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A B S T R A C T   

Mimicking natural photosynthesis by direct photoelectrochemical (PEC) reduction of CO2 to chemicals and fuels 
requires complex cell assemblies with limitations in selectivity, efficiency, cost, and stability. Here, we present a 
breakthrough cathode utilizing an oxygen tolerant formate dehydrogenase enzyme derived from clostridium 
carboxidivorans and coupled to a novel and efficient in situ nicotinamide adenine dinucleotide (NAD+/NADH) 
regeneration mechanism through interfacial electrochemistry on g-C3N4 films. We demonstrate stable (20 h) 
aerobic PEC CO2-to-formate reduction at close to 100 % faradaic efficiency and unit selectivity in a bio-hybrid 
PEC cell of minimal engineering with optimized Ta3N5 nanotube photoanode powered by simulated sunlight 
with a solar to fuel efficiency of 0.063 %, approaching that of natural photosynthesis.   

1. Introduction 

Electroreduction of CO2 to chemicals and liquid fuels not only serves 
to store excess renewable electricity in chemical bonds but also con-
tributes to CO2 reduction in the atmosphere [1]. Ideally, the electrical 
energy can be provided directly by sunlight, mimicking natural photo-
synthesis. Such photoelectrosynthesis may be of particular importance 
for dealing with the intermittent nature of sunlight and help mitigate 
climate change by CO2 recycling. It faces however challenges related to 
energy and conversion rate efficiency, product selectivity, cost, and 
stability of the catalysts. 

Many (photo)electrocatalysts have been reported for the production 
of compounds ranging from two-electron transfer products, CO and 
HCOOH, to multi-electron transfer ones such as CO, HCOOH, C2H4, and 
alcohols [2–6]. Cu appears to be an important element for the latter class 
of catalysts [7,8], while electroreductive synthesis of formic acid, 
HCOOH – an important chemical reagent and insecticide – requires 
noble-metal or toxic electrocatalysts (Pd, Pt, Au, Pb) [2,3,9,10]. An 
alternative would be to integrate in the cathode formate dehydrogenase 

(FDH) enzymes, which selectively catalyze the reduction of CO2 into 
formate (HCOOH or HCOO− ) [11]. 

Some FDHs contain W or Mo in their active sites (metal-dependent 
FDHs) [12] and some of these, such as the ones from Syntrophobacter 
fumaroxidans [13] and Desulfovibrio vulgaris [14,15], exhibit fast elec-
tron transfer directly from a cathode in electrolytic [13,16] or photo-
electrochemical (PEC) cells [15,17]. Direct wiring of electrons across the 
electrode-protein interface tends to result in high turnover numbers 
(TONs) [12,18], i.e., fast CO2 conversion kinetics, but requires that the 
active sites of the enzymes are exposed or shallow, or connected to the 
electrode surface by a train of redox cofactors [18], such as FeS clusters. 
Strictly anaerobic environments are necessary when reducing CO2, since 
O2 easily deactivates those active sites [19]. Despite the high TONs, the 
stability of directly wired enzymes has not been satisfactory; degrada-
tion usually starts immediately following the electron transfer [13,15]. 
In fact, most enzymes used in industry, including FDHs, cannot be 
directly wired to electrodes [20], as their functionality relies on the 
addition of cofactors, such as the nicotinamide adenine dinucleotide 
(NADH), which is required for most metal-independent FDHs [21,22]. 
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Hence, the coupling of an NADH-dependent oxygen tolerant FDH with 
an efficient NADH regeneration mechanism will have wide prospects of 
applications. This is also of great importance to many chemical and 
pharmaceutical industries, where most of the enzymes involved are 
dependent on NADH, or its phosphorylated form, NADPH [23]. There-
fore, it has been imperative to find an efficient, selective and 
enzyme-compatible electrode material for NAD(P)H regeneration [20]. 
Although the addition of a mediator such as the Cp[Rh(5,5′-methyl-2, 
2′-bipyridine)] [24] can significantly increase the selectivity by indirect 
regeneration (introduction of a second redox system), it is burdened by 
the costs of Rh or other noble metals and the complexity of separation 
and purification. Moreover, the addition of mediators can cause dena-
turation of enzymes, leading to diminished activities [25]. Recently, 
graphitic carbon nitride, g-C3N4, studied for its role in solar fuel pro-
duction [26,27], has shown promising ability to photocatalytically 
regenerate NADH, both in the presence and absence of mediators [28, 
29]. It is believed that the π-π stacking of g-C3N4 can interact with the 
adenine subunit of NAD+, leading to strong affinity and ability for direct 
electron transfer and protonation processes between these two sub-
stances [28]. This leads to the possibility to directly utilize the g-C3N4 as 
a single electrode, which can be readily used in an electrochemical or 
PEC cell, eliminating the need of hole scavengers such as triethanol-
amine (TEOA) and significantly simplifying the separation and purifi-
cation processes. 

Herein and for the first time, a film of g-C3N4 on an F-doped SnO2 
(FTO) coated glass was used as an electrode for the direct electro-
catalytic NADH regeneration. At the same time, we developed a highly 
active photoelectrode based on Ta3N5 nanotubes, optimized through a 
simple surface modification procedure. The optimized photoelectrode 
approaches the theoretical photocurrent density of Ta3N5 of approxi-
mately 13 mA/cm2 under solar simulated light and at low overpotential. 
We have modified the inherently instable Ta3N5 [30] to suppress pho-
tocorrosion under relatively high photocurrent densities. The two elec-
trodes have then been employed in a bio-hybrid PEC cell, for selective 
conversion of CO2 gas to formate with the formate dehydrogenase (FDH) 
derived from clostridium carboxidivorans (c.c.) as the biocatalyst. We 
chose this particular c.c. FDH due to its excellent oxygen tolerance, but 
this comes with the cost that this protein is NADH dependent and has a 
low turn-over frequency (TOF) [12]. We present however an efficient, 
selective and facile cofactor regeneration mechanism on this novel 
cathode, and when powered by the optimized Ta3N5 nanotubes, a close 
to 100 % faradaic efficiency and unity selectivity to formate by CO2 
electroreduction was obtained. We demonstrate a photo-assisted bio--
hybrid PEC cell towards artificial photosynthesis, with minimal engi-
neering, under ambient conditions and with an overall efficiency and 
stability beyond the current state-of-the-art. 

2. Experimental section 

2.1. Ta3N5 NTs photoanode 

The growth of Ta3N5 NTs is based on our previous works [31,32]. A 
piece of Ta foil with an area of 0.25 cm2 was sonicated in a sequence of 
acetone, isopropanol and DI water for 30 min each, then dried under N2 
stream. The first Ta2O5 nanotubes layer was grown under 60 V for 5 min, 
then rinsed with DI water and removed by an intense airflow from an air 
compressor. The new Ta2O5 nanotubes layer grown under 60 V for 30 
min was then stabilized in ethanol for 5 min, before being transferred to 
a ProboStat™ for nitridation. The conversion of Ta2O5 nanotubes to 
Ta3N5 nanotubes was performed by annealing the oxide in a flow of NH3 
(15 sccm) at 950 ◦C for 2 h, then cooled down under the same NH3 
stream with a rate of 5 ◦C/min. 

2.2. Co-based cocatalysts loading on Ta3N5 NTs 

The Co(OH)x cocatalyst was firstly electrodeposited under fixed low 

current, rather than a fixed potential in order to control a low deposition 
rate. The deposition was carried out in a 3-electrode electrochemical cell 
with Ta3N5 NTs, standard calomel electrode (SCE) and Pt foil as the 
working, reference and counter electrodes, respectively. The electrodes 
were first immersed in a solution containing 0.05 M Co(NO3)2, of which 
the pH was carefully adjusted to 11 ± 0.5 by slowly adding 1 M NaOH 
solution and was constantly monitored by a pH meter (HORIBA D-71 G, 
Japan). Afterwards, a fixed current of − 10 μA/cm2 was applied on the 
working electrode for 100 s. The electrodes were then rinsed thoroughly 
with DI water, before being transferred to another plating solution 
containing 0.05 mM Co(NO3)2 in 0.1 M potassium phosphate buffer (pH 
7). A potential of 0.85 V vs. SCE was applied on the Co(OH)x loaded 
working electrode for 60 s, so that Co-Pi was also loaded. 

2.3. g-C3N4 porous thin film cathode 

g-C3N4 thin film (mole ratio of HCl to dicyandiamide = 1) was coated 
on FTO glass substrate using a thermal evaporation method. For 
instance, 50 mg dicyandiamide and 0.6 mmol hydrochloride were dis-
solved with 2 ml DI water. After a thorough stirring, the solution was 
spread on a 4*4 cm2 FTO glass substrate and dried in a drying oven at 70 
◦C for 1 h. The dried precursor (dicyandiamide with hydrochloride) was 
adhered to the surface of the FTO glass substrate. The substrate was then 
placed onto a 35 mm diameter petri dish with the precursor side facing 
downwards. The sample was calcined in a 550 ◦C preheated muffle 
furnace (Carbolite, CWF 1300) for 20 min and quenched to room tem-
perature in air. Before tests, the electrodes were masked by Epoxy with 
an area of 2*2 cm2 exposed to the electrolytes. 

2.4. Enzyme expression and purification 

The detailed expression and purification of the c.c. FDH is described 
in the supporting information (SI). 

2.5. Electrochemical NADH regeneration and enzymatic CO2 reduction 

Cyclic voltammetry (CV) and chronoamperometry measurements 
were performed in a 3-electrode configuration under standard atmo-
spheric conditions with or without N2 bubbling. g-C3N4, Pt foil and SCE 
were used as the working (cathode), counter (anode) and reference 
electrode, respectively. A Nafion membrane made by soaking 600 u L of 
5% Nafion perfluorinated resin solution on a 25 mm diameter cyclopore 
track etched membrane was set in the middle to separate the anode and 
cathode chambers. The pores of the cyclopore track etched membrane 
were fully covered by Nafion as observed by scanning electron micro-
scopy (SEM). As varying buffered solution were used, details can be 
found in the main document and SI. The reported potentials here were 
not converted against the reversible hydrogen electrode (RHE) in order 
to follow the tradition in the literature [20]. The absorption spectrum of 
1,4-NADH was monitored with a UV–vis spectrophotometer (SPE-
CORD® 200 PLUS). Data analysis was carried out using the spec-
troanalytical software WinASPECT PLUS. 13CO2 gas was purchased from 
Merck (99.0 atomic %, 10 L) and was used in the PEC experiments as 
well. The EnzyChrom™ NAD+/NADH assay kit (E2ND-100) for the se-
lective detection of 1,4-NADH was purchased from Nordic Diagnostica 
Service AB, Sweden. 

2.6. PEC measurements 

PEC water splitting experiments with Ta3N5 NTs were performed 
under standard atmospheric conditions in a 3-electrode configuration 
with Ta3N5 NTs, Pt foil and saturated calomel electrode (SCE) as the 
photoanode, cathode and reference electrode, respectively, in 1 M 
NaOH. The AM1.5 G simulated solar light illuminated the 0.25 cm2 

Ta3N5 NTs photoanode through a quartz window, and an electronically 
controlled shutter together with a digital timer was used to generate 
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intermittent light conditions. The potentials are reported versus RHE 
using the conversion ERHE = ESCE + 0.059*pH + 0.244 V. 

PEC CO2 reduction was performed under a 2-electrode configuration, 
with Ta3N5 NTs as the photoanode and g-C3N4/FTO porous thin film as 
the cathode, under standard atmospheric conditions. The anode and 
cathode chambers were separated by a Nafion membrane as in the 
NADH regeneration cell. The photoanode was immersed in PBS solution 
containing 0.1 M NaHCO3, while the cathode was immersed in PBS 
solution containing 0.1 M NaHCO3, 2.5 mM NAD+, ca. 2 mg c.c. FDH and 
purged with CO2 (0.63 sccm). During the 13CO2 labelled experiments, 
the same solution but without the addition of NaHCO3 was used. The 
same light source as for the PEC water splitting was used. Further details 
of instrumentation and product analysis and quantification are provided 
in SI. 

3. Results and discussion 

3.1. Ta3N5 nanotubes photoanode 

The Ta3N5 nanotubes (NTs) were synthesized based on our previous 
method [31], but with removal of the porous non-oriented top layer, see 
Fig. 1a before and after. This eliminates charge transfer trapping states 
at the interface between the two layers and increases the surface 

coverage of the cocatalyst. In our earlier work [32], the optimized 
cocatalyst was deposited not as a continuous film but rather as randomly 
dispersed particle islands on the walls of the nanotubes. In this study the 
electrodeposition of Co(OH)x/Co-Pi with optimized parameters was 
applied with the first Co(OH)x layer deposited at fixed low current 
density (− 10 μA/cm2), resulting in a homogeneous cocatalyst layer 
covering the entire nanotubes, see Fig. 1b before and after. The bare NTs 
of smooth surface are known for their photocorrosion during PEC water 
splitting [30]. Through the modifications, we aimed for enhanced 
charge transfer kinetics from the surface of the material to the electro-
lyte while the improved cocatalyst coating can suppress the photo-
corrosion even under high photocurrent densities. 

The current-potential (j-E) curves in Fig. 1c show that with the 
optimized electrodeposition parameters, Ta3N5 NTs with Co-based co-
catalysts reach 9.4 mA/cm2 @ 1.23 V vs. RHE under AM1.5 G simulated 
solar light, the highest reported for Ta3N5 NTs, except planar Ta3N5 
films [33] using rare elements and multiple complicated synthesis steps 
for a multilayer protection mechanism. At an overpotential of only 100 
mV (i.e., 1.33 V vs. RHE) our photocurrent density exceeded 12 
mA/cm2, approaching the theoretical value of 12.9 mA/cm2. Fig. 1c 
highlights the material development from the optimization of the elec-
trodeposition parameters of Co(OH)x and Co(OH)x/Co-Pi dual cocata-
lyst. Overall, a 50 % increase in the performance of the photoanode was 

Fig. 1. SEM images of a) Ta3N5 NTs array after anodization and ammonolysis, before and after the removal of the top-layer, scale bar 1 μm. b) Before electrode-
position and the smooth surface of NTs. After electrodeposition a homogenous yet rough cocatalyst layer is present fully covering the NTs, scale bar 100 nm. c) j-E 
curve of Ta3N5 NTs with electrodeposited Co(OH)x/Co-Pi cocatalysts reaching 9.4 mA/cm2 @ 1.23 V vs. RHE under AM1.5G simulated solar light (purple curves). 
The red and green curves are parts of the history of the development of the material as previously published [31,32]. d) Optimized Ta3N5 NTs (purple curve) 
stabilized at 3 mA/cm2 under 1.1 V vs. RHE for at least 20 min. Again, the red and green curves highlight the comparative degradation of the material without surface 
optimization of the underlying nitride. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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achieved by these simple and robust modifications. A long-term PEC 
water splitting experiment was undertaken and an overall faradaic ef-
ficiency of measured oxygen evolution as high as 90 % was reached over 
3 h, indicating a dramatically reduced photocorrosion (Fig. S2a). A 
supplementary video is also given in the SI, where the O2 gas release 
from the surface modified Ta3N5 NTs photoanode is highlighted. 

As expected, the improved cocatalyst coverage of the underlying 
nitride surface resulted in a significantly improved stability at relatively 
lower photocurrent densities. The purple curve in Fig. 1d shows that at 3 
mA/cm2 (@ 1.1 V vs. RHE) the performance has been maintained for 20 
min without any noticeable decay. A direct rerun of the stability test 
shows that this performance was maintained at least for another 20 min, 
and decreased to 52 % of its initial performance after more than 3 h total 
test period (Fig. S3). At this point, post-operation SEM shows a signifi-
cant deformation of the Ta3N5 NTs and loss of the continuous and ho-
mogeneous cocatalyst layer, as seen in Fig. S4. Additionally, the XRD 
pattern of the degraded sample (Fig. S5 blue curve) shows the evolution 
of several new diffraction peaks, implying the formation of secondary 
phases most likely related to the formation of TaOx [34]. On the other 
hand, this is the longest stable performance achieved for nanotubular 
structured Ta3N5-based photoelectrodes, in stark contrast to the 
non-optimized samples, where around 50 % loss in the stability was 
observed after only 20 min of operation. Nevertheless, it could be that 
electrodeposition of the cocatalyst on such high aspect ratio nano-
structures may not be the most appropriate method, as any uncoated 
surface can serve as a corrosion point. Other techniques, such as atomic 
layer deposition (ALD) or further development of the facile electrode-
position method should be pursued. 

While our optimized Ta3N5 NTs decorated with Co-based dual 
cocatalyst can yield high photocurrent densities, a better stability is 
achieved at moderate current densities, e.g., 1 mA/cm2 (Fig. S2b). A PEC 
with a biocatalyst (enzyme) replacing noble metals will operate at and 
tolerate only lower current densities although they can show relatively 
high turnover numbers (TONs) [35,36]. For these reasons we developed 
a novel bio-hybrid cathode for enzymatic selective reduction of CO2 to 
formate and show subsequently how we drive it with our optimized 
Ta3N5 NTs photoelectrode. 

3.2. Bio-hybrid cathode based on g-C3N4 and FDH enzyme 

The cofactor (NADH) dependent c.c. FDH enzyme that we have 
chosen here, has shown good activity in ambient environments with 
presence of oxygen [37] as confirmed also in our lab (Fig. S6). Addi-
tional information regarding the enzyme structure, stability, and activ-
ity, together with a short description regarding the possible CO2 
reduction mechanism by metal-dependent and –independent FDH en-
zymes, can be found in SI in Figs. S7 and S8 and corresponding analysis. 
Although the c.c. FDH enzyme is oxygen tolerant, its utilization has been 
little reported, and we have only found one work integrating the c.c. 
FDH as the first step in a cascade enzymatic system [38]. The main 
reason may be the low TOF for this enzyme in CO2 reduction [12]. 
However, its long lifetime [37] and modest requirements during oper-
ation make this enzyme suitable for up-scaling. 

Preliminary synthesis in our laboratories have shown that the ratio 
between HCl and dicyandiamide (DCDA) has an impact on the 
morphology of the g-C3N4 film (Fig. S9 and corresponding analysis). 
Herein, the 1:1 ratio of HCl and DCDA was used in order to produce a 
porous g-C3N4 film electrode, as described in the experimental section 
[27]. The cross sectional SEM images (Figs. S9 and S10a) show a 5 μm 
thick, porous g-C3N4 film directly coated on the FTO substrate 
(g-C3N4/FTO). Such a g-C3N4/FTO electrode shows a typical j-E curve of 
an n-type semiconductor under light on-off cycles when the potential is 
relatively positive (-0.2~-0.3 V vs. RHE), while no obvious p-type 
semiconductor properties are evident at more negative potentials 
(Fig. S10b). This indicates that the direct utilization of such an electrode 
as a photocathode is not applicable, hence we used the g-C3N4/FTO as a 

regular cathode and substrate for the NADH mediated electron transfer 
to FDH. 

The electrocatalytic activity of the g-C3N4/FTO electrode towards 
the selective NADH regeneration to the enzymatically active form of 1,4- 
NADH is studied by CV, UV–vis spectroscopy and enzymatic detection 
methods. The study was conducted in a two-compartment electrolytic 
cell in which the cathode side contained 2.5 mM NAD+ under contin-
uous supply of N2 gas. Fig. 2a shows distinct differences in the voltam-
metric behavior of the porous g-C3N4 in the absence and presence of 
NAD+. A clear reduction peak at -1.16 V vs. SCE (pH 8.5) under a 
scanning rate of 100 mV/s is assigned to the NAD+/NADH redox couple, 
which is not present when there is no NAD+ in the electrolytic buffer 
solution (green dashed line). The formal potential for the NAD+/NADH 
redox couple is at − 0.56 V vs. SCE, so an overpotential of approx. 0.6 V 
is required that is amongst the lowest reported for similar systems of 
direct electron transfer [20,39]. At more negative potentials electro-
catalytic hydrogen evolution occurs. Reversing the potential scan di-
rection an oxidation peak is observed at -0.80 V vs. SCE that is assigned 
to hydrogen desorption, which is rather important, as it suggests that 
protons are present in the reaction sites for the hydrogenation of NAD+. 
Such a CV profile has been seen in other systems for example in Ru 
nanoparticles on glassy carbon [40]. 

A very different behavior is seen for the FTO substrate as revealed by 
Fig. S11a, where the reduction peak of NAD+ is moved to − 1.39 V vs. 
SCE at 100 mV/s. Moreover, there is no clear hydrogen desorption peak 
during the reverse scan towards less reducing potentials. This behavior 
fits with a previous report on the influence of FTO coated glass for the 
NADH regeneration reaction [41]. It should be noted that the authors 
did not provide any evidence for the selective reduction of NAD+ to 1, 
4-NADH. Therefore, FTO can irreversible reduce NAD+ and this is 
evident from the linear dependence of the peak potential (Ep) and the 
changing shape of the voltammetric profile from the scan rate, as given 
in Fig. S12a. A similar linear dependence is also observed for the peak 
current density (jp) from the scan rate (Fig. S12b), suggesting a diffusion 
controlled reduction reaction on the surface of the electrode. The same 
trend follows also the dependence of the peak potential and peak current 
density on the scan rate for the hydrogen desorption peak as seen in 
Fig. S12c and d. 

In order to investigate the formation of the enzymatically active 1,4- 
NADH for both the g-C3N4/FTO and bare FTO electrodes, we conducted 
chronoamperometric experiments at potentials close to the respective 
peak potential as given in Fig. 2b and Fig. S11b. The steady state current 
densities fit well with the expected ones from the CV profiles for both 
electrodes. The absorption spectra of the cathode compartment elec-
trolytic solution was then monitored and the evolution of the charac-
teristic peak at 340 nm for the 1,4-NADH is clearly seen for both 
electrodes (Figs. 2c and S11c). The reference absorption spectra of 
commercially available 1,4-NADH and the respective reference peak are 
given in Fig. S13a and b. We further confirmed the selective formation of 
1,4-NADH (Fig. S13c and d) with the use of the commercially available 
test kit EnzyChrom™, according to the procedure described by Saba 
et al. [42] The yields regarding the selective formation of 1,4-NADH are 
presented in Table S1 and a linear increase of its concentration is 
observed for both electrodes in good accordance with their steady state 
current densities of Figs. 2b and S11b. On the other hand, g-C3N4 has a 
2–3 times better faradaic efficiency (FE) compared to the bare FTO, as 
found after integration of the chronoamperometric curves at each time 
interval. 

We investigated the effect of the pH and the absence of bicarbonates 
in the electrolytic solution on the CV behavior of g-C3N4/FTO in elec-
trolyte containing dissolved oxygen but also in electrolyte flushed with 
N2. As seen from Figs. 2d and S14a, the CV profile is slightly altered with 
the NAD+ reduction peak moving to − 1.01 V vs. SCE (0.150 V more 
positively instead of 0.084 V as expected for a pH difference of 1.4) and 
the hydrogen desorption peak to − 0.66 V vs. SCE (0.014 V instead of 
0.084). Thus, we observe a non-Nernstian behavior, which can be found 
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in irreversible processes that thermodynamic equilibrium cannot be 
reached [43]. This result agrees well with the fact that the Ep for both 
processes moves negatively with increasing scan rate as seen in 
Fig. S14b. In agreement with the CV measurements at pH 8.5 a linear 
dependence of the peak current density with the scan rate is observed 
(Fig. S14c), denoting diffusion control reactions. Similar linear depen-
dence of the Ep and jp for the hydrogen desorption process with the scan 
rate was also found (see Fig. S14d and e). The results as calculated by Eq. 
2 and 3 in the SI are given in Table S2 revealing a lower diffusion co-
efficient for the g-C3N4 electrode that is assigned to its porosity 
compared to the relatively flat FTO surface. Moreover, the Do values in 
the range of 10− 6 cm2/s are in perfect agreement with the expected 
values presented in the literature [44–46]. 

Finally, we performed a 24 h long experiment in the NADH regen-
eration two-compartment cell in the presence of the FDH enzyme under 
a low flow of labelled 13CO2 gas. We highlight the absence of bi-
carbonates, therefore the only carbon source was the labelled CO2 gas 
stream. The chronoamperometric curve of Fig. 2e suggests a stable 
operation of the NADH regeneration cell, which in the presence of FDH 
the characteristic absorption peak of 1,4-NADH at 340 nm was not 
observed (Fig. S14f). Importantly, 13C NMR measurements clearly show 

the evolution of a 13C peak related to the formation of H13COO−

(Fig. 2f). This experiment not only provides additional evidence for the 
successful formation of enzymatically active 1,4-NADH, but it also 
highlights the synthesis of formate directly from CO2 gas. 

3.3. Hybrid PEC cell assembly and CO2 reduction 

A PEC cell with the optimized Ta3N5 NTs modified with Co species as 
cocatalyst and the g-C3N4/FTO cathode was assembled according to the 
schematic depicted in Fig. 3a. A total amount of 2 mg c.c. FDH enzyme 
was distributed in the cathode PBS solution containing 0.1 M NaHCO3 
and 2.5 mM NAD+, while CO2 was continuously purged as feedstock. 
The g-C3N4/FTO cathode with an exposed area of 4 cm2 was immersed 
and the assembly was left under ambient conditions. A proton con-
ducting Nafion membrane is set in the middle to separate the two 
chambers. The optimized Ta3N5 NTs photoanode was immersed in the 
anode side of the PEC assembly, in the same PBS solution without NAD+

or the enzyme. During the PEC operation for CO2 reduction, only the 
photoanode received the AM1.5 G simulated solar light through a quartz 
window. The conduction band (CB) of g-C3N4 is 0.3 eV more negative 
than that of Ta3N5, and a bias, Vapp was hence needed and applied in 

Fig. 2. a) CV of g-C3N4/FTO as working elec-
trode (cathode) in a dual compartment elec-
trochemical cell, which the cathode 
compartment was bubbled with N2 gas. The 
reference electrode in the cathode compartment 
was SCE, while anode was a Pt mesh. A Nafion 
membrane was used to separate the two com-
partments. The cathode side contained 2.5 mM 
NAD+, 0.1 M NaHCO3 in PBS (pH 8.5). The Pt 
anode solution contained 0.1 M NaHCO3 in 
PBS. The stabilized cycles are only shown that 
were obtained after at least 5 cycles. b) NAD+

electroreduction at the peak potential (Ep=1.20 
V vs. SCE) with g-C3N4/FTO as working elec-
trode. c) Absorption spectra of the cathode so-
lution from the electroreductive experiment of 
b). d) CV profiles of g-C3N4/FTO as working 
electrode (cathode) in a dual compartment 
electrochemical cell with as prepared PBS (pH 
7.1). In this case no bicarbonates were used in 
both anode and cathode buffer solutions. 
Cathode contained 2.5 mM NAD+. e) Electro-
reduction of 13CO2 at the NAD+/NADH peak 
potential (Ep=1.0 V vs. SCE) with g-C3N4/FTO 
as working electrode. The cathode solution 
contained ca. 2 mg FDH enzyme, 2.5 mM 
NAD+, in PBS (pH 7.1) and bubbled with 13CO2 
with a flow of 1.8 mL/min. f) 13C NMR spectra 
of the solution after 0 h and 24 h labelled 
experiment of e), 20 mM formic acid were 
added as the reference 13C spectrum. The 
highlighted peak at 173.84 ppm after 24 h 
labelled experiment, is assigned to the formate 
production by 13CO2 reduction (blue), as 
correlated by addition of the internal standard 
(red). (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article).   
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order to successfully inject the photo-generated electrons from the CB of 
Ta3N5 to that of g-C3N4. 

Fig. 3b shows the charge transfer pathways of the whole PEC system. 

Electron-hole pairs are generated close to the surface of the Ta3N5 NTs 
and get separated at the space charge region (SCR), where after electrons 
move to the bulk and holes to the surface. The 1D nature of nanotubes 
may not only increase the surface area, but also improve the charge 
separation efficiency by allowing electrons and holes to move in oppo-
site directions [47]. Water molecules will be oxidized by the 
photo-generated holes at the surface of the photoanode, evolving oxygen 
gas and protons diffusing through the electrolyte towards the cathode. 
The photo-generated electrons gain an energy of eVapp by assistance of 
external bias and are injected to the CB of the g-C3N4, where they are 
transferred to NAD+ most probably through the interaction between the 
π-π stacking of g-C3N4 and the adenine subunit of NAD+ [28]. At the 
same time, NAD+ is protonated, leading to the regeneration of NADH. 
With c.c. FDH enzyme and dissolved CO2 readily available, direct CO2 
reduction to formate takes place. 

The transient photocurrent density curve of the 2-electrode hybrid 
PEC cell in Fig. 4a shows a photocurrent onset of ca. 0.2 V in good 
agreement with the CB difference. However, the photocurrent is low 
when compared to the high performance of several mA/cm2 obtained 
earlier in PEC water splitting, where only inorganic catalysts were 
evolved. This is due to the mismatch of the CBs of Ta3N5 and g-C3N4, 
therefore extra bias is required to pump the electrons coming from the 
photoanode to the cathode. In addition, g-C3N4 is a poor conductor [48] 
imposing considerable ohmic overpotential losses. Moreover, there are 
overpotentials from the finite kinetics of NADH regeneration and CO2 
reduction via the FDH enzyme [20]. Thus, it is reasonable to assume that 
electrons are suffering from poor mobility and low charge transfer ki-
netics at the cathode, therefore, most of the photo-generated electron--
hole pairs in Ta3N5 are recombined, leading to a significant 
photocurrent decrease. This behavior correlates well with the more 
intense anodic photocurrent transients, which are significant even at 1.6 
V vs. g-C3N4, suggesting that in this system the recombination of charge 
carriers is mostly due to electron accumulation in the bulk of the Ta3N5 
NTs photoanode. This is not the case when Pt is used as the cathode 
electrode (refer to Fig. 1), although a direct comparison is avoided, as 
the Pt cathode was used in a 3-electrode configuration. 

Fig. 3. a) Schematic of the c.c. FDH integrated bio-hybrid PEC cell. Cathode: g- 
C3N4/FTO immersed in a 60 mL solution containing ca. 2 mg c.c. FDH, 2.5 mM 
NAD+, 0.1 mM NaHCO3, in PBS solution and purged with CO2. Photoanode: 
Ta3N5 NTs with top layer removed, Co(OH)x deposited at -10 μA/cm2 for 100 s, 
and Co-Pi under 0.85 V vs. SCE for 60 s, immersed in 60 mL PBS solution 
containing 0.1 mM NaHCO3. Top fittings for both compartments were used but 
not depicted for simplicity. b) charge transfer pathways for the whole PEC cell. 

Fig. 4. a) Transient photocurrent density of a 
hybrid PEC cell assembly with different applied 
voltage (indicated by the numbers) under 100 s 
light on (light bar) and off (grey bar) cycles, b) 
Photocurrent density of CO2 reduction by the c. 
c. FDH enzyme integrated PEC cell, with 1 V 
applied bias in a 2-electrode setup for 20 h. c) 
13C NMR spectra of the cathode solution in a 
13CO2 labelled PEC experiment with no addi-
tion of NaHCO3. (For interpretation of the ref-
erences to colour in this figure legend, the 
reader is referred to the web version of this 
article).   
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The photocurrent density shown here is still among the highest re-
ported and with much better stability than hybrid systems reported in 
the literature, which rarely contain a long-term PEC stability test 
(Table S3) [15,17]. In order to test the stability and the production of 
formate in our system, a 20 h PEC CO2 reduction was performed under 1 
V applied bias under ambient (aerobic) conditions, with 5 min light off 
and 25 min light on cycles, as shown in Fig. 4b. Overall, the photocur-
rent shows a good stability and after an initial decrease stays constant 
until an increasing trend starts after some 10 h. XRD of the post oper-
ation photoanode (Fig. S5 red curve) further confirms the retention of 
the crystal structure and that no secondary phases appeared, as opposed 
to the photoanode operated at high current densities (Fig. S5 blue 
curve). One possible reason for the initial photocurrent decrease is the 
Co leaching from the Co(OH)x/Co-Pi cocatalyst. This correlates well 
with the relatively larger cathodic photocurrent transients, as shown in 
Fig. S15a, suggesting hole accumulation due to Co leaching. Then a 
redeposition of Co can take place in the phosphate buffer during the 
following hours [49], so that hole transfer is improved again and an 
increase in the photocurrent is witnessed. This is in agreement with the 
observation that cathodic photocurrent transients diminish after the 10 
h, see Fig. S15b. Moreover, SEM of the nanotube electrode operating at 
low current densities during the bio-hybrid PEC testing (Fig. S15c) 
shows a retention of the initial morphology, in stark contrast to the 
deformed nanotubes operating at high current densities (Fig. S4b). 

The solution at the cathode was collected at specific intervals and 
analyzed with NMR. The 1H NMR spectra (Fig. S16) clearly shows 
production of formate. The emerging peak at chemical shift 8.44 ppm is 
assigned to the presence of formate according to the internal reference 
spectrum, in good agreement with all the previous 1H NMR spectra 
containing formate. A control test operated under the same conditions 
but without the addition of c.c. FDH was also carried out, and the cor-
responding 1H NMR spectrum (Fig. S16) shows no peak for formate, in 
evidence that the enzyme is necessary in the cathode for CO2 
electroreduction. 

The theoretical faradaic formate production was calculated by inte-
grating the photocurrent density in Fig. 4b, yielding an expected 5 μmol 
of formate. From the NMR spectra, an amount of 4.9 μmol of formate 
was found according to the standard curve (Fig. S17), i.e. at 100 % FE 
within the applicable uncertainty. This means that both the enzymatic 
CO2 reduction and NADH regeneration steps are highly selective. The 
calculated solar-to-fuel (STF) efficiency (refer to SI for the calculations) 
in which the applied bias is extracted and the photons from the whole 
solar simulated spectra are considered, is 0.063 %, as compared with the 
average efficiency of 0.1 % of natural photosynthesis [50,51]. We per-
formed the experiment in the presence of 13CO2 as the sole carbon 
source in order to prove the direct CO2 utilization by FDH in our hybrid 
PEC cell. Due to the long acquisition time for 13C NMR spectra, we added 
NaOH (0.1 M final concentration) in the measurement sample solution 
to deactivate the FDH enzyme, while the rest of the conditions were kept 
the same as for the initial experiment. After 12.7 h PEC 13CO2 reduction, 
a peak emerged at 173.86 ppm. According to the reference spectrum 
with 20 mM formic acid as the internal reference, we confirmed the 
direct formate production from 13CO2 reduction. The peak at 171.08 
ppm next to the formate is related to H13CO3

− /13CO3
2- [52], resulting 

from the reaction of dissolved 13CO2 with NaOH. 
Currently, the most common commercialized method for cofactor 

regeneration is to use enzymes, such as the glucose dehydrogenases 
(GDHs) or FDHs [53], to protonate and reduce NAD+ to 1,4-NADH by 
oxidizing sacrificial substrates glucose or formic acid [54]. This requires 
costly downstream separation and purification, and suffers from the 
instability of most enzymes, resulting in the high prices of NADH and 
NADPH (105− 6 USD/mol) [20]. New paths of cofactor regeneration 
comprise chemical, catalytic (homogenous and heterogeneous), photo-
catalytic, and electrochemical methods, but they all suffer from draw-
backs including poor selectivity or stability, bio-incompatibility, or 
separation and purification difficulties [20]. The electrochemical 

method developed herein based on non-toxic, stable and inexpensive 
g-C3N4 warrants further studies to enhance its electronic conductivity 
and performance not only in bio-hybrid PEC systems, but also unravel 
the underlying mechanisms for use in the selective regeneration of the 
enzymatically active 1,4-NADH. Although we have not currently shown 
a 100 % FE of the g-C3N4/FTO electrode for the selective 1,4-NADH 
generation but rather around 25–30 %, we note that the FE is strongly 
dependent on the applied potential, and these two systems are not 
comparable due to different operating conditions. In the PEC system a 
2-electrode configuration was used and the electrons are pumped from 
the CB of the Ta3N5 photoanode. In the electrocatalytic experiment, a 
3-electrode configuration was used to study the regeneration mecha-
nism and extract the thermodynamic and kinetic data. Furthermore, the 
actual applied voltage and current density play an important role in the 
selectivity and conversion efficiency, parameters that should be further 
pursued and studied. Among the highest reported direct regenerating 
cathode electrodes are glassy carbon deposited with Pt or Ni nano-
particles [55]. Under a certain potential range a 100 % yield in 1, 
4-NADH have been achieved with such electrodes, but the FE was not 
reported. From the presented j-E curves we have calculated a 26 % FE for 
the glassy carbon-Pt electrode that reflects the high activity of our 
g-C3N4/FTO electrode. 

In order to further interrogate our results, we repeated the hybrid 
PEC experiment of Fig. 4 at 1.3 V vs. cathode and a linear evolution of 
the formate concentrations was observed (see Fig. S18). We emphasize 
the stability of our g-C3N5 film electrode, which showed no apparent 
morphology change (Fig. S19) taken into account that it was used for 
several and lengthy experiments under the presented electrocatalytic 
and hybrid PEC conditions. We also emphasize the stability of our c.c. 
FDH enzyme, which maintains 75 % of its activity after standing for 48 h 
under normal atmospheric conditions (Fig. S7). 

4. Conclusions 

With our optimized dual Co-based cocatalyst, Ta3N5 nanotubes 
facilely fabricated from earth-abundant elements exhibit a high perfor-
mance of 9.4 mA/cm2 @ 1.23 V vs. RHE under 1 sun and improved 
stability towards photocorrosion. For its integration in bio-hybrid PECs, 
it is moreover important that the conduction band of Ta3N5 is quite 
negative compared to other photocatalysts like TiO2, Fe2O3 and BiVO4 
(Fig. S20), whereby lower overpotentials – here 1 V – are needed in 
order to electrochemically reduce CO2 while oxidation of water is still 
favorable from the band positioning. Ta3N5 is in itself prone to photo-
corrosion at high current densities, but we have demonstrated that fine 
tuning the electrodeposition parameters of the cocatalyst can improve 
the surface kinetics and at the same time protect the underlying material 
by efficiently extracting the photogenerated holes, yielding viable sta-
bility under the modest current densities of enzymatic 
photoelectrosynthesis. 

It is not common to see STF efficiencies of reported bio-hybrid photo- 
electrocatalytic systems [56,57], with the exception of 0.08 ± 0.01 % 
from Wang et al. [58], 0.042 % from the work of Lee et al. [59] and 0.02 
% from Andrei et al., [60] with the latter reporting on syngas formation 
rather than formate. Therefore, our STF efficiency of 0.063 % is amongst 
the highest reported so far in a bio-hybrid PEC system of minimal en-
gineering, operated stably (20 h) under the total solar irradiance and 
normal atmospheric conditions. 
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