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Experimental procedures

Materials and Methods. All chemicals were used without purification, unless stated
otherwise. The chemicals 3-nicotinamide adenine dinucleotide hydrate (NAD*, purity = 97%),
B-nicotinamide adenine dinucleotide reduced disodium salt hydrate (NADH, purity = 98%),
sodium formate (HCOONa, 99.5%), 1,4-dithiothreitol (DTT, BioXtra >99.5%), 3-(N-
morpholino)propanesulfonic acid (MOPS-H, Bioxtra >99.5%, 3-(N-
morpholino)propanesulfonic acid sodium salt (MOPS-Na, BioXtra >99.5%) were purchased
from Sigma Aldrich (Merck). The water used to make electrolytes and other solutions was
deionized/demineralized by a Simplicity UV MilliQ system (18 MQ cm). The gases N, and CO-
(2% Methane/Carbon dioxide) were received from BOC Limited. FDHnH Was expressed and
purified from Nitratidesulfovibrio vulgaris Hildenborough (NvH) according to a previous report.*
Note that Nitratidesulfovibrio vulgaris Hildenborough was formerly called Desulfovibrio
vulgaris Hildenborough. ADH was obtained from Johnson Matthey as a gift and FDHcs
purchased from Sigma Aldrich (Merck; Roche Diagnostics GmbH, 80 U, 0,54 U/mg L). The
membrane filters to purify FDHcg were obtained from Sigma Aldrich (Merck) (Amicon Ultra 0.5
mL, Ultracel 30K Membrane). The products were analyzed using *H NMR spectroscopy (400
MHz, Bruker, Neo Prodigy Spectrometer) and HPLC (Waters 1525 equipped with a Waters
2489 UV/Visible Detector 254 nm using a Daicel CHIRALPAK® IB N-5, 4.6 x 250 mm 5 pm,
applying water/acetonitrile = 80:20 as mobile phase).

Preparation of ITO NPs on carbon felt (ITO-CF). The ITO NPs (50 nm, 100 mg) (prepared
according to previous work?) were suspended in EtOH (715 pL) and glacial acetic acid (285
ML) by cycles of sonication (30 min, at 70% sonication strength) and vortex mixing (1 min).
The temperature of the sonication bath was kept at <35 °C. These cycles were continued until
the particles were completely suspended, which typically required 4—6 cycles. The CF was cut
into 10 cuboids (0.5 x 0.5 cm?) and cleaned by sonication in EtOH/water = 1:4. The CF cuboids
were dried in an oven (130 °C, 2 hours). The ITO NP suspension was dropcast onto the CF
cuboids (~100 pL, until the cuboid started leaking). The ITO NP on CF was annealed at 400
°C for 30 min with a ramp rate of 4 °C min™ from room temperature. The obtained ITO-CF
cuboids changed color from blue to slight yellow/green. The ITO-CF cuboids were used
without any further treatment.

Preparation of the Ti|ITO-CF electrodes. The Ti|lITO-CF cuboids described above were
applied to connect to cuboids to titanium foil (Ti, 20 x 10 mm?) using a graphite epoxy paste.
The paste was prepared by thoroughly mixing Araldite Standard 2-part epoxy and graphite
powder in a 4:3 mass ratio.>* A layer of the epoxy graphite paste was applied upon the Ti foil
covering 10 x 10 mm? of the surface. The Ti|ITO-CF cuboids was pressed carefully into the
paste and the sample was left to dry for 24 hours before use.

Assembly of ITO-CF|FDHwhH electrode. To activate the FDHwu enzyme, a solution of
dithiothreitol (DTT, 80 mM) was prepared in Tris-HCI (20 mM, pH 7.5) inside a N filled
glovebox. FDHww (2.5 pL, 125 pmol, 50 mM) was suspended in the DTT solution (10 pL, 800
pmol) followed by 20 min activation. The FDHww solution containing the activated enzyme
was dropcast onto the ITO-CF electrode, followed by incubation for 2—3 min.

Assembly of ITO-CF|FDHw+/FDHce electrode. First, to activate FDHnw a solution of
dithiothreitol (DTT) (80 mM) was prepared in Tris-HCI (20 mM, pH 7.5). The FDHwnH (2 L,
100 pmol, 50 mM) was suspended in the DTT solution (10 yL, 800 pmol) followed by 20 min
activation inside a N filled glovebox. The FDHww+ solution containing the activated enzyme
was dropcast onto the ITO-CF electrode, followed by incubation for 2—3 min. Then, a solution
of FDHcg (60 mM) was prepared in Tris-HCI (20 mM, pH 7.5), and filtered using centrifugation
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at 11,000 rpm, 3x10 min at 4 °C. The FDHcg (16.5 pL; 60 mM; 1.0 umol) was dropcast onto
the same ITO-CF electrode as the FDHnw (after 2—3 min), followed by incubation for 2—3 min.
The two enzymes were dropcast in the same consecutive order (first: FDHnh second: FDHcg)
onto the ITO-CF electrode 2—3 min apatrt.

Assembly of ITO-CF|FDHnH/FDHce/ADH electrode. First, to activate FDHnww @ solution of
dithiothreitol (DTT) (80 mM) was prepared in Tris-HCI (20 mM, pH 7.5). The FDHwH (2 L,
100 pmol, 50 mM) was suspended in the DTT solution (10 pL, 800 pmol) followed by 20 min
activation inside a N filled glovebox. The FDHwH Solution containing the activated enzyme
was dropcast onto the ITO-CF electrode, followed by incubation for 2—3 min. Then, a solution
of FDHcg (60 mM) was prepared in Tris-HCI (20 mM, pH 7.5), and filtered using centrifugation
at 11,000 rpm, 3x10 min at 4 °C. The FDHcg (16.5 pL; 60 mM; 1.0 umol) was dropcast onto
the same ITO-CF electrode as the FDHnw (after 2—3 min), followed by incubation for 2—3 min.
Finally, the ADH enzyme solution (50 pL, 10 mg mL?, 500 pg) was dropcast onto the ITO-CF
electrode, followed by incubation for 2-3 min.> The three enzymes were dropcast in the same
consecutive order (first: FDHwH Second: FDHceg third: ADH) onto the ITO-CF electrode 2—-3
min apart.

MOPS buffer. Both MOPS-H (2.57 g; 12.3 mmol) and MOPS-Na (1.79 g; 7.74 mmol) were
dissolved in water (18 MQ cm, 180 mL) and water was added until a volume of 200 mL was
reached. The MOPS buffer (0.1 M) was then saturated with CO and adjusted to pH = 6.

Electrolyte solution. Phenylacetone (0.09 mL, 0.75 mmol) was dissolved in DMSO-d® (1.41
mL, 1.55 g) and added to NAD* (15 umol) dissolved in MOPS buffer (pH 7, 0.1 M, 13.50 mL)
to give 15 mL of electrolyte solution used in electrocatalysis and PEC experiments. The
electrolyte solution was saturated with CO- (unless stated otherwise) using a gentle stream of
CO; gas for 30 min, giving a final pH 6. The electrolyte was prepared freshly for each
experiment and the constituents are listed in Table S1.0nly 0.6 mL of this 15 mL electrolyte
solution was used when employing the small cell set-up (see below).

Electrochemical Experiments.

The electrochemical measurements were performed using a Biologic VSP-300, 4 Channel
potentiostat electrochemical workstation in a two-compartment H-cell separated by a bipolar
membrane. The bipolar membrane was employed to prevent crossover of phenylacetone from
the catholyte to the anolyte. Ti[ITO-CF modified with enzymes was used as the working
electrode, carbon felt (2 x 1 cm?) connected to a metal rod was used as the counter electrode,
and a Ag/AgCl reference electrode (in 3.5 M KCI, BASi MW-2030) was used. The potentials
were converted to the RHE scale using Equation (1) at a temperature of 298 K:®

Verue = Vagjager +0.059 X pH +197mV (298K) (1)

Two sizes of electrochemical cells were used. The large cell set-up (15 mL) was used in most
experiments and consisted of a working compartment with 15 mL electrolyte solution and a
counter compartment with 9 mL electrolyte solution (Figure 23a). The small cell set-up (0.6
mL) was used in PF-CA for precise determination of the enantiomeric excess (ee) and
consisted of a working compartment with 0.6 mL electrolyte solution and a counter
compartment with 2 mL electrolyte solution (Figure 6). A leakless miniature Ag/AgCl reference
electrode (Length: 65 mm, diameter: 2 mm, ET072-1, eDAQ) was used in the small cell.

The faradaic efficiency (FE) was determined by multiplying the amount of product (either
HCOO™ or 1-phenylethanol, in mol) with Zeecirons representing the number of electrons required
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per molecule of product (Zeecrons = 2) and Faraday constant 96,485 C mol™. This value is
divided by the total amount of charge passed (Q), determined by integrating the current trace
over a defined period (Equation 2).

FE (%) — nproductXZQelectronsXF x 100 (2)

The turnover number (TON) for 1-phenylethanol produced by ADHgr and ADHs was calculated
according to Equation 3 and the turnover frequency (TOF) according to Equation 4.

moles of 1-phenylethanol
TON, = 3
ADH moles of ADH ( )

TOF;py(h™") = TONpy/(time (h)) (4)

The enantiomeric excess (ee) was determined using Equation 5, where Fr is the moll fraction
of the (R)-enantiomer and (S)-enantiomer.

%ee = |FR - Fsl X 100% (5)

Electrochemical Impedance Spectroscopy (EIS). EIS experiments were performed as
described in previous work involving H.ase and FDHww.”® EIS measurements were
conducted in a two-chamber electrochemical cell with a 3-electrode configuration: an ITO-CF
working electrode, a carbon felt counter electrode, and a Ag/AgCl reference electrode. The
anaerobic electrolyte (15 mL) contains CO;-saturated MOPS buffer (0.1 M, pH 6). Impedance
response was recorded at -0.8, -0.7 -0.6, -0.5, -0.4, -0.3, -0.2, -0.1, 0.0 V vs Ag/AgClI on
a BioLogic VSP potentiostat with frequency ranges from 100 kHz to 50 mHz and a 15 mV
sinusoidal amplitude. Impedance data were fitted with equivalent circuits using modeling
software ZView2 (Scribner Associates). The EIS data for ITO-CF was fitted using one
equivalent circuit representing the double layer only (no catalysis). The EIS data recorded in
the presence of enzymes were fitted with an additional circuit representing the electrocatalysis
(Figure S17a).

Photoelectrochemical experiments. Conventional structure OPVs (PCE10:EH-IDTBR bulk
heterojunction) were fabricated as previously reported.® The EH-IDTBR (CAS: 2102510-60-9)
is a non-fullerene acceptor, whereas PCE10 (CAS: 1469791-66-9) functions as donor. The
ITO-CF cuboid (5 x 5 x 3.2 mm?) is connected to the OPV using graphite-epoxy paste and the
whole device is wired to a metal rod. The three enzymes were activated and dropcast as
explained above. The OPV|ITO-CF|FDHnn/FDHcs/ADH was submerged into 15.5 mL (to
compensate for the t = 0 NMR sample) electrolyte comprised of MOPS buffer (14 mL, 0.1 M,
pH 6), NAD* (15.5 pmol, 1 mM), acetophenone (0.77 mmol, 50 mM), d5-DMSO (1.6 mL, 10%
v/v). The counter compartment contains MOPS buffer (9 mL, 0.1 M, pH 6). Both working and
counter compartment are saturated with CO, before the OPV was characterized using a Sun
2000 Solar Simulator (Abet Technologies). To calibrate the light intensity to AM 1.5G (100 mW
cm™2) a certified silicon reference solar cell RS-OD4 was applied. The J-V scans were
conducted using a source meter (Keithley 2635) at a scan rate of 10 mV s in 5 mV steps
between -0.1 V and 1.1 V vs. RHE. We recorded PFV under light, chopped light PFV (5
seconds on/off cycles using a shutter) and a dark scan, whereas the electrolyte was being
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stirred constantly. The chronoamperometry (PF-CA) experiments were performed at +0.8 V
vs. RHE with 50 min on and 10 min off cycles. After 60 min, a sample from the electrolyte was
taken (0.5 mL). Then, another PF-CA experiment was performed using the same procedure.
The PF-CA and sampling were carried out att =0, 1, 2, 3, 4, 6, 9, 12 hours. The 'H NMR
samples were prepared by adding internal standard (100 pL) comprised of D.O with
trimethylsilylproanoic acid (TMSP) 0.75% (w/w) to the electrolyte sample (500 uL).

Additional Discussions

Discussion and characterization of the ITO-CF materials. Porous metals oxide electrodes
have recently demonstrated their applicability for the direct electron transfer immobilization of
enzymes,>1011 offering a highly porous and conducting scaffold that can support large
guantities of enzyme. However, these materials are limited to thickness dimensions on the
scale of 10s to 100s of ym and their mechanical properties (namely brittleness) make further
increase of these dimensions challenging. Carbon felt materials are ideally suited to increase
the electrode’s film thickness, but they do not possess pore sizes (pores>um) or surface
terminations (hydrophobic and generally negatively charged) that are compatible with
enzymes. For this reason, ITO sintered onto carbon felt was developed in this work. The
electrode was saturated with a dispersion of ITO NPs (40 nm, 100 mg mL™ in 5:1 MeOH:
AcOH), and the solution volume required plotted against electrode volume (Figure S1). This
resulted in an apparent porosity of 78%, close to the reported porosity of these materials
(>80%) and formed a calibration curve for the loading of differently sized electrodes. An ITO
loading of ~6 mg on a standard 5x5x3.18 mm? electrode was used in this study. The
electrodes containing ITO NPs dropcast on CF were allowed to dry and then sintered at 400
°C for 1 h (ramp rate 4 °C min™?), after which carbon fibers that were mostly coated with a thin
mesoporous ITO layer were observed by SEM (Figure S2).

Additional Discussion of EIS results. To gain deeper insights into the electron transfer
mechanisms, electrochemical impedance spectroscopy (EIS) was performed over the same
potential range used for the PFV scans with 0.1 V intervals and a sinusoidal perturbation of
15 mV. Quantitative analysis of the impedance data was conducted by fitting the Nyquist plot
of impedance response (Figure S18) to equivalent circuit models (Figure S17a). The models
incorporated key elements, including a series resistor (Rg), double-layer capacitor (Cg;),
charge transfer resistor (R.;), Warburg impedance (Zy,), electron transfer resistor (R,), and
electron transfer capacitance (C,). This equivalent circuit framework has been previously
validated for electroenzymatic reactions involving H.ase and FDHww,”%*? and is well-suited
for the system investigated in this study.

The Randles circuit incorporating the Z,, (Figure S17a)*® was used to model the impedance
of electrodes without catalytic current, including both bare ITO NPs electrodes and enzyme
hybrid electrodes prior to the onset potential. After the onset potential, enzyme hybrid
electrodes were fitted using a two-parallel RC circuit model in series (Figure S17a).}4° The
potential-independent R,.; suggests that the resistivity of the electrical double layer is primarily
determined by the ITO NPs electrode due to the high porosity of mesoporous metal oxide
electrodes.'® Interestingly, the C,; exhibits distinct behaviors across different experimental
groups. The presence of FDHnw+ 0N the ITO NPs electrode does not affect the electrical double
layer, with C4; remaining potential-independent at around 100 pF for both the Ti|ITO-CF and
Ti|ITO-CF|FDHwH electrodes. However, the addition of FDHcg causes a significant change
below + 50 mV vs. RHE, leading to a two-order-of-magnitude increase in C,, reaching

S5



approximately 10 mF for Ti|[ITO-CF|FDHwH/FDHcs and Ti|lTO-CF|FDHwnH/FDHce/ADH
electrodes.

Regarding R,, only the Ti|ITO-CF|FDHnw electrode displays potential dependence, with R,
increasing linearly with cathodic bias. In comparison to the two FDH-modified electrodes, the
incorporation of ADH leads to an increase in R,, likely due to the intrinsic resistive properties
of the ADH. Moreover, both Ti|ITO-CF|FDHwh/FDHcg and Ti|ITO-CF|FDHnww/FDHce/ADH
electrodes exhibit lower C, than for FDHwwH, suggesting that surface charge accumulation is
decreased by the consumption of produced formate. The RC time constant describing electron
transfer () was determined by multiplying R, and C, (Figure S17f).1” The trend observed for
T, mirrors that of C,, as the values of R, remain similar across the systems, while the variations
in 7, are driven by the distinct differences in C, values. The addition of FDHcg and FDHcs/ADH
lead to a smaller t,, suggesting that the COHCOO—cycling for Ti|lITO-
CF|FDHwnw1/FDHce/ADH is faster than the single process at the Ti[ITO-CF|FDHnw electrode.®
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Table S1. The constituents of the electrolyte solution used in this work to make 15 mL
electrolyte saturated with CO, (pH 6). DMSO is required to solubilize acetophenone in the
agueous electrolyte. *In case of PF-CA using the small cell (Figure S6), 0.6 mL of the 15 mL
electrolyte mixture was used.

Chemicals c Volume m n P Mw
(mol L™) (mL) (9) (mol) (gcm™) | (@ mol™)
NAD*-H20 1.00 x 1073 6.80x 103 | 1.50 x 107 663
Acetophenone 5.00x 1072 | 8.77x1072 | 9.03x1072 | 7.50% 107 1.03 120
DMSO-dé 1.32 1.41 1.55 1.99 x 1072 1.10 78.1
MOPS buffer 1.00x 107! 1.35 x 10!

Table S2. Summary of the PF-CA results with the error in brackets. N = 3-4. PE = 1-

phenylethanol.
Entry V (mL) CA time (h) Conversion PE (%) FEncoo™ (%)
1 0.6 2 2.6 (£0.1) 3.2 (£9)
2 0.6 4 8.1 (+3.0) 0.1
3 0.6 8 14 (£3.8) 11
4 0.6 12 38 (+8.1) 18
5 15 12 3.7 72
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Table S3. Comparison of electrochemical, photoelectrochemical, and photochemical biosynthetic systems.

e Enzyme

Enzymatic: FNR

ITO-NP|Ti
TON =5.0 x 103
Rate = 0.13 h't cm™?

e Support Product Performance Ref
e NAD(P)H recycling
Electrochemical
- 3
FDHuv+/FDHcs/ADH T(T)g'i p ig igzoh-l
ITO-CF|Ti 1-Phenylethanol T This work
Enzymatic: FDHcs FEroal = 99%
) Ee = 93%
FNR/GIDH TON = 4.1 x 10*
ITO|Ti L-glutamate TOF =5.1x10%ht 19
Enzymatic: FNR Yield = 93.7%
ITO-NP|ITO-glass
TON 1.8 x 108
FNR/GIDH Rate = 0.14 mmoles h* cm
ITONP L-glutamate 20

molybdenum sulfide (a-MoSx)

TOF =1.3x10%h!

ADH Fufuryl alcohol
ZIF-8 Yield: 96.4% (24h) 21
Cp*Rh(bpy)-mediator
ADH
TON = 1.3 x10°
N/A n-Propanol TOF = 5.1 x 10 h't 22
Pd-reactor
ADH TON = 4.4 x 10?
N/A Benzyl alcohol 23

ADH
CoOc polymer
CoOc polymer|Carbon paper

MeOH

Propanol

TON =3.9 x 103
TOF =1.6 x 10? h?

TON =3.1 x 10°
TOF =131 x 102 h'!

24

FNR/Ccr

C-electrode|V?*-PVA V?*- Enzymatic: FNR

ethylmalonyl-CoA

TON = 2.8 x 103
TOF =4.0 x 10? ht
Rate = 0.14 pmol cm2 .h?t

25

Cp*Rh(bpy)-mediator

Rate: 9.66 mM ht

FE: 83%
ADH S oropanol TON 3.1 x 108
N/A Prop TOF 1.3 x 104 ht 2
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Enzyme

e Support Product Performance Ref
e NAD(P)H recycling
Photoelectrochemical
— 3
FDHuw/FDHce/ADH ng';‘ I%lfxlé?h-l
OPV|ITO-CF 1-Phenylethanol _A 1 This work
Enzymatic: FDHcs Rate = 0.04 mM h,
FETotal = 64%
FDH/FasDH/ADH 27
N/A MeOH 11.21 yM hL,
Cp*Rh(bpy)-mediator
Cchh/Pcllil,/AAIDH/YADH \eoH Rate: 0.22 mM h-, "

Cp*Rh(bpy)-mediator

1.28 mmol gpct ht

Photochemical

ADH TON: 6.7 4 x 102
N/A Butanol TOF=1.3x 10% h? 29
Cp*Rh(bpy)-mediator internal quantum yield (IQY) of 0.17%.
TsOYE TOF 4.0 x 10%h-1
N/A (R)-2-methylcyclohexan-1-one Yield 59% 30
Cp*Rh(bpy)-mediator Ee 94%
YADH
Cp*Rh(bglyf')A-mediator MeOH Rate: 0.45 mM ht 81
Via DTS/Rh@CMPs
ADH
COF@RNh|Si Butanol Rate 2.2 mM ht? 32

Cp*Rh(bpy)-mediator
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Figure S1. Estimation of the amount of ITO NPs (y-axes) to saturate the CF cuboids of
different volumes (x-axes, thickness: 3.18 mm?®) by varying the size of the CF. The CF
electrode was saturated with a dispersion of ITO NPs (40 nm, 100 mg mL™? in 5:1
MeOH:AcOH). The point of saturation was reached as soon as the dispersion was no longer
absorbed by the CF judged by eye. An ITO loading of ~6 mg on a standard 5x5x3.18 mm?
electrode was used throughout the electrochemical and photoelectrochemical experiments.
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g \ X . * BT T
SM: RESOLUTION WD: 4.0 MIRA3 TESCA SM: RESOLUTION WOD: 5.99 mm MIRA3 TESCAN|
SEM MAG: 2.82kx  View field: 98.2 ym 20 ym SEM MAG: 107 kx View field: 2.59 pm 500 nm

Det: In-Beam SE SEM HV: 5.0 kV Det: SE SEM HV: 2.0 kV

SM: RESOLUTION WD: 14,94 mm SM: RESOLUTION WD: 4.60 mm | MIRA3 TESCAN|
SEM MAG: 4.02 kx View field: 68.8 ym SEM MAG: 753 kx  View field: 3.67 pm 1 pm
Det: SE, BSE SEM HV: 15.0 kV Det: In-Beam SE SEM HV: 5.0 kV

Figure S2. SEM images of ITO-coated carbon felt electrodes (ITO-CF). The ITO NPs are
visible on the CF fibers. (a—d) represent different areas of the ITO-CF electrode at different
zooms (indicated in the figure).
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EDS Layered Image 2 EDS Layered Image 4

25um 250nm

EDS Layered Image 5 EDS Layered Image 1

Figure S3. EDX spectroscopy of ITO-CF electrodes, showing the mesoporous ITO layer and
the underlying carbon felt substrate. The ITO NPs are visible on the CF fibers, demonstrated
by the presence of In, Sn and O elements.

Figure S4. Photographic picture of a stationary Ti|lITO-CF electrode used in the 2-
compartment 15 mL electrochemical cell.
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Figure S5. Electrochemical characterization of Ti|ITO-CF|FDHnw and the cascade Ti|lITO-
CF|FDH1/FDHce/ADH employing 15 mL electrolyte. a) PFV recorded at 10 mV s for Ti|ITO-
CF|FDHwH in presence of N2 and in absence of CO,, showing a non-turnover response. b)
PFV with ITO-CF|FDHnw/FDHce/ADH recorded at 10 mV s under CO; atmosphere, and c)
PF-CA with ITO-CF|FDHnwH/FDHce/ADH at —0.25 V vs. RHE for 12 h under CO:
atmosphere.*H NMR spectroscopy was used to quantify the product (22 pmol of 1-
phenylethanol produced after 12 h; estimated TONapn = 5.0 x 10°%).

/
/
( V=2mL
V=0.6mL
/ A\
Back contact Membrane \
ITO slide
WE: RE: Ag/AgCI CE: CF
ITO-CF

Figure S6. Photographic images, design and schematic representation of the small (0.6 mL)
electrochemical cell. This small cell was developed to improve the determination of the
enantiomeric excess (ee). To study the cascade catalysis in a small electrolyte volume, a
custom cathode compartment was designed using Autodesk Fusion 360, consisting of a
working compartment and counter compartment. The compartments were printed using low-
force stereolithography (Formlabs 3B+, Formlabs Tough 1500 Resin). The ITO-CF cuboid was
connected by pressing an ITO glass plate (8 mm x 20 mm) to the felt using a 3-D printed
piece. Copper tape was applied to the ITO plate for better conductivity. The cell was
assembled with PTFE and Viton gaskets along with a bipolar membrane). M4 x 45 mm bolts
were used to clamp the two cell halves together. M4 x 15 mm hex head set screws were used
to mount the two compartments.
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Figure S7. Electrochemical characterization carried out in the 3-D printed small cell (0.6 mL
electrolyte) employing the ITO-CF cuboid electrodes (Figure S6). a) Schematic representation
of the FDHw+ dropcast onto the on ITO-CF|FDHwH electrode generating HCOO™. b) PF-CA
of FDHnw, in electrolyte saturated with CO; (see Table S1) where 2.4 umol HCOO~ were
generated after 4 hours with quantitative FE (FEncoo- = 99%). ¢) PFV scans recorded in
presence of CO; with FDHwnwn (black), FDHnW/FDHcs (red) and FDHnyw/FDHce/ADH (blue). d)
PFVs recorded in absence of CO; (N2, black) and presence of CO; using ITO-
CF|FDHnn/FDHceADH. e) PF-CA at —0.25 V vs. RHE employing ITO-CF|FDHyn/FDHce/ADH
during 12 h in presence of CO.. f) Product distribution of the conversion of acetophenone into
(S)-1-phenylethanol and (R)-1-phenylethanol including ee after chronoamperometry at —0.25V
for 12 h in presence of CO,. Product quantification was performed with chiral HPLC and *H
NMR spectroscopy.
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Figure S8. a) Example *H NMR spectrum after PF-CA at —0.25 V vs. RHE after 12 h with ITO-
CF|FDHnH/FDHce/ADH using a small cell (V=0.6 mL) using a water suppression pulse
programme. Quantification with TMSP as internal standard at O ppm to determine the FEwcoo-
, the conversion and TONapx. *H NMR spectra to indicate the leakage of the organic molecules
into the Formlabs Tough 1500 Resin of the 3-D printed cell, hampering the determination for
the FEpe. Only the conversion of acetophenone (starting from 50 mM) and FEncoo- could be
determined for the PF-CA inside the small compartment cell. b) acetophenone (50 mM att =
0 in red and after 12 h in blue) and c¢) 1-phenylethanol after 12 h (att = 0 in red and after 12 h
in blue). Quantification with TMSP as internal standard showed a 4.5 x decrease in
acetophenone and of 1-phenylethanol after the electrolyte remained in the cell for 12 h. This
leakage was consistent throughout all experiments. The generated HCOO- is not leaking
inside the resin of the 3-D printed cell.
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Figure S9. HPLC trace of (S)-1-phenylethanol produced by Ti|ITO-CF|FDHnyw/FDHcs/ADHs
electrode.
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Figure S10. HPLC of commercial 1-phenylethanol. Racemic, (R)-1-phenylethanol than (S)-
1-phenylethanol.
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Figure S11. Kinetics of consumption of NADH by ADHs and ADHgr. ADH (500 pg) was
dissolved into the reaction mixture (2 mL, 0.1 M MOPS, pH 7) consisting of acetophenone,
(50 mM) and HCOONa (200 mM). a) The absorbance of 340 nm is decreasing over time due
to the conversion of NADH (Amsx = 340 nm, starting concentration = 200 pM) to NAD" by ADHs
in the course of 20 minutes. b) The absorbance at 340 nm (corresponding to the concentration
of NADH in the cuvette) over the course of 20 min and the fit. This decrease in absorbance
relates to the rate of the ADHs for ketone reduction accompanied by NADH consumption c)
Difference in rate of ADHs (red dots) and ADHr (black squares) using a different concentration
of NADH (50, 100, 150 and 200 pM).

ADHg= 52% ee - ADHg = 98% ee

(8)

Figure S12. HPLC traces of a reaction mixture employing “free enzyme” ADHr or ADHs using
the standard screening procedure: ADH (5 mg) was weight into an Eppendorf reaction vial. In
a separate container the reaction mix was prepared by dissolving NAD* (6.8 mg), sodium
formate (138 mg) and FDH-102 (10 mg) in MOPS buffer (450 pL, pH 7). The reaction mix (450
ML) was then added to the ADH powder. Then acetophenone solution in DMSO was added to
the mixture (50 pL, 500 mM, final concentration of acetophenone in the catalysis mixture is 50
mM). The reaction was incubated for 18 hours at 30 °C. The relative amounts for (R) or (S)-1-
phenylethanol were measured with chiral HPLC.
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Figure S13. Processed HPLC data for PF-CA with ITO-CF|FDHwn+H/FDHce/ADH employing a)
ADHgr (using 0.6 mL electrolyte) and b) ADHs (using 0.6 mL electrolyte). c)
photoelectrochemical data employing OPV|ITO-CF|FDHnw/FDHcs/ADH (using 15 mL
electrolyte). commercially available d) (R)-1-phenylethanol, e) (S)-1-phenylethanol f) racemic
1-phenylethanol, g) acetophenone.

TEB148_ADH R TEB150_ADHy

Figure S14. HPLC after PF-CA (electrolysis) using ITO-CF|FDHnw/FDHce/ADH for 12 hours
(0.6 mL cell), where ADHs is generating (S)-1-phenylethanol and ADHr is generating more
(R)-1-phenylethanol than (S)-1-phenylethanol.
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Figure S15. Isotopic labeling experiment using **CO; vs. 2CO; to demonstrate that the
generated HCOO- originates from COg-reduction. *H NMR spectra after the PF-CA
experiment using ITO-CF|FDHnn/FDHcs/ADH in 0.6 mL electrolyte for 4 hours of *2CO; (upper
spectrum blue line) vs. ¥¥*CO, (middle spectrum, green line), confirms that HCOO- solely
originates from CO; (*H-NMR, doublet, Jc_1 = 194 Hz). The *H NMR resonance of H*?COO-
(blue circles) and HCOO- (blue circles) and NAD" (red circles) partly overlap. Therefore, the
H NMR of NAD* is depicted for comparison (red spectrum).

[ 38000¢
OH
L 34000¢

30000¢

22000¢

— — ~ 1 — 0 L 26000¢

HCOO 18000¢

14000(

10000¢

60000

Jk 720000

i ~20000

is l 34 l 52 ‘ io 7 18 7 is ‘ i4 l iz ‘ fﬂ 7 éﬁ
Chemical shift (ppm)
Figure S16. Control experiment for PF-CA using ITO-CF|FDHwn+H/FDHce/ADH with without
NAD* using 0.6 mL electrolyte. The ADH used in this study is a lysate and verify the potential
presence of NAD* or NADH, we performed a control experiment in the absence of additional
NADT in the electrolyte solution. We observed only marginal conversion of acetophenone into
1-phenylethanol (< 1%) at —0.25 V vs. RHE after 12 hours. After PF-CA in the presence of
NADT in the electrolyte, the conversion of acetophenone into 1-phenylethanol is 38+8%.
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Figure S17. EIS for Ti|[lITO-CF, Ti[ITO-CF|FDHwH, Ti[lITO-CF|[FDHnH/FDHcg and Ti|lTO-
CF|FDHnH/FDHce/ADH in 15 mL electrolyte solution. a) Equivalent circuit used to fit the EIS
data. b) The charge transfer resistance (Rcr) at different applied potentials. ¢) The diffusion
layer (Ca) d) The electrocatalysis resistance (Re) and e) electrocatalysis capacitance (Ce) at
different applied potentials. f) The electrocatalysis time constant (z,) at different applied
potentials.
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Figure S18. Nyquist plots recorded in the 15 mL electrolyte solution of a) Ti|ITO-CF, b) Ti|ITO-
CF|FDHwwh, €) Ti|ITO-CF|FDHnww/Fdh and d) Ti|llITO-CF|FDHnvi/FDHcs/ADH.
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Figure S19. Nyquist plots recorded in the 0.6 mL electrolyte solution using the ITO-CF cuboids

of a) ITO-CF

b)

CF|FDHnvn/FDHce/ADH.
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Figure S20. EIS recorded in the 0.6 mL electrolyte in the 3-D printed cell using the ITO-CF

cuboids

analyzing

ITO-CF,

ITO-CF|FDHwH,

ITO-CF|FDHnyn/FDHcs

and ITO-

CF|FDHnH/FDHce/ADH electrodes. a) The charge transfer resistance (Rcr) different applied
potentials. b) The electrocatalysis resistance (Re) an ¢) The diffusion layer capacitance (Ca)
d) eletrocatalysis capacitance (C.) at different applied potentials.
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Figure S21. Repeat of the OPV-experiment discussed in the main text (Figure 3), employing
OPV|ITO-CF|FDHwn+/FDHcs/ADH for light driven ketone reduction using 15 mL electrolyte a)
PFV scans in dark, light and chopped with on/off cycles of 10 seconds. b) Chopped light CA
at +0.8 V vs. RHE with 50 min on and 10 min off.
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Figure S22. Product formation during PEC experiment using 15 mL electrolyte. *H NMR
spectra recorded for chopped light PF-CA with OPV|ITO-CF| FDHnw /FDHce/ADH at -0.25 V
vs. RHE with 50 min on and 10 min off. NMR samples were collected after t=0, 1, 2, 3, 4, 6, 9
and 12 h. We observed the formation of 1-phenylethanol (5.3 umol) after 12 h and estimated
the TONapH to be 12 x 102
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Figure S23. Production of (S)-1-phenylethanol (PE) using a OPV|ITO-CF|FDHnv+/FDHce/ADH
photocathode (PF-CA at +0.8 V vs. RHE with 50 min on and 10 min off, using 15 mL
electrolyte). a) NMR samples were collected aftert = 0, 1, 2, 3, 4, 6, 9 and 12 h and the
conversion of acetophenone to phenylethanol (PE) is plotted against time. The conversion is
compensated for the decrease in electrolyte volume, as 0.5 mL per sample is removed from
the bulk. b) A photo of the PEC experiment in showing the 2-compartment cell (left = working
compartment, cathodic chamber; right = counter compartment, anodic chamber).
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Figure S24. HPLC of (S)-1-phenylethanol produced by OPV|ITO-CF|FDHnw/FDHcs/ADH
photocathode using 15 mL electrolyte.
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Figure S25. UV-Vis absorption spectra to study the degradation of NADH (using 15 mL
electrolyte). Red: absorption spectrum of NADH (1 mM, 15 mL) after 12 hours of stirring under
AM1.5G irradiation (no voltage applied). Blue: absorption spectrum of the working
compartment electrolyte containing NADH (1 mM, 15 mL) after 12 hours of
chronoamperometry (not irradiated) at —0.25 V vs. RHE. Green: absorption spectrum of the
electrolyte after 12 hours AM1.5G irradiation experiment (no potential). Yellow: absorption
spectrum of the electrolyte after 12 hours AM1.5G irradiation after the PEC experiment at 0.8
V vs. RHE. Brown: the electrolyte mix before the irradiation experiment att = 0. The absorption
at 280 nm and the absence of absorption at 340 nm indicates that NADH has degraded after

12 hours AM1.5G irradiation.
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