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Abstract: BiVO, is one of the most investigated and most promising metal oxide
based photoanode materials for photoelectrochemical (PEC) water oxidation.
Although it has several advantages (suitable band gap around 2.4 eV, suitable
valence-band position for water oxidation, low toxicity, high abundance), it suf-
fers from slow charge-carrier transport properties, high surface recombination,
and limited water-oxidation activity. In the present work, we review the synthe-
sis and doping strategies that we developed in the last years to improve the PEC
performance of BiVO, photoanodes. Strategies ranging from single anion doping
or cation doping to anion and cation co-doping will be presented for fluoride and
molybdenum as anion and cation dopants, respectively. One major result is that
co-doping allows combining the most important PEC specific benefits of each type
of dopant, i.e. an increased charge-injection efficiency in case of fluoride as well
as an increased charge-separation efficiency in case of molybdenum.
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1 Introduction

Photoelectrochemical (PEC) water splitting is considered one of the most elegant
ways for sustainable hydrogen production. Sunlight, the most abundant renew-
able energy source, is converted by semiconductor electrodes into electric bias,
which is used to split water directly into oxygen and hydrogen. Semiconductor
materials that absorb a sufficient portion of solar light (Eg * 2.1 eV), separate and
transport the charge carriers efficiently, favor the water splitting half-reactions at
the surface, and are stable in aqueous media under illumination are desired for
the development of efficient PEC water-splitting devices [1].

In this context, BiVO, is one of the most promising electrode materials for
the light-induced oxygen evolution reaction (OER). Due to its appropriate band
gap (Eg * 2.4 eV), its suitable valence-band edge position greater than the water
oxidation potential (on the electrochemical scale), its non-toxicity, its low cost
and abundance, BiVO, has become one of the most-investigated oxide-based
photoanode materials for photoelectrochemical water oxidation [2-6].

From the theoretical point of view, monoclinic BiVO, (m-BiVO;) has also
gained a lot of attention in the last years. In particular, its outstanding elec-
tronic properties have been investigated. m-BiVO, was classified as a direct band-
gap semiconductor with a valence band dominated by oxygen 2p states and a
conduction band dominated by vanadium 3d states (Note: several energetically
equivalent minima were found for the CB) [7]. The composition of valence and
conduction bands was confirmed via density functional theory (DFT) computa-
tions carried out by Zhao et al. [8], who however classified the electronic band
gap as indirect. This study also showed that the slightly distorted crystal struc-
ture of m-BiVO, determines not only its electronic structure but also its peculiar
optical properties. Recently, a pronounced optical anisotropy was observed in the
low-energy range between 2.0 and 2.7 eV [9].

Despite the numerous beneficial properties of BiVO, for application as anode
material in photoelectrochemical water splitting, there are some performance-
limiting properties, which have to be optimized in that context. As shown by Abdi
et al. [10], sluggish bulk electronic conductivity is one of the main performance
bottlenecks of BiVO4-based photoelectrodes — a problem, which can be overcome,
e.g. via doping strategies. A wide variety of dopants has been suggested based on
computation. For example, a DFT study of doping effects in BiVO, indicates that
transition metal doping could reduce the effective hole mass on the valence-band
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top [11]. A more recent DFT study shows that excellent n-type conductivity can be
realized via Mo or W doping at O-poor growth conditions [12]. A DFT + U study
carried out in 2016 showed that W-doped BiVO, has a smaller band gap than
Mo-doped BiVOy, [13]. The enhanced photocatalytic activity of Mo-doped BiVO, is
attributed to the facilitated charge-carrier separation as well as an introduction of
surface oxygen quasi-vacancies [14]. Improved PEC water oxidation performance
of doped BiVO, photoanodes has also been demonstrated in practice [15-19]. In
addition, several post-synthetic treatments have been developed in recent years
to further improve the performance of BiVO, photoanodes [20, 21].

Since monoclinic BiVO, is discussed as photoanode material for photoelec-
trochemical water oxidation, the surface and water adsorption properties are of
particular interest. Comprehensive DFT calculations for several low-index sur-
faces of monoclinic BiVO, reveal that, in the most stable surface terminations,
the V atoms are fully coordinated, while dangling bonds are derived from broken
Bi-O0 connections [22]. Therefore, the thermodynamically most stable surfaces are
the (010), (110), and (111) planes. The water adsorption properties of m-BiVO,
were investigated by Oshikiri and Boero in 2006 [23]. According to their first-
principles molecular dynamics simulations, water is molecularly adsorbed at the
five-fold-coordinated Bi surface sites with an adsorption energy of ca. 0.58 eV per
molecule, inducing a band-gap narrowing of ca. 0.2 eV.

In the present work, we review and discuss the different doping strate-
gies — anion doping, cation doping as well as anion and cation co-doping — we
applied for the stepwise improvement of the PEC performance of BiVO,-based
photoanodes.

First we performed anion doping, i.e. partial O/F substitution via a solid—
gas reaction with HF formed in situ, and showed that it was effected in highly
crystalline m-BiVO, powder samples [24]. Fluorine-containing BiVO, (F:BiVOj)
was characterized chemically, structurally, optically, and by means of quantum-
chemical modeling, revealing that partial O/F substitution is concomitant with
cation vacancy formation and optical bad-gap narrowing. Electrophoretic deposi-
tion further enabled the assembly of F:BiVO, particulate photoanodes on fluorine-
doped tin-oxide (FTO) substrates and we could reveal a positive impact of partial
O/F substitution on the PEC water-oxidation performance of F:BiVO,.

Aiming at an improvement of the photoelectrode design, from a particulate to
a continuous thin film structure, a new solution-based bottom-up approach was
developed by us for the direct deposition via dip coating of BiVO, thin films [18].
The new protocol allows adjustment of the photoanode design to the material’s
properties to reach high PEC performance already for undoped BiVO, thin films.
Fluorination (with slightly adjusted conditions to thin films) was also applied to
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the BiVO, thin-film photoanodes resulting — in line with our previous results —
in an improved PEC water oxidation performance, which could be related to an
enhanced hole transfer efficiency, i.e. improved water oxidation catalysis [25].

Further improvement of the PEC performance for water oxidation of these
BiVO, thin-film photoanodes could be achieved by cation doping (i.e. molybde-
num, Mo:BiVO,) along with morphology and other PEC-relevant property opti-
mization [18].

Finally, the concepts of anion and cation substitution were combined by
us to form fluorine and molybdenum co-doped BiVO, thin-film photoanodes
(F/Mo:BiVO,) [25]. Systematic analysis of the charge separation and charge injec-
tion efficiencies revealed that the concomitant combination of anion and cation
doping allows combining the enhanced charge separation efficiency of the molyb-
denum doping with the improved charge injection efficiency of the fluorine dop-
ing in one material system, thereby reaching the highest PEC water oxidation
performance amongst all investigated systems.

2 O/F substitution in BiVO, powder

2.1 Synthesis

F:BiVO, highly crystalline powders were prepared as phase-pure material via
a solid-vapor reaction using an indirect gas-flow apparatus (see Figure 1).
Highly crystalline BiVO, powder, with particle sizes between several hundreds
of nanometers to several micrometers, was loaded into a small corundum boat
placed inside a larger one containing varying amounts of polyvinylidene fluoride
(PVDF). As described in one of our earlier contributions [24], this arrangement
advantageously prevents contact between the reagents in either solid or liquid
form. The whole apparatus was placed inside a small corundum tube with one
closed end and then put in a horizontal tube furnace. After treatment at 380 °C

Tube Furnace

—

N. \PVDF \ BIVO./ PVDF/ ) N.

Fig. 1: Schematic of the fluorination apparatus. The inner corundum boat contains pristine
BiVO, powder and the outer one is filled with varying amounts of PVDF [22].
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for 24 h, a final heating step was performed in air at 450 °C for 30 min, leading
to a highly crystalline orange powder, with particle sizes in the same size range
as the starting BiVO, particles (SEM results in SI [24]). The ratio of bismuth to
vanadium was confirmed via optical emission spectroscopy with inductively cou-
pled plasma (ICP-OES; r(Bi/V) = 0.999:1). The oxygen contents of pristine BiVO,
and F:BiVO, were determined via hot-gas extraction (BiVO4: 19.7 wt%; F:BiVQ4:
18.2 wt%).

2.2 Crystal-structural and optical characterization

Rietveld refinements of BiVO, and F:BiVO4 model powders were started from the
parameters reported for the clinobisvanite-type structure of BiVO, (space-group
type: 12/b, JCPDS 14-0688) [26]. The results clearly demonstrate that fluorine
incorporation does not change the structure type as seen in Figure 2. Figure 3
depicts the X-ray powder diffraction pattern of F:BiVO, along with the results of
Rietveld refinement.

Density measurements as well as the results of the Rietveld refinement point
to the formation of cation vacancies due to fluorination. This type of defect (cation
vacancies/fluorine on oxygen positions) can be described using the following
equation in the notation of Kréger and Vink [27]:

Biy, +Vy +8 0, +8 HF = Vi + Vi + 8 Fp + BiVO,(sf) + 4 H,0
A chemical composition of Big 94 V940354 F0.46 Was calculated with the exper-

imentally determined oxygen content of 18.2 wt%, respecting the results of the
Rietveld refinement, the measured density, and the proposed defect model.

Fig. 2: Crystal structure of F:BiVO, in polyhedral representation (Bi[O,F]s polyhedra in blue,
V[O,F], tetrahedra in orange, unit cell in black).
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Fig. 3: X-ray powder diffraction patterns of F:BiVO, (inset: BiVO,) with the result of the Rietveld
refinement (observed pattern in red, calculated pattern in black, difference in blue).

The reaction energies of different defect models were calculated at the DFT
level [4] using the projector-augmented wave method GPAW [28-30] and the
PBE + U approach [31]. The most stable defect configurations (denoted as mod-
els Al and A2, see Figure 4) closely correspond to the defect model that has been
proposed above. However, instead of all fluorine atoms occupying the former oxy-
gen sites as suggested by the Kroger—Vink notation, four F atoms are located on an
interstitial position very close to a former oxygen position. This defect structure
can be described as:

17117

Big, +Vy +8 0y +8 HF = Vg + Vy  +4 Vo +4 F;+ 4 Fy +BiVO,(sf) + 4 H,0

In addition to the aforementioned defects, additional defects associated with
free electrons explaining the n-type behavior of BiVO, and F:BiVO, (Mott-Schottky
analysis vide infra) must be present in the system. The most likely explanation
would be oxygen loss leading to the release of free electrons as detailed below
for:

BiVOs: Oy =V5 +0.50;,+2¢
F:BiVO;: 20y +2HF=2F5+H,0 +0.50,+2¢
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Fig. 4: F:BiVO, models A1 (left) and A2 (right) after structure relaxation. Bi: blue, V: orange, O:
red, F: dark blue. Vanadium and bismuth vacancies are labeled with “VAC”, oxygen vacancies
are not shown for clarity.

The optical absorbance of a semiconductor plays an important role in its pho-
toelectrochemical behavior [32]. The optical spectra of orange-colored F:BiVO,
and yellow BiVO,; were measured in diffuse reflectance geometry. The results
are plotted using the derivation of absorption spectrum fitting (DASF) method
[33] in order to estimate the optical band gap (see Figure 5). For comparison a
Tauc plot was also constructed (see data in [24]), yielding to similar results. The
optical band gap for pristine BiVO, was determined as 2.42 eV, which is in good
agreement with literature values [34]. The value for the partially O/F substituted
material is slightly reduced to 2.39 eV. This small band-gap narrowing, also found
in the contributions of Li et al. [35] and Jiang et al. [36], is beneficial in terms of

BiVO,

0.001955
(2.42 eV)
0.001931
(2.39 eV)

o
<
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=
=
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0.0017 0.0020 0.0023 0.0027 0.0030
A (nm™)

Fig. 5: Plot of d[In(A/A)]/d(1/A) vs. (1/A) for F:BiVO, (orange curve) and BiVO, (black curve);
inset: diffuse reflectance spectra of both samples [35].
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light absorption (shift of the absorption edge from 512 to 519 nm upon fluorine
incorporation).

To investigate the optical properties of fluorine substituted BiVO4, optical
spectra of the two most stable defect models (denoted as Al and A2, see [37]) were
calculated using the GLLB-sc functional [38] and subsequently solving the Bethe—
Salpeter equations [39]. The calculated imaginary part of the dielectric function
in dependency on the photonic energy is shown in Figure 6.

While the first maximum for BiVOy is located at 2.41 eV, the first maximum
for F:BiVO, is located at 2.07 eV and 1.98 eV for model Al and A2, respectively.
The difference between the maxima found for BiVO, and F:BiVO, is 0.34 eV and
0.43 eV for model Al and A2, respectively. This difference is larger than the one
determined from the experimental spectra (Figure 5). Nevertheless, the exper-
imentally observed trend — a band gap reduction due to O/F substitution — is
correctly reproduced by the theoretical models.

Additionally, we have calculated the electronic band structure and the pro-
jected density of states for BiVO, and F:BiVO, (model A1) with the crystalline
orbital program CRYSTAL17 [40]. We have applied a self-consistent dielectric-
dependent hybrid approach [41] based on the PW1PW hybrid functional [42]. In
previous studies, it was shown that these methods provide electronic properties
with accuracies comparable to more demanding Greens function techniques [43].
The atomic basis sets were of triple-zeta plus polarization quality [44, 45].

In agreement with previous theoretical investigations [7, 14, 46], stoichiomet-
ric BiVO, is an indirect semiconductor. According to our assignment of the special
k points, the valence band maximum (VBM) is located between I' and B and the
conduction band minimum (CBM) is between B and A. The calculated indirect

BIVO, =
FBiVO, Al ——
F:BiVO4 A2 == = =
N
w
FA
/ N\
. ~
/ =
. \.
1 1 1 1 |\
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

energy [eV]

Fig. 6: Imaginary part of dielectric constant in dependency on the photonic energy (in eV) for
F:BiVO, (orange) and BiVO, (black) [35].
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band gap is 2.60 eV, slightly larger than the calculated optical gap (2.41 eV). Here,
it should be noted that the electronic gap does not consider excitonic effects. The
upper part of the VB is dominated by O 2p orbitals, while the lower part of the CB
mainly consists of V 3d orbitals.

The calculated electronic structure for F:BiVO, defect model A1 is shown in
the right-hand side of Figure 7. F:BiVO, is still an indirect semiconductor, but
the highest occupied and lowest unoccupied bands are very flat, indicating an
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Fig. 7: Band structure and PDOS for BiVO, (left); and F:BiVO, model A1 (right); both calculated
with a self-consistent variant of the PW1PW hybrid method. The special k points were assigned
for the conventional Brillouin zone by means of the Bilbao crystallographic server [47-49]. In
the band structures, the maximum of the valence band is set to zero.
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increase of both the electron and hole effective masses. The fluorine 2p orbitals
dominate the lower part of the VB and have only small contributions to the VB top.
In addition, the composition of the CB bottom is only slightly modified. Accord-
ingly, the calculated electronic band gap of F:BiVO, is similar to BiVO,, 2.62 eV.
However, there are significant contributions from O 2p and F 2p orbitals in the
lowest CB levels in F:BiVO,4, which could explain why the calculated optical exci-
tation energy is smaller in case of F:BiVO, than for the undoped system. It has
to be noted that an earlier DFT study [46] came to different conclusions for the
electronic structure. However, in that study a different defect model was assumed.

2.3 Investigation of PEC water oxidation properties of BiVO,
and F:BiVO, powder electrodes

To investigate the photoelectrochemical properties of BiVO, and fluorinated
BiVO, (F:BiVO,) samples, photoanodes were fabricated from the pristine and flu-
orinated BiVO, powders via electrophoretic deposition (EPD) on FTO-coated glass
slides as reported in one of our recent publications [24]. In both cases, percholated
particulate films of similar thickness (in the pm range) were obtained on the
FTO substrates. A thermal annealing between 450 °C and 550 °C after the EPD
procedure strongly improved the PEC performance of the films, due to improved
inter-particulate contact.

The PEC investigation shown in this work (powder electrodes [24] and thin
film electrodes (vide infra) [18, 25]), were all done in the same set-up, consisting
of a home-made PEC cell, with the BiVO, photoanode as working electrode, a Pt
mesh as counter electrode and a RHE electrode as reference electrode. As elec-
trolyte 0.1 M KPi buffer pH 7.3 was used. The photoanodes were illuminated by a
150 W Xe-lamp at a spectral range of 400-700 nm in all cases. The light intensity
at the electrode surface was adjusted to 100 mW/cm? using a Si-diode light meter.
If not stated otherwise, backside illumination (i.e. illumination via the FTO-coated
glass side of the BiVO, photoanode) was used.

Current density-Voltage j-V curves of BiVO, and F:BiVO, electrodes prior
and after deposition of a water-oxidation catalyst comprised of an amorphous
cobalt phosphate species (CoPi) reported by Kanan and Nocera [50] along with
photocurrent-transient measurements and Mott-Schottky analyses are shown in
Figure 8. As can be seen in Figure 8a, higher photocurrents and improved photo-
electrochemical water oxidation performance were observed for F:BiVO, in com-
parison to pristine BiVOy, be it without or with CoPi surface modification. Note:
For both types of electrodes (BiVO, and F:BiVO,) the particle size distribution was
broad and comparable, ranging from particles of several hundred of nanometers
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Fig. 8: (Photo-)Electrochemical investigations of pristine and fluorine-containing BiVO,4 and
F:BiVO, electrodes: (a) j-V curves (0.1 m potassium phosphate buffer, pH 7.3, 400-700 nm,
100 mW/cm?), (b) phototransient measurements, light on/off (0.1 m potassium phosphate
buffer, pH 7.3, 440 nm, 2 mW/cm?) at an applied Potential of 1.23 V vs. RHE, and ¢) Mott—
Schottky plots of BiVO, and F:BiVO, at 1 kHz (0.5 m potassium phosphate buffer, pH 7.3).
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to particles of several micrometers in size, so that simple particle size effects on
the PEC performance could be discarded.

As can be seen in Figure 8b, the photocurrent transients of BiVO, exhibit
pronounced photocurrent spikes when the light is switched on followed by a
decrease/decay of initial photocurrent. When switching off the light, a less pro-
nounced cathodic photocurrent overshoot is observed. This behavior generally
points towards surface recombination [51-53]. In case of F:BiVO, photoanodes,
the current spikes are far less pronounced — an indication for decreased surface
recombination rates and likely enhanced hole transfer rates. These findings are in
good agreement with literature reports assigning the improved PEC performance
of F:BiVO, to the high electronegativity of fluorine. According to DFT calculations
by Wen et al., adsorption of water molecules is facilitated at the fluorinated BiVO,
surface due to the formation of strong F- - - H bonds [46]. In addition, according to
Li et al., fluorination of BiVO, could result in F-related electron trap states lead-
ing to restrained recombination of photo-generated electron-hole pairs at the
surface [35].

To further clarify the origin of the improved photoelectrochemical per-
formance of F:BiVO,, Mott—Schottky-type potentio-electrochemical impedance
spectroscopy measurements for both materials were performed (see Figure 8c).
For the pristine BiVOy, a flat-band potential of Egg = 0.03 V vs. the reversible
hydrogen electrode (RHE) was obtained. The Egg of F:BiVO, was determined to
be slightly lower at Egpg = —0.06 V. Our results show a negative shift of the flat-
band potential of about 0.1 V upon fluorine incorporation. The positive slope of
the linear range in the Mott—-Schottky plot indicates that both BiVO, and F:BiVO,
are n-type semiconductors. A much smaller slope is observed for F:BiVO, than
for pristine BiVO,, indicating a higher carrier concentration — assuming a compa-
rable surface area of the electrodes, identical amounts of deposited powder, and
similar electrolyte exposed electrode areas of 0.5 cm?.

To summarize, fluorine incorporation in BiVO, leads to an improvement
of the PEC water oxidation performance due to a slightly decreased optical
bandgap, a cathodically shifted flat-band potential, a higher number of free
charge carriers, and favorable surface kinetics. However, observed water oxi-
dation photocurrents for the EPD-processed powder electrodes are low com-
pared to the highest reported photocurrent values for BiVO, photoanodes [16,
54, 55] but are fully in line with photocurrents achieved for comparable EPD-
processed BiVO, electrodes (about 0.6 mA/cm?) [56, 57]. Low photocurrents of
the EPD-based electrodes are probably caused by unfavorable electrode design
in terms of particle size (micrometer sized particles, percolated morphology, film
thickness, etc.).
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To exercise maximum control over electrode design/morphology, a new wet
chemical synthesis method was developed for the synthesis of BiVO, based thin
films.

3 Optimization of BiVO, thin film photoanodes

3.1 BiVO, thin film electrodes

Our novel, non-aqueous, wet chemical synthesis method is based on metalor-
ganic precursors of bismuth and vanadium using chloroform as a solvent [18].
The synthesis steps are depicted schematically in Figure 9.

As emphasized by the group of Vest, metal hexanoates are suitable com-
pounds for the solution-based synthesis of metal oxide thin films, because they
are quantitatively transformed into metal oxides when pyrolized [58]. However,
for a bimetallic compound like BiVOy, the exclusive use of metal hexanoates is
not appropriate, because metal hexanoates usually do not bind to each other
when mixed together. Hence, they need to be mixed with other metal precursors.
According to Lange, usage of metal alkoxides and hexanoates results in the forma-
tion of “hybrid-alkoxide” precursors with defined cation ratios [59]. This synthesis
concept was adapted for the synthesis of BiVOy, i.e. bismuth 2-ethylhexanoate
and vanadium oxytriethoxide were mixed to form a bismuth vanadium hybrid-
alkoxide precursor. The precursor solution was used for dip-coating FTO sub-
strates resulting in an amorphous Bi- and V-containing thin film. The as-prepared
thin film was calcined in air at 450 °C leading to crystalline BiVOy thin films.

Structural characterization by means of gracing-incidence X-ray diffraction
(GI-XRD) revealed the thin films to crystallize in the clinobisvanite structure. Fur-
thermore, via UV/Vis spectroscopy, an optical bandgap of ca. 2.4 eV was esti-
mated [18]. To investigate the morphology of the BiVO, thin films, several electron
microscopy methods were applied. By means of scanning electron microscopy
(SEM), morphological features, which are summarized in Figure 10, could be

a) b) c)
— dip —— A
g . e ——
b coating . air
. ] N
Precursor solution as-prepared, amorphous calcined, crystalline
containing Bi and V thin film thin film

Fig. 9: Synthesis scheme: (a) precursor solution, (b) as-deposited amorphous thin film, and
(c) calcined, crystalline BiVOy thin film. Adapted from ref. [18] with permission from The Royal
Society of Chemistry.
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Fig. 10: lllustration of discussed thin film features, highlighted in (a) an SEM top view image
and (b) a cross section image of a 5% Mo:BiVO, thin film on a Si substrate. Adapted from ref.
[18] with permission from The Royal Society of Chemistry.

identified. BiVO, thin films (and those of its doped analogues, vide infra) consist
of differently sized porous areas (green areas in Figure 10a, referred to as domains)
separated from each other by thin grooves (green areas in Figure 10b). As revealed
by SEM cross-section images, the thin grooves separating the porous domains run
throughout the entire film down to the substrate. It was demonstrated via trans-
mission electron microscopy (TEM), selected-area electron diffraction (SAED),
and electron backscatter diffraction (EBSD) investigations (data shown in ref. [18])
that every domain exhibits a preferred orientation and that the orientations of
each domain are different. Within a domain, worm-like pores of several tens of
nanometers are enclosed by thin-film material referred to as “inner-domain mate-
rial streak” (areas delimited by arrows in Figure 10a). In case of the undoped
BiVOy thin films, the inner-domain material-streak size is lower than the minority-
carrier diffusion length of BiVO, (approximately 70 nm), which is favorable for
applications in PEC water oxidation.

BiVO, thin films synthesized according to the described method were
applied for PEC water oxidation. j-V curves are shown in Figure 11a. Observed
photocurrents of the pristine BiVO, thin films are low in front-side illumination
(illumination via the BiVO, layer) and slightly higher in backside illumination
(illumination via the FTO layer), respectively. This result is believed to indicate
a strong limitation of the PEC performance due to limited electron-hole separa-
tion and slow electron migration to the conductive FTO back contact [60]. More
precisely, this difference is believed, according to Xiao et al., to result from a fast
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Fig. 11: () j-V curves of BiVO, thin films with and without a layer of CoPi water oxidation cat-
alyst under continuous illumination, j-V curves of BiVO, thin films (b) without and (c) with a
layer of CoPi water oxidation catalyst under chopped illumination.

trap-free electron diffusion mode occurring under back-side illumination (due to
filled trapped states in the region proximal to the FTO substrate) and a trap-limited
transport occurring under front-side illumination leading to higher recombina-
tion probability and decreased charge separation [60]. Depositing a thin layer of
CoPi water oxidation catalyst enhances the photoelectrochemical performance
and observed photocurrents. With CoPi deposited, photocurrents of 0.5 mA/cm?
at 1.23 V vs. RHE were observed in front-side illumination, while backside illu-
mination yielded photocurrents of 2.1 mA/cm? at 1.23 V vs. RHE. We could show,
in line with literature, that deposition of CoPi water oxidation catalyst reduces
surface recombination, slightly improves water oxidation kinetics, and therefore
enhances the overall photoelectrochemical performance of the BiVO, thin films
(vide infra).

The j-V curves under chopped illumination presented in Figure 11b
and c additionally reveal a “spike-and-overshoot” behavior, which qualitatively
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indicates surface recombination of photo-generated charge carriers to be a PEC
performance-limiting factor even after surface modification with CoPi.

The results indicate charge separation and charge transport through the elec-
trode to be limiting the overall PEC water oxidation performance. For this reason,
efficient doping strategies to improve charge carrier transport were combined
with the BiVO, thin-film synthesis approach described here allowing morphology
fine-tuning of doped BiVO, thin films.

3.2 Fluorinated BiVO, thin film electrodes

The soft fluorination method developed for BiVO4 powders was slightly adjusted
to realize fluorine incorporation in BiVO, thin films, further referred to as F:BiVO,
thin films. Briefly explained, in a first step, the BiVO, thin films were synthesized
via the above-explained thin film deposition approach and were subsequently
fluorinated according to the soft fluorination method (vide supra). The detailed
synthesis procedure has been published recently [25].

Structural analysis in terms of GI-XRD did not reveal any significant influence
of the fluorine incorporation on the structure type of the BiVO, thin films within
the resolution limits of this method and the equipment. Furthermore, investiga-
tion of the optical absorption properties revealed a slight decrease of the optical
bandgap by fluorine incorporation — a result, which matches the trend observed
for the BiVO, and fluorine-containing BiVO, powder samples.

In order to gain information about the F content within the film samples,
lamellae were cut out of the thin films by means of a focused ion beam (FIB) pro-
cedure and investigated by scanning transmission electron microscopy (STEM)
and energy-dispersive X-ray spectroscopy (EDX). Integration over the F-K spec-
tral window shows counts in the F:BiVO, and F/Mo:BiVO, thin films as well as
their non-fluorinated counterparts, due to the presence of an escape peak artefact.
Once the Bi-L, X-rays with an energy of 2.42 keV hit the silicon drift detector in the
EDX spectrometer, a tiny fraction excites a Si 1s electron and loses 1.74 keV energy.
The remaining energy of 0.68 keV was recorded as an escape peak, which over-
laps with the F-K, line at 0.69 keV. In view of these results, EDX is not a suitable
technique to identify fluorine in a Bi-rich matrix.

For this reason, X-ray photoelectron spectroscopy (XPS) was carried out to
identify fluorine within the fluorinated BiVO, thin films. As can be seen in
Figure 12, fluorine could be traced in the F:BiVO, thin film sample while bismuth,
vanadium, and oxygen peaks remain unchanged.

Via SEM analysis (see Figure 13) of the F:BiVO, thin films, it was demonstrated
that the fluorination procedure only slightly effects the thin film morphology.
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Fig. 12: XPS spectra of BiVO, and F:BiVO, thin film samples. Adapted with permission from ref.
[23]. Copyright 2019 American Chemical Society.

Fig. 13: SEM top view and cross sectional images of (a) BiVO, and (b) fluorinated BiVO, thin
films on FTO substrate. Adapted with permission from ref. [25]. Copyright 2019 American
Chemical Society.

Material densification/sintering was observed accompanying the additional heat
treatments of the fluorination.

Investigations of the pristine BiVO, thin film photoanodes and their fluori-
nated counterpart with and without CoPi under illumination in front-side and
backside mode are shown in Figure 14. As can be seen for BiVO, and F:BiVO, sam-
ples without surface modification (see Figure 14a), obtained photocurrents are
slightly higher for the fluorinated samples. Photocurrents obtained in front-side
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Fig. 14: j-V curves of BiVO, and fluorinated BiVO, thin film photoanodes (a) without CoPi
deposited and (b) with CoPi. Adapted with permission from ref. [25]. Copyright 2019 American
Chemical Society.

illumination vary only little for the pristine and the fluorinated BiVO, thin films.
Using backside illumination results in higher photocurrents and a bigger dif-
ference between the pristine BiVO, and its fluorinated counterpart. Photocur-
rents after deposition of a thin layer of CoPi on the electrodes’ surfaces are
shown in Figure 14b. Very similar photocurrents are observed when front-side
illumination is used. Application of backside illumination results in significantly
higher photocurrents. The fluorinated sample yields a maximum photocurrent
of 3.03 mA/cm? at 1.23 V vs. RHE, which is by 0.8 mA/cm? higher than for its
pristine counterpart yielding only 2.20 mA/cm? at 1.23 V vs. RHE. The differ-
ence in photocurrents depending on the illumination mode remains upon CoPi
deposition.

Photocurrent transients’ measurements of the BiVO,4 and F:BiVO,4 thin film
electrodes are shown in Figure 15. The photocurrent transients of both samples
exhibit significant spikes (light on). While a pronounced overshoot is observed
for the pristine BiVO, sample, a reduced overshoot is observed for the fluorinated
sample when switching off the light, indicating less hole accumulation at the
surface. As already elucidated, the pristine BiVO, thin film photoanode suffers
from surface recombination (vide supra) and insufficient hole transfer. In compatr-
ison with the pristine BiVO, sample, transient analysis for the fluorinated BiVO,
reveals a reduced surface recombination and an improved hole transfer [25]. As
suggested by Li et al. [35] surface-bound fluorine induces electron traps, which
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Fig. 15: Photocurrent transients of BiVO, and F:BiVO, thin film photoanodes (a) without and
(b) with a layer of CoPi deposited, obtained in backside illumination mode. Adapted with
permission from ref. [25]. Copyright 2019 American Chemical Society.

are most probably responsible for restrained recombination of photo-generated
electron-hole pairs at the surface. In addition, as reported by Wen et al., F also
favors water adsorption at the electrode surface, which should have a positive
effect on the hole transfer efficiency [46].

After CoPi deposition, spikes and overshoots are still observed for the pristine
and the fluorine-containing BiVO, thin film electrodes (Figure 15b). The tran-
sient analysis indicates however a decreased surface recombination upon CoPi
deposition for both samples. As such, CoPi enhances water oxidation kinetics by
suppressing surface recombination [61, 62], so that the surface-reaching holes
are transferred more efficiently to the electrolyte and used for water oxidation
undergoing less recombination at the surface.

To disentangle the effects of the fluorination on the PEC performance of
BiVO,-based photoanodes further, we estimated the charge-separation efficiency
Nsep and the catalytic efficiency ncat regarding water oxidation for both samples.
As known from literature [19, 63], the total water oxidation photocurrent Jy,o can
be expressed as

JH,0 = Jabs * Nsep * Ncat

with the photon absorption rate s given as a current. /4,5 can be determined by
multiplying the emission spectrum of the used light source (150 W Xe lamp, 400—
700 nm, intensity adjusted to 100 mW/cm?) with the absorption spectrum of the
thin film electrodes (not shown) and subsequent integration over the wavelength
and division by a voltage. By adding sodium sulfite to the electrolyte, which works



674 —— M.Rohloff et al. DE GRUYTER

a) catalytic efficiency b) charge separation efficiency
0.25 1.0
——BiVO, ——BiVO,
F:BIVO, 0.91 F:BIVO,
0.20 1 0.8 4
0.7 1
:\; 0.15 1 g 0.6
:_’g & 0.5
0.10 = 0.4
0.34
0.05 4 0.2
0.1
0.00 T T T T T T T T T 0.0 T T T T T T T T T
05 06 07 08 09 10 11 1.2 13 14 15 05 06 07 08 09 10 11 12 13 14 15
V vs RHE (V) V vs RHE (V)

Fig. 16: (a) Catalytic efficiency and (b) charge separation efficiency for BivO, and F:BiVO, thin
film photoanodes. Backside illumination was used for recording photocurrents for water oxi-

dation and sulfite oxidation. Adapted with permission from ref. [25]. Copyright 2019 American
Chemical Society.

as efficient hole scavenger, surface catalysis efficiency becomes 100% (f¢qar = 1)
and respective photocurrents (Jsuite) can be used to determine charge separation
efficiency and catalytic efficiency via the following equations:

— ] sulfite
TNsep =
J abs
_ Jno
Ncat =
] sulfite

The catalytic efficiency and charge separation efficiency as a function of
applied voltage for BiVO, and F:BiVO, thin film electrodes are shown in Figure 16.
As can be seen, the catalytic efficiency is significantly enhanced for the fluo-
rinated samples (see Figure 16a), whereas the separation efficiency is slightly
decreased for F:BiVO, thin film samples (see Figure 16b). Therefore, we can con-
clude that, in good agreement with the photocurrent transient analysis, fluorine
modification of BiVO,4 improves the hole injection into the electrolyte and hence
facilitates the water oxidation at the electrode surface. However, the system still
suffers from limited charge separation.

3.3 Mo-doped BiVO, thin film electrodes

N-type cation doping of BiVOy, i.e. partial substitution of the pentavalent vana-
dium cation by hexavalent cations like molybdenum or tungsten, was shown by
various groups to be a viable method to improve electron transport properties in
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BiVO, [15-17, 64]. We therefore extended our previously presented BiVOy, thin film
approach towards the synthesis of Mo-doped BiVO, thin films with higher PEC
water oxidation activity, by the addition of a suitable molybdenum precursor to
the precursor solution [18].

The resulting Mo:BiVOy thin films crystallize in the monoclinic clinobisvanite
structure. With increasing Mo content, the crystal structure is transformed into the
tetragonal scheelite structure, as was discussed exhaustively in our recently pub-
lished report [18]. Furthermore, with increasing Mo content within the BiVO, thin
films, the light absorption properties are slightly improved, while the thin films’
turbidity increases. This is a consequence of the morphology of the thin films,
which is changed upon Mo insertion. As shown for a Mo-doped BiVO, thin film
sample in Figure 17 (10% Mo, see report [18]), the domain size decreases, while
the inner material streak size increases when compared to its pristine counterpart.
This directly influences the light absorption properties, which are improved upon
Mo doping.

Mo:BiVO,

Fig. 17: Top view and cross section images of undoped and Mo-doped BiVO, thin films on an
FTO substrate. Adapted from ref. [18] with permission from The Royal Society of Chemistry.
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Fig. 18: (a) j-V curves of a Mo-doped BiVOy, thin film electrode with and without CoPi surface
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pH 7.3, white light [400-700 nm] at 100 mW/cm?). (b) Mott-Schottky plot for an undoped
and Mo-doped BiVO, thin film electrode (0.5 m potassium phosphate buffer, 20 mV sine
modulation).

Investigation of the PEC water oxidation properties of the Mo:BiVO, thin
films revealed drastically improved photocurrents upon Mo incorporation. As
can be seen in Figure 18a, photocurrents of 1.9 mA/cm? at 1.23 V vs. RHE were
observed already before surface modification with a water oxidation catalyst.
After CoPi deposition, photocurrents as high as 4.6 mA/cm? at 1.23 V vs. RHE
were obtained. Additionally, the photocurrents obtained in front-side and back-
side illumination are very similar, which indicates less charge transport limita-
tion within the electrode material. In addition, Mott—Schottky analysis (shown
in Figure 18b) revealed a much smaller slope and a higher density of free charge
carriers (electrons) upon Mo-doping of the BiVOQ, thin film electrodes.

To gain more information about the effect of Mo incorporation on the PEC
performance, the charge-separation efficiency and catalytic efficiency were deter-
mined. As can be seen in Figure 19, the charge-separation efficiency is signifi-
cantly improved via Mo incorporation compared to its unmodified counterpart,
while the catalytic efficiency is only slightly improved for Mo-containing BiVO,
electrodes (see Figure 19a).

3.4 Fluorinated Mo-doped BiVO, thin film electrodes

To enhance the PEC performance of our BiVO, thin film photoanodes further,
concomitant Mo and F incorporation was attempted to combine the enhanced
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Fig. 19: (a) Catalytic efficiency and (b) charge-separation efficiency for BiVO, and Mo:BiVO, thin
film electrodes. Backside illumination was used for recording photocurrents for water oxidation
and sulfite oxidation.

charge separation due to Mo incorporation with the increased catalytic efficiency
due to fluorination. We therefore, as recently reported by us [25], combined both
synthetic methods (vide supra) to synthesize a cationic (Mo®") and anionic (F )
substituted BiVO, thin film electrode, referred to as F/Mo:BiVO,. For this purpose,
Mo-doped BiVO, thin films were prepared via the thin-film deposition method
explained above. In a second step, the Mo:BiVO, thin films were fluorinated
according to the soft fluorination method developed for powder samples and
adjusted to thin film samples, as introduced above.

Structural analysis of the obtained F/Mo:BiVO, thin films revealed the thin
films to crystallize in the clinobisvanite structure favorable for PEC applications
(see Figure 20a). No significant change of the crystal structure between Mo:BiVO,
thin films and F/Mo:BiVO, thin films was observed, which is in good agreement
with the findings for F:BiVO, powder samples and F:BiVO, thin films. Analysis
of the light absorption properties indicated a slight shift of the absorption onset,
which indicates a slightly decreased optical band-gap for the F/Mo:BiVO, thin
films compared to its pristine and Mo-doped counterparts (see Figure 20b). Inves-
tigations of the thin film morphology showed similar effects in terms of material
densification/sintering as shown for the pristine and fluorine-containing BiVO,
thin films (vide supra).

The combination of Mo and F incorporation in BiVO, thin film electrodes
turned out to be very beneficial for the PEC water oxidation properties of the
material. As can be seen in Figure 21, higher photocurrents were obtained for the
F/Mo:BiVO, thin films compared to its solely Mo-doped counterparts. Maximum
photocurrents of 5.4 mA/cm? at 1.23 V vs. RHE were obtained for the F/Mo:BiVO,4
thin film electrodes modified with CoPi water oxidation catalyst.
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Fig. 20: (a) GI-XRD pattern of a Mo:BiVOj thin film and an F/Mo:BiVO, thin film on FTO sub-
strate, (b) UV/Vis spectra of an F/Mo:BiVO, thin film together with the spectra of correspond-
ing Mo-doped and pristine samples. Adapted with permission from ref. [25]. Copyright 2019
American Chemical Society.

a) Mo:BiVO, and F/Mo:BiVO, without CoPi b) Mo:BiVO, and F/Mo:BiVO, with CoPi
7 7
all samples dark 0.1 M KH,PO,/K,HPO, buffer, pH 7.3
6{--- Mo:BiVO, frontside illumination 6-4scan: 20 mV/s
—— Mo:BiVO, backside illumination illumination: 150 W Xe-lamp . ]
5 FIMo:BiVO, frontside illumination 54400-700 nm, 100 mW/cm? H =
- F/Mo:BiVO, backside illumination =
£ 4 E4N ST et
2 3 .
£ 31 1.23V g 3 123V
= : = 5] /e
5 2 Y
14 4
14
- 0
0
——T——T— T At T
0.5 0.6 0.7 0.8 09 1.0 11 1.2 13 14 15 0.5 0.6 0.7 0.8 09 1.0 1.1 1.2 13 14 15
V vs RHE (V) V vs RHE (V)

Fig. 21: j-V curves of Mo:BiVO, and F/Mo:BiVOy thin film photoanodes (a) without CoPi
deposited and (b) with CoPi deposited. Adapted with permission from ref. [25]. Copyright 2019
American Chemical Society.

Analysis of charge separation efficiency and catalytic efficiency was carried
out to gain insight into the effects of cation-anion co-doping. As can be seen in
Figure 22a and b, fluorination predominantly improves hole transfer to the elec-
trolyte (catalytic efficiency), while Mo-incorporation predominantly enhances
charge separation efficiency (see Figure 22b).

In this way, we could demonstrate that anion and cation co-doping in BiVO,
allows combining the PEC relevant benefits associated with each type of dopant,
thereby improving the PEC water oxidation performance of BiVO, photoanodes
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Fig. 22: (a) Catalytic efficiency for BiVO4, Mo:BiVOy, and fluorinated counterparts, (b) charge-
separation efficiency for BiVO,, Mo:BiVO,, and fluorinated counterparts. Backside illumination
was used for recording photocurrents for water oxidation and sulfite oxidation. Adapted with
permission from ref. [25]. Copyright 2019 American Chemical Society.

by enhanced charge separation and improved charge transfer efficiency to the
electrolyte.

4 Conclusion

We have presented several strategies to improve the PEC water oxidation per-
formance of BiVO, photoanodes. First partial O/F-substitution on model BiVO,
powders leading to the creation of cation vacancies was demonstrated to be ben-
eficial for the PEC water oxidation activity of BiVO, as a result of narrowed optical
band gap, increased charge carrier density (n-type doping), cathodically shifted
flat-band potential, and decreased surface recombination as well as increased
hole transfer efficiency.

Second, in order to optimize the photoanodes’ morphology, a novel alkoxide-
carboxylate-based synthesis towards m-BiVO,-based thin films with improved
PEC performance was developed. In addition, improvement of the PEC water
oxidation activity could be achieved by partial F/O-substitution, improving the
water oxidation kinetics at the electrode surface. Further improvement in terms
of charge separation efficiency could be achieved by Mo-doping in the BiVO,
thin films, leading to high water oxidation PEC activities considering the simple
single layer electrode design. Finally further improvement of the PEC water oxi-
dation activity could be achieved by anion and cation co-doping, i.e. concomitant
partial O/F-substitution and Mo-doping, leading to F/Mo:BiVO, thin films with
increased water oxidation efficiency and increased charge separation efficiency.
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Thus, we could reveal that anion and cation co-doping in the present case allows
combining the PEC specific benefits of each dopant into one photoanode material.

Acknowledgements: The authors want to thank the Deutsche Forschungsge-
meinschaft (DFG) for funding within the priority program SPP 1613 (FI 1885/1-2,
LE 781/13-2, SCHE 634/12-2, BR 1768/9-1).
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