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Silicon substrate preparation 

The Silicon wafers were cleaned by sonication in acetone (10 min), soap water (10 min), deionized 

water (10 min) and iso-propyl alcohol (10 min),  in that order. After this, they were etched to 

remove the native oxide layer by dipping the silicon wafers in 1% HF for 5 min. Particular emphasis 

was placed to make sure that immediately after the HF treatment, the wafers were either loaded 

into the PLD chamber or sputtering chamber to prepare the p-Silicon photocathodes. For 

preparation of p-Si with n+ (phosphorus) doping - Phosphorus ions with energies of 50 keV and 30 

keV and corresponding doses of 2x1014 and 1x1014 cm-2 were used to form the n+ layer. The 

implanted wafers were then annealed at 950 °C for 30 sec in a rapid thermal annealing (RTA) 

furnace. n-Si photocathodes with n+ and p+ implants were fabricated using the procedure described 

elsewhere.1 

Atomic layer deposition of TiO2 

TiO2 was deposited by ALD onto p-Si wafers using a titanium tetraisopropoxide (TTIP) as the Ti 

precursor and water as the oxygen source with a thickness of 20 nm (measured by ellipsometry) at 

a temperature of 125°C.  

Synthesis of TaOx by pulsed laser deposition  

TaOx was deposited onto p-Si wafers using a pure Ta2O5 target by PLD (KrF laser 248nm) using a 

procedure reported in literature.2 The PLD laser frequency  was set to 10 Hz and the energy was 

set at 150 mJ. The oxygen flow rate during deposition was varied from 0.1 to 1.6 sccm. 

Corresponding oxygen pressure in the PLD chamber for each O2 flow rate was 0.1 sccm (1.3 x 10-5 

torr), 0.3 sccm (9.2 x 10-4 torr) and 1.6 sccm (4.8 x 10-3 torr). The deposition time was 35 mins 

which corresponds to a thickness of ~ 17 nm as measured by ellipsometry. During the deposition 

the substrate was not heated.   

Synthesis of TaOx by RF sputtering 

TaOx was deposited onto p-Si using a reactive sputtering AJA international ATC orion 5 tool 

equipped with a load lock chamber. A pure Ta sputtering target was used with a RF power of 150 

W. The deposition pressure was 3mTorr under an atmosphere of (Ar+O2). Ar to O2 ratio was varied 

from 90:10, 96:4, 97:3 and 99:1. Different times of deposition was evaluated (20s to 3 min) yielding 

thickness of TaOx (20 to 180 nm). The thickness was measured with a quartz crystal monitor during 
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deposition. Only 97:3 and 99:1 yielded decent photocurrent densities and hence was pursued in 

depth in this work. Prior to deposition, the Ta target was presputtered for a period of 30 min to 

remove any oxide layer on the Ta target.  

Sputtering of Cu and Au Co-catalyst 

Sputtering of Cu and Au co-catalyst was performed in the same sputtering as TaOx. Pure Cu and 

Au targets were used with a RF power of 100 and 150 W respectively. The deposition pressure was 

3 mTorr under an Ar atmosphere. The thickness of Cu was varied from 5-20 nm and Au thickness 

was 5 nm (all thicknesses were measured by a quartz crystal monitor).  

SEM and EDX characterization  

The SEM and EDX characterization were performed using a zeiss gemini ultra-55 analytical field 

emission scanning electron microscopy that is coupled a Bruker X-rau energy dispersive 

spectrometer.  

XRD characterization  

The crystallinity of the thin films and the photocathode was analyzed by X-ray diffraction with a 

Rigaku Smartlab diffractometer using Cu Kα radiation.  

XPS characterization  

Chemical composition of TaOx films were obtained by XPS on a Kratos Axis Ultra DLD system 

at a take-off angle of 0° relative to the surface normal. An Al Kα source (hν = 1,486.6 eV) was used 

with a pass energy of 20 eV for the narrow scan of core levels and valence band spectra with a step 

size of 0.05 eV and 0.025 eV, respectively. The spectral fitting was conducted using CasaXPS 

analysis software. 

Photoelectrochemical testing of CO2R photocathodes 

All photoelectrochemical measurements were performed using a Biologic SP-300 potentiostat 

under simulated AM 1.5 G illumination, calibrated using a silicon diode. Details about the 

polyetheretherketone (PEEK) cell employed for CO2R can be found in our prior work.1 The PEEK 

cell was cleaned in nitric acid and DI water before every measurement. The working electrode (Si-

TaOx/Cu or Au) was connected to a Cu back contact with a In-Ga eutectic. The counter electrode 
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used was a Pt wire and a leak free Ag/AgCl reference electrode was used.  After the assembly of 

the cell, the electrolyte (0.05M K2CO3) was bubbled with CO2 at a flow rate of 5 sccm and the 

volume of the electrolyte employed in both the cathode and anode chamber was 2 ml.  Potentiostatic 

Electrochemical Impedance Spectroscopy (PEIS) in the dark was performed to measure the 

resistance of the solution. PEIS was performed from 1 MHz to 100 Hz to obtain the correct 

frequency in determining Rs (10 kHz). The VSP-300 potentiostat’s IR compensation function only 

compensates 85% of Rs, thus the remaining 15% of Rs was corrected manually. Final voltage 

calculation after 100% IR compensation is as below:  

            V100%IRs (RHE) = V85% IR (RHE) + 15% average Rs (Ohms) * average I (A). 

Gas product quantification by gas chromatography (GC)  

A SRI 8610C Gas chromatograph is used to detect and quantify the gas products. The four gas 

phase CO2R products (CO,CH4,C2H4 and C2H6) and H2 were detected and quantified using the 

calibration curves by injected known concentrations of gaseous products (Figure S1). Briefly in 

GC The CO2 was continuously flowing through the PEC cell; a portion of the exiting gas is directed 

into the sampling loops of the gas chromatograph. Two channels were used. Channel 1 comprises 

a 6’ Heysep-D and a 6’ Molsieve 13x column, a 1 ml sampling loop, Ar carrier gas and H2 for 

flame ignition. This channel is S12 equipped with a flame ionization (FID) detector and a 

methanizer for CO to CH4 conversion. Channel 1 has the ability to detect the CO, CH4, C2H4 and 

C2H6. Channel 2 has a 6’ Heysep-D column, a 2 ml sampling loop, and N2 carrier gas. This is 

equipped with a TCD detector for H2 detection. Calibration curves are shown in Figure S1.  

 

The Faradaic efficiency of the CO2 reduction gaseous products is estimated using the equation 

below 

                                                    

𝐹𝐸(%) =
𝐹 × 𝑛 × 𝑥 × 𝐹𝐶𝑂2

𝐼
 

where F is the Faraday constant (96485 C mol-1), n is the number of the electrons required for a 

particular CO2 reduction product, x is the mole fraction of the gaseous product obtained from the 

GC, FCO2 is the molar flow rate of CO2 through the cell, and I is the average current during the run. 

The number of electrons required are 2, 8, and 12 for CO, CH4 and C2H4. 
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Liquid products quantification by NMR  
The quantification of liquid products using 1D 1H NMR(Bruker 500 MHz) using 50 mM phenol 

and 10 mM dimethyl sulfoxide (DMSO) as the internal standards for quantification. The water 

peak was suppressed by a presaturation sequence. 400 μL of electrolyte after CO2 photoelectrolysis 

was added to 50 μL of D2O and 50 μL of internal standard solution. To determine the concentration 

of each CO2R product, the area of their corresponding peak should be compared with the area of 

the standards. For all peaks on the left side of the water peak (> 4.7 ppm), the phenol is the 

calibration standard. For all peaks on the right side of the water peak (< 4.7 ppm), DMSO is the 

calibration standard. The product were identified using the work of marc Robert.3 The 

concentration of each product Cproduct tube in the tube can be computed using the following equation. 

𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡  = 𝐶𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑡𝑢𝑏𝑒  ×  

𝐴𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝐻𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝐴𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝐻𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

 

 

A corresponds to the area of the peak and H corresponds to the number of protons corresponding 

to this peak. Finally, the faradaic efficiency of the liquid product can be computed using the 

following equation.  

 

𝐹𝐸 =
𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡 × 𝑉𝑒  × 𝑛 × 𝐹

𝐼 × 𝑡
 

 

VE corresponds to the volume of the electrolyte; n is the number of the electrons required for a 

particular CO2R product, t corresponds to the duration of the electrochemical test [s] and Cproduct 

corresponds to the concentration of product in the electrolyte 

Techno-economic analysis 
Techno-economic analysis was performed deploying a recently proposed protocol for assessment 

of emerging electrolysis technologies (M. H. Barecka et al., 2021b). Following data was introduced 

to the calculation tool attached to the protocol; this dataset is derived from our experiments and the 

goals defined for the technology scale-up: 

• Current density: 0.01 A/cm2 

• Voltage: 1.2 V 
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• CO2 conversion: 75% 

• Faradaic Efficiences : 20% ethylene, 2% carbon monoxide, 8% methane, 4% hydrogen,  

• Electrode size : 50,000 m2 

• Market price of electrolysis product stream: 0.1 $/kg (as reported for syngas streams) (M. 

H. Barecka et al., 2021a) 

We subsequently assessed the flow of the products obtained from such system and calculated the 

value as a function of the imposed CO2 tax credit, calculated using the Equation 1. The CO2 credit 

is assumed to be imposed proportionally to the stochiometric amount of CO2 emissions resulting 

from combustion of produced amount of ethylene, carbon monoxide and methane. Using our 

method, these compounds are obtained from biogenic CO2 thus the production method allows to 

avoid the emissions which would be otherwise associated petroleum-based methods. 

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑠𝑡𝑟𝑒𝑎𝑚 𝑣𝑎𝑙𝑢𝑒

= 𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒 + (88/28 ∙ 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 + 44/16

∙ 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 + 44/28 ∙ 𝑐𝑎𝑟𝑏𝑜𝑛 𝑚𝑜𝑛𝑜𝑥𝑖𝑑𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛) 

(1) 

To assess the investment cost into photoelectrocatalytic system, we consider all components of a 

large reactor that include cathode material, selemion membrane, anode material based on platinum 

group metal, the balance of the plant including e.g. necessary power connection and installation 

costs (see Supplementary Table 1 with data for Cu electrode and Supplementary Table 2 for Au 

electrode).  

To evaluate the return on investment, the total investment into the photoelectrocatalytic system was 

divided by value generated yearly, which is a function of the CO2 credit and electricity price. 

The results of the sensitivity analysis for Au-based systems are given in Supplementary Figure S16. 
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Supplemental figures 
 

 

Figure S1. (a) Calibration curves for all the gas products measured (CO, CH4, C2H4 and C2H6 and 

H2) (b) H2 calibration and (c) magnified view of the C2H4 calibration data from (a).  
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Figure S2. XPS Ti 2p core level spectra of p-Si/TiO2/Cu(10nm) before CO2R electrolysis.  

 

 

 

Figure S3. (a) Faradaic efficiencies of CO2R products for Si/TiO2/Cu15 nm under 1 sun 

illumination in 0.1M KHCO3. (b) Current density (J) vs Voltage (V) plots for Si/TiO2/Cu10 nm 

and Si/TiO2/Cu15 nm under 1 sun illumination in 0.1M KHCO3  
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Figure S4. XRD patterns for PLD-grown TaOx-0.3 and TaOx-1.6 grown on glass substrates 

showing the amorphous nature of the PLD-grown films. The XRD peaks observed were from the 

sample holder of the XRD and peaks corresponding to tantalum oxide phases were not observed.  
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Figure S5. Core level O 1s spectrum of TaOx-0.3 PLD grown film.  

 

 

Figure S6. Finite-difference time-domain (FDTD) simulations using MEEP to estimate the 

reflectivity of Si/TaOx/Cu stacks with varying Cu thickness.   
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Figure S7. Current vs time plots for p-Si/TaOx-0.3/Cu-5nm and p-Si/TaOx-0.3/Cu-10nm at -1.2 V 

vs RHE under 1 sun illumination in CO2 saturated 0.1 M KHCO3 showing the lower photocurrent 

density observed with Cu-5nm.  

 

 

Figure S8. Comparison of the product distribution different Cu thickness at -1.0 V vs RHE for p-

Si/TaOx/Cu under 1 sun illumination in CO2 saturated 0.1 M KHCO3. More CO2R products were 

observed for Cu catalyst thickness of 10 nm.  
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Figure S9. Comparison of current density vs Voltage plots for p-Si/TiO2/Cu and p-Si/TaOx-0.3/Cu 

showing earlier onset of photocurrent density for p-Si/TiO2/Cu. Cu thickness of 10 nm was 

employed for both devices.  

 

 

Figure S10. Current density vs Voltage plots of p-Si/TaOx-0.3/Ta/Au photocathode under 1 sun 

illumination in 0.1 M KHCO3. 
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Figure S11. (a) SEM top view and (b) EDX spectrum of p-Si/TaOx/Cu photocathode. 

 

 

Figure S12. XRD pattern of p-Si/TaOx (sputtered)/Cu(10nm) photocathode.   
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Figure S13. Comparison of Current density vs Voltage plots of p-Si/TaOx(97:3)/Cu photocathode 

for 2 different thickness of the TaOx (20 and 40 nm) under 1 sun illumination in 0.1 M KHCO3 

showing a later photocurrent onset and poorer fill factor for 40 nm TaOx thickness.  

 

 

Figure S14. Ta 4f core level spectra of 20 and 40 nm thick TaOx with an Ar:O2 ratio of 97:3.  
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Figure S15. Comparison of the Current density vs Voltage plots for the champion (Champ) device 

prepared by PLD and Sputtering under 1 sun illumination in 0.1 M KHCO3. 

 

 

Figure S16. Comparison of Ta 4f core spectra of TaOx-0.3 prepared by PLD and TaOx (97:3) 

prepared by RF sputtering which yielded the best PEC performance (champion device).  
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Figure S17. Partial current densities for CO2R products (CO, CH4, C2H4 and HCOO-) for p-

Si/TaOx/Cu (RF sputtered TaOx) and dual ETL photocathode (p-Si/TiO2/TaOx/Cu).  

 

 

Figure S18. Estimation of photovoltage for (a) p-Si/TaOx/Cu (b) p-Si/n+/TaOx/Cu (c) p+/n-

Si/n+/TaOx/Cu photocathode by comparing with the dark cathode of n+Si/TaOx/Cu.  

  



S18 

 

Figure S19.  Gaseous CO2R product distribution as a function of time for Si/TaOx(97:3)/Cu10nm 

photocathode under 1 sun illumination in 0.1 M KHCO3 at -1.2 V vs RHE with a Pt counter 

electrode. Electrolyte was changed after 225 mins and then C2H4 production increased and 

quickly reduced. There was also observable Pt migration from the counter electrode to the 

photocathode which could explain the increased HER and reduced CO2R product evolution This 

has been observed in prior reports by Ren et al4 and Gurudayal et al1 where metal crossover from 

the counter electrode has resulted in increased HER activity. Given the 2 set of results from our 

experiments, first the reduced hydrophobicity of the surface and second the Pt migration from the 

counter electrode, the most likely cause for increased HER activity is the Pt migration onto the 

photocathode. Given the thin Cu catalyst thickness we employ ~ 10 nm, even a nanometer scale 

Pt migration would have a drastic effect in reducing the CO2R catalytic activity and favoring 

HER. 
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Figure S20. SEM top view image of p-Si/TaOx(97:3)/Cu(10nm) photocathode (a) before CO2R 

electrolysis and (b) after CO2R electrolysis.  

 

 

 

Figure S21. Cu 2p core level spectra of Si/TaOx(97:3)/Cu before and after CO2R operation for 

300mins. 
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Figure S22. Contact angle measurements of p-Si/TaOx/Cu photocathode with a Pt counter 

electrode during CO2R measurements for (a) before CO2R and (b) after CO2R operation for 300 

mins.  

 

 

Figure S23. Current density vs Time plots for p-Si/TaOx(97:3)/Cu10nm photocathode under 1 

sun illumination in 0.1M KHCO3 at -1.2 V vs RHE with a graphite counter electrode. 
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Figure S24. (a) Cu3p/Pt 4f core level spectra of Si/TaOx (97:3)/Cu after CO2R showing the 

migration of Pt from the Pt counter electrode to the photocathode (Pt 4f 71 eV). (b) Cu3p/Pt 4f core 

level spectra of Si/TaOx (97:3)/Cu after CO2R showing no Pt from the graphite counter electrode 

to the photocathode (Pt 4f - 71 eV).5  
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Supplementary tables 

Supplementary Table 1. 

Input data for the assessment of the investment cost for manufacturing of Cu-based 

photoelectrodes. The cost of catalyst deposition is assessment based on pilot-plant/semi-industrial 

coefficients for the energy use in PVD deposition process, and the most recent price indicators for 

silicon, membranes, and metal cost.  

 

 

Membrane cost $/m2 500 6 

Platinum group metal and ionomer cost $/m2 38 6 

Energy cost for sputtering $/m2 (industrial benchmark: 7.53E-05 

kWh/cm2) 

0.015 7 

Argon cost $/m2 (industrial benchmark: 1.21E-7 m3/cm2) 3.63E-05 7 

Oxygen cost $/m2 (industrial benchmark: 9.88E-10 m3/cm2) 8.47E-07 7 

Silicon wafer cost $/m2 1116 8 

Cu cost $/m2 for 10 nm layer 0.001 9 

Ta2O5 cost $/m2 17 nm layer 0.022 10 

Total cost $/m2 1654.143 

Balance of the plant (BoP) 1.3 

Installation factor 1.2 

Total cost for the designed electrolyzer ($M) 50,000 m2 129.0 
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