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ABSTRACT 

In the last years, perovskites structures have been explored for their ability to photo-electrochemically store hydrogen in the 
form of ammonia. Various types of perovskites, ranging from halide inorganic perovskites to oxidic systems with single or 
double perovskite structures, have been investigated for this purpose. In this study, a simple and low-cost single oxide perovskite, 
specifically BiFeO3 (BFO), was synthesized via a sol-gel method and the related photo-electrodes were optimized in terms of film 

thickness and tested for nitrogen reduction reaction (N2 RR). The resulting BFO powder was comprehensively characterized from 

the structural, optical, and morphological points of view. Screen-printed photoelectrodes with an optical band gap of 2.17 ± 0.05 eV 

were prepared and the influence of the film thicknesses on the photoelectrochemical properties was assessed. From Mott-Schottky 
analyses, all systems were thermodynamically suitable to drive N2 RR at pH 7 while thicker films were able to produce, under 
illumination, 22 µA cm− 2 at -0.6 V versus NHE due to a reduced charge transfer resistance. A Faradic Efficiency close to 90 ± 9% 

for NH3 was obtained at -0.4 V versus NHE with a yield of 9 µg h− 1 cm− 2 without producing hydrogen, highlighting the importance 
of bismuth and iron atoms on the nitrogen selectivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Renewable energy sources play a crucial role in the energy
transition and the decarbonization of society, with solar energy
being the most abundant and widely distributed [ 1, 2 ]. However,
its intermittency limits the availability of sunlight, necessitating
the development of efficient energy storage solutions. Various
approaches have been proposed to address this challenge, includ-
ing the direct conversion of solar energy into electricity and
its storage in chemical bonds through solar fuels production
[ 3, 4 ]. Regarding the latter, an emerging and innovative tech-
nology has been exploited: photoelectrochemical cells (PECs).
These devices can mimic photosynthesis by using sunlight and
an external bias to generate charge separation, driving redox
reactions essential for solar fuel production. A PEC, consisting of
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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a photoanode, photocathode, and an electrolyte solution, directly 
converts solar energy into chemical energy via electrochemical 
reactions, including green hydrogen production from water split-
ting, carbon dioxide reduction reaction, and nitrogen reduction 
reaction (N2 RR) [ 5–7 ]. Today, the latter represents one of the most
interesting scientific challenges to increase the sustainability of 
ammonia production and to consider ammonia as a hydrogen
carrier [ 6, 8 , 9 ]. For a viable photoelectrocatalytic process, the
selection of materials is essential. To ensure scalability and reduce
reliance on fossil fuels, these materials must be cost-effective,
safe, and readily available. Additionally, they should possess
the ability to harvest light and efficiently generate electron-
hole pairs to drive redox reactions, like common semiconductor
materials. In fact, semiconductors play a fundamental role in this
process, as their band structure determines charge generation 
its use, distribution and reproduction in any medium, provided the original work is properly 
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influence of film thickness on the electrochemical properties 
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and separation. With bandgaps typically ranging from 0.5 to
2 eV, semiconductors can absorb visible light efficiently, which
is a key factor in solar fuel production [ 10 ]. Among the most
promising candidates, metal oxide semiconductors such as TiO2 ,
or those based on d0 transition metals, including Ti4 + , Zr4 + ,
Nb5 + , Ta5 + , V5 + , and W6 + are ideal for photocatalytic oxidation
and reduction reactions [ 9 ] due to their resistance to photo-
oxidation and strong photocatalytic properties [ 10, 11 ]. Regarding
the catalytic side for ammonia production by nitrogen reduction
reaction (N2 RR), several catalytic materials based on metal
nanoparticles or single atoms, such as Au and Ru, or based on
metal oxides like Mo, Fe, Rh, Ru Cu, and Bi, or based on carbon
derived which include graphene, N-doped carbon or conducting
polymers have been considered due to their higher catalytic
efficiency, selectivity and stability [ 12–15 ]. Currently, bismuth
ferrite with formula BiFeO3 (BFO) is widely studied due to its
multifunctional properties, catalytic aspects, and ferroelectricity
[ 16–18 ]. Moreover, its excellent optical properties, including stable
refractive indices across different temperatures, make it ideal for
applications such as photocatalysis and for photoelectrocatalytic
applications [ 19 ]. This work explores the potential of BFO for
PEC applications for sustainable ammonia synthesis via the
photoelectrocatalytic nitrogen reduction reaction. In fact, Bi-
based materials are considered as emerging candidates for N2 RR
due to their strong interaction with N2 . BFO was studied in
the last years for electrocatalytic nitrogen reduction, and only
bismuth-based oxides and related compounds (such as bismuth
oxyhalides BiOX , bismuth oxides and bismuth polyoxometalates
Bi-POMs) have been tested for the same reaction by PEC [ 14,
20 ]. Then, the photoelectrocatalytic properties of BFO were
studied for N2 RR, highlighting the correlation between structural
and functional properties of the developed photoelectrodes. A
crucial aspect linked to the photo-electrocatalytic properties was
investigated, such as the film thickness. This parameter not
only affects the photoelectrocatalytic efficiency to N2 RR but
also the photoelectrochemical properties of the photoelectrodes
investigated. For example, for highly crystalline materials without
impurities, thicker film should increase electrical conductivity
with a high amount of active material. On the other hand, low
crystalline material with defects with thick film should increase
electrical resistance and charge recombination phenomena. Thin
film reduces light absorption which, subsequently reduces the
number of photogenerated charges and sometimes leads to
incomplete substrate coverage and pinholes formation, which
increases charge carriers recombination finally reducing the
charges lifetime [ 21, 22 ]. About BFO, literature reports only
studies on thin film-based photoelectrodes for water splitting (in
the order 50–200 nm) [ 23–25 ], then investigate the influence of
thicker BFO film to N2 RR should improve the knowledge on this
material for photoelectrocatalytic applications. BFO nanoparti-
cles were synthesized by a simple chemical method (sol-gel)
and deeply characterized in terms of phase, morphology, and
optical properties. The material was subsequently employed to
formulate a screen-printing ink that was deposited onto FTO
substrates, enabling the comparison and analysis of chemical and
structural variations in films of differing thicknesses and material
loadings. It was then thoroughly characterized, from rheological
to optical properties, and finally tested in a PEC cell to investigate
its electrochemical and photoelectrochemical performance as
a photoelectrode for driving the nitrogen reduction reaction
(N2 RR). 
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2 Results and discussion 

The structural and morphological analysis of the powder is
reported in Figure 1 . 

XRD shows the presence of a rhombohedral structure of BiFeO3 
as main phase obtained (PDF 00-066-0439) indicating that the
desired material was synthesized. However, a phase-related 
impurity of Bi2 Fe4 O9 , was also detected. This well-known phe-
nomenon in literature [ 26 ] is attributed to the loss of bismuth
at high temperatures due to the high volatility of Bi2 O3 leading
to the formation of the Bi2 Fe4 O9 phase. Indeed, it is known
that at higher temperatures (800◦C) the formation of BiFeO3 can
undergo decomposition, resulting in the production of secondary 
phases such as Bi2 O3 and Bi2 Fe4 O6 . The BFO phase was con-
firmed by UV-visible spectroscopy, where the bandgap value (Eg)
equal to 2.12 ± 0.02 eV was obtained by Equation ( 1 ) (Figure 1b ).
This value is comparable with the one reported in literature for
BFO phase (between 2.0 and 2.5 eV) [ 27–29 ] and it is suitable for
absorbing photons at high energy in the visible region. 

SEM analyses show a polyhedral morphology more like a
rhombohedral structure with dimensions of ∼ 150 nm in which,
however, the presence of a partially sintered structure can also be
seen due to the temperature at which the powders were treated.
The average nanoparticles dimension was even more confirmed 
by the DLS analysis (Figure S1 ). 

BFO was deposited on FTO by screen-printing technique. Prior
to do that, with the aim of optimizing the deposition process,
the ink viscosity and its capability to wet the FTO glasses, were
determined through rheological and optical analysis. To study the
influence of the film thickness on the electrochemical and photo-
electrochemical properties, BFO films with 2 ± 0.52 µm and 4 ±
0.26 µm, confirmed by white light interferometer analysis (Figure
S2 ), were prepared and named LT and HT, respectively. 

Structural, microstructural and optical properties were deter- 
mined through XRD, FE-SEM, and Tauc plot, but no significant
differences were found between LT and HT samples thus, Figure 2
only reports the obtained results for the HT sample. To complete
that, in Figure S3 , Tauc plot and FE-SEM image of LT sample
were reported. The SEM micrograph of the deposited HT sample
(Figure 2c ) shows uniform and homogeneous film in the area
deposited on the FTO substrate (in the Supporting Information
a low magnification image was reported in Figure S4 ), with
crystalline phase confirmed and coincident with the starting
systems as reported in the XRD spectra (Figure 2a ). Moreover,
DRS absorbance spectra of LT and HT samples were reported
in Figure S5 , where HT sample showed an enhanced light
absorption in the UV-visible range. 

The band gap (Eg) value of the BFO films was calculated
employing Equation (1) and was found to be equal to 2.17 ± 0.05 eV
(Figure 2b ). This value is slightly higher but comparable than
the one calculated for the powders (2.12 ± 0.01 eV) due to the
scattering contribution of the film surface microstructure. Even 
if the LT and HT films showed different thicknesses, the Eg
values determined were not influenced by this difference as an
indication of materials with homogeneous optical properties. The 
Nano Select, 2026
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FIGURE 1 XRD spectra (a), Tauc plot (b) and FE-SEM micrograph (c) for the BFO powders. 

FIGURE 2 XRD spectra (a), Tauc plot (b) and FE-SEM micrograph (c) for the BFO HT film. 
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was instead clearly observed. Cyclic voltammetry (CV) analyses
were done on these electrodes at different scan rate (Figure S6 )
while in Figure 3a , only CV curves at 100 mV sec− 1 are reported.
These curves are compared with the one coming from a pristine
FTO substrate, highlighting the evident different electrochemical
behavior due to the BFO presence. Moreover, good electrochemi-
cal activity was recorded at high potentials both in oxidation and
reduction (up to -0.356 V vs. NHE and + 0.844 V vs. NHE), due to
the presence of different species, such as bismuth and iron. In fact,
the reduction peak observed for BFO samples at -0.156 V versus
NHE peak was linked to reduction of Bi3 + to Bi2 + and Fe3 + to Fe2 + .
At + 0.544 V versus NHE, the peak associated to the oxidation
process of the same reactions was observed. The chemical compo-
sition of BFO presents bismuth and iron, two well-known photo
and electro active elements, able to drive redox reaction a wide
range of potentials. Finally, slightly higher amount of current
was achieved for HT sample at high negative potential (-0.556 V
vs. NHE) applied of CV curves, as an indication to the presence
of higher amount of BFO (due to a thicker film) that positively
affects the redox properties of the photoelectrode. Moreover, also
the homogeneous microstructure previously determined by FE-
SEM analyses (see Figure 2c ; Figure S4 ) contributes to produce
the obtained electrocatalytic activity from CV analyses. To study
in more detail the film thickness influence on these properties,
Electrochemical Impedance Spectroscopy (EIS) analyses were
done in the dark at potential applied of + 0.244 V versus NHE.
Nyquist plots are reported in Figure 3b and a suitable equivalent
circuit was built and used to fit the experimental points (inset
Figure 3b ). In this circuit, R1 describes the overall electrical
resistance of the BFO samples, while R and R and CPE and
2 3 1 
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CPE2 (based named CPE-T and exponent CPE-P) describe the 
charge transfer resistance and the storage capacitance in the bulk
of the photoelectrode and at the electrode/electrolyte interface. 
The obtained EIS results are reported in Table 1 . 

Comparable R1 values equal to 31 and 30 Ω for LT and HT sam-
ples, respectively, were achieved, while the total charge transfer
resistances (equal to the sum of R2 and R3 ) are 118060 and 82604
Ω for LT and HT photoelectrodes, respectively. Less differences
were found in terms of CPE elements, as an indication that in
this case the photoelectrodes capacitances were not influenced by
film thickness. Lowest values of charge-transfer resistance (R3 ) 
at the photoelectrode/electrolyte interface were achieved, as an 
indication of good charge transfer at this interface for both LT and
HT samples. The latter showed lower resistance value equal to 19
Ω if compared with the LT value equal to 60 Ω . Moreover, also R2 
value linked to charge-transfer in the bulk of the photoelectrode
was lower for HT sample due to improved charge mobility and
transfer for thin film. Then, considering the conductivity of
the different BFO films linked to R1 resistance, is possible to
conclude that there is no influence of the thickness, indicating
the production of a film with crystalline and conductive structural
phase, while discussing about the R2 and R3 resistances, HT 
sample due to the highest amount of electro-active material,
homogeneous and porous surface, finally reduces the charge- 
transfer resistance both in the bulk of photoelectrode and at the
electrode/electrolyte interface. 

The Flat Band Potential (VFB ) and the number of donors of the
BFO photo-electrode were calculated from Mott-Schottky (MS) 
3 of 9
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FIGURE 3 CV analyses at 100 mV sec− 1 (a), Nyquist plots and the related equivalent circuit at + 0.244 V versus NHE (b), Mott-Schottky plots and 
the obtained energy diagram (d) for LT and HT BFO films. 

TABLE 1 EIS parameters extrapolated from Nyquist plots and fitting circuit reported in Figure 3b . 

Sample R1 ( Ω) R2 ( Ω) CPE1 -T( Ω− 1 sn ) CPE2 -P R3 ( Ω) CPE2 -T( Ω− 1 sn ) CPE2 -P 

LT 31 118000 1.6 ×10− 5 0.934 60 1.1 ×10− 4 0.928 
HT 30 82585 2.3 ×10− 5 0.901 19 6.4 ×10− 5 0.989 

FIGURE 4 HT BFO: Nyquist plots at + 0.244 V versus NHE in the dark and under different illumination conditions with equivalent circuit (a); 
LSV in dark and different conditions (b); Chronoamperometry in back illumination at -0.103 V vs NHE (c). 
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analyses and using Equation ( 2 ). The electrode has shown a
curve with a slightly positive slope confirming that BFO is n-
type semiconductors [ 28, 29 ]. In these operating conditions, the
VFB value is approximately close to conduction band (CB) and
the obtained values from Figure 4a are equal to – 0.94 V versus
SCE and – 1.00 V versus SCE for HT and LT, respectively. The
values were converted to -0.64 V and -0.70 V versus NHE (using
Equation (2)) at pH 7. Moreover, adding the bandgap value of
2.17 ± 0.05 eV previously calculated (Figure 2c ), the position of
4 of 9
valence band (VB) value was obtained and equal to 1.53 V versus
NHE and 1.47 V versus NHE for HT and LT respectively. Finally,
a thermodynamic diagram with N2 RR reference was reported in
Figure 4b . These results indicate the thermodynamic feasibility
of both the nitrogen reduction reaction and the water splitting
reaction for BFO highlighting the suitable properties of this mate-
rial for ammonia production in neutral pH conditions. After that,
the Nd values were calculated founding 3.4 × 1020 and 3.0 × 1020 
cm− 3 for HT and LT, respectively. The thicker film due to a higher
Nano Select, 2026

 C
om

m
ons L

icense



FIGURE 5 Chronoamperometric curves at different potential applied versus NHE (a); NH3 yield and F.E. obtained (b). 
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amount of active and crystalline BFO, finally produces the highest
number of charges, suitable to improve the photo-electrocatalytic
properties of this system. The presence of impurities of Bi2 Fe4 O9 
observed form XRD analyses (Figure 1a ) not reduces the number
of charges. These results confirm the previously ones obtained
by EIS (Figure 3b ) and indicate that the thicker BFO film (HT
sample), having more amount of active and crystalline material
with reduced charge-transfer resistance, is the best candidate.
Then, HT sample was considered to the further characterizations.
The photo-electrochemical analyses were done in a PEC system
where BFO was tested by Linear Sweep Voltammetry (LSV), EIS
and chronoamperometric technique. Figure 4 shows the obtained
results. 

LSV measurements demonstrate the capability of BFO to gen-
erate photocurrent under various applied negative potentials.
As shown in Figure 4b , the photocurrent response varies with
illumination conditions: at –0.603 V versus NHE, values of
0.02 mA cm− 2 and 0.01 mA cm− 2 were recorded under front
and back illumination, respectively. This comparison suggests
that front-side illumination enhances photocurrent generation,
likely due to more efficient charge separation when light directly
strikes the film surface. These findings are further supported by
chronoamperometric data (Figure 4c ), indicating the production
of a photocurrent also at lower applied potentials (equal to
-0.103 V vs. NHE) highlighting the photo-activity of the devel-
oped BFO photoelectrode even if some impurities of Bi2 Fe4 O9 
are present. Moreover, EIS analyses (Figure 4a ) confirm that,
and then the charge transfer resistance (R3 ), extrapolated from
Nyquist plots in Figure 4a and using the equivalent circuit
reported, between the electrode and electrolyte decreases from
16853 Ω in the dark to 10853 Ω and 12776 Ω under front and back
illumination, respectively. 

Photoelectrocatalytic N2 RRs were done in the conditions
described in the experimental section at three different potentials
applied: -1.2 V, -0.8 V and -0.4 V versus NHE. The reactions
were conducted for 1 h and the liquid and gas products were
analyzed. The chronoamperometric curves are reported in
Figure 5a and showed that the highest amount of photo-current
was produced at the highest potential applied and showed also
that no-change in the photo-current over the reaction time as
Nano Select, 2026
indication of a good stability of the photo-electrode. To confirm
that, FE-SEM analyses on BFO sample tested at the highest
potential applied (-1.2 V vs. NHE) were done (Figure S7 ) and the
obtained result showed no degradation on the BFO morphology.
Moreover, to evaluate the long-term stability (12.5 h) of the BFO
photoelectrode, PEC tests were carried out under 1000 W m− 2 at
− 1.2 V versus NHE for 110 min and repeated seven times (Figure
S8 ). Under these conditions, good photocurrent stability was
observed throughout the long ‑term tests. The NH3 yield and
related Faradic efficiencies were calculated using Equations ( 4 )
and ( 5 ) and the obtained results are reported in Figure 5b .
The calibration curve used to quantify NH3 was reported in
the Supporting Information section (Figure S9 ), and a low
range of ammonia concentration (0-1 µg mL− 1 ) was considered,
considering the low concentration expected. 

At high applied potential (-1.2 V vs. NHE) 15.6 µg h− 1 cm− 2 of
ammonia was obtained with a faradic efficiency of 2%. Reducing
the potential, the yield decreases at 7.8 µg h− 1 cm− 2 and at 6.8 µg
h− 1 cm− 2 for -0.8 and -0.4 V versus NHE while the Faradic
efficiency increases to 8% and 90% respectively. At high -1.2 V
versus NHE, also hydrogen was detected into the gas phase by
micro-GC during the photo-electrocatalytic tests, with a yield 
of 31 µg h− 1 cm− 2 and a Faradic Efficiency of 45%. However,
at the other applied potentials, the presence of hydrogen was
not detected, due to the selectivity of BFO on ammonia and to
the lowest potential applied that reduces the thermodynamic 
driving force for hydrogen evolution. These results indicate that
the presence of bismuth and iron ions and oxygen vacancies,
typically existing on bismuth oxide film, can catalyze the N2 RR
increasing also the selectivity to NH3 in mild conditions and
at -0.4 V versus NHE. In fact, Bai et al. [ 30 ]. report a photo-
electrocatalytic ammonia production 11.6 ×10− 8 mol h− 1 cm− 2 with 
a FE of 16.2% at -0.1 V versus NHE using Li2 SO4 as electrolyte
and p-BiVO4 as photoelectrode, while Zheng et al. [ 31 ] obtain an
ammonia yield of 18.9 µg cm− 2 h− 1 with a FE of 37.8% at -0.2 V
versus NHE using H2 SO4 -Na2 SO3 as electrolyte and Au/PTFE/TS 
aerophilic and hydrophobic heterostructure. Moreover, Zhou 
et al. [ 32 ] use and engineered kesterite photocathode based on
TiOx/CdS/Cu2 ZnSnS4 to obtain a very high FE equal to 89.1% and
NH3 yield of 8.21 µmol h− 1 cm− 2 at 0.1 V versus RHE in 0.1 M KNO3 
and 0.01 M H2 SO4 electrolyte. 
5 of 9
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Considering the bismuth based photoelectrodes, Gao et al. [ 33 ]
report that AgCl/ δ-Bi2 O3 composite produces 606 µmol gcat − 1 h− 1 ,
while Chang et al. [ 34 ] report that the β-Bi2 O3 with nanoflower
morphology showed an NH3 yield of 19.92 µg mgcat − 1 h− 1 with
FE of 4.3% at − 0.8 V versus RHE, which is attributed to the
flowerlike structure with a large surface area. To evaluate the
ammonia impurity in the system, control experiment was done
in the dark conditions with bubble nitrogen and at potential
applied of -0.8 V versus NHE. The chronoamperometric curve of
control experiment was reported in Figure S10a . In the control
experiment, ammonia yield of 0.76 µg h− 1 cm− 2 was achieved
using Equation ( 4 ), as indication of low amount of ammonia
impurity in the system. Moreover, the F.E. and ammonia yield
obtained for HT sample were compared with the ones from LT
BFO, tested in the same experimental conditions with a potential
applied of -0.8 V versus NHE, selected as intermediate potential
investigated (chronoamperometric curves of PEC reaction was
reported in Figure S10b ). LT photoelectrode showed an ammonia
yield of 3.09 µg h− 1 cm− 2 with a F.E. for NH3 of 5% at -0.8 V
versus NHE, calculated using Equations ( 4 ) and ( 5 ). These values
are lower than the ones obtained for HT photoelectrode at the
same potential applied, equal to 7.8 µg h− 1 cm− 2 and 8% of
F.E. 

3 Conclusion 

This work demonstrates the successful synthesis of BiFeO3 via
a simple, cost-effective sol–gel route, yielding a pure-phase
material with a suitable band gap of 2.17 ± 0.05 eV for pho-
toelectrochemical applications. Screen-printed films of varying
thicknesses (LT of 2 ± 0.52 µm and HT of 4 ± 0.26 µm)
were fabricated to evaluate the role of material loading on
performance. Cyclic voltammetry confirmed the redox activity
associated with bismuth and iron, while conduction bands of
BFO samples, -0.64 V and -0.70 V versus NHE for HT and LT,
respectively, are more negative than the standard potential of
nitrogen reduction reaction, as indication that photoelectrodes
are suitable to drive thermodynamically N2 RR. Moreover, thicker
film produces the highest number of charges, equal 3.4 × 1020 
cm− 3 compared to 3.0 × 1020 cm− 3 obtained for LT sample, due
to a reduced charge transfer resistance evaluated by EIS. Thicker
films delivered higher photocurrents at –0.603 V versus NHE,
equal to 0.02 mA cm− 2 and 0.01 mA cm− 2 under front and
back illumination respectively, due to a reduced charge transfer
resistance under illumination. These properties are linked to an
increased active material in a thicker film, with homogenous
and porous microstructures and crystalline BFO phase. Moreover,
also the presence of bismuth and iron plays an important role
on these photoelectrocatalytic properties, as two of the main
elements electroactive on ammonia production. Finally, the
obtained photoelectrodes were then tested in a PEC system for
ammonia production achieving a maximum NH3 yield of 15.6 µg
h− 1 cm− 2 at –1.2 V versus NHE, although hydrogen evolution
occurred at this potential. At –0.4 V versus NHE, only ammonia
was detected, with a Faradaic efficiency close to 90 ± 9% with NH3 
yield of 6.8 µg h− 1 cm− 2 . No film degradation was observed by
FE-SEM analyses at the end of PEC test at -1.2 V versus NHE.
These findings underscore the promise of BFO thin films as
efficient photoelectrodes for sustainable ammonia synthesis via
photoelectrocatalysis. 
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4 Experimental Section 

4.1 Powder Synthesis 

BiFeO3 (BFO) system was synthesized using the sol-gel method. 
The starting materials included bismuth nitrate pentahydrate 
(Bi (NO3 ) 3 ⋅5H2 O, Sigma-Aldrich, 98%), iron nitrate nonahydrate 
(Fe (NO3 ) 3 ⋅9H2 O, Sigma-Aldrich, 98%), acetic acid (CH3 COOH, 
Sigma-Aldrich, 99%), and ethylene glycol (C2 H6 O2 , Sigma- 
ldrich, 99%). A mixture of acetic acid and ethylene glycol in a

3:1 volume ratio was prepared in a 250 mL beaker. Upon reaching
a temperature of 50◦C, 0.016 mol of Bi (NO3 ) 3 ⋅5H2 O and 0.016 mol
of Fe (NO3 ) 3 ⋅9H2 O were added sequentially in their stoichiomet-
ric ratio. The solution was stirred continuously until complete
dissolution of the precursors was achieved. Subsequently, the 
temperature was increased to 130◦C and maintained for 2–3 h
to facilitate solvent evaporation and promote gel formation. The
resulting gel was then placed in an oven at 100◦C for 1 h to dry.
The product underwent thermal treatment in two subsequential
steps. First, it was calcined at 500◦C for 2 h, with a heating rate of
100◦C h− 1 . Then, it was further annealed at 800◦C for 2 h, with a
heating rate of 100◦C h− 1 . After completing the thermal cycle, the
sample was ground, sieved to a particle size of 150 µm, and stored
at room temperature. 

4.2 Thin Film Preparation 

An ad-hoc screen-printing ink, incorporating 26.5 wt.% of BFO
active phase, was formulated. A binder solution containing 
4 wt.% ethyl cellulose (EC, 30–70) was prepared by dissolving
the polymer in a terpineol-2-butanone mixture under continuous
stirring for 24 h to ensure complete solubilization. The BFO
powders were dispersed with ZrO2 spheres of varying diameters 
employing 0.04 wt.% of lauric acid as a dispersant, 67.5 wt.%
terpineol and 2-butanone as solvent and cosolvent to optimize
rheological properties. The mixture was ball-milled overnight to 
enhance homogeneity followed by the gradual addition of the
binder solution and further milling for 2 h. As last step, 2% of
glycerol was added to the mixture and ball-milled overnight.
The pre-ink was then filtered using 2-butanone as a filtration
aid to remove agglomerates or impurities and, the exceeding
solvent was allowed to evaporate overnight to achieve the desired
viscosity. The pre-ink was processed using an Exakt 120EH-450
three-roll mill to refine viscosity and density for screen printing.
The optimized ink was deposited onto fluorine-doped tin oxide
(FTO) glass substrates with an active area of 1 cm2 using an Aurel
900 screen-printing machine ensuring precise film thickness 
control. Different film thicknesses were produced: 2 µm named
LT and 4 µm named HT. After the film deposition, a drying step
in IR oven at 80◦C for 25 min was performed. A final thermal
consolidation treatment was performed to ensure adhesion and 
phase stabilization at 450◦C for 30 min with a heating rate of
120◦C h− 1 . 

4.3 Characterizations 

Phase identification was performed using X-ray diffraction (XRD)
with a Bruker D8 Advance diffractometer. The morphological 
features of the powders were characterized by field-emission
Nano Select, 2026
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scanning electron microscopy (FE-SEM) using a ZEISS SIGMA
instrument (Carl Zeiss Microscopy GmbH). The average nanopar-
ticle size was analyzed using a Malvern Zetasizer Nano ZSP,
which utilizes dynamic light scattering to determine the particle
size distribution in liquid dispersions. The suspension concentra-
tion was maintained within the range of 0.1–10 mg mL− 1 , and the
instrument’s detection range spans from 0.3 nm to 10 µm. The
band gap energy (Eg) was determined via UV-Visible absorption
spectroscopy in diffuse reflectance mode using a Perkin Elmer
Lambda 750 spectrophotometer, operating within the wavelength
range of 300–900 nm. Absorption spectra were recorded for at
least three replicates per sample and analyzed using the Tauc
equation [ 35 ]: 

αhν = A (hν − Eg ) 
n (1)

where α a is the absorption coefficient, comparable to the derived
Kubelka-Munk function 𝐹 ( 𝑅∞), h is Planck’s constant (6.626
× 10− 3 4 J ⋅s); ν is the frequency (s− 1 ), calculated as c/ λ, with c
being the speed of light (3 × 108 m s− 1 ) and λ the absorbed
wavelength (nm); A is a proportionality constant; and Eg is the
band gap energy (eV). The exponent n depends on the electronic
transition type: 1/2 (allowed direct), 3/2 (forbidden direct), 2
(allowed indirect), and 3 (forbidden indirect). In this work, n
= 1/2 was selected as reported in literature for BFO [ 28, 29 ].
The thickness of the deposited films was evaluated using a
white light interferometer (BRUKER ContourGT-K 3D) equipped
with a white or green led as light source and 5x lens. White-
light interferometry measures thin-film thickness by analyzing
interference fringes generated by light reflected at the sample
interfaces. Part of the beam reflects from the outer surface, while
another portion penetrates and reflects at the substrate. The
coherent superposition of these contributions produces a pattern
whose periodicity depends on the film thickness and the material
refractive index (n). Since white light has a broad spectrum, the
interference appears as a spectral modulation, which is analyzed
using Fast Fourier Transform (FFT). In more detail, the captured
fringe data for each pixel is processed using FFT that converts the
spatial signal into the frequency domain. Different frequencies
in the FFT spectrum correspond to different path differences
(related to film thickness and n). The software identifies the peaks
in the frequency spectrum that are used to calculate the phase
difference and, subsequently, the film thickness. 

Electrochemical measurements were conducted using an Autolab
PGSTAT302N + FRA32M (Metrohm, the Nederland) in a three-
electrodes cell consisting of a saturated calomel electrode (SCE)
as the reference, a platinum sheet as the counter electrode (CE),
and the deposited material on FTO with an active area of 1 cm2 as
the working electrode (WE). A 0.1 M Na2 SO4 solution was used as
the electrolyte due to its neutral pH and the system was degassed
with N2 for 10 min before measurements. EIS measurements were
conducted over a frequency range of 105 to 0.5 Hz at applied
potentials of + 0.244 V versus NHE with an amplitude of 10 mV.
Mott-Schottky measurements were performed in the potential
range between + 0.744 V and -0.956 V versus NHE, and they rely
on the following equation: 

1 

𝐶2 
=
( 

2 

𝑒 ∙ 𝜀0 ∙ 𝜀𝑟 ∙ 𝑁𝐷 ∙ 𝐴2 

) (
𝑉 − 𝑉FB −

KT 
𝑒 

)
(2)
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C

where “C” is the capacitance of the space-charge region of the
film, “e” is the charge of the electron, “ε0 ” is the free space
dielectric constant, “εr ” is the relative dielectric constant of BFO
equal to 30 [ 36, 37 ], “ND ” is the concentration of free carriers
in the semiconductor, “A” is the area of the electrode equal to 1
cm2 , “V” is the applied potential, “VFB ” is the flat band potential
(extrapolated at 978 Hz), “K” is the Boltzmann constant, and
“T” is the temperature in Kelvin. All the potentials applied and
determined for the electrochemical and photoelectrochemical 
characterizations and flat-band potential were then converted 
into NHE scale by this equation [ 38 ]: 

E ( V) vs NHE = E ( V) vs SCE ( V) + 0 . 059xpH + EREF ∕NHE V (3) 

where EREF/NHE are equal to 0.244 V when SCE reference electrode
(RE) was used and equal to 0.197 V when Ag/AgCl RE was used.
The pH which corresponds to the pH of electrolyte is 5.84 in our
experiment. 

Cyclic voltammetry (CV) was conducted over a potential range
from + 1.044 V to -0.556 V versus NHE, applying 0 V with scan
rates of 10, 50, and 100 mV s− 1 . Photoelectrochemical character-
izations were performed in a 3-electrodes photo-electrochemical 
cells, with an Ag/AgCl RE, a platinum wire CE, and the deposited
material as the WE with an active area of 0.5 cm2 . A 0.1 M
Na2 SO4 electrolyte was used, and the cell was degassed with N2 
for 10 min prior to perform the analysis. All experiments were
conducted both in the dark and under illumination (1000 W m− 2 ,
calibrated with a reference cell) in different conditions to study
the charges behavior: illumination was applied either from the
FTO side (ill-back) or from the film side (ill-front). Linear sweep
voltammetry (LSV) was conducted between + 0.197 V and -0.603 V
versus NHE in the reduction direction at a scan rate of 50 mV
s− 1 . EIS was performed under the same conditions as described
earlier. Finally, chronoamperometric analysis was carried out at 
-0.103 V versus NHE, for a duration of 100 s, with a chopped light
at frequency of 1.6 Hz. 

4.4 Photo-Electrocatalytic N2 RR 

The photo-electrocatalytic test to N2 RR was done in a one
compartment 3-electrodes PEC, where again with a platinum 

mesh CE, an Ag/AgCl RE, and the deposited material, with an
active area of 0.5 cm2 , as the WE were employed. The N2RR was
performed using 0.1 M Na2 SO4 as electrolyte, degassed with N2 for
10 min at flow rate of 1 mL min − 1 with different potentials applied
equal to -1.2 V, -0.8 V and –0.4 V versus NHE for 1 h and under
stirring. With the same experimental set-up, blank experiment 
was carried out with N2 in dark conditions. The blank test was
done with an applied external potential equal to -0.8 V versus
NHE for 1 h. Moreover, the F.E. and ammonia yield obtained were
compared with the ones from LT BFO sample, tested in the same
experimental conditions with a potential applied of -0.8 V versus
NHE. The quantification of NH3 was measured by a colorimetric
method of indophenol blue following the procedure reported in
literature [ 39 ]. This method was particularly indicated for this
quantification at neutral pH. For the preparation of indophenol
blue reagent, different solutions were prepared: Solution 1, 5 wt %
salicylic acid and 5 wt% sodium citrate in 1 M NaOH; Solution
2, 0.05 M NaClO; Solution 3, 0.2 M sodium nitroferricyanide.
7 of 9
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Standard solutions with different concentrations of NH3 were
prepared by dissolving a specific quantity of NH4 Cl (dried at
105◦C for 10 h) in 0.5 M K2 SO4 and 0.05 M H2 SO4 . Finally, 5.5 mL
of this standard solution or electrolyte from the PEC was added
into 10 mL cleaned tube, followed by adding 2 mL of Solution
1, 1 mL of Solution 2 and 0.2 mL of solution 3. These solutions
were mixed and stored in the dark for 2 h at room temperature.
The absorption spectra of the solution were acquired by UV-
is Spectrophotometer in the range between 300 and 900 nm.

Calibration curve (Figure S9 , y = 0.03542x + 0.03647, R2 = 0.99801)
was obtained by plotting the absorbance at wavelength of 660 nm
versus the NH3 concentration of the standard solution with good
linear relation by three times independent calibration. The yield
of ammonia formation was calculated by [ 39 ]: 

Yield of N H3 =
cNH 3 × V 

t × S 
(4)

where c is the ammonia concentration ( µg ml− 1 ), V is the volume
of the electrolyte (ml), t is the reaction time (hour), and S is the
geometric area of the electrode (cm). 

The Faradic efficiency of nitrogen reduction reaction was calcu-
lated by [ 34 ]: 

F . E . =
n × F × cNH 3 × V 

Q × mw × 1000000 
(5)

where n is the number of electrons involved (3), F is the Faraday
constant, Q is the total charge that flows on the electrode
during N2 RR, c is the ammonia concentration ( µg ml− 1 ), V is the
volume of the reaction electrolyte, mw is the molecular weight of
ammonia (17 g mol− 1 ). 

The other products in gaseous phase were quantified every 10
min using 990 micro-GC (Agilent Technologies) equipped with a
Molecular sieve 5A packed column and a Thermal Conductivity
Detector (TCD). Argon was used as a carrier gas. 

Finally, long-term PEC reactions were done testing the BFO
photoelectrode under 1000 W m− 2 A.M. 1.5 at -1.2 V versus NHE
for 110 min. After that, the sample was removed from the PEC
set-up, washed with water, and used in another experiment. This
procedure was repeated seven times, obtaining a final long-term
test of 12.5 h. 
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