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1. Chemicals and materials
All chemicals were analytical grade and were used as purchased without further purification.

The details are as follows: Na2HPO4 (99%, Sinopharm, China), NaH2PO4 (99%, Sinopharm, China),
B-Nicotinamide adenine dinucleotide (95%, Sigma-Aldrich), reduced p-Nicotinamide adenine
dinucleotide (99%, Sigma-Aldrich), Glutamate dehydrogenase (Sigma-Aldrich, G2501),
a-Ketoglutaric acid (98%, Aladdin), (NH4)2SO4 (99%, Macklin), DO (CIL), H20 (>18 MQecm,
produced by PURELAB Ultra system), Cu foam (Guangjiayuan, China), Fe foam (Hui’eteng, China),
Co foam (Hui’eteng, China), Ni foam (Guangjiayuan, China), Ag (Alfa Aesar), carbon felt (Delijia,
China), RuCl3 (99.98%, Sigma-Aldrich), 5,5-dimethyl-1-pyrroline-N-oxide (Dojindo).
2. Preparation and pre-treatment of electrodes

Cu, Co, Fe, Ni foams were cleaned by ultrasonication in ethanol for 15 min, then sealed by 704
silicone sealant exposing an area of 1 cm?. Before electrochemical measurements, they were cleaned
by ultrasonication in 1 M HCI for 5 min to remove the native oxide layer and then rinsed with pure
water and dried with Ar stream.

The Ru electrode was prepared by depositing Ru on the Ni foam substrate. A cleaned Ni foam

was immersed in de-aerated 0.1 M HCI containing 0.01 M RuCls for 3 h.



The Pt electrode was cleaned by ultrasonication in 3 M H2SO4 for 30 min before use and then
rinsed with pure water and dried with Ar stream. Then, it was sealed by 704 silicone sealant exposing
an area of 1 cm?.,

The Ag electrode was cleaned by ultrasonication in ethanol for 15 min, then sealed by 704
silicone sealant exposing an area of 1 cm?. Before electrochemical measurements, it was cleaned by
ultrasonication in 3 M H2SO4 and then rinsed with pure water and dried with Ar stream.

3. Electrochemical measurements

All electrochemical measurements were conducted in a three-electrode setup with Pt counter
electrode (2 cm % 0.5 cm) and Ag/AgCl (with saturated KCl) reference electrode. All potentials were
controlled by a potentiostat (CHI 660¢) without iR compensation.

The NADH regeneration reactions were conducted by controlled-potential electrolysis in an
H-type cell containing 0.1 M sodium phosphate electrolyte, and the catholyte is 12 mL electrolyte
with an initial NAD" concentration of 1 mM with a Nafion-117 membrane. Electrolytes were
pre-saturated and bubbled with Ar under magnetic stir during measurements. Cu foam and other
electrodes were used as work electrodes for NAD" reduction at applied potentials either -1.01 V,
-1.11 Vor -1.21 V vs. Ag/AgCL
4. Quantification of various NAD" reduction products

The concentration of NADH was quantitatively determined by UV-visible light absorption and
'"HNMR measurements. Firstly, NADH was produced in 12 mL 0.1 M phosphate buffer (pH 7)
catholyte with an initial NAD" concentration of 1 mM. After electrolysis, the NADH concentration
was determined by UV-visible light absorption. The typical light absorption bands of NAD",
1,4-NADH, 1,6-NADH and NAD: are located at 260 nm, 340 nm, 345 nm and 340 nm, respectively.'
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And the molar absorption coefficients (¢) of 1,4-NADH, 1,6-NADH and NAD: are 6220 M cm!,
6580 M'cm!, and 6650 M cm™!, respectively.!? The thickness of the cuvette for UV-visible light
absorption measurements is 1 cm. The solution was diluted by 25 times with 0.1 M phosphate buffer
before measuring the UV-visible light absorption to guarantee the applicability of Lamber-Beer
principle.

The initial NAD" reactant was all consumed judging from the disappearance of its 'HNMR
signal. To determine the amount of 1,4-NADH, 20 mg a-ketoglutaric acid and 130 mg (NH4)2SO4
were added to 10 mL electrolyte, then 9 unit glutamate dehydrogenase (GDH) was added. After
enzyme catalysis for 15 min under stirring, 0.1 mL solution was extracted and diluted by adding 2.4
mL H20 for UV-visible absorption measurements on a UV-vis spectrophotometer (Gary-55). The
absorbance was monitored until reaching a final constant value, where the entire active 1,4-NADH
formed during the electrolysis was consumed by the enzymatic reaction. Thus, the concentration of
enzymatically-active 1,4-NADH formed in electrolysis process can be calculated from the change of
UV-visible light absorption (AA) before and after the enzymatic reaction through equation (1).

C1.4-NaDH = [A0 — (At — Ae)] / €14-NADH (1)
where Ao is the initial absorbance prior to enzymatic catalysis reaction, At is the final absorbance
after enzymatic reaction and A is the absorbance of a-ketoglutaric acid, (NH4)2SO4 and GDH.?

For the cases of metal electrodes, there was no NAD2 product. So the amount of 1,6-NADH
was quantitatively determined from absorbance after enzymatic reaction, At (equation (2)), and then
ADP-ribose amount was obtained by the difference of the initial amount of NAD" (which was all
converted after the reaction) and amount of NADH (1,4-NADH + 1,6-NADH) produced, as equation

(3) shows.



Ci1,6-NADH = (At — Ae¢) / €1,6-NADH (2)

CADP-ribose = CNAD* — C1,4-NADH — C1,6-NADH 3)

For the case of a carbon felt, the amount of 1,4-NADH was determined according to equation (1)

as mentioned above. The amount of 1,6-NADH was determined from the ratio of 1,4-NADH and
1,6-NADH based on its '"HNMR data according to equation (4). Then the light absorption of
1,6-NADH (A1,6-~Napn) was calculated according to equation (5). The light absorption of NAD2 can
be calculated by subtracting the Aiesnapn from At and then the concentration of NAD: can be
obtained according to equation (6). And then ADP-ribose amount was obtained by the difference of

the initial amount of NAD" and the total amount of other products, equation (7).

C1,6-NaDH = C1,4-NADH X Ratio1,6-NADH/ 1,4-NADH in NMR 4)
A1,6:NADH = C1,6-NADH X €1,6-NADH )
CnaD: = [At — A1,6-NaDH] / eNaD2 = [At — C1,6-NADH/ €1,6-NADH] / ENAD2 (6)
CADP-ribose = CNAD* — C1,4-NADH — C1,6:NADH — 2 X CNAD: (7)

5. NMR measurements

The NAD" reduction products of Cu, Fe, Co foams and carbon felt were analyzed by 'HNMR
(Bruker 400 MHz) by adding 0.2 mL D20 into 0.6 mL electrolyte after reaction. The NAD" reduction
products of Co foam were also analyzed by 'HNMR (Bruker 700 MHz) by adding 0.2 mL D20 into
0.6 mL electrolyte after reaction.
6. EPR measurements

The existence of hydrogen radical (H-) was verified by EPR measurements (Bruker A200). The
X-band EPR was measured at 9.325GHz and room temperature. The electrolysis was conducted by

controlled-potential electrolysis in an H-type cell containing 0.1 M sodium phosphate electrolyte,
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and the catholyte is 6 mL electrolyte with a Nafion-117 membrane. Electrolytes were pre-saturated
and bubbled with Ar under magnetic stir during measurements. Metal and carbon electrodes were
used as work electrodes.

The electrocatalysis was run at -1.01 V vs. Ag/AgCl for 5 min to enable equilibrium between
H- formation and quenching. Then 60 pL. DMPO was injected to electrolyte near the working
electrode. After 10 min electrolysis, 1 mL electrolyte was frozen in liquid nitrogen and stored under
-20 °C before EPR measurement.
7. H/D isotope experiment

In H/D isotope experiment, the electrolysis was conducted by controlled-potential electrolysis in
an H-type cell containing 0.1 M sodium phosphate H20 or D20 electrolyte, and the catholyte is 12
mL electrolyte with a Nafion-117 membrane. Electrolytes were pre-saturated and bubbled with Ar
under magnetic stir during measurements. A Cu foam (1 cm?) was used as the work electrode.

In activity and selectivity experiments, 100 pL electrolyte after the reaction was extracted from
the cell and diluted to 2.5 mL for UV-vis determination every 15 min.

In KIE experiments, 100 pL electrolyte after the reaction electrolyte was extracted from the cell

and diluted to 2.5 mL for UV-vis determination every 5 min.



Fig. S1 SEM image of the (a) Cu foam, (b) Fe foam, (c) Co foam and (d) carbon felt used in this

work.
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Fig. S2 The 'HNMR spectra of commercial NAD?, commercial 1,4-NADH and the products after electrocatalytic NAD" reduction on Cu, Fe, Co

and carbon electrodes.
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Fig. S3 The signals of 1,4-NADH (H2, H4, H6), 1,6-NADH (H2’, H4’), ADP-ribose in the 400 MHz

"HNMR spectrum of

"HNMR spectra of the products on Cu foam, Fe foam, Co foam and 700 MHz

the products on Co foam after electrocatalytic NAD™ reduction.
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Fig. S4 Change of UV-visibe spectra profile as a function of time which indicates the consumption
of NAD" and generaton of NADH on Cu foam at -0.4 Vruk. Electrolyte: 0.1 M phosphate buffer (pH

7); Catholyte: 12 mL electrolyte with an initial NAD" concentration of 1 mM.
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Fig. S5 The 1,4-NADH concentration trends on (a) Cu, (b) Fe, (c) Co and (d) carbon electrodes

under different potentials. Electrolyte: 0.1 M phosphate buffer (pH 7); Catholyte: 12 mL electrolyte

with an initial NAD* concentration of 1 mM.
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Fig. S6 The full spectrum and close shots of electrospray ionization mass spectrometry (ESI-MS) of
electrocatalytic NAD" reduction products on (a) Cu foam and (b) carbon felt. Electrolyte: 0.1 M

phosphate buffer (pH 7); Catholyte: 12 mL electrolyte with an initial NAD" concentration of 1 mM.
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Fig. S7 The 1,4-NADH concentration trends on Ni, Pt, Ru/Ni and Ag electrodes under -0.4 V vs
RHE. Electrolyte: 0.1 M phosphate buffer (pH 7); Catholyte: 12 mL electrolyte with an initial NAD*

concentration of 1 mM.
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Table S1 AGu and exchange current density of various metals for hydrogen evolution adapted from

the literatures.*®

Metals AGHu log(jo(mA/cm™)

Pt -0.066 -2.66
Ni -0.13 -5.2
Ru -0.30 —

Co -0.16 -5.32
Fe -0.37 —

Cu 0.28 -5.37
Ag 0.62 7.8
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Fig. S8 (a) Chemical structure of DMPO (5,5-Dimethyle-1-pyrroline N-oxide). (b) The schematic

description of the mechanism of NADH formation and (c) the detection of DMPO-H.

15



Experiment
a

Simulation
", {

DMPO-H
—), {
d DMPO-D
3280 3300 3320 3340 3360

Magnetic Field / G

Fig. S9 (a) The experimental EPR spectrum by in X-band of the solutions obtained after electrolysis
with Cu electrode in 0.1 M phosphate buffer with D20 solvent under argon using DMPO as the
radical trapping reagent. (b) The spectrum obtained by simulation and fitting by MATALAB. The

EPR spectra of (c) DMPO-H and (d) DMPO-D extracted from the simulated spectrum.

16



a) 0.20]
0.3 mM
0.15
=
2 0.10 ]
éoo I/////
O 0.054
O 00-! L) L) L)
0 5 10 15
Time / min
c) 0.201
0.5 mM
s 0.15- |
= /
““3 0.10- -
3 /
O 0.054 -
000_!/ T T T
0 5 10 15
Time / min
e) 0.204
) 0.8 mM -
< 0.154
£ |5}
1 0.10 /
(m]
z =
© 0.05- /////
000-" T T T
0 5 10 15
Time / min

Fig. S10 The activity of NAD" reduction reaction in the first 15 min on Cu foams in phosphate

buffer aqueous solution.
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Fig. S11 The activity of NAD" reduction reaction in the first 15 min on Cu foams in phosphate buffer

deuterium aqueous solution.
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Fig. S12 The schematic description of the kinetic isotope effect (KIE) of NAD" reduction reaction on

a Cu electrode via affecting the breakage of metal-Had bond and formation of C-H bond during the

hydrogenation of the nicotinamide group.
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Fig. S13 The 'HNMR spectrum of NAD" after stirring under air, Ar and H> atmosphere for 3 h in 0.1

M phosphate buffer (pH 7) with an NAD" concentration of 1 mM.
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