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ABSTRACT
Perovskite-type BiFeO3 (BFO) has been considered as a promising candidate for photoelectrochemical cells due to its suitable

band alignment, robust ferroelectric behavior, and good chemical stability. However, the photoelectrochemical performance of

BFO is limited by poor photon utilization and severe charge carrier losses. In this work, the Bi3+ sites of p-type BFO thin films are

substitutionally doped by Ag+ to improve their photon absorption and bulk carrier transport, thereby enhancing photoelectro-

chemical responses. The results show that Ag doping reduces the bandgap of BFO photocathodes, broadening spectral absorption.

Furthermore, Ag doping regulates the growth of BFO grains to form the films composed of single-layer grains, which effectively

reduces bulk charge recombination associated with grain boundaries. Also, the bulk charge transport is further improved by the

increase in majority carrier density induced by Ag doping. As a result, the photocurrent density of 6% Ag-doped BFO photo-

cathodes reaches −0.88 mA·cm−2 at 0.5 V vs RHE in O2-saturated electrolytes, which is more than 5 times higher than that

of pristine BFO photocathodes. This study lays a solid foundation for facilitating efficient solar fuel generation based on

BFO photocathodes.

1 | Introduction

With the development of society, the increasing consumption of
fossil fuels has triggered energy crises and environmental pollu-
tion. Solar energy, as a clean, abundant, and widely accessible
resource, has driven intensive research into its efficient conver-
sion and storage [1]. Photoelectrochemical (PEC) solar fuel gen-
eration is one of the important technologies for solar energy
utilization [2, 3]. Under the irradiation, the semiconductor pho-
toelectrode produces electron and hole pairs. These photogener-
ated charge carriers participate in the redox reactions at the
semiconductor-electrolyte interfaces, driving a series of impor-
tant reactions, such as water splitting, organic pollutant

degradation, and carbon dioxide reduction [4–6]. Metal oxides
(e.g., Fe2O3, Cu2O, and BiVO4) are commonly used to fabricate
the photoelectrode due to their high stability in aqueous solu-
tions, low cost and facile processing [7–11].

Bismuth ferrite, BiFeO3 (BFO), is an interesting and promising
perovskite oxide in the PEC field [12–17]. According to different
synthesis methods, it can present both n-type and p-type conduc-
tivity, as well as a broad range of bandgap values from 2.2 to
2.8 eV [18–21]. Furthermore, the ferroelectric properties of
BFO allow for more flexible and versatile regulation of its
PEC behaviors [22–24]. However, intrinsic BFO photoelectrodes
suffer from severe photogenerated carrier recombination due to
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low carrier mobility, which seriously restricts its quantum effi-
ciency for solar fuel generation [14, 17, 19]. In this case, research-
ers have proposed various strategies to enhance their
performance. For example, diverse functional materials, includ-
ing Au, rGO, C1+PDI, g-C3N4, BiFe0.95Mn0.05O3, and LaNiO3,
have been composited with BFO, thereby improving carrier sep-
aration and transport efficiency [25–30]. It has also been shown
that regulating BFO composition, including the Bi:Fe ratio and
intrinsic defects, can significantly improve its PEC properties
[31–33], where the gradient defect modulations leads to a
remarkable photocurrent of −1.02 mA·cm−2 at 0.5 V vs RHE
[33]. In addition, atomic doping or substitution has been demon-
strated as an effective approach to enhance the PEC performance
of BFO. Yuan et al. reported that alkali metal (Na) doping greatly
strengthens the p-type characteristics of BFO, boosting its pho-
tocurrent responses for O2 reduction [34]. Interestingly, other
studies mainly used lanthanide rare earth metal ions with the
same valence as Bi3+, including Sm3+ and Nd3+, for doping
BFO photocathodes [17, 35]. Previous studies have demonstrated
that dopants with valence states lower than that of the host ele-
ment at the substitutional site can induce an intrinsic charge
compensation mechanism, thereby modifying the electronic
structure of p-type materials to a state more favorable for enhanc-
ing their PEC performance [36, 37].

In this work, we use Ag, a transition metal that predominantly
exhibits a+ 1 valence state, to substitutionally dope the Bi site of
BFO thin-film photocathode, which increases photocurrent den-
sity by more than 5 times in O2-saturated 0.1M Na2SO4 aqueous
solutions at pH 12. The pristine and Ag-doped BFO films were
prepared by sol–gel methods, both exhibiting obvious p-type con-
ductivity. X-ray diffraction (XRD) and X-ray photoemission spec-
troscopy (XPS) analysis confirm the successful substitutional
doping of Ag+ into BFO films, along with an evident charge com-
pensation in the film. Optical characterization shows that Ag
doping reduces the bandgap of BFO, which increases the light
absorption capacity. In addition, scanning electron microscope
(SEM) images reveal that Ag-doped BFO films exhibit larger
grain sizes and fewer grain boundaries, promoting the photogen-
erated carrier transport. Also, the bulk charge carrier mobility of
BFO films is further enhanced by the increase in majority carrier
density upon Ag doping, as verified by Mott–Schottky plots. This
work demonstrates an effective method for enhancing the PEC
behavior of p-type BFO.

2 | Result and Discussion

Figure 1 shows the XRD patterns with Rietveld refinement of
pristine and Ag-doped BFO films deposited on the glass side
of F-doped SnO2 (FTO) substrates. All diffraction peaks corre-
spond to the BFO phase with the R3c space group, consistent
with the standard reference pattern. The Rietveld refinement
results in Table S1 show that Ag doping leads to slight decrease
in lattice volume. This phenomenon can be rationalized by com-
paring the ionic radius of different cations. The ionic radius of
Ag+ (1.09 Å) is larger than that of Bi3+ (1.03 Å). Thus, with
the increase in the Ag doping level, the average ionic radius
at the A-site of BFO expands, resulting in the enlarged lattice
parameters. However, Ag doping is accompanied by a partial oxi-
dation of Fe3+ to Fe4+, as shown later. This triggers the contrac-
tion of the lattice volume, since the ionic radius of high-spin Fe3+

(0.645 Å) is larger than that of Fe4+ (0.585 Å). The competition
between the A-site expansion and the B-site contraction eventu-
ally leads to subtle changes in the lattice parameters. Indeed, Sun
et al. also observed this phenomenon in Ba-substituted LaFeO3

thin films [37].

In order to study the evolution of the oxidation state of elements
in the films upon Ag doping, XPS measurements were carried out
at room temperature. Figure 2a,b show the Gaussian-fitted spec-
tra of various elements of pristine and 6% Ag-doped BFO films,
respectively. The data show the Bi 4f signals remain unchanged
before and after Ag doping. Two peaks at 158.9 and 164.2 eV cor-
respond to Bi 4f7/2 and Bi 4f5/2, respectively, indicating Bi is in a
trivalent state in the films [38]. Similarly, the characteristic peak
positions of the Fe 2p photoemission also suggest that Fe in both
pristine and Ag-doped films predominantly exists in the +3 oxi-
dation state [39, 40]. According to previous studies, the Fe 2p pre-
dominant signals can be deconvoluted into three components
(Fe2+, Fe3+, and Fe4+) [41, 42]. The content of the various Fe spe-
cies (Table S2) indicates that Ag doping results in an increase in
the valence state of Fe, for instance, the Fe4+ content in 6% Ag-
doped BFO films is 1.75 times that of pristine BFO films. This
evolution occurs because the doping of Ag+ induces a change
in Fe from lower to higher oxidation states to maintain the
charge neutrality [36, 37, 42]. As for the O 1s spectra in
Figure 2, the main peak at around 529.0 eV corresponds to the
oxygen in the crystal lattice (OL) [40]. The other species can
be assigned to surface hydroxyl (-OH) and undercoordinated
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FIGURE 1 | XRD patterns with quantitative Rietveld refinement: (a) pristine BFO films and (b) 6% Ag-doped BFO films.
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oxygen/carbonylated compounds (O−/CO3
2−) [40, 42]. We have

also observed that Ag doping affects the O 1s signals, which can
be associated with the change in Fe–O bond strength and the
generation of oxygen vacancies [40, 43]. The Ag 3d photoemis-
sion of 6% Ag-doped BFO films exhibits double peaks at 368.1/
374.1 and 367.1/373.2 eV, corresponding to Ag+ and Ag2+,

respectively [44]. This deconvolution results confirm that Ag
is mainly in the +1 oxidation state in the films.

Figure 3 displays the role of Ag doping on the morphology of
BFO films. As shown in Figure 3a, the as-received pristine
BFO films possess flat surfaces with small grains. Upon substi-
tutional doping of 6% Ag into the film (Figure 3b), the BFO grains
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FIGURE 2 | Deconvolution of the high-resolution XPS signals of Bi 4f, Fe 2p, O 1s, and Ag 3d core-level: (a) pristine BFO films and (b) 6% Ag-doped

BFO films.
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FIGURE 3 | (a–c) Top view SEM images of pristine and Ag-doped BFO films. (d) Corresponding grain size distribution statistics. (e,f ) Cross-sectional

SEM images of pristine and 6% Ag-doped BFO films.
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exhibit a substantial increase. However, excessive Ag doping
(e.g., 10% Ag content in Figure 3c) not only results in reduced
grain sizes but also induces the formation of pinholes on the sur-
faces. Figure 3d shows the grain size distribution statistics, clearly
revealing the trend of BFO grain size with increasing Ag doping
level. The cross-sectional SEM images in Figure 3e,f reveal that
6% Ag doping increases the film thickness from 120 to 124 nm.
This slight thickness variation is generally considered to have a
small impact on the performance of BFO films, particularly in
comparison to other significant changes induced by Ag doping
discussed later, though the increased film thickness can enhance
light absorption. It is worth noting that the thickness of 6% Ag-
doped films is close to its grain size, which means the films con-
sist of only a single layer of grains. This remarkable change can
effectively reduce grain boundaries, thereby promoting charge
carrier transport in the bulk [45, 46].

The optical properties of pristine and 6% Ag-doped BFO films
were analyzed by UV-Vis absorption spectra. Their correspond-
ing Tauc plots are shown in Figure 4a. The data show that pris-
tine BFO films possess a direct optical bandgap of 2.66 eV, which
is consistent with the previously reported value estimated from
BFO films prepared by the sol–gel method [47]. After 6% Ag dop-
ing, the bandgap decreases to 2.54 eV, effectively broadening the
spectral absorption range. Mott–Schottky plots were used to ana-
lyze the electronic properties of the BFO films. The negative
slopes of the linear region indicate the p-type conductivity of both
pristine and Ag-doped BFO films. The majority carrier density
(Na) of BFO films calculated from the slope demonstrates an
enhancement from 4.25 × 1017 to 7.05 × 1017 cm−3 after Ag dop-
ing. Although the trend of Na variation is clear, the calculated
values are affected by multiple factors, including effective surface
areas, dielectric constant, and the complex contribution of
Helmholtz layers [4, 48]. The valence-band spectra of BFO films
(Figure S1) acquired from XPS measurement are further ana-
lyzed to compare Na prior to and after Ag doping. The data show
that for Ag-doped BFO films, their Fermi level position is closer
to the valence band, accompanied by a sharp increase in photo-
emission intensity, which further confirms that Ag doping
enhances Na [4, 37]. This enhancement originates from the
increased valence state of Fe (Figure 2) upon Ag doping, gener-
ating more holes in BFO films. In addition, the flat band potential
can be estimated from the x-intercept of the linear region. It can
be seen that 6% Ag doping enables the flat band potential of BFO

films to shift from 1.79 to 1.58 V vs RHE. Combining the flat band
potential and bandgap energy, it can be observed that Ag doping
can shift the conduction band minimum of BFO films upward,
further enhancing the thermodynamic feasibility of BFO for PEC
reactions such as the hydrogen evolution reaction.

Figure 5a displays the linear sweep voltammetry (LSV) of various
BFO films for O2 reduction under chopped AM 1.5G illumination
in 0.1 M Na2SO4 electrolytes at pH 12. As oxygen is a strong elec-
tron scavenger, charge carrier recombination at the BFO-electro-
lyte surface is effectively suppressed, exhibiting significant
photocurrent responses. The data also demonstrate that Ag dop-
ing greatly enhances the photocurrent density. With an increase
in doping concentration, the photocurrent initially rises and then
decreases, as shown in Figure 5b. Remarkably, 6% Ag doping
enables BFO films to exhibit a photocurrent density of
−0.88 mA·cm−2 at 0.5 V vs RHE, which is more than 5 times that
of pristine BFO films. It should be noted that the photocurrent
density can be further improved by using established
performance-enhancing strategies [30–33], since the as-prepared
pristine BFO films exhibit relatively low photocurrent density
compared with some other reported values (as shown in Table
S3). The external quantum efficiency (EQE) spectra of pristine
and 6% Ag-doped BFO films for the oxygen reduction rection
are plotted in Figure 5c, revealing that Ag doping boosts the pho-
toresponses across the whole spectral region. The Tauc represen-
tations in Figure S2 acquired from the EQE spectra are highly
consistent with those from optical analysis (Figure 4a), which
further confirms that Ag doping can increase the photon absorp-
tion of BFO films. Figure S3 provides a preliminary assessment of
the PEC stability of BFO films before and after doping with 6%
Ag, indicating that low-concentration Ag doping does not com-
promise the ability of BFO films to exhibit stable photocurrent
responses.

Figure 5d shows the photocurrent density of pristine and Ag-
doped BFO films as a function of the potential for PEC water
splitting under the same illumination conditions and electrolytes
as Figure 5a. The photocurrent responses demonstrate sharp
spikes, which suggests surface charge carrier recombination
occurring in BFO films during the hydrogen evolution [49, 50].
This phenomenon is very common in pristine photoelectrodes,
since the surfaces of most absorbers lack catalytic activity for
water splitting [51]. Although the photocurrent density for the
hydrogen evoluiton remains considerably lower than that for

(a) (b)

FIGURE 4 | Optical and electronic properties of pristine and 6% Ag-doped BFO films: (a) Tauc plots and (b) Mott–Schottky plots.
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the oxygen reduction, significantly enhanced quasi-steady-state
photocurrent density is still observed in Ag-doped BFO films
compared to pristine BFO films during the PEC water splitting.
It can also be seen that when Ag doping concentrations exceed
4%, the dark current responses exhibit pseudocapacitive behav-
iors (distinct shoulders in the range of 1.0–1.1 V vs RHE), which
is linked to the sub-bandgap states generated by the promoted
hybridization between Fe 3d and O 1s states upon Ag doping
[37, 41]. These sub-bandgap states usually act as carrier recom-
bination centers. Consequently, this constitutes one primary

factor for the reduction in the photocurrent density in highly
Ag-doped BFO films.

The enhancement of the PEC performance of BFO films upon Ag
doping stems from multiple aspects, as summarized in Figure 6.
First, Ag doping narrows the bandgap of BFO films, enhancing the
absorption of low-energy photons. Second, Ag doping enlarges the
BFO grains to a size approaching the film thickness, thereby yield-
ing polycrystalline films composed of a single layer of grains. This
structure enables Ag-doped BFO films to possess fewer grain
boundaries, effectively suppressing carrier recombination during

Eg = 2.66 eV

CB

VB

CB

VB

Eg = 2.54 eV

Ag-doped BFO filmPristine BFO film

e- e-

h+ h+

Ag doping
(1) (1)

(2)(2)

(3) (3)

FIGURE 6 | Schematic of Ag doping for improving PEC performance of BFO films.
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FIGURE 5 | PEC responses of BFO films with different Ag doping levels: (a) LSV curves in O2-purged aqueous solutions, (b) corresponding photo-

current density 0.5 V vs RHE, (c) corresponding EQE spectra, and (d) LSV curves in Ar-saturated aqueous solutions.
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bulk transport. Third, the increase in the Fe valence state, induced
by Ag doping, raises the majority carrier density in the p-type BFO
films, enhancing the mobility of photogenerated charge carriers.
This, in turn, further improves the bulk carrier transfer efficiency.

3 | Conclusions

The pristine and Ag-doped BFO thin films were successfully fab-
ricated via sol–gel methods, yielding high-quality photocathodes
with phase purity, good crystallinity, as well as compact and uni-
form surface morphology. Our findings show that partial Ag+ dop-
ing into BFO films can greatly enhance their photon absorption
and bulk carrier transport by regulating bandgap, microstructure,
and carrier density. As a result, Ag doping significantly improves
the PEC performance of BFO films. Remarkably, 6% Ag doping
enables the photocurrent density of BFO films for the oxygen
reduction reaction to increase from −0.16 to −0.88mA·cm−2 at
0.5 V vs RHE. Furthermore, Ag doping also enhances the photo-
responses of BFO films during the water splitting process across
the entire potential window, though their poor surface reaction
kinetics for the hydrogen evolution reaction result in low photo-
current density. The mechanism of PEC performance enhance-
ment via Ag doping proposed in this study can provide
important insights for clarifying the effects of other dopants on
the PEC behavior of photoelectrodes.

4 | Experimental Section

4.1 | Thin-Film Preparation

A citric acid-assisted sol–gel method was used to fabricate various
BFO films. First, precursor solutions were prepared by dissolving
0.5M Bi(NO3)3·5H2O in an ethanol/ethylene glycol mixture
(1:1 v/v), which was then mixed with 0.5M Fe(NO3)3·9H2O etha-
nol solutions and 1M citric acid ethanol solutions under stirring
for 18 h to ensure chelation homogeneity. Second, the resulting
precursors were spin-coated onto FTO substrates at 3000 rpm
for 30 s, followed by a two-stage thermal treatment (predrying
at 100°C on a hotplate for 10min and annealing at 400°C in a
muffle furnace for 1 h). After repeating the coating-annealing cycle
three times, the films were calcinated at 600°C in a muffle furnace
for 3 h, generating prisitne BFO films. As for Ag-doped BFO films,
they were prepared by stoichiometrically replacing Bi(NO3)3·5H2O
with AgNO3, while strictly maintaining all other experimental
parameters identical to those of the pristine BFO protocol.

4.2 | Photoelectrochemical Characterizations

All PEC measurements were conducted with an IviumStat poten-
tiostat using a three-electrode system (BFOworking electrode, car-
bon counter electrode, and Ag/AgCl reference electrode) in
Ar-saturated or O2-saturated 0.1M Na2SO4 electrolytes. The pH
of the electrolyte was adjusted to 12 using an aqueous solution
of concentrated sodium hydroxide. All potentials reported in this
work have been converted to against the reversible hydrogen elec-
trode (RHE) according to the Nernst equation. LSV curves were
performed at a scan rate of 5mV·s−1 from positive to negative
potentials. The standard AM 1.5G solar illumination
(100mW·cm−2) was simulated by a 300W xenon lamp system

equipped with an AM 1.5G filter. The EQE spectra were measured
using the xenon lamp coupled with a monochromator. Other char-
acterization methods are described in the Supporting Information.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Valence band spectra of pris-
tine and 6% Ag-doped BFO films obtained from XPS measurement.
Supporting Fig. S2: Equivalent Tauc plots obtained from the EQE spec-
tra in Figure 5c: (a) pristine BFO films; (b) 6% Ag-doped BFO films. The
corresponding fitting results reveal a band gap of 2.69 eV and 2.56 eV for
pristine and 6% Ag-doped BFO films, respectively, which is highly con-
sistent with the values estimated from the UV-vis absorption spectra in
Figure 4a. Supporting Fig. S3: Photocurrent-time plots of pristine and
6% Ag-doped BFO films in 0.1 M Na2SO4 aqueous solutions (pH 12) at 0.5
V vs RHE. Supporting Table S1: Rietveld refinement results and corre-
lation parameters.Supporting Table S2: Fe species contents in pristine
and 6% Ag-doped BFO films obtained through the deconvolution of Fe

2p3/2 peaks in Figure 2. Supporting Table S3: Comparison of photocur-
rent density for various BFO photocathodes under AM 1.5G illumination
(100mW·cm−2).
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