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This supporting document includes the following sections, figures and table: 

 

1- Photodevice fabrication: cathodic electrodeposition of FeS2 thin-film on Cu substrate 

2- Film characterization: XRD, Raman, SEM, optical and electrical measurements 

3- Electrochemical/photoelectrochemical tests 

4- N2-photofixation, ammonia analysis, and control experiments 

5- Electrostatic promotion of the ammonia photosynthesis: applying a non-faradic potential bias to the 

photodevice 

 
Fig. S1: LSV (a; scan rate 1 mV/s) and chronoamperometric (b; E= -0.9 V vs. Ag/AgCl , 3M) diagrams of the 

cathodic electrodeposition of FeS2 on copper substrate (the inset is digital photograph of the fabricated FeS2/Cu 

photodevice). 

Fig. S2: XRD patterns of: (a) FeS2 thin-film electrodeposited on the copper substrate, (b) Cu without thin film 

[recorded for the substrate before the electrodeposition process].  

Fig. S3: SEM images (Top-view) of FeS2 thin-film electrodeposited on the copper substrate, taken at different 

magnifications. 

Fig. S4: Cross-sectional SEM image (Bird's-eye view) of the porous FeS2 thin-film electrodeposited on the Cu 

substrate.  

Fig. S5: Tauc´s plot of the electrodeposited FeS2 thin-film. 

Fig. S6: UV-vis (a) and calibration (b) diagrams recorded in this study for determination of ammonia 

concentration through Nessler's approach (in the calibration diagram, absorbance was read at 425 nm). 

Fig. S7: 1H NMR spectra of ammonium (
14

NH4
+
) aqueous media measured at different known concentrations (a) 

in the presence of p-benzoquinone [3.85 µM, serving as a reference for integral area determination]. (b) 

Calibration diagram for the ammonium solutions depicted using 
1
H NMR data. 

Fig. S8: 
1
H NMR spectra of ammonium-15N sulfate (Sigma-Aldrich; (

15
NH4)2SO4; 98 atom%) aqueous 

solutions measured at different known ammonium concentrations (a) in the presence of p-benzoquinone (3.85 

µM). (b) Calibration diagram plotted for 
15

NH4
+
 solutions using 

1
H NMR data. 

Fig. S9: Control experiments carried out for the synthesis of ammonia upon FeS2/Cu monolithic photodevice. 

Fig. S10: Stability/durability test of the photodevice for prolonged application to produce ammonia, recorded 

for four 24-h successive operations of the reactor. 

Fig. S11: Promotion effect of alkali metal cations on the photodevice activity to produce ammonia [0.2 mM is 

the optimum concentration for the system under study; see Fig. 7 of the main article]. 

Fig. S12: Schematic representation of applying a non-faradic/electrostatic dc potential bias to the photodevice 

(for accurate measurement of OCP data, the Potentio-Galvanostat instrument is employed). 

Fig. S13: Ammonia photosynthesis under negative (a) and positive (b) non-faradic potential biases, 

recorded in a wide potential range, 0 to -300 VEarth. 

Fig. S14: Extra control experiments carried out for the ammonia synthesis under biased (B) and un-biased 

(U) conditions in the presence (I) and absence (D) of light [data were collected after 2 h operation of the 

photoreactor]. 

Fig. S15: Ionic chromatograms recorded for various sulfite/sulfate-containing media: (a) the reaction medium 

after 24 h operation of the photoreactor, (b) a synthetic/simulated reaction medium (sulfite (1160 µM) + sulfate 

(40 µM)), (c) sulfite solution (1.2 mM), and (d) sulfate solution (1.2 mM). 

Table S1. A comparison of the ability of photoelectrochemical devices/reactors to synthesis ammonia between 

this work [utilizing low-price/earth-abundant/eco-friendly energy materials] and other related works reported in 

the literature. 
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1- Photodevice fabrication: cathodic electrodeposition of FeS2 thin-film on Cu substrate 

To fabricate the FeS2/Cu photodevice, we utilized a commercially available pure copper 

sheet (thickness: 3mm, purity: 99.99% [1]), cut in the dimensions of 1.4×1cm
2
. Prior to 

carrying out the electrodeposition process, the copper plate was chemically cleaned in a 

concentrated HCl solution [2] and washed thereafter using distilled water. The 

electrodeposition process was conducted in a conventional three-electrode cell, including Pt 

foil (2.5 cm
2
), Cu specimen (plate), and Ag/AgCl (3M), as a counter (CE), working (WE), 

and reference (RE) electrodes, respectively. The electrolyte was an aqueous solution 

containing 0.01 M ferrous cation (prepared from ammonium ferrous sulfate: 

(NH4)2Fe(SO4)2.6H2O, 99%; Fluka) and 0.02 M sulfur source (sodium thiosulfate: 

Na2S2O3.6H2O, 99.5%; Merck); the pH of medium was set 3.8 using a dilute sulfuric acid 

(0.01 M) solution. The electrodeposition of FeS2 thin-film was performed at 298 K using an 

IVIUM-VERTEX POTENTIOSTAT/GALVANOSTAT in a potentiostatic mode, by 

applying -0.9 V to WE (w.r.t. RE) for 400 sec [3]; the value -0.9 V is the potential being 

recognized for starting the film deposition (Fig. S1a). At the end of process, WE was 

removed from the electrodeposition bath, rinsed with deionized water, and finally annealed in 

Ar atmosphere for 25 min at 473 K [3]. 

 
 

Figure S1. LSV (a; scan rate 1 mV/s) and chronoamperometric (b; E= -0.9 V vs. Ag/AgCl , 3M) 

diagrams of the cathodic electrodeposition of FeS2 on copper substrate (the inset is digital photograph 

of the fabricated FeS2/Cu photodevice). 

Concerning the mechanism of FeS2 electrodeposition, it should be mentioned that under 

a cathodic regime in acidic media, thiosulfate anion is reduced to disulfide (eq. 1) [4-5]. By 

the formation of disulfide at the metal/solution interface, Fe
2+

 is deposited and appears as a 

black insoluble FeS2 film upon the WE (Cu) surface (eq. 2): 
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              (2) 

For the electrochemical deposition of FeS2, the other suggested alternative route, is based on 

ferrous reduction (eq. 3) on the cathode surface [4]: 

                                       (3) 

Here, the resulting Fe atoms could subsequently react with sulfur atoms and appear as a black 

FeS2 film upon the copper substrate. 

 

2- Film characterization: XRD, Raman, SEM, optical and electrical measurements 

To affirm the formation of iron disulfide on the electrode surface, X-ray diffraction 

(XRD) analysis was conducted on the photodevice (FeS2/Cu) using a PANalytical (Philips) 

X’pert PRO MRD (XL) instrument. Since the XRD peaks of the copper substrate were strong 

and the peak intensity of FeS2 thin-film was extremely weak in comparison to that of 

substrate, the XRD pattern of FeS2 appeared in the baseline, as some low-intensity 

background peaks (Fig. S2). Therefore, to assure the synthesis of FeS2, we did another XRD 

test on the electrodeposited film solely, by scrapping the adhered film, and its analysis using 

an X’Pert Pro X-ray powder diffractometer (λ=1.54 Å; Cu Kα beam). 

 
Figure S2. XRD patterns of: (a) FeS2 thin-film electrodeposited on the copper substrate, (b) Cu 

without thin film [recorded for the substrate before the electrodeposition process].  

To reconfirm the electrodeposition of FeS2 and the formation of both pyrite (p) and 

marcasite (m) phases, we also carried out extra analyses through Raman spectroscopy [6], by 

employing a Rigaku FirstGuard hand-held spectrometer with a 1064 nm laser. Regarding the 

presence of both p and m phases in the electrodeposited film (Fig. 2a and b), it is worth 

mentioning that the recent studies indicate that the application of the mixed phases (p/m) in 

(a) 

(b) 
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the preparation of the photoelectrode, exhibits a better activity than that of using just p or m 

phase in the film [7-8]. 

 

 

  

  
 

 

Figure S3. SEM images (Top-view) of FeS2 thin-film electrodeposited on the copper substrate, taken 

at different magnifications. 
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Figure S4. Cross-sectional SEM image (Bird's-eye view) of the porous FeS2 thin-film 

electrodeposited on the Cu substrate. 

 

To determine the ability of film in the absorption of photons, the film was 

electrodeposited on a conductive transparent substrate, viz. FTO (fluorine-doped tin oxide; 

SOLARONIX, electrical resistance: 10 Ω/sq) and its spectrum was recorded in the 

transmission mode using a Pharmacia Biotech Ultrospec 4000 UV–visible spectrometer (un-

deposited FTO was used as the blank/standard). The extinction coefficient of the film (α) was 

calculated through Lambert formula (eq. 4), using the absorption data (A) and film thickness 

(     ; Fig. 2d) as follows [9]: 

 

   
 

    
     (4) 

The film bandgap was also determined through Tauc's approach [9]; see Fig. S5. 
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Figure S5. Tauc´s plot of the electrodeposited FeS2 thin-film. 

Based on this diagram, one could estimate several bandgaps with the values ~1, 1.5, 2.5 

and 2.7 eV for the electrodeposited FeS2 thin-film. In this semiconducting material, the lowest 

energy gap is due to the indirect, whereas the higher values are ascribed to direct transitions 

[10-11]. The multi-bandgap structure recognized for FeS2, has been also witnessed elsewhere 

[10-11] and seems to be the characteristic of this energy material, and a result of its intrinsic 

ability to form a metal or sulfur vacancy [12]: by the formation of vacancy, some surface 

states could be created in the forbidden region, and the electronic transitions at different 

energy values are consequently rationalized. Concerning the experiencing several energy-gap 

values, it is worth noting that the inhomogeneity in the material’s phase/morphology is 

another reason, which should also be taken into consideration; the latter justifies why 

different synthesis procedure would not usually result in the same bandgap value [3]. 
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3- Electrochemical/photoelectrochemical tests 

All electrochemical/photoelectrochemical tests, including Mott-Schottky, linear sweep 

voltammetry (LSV) as well as chopped LSV, open circuit potential (OCP), transient 

photocurrent, etc. were conducted using the mentioned electrochemical instrument operating 

with Ivium Soft 2.662. The tests were carried out in a 3-electrode system (WE: Cu/FeS2, RE: 

Ag/AgCl (3M), CE: Pt foil (2.5 cm
2
), electrolyte: 0.1 M Na2SO4 aqueous solution (pH 6.5) 

[14]). To avoid the complication of the photoelectrode response –which is arising from its 

Schottky junction [metallic/semiconducting] nature, the semiconducting portion of the 

photodevice (FeS2 film) was just immersed into the solution and the metallic/uncoated parts 

were insulated by painting with a nitrocellulose lacquer. For photoelectrochemical tests, the 

intensity of incident photons was set at 100mW/cm
2
 and a monochromatic 434 nm high 

power LED was used as a light source [15]. To record the chopped LSV, the light path was 

manually blocked/unblocked during the test (scan rate: 1mV/sec, chopping period: 25 sec 

on/off). 

 

4- N2-photofixation, ammonia analysis, and control experiments 

To carry out N2-fixation process, an ultra-pure N2 gas (99.999%) was employed as 

nitrogen feed [to remove possible impurities in the N2 gas-stream, it is also recommended to 

employ a couple of traps, one for ammonia (filled by dilute acid solution, 1mM H2SO4) and 

the other for NOx (filled by distilled water); Energy Environ. Sci. 2017, 10, 2516−2520 and 

ACS Catalysis, 2018, 9, 336−344]. Nitrogen conversion into ammonia was conducted under 

xenon light irradiation (100mW/cm
2
) inside a homemade upright double-walled cylindrical 

glass reactor (capacity: 50 ml) [16], on the photodevice (FeS2/Cu) surface–fixed at the center 

of the reaction medium. During the test, using a thin gas-conducting tube with several tiny 

holes created in its wall [see Fig. 5, the inset], N2 molecules were smoothly bubbled into the 

reaction medium–containing 1.2mM sulfite hole scavenger [17]–directly upon the 

photodevice surface. Here, the authors used xenon light source [Ushio Xenon Short Arc 

Lamp, 500 W tunable power operating at 1/12 of its maximum power], because its spectrum 

is close to that of sun [18]. Moreover, by adjusting the distance between the photoreactor and 

light source and measuring the intensity of striking photons through a Melles Griot 13 PEM 

001/J power meter, the intensity was set at 100mW/cm
2
 (1 sun).  

 

To measure the quantity of ammonia, we employed Nessler's spectrophotometric 

approach–which is a sensitive as well as standard (JB7478-87) method for the analysis of 

ammonia in alcohol-free environments [15, 19-20]. Here, the ammonia concentration was 

determined spectrophotometrically at 425 nm, after its conversion to “ammonobasic mercuric 

iodide”, using a Pharmacia Biotech Ultrospec 3100 UV–Vis. spectrometer. Besides the 

Nessler's method (Fig. S6), the amount of ammonia product was determined through H-NMR 

studies (Fig. S7) and a good correlation was observed between both methods (R
2
=0.9974). 
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Figure S6. UV-vis (a) and calibration (b) diagrams recorded in this study for determination 

of ammonia concentration through Nessler's approach (in the calibration diagram, absorbance 

was read at 425 nm). 

 

0

0.25

0.5

0.75

1

350 400 450 500 550 600 650 700

A
b

s
o

rb
a

n
c
e

/ 
a

.u
. 

Wavelength/ nm 

120 µM

100 µM

80 µM

60 µM

40 µM

20 µM

0 µM

y = 0.0082x - 0.0104 

R² = 0.9981 

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120

A
b

s
o

rb
a

n
c
e
 

[NH4
+]/ µM 

(b) 

(a) 



S10 
 

 
 

 

Figure S7. 
1
H NMR spectra of ammonium (14

NH4
+) aqueous media measured at different 

known concentrations (a) in the presence of p-benzoquinone [3.85 µM, serving as a reference 

for integral area determination]. (b) Calibration diagram for the ammonium solutions, depicted 

using 
1
H NMR data. 
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Figure S8. 1
H NMR spectra of ammonium-15N sulfate (Sigma-Aldrich; (

15
NH4)2SO4; 98 atom%) aqueous 

solutions measured at different known ammonium concentrations (a) in the presence of p-benzoquinone (3.85 

µM). (b) Calibration diagram plotted for 
15

NH4
+
 solutions using 

1
H NMR data. 

It is worth mentioning that under the same reaction periods, approximately equal quantity of ammonium 

was produced for both 
14

N2 and 
15

N2 feed; e.g. for 3-h operation of the photoreactor, 6.34 and 6.52 µM 

ammonium were synthesized using 
14

N2 and 
15

N2 feed, respectively. This evidence approves that the origin of 

ammonium product is indeed nitrogen gas not impurity [Angew. Chem. Int. Ed. 2019, 131, 2638–2642; Energy 

Environ. Sci. 2017, 10, 2516–2520; Nat. Catal. 2019, 2, 448; Nano Energy, 2019, 63, 103886].  
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Furthermore, it should be remarked that in the absence of N2 feed, hole-scavenger additive, 

photodevice or light source, no ammonia was produced; Fig. S9. Under normal conditions 

[system illumination, blowing N2 gas and the presence of photodevice and hole-scavenger 

additive], however, the reactor generated ammonia, and the concentration of product was 

continuously increased with time. 

 

 

 
Figure S9. Control experiments carried out for the synthesis of ammonia upon FeS2/Cu monolithic 

photodevice. 
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Figure S10: Stability/durability test of the photodevice for prolonged application to produce 

ammonia, recorded for four 24-h successive operations of the reactor. 

 

 

Figure S11: Promotion effect of alkali metal cations on the photodevice activity to produce ammonia 

[0.2 mM was taken because it was the optimum concentration for the system under study; see Fig. 7 

of the main article].  
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5- Electrostatic promotion of the ammonia photosynthesis: applying a non-faradic 

potential bias to the photodevice 

To apply a non-faradic/electrostatic potential bias to the photodevice, we used the 

following setup (Fig. S12) and utilized a PROVA 8000 instrument –a programmable dc 

power supply with maximum output 40 V. Similar to other photoelectrochemical tests [p. S8, 

Section 3], the OCP measurements were conducted in a 0.1 M Na2SO4 solution. In the case 

of higher potential values, the N2-photofixation tests were carried out by employing a high-

voltage power source, viz. EPS 600 (Pharmacia Biotech). 

 

 

 
Figure S12: Schematic representation of applying a non-faradic/electrostatic dc potential bias to the 

photodevice (for accurate measurement of OCP data, the Potentio-Galvanostat instrument is 

employed). 
 

Due to the absence of counter electrode (see Fig. S12), no electrical charges cross the 

photoelectrode/electrolyte interface and the excess charges [being electrostatically supplied 

by the power source] are just accumulated in the photodevice. The non-faradic nature of the 

bias potentials illustrated in Fig. 12 was also confirmed by other control experiments [see 

Fig. S14]. 
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Figure S13: Ammonia photosynthesis under negative (a) and positive (b) non-faradic potential 

biases, recorded in a wide potential range, 0 to -300 VEarth. 

 

This figure indicates that at potentials more negative than -160 V, the synthesis of ammonia is 

abruptly stopped. In the case of positive biases, however, by applying more positive values, the 

activity of photodevice is slightly diminished. 
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Regarding the non-faradic nature of the electrical bias applied in the present work, it should 

be emphasized that in the absence of photon, no ammonia was produced under either 

negative or positive biased conditions; see Fig. S14. This empirical evidence clearly indicates 

that the bias potential applied in the present work is indeed non-faradic [electrostatic]. 

 

 
Figure S14: Extra control experiments carried out for the ammonia synthesis under biased 

(B) and un-biased (U) conditions in the presence (I) and absence (D) of light [data were 

collected after 2 h operation of the photoreactor]. 
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To prove the generation of sulfate as the reaction byproduct (p. S8; eq. 5), we also performed ion 

chromatographic (IC) studies, and the presence of both sulfite and sulfate anions were confirmed as two 

distinct peaks in the resulting chromatograms (Fig. S15). Here, the peak being appeared at longer retention 

time is ascribed to sulfate anion. 

 

 

 

Figure S15: Ionic chromatograms recorded for various sulfite/sulfate-containing media: (a) the reaction medium 

after 24 h operation of the photoreactor, (b) a synthetic/simulated reaction medium (sulfite (1160 µM) + sulfate 

(40 µM)), (c) sulfite solution (1.2 mM), and (d) sulfate solution (1.2 mM).  

The tests were conducted using a Metrohm 881 Compact IC Pro instrument; column: Metrosep A Supp 4-

250/4.0, eluent: 1 mM Na2CO3 + 2.6 mM NaOH, flow rate: 1ml/min. To prohibit the sulfite anion oxidation and 

its conversion into sulfate, formaldehyde stabilizer (in a 1:1 molar ratio with respect to sulfite anion) was added 

to the sulfite-containing samples [22]. 

(a: real medium) 

(d: sulfate solution) 

(c: sulfite solution) 

(b: synthetic medium) 
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Table S1. A comparison of the ability of photoelectrochemical devices/reactors to synthesis 

ammonia between this work [utilizing low-price/earth-abundant/eco-friendly energy 

materials] and other related works reported in the literature. 
 

Photocatalyst 
 ̅   

 

(nmol/h.cm
-2

) 
Bias voltage  

Hole 

scavenger 

additive 

Light source Ref. 

Cu/FeS2 79.3
a
      

   
500 W Xenon Lamp 

(100 mWcm
-2

) 
This work 

Cu/FeS2 195.2 
non-Faradic (85 

V vs. Earth) 
   

   
500 W Xenon Lamp 

(100 mWcm
-2

) 
This work 

Au-NPs/bSi/Cr 79      
   

300 W 

Xenon Lamp 

(200 mWcm
-2

) 

17 

Au-NPs/Nb-SrTiO3/Ru 1.1   Ethanol Xenon Lamp 23 

Au-NPs/Nb-SrTiO3/Zr/ZrOx 6.5     Xenon Lamp 24 

diamond 17      

450 W high-

pressure Hg/Xe 

lamp 

25 

TiO2/Au/a-TiO2 13.4     
300 W Xenon Lamp 

(100 mWcm
-2

) 
26 

R-BiOI 140 
Faradic (0.4 V 

vs. RHE) 
  

Light source: not 

reported  

(100 mWcm
-2

) 

27 

Au-PTFE/TS 1111.7 
Faradic (-0.2 V 

vs. RHE) 
   

   
Xenon Lamp 

(100 mWcm
-2

) 
28 

Au-Ag2O 165.88     (100 mWcm
-2

) 29 

MoS2@TiO2 1470 

Faradic bias 

 (-0.3 V w.r.t 

RHE) 
  (100 mWcm

-2
) 30 

Au-NPs/SrTiO3-photoanode 

& Zr Coil cathode 
10 

Faradic bias 

(1.0 V w.r.t 

RHE) 
  

Xenon lamp (410 –

800 nm) 
31 

 

a
 Measured after 2-hr operation of the photoreactor in the absence of Cs

+
 promoter. In the presence of promoter 

(0.2 mM), the rate of ammonia production becomes approximately doubled ( ̅   
       nmol/h.cm

-2
). 

 

Concerning the data presented in Table S1, the following points are remarkable: 
 

1- To attain an effective synthesis of ammonia through the photoelectrochemical approach, 

the manner of bubbling of N2 gas into the reaction medium [system design] is crucial: 

during the nitrogen fixation process, since N2 molecules are heterogeneously reduced at 

the device/solution interface, more ammonia could be synthesized if the blowing of N2 

molecules become directly conducted onto the electrode surface [Fig. 5, the inset]. 

Otherwise, the system performance could dramatically diminish if the bubbling is carried 

out improperly [under this situation, since a slight portion of nitrogen molecules can reach 

the electrode surface, most of them remain unreacted and escape from the reaction 

medium]. 

2- By applying a bias voltage to the photodevice, more ammonia can be synthesized. This 

electrical bias can be employed in two ways: faradic and non-faradic (electrostatic). In 

comparison to the latter case [non-faradic/electrostatic], during the faradic processes, 

electricity is indeed used up to produce extra ammonia. 
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3- Under non-faradic (electrostatic) bias, without consuming electricity at the device 

interface [see Fig. S12 and note its discussion], just by altering OCP (raising Fermi level; 

see the main text), a significant promotion is achieved in the synthesis of ammonia. 

4- In an alternative route, the activity of photodevice can be chemically [non-electrically] 

enhanced by adding promoter species into the reaction medium. 
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