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A B S T R A C T   

Photo-electrochemical cells (PECs) represent one of the most promising technologies today for storing sun energy 
as chemical bonds (solar fuels), exploiting carbon dioxide as a starting reagent. However, identifying suitable 
photoelectrodes remains a challenging and open issue. In this work, the possibility of using Aurivillius-type 
compounds to produce solar fuels was deeply investigated. Aurivillius-type perovskites, with general formula 
Bi(n+1)Fe(n-3)Ti3O(3n+3) (BFTO-n), were synthesized and fully characterized to study the influence of the number 
of perovskite layers and the synthesis parameters on their final properties. Specifically, eight different systems 
were considered increasing the amount of iron and, consequently, the number of perovskite layers. These 
compounds were synthesized through both a standard solid-state reaction method and a sol-gel technique. For 
each system, a screen printing ink was formulated to be deposited as photo-electrodes onto transparent con
ducting supports, and their morphological (XRD and SEM analysis) electrochemical and photo-electrochemical 
properties (cyclic and linear voltammetry, impedance, Mott-Schottky analysis) were determined. The obtained 
results demonstrate the potentiality of Aurivillius-type compounds as innovative materials for carbon dioxide 
photo-electrochemical reduction.   

1. Introduction 

Aurivillius-type layered ferroelectric ceramics have garnered 
growing interest in the last two decades. This is attributed to their 
interesting electrical properties as lead-free piezoelectrics operating at 
high temperatures and to their great potential for tailoring specific 
properties by varying their chemical composition and number of layers 
[1]. 

Among the others, Bin+1Fen-3Ti3O3n+3 (BFTO-n) Aurivillius phases 
within the binary Bi4Ti3O12–BiFeO3 system, are naturally formed by 
perovskite slabs, composed by n (Bin+1Fen-3Ti3O3n+1)2− layers stacked 
along the [001] direction, and separated by (Bi2O2)2+ fluorite-type 
layers (Fig. 1). These layered compounds combine ferroelectric, mag
netic and magneto-electric properties, making them potentially attrac
tive as multiferroic materials for information processing and storage 
applications [2]. 

More interestingly, BFTO-n systems have been also considered as 
potential multifunctional photocatalysts due to several interesting 
characteristics. The visible-light absorption is enhanced by the presence 

of Bismuth that pushes up the valence band edge thanks to the hybrid
ization of Bi 6s with O 2p orbital. This effect may also improve the 
mobility of the photo-generated holes favoring chemical reactions [3]. 
In addition, their polarization may be effective in promoting the sepa
ration of photo-generated electrons and holes. 

Among the available bismuth-based photocatalysts, bismuth titanate 
Bi4Ti3O12 (BTO, formed by 3 perovskite layers) has recently drawn 
growing interest as an abundant, stable, and highly-photocatalytic- 
active compound [4], due to its peculiar crystal and electron structure 
[5]. On this basis, several BTO-based powder systems have been suc
cessfully reported over the years, for multiple photocatalytic purposes 
[6–8], and recently BTO has been employed as catalyst also in the CO2 
photo-reduction reactions [9,10]. Bi4Ti3O12 has been also applied as 
bifunctional piezo-photocatalysts in Rhodamine B degradations reaction 
[11]. The piezo-photocatalytic property of this material prepared by 
molten salt method in nanoplates form, was used to enhance the dye 
degradation by reducing the charge recombination. Moreover, it was 
recently found that the piezoelectric properties of BTO can be enhanced 
by different doping approaches and chemical elements [12]. The 
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influence of oxygen vacances on the photoelectrochemical properties of 
BTO photoelectrodes prepared by spin coating was recently investi
gated. After argon treatment, the photocurrent at 0.5 V vs Ag/AgCl was 
enhanced by 4.4 times compared to bare BTO due to an abundant 
presence of oxygen vacancies that reduces recombination and increase 
carrier injection rate as demonstrated by electrochemical impedance 
spectroscopy and photoluminescence measurements [13]. 

On the other hand, a lot of work has been published on BiFeO3 (the 
structure composed ideally by infinite perovskite layers) focusing on the 
study and development of poled ferroelectric photo-electrodes for water 
splitting reactions, carbon dioxide conversion, piezophotocatalysis, and 
photo-electrochemical applications [14–18]. BiFeO3 prepared by one 
step hydrothermal synthesis has been recently tested in photo-catalytic 
hydrogen generation achieving hydrogen production of 216 μmol g− 1 

h− 1 under 450 W Hg lamp with cutoff filter >380 nm and TEOA as 
sacrificial agent [19]. BiFeO3 photo-electrodes were used in water 
splitting reactions, particularly with BiFeO3/Cu2O-based hetero
junction. The photocurrent increased by 6.8 times when the copper 
oxide layer was deposited on BFO compared to a bare BiFeO3 photo
electrode. This enhancement was attributed to increased light absorp
tion and reduced resistances [20]. Charge separation and transfer (CTS) 
processes in BiFeO3 nanocrystalline photoelectrodes can be controlled 
by an external poling applied to a photoelectrode with different positive 
or negative bias voltage. The correlation between the external poling 
voltage and surface potential was discovered and CTS was increased by 
110 % with a − 40 voltage (V) poling to the photoelectrode [21]. 

Despite their potentialities in visible-light photocatalysis, BFTO-n 
systems have been investigated so far mainly with a focus on the influ
ence of doping elements (La [22], Ca, Sr, Pb [23], Co [24], Eu [25], etc) 
and on the morphologies of the BFTO-n nanostructures (microflowers 
[26,27], nanofibers [28], nanosheet [29], nanoshelves [30]). These 
studies aim to enhance the photocatalysts performance for water puri
fication, pollutant degradation, air purification, and self-cleaning ap
plications [4]. 

Besides environmental remediation, visible-light driven photo
catalysis has recently received increasing attention in the field of 
renewable energy generation, for sunlight-assisted water splitting and 
CO2 reduction to produce several chemicals or fuels. In particular, the 
photoelectrochemical reduction of CO2 by semiconducting photo
electrodes (PEC) seems the most promising approach to obtain chemical 
fuels [31]. This technology consists in the fabrication of a device in 
which a suitable photoelectrode, i.e. an electrode coated with a 
light-sensitive semiconductor, interacts with a liquid electrolyte when 
exposed to light. In this way, electron-hole pairs are photogenerated 
driving reduction-oxidation reactions for chemical fuel production. 

In this work, BFTO-n systems, with n = 3, 4, 5, 6, 7, 8, 9 up to BiFeO3 
(n = ∞), will be synthesized and fully characterized for the first time to 
be implemented as photo-electrodes for photo-electrochemical (PEC) 
applications. Two different synthetic routes will be considered: sol-gel 
synthesis and solid-state reaction. The influence of the number of 
perovskite layers of BFTO-n series on optical, morphological, electro
chemical and photo-electrochemical properties will be deeply 
investigated. 

2. Experimental 

2.1. Synthesis of the powders 

The 8 systems considered in this work and reported in Table 1 were 
synthesized via two different methods. 

For the solid-state reaction route, the stoichiometric amount of Bi2O3 
(99.999 %, Sigma Aldrich, Germany), Fe2O3 (>96 %, Sigma Aldrich, 
Germany) and TiO2 (20:80 % rutile:anatase, 99.9 %, Evonik, Germany) 
were calculated following the reaction: 

(0.5x+ 2)Bi2O3 +(0.5x)Fe2O3 + 3TiO2→Bi(n+1)Fe(n− 3)Ti3O(3n+3)

where n = x+3. 
The oxide precursors were ball milled in ethanol (>99.8 %, Sigma 

Aldrich, Germany) for 24 h, dried and sieved at 150 μm. The precursor 
mixture was then calcined at 900 ◦C × 12 h (except for BFO, which was 
calcined at 850 ◦C × 12 h for stability issues), to obtain the pure phase 
and finally sieved again at 150 μm. The powders obtained throughout 
this method, will be named as “SOLID”. 

For the sol-gel method, the stoichiometric amount of Bi(NO3)3⋅5H2O 
(98 %, Sigma Aldrich, Germany), Fe(NO3)3⋅9H2O (99.95 % Sigma 
Aldrich, Germany) and Ti(OCH(CH3)2)4 (97 %, Sigma Aldrich, Ger
many) were calculated following the reaction: 

(n+ 3)Bi(NO3)3 +(n − 3)Fe(NO3)3 + 3Ti(OiPr)4→Bi(n+3)Fe(n− 3)Ti3O(3n+1)

where n is the number of perovskite layers. 
The sol-gel synthesis procedure used in this work is schematized in 

Fig. 2. 
In a typical procedure to produce a 5 g-batch, the stoichiometric 

amount of Fe and Bi nitrate were dissolved in 80 ml of Ethylen glycol 
(99.8 %, Sigma Aldrich, Germany) and Acetic acid (glacial, 99.99, Sigma 
Aldrich, Germany) solution. The stoichiometric amount of Ti 

Fig. 1. Sketch of the Aurivillius structures.  

Table 1 
Chemical formula of the BFTO-n systems considered in this work, number of 
perovskite layers (n) and stoichiometric coefficient (x).  

Sample Formula n x Bi x Fe x Ti 

BTO-3 Bi4Ti3O12 3 2 0 3 
BFTO-4 Bi5FeTi3O15 4 2.5 0.5 3 
BFTO-5 Bi6Fe2Ti3O18 5 3 1 3 
BFTO-6 Bi7Fe3Ti3O21 6 3.5 1.5 3 
BFTO-7 Bi8Fe4Ti3O24 7 4 2 3 
BFTO-8 Bi9Fe5Ti3O27 8 4.5 2.5 3 
BFTO-9 Bi10Fe6Ti3O30 9 5 3 3 
BFO BiFeO3 – 0.5 0.5 0  
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isopropoxide was dissolved in 100 ml of Ethylen glycol using citric acid 
as chelating agent. The as-prepared solutions were then mixed and 
heated at 130 ◦C under magnetic stirring up to the gel formation. The 
latter was then dried at 100 ◦C for 16 h, pre-treated at 500 ◦C to remove 
the organics, and finally calcined at 800 ◦C to obtain the BFTO-n pow
ders (named as SOLGEL). 

2.2. Powder characterization 

The BFTO-n powders were characterized by X-ray diffraction (Bruker 
D8 Advance, Karlsruhe, Germany). XRD patterns were recorded, using 
Cu Kα radiation at room temperature, in the 5–80◦ 2θ measuring range, 
with an equivalent counting time of 92.5 s per 0.02◦ 2θ step. 

The powders morphology was investigated by scanning electron 
microscopy (SEM-FEG, Carl Zeiss Sigma NTS GmbH, Oberkochen, 
Germany). 

The band-gap energy of BFTO-n powders was calculated from 
UV–Vis spectra through the Tauc equation [32]: 

αhυ=A
(
hυ − Eg

)1
/

n  

where α is the absorption coefficient, h is the Planck’s constant (J⋅s), ν is 
the light frequency (s− 1), A is the absorption constant and Eg is the band 
gap energy value, using n = 1/2 for a direct band gap material as re
ported in literature [33]. 

2.3. Fabrication of the photoelectrode 

For each BFTO-n system prepared, a suitable screen printing ink was 
produced. Two inks formulations were considered: for BTO-3, BFTO-4 
and BFTO-5, for which, the titanium amount is higher than the Fe one, 
the ink was formulated (Table S1) following previous works [34,35]. On 
the other hand, for BFTO-6, BFTO-7, BFTO-8, BFTO-9, BFO, a compo
sition similar to the one reported in Ref. [36] was used (Table S1 of the 
Supplementary Material). The inks were produced mixing the BFTO-n 
powders with terpyneol (>96 % Sigma-Aldrich, Germany) as solvent, 
lauric acid (>96 % Sigma-Aldrich, Germany) or phospholan PE65 
(Specialities s. r.l.) as deflocculant, ethyl cellulose (EC 46, 
Sigma-Aldrich) as binder, and eventually glycerol (>99.5 % 

Sigma-Aldrich, Germany) as plasticizer. The as-obtained formulations 
were homogenized in a three-roll mill equipped with zirconia rollers of 
nanometric finishing (Exakt 80 E, Exakt). The milling was done in a 
three-steps procedure reducing the gap between the rolls (down to 1 μm) 
progressively. 

BFTO-n based inks were finally deposited onto conductive glass 
(FTO, Sigma Aldrich 7 Ω/sq) with a semi-automatic screen printer 
(AUR’EL 900, AUREL Automation s. p.a., Italy). The screen parameters 
and the number of each subsequent ink deposition were set to finally 
obtain a 5–7 μm thick square electrode (10 × 10 mm). After the screen 
printing process, the layers were dried in IR furnace (Ero Electronic SrL, 
Italy) in static air at 80 ◦C for 20 min and thermally treated at 550 ◦C for 
1 h. 

2.4. Photoelectrode characterization 

The phase composition and the morphology of the BFTO-n films was 
assessed through XRD and SEM-FEG respectively. 

The amount of photocatalyst deposited onto the conductive glass was 
calculated as weight difference of the substrate before and after the 
deposition. 

The thickness of the films was determined by an interferometric 
profilometer (Contour GT-K 3D, Bruker, Germany) equipped with a 5 ×
lens. 

The bandgap (Eg) energy of the films was calculated from the 
transmittance spectra using PVE300 (BENTHAM Instruments Ltd, 
United Kingdom) and re-elaborated following the Kubelka-Munk theory 
and the Tauc equation. 

The Cyclic and Linear Voltammetry (CV and LSV), Electrochemical 
Impedance Spectroscopy (EIS) and Flat Band determination by Mott- 
Schottky (MS) analyses were performed with an electrochemical work
ing station (AUTOLAB PGSTAT302 N + FRA32 M, Metrohm, Italy). A 
three electrodes cell was used to perform these analyses, with Ag/AgCl 
(KCl 3.5 M) as reference electrode, a counter electrode of platinum foil 
and the working electrode formed by the BFTO-n film on the FTO glass 
(the active area analyzed was set at 1 cm2). CV analyses were performed 
in a 1 mM K3Fe(CN)6 (Sigma Aldrich) and 0.1 M KCl (Sigma Aldrich) 
electrolyte while the potential was applied in the range between +0.8 V 
to − 0.8 V vs Ag/AgCl, with scan rate of 50 mV s− 1. EIS analyses were 
performed with the same electrolyte in dark condition with applied 
potential equal to 0 V vs Ag/AgCl and the frequency range was varied 
between 1 × 104 and 0.5 Hz, with signal amplitude of 0.01 V. Before 
each measurement, the solution was purged with argon for 10 min to 
remove oxygen. Mott-Schottky (MS) analyses were done in KCl (>98 % 
Sigma Aldrich) 0.1 M water solution (pH 7) in the potential range be
tween +0.8 V and − 0.8 V vs Ag/AgCl (starting from the anodic poten
tial) and in a frequency range between 10 KHz and 0.5 Hz with 10 mV 
amplitude of the AC signal. The Mott-Schottky plots were obtained at 
frequency of 1 KHz and the flat-band potential (Efb) was determined 
using the Mott-Schottky equation. Finally, the photocurrents were 
determined by LSV under stirring and in dark or light conditions. For the 
latter, two different configurations were used: “light back” when the 
light reaches the photo-electrode from the glass side and “light front” 
when the light reaches the photo-electrode from the film side, as sche
matized in Fig. S1 of the Supplementary Material. The intensity of 1000 
W m− 2 was calibrated with a reference certified silicon cell (Lot-Oriel). 
Two different experimental set-ups were considered: the first one in 
reducing conditions with LSV from 0.2 V to − 1.5 V at scan rate of 10 mV 
s− 1, using a 0.1 M KHCO3 (>98 % Sigma Aldrich) solution saturated 
with CO2; the second one with an oxidation potential ranging from − 0.2 
V to 1.5 V at scan rate of 10 mV s− 1, with a 0.1 M Na2SO4 (Anhydrous, 
Sigma Aldrich) solution as electrolyte, degassed with N2. With the same 
electrolyte, EIS analyses in dark and illuminated conditions (1000 W 
m− 2) were done on the best photoelectrodes both in oxidation and 
reduction conditions. The same EIS experimental parameters above
mentioned were used with two different potentials applied: +1.5 V vs 

Fig. 2. Synthesis procedure used to obtain BFTO-n “SOLGEL” systems.  
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Ag/AgCl for oxidation conditions and − 1.5 V vs Ag/AgCl for reduction 
conditions. 

3. Results and discussion 

3.1. Characterization of BFTO-n powders 

The possibility of synthesizing BFTO-n systems through solid-state 
reaction method has been intensively investigated since the 2000s by 
the Russian group headed by Gusarov [37–39]. The formation of Auri
villius phases in the Bi2O3–TiO2–Fe2O3 system is considered a multistage 
process. In the early stages, compounds with smaller numbers of 
perovskite layers in the structure and the perovskite BiFeO3 are formed 
simultaneously. In the subsequent stage, BiFeO3 is incorporated into a 
perovskite layer of Aurivillius phase increasing the thickness of the 
perovskite slab until an Aurivillius structure of a given composition is 
formed. 

The right choice of the thermal treatment is therefore crucial for the 
obtaining of the Aurivillius phase with the desired number of perovskite 
layers. The XRD patterns reported in Fig. 3a show that the calcination 
conditions selected in this work (900 ◦C × 12 h) are the optimal 
compromise between precursors activation and the thermal stability of 
the final compound to finally produce the pure Aurivillius systems. It is 
in fact demonstrated that the thermal stability of Aurivillius phases is 
strongly affected by the BiFeO3 amount in the system i.e., the higher is 
the number of perovskite layers, the lower would be the Aurivillius 
stability. Only traces of a secondary phase (BiFe2O4.63) were detected for 

the BiFeO3 perovskite, even in milder calcination conditions (850 ◦C ×
12 h). As reported by Morozov [38] and Monteiro [40] the synthesis of 
BiFeO3 starting from the oxides mixture always contains impurity 
by-products. This is attributed to its ability to change its equilibrium 
composition upon rising temperature, forming (Bi1-xFex)FeO3 solid so
lutions, as well as to its metastability at temperatures exceeding its 
peritectic decomposition temperature (~950 ◦C). 

All the XRD diffraction peaks match well to those of corresponding 
standard powder diffraction patterns (for BTO-3, BTFO-4, BTFO-5, 
BTFO-6, BFO as indicated in Fig. 3) or are consistent with literature 
data (for BTFO-7 [41], BFTO-8 [42], and BTFO-9 [43]). Generally, the 
discernible pattern differences in Aurivillius-type BFTO-n oxides with 
different perovskite slabs mainly manifest in peaks occurring at 15◦–20◦

and 45◦–50◦ 2ϴ ranges [44,45]. A closer examination of the XRD pat
terns for the BFTO-n “SOLID” systems in Fig. S2 of Supplementary Ma
terial reveals that, as the number of perovskite layers (n) increases, the 
distance between the two peaks in the 47◦–48◦ range gradually enlarges 
(Fig. S2a). Simultaneously, the peak at 16◦–20◦ shifts towards higher 
angles (Fig. S2b). Furthermore, the width of the (0 0 2n + 1) reflection 
peak of the samples (Fig. S2c) tends to increase from BTO-3 to BTFO-9, 
confirming the formation of Aurivillius-type structures with an 
increased number of layers [44]. 

The SEM micrographs reported in Fig. 3b evidence that the BTO-3 
powder is constituted by plate-like particles, in the micrometric range, 
typical of Aurivillius compounds due to the preferential growth of the ab 
crystalline plane [46]. The shape anisotropicity as well as the lamella 
dimensions of the synthesized powders decrease with an increase in the 

Fig. 3. XRD patterns a) and SEM micrographs b) of BFTO-n “SOLID” systems synthesized through Solid-State Reaction. The diffractrograms are indexed as follow: 
(●) Aurivillius/Perovskite phase (PDF# 35–0795, 82–0063, 75–8378, 54–1044, 66–0439 for BTO-3, BFTO-4, BFTO-5, BFTO-6, BFO respectively), (○) BiFe2O4.63 
PDF# 81–9629. Note that PDF cards for BFTO-7, BFTO-8 and BFTO-9 are not available. 
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number of perovskite layers in the Aurivillius system. The insertion in 
fact of an increased amount of perovskite layers between the Bi2O3 ones, 
i.e. increasing the distance between the Bi2O3 layers, promotes more and 
more isotropic crystallites growth similarly to a “simple” perovskite. On 
the other hand, the BFO system is formed by partially sintered poly
hedric particles. 

The microstructural and morphological characterization of BFTO-n 
powders produced through sol-gel synthesis is reported in Fig. 4. The 
XRD results (Fig. 4 a) evidence that the selected synthesis procedure and 
parameters are suitable to obtain the pure Aurivillius phase, confirming 
the sol-gel method as a valid tool to obtain a wide range of BFTO-n 
systems at milder conditions (800 ◦C × 2 h). All the XRD diffraction 
peaks match well to those of corresponding standard powder diffraction 
patterns and are consistent with literature data, as already shown for 
BFTO-n “SOLID” systems. Only a small trace of a secondary phase was 
detected for the BFO system. 

The morphology of the sol-gel BFTO-n powders (Fig. 4b) is similar to 
the one obtained by solid-state reaction. The most evident difference is 
the particles size of the powders, being the former in the sub- 
micrometric range, due to the higher reactivity of the reactants and, in 
turn, the lower calcination temperatures. 

The band gap values calculated for each synthesized BFTO-n system 
are graphed in Fig. 5. A direct comparison with literature data is chal
lenging due to the variability in band gap values arising from different 
synthetic methods. For example, band gap values of 2.96 eV [47], 3.64 
eV [48], and 3.1 eV [49], are reported for the BTO-3 systems synthesized 

Fig. 4. XRD patterns a) and SEM micrographs b) of BFTO-n “SOLGEL” systems synthesized through the Sol-Gel method. The diffractrograms are indexed as follow: 
(●) Aurivillius/Perovskite phase (PDF# 35–0795, 82–0063, 75–8378, 54–1044, 66–0439 for BTO-3, BFTO-4, BFTO-5, BFTO-6, BFO respectively), (○) 
Bi24(Bi0⋅22Fe1.78)O39 PDF# 84–2562. Note that PDF cards for BFTO-7, BFTO-8 and BFTO-9 are not available. 

Fig. 5. Band gap values of the synthesized BFTO-n powders correlated to the 
number of perovskite layers. 
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by chemical synthesis and solid-state reaction respectively, while for 
BTO-4 values of 3.08 eV [50], 2.39 eV [51], and 2.08 eV [26] are 
registered for powder synthesized by solid-state reaction and hydro
thermal synthesis respectively. On the other hand, Eg values of 3.72 eV 
for BTO-5 [52], 2.22 eV [30] and 2.04 eV [53] for BTO-6, and 2.5 eV for 
BFO [54] were reported for systems obtained by chemical methods. It is 
therefore evident that not univocal band gaps values related to each 
BFTO-n composition can be found in literature. It is in fact known that 
these values are strongly influenced by several factors including syn
thesis method/parameters, crystalline structure, structural defects (i.e. 
oxygen vacancies), particles size and morphology. 

As demonstrated by Fig. 5, the band gap value is affected by the 
increase in Fe content, in fact the Eg values decrease increasing the 
perovskite layers number in the BFTO-n structure. The same trend is in 

fact observed for both the two synthesis methods: systems with a lower 
number of perovskite layers exhibit higher band gap values, attributed 
to the higher Ti amount in the crystalline structure (i.e., the Eg value for 
TiO2 anatase is 3.2 eV [32]). Conversely, as the number of perovskite 
layers and the amount of Fe increase, the band gap values decrease (i.e., 
Eg for Fe2O3 is 2.1 eV [55]). However, the data collected suggest that the 
influence of the Fe amount on the band gap is significant only for a low 
number of perovskite layers (BFTO-4 and BFTO-5) in respect with the 
other tested systems (BFTO-6, BFTO-7, BFTO-8, BFTO-9, BFO). More
over, generally higher band gap values were obtained for the systems 
synthesized through the sol-gel method. This behaviour is related to the 
different particle’s size and morphology of BFTO-n obtained by the two 
synthesis methods as reported by the SEM analyses (Figs. 3 and 4). The 
very low errors associated with each band gap value (Table S2 of the 

Fig. 6. BFTO-n photoelectrodes screen printed onto conductive glass: photos and SEM micrographs of the surface for each system investigated.  
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Supplementary Material) indicate good reproducibility of each material 
and repeatability of the experimental design. 

3.2. Characterization of BFTO-n films 

Each BFTO-n system was screen printed onto conductive glass 
following the procedure described in the Experimental section. The 
optimization of the printing parameters leads to obtain homogeneous 
cracks-free, and well-adherent electrodes (Fig. 6), with comparable 
thickness values (5.8 ± 0.6 μm and 5.2 ± 0.5 μm for SOLID and SOLGEL 
samples respectively) and masses (2.8 ± 0.3 mg and 2.4 ± 0.3 mg for 
SOLID and SOLGEL samples respectively) of the deposited BFTO-n sys
tems. Moreover, no structural modifications after the screen-printing 
process were detected through XRD analysis (Fig. S3 of the Supple
mentary Material). 

The SEM micrographs reported in Fig. 6 indicate the absence of su
perficial defects or microcracks on the surface of the BFTO-n electrodes. 
Specifically, the films composed of “SOLID” BFTO-n powders exhibit a 
more heterogeneous morphology, characterized by pores with di
mensions up to 10 μm. On the other hand, a more homogeneous and 
finer porosity was attained in the “SOLGEL” systems. Moreover, the SEM 
analysis confirms that the particles morphology of the deposited systems 
is not affected by the processing steps needed to fabricate the electrodes. 
The same lamella-like particles are in fact found for the BTO-3 systems 
while globular and polyhedral morphologies are detected for the highest 
number of perovskite layers and BFO respectively. Nevertheless, a 
disaggregation effect of the synthesized powders occurs due to the 
mixing treatment through the three-roll mill during the inks preparation 
as evident from a comparison of the SEM micrographs in Figs. 3, 4 and 6. 

The band-gap values for each BFTO-n film were calculated and re
ported in Fig. 7. Comparable Eg values were obtained for the “SOLID”- 
and “SOLGEL”-derived films decreasing from 2.97 ± 0.02 eV–2.99 ±
0.02 eV for BTO-3 systems to 1.87 ± 0.02 eV-1.62 ± 0.04 eV for BFO 
systems (as previously observed and discussed for as-synthesized pow
ders, Fig. 5). These results confirm the films’ capability to absorb visible 
light and therefore their suitability to be used for photo-electrocatalytic 
applications. 

The electrochemical properties of BFTO-n films were investigated 
through cyclic voltammetry (CV, Fig. 8) on the K3Fe(CN)6 oxidation and 
reduction reactions. Bare FTO electrode CV response was reported for 
comparison. The graphs show the presence of two main peaks in 
oxidation and reduction conditions due to the redox activity of the 

BFTO-n films on K3Fe(CN)6 electrolyte. This confirms the materials’ 
ability to transport charges capable of reacting with the redox specie 
(Fe2+/Fe3+). However, some differences can be noticed comparing the 
SOLID and SOLGEL systems. The SOLID BFTO-n films from BTO-6 to 
BFO generate higher exchanged current densities respect to the FTO- 
glass reference (Fig. 8a). Nevertheless, BTO, BFTO-4, and BFTO-5 
exhibit lower current densities compared to the reference, with the 
BFO film registering the highest current density values. These results 
suggest that increasing the number of perovskite layers the ability of 
these photoelectrodes to drive the oxidation and reduction reaction on 
Fe2+/3+ improves thanks to their structural properties and 
morphologies. 

Similar trends were observed for SOLGEL BFTO-n films (Fig. 8b). 
Specifically, the produced current density is generally incremented 
increasing the number of perovskite layers. All the tested photo- 
electrodes showed an enhancement in exchanged current densities if 
compared with reference FTO, achieving values higher than the ones 
registered for the SOLID films. This phenomenon is related to the 
different morphological characteristics of the films prepared using 
powders synthesized via two different methods, as previously high
lighted by SEM analyses (Fig. 6). It is in fact well known [56,57] that the 
morphological characteristics, i.e. superficial defects and/or cracks, 
particles size/morphology, porosity level, and pore size, strongly influ
ence the conductivity and the electrode/electrolyte interaction. SOLGEL 
BFTO-n films have in fact higher surface area available for improving 
redox reaction with the electrolyte solution and to increase the elec
trolyte diffusion. 

Finally, it is evident from CV analyses that the smaller particles size 
of the systems is the predominant factor to enhance redox mechanisms 
for Fe2+/3+ oxidation and reduction reactions and to enhance the elec
trolyte diffusion in comparison with structural changes of the Auri
villius, i.e. increase of the number of perovskite layers. 

The band gap and CV results have clearly demonstrated that the 
influence of the addition of perovskite layers on the optical and elec
trochemical properties of BFTO-systems is more significant within the 
series from BTO-3 to BFTO-5, while between BFTO-6 and BFO is less 
pronounced. For this reason, the further characterizations will be 
focused on the systems with n = 3, 4, 5, and BFO. 

Electrochemical Impedance Spectroscopy (EIS) measurements were 
conducted to evaluate the charges mobility and the charge-transfer 
resistance of the developed materials. Nyquist plots of SOLID and SOL
GEL systems are reported in Fig. 9b and c respectively with the equiv
alent circuit used to fit the experimental points (Fig. 9a). The Rs 
describes the resistance associated to film adhesion on the substrate and 
the overall electrical resistance of both material and substrate, while RCT 
and CPE describe the electrochemical properties of the electrode/elec
trolyte interface, in particular the charge-transfer resistance and the 
charge storage capacitance respectively. Fig. 9d and e shows the influ
ence of the number of perovskite layers added into BTO structure on RS 
and RCT values respectively. 

The Rs values were slightly affected by the increase in the number of 
perovskite layers. However, considering the absolute values, the elec
trodes based on powders synthesized by sol-gel method show highest 
resistance probably due to lower adhesion on the FTO substrate. On the 
other hand, a clear influence of the number of perovskite layers on RCT 
was observed. This resistance increases from n = 3 (BTO-3) to n = 4 
(BTFO-4) for both sol-gel and solid systems, while RCT decreases rapidly 
increasing the perovskite layers number (BTFO-5), reaching comparable 
values for BFO systems. This trend indicates a higher charge-transfer 
resistance for systems with low number of perovskite layers close to 
the BTO while increasing n (up to BFO system), the RCT decreases pro
ducing more efficient electrodes. As previously observed for band gap 
values, a clear influence of iron on RCT is registered. The charge-transfer 
resistance in fact decreases by increasing the iron content due to its 
higher electrical conductivity than titanium. Finally, EIS analysis shows 
that the influence of the number of perovskite layers is more crucial on Fig. 7. Band gap values of the investigated BFTO-n films.  
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Fig. 8. Cyclic Voltammograms of SOLID a) and SOLGEL b) BFTO-n films acquired at 50 mV s1 in 1 mM K3Fe(CN)6 electrolytes.  

Fig. 9. Nyquist plots and related equivalent circuit (a) for SOLID- (b) and SOLGEL- (c) based photoelectrodes acquired in dark, with applied potential equal to 0 V vs 
Ag/AgCl in 1 mM K3Fe(CN)6. Rs (d) and Rct (e) of the investigated BFTO-n films as a function of the number of perovskite layers. 

E. Mercadelli et al.                                                                                                                                                                                                                             



Solar Energy Materials and Solar Cells 267 (2024) 112732

9

charge transfer resistance especially for higher numbers (n above 4), 
than on Rs. Perovskite layers are in fact known to be conducting layers 
while B2O2 are insulating ones [58]: the increase of the perovskite layers 
number coupled with the increased B2O2 layers spacing lead to more 
conductive systems. CV analyses corroborate these results (Fig. 8 shows 
the highest exchange current densities for photo-electrode with n above 
4), confirming the importance of the morphological properties (surface 
roughness, porosity, particles size/distribution, film adhesion) [56]. 

The electronic properties and bands position of BFTO-n films were 
determined using Mott-Schottky analyses (MS). The investigation of 
these properties is paramount to develop and characterize innovative 
materials for photo-electrode applications. MS plots are reported in 
Fig. 10, while Flat-band potentials (Efb) are calculated using the Mott 
Schottky equation [6]: 

1
C2 =

2
εε0eNA

(

E − Efb −
kBT

e

)

where C is the specific capacitance (F) extrapolated by the MS plots, ε is 
the dielectric constant of the material, ε0 is the dielectric vacuum 
permittivity (8.85419 × 10− 12 C2 J− 1 m− 1), e is the elementary charge 
(1.602176 × 10− 19 C), NA is the number of majority charges, E is the 
applied potential (V), kB is the Boltzman constant (1.38065 × 10− 23 J 
K− 1), and T is the temperature (298 K). The values of Efb were reported 
in Table S3 of the Supplementary Material. The curves shown in Fig. 10 
exhibit positive slopes regardless the synthesis method used, indicating 
that BFTO-n films are n-type semiconductors, which is consistent with 
what has been previously reported in the literature [59]. Moreover, the 
plots reported in Fig. 10 show a different slope for the SOLID and 
SOLGEL systems. According to Mott-Schottky formula, the slope of M −
S curves is inversely proportional to carrier concentration (ND). As a 
consequence, the smaller slopes observed for sol-gel synthesized mate
rials compared to those prepared by solid-state reaction indicate an 
increased number of charges carrier that finally produce a positive effect 
on photo-electrochemical properties. 

The measured Efb vs Ag/AgCl were converted to the normal 
hydrogen electrode (NHE) scale according to the Nernst equation:  

ENHE = EAg/AgCl+0.059 pH + E◦
Ag/AgCl                                                   

where ENHE is the converted potential vs NHE, E◦
Ag/AgCl = 0.197 at 

25 ◦C, and EAg/AgCl is the experimentally measured Efb. For n-type 
semiconductors, the Efb is generally close to the minimum edge position 
of the conduction band (CBm). Adding the film bandgap value (Eg) 
previously calculated, the maximum edge position of Valence Band 

(VBM) was calculated [60]. The resulting energy diagrams for SOLID and 
SOLGEL materials and the standard potential for water splitting and 
carbon dioxide reduction reactions are plotted in Fig. 11. These data 
highlight the thermodynamic feasibility of water splitting and of some 
CO2 conversion reactions. The potentials of these reactions, in fact, are 
positioned between the VB and the CB of the BFTO-n films. For BFO 
electrodes, the CB position is consistent with the one reported in liter
ature [61]. 

Finally, the BFTO-n films were tested as photo-electrodes in photo- 
electrochemical cell (PEC), using Linear Scan Voltammetry (LSV) in 
oxidation and reduction conditions. The corresponding curves are re
ported in Figs. S4, S5, S6 and S7 of Supplementary Material, while the 
amounts of current and photocurrent (at potential applied equal to 1.5 V 
vs Ag/AgCl and − 1.5 V vs Ag/AgCl for oxidation and reduction condi
tions respectively) produced in the different investigated conditions are 
graphed in Fig. 12. The data demonstrate that all the photo-electrodes 
are able to generate current or photocurrent in oxidation/reducing 
conditions and, as a consequence, potentially applicable as both elec
trocatalysts (dark condition) and photo-electrocatalysts (solar light 
assisted). However, LSV curves in Figs. S4–S7 show the presence of high 
recombination phenomena during the illumination conditions due to the 
high impedance observed for all systems tested (Fig. 9) that reduces the 
amount of photocurrent achieved. Generally, SOLGEL series with the 
highest number of perovskite layers (BFTO-5 and BFO) are capable to 
generate the highest amount of current and photocurrent. This is 
attributed to the highest amount of charge carriers, as observed from M 
− S analyses (Fig. 10), combined with smaller particles size in respect 
with SOLID systems. Under oxidation condition, the best results show 
photocurrents of 0.04 mA cm− 2 and 0.02 mA cm− 2 (at 1.5 V vs Ag/ 
AgCl), achieved by BFO prepared by solgel and solid-state respectively. 
Moreover, values of 2.71 mA cm− 2 and 0.64 mA cm− 2 (at − 1.5 V vs Ag/ 
AgCl) were obtained in reduction condition for BFO prepared by solgel 
and solid-state respectively. In particular, for both oxidation and 
reduction reactions, the highest photocurrents were achieved in back 
illumination condition (the light reaches the BFTO-n films from the glass 
side) thanks to the photogeneration of carriers at the FTO/photo
electrode interface. In fact, in the opposite condition of light front illu
mination, the photo-generated charges recombine very fast and, 
consequently, are less available to drive oxidation and reduction re
actions. Considering the LSV in oxidation condition, a clear influence of 
the photo-electrodes chemical composition is observed in particular for 
SOLGEL systems: the produced currents and photo-currents, in fact, 
increase up to BFTO-5 and then decrease for BFO, following the same 
trend of iron content in their chemical structure (Table 1). Considering 

Fig. 10. Mott-Schottky plots (1000 Hz) of SOLID a) and SOLGEL b) BFTO-n films. The solid lines represent the data fitting of the linear part of the curve.  
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LSV in reduction condition, increasing the number of perovskite layers 
enhances the currents and photo-currents produced due to the n-type 
conductivity of BFTO-n films that allows a more efficient electrons 
mobility. 

To gain a more detailed understanding of the highest photocurrent 
produced by BFTO-5 SOLGEL under oxidation conditions and by BFO 
SOLGEL under reduction conditions, EIS in dark and illumination con
ditions (1000 W m− 2, light back that represents the highest efficient 
illumination condition) were conducted. The obtained Nyquist plots and 
the equivalent circuit used to fit the experimental points are reported in 
Fig. 13. The elements of the equivalent circuit describe the electrical 

resistance (RS), the charge-transfer resistance (RCT) at the electrode/ 
electrolyte interface and the capacitance to accumulate charges (CPE). 

For BFTO-5 photoelectrode tested in oxidation conditions (Fig. 13a), 
a higher impedance with respect of BFO was found (both in dark and 
illumination) confirming the lowest photocurrent produced in this 
condition (see Fig. 12b). On the other hand, BFO shows a lower 
impedance compared to BFTO-5 (Fig. 13 b) in reduction condition, 
corroborating the data reported in Fig. 12d. Furthermore, Fig. 13 con
firms that both photoelectrodes can absorb light and effectively transfer 
photo-generated charges to the electrolyte under different applied 
voltages. In fact, for BFTO-5 the Rct value decreases from 6246 Ω in dark 

Fig. 11. Energy diagram of SOLID a) and SOLGEL b) BFTO-n films compared to standard potentials of the most common CO2 reduction processes and water splitting 
(at pH = 7). 

Fig. 12. Current and photocurrent obtained from LSV curves in dark and illumination conditions at potential applied equal to 1.5 V vs Ag/AgCl (a, b) and − 1.5 V vs 
Ag/AgCl (c,d). 
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to 4161 Ω under illumination, while for BFO Rct decreases from 111 Ω to 
101 Ω. Moreover, the base of CPE element directly linked to the related 
electrode/electrolyte interface capacitance increases under illumination 
for both photoelectrodes. This indicates a higher amount of photo
generated charges available on the film surface. In particular, for BFTO- 
5 the value of the base of CPE increases from 1.34 × 10− 4 Ω− 1sn (n is the 
CPE exponent) to 2.30 × 10− 4 Ω− 1sn in the dark and under illumination 
respectively, while for BFO from 1.45 × 10− 5 Ω− 1sn to 1.94 × 10− 5 

Ω− 1sn. 

4. Conclusions 

A clear influence of the number of perovskite layers on morphology, 
structural and optical properties in Aurivillius-based BFTO-n (n = 3 for 
Bi4Ti3O12 to n = infinite BiFeO3) materials was determined. Increasing 
the number of perovskite layers decreases the band gap energy from 
about 3.0 eV to 1.9 eV for BTO and BFO systems respectively. At the 
same time, the influence of two different synthetic routes on the above- 
mentioned properties was assessed considering solid-state reaction and 
sol-gel method. The latter produces powders with small particle size and 
the correspondent photo-electrodes show the highest electrochemical 
properties, amount of charge carriers and reduced charge transfer re
sistances. Moreover, it was found that the electrochemical and photo- 
electrochemical properties can be modulated changing the number of 
perovskite layers inside the Aurivillius structure. The most substantial 
differences were registered for the systems with low number of perov
skite layers (3–5) while minor impact was observed for the compositions 
from n = 6 to BFO. Systems with low number of perovskite layers (BTO-3 
to BFTO-5) are suitable materials for photo-electrodes application to 
drive oxidation reactions (i.e. oxygen evolution reaction) in PEC cells. 
Otherwise, increasing the number of perovskite layers (BFO) a more 
efficient photo-electrode for reduction reactions (i.e. carbon dioxide 
reduction) is achieved. Finally, the energy diagrams of BFTO-n films 
suggest that all the BFTO-n systems considered can be exploited as 
photo-electrodes for PEC applications. 
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