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Understanding and controlling the multi-electron reduction of CO; with molecular-level precision
remains a fundamental challenge in developing chemical routes for solar liquid fuel production. Here, we
present an interfacially engineered strategy that couples a single-crystalline (040)-faceted BiVO4 photoanode
with a Cu/CuioSns/poly(4-vinylpyridine)/reduced graphene oxide/Nafion multi-layer cathode to enable
selective photoelectrochemical CO> reduction into solar liquid fuels. The multi-layer dark cathode strategically
integrates, CuioSn3 alloy nanoparticles to accelerate electron transfer, rGO to mediate sequential multi-electron
shuttling, poly(4-vinylpyridine) to promote CO capture and activation, and a Nafion overlayer to facilitate
rapid proton transport to the CO> reduction sites. /n-situ Raman, ATR-IR, and EPR spectroscopy reveal the
sequential formation of CO,", OCHO, COOH, CO, and CO—-CO reaction intermediates that steer product
selectivity toward methanol, ethanol, and formaldehyde with a total Faradaic efficiency of ~91.8% and a solar-
to-fuel efficiency of ~1.78%. Complementary density-functional-theory calculations corroborate the energetics
and electronic-structure evolution of these intermediates, providing mechanistic insight into interfacial charge
transfer and C—C coupling. Together, these findings establish a mechanistic framework for directing CO2
activation through interfacial and electronic-structure control, offering chemically generalizable principles for

solar-driven fuel generation.



Artificial photosynthesis is an attractive strategy for producing solar liquid fuels by enabling efficient
solar energy conversion.'? Specifically, it facilitates the COx reduction reaction (CO2RR) by mimicking natural
photosynthesis to generate solar liquid fuels, including methanol, ethanol and formaldehyde via different
transport pathways of sequential multi-proton/multi-electron transfer.>* Among various strategies,
photoelectrochemical CO2RR (PEC CO2RR) is the most promising method for producing solar liquid fuels, as
it can mitigate the high input energy and process cost of the electrochemical CO>RR and the low product
selectivity of the photocatalytic CO2RR.>® Copper-based dark cathodes are extensively studied for CO2RR due
to their ability to produce multi-carbon products, but they often suffer from poor selectivity.”® To address this
issue, Cu-based bimetallic alloy catalysts have gained significant attention for enhancing CO2RR activity and
selectivity through synergistic effects and intermediate stabilization.” Various bimetallic alloy catalysts,
including Cu-Ni,'%!! Cu-Zn,'>!® Cu-In,'*!> Cu-Sn,>'%!'7 Cu-Ag,'*!° Cu-Au?>?! and Cu-Pd*** have been
reported to exhibit enhanced CO2RR activity and selectivity. Among them, Cu-Sn alloys are particularly
promising due to their high charge capacity and electronic conductivity.”!*!” However, Cu-Sn alloys still
exhibit limited performance in solar liquid fuel production due to their insufficient ability to accumulate
multiple electrons for facilitating sequential multi-electron/multi-proton transfer through different transport
pathway, as well as their poor suppression of the competing hydrogen evolution reaction (HER).!”

Reduced graphene oxide (rGO) is considered as a promising carbon-based polymeric material for its
unique sequential multi-electron transfer function due to its large charge capacity and optimal electronic
conductivity.%?*?* In the hybrid CuSn alloy/rGO system, electron transfer from the CuSn alloy to rGO occurs
through a non-Faradaic process, enabling substantial electron accumulation owing to the large charge-storage
capacity and excellent electronic conductivity of rGO®?**%?7 These unique properties facilitate efficient
electron transfer from rGO to CO> reduction sites, promoting solar liquid fuel production through sequential
multi-electron transfer processes. Poly(4-vinyl)pyridine (PVP) contains N-heterocyclic pyridinium functional
groups, which plays a crucial role in efficiently capturing and activating CO» molecules by forming a [PVP®-

CO>° ] complex, thereby raising the energy level of the reactant state and lowering the transition-state energy



barrier.?? The partially deprotonated pyridine sites under optimal pH further promote CO> capturing and
activation. Additionally, PVP plays a crucial role in enhancing the efficiency of CO2RR due to its hydrophobic
nature, which facilitates the adsorption of hydrophobic CO> molecules onto its surface. Consequently, this
hydrophobic property of PVP leads to an extended adsorption lifetime for CO2 molecules and intermediates,
thereby increasing the lifetime for accepting sequential multi-electrons/multi-protons.?®?° This extended
adsorption lifetime enhances the probability of sequential electron and proton transfer, thereby accelerating the
overall reaction kinetics and improving product selectivity, ultimately driving the CO2RR process toward the
efficient production of solar liquid fuels.

Enhancing proton availability at the CO2 reduction sites is essential for improving PEC CO2RR
efficiency in solar liquid fuel production. One effective strategy involves coating the cathode with a proton-
conductive Nafion layer, which facilitates rapid proton transport to the CO, reduction sites.****> Kang et al.
demonstrated that Nafion-coated ZnO and TiO> thin-film cathodes exhibited high photocurrent densities due
to accelerated proton transport through the Nafion layer.’**? Nafion is a specialized polymer composed of a
fluorocarbon (polytetrafluoroethylene) backbone and sulfonated chains forms interconnected hydrophilic
channels that facilitate efficient proton transport to the CO: reduction sites. The protons are generated in the
anodic compartment through the water oxidation reaction and subsequently diffuse across the chamber-
bisecting Nafion membrane into the cathodic compartment, driven by a concentration gradient. However, the
proton transfer rate is significantly slower than electron transfer, as electrons move rapidly through an external
circuit under applied bias potential, whereas protons must diffuse through the Nafion membrane from the
anodic to the cathodic compartment by concentration gradient. The final Nafion coating layer facilitates the
rapid protons transport to the CO; reduction sites due to its superior proton-conducting properties. Finally,
electrons and protons are simultaneously transported to CO. reduction sites [PVP?-CO.°] in opposite
directions via different transport pathways, thereby significantly enhances the efficiency of solar liquid fuel

production while simultaneously suppressing the HER (Scheme 1).



In this study, we developed a highly efficient PEC CO2RR system comprising a single-crystalline
(040)-faceted BiVO4 photoanode and a Cu/CuioSn3/rGO/PVP/Nafion MLDC, which enabled the selective
conversion of COz into solar liquid fuels, including methanol, ethanol, and formaldehyde with a remarkably
high faradaic efficiency (~91.80%) and solar-to-fuel conversion efficiency (~1.78%) under one-sun
illumination (100 mW/cm?). Furthermore, the formation of key reaction intermediates and products during
CO2RR were systematically monitored by in-situ spectroscopic techniques, including in-situ Raman, in-situ
ATR-IR and EPR. To further elucidate the reaction pathways and thermodynamics, density functional theory
(DFT) calculations were performed to evaluate Gibbs free energy changes associated with key adsorbed
intermediates, providing deeper mechanistic insight into the reaction thermodynamics and underlying
mechanisms.

Single-crystalline (040)-faceted BiVO4 photoanode and Cu/Cu1oSn3/rGO/PVP/Nafion multi-

layer dark cathode system for selective conversion of CO: into solar liquid fuel

Single-crystalline (040)-facet-engineered BiVO4 photoanode facilitated efficient photogeneration and
separation of charge carriers under one sun illumination (100 mW/cm?), wherein the photogenerated electrons
were transported through an external circuit and accumulated on the cathode surface, while the photogenerated
holes oxidized the water molecules to produce oxygen and protons (Scheme 1). The generated protons
subsequently diffuse from the anodic to the cathodic compartment through the Nafion membrane, driven by
the established concentration gradient (According to Fick’s law of diffusion). However, the proton transport
rate remained inherently slower than that of the electrons. To overcome this disparity and ensure efficient
proton availability at the electrode/electrolyte interface, an additional Nafion layer was strategically
incorporated on the cathode surface to promote rapid proton transport towards the CO> reduction site. Each
layer of the optimized multi-layer dark cathode enables a distinct and synergistic function during PEC CO2RR
process. The Cui0Sn3 bimetallic alloy facilitates efficient electron transfer from Cu substrate to rGO layer. The
rGO serves as a sequential multi-electron shuttling due to its unique high charge-storage capacity and optimal
electronic conductivity. The PVP interlayer promotes CO; capture and activation by forming a charge-

separated [PVP®-CO,° | complex, thereby lowering both the reaction overpotential and activation energy of
5



COzRR. Finally, the Nafion overlayer facilitates efficient proton transport to the CO> reduction site. This
strategic modification enabled synchronized electron-proton coupled transport at the CO2RR site of PVP layer,
where the accumulated charge carriers drive the selective conversion of CO: into solar liquid fuels, as

illustrated in Scheme 1 and Supplementary Fig. 1.
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Schematic diagram of the PEC CO2RR system comprising a single-crystalline (040)-facet-engineered BiVO4
photoanode and a Cu/Cui1oSn3/rGO/PVP/Naf multi-layer dark cathode. b, Illustration of the proposed CO2RR
pathway and mechanism on the multi-layer cathode surface, showing sequential multi-electron/multi-proton
transfer processes leading to the selective formation of solar liquid fuels, including methanol, ethanol, and
formaldehyde.

PEC CO:RR to solar liquid fuel using a single-crystalline (040)-facet BiVO4 photoanode and
various kinds of dark cathodes

PEC CO:RR was performed in a dual-compartment H-type cell (Artificial Photosynthesis cell; AP cell)
separated by a Nafion membrane and equipped with quartz windows (Supplementary Figs. 1,2). A single-
crystalline (040)-facet-engineered BiVO4 photoanode was coupled with various dark cathodes and tested under
1 sun illumination (100 mW cm™) at an applied bias of 1.2V vs. Ag/AgCl in CO,-saturated 0.5 M KHCOs
electrolyte for 1 hour (Fig. 1). The base electrode such as Cu/CuioSn; dark cathode produced 8.9 uM ethanol,
18.6 uM methanol, and 211.1 uM formaldehyde. Incorporation of rGO significantly increased yields to
45.9 uM ethanol, 141.6 uM methanol, and 320.8 uM formaldehyde, emphasizing rGO role in the sequential
multi-electron transport to the CO; reduction sites. Further enhancement was achieved by adding a PVP layer,
boosting ethanol and methanol to 78.3 uM and 186.4 uM, respectively, and formaldehyde to 438.5 uM,
emphasizing PVP role in the capturing and activating CO> reactant molecules via charge-separated complex
([PVP¥-CO°]). The highest yields were observed with the Cu/Cu;oSn3/rGO/PVP/Nafion MLDC, produced
89.4 uM ethanol, 198.6 uM methanol, and 516.4 uM formaldehyde, emphasizing Nafion role in the efficient
transport of protons to the CO> reduction sites (Fig. 1a,b and Supplementary Figs. 3,4). GC spectra revealed
intense and well-resolved peaks corresponding to each product, with the multilayer configuration showing the
highest signal intensity and selectivity (Fig. 1c). Hydrogen gas was also detected as a minor competing product

under the same conditions (Fig. 1d-f, Supplementary Figs. 5,6).

To verify that the solar liquid fuel products originated from the reduction of CO2, isotope-labeling
experiments were conducted using '2CO»- and *CO;,-sat. 0.5 M KHCOs electrolytes under identical PEC
conditions. GC-MS analyses showed clear molecular ion peak shifts: from m/z = 32 (for '>CH3;0OH) to m/z =

33 (for 3CH30H), and from m/z = 46 (for '2C;HsOH) to m/z = 47 (for '3C;HsOH), confirming product
8



formation from reactant CO> gas (Fig. 1g). *C NMR spectra exhibited signals at 17, 49, and 58 ppm
corresponding to '*CH3CH,OH, '*CH3;0H, and CH;3'*CH,OH, respectively, which were absent in control
experiments with 2COx (Fig. 1h). '"H NMR (C-H coupling) spectra also exhibits characteristic splitting patterns
arising from '3C-'H scalar coupling, clearly visible in the methanol and ethanol resonances, whereas no such
coupling is observed for the products derived from '>CO> (Fig. 1i and Supplementary Figs. 7,8). These findings
confirm that methanol and ethanol production arises solely from CO> reduction, with no contribution from
carbonaceous contaminants. The base Cu/Cu;oSn; cathode showed a Faradaic efficiency (FE) of ~29.9% and
a solar-to-fuel (STF) efficiency of ~0.43%. In sharp contrast, the incorporation of rGO, PVP, and Nafion into
the multi-layer dark cathode architecture dramatically boosted the FE to ~91.8% and the STF efficiency to
~1.78%, representing one of the highest STF values reported under comparable PEC operating conditions (Fig.
1b,j and Supplementary Tables 1,6,7).>** These results underscore the critical role of interfacial engineering,
highlighting the functional significance of each layer. Collectively, this multi-layered architecture
synergistically enhances PEC CO2RR performance, enabling the selective and high-yield production of solar

liquid fuels. The functional significance of each layer is discussed in detail in the following subsections.
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Figure 1 | Quantitative analysis of PEC CO2RR and benchmarking solar fuel production. a, Quantitative
analysis of solar liquid fuel products including ethanol, methanol, and formaldehyde produced over different
dark cathode configurations during 1-hour PEC CO2RR at 1.2 V vs. Ag/AgCl under 1 sun illumination
(100 mW cm™) in a three-electrode configuration using a (040)-faceted BiVO4 photoanode and various dark
cathodes in a CO;-saturated 0.5 M KHCO3 electrolyte, as determined by gas chromatography with flame
ionization detector (FID). b, Total Faradaic efficiency (FE) and solar-to-fuel (STF) conversion efficiency of
different dark cathode systems for PEC CO2RR. ¢, Representative GC spectra of CO» reduction products
collected after 1 hour of PEC CO2RR. d, Hydrogen gas evolution over different dark cathode configurations
during 1 h PEC CO;RR, also analyzed via gas chromatography with thermal conductivity detector (TCD). e,
Comparison of FE and STF efficiency of different dark cathode systems for H» evolution reaction. f,
Representative GC spectra illustrating the evolution of H> during 1-hour PEC CO2RR using different dark
cathodes, a TCD detector calibrated with standard H> gas mixtures. g-i, Isotope labelling experiments were
conducted at 1.2 V vs. Ag/AgCl for 12 h using '2CO»-saturated 0.5 M KH!2CO; and *CO,-saturated 0.5 M
KH'3COs electrolyte (pH 7.3) to confirm that solar liquid fuels were generated from the reactant CO> using (g)
GC-MASS, (h) proton-decoupled '*C NMR and (i) '"H NMR (C-H coupling), respectively. j, Benchmarking of
PEC CO2RR performance for the (040)-BiVO4 photoanode comprising with Cu/Cui0Sn3/rGO/PVP/Nafion
multi-layer dark cathode systems against previously reported conventional photoanode - single layer dark
cathode systems.

A single-crystalline (040)-facet engineered BiVO4 photoanode: structural features and

photoelectrochemical performance

The BiVO4 photoanode was initially fabricated and evaluated for its PEC performance. In parallel, the
Cu10Sn3/rGO/PVP/Nafion MLDC was systematically fabricated and characterized to elucidate its structural
configuration and functional contributions to PEC CO2RR into solar liquid fuels, as detailed in subsequent
subsections. A crystal facet engineering strategy was employed to fabricate single-crystalline (040)-facet
exposed Bi1VO4 photoanode to enhance PEC performance by promoting efficient photon absorption and charge
carrier separation. The photoanode with a plate-like morphology was vertically grown on the surface of the
FTO substrate by a simple seed layer-assisted hydrothermal method using TiCl; as a structure-directing agent.
The FE-SEM image confirms the vertical growth of (040)-faceted BiVOs plates with an average length of
approximately 1.76 um and diameter of around 0.35 um (Fig. 2a and Supplementary Figs. 9-11). Elemental
mapping and EDS analysis confirms the uniform distribution of Bi, V, and O in the BiVO4 plates
(Supplementary Fig. 10). The cross-sectional FE-SEM image further revealed a vertical plate height of ~2.17
um (Fig. 2a inset, Supplementary Fig. 11). To gain further insight into the microstructure, the photoanode was

milled using the focused ion beam technique and then subjected to HR-TEM and SAED analyses, confirming
11



the vertical growth and plate-like microstructure, while cross-sectional HR-TEM supported the plate
morphology (Fig. 2b-i; Supplementary Figs. 12-14). The HR-TEM analysis reveals well-resolved lattice
fringes with interplanar spacings of 0.467 nm and 0.254 nm, assigned to the (110) and (002) planes of the
(040)-facet monoclinic scheelite BiVO4, confirming high crystallinity and single-crystalline nature (Fig. 2e,f).
The corresponding FFT pattern displays sharp diffraction spots indexed to the (002) and (200) planes of (040)-
facet, demonstrating long-range structural order (Fig. 2g). The inverse FFT image further highlights the
periodic lattice arrangement, while the line-profile analysis quantifies precise d-spacing of 0.251 nm (Figs.
2h,1). X-ray diffraction showed characteristic peaks for monoclinic scheelite BiVO4 (JCPDS 014-0688), with
a prominent reflection at 20 = 30.4° corresponding to the (040)-facet, affirming its successful exposure (Fig.
21). These microscopic and crystallographic analyses collectively confirmed the formation of vertically grown,
single-crystalline (040)-BiVOs plates on the FTO substrate. PEC measurements demonstrated that the single-
crystalline (040)-facet BiVO4 photoanode shows a high photocurrent density of 1.25 mA/cm? at 1.23 V vs.
RHE under one sun illumination (Fig. 2g). This enhanced performance was attributed to improved charge
separation, charge transfer, and charge collection efficiencies, along with suppressed charge recombination

facilitated by the highly active (040)-facet.

12
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Fig. 2 | Morphological, structural characterization and PEC activity of (040)-BiVO4 photoanode. a, FE-
SEM image showing the surface morphology of the (040)-BiVO4 photoanode, with vertically aligned plate-
like microstructures; the inset shows a cross-sectional image confirming vertical growth on the FTO substrate.
b, Low-magnification TEM image displays the plate-like morphology of the (040)-BiVO4 microcrystals,
offering further insight into their lateral dimensions and surface uniformity; the inset shows a cross-sectional
TEM image obtained after focused ion beam (FIB) milling confirms vertical growth of BiVO4 plates along the
(040) crystallographic orientation, indicating preferential facet exposure. ¢,d, Low-magnification of TEM
image and their corresponding SAED pattern displays sharp, well-ordered diffraction spots, corroborating the
single-crystalline nature of the vertically grown BiVOs4 plates. e,f, HR-TEM images reveal well-defined lattice
fringes with interplanar spacings of 0.467 nm and 0.295 nm, corresponding to the (110) and (002) reflection
planes of the (040) facet of monoclinic scheelite BiVOs. g, Fast Fourier Transform (FFT) pattern of the selected
region HR-TEM region clearly shows distinct diffraction spots and confirming their long-range structural order.
h, Inverse FFT image of the same region highlights the periodic arrangement of lattice fringes. i, Line-profile
analysis of the inverse FFT image quantifies the d-spacing. j, XRD pattern identifies the monoclinic scheelite
phase (space group 12/a) of BiVO4, with a dominant diffraction peak at 26 = 30.4° corresponding to the (040)
plane, indicating successful facet engineering. k, Chopped LSV curve showing the PEC performance of the
(040)-BiVO4 photoanode under AM 1.5 G one-sun illumination (100 mW cm), illustrating efficient light
absorption and charge separation.

Time-resolved and mechanistic insights into multi-electron transfer dynamics, CO; capture-

activation, proton transport, and CO:RR Kinetics

To investigate the functional significance of the multi-layered dark cathode, we first fabricated the
Cu/Cu10Sn3/rGO/PVP/Nafion system. This design strategically integrates CuioSns alloy NPs for efficient
electron transfer, rGO for a sequential multi-electron shuttling function, PVP for promoting CO; capture and
activation, and Nafion overlayer to facilitate efficient proton transport to the CO, reduction sites. Initially,
Cui0Sn;3 alloy NPs were synthesized via a co-reduction method and uniformly deposited on Cu foil through
drop-casting method (Supplementary Note 1, Figs. 15-17). TEM analysis revealed well-dispersed spherical
Cui0Sn3 alloy NPs with an average diameter of ~22.4 nm (Fig. 3a, Supplementary Figs. 18,19), indicating
successful colloidal stabilization. The morphological, structural and phase composition of Cu10Sn; alloy NPs
were systematically characterized using various techniques such as XRD, FE-SEM, HR-TEM and XPS, the
results are discussed in Supplementary Note 2 and depicted in Supplementary Fig. 19. Following the deposition
of the CuioSn; alloy layer as an electron transfer medium, a thin rGO layer was subsequently coated onto the
Cu/Cu10Sn3 surface, serving as an efficient electron mediator (Fig. 3a; Supplementary Figs. 15 and 16). The

multi-electron accumulation and sequential multi-electron transfer behaviour of rGO were systematically
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investigated using time-resolved chronoamperometry (TR-CA), time-resolved photoluminescence (TR-PL)
and electrochemical double-layer capacitance (Car) analysis (Fig. 3c-i, Supplementary Figs. 20,21). To evaluate
the multi-electron accumulation and transfer properties of rGO, a thin rGO film was dip-coated onto an Au
ultra-microelectrode, and its TR-CA response was recorded in a CO;-saturated 0.1 M KOH solution. For
comparative benchmarking, TR-CA measurements were also conducted using ethylphenothiazine (EPT) and
N-ethyl-3,7-dimethoxyphenothiazine (DMeOEPT), well-known one-electron and two-electron redox
mediators, respectively, also coated on Au ultra-microelectrodes under identical conditions. Compared to the
conventional one-electron (EPT) and two-electron (DMeOEPT) redox mediators, rGO exhibits markedly
superior electron transfer performance, ultimately enabling multi-electron transfer which is crucial for the
formation of methanol, ethanol and formaldehyde products during PEC CO2RR (Fig. 3¢). The transient current
behavior demonstrates the ability of rGO to capture and accumulate electrons via a non-Faradaic mechanism
and subsequently deliver them through a Faradaic process to the CO: reduction sites. The TR-CA results
strongly indicate that the rGO layer deposited on the surface of Cu/CuioSn3 electrode modulates electron-
transfer kinetics through its high charge-storage capacity and excellent electronic conductivity, thereby
extending the lifetime of reaction intermediates and facilitating subsequent electron-transfer steps.

To gain further mechanistic insights of rGO, TR-PL decay and 2D fluorescence mapping were
conducted (Fig. 3d-f). The CuioSn; alloy exhibited a photogenerated electron lifetime of 3.30 ns, which
significantly decreased to 2.21 ns upon rGO deposition (Fig. 3d). The n-conjugated network of rGO enables
high conductivity and storage capacity, facilitating delocalization of accumulated electrons and sequential
multi-electron transfer to the CO; reduction sites. This behaviour is clearly visualized in the 2D TR-PL
fluorescence maps. The Cu/Cui10Snz shows minimal electron retention, reflected by a low-intensity signal
(dark), whereas the Cui1oSn3/rGO exhibits a significantly higher electron density, with a blue/green emission
pattern indicative of enhanced charge accumulation (Fig. 3e,f). To further confirm the charge accumulation
behaviour of the rGO interlayer, electrochemical double-layer capacitance (Cq) was estimated using cyclic

voltammetry at different scan rates in the non-Faradaic region (Supplementary Figs. 20,21). The base
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Cu/Cui0Sn; electrode exhibited a relatively low Cai of 12.3 uF cm (electrochemical active surface area; ECSA
=0.31 cm?), indicating limited interfacial charge storage capacity, whereas the Cqi value increased dramatically
to 107.9 pF cm? (ECSA = 2.69 cm?) upon deposition of the rGO layer, confirming substantial enhancement in
interfacial capacitance. This enhancement originated from extended m-electron system of rGO and high
electrochemically active surface area, enabling it to function as a dynamic electron reservoir. The TR-CA and
TR-PL results clearly demonstrate that rGO facilitates efficient sequential multi-electron transfer and charge
accumulation, key to boosting CO2RR efficiency and product selectivity. The structural and functional
contributions of subsequent PVP and Nafion layers are discussed in the following sections.

The electrochemical activity of as-fabricated dark cathodes was systematically evaluated using linear
sweep voltammetry (LSV), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS), the
corresponding results are discussed in Supplementary Note 3 and presented in Supplementary Fig. 22. To
optimize the PVP interlayer for efficient CO2 capturing and activation, EIS Nyquist plots were obtained at -0.5
V vs. Ag/AgCl for Cu/Cui0Sn3/rGO cathodes coated with PVP of varying thickness (Fig. 3g,i and
Supplementary Fig. 23). The results indicate that electron transfer from rGO to the CO; reduction sites of PVP
layer ([PVP®-CO,° | complex) occurs with a slightly increased energy barrier due to the intrinsic insulating
nature of PVP layer. Among the tested loadings, the 3 wt% PVP layer (~1026 nm thick) exhibited the lowest
charge-transfer resistance, as evidenced by the smallest Nyquist semicircle diameter, and consequently the
lowest activation energy. In contrast, thinner (0.1 wt%) and thicker (5 wt%) PVP layers exhibited higher
impedance due to insufficient [PVP?-CO,°] complex formation and restricted electrolyte penetration,
respectively. This confirms that the 3 wt% PVP is the optimum composition for facilitating rapid electron
transfer through the PVP matrix by effectively balancing its electronic insulation with the chemical activation
of COy. (Fig. 3i). In the next step, to enhance the proton availability at the CO2 reduction sites, a Nafion
overlayer was deposited on top of the PVP layer. Porous Nafion served as a proton-conductive polymeric layer
that enabled the efficient transfer of H* to the COx reduction sites. EIS analysis of Cu/Cu10Sns/rGO/PVP

cathodes with varying Nafion thickness revealed that a 15 wt% Nafion film (~4736 nm, confirmed by cross-
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sectional FE-SEM; Fig. 3h,j and Supplementary Fig. 24) shows the lowest proton-transfer resistance.
Conversely, the thinnest Nafion layer (1.0 wt%, ~1157 nm) displayed poor conductivity due to coating defects,
resulting in the largest impedance response. Thus, thick and defect-free Nafion coating (15 wt%, 4736 nm)
enabled efficient proton delivery to the CO2 reduction sites as well as enhanced the stability of multi-layer
cathode.

The PVP interlayer significantly lowers both the reaction overpotential and activation energy for
CO2RR by facilitating the capture and activation of CO2 molecules in their reactant state. The mechanistic role
of the PVP interlayer in lowering the CO:RR reaction overpotential was investigated through Tafel slope
analysis. The optimized 3 wt% PVP layer facilitated CO, activation by forming a charge-separated [PVP® -
CO,°] complex, thereby lowering the energy barrier for the first electron-transfer step. This activation step
effectively elevated the CO2 molecules to a higher-energy reactive state, thereby lowering the activation barrier
for the rate-determining first electron-transfer step. Tafel analysis revealed that the Cu/Cu1oSn3/rGO/PVP/Naf
MLDC exhibited a markedly lower reaction overpotential (11.06 k] mol™!) compared to the base Cu/CuioSn3
cathode (19.64 kJ mol '), confirming the crucial role of PVP layer in facilitating CO» activation and reducing
the kinetic energy barrier (Supplementary Fig. 25). Moreover, the activation energy for the rate determining
first-electron transfer step was investigated using Arrhenius equation (Eqn.1-3) through temperature-dependent
EIS analysis (Supplementary Fig. 26).

K=Ae FURT e (1)

Ln(K) = Ln (A) — i—;‘ IR ¢)

1 Ea (1000

n (3)=-2(F) +1n @) .....(3)
The optimized Cu/CuioSns/rGO/PVP/Naf MLDC exhibited a significantly lower activation energy
(34.75 kJ mol™!) compared to base Cu/Cu10Sn; cathode (48.55 kJ mol!), as shown in Supplementary Fig. 26.
The activation energy data derived from the Arrhenius equation strongly suggest that PVP interlayer decreases
the activation energy of rate-determining first-electron transfer step in CO2RR. The optimized 3 wt% PVP

layer provides abundant adsorption sites for CO2 molecules and simultaneously activates them in the reactant
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state through complexation with nitrogen atoms of the pyridine rings in the PVP matrix. This complexation
induces intramolecular charge separation, resulting in the formation of a [PVP?-CO-® ] complex in the reactant
state. This interaction effectively activates the CO2 molecule by elevating it to a higher thermodynamic energy
level and substantially lowers the activation energy of the rate-determining first electron transfer step in CO2RR
(Fig. 3k,I). In conclusion, the combination of rGO and Nafion layers enhanced the rates of sequential multi-
electron and multi-proton transfer to the CO reduction sites, respectively, thereby promoting ethanol formation
through the dimerization of carbon-centered intermediates (*C=0), as illustrated in Scheme 2. The sequential
multi-electron/multi-proton transfer led to a change in product selectivity from methanol (via 6e/6H*
transport) to ethanol (via 12¢/12H* transport). The change in product from methanol to ethanol was enabled
by the extended adsorption lifetime of reaction intermediates, which facilitated both the dimerization of carbon-
centered radicals and sustained multi-electron/multi-proton transfer processes (Fig. 3k,I). Collectively, these
findings underscore the synergistic roles of the rGO, PVP and Nafion layers in modulating charge transfer

dynamics and selectivity in PEC CO2RR system.
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showing the morphology of the rGO layer uniformly deposited over the CuioSns alloy surface, forming a
continuous and conductive interface. ¢, Time-resolved chronoamperometric (TR-CA) measurements
conducted on rGO-coated Au ultramicroelectrodes in COs-saturated 0.1 M KOH electrolyte with redox
mediators ethylphenothiazine (EPT) and N-ethyl-3,7-dimethoxyphenothiazine (DMeOEPT) demonstrate rapid
multi-electron shuttling behavior of the rGO layer. d, Time-resolved photoluminescence (TR-PL) decay curves
of Cu/Cui0Sn3 and Cu/CuioSns/rGO electrodes, excited at 375 nm using a picosecond pulsed diode laser. e,f,
Two-dimensional TR-PL fluorescence maps of Cu/CuioSnsz (e) and Cu/Cui0Sn3/rGO (f) electrodes. g, Cross-
sectional FE-SEM image showing the morphology and thickness of PVP layer coated on FTO substrate with
3 wt% PVP. h, Cross-sectional FE-SEM image illustrating the thickness of Nafion film deposited on FTO
substrate with 15 wt% Naf. i, Nyquist plots of Cu/Cui1oSn3/rGO dark cathodes coated with different wt% of
PVP layers (0.1-5 wt%) recorded at a fixed potential of -0.58 V vs. RHE using CO»-saturated 0.5 M KHCO3
electrolyte. j, Nyquist plots were acquired for Cu/CuioSn3/rGO/PVP multi-layer dark cathodes coated with
Nafion films of varying concentrations (1, 5, 10, and 15 wt%) in a COz-saturated 0.5 M KHCOs electrolyte at
a fixed applied potential of -0.58 V vs. RHE. k, Schematic energy level diagram of CO2RR pathway for
Cu/Cu10Sn3/rGO/PVP/Naf MLDC. 1, Activation energy diagram of CO2RR for both Cu/Cu1oSn; dark cathode
(Blue color) cathode and Cu/Cu;oSn3/rGO/PVP/Naf MLDC (Red color).

DFT calculations of Gibbs free energy changes for key reaction intermediates and in-situ Raman

spectroscopic analysis of local pH variations during CO;RR

To further elucidate the mechanistic role of PVP interlayer, DFT calculations were performed by
evaluating the Gibbs free energy changes associated with key reaction intermediates, supported by in-situ
Raman, in-situ ATR-IR and EPR spectroscopic evidence. The reaction mechanism follows a stepwise proton-
coupled electron transfer process, where the nitrogen site in PVP stabilizes reaction intermediates, lowers the
activation energy barriers, and enhances CO2RR activity (Fig. 4a-d). The N-site of PVP plays a key role in
stabilizing the reaction intermediates through c-donation and n-back bonding effects. Initially, CO2 molecules
are captured and activated by N-site of PVP, adsorbing as *CO, with AG = -1.978 eV, stabilized by weak
interactions with C-N bond formation. To gain more theoretical insights into the activation of CO2 molecules
and the mechanistic role of PVP in lowering the activation energy barrier of the rate-determining first-electron
transfer step of CO2RR, DFT calculations were performed and the results were discussed in Supplementary
note 4 and presented in Supplementary Figs. 27,28. The first protonation step forms *COOH with AG = -0.259
eV, followed by subsequent reduction to *C=0 with AG =0.681 eV. For methanol formation, *C=0 undergoes
protonation to form *CHO with AG = -1.048 eV, the most stabilized intermediate in the methanol production
pathway. Further protonation leads to the formation of *OCHj3 with AG =3.507 eV, which desorbs as *OHCHj3
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with AG = 0.652 eV, yielding methanol (Figs. 4a,c and Supplementary Table 4). The progressive energy
changes indicate that methanol formation follows a relatively endergonic final step, requiring an efficient
catalyst surface to facilitate desorption. In contrast, ethanol formation proceeds via an alternative mechanistic
route. The early-stage intermediates (*CO2, *COOH, *C=0) remain similar to the methanol pathway, with
*C=0 having AG = 0.681 eV. However, a key branching point occurs at the C-C coupling step, where *COCO
forms with AG = -1.571 eV via an exergonic reaction, providing a strong thermodynamic driving force for
ethanol selectivity. This step is particularly crucial, as efficient C-C bond formation is a key challenge in
CO2RR. The subsequent protonation steps proceed through *COCOH with AG = 0.246 eV, *CHCO + H>0
with AG =2.428 eV, *OCHCH: with AG =-0.873 eV, *OCH2CH3 with AG = -0.201 eV, ultimately yielding
ethanol (*OHCH>CH3) with AG = 1.097 eV (Figs. 4b,d and Supplementary Table 5). These findings highlight
the thermodynamic feasibility and mechanistic pathway of methanol and ethanol production and emphasize
the importance of N-site of PVP in stabilizing intermediates and promoting C-C coupling for ethanol formation.

The local pH changes at the electrode/electrolyte interface play a critical role in the formation and
stabilization of key reaction intermediates, thereby significantly influencing the generation of final products
during CO2RR. The local pH variations strongly affect the key reaction parameters, including product
efficiency, selectivity, and intermediate formation and stability. To probe this, in-sifu Raman spectroscopy was
employed to quantitatively monitor the local pH changes at the electrode-electrolyte interface (Supplementary
Note 5, Supplementary Figs. 29,30, Supplementary Tables 2,3). To determine the local pH changes, we focused
on the two most responsive and well-resolved Raman bands: the ,C-OH stretch at 1020 cm™ and the ,C-O
stretch at 1065 cm™!, corresponding to HCOs~ and COs*, respectively (Figs. 4e,g and Supplementary Figs.
31,32). The relative intensities of these peaks were used to estimate the [HCO3~]/[CO3*"] 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 applied potential (Figs. 4f,h and Supplementary Figs. 31,32). Using
Henderson-Hasselbalch equation (pKa = 10.33 at 25 °C, Eqn. 4), the local pH changes during CO2RR and HER

was estimated based on the deconvoluted peak areas HCOs~ and COs*. The local pH gradually increased to

21



~9.8 during CO2RR and this alkaline shift arises from proton consumption and OH~ generation, which alters
the HCO37/CO3% equilibrium. Importantly, the raised interfacial pH suppresses hydrogen evolution and favors
the stabilization of CO2RR intermediates (*COOH, *CO, *CHO, *OCHa, *OCH3, *COCO and *OCHO), thus

enhancing selectivity toward Ci-C; solar fuels (methanol, ethanol, and formaldehyde), as shown in Figs. 4f)h.

[CO5°7]

H =pKa+log——
p pKa + og[HCO3_]
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spectroscopy. a, Gibbs free energy change profile for the CO,RR pathway toward methanol formation,
showing a sequence of proton-coupled electron transfer steps starting from adsorbed *CO; to *COOH, *CO,
*CHO, and ultimately *OCH3 and methanol. b, Gibbs free energy change profile for ethanol formation via a
C-C coupling mechanism, includes early-stage intermediates (*CO,, *COOH, and *CO), followed by
dimerization of two *CO species to form *COCO and subsequent reductions yield *COCOH, *CHCO,
*OCHCH2: and *OCH>CH3 intermediates, leading to ethanol. ¢, Optimized DFT model showing key methanol
intermediates adsorbed on the nitrogen site of the PVP surface. d, Structural representation of adsorbed
intermediates on the nitrogen site of the PVP surface for ethanol formation pathway. e, Enlarged Raman spectra
collected during CO2RR in the frequency range of 950-1100 cm™! reveal two diagnostic vibrational modes: the
v(C-OH) stretching of bicarbonate (HCO5") at ~1020 cm™! and the v(C-O) stretching of carbonate (CO3%) at
~1065 cm!. f, 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 CO;-saturated 0.5 M KHCOj electrolyte. g, Enlarged in-sifu Raman spectra acquired during HER
in the 950-1100 cm™ region. h, 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.

Monitoring the formation CO:~ anion radical, key reaction intermediates and products during

CO:zRR using in-situ spectroscopic techniques

The reaction pathway and underlying mechanism of CO2RR, including the identification of key reaction
intermediates and final products at the electrode/electrolyte interface, were systematically monitored through
in-situ Raman, in-situ ATR-IR, EPR spectroscopic techniques. Fig. 5a shows the schematic experimental set-
up of in-situ Raman spectroscopy consisted of 785 nm laser source with 200 mW output power, enabling high-
sensitivity detection of vibrational features of the formation of key reaction intermediates and products during
COzRR. Time- and potential-dependent in-sitzu Raman spectra collected over the Cu/Cu1oSn3/rGO/PVP/Naf
MLDC in CO»-saturated 0.5 M KHCO3 electrolyte revealed progressive changes in vibrational frequencies
(Fig. 5a,b and Supplementary Figs. 33-41). Prior to the initiation of the CO>RR (at 0 min.), several
characteristic Raman peaks were observed which are related to the Cu substrate (226 cm™!, ,Cu-O stretching),
PVP (635, 1190 cm™), and electrolyte species such as HCO3;~ and COs2~ (1020, 1065, 1390, 1603 cm™ assigned
to ,C-OH (HCO3"), ,C-O (CO3%), vsC-O (HCO3") and 1asC-O (HCO37)).* Upon applying a constant potential
of -0.58 V vs. RHE to initiate CO2RR, several new Raman peaks emerged, indicating the formation of transient
key reaction intermediates and products on the surface of the electrode. Notably, a key reaction intermediate

monitored at 408 cm™! was attributed to the carboxyl group (,¥COOH), which corresponds to the formation of
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methanol and ethanol products.*® In addition, another important intermediate was monitored at 556 cm’!
corresponds to the bidentate O-bound ,*OCO* species, which serves as the critical intermediate in the rate-
limiting step for formaldehyde generation. Additionally, the Raman peaks appeared at 788, 1288 and 1560 cm”
! which were assigned to the bending or deformation mode of sCO>", vsCO2 and 1,sCO>" intermediate which
strongly suggest that the formation of CO;™ anion radical during CO2RR. A ,C-H bending or deformation mode
was observed at 1131 cm’!, further supporting the presence of hydrocarbon intermediates.*’ Importantly, a
double-band shape Raman signals were observed at 1454, and 1497 cm™! corresponds to an O-bound bidentate
intermediate which originated from the ,*OCH*O species which is responsible for HCHO formation.*® The
most important intermediate species such as ,*C=0 was observed at 2065 cm™!, provides compelling evidence
of an intermediate involved in both methanol and ethanol formation.*’ In the case of ethanol formation, this
adsorbed ,*C=0 intermediate undergoes dimerization process, ultimately leading to ethanol formation over
the MLDC surface (Scheme 2).

To gain deeper mechanistic insight into the CO2RR, in-situ ATR-IR spectroscopy was employed to
monitor the vibrational features of key reaction intermediates and products at the electrode/electrolyte interface
(Fig. 5c,d and Supplementary Figs. 42-48). Fig. 5c¢ shows the schematic experimental set-up of the in-situ
ATR-IR which consisted of a germanium (Ge) ATR crystal configured for multiple internal reflections,
enabling enhanced signal sensitivity to detect the formation of transient adsorbed intermediates at the
electrode/electrolyte interface during CO2RR. Time- and potential-dependent in-situ ATR-IR spectra were
recorded over the CuioSn3/rGO/PVP/Naf MLDC in the presence of CO»-saturated 0.5 M KHCO3 electrolyte
(Fig. 5d and Supplementary Figs. 44,45). Prior to the initiation of the CO2RR, no stretching vibration was
observed except asymmetric stretching vibrations of v;CO2 (2360 and 2337 cm™') at 0 minutes. Upon applying
a constant cathodic potential of -0.58 V vs. RHE to initiate CO2RR, several new IR-active vibrational features
emerged progressively with time, signifying the formation and accumulation of key reaction intermediates and
products at the electrode/electrolyte interface. A prominent peak was observed at 1643 cm™ corresponds to the

asymmetric stretching vibration of the CO;™ anion intermediate which indicates the initial electron transfer
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step. Another dominant peak was observed at 1394 cm™ corresponds to the carboxyl group (,*COOH), a key
intermediate species involved in the rate-limiting step toward methanol and ethanol formation.’® The most
important intermediate peak was observed at 1946 cm™ assigned to the ,*C=0, which is the essential
intermediate species in the formation of methanol and ethanol products.’!*? In the case of methanol formation,
the adsorbed ,*C=0 intermediate sequentially reduced to ,*CHO and ,*OCHj3 (C-O) which were observed at
1033 and 1150 cm™!, respectively. In the case of ethanol formation, the adsorbed ,*C=0 intermediate undergoes
dimerization, leading to the formation of a *COCO species, which was observed at 1698 cm'. This
intermediate is subsequently reduced by proton-electron coupling to yield *COCOH, which was observed at
1558 cm!.%633 Most importantly, the direct evidence of C-H stretching and bending vibrations were observed,
which strongly confirms the formation of solar liquid fuels during CO2RR. The IR bands at 2955, 2924, and
2869 cm™! were assigned to the C-H stretching vibrations of methanol, ethanol and formaldehyde, respectively,
while a characteristic bending mode at 880 cm™ further confirmed the presence of C-H bonds in the final
products.®®#’ Moreover, two additional high-frequency bands at 3382 and 3746 cm™ were observed and
assigned to surface hydroxyl (-OH) stretching vibrations or final alcohol products (Scheme 2). This direct
spectroscopic evidence strongly suggests that the formation of solar liquid fuels including, methanol, ethanol,
and formaldehyde over the surface of Cu/Cu10Snz/rGO/PVP/Naf MLDC during CO2RR.

The formation of CO;" anion radical intermediates during CO>RR were confirmed using low-
temperature EPR spectroscopy (Fig. 5e,f and Supplementary Figs. 49-52).265% Due to their extremely short
lifetime, CO>" anion radicals were captured using dimethyl-1-pyrroline N-oxide (DMPO) as a spin-trapping
agent, forming stable DMPO-CO; adducts (Fig. 5e). Prior to the initiation of the CO2RR, no EPR signal was
observed, however, after 1 hour reaction, EPR spectra shows the multiple signals corresponding to the oxidized
DMPO, DMPO-OH adduct, DMPO-OOH adduct, and the DMPO-CO> adduct (Fig. 5f).>> The presence of
CO;" anion radical intermediates was confirmed by the observation of six hyperfine splitting signals in the
EPR spectra, characterized by coupling constants of 15.4 G and 19.2 G for aN and aH nuclei, respectively

(Fig. 5f, Supplementary Figs. 51,52).%> This phenomenon strongly suggests that the formation of CO>"~ anion
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radical intermediates during CO2RR process. Additionally, the EPR spectrum revealed the presence of the
DMPO-OH adduct, which displayed four hyperfine splitting signals with a coupling constant of 13.5 G for
both aN and aH nuclei (Fig. 5f). Theoretically, the DMPO-OH adduct is expected to exhibit a triplet EPR
signal due to the singular nuclear spin (I = 1) of nitrogen. However, the hyperfine splitting associated with
nitrogen is further divided into a doublet due to interactions with a neighboring hydrogen nucleus (I = '%).
Since the nitrogen and hydrogen atoms within the DMPO-OH adduct exhibit identical coupling constants (aN
=aH = 13.5 G), their overlapping signals result in the emergence of four distinct EPR peaks with an intensity
ratio of 1:2:2:1 (Fig. 5f, Supplementary Fig. 51,52).°%%7 A similar splitting pattern was observed in the EPR
spectrum of the DMPO-OOH adduct, which also displayed four hyperfine splitting signals with a coupling
constant of 15.3 G for both aN and aH nuclei. The overlapping signals from nitrogen and hydrogen (aN = oH
=15.3 G) produced four hyperfine splitting signals with an intensity ratio of 1:2:2:1 (Fig. 5f, Supplementary
Fig. 51,52).5%°" In contrast, the DMPO-CO> adduct exhibited six hyperfine splitting signals due to a change in
the coupling constants of nitrogen and hydrogen nuclei (aN = 15.4 G and aH = 19.2 G) (Fig. 5f, Supplementary
Fig. 51,52).%% Ultimately, the EPR findings provide compelling evidence that the CO,"~ anion radicals were
generated through the first-electron transfer from the rGO to [PVP®-CO2° ] complex. This electron transfer
result significantly enhances the reaction kinetics, improves the product selectivity, and effectively leads the
CO2RR process toward the efficient conversion of CO; into solar liquid fuels. Finally, the plausible reaction
pathway and underlying mechanism for the formation of methanol, ethanol and formaldehyde have been
proposed based on experimental evidence obtained from in-sifu Raman, in-situ ATR-IR and EPR spectroscopic

techniques as illustrated in Scheme 2 (See next section).
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Fig. 5 | In-situ spectroscopic investigation of key reaction intermediates and products during CO2RR
over the Cu/Cu10Sn3/rGO/PVP/Nafion MLDC. a, Schematic illustration of the in-situ Raman spectroscopy
setup, employing a 785 nm laser source with 200 mW output power and custom-designed in-sifu Raman cell,
enabling real-time monitoring of surface-bound intermediates formed during the CO2RR. b, Time-dependent
in-situ Raman spectra recorded over the Cu/Cu1oSnz/rGO/PVP/Nafion cathode during CO2RR in CO»-saturated
0.5 M KHCOs electrolyte, revealing the progressive formation of key vibrational features. ¢, Schematic
representation of the in-situ ATR-IR spectroscopy setup, configured with a Ge ATR crystal for enhanced
detection of surface-adsorbed species through multiple internal reflections at the electrode/electrolyte interface
during CO2RR. d, Time-dependent in-situ ATR-IR spectra recorded over the Cu/Cui0Sn3/rGO/PVP/Nafion
cathode during CO2RR in COz-saturated 0.5 M KHCOs electrolyte, revealing the vibrational features of
intermediates and products formation. e, Schematic of the electron paramagnetic resonance (EPR) setup,
designed for low-temperature detection of CO;" anion radical intermediates using a DMPO-based spin-
trapping strategy. f, Time-dependent EPR spectrum collected after 1 hour of CO2RR reveals six hyperfine
splitting signals associated with the DMPO-CO; adduct, confirming the formation of the CO>™ anion radical
intermediates.

Proposed reaction pathway and mechanism of PEC CO:RR - Insights from in-situ spectroscopic

techniques and DFT calculations

The plausible reaction pathway and underlying mechanism for the formation of methanol, ethanol, and
formaldehyde have been proposed based on experimental evidence obtained from in-sifu Raman, in-situ ATR-
IR, and EPR spectroscopic techniques along with DFT calculations, as illustrated in Scheme 2a-c. These
findings provide compelling evidence for a stepwise multi-electron/multi-proton transfer mechanism operating
over the Cu/CuioSnz/rGO/PVP/Naf MLDC. The PVP layer on the cathode surface exhibited strong
chemisorption affinity toward gaseous CO», stabilizing molecules in two different configurations such as “CO>
or "OCO". In the methanol pathway, CO; is captured and activated at N-sites of PVP layer, forming a reactive
[PVP?-CO,° | complex through the transition state of [PVP-CO,""]* which is the rate-determining step. In the
subsequent step, *CO;" is protonated to *COOH and reduced to *C=0, which then converts via *COH —
*CHO — *OCH2 — *OCH3; to methanol after six electron/proton transfers (Scheme 2a). In the case of ethanol
formation pathway, the early-stage intermediates such as *CO>™, *COOH, *C=0 remain similar to the
methanol formation route. However, ethanol formation proceeds via C-C coupling. A second *C=0 is inserted
and dimerizes to form a *COCO intermediate. Subsequent proton-electron transfer steps yield *COCOH —
*CHCO — *OCHCH; — *OCH2CH3, and ultimately desorbed ethanol after twelve electron/proton steps

(Scheme 2b). Four key factors are proposed to account for the efficient formation of ethanol over the
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Cu10Sn3/rGO/PVP/Naf MLDC. First, the rGO layer plays a crucial role in accumulating and transferring a high
density of electrons owing to its large charge-storage capacity and optimal electronic conductivity. Second,
these electrons are subsequently transferred to the PVP interlayer, where CO> molecules are substantially
captured and activated, resulting in the formation of abundant of *C=0O intermediates. Third, the Nafion
overlayer enables rapid proton transport to the CO» reduction sites. Forth, the extended lifetime and prolonged
surface stabilization of the *C=0 key intermediates ultimately facilitate their dimerization to form *COCO key
intermediates, thereby favoring the formation of ethanol product. For formaldehyde formation, CO> is adsorbed
onto the PVP layer, where both oxygen atoms coordinate with the N-sites of PVP matrix. The first electron
transfer forms a CO>" intermediate, which rearranges into a surface-bound *OC*O. This species is reduced to
*OCH*O and then to *CHO. A fourth electron-proton transfer yields HCHO, which desorbs from the electrode
surface (Scheme 2c¢). These mechanistic insights are supported by in-situ Raman, in-situ ATR-IR, and EPR
spectroscopy along with DFT calculations, and together provide a comprehensive understanding of the

electron-proton coupling dynamics leading selective C;-C; solar liquid fuel production.
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Scheme 2 | Proposed reaction pathways and mechanistic routes for methanol, ethanol, and formaldehyde
formation via PEC CO:2RR. Schematic illustration of the stepwise PEC CO2RR over the
Cu/Cu10Sn3/rGO/PVP/Nafion MLDC, highlighting the distinct mechanistic routes leading to the selective
formation of methanol, ethanol, and formaldehyde. a, Methanol formation proceeds via a 6e/6H" coupled
transfer pathway, beginning with the activation of CO» at the nitrogen sites of PVP, followed by sequential
formation of key intermediates such as *COOH, *CO, *CHO, and *OCHs. b, Ethanol production follows a
12¢/12H* coupled transfer mechanism, involving initial *CO formation, C-C coupling to form *COCO
species, and subsequent reduction of *COCOH, *CHCO, *OCHCH: and *OCH>CH3. ¢, Formaldehyde arises
via a 4e /4H" coupled transfer route, initiated by the reduction of CO; to CO»"", followed by rearrangement to
*OCO#*, and formation of the bidentate *OCH*O intermediate, further reduced to yield HCHO.

Conclusions

In this work, a highly efficient PEC CO2RR system was developed by comprising a single-crystalline
(040)-facet-engineered BiVO4 photoanode with Cu/Cuj0Snz/rGO/PVP/Naf MLDC. The optimized MLDC
architecture, highlighting the functional significance of each layer: the CuioSn; bimetallic alloy facilitates
efficient electron transfer from Cu substrate to rGO layer; rGO enables sequential multi-electron transfer to
CO23 reduction sites due to its high charge-storage capacity and optimal electronic conductivity; PVP promotes
CO> capturing and activation through the formation of a charge-separated [PVP? -CO.° | complex; and Nafion
ensures rapid and directional proton transport to the CO» reduction sites. Collectively, this MLDC architecture,
achieved a remarkable Faradaic efficiency of ~91.80% and a record of high solar-to-fuel conversion efficiency
of ~1.78%. Comprehensive mechanistic insights into CO2RR were obtained through in-situ Raman, in-situ
ATR-IR, and EPR spectroscopy, which enabled real-time monitoring of key reaction intermediates and
products formation at the electrode/electrolyte interface. Complementary DFT calculations were performed to
elucidate the Gibbs free energy changes of key intermediates and products, offering mechanistic insights into
the CO2RR pathways and clarifying the thermodynamics governing the selective formation of methanol,
ethanol and formaldehyde. Overall, this work presents a scalable and mechanistically rational approach to PEC
CO2RR, demonstrating the highest STF efficiency reported to date, and offering a promising strategy for

advancing solar-driven COxz to liquid fuel conversion technologies.
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