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ABSTRACT  
 
Nitrate in wastewater streams causes eutrophication, and nitrate removal is of great 
importance for environmental protection. Electrochemical nitrate reduction has the 
advantage of directly converting nitrate to benign or useful chemicals, but it typically requires 
a considerable overpotential. In this study, photoelectrochemical nitrate reduction is 
investigated using a Cu2O photocathode, where photoexcited electrons in the conduction 
band inherently have an overpotential of >1.6 V for nitrate reduction. The Cu2O photocathode 
is found to reduce nitrate to nitrite selectively with a high Faradaic efficiency (>85%). More 
importantly, as the surface of Cu2O is particularly catalytic for nitrate reduction, nitrate 
reduction on Cu2O kinetically suppresses photocorrosion of Cu2O without needing additional 
catalyst or protection layers. In addition to nitrate reduction, nitrite reduction on Cu2O is 
examined to compare the effects of nitrate and nitrite reduction kinetics on photocurrent 
generation and photocorrosion of Cu2O photocathodes. 
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 Nitrogen is a key nutrient for plant growth and is widely used in the form of ammonium 
nitrate (NH4NO3) in fertilizers.1 Therefore, runoff from agricultural fields contains 
considerable amounts of nitrate (NO3−).2 Also, many industrial processes require nitrate or 
produce nitrate as a byproduct.3,4 Thus, wastewater from these processes possesses nitrate of 
various concentrations. The nitrate-rich effluents enrich the environment with nutrients, 
causing eutrophication, creating multiple detrimental impacts on the ecosystem (e.g., harmful 
algae bloom, dead zones, fish deaths, and ocean acidification).5-7  
 While there are various methods available to remove nitrate from nitrate-containing 
solutions (e.g., reverse osmosis and ion exchange), they often involve pre-treatments of 
feedwater and other processes before and after nitrate removal and may not be cost-effective 
for wastewater treatment.4,8 Also, the removed nitrate (e.g., in the form of nitrate-containing 
brine) from these methods still needs to be converted to benign species by further treatments. 
Thus, electrochemical nitrate reduction, which can directly convert nitrate to environmentally 
benign N2 (Eq. 1) or a commercially valuable product like NH3 or NH4+ (Eq. 2) using 
renewable electricity, is receiving considerable attention.9–13 
 
 2NO3− + 12H+ + 10e− → N2(g) + 6H2O  E° = 1.246 V vs SHE  Eq. 114 
 NO3− + 10H+ + 8e− → NH4+ + 3H2O  E° = 0.882 V vs SHE  Eq. 214 
 
 For the conversion of nitrate to N2 or NH3, the reduction of nitrate to nitrite (NO2−) is 
the first step (Eq. 3), which is also known to be a rate-limiting step.15 While the standard 
reduction potential of nitrate to nitrite is 0.835 V vs SHE (Eq. 3), studies on electrochemical 
nitrate reduction typically show that the onset potential for nitrate reduction is near 0 V vs 
RHE, meaning nitrate conversion to nitrite requires a considerable overpotential (~0.8 V). 
Once nitrite is produced, its conversion to N2 and NH3 (Eqs. 4-5) is reported to be kinetically 
less challenging.16 Thus, if nitrate can be reduced to nitrite utilizing solar energy with little 
to no additional energy input, the resulting nitrite may be converted to N2 and NH3 more 
selectively and with higher energy efficiency using known nitrite reduction methods.16-19  
 
 NO3− + 2H+ + 2e− → NO2− + H2O   E° = 0.835 V vs SHE  Eq. 314 
 2NO2− + 8H+ + 6e− → N2(g) + 4H2O  E° = 1.520 V vs SHE  Eq. 414 
 NO2− + 8H+ + 6e− → NH4+ + 2H2O  E° = 0.897 V vs SHE  Eq. 514 
 
 In this study, we investigated the possibility of photoelectrochemically reducing nitrate 
using a Cu2O photocathode in a photoelectrochemical cell under simulated solar illumination. 
Cu2O is an inexpensive p-type semiconductor with a narrow bandgap, which can utilize a 
considerable portion of the solar spectrum.20–25 Its conduction band minimum (CBM) is 
around −0.8 V vs RHE.20,26 Thus, photoexcited electrons in the conduction band (CB) of 
Cu2O inherently possess sufficient overpotential (>1.6 V) to perform nitrate reduction 
without needing any energy input (Figure 1a). Also, if a Cu2O photocathode performing 
photoelectrochemical nitrate reduction is coupled with a photoanode performing water 
oxidation or other useful reactions (e.g., alcohol oxidation)27–29 with photogenerated holes 
having sufficient overpotentials for the anode reactions, solar energy utilized by these 
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photoelectrodes is sufficient to perform both reactions with no additional energy input 
(Figure 1b).  
 We recognize that Cu is reported to be one of the most efficient catalysts for 
electrochemical nitrate reduction.30–37 Thus, it is possible that the surface of the Cu2O 
photocathode is particularly catalytic for nitrate reduction, meaning photoexcited electrons 
in Cu2O may be utilized for nitrate reduction without needing an additional nitrate reduction 
catalyst. Furthermore, if surface-reaching electrons are rapidly used by nitrate reduction 
before they are used for photocorrosion, then photocorrosion of Cu2O, the major limitation 
of Cu2O the photocathode,20,38,39 may be kinetically suppressed without needing a protection 
layer.  

 
 

 
 

Figure 1. (a) Band diagram of Cu2O showing a sufficient overpotential of photoexcited electrons in 
the CB for nitrate and nitrite reduction. (b) Band diagram showing the coupling of a Cu2O 
photocathode performing nitrate reduction with a photoanode performing water oxidation with 
photogenerated holes having a sufficient overpotential for water oxidation, which enables solar nitrate 
reduction with no external energy input.  

 
 

 To date, there have been only a handful of reports on photoelectrochemical nitrate 
reduction where p-Si, p-GaInP, p-Cu2ZnSnS4, and p-type BiVO4 have been used as the 
photocathodes.40–45 However, none of these photocathodes are particularly catalytic for 
nitrate reduction, so most of them were coupled with an additional nitrate reduction catalyst. 
When they were not coupled with a nitrate reduction catalyst, the photocurrent onset 
potentials for nitrate reduction were significantly shifted to the negative direction from their 
expected flatband potentials.41,43–45  
 Here, we report our investigation of photoelectrochemical nitrate reduction on a Cu2O 
photocathode where Cu2O serves as a photon absorber and a catalyst for nitrate reduction at 
the same time. Our results show that this single component Cu2O photocathode can reduce 
nitrate to nitrite selectively with a high FE (>85%) while remarkably suppressing 
photocorrosion. We also compared nitrate reduction with nitrite reduction on Cu2O and found 
that nitrite reduction is slower than nitrate reduction, but nitrite reduction produces NH3 with 
a FE of 50%, which was confirmed using isotope labeled nitrite (15NO2−). 
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 The Cu2O electrodes used in this study were electrodeposited on an FTO substrate to 
allow for back-side illumination (i.e., light reaching Cu2O through the substrate). A detailed 
synthesis method and basic characterization results of the Cu2O electrodes obtained by 
scanning electron microscopy (SEM), X-ray diffraction (XRD), and UV−vis spectroscopy 
are shown in the supporting information (Figure S1). Briefly, the Cu2O electrode is 
composed of randomly oriented, micron-size Cu2O polycrystals mostly exposing {100} 
planes. The UV−vis absorption spectrum shows the absorption onset of 640 nm (equivalent 
to 1.94 eV), meaning that Cu2O can utilize a considerable portion of the solar spectrum.  
 The photoelectrochemical nitrate reduction on the Cu2O photocathode was first 
evaluated by obtaining a photocurrent density-potential (J−V) plot under AM 1.5G irradiation 
in an Ar-purged 0.1 M K2SO4 solution (pH 7) with and without 0.1 M KNO3. The J−V plot 
obtained without 0.1 M KNO3 shows a photocurrent density of −1.4 mA/cm2 at 0 V vs RHE 
(Figure 2a). In this solution, the only reactions that can contribute to photocurrent generation 
are water reduction and cathodic photocorrosion of Cu2O. It is well known that the surface 
of Cu2O is not catalytic for water reduction, while the cathodic photocorrosion of Cu2O is 
very fast.20,38,39 Therefore, it can be assumed that the photocurrent obtained without nitrate is 
mostly associated with photocorrosion of Cu2O.  
 The J−V plot obtained with 0.1 M KNO3 shows a photocurrent density of −3.1 mA/cm2 
at 0 V vs RHE, which is more than 2 times higher than that obtained without 0.1 M KNO3 
(Figure 2a). The enhanced photocurrent obtained with nitrate means that nitrate reduction is 
faster than photocorrosion and nitrate reduction can rapidly extract photoexcited electrons 
from Cu2O before they are used for photocorrosion. As a result, nitrate reduction kinetically 
suppresses photocorrosion and prevents photocorrosion-induced surface recombination (i.e., 
surface recombination caused by the Cu and Cu/Cu2O interface formed by photocorrosion), 
enabling higher photocurrent generation during the J−V measurement. In fact, the J−V 
performance of Cu2O obtained with nitrate is comparable to that obtained with 4-hydroxy-
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) (Figure S2), which was recently identified 
as the best electron scavenger for Cu2O and was shown to kinetically suppress the 
photocorrosion of Cu2O.39 The difference is that the reduction rate of TEMPOL is inherently 
fast regardless of the surface type and therefore TEMPOL can work as a general electron 
scavenger. On the other hand, the reduction rate of nitrate is sluggish on most surfaces and is 
fast on Cu2O because the surface of Cu2O is catalytic for nitrate reduction. For example, if a 
protection layer like TiO2 is placed on Cu2O to enhance the photostability of Cu2O, the 
photocurrent density for nitrate reduction actually decreases and more photocorrosion is 
induced because the rate of nitrate reduction on TiO2 is slower than the rate of nitrate 
reduction on Cu2O (Figure S3). In contrast, when TiO2 is placed on Cu2O, photocurrent 
density for TEMPOL reduction increases as TEMPOL reduction is equally fast on TiO2 and 
the TiO2 layer additionally helps electron-hole separation in Cu2O, further suppressing 
photocorrosion.39  
 In order to evaluate the stability of Cu2O over time and quantitatively detect products 
from nitrate reduction, we performed constant potential nitrate reduction at 0.3 V vs RHE for 
1 hour AM 1.5G irradiation and obtained a J−t plot (Figure 2b). The J−t plot obtained 
without nitrate is also shown for comparison. When nitrate is absent, the photocurrent decays 
drastically within the first 10 min. This is because Cu particles formed by photocorrosion 



5 
 

enhance surface electron-hole recombination, hindering photocurrent generation. The 
formation of Cu particles on the Cu2O surface could be easily confirmed by post J−t analyses 
of the Cu2O electrode; the SEM analysis shows newly formed particles (Figure 2c), the XRD 
pattern shows the characteristic Cu(111) peak at 43.3° (Figure 2d), and the Cu LMM XPS 
spectrum shows a shoulder peak at 918.6 eV corresponding to Cu0 (Figure 2e).  
 
 

 
 

Figure 2. (a) J−V plots with chopped light (10 mV/s) and (b) J−t plots at 0.3 V vs RHE of Cu2O 
measured without (black) or with (blue) 0.1 M NO3

− in 0.1 M K2SO4 solution (pH 7) under AM 1.5G 
irradiation. (c) SEM images and film photographs (inset) of Cu2O films before and after J−t 
measurement without and with 0.1 M NO3

−. (d) XRD patterns showing the 2θ region where the most 
intense Cu(111) peak appears and (e) Cu LMM Auger spectra of Cu2O before (gray) and after J−t 
measurement without (black) and with (blue) 0.1 M NO3

−.  
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 On the other hand, when nitrate is present, the drastic decay of photocurrent within the 
initial 10 min is alleviated (Figure 2b). Also, the SEM, XRD and XPS results of the Cu2O 
electrode after the J−t measurement with nitrate look identical to those of the pristine Cu2O 
electrode (Figure 2c-e) with no sign of Cu particle formation from photocorrosion. However, 
the surface of the Cu2O electrode was slightly darkened after the J−t measurement, 
suggesting that photocorrosion was not completely suppressed. We believe that some Cu0, 
which is sufficient to alter the surface color of the electrode, was formed during the J−t 
measurement. However, its total amount is not substantial and it is too dilute and well 
dispersed to form Cu particles that are detectable by SEM, XRD, or XPS. More importantly, 
this dilute and well dispersed Cu0 on the Cu2O surface does not appear to be as detrimental 
as Cu particles, which were formed during the J−t measurement without nitrate, to 
photocurrent generation.  
 After the J−t measurements, products formed by nitrate reduction during the J−t 
measurement were quantified by various methods as described in the Supporting Information. 
For example, nitrite was quantified by the Griess method, where the nitrite ion reacts with 
sulfanilic acid and then with N-(1-naphthyl)ethylenediamine dihydrochloride, forming a 
reddish-purple azo dye. The resulting azo dye has a characteristic absorbance at 540 nm, 
which is proportional to the concentration of nitrite initially present, thus allowing for nitrite 
quantification (Figure 3). The result shows that nitrite is produced as the major product with 
an average Faradaic efficiency (FE) of 87% (Table S1), meaning the conversion of nitrate to 
nitrite on Cu2O is highly selective. The formation of other products such as NH3, H2, or 
NH2OH was negligible.  
 
 

 
 

Figure 3. (a) UV−Vis absorption spectra of standard nitrite solutions for the Griess method and (b) 
the resulting calibration curve with nitrite produced by photoelectrochemical nitrate reduction using 
a Cu2O photocathode at 0.3 V vs RHE, which is diluted 20 fold. Detailed method and calculation 
results are shown in the SI.  
 
 
 Next, we performed the J−t measurement at a more positive potential, 0.4 V vs RHE, 
to investigate whether the degree of photocorrosion can be further diminished by altering the 
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applied potential. When a more positive applied potential is applied to the Cu2O 
photocathode, the band bending is decreased, reducing the number of surface-reaching 
electrons in Cu2O without decreasing the overpotential allowed for nitrate reduction (Figure 
S4). We postulated that if the flux of surface-reaching electrons is reduced and is better 
balanced with the outflux of electrons used for nitrate reduction, the loss of electrons to 
photocorrosion can be further decreased.  
 

 
 

Figure 4. (a) J−t plot at 0.4 V vs RHE of Cu2O repeated for five cycles measured with 0.1 M NO3
− 

in 0.1 M K2SO4 solution (pH 7) under AM 1.5G irradiation and (b) the FE for nitrite formation during 
each cycle (60 min for each) shown in (a). (c) SEM image and film photograph (inset) of Cu2O films 
after five cycles of J−t measurement with 0.1 M NO3

−. 
 

 Indeed, the J−t measurement at 0.4 V vs RHE resulted in a more stable J−t profile 
(Figure 4a) and the average FE for nitrate reduction (92±2%) obtained from three 
measurements using three different Cu2O photoelectrode was slightly higher than that 
obtained at 0.3 V vs RHE (Figure S5 and Table S2). Based on this encouraging result, we 
repeated the J−t measurement at the same potential four more times using the same three 
Cu2O electrodes. Comparable J−t profiles were obtained for all measurements (Figure 4a) 
and the FE for nitrate reduction remained above 85% (Figure 4b). The standard deviations 
for FE for each measurement obtained using three Cu2O electrodes are shown as error bars 
in Figure 4b. 
 The surface darkening observed after five consecutive uses of the Cu2O electrode for 
the J−t measurement at 0.4 V vs RHE (Figure 4c, inset) was milder than that observed after 
one time use at 0.3 V vs RHE (Figure 2c, inset). Also, the SEM (Figure 4c), XRD, and XPS 
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results (Figure S6) still did not show notable signs of Cu particle formation by 
photocorrosion. This result suggests that photoelectrochemical nitrate reduction can be an 
ideal reaction to utilize many advantages of the Cu2O photocathode while suppressing its 
photocorrosion, encouraging further efforts and strategies to completely suppress the 
photocorrosion of Cu2O during nitrate reduction. We also tested the effect of increasing the 
nitrate concentration in solution on the suppression of photocorrosion of Cu2O (Figure S7) 
and found that it is less effective than reducing the number of surface-reaching electrons by 
decreasing the band bending.  
 As nitrite is the major product of nitrate reduction on Cu2O, we also investigated the 
ability of Cu2O to photoreduce nitrite by obtaining J−V and J−t plots using 0.1 M K2SO4 
solution containing 0.1 M nitrite. Here, we used isotopically labeled 15NO2− as a reactant to 
differentiate 15NH3 produced from 15NO2− reduction from adventitious ammonia (14NH3).  
 The photocurrent density obtained from nitrite reduction (e.g., −2.2 mA/cm2 at 0 V vs 

RHE) is lower than that obtained with nitrate reduction although it is still higher than that 
obtained without nitrite (Figure 5a). It suggests that the rate of nitrite reduction is slower 
than that of nitrate reduction on Cu2O. As a result, nitrite reduction does not effectively 
suppress photocorrosion of Cu2O and a more pronounced photocurrent decay was observed 
during the J−t measurement at 0.3 V vs RHE (Figure 5b). Also, post J−t analysis of the 
Cu2O electrode after nitrite reduction clearly showed the formation of Cu particles by SEM, 
XRD and XPS studies (Figure 5c-e).  
 The product analysis by proton nuclear magnetic resonance spectroscopy (1H-NMR) 

after the 1 h J−t measurement shows that 15NH3 is obtained as the major product (Figure S8). 
From three J−t measurements using three different Cu2O photocathodes, the average FE for 
15NH3 production was 50±1% (Figure S8 and Table S3). Other products like NH2OH and 
H2 were not detected. The slower nitrite reduction rate than the nitrate reduction rate on Cu2O 
explains why nitrate reduction stops at nitrite formation on Cu2O; nitrite formed from nitrate 
reduction desorbs from the surface before it is further reduced due to the slower nitrite 
reduction kinetics, and once nitrite is desorbed it cannot complete with nitrate that is more 
concentrated and more readily reduced on Cu2O. 
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Figure 5. (a) J−V plots with chopped light (10 mV/s) and (b) J−t plots at 0.3 V vs RHE of Cu2O 
measured without (black) or with (green) 0.1 M NO2

− in 0.1 M K2SO4 solution (pH 7) under AM 
1.5G irradiation. (c) SEM image and film photograph (inset) of Cu2O film after J−t scan with 0.1 M 
NO2

−. (d) XRD patterns showing the 2θ region where the most intense Cu(111) peak appears and (e) 
Cu LMM Auger spectra of Cu2O before (gray) and after J−t scans without (black) and with (green) 
0.1 M NO2

−.  
 

 In summary, we investigated photoelectrochemical nitrate reduction on Cu2O 
photocathodes and found that the Cu2O surface is catalytic for photoelectrochemical nitrate 
reduction, thus allowing for the use of Cu2O as a photon absorber and a catalyst for nitrate 
reduction at the same time. As a result, a single-component Cu2O photocathode could 
selectively convert nitrate to nitrite with an average FE >85% while kinetically suppressing 
photocorrosion of Cu2O. The resulting nitrite can be reduced to environmentally benign N2 
at room temperature and ambient pressure using previously developed non-electrochemical 
methods.16–18 Alternatively, the Cu2O surface may be modified with nitrite reduction catalyst 
to consecutively reduce nitrite to N2 or NH3. Overall, our results demonstrate the feasibility 
of photoelectrochemically reducing nitrate using Cu2O as a photon absorber and nitrate 
reduction catalyst at the same time.  
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