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Abstract

Due to the energy crisis, the development of high-performance photoelectrocatalysts is becoming a hot research area in
recent years. Among the materials studied, BiFeO; (BFO) exhibits excellent photoelectrocatalytic performance due to its
moderate bandgap and unique band structure. In this paper, both pure BFO and La-doped BFO were synthesized by solgel
method. The average size of the BFO nanoparticles was tuned from 65 to 440 nm. For the La-doped BFO, the average size
of the nanoparticles was reduced from 95 to 40 nm with the increase in doping level from 0 to 30%. Next, the photoelectro-
catalytic performance of the pure BFO nanoparticles were enhanced with the reduction in nanoparticle size, which was pos-
sibly caused by increased surface-to-volume ratio. For the increase in doping of La, the corresponding photoelectrocatalytic
performance was first enhanced and then degraded. To understand the obtained results, a mechanism was proposed, which
can be attributed to the competition between geometric size effects and surface effects. Our findings provided a controlled
way to tune the photoelectrocatalytic performance of BFO system, which is crucial for practical applications.
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1 Introduction nanoparticles or films, but the low activity of BFO is still a

big challenge [11-14]. In order to improve its photoelectro-

The development of high-performance photocatalysts is very
important due to energy crisis and becomes a hot topic in
recent years [1—4]. BFO, a single-phase multiferroic material
that can be modified by doping other elements to acquire the
improved ferroelectric and ferromagnetic properties [5-7],
has also shown potential application in photoelectrocatalytic
area because of its moderate bandgap (~2.3 eV) and unique
band structure [8—10]. Until now, many researchers have
investigated the photoelectrocatalytic properties of BFO

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00339-020-3459-y) contains
supplementary material, which is available to authorized users.

< Chuanfu Huang
chuanfuh @cumt.edu.cn

> Mingxue Li
Imxueee@126.com

School of Materials Science and Physics, China University
of Mining and Technology, Xuzhou 221116, Jiangsu, China

School of Optoelectronic Science and Engineering,
University of Electronic Science and Technology of China,
Sichuan 610054, China

catalytic property, various methods were used. For instance,
Gu et al. inserted a layer of porous carbon into the BFO
film and Pt catalyst and found the enhanced photocathodic
performance [15]. In other aspects, to attain a satisfactory
photocatalyst of BFO, one important way is to increase the
surface area and reactivity with concurrently improving the
absorption probability of photons and chemical reacting
chances.

In this regard, numerous researches have focused on the
photocatalytic performance of BFO-based nanoparticles that
can increase the surface-to-volume area compared to films.
For instance, a controlled hydrothermal method was applied
to alter the morphologies for BFO particles, whose optical
properties were strongly correlated with the particle size and
shape [16]. In addition, researchers have found that hexag-
onal-shaped sillenite-type BFO nanoparticles (18-33 nm)
owned higher photocatalytic activity compared to spherical
perovskite-type BFO nanoparticles [17]. From the general
idea, smaller-sized nanoparticles mean greater surface area
and higher reactivity to ensure more pollutant molecules can
be participated and decomposed [18, 19]. In other words, the
reduction in BFO nanoparticle size can also possibly tune
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its band structure, thus enhancing photocatalytic character-
istics. However, the recent study has yielded the unexpected
result that with the decreasing size of BFO nanoparticles,
the depressed photocatalytic activity was observed and the
possible mechanism was discussed based on the skin layer
of BFO, which may bring some defects and local distortions
that will result in low light absorption efficiency [20].

Apart from the above researches, it is generally known
that ion doping can play an effective role in the improvement
of the photocatalytic characteristics. For example, various
ions, such as La, Sm, Mn, Ce, Co, Gd, and Ni, were doped
or co-doped into BFO nanoparticles to acquire enhanced
photocatalytic activities [9, 21-27]. However, we found
that pursuing a reproducible method for synthesizing of
La-doped BFO is still a challenge, e.g., the prepared La-
doped BFO particles existed in impure phases in the studies
[21, 22]. Moreover, to our best knowledge, there are seldom
researches worked on the photoelectrocatalytic properties
of the pure or La-doped BFO nanoparticles. Here, we report
the successful preparation of a series of pure and La-doped
BFO nanoparticles of different sizes (~40 nm to ~400 nm)
without impure phases. Basically, the size was manipulated
by the control of annealed temperature and the level of lan-
thanum doping. Differently, the outcome in our work is that
with the reduction in pure BFO nanoparticle size, the overall
photocatalytic activity exhibited an enhancement. In addi-
tion, with the increase in doping of La, the photoelectro-
catalytic performance first enhanced and then degraded. The
possible mechanism is discussed and from our perspective,
we believe that there existed a certain competition mecha-
nism between the altered structure, skin layer effect [28],
and large surface area of the prepared nanoparticle samples
of this research.

2 Experimental section

2.1 BiFeO; and La-doped BiFeO; nanoparticle
preparation

The solgel method was used to synthesize pure BFO nan-
oparticles with the following procedure: The reactants
of bismuth nitrate [Bi(NO;);-5H,0] and ferric nitrate
[Fe(NO;);-9H,0] were weighed based on the stoichiomet-
ric ratio of Bi/Fe=1:1 and subsequently dissolved in dilute
nitric acid, with the attained mixed solution stirred at room
temperature for 40-60 min until it was completely dissolved.
Next, the chelating agent tartaric acid was added to the solu-
tion and the metering ratio was the same as that of Bi or Fe.
The solution was stirred at 50 to 60 °C for an additional
60 min, with the color of the solution observed to be a pale-
yellow sol. The prepared sol solution was thoroughly dried
in an oil bath at 150 °C, which means a dry powder of BFO
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gel can be attained. For this work, a series of BFO gel pow-
der samples were annealed in a furnace for 2 h to obtain
pure crystalized BFO nanoparticles at different calcination
temperatures, including T=450 °C, 500 °C, 550 °C, 600 °C,
and 650 °C. It should be emphasized that all samples were
held at 300 °C for 1 h to remove organic components during
the process of heating up.

Similarly, Bi,_,La,FeO; (x=0.1 to 0.3) nanoparticles
were prepared according to a similar process for synthesizing
of pure BFO nanoparticles. The difference is that the anneal-
ing temperature of Bi,_, La, FeO; nanoparticles was only
maintained at 500 °C for 2 h, and the stoichiometric ratio of
Bi/La/Fe=(1 — x):x:1. Correspondingly, the amounts were
weighted for bismuth nitrate [Bi(NO;);-5H,0], iron nitrate
[Fe(NO;);-9H,0], and lanthanum nitrate [La(NO;);-6H,0].

2.2 Characterization and photoelectrocatalytic
performance measurements

The crystal structures of the synthesized nanoparticles were
characterized by X-ray diffractometer (Bruker D8 Advance)
with Cu Ka (1 = 1.5418 A) radiation. The morphologies of
the nanoparticles were detected by a field-emission scan-
ning electron microscope (Hitachi SU8220). To measure
the UV—Vis absorption spectra of the series of BFO nan-
oparticles, the ethylene glycol monomethyl ether and the
samples dispersed in the ethylene glycol monomethyl ether
were separately put into the cuvettes and then detected by a
dual-beam UV-Vis spectrophotometer (Persee, TU-1901).
The photoelectrocatalytic activity was assessed by an elec-
trochemical workstation (Chenhua, CHI660E) with a solar
simulator (Sanyou, SS-50A, 100 mW cm_z). The worksta-
tion configuration was as follows: 1 mol/L. NaOH solution
was applied as the electrolyte (PH=14), the Pt/Ti/Si0O,/Si
substrate for mounting samples was employed as the work-
ing electrode, the counter electrode was a Pt foil, and the
reference electrode was Ag/AgCl.

3 Results and discussion

3.1 Crystal structure of pure and La-doped BiFeO;
nanoparticles

Before carrying out photoelectrocatlytic measurements, it
is necessary to check the phase purity of the as-synthesized
nanoparticles that are easy to form purity phases in the syn-
thesis of BFO. The X-ray diffraction (XRD) patterns of the
as-synthesized nanoparticles are shown in Fig. 1. As can
be seen from Fig. 1a, the samples without doping are pure
phase BFO, and all the diffraction peaks can be indexed
according to R3¢ BFO (JCPDS No. 86-1518). It can be found
that the annealing temperature did not affect the phase purity
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Fig. 1 XRD patterns of a BFO nanoparticles prepared at the different annealed temperatures (from 450 to 650 °C) and b Bi,_,La,FeO; nanopar-
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Fig.2 XRD patterns for Fig. 1b near the diffraction angle 260=22.5°,
and it can be found that the full width at half maximum will be
expanded with the increasing value of x. From the Scherrer formula,
we can expect that the size of La-doped BFO nanoparticle will be
reduced with the increase of doping level x

of the samples. For the La-doped samples, phase transition
can be observed for the BFO crystal structure. Specifically,
with the increase in the doping level of La, the phase was
changed from the distorted rhombohedral R3¢ to tetragonal
phase because the peaks of [(104), (110)] and [(108), (214)]
emerged into single peaks of [(208)] and [(220)].

Figure 2 indicates the magnification XRD pat-
tern near diffraction angle of 22.5° in Fig. 1b, the aver-
age size of the La-doped BFO nanoparticles can be

estimated according to the Scherrer formula, and the size
was ~70 nm, ~41 nm, ~28 nm, and ~ 23 nm corresponding to
the doping level from x=0 to x=0.3. Although this estima-
tion might be inaccurate, it can definitely demonstrate that
with the increase in La doping level, the BFO nanoparticle
size will be reduced. Next, we will employ the field-emission
scanning emission electron microscopy (FE-SEM) to more
straightly observe the size of nanoparticles.

3.2 Morphology of BFO nanoparticles

We believe that the size of the BFO nanoparticles is an
important parameter for photoelectrocatalytic performance.
This way, the morphologies of the as-synthesized products
were checked by the FE-SEM images of the undoped BFO,
as shown in Fig. 3. It can be clearly seen that the size of pure
BFO nanoparticles increased with the increase in anneal-
ing temperature (450—650°C), which should be due to the
increased kinetic energy at high temperatures. To obtain
the average size of those pure BFO nanoparticles, the num-
ber of nanoparticles was statistically accounted at different
sizes, and the corresponding size distribution histograms
are drawn in supporting information Figure S1. The aver-
age size increased from 65 to 440 nm as shown in Fig. 3f.
Moreover, for the annealed temperatures of 550 °C to 650 °C
in Fig. 3c—e, the nanoparticle size dramatically increased,
with the large size fluctuation. For Fig. 3c, the shape of BFO
nanoparticles was more like disk, while for Fig. 3e, the BFO
nanoparticles were formed as microcrystals with the clear
edges and corners. Consequently, it can be seen that with
our experimental conditions, the size of the prepared BFO
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Fig.3 a-e The FE-SEM graphs for pure BFO nanoparticles annealed from 450 to 650 °C, and f summarizes their average size versus annealing

temperature

nanoparticles were much larger than the size of the BFO
nanoparticles obtained in other research groups [16, 20].
To further reduce the size of the BFO nanoparticles, lan-
thanum with different concentrations was doped into BFO
samples. For those La-doped BFO nanoparticles, their mor-
phologies can be clearly seen from FE-SEM images shown
in Fig. 4a—c. Similarly, to more accurately describe the
doped particle information, the histograms of particle size
distribution were drawn in the supporting information Figure
S2. Also, we can get the average size for La-doped BFO nan-
oparticles as ~95 nm, ~55 nm, ~50 nm, and ~40 nm when
the concentration of La doping level was increased from 0
to 30%. Specifically, when the concentration of La doping
level was 10% for the BFO sample, we can see that the over-
all nanoparticles were well separated and the size distribu-
tion was also more uniform compared to the undoped BFO
nanoparticles, as shown in Fig. 4a. Moreover, the average
nanoparticle size was reduced from ~ 95 to~ 55 nm, with the
size range of ~ + 10 nm. With the increase in La doping level
to 20% concentration, the BFO nanoparticle size will be con-
tinuously lowered to a smaller size, which is around 50 nm,
and it can be found that there existed certain agglomerates,
which displayed the disk or island shape that consisted of
nanoparticles. This phenomenon will be more severe when
the doping concentration was to 30% as shown in Fig. 4c,
and it can be explained by further reduction in size of nano-
particles, thus leading to the self-assemble or agglomerate
phenomenon (disk or island). In Fig. 4d, it can be found
that the smallest nanoparticle size was near ~40 nm, but in
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other way, the agglomerate will be more dominant. Thus,
it can be concluded that with the doping level increase, the
BFO nanoparticle size will be correspondingly decreased,
but it also can bring the nanoparticle agglomeration, which
might affect the photoelectrocatalytic characteristics of BFO
nanoparticles.

3.3 Photoelectroactivity of BiFeO; nanoparticles

Now let us concentrate on the photoelectrocatalytic per-
formance of the prepared nanoparticles, and we first meas-
ured those nanoparticle photocurrents using a chemical
workstation with a sun simulator(100 mW/cm?), as shown
in Fig. 5a—d. Specifically, the applied voltage was from 0
t0 0.6 V, which can be represented as Vs ,4,¢; and be trans-
ferred to a reversible hydrogen potential (RHE) scale, with
the formula of Viyyg = Vsgaeci+0.2224 V +0.059 X PH,
where Vi was the potential versus the reversible hydro-
gen potential, V4,0 Was the potential versus Ag/AgCl
electrode, and pH value was equal to 14, from an aqueous
solution of 1 M NaOH. It can be seen in Fig. 5a that for dif-
ferent sizes of pure BFO nanoparticles, with the reduction
in nanoparticle size, the photocurrents, which can directly
reflect the photoelectrocatalytic activity, were overall
increased except for the nanoparticle size of ~65 nm.
This also can be more explicitly demonstrated in Fig. 5b,
which lists the photocurrent values with different nanopar-
ticle size when the RHE potential was 1.5 V. Thus, it can
be found that when the nanoparticle was near ~95 nm, it
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Fig.4 a-c Exhibits the FE-SEM pictures for La-doped BFO nanoparticles with the doping level from 10 to 30%, and d shows the relationship

between the particle average size and doping level x

had the optimum photoelectrocatalytic activity. Here, the
photoelectron catalytic performances followed the princi-
ple that a good catalyst should have a larger surface area,
which can enhance the reactivity possibility for absorp-
tion of photons assurance an effective charge transfer to
the adjacent reactants for oxidation—reduction processes.
However, it can be seen that the photoelectrocatalytic effi-
ciency of ~65 nm BFO nanoparticles was slightly lower
than that of ~95 nm nanoparticles, and it is possibly due
to existence of certain particle agglomerations that will
reduce the surface area, as shown in Fig. 3a.

Thus, based on the findings from Fig. 5¢, we eventually
chose the temperature of 500 °C as the annealed tempera-
ture for all La-doped BFO nanoparticles, which can be
considered as the optimal experimental temperature con-
dition. For Fig. 5c, it can be found that with the different
doping levels of La, the photocurrents were also corre-
spondingly altered. Moreover, we found that when the La
doping level was 20%, the photoelectrocatalytic perfor-
mance was most active, and this can be clearer seen from
the photocurrents of La-doped samples that demonstrated
in Fig. 5d with the RHE potential at 1.5 V. Similarly, the
threshold potential was near 1.37 V.

Here, it is suitable to make some conclusions that with
the reduced size of pure BFO nanoparticles, the photoelec-
trocatalytic performance was overall increased except for the
pure BFO nanoparticles prepared at the annealed tempera-
ture of 500 °C. Furthermore, for those La-doped BFO nano-
particles, they will own much higher photoelectrocatalytic
activity than that of the pure BFO nanoparticles, e.g., when
the doping level of x=0 to 0.2, the activity of photoelectro-
catalysis was increased, whereas when x increased from 0.2
to 0.3, the photoelectrocatalytic activity will be decreased.
It can be found one interesting phenomenon that for pure or
doped BFO nanoparticles, both of them had certain turning
points for photoelectrocatalytic activity, which seemed hav-
ing a strong relationship with nanoparticle size but this rela-
tionship was not linear. Obviously, our results were different
from the outcomes in the previous research, which demon-
strated that with the reduction in pure BFO nanoparticles in
the range from ~ 30 to ~ 190 nm, their photocatalytic perfor-
mance will be correspondingly reduced [17]. Although Ref.
17 focused on the photocatalytic characteristics of pure BFO
nanoparticles, it still can give us certain guidance to explain
our outcome. We will attempt to figure out the experimental
fact in the following sections.
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Fig.5 a, ¢ The photocurrent—potential curves of the pure and La-
doped BFO nanoparticles. b, d are given the photocurrents of particle
samples with the different size of pure BFO and the dissimilar dop-

3.4 Mechanism of photoelectroactivity of BiFeO,
nanoparticles

The photoelectrocatalytic performance is dependent on many
factors, and one of the significant factors is the band gap that
can strongly affect the photoelectrocatalytic characteristics.
To acquire more insights of the obtained photoelectrocata-
lytic results, basically, we collected the UV—Vis spectra of the
pure and La-doped nanoparticles, as shown Fig. 6. Figure 6a
shows the UV—Vis spectra from 300 to 800 nm for the pure
BFO nanoparticles prepared at different temperatures, and the
spectra exhibited the complicated curves due to the complex
of BFO band structure. Next, the Kubelka—-Munk theory was
employed to estimate the band gaps of the pure BFO nanopar-
ticles, and the absorption coefficient a, photon energy v, and
band gap E, have the following relationship:

=

(ahv) = A(hv — E,)?,
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ing level of doped BFO at 1.5 V versus RHE, respectively. Electrolyte
was 1 M NaOH, and the power of light source was 100 mW/cm? from
a sunlight simulator

where & is the Planck constant and A is a constant function.
The corresponding energy gaps can be attained by extrapo-
lating the linear portion of (ahv)? to zero, as demonstrated in
the inset of Fig. 6a. Thus, the energy gaps of pure BFO nan-
oparticles from 65 to 440 nm are approximately to 2.21 eV,
2.13eV,2.27 eV, 2.38 eV, and 2.59 eV, respectively. It can
be seen that the attained energy band gaps for the nano-
particle size smaller than 150 nm were consistent with the
previous researches [29, 30], and also it can be found that
the nanoparticles prepared at~95 nm owned the smallest
energy band gap.

For Fig. 6b, it indicates that the UV—Vis spectra were col-
lected from 300 to 800 nm for La-doped BFO nanoparticles
with the doping level from O to 30%. Similarly, with the
Kubelka—Munk theory, the energy gaps can be estimated as
2.13 eV, 2.46 eV, 2.43 eV, and 2.67 eV that correspond to
the La-doped BFO nanoparticles with the doping level from
x=0 to x=0.3. It can be concluded with the increasing La
doping level, the energy gap was also overall increased, and
this seems conflicting with the previous research [21]. For
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Fig.6 UV-Vis spectra from 300 to 800 nm a for pure BFO nanoparticles, b for doped BFO nanoparticles

the doping level x=0.2, the doped BFO nanoparticles owned
the smallest energy gap.

From the above experimental results, it can be seen that
there are main three factors including the crystal phase, nan-
oparticle size, and the energy gap, which can strongly impact
the photoelectrocatalytic performance of pure and La-doped
BFO nanoparticles. For instance, with the decrease in pure
nanoparticle BFO samples, it can be possibly concluded that
the photoelectrocatalytic performance will be also increased,
as shown in Fig. 5a, b. This also can be verified from the
experimental findings for the La-doped BFO samples, as
demonstrated in Fig. 5¢, d. However, as the La doping level
increased, it should not be neglected for one fact that the
phase structure will be gradually changed. For the reduc-
tion in nanoparticle size and phase transition, both of them
can be attributed to “geometric size effects” based on our
understanding [19]. These effects include two aspects: First,
the smaller size of nanoparticles can enhance the surface-to-
volume ratios and thus will correspondingly enlarge the den-
sities of catalytically active sites. Second, the size reduction
will influence or disturb the intrinsic electronic and lattice
structure of the particles. Eventually, the band gap structure
of the nanoparticle samples will be also perturbed, and this
physical picture can also be observed by other researches
[18, 19]. Now it might be confidently concluded that the
“geometric size effects” are dominant in the pure and doped
BFO nanoparticles, and with the reduction in geometric size
of nanoparticles, the corresponding photoelectrocatalytic
properties will also be improved.

However, we should not ignore the facts that for ~95-nm
pure BFO nanoparticles or the BFO nanoparticles with La
doping level x=0.3, although they had the smallest size
in the pure or doped sample groups, they did not own the
strongest photoelectrocatalytic performance. It should be
also noticed that when the nanoparticle size was lowered,

the agglomeration will be also more severe, as demon-
strated by Figs. 3a and 4c which will reduce the dominance
of “geometric size effects.” Thus, the photoelectrocatalytic
performance will also be affected. Last, one more factor that
might have influenced the photoelectrocatalytic activity is
the skin layer that is inherent to oxides like BFO, which
can modify the optical response due to the defects and
local distortions located at the sample surface. Thus, the
two factors of agglomeration and skin layer will strongly
lower the photoelectrocatalytic performance of BFO nano-
particles, which can be attributed as “surface effects” that
will reduce the effective chemical reacting surface area, thus
lowering the photoelectrocatalytic activity of prepared BFO
nanoparticles.

To more profoundly understand the experimental fact in
this paper, we proposed a new mechanism that there possibly
existed certain competition between geometric size effects
and surface effects of the pure or La-doped BFO nanopar-
ticles, and the proposed mechanism is the critical part in
this paper, as demonstrated in Fig. 7. The first effects will
increase the reactivity possibility between the molecules
and catalysis, while the second effects will bring uncertain
defects or overlaps of the nanoparticles that could impact or
lower the photoelectrocatalytic activities. In other words,
it was because of the competition mechanism causing the
phenomenon of having turning points for photoelectrocata-
lytic activities in Figs. 5b, d. More specifically, when the
BFO nanoparticles were in the small size scale, both geo-
metric size effects and surface effects will be dominant due
to the large surface-to-volume ratios, but they will play an
opposite function on the photoelectrocatalytic performance
for the BFO nanoparticles in this work. Since these factors
are relatively complex, we believe more researches should
be required to clarify this new mechanism to acquire more
insights of the behind mechanism.
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Fig.7 A new perspective was proposed in this paper, and there pos-
sibly existed the competition mechanism between geometric size
effects and surface effects of the prepared BFO particles. Corre-
spondingly, geometric size effects (increasing surface-to-volume and
phase transition) will be attained with the reduction of particle size,
and these effects will enhance the photoelectrocatalytic performance
of the particles. Conversely, with the particle size decreasing, surface
effects (bringing the agglomeration and layer effect) will disturb the
photoelectrocatalytic performance of the nanoparticles

4 Conclusion

In this paper, the photoelectrocatalytic performance was
investigated for pure BiFeO; (BFO) and Bi,_, La,FeO,
nanoparticles (x=0, 0.1, 0.2, 0.3), which were prepared suc-
cessfully without impurities. For pure BFO nanoparticles,
the nanoparticle size from ~ 65 to 440 nm were synthesized,
while the La-doped BFO nanoparticle size reduced from ~95
to 40 nm as the doping level of x was increased from 0 to
0.3. From the experimental results, it can be seen that with
the decreasing size of pure BFO nanoparticles, the photo-
electrocatalytic performance of these nanoparticles also will
be enhanced. While for the La-doped BFO nanoparticles,
they will have noticeably increased photoelectrocatalytic
performance compared to the pure BFO nanoparticles. From
our analysis, the increased photoelectrocatalytic activity was
attributed to geometric size effects, which might be simulta-
neously perturbed by surface effects from the nanoparticle
agglomeration and skin layer of BFO nanoparticles. In other
words, a new competition mechanism between the altered
structure, skin layer effect [25] and large surface area of the
prepared nanoparticles was proposed for this research, and
the new findings provided a possible approach to control the
photoelectrocatalytic performance of BFO system, which is
crucial for practical applications.
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