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-light–driven NADH regeneration
based on a dual-photoelectrode system†

Koya Kano,a Masanobu Higashi *b and Yutaka Amao *ac
NADH regeneration is crucial for biocatalytic processes. One prom-

ising example is visible-light–driven NADH regeneration using water

as an electron source. Here, we demonstrate for the first time, to the

best of our knowledge, visible-light–driven electrochemical NADH

regeneration using water as an electron source without the need for

an external bias. This is achieved by combining an IrOx/TaON (or RhOx/

TaON) photoanode, CdS/CuInS2 photocathode and [Cp*Rh(bpy)(H2-

O)]2+, as a catalyst for regioselective reduction of NAD+. Furthermore,

application of this system to the production of L-lactate from pyruvate

using lactate dehydrogenase was attempted.
Reduced nicotinamide adenine dinucleotide (NADH) is widely
used as a cofactor functioning as an electron donor in various
reactions catalysed by oxidoreductases (i.e., redox enzymes).
Efficiently regenerating consumed cofactors (e.g., reducing
NAD+ to NADH) is crucial for achieving a broad application of
oxidoreductases because of their high cost, low stability, and
the stoichiometric amount that needs to be supplied. Various
ways of regenerating NADH, for example using biocatalytic,
chemical,1–3 electrochemical,4–7 photochemical,8–16 homoge-
neous catalytic,17 and heterogeneous catalytic18 methods, have
been investigated. Among these methods, photochemistry has
attracted particularly considerable attention in recent years
because clean and abundant solar energy can be converted into
chemical energy. It is therefore desirable to develop a visible-
light–driven NADH-regeneration system. However, in the
process of regenerating NADH, isomers (1,2- or 1,6-NADH) and
dimeric NAD+ are produced in addition to 1,4-NADH. Unlike
1,4-NADH, these isomers and dimeric NAD+ have no function as
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a coenzyme for oxidoreductase, suppression of their production
is an important issue for developing an NADH-regeneration
system. Rh complex [Cp*Rh(bpy)(H2O)]

2+ (Cp* = pentam-
ethylcyclopentadienyl, bpy = 2,20-bipyridyl) acting as a proton-
and electron-transfer catalyst has been widely used and studied
for the regiospecic reduction of NAD+ to only 1,4-NADH.19–22

Many NADH-regeneration systems using photocatalytic dye
with [Cp*Rh(bpy)(H2O)]

2+ have been reported.11–16 However,
most light-driven NADH-regeneration systems require a sacri-
cial electron donor, such as triethanolamine (TEOA); so, it is
desirable to develop an NADH-regeneration system that uses
water as an electron source. Moreover, there are few stable
semiconductor photocatalysts capable of catalyzing both water
oxidation and [Cp*Rh(bpy)(H2O)]

2+ reduction under visible-
light irradiation. With the aim of achieving visible-light-driven
NADH regeneration using water as an electron source, a Z-
scheme photoelectrochemical system using two
semiconductor-based photoelectrodes (a photoanode and
a photocathode) and [Cp*Rh(bpy)(H2O)]

2+, as shown in Fig. 1
was devised.

In this system, the reaction is broken up into two stages: one
for reduction of [Cp*Rh(bpy)H2O]

2+ and the other for water
oxidation. For [Cp*Rh(bpy)H2O]

2+ reduction system, the
photoexcited electrons reduce [Cp*Rh(bpy)H2O]

2+, and the
photogenerated holes received the photoexcited electrons from
the water oxidation system. Conversely, for water oxidation
Fig. 1 Z-scheme mechanism of NADH regeneration using a system
including a photoanode, a photocathode and [Cp*Rh(bpy)(H2O)]2+

under visible-light irradiation.
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Fig. 2 Current–potential curves for the CdS/CuInS2 photocathode in
phosphate buffer solution (pH = 7.0) with and without
[Cp*Rh(bpy)(H2O)]2+ under chopped visible-light irradiation.

Fig. 3 Time dependence of NADH production with the CdS/CuInS2
photocathode at −0.2 V vs. Ag/AgCl under visible-light irradiation.
Inset: time dependence of photocurrent density. Red: in the presence
of [Cp*Rh(bpy)(H2O)]2+; blue: in the absence of [Cp*Rh(bpy)(H2O)]2+.
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system, the photogenerated holes oxidize water to O2, and
photoexcited electrons are injected into the valence band of the
[Cp*Rh(bpy)H2O]

2+ reduction system. Note that the
[Cp*Rh(bpy)H2O]

2+ reduction and water oxidation systems do
not require water oxidation and [Cp*Rh(bpy)H2O]

2+ reduction,
respectively. Therefore, various semiconductor materials can be
used in the Z-scheme system.

In this study, CuInS2 and TaON were employed as a photo-
cathode and a photoanode, respectively. CuInS2 has a small
bandgap (1.5 eV), allowing visible-light absorption, and a rela-
tively high (negative) conduction band level and therefore is
used for various photocatalytic and photoelectrochemical
reactions.23–25 We recently reported that a CdS-modied CuInS2
photocathode can reduce CO2 to formate when combined with
a biocatalyst system using formate dehydrogenase as the
enzyme and methyl viologen as an articial coenzyme, instead
of NADH.26 However, oxidation of water using CuInS2 is not
thermodynamically favored. Conversely, TaON, in addition to
having a small bandgap (2.4 eV) allowing visible-light absorp-
tion, also has a valence band level for water oxidation. We re-
ported photoelectrochemical water oxidation over a TaON
photoanode under visible-light irradiation by loading an
appropriate water oxidation cocatalyst, such as CoOx, RhOx and
IrOx.27–29 In the current work, visible-light–driven electro-
chemical NADH regeneration using water as an electron source,
without an external bias, was achieved by combining a TaON
photoanode, a CuInS2 photocathode, and [Cp*Rh(bpy)(H2O)]

2+.
Its application to a subsequent biocatalytic reaction involving
the production of L-lactate from pyruvate using the regenerated
NADH and lactate dehydrogenase (LDH) were demonstrated
here for the rst time, to the best of our knowledge. The CuInS2
and TaON electrodes were fabricated according to previously
reported methods.29,30 The CuInS2 samples were modied with
CdS using the chemical bath deposition method.31 The result-
ing electrode was calcined at 673 K for 30min under N2 gas ow,
with the obtained electrode denoted as CdS/CuInS2. Water
oxidation cocatalysts (5 wt% CoOx, 0.7 wt% RhOx and 1 wt%
IrOx, calculated as metal; optimal loadings for CoOx

28 and
RhOx

29) were each loaded onto TaON using the impregnation
method, with the obtained samples denoted as CoOx/TaON,
RhOx/TaON, and IrOx/TaON, respectively. The electrochemical
cell used for the photocurrent measurements consisted of
a prepared electrode, Pt counter electrode, Ag/AgCl reference
electrode, and phosphate buffer solution (pH = 7.0). In some
cases, [Cp*Rh(bpy)(H2O)]

2+ (1.0 mM) was added to the solution.
The potential of the working electrode was controlled using
a potentiostat. The solution was purged with Ar gas for more
than 20 min prior to the measurement. The electrodes were
irradiated using a 300 W Xe lamp tted with an L-42 cut-off
lter. The detailed procedures are described in ESI.† Reduc-
tion properties of [Cp*Rh(bpy)(H2O)]

2+ over a CdS/CuInS2
photocathode were investigated, as shown in Fig. 2. Without
[Cp*Rh(bpy)(H2O)]

2+, the CdS/CuInS2 photocathode exhibited
a negative cathodic photoresponse at a potential more negative
than approximately −0.1 V vs. Ag/AgCl. This photocurrent was
probably derived from the reduction of H+. In the case of the
phosphate buffer solution to which [Cp*Rh(bpy)(H2O)]

2+ was
3792 | Sustainable Energy Fuels, 2025, 9, 3791–3795
added, the photocurrent over the CdS/CuInS2 photocathode
signicantly increased, strongly suggesting that the CdS/CuInS2
photocathode reduced [Cp*Rh(bpy)(H2O)]

2+.
Next, reduction of NAD+ to NADH was performed via

[Cp*Rh(bpy)(H2O)]
2+ at −0.2 V vs. Ag/AgCl using a two-

compartment cell divided by a Naon membrane.
[Cp*Rh(bpy)(H2O)]

2+ (1.0 mM) and NAD+ (2.0 mM) were added
to the solution of the cathode side. Generally, although it has
been reported that 1,2-, 1,4-, 1,6-NADH isomers and NAD2 are
produced in the NAD+ reduction, high-performance liquid
chromatography analysis revealed that NAD+ was selectively
reduced to 1,4-NADH in our developed system, as shown in
Fig. S1.†Hereaer, 1,4-NADH is simply denoted as NADH. Fig. 3
shows the time courses of photocurrent density and the amount
of NADH produced over the CdS/CuInS2 photocathode under
visible-light irradiation.

Photocurrent density decreased from −0.41 to −0.18 mA
cm−2 upon 30 min of irradiation and then remained almost
constant for the next 150 min, as shown in the inset of Fig. 3.
The amount of NADH produced increased linearly with time.
This journal is © The Royal Society of Chemistry 2025
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The yield of NADH from NAD+ was estimated to be 32% at
180 min of irradiation. No NADH production was observed in
the absence of [Cp*Rh(bpy)(H2O)]

2+, indicating that the CdS/
CuInS2 photocathode cannot directly reduce NAD+ to NADH.
These results indicated that reduction of NAD+ to NADH pro-
ceeded via [Cp*Rh(bpy)(H2O)]

2+ accepting the photoexcited
electrons from the CdS/CuInS2 photocathode. Photo-
electrochemical water oxidation performance over the TaON
photoanode was found to strongly depend on the kind of water
oxidation cocatalyst used. Specically, the inuence of the three
cocatalysts (i.e., CoOx, RhOx, and IrOx) on the photo-
electrochemistry of the TaON photoanode was investigated. As
shown in Fig. S2,† although all electrodes showed clear photo-
responses in a wide range of potentials, different onset poten-
tials of the photocurrent were observed. Specically, the onset
potentials of the CoOx/TaON, RhOx/TaON and IrOx/TaON pho-
toanodes were estimated to be approximately −0.45,−0.55, and
−0.60 V vs. Ag/AgCl, respectively, with these values considerably
more negative than that of the CdS/CuInS2 photocathode
(0.03 V vs. Ag/AgCl, as shown in Fig. 2). This result implied that
the combination of cocatalyst-loaded TaON photoanode and
CdS/CuInS2 photocathode can enable photoelectrochemical
NADH regeneration using water as an electron source without
an external bias. Here, NADH regeneration using a photo-
electrochemical cell consisting of an IrOx/TaON photoanode
and CdS/CuInS2 photocathode was attempted. Fig. 4 shows the
time dependence of NADH production with the photo-
electrochemical cell consisting of an IrOx/TaON photoanode
and CdS/CuInS2 photocathode.

Photocurrent density decreased from −0.19 to −0.15 mA
cm−2 during the rst 2 min of irradiation and then remained
almost constant for 120 min, as shown in the inset of Fig. 4. As
shown in Fig. S3,† using the system including a combination of
CdS/CuInS2 photocathode and IrOx/TaON photoanode in the
presence of [Cp*Rh(bpy)(H2O)]

2+, a current of approximately
−0.15 mA cm−2 was predicted to be observed without any
external bias, consistent with the experimentally observed
current value shown in Fig. 4. The amount of NADH produced
Fig. 4 Time dependence of NADH production using a system
including a combination of a CdS/CuInS2 photocathode, IrOx/TaON
photoanode and [Cp*Rh(bpy)(H2O)]2+ under visible-light irradiation
without an external bias. Inset: time dependence of photocurrent
density.

This journal is © The Royal Society of Chemistry 2025
linearly increased with irradiation time when using this system.
The yield of NADH from NAD+ was estimated to be 8% at
120 min of irradiation. Here, the irradiation intensity from the
light source onto the electrode surface was ca. 680 mW cm−2

(Fig. S4†). The light energy conversion efficiency for NADH
production aer 120 min of irradiation was estimated to be ca.
0.013%. Thus, NADH regeneration using a photo-
electrochemical cell consisting of IrOx/TaON photoanode and
CdS/CuInS2 photocathode was accomplished.

Finally, photoelectrochemical production of L-lactate via in
situ NADH regeneration was performed by deploying a combi-
nation of a cocatalyst-loaded TaON photoanode and a CdS/
CuInS2 photocathode without an external bias. The photocur-
rent over this combination was found to depend on the onset
potential of photocurrent over the TaON photoanode. As shown
in Fig. S5,† all combinations showed relatively stable photo-
currents without an external bias for 2 h of irradiation, while the
photocurrent was quite low in the case of the CoOx/TaON
photoanode, which showed the most positive onset potential.
The IrOx/TaON photoanode, which showed the most negative
onset potential, exhibited the highest photocurrent. Fig. 5
shows the time courses of the amounts of products over the
system including a combination of the IrOx/TaON photoanode
and CdS/CuInS2 photocathode under visible-light irradiation
without an external bias. L-Lactate and O2 were produced
simultaneously during the 2 h of irradiation. The induction
period observed for the O2 evolution was mainly due to a time
lag caused by the analysis method used. The amount of evolved
H2 was negligibly low (0.2 mmol for 2 h irradiation). Neither
production of L-lactate nor of O2 was observed under dark
conditions, and when only the IrOx/TaON photoanode was
irradiated. Faradaic efficiencies for L-lactate and O2 productions
were estimated to be 92% and 93%, respectively, indicating that
most of the photogenerated holes in TaON were consumed for
water oxidation and most of the photoexcited electrons in CdS/
CuInS2 were consumed for L-lactate production through
a pathway involving [Cp*Rh(bpy)(H2O)]

2+, the NAD+/NADH
redox couple and LDH. The results of the experiments using,
Fig. 5 Time dependence of amounts of L-lactate and O2 produced
over a system including a combination of a CdS/CuInS2 photocathode,
IrOx/TaON photoanode and [Cp*Rh(bpy)(H2O)]2+ under visible-light
irradiation without an external bias.

Sustainable Energy Fuels, 2025, 9, 3791–3795 | 3793
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respectively, the CoOx/TaON and RhOx/TaON photoanodes are
shown in Fig. S6.† The photocurrent values obtained were
consistent with those predicted from the current–potential
curve for the respective photoanode and cathode. The case of
the RhOx/TaON or CoOx/TaON photoanode showed simulta-
neous production of L-lactate and O2, although the production
rate using the RhOx/TaON photoanode was lower than that
when using IrOx/TaON. From these results, visible-light–driven
electrochemical production of L-lactate via NADH regenerated
in situ and using water as an electron source was accomplished
by deploying a combination of the IrOx/TaON (or RhOx/TaON)
photoanode and CdS/CuInS2 photocathode without an external
bias. Using the combination of the IrOx/TaON photoanode and
CdS/CuInS2 photocathode, NADH regeneration was achieved
without the need for a sacricial reductant under conditions
without external bias, but a gradual decrease in photocurrent
was observed with irradiation for a long period of time. It has
been reported that a stable photocurrent can be obtained in
a reduction system using methyl viologen as an electron
mediator and a CdS/CuInS2 photocathode.26 In contrast, TaON-
based photoanodes have been reported to become gradually
deactivated due to factors such as changes in the pH of the
solution.29 It is expected that a future development of a TaON-
based photoanode that is durable against light irradiation will
lead to the construction of a stable and sustainable NADH
regeneration system.

In summary, visible-light–driven electrochemical NADH
regeneration using water as an electron source, enabled by
a combination of an IrOx/TaON (or RhOx/TaON) photoanode
and CdS/CuInS2 photocathode without an external bias was
demonstrated for the rst time to the best of our knowledge.
The CdS/CuInS2 photocathode exhibited a cathodic photocur-
rent derived from reduction of [Cp*Rh(bpy)(H2O)]

2+ at a poten-
tial more negative than 0.03 V vs. Ag/AgCl. Reduction of NAD+ to
NADH proceeded via reduction of [Cp*Rh(bpy)(H2O)]

2+ over the
CdS/CuInS2 photocathode at a potential of −0.2 V vs. Ag/AgCl
under visible-light irradiation. This NADH regeneration
system can be applied to production of L-lactate from pyruvate
using LDH. L-Lactate was stably produced over an extended
period (30 h), reaching a total amount of 78 mmol, which
exceeded the amounts of [Cp*Rh(bpy)(H2O)]

2+, NAD+ and LDH
that were used in the system. The introduction of the IrOx/TaON
(or RhOx/TaON) photoanode enabled the visible-light–driven
electrochemical production of L-lactate via NADH regenerated
in situ using water as an electron source without an external
bias.

Most photoelectrochemical NADH generation systems
consist of a photocathode and a counter electrode such as
platinum, and require an external bias32,33 or a sacricial
reagent such as TEOA34,35 to produce NADH. The system
including the combination of the IrOx/TaON photoanode and
CdS/CuInS2 photocathode in this study is a Z-scheme process
similar to oxygenic natural photosynthesis using photosystems
I and II, and has an advantage over other systems in that it uses
water as an electron donor and can regenerate NADH without
requiring an external bias. Thus, this study has made available
a system including a combination of photoanode and
3794 | Sustainable Energy Fuels, 2025, 9, 3791–3795
photocathode for sustainable NADH regeneration and subse-
quent biocatalytic reactions.
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