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A B S T R A C T   

Here, we describe a strategy for the mild synthesis of ammonia (NH3) from the photoelectrocatalytic reduction of 
dinitrogen. A gas diffusion layer (GDL)-confined antimony selenide photocathode decorated with platinum 
particles (GDL/Sb2Se3-Pt) was used for this purpose. The photoelectrocatalytic reduction of N2 using GDL/ 
Sb2Se3-Pt, under − 0.3 VAg/AgCl applied bias potential and solar irradiation (with a solar simulator and an incident 
intensity of 100 mW cm− 2), was able to produce six times more NH3 than using the catalyst without Pt modi
fication, reaching a value of 0.50 µmol h− 1 cm− 2 in a single-cell reactor with 60% Faradaic efficiency. Identical 
experimental conditions were applied for the photocatalysis and electrocatalysis modes, and the photo
electrocatalysis mode proved to be at least 500% more effective than the other two for NH3 synthesis. Platinum 
was replaced by Pd nanoparticles with very similar outcomes showing that the noble metal role was related to its 
electron scavenger ability improving the charge transfer in the interface semiconductor/electrolyte. These results 
are deemed significant in terms of the need for substitutes to the energy-intensive Haber-Bosch process currently 
used for NH3 production.   

1. Introduction 

The atmosphere is composed of more than 78% of dinitrogen (N2), in 
a bonding state that is chemically and biologically unavailable [1]. The 
fixation of atmospheric N2 is one of the most important biogeochemical 
cycles on this planet.[2] Accessible nitrogen is usually found in the 
forms of ammonia, nitrates, and urea [2]. Among these, ammonia stands 
out, a product produced on a large scale (more than 150 Mt per year) 
mainly through the Haber-Bosch process developed in the early 1920s 
[3]. This process takes place through the catalytic reaction between N2 
and H2 in the presence of catalysts usually based on iron (in addition to 
small percentages of aluminum oxide and potassium) under high pres
sure (~ 200 atm) and temperature (~ 500◦C) (reaction 1) [4]: 

N2 + 3H2⇌2NH3 (1) 

Despite being the main ammonia production method of the last 100 
years, the energy consumption of the Haber-Bosch process is very high, 
representing about 1 to 3% of all the energy spent on our planet [1,5–7], 
in addition to consuming around 5% of the global natural gas production 

and generating hundreds of millions of tons of CO2 annually [8]. These 
characteristics contrast with current “green” models and the search for 
technologies with lower CO2 footprint and energy expenditure. In the 
21st century, one of the greatest challenges for science is to develop safe, 
economical, and sustainable forms of energy [9]. For this reason, the 
production of ammonia through N2 reduction reaction (N2RR) has been 
intensely studied using approaches such as enzymatic catalysis [10], 
electrocatalysis [3,5–7], photocatalysis [2,8,11–13], or photo
electrocatalysis [14]. 

Photoelectrocatalysis combining photocatalysis and electrocatalysis 
is an approach with many favorable attributes [15]. This technique 
minimizes carrier recombination in the semiconductor photocatalyst by 
application of a bias potential across the semiconductor/electrolyte 
interface [16]. The introduction of photons and the bias potential 
gradient (relative to the electrocatalytic and photocatalytic modes, 
respectively) affords an increase in the lifetime of the photogenerated 
charges and an improvement in charge separation, both crucial to pro
cess efficiency. Thus, photoelectrocatalysis was applied to the genera
tion of H2, [15,17] reduction of CO2, [18–22] and remediation of 
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environmental pollutants such as bromides [23] and nitrates [24,25]. 
The number of manuscripts targeting N2 reduction reaction by 

photoelectrocatalysis under room pressure and temperature is still very 
low. For example, a MoS2@TiO2 photocatalyst was used [14] under a 
potential of − 0.2 VRHE and 100 mW cm− 2 light intensity, generating 
1.42 μmol h− 1 cm− 2 of NH3. MoSe2@g-C3N4 micro/nanostructures were 
applied for the photochemical reduction of N2 generating 7.72 µmol h− 1 

cm− 2 NH3 under − 0.3 VRHE and 100 mW cm− 2 light intensity [26]. 
BiVO4 catalyst was also investigated under ambient conditions forming 
11.6 × 10− 2 μmol h− 1 cm− 2 under − 0.1 VRHE and 100 mW cm− 2 [27]. 

The innovative aspect of this study was the use of a p-type semi
conductor (Sb2Se3) supported on a carbon gas diffusion layer (GDL) 
electrode configuration to drive the photoelectrocatalytic reduction of 
N2 to NH3. The GDL consisted of a bilayer structure formed by carbon 
fiber paper (a macroporous backing material) and carbon-based layer 
(microporous). Its morphology governed the mechanical, thermal, and 
electric properties, while the microporous carbon layer controlled the 
dispersion and stability of the electrodeposited material and the efficacy 
of its electron/proton transport [53]. The catalytic activity of Sb2Se3 was 
improved by Pt surface modification, a strategy that also served to 
improve the PEC stability of the selenide semiconductor. This composite 
catalyst was developed in companion work [28–33] and featured an 
optimal energy band gap for solar absorption (between 1.0 - 1.6 eV), a 
single crystal phase, and a high optical absorption coefficient (> 105 
cm− 1) [34–36]. 

2. Materials and methods 

2.1. Synthesis of Sb2Se3 modified with Pt (GDL/Sb2Se3-Pt) 

Antimony triselenide (Sb2Se3) was electrodeposited on a gas diffu
sion layer electrode (GDL) surface using the methodology adapted from 
companion work [29,30,33]. To this end, an electrochemical cell fitted 
with three electrodes was used in conjunction with 0.5 mol L− 1 Na2SO4 
supporting electrolyte adjusted to pH 2 with 0.01 mol L− 1 H2SO4 solu
tion and containing the precursors 2.0 mmol L− 1 SeO2 and 2.5 mmol L− 1 

K(SbO)C4H4O6. A platinum plate and an Ag/AgCl(KCl 3M) electrode were 
used as the counter electrode and the reference electrode respectively. 
Electrodeposition was carried out at a constant potential of − 0.5 V and 
the synthesis charge was varied thus: 0.60, 1.2, 2.4, 4.8, and 9.6 C cm− 2. 
After electrodeposition, the electrodes as-prepared were calcined in a 
selenium atmosphere at 300 ◦C for 3 h with a heating ramp of 10 ◦C 
min− 1. 

The GLD-Sb2Se3 catalysts were decorated with Pt nanoparticles by 
photoelectrodeposition. For this, a solution containing 1.0 mmol L− 1 

H2PtCl6 in 0.1 mol L− 1 phosphate/0.5 mol L− 1 Na2SO4 buffer at pH 6.5 
was used, previously deaerated with N2 for 15 min. The deposition was 
performed at a potential of − 0.1 V [37] under constant solar irradiation 
(solar simulator, Oriel, LSC-100, with Xe lamp at 100 mW cm− 2 and AM 
1.5G filter) in a PEC cell with three electrodes and a quartz window. A Pt 
plate was used as a counter electrode and Ag/AgCl/(KCl 3M) as a reference 
electrode respectively. A charge of 60 mC cm− 2 was employed for the 
deposition of Pt on the GDL/Sb2Se3 electrode based on companion work 
[33]. 

2.2. GDL/Sb2Se3 and GDL/Sb2Se3-Pt characterization 

Morphological characterization of GDL/Sb2Se3 and GDL/Sb2Se3-Pt 
was performed at room temperature by X-ray powder diffraction (XRD) 
analysis, performed with CuKα radiation (40 kV, 30 mA) using a Shi
madzu, Model XRD 6000 diffractometer with 0.5, 0.5, and 0.3 mm slits 
for the entrance, scattering, and exit respectively. Laser Raman spectra 
were obtained using a Micro Raman Horiba iHR 550 spectrophotometer 
and a 514 nm laser. Scanning electron microscopy (SEM) images were 
obtained using a FEI microscope, Model Inspect F50. X-ray photoelec
tron spectroscopy (XPS) was performed on a Thermo Scientific K-Alpha 

spectrometer using monochromatic Al Kα (1486.6 eV) radiation. 
Transmission electron microscopy was performed on a TECNAI G2F20 
microscope-fitted EDS Zeiss equipment (Model 35); the dispersed sam
ples were deposited on carbon-coated copper grids for this purpose. 

Flat-band potential (Efb) values were obtained from both Mott- 
Schottky (M-S) plot and linear sweep voltammetry under chopped illu
mination in 0.1 mol L− 1 Na2SO3 supporting electrolyte. For the M-S 
analyses, the following equation was used [38]: 
1

C2
sc
= − 2

(ε0εscA2eNA)

(
Eappl − Efb −

kBT
e
)
; where Csc is the capacitance of the 

semiconductor space charge region, ε0 the permittivity in a vacuum, εsc 
the dielectric constant of the semiconductor (15 for Sb2Se3 [39]), A the 
area, e the elemental charge, NA the density of acceptors (for p-type 
semiconductor), Eappl the applied potential, Efb the flat-band potential, 
kB the Boltzmann constant, and T the absolute temperature. The con
version of potential [vs standard hydrogen electrode (SHE)] to absolute 
energy [vs vacuum] was performed using the following equation [40]: 
Energy (vs vacuum) = − eEappl (vs SHE) − 4.44 eV. In a potential 
range of 0.2 to 0.7 VRHE, a total of 15 impedance data points were 
collected with 20 s of stabilization time between each point. 

The conversion of the potential of Ag/AgCl/Cl−(sat. KCl) to the revers
ible hydrogen electrode (RHE) scale was done using the equation [41]: 
E (vs RHE) = Eappl (vs Ag /AgCl /Cl−(sat. KCl))+ pH × 0.059 V+

0.197 V. For the linear sweep voltammetry under chopped illumina
tion, a potentiodynamic curve was obtained with 5 mV s− 1 and 3 s for 
each on/off transient. The potential range was the same in the M-S 
curve, and therefore, the Efb is observed in the change of photocurrent 
behaviour. In aqueous solvent, the electrochemical N2 reduction process 
involves six protons and six electrons, and can be described by the re
action [7]: 

N2 + 6H+ + 6e− ⇌2NH3,E∘(VSHE) = 0.092 − 0.059 × pH (2)  

2.3. N2 reduction reaction 

The N2RR was performed in a completely sealed single chamber 
electrochemical cell with a cooling system, quartz window, and three 
electrodes with Ag/AgCl(KCl 3M) as the reference electrode and a Pt wire 
as the counter electrode. The reaction was carried out in 50 mL of 0.1 
mol L− 1 Na2SO3[8] in which N2 gas was bubbled for 1 h for complete 
saturation of the medium, as well as throughout the entire experiment. A 
30 mL acid trap of 0.005 mol L− 1 H3PO4 [42] was connected to the 
electrochemical cell for ammonia to be collected during the reaction. 
Photoelectrocatalysis was performed with the Xe lamp and AM 1.5 G 
filter (Oriel - LSC-100, 100 mW cm− 2) previously described and under 
application of bias potential. Comparative conditions for electrocatalysis 
and photocatalysis techniques used the best-optimized set of variables. 
Aliquots were collected over the reaction time and the amount of NH3 in 
all of them was analyzed by the method described next. 

2.4. NH3 detection 

The rate of NH3 production from the N2 reduction was measured by a 
colorimetric method of indophenol blue using the Merck Spectroquant® 
commercial kit. For the 5.0 mL aliquots, sample preparation was per
formed by mixing 0.6 mL of the NH4-1 reagent and a micro spoon of the 
NH4-2 reagent (as supplied in the kit), followed by stirring and resting 
the solution for 5 min for complete reaction of the reagents. Then, 4 
drops of the NH4-3 reagent were added from the kit own drop container, 
also with stirring the solution and standing for 5 min. The prepared 
samples were then analyzed on a UV-Vis Spectrometer (Varian, Cary 5G 
UV-vis-NIR) at an analytical wavelength of 690 nm. A calibration curve 
for NH3 was constructed using the procedure described above in tripli
cate on a standard solution prepared in 0.1 mol L− 1 Na2SO3 medium 
with concentrations ranging from 0.02 to 2.00 mg L− 1, as demonstrated 
in Fig. S1. 
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3. Results and Discussion 

3.1. Optimization of Sb2Se3 electrodeposition on GDL substrate 

The electrodeposition of Sb2Se3 on the GDL electrode surface was 
performed under a fixed potential. The value of the applied potential 
was chosen using cyclic voltammetry of the GDL electrode in 0.5 mol L− 1 

Na2SO4 pH 2 supporting electrolyte with and without the addition of the 
precursors (2.0 mmol L− 1 SeO2 and 2.5 mmol L− 1 K(SbO)C4H4O6) in 
solution [30]. Fig. S2 shows the data presenting a change in the current 
around − 0.45 VAg/AgCl in the presence of the precursors, indicating the 
moment when deposition of Sb2Se3 begins. According to companion 
work [29], in this potential regime, deposition of Se and Sb occurs 
simultaneously according to Eqs. 3 to 5. For this reason, a potential of 
− 0.5 VAg/AgCl was chosen for the deposition of Sb2Se3 on the GDL 
electrode surface. 

H2SeO3 + 4H+ + 4e− →Se + 3H2O (3)  

SbO+ + 2H+ + 3e− →Sb + H2O (4)  

3Se + 2Sb→Sb2Se3 (5) 

From companion work [29,30], the Sb2Se3 electrodeposited layer 
must be annealed under Se atmosphere to obtain a crystalline semi
conductor. XRD data of GDL/Sb2Se3 synthesized with 600 mC of charge 
previously and after thermal treatment at 300 ◦C and Se atmosphere is 
presented in Fig. S3. From the comparison of Figs. S3a and S3b, it is 
possible to identify in the annealed material the main peaks related to 
Sb2Se3 with spatial group Pnma (62) at 2θ = 28.1; 31.1; 32.1 and 34.0 
with the respective peak intensities 65, 100, 64, and 52 (Fig. S3b). The 
other peaks present in the diffractogram are related to the GDL 
substrate. 

As expected, thermal pre-anneal also improved the photocurrent 
response of the catalysts, as shown in Fig. 1a. The constant applied 
potential minimized the possibility of instantaneous recombination of 
the photogenerated charges in the Sb2Se3 semiconductor. Fig. 1b illus
trates the influence of Sb2Se3 loading of the GDL substrate on the 
photocurrent response quality. The GDL/Sb2Se3 catalyst synthesized 
with 2.4 C cm− 2 (blue curve) showed the highest photocurrent value 
among the samples evaluated, up to five times greater than that obtained 
for the GDL/Sb2Se3 electrode prepared with 1.2 C cm− 2. The photo
currents obtained for the semiconductors prepared with 0.60 and 1.2 C 
cm− 2 (black and red curves, respectively) presented similar values, of 
the order of 75 μA cm− 2. Higher loading of Sb2Se3 semiconductor may 
be expected to generate a higher number of electrons and holes when the 
material is photoactivated culminating in a higher photocurrent density. 

Therefore, larger loadings of the GDL substrates with Sb2Se3 were also 
evaluated in relation to photoactivity (materials prepared with 4.80 and 
9.60 C cm− 2). However, samples containing higher loadings of Sb2Se3 
showed even lower photocurrent densities (pink and green curves, 
respectively) compared to catalysts prepared with a loading of 0.60 and 
1.20 C cm− 2. While reaching the highest photocurrent response, the 
photocurrent obtained for the GDL/Sb2Se3 electrode prepared with 2.40 
C cm− 2 was not constant over time, indicating photocorrosion of the 
material. Further chemical modification of the optimized Sb2Se3/GDL 
surface with Pt particles was performed to address this issue. 

Fig. 2a shows XPS data on GDL/Sb2Se3 prepared with a charge of 2.4 
C cm− 2, presenting the peaks of Sb 3d and Se 3d3/2 in Fig. 2b and 2c, 
respectively. Fig. 2b shows double peaks in the region of approximately 
540 and 530 eV, corresponding to Sb 3d3/2 and Sb 3d5/2, respectively, 
with the doublets assigned to the species, Sb2O3 and Sb2Se3 [43,44]. 
According to companion work [31], Sb2O3 oxide is naturally formed on 
the surfaces of Sb2Se3 films; however, this effect is intensified as the 
films undergo photocorrosion [32]. Fig. 2c shows the characteristic peak 
of Se 3d3/2 in the region of ~55 eV [43]. The samples were also sub
mitted to laser Raman spectroscopy, indicating the main vibrational 
modes of the Sb2Se3 film (Fig. 2d). The peaks in the region of 80, 120, 
and 190 cm− 1 were related to the orthorhombic structure of Sb2Se3 and 
the peak at ~ 240 cm− 1 was attributed to trigonal Se, the most stable 
phase of selenium [45,46]. A peak from amorphous carbon at ~1340 
cm− 1, which was attributed to the substrate [47], was also seen in these 
data (Fig. 2d). 

3.2. Deposition of Pt particles on GDL/Sb2Se3 

In companion work [33], we observed a remarkable improvement in 
the Sb2Se3 film stability and photocurrent response after modification of 
the surface with well-dispersed Pt spheres. Therefore, Pt particles were 
photoelectrodeposited on the GDL/Sb2Se3 surface using a Xe lamp with 
100 mW cm− 2 output and AM 1.5G filter and, 60 mC cm− 2 of charge. A 
FE-SEM image comparing the top views of both surfaces top views is 
presented in Fig. 3. A similar distribution of the Sb2Se3 on the GDL 
surface was seen for both samples (Figs. 3a and 3c), and a similar shape 
of highly uniform cauliflower-like Sb2Se3 semiconductor in both cases 
(Figs. 3b and 3d). Additionally, the deposited Pt particles are high
lighted in red (Fig. 3d), showing a circular shape and good dispersion on 
the Sb2Se3 film, with sizes ranging from 50 to 230 nm. A FE-SEM image 
of GDL/Sb2Se3-Pt with higher magnification and EDS images from two 
different regions showing the difference in the platinum amount in the 
rough spheres and in the back portion of the catalyst is presented in 
Fig. S4. The EDS data showed that the atomic percentage of Pt in the 
rough spheres was 3 times higher than in the surface with cauliflower 

Fig. 1. Chronoamperometry scans of GDL/Sb2Se3 electrodes at − 0.5 V in 0.1 mol L− 1 Na2SO4 under transient incidence of simulated sunlight for the sample a) with 
and without thermal pre-anneal and b) synthesized with different values of charge. 
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morphology (6.63% against 2.26%). 
Identification of Pt particles deposited on the GDL/Sb2Se3 surface 

was done by XRD and laser Raman spectroscopy (Fig. S5). Through the 
XRD analysis (Fig. S5a) the peak with the highest intensity at 2θ = 40.0 
could be assigned to Pt. Analyzing the Raman spectrum (Fig. S5b), it was 
possible to identify the presence of Pt with signals at 171 cm− 1 and 204 
cm− 1. The 171 cm− 1 peak corresponds to the anti-symmetric stretching 
vibration mode of Pt atoms, while the 204 cm− 1 peak corresponds to the 
symmetric stretching vibration mode [48]. It was also possible to 
observe the signals related to Sb2Se3 (120 cm− 1 and 190 cm− 1) and a 
band related to Sb2O3 at 251 cm− 1. According to previous work,48 the 
observation of bands in the 250 cm− 1 region in the Raman spectrum of 
Sb2Se3 is related to incipient oxidation of this material to Sb2O3. 

TEM images with EDS analysis (Fig. 4) were performed in order to 
confirm the composition of the clusters observed in the Sb2Se3 surface 
(Fig. 3). The two highlighted regions in the TEM image show the dif
ference in composition of each morphology by EDS analysis. The EDS 
results demonstrated that Region 1 presented a high concentration of Pt 
while in Region 2, Pt was absent; instead, Sb and Se were identified, 
indicating that the cluster observed in the Sb2Se3 surface was in fact 
composed of Pt, corroborating the results observed in Fig. S4. 

XPS provided further evidence for the presence of Pt; results of the 
profile fit for Pt 4f are presented in Fig. 5. Fig. 5a presents a survey XPS 
scan of the GDL/Sb2Se3-Pt sample (c.f., Fig. 2a) showing the presence of 
Pt in the region of 75 eV. The high-resolution Pt 4f spectrum is presented 
in Fig. 5b and deconvolution revealed a contribution of two Pt species 

according to doublets at 70.8–74.2 eV and 72.7–76.1 eV, corresponding 
to Pt0 (Pt0 4f7/2 and Pt0 4f5/2) and Pt2+ (Pt2+ 4f5/2 and Pt2+ 4f7/2, the 
oxidized fraction on the surface), respectively [49]. 

Sb2Se3 semiconductor features absorption of light at wavelengths (λ) 
< 975 nm suggesting an indirect band gap (Eg) around 1.2 eV[33], as 
shown in Fig. 6a. The Tauc plot for Sb2Se3 and Sb2Se3-Pt with the 
extrapolation of the curves to obtain Eg showed that the presence of Pt 
clusters did not change the Eg value of Sb2Se3. Fig. 6b demonstrates the 
improvement in the stability of GDL/Sb2Se3 after surface modification 
with Pt particles. Chronoamperometric measurements on GDL/Sb2Se3- 
Pt under chopped sunlight (100 mW cm− 2) and potential of − 0.5 V 
showed stable photocurrent flow for five complete cycles, indicating 
improvement in the lifetime of the electrode. This contrasts with the 
behavior shown earlier for GDL/Sb2Se3 (Fig. 1). A long-term stability 
test is presented in Fig. S6 under transient light incidence comparing the 
GDL/Sb2Se3 sample with and without Pt modification. After 20 min of 
irradiation, the GDL/Sb2Se3 surface starts to change in a more accen
tuated way than happens with the material decorated with Pt. 

The FEG-SEM data showing the modification in the semiconductor 
surface after the long-term stability test is presented in Fig. S7. 
Comparing the same magnification of the images, we conclude that Pt 
modification is essential to the protection of the Sb2Se3 layer, in 
agreement with what was observed earlier in Fig. 1, Fig. 5, and Fig. S6. 
After 6750 s of transient light incidence, the morphology of the GDL/ 
Sb2Se3 electrode has been completely altered to an aspect of sponges 
(Fig. S7a), while the morphology of the catalyst decorated with Pt was 

Fig. 2. XPS data for a) GDL/Sb2Se3, b) Sb 3d and c) Se 3d3/2. d) Laser Raman spectrum of GDL/Sb2Se3 with inset indicating the main vibrational modes of the 
semiconductor. 
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maintained besides small changes in the roughness of the electrode 
surface (Fig. S7b). 

A study of photocurrent curves during slow potentiodynamic scans 
under chopped illumination was employed to determine the Efb of GDL/ 
Sb2Se3 and GDL/Sb2Se3-Pt electrodes [50]. The value obtained for both 
catalysts was very similar, 0.57 V for GDL/Sb2Se3 and 0.55 V for 
GDL/Sb2Se3-Pt, just a slight change to a lower Efb was obtained by the 
modification with Pt cluster (Fig. 7a). These values are near to the values 
observed in the literature for the same semiconductor [29]. The Efb 
obtained by M-S under three different frequencies presented close values 
for both catalysts (Fig. S8), with the same small difference between the 

catalysts without modification and with Pt photoelectrodeposition, 0.46 
± 0.02 V and 0.49 ± 0.01 V. From this information, it can be assumed 
that the valence band (VB) for GDL/Sb2Se3 was − 4.90 eV, while the 
conduction band (CB) was − 3.70 eV (Fig. 7b), i.e., the VB position was 
identical to that observed in the literature, − 4.92 eV[35]. 

3.3. Reduction of N2 (N2RR) on GDL/Sb2Se3 and GDL/Sb2Se3-Pt 

Linear sweep voltammetry was first performed in the dark and under 
irradiation with the solar simulator (100 mW cm− 2) in a saturated 
supporting electrolyte with argon (Ar) and nitrogen (N2) gas (Fig. 8). 

Fig. 3. FE-SEM images with different magnifications of the Sb2Se3/GDL electrodes without (a and b) and with (c and d) deposition of Pt particles (highlighted in red).  

Fig. 4. TEM images of Sb2Se3-Pt with two different highlighted regions of EDS analysis.  
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Fig. 5. XPS data in the a) survey and b) high-resolution modes in the Pt 4f binding energy regime for GDL/Sb2Se3-Pt.  

Fig. 6. a) Tauc plot for Sb2Se3 (black curve) and Sb2Se3-Pt (red curve) with extrapolation of the curves to obtain the indirect Eg and b) Chronoamperometry of GDL/ 
Sb2Se3-Pt electrode at − 0.5 V in 0.1 mol L− 1 Na2SO4 and simulated sunlight (100 mW cm− 2). 

Fig. 7. a) Linear sweep voltammetry for flat band potential and b) band edge position calculated by M-S analysis.  
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Comparing the curves with and without light incidence, an increase in 
cathodic current was observed under the same potential both when the 
semiconductor was activated by light, and when the electrolyte was 
saturated with Ar. The former trend is easily rationalized by the gen
eration of electron/hole pairs (e− /h+) from the absorption of photons 
with energy equal to or greater than the band gap of the semiconductor 
[15,51]. On the other hand, in the comparison of the photocurrent ob
tained for the electrode materials with and without Pt modification in 
electrolytes saturated with Ar(g) (brown and blue curves, respectively), a 
large increase in current was seen at the same potential for 
GLD/Sb2Se3-Pt (compare brown and blue curves in Fig. 8). For example, 
at − 0.4 V, the GDL/Sb2Se3-Pt sample presented a current of approxi
mately − 0.02 mA cm− 2, while GDL/Sb2Se3 reached a current almost an 
order of magnitude lower, − 0.003 mA cm− 2. 

When the supporting electrolyte was saturated with N2(g) instead of 
Ar(g), an inversion in the photocurrent behavior of the materials was 
observed. Comparing the curves obtained in the presence of Ar(g) and N2 

(g), for both GDL/Sb2Se3 (pink and blue curves, Fig. 8) and GDL/Sb2Se3- 
Pt (brown and green curves), the photocurrents obtained in N2(g) were 
lower than those obtained in Ar(g). This same behavior could be 
observed for the samples even under dark conditions (black and red 
curves, Fig. 7). The decrease in the current to less negative values was 
more pronounced for the material with Pt deposition (green curve, 
Fig. 8). 

This behavior is diagnostic of adsorption of N2(g) on the composite 
electrode surface, possibly causing a decrease in the number of available 
sites for activation of the semiconductor culminating in a decrease in the 
current when compared to the voltammetry obtained in Ar(g). Similar 
behavior was also observed by other researchers [52]. A decrease of 
current density due to CO2 adsorption on the catalyst surface was also 
observed for CO2RR. [53], underlining that adsorption is an important 
pre-requisite for the electroreduction of chemically and electrochemi
cally inert molecules such as N2 or CO2. For reduction to be facilitated, it 
is necessary to first adsorb the molecules on the semiconductor surface, 
so that subsequent protonation/electronation events (Fig. 10) can take 
place [54]. In the absence of N2(g) and presence of Ar(g), there is no 

reactant to adsorb in the electrode surface, so all the available sites are 
free to reduce water generating H2 and culminating in a higher current 
density as observed for the GDL/Sb2Se3 and GDL/Sb2Se3-Pt electrodes. 

The photoelectrocatalysis technique was used under different po
tentials and incidence of sunlight (solar simulator with an intensity of 
100 mW cm− 2 and AM 1.5G filter) for both GDL/Sb2Se3 and GDL/ 
Sb2Se3-Pt. The best reaction condition was compared using photo
catalysis and electrocatalysis modes. Ammonia production was detected 
by the indophenol blue method (Fig. S8). The results for NH3 production 
are shown in Fig. 9a; the GDL/Sb2Se3-Pt sample showed better perfor
mance for N2RR than GDL/Sb2Se3, as could be anticipated from the data 
in Fig. 8. 

A potential of − 0.3 V was optimal for NH3 synthesis using GDL/ 
Sb2Se3-Pt, where a production rate of approximately 0.50 µmol h− 1 

cm− 2 was achieved. For GDL/Sb2Se3, the quantity produced was at least 
six times lower applying the same condition. 

To confirm that Pt particles on the semiconductor surface improve 
charge transfer by trapping the electrons from the Sb2Se3 conduction 
band and minimizing the electron/hole recombination, an electrode was 
constructed under the same conditions with the same amount of noble 
metal, however, modified with palladium (Pd) instead Pt. The FEG-SEM 
image showing the top view of the Sb2Se3 semiconductor modified with 
well-dispersed nanoparticles confirmed to be Pd by EDS is presented in 
Fig. S9. The synthesis of Pd was performed with the same proportional 
charge (30 mC cm− 2) used for Pt deposition, and according to the EDS, 
the atomic percentage of Pd was 7.90%, close to the 6.63% obtained for 
Pt. As can be observed in Fig. 9a, a difference of just 2% was obtained in 
the production of NH3 modifying the semiconductor with Pd instead of 
Pt, proving that the contribution of the metal is related to its electron 
scavenger ability, which is essential in the case of Sb2Se3 semiconductor. 
The similarity of the results obtained with Pd and Pt nanoparticles is in 
congruence with the volcano plots and the proximity of the Gibbs free 
energy for both materials in relation to the potential of the limiting steps 
for N2 reduction reaction [5]. 

Fig. 9b shows chronoamperometry data on both materials applying 
− 0.3 V potential under the influence of light pulses with a duration of 20 

Fig. 8. Linear sweep voltammograms for GDL/Sb2Se3 and GDL/Sb2Se3-Pt in 0.1 mol L− 1 Na2SO3 saturated with Ar(g) and N2(g) in the dark and under transient 
irradiation. 
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s, in supporting electrolyte saturated with N2(g). The electrode with Pt 
particles presented a higher photocurrent than the sample without co- 
catalyst modification. In both cases, the initial spikes decayed to a 
steady-state almost instantly, forming the characteristic plateau 
reflecting charge extraction and charge recombination in the semi
conductor [55]. However, the spike for GDL/Sb2Se3-Pt reached more 
negative (cathodic) currents than for GDL/Sb2Se3. 

Fig. 10 presents a reaction mechanism visualized for the reduction of 
N2 with NH3 generation on our GDL/Sb2Se3-Pt samples using the pho
toelectrocatalysis mode. In this mechanism, the Sb2Se3 semiconductor is 
first activated by the action of light and potential, exciting the electrons 
in the valence band (VB) to the conduction band (CB) and generating 
holes in the VB. The Pt particles photoelectrodeposited on the semi
conductor surface trap the electrons present in the CB, as happens with 
other metals on different semiconductors, thus minimizing the recom
bination of the photogenerated charges [19,56,57]. A major function of 
Pt is also to serve as a site for protonation of the nitrogen molecule and 
the intermediates leading ultimately to the ammonia product. 

The pH of the Na2SO3 supporting electrolyte changed drastically 

after the reaction, starting at pH 10 and decreasing to ~ 4, indicating the 
occurrence of water oxidation reaction with proton formation. 
Remembering that N2RR with the generation of 2 NH3 molecules re
quires 6 electrons and 6 protons to occur [3,54], and considering the 
volume of the acid trap from where the aliquots were analyzed, the 
Faradaic efficiency for the optimized condition reached 60%. Without Pt 
co-catalyst, protonation could not occur accounting for the negligible 
N2RR activity observed here for the GDL/Sb2Se3 samples. 

Finally, Table 1 compares the results from this study with previous 
data on NH3 production from the literature. Direct comparisons are 
obviated by the different experimental conditions and the lack of a self- 
consistent set of metrics for the product generation rate attained; how
ever, the present results compare very favorably. 

4. Conclusions 

The present work described the optimization and characterization of 
GDL/Sb2Se3 prepared by electrodeposition, as well as its chemical 
modification with Pt particles by photoelectrodeposition. Both types of 

Fig. 9. a) NH3 production using photoelectrocatalysis (under three bias potentials), and electrocatalysis and photoelectrocatalysis at − 0.3 V for GDL/Sb2Se3-Pt, 
GDL/Sb2Se3, and GDL/Sb2Se3-Pd, respectively; and b) Chronoamperometry for the GDL/Sb2Se3-Pt (red curve) and GDL/Sb2Se3 (black curve) at − 0.3 V and transient 
irradiation. 

Fig. 10. Reaction mechanism visualized for the reduction of N2 on GDL/Sb2Se3-Pt using the photoelectrocatalysis mode.  
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samples: GDL/Sb2Se3 and GDL/Sb2Se3-Pt, were employed for N2RR 
using the photoelectrocatalysis technique successfully generating NH3. 
However, GDL/Sb2Se3-Pt was the more effective catalyst for NH3 pro
duction, attaining 0.50 µmol h− 1 cm− 2 under − 0.3 VAg/AgCl and sunlight 
incidence with 60% Faradaic efficiency, while NH3 synthesis with GDL/ 
Sb2Se3 reached a value at least six times lower under the same reaction 
conditions. The insertion of Pd nanoparticles instead of Pt nanoparticles 
brought about similar results, showing that the metal role was indeed 
related to its electron scavenger ability improving the charge transfer of 
the Sb2Se3 photocatalyst. The photoelectrocatalysis mode proved to be 
more effective than the photocatalysis and electrocatalysis counterpart 
modes for the synthesis of NH3 with a yield at least 500% higher. 
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