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Methods

Materials

Si solar cell (heterojunction with intrinsic thin-layer, HJT), Cu target (99.99%, AJA 

international), KNO3 (≥ 99.0%, Sigma-Aldrich), KOH (90%, Sigma-Aldrich), NaOH (98%, 

Chem-supply Australia), (NH4)2S2O8 (≥98.0%, Sigma-Aldrich), Co(NO3)2·6H2O (98%, 

Sigma-Aldrich), CoCl2 (97%, Sigma-Aldrich), 2-Methylimidazole (99%, Sigma-Aldrich), 

D2O (99.9%, Cambridge Isotope Laboratories), K15NO3 (98.0 atom% 15N, Sigma-Aldrich), 

KNO2 (98%, Ajax Finechem), HCl (32%, RCI Labscan), H2SO4 (98%, Supelco), 

H2PtCl6·xH2O (≥ 99.9%, Sigma-Aldrich), glycerol (99.5%, Chem-supply Australia), NaCl (≥ 

99.0%, Sigma-Aldrich), ethanol (100%, Chem-supply Australia), isopropyl alcohol (70%, 

Chem-supply Australia), anion exchange membrane (Dioxide Materials), Milli-Q water (18.2 

MΩ·cm), H2 (Coregas), Ar (Coregas).

The photoelectrodes in regular size and large-scale size (25 cm2) were synthesized on HJT solar 

cell without and with metallization, respectively.

Photocathode synthesis

The Cu nanowires layer (Cu-NSTL) was synthesized on Si cell by a facile process. Firstly, Si 

cell surface was cleaned by ozone plasma, which can enhance the adhesion between the outer 

ITO layer on Si cell with sputtered Cu. Then, a Cu layer of around 500 nm was fabricated on 

n-type side surface by sputtering (p-Cu-Si), and transferred to Cu(OH)2 NWs by a self-etching 

process in 1 M NaOH and 0.05 M (NH4)2S2O8 for 15 min. The synthesized Cu(OH)2 NWs 

were annealed in 180 ℃ Ar/H2 to produce Cu NWs (Cu-Si). For the fabrication of 

Cu/Co(OH)2-Si, thin Co(OH)2 nanosheets were electrodeposited onto Cu-NSTL in 0.05 M 

Co(NO3)2·6H2O at -1.0 VAg/Agcl under illumination for 20 s. To synthesis Co(OH)2-Si, the 

Co(OH)2 nanosheets were electrodeposited directly on the n-type side of Si.

To prepare the large-scale photocathode, after forming Cu-Si structure, a self-assembling 

method was used to prepare the outer Co(OH)2 layer, which was revised from reported 

literature.1 The Cu-Si was treated with a fresh solution mixed with 0.4 M 2-methylimidazole 

and 0.05 M CoCl2 for 3 hours. The sample was then taken out and immersed in a 0.046 M 

CoCl2 ethanol solution for 20 min to derive SA-Cu/Co(OH)2-Si.

Photoanode synthesis



The Cu/Pt-Si was synthesized by immersing Cu-Si structure in 1mM H2PtCl6 solution for 

several minutes.

Photoelectrochemical measurements

PEC measurements were obtained with a potentiostat (Autolab) and a gas-tight H-cell reactor. 

The cathodic and anodic sides were filled with 50 mL of electrolyte and separated by an anion 

exchange membrane. The illumination was provided by a solar simulator (AM 1.5G, Pico), and 

the power intensity of the incident light was calibrated to 100 mW cm-2 at the surface of reactor 

window.  For the tested photocathodes, the exposed back illuminated area (p-type side) and the 

front catalytic area (n-type side) were same. The EQE result in Fig. S4 shows the catalytic 

process-happening side has negligible contribution on light absorption. The performance 

evaluation, LSV and EIS were collected with Pt foil and Ag/AgCl (KClsat) as counter and 

reference electrode, respectively. Before each test, Ar was purged in H-cell for more than 15 

min to remove air. A solution with 0.1 M KOH and 0.1 M KNO3 was used as electrolyte (pH 

~ 13.5). No iR correction was applied. 

The bias-free operation was achieved in a two-photoelectrode device configuration with the 

catholyte of 0.1 M KOH + 0.1 M KNO3 and the anolyte of 0.1 M KOH + 0.1 M KNO3 + 0.1 

M glycerol.  

Products quantitation

a. Ammonia (as NH4
+)

The produced ammonia was determined by UV-Vis (UV-3600, Shimadzu). After reaction, 0.5 

mL of catholyte was taken and mixed with 0.4 mL of Kit 1, 0.1 mL of Kit 2 and 30 µL of Kit 

3, where the content of each Kit is listed below:

Kit 1: 1 M NaOH solution with 5 wt.% salicylic acid and 5 wt.% sodium citrate.

Kit 2: 0.05 M NaClO.

Kit 3: 1 wt.% C5FeN6Na2O (sodium nitroferricyanide).

The mixture was then preserved in dark at room temperature for 1 hour before the UV-Vis 

testing. The concentration of ammonia can be calculated via the calibration curve (Fig. S6a). 

In this work, a set of standard solutions with known amount NH4Cl in 0.1 M KNO3 and 0.1 M 

KOH were prepared, and they showed a strong absorbance at around 655 nm. 



The 14NH4
+ and 15NH4

+ products were detected by NMR (Avance III 600MHz Cryo NMR, 

Bruker) using a water suppression method. Before NMR test, the pH of collected electrolyte 

needs to be adjusted to around weak acid.

b, Nitrite 

50 µL of electrolyte, 50 µL of Griess Reagent and 0.9 mL of Milli-Q water were mixed and 

kept at room temperature in dark for 0.5 h before the UV-Vis testing. A set of standard solutions 

with 0.1 M KNO3, 0.1 M KOH and known concentration of KNO2 were prepared, with the 

absorbance at 525 nm to plot the calibration curve (Fig. S6b).

c, H2

The gas products were determined by gas chromatograph (GC, Model 2010, Shimadzu) 

equipped with both a thermal conductivity detector (TCD) and flame ionization detector (FID).

d, Formate

The produced formate in glycol oxidation reaction (GOR) was detected by NMR (Avance III 

600MHz Cryo NMR, Bruker) with a water suppression method.

Faradic efficiency and yield rate

The Faradic efficiency and yield rate were calculated by the following equations:

                                                                                                     (1)
 𝐹𝐸 =

𝑛𝑐𝑉𝐹
𝑄

× 100%

                                                                                                                           (2)
𝑌 =

𝑐𝑉
𝑆𝑡

Where n is the number of transferred electrons for producing desired products (n=2 for nitrite, 

n=8 for ammonia, n=8/3 for formate); c is the molar concentration of the product; V is the 

volume of catholyte/anolyte; F represents the Faraday constant (F=96485.33); Q is the total 

charge passing the photoelectrode; S is the surface area of photoelectrode; and t is the reaction 

time.

Solar utilization efficiency

The solar utilization efficiency was calculated by the following equation under bias-free 

operation:



                                                                                                       (3)
𝜂 =

𝐽 × 𝑉
𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

× 100%

J is the photocurrent density and V is the potential provided by photoelectrodes. Pincident is the 

power intensity of the incident light.

Materials Characterization

FEI Nova NanoSEM450 was employed for SEM imaging and EDX mapping. HR-TEM images 

and EDX elemental mapping were obtained on a TEM (FEI Titan) with an EDX analyzer at an 

accelerating voltage of 200 kV. The surface chemical states and energy band structure were 

analyzed by XPS and UPS (Thermo ESCALAB 250Xi) with a mono-chromated Al Kα 

radiation source (1486.68 eV) and He I excitation light (21.22 eV). The band gap of 

photoelectrodes was determined by UV-vis (UV-3600, Shimadzu). XRD patterns were 

collected on PANalytical Empyrean Thin Film XRD. The X-ray absorption spectroscopy 

(XAS) measurements were carried out at medium energy X-ray absorption spectroscopy 

beamline (MEX-1) in transmission mode at ANSTO, Australia. 

PV characterization

The TEM specimens were prepared by a plasma FIB (Thermo Fisher Helios G4 PFIB) and a 

final ion beam polish was applied by Fischione NanoMill 1040 to ensure a clean and fresh 

surface. The microstructure and compositional profiles were measured using a JEOL F200 (200 

kV) cold field-emission gun (FEG) scanning transmission electron microscope equipped with 

a windowless silicon drift EDX detector. EQE measurements were conducted by utilizing a 

QEX10 spectral response system (PV measurements, Inc.) calibrated by the National Institute 

of Standards and Technology (NIST) certified reference Si and Ge photodiodes.

In-situ photoelectrochemical characterization

The in-situ photoelectrochemical SR-PD data were collected in PD beamline at ANSTO, 

Australia (X-ray energy 21.0005 keV). A custom-designed PEC setup was used during the in-

situ SR-PD test.

The in-situ photoelectrochemical Raman spectra were acquired on a Renishaw inVia 

microscope using 514 nm or 633 nm laser diode as the excitation source. A custom-designed 

PEC setup was used during the in-situ Raman test.



The in-situ photoelectrochemical SR-IR measurements were carried out in IR beamline at 

ANSTO, Australia. It has been realized through a homemade 3-electrodes 

photoelectrochemical cell, with a ZnSe window. The IR station was equipped with an FTIR 

spectrometer (Bruker 66 v/s) with a KBr beam splitter and Mercury-Cadmium-Telluride 

(MCT) detector. It coupled with an IR microscope (Bruker Hyperion 3000) with a 20x 

objective. Each IR adsorption spectrum was acquired in reflection mode by 256 scans at 

solution of 2 cm-1. The background spectrum was collected at open-circuit voltage before the 

in-situ PEC test.

Computational method

DFT calculations were implemented using the Vienna ab-initio simulation package (VASP)2,3 

with the core and valence electronic interactions being modelled using the projector augmented 

wave (PAW) method.4,5 The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional6 

was employed. The wavefunction was expanded with a kinetic energy cut-off of 500 eV and a 

Monkhorst-Pack k-points of 7×7×1 was used. The slab method was used to model Cu (111) 

and Co(OH)2 (100) surfaces. A vacuum region of 20 Å was introduced in the direction of the 

z-axis to avoid interactions between periodic images. The zero-point energy and entropic 

contributions at 298 K as well as the solvation correction for H2 and H2O were also considered 

in the calculations of free reaction energy. Geometrical optimizations were achieved by 

relaxing all ionic positions and supercell vectors until the Hellman-Feynmann forces were less 

than 0.03 eV Å-1. The dispersion correction was also considered in this study by using DFT-

D3 method.7



Fig. S1 (a) Schematic illustration of HJT light-absorber and the corresponding SEM images of 

the bare n- and p-type side surfaces. (b) Electrical characteristics of synthesized photoelectrode.

The near-finished HJT structure has been employed in this work (Fig. S1a), with the 

configuration of ITO/n-type amorphous silicon (a-Si)/i a-Si/n-type c-Si/i a-Si/p-type a-Si/ITO. 

It is composed by a sandwich structure with a thin c-Si wafer as the main part of photo-

absorber, and the surrounded ultra-thin a-Si layers can reduce recombination losses at the 

hetero-interface (a-Si/c-Si) of photo-generated charges. The ITO layers on both sides work as 

transparent electrode, with a thickness of approximately 80 nm. Both the n- and p-type side 

surfaces feature a special pyramid structure, benefiting for effective photons absorption with 

less reflection loss. As shown in Fig. S1b, the electrical characteristics of the synthesized 

photoelectrode are consistent with those of the pure Si solar cell, demonstrating a short-circuit 

current density (Jsc) of 39.56 mA cm-2, an open-circuit voltage (Voc) of 0.69 V and a fill factor 

of 0.69. Thus, the Si structure (HJT) with hybrid of c-Si and a-Si demonstrates several 

advantages on their energy-saving producing technology, less crystalline silicon using, high 

efficiency, high output photovoltage, and good stability. It has been regarded as low-cost 

alternative to traditional c-Si solar cell, showing increasing occupation in solar market and 

expecting with a bright future. 

 

Fig. S2 TEM images of Cu/Co(OH)2-Si. 



Fig. S3 Schematic illustration of PEC NO3RR measurement in a 3-electrode H-cell, with the 

synthesized photoelectrode as the working electrode (WE), Ag/AgCl as the reference electrode 

(RE) and Pt as the counter electrode (CE).
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Fig. S4 EQE analysis obtained from the n-type side of Si with Cu-NSTL. 

The result indicates that the illumination area of photocathode is equal to the area of p-type 

side exposure.
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Fig. S5 LSV curves of Cu/Co(OH)2 and Cu/Co(OH)2-Si.

Fig. S6 Calibration curves of (a) ammonia (in NH4
+ from) and (b) nitrite. 



Fig. S7 Photoelectrochemical NO3RR performance of p-Cu-Si.

Fig. S8 Photoelectrochemical NO3RR performance of Cu/Co(OH)2-Si under different reaction 

times at 0.4 VRHE.



 

Fig. S9 Cross-sectional STEM images of spent Cu/Co(OH)2-Si, corresponding EDX mapping 

images and linear atomic element distribution at selected region.
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Fig. S10 EQE analysis obtained from the p-type side of fresh Si (HJT) sample and spent 

Cu/Co(OH)2-Si.
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Fig. S11 10 hours stability test of Cu/Co(OH)2-Si at 0.4 VRHE.
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Fig. S12 The FEs of Cu/Co(OH)2-Si in 0.1 M KOH containing different initial nitrate 

concentrations electrolyte at 0.4 VRHE.



Fig. S13 Setup employed for photoelectrochemical in-situ SR-PD characterization in ANSTO, 

Australia.
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Fig. S14 PD pattern of the background. 

The background is the PD pattern of Si structure in PEC cell with electrolyte and under 

illumination.



Fig. S15 Setup employed for photoelectrochemical in-situ Raman characterization.

Fig. S16 XPS Co 2p spectra of fresh and spent Cu/Co(OH)2-Si.



Fig. S17 (a) UPS spectra and calculated work functions. (b) VB position analysed from VB 

XPS spectra. (c) Tauc plots. (d) Band diagram of Co(OH)2-Si and Cu/Co(OH)2-Si with respect 

to Evac.
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Fig. S18 EIS spectra of Co(OH)2-Si, Cu-Si and Cu/Co(OH)2-Si collected under illumination at 

0.4 VRHE.  

EIS tests were performed in a frequency range of 0.01 to 105 Hz.



Fig. S19 LSV curves of Co(OH)2-Si, Cu-Si and Cu/Co(OH)2-Si collected in 0.1 M KOH+0.1 

M KNO3 or 0.1 M KOH+0.1 M KNO2 electrolyte under photoelectrochemical test.

Fig. S20 Setup employed for photoelectrochemical in-situ SR-IR characterization in ANSTO, 

Australia.



Fig. S21 Photoelectrochemical in-situ SR-IR spectra of Co(OH)2-Si. Under each potential, 

three sets of data were collected and the time interval between each set was 2 min.

Fig. S22 Schematic diagram of reaction intermediates and adsorption configurations on (a) Cu 

and (b) Co(OH)2.



Fig. S23 The adsorption configurations of water dissociation process on (a) Cu (111) and (b) 

Co(OH)2 (100). 

Fig. S24 Adsorption configuration of the various intermediates generated during NO3RR on 

(a) Cu (111) and (b) Co(OH)2 (100).
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Fig. S25 LSV curves collected under chopped 1 sun illumination.

Fig. S26 (a) Schematic diagram of the facile process to produce high-efficient and large-scale 

SA-Cu/Co(OH)2-Si. (b) SEM image, (c) TEM image, and (d) HAADF-STEM image and the 

corresponding elemental mapping (scale bar: 200 nm) of SA-Cu/Co(OH)2-Si.



Fig. S27 (a) FE and total current density of SA-Cu/Co(OH)2-Si. (b) PEC NO3RR performance 

in simulated wastewater under 0.4 VRHE. The simulated wastewater contains 50 mM KNO3, 

0.1 M KOH and 10 mM NaCl. (c) 1H NMR spectra of the electrolyte after NO3RR using 15NO3
- 

and 14NO3
- as the nitrogen source. Average values were calculated from two independent 

measurements, with the error bars corresponding to the standard deviation.

Fig. S28 (a) Schematic diagram of the facile process to produce Cu/Pt-Si. (b) SEM image of 

Cu/Pt-Si.



Fig. S29 LSV and chronoamperometry curves of photocathode and photoanode.

The size of photoelectrodes is 1 1 cm2. The LSV curves of photocathode and photoanode ×

were obtained in a three-electrode configuration with a Pt foil (counter) and an Ag/AgCl 

(reference).

 

Fig. S30 Photographs of the PEC device under bias-free measurements in laboratory.



Fig. S31 1H NMR spectra of anolyte collected after laboratory bias-free testing.

7:46:21 AM 10:32:56 AM 1:19:29 PM 4:06:02 PM

0

200

400

600

800

1000

Irr
ad

ia
nc

e 
(W

 m
-2

)

Time

Fig. S32 The variations of solar illumination intensity on the outdoor testing day. 

The outdoor tests were carried out on 10 am -2 pm, 30 May 2023.



Table S1 The performance of photoelectrodes in nitrate reduction reaction.

Test 1 Test 2
Sample name

VRHE
FE 

NO2

FE 
NH3

FE 
H2

Current density 
(mA/cm2) FE total VRHE

FE 
NO2

FE 
NH3

FE 
H2

Current density 
(mA/cm2) FE total

0.4 98.4 0.7 0.0 3.6 99.1 0.4 94.9 0.0 0.0 0.5 94.9

0.2 100.0 0.0 0.0 2.9 100.0 0.2 91.4 0.0 2.0 3.5 93.4Si

0.0 96.0 0.0 0.0 3.5 96.0 0.0 82.8 0.0 5.5 1.5 88.3

0.6 93.0 0.5 0.0 5.5 93.5 0.6 100.0 2.0 0.0 6.5 102.0

0.4 54.4 13.9 0.0 13.7 68.3 0.4 52.0 29.9 0.0 13.6 81.9

0.2 50.5 27.6 0.0 16.1 78.1 0.2 67.9 24.2 0.0 14.7 92.1
Cu-Si

0.0 37.9 52.0 0.0 21.4 89.9 0.0 35.3 54.5 0.0 21.1 89.8

0.6 0.0 98.7 0.0 0.2 98.7 0.6 0.0 77.9 0.0 0.9 77.9

0.4 0.0 99.0 0.0 2.5 99.0 0.4 0.0 95.7 0.0 4.4 95.7

0.2 0.0 98.9 0.0 7.2 98.9 0.2 0.1 91.3 0.0 8.1 91.4
Co(OH)2-Si

0.0 1.2 79.8 0.0 12.1 81.0 0.0 0.9 88.4 0.0 13.3 89.3

0.6 7.3 92.0 0.0 3.7 99.3 0.6 5.6 90.2 0.0 6.2 95.8

0.4 2.2 97.0 0.0 14.7 99.2 0.4 3.0 98.0 0.0 12.4 101.0

0.2 12.0 93.5 0.0 18.8 105.5 0.2 2.0 100.0 0.0 18.4 102.0
Cu/Co(OH)2-Si

0.0 0.0 100.0 0.0 20.9 100.0 0.0 1.0 99.0 0.0 22.6 100.0

Table S2 Performance comparison of various photoelectrochemical and electrochemical 
systems on ammonia production from nitrate.

Sample name System Applied 
potential (VRHE) FENH3 (%) Yield rate 

(µmol h-1 cm-2) Reference

PEC 0.6 91.1 22.3 This work
PEC 0.4 97.5 65.2 This work
PEC 0.2 96.75 88.7 This work

Cu/Co(OH)2-HIT

PEC 0 99.5 106.6 This work
TiOx-

250/CdS/CZTS PEC -0.2 - 8.21 8

TiOx-
250/CdS/CZTS PEC 0.1 89.1 - 8

O_SiNW/Au PEC 0.2 95.6 - 9

O_SiNW/Au PEC 0.1 - 0.42 9

CoFeMnO/BiVO4 PEC -0.1 - 1.05 10

Si@TiO2-50-Vo PEC -0.6 94.3 63.1 11

ZnIn2S4/BiVO4 PEC -0.1 37.2 1.76 12

CuPc/CeO2 PEC -0.6 33 1.16 13

Cu/Cu2O NWAs EC -0.85 95.8 244.9 14

O-Cu–PTCDA EC -0.4 85.9 25.6 15

Ti EC -1 82 - 16

Fe SAC EC -0.66 75 - 17

Pd/TiO2 EC -0.7 92.1 - 18



Pd/TiO2 EC -0.8 - 66 18

TiO2‑x EC -1.6 VSCE 85 45 19

FOSP-Cu-0.1 EC -0.266 93.91 101.4 20

Table S3 UPS measured work functions (WF) (versus Evac), VB XPS measured VB (versus 
Fermi level) and UV-Vis measured Eg.

Sample WF (eV) VB (eV) Eg (eV)
HJT 2.93

Cu-HJT 5.55
Co(OH)2-HJT 6.25 1.24 2.50

Cu/Co(OH)2-HJT 5 1.18 1.97

Table S4 The assignment of Raman peaks.

Raman shift (cm-1) Assignment Reference

714 NH3 rocking vibration 21,22

801 NO2
- bending 22

1016 N-O stretches from the NO2 moiety associated NO3
- 22,23

1048 Symmetric NO3
- stretch from solution nitrate 22,23

1183 Vs NO2
-, chelating nitrito 22,23

1270 Va NO2
-, chelating nitrito 22

1307 HNH deformation of NH3
22

1350 Symmetric N-O stretches from NO2 moiety associated with 
absorbed NO3

-
22

1385 Antisymmetric N-O stretches from NO2 moiety associated 
with absorbed NO3

-
22

1548 HNO stretch 21,22

1660 H-O-H bending 24

Table S5 The assignment of IR peaks.



Wavenumber (cm-1) Assignment Reference

1085 N-O stretching vibration of hydroxylamine (*NH2OH) 25,26

1240 N-O antisymmetric stretching vibration of NO2
-/*NO2

25,27-29

1325 N-O antisymmetric stretching vibration of NO3
- 25,30

1375 NH4
+ 26,27

1425 Monodentate coordination of *NO3
30,31

1470 *NH2 bending mode 26,32,33

1520 Vibration of adsorbed *NO in bridge mode 25,26

1638 H-O-H bending of adsorbed *H2O 25,26

1700 Bidentate coordination of *NO3
30

1725 N-O stretching mode of *NO 34-36

1843 Adsorbed *H on Cu site 37

1917 Adsorbed *H on Co(OH)2 site 25

2805 N-H asymmetric stretching vibration of NH4
+

38,39

3017 N-H stretching of *NHy species 40,41

1070 *ND2 bending mode 32

1200 *D-O-D bending of adsorbed *D2O 42

2012 N-O stretching mode in *ND2OD 34,43

2450 ND4
+ 44,45

2886 N-D stretching of *NDy
46

1210 *15NO2
47,48

1480 15NO3
- 28,47,48

1619 *15NO 47-49

2680 15NH4
+ 49

2896 *15NH 49

3120 *15NH 49



#In isotope-labelling in-situ spectroscopy, the intermediates and products are similar, expect 
for the isotopic substitution.
#Deuterated bonds change their vibration frequency while non-deuterated groups reamin 
unaffected. 

Table S6 The calculated reaction-free energies for different intermediates.

Gibbs free energy (eV)
Reaction coordinate

Cu (111) Co(OH)2 (100)
NO3 0 0

*NO3 -2.69 -2.81

*NO2 -4.51 -5.37

NO2 -2.49 -2.49

*NO -5.13 -6.65

*NHO -5.36 -6.95

*NHOH -6.43 -6.75

*NH2OH -8.85 -5.81

*NH -7.95 -7.28

*NH2 -8.78 -8.96

*NH3 -9.57 -9.51

NH3 -8.5 -8.5



Discussion S1 Feasibility analysis

To evaluate the economic feasibility of proposed PEC technology, the techno-economic 

analysis has been employed.

Technical evaluation 

Based on the bias-free performance test result, our device can deliver yield rates of ammonia 

~0.021 mmol h-1 cm-2 (or 3.57 g h-1 m-2) and formate ~0.078 mmol h-1 cm-2 (or 34.9 g h-1 m-2).

The proposed PEC device is shown in Fig. SD1.

Fig. SD1 (a) Illustration of PEC device. (b) Top view of PEC device and the area relationships.

We evaluated the device from an economic standpoint. The main components in the system 

can be depicted in Fig. SD2.

Fig. SD2 Flow diagram of primary components.

Economic analysis

Herein, an economic model has been developed to calculate the cost. The total cost can be 

divided into the sum of raw material, capital expenditure (CAPEX) and operation expenditure 

(OPEX). All currencies are denominated in USD dollar.

The value is calculated in per illumination area (m2), while the Amembrane=0.5* Aillumination.



Table SD1 The price of raw materials

Item Unit Value Ref.

Nitratea t 0 or (315) 50

Glycerol t 300 51

a. The price of NOx solution is referenced from literature, which considered to capture 

NOx from coal-based power plants. Since there are abundant sources of nitrate-

contaminated wastewater,52 the price of NO3
- can be regarded as free at here.

CAPEX is limited to: PEC device (Si solar cell, cocatalysts, membrane, glass, reflector, PVC 

cell chamber plus PEC panel assembling, support frame, PVC tubing, pump, wiring), control 

system, products processing device, land and installation.

OPEX is limited to: consumables replacement, maintenance, insurance and miscellaneous.

Table SD2 Summary of technical parameters and respective costs for components in CAPEX 

of the considered PEC system.

Item Unit Value Ref.

Land m2 0.15 53

Installation m2 6 54

Si materiala m2 39.95 55

Catalystsb m2 3.86

Membranec m2 25 53

Reflector m2 10
Glass m2 10 56

PVC cell chamber plus panel assembling m2 20 57

Support frame m2 27 54

PVC tubing m2 6 54

Pump m2 0.003 55

Wiring m2 1.21 55

Control system m2 4 54,57 

Products processing device m2 6 56

PV panels and land for electricity (appliance)d m2 5.01



Others (tanks or accessories)e m2 32.8

Total m2 197

a. The price for Si PV panel is $ 49.95 m-2. Since considering our light-absorber is no 

need to assemble as the PV module and only one side needs metallisation, we assume 

the cost of our Si solar cell is $ 39.95 m-2.

b. Calculated assuming a combination of Cu NSTL and Co(OH)2/Pt as catalyst structure. 

The thickness of Cu layer is around 500 nm, so the total quantity of Cu is 5x10-7 m3 

m-2. Assuming the quantity of Cu will be half when produced as nanowires, the total 

Cu quantity in our case is 2.5*10-7 m3 m-2, with weight 22.35 g m-2. Since the Cu price 

is $8.21 per kg, the Cu cost is $ 0.183 m-2. Similarly, assuming the thickness of Co(OH)2 

and Pt are 50 nm and 10 nm, respectively, the price of them are $ 0.0054 m-2 and 7.35 

m-2, respectively. 

c. The A membrane is the half of A illumination. So the membrane price is half of $50.

d. Calculated assuming the area of solar panels providing electricity to control system, 

pump and other appliance is 10% area of photoelectrodes. The solar panel and 

associated land cost is $ 5.01 m-2.

e. Considering the cost in others is 20% of total CAPEX. 

Table SD3 Summary of items and costs of OPEX in the considered PEC system (for 20 years).

Item Unit Value Ref.

Catalyst replacement m2 34.74 Each 2 years

Membrane replacement m2 25 Each 10 years

Maintenance (5% of CAPEX) m2 9.85 54

Insurance (2% of CAPEX) m2 3.94 56

Miscellaneous (5% of OPEX) m2 3.67 57

Total m2 77.2



Application scenarios

There are two scenarios have been considered: one is the on-site fertilizer device for agriculture 

application and the other one is the industrial plant for stand-alone ammonia production. 

In Australia, the average peak sun hour is around 3.8 to 6.3 per day. Hence, we assume the 

solar irradiation time for PEC production is 5 hours per day.57,58

The cathodic product contains NH4
+, K+ and NO3

-, which can further capture CO2 to produce 

fertilizer directly.59 The anodic product formate can be purified to obtain formic acid, which 

can be used in multiple ways: (i) as energy or hydrogen carrier in fuel cells, (ii) as preservative 

and antibacterial agent in livestock feed, (iii) used in other manufacturing processes.

Table SD4 The price of products

Item Unit Value Ref.
Ammonia t 1000 60

Formic acid t 1200 59

An on-site fertilizer device:

In the world, the average nitrogen fertilizer use (in kilograms of nitrogen per hectare, 10000 

m2) of cropland is ~ 72 kg (Australia 43.15 kg) in 2020. The area of independent PEC system 

can be calculated as follows:

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡ℎ𝑜𝑑𝑒

=
𝐴𝑚𝑜𝑢𝑡 𝑜𝑓 𝑁𝐻3 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑝𝑒𝑟 𝑑𝑎𝑦 (𝑔)

𝑆𝑜𝑙𝑎𝑟 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (ℎ) × 𝑁𝐻3 𝑦𝑖𝑒𝑙𝑑 (𝑔 ∙ 𝑚 ‒ 2 ∙ ℎ ‒ 1)
=

239.53 (𝑔)

5 (ℎ) × 3.57 (𝑔 ∙ 𝑚 ‒ 2 ∙ ℎ ‒ 1)
= 13.42 𝑚2

Since we employed a dual-reflector flow reactor, the illumination area (land area) should be 

the sum of photocathode and photoanode. Therefore, to fertilize 10000 m2 cropland, a 26.8 m2 

PEC system is required. In Australia, the required PEC system can be reduced to 16.1 m2. 

Therefore, the production rate of our current single PEC device can satisfy the requirements of 

1.49 m2 cropland. 

To fertilize 10000 m2 cropland in 20 years with a 26.8 m2 PEC system, the total cost is $ 7348, 

which is similar with the price of purchasing commercial fertilizers $ 7200 (240 kg fertilizer 

per year, $1.5 kg-1, 20 years). 



For the fertilizer purpose, the conversion of nitrate to ammonia has two key reasons. One reason 

is that ammonium would be more stable in soil than nitrate. The other reason is that by combing 

the nitrate-ammonia process with other reactions, such as CO2 reduction, other types of 

fertilizer like urea can also be further produced.61

The on-site PEC system produced ammonia will be diluted in intelligent irrigation systems and 

employed in green and sustainable agriculture. 

A plant for NH3 production:

Assuming the NH3 production rate of PEC plant is 1 t per day and the corresponding formate 

production rate is 9.78 t per day. The plant lifetime is 20 years. The replacement of catalyst is 

assumed as re-deposit catalysts on previous Si substrate. 

Table SD5 Summary of the assumptions required in PEC system analysis.

Parameter Unit Value Reference

Ammonia production rate t/day 1

Formate production rate t/day 9.78

Economic lifetime Years 20 55,57

Catalyst replacement Years 2 57

Membrane replacement Year 10 55

Similarly,

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡ℎ𝑜𝑑𝑒

=
𝐴𝑚𝑜𝑢𝑡 𝑜𝑓 𝑁𝐻3 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑝𝑒𝑟 𝑑𝑎𝑦 (𝑔)

𝑆𝑜𝑙𝑎𝑟 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (ℎ) × 𝑁𝐻3 𝑦𝑖𝑒𝑙𝑑 (𝑔 ∙ 𝑚 ‒ 2 ∙ ℎ ‒ 1)
=

1 × 106 (𝑔)

5 (ℎ) × 3.57(𝑔 ∙ 𝑚 ‒ 2 ∙ ℎ ‒ 1)
= 56022 𝑚2

The area under illumination (or land area) is 112044.8 m2. (This area is equal to 15.69 standard 

football pitches.)

In 20 years, the CAPEX is $ 2.2 107 and the operation fee is $ 8.6 106. The plant can × ×

produce ammonia and formate 7300 t and 71394 t, respectively.



Hence, the cost on per day is ((CAPEX +OPEX) /7300 days) + cost of raw material = 

((197+77.2) 112044.8 7300) + 3.65 0+ 7.85 300 = 4208.6+2354.1=$6562.7.× ÷ × ×

The associated products revenue is 1  1000 + 9.78  1200 = $12736.× ×

The profit of per day is $6173, which indicates the PEC system has economic feasibility.

The result emphasized on the importance of using the anode side to produce high value co-

products. Compared with OER, GOR not only boosts the reaction efficiency, but also improves 

the economic benefits.

Product engineering 

To produce pure ammonia from the reduction of N-containing waste, several possible strategies 

exist. Firstly, methods such as cool condensation, electrochemical separation, and selective 

deionization can be used to enrich and separate the produced ammonia to form pure products.62 

Secondly, using a high concentration of nitrate as the reactant would be advantageous, 

especially when the system is further heated, as this would facilitate ammonia gas formation. 

In this process, utilizing thermal energy from solar sources appears attractive.63 Thirdly, using 

gas-phase N-containing wastes, such as NO and N2O, can produce ammonia gas directly.64

The produced ammonium can be converted into other ammonium salts, such as NH4Cl via an 

acid trap and NH4HCO3 via a CO2 trap.62 These ammonium salts have wide applications in 

many industrial fields.

Additionally, the nitrate reduction system can be assembled as a Zn-NO3
- battery to work as an 

energy-output electrocatalytic system.65

Sensitive analysis

Table SD6 System parameters for low-, base-, and high-case scenarios used in the sensitive 

analysis.

Parameter low base high

Catalysts price ($) 0.183a 3.86 73.5b

PV material price ($) 15.98c 39.95 400d

Performance (gNH3 h-1 m-2) 17.85e 3.57 0.714f

Plant lifetime 30 20 10
Catalyst reuse 5 2 1

Membrane reuse 20 10 5



Daylight hours 7 5 3

a. Considering using Cu as catalyst in both cathode and anode.

b. Considering using 100 nm Pt on Cu-NSTL in photoanode.

c. Considering using Si+Perovskite, the price is 40% of Si.55

d. Considering using more expensive materials, such as III-V materials, which has been 

widely used in current PV-EC research.66,67

e. Considering the performance is fivefold higher than the current one.

f. Considering the performance is one fifth of the current one.

Catalysts price

PV material price

Performance

Plant lifetime

Catalyst reuse

Membrane reuse

Daylight hours

5000 10000 15000 20000

PEC system cost per day ($)

Fig. SD3 Sensitivity analysis of PEC system cost per day. Blue represents optimistic (low cost) 

estimates, and red represents pessimistic (high cost) estimates. 

The production cost is very sensitive to PEC performance, solar cell price and catalyst price. 

Hence, our work with using cost-effective commercial Si solar cell and non-precious catalysts 

to achieve high performance is a good demonstration for the rational design of PEC system.

Environmental impacts

The PEC system will be powered by solar energy and produce NH3 in a clean process with 

negligible carbon emissions. The product purification process will further capture and use CO2.

Comparing with conventional Haber-Bosch process, the PEC system can save fossil fuel 

energy around 30 GJ and reduce CO2 emissions 2.16 t when produce per ton NH3.68 
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