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Experimental Procedures 

Materials and devices 
All reagents and solvents were obtained from Sigma-Aldrich, Fluorochem or VWR and used without purification unless described 

otherwise. Reactions were performed under atmospheric conditions unless otherwise noted. Dye-sensitized solar cells (DSSCs) and 

Dye-sensitized photoelectrochemical cells (DSPECs) were illuminated with the following light sources: an Solar Simulator (Oriel, LCS-

100, AM1.5G, 100 mW cm-2) setting the light intensity with a calibrated silicon solar cell (Newport, 91150-2000), A LED household lamp 

(Energetic, YKA60C8-D-11W, 2700 K, 75 W, 1055 lumen) or a LED light source (Zahner, TLS3, 50 mW cm-2), with the spectral output 

given in Figure S12. Electrochemical measurements were measured using either a PGSTAT302N potentiostat (Autolab), P211 

potentiostat (Zahner) or PGSTAT10 potentiostat (Autolab) with a leakless Ag/AgCl reference electrode (ferrocene0/+ at 0.38 V in 0.1 M 

LiTFSI in MeCN, eDAQ, ET069). Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR–FT–IR) spectra were 

recorded on a ReactIR 15 (Mettler–Toledo, 1400003) using a Silicon (Mettler–Toledo, 14472000) probe. Calibration curves for benzyl 

alcohol (PhCH2OH) and benzaldehyde (PhCHO) from ATR–FT–IR are shown Figure S11. Quantification of the conversion of PhCH2OH 

and PhCHO by Gas Chromatography (GC) was performed on an Trace GC Ultra machine (Interscience) with a RTX-1 column (30 m, 

0.25 mm internal diameter, 0.25 μm film thickness), inlet temperature 70°C hold 2.00 minutes ramp 10°C min-1 to 340°C and 

chlorobenzene as an internal standard (calibration curve, Figure S11). Quantification of hydrogen gas was performed on a CompactGC 

(Interscience) equipped with a 5Å molecular sieve column (20 m length, 3.2 mm internal diameter), an oven temperature of 34°C and 

a flowrate of argon of 2 mL min-1. 

Cleaning of the FTO plates 
The FTO plates (Solaronix, 2.2 mm, 15 Ω sq-1) were scrubbed with Deconex and rinsed with hot water, followed by wiping with an 

acetone-soaked tissue and air drying. The FTO plates were then rinsed with acetone, toluene and ethanol and left to air dry in between. 

The FTO plates were then placed inside a glass container in a solution of a teaspoon of Deconex in Milli-Q and sonicated for 30 min. 

The sonication procedure was repeated with Milli-Q and then ethanol and the plates were left to dry after which the plates were treated 

with UV–ozone generator (Ultra-Violet Products, PR-100) for a minimum of 30 minutes. 

Preparation of the photoanode FTO|TiO2

A clean FTO plate (Solaronix, 2.2 mm, 15 Ω sq-1) (10×5 cm) was added to a 40 mM TiCl4 solution in Milli-Q (100mL) and placed in the 

oven at 70°C for 30 min to create a TiO2 blocking layer. The FTO plate was consecutively rinsed with Milli-Q then ethanol and left to 

air dry. The plates were sintered with progressive heating (Programmer PR 5) from ambient temperature to 125°C (over 5 min, 25°C 

min-1 ramp, hold 125°C for 5 min) then to 202°C (over 15 min, 5.1°C min-1 ramp, hold 202°C for 5 min) to 375°C (over 5 min, 34.6°C 

min-1 ramp, hold 375°C for 5 min) to 450°C (over 5 min, 15°C min-1 ramp, hold 450°C for 15 min) to 500° C (over 5 min, 10°C min-1 

ramp, hold 500°C for 30 min). One mesoporous layer of TiO2 nanoparticles (particle size 22–25 nm, Dyenamo DN-GPS-22OS, Anatase, 

Specific surface area 50 - 60 m2 g-1) was screen printed (43T screen with 0.79 cm2 circles for DSPECs, 0.2 cm2 circles for DSSCs) onto 

the cooled FTO plate thickness of layer after annealing  (3.8 micrometer, Figure S14).[1] The plate was dried for 7 min on a hotplate set 

at 125°C and cooled to ambient temperature, prior to printing (43T screen) a scattering layer of TiO2 (particle size > 100 nm, Solaronix 

Ti-Nanoxide R/SP, Specific surface area 15 m2 g-1) thickness of layer after annealing (6.4 micrometer, Figure S14) and sintered with 

progressive heating from ambient temperature to 125°C (over 5 min, 25°C min-1 ramp, hold 125°C for 5 min) then to 202°C (over 15 

min, 5.1°C min-1 ramp, hold 202°C for 5 min) to 375°C (over 5 min, 34.6°C min-1 ramp, hold 375°C for 5 min) to 450°C (over 5 min, 

15°C min-1 ramp, hold 450°C for 15 min) to 500° C (over 5 min, 10°C min-1 ramp, hold 500°C for 30 min). The cooled sintered plate 

soaked for 30 min at 70°C in a 40 mM TiCl4 in Milli-Q and sintered with progressive heating from ambient temperature to 125°C (over 

5 min, 25°C min-1 ramp, hold 125°C for 5 min) then to 202°C (over 15 min, 5.1°C min-1 ramp, hold 202°C for 5 min) to 375°C (over 5 

min, 34.6°C min-1 ramp, hold 375°C for 5 min) to 450°C (over 5 min, 15°C min-1 ramp, hold 450°C for 15 min) to 500° C (over 5 min, 

10°C min-1 ramp, hold 500°C for 30 min) prior cooling to room temperature for sensitization. The FTO|TiO2 plates were sensitized with 

1 mM AP11 in a 1:1 t-BuOH/MeCN solution in the dark overnight. After sensitization, the FTO|TiO2|AP11 were rinsed with MeCN and 

left to air dry in the dark before use. 
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Preparation of the platinum counter electrodes 
A clean, with one-hole predrilled (Diamond tip nr. 7134, Dremel-400) FTO plate (Solaronix, 2.2 mm, 15 Ω sq-1) was added to solution 

of concentrated HCl (aq) (37% w/v) in EtOH (1 M) and sonicated for 30 min. The plates were rinsed with Milli-Q, EtOH and left to dry. 

Electrochemical deposition of platinum was performed using an aqueous PtCl4 solution (10 mM PtCl4, 50 mM HCl, 0.47 mM 3-(2-

aminoethylamino)propyldimethoxymethylsilane) in a three-electrode system, with the FTO-plate as the working electrode (WE), 

Ag/AgCl (leakless, eDAQ, ET069) reference electrode (RE) and a Pt-mesh counter electrode (CE). The platinum was deposited onto 

the FTO-plates by chronoamperometry (galvanostatic) employing a set current of -0.025 A vs. Ag/AgCl over 30 seconds with a 

PGSTAT10 potentiostat (Autolab), yielding a black hue at the FTO-plates. Finally, the FTO|Pt electrodes were rinsed with demi water 

and ethanol and left to air dry before use. 

Construction of dye-sensitized solar cells (DSSCs) 
Sensitized TiO2 photoanodes and Pt counter electrodes were sandwiched together using a hotmelt ionomer (60 µm, Meltonix polymer 

1170-60, Solaronix, Switzerland) and a soldering iron (320°C, Weller, PU-81). The electrolyte (1.2 M LiTFSI, 1.0 M TEMPO, 0.1 M 

TEMPO(BF4) in MeCN) was introduced into the cells by vacuum backfilling. The outside of the cell was thoroughly cleaned by wiping 

the cell with a tissue moistened with EtOH, prior to sealing with more Meltonix and a glass cover slip, using a soldering iron (320°C) to 

melt the polymer. The DSSCs were measured by using a PGSTAT302N potentiostat (Autolab) with a LED household lamp A LED 

household lamp (Energetic, YKA60C8-D-11W, 2700 K, 75 W, 1055 lumen) and a Solar Simulator (Oriel, LCS-100, AM1.5G, 100 mW 

cm-2) and a P211 potentiostat (Zahner TLS3, 50 mW cm-1 LED lamp). As the cells are unmasked, normalization of measured

photocurrent to afford photocurrent-density was achieved by scanning the area of printed TiO2 circle and using Adobe Photoshop to

accurately determine the active area for 5 photoanodes to give an area of 0.19 cm2 (± 0.005)

Illumination setup for large area photoanodes for dye-sensitized photoelectrochemical cells (DSPECs) 
A glass three-electrode cell was set up composed of working and counter compartments separated by a glass frit (⌀ = 0.5 cm). The 

working compartment contained the photoanode (FTO|TiO2|AP11) as a WE, a Ag/AgCl (leakless, eDAQ, ET069) as a RE and the 

ATR–FT–IR probe (Mettler-Toledo), placed in the center of the working compartment and filled with a solution of 1.2 M LiTFSI, 1.0 M 

TEMPO and 0.1 M benzyl alcohol in MeCN (5 mL). The counter electrode compartment containing a Pt wire CE and was filled with an 

MeCN solution of 1.2 M LiTFSI and 1.0 M AcOH (0.5 mL). Chronoamperometric measurements of photocurrent at 0 V vs.Ag/AgCl were 

obtained using a PGSTAT10 potentiostat (Autolab), with stirring. The photoanode was illuminated with a LED household lamp 

(Energetic, YKA60C8-D-11W, 2700 K, 75 W, 1055 lumen, Figure 12) for a period of 16 hours. Results are shown in Figure S5 and 

results of blanks are shown in Table S2. Photocurrents of measurements are shown in Figure S6. Quantity of electrons are determined 

by integration of the half the photocurrent to account for two electrons obtained per reaction. An initial spike of benzaldehyde seen in 

all measurements and was subtracted for clarity. (Figure S8). As the cells are unmasked, normalization of measured photocurrent to 

afford photocurrent-density was achieved by scanning the area of printed TiO2 circle and using Adobe Photoshop to accurately 

determine the active area, performing this for 5 photoanodes to give a number of 0.79 cm2 (± 0.041) 

Illumination setup for of the DSPEC – hydrogen production 
Photoreactor composed of 2 Teflon compartments are separated by a Nafion-177 membrane (FuelCellStore) The working compartment 

contained the photoanode (FTO|TiO2|AP11, masked size 0.64 cm2) as a WE and a Ag/AgCl (leakless, eDAQ, ET069) RE and was 

filled with a solution of 1.2 M LiTFSI, 1.0 M TEMPO and 19.65 mM chlorobenzene as internal standard in MeCN (3 mL). The counter 

electrode compartment containing a Pt electrodeposited on FTO and was filled with a solution of MeCN with 1.2 M LiTFSI, 1.0 M AcOH 

and 19.65 mM chlorobenzene (3 mL). The top contains a large opening with a septum to add or remove electrolyte and/ or substrate 

or sample aliquots of reaction mixture. Chronoamperometric measurements of photocurrent at 0 V vs. Ag/AgCl were obtained using 

P211 potentiostat (Zahner), with both compartments stirring. The photoanode was illuminated with LED light source (Zahner, TLS3, 50 

mW cm-2, Figure 12), for a period of 32 hours. Benzyl alcohol (30 µL, 290 µmol) was added to the working compartment. To monitor 

the reaction, GC samples were taken during the measurement. The counter electrode compartment was attached to a Gas GC to 

measure H2 evolution. An initial spike of benzaldehyde seen in all measurements and was subtracted for clarity. (Original data, Figure 
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S9, Table S3). Quantity of electrons are determined by integration of the half the photocurrent to account for two electrons obtained 

per reaction. Photocurrent is shown in Figure S10.  

Synthesis and Characterization

Materials and methods 
All reagents and solvents were obtained from Sigma-Aldrich, Fluorochem or VWR and used without purification unless described 

otherwise. Reactions were performed under atmospheric conditions unless otherwise noted. Column chromatography was performed 

using silica gel (SiliCycle, SiliaFlash P60, 40–63 µm, 230–400 mesh) while fractions were analyzed using TLC (TLC silica gel 60 F254, 

Merck KGaA) visualized with 254/350 nm light. 1H-NMR spectra were recorded on a Bruker AV400 spectrometer, with chemical shifts 

reported in ppm relative to tetramethylsilane by referencing to the residual solvent signal. High-resolution mass spectrometry (HR–MS) 

was measured on an AccuTOF GC v 4g, JMS-T100GCV mass spectrometer (JEOL, Japan) equipped with a field desorption (FD) 

emitter, Carbotec (Germany), FD 13 μm. Current rate 51.2 mA min-1 over 1.2 min machine using FD as ionization method. 

Scheme 1: Syntheses of AP11.[2] 

Syntheses of AP11 
AP11 ((E)-2-Cyano-3-(4-(5-(2-ethylhexyl)-3-(4-(hexyloxy)phenyl)-4,6-dioxo-5,6-dihydro-4H-

thieno[3,4-c] pyrrol-1-yl)phenyl) acrylic acid) 

Following the literature procedure.[2] 5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (1) 
(0.050 g, 0.19 mmol), 1-bromo-4-(hexyloxy)benzene (2) (0.048 g, 0.19 mmol 1 eq.), 4- 

bromobenzaldehyde (3) (0.034 g, 0.19 mmol, 1 eq.), were added to a flame-dried flask. 

Toluene (2 mL) was added and the solution was bubbled with N2. Then, Pd(OAc)2 (4.2 mg, 0.019 mmol, 10 mol %), 

tricyclohexylphosphine (0.010 g, 0.035 mmol, 20 mol %), and Cs2CO3 (0.073 g, 0.22 mmol, 1.2 eq.) were added to the solution. The 

mixture was stirred for 16 h at 110°C under an inert atmosphere. After cooling H2O (5 mL) was added to the mixture. The mixture was 

extracted with Et2O (3x 10 mL) and the organic layer was separated, dried (Na2SO4) and filtered. The solvent was removed with rotary 

evaporation and the residue was purified via column chromatography (Silica) using 10% ethyl acetate/hexane as eluent collecting the 

2nd fraction. The intermediate (4-(5-(2-ethylhexyl)-3-(4-(hexyloxy)phenyl)-4,6-dioxo-5,6-dihydro-4H-thieno[3,4-c] pyrrol-1-yl) 

benzaldehyde) (4) was isolated as a yellow solid and used without further purification. The yellow solid (18 mg, 0.033 mmol, 1 eq.), 

cyanoacetic acid (5) (13 mg, 0.1 mmol 3 eq.), piperidine (few drops) and CHCl3 (3 mL) were added to an oven dried pressure tube. The 

pressure tube was sealed under N2 and stirred at 80°C for 16 h, after which it was cooled to ambient temperature, acidified with acetic 

acid (∼1.0 mL) and partitioned between Et2O (5 mL) and H2O (5 mL). The organic layer was separated and the solvents was removed 

by rotary evaporation to afford a yellow solid, which as subjected to column chromatography (silica) with a mixture of 5% 

methanol/dichloromethane. The product AP11 was obtained as a yellow solid (12.4 mg, 0.020 mmol, 11%). 1H NMR (400 MHz,CDCl3) 

δ 8.38 – 8.30 (m, 3H), 8.14 (d, J = 8.5 Hz, 4H), 7.01 (d, J = 8.7 Hz, 2H), 4.09 – 4.01 (m, 2H), 3.61 (d, J = 7.4 Hz, 2H), 1.90 – 1.78 (m, 

3H), 1.49 (d, J = 7.8 Hz, 2H), 1.40 – 1.33 (m, 10H), 1.00 – 0.88 (m, 11H). FD–MS m/z calcd [M+] for C36H40N2O5S: 612.2663 Found: 

612.2654  
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Scheme 2. Syntheses of TEMPO(BF4). [3] 

Synthesis of TEMPO(BF4) 

TEMPO(BF4) was synthesized according to literature procedures.[3] 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) (0.53 

g, 2.5 mmol, 1 eq) and deionized water (1 mL) were added in a round bottom flask. The thick orange slurry was stirred 

vigorously with a large stir bar. HBF4 (aq) (48% w/v, 0.39 mL, 3 mmol, 1.14 eq.) was added while vigorously stirring the 

orange reaction mixture, causing a color change to yellow. After 0.5 h, NaOCl (aq) (6% w/v, 1.39 mL, 1.25 mmol, 0.5 eq.) was dropwise 

added to reaction mixture dropwise over 0.5 h. NaBF4 (0.27 g, 2.5 mmol, 1 eq.) was added and the mixture was stirred for 10 minutes, 

prior to cooling the mixture at 5°C overnight and filtered, to obtain the product as a yellow solid (0.52 g, 2.1 mmol, 84%) 1H NMR (400 

MHz, CD3CN) δ 2.48 (s, 4H), 2.26 – 2.14 (m, 1H), 1.85 – 1.34 (m, 12H). (Figure S3)
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Figures and Tables 

Figure S1. 1H-NMR (CDCl3, 400 MHz) of AP11 

Figure S2. High Resolution FD-MS of AP11. The peak at m/z = 457.3427 amu originates from fragmentation at the imide position (blue dotted 

line) and the peak at m/z at 568.2621 amu originates from fragmentation of the carboxylic acid (red dotted line) during the mass measurement. 
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Figure S3. 1H-NMR (CD3CN, 400 MHz) of TEMPO(BF4). 

Figure S4. Typical J–V curve of AP11-sensitized DSSC (sandwich left connected lines, photoreactor right dotted lines) devices with TEMPO 
electrolyte (1.2 M LiTFSI, 1.0 M TEMPO, 0.1 M TEMPO(BF4) in MeCN) illuminated under different light sources: The DSSCs were measured 

by using a PGSTAT302N potentiostat (Autolab) with LED household lamp (Energetic, YKA60C8-D-11W, 2700 K, 75 W, 1055 lumen) and a 

Solar Simulator (Oriel, LCS-100, AM1.5G, 100 mW cm-2) and a P211 potentiostat (Zahner TLS3, 50 mW cm-1 LED lamp). The sandwich DSSCs 

have a 0.19 cm2 area calculated by scanning the area of the printed TiO2 circle and volume electrolyte of 4.71 µL, reactor-sized are masked 

0.64 cm2 and contain 6 mL of electrolyte. The illuminations sources are shown in Figure S12
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Table S1A. Data of TEMPO-based AP11-sensitized sandwich DSSC devices (N=3, average of three experiments and standard deviation in 

brackets). The DSSC consist of a WE (FTO|TiO2|AP11) and a CE (FTO Pt electrodeposited) Electrolyte (1.2 M LiTFSI, 1.0 M TEMPO and 0.1 

M TEMPO(BF4) in MeCN)., unmasked but calculating an active area of a 0.19 cm2 and 4.71 µL volume. 
Light Source  VOC (V) JSC (mA cm--2) VMP (V) FF PIN (mW cm-2) PMAX (mW cm-2) η (%) JMP (mA cm-2) 

50 mW cm-Zahner 0.71 

(±0.019) 

2.15 

(±0.130) 

0.51 

(±0.027) 

0.55 

(±0.038) 
50 

0.84 

(±0.097) 

1.68 

(±0.194) 

1.65 

(±0.123) 

100 mW cm-2 Solar Simulator 0.74 

(±0.004) 

6.12 

(±0.510) 

0.50 

(±0.059) 

0.52 

(±0.049) 
100 

2.40 

(±0.426) 

2.40 

(±0.426) 

4.77 

(±0.273) 

LED Household lamp 0.67 

(±0.014) 

1.06 

(±0.119) 

0.52 

(±0.050) 

0.60 

(±0.150) 
- 

0.42 

(±0.068) 
- 

0.80 

(±0.130) 

Table S1B. Data of TEMPO-based AP11-sensitized reactor-sized DSSC devices (N=3, average of three experiments and standard deviation 
in brackets). The DSSC consist of a WE (FTO|TiO2|AP11) and a CE (FTO Pt electrodeposited) Electrolyte (1.2 M LiTFSI, 1.0 M TEMPO and 

0.1 M TEMPO(BF4) in MeCN), masked with active area of 0.64 cm2 and 6 mL volume. 
Light Source  VOC (V) JSC (mA cm--2) VMP (V) FF PIN (mW cm-2) PMAX (mW cm-2) η (%) JMP (mA cm-2) 

50 mW cm-Zahner 0.66 

(±0.016) 

2.26 

(±0.36) 

0.38 

(±0.015) 

0.38 

(±0.026) 
50 

0.57 

(±0.062) 

1.14 

(±0.12) 

1.49 

(±0.21) 

100 mW cm-2 Solar Simulator 0.66 

(±0.004) 

4.15 

(±0.217) 

0.33 

(±0.086) 

0.25 

(±0.017) 
100 

0.70 

(±0.013) 

0.70 

(±0.013) 

2.10 

(±0.089) 

LED Household lamp 0.61 

(±0.014) 

1.31 

(±0.057) 

0.38 

(±0.030) 

0.41 

(±0.035) 
- 

0.33 

(±0.029) 
- 

0.85 

(±0.843) 

Figure S5. Light-driven conversion of benzyl alcohol (PhCH2OH, red) to benzaldehyde (PhCHO, blue) and amount of anticipated product based 
on the photocurrent (black) with TEMPO or without TEMPO monitored by ATR–FT–IR. Total system: WE electrode compartment is filled with 

0.1 M benzyl alcohol 1.2 M LiTFSI, and 1.0 M TEMPO in MeCN (5 mL) and is consisting of a FTO|TiO2|AP11 WE, Ag/AgCl (leakless, eDAQ, 

ET069) RE and the ATR–FT–IR probe (Mettler-Toledo) which were placed in middle of solution. The CE compartment was separated by a 

glass frit and was filled with 1.0 M AcOH and 1.2 M LiTFSI in MeCN (0.5 mL), the CE consist of a Pt wire. Chronoamperometric measurements 

of photocurrent at 0 V vs.Ag/AgCl were obtained by using a PGSTAT10 potentiostat (Autolab), with stirring. The photoanode was illuminated 

with a LED household lamp (Energetic, YKA60C8-D-11W, 2700 K, 75 W, 1055 lumen, Figure 12) for a period of 16 hours. 
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Table S2. Control reactions in DSPEC. Total system: WE electrode compartment is filled with 0.1 M benzyl alcohol 1.2 M LiTFSI, and 1.0 M 

TEMPO in MeCN (5 mL) and is consisting of a FTO|TiO2|AP11 WE, Ag/AgCl (leakless, eDAQ, ET069) RE and the ATR–FT–IR probe (Mettler-

Toledo) which were placed in middle of solution. The CE compartment was separated by a glass frit and was filled with 1.0 M AcOH and 1.2 M 

LiTFSI in MeCN (0.5 mL), the CE consist of a Pt wire. Chronoamperometric measurements of photocurrent at 0 V vs.Ag/AgCl were obtained 

by using a PGSTAT10 potentiostat (Autolab), with stirring. The photoanode was illuminated with a LED household lamp (Energetic, YKA60C8-

D-11W, 2700 K, 75 W, 1055 lumen, Figure 12) for a period of 16 hours.
Conditions  % benzaldehyde (GC) t=0 % benzaldehyde (GC) t=18 µmol benzaldehyde produced ½ µmol electrons 

w/o TEMPO 0.16 0.24 0.4 1.7 

w/o dye 3.9 3.8 0 <0 

w/o cell  2 2 0 - 

w/o light 7 7 0 <0 

Total system 3 7 20 27.2 

Figure S6. A) Photocurrent of control reactions of DSPEC. B) Zoom of photocurrent of control reactions. Total system: WE electrode 

compartment is filled with 0.1 M benzyl alcohol 1.2 M LiTFSI, and 1.0 M TEMPO in MeCN (5 mL) and is consisting of a FTO|TiO2|AP11 WE, 

Ag/AgCl (leakless, eDAQ, ET069) RE and the ATR–FT–IR probe (Mettler-Toledo) which were placed in middle of solution. The CE compartment 

was separated by a glass frit and was filled with 1.0 M AcOH and 1.2 M LiTFSI in MeCN (0.5 mL), the CE consist of a Pt wire. 

Chronoamperometric measurements of photocurrent at 0 V vs.Ag/AgCl were obtained by using a PGSTAT10 potentiostat (Autolab), with stirring. 

The photoanode was illuminated with a LED household lamp (Energetic, YKA60C8-D-11W, 2700 K, 75 W, 1055 lumen, Figure 12) for a period 

of 16 hours. 
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Figure S7. Light-driven qualitative hydrogen production in DSPEC. The WE electrode compartment is filled with 0.1 M benzyl alcohol, 1.2 M 

LiTFSI, 1.0 M TEMPO and 19.65 mM chlorobenzene in MeCN (3 mL) and is consisting of a FTO|TiO2|AP11 WE masked 0.64 cm2 and a Ag/AgCl 

(leakless, eDAQ, ET069) RE. The CE compartment is separated by a Nafion-177 membrane (FuellCellStore) and is filled with 1.0 M AcOH, 

19.65 mM chlorobenzene and 1.2 M LiTFSI in MeCN (3 mL) and consist of a CE Pt electrodeposited on FTO. O2 and N2 are introduced during 

injection. Chronoamperometric measurements of photocurrent at 0 V vs.Ag/AgCl were obtained using P211 potentiostat (Zahner), with both 

compartments stirring. The photoanode was illuminated with a LED light source (Zahner, TLS3, 50 mW cm-2, Figure 12), for a period of 32 

hours. Gas Chromatography analysis was performed with a CompactGC (Interscience) equipped with a 5Å molecular sieve column (20 m 

length, 3.2 mm internal diameter). Column oven temperature was set at 34°C and a 2 mL min-1 flow. 

Figure S8. A) Original peak height measured with ATR–FT–IR of benzyl alcohol (PhCH2OH, red) at 1008 cm-1, B) Peak height measured with 

ATR–FT–IR of benzaldehyde (PhCHO, blue) at 1703 cm-1.Total system: WE electrode compartment is filled with 0.1 M benzyl alcohol 1.2 M 

LiTFSI, and 1.0 M TEMPO in MeCN (5 mL) and is consisting of a FTO|TiO2|AP11 WE, Ag/AgCl (leakless, eDAQ, ET069) RE and the ATR–

FT–IR probe (Mettler-Toledo) which were placed in middle of solution. The CE compartment was separated by a glass frit and was filled with 

1.0 M AcOH and 1.2 M LiTFSI in MeCN (0.5 mL), the CE consist of a Pt wire. Chronoamperometric measurements of photocurrent at 0 V 

vs.Ag/AgCl were obtained by using a PGSTAT10 potentiostat (Autolab), with stirring. The photoanode was illuminated with a LED household 

lamp (Energetic, YKA60C8-D-11W, 2700 K, 75 W, 1055 lumen, Figure 12) for a period of 16 hours. 
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Figure S9: Original data of light-driven benzyl alcohol conversion (PhCH2OH, red,) benzaldehyde production (PhCHO blue) and amount of 

anticipated product based on the photocurrent (black) in DSPEC (N=3, average of three experiments). The WE electrode compartment is filled 

with 0.1 M benzyl alcohol, 1.2 M LiTFSI, 1.0 M TEMPO and 19.65 mM chlorobenzene in MeCN (3 mL) and is consisting of a FTO|TiO2|AP11 

WE masked 0.64 cm2 and a Ag/AgCl (leakless, eDAQ, ET069) RE. The CE compartment is separated by a Nafion-177 membrane 

(FuelCellStore) and is filled with 1.0 M AcOH, 19.65 mM chlorobenzene and 1.2 M LiTFSI in MeCN (3 mL) and consist of a Pt electrodeposited 

on FTO CE. Chronoamperometric measurements of photocurrent at 0 V vs.Ag/AgCl were obtained using P211 potentiostat (Zahner), with both 

compartments stirring. The photoanode was illuminated with a LED light source (Zahner, TLS3, 50 mW cm-2) for a period of 32 hours. Quantity 

of electrons are determined by integration of the half the photocurrent to account for two electrons obtained per reaction. 

Figure S10. Photocurrent of DSPEC. The WE electrode compartment is filled with 0.1 M benzyl alcohol, 1.2 M LiTFSI, 1.0 M TEMPO and 19.65 

mM chlorobenzene in MeCN (3 mL) and is consisting of a FTO|TiO2|AP11 WE masked 0.64 cm2 and a Ag/AgCl (leakless, eDAQ, ET069) RE. 

The CE compartment is separated by a Nafion-177 membrane (FuelCellStore) and is filled with 1.0 M AcOH, 19.65 mM chlorobenzene and 1.2 

M LiTFSI in MeCN (3 mL) and consist of a Pt electrodeposited on FTO CE. Chronoamperometric measurements of photocurrent at 0 V vs. 

Ag/AgCl were obtained using P211 potentiostat (Zahner), with both compartments stirring. The photoanode was illuminated with a LED light 

source (Zahner, TLS3, 50 mW cm-2, Figure 12) for a period of 32 hours. Light was turned on after 10 seconds giving a spike in photocurrent as 

a result of capacitance effect. In the first phase of two hours the system has to equilibrate because protons are generated at one side, and 

consumed at the other side of the membrane, after which the photocurrent stabilizes to 0.4 mA cm-2 (N=3). The proton concentration has an 

influence on the catalytic rate and  has an effect on the level of the conduction band of TiO2 as previously observed in water splitting DSPECs .[4]
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Table S3. Original GC data of light-driven benzyl alcohol conversion DSPEC (N=3). The WE electrode compartment is filled with 0.1 M benzyl 

alcohol, 1.2 M LiTFSI, 1.0 M TEMPO and 19.65 mM chlorobenzene in MeCN (3 mL) and is consisting of a FTO|TiO2|AP11 WE masked 0.64 

cm2  and a Ag/AgCl (leakless, eDAQ, ET069) RE. The CE compartment is separated by a Nafion-177 membrane (FuelCellStore) and is filled 

with 1.0 M AcOH, 19.65 mM chlorobenzene and 1.2 M LiTFSI in MeCN (3 mL) and consist of a Pt electrodeposited on FTO CE. 

Chronoamperometric measurements of photocurrent at 0 V vs.Ag/AgCl were obtained using P211 potentiostat (Zahner), with both 

compartments stirring. The photoanode was illuminated with a LED light source (Zahner, TLS3, 50 mW cm-2, Figure 12) for a period of 32 hours. 

Time 
(hours) 

Benzaldehyde 
(Area) 

Benzyl alcohol 
(Area) 

Benzaldehyde 
(mM) 

Benzyl alcohol 
(mM) 

Chlorobenzene 
(Area) 

Chlorobenzene 
(mM) 

Dilution 
Factor 

Sample 
# 

0 175923 1007781 12.48 97.06 226075 19.65 32.90 1 

0 181095 935220 13.46 94.36 215806 19.65 34.47 2 

0 179086 973540 13.81 101.96 207906 19.65 35.77 3 

1 209957 1263130 12.29 100.43 273853 19.65 27.16 1 

1 172081 1005251 12.55 99.54 219890 19.65 33.83 2 

1 159368 1003831 11.30 96.69 226055 19.65 32.90 3 

2.6 213706 1200355 11.99 91.47 285745 19.65 26.03 1 

2.6 194530 1062485 11.87 88.06 262702 19.65 28.31 2 

2.6 194757 969723 14.08 95.21 221760 19.65 33.54 3 

4.5 246363 1186852 12.08 79.05 326927 19.65 22.75 1 

4.5 246563 973851 17.33 92.92 228199 19.65 32.59 2 

4.5 247841 962294 17.43 91.88 228043 19.65 32.62 3 

5.5 313082 1135917 19.01 93.65 264117 19.65 28.16 1 

5.5 285109 959113 18.70 85.41 244524 19.65 30.42 2 

5.5 320887 1127165 18.43 87.89 279257 19.65 26.63 3 

6.75 283832 872557 20.51 85.64 221859 19.65 33.52 1 

6.75 301281 928453 20.49 85.74 235778 19.65 31.55 2 

6.75 311418 981043 20.17 86.28 247574 19.65 30.04 3 

22 463145 653350 38.62 73.97 192313 19.65 38.68 1 

22 549234 749234 39.01 72.25 225787 19.65 32.94 2 

22 564373 778434 38.96 72.98 232258 19.65 32.02 3 

23 580646 772916 39.71 71.78 234459 19.65 31.72 1 

23 615638 818502 43.93 79.30 224742 19.65 33.09 2 

23 583408 764876 40.21 71.58 232656 19.65 31.97 3 

25 562882 692909 44.60 74.55 202375 19.65 36.75 1 

25 517569 614925 42.20 68.08 196664 19.65 37.82 2 

25 679052 792359 42.44 67.25 256560 19.65 28.99 3 

27 666974 695496 47.24 66.89 226390 19.65 32.85 1 

27 712348 729009 45.48 63.21 251142 19.65 29.62 2 

27 618671 627994 45.97 63.36 215816 19.65 34.46 3 

29 757841 712910 48.96 62.54 248190 19.65 29.97 1 

29 678383 630798 50.82 64.16 214063 19.65 34.75 2 

29 790579 737382 48.15 60.99 263263 19.65 28.25 3 

31 707611 581380 51.05 56.95 222271 19.65 33.46 1 

31 806602 690681 50.36 58.56 256828 19.65 28.96 2 

31 742453 609614 53.52 59.67 222461 19.65 33.43 3 

32 808955 620874 54.71 57.02 237085 19.65 31.37 1 

32 790175 623052 53.14 56.90 238436 19.65 31.19 2 

32 755211 607914 53.24 58.20 227446 19.65 32.70 3 



14 

Figure S11. Calibration curves benzyl alcohol (PhCH2OH) and benzaldehyde (PhCHO) for GC and ATR–FT–IR: A) Area of GC PhCH2OH vs 

[PhCH2OH], B) Area of GC PhCHO vs [PhCHO], C) Peak height of PhCH2OH at 1008 cm-1 of ATR–FT–IR vs [PhCH2OH], D) Peak height of 

PhCHO at 1703 cm-1 of ATR–FT–IR vs [PhCHO]. 

Figure S12. Reference spectra of used illumination sources: Solar Simulator (Oriel, LCS-100, AM1.5G, 100 mW cm-2, green), LED light source 
(Zahner, TLS3, 50 mW cm-2, orange) and LED household lamp (Energetic, YKA60C8-D-11W, 2700 K, 75 W, 1055 lumen, blue).
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Figure S13: Optical properties of FTO|TiO2 and FTO|TiO2|AP11 measured with UV-VIS (Zahner). 

Figure S14: SEM imaging of FTO|TiO2|AP11 measured under a 45° tilt. High-resolution scanning electron microscopy (SEM) images were 

acquired using an FEI Verios 460 with an acceleration voltage and current of 5 kV and 100 pA, respectively. Energy dispersive spectroscopy 

(EDS) elemental maps where obtained in the same instrument using an Oxford Xmax 80 mm2 Silicon Drift Detector with 15kV acceleration 

voltage and 1.5 nA current. 



16 

References 
[1] H. Cheema, K. S. Joya, in Titan. Dioxide - Mater. a Sustain. Environ., InTech, 2018.

[2] R. R. Rodrigues, A. Peddapuram, A. L. Dorris, N. I. Hammer, J. H. Delcamp, ACS Appl. Energy Mater. 2019, 2, 5547–5556.

[3] M. A. Mercadante, C. B. Kelly, J. M. Bobbitt, L. J. Tilley, N. E. Leadbeater, Nat. Protoc. 2013, 8, 666–676.

[4] L. Li, L. Duan, Y. Xu, M. Gorlov, A. Hagfeldt, L. Sun, Chem. Commun. 2010, 46, 7307–7309.

Author Contributions 

D.F. Bruggeman designed & performed experiments, interpretation of data and wrote the manuscript. T.M.A Bakker co-designed the

DSPEC. S. Mathew provided expertise on experimental work and contributed to the manuscript. J. N. H. Reek conceived the project,

supervised and contributed to the manuscript.


