed at the electrode/electrolyte interface under operating electrochemical conditions, particularly focusing on the detection of transient CO2•− anion radical species. b, Close-up view of the cavity region and cryogenic sample holder, highlighting the quartz tube insertion port and field modulation coil. The frozen electrolyte samples containing the [CO2-DMPO]•− adducts were inserted into a quartz EPR tube and mounted into the liquid nitrogen-cooled cavity to preserve and detect unstable radicals during CO2RR. The optimized spectral acquisition parameters (microwave power = 3 mW, modulation frequency = 100 kHz, modulation amplitude = 1 Gauss, time constant = 20.48 ms, conversion time = 20.00 ms, number of scans = 8) were used to capture distinct hyperfine splitting patterns corresponding to DMPO-CO2•−, DMPO-OH•, and DMPO-OOH• adducts. This setup enabled sensitive detection and structural validation of key radical intermediates involved in the CO2RR pathway over the Cu/Cu₁₀Sn₃/rGO/PVP/Nafion multi-layer cathode.
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Supplementary Fig. 51 | Time-dependent EPR spectra for monitoring the formation of CO2.- anion radical during CO2RR over Cu/Cu10Sn3/rGO/PVP cathode. Electron paramagnetic resonance (EPR) spectroscopy was employed to directly probe the formation of radical intermediates during the CO₂RR. The time-dependent EPR spectra, recorded under continuous CO2-saturated 0.5 M KHCO3 electrolyte at an applied potential of -1.2 V vs. Ag/AgCl, reveal the characteristic signals of spin-trapped radical species. After 1 h of reaction, the spectra exhibit a distinct six-line hyperfine splitting pattern, which can be unambiguously assigned to the DMPO-CO2 adduct. This spectral fingerprint arises from the interaction of the unpaired electron of the CO2•− anion radical with the nuclear spins of the nitroxyl radical in the DMPO spin trap, providing direct evidence for the transient generation of the CO2•− intermediate at the electrode-electrolyte interface. The observation of CO2•− is mechanistically significant, as this radical anion is widely recognized as the first electron-transfer product in the CO2RR pathway, serving as a critical precursor to the subsequent formation of C1 and C2 solar fuels. The time-dependent growth of the DMPO-CO2 signal intensity further underscores the dynamic accumulation of reactive intermediates under sustained electrochemical operation. These results highlight the utility of EPR in capturing short-lived radical species and provide molecular-level confirmation that the Cu/Cu10Sn3/rGO/PVP cathode facilitates the direct activation of CO2 through a radical-mediated pathway.
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Supplementary Fig. 52 | Hyperfine splitting patterns of spin-trapped radical intermediates formed during CO2RR, as detected by EPR spectroscopy. a-c, EPR spectral profiles and corresponding hyperfine splitting diagrams for radical adducts formed between DMPO and reactive oxygen/carbon species generated at the Cu/Cu10Sn3/rGO/PVP/Naf multi-layer dark cathode during CO2RR. Measurements were conducted in CO2-saturated 0.5 M KHCO3 electrolyte under low-temperature conditions following spin-trapping and rapid freezing. a, The DMPO–OOH adduct exhibits a four-line hyperfine splitting pattern with equal coupling constants for nitrogen (αN = 15.3 G) and hydrogen (αH = 15.3 G). The resulting EPR spectrum shows a characteristic 1:2:2:1 quartet, indicating the presence of peroxyl radicals (•OOH), which likely originate from partial oxygen reduction or reactive oxygen species (ROS) formation at the cathode-electrolyte interface. b, DMPO-OH adduct also displays a four-line splitting pattern, consistent with coupling constants αN = 13.5 G and αH = 13.5 G. The superposition of nitrogen and hydrogen spin interactions produces a 1:2:2:1 multiplet. This pattern confirms the presence of hydroxyl radicals (•OH), which are typically transient but stabilized here through DMPO trapping. c, DMPO-CO2 adduct is identified by a six-line hyperfine splitting pattern resulting from unequal coupling constants (αN = 15.4 G and αH = 19.2 G). This complex multiplet clearly indicates the formation of the CO₂•⁻ anion radical, a critical first-electron transfer intermediate in the CO2RR pathway. d, Theoretical basis of hyperfine splitting patterns is shown via the formula: 2NI + 1, where N is the number of equivalent nuclei and I is the nuclear spin. For both DMPO-OH and DMPO-OOH adducts (N = 2 nuclei with I = ½ for H and I = 1 for N), the four-line pattern emerges due to coupling with both nitrogen and hydrogen atoms. In contrast, the six-line pattern of DMPO-CO2 arises from the non-equivalence of αN and αH. Collectively, this figure provides a detailed spectroscopic deconvolution of reactive radical species formed during CO2RR, corroborating the CO₂•⁻ intermediate in the one-electron transfer mechanism toward solar liquid fuel production. 
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Supplementary Table 1. PEC CO2RR results with four different dark cathodes includes products concentration (in µM/h/cm2), Faradaic efficiency (FE in %) and solar-to-fuel efficiency (STF in %).

	Dark cathodes
	Products concentration (µM/h/cm2)
	
	FE (%)
	STF (%)

	
	H2
	EtOH
	MeOH
	HCHO
	Total
	H2
	EtOH
	MeOH
	HCHO
	Total
	H2
	EtOH
	MeOH
	HCHO
	Total

	Cu/Cu10Sn3
	13.1
	8.9
	18.6
	170.5
	211.1
	0.84
	3.44
	3.59
	21.99
	29.86
	0.012
	0.003
	0.054
	0.364
	0.433

	Cu/Cu10Sn3/rGO
	26.0
	45.9
	141.6
	320.8
	534.3
	1.15
	11.99
	18.49
	27.93
	59.56
	0.026
	0.018
	0.413
	0.686
	1.143

	Cu/Cu10Sn3/rGO/PVP
	36.8
	78.3
	186.4
	438.5
	740.0
	1.58
	20.16
	24.00
	37.64
	83.38
	0.036
	0.031
	0.544
	0.937
	1.548

	Cu/Cu10Sn3/rGO/PVP/Naf
	52.8
	89.4
	198.6
	516.4
	857.2
	2.19
	22.20
	24.65
	42.74
	91.78
	0.052
	0.036
	0.579
	1.104
	1.771




Supplementary Table 2. Calculation of local pH measurements during CO2RR using concentrations of [HCO3-] and [CO32-] using the Henderson-Hasselbalch equation, derived from their peak areas in the Raman spectra. 
	CO2
(Potential V vs. Ag/AgCl)
	[HCO3-]
	[CO32-]
	[CO32-]/[HCO3-]
	log [CO32-]/[HCO3-]
	pH

	OCP
	81231.5
	1531.7
	0.0188
	-1.7245
	8.60

	-1.1
	148129.9
	40755.2
	0.2751
	-0.5604
	9.76

	-1.2
	187129.9
	51755.2
	0.2765
	-0.5581
	9.77

	-1.3
	222194.8
	65632.8
	0.2953
	-0.5296
	9.80

	-1.4
	234060.8
	71693.2
	0.3063
	-0.5138
	9.81

	-1.5
	317654.2
	80953.3
	0.2548
	-0.5937
	9.73

	-1.6
	324382.5
	95509.9
	0.2944
	-0.5310
	9.79

	-1.7
	412950.5
	110139.3
	0.2667
	-0.5739
	9.75

	-1.8
	45848.8
	18440.6
	0.4022
	-0.3955
	9.93


  

Supplementary Table 3. Calculation of local pH measurements during HER using concentrations of [HCO3-] and [CO32-] using the Henderson-Hasselbalch equation, derived from their peak areas in the Raman spectra.   
	HER
(Potential V vs. Ag/AgCl)
	[HCO3-]
	[CO32-]
	[CO32-]/[HCO3-]
	log [CO32-]/[HCO3-]
	pH

	OCP
	84062.8
	1506.9
	0.0179
	-1.7465
	8.58

	-1.1
	83704.8
	24839.9
	0.2967
	-0.5276
	9.80

	-1.2
	91738.2
	27756.1
	0.3025
	-0.5191
	9.81

	-1.3
	122238.5
	39924.4
	0.3266
	-0.4859
	9.84

	-1.4
	148136.5
	45234.4
	0.3053
	-0.5151
	9.81

	-1.5
	164250.4
	53601.0
	0.3263
	-0.4863
	9.84

	-1.6
	215624.4
	64662.7
	0.2998
	-0.5230
	9.80

	-1.7
	261552.1
	66712.2
	0.2550
	-0.5933
	9.73

	-1.8
	303402.1
	77846.4
	0.2565
	-0.5907
	9.73







Supplementary Table 4. The formation of key intermediates for methanol pathway. Equations: (1)-(7)
	CO2
	+
	*
	→
	*CO2
	(1)

	*CO2
	+
	e− + H+
	→
	*COOH
	(2)

	*COOH
	+
	e− + H+
	→
	*CO + H2O
	(3)

	*CO
	+
	e− + H+
	→
	*CHO
	(4)

	*CHO
	+
	e− + H+
	→
	*OCH2
	(5)

	*OCH2
	+
	e− + H+
	→
	*OCH3
	(6)

	*OCH3
	+
	e− + H+
	→
	*OHCH3
	(7)




Supplementary Table 5. The formation of key intermediates for ethanol pathway. Equations: (1)-(9) 
	CO2
	+
	*
	→
	*CO2
	(1)

	*CO2
	+
	e− + H+
	→
	*COOH
	(2)

	*COOH
	+
	e− + H+
	→
	*CO + H2O
	(3)

	*CO
	+
	2e− + 2H+
	→
	*CO*CO
	(4)

	*CO*CO
	+
	e− + H+
	→
	*COCOH
	(5)

	*COCOH
	+
	2e− + 2H+
	→
	*CHCO + 2H2O
	(6)

	*CHCO
	+
	2e− + 2H+
	→
	*OCHCH2
	(7)

	*OCHCH2
	+
	2e− + 2H+
	→
	*OCH2CH3
	(8)

	*OCH2CH3
	+
	e− + H+
	→
	*OHCH2CH3
	(9)


Where the *denotes intermediates adsorbed on the surface of PVP.




	S. No.
	Photoanode
	Cathode
	Light source
	Electrolyte
	Applied bias potential
	Main products
	FE
	STF
	Ref

	0
	(040)-BiVO4
	Cu/Cu10Sn3/rGO/PVP/Nafion
	300 W Xe lamp (Ashai solar simulator HAL-320, AM 1.5G; 100 mW/cm2)
	CO2 sat. 
0.5 M KHCO3
	1.2 V vs Ag/AgCl
	CH3OH/
C2H5OH/
HCHO/
	72.4%
	1.72%
	This work

	1
	n-Si/GaN/NiO
	Cu
	300 W Xe lamp 
(Asahi Spectra)
	CO2 sat. 
0.5 M KHCO3
	-1.287 V
	HCOOH/
CH4/C2H4/ C2H5OH
	35.0%
	0.046%
	8

	2
	GaN/AlGaN/NiO
	Cu
	Xe lamp (365 nm)
	3 M KCl 
(pH = 3.9)
	-1.47 V vs. Ag/AgCl
	C2H4/
C2H5OH
	3.0%
	0.13%
	9

	3
	n-Si/TiO2/Ni
	Ag
	150 W Xe lamp 
(100 mW/cm2)
	1 M KOH 
(pH 13.7)
	0.80 V
	CO
	90.0%
	2.42%
	10

	3
	n-Si/TiO2/Ni
	Cu
	150 W Xe lamp 
(100 mW/cm2)
	1 M KOH 
(pH 13.7)
	-
	CO, C2H4,
C2H5OH,n-C3H8O
	53%
	0.29%
	10

	4
	TiO2
	Ag
	A 350 W Xe lamp 
(500 mW/cm2)
	0.1 M KHCO3
	1.75
	CO/
HCOOH
	40.85%
	0.06%
	11

	5
	WO3/BiVO4
	Ag
	300 W Xe arc lamp
(100 mW/cm2)
	CO2 sat. 
0.5 M KHCO3
	2.5 V vs. RHE
	CO
	72.0%
	0.53%
	12

	6
	TiO2 NRs
	Sn-GDE
	300 W Xe lamp
	CO2 sat. 0.5 M NaHCO3
	1.2 V
	HCOO−
	65.0%
	0.24%
	13

	7
	InGaN/NiO
	In
	300 W Xe lamp (MAX-303, 
Asahi Spectra)
	CO2 sat. 
0.5 M KHCO3
	-1.42 V
	HCOOH
	61.4%
	0.97%
	14

	8
	SrTiO3
	RuCP
	Solar simulator 
(HAL-320, Asahi Spectra)
	0.1 M NaHCO3
	0 V vs. Ag/AgCl
	HCOO-
	-
	0.14%
	15

	9
	BiVO4/FeOOH
	Meso ITO
	Xenon arc lamp 
(100 mW/cm2)
	100 mM Sodium phosphate buffer 
	Bias-free (Un- biased)
	HCOO-
	-
	0.03%
	16

	10
	FTO/BiVO4-Mo
	CHT/
Ni foam
	Oriel solar simulator; AM 1.5G (50 mW/cm2)
	0.1 M Phosphate (KPi) buffer 
	1.23 V vs. SHE
	CH3COO−
	62 ± 12%
	0.97 ± 0.19%
	17

	11
	BiVO4/CoF
	CC-CoFPc
	300 W Xe arc lamp
(100 mW/cm2)
	CO2 sat. 0.5 M NaHCO3 
(pH = 7.2)
	1.35 V
	CO
	87.0%
	0.44%
	18

	12
	WO3/BiVO4
	[NH2C3
mim][Br]
	300 W Xenon arc lamp 
(100 mW/cm2)
	([NH2C3MIm][Br])
(10wt%, 0.454 mol L-1)
	1.70 V
	HCOO-
	94.4%
	0.11%
	19


Supplementary Table 6. Selective comparison of the performance of (040)-BiVO4 photoanode and Cu/Cu10Sn3/rGO/PVP/Naf dark cathode system for PEC CO2RR with previously reported photoanode-dark cathode systems. 

	
Supplementary Table 7. Relative comparison of the performance of (040)-BiVO4 photoanode and Cu/Cu10Sn3/rGO/PVP/Nafion dark cathode system for PEC CO2RR with previously reported photoanode-dark cathode systems.
	S. No.
	Photoanode
	Cathode
	Light source
	Electrolyte
	Applied bias potential
	Main products
	FE
	STF
	Ref

	BiVO4 photoanode and various dark cathode-based systems for PEC CO2RR

	1
	WO3/BiVO4
	Ag
	300 W Xe arc lamp
(100 mW/cm2)
	CO2 sat. 0.5 M KHCO3
	2.5 V vs. RHE
	CO
	72.0%
	0.53%
	12

	2
	BiVO4
	Cu-In
	300 W Xe arc lamp
(100 mW/cm2)
	CO2 sat. 0.2 M NaHCO3
	1.40 V
	CO/ HCOOH
	10.4%/14.3%
	-
	20

	3
	BiVO4/CoF
	CC-CoFPc
	300 W Xe arc lamp
(100 mW/cm2)
	CO2 sat. 0.5 M NaHCO3 
(pH = 7.2)
	1.35 V
	CO
	87.0%
	0.44%
	18

	4
	CoPi/BiVO4/SnO2
	C-Au/CP
	300 W Xe lamp
(100 mW/cm2)
	CO2 sat. 
0.5 M KHCO3
	1.1 V
	CO
	90.0%
	-
	21

	5
	BiVO4
	rGO/
TiO2
	300 W Xe lamp
(Ashai solar simulator HAL-320,100 mW/cm2)
	CO2 sat. 
0.1 M KHCO3
	0.85 V
	HCHO/ CH3CH2OH
	95.0%
	-
	22

	6
	Co-Pi/BiVO4/SnO2
	Cu
	500 W Hg lamp with a 420 nm cut-off filter (intensity of the radiation was 490 mW/cm2)
	0.5 M KHCO3 (pH 7.5)
	0.40 V vs. RHE
	CO/
CH4/
C2H4
	1.4%/
46.8%/
3.7%
	-
	23

	7
	FTO/BiVO4-Mo
	Biocathode: CHT/
Ni foam
	Oriel solar simulator; AM 1.5G (50 mW/cm2)
	0.1 M Phosphate (KPi) buffer solution (pH 7)
	1.23 V vs. SHE
	CH3COO−
	62 ± 12%
	0.97 ± 0.19%
	17

	8
	BiVO4
	CuZn-0.5
	Simulated sunlight
	CO2 sat. 
0.1 M KHCO3
	-1.1 V vs RHE
	HCOOH
	60.0%
	-
	24

	9
	FTO/BiVO4/FeO(OH)
	MWCNTs/ CoII(Ch)
	Ashai, solar simulator 
(HAL-320; 100 mW cm-2)
	5.0 X 10-3 M Na2SO4
	-1.3 V vs. cathode
	CO
	83.0%
	-
	25

	10
	BiVO4/CoPi
	EC-PDA
	150 W Xe lamp 
(100 mW cm-2)
	0.1 M Sodium phosphate buffer
	no external bias
	HCOO−
	99.2%
	-
	26

	11
	WO3/BiVO4
	[NH2C3
MIm][Br]
	300 W Xenon arc lamp 
(100 mW/cm2)
	([NH2C3MIm][Br]) solution (10 wt%, 0.454 
mol L-1 )
	1.70 V
	HCOO-
	94.4%
	0.11%
	19

	12
	BiVO4/FeOOH
	Meso ITO
	Xenon arc lamp 
(100 mW/cm2)
	100 mM Sodium phosphate buffer 
(pH 7.0)
	Bias-free (Unbiased)
	HCOO-
	-
	0.03%
	17

	WO3 photoanode and various dark cathode-based systems for PEC CO2RR

	13
	WO3
	Cu
	500 W Hg lamp (Newport) with a 420 nm cut-off filter 
	CO2-purged KHCO3 (0.5 mol L−1, pH 7.5)
	0.75 V vs. RHE
	CH4
	67%
	-
	27

	13
	WO3
	Sn/SnOx
	500 W Hg lamp with a 420 nm cut-off filter
	CO2-purged KCl (0.5 mol L−1, pH 5.2)
	0.80 V vs. RHE
	CO/
HCOOH
	44.3%
	-
	27

	14
	WO3
	In
	500 W Xenon arc lamp 
(100 mW/cm2)
	CO2 sat. 
0.5 M KHCO3
	1.2 V vs. Ag/AgCl
	CO/
HCOOH
	-/45.45%

	-
	28

	15
	Sn-WO3
	Cu foam
	150 W Xe lamp 
(50 mW/cm2)
	CO2 sat. 
0.5 M KHCO3
	1.2 V vs. Ag/AgCl
	HCOOH
	-
	-
	29

	n-Si photoanode and various dark cathode-based systems for PEC CO2RR

	16
	n-Si/TiO2/Ni
	Ag
	150 W Xe lamp 
(100 mW/cm2)
	1 M KOH 
(pH 13.7)
	0.80 V
	CO
	90.0%
	2.42%
	10

	16
	n-Si/TiO2/Ni
	Cu
	150 W Xe lamp 
(100 mW/cm2)
	1 M KOH 
(pH 13.7)
	-
	CO,C2H4,
CH3CH2OH,
n-CH3CH2
CH2OH
	53%
	0.29%
	10

	17
	n-Si/Ni
	Ag
	300 W Xe lamp equipped with a 400 nm filter
	CO2 sat. 
0.5 M KHCO3
	1.54 V vs. RHE
	CO
	70.0%
	-
	30

	18
	n-Si/
GaN/NiO
	Cu
	300 W Xe lamp 
(Asahi Spectra)
	CO2 sat. 
0.5 M KHCO3
	-1.287 V
	HCOOH/CH4/
C2H4/ C2H5OH
	35.0%
	0.046%
	8

	GaN photoanode and various dark cathode-based systems for PEC CO2RR

	19
	GaN/AlGaN/NiO
	Cu
	Xe lamp (365 nm)
	3 M KCl 
(pH = 3.9)
	-1.47 V vs. Ag/AgCl
	C2H4/
C2H5OH
	3.0%
	0.13%
	9

	20
	InGaN/NiO
	In
	300 W Xe lamp 
(MAX-303, Asahi Spectra)
	CO2 sat. 
0.5 M KHCO3
	-1.42 V
	HCOOH
	61.4%
	0.97%
	14

	TiO2 photoanode and various dark cathode-based system for PEC CO2RR

	21
	TiO2
	Pt-CC
	100 W Xe lamp 
(LOT Oriel, 100 mW/cm2)
	0.5 M KHCO3
	-2.0 V
	CO
	13.0%
	-
	31

	22
	TiO2
	Cu
	UV LED light 
(100 mW/cm2 )
	1 mol L−1 KOH
	− 1.8 V vs. Ag/AgCl
	CH3CH2OH/
CH3OH
	23.2%/
16.2%
	-
	32

	23
	SC-TiO2
	Cu
	UV LED lights 
(100 mW/cm2)
	1 M KOH
	− 1.8 V vs. Ag/AgCl
	C2H4/
CH3OH
	14.0%/
5.0%
	5.4%/
1.9%
	33

	24
	TiO2/CuO
	Cu2O/Cu
	300 W Xe lamp 
(LOT Oriel, 100 mW/cm2)
	CO2 sat. KHCO3 
(0.5 mol L-1 )
	-0.90 V
	HCOOH/ CH3OOH
	14.0%/75.7%
	-
	34

	25
	TiO2/Pt
	Cu foam loaded 
C-Pd/Cu
	Perfect light PLS-SXE300CUV Xe lamp 
(10 mW/cm2)
	0.5 M NaHCO3
	-
	CH3OH,
C2H5OH,
C3H7OH,
HCOOH,
CH3COOH,
CH3CH2
COOH
	93.2%
	-
	35

	26
	TiO2 NT-ZrO2
	Cu2O
	125 W high-pressure mercury lamp (UV-Vis)
	CO2 sat. 0.1 mol L-1 KHCO3 (pH = 7.0)
	1.5 V
	CH3OH, CH3CH2OH
	-
	-
	36

	27
	TiO2/Pt
	Cu NP/f-RGO/CF
	Xe-arc lamp (PLS-SXE300/UV; 100 mW/cm2
	0.1 M NaHCO3
	2.0 V
	CO,CH4, C2H4, HCOOH, CH3COOH,
C2H5OH
	-
	-
	37

	28
	TiO2 NTs
	CoOx
	300 W Xe lamp
 (100 mW/cm2)
	CO2 sat. 0.5 mol/L Na2SO4
	0.7 V vs. Ag/AgCl
	HCOOH
	-
	-
	38

	29
	TiO2/Pt
	CuS/CuPor
	300 W Xe lamp 
(100 mW/cm2)
	0.5 M NaHCO3
	-2.0 V
	CH3OH, C2H5OH, C3H7OH, HCOOH
	-
	-
	39

	30
	TiO2 NT/Au
	Pt
	ORIEL LCS-100 solar simulator (AM 1.5 G; 100 mW/cm2)
	0.5 M KHCO3
	1.0 V vs. Ag/AgCl
	CH3OH/ CH3CH2OH
	-
	-
	40

	31
	TiO2
	Cu2O/TiO2
	Xe-arc lamp 
(Lot Oriel, 300 W)
	CO2 sat. 
0.1 M KHCO3
	-
	HCOOH/
CH3COOH
	61.9%
	-
	41

	32
	N-TiO2/Au
	Zn-Cu2O
	300-W Xe lamp
 (200 mW/cm2)
	0.1 mol L-1 KHCO3
	0.5 V Ag/AgCl
	CO/ CH3COOH
	70.0%
	
	42

	33
	TCN coated TiO2
	2,2’-bpy/Cu
	50 W LED light illumination
	CO2 sat. 
0.5 M KHCO3
	1.20 V
	HCOOH
	52.0%
	-
	43

	34
	TiO2
	NiPc
	300 W Hg lamp 
(100 mW/cm2)
	1 M Na2SO4 (pH 7)
	-0.80 V
	CO
	98.0%
	-
	44

	35
	TiO2
	Ag
	A 350 W Xe lamp 
(500 mW/cm2)
	0.1 M KHCO3
	1.75
	CO/
HCOOH
	40.85%
	0.06%
	11

	36
	TiO2 NTs/Pt
	Pt/r-GO on Ni foam
	300 W Xe-arc lamp 
(10 mW/cm2)
	CO2 sat. 1 M NaHCO3 
(pH = 8.9)
	2.0 V
	CH3OH,
C2H5OH, HCOOH, CH3OOH
	-
	-
	45

	37
	TiO2 NTs/Pt
	Pt/r-GO on Ni foam
	300 W Xe arc lamp 
(10 mW/cm2)
	CO2 sat. 1 M NaHCO3
	2.0 V
	CH3OH, C2H5OH, HCOOH, CH3OOH
	-
	-
	46

	38
	TiO2 NTs/Pt
	Pt/r-GO on Cu foam
	Xe-arc lamp (10 mW/cm2)
	0.5 mol/L NaHCO3
	2.0 V
	CH3OH, C2H5OH, HCOOH, CH3OOH
	-
	-
	47

	39
	TiO2 NRs
	Cu2O/Cu
	300 W Xenon arc lamp; AM 1.5 G (100 mW/cm2)
	0.1 mol L-1 KHCO3
	0.75 V
	CH4/CO/
CH3OH
	54.63%/30.03%/2.79%
	-
	48

	40
	N-TiO2
	Cu
	100 W Xe lamp
 (3.12 mWcm−2)
	CO2 sat. 0.1 M KHCO3
	2.0 V
	HCOOH/
HCHO/ CH3OH/
CH4
	2.60%/
0.39%/
3.26%/
7.83%
	-
	49

	41
	Pt/TiO2 NTs
	Pt/r-GO on Ni foam
	300 W Xenon arc lamp 
(100 mW/cm2)
	0.5 M NaHCO3
	2.0 V
	CH3OH, C2H5OH, HCOOH, CH3COOH
	-
	-
	50

	42
	Cu-RGO-TiO2/ITO
	Pt
	150 W Xe-arc lamp 
(100 mW cm-2)
	CO2 sat. 0.1 M Na2SO4
	-0.61 V vs. SCE
	CH3OH/
HCOOH
	32.74%
	-
	51

	43
	TiO2 NTs
	Pt/GA/CF
	Xe-arc lamp 
(100 mW cm-2)
	CO2 sat. 0.5 M NaHCO3
	2.0 V
	HCOOH/
CH3COOH/ C2H5COOH/ CH3OH/
C2H5OH
	-
	-
	52

	44
	TiO2 NRs
	Sn-GDE
	300 W Xe lamp
	CO2 sat. 0.5 M NaHCO3
	1.2 V
	HCOO−
	65.0%
	0.24%
	13

	45
	TiO2 NWs
	Cu
	250 W Hg lamp
	-
	-
	CH4
	-
	-
	53

	46
	TiO2/CdS
	Biocathode
	100 mW cm-2
	0.35 M Na2SO3 and 0.25 M Na2S∙9H2O
	-0.7 V vs. Ag/AgCl
	CH4
	94.4%
	1.28%
	54

	47
	TiO2
	Cu/Cu2O
	300 W Xenon arc lamp; 
AM 1.5G (100 mW cm-2)
	0.1 M KHCO3 (pH = 9.3)
	0.75 V vs. RHE
	CH3OH
	53.6%
	-
	55

	48
	IO-TiO2/ FDH
	IO-TiO2/dpp/ POs–PSII
	150 W Xe lamp 
(100 mW cm-2)
	68 mM NaHCO3
	-0.6 V vs. SHE
	HCOO−
	78 ± 8%
	-
	56

	ZnO photoanode and dark cathode-based system for PEC CO2RR

	49
	CNTs/ ZnO/Co3O4
	Pd7Cu3
	AM 1.5 solar simulator (WXS-80C-3 AM 1.5G, 100 mW cm-2)
	CO2 sat. 0.1 M KHCO3
	-1.2 V
	CO
	75.0%
	-
	57

	CdS photoanode and dark cathode-based system for PEC CO2RR

	50
	0.4CdS
	Pt
	350 W Xe lamp with the 420 nm UV-cutoff filter (1.06 mW/cm2)
	CO2 sat. 0.1 M KHCO3 
(pH = 6.8)
	-0.3 V vs. Ag/AgCl
	CO/
CH4
	-
	-
	58

	SrTiO3 photoanode and dark cathode-based system for PEC CO2RR

	51
	SrTiO3
	RuCP
	Solar simulator 
(HAL-320, Asahi Spectra)
	0.1 M NaHCO3
	0 V vs. Ag/AgCl
	HCOO-
	-
	0.14%
	15

	β-Cu2V2O7 photoanode and dark cathode-based system for PEC CO2RR

	52
	β-Cu2V2O7
	Cu
	100 W Xe lamp 
(100 mW/cm2)
	0.1 M KHCO3 (pH 6.8)
	1.80 V
	CH3COOH/
CH3CHO
	-
	-
	59
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