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Abstract: Cofactor regeneration in enzymatic reductions is crucial for 

the application of enzymes to both biological and energy-related 

catalysis. Specifically, regenerating NADH from NAD+ is of great 

interest, and using electrochemistry to achieve this end is considered 

a promising option. Here we report the first example of 

photoelectrochemical NADH regeneration at the illuminated ( >600 

nm), metal-modified p-type semiconductor electrode Pt/p-GaAs. 

Although bare p-GaAs electrodes produce only enzymatically inactive 

NAD2, NADH was produced at the illuminated Pt-modified p-GaAs 

surface. At low overpotential (–0.75 V vs. Ag/AgCl), Pt/p-GaAs 

exhibited a seven-fold greater Faradaic efficiency for the formation of 

NADH than Pt alone, with reduced competition from the hydrogen 

evolution reaction. Improved Faradaic efficiency and low overpotential 

suggest the possible utility of Pt/p-GaAs in energy-related NADH-

dependent enzymatic processes. 

Introduction 

Enzymes are useful and versatile tools for synthetic chemists. 
Particularly, oxidoreductases have been investigated for potential 
applications in reduction processes on both the lab and industrial 
scale,[1] as shown by a number of extensive reviews.[1-3] The 
advantages of enzymatic catalysts are well-known and include  
mild reaction conditions and high specificity.[1,2] The main 
limitation of redox enzymes is the need to regenerate expensive 
redox cofactors required for reactions to proceed.[4] Reduced 
nicotinamide adenine dinucleotide, NAD(P)H, is the natural 
cofactor used in common enzymatic reduction systems. In the 
course of a reaction, it is oxidized to form NAD(P)+ which must be 
reduced back to NAD(P)H in order to maintain a sustainable 
process. The two-electron conversion between NADH and NAD+ 
is depicted in Scheme 1. 
 
Alternative approaches to complex enzymatic (i.e., whole-cell) 
regeneration[5,6] are required, but those currently available create 
unwanted byproducts or necessitate complicated workup 
procedures.[4,7] Chemical and photochemical regenerations have 
depended on sacrificial oxidants, despite the fact that bio-
renewable electron donors have been explored.[8] Consequently, 
electrochemical methods are promising strategies for cofactor  

 
 
 
 

regeneration.[7a,9] 
 

Scheme 1. Structure of NAD+ (nicotinamide) and two-electron redox conversion 
between NAD+ and NADH (1,4-dihydronicotinamide), which occurs in enzymatic 
processes (ADPR = adenosine diphosphoribose).  

Over the past five years, progress has been made in direct 
electrochemical regeneration of NADH. Specifically, 
improvements have focused on enhanced selectivity for 
enzymatically active isomers of NADH, as opposed to the 
irreversible radical dimerization product NAD2.[10] Early studies 
employed organometallic complexes such as [Cp*Rh(bpy)H2O]2+ 
as charge mediators, but the deactivating effect of such mediators 
on enzymes makes the in situ regeneration of the cofactor 
difficult.[7a] Modification of the electrode surface with organic 
layers gave interesting selectivity results,[11-13] as in the case of 
cholesterol-modified gold amalgam[12] or L-histidine silver 
electrodes,[13] but the lack of long-term stability of the modification 
layer has been problematic.[14] A similar argument holds for 
surfaces modified by immobilized enzymes or metal 
complexes.[16,17] Both electroenzymatic[18,19] and enzyme-
supported[20] NADH regeneration processes have also been 
reported, though these studies often sacrifice turnover frequency 
for selectivity and low applied potential, or vice versa.[20–22] 
Consequently, several studies began focusing on “all-solid” 
systems for electrochemical NADH regeneration. For instance, 
researchers have found success optimizing immobilized carbon 
nanofibers,[17] various metal electrodes,[23] and either glassy 
carbon[24,25] or metal electrodes[14,26] patterned with alternative 
metal nanoparticles.[27–28] In general, these studies have reported 
an improved ability to adsorb active hydrogen on electrode 
surfaces, contributing to more effective NADH regeneration as 
opposed to unwanted dimerization.  Nonetheless, high 
overpotentials are still required by these systems to reduce NAD+, 
and limited expansion into fully photochemical NADH 
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regeneration still suffers from low turnover and quantum 
yield.[19,31] Eliminating the need for high energy inputs and 
reducing competition with hydrogen evolution is critical if NADH 
regeneration is to be used in future biomimetic energy 
applications. 
 
Herein we report the reduction of NAD+ at the p-type single crystal 

semiconductor electrode p-GaAs (111B) and demonstrate the 

effect of surface modification by electrodeposition of platinum to 

form a Pt/p-GaAs interface. Our results suggest that platinizing 

the surface of the semiconductor directs the selectivity of the 

reaction toward the formation of NADH instead of the biologically 

inactive NAD2 dimer. To the best of our knowledge, this is the first 

example of NAD+ reduction at a semiconductor electrode and the 

lowest reported overpotential for achieving NADH selectivity 

above 70%. 
 

Results and Discussion 

A survey of NAD+ reduction chemistry occurring at illuminated p-
type III-V semiconductor electrodes 
 
The redox target site in NAD+ is the positively charged 
nicotinamide ring, a substituted pyridinium moiety. We have 
previously used a p-GaP electrode in the pyridinium-catalyzed, 
photoelectrochemical reduction of CO2, a process that  involved 
the initial reduction of pyridinium, (E = –0.58 V vs. SCE, pH 5.3).[32] 
For this reason, p-GaP was first selected for the reduction of 
NAD+ to NADH (NAD+/NADH E°’ = –0.557 V vs. SCE).[33] 
Although the reduction of NAD+ is thermodynamically favorable at 
a p-GaP electrode, no NAD+ reduction products were observed 
after bulk electrolysis using near UV illumination (max = 365 nm - 
LED) at –1.0 V vs. SCE. Neither NADH nor NAD2 dimers were 
formed, although a considerable cathodic current was passed. It 
was assumed that the reduced nicotinamide ring was converted 
back to the oxidized form by the UV light used to irradiate the 
electrode. This was shown to be true for 1,4-NADH, as 
demonstrated by the 1H NMR spectrum of a standard solution in 
phosphate buffer after irradiation for ~12 h by the same UV-LED 
used in the photoelectrochemistry experiment. NAD+ and minor 
amounts of ADPR and free nicotinamide were detected, in 
agreement with findings published by Vitinius et al.[34] UV light was 
employed in the initial photoelectrochemistry study to excite the 
direct band gap transition in p-GaP (2.3 eV).[35] By using a lower 
energy light (max = 465 nm) the indirect band gap transition could 
be excited. This led to the reduction of NAD+ to dimeric species, 
but the conversion was extremely slow. The smaller band gap 
semiconductors p-GaAs and p-InP were then tested as 
photocathodes. 1H NMR analyses revealed that the main product 
after bulk electrolysis at –1.0 V vs. SCE under red light (max = 625 
nm) irradiation was 4,4’-NAD2 at all semiconductor electrode 
interfaces; no 1,4-NADH was produced.  
 
In an effort to alter the observed reaction trajectory to favor NADH 
production, a p-GaAs surface was modified by electroplating a 

small amount of ruthenium (at –0.2 V vs. SCE, from RuCl3 
aqueous solution, 0.5 M H2SO4) onto the semiconductor. This 
process dramatically changed the selectivity of NAD+ reduction, 
making 1,4-NADH the major reaction product, as shown in Figure 
1 using 1H NMR analysis of a post-electrolysis reaction mixture. 
This figure exhibits the characteristic 1,4-NADH 1H NMR signals 
at 2.55 ppm (pseudo-quartet, 2 H in position 4 of the nicotinamide 
ring) and 6.75 ppm (singlet, 1 H in position 2). Although the Ru 
layer facilitated the production of NADH, inactive dimer product 
was also detected. 
 

Figure 1. 1H NMR spectra of solutions post-electrolysis performed using (a) p-
GaAs and (b) Ru-modified p-GaAs electrodes. NAD2 dimer and NADH were 
generated by p-GaAs and Ru-modified p-GaAs, respectively. 
Photoelectrochemical experiments utilized solutions of 0.125 M, pH 7 
phosphate buffer and 1 mM NAD+, an applied potential of –1.0 V vs. SCE, and 
irradiation with 625-nm red light for 15 h at room temperature. 

Platinized p-type GaAs semiconductor electrodes 
 
Based on our survey results, metalized p-GaAs (EBG = 1.42 eV)[35] 
was selected for further study as a promising photocathode 
material. GaAs has been extensively studied in the past for 
applications in photoelectrochemical cells and electronics.[35–38] A 
significant challenge associated with p-GaAs is photo-induced 
surface decomposition, a process that is exacerbated in acidic 
solutions.[38] Thin layers of metal, such as Pt, have been shown to 
improve the resistance of semiconductor electrodes to 
photocorrosion.[38,39] Therefore,  we elected to electroplate Pt onto 
the (111) face of a single crystal p-GaAs photocathode by 
reducing the precursor, Na2PtCl4 (10 mM), in aqueous solution 
using red light illumination (see experimental). The deposition of 
50 monolayer equivalents (MLE) of Pt onto the electrode, 
assuming 1.3 x 1015 Pt atoms/cm2, resulted in a material less 
susceptible to photocorrosion (Figure S1). Plated electrodes 
exhibited a small dark current (Figure S2), which can be ascribed 
to the formation of surface states as previously discussed.[39] The 
positive effect of Pt electroplating on p-GaAs photocurrent 
indicates that the Pt layer not only acts as a protecting agent 
against photocorrosion, but it also acts as an electrocatalyst for 
hydrogen evolution, facilitating charge transfer from the 
semiconductor surface to solution.[40] 
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Platinization was carried out on both the gallium-rich GaAs (111A) 
surface and the arsenic-rich GaAs (111B) surface. The high 
photocurrent density observed at Pt/p-GaAs (111B) indicated that 
the deposited Pt layer is not thick enough to reduce the intensity 
of the incident radiation at the GaAs surface. Its thickness must 
therefore be less than 300 Å, as Pt is transparent up to this 
value.[40] This assumption was confirmed by the inability of energy 
dispersive spectroscopy (EDS) to detect Pt on p-GaAs (111B). 
Nevertheless, X-ray photoelectron spectroscopy (XPS) signals of 
Pt (4f5/2 75 eV; 4f7/2 72 eV) were clearly observed, confirming, in 
addition to the electrochemical evidence, the presence of Pt at the 
p-GaAs surface. Interestingly, the same deposition procedure 
used to formally generate the same MLEs of Pt on a p-GaAs 
(111A) resulted in a thicker layer of Pt. This layer was clearly 
detectable by EDS analyses and caused a decrease in the limiting 
photocurrent due to the shielding of the incident light. Pt/p-GaAs 
(111B) was therefore chosen as the electrode for NADH 
regeneration instead of the (111A) analog, due to its improved 
light absorption and consequently higher limiting photocurrent. 
 
It has previously been reported that the morphology of the surface 
Pt layer can be tuned by changing the electrodeposition 
parameters. Based on the deposition conditions selected, it was 
expected that Pt would deposit as a discontinuous layer, leaving 
bare semiconductor sections exposed.[42] However, preliminary 
experiments showed a relatively homogeneous Pt layer using the 
deposition conditions noted above. Starting from the same 
precursor, we decided to employ two different Pt deposition 
methods. The first method involved potentiostatic deposition at 
low cathodic potential (i.e., –0.2 V vs. SCE). The second method 
was a potentiodynamic Pt reduction with 1-s current pulses at a 
range of applied potentials up to –0.8 V vs. SCE. The formal 
quantity of Pt loaded was kept constant at 50 MLE by adjusting 
the total charge passed. 
 
SEM imaging, presented in Figure 2, clearly showed the 
difference in surface morphologies of the Pt/p-GaAs samples 
obtained by the different deposition techniques. The surface of 
Pt/p-GaAs obtained by potentiostatic deposition at –0.2 V vs. SCE 
exhibited more complete coverage at the micron and sub-micron 
scale.  On the contrary, the surfaces of Pt/p-GaAs derived from 
pulsed potentiodynamic deposition were even less homogeneous 
and characterized by small Pt aggregates around 20–25 nm in 
diameter. This electrode surface morphology closely resembled 
the Ru-,[26c,d] Pt-, and Ni-GC[27] electrodes utilized by Omanovic 
and the Ru-GC electrodes employed by Rahman.[30] The authors 
postulated that islands of materials having low overpotentials for 
hydrogen evolution could act as H-adsorbed donors for the 
protonation/reduction of the intermediate radical NAD● and, at the 
same time, serve as a physical barrier to avoid the dimerization of 
radicals formed at the surface.[19,26,27] The same argument was 
invoked for Pt-Au electrodes, although no information about the 
surface morphology was explicitly reported.[19] 
 
 
 
 

Figure 2. SEM images of Pt-deposited p-GaAs synthesized by (a) potentiostatic 
and (b) pulsed-potentiodynamic methods. Potentiostatic deposition resulted in 
a more complete Pt layer (visible in light gray), whereas pulsed-potentiodynamic 
deposition caused the formation of Pt islands on the darker semiconductor 
surface. 

NAD+ reduction at platinized p-type GaAs 
 
Pt/p-GaAs was used as a photocathode for NAD+ reduction in 
phosphate buffer at pH 7 under 625 nm irradiation and at applied 
potentials of either –0.95, –0.85, or –0.75 V vs. Ag/AgCl; Pt mesh 
was employed as the counter electrode. NADH was observed to 
form at all of these potentials. The conversion of NAD+ was 
examined by 1H NMR and normalized with respect to the 
electrode surface area. As reported in Figure 3a, the conversion 
of NAD+ at Pt/p-GaAs was approximately 1.2 times larger than 
that at a Pt foil electrode. No substantial potential dependence 
was noted for the conversion ratio in the potential range examined. 
More interestingly, the charge passed at Pt/p-GaAs to obtain this 
higher conversion was less than the charge passed using Pt foil, 
as seen in Figure 3b. The ratio of charge passed between Pt/p-
GaAs and Pt foil ranged from 0.6 at more negative potentials to 
0.17 at less negative potentials. Thus, there is an increased 
Faradaic efficiency for NAD+ reduction at the platinized p-GaAs 
photocathode, which was further enhanced at low overpotentials. 

Figure 3. NAD+ conversion (left) and charge-passed (right) presented as a ratio 
between red light-illuminated Pt/p-GaAs and a Pt foil electrode held at the same 
potential. Higher conversion efficiencies were achieved at lower overpotentials 
for Pt/p-GaAs. Error bars represent the standard deviation over three 
experiments. 
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Pt/p-GaAs electrodes prepared by both potentiostatic and 
potentiodynamic Pt deposition were tested for NAD+ reduction 
ability, providing the results given in Figure 4. Thus, the best 
electrode in terms of Faradaic efficiency was the Pt/p-GaAs 
having a more continuous layer of Pt at the surface, with the 
heterogeneous Pt film providing approximately the same Faradaic 
efficiency once high overpotentials were applied. At the least 
negative regeneration overpotential employed (–0.75 V vs. 
Ag/AgCl), the potentiostatically deposited Pt/p-GaAs exhibited a 
Faradaic efficiency for NAD+ reduction that was seven times 
higher than that of a Pt foil (Figure 4b). This improvement in 
Faradaic efficiency is presumably due to the fact that at the Pt 
metal electrode the hydrogen evolution reaction is so efficient that 
the buffer can no longer maintain neutral pH. In support of this 
conclusion, it was observed that the final pH measured at the end 
of NAD+ reduction at –0.95 V vs. Ag/AgCl was 10.5; the solution 
pH after the same reaction at Pt/p-GaAs was 7.5. Thus, the use 
of Pt/p-GaAs is not only advantageous in terms of its ability to 
convert optical energy to chemical energy via NAD+ reduction, but 
also because it minimizes the variation of solution pH. The latter 
is a crucial factor for enzyme activity and for NAD+ stability, which 
is compromised in basic solutions due to the dissociation of the 
nicotinamide moiety.[43] 

Figure 4. NAD+ conversion (a) and Faradaic efficiency (b) achieved using Pt/p-
GaAs (synthesized using either potentiostatic or pulsed potentiodynamic Pt-
deposition measures) and Pt foil electrodes. Faradaic efficiency for NADH 
generation was greatly improved and hydrogen evolution competition reduced 
using the semiconductor electrodes. 

The behaviors of Pt and platinized semiconductor electrodes 
were compared by linear sweep voltammetry in the absence and 
presence of NAD+, as seen in Figure 5a,c.  When using Pt foil, no 
change in the current trace was observed in the presence of NAD+, 
while at Pt/p-GaAs an increase in cathodic current was measured 

with increasing NAD+ concentration up to 20 mM, especially at 
low overpotentials. This can be understood as the difference 
between a highly efficient hydrogen evolution reaction occurring 
at the Pt electrode, versus the Pt/p-GaAs electrode on which the 
hydrogen evolution reaction competes with an efficient NAD+ 
reduction. The kinetics of the latter process were also monitored 
by the absorbance at 340 nm, the characteristic absorbance of 
reduced nicotinamide species. At Pt/p-GaAs it was possible to 
observe the expected potential dependence on the reduction of 
NAD+, while at Pt foil no such dependence was observed. This 
evidence, portrayed in Figure 5b,d, confirmed that at a Pt foil, 
NAD+ reduction is only a side reaction of hydrogen evolution, so 
that the initial rate of NAD+ reduction appears independent of the 
applied reduction potential. 
 

Figure 5. Linear sweep voltammetry at illuminated (a) Pt/p-GaAs and (c) Pt foil 
cathodes in the absence and presence of NAD+. Absorbance at 340 nm was 
monitored as an indicator of reaction progress during bulk electrolysis with (b) 
Pt/p-GaAs and (d) Pt foil cathodes. Hydrogen evolution is the dominant reaction 
using Pt foil cathodes, whereas NADH generation is more competitive when 
Pt/p-GaAs is used. 

Prior studies of NADH regeneration at metallic Pt electrodes—as 
opposed to the Pt/Al2O3 system coupled with alcohol 
dehydrogenase, which exhibited 100% selective generation of 
1,4-NADH at low TOF[20]—only partially characterized the 
products obtained. Yun et al.[12,44] reported that enzymatically 
active NADH was produced with a selectivity of 65–70%. A similar 
value (63%) was obtained by Damian et al.[14] at a Pt/Au electrode. 
In both of these works, the amount of enzymatically active NADH 
in the product mixture was determined by enzymatic assay using 
D-lactate dehydrogenase or lipomide dehydrogenase, both of 
which consume 1,4-NADH selectively. Consequently, the 1,4-
NADH content was selectively measured, and the assay provided 
no information about the coproducts of NADH in the reaction 
mixture. Instead, it was assumed that the coproducts were mostly 
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NAD2 with some 1,6-NADH, according to the work of Jaegfeldt.[45] 
Possible NAD+ reduction products are depicted in Scheme 2. 
 

Scheme 2. Potential products achieved during the reduction of NAD+. 

We have analyzed post-bulk electrolysis reaction mixtures at Pt 
foil and Pt/p-GaAs electrodes by 1H NMR, focusing on the typical 
signals for the reduced nicotinamide’s H2 proton and the proton 
in the reduced position (i.e., H4 for 1,4-NADH and both 4,4’- and 
4,6’-NAD2; H6 for 1,6-NADH and 4,6’-NAD2).  This analysis and 
comparison with NaBH4-reduced NAD+ (Figure S3) indicated that 
the products of Pt/p-GaAs-mediated NAD+ reduction were 1,4- 
and 1,6-NADH. Based on 1H NMR integration referenced to an 
imidazole internal standard, we calculated a maximum selectivity 
of 72% ± 1% for the enzymatically active 1,4-NADH. Selectivity is 
well-retained in the range of potentials examined (i.e., –0.95 to –
0.75 V vs. Ag/AgCl), such that a total 1,4-NADH yield of 65% ± 
1% was obtained at –0.95 V. These are the highest selectivity 
yields reported to-date for photoelectrochemical regeneration of 
NADH. Additionally, our mildest applied potential (–0.75 V vs. 
Ag/AgCl) is the lowest utilized in the literature to achieve NADH 
regeneration at >70% selectivity for biologically active 1,4-NADH.  
 
It is worth noting that the product distributions achieved using both 
Pt foil and Pt/p-GaAs electrodes were the same. However, the 
complete absence of formation of the NAD2 dimer species at both 
Pt and Pt/p-GaAs interfaces introduces a question about the 
reaction mechanism for NAD+ reduction at Pt electrode surfaces. 
For this reason, we investigated the mechanism of NAD+ 
reduction at Pt foil as a model Pt electrode surface. 
 
NAD+ reduction mechanism at a Pt electrode surface 
 
The mechanism of NAD+ reduction to NADH has been studied at 
a variety of metal electrodes,[33,46,47] leading to a commonly 
accepted reduction mechanism adopted by several of these 
systems, which is depicted in Scheme 3. Notably, this mechanism 
involves the formation of a NAD● intermediate. 
 

 

 

 

 

 

 

 

 

 

Scheme 3. Common mechanism of the two-electron reduction of NAD+ to 
NADH involving the NAD● intermediate. 

In some of these previous works, it was speculated that redox 
activity of NAD+ at an electrode interface involves the unfolding of 
the NAD+ conformer at the electrode surface, with the adenine 
moiety then adsorbing onto the surface followed by charge 
transfer to the nicotinamide ring.[26d,46] Other work suggested that 
the Pt surface shows negligible adsorption of NAD+.[47a] Although 
very negative potentials were required to produce NADH instead 
of the dimer on Hg electrodes, in the present study no dimeric 
species were observed at a Pt electrode with an applied potential 
of only –0.7 V vs. SCE. This raises doubts about the formation of 
a NAD● intermediate at the Pt surface since, if it is formed, its 
dimerization should be much faster (k > 107 M-1s-1) than the 
second one-electron reduction to NADH, especially at such 
positive electrode potentials. We have therefore investigated the 
electrochemistry of NAD+ at a Pt foil electrode. In this study, we 
find that NAD+ is efficiently reduced to NADH during a bulk 
electrolysis at –0.7 V vs. SCE, but no response for NAD+ is 
obtained by cyclic voltammetry in the range from –0.9 to 0 V vs. 
SCE, as shown in Figure 6.  
 

Figure 6. Cyclic voltammograms of 10 mM NAD+ in (a) 0.125 M phosphate 
buffer (pH 7) and (b) 0.5 M KCl using a 1 cm2 Pt foil working electrode. 

A reversible wave due to the phosphate buffer itself, in the 
absence of NAD+, was detected (Figure 6a). The scan rate 
dependence of (a) the current function and (b) the anodic to 
cathodic peak intensity ratio suggest a CE-type mechanism, 
according to the Nicholson and Shain diagnostic criteria.[48] The 
half-wave potential of the observed reduction process is 
consistent with reduction of a weakly acidic phosphate proton to 
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form a surface-confined hydrogen atom (Equations 1 and 2),[49,50] 
as shown below: 
 
H2PO4

- + e- → Had + HPO4
2-      Equation 1 

 
Had + H2PO4

- + e- → H2 + HPO4
2-    Equation 2  

 
Given that a proton reduction from the buffer occurs at the Pt 
surface, we suggest that the NAD+ molecule can then interact 
with the surface-absorbed H atom formed in this reaction to 
directly generate NADH. This proposed mechanism is supported 
by several recent NAD+

 reduction studies,[23,27,28] as well as our 
own bulk electrolysis and rotating disk experiments. 
 
Bulk electrolysis experiments at –0.8 V vs. Ag/AgCl in 0.5 M KCl 
without phosphate buffer showed no NAD+ reduction products. 
In the presence of 10 mM phosphate buffer, NADH 1H NMR 
signals were clearly observed, indicating that at such low 
overpotentials the buffer was necessary for NAD+ reduction.  
 
The current response of a Pt rotating disc electrode (RDE) is 
shown in Figure 7. In the absence of NAD+ the expected linear 
correlation of 1/i with ω−1/2 (where i is the limiting current 
detected and ω is the angular velocity of the rotating disk 
electrode) was observed for the reduction of the proton of 
H2PO4

-. In the presence of NAD+, however, a deviation from this 
trend was observed at low rotation rates, whereas at high 
rotation speed the curve converged to the one recorded with 
buffer only. This suggests that at low rotation speeds the 
reduced proton at the Pt surface has the opportunity to interact 
with dissolved NAD+ to form NADH, whereas when the rotation 
of the electrode generates a rate of mass transport of NAD+ past 
the electrode surface which is much faster than the diffusion of 
NAD+ to the surface, only proton reduction takes place. 
 
 

Figure 7. Koutecky-Levich plot (i.e., inverse current vs. inverse square root of 
angular velocity) obtained using a Pt rotating disk electrode in a solution of 
phosphate buffer (yellow circles) or buffer plus NAD+ (blue diamonds). 

The reduced proton at the Pt surface could interact with NAD+ by 
two possible mechanisms, as depicted in Figure 8. A hydride 
species could attack the positively charged nicotinamide ring 

forming NADH directly. This is similar to what happens in the 
homogeneous reduction of NAD+ by NaBH4, in which the hydride 
transfer is the key to avoiding the radical intermediate and, 
consequently, the NAD2 formation. Another possible mechanism 
is the interaction of NAD+ with an adsorbed H atom on the Pt 
surface with a coupled electron transfer. The latter mechanism 
closely resembles the Volmer-Heyrovsky mechanism for the 
hydrogen evolution reaction.[51] And as previously noted, 
adsorbed hydrogen playing a considerable role in NADH 
regeneration has precedent in NAD+

 reduction on surface-
modified electrodes.[23,27,28] At this point, the available data does 
not allow selection of one of these adsorbed hydrogen-assisted 
mechanisms over the other. However, the absence of a high 
yield of NAD2 clearly rules out a simple uncoupled sequence of 
electron and proton transfers. 

 

Figure 8. Possible mechanisms of NAD+ reduction to NADH at a Pt surface by 
either (a) hydride transfer or (b) adsorbed H/electron transfer. 

Conclusions 

The photoelectrochemical reduction of NAD+ at Pt/p-GaAs 
photocathodes has been demonstrated as the first example of 
semiconductor electrodes for regeneration of enzymatically active 
NADH. Electrodeposition of a thin Pt layer onto the semiconductor 
surface facilitated the production of NADH, whereas only NAD2 
dimers were formed at bare p-type photocathodes. The Pt/p-
GaAs electrode exhibited 1.2 times better conversion and 7 times 
better Faradaic efficiency than a Pt foil electrode at relatively low 
overpotential. Moreover, it was shown that selectivity for NADH 
was completely retained at the platinized semiconductor 
compared with the Pt foil. The products of NAD+ reduction at Pt 
surfaces were identified to be the enzymatically active 1,4-NADH 
(maximum 72% ± 1%) and its isomer 1,6-NADH. The absence of 
NAD2 dimers suggests that a mechanism occurs which relies on 
hydrogen adsorbed to the Pt surface rather than a NAD● 

intermediate. Additionally, the absence of organometallic 
mediators will facilitate the direct coupling of this system with 
enzymatic reduction processes, such as CO2 reduction to 
methanol. 
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Experimental Section 

Chemicals and Materials  

β-Nicotinamide dinucleotide (NAD+) sodium salt from Saccharomyces 
cerevisiae, β-nicotinamide dinucleotide reduced (NADH) disodium salt 
hydrate, K2HPO4 ( 99.0%), and KH2PO4 ( 99.0%) were purchased from 
Sigma-Aldrich and used as received. Phosphate buffer was prepared by 
mixing appropriate quantities of 1 M K2HPO4 and KH2PO4 solutions, 
diluting to the desired buffer concentration, and adjusting the pH to 7 using 
0.1 M NaOH solution. All experiments were carried out in oxygen-free 
solutions by applying a continuous flow of Ar.  

Semiconductor wafers were purchased from ITME (Poland). 
Photocathodes were prepared from a polished and etched piece of p-type 
GaAs [111A] or [111B] Zn-doped to a carrier concentration of 2.16 x 1017. 
A layer of 10 nm Ti and 100 nm Au was deposited by e-beam to the etched 
back of the crystal to form an Ohmic contact. The crystal was then attached 
to a copper wire with conducting silver epoxy (Epoxy Technology H31). 
After a thermal cure, the silver epoxy was covered with insulating epoxy 
cement (Loctite 0151 Hysol) to prevent its exposure to solution during 
experiments. Prior to deposition of the back contact, platinum deposition, 
or electrochemical experiments, the semiconductor surface was etched 
with a freshly prepared solution of concentrated H2SO4:H2O2 (30%):H2O 
(3:1:1 v/v). Platinum was deposited photoelectrochemically (using 625 nm 
illumination) from a 10 mM aqueous solution of Na2PtCl4 hydrate (Sigma-
Aldrich) either potentiostatically at –0.2 V vs. SCE or potentiodynamically, 
calculating the charge necessary to formally deposit 50 MLE assuming 
1.35 x 1015 Pt atoms/cm2. 

Typically, working electrodes exhibited a surface area of 0.5 cm2.  Pt 
electrodes were synthesized by attaching Pt foil and wire (99.99%, Aldrich). 
SCE or Ag/AgCl electrodes were used as references, and Pt mesh (Sigma-
Aldrich) served as a counter electrode. 

Instrumentation 

A UV-vis Spectrophotometer HP 8453 was used for quantitative analysis 
of post-bulk electrolysis mixtures by examining the absorption band 
centered at 340 nm, which appears due to reduction of the nicotinamide 
ring. Samples were prepared by 1:1 dilution of the product mixtures with 
0.125 M phosphate buffer at pH 7. 

NMR spectra of solutions after electrolysis were collected on an automated 
Bruker 500 MHz Spectrometer with an excitation sculpting pulse technique 
for water suppression. The typical analyte was an aqueous solution 
containing 10% deuterium oxide (Cambridge Isotope Laboratories, Inc., 
>99.9%), 0.125 M phosphate buffer, and NAD+ and its reduction products 
for a total concentration of 1 mM. MestReNova software was used to 
process NMR spectra.  

An Angstrom Engineering electron beam evaporator was used to deposit 
back Ohmic contacts on semiconductor wafers.  

X-ray photoelectron spectra were collected using a VG Scientific 
ESCALAB2 spectrometer with monochromated Mg K radiation (hν = 
1253.6 eV). Emitted photoelectrons were detected by a hemispherical 
analyzer. Operating pressure in the sampling chamber was maintained 
below 1 x 10-8 Torr. Spectra were collected with a pass energy of 20 eV 
and data were interpreted using the CasaXPS peak fitting program. 

The Quanta 200 FEG ESEM equipped with a Schottky field emission gun 
(FEG) for optimal spatial resolution and an integrated system for EDS, 
WDS, and EBSD analysis was used for the surface SEM images of Pt/p-
GaAs samples. EDX analyses were performed by FEI XL30 FEG-SEM 

equipped with a PGT-IMIX PTS EDX system, with an optimum image 
resolution of 2 nm. 

Electrochemical Experiments 

Cyclic voltammetry, linear sweep voltammetry, rotating disc electrode 
voltammetry and bulk electrolysis experiments were performed on a CH 
Instruments 760D electrochemical workstation. Either 0.125 M phosphate 
buffer or 0.5 M KCl was used as supporting electrolyte. Cyclic 
voltammograms at Pt foil (0.5 cm2) or disc (0.1963 cm2) surfaces were 
collected at scan rates ranging from 5 to 500 mV/s. Linear sweep 
voltammetry experiments at illuminated semiconductor electrodes were 
performed at a scan rate of 20 mV/s.  

In a typical bulk electrolysis experiment, a standard, two-compartment H-
cell containing a salt bridge between the cathode and anode 
compartments was used. The reference electrode was placed in the 
cathode compartment. A 0.5 cm2-Pt foil or Pt/p-GaAs working electrode 
was used with a Ag/AgCl or SCE reference electrode and Pt mesh counter 
electrode. The working electrode compartment was filled with 4 mL of 1 
mM NAD+ solution in 0.125 M phosphate buffer and was deoxygenated by 
bubbling with Ar for several minutes prior to the start of electrolysis. 
Potentiostatic bulk electrolyses were run at the selected potential for 15 h 
while irradiating the p-GaAs electrode with a Red Luxeon V LED (Future 
Electronics; λmax = 625 nm). The LED was driven at 700 mA by a Xitanium 
driver (Advance Transformer Company), and the light was focused with a 
collimating lens (Future Electronics). Post-bulk electrolysis solutions were 
analyzed by UV-vis and 1H NMR spectroscopies. Product quantitation by 
1H NMR was achieved by integrating characteristic peaks referenced to an 
imidazole standard. 

NAD+ Reduction by NaBH4 

Minor modification of a literature procedure[52] was used to prepare an 
authentic mixture of 1,2-, 1,4-, and 1,6-NADH isomers. NAD+ (50 mg) was 
dissolved in 5 mL of phosphate buffer (0.125 M, pH 7.0) and solid NaBH4 
(5 mg) was added, resulting in a color change to yellow-green. The mixture 
was stirred in air for approximately 10 min, and a sample was directly 
analyzed by 1H NMR after the addition of 10% v/v D2O. The target 
compounds 1,4- and 1,6-NADH, as well as unreacted NAD+, were 
identified by the signals of their reduced nicotinamide rings. 1H NMR 
(H2O:D2O 90:10, 500 MHz); 1,4-NADH: δ = 6.75 (H2, s, 1H), 2.56 (H4, m, 
2H); 1,6-NADH: δ = 6.93 (H2, s, 1H), 3.65 (H6, m, 2H). 
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