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Abstract: Artificial leaves (a-leaves) can reduce carbon dioxide into syngas using solar power and could be combined with thermo- and biocatalytic technologies to decentralize the production of valuable products. By providing variable CO:H2 ratios on demand, a-leaves could facilitate optimal combinations and control the distribution of products in most of these hybrid systems. However, the current design procedures of a-leaves concentrate on achieving high performance for a predetermined syngas composition. This study demonstrates that incorporating the electrolyte flow as a design variable enables flexible production without compromising performance. The concept was tested on an a-leaf using a commercial cell, a Cu2O:Inx cathodic catalyst, and an inexpensive amorphous silicon thin-film photovoltaic module. Syngas with CO:H2 ratio in the range of 1.8-2.3 could be attained with only 2% deviation from the optimal cell voltage and controllable solely by catholyte flow. These features could be beneficial for downstream technologies such as Fischer Tropsch synthesis and anaerobic fermentation.
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Introduction
Electrocatalytic reduction of CO2 (eCO2R) in artificial leaves (a-leaves) holds the potential to sustain decentralized production of chemicals and fuels.[1,2] Powered by solar energy, a-leaves have demonstrated production of, for example, syngas,[3–8] formate,[9–11] and C2 molecules[12,13] despite their early stage of development. A-leaves producing syngas could be coupled to downstream thermo- and biocatalytic technologies providing distinct products such as methanol,[14] hydrocarbons (via Fischer-Tropsch synthesis, FTS[15,16]) or C2 and C3 alcohols (via anaerobic fermentation[17]). Other applications include, for example, feeding combustion engines.[18] As shown in Figure 1A, most of these technologies operate in a range of CO:H2 ratios to direct, for example, the chain growth probability in FTS[15] or the ratio of C2 to C3 compounds in anaerobic fermentation.[17]. A-leaves that could provide different CO:H2 ratios while keeping high efficiency would thus facilitate optimal coupling and provide operational flexibility to these hybrid systems. 
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Figure 1. A Range of CO:H2 ratios most used in representative synthetic and energy 
applications. B Schematic representation of an a-leaf with components integrated in 
the design process followed in this work. 

In the customary design procedure of the most common a-leaf configuration,[11,19] where an electrochemical cell (EC) is coupled to a photovoltaic module (PV), the overall objective is to find the combination of components labelled 1 to 4 in Figure 1B leading to maximum efficiency in the storage of solar into chemical energy under stationary conditions (herein referred to as solar‑to‑syngas efficiency or STS). High performance is thus only sought for this nominal operation point. This procedure would be highly suitable, for example, for downstream technologies with narrow feasible ratios (e.g., CO:H2  0.5 for methanol synthesis[14]).
The responsiveness of many eCO2R catalysts to operating conditions is a promising avenue to introduce flexibility in the operation of a-leaves. Product distributions often change notably upon exposure to distinct chemical environments.[20] The diverse C1, C2, and C3 Faradaic efficiencies reported at different electrolyte pH on Cu-based catalysts is an outstanding example.[21] In the case of an a-leaf, it is reasonable to expect that modulation of catholyte flow may impact mass transport rates near the electrode and therefore local concentrations of reactants. This study introduces it as an additional design parameter (number 5 in Figure 1B) and follows a strategy to identify operation points with distinct syngas compositions and nearly constant overall performance. Following this strategy, we design an a-leaf built using available technologies with flexible operation (CO:H2 = 1.8-2.3) requiring only 2% deviation from the optimal cell voltage by simply modulating the catholyte flow.
Results and Discussion
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Figure 2. Schematic comparison between standard design of a-leaves and design for flexible operation followed in this article. Numbers refer to components listed in Figure 1. 









A-leaf configuration and design strategy 
The a-leaf integrated commercial components except for the cathode (specific components between brackets in Figure 1B, with a full description available in the Supporting Experimental Procedures). In brief, a commercial flow-type EC with IrO2 as anode was equipped with a Cu2O:Inx cathodic catalyst reported to exclusively generate CO and H2 under nominal conditions at different ratios in CO2-saturated 0.1 M KHCO3.[22,23] Hydrogenated amorphous silicon thin film technology (a-Si:H) was chose for the PV modules due to its facile scalability.
[bookmark: _Hlk145938425][bookmark: _Hlk145938674]The standard design procedure (Figure 2, left) finds the operation point maximizing STS characterized by the current iop, cell voltage Vop, and syngas composition CO:H2,op at the intersection of the current-voltage curves (i-V)EC and (i-V)PV.[2] These curves are determined by components 1-4 shown in Figure 1B. (i-V)PV is determined by the PV technology (1), whereas (i-V)EC is the result of ohmic drop and mass transport properties largely influenced by reactor design (2) together with the kinetic responses of anode (3) and cathode (4). The inclusion of electrolyte flow (5) in the design (Figure 2, right), gives access to different (i-V)EC curves linked to target CO:H2,op ratios that determine different operation points. The main steps of this expanded design can be summarized as:
(1) Determination of current-voltage curves for EC. Identification of catholyte, catholyte flow range, cell voltages, and currents providing target CO:H2,op1 and CO:H2,op2 values with high electricity-to-syngas efficiency (ETS). This task is facilitated by building contour plots where these variables are systematically varied in the EC with the help of a potentiostat. The outcome of this phase is the (i-V)EC curves for each ratio. 
(2) Design and preparation of a PV module. It must deliver its maximum solar-to-electricity efficiency (STE) within the range of currents and voltages selected in (1). This module is characterized by its (i-V)PV curve.
(3) Crossing of current-voltage curves. The curves (i-V)EC1 and (i-V)EC2 must be crossed  with (i-V)PV to determine operation points (iop1, Vop1, CO:H2,op1), (iop2, Vop2, CO:H2,op). 
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Figure 3. Contour plots showing the molar CO:H2 ratio versus cell voltage and catholyte flow for three different KHCO3 electrolyte concentrations (A) 0.1 M, (B) 0.5 M, and (C) 1 M. Isolines for different ETS1:1 values added to guide the eye. The cell voltage was imposed via potentiostat. Values are available in Table S1
Determination of current-voltage curves for EC
We first explored the variability of CO:H2 in CO2-saturated KHCO3 catholyte using three concentrations (0.1, 0.5, 1.0 M), covering pH values from 6.7 to 10.0. Initial experiments recommended 100 - 200 cm3 min-1 electrolyte flows to enable operability and maintain electrode integrity. These parameters were combined with various cell voltages (2.4, 2.5, 2.6, 2.8 V), as listed in Table S1, to produce CO:H2 contour plots depicted in Figure 3. This set of experiments was developed in the experimental setup shown in Figure S1 (detailed description in the Supporting Experimental Procedures)
[bookmark: _Hlk145948875]The catholyte concentration was the largest driver determining variability of CO:H2. 1.0 M KHCO3 provided the broadest range (0 ‑ 2.5, Figure 3C), which made it the electrolyte of choice to design a-leaf with flexible operation. In view of typical CO:H2 ranges required for technologies in Figure 1A, the next step consisted of calculating the corresponding ETS contour plots for CO:H2 = 1:1 and 2:1 from CO:H2 ratio contour plots. To this end, Faradaic efficiencies must be first defined in both cases. We considered excess CO or H2 in the product streams beyond these stoichiometries as byproducts. This conservative approach enables the calculation of virtual Faradaic efficiencies using Equation 1 and 2, respectively, which gave access to ETS1:1 and ETS2:1 upon the application of Equation 3 (see Supporting Experimental Procedures for further details).
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Q represents the passed electric charge, stands for the minimum value between QCO and . The thermoneutral potential  represents the minimum cell voltage required to carry out the overall reaction CO2 + H2O  CO + H2 + O2 and is considered constant for both CO:H2 ratios since (see ref.[24]). Once the ETS maps were available, the case CO:H2 = 2:1 (Figure 4A) showed a larger set of catholyte flows and cell voltages with high ETS (>50%) than the 1:1 case (Figure S2) and was therefore selected. The plot shows the largest ETS values between 2.4 and 2.5 V almost independently of the catholyte flow. Maps for other concentrations and CO:H2 ratios are available in Figure S2 and S3, respectively.
Indeed, the combined inspection of Figure 4A and Figure 3C reveals that varying the electrolyte flow at cell voltages between 2.4 and 2.5 V may yield the desired CO:H2 variability while maintaining a high ETS across all cases. The selection of an operation region where the cell voltage is nearly constant allows to keep the same PV module and therefore enables flexible operation. Based on this analysis, a target nominal cell voltage of between 2.4 and 2.5 V was identified for the design of the PV module, along with a suitable range of electrolyte flows (100-160 cm3 min-1) associated with CO:H2 ratios of approximately 1.6-2.0 (zone labelled as ‘Target area’ in Figure 4A).
Current matching between the EC and PV module is crucial to determine operation points. The contour plot for current was generated by simply plotting the registered values during the corresponding experiments (Figure 4B, for other catholyte concentrations see Figure S3). The map confirms that the variation of current required to cover the ‘Target area’ varied slightly between 40 and 50 mA, making it suitable for the same PV module to operate within these conditions with predictably small performance variations.
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Figure 4. Contour plots showing electricity-to-syngas efficiency for (A) generating syngas with CO:H2 = 2:1 and (B) total currents versus cell voltage and catholyte flows for the reference case of 1.0 M KHCO3. Isolines for different values added to guide the eye. The efficiency calculation methodology is described in the Supporting Experimental Procedures.
Design and preparation of PV modules
Ideally, the crossing between (i-V)EC and (i-V)PV must occur at the point of maximum PV power (characterized by current impp and voltage Vmpp). In the case of an a-leaf with flexible operation, several operation points must exist, and therefore the target is to identify those in the closest possible vicinity of the point of maximum power matching the desired CO:H2 ratios (Figure 2, right).
[bookmark: _Hlk143012904]Hydrogenated amorphous silicon thin film (a-Si:H) solar cell type (Figure S5) was chosen in view of its appropriate range of Vmmp and relatively low cost, with maximum solar-to-electricity efficiency (STEmax see Supporting Experimental Procedures for details on its calculation) of about 8.2%. The area of individual a-Si:H cells was precisely defined by laser scribing process,[25,26] determining the cell current, whereas the number of cells connected in series determined the PV module voltage. 
We prepared a single cell module with impp = 48.2 ± 0.9 mA, Vmpp = 0.6 ± 0.1 V and 3.7 cm2 area to match current requirements of around 50 mA identified in Figure 4B. To match voltage requirements of ca. 2.5 V, PV modules consisting of series connection of 2 to 8 one-cell modules with precisely adjusted areas from 7.4 to 29.6 cm2 were prepared and tested (see Table S2). The EC+PV integration process described below recommended the selection of a module consisting on 4-cell module with impp = 48.2 mA, Vmpp = 2.5 V, and 14.8 cm2 area. 
Crossing of current-voltage curves 
The next step consisted of determining theoretical operation points. As concluded from previous steps, a catholyte flow of 100 cm3 min−1 should provide CO:H2=1.6 (operation point 1), whereas 160 cm3 min−1 would be linked to CO:H2=2.0 (operation point 2) with STE 50% at 2.5 V cell voltage in both cases. The crossing of (i-V)EC100  and (i-V)EC160 with (i-V)PV provided the two theoretical operation points (Figure 5A, Figure S6, and Table S3). Point 1 (red curve) was identified as iop1 = 42 mA, Vop1 = 2.46 V and point 2 as iop2 = 44 mA, Vop2 = 2.41 V (Table 1). As desired, points 1 and 2 were in the vicinity of the point of maximum power (orange symbol in Figure 5A). Indeed, the PV coupling factor (ratio of operating power and maximum power) was 0.98 (point 1) and 0.99 (point 2). The predicted CO:H2 ratios for points 1 and 2 were 1.6 and 2.0 according to contour plots, which defined the operation range (Figure 5B and Table 1). 
Since STS = ETS x STE, contour plots predicting STS2:1 (Figure 5C, Figure S7) could be built (a polynomial fitting of (i-V)PV was used, more details in the Supporting Experimental Procedures). The so-built map in Figure 5C predicted STS2:1 = 4.5% (point 1) and STS2:1 = 4.7% (point 2). 
Operation of the a-leaf with variable CO:H2 ratios
The physical connection of the EC and PV components gave life to the a-leaf (Figure S1) and determined the real operation points 1 and 2. The tracking of operation points (Figure S8) disclosed stable operation with minor cell voltage fluctuations. PV modules exhibited high stability as well, as deduced from almost unaltered (i-V)PV after experiments (Figure S9).
[bookmark: _Hlk146015158]The a-leaf exhibited a gradual equilibration of CO:H2 ratios over the course of 3 h at 100 and 160 cm3 min−1 as can be seen in Figure 5D. Intermediate flows are displayed in Figure S8 following the operation procedure provided in the Supporting Experimental Procedures. CO:H2 ratios and STS2:1 upon equilibration showed remarkably good agreement with those predicted (Table 1) after considering the limited number of experiments required to develop contour plots (Table S1). CO:H2 ratios were slightly higher than expected, in contrast to STS2:1 (e.g., CO:H2 = 1.8 vs. 1.6 and STS2:1 = 4.0 vs. 4.5% for point 1). The flexible operation of the a-leaf and the suitability of the design process could thus be demonstrated. Figure 1A suggests that this device could thus be coupled, for example, to anaerobic fermentation with the ability to tune its product distribution. 
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Figure 5. (A) Crossing of PV and EC polarization curves for two different catholyte flows (100 and 160 cm3 min−1) to determine operation points 1 and 2, respectively. The voltage at maximum power (Vmpp) is indicated. Location of operation points 1 and 2 in contour plots are shown in (B) for CO:H2 and (C) for solar-to-syngas efficiency in the case of CO:H2 = 2:1. (D) Temporal evolution of the syngas composition during operation under point 1 (100 cm3 min−1) and point 2 (160 cm3 min−1). See Figure S8 for the evolution of the CO:H2 ratio for intermediate catholyte flows. The calculation methodology for the STS2:1 is described in the Supporting Experimental Procedures

Table 1. Operating conditions and performance of the a-leaf. Values between brackets correspond to design values.
	Operation point
	Catholyte flow
(cm3 min−1)
	iop
(mA)
	Vop
(V)
	CO:H2
(-)
	STS2:1
(%)

	Point 1
	100
	42
(46)
	2.46
(2.5)
	1.8 (1.6)
	4.0 (4.5)

	Point 2
	160
	44
(48)
	2.41
(2.5)
	2.3 (2.1)
	4.2 (4.7)




Conclusions 
This study demonstrates that artificial leaves electroreducing CO2 into syngas can be designed to offer variable CO:H2 ratios while keeping high performance. This was possible upon considering catholyte (1.0 M KHCO3) flow as a design parameter for an a-leaf using a Cu2O-Inx cathodic catalyst in a commercial electrocatalytic reactor. The systematic exploration of catholyte flows and cell voltages identified theoretical operation points with CO:H2 ratios of 1.6 (100 cm3 min−1) and 2.0 (160 cm3 min−1) at a cell voltage of 2.5 V. Based on this, an inexpensive hydrogenated amorphous silicon thin film PV module with 8% solar-to-electricity efficiency was designed and connected to the reactor. The so-built a-leaf provided syngas with controllable CO:H2 ratios ranging from 1.8 to 2.3 with solar-to-syngas efficiencies >4%. This result facilitates coupling of a-leaves and downstream catalytic technologies responsive to CO:H2 ratios and paves the way for extrapolating to other products. 
Experimental Section
Electrocatalytic CO2 reduction experiments leading to design maps were performed in a commercial stack cell in flow configuration using KHCO3 saturated with CO2 as catholyte varying its flow (100-200 cm3 min-1) and concentration (0.1, 0.5, 1.0 M), and the cell voltage (2.4-2.8 V). Catholyte and anolyte were pumped separately from Teflon reservoirs into the cathodic and anodic chambers. Gaseous products were quantified by online GC every 10 minutes during electrolysis. The (a-Si:H) cells consisted in a substrate made of (F:SnO2) coated glass that served as a front contact deposited with a p-type layer (TMB 25 nm), an intrinsic absorber layer (SiH4-H2 300nm) and a n-type layer (PH3 15nm). The p-i-n configuration was stacked with a reflecting layer (ZnO-Al 80 nm) and a back contact (Ag 200nm). Photovoltaic modules with four a-Si:H solar cells connected in series were developed. Detailed experimental methods are presented in the Supporting Information. 
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Artificial leaves enable decentralized carbon dioxide valorization. This proof-of-concept study shows that integrating operation variables in their design leads to flexible syngas compositions. The device produced CO:H2 ratios from 1.8 to 2.3 controlled by the catholyte flow deviating 2% from the optimal operation point. This facilitates coupling with downstream technologies.
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1. Supporting Experimental Procedures
[bookmark: _Hlk137206777]a. Catalytic electrode preparation. The indium-modified copper oxide (Cu2O:Inx) cathodic catalyst was solvothermally prepared following the procedure detailed elsewhere.[1] Briefly, Cu(NO3)2·3 H2O (4 mmol, Sigma-Aldrich, purum p.a.) and InCl3 (0.2 mmol, ABCR, 99.99 wt.%) were dissolved in ethylene glycol (40 cm3, Sigma-Aldrich, 99 wt.%) while stirring (500 rpm) for 1 h. The solution was transferred to a 50 cm3 Teflon-lined autoclave and heated at 413 K for 10 h after which it was naturally cooled to room temperature. The precipitate was cleaned by adding deionized water (30 cm3) and centrifuged several times until the liquid phase became colorless. The precipitate was then dried in a vacuum oven (353 K, 4 h, 50 mbar). An ink was prepared by dispersing dried catalyst (100 mg) in a mixture of ultrapure water (4 cm3), isopropanol (4 cm3, Sigma-Aldrich) and Nafion solution (0.05 cm3, 5 wt.%, Sigma-Aldrich) for 15 min using an ultrasonic processor (VibraCell VCX130). Electrodes were prepared by airbrushing this ink on a carbon Gas Diffusion Layer (GDL, 10 cm2, Sigracet 35 BC, SGL Group) mounted on a hot plate at 353 K. The target catalyst content was 1 mg cm−2. 
[bookmark: _Hlk146177143]b. Electrode performance evaluation. A commercially available electrochemical flow cell (EC, ElectroCell, model Micro Flow Cell) was used in a 2-electrode configuration. The cathodic chamber was separated by a Selemion AMV anion exchange membrane (AGC Engineering) from the anodic one, where bulk IrO2 acted as the anode material. Cu2O:Inx deposited by airbrushing on a GDL (8.8 cm2) served as the cathodic electrode. Two electrolyte reservoirs containing the electrolyte (0.1 M, 0.5 M or 1.0 M KHCO3, Sigma-Aldrich, 99.95% trace metals basis and prepared with 18.2 MΩ cm ultrapure water) were exposed to a continuous flow of 20 cm3 min-1 CO2 (Messer, purity 4.8 or Linde, purity 5.6) during experiments. The electrolyte was forced to circulate in a closed loop at a continuous rate of 100, 120, 140, 160, 180, or 200 cm3 min−1 through each chamber separately using a Shenchen Lab V3-II peristaltic pump. The electrolyte flow rate was monitored by clamp-on flow sensors FD-XA1 (Keyence). All measurements aimed at mapping performance of the EC system were conducted with an Autolab PGSTAT302N potentiostat at room temperature. The cell voltage was fixed at 2.4, 2.5, 2.6, or 2.8 V. The integration of the EC system and the photovoltaic (PV) module was realized in a separated testbench where the cell voltage was imposed by the PV module. Once the voltage was stable, a stepwise increase of electrolyte flow rate (100-200 cm3 min−1, 2 h each) was applied, allowing equilibration of the system for 30 min at open circuit to reach a stable voltage between consecutive steps. Figure S1 shows a scheme of the experimental setup used.
c. Product analysis. The outlet gas of the cathodic reservoir flowed continuously through the sample loop of a gas chromatograph (GC). An SRI 8610C (GC Multi-Gas #3 configuration) was operated with Ar as carrier gas at a head pressure of 2.3 bar and was equipped with HayeSep D and Molecular Sieve 3A packed columns for measurements under potentiostatic control. CO was quantified with a flame ionization detector (FID, calibrated using a 5,000 ppm standard) and H2 with a thermal conductivity detector (TCD, calibrated using a 1,000 ppm standard). A Shimadzu GC-2030 used for EC+PV integration experiments was operated with He as carrier gas and was equipped with carbon molecular sieve capillary column. Carbon monoxide and hydrogen were quantified using a Barrier Discharge Ionization Detector (BID, calibrated using a 9,790 ppm CO standard, a 10,600 ppm H2 standard, a two-fold and four-fold dilution of the respective standards). The partial current density ji for each gaseous product (i: CO, H2) during the electrolysis was calculated using Equation S1, where Qgas is the molar flow of gas through the cell, Ci is the molar concentration of the product i in the outlet as determined by gas chromatography, n represents the number of electrons transferred to form one mol of the product (i.e., n = 2 for CO and H2) and F is the Faraday’s constant. The current efficiency for each product (FEi,gas) is obtained by dividing ji by the recorded current at the sampling time it, as shown in Equation S2. Gas flows in this work are referenced to normal conditions defined as 0 °C and 1.01325 bar. 
	

	Equation S1

	

	Equation S2


[bookmark: _Hlk120091605]d. Photovoltaic module preparation. Photovoltaic modules prepared in this study consist of a 4-cell arrangement of hydrogenated amorphous silicon (a-Si:H) single junction solar cells fabricated by layering silicon-based materials to facilitate the p-i-n configuration (Figure S5). Silicon thin films were deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD) at 453 K and 13.56 MHz as described below.
Fluorine-doped tin oxide (F:SnO2) coated glass was used as substrate. The p-type layer (3,3',5,5'-tetramethylbenzidine,TMB, 25 nm) was deposited by mixing 2.5 vol.% TMB (99.9995 vol.%) in He and CH4 (99.9995 vol.%) gases. An intrinsic absorber layer (SiH4-H2, 300 nm) was initially deposited by mixing SiH4 (99.9999 vol.%) and H2 (99.9999 vol.%) gases. Next, the n-type layer deposit followed (PH3, 15 nm) by mixing 5 vol.% PH3 (99.9998 vol.%) and SiH4 gases. The last step was the addition of a reflecting layer (ZnO:Al, 80 nm) and the back contact (Ag, 200 nm). 
Laser scribing was used to define the size of the individual solar cells (3.7 cm2 surface area) to create arrangements of 2 to 8 cells for PV modules with total area sizes of 7.4, 11.1, 14.8, 18.5, 22.2, 25.9, and 29.6 cm2. Front and back contacts were placed outside of the photo-active area (e.g., 14.4 cm2 for total area size 14.8 cm2) at the top side of the module. A more detailed description of the preparation conditions and laser scribing process is given elsewhere.[2–5] Modules were characterized using a sun simulator (Wacom WXS-140S) with a xenon and a halogen lamps. A standard AM 1.5 G spectrum with a power density of 100 mW cm-2 was applied. The measurement of (i-V)PV curves was performed at 298 K.
[bookmark: _Hlk122013310]e. EC+PV integrated system. The artificial leaf (a-leaf), as referred to throughout this work, refers to the setup resulting from the integration of the electrochemical cell and the photovoltaic module (EC+PV), as depicted in Figure S1. This setup was connected to a data recorder (Graphtec, midi logger type GL 240). The EC was operated as described above in ‘electrode performance evaluation’ using 1.0 M KHCO3 as electrolyte. The PV module with total area of 14.8 cm2 was selected targeting 2.5 V cell voltage. It was irradiated at standard test conditions (100 mW cm−2, 298 K) by a double source (Class A) AM1.5G solar simulator. A fresh Cu2O:Inx electrode was used in all experiments assessing the influence of catholyte flows to exclude possible interference of the history of the electrodes. Two catholyte flows of 100 and 160 cm3 min−1 were tested independently for 3 h. The case of 160 cm3 min−1 required a pretreatment using a potentiostat at 2.5 V through the series 100 cm3 min−1 (2 h), 120 cm3 min−1 (2 h) and 140 cm3 min−1 (2 h), allowing equilibration of the system for 30 min at open circuit to reach a stable voltage between consecutive flow rates (Figure S10). 
f. Polarization curves. Before and after each EC+PV experiment, a current-voltage curve (i-V)PV of the irradiated PV module was recorded to verify its stability (Figure S9). Immediately after each of the two EC+PV experiments, the EC cell was disconnected from the power supply for 30 min maintaining the electrolyte flow. After the equilibration time, the current voltage curve (i-V)EC of the EC cell was recorded by connecting it to a potentiostat and imposing successive set voltages of 2.4, 2.5, 2.6, 2.7, and 2,8 V for 10 min at each stage and 15 min at open circuit between tests. Current values were recorded every 0.1 s. 
g. Electricity-to-syngas efficiency calculation. The fraction of the inlet electric power transformed into chemical energy in the electrocatalytic reactor as syngas was based on the calculation of Faradaic efficiency for syngas with CO:H2 = 1:1 (FE1:1) and CO:H2 = 2:1 (FE2:1) provided by Equations S3 and S4, respectively.
	

	Equation S3

	

	Equation S4




Q represents the passed electric charge,  stands for the minimum value between QCO and . Equations S3 and S4 thus consider remaining charge devoted to production of either CO or H2 not matching the expected ratios as a side product. With these values, electricity-to-syngas energy efficiencies (ETS) could be calculated according to Equation S5:
	

	Equation S5




Where  stands for the thermoneutral potential required to carry out the overall reaction CO2 + H2O  CO + H2 + O2 and is considered constant for both CO:H2 ratios as (ref.[6]). So-calculated values are conservative estimations, since, as remarked, excess CO or H2 not matching desired ratios are considered as parasitic products.
h. Solar-to-electricity efficiency calculation. The maximum fraction of the incident solar energy transformed into electrical energy in the photovoltaic module (STEmax) was obtained from Equation S6:
	

	Equation S6


Where Psun = 100 mW cm−2 is the incident power density of 1 sun AM 1.5 G illumination, Pmpp represents the electric power of the module at the maximum power point, and Amodule = 14.8 cm2 is the module area. In case the PV module does not operate under the Pmmp but under a generic power P, the STE was calculated as shown in Equation S7:
	

	Equation S7


[bookmark: _Hlk120282850]i. Solar-to-syngas efficiency calculation. The fraction of the incident solar energy transformed into chemical energy in the a-leaf (STS) was calculated according to Equation S8:
	

	Equation S8


Maps predicting STS were built upon calculating operation currents for a given cell voltage upon polynomial fitting of the characteristic (i-V)PV curve. 

2. Supporting Tables
Table S1. Electrode performance evaluation. Operating conditions and catalytic performance characterizing the EC system.
	Cell voltage
	[KHCO3]
	Catholyte flow
	Current
	CO:H2
	ETS2:1
	ETS1:1 

	(V)
	(M)
	(cm3 min−1)
	(mA)
	(mol:mol)
	(%)
	(%)

	2.4
	0.1
	100
	12.7
	0.3
	37
	25

	2.4
	0.1
	120
	13.2
	0.5
	61
	41

	2.4
	0.1
	140
	13.9
	0.2
	34
	23

	2.4
	0.1
	160
	13.5
	0.7
	56
	49

	2.4
	0.1
	180
	12.9
	0.6
	56
	48

	2.4
	0.1
	200
	13.5
	0.5
	58
	39

	2.6
	0.1
	100
	20.6
	0.3
	35
	23

	2.6
	0.1
	120
	18.5
	1.2
	39
	52

	2.6
	0.1
	140
	18.8
	1.1
	40
	53

	2.6
	0.1
	160
	20.4
	1.2
	39
	52

	2.6
	0.1
	180
	22.1
	0.8
	47
	51

	2.6
	0.1
	200
	30.8
	0.1
	21
	14

	2.8
	0.1
	100
	24.5
	0.4
	42
	28

	2.8
	0.1
	120
	23.8
	1.1
	38
	51

	2.8
	0.1
	140
	32.1
	0.1
	8
	5

	2.8
	0.1
	160
	34.1
	0.1
	10
	7

	2.8
	0.1
	180
	37.5
	0.1
	14
	10

	2.8
	0.1
	200
	41.8
	0.0
	7
	4

	2.4
	0.5
	100
	18.7
	0.9
	48
	59

	2.4
	0.5
	120
	19.0
	1.1
	45
	60

	2.4
	0.5
	140
	20.2
	0.7
	53
	52

	2.4
	0.5
	160
	22.9
	0.3
	46
	31

	2.4
	0.5
	180
	21.3
	0.5
	60
	40

	2.4
	0.5
	200
	21.5
	0.7
	54
	51

	2.6
	0.5
	100
	27.0
	0.6
	53
	43

	2.6
	0.5
	120
	33.0
	1.6
	33
	44

	2.6
	0.5
	140
	37.5
	1.3
	38
	50

	2.6
	0.5
	160
	22.9
	0.2
	24
	16

	2.6
	0.5
	180
	25.9
	0.8
	48
	50

	2.6
	0.5
	200
	25.2
	0.3
	43
	28

	2.8
	0.5
	100
	43.1
	0.4
	42
	28

	2.8
	0.5
	120
	50.7
	0.7
	47
	42

	2.8
	0.5
	140
	56.3
	0.6
	49
	40

	2.8
	0.5
	160
	67.8
	0.3
	32
	21

	2.8
	0.5
	180
	63.6
	0.8
	45
	46

	2.8
	0.5
	200
	69.0
	0.4
	47
	32

	2.4
	1.0
	100
	24.6
	1.9
	32
	43

	2.4
	1.0
	120
	30.1
	1.9
	32
	43

	2.4
	1.0
	140
	33.1
	1.4
	38
	50

	2.4
	1.0
	160
	32.0
	2.0
	31
	41

	2.4
	1.0
	180
	33.3
	1.5
	37
	50

	2.4
	1.0
	200
	34.1
	1.7
	35
	46

	2.6
	1.0
	100
	42.4
	0.9
	46
	53

	2.6
	1.0
	120
	47.9
	0.8
	46
	52

	2.6
	1.0
	140
	48.6
	0.7
	49
	48

	2.6
	1.0
	160
	49.9
	0.6
	53
	43

	2.6
	1.0
	180
	55.8
	0.5
	53
	35

	2.6
	1.0
	200
	81.5
	0.2
	24
	16

	2.8
	1.0
	100
	52.3
	0.5
	52
	36

	2.8
	1.0
	120
	54.7
	0.3
	38
	25

	2.8
	1.0
	140
	62.6
	0.2
	29
	19

	2.8
	1.0
	160
	75.8
	0.2
	22
	14

	2.8
	1.0
	180
	111.5
	0.1
	8
	5

	2.8
	1.0
	200
	117.5
	0.0
	6
	4

	2.5
	1.0
	100
	36.5
	1.5
	53
	48

	2.5
	1.0
	120
	40.2
	1.5
	53
	47

	2.5
	1.0
	140
	44.8
	1.8
	57
	42

	2.5
	1.0
	160
	45.8
	2.2
	56
	37

	2.5
	1.0
	180
	49.2
	2.4
	53
	35

	2.45
	1.0
	100
	42.0
	1.9
	60
	41

	2.41
	1.0
	160
	43.5
	2.2
	57
	38


Table S2. Photovoltaic module preparation. Main performance metrics for the series of prepared PV modules. The module selected for EC+PV integration is highlighted in bold.
	Area
	[bookmark: _Hlk128413794]STEmax
	FF
	VOC
	iSC
	Vmpp
	impp

	(cm2)
	(%)
	(%)
	(V)
	(mA)
	(V)
	(mA)

	29.6
	8.1
	64.3
	6.6
	56.3
	5.0
	47.8

	25.9
	8.2
	64.9
	5.8
	56.3
	4.3
	49.1

	22.2
	8.1
	64.9
	5.0
	56.1
	3.7
	48.7

	18.5
	8.2
	65.3
	4.1
	56.1
	3.1
	48.8

	14.8
	8.2
	65.5
	3.3
	55.8
	2.5
	48.2

	11.1
	8.2
	66.0
	2.5
	55.6
	1.9
	47.8

	7.4
	8.2
	66.6
	1.6
	56.0
	1.3
	46.8


STEmax: Solar-to-electricity efficiency at the point of maximum power. FF: Fill factor       
VOC: Open circuit voltage. iSC: Short circuit current. Vmpp: Voltage at maximum power      
impp: Current at maximum power


Table S3. Polarization curves. Currents and voltages determining (i-V)PV for the module selected for EC+PV integration and (i‑V)EC for the two nominal catholyte flows.
	Voltage
	PV current
	EC current at 100 cm3 min−1
	EC current at 160 cm3 min−1

	(V)
	(mA)
	(mA)
	(mA)

	-1.0
	56.0
	-
	-

	-0.7
	55.9
	-
	-

	-0.4
	55.7
	-
	-

	-0.1
	55.4
	-
	-

	0.2
	54.6
	-
	-

	0.5
	54.0
	-
	-

	0.8
	53.8
	-
	-

	1.1
	52.8
	-
	-

	1.4
	52.1
	-
	-

	1.7
	50.6
	-
	[bookmark: _Hlk118269599]-

	2.0
	48.5
	-
	[bookmark: _Hlk118269612][bookmark: _Hlk118269625]-

	2.3
	45.0
	36.4
	41.0

	2.4
	43.4
	46.0
	54.8

	2.5
	41.1
	60.4
	70.8

	2.6
	38.6
	75.4
	87.6

	2.7
	35.4
	79.1
	103.6

	2.8
	31.5
	36.4
	41.0

	2.9
	26.9
	-
	-

	3.2
	7.8
	-
	-





3. Supporting Figures

[image: A diagram of a chemical reaction

Description automatically generated]
Figure S1. Scheme of the experimental setup including auxiliary elements to determine performance of the EC cell (when potentiostat is connected) or to integrate EC and PV to form the artificial leaf (when PV is connected). Related to Figure 1. 

[image: ]
Figure S2. Contour plots showing the electricity-to-syngas efficiency for the case of CO:H2 = 1:1 (ETS1:1) versus cell voltage and catholyte flow for three different KHCO3 electrolyte concentrations (A) 0.1 M, (B) 0.5 M, and (C) 1 M. Isolines for different ETS1:1 values added to guide the eye. The cell voltage was imposed via potentiostat. Values are available in Table S1. Related to Figure 4.



[image: ]
Figure S3. Contour plots showing the electricity-to-syngas efficiency for the case of CO:H2 = 2:1 (ETS2:1) versus cell voltage and catholyte flow for three different KHCO3 electrolyte concentrations (A) 0.1 M, (B) 0.5 M, and (C) 1 M. Isolines for different ETS2:1 values added to guide the eye. The cell voltage was imposed via potentiostat. Values are available in Table S1. Related to Figure 4.

[image: ]
Figure S4. Contour plots showing total current versus cell voltage and catholyte flow for three different KHCO3 electrolyte concentrations (A) 0.1 M, (B) 0.5 M, and (C) 1 M. Isolines for different current values added to guide the eye. The cell voltage was imposed via potentiostat. Values are available in Table S1. Related to Figure 4.


.
[image: Ein Bild, das Screenshot, Rechteck, Reihe enthält.
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Figure S5. (A) Picture of the photovoltaic module selected for EC+PV integration with a highlighted zone represented in (B) showing the series arrangement of four cells. Panel (C) represents the internal layered structure of each cell. Related to Figure 1. 

[image: ]Figure S6. Determination of operation points 1 and 2 by crossing (i-V)PV and (i-V)EC for two different catholyte flows (100 and 160 cm3 min−1, respectively). Operation points are defined by (1) i1= 42.0 mA and V1 = 2.45 V, (2) i2 = 43.5 mA and V2 = 2.41 V. The voltage Vmpp and current impp corresponding to the point of maximum power of the PV module Pmpp are indicated for reference. Related to Figure 5. 



[image: ]
Figure S7. Contour plots showing the expected solar-to-syngas efficiency for the case of CO:H2 = 2:1 (STS2:1) versus cell voltage and catholyte flow for three different KHCO3 electrolyte concentrations (A) 0.1 M, (B) 0.5 M, and (C) 1 M. Isolines for different values of STS2:1 added to guide the eye. Related to Figure 4.

[image: ]Figure S8. Tracking of operation points during tests of the integrated EC+PV system for (A) 100 and (B) 160 cm3 min−1. The nominal crossing points 1 and 2 determined from the crossing of (i-V)PV and (i-V)EC are indicated for reference. Related to Figure 5.



[image: ]
Figure S9. (i-V)PV curves before and after EC+PV experiments at (A) 100 cm3 min−1 and (B) 160 cm3 min−1 catholyte flows. Related to Figure 5.



Figure S10. Temporal evolution of the molar CO:H2 ratio obtained from the response of the EC during the pretreatment at 2.5 V from 100 to 140 cm3 min−1 and during subsequent EC+PV integration (V = 2.41 V) at 160 cm3 min-1. Related to Figure 5.
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