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ABSTRACT: The use of the BiVO, semiconductor to generate PEC response

H, via water splitting has recently been studied to meet the global

energy demand. However, BiVO, has some limitations such as , |

higher electron—hole recombination and poor stability, being CE RE WE P1-BiVO,
necessary studies that aim to give better performance. In this [ [ || _I P3-BiVO, 7
scenario, the use of the rare earths as a doping agent should be 4 < _@_ - E
considered. This work explores the nanoscale-thick film BiVO, : "Nt BiVO,
electrochemical synthesis via BiOI film obtention and the effects of E . 5
the use of different cerium precursors on the physical and PEC resRgis e
photoelectrochemical (PEC) properties. Cerium(III) nitrate,

cerium(IV) oxide, and ammonium cerium(IV) nitrate were

evaluated as precursors and added into the plating solution before the electrochemical deposition. The films obtained underwent
characterization through X-ray diffraction, SEM-EDS, and micro-Raman analyses. The results indicate that cerium is incorporated
into the BiVO, structure and that this incorporation did not alter its monoclinic structure, confirming the successful execution of the
doping process. The PEC film characterization was evaluated by cyclic voltammetry, linear sweep voltammetry, and electrochemical
impedance spectroscopy, showing a different PEC activity that depends on the used cerium precursors. The use of ammonium
cerium(IV) nitrate improves the activity of the Ce—BiVO, films, increasing the photocurrent by almost 2 times compared with pure
BiVO,. Otherwise, the other precursors decrease the activity. Analysis of the ultraviolet—visible reflectance spectra and Mott—
Schottky plots showed the difference between the material band gap and conduction band, highlighting that the use of different
cerium precursors must be carefully evaluated to obtain a Ce—BiVO, film with a lower electron—hole recombination. These
achievements highlight the importance of understanding the effect of a cerium precursor on nanoscale-thick Ce-doped BiVO,
obtention for water-splitting applications as a photoanode.

KEYWORDS: water splitting, cerium precursors, photoanode, doping, H, generation

B INTRODUCTION have a band gap in the visible region, has a high recombination
rate and low stability, thus requiring designer efforts of new
materials to optimize stability and reduce electron—hole pair
recombination before their efficient application as an photo-
anode. Among the possibilities for optimizing the material,
doping of cations, such as rare earth metals, is promising.
These elements have unique properties, such as unique
electronic arrangement characteristics, large ionic radius, and
strong metal activity which make them highly attractive in
several lines of research, including catalysis and materials
science.'' It can lead to the ion’s replacement in the material’s
crystalline structure and create intermediate energy levels
between the valence band (VB) and conduction band (CB). It

One of the biggest global scientific challenges currently
expanding is seeking solutions to meet global energy demand."
As an example of economic measures, the European Union
invested 2 billion euros in the production of green hydrogen in
Brazil, as part of the European bloc’s plans to reduce
dependence on and use of fossil fuels.” The production of
H, stands out as a viable renewable energy source, which can
be realized through different processes, such as photocatalysis
or photoelectrocatalysis.” The objective to meet the global
demand is to expand the production of green hydrogen by
integrating different approaches to obtain it. In this scenario,
the development of semiconductors capable of generating O,
and H, via water splitting stands out.” —

A promising semiconductor for photoelectrocatalytic Received: June 20, 2024
applications is bismuth vanadate (BiVO,).” It has a band gap Revised:  August 6, 2024
close to 2.4 eV and activity when irradiated with solar Accepted:  August 8, 2024
radiation, making it interesting to evaluate its application for Published: August 14, 2024
water splitting and oxidation of different organic contami-
nants.®”'’ However, BiVO,, like other semiconductors that
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Figure 1. Schematic diagram of the synthesis of BiVO, and Ce—BiVO, by the electrodeposition method.

can cause a reduction in recombination and provide stability to
the material,'* resulting in a better nanoscale photoanode
performance for water splitting.

Govindaraju et al."”’ investigated doping at the Bi** site
through the addition of lanthanide elements, seeking to
understand how rare earths influence the electronic band
structure of BiVO,. They doped BiVO, with La**, Ce**, Sm*",
and Yb**. The results obtained demonstrated that modifica-
tions with rare earths in the BiVO, structure can cause changes
in the electronic band structure, which can be associated with
the formation of oxygen vacancies, which, when combined, are
considered more efficient for the application of water
separation in relation to a pure material. Tian et al.'* were
the pioneers in doping Nd** into the BiVO, structure, aiming
at photoelectrochemical (PEC) studies for water separation.
The researchers employed a cocatalyst (NiFe,0,) to further
improve the PEC system. The photocurrent density of the
synthesized NiFe,0,—Nd—BiVO, photoanode reaches 1.93
mA cm ™2 at 1.23 V versus RHE, which is 3 times higher than
that of the reported pure BiVO, photoanode.

Following this approach, Wang et al."* explored the doping
of Nd** and CoOOH (cocatalyst) to improve the efficiency of
BiVO,. The CoOOH—-Nd—-BiVO, photoanode exhibits an
impressive photocurrent density of 2.4 mA cm™ at 1.23 V
versus RHE, which is 2.67 times higher than that of pure
BiVO,. Their results indicated that the insertion of Nd**
resulted in improvements in the material’s photocurrent, in
addition to providing greater stability to BiVO,. Based on the
results obtained by Govindaraju et al,"> Tian et al,'* and
Wang et al,'”” it is possible to bet on the possibilities of
optimizing BiVO, through the doping of cations, such as rare
earth metals. The use of rare earths can lead to the
replacement of the ion in the crystalline structure of the
material, being Bi** and/or V**, and create intermediate energy
levels between the VB and CB. Furthermore, they can cause a
reduction in recombination and provide an improvement in
the stability of the material. These insights reveal that studies
to improve the effect of doping are necessary.

To enhance the doping effect, many studies are currently
focusing on the influence of concentration and variety of rare
earths on the crystal structure of BiVO,.'*”"® To date, there is
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no research on the effects of rare earth precursor sources on
the structure of BiVO,. In addition, Chen et al."” investigated
the impact of different cerium precursors (cerium chloride and
cerium nitrate) on the properties of ZnO deposited on p-GaN
and ITO substrates. The two cerium precursors resulted in
distinct current—voltage curves as well as discrepant electro-
luminescence and photoluminescence spectra. The relative
contributions of green and orange-red emissions to the
emission spectra of the annealed samples also depended on
the precursor used. This indicates that the types and
concentrations of native defects varied depending on the
precursor used. This study shows that even a specific precursor
source can contribute to the optimization of rare earth doping
in systems, aiming for a more efficient application. Therefore, it
is necessary to investigate the sources of precursors in the
synthesis of rare earth doping in structured BiVO, and explore
the potential for its application in practical devices.

The influence of the concentration of the rare earth element
Ce®*"” and other rare earths has already been studied.''>'®*°
However, the effect of using Ce®" precursors other than the
commonly used cerium nitrate has not yet been investigated in
electrochemical studies and is an important factor that can
affect the BiVO, photoanode stability. Therefore, we explored
the impact of different Ce®" precursors on the properties of
nanoscale-thick Ce-doped BiVO, photoanodes and charac-
terized the films obtained in order to understand the influence
of cerium on the physical and PEC semiconductor properties
for water splitting.

B MATERIALS AND METHODS

Chemicals. Cerium(IV) oxide (99.9%, Sigma-Aldrich), cerium-
(II1) nitrate (Alfa Aesar, 99.5%), and ammonium cerium(IV) nitrate
(VETEC, 99%) were used as cerium precursors, named P1, P2, and
P3, respectively. Bi(NO,;); (>98%), isopropanol (99.8%), and
vanadium(III) acetylacetonate (97%) were purchased from Sigma-
Aldrich. KI (>99.0%) and HNO; (65%) were acquired from Neon.
Ethanol (Dinamica, >99.5%), p-benzoquinone (Alfa Aesar, >98%),
H,0, (Exodo, 30% (v/v)), acetone (Qhemis, 99.5%), Na,SO,
(Synth, 99.0%), and DMSO (Supelco, 99.5%) were also used.

Catalyst Synthesis and Physical Characterization. BiVO,
films were produced by electrodeposition as reported before.”! A
solution containing 50 mL of KI 0.4 mol L™" and Bi** 0.04 mol L™’
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Figure 2. (a) XRD patterns of BiVO, and Ce—BiVO, samples using various precursors. The red lines represent the indexed space group (ISCD)
for the monoclinic structure with reference number 62706. (b) Raman spectra for both BiVO, and Ce—BiVO, samples.

was prepared using Milli-Q water and the pH was adjusted to 1.7 with
HNO,. Another solution of 0.23 mol L' p-benzoquinone was
prepared in ethanol and mixed with the solution with pH adjustment.
Ce(NO,),;, (NH,),Ce(NO;), and CeO, (after the reaction with
HNO,, further enhancement is achieved with the assistance of H,0,)
were added into the different prepared Bi** solutions before pH
adjustment at a concentration of 1% of cerium for the Ce—BiVO,-
doped film production, named as P1-BiVO,, P2—BiVO,, and P3—
BiVO,, respectively. These plating solutions were stored at 4 °C for a
maximum of 1 month.

The BiVO, and Ce—BiVO, films were produced at 4 different steps
(Figure 1). The first one consisted of BiOI film electrodeposition in a
three-electrode cell using FTO as the WE (previously cleaned using
acetone, ethanol, isopropanol, and water), graphite as the counter
electrode, and Ag/AgCl/saturated KCl (Ag/AgCl) as the reference.
The BiOlI film electrodeposition was performed at room temperature
applying —0.1 V vs Ag/AgClI limited with a deposition charge of —0.1
C cm™. The second step consists of dropwise addition of S0 mL of
vanadium(III) acetylacetonate [VO(acac),] 0.2 mol L' in DMSO
solution. Finally, the electrodes were calcined at 500 °C for 2 h (step
3) and washed for 30 min using NaOH 1 mol L™ (step 4) for
vanadium excess removal after thermal treatment.
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The phase compositions of the samples were characterized by X-ray
diffraction (XRD, Shimadzu 6000 XRD Protocol). Measurements of
micro-Raman were performed by the iHRSSO spectrometer (Horiba
Jobin-Yvon) coupled to a silicon CCD and an ion laser (Melles Griot,
614 nm, 200 mW). The morphology of the films was characterized by
scanning electron microscopy—energy-dispersive spectroscopy (SEM-
EDS; TM4000 Plus, Hitachi), operating at 15 kV, and field-emission
scanning electron microscopy (FE-SEM, Jeol JSM-7200F). The
investigation of the optical properties of the samples was performed
by ultraviolet—visible (UV—vis) spectroscopy. The value of optical
energy band gap (Egap) was calculated using the Kubelka and Munk—
Aussig method from UV—vis diffuse reflectance measurements that
were performed using a Varian Cary spectrometer model 5G in the
diffuse reflectance mode, with a wavelength range of 300 to 800 nm
and a scan speed of 600 nm min™".

PEC Analysis. PEC analysis was performed in a three-electrode
cell filled with 0.5 mol L™' Na,SO, solution (pH 7.0) using BiVO,
and Ce—BiVO, as the WE, platinum as the counter electrode, and
Ag/AgCl as the reference. The Nernst equation (eq 1) was used to
convert the Ag/AgCl electrode potential to RHE, where Egyg is the
potential versus RHE, E°;/aoci is 0.197 V at 25 °C, Epgjpeqy is the

https://doi.org/10.1021/acsanm.4c03537
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potential versus Ag/AgCl measured, and pH is 7.0. All measurements
were carried out at room temperature and in triplicate.

Erue = Eag/agar T Edg/agar + (0.059 X pH) (1)

The PEC measurements were carried out using a potentiostat/
galvanostat (PGSTAT302N, Autolab, Metrohm). The light source
was a sunlight simulator (Oriel, LCS-100) with 100 mW cm™ of
irradiance and the WE exposed area was 1 cm” from the back side.
The cyclic voltammetry (CV) curves were obtained in three cycles
ranging from —0.4 to 2.3 V vs RHE at 10 mV s7L. Dark/ light linear
sweep voltammetry (LSV) staircase curves were obtained at a S mV

s scan rate. Electrochemical impedance spectroscopy (EIS) was

performed at 1.05 V vs RHE (on-set potential) in the dark and under
irradiation with 10 mV amplitude in the frequency range from 10 kHz
to 10 Hz. The M—S measurement was performed by measuring the
impedance spectra of the samples over a potential range of —0.4 to 2.3
V vs RHE, with a potential step of —0.02 V at 100 Hz.

B RESULTS AND DISCUSSION

Physical Characterization. The XRD patterns of all as-
prepared BiVO, and Ce—BiVO, are shown in Figure 2a. It can
be seen that the BiVO, film has a monoclinic structure; from
the XRD patterns, it is visible that the 26 values 19, 28, 31, 30,
and 46° matched completely with the scheelite-type mono-
clinic BiVO, phase (standard card JCPDS. no. 14-0688; space
group: 12/a, a = 5.195, b = 11.701, ¢ = 5.092, 8 = 90.38°).”>**
The diffraction peaks at 26, 33, 37, 51, 61, and 65° belong to
the SnO, in FTO glass (JCPDS. no. 41-1445)** used for
electrodeposition of the material. An additional phase is
identified in the P1—BiVO, material following doping with
Ce’" ions, as evidenced by a peak at around 32.5°, indicating
the presence of CeO, (JCPDS. no. 01-081-0792).>° Addition-
ally, there exists the potential for the formation of CeO, on the
material’s surface; this formation originates from CeO, as its
precursor. However, regarding precursors P2 and P3, this
implies that the introduction of Ce** does not prompt
structural alterations in BiVO,, as evidenced by the absence
of a peak in the 32.5° region. Similar results were found in the
literature when stud?rin(g the efficient percentage for doping
BiVO, with cerium.'"*° In these studies, when doping was
carried out (regardless of the percentage of cerium), no
changes were found in the monoclinic phase of BiVO,. The
authors concluded that it was an indication of doping, since the
replacement of Bi** by doped cerium ions is possible, since the
ionic radius of Bi**, Ce*, and Ce*' is 1.17, 1.14, and 1.01 A,
respectively.' "> Remarkably, there are no observable shifts in
the highest-intensity peaks of BiVO,, signifying that the low
concentration of Ce®" ions has minimal impact on the atomic
positions within the crystalline structure of BiVO,,.

The Raman spectra of BiVO, and Ce—BiVO, powders were
excited by a red (633 nm) laser and the corresponding spectra
are shown in Figure 2b. The Raman bands around at 121, 208,
320, 364, 711, and 820 cm™! were detected in all samples.27
The bands centered at 320 and 364 cm™' delineate the
asymmetric and symmetric configurations of the [VO,]
tetrahedron, respectively. The stretching modes of two distinct
types of V=0 bonds are discerned through bands centered at
711 and 820 cm™".*** These spectral features furnish valuable
insights into the structural divergences between film samples
subjected to electrodeposition with different Ce** precursors.
An observable positive shift in the vibrational mode of V-0
was noted, with recorded values of 819.03, 825.30, 820.70, and
823.55 cm™' for BiVO,, P1, P2, and P3, respectively. This
variation potentially correlates with alterations in the length of

the V—O bond, suggesting changes within the BiVO, unit cell
induced by the incorporation of Ce**.”°™** While the specific
sites of Ce®* exchange (V°* or B*") remain uncertain, these
subtle alterations signify an ongoing doping process within the
bulk of the material.

The surface morphologies of the prepared materials,
visualized using SEM images, are shown in Figure 3a—d, and
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Figure 3. SEM-EDS spectra analysis conducted on various surfaces:
BiVO, (ae), Ce—BiVO,: P1 (b,f), P2 (c,g), and P3 (d,h).

it was observed that the thickness of all films is around 520 nm.
The images highlight how BiVO, particles form clusters in the
FTO glass, exhibiting irregularities. Electrodeposition of pure
BiVO, revealed the greatest variation in FTO, evidenced by
cracks along the perimeter of the film in the SEM images
(SEM images with low magnification can be observed at Figure
S1). Intriguingly, samples synthesized with P1, P2, and P3
show a more uniform distribution of BiVO, throughout the
FTO. In addition to uniformity, it is observed that samples P1
and P2 exhibit gaps between the FTO and the particles, while
the opposite is evident in P3, which presents a greater coverage
of particles across the entire surface of the FTO. A greater
FTO coverage can improve semiconductor photocurrent
response due to the enhanced light absorption and increased
surface area for PEC water oxidation on the surface.’”**

To ascertain the presence of Ce®" in BiVO,, EDS analysis
was conducted on the BiVO, and Ce—BiVO, samples. It was
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the dark and light (third cycle); and Nyquist EIS plots in the (c) dark and (d) simulated sunlight exposure. All the experiments were done in 0.5

mol L™! Na,SO, solution pH 7.

observed that, in addition to Bi, V, O, and I, Ce was also
present in the samples (P1, P2, and P3) without other
impurities (Figure 3e—h).”> However, the percentage of Ce 1%
in the bulk material is low compared to the other elements, and
its actual concentration in the sample cannot be disclosed
because the Ce Ka peak overlaps with the V Ka peak at
approximately 4.98 keV. Nevertheless, the presence of Ce®*
can be inferred through the appearance of the Ce Ma peak at
around 0.98 keV. This indication reveals the occurrence of
doping in the BiVO, structures synthesized with different
cerium precursors. In addition, using the Ce Ma peak, it can be
inferred that the cerium content is less than 0.7% for all
samples. It highlights that the use of different precursors
implies in different FTO coverage and consequently cerium
content.

PEC Characterization. It was studied how the electro-
deposition time interferes with the electrodeposited charge on
the FTO substrate surface (Figure 4). It was observed that the
electrodeposited charges applying a fixed potential (—0.1 V vs
Ag/AgCl) in the same time interval for pure BiVO, solution
(P) and doped with different cerium precursors (P1, P2, and
P3) vary between materials. This result indicates that the
addition of precursors to the electrodeposition solutions
possibly changed some property, such as ionic strength, due
to the fact of using different cerium salts in different oxidation
states (Ce* or Ce*). The PEC characterizations of these
electrodeposited films at different time intervals can be
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consulted in the Supporting Information (Figures S2 and
S3). In view of the preliminary results observed by electro-
deposited films at different time intervals, it was decided to
standardize the electrodeposited Ce—BiOI charge to —0.1 C
(Figure S4). This standardization was important to seek a
better comparison between the films and guarantee a lower
error associated with the results obtained in the PEC
characterization.

PEC characterizations were carried out to verify the
influence of different cerium precursors on the properties of
Ce—BiVO, films obtained after heat treatment. Photocurrent
and EIS measurements (Figure 4) show that the use of
different precursors affected the properties of the films,
indicating that the cerium ions present in the electrodeposition
solution were inserted into the structure of the obtained films.
Cerium ions were inserted into the BiOI structure by a carried
that occurred during the bismuth electrodeposition in the
benzoquinone oxidation process on the FTO substrate
surface.”’ At this scenario, on the FTO surface remain BiOI
and cerium, which during thermal conversion to BiVO, implies
into Bi replacements for Ce.

The value of photocurrent density (j,) at 1.23 V vs RHE
(water oxidation potential) for the pure BiVO, film is 286 A
cm™2, while for doping using precursors P1, P2, and P3 it is,
respectively, 218, 219, and 398 pA cm 2 These measurements
demonstrate that P3 considerably improved the photoanode
activity compared to the pure BiVO, film, which was not
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Figure S. (a) UV—vis diffuse reflectance spectra of BiVO, and Ce—BiVO,; (b) Kubelka and Munk—Aussig plot; (c) M—S plot for the obtained

photoanodes (100 Hz).

observed when using P1 and P2. It is worth noting that the ji
values were obtained from the difference in photoanode
current in the dark and in the presence of light.

These results indicate that the use of free cerium ions in
solution (P1 and P2) did not favor the increase in j,, while the
use of cerium and ammonium nitrate (P3) increased this
property (Figure 4a). This may occur due to the deposition
process of BiOI films, which cannot be totally uniform. In this
case, the presence of ammonium with cerium may have
facilitated the insertion of Ce*" into the BiOI film structure and
changed the j,. measured values. Furthermore, although
different cerium precursors with different oxidation states
(Ce* and Ce*") are used, at pH 1.7, the predominant cerium
species is Ce®". Other authors who investigated the electro-
deposition of different cerium precursors on the ZnO nanorod
structure also found that not all precursors increased the
current measured at the same potential value for the evaluated
doping."”

Although the precursors P1 and P2 are different, during the
procedure of CeO, opening with HNO; and H,0,, a solution
containing Ce*" and nitrate ions was formed. This procedure is
important because it is not possible to use cerium in the oxide
form. With the pH adjustment, the P1 solution started to show
the presence of Ce®*. Therefore, the electrodeposited solutions
containing P1 and P2 consist of almost the same composition,
and the results obtained were close.

The results indicate that P3 use improves the BiVO, anodic
photocurrent. Other works in the literature have verified that
doping with other rare earths also improves the jpc.l4’36_38 It
was reported that BiVO, doping with neodymium (Nd)
improves j,. because its insertion into the BiVO, crystal
structure induces a lattice distortion that increases the light

19574

absorption capacity and generates more photogenerated
carriers.* In addition, the Nd empty 4f orbital can decrease
electron—hole pair recombination by developing a spatial
electric field that consequently improves the j,..

CV was employed to investigate the oxidation and reduction
peaks of the obtained materials (Figure 4b). Experiments using
BiVO, and P3—-BiVO, were done in the dark and in the
presence of light, which resulted in the appearance of two
oxidation peaks (Al and A2) and two reduction peaks (C1 and
C2) for P3—BiVO, under simulated sun light exposure. For
BiVO,, the reduction peak C1 was not observed (Figure 4b).

The anodic peak Al (0.2 V vs RHE) is assigned to Bi’
oxidation to Bi*, while the peak A2 (0.55 V vs RHE) is
assigned to Bi" oxidation to Bi**. Otherwise, the cathodic peak
C2 (—0.2 V vs RHE) is associated with Bi** reduction to Bi®.*
The cerium insertion into the P3—BiVO, structure did not
affect the electrochemical response of the obtained material in
the investigated potential window. In addition, the appearance
of a cathodic peak C1 (0.7 V vs RHE) in the presence of light
indicates the Ce** reduction to Ce>*.*" Those results combined
with the physical characterization corroborate the cerium
insertion into the P3—BiVO, structure.

EIS was employed to obtain information about charge
transfer processes at the synthesized photoanode interface
(Figure 4b,c). According to ref 41, a smaller semicircle arc in
the Nyquist plot is related to lower resistance to electron
transfer and an effective separation of photogenerated
electron—hole pairs. Experiments were carried out in the
absence and presence of light and the processes that occur at
the semiconductor interface were interpreted in terms of
equivalent circuit models.”> A greater dispersion is observed in
the Nyquist plots in experiments carried out in the dark, with a
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decrease in the resistivity of P3—BiVO, compared to BiVO,.
Meanwhile, the use of P1-BiVO, slightly increased the
resistivity of the semiconductor but with a resistivity close to
that of the undoped semiconductor. This was not observed for
P2—BiVO,, which had a high resistivity, and it was not possible
to observe the formation of an arc in the dark. Furthermore, it
is possible to evaluate the impedance spectra of all materials
under simulated solar irradiation, where the arcs are clearly
smaller than those obtained in the dark. This behavior is
attributed to the photogenerated current, which results in a
decrease in resistance to charge transfer.*”**

In experiments carried out in the presence of light, two
semiarc formations for each curve are observed. In this case,
doping with P3—BiVO, considerably reduced the resistivity of
the semiconductor. Meanwhile, doping using P1-BiVO, and
P2—BiVO, increased the resistivity of the semiconductor
compared to that of pure BiVO,. This indicates that the charge
transfer process is not favored when P1 and P2 were used.
Similarly, the clear results obtained in the EIS for the P1 and
P2 precursors were very close, similar to what was discussed in
the j,. analyses.

It is observed that P3—BiVO, can accelerate charge transfer
processes between the electrolyte and the semiconductor
interface by suppressing electron—hole pair recombination.
The obtained results combined with stability tests (Figure SS)
demonstrated a better performance of the P3—BiVO, photo-
anode for water splitting. In a study that evaluated the different
atoms’ doping in the BiVO, structure, it was found that the
doping of Mo and W also decreased the resistivity of BiVO,,
facilitating the transport of electrons from the CB to the
contact and from the holes in the VB for the electrolyte.”’

A study was carried out to understand how doping with
different cerium precursors affects the band gap values and the
CB and VB position of semiconductors. Reflectance analysis in
the UV—vis region was used to determine the photoanode
band gap (Figure Sab). The CB and VB values for each
semiconductor were obtained indirectly by using the M—S plot
(Figure 5¢).

The band gap values were obtained by the Kubelka and
Munk—Aussig plot (Figure Sb), all of which are presented in
Table 1. BiVO, presented a band gap value equal to 2.49 eV,

Table 1. Parameters of M—S and Band Gap Analyses of
Different BiVO, Films Doped with Cerium

parameters BivO, PI1-BiVO, P2-BiVO, P3-BiVO,
Eg (V vs RHE) 0.84 0.80 0.87 0.64
E, (eV) 2.49 2.47 2.48 2.44
Ecg (V vs RHE) 0.84 0.80 0.87 0.64
Eyg (V vs RHE) 3.33 3.27 3.35 3.08

close to that reported in the literature. Doping with P1-BiVO,
and P2—-BiVO, had little influence on the band gap values,
presenting values of 2.47 and 2.48 eV, respectively, values that
are within the standard deviation of +0.02 eV. Cerium doping
in the P3—BiVO, photoanode decreases the band gap value to
2.44 eV. This value justifies a lower recombination of
electron—hole pairs observed for P3—BiVO, based on the
interpretation of EIS data, which implies a higher j,. due to the
intermediate energy states that cerium can provide when
inserted into the structure of the BiVO,. In this case, the use of
the P3 precursor showed better performance to improve the

photocatalytic activity of BiVO, compared with other
precursors.

The M—S plot can be used to determine the flat band value
(Eg) and the semiconductor type (p or n).*® The Eg in the
M-S plot comes from the extrapolation of the 1/Cgc* = 0
curve on the potential axis, with Cgc being the capacitance of
the semiconductor—electrolyte junction measured during the
analysis. The type of semiconductor is estimated from the
slope of the curve used to determine Eg, being an n-type
semiconductor when the slope is positive and a p-type when
the slope is negative."’ Furthermore, in the case of n-type
semiconductors, the Eg obtained in the M—S plot is close to
the Ecp potential value, and Eyy can be determined indirectly
(Bys = Ecp + E,).

The values of Eg, Ecp, Eyg, and the semiconductors type are
also presented in Table 1. It is observed that the Eg, for BiVO,
is 0.84 V vs RHE and for a shift in Eg, to negative potentials
when doping with P1 and P3, 0.80 and 0.64 V vs RHE,
respectively. In the case of P2—BiVO,, doping moved the
potential to a more positive potential region (0.87 V vs RHE).
The 200 mV shift between P3—BiVO, and BiVO, indicates
that doping affected the Eg and consequently modified the
photoanode structure, decreasing the Ecp and Eyy value. This
change implies a greater activity of P3—BiVO, in a smaller
potential region, expanding its application as a semiconductor.
Both materials present activity for the water oxidation reaction,
which occurs at 1.23 V vs RHE.

Cerium insertion into the BiVO, structure was also
investigated by other authors. The use of cerium nitrate as a
precursor in a nonaqueous synthesis led to a better
performance of Ce—BiVO,.** In a study that used (NH,),Ce-
(NO,)¢ as a precursor in a impregnation synthesis method in
aqueous solution,”® it was observed that cerium was
successfully inserted into the BiVO, structure, increased the
photocurrent from 2 to 4 mA cm™2, and decreased the
semiconductor resistivity. These results combined with the
discussed results in this work showed that not only the use of
different precursors but also the synthesis method influenced
the Ce—BiVO, material formation and its PEC activity,
considering that in this work, the use of (NH,),Ce(NO;)q
as a precursor increased the photocurrent from 286 to 398 mA
cm™,

All synthesized photoanodes showed characteristics of n-
type semiconductors. Among the different precursors, doping
using cerium ammonium nitrate (P3) proved to be the most
efficient in improving the PEC activity of BiVO, and reducing
electron—hole recombination. Due to the deposition not
occurring uniformly, doping with P1 and P2 decreased the
photoanode PEC activity. It is worth noting that the results
obtained refer to the BiOI film deposition method,”’ and there
are other methods that can be used to obtain the BiVO, film.
In these other cases, the results may vary between different
precursors. Finally, we highlight the careful need to evaluate
which rare earth dopant precursor will be used to improve the
PEC activity of BiVO,, considering that the same dopant may
present different activity depending on the precursor used.

B CONCLUSIONS

The use of different cerium precursors proved to influence the
nanoscale-thick Ce—BiVO, electrochemical doping, changing
the PEC properties of the obtained material. Considering the
synthesis via BiOI film obtention at the nanoscale, all the films
showed the presence of cerium by the physical character-
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ization. The use of cerium(III) nitrate decreased the activity of
the BiVO, film, while the use of ammonium cerium(IV) nitrate
showed a better performance with a more uniform film than
the pure BiVO,. Therefore, it is possible to state that among
the precursors used, P3 achieved a photocurrent approximately
1.4 times greater than the other precursors. Furthermore, P3
also proved to be more effective at reducing resistance to
charge transfer. The reaction with H,0, and HNOj transforms
the cerium(IV) oxide precursor into cerium(IIl) nitrate and
the results obtained were close. All of the experiments highlight
the careful need to evaluate which rare earth dopant precursor
will be used to improve the PEC activity of BiVO, for water
splitting, considering that the same dopant may present
different activity depending on the used precursor. Finally, it
was demonstrated that the Ce—BiVO, anode can be efficient
for application in the production of green H,, being a
promising alternative in water electrolysis.
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