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ABSTRACT: Photocathodic conversion of NAD+ to NADH cofactor is a promising platform for activating redox biological 
catalysts and enzymatic synthesis using renewable solar energy. However, many photocathodes suffer from a low photo-
voltage, consequently requiring a high cathodic bias for NADH production. Here, we report an n+p-type silicon nanowire 
(n+p-SiNW) photocathode having a photovoltage of 435 mV to drive energy-efficient NADH production. The enhanced band 
bending at the n+/p interface accounts for the high photovoltage, which conduces to a benchmark onset potential [0.393 V 
vs. the reversible hydrogen electrode (VRHE)] for SiNW-based photocathodic NADH generation. In addition, the n+p-SiNW 
nanomaterial exhibits a Faradaic efficiency of 84.7% and a conversion rate of 1.63 μmol h-1 cm-1 at 0.2 VRHE, which is the 
lowest cathodic potential to achieve the maximum productivity among SiNW-sensitized cofactor production. 

In CO2-reductive photosynthetic biohybrid systems, bio-
genic redox molecules (e.g., nicotinamide-based cofactors, 
ferredoxin) function as redox communicators between 
solar-harvesting nanomaterials and bacterial oxidoreduc-
tases.1-5 Photocatalytic nanomaterials [e.g., CdS, gold 
nanocluster, silicon nanowire (SiNW)] efficiently and 
steadily convert light energy into photoexcited electrons 
and/or H2.6-7 These reducing equivalents are transferred 
into acetogenic bacteria (e.g., Moorella thermoacetica, Spo-
romusa ovata) and used to regenerate biological electron 
shuttles, which trigger highly selective multienzymatic CO2 
fixation in the Wood-Ljungdahl pathway (WLP).6 However, 
the underlying pathway for electron transfer from light-
active nanomaterials to whole-cell biocatalytic machiner-
ies remains largely ambiguous because of complicated 
features of the biotic/abiotic interfaces.8 

This fundamental question at the molecular level 
can be addressed by constructing photoelectrochemical 
(PEC) regeneration of 1,4-dihydronicotinamide adenine 
dinucleotide (NADH) or its phosphorylated form (NADPH) 
from NAD+ or NADP+, respectively. This is because (i) 
NAD(P)H is the key redox cofactor that provides its elec-
trons for over 80% of redox enzymes (e.g., dehydrogenases 
and reductases in the WLP),6, 9-15 and (ii) PEC platform of-
fers a facile method for analyzing redox phenomena asso-
ciated with biological catalysts.16-21 

 
Scheme 1. Illustration of photocathodic NADH production 
driven by n+p-SiNW. The photocathode absorbs solar light to 
generate photoexcited charge carriers and a corresponding 
photovoltage. The photoexcited electrons are transferred to 
Mox because the quasi-Fermi level of the electrons is more 
negative than the redox potential of Mox/Mred. The Mred regio-
specifically transfers its hydride ion to the C4 atom of the 
NAD+, which results in the formation of enzymatically active 
NADH. Vph: photovoltage. CB: conduction band. VB: valence 
band. EF,n: quasi-Fermi level of electrons. EF,h: quasi-Fermi 
level of holes. Rib: ribose. ADP: adenosine diphosphate. Mox: 
[Cp*Rh(bpy)H2O]2+. Mred: [Cp*Rh(bpy)H]+. 

 



 

For photocathodic NADH regeneration, p-type 
SiNW (p-SiNW) is a promising energy nanomaterial be-
cause of its many PEC advantages22-24 such as (i) enhanced 
photon harvesting through light trapping properties, (ii) 
better charge separation efficiency due to shorter migra-
tion length of photoexcited electrons, (iii) broad solar ab-
sorption caused by low bandgap (~1.1 eV), and (iv) in-
creased reaction turnover because of large catalytic sur-
face area. Several p-SiNW-based photocathodes (e.g., hy-
drogen-terminated p-SiNW,25 hydrogen-terminated p-
SiNW with platinum nanoparticles,26 p-SiNW27) have been 
reported to regiospecifically produce NADH through the 
conversion of [Cp*Rh(bpy)H2O]2+ (Mox; Cp* = C5Me5, 
bpy = 2,2’-bipyridine) to [Cp*Rh(bpy)H]+ (Mred). These 
precedent works have focused on interface chemistry of p-
Si electrodes for better charge transfer to Mox. However, 
band structure engineering of Si photocathodes has not 
been studied for obtaining insights into low-bias NADH 
formation. 

In this study, we enhanced the photovoltage (Vph) of 
p-SiNW photocathode by constructing a buried n+p radial 
junction for energy-efficient NADH production under solar 
light. As illustrated in Scheme 1, we introduced a n+ layer 
into p-SiNW arrays, which increases the band bending at 
the n+/p interface and consequently enhances the p-
SiNW’s Vph (435 mV). The energy nanomaterial transfers 
its photoexcited electrons to Mox mediator with a bench-
mark onset potential (Eonset) of 0.393 V versus the reversi-
ble hydrogen electrode (VRHE) among reported SiNW-based 
photocathodes25-27. As a result, the n+p-SiNW photocathode 
achieves Mred-mediated conversion of NAD+ to NADH, 
yielding a Faradaic efficiency (FE) of 84.7% and conver-
sion rate of 1.63 μmol h-1 cm-1 at 0.2 VRHE. In addition, the 
stable photocathodic system maintains NADH formation 
for at least 12 h at the low cathodic potential. 

 
Figure 1. Photocathodic reduction of [Cp*Rh(bpy)H2O]2+ 
driven by SiNW-based catalysts. (a) Plan-view and (b) cross-
sectional tilted scanning electron microscopic (SEM) image of 
p-SiNW electrode. (c) Linear sweep voltammograms of de-
generate SiNW, p-SiNW, and n+p-SiNW for Mox reduction un-
der 1-sun illumination. Electrolyte solution: O2-depleted 
phosphate buffer (100 mM, pH 7.2). Scan rate: 10 mV s-1. (d) 
Comparison of photovoltages between p-SiNW and n+p-SiNW.  

We fabricated a p-type boron-doped SiNW (Figures 
1a and 1b) through deep reactive ion etching of patterned 
single-crystalline Si wafers according to the reported 
method22, 28. We investigated Mox’s reduction behaviors on 
the as-synthesized p-SiNW in a two-compartment, three-
electrode configuration under 1-sun illumination (air mass 
1.5 global, 100 mW cm-2). In this experiment, we used de-
generate SiNW to estimate the Vph of the p-SiNW because 
the degenerate SiNW exhibits a metallic conductivity un-
der dark conditions (Figure S1) and can serve as the base-
line for estimating semiconducting SiNW’s Vph. According 
to the linear sweep voltammetric analysis (Figures 1c and 
S2), the p-SiNW exhibited the Eonset for reduction of Mox to 
Mred at 0.250 VRHE with a Vph of 292 mV in an O2-depleted 
phosphate buffer (100 mM, pH 7.2). In addition, we ob-
served the p-SiNW’s peak current at around 0.212 VRHE 
(Figure 1c), which is consistent with early reports16-17, 26, 

29-30 in (photo)cathodic conversion of Mox to Mred; the peak 
current originates from a slower migration of Mox from the 
bulk of the electrolyte to the catalyst’s surface than Mox’s 
reduction kinetics. 

Shifting Eonset more anodically can achieve energy-
efficient photocathodic production of NADH. Thus, we con-
structed a radial n+p junction on the p-SiNW arrays by in-
troducing arsenic atoms on the surface of the p-SiNW ac-
cording to the literature22, 31-32. The buried n+p interface 
induces a built-in electric field that enhances the separa-
tion of photoinduced charge carriers inside the photocath-
ode.33-35 The strategy boosts Vph by increasing the band 
bending at the buried n+p junction relative to the p-
SiNW|electrolyte interface.35 Note that p-SiNW and n+p-
SiNW exhibit the almost identical length and diameter 
(Figure S3). We found that the doping shifted the Eonset of 
Mox reduction more positively by 143 mV (Figure 1c), 
which we ascribe to the increased Vph (435 mV) of n+p-
SiNW (Figure 1d). The Eonset is higher than those of other 
SiNW-based photocathodes25-27 for Mox reduction (Table 
S1).  

 
Figure 2. n+p-SiNW-sensitized conversion of NAD+ to NADH. 
(a) Changes in photocathodic currents of n+p-SiNW with the 
sequential addition of Mox and NAD+. Scan rate: 10 mV s-1. (b) 
Control experiments for photocathodic NADH formation driv-
en by n+p-SiNW. (c) Comparison of Faradaic efficiency and 



 

production rate between p-SiNW and n+p-SiNW at 0.2 VRHE. 
Electrolyte in (a-c): 0.25 mM Mox and 1 mM NAD+ in an O2-
depleted phosphate buffer (27 mL, 100 mM, pH 7.2). Light 
intensity in (a-c): 1 sun (air mass 1.5 global, 100 mW cm−2).  

We further demonstrated the transfer of photoex-
cited electrons from n+p-SiNW to NAD+ via Mred redox cata-
lyst. Linear sweep voltammograms show that the addition 
of 1 mM NAD+ increased the cathodic current relating to 
Mox’s reduction under 1-sun irradiation (Figure 2a). We 
attribute it to the catalytic effect of Mred in electron trans-
fer to NAD+. In contrast, the n+p-SiNW exhibited a negligi-
ble change in the photocathodic current when the catho-
lyte contained NAD+ only (Figure S4). This result indicates 
no direct delivery of photoexcited electrons to NAD+ and 
importance10-11 of Mox in producing NADH under milder 
cathodic potentials. 

Having substantiated the charge transfer from n+p-
SiNW to NAD+, we advanced to photocathodic conversion 
of NAD+ to NADH. We conducted controlled potential pho-
toelectrolysis (1 sun, 0.2 VRHE) and quantified NADH using 
quantitative 1H nuclear magnetic resonance (NMR) spec-
troscopy. This is because the traditional ultraviolet-visible 
spectroscopic tool does not effectively differentiate be-
tween 1,4-NADH (340 nm), 1,6-NADH (345 nm), and NAD 
dimers (around 340 nm).36 We observed 1,4-NADH’s char-
acteristic peak13, 16 at ~6.96 ppm in 1H NMR spectrum after 
the photoelectrocatalysis (Figure S5). We confirmed the 
n+p-SiNW-driven formation of only 1,4-NADH using malate 
dehydrogenase-based enzymatic assay (Figure S6). The 
n+p-SiNW produced NADH with a FE of 84.7% and a con-
version rate of 1.63 μmol h-1 cm-1 in an O2-depleted phos-
phate buffer (27 mL, 100 mM, pH 7.2), and the photoca-
thodic reaction required Mox, light, and electrical bias (Fig-
ure 2b). The FE and conversion rate of the n+p-SiNW were 
around 1.86 and 12.1 times higher, respectively, than those 
of p-SiNW at 0.2 VRHE (Figure 2c), highlighting the im-
portance of a high Vph in efficient NADH production at a 
mild cathodic potential. When we applied stronger cathod-
ic potentials, n+p-SiNW and p-SiNW exhibited similar FEs, 
which further demonstrates the impact of Vph on efficien-
cies at milder potentials (Figure S7). 

We investigated the effect of the applied potential 
on the FEs and PEC conversion rates. The FE and rate 
reached a maximum at 0.2 VRHE (Figure 3). The applied 
potential is milder (i.e., more positive) than those (e.g., -
0.1485 VRHE, -0.05 VRHE) used to obtain the maximum pro-
duction rate in reported SiNW-based photocathodes26-27; 
we ascribe it to the high Vph of the n+p-SiNW photocathode. 
The FEs decreased with increasing cathodic potentials 
higher than 0.2 VRHE, which we attribute the hydrogen evo-
lution reaction driven by Mred and n+p-SiNW (Figure 3). 
According to the literature,27, 37-38 Mred and n+p-SiNW per-
form H2 production under aqueous environments, and the 
kinetics of n+p-SiNW’s H2 evolution become faster as the 
applied potential decreases. Albeit the FE drop, the con-
version rates for NADH formation remained almost con-
stant at approximately 1.0 μmol h-1 cm-1 even at more neg-
ative potentials. It suggests the constant flow of photoex-
cited electrons from n+p-SiNW to Mox against competing 
HER. 

 

 
Figure 3. Influence of potential on solar-driven production of 
NADH. Catholyte: 0.25 mM Mox and 1 mM NAD+ in a N2-
enriched phosphate buffer (27 mL, 100 mM, pH 7.2). Light 
source: xenon lamp (1 sun). Photocathode: n+p-SiNW. The 
enzymatic active NADH (i.e., 1,4-NADH) was quantified using 
quantitative 1H nuclear magnetic resonance spectroscopy. 
Error bar: standard deviation (n = 3). 

Next, we investigated the stability of the n+p-SiNW 
photocathode at 0.2 VRHE and 1 sun in a N2-enriched phos-
phate buffer (27 mL, 100 mM, pH 7.2). As displayed in Fig-
ures 4a and S8, we observed a gradual conversion of 
NAD+ to NADH for 12 h, which is longer than those (e.g., 
equal or less than 6 h) of reported SiNW-based photocath-
odes25-26. In addition, we found a negligible change in n+p-
SiNW’s morphology after the photocathodic reaction (Fig-
ures 4b, 4c, and S9). It indicates the robustness of the 
nanomaterial, which is a desirable property because of 
instability issue39-40 of many photocathodes. Follow-up 
studies should aim to accelerate the photocathodic NADH 
generation through, for example, (i) adjustment of band 
alignment41 to augment Vph, (ii) functionalization of SiNW 
arrays with Mox to boost charge transfer, and (iii) modifica-
tion of Mox’s molecular structure to tune its redox poten-
tial. In addition, the suppression of the n+p-SiNW-driven H2 
evolution would enhance the FE for NADH production. 
These attempts will lay the foundation for energy-efficient 
electron transfer to biological catalysts8, 42-43 (e.g., aceto-
gens, redox enzymes) for photobiosynthesis of valuable 
compounds. 

 
Figure 4. Long-term controlled potential photoelectrolysis for 
NADH regeneration. (a) Time profile of NADH formation driv-
en by n+p-SiNW photocathode. Catholyte: 0.25 mM Mox and 1 
mM NAD+ in an O2-depleted phosphate buffer (27 mL, 100 
mM, pH 7.2). Light intensity: 1 sun. Applied potential: 0.2 VRHE. 
Cross-sectional SEM images of n+p-SiNW (b) before and (c) 
after photoelectrocatalysis. 

In conclusion, this study reveals the importance of 
Vph in low-bias production of NADH under solar light. The 



 

construction of a buried n+p junction on the p-SiNW sur-
face gave rise to an increased Vph (from 292 to 435 mV), a 
benchmark Eonset for Mox reduction (0.393 VRHE), and an 
accelerated charge separation through the bulk SiNW, due 
to the built-in electric field. This improvement led n+p-
SiNW photocathode to achieve the rate of NADH formation 
(1.63 μmol h-1 cm-1) and FE (84.7%) that are 12.1 and 1.86 
times higher, respectively, than those of p-SiNW at 0.2 
VRHE. Furthermore, the n+p-SiNW’s robustness enabled the 
steady NADH generation for at least 12 h. The SiNW array 
having a high Vph continues to be a model platform for en-
ergy-efficient production of biological redox cofactors to 
optimize the performance of photosynthetic biohybrid 
systems. 
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