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1. Introduction

Converting and storing solar energy as chemical energy through
photoelectrochemical (PEC) water splitting is a promising
approach to mitigate the global energy and environmental prob-
lems. The process utilizes semiconductor photoelectrodes to
absorb sunlight and generate photoexcited electrons and holes,
which drive the water oxidation or reduction reactions on their

surfaces to form oxygen and hydrogen,
respectively.[1,2] Metal oxides have been
widely used as photoelectrode materials
because of their general stability, multitude
bandgap energies, relative abundance, and
low synthesis cost.[3] Among the various
metal oxides, bismuth vanadate (BiVO4),
particularly the monoclinic scheelite struc-
ture, has emerged as one of the most prom-
ising n-type oxide photoabsorbers for PEC
water splitting.[4–6] Monoclinic BiVO4 pos-
sesses a 2.4 eV bandgap, which allows visi-
ble light absorption, and favorable
conduction and valence band positions
for the water splitting reaction.[4–6]

Nevertheless, the performance of unmodi-
fied BiVO4 is limited by slowwater oxidation
kinetics[7] and poor carrier transport (i.e.,
mobility, lifetime) that limits the charge sep-
aration efficiency.[8,9] The latter is typically
addressed by doping to tune the electrical
properties of BiVO4.

[10] In particular, extrin-
sic doping, which is defined as the substitu-
tion or addition of a foreign element at the
crystal lattice point of the host element,[11]

has been widely applied to enhance the PEC performance of
BiVO4. For example, substituting V5þ with Mo6þ,[12–14]

W6þ,[8,9,15,16] or both Mo6þ and W6þ simultaneously (i.e., codop-
ing)[17–19] results in donor-doped BiVO4 with increased carrier
concentration. This enhances the electrical conductivity and, thus,
the electron transport properties. Further enhancement of carrier
separation has been reported by distributing the W6þ and Mo6þ

composition throughout BiVO4 (i.e., gradient doping).
[20–22]
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The emergence of BiVO4 as one of the most promising photoanodes for solar
water splitting is largely driven by the success in dopant introduction and
optimization to improve its photoelectrochemical performance. To this end,
although less commonly used, several trivalent ions (e.g., In3þ, Gd3þ) that
substitute Bi3þ have also been demonstrated to be effective dopants, which
can increase the photocurrent of BiVO4 photoanodes. However, the main
factor behind such improvement is still unclear as various explanations were
proposed in the literature. Herein, Gd3þ is introduced to substitute Bi3þ in
spray-deposited BiVO4 films, which enables up to a �2-fold photocurrent
increase. Further analysis suggests that Gd-doping enhances the carrier
separation in BiVO4 and does not affect the catalytic and optical properties.
Indeed, time-resolved microwave conductivity measurements reveal that the
carrier mobility of BiVO4 is increased by 50% with the introduction of Gd,
while the carrier lifetime is unaffected. This mobility increase is rationalized to
be a result of a higher degree of monoclinic lattice distortion in Gd-doped
BiVO4, as evident from the X-ray diffraction and Raman spectroscopy data.
Overall, these findings provide important insights into the nature and the
underlying role of Gd in improving the performance of BiVO4.
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The substitution of Bi3þ in BiVO4 with trivalent ions has also
been reported. Interestingly, in contrast to the Mo or W doping
described earlier, the isovalent nature of the dopants, in this case,
is not expected to directly modify the carrier concentration of
BiVO4. Other roles have therefore been proposed. For example,
the incorporation of In3þ in BiVO4 was reported to inhibit sur-
face charge recombination due to surface state passivation.[23]

Govindaraju et al. evaluated several lanthanide ions (La, Ce,
Sm, and Yb) as dopants in BiVO4 and reported multiple roles.[24]

Doping with La and Ce was found to decrease the PEC perfor-
mance due to an increase of the effective mass of carriers (as
shown from density functional theory, DFT) and/or an introduc-
tion of a midgap state that acts as recombination center.
Meanwhile, Sm and Yb doping, despite the main 3þ oxidation
state, indirectly increased the carrier concentration in BiVO4

because of the coexistence of oxygen vacancies that introduced
shallow donor states and enhanced the PEC performance. Gd
has also been reported as an effective dopant in BiVO4 photoca-
talyst powders, and higher photocatalytic activity for the degrada-
tion of methylene blue and rhodamine B was reported.[25,26] It
was suggested that the half-filled 4f electronic configuration of
Gd3þ ions on the surface of BiVO4 is beneficial for trapping
charges and enhancing charge transfer for the catalytic reactions.
An optimal Gd-doping concentration also simultaneously enhan-
ces the activity, selectivity, and stability of BiVO4 for the water
oxidation to H2O2 production.[27] Newhouse et al. showed that
Gd doping modified the monoclinic distortion in the lattice of
BiVO4, which was expected to decrease the hole effective mass
as shown by their DFT results.[28] Further improvement was
demonstrated by combining Gd doping with an additional tran-
sition metal (W or Mo) as electron donor and H2 annealing to
improve the carrier lifetime.[29] Overall, various assignments
have been proposed, which demonstrates that the main role
of trivalent dopants in BiVO4, especially Gd, is still not clear.
To unravel this, further investigation on the influence of trivalent
ion doping on the photoelectrochemical properties (e.g., carrier
transport and catalytic activity) of BiVO4 is still needed.

In this study, we fabricated Gd-doped and (Gd,W)-co-doped
BiVO4 thin film photoanodes using spray pyrolysis, which dem-
onstrate up to twice as high photocurrents as compared to that of
pristine BiVO4. This photocurrent enhancement is found to be a
result of a higher charge separation efficiency, not catalytic effi-
ciency. In contrast to W doping,[8] Gd doping enhances the carrier
mobility while maintaining the relatively long carrier lifetime in
BiVO4 as measured by time-resolved microwave conductivity
(TRMC). To the best of our knowledge, this is the first direct exper-
imental study that correlates Gd doping in BiVO4 to the modula-
tion of its carrier transport properties. Further effects of Gd doping
on the optical, surface chemical composition, morphological, and
structural properties of BiVO4 will also be discussed.

2. Results and Discussion

2.1. Photoelectrochemical and Optoelectronic Properties of
Gd–Doped BiVO4

As slow surface reaction kinetics (i.e., slow hole transfer across
the semiconductor/electrolyte interface) have been shown to

limit the photocurrent of BiVO4,
[7] sodium sulfite (Na2SO3)

was added into the electrolyte in this study as hole scavenger
to eliminate any surface catalytic limitations.[30] Deposition of
various cocatalysts (e.g., NiFeOOH and CoPi) has been demon-
strated to overcome this limitation in a hole-scavenger-free elec-
trolyte,[7,31,32] but this is not the focus of our work. The AM 1.5
photocurrent–voltage curves for BiVO4 and 1% Gd–BiVO4 films
in 2 M KPi with and without 0.5 M Na2SO3 are shown in Figure 1.
In both electrolytes, 1% Gd doping results in a significantly
higher photocurrent and a cathodic shift of the onset potential
of BiVO4; the effect is more pronounced in the presence of hole
scavengers. The Gd concentration was also varied up to 3%
(Bi1�xGdxVO4; x¼ 0, 0.005, 0.01, 0.02, and 0.03). The crystal
structure of all these samples was found to be monoclinic schee-
lite BiVO4, which will be shown and discussed in a later section
of the manuscript. The AM 1.5 photocurrents at 1.23 VRHE are
plotted as a function of the Gd concentration, as shown in
Figure 2 and Figure S1a, Supporting Information. All Gd-doped
BiVO4 films show higher photocurrents at 1.23 VRHE than the
undoped film, and 1% is found to be the optimum Gd concen-
tration. The photocurrent of BiVO4 and 1% Gd–BiVO4 at 1.23
VRHE is �1.8 and 3.4 mA cm�2, respectively. This approximately
twofold photocurrent improvement underlines the effectiveness
of Gd doping in BiVO4. We also note that the photocurrent of the
1% Gd–BiVO4 film is of the same order as those reported for
spray-pyrolyzed gradient-doped W–BiVO4 films,[20,21] which is
among the highest for nonnanostructured BiVO4.

We then combined Gd doping with W doping (i.e., codoping)
because W has been widely used as a donor dopant to improve
the electrical conductivity of BiVO4.

[8,9,15,16] The AM 1.5 photo-
currents of 1% W-doped BiVO4 films with varying concentra-
tions of Gd are shown in Figure S1b,c, Supporting
Information (the synthesis of W-doped BiVO4 and (Gd,W)-
codoped BiVO4 films is described in Supporting Note S1,
Supporting Information). Gd doping is also effective in improv-
ing the photocurrent of W-doped BiVO4 and the same optimum
concentration of 1% Gd was found. Surprisingly, the photocur-
rents of the (Gd,W)-codoped BiVO4 films are lower than those of
Gd-doped films. This observation is in contrast to the case of (Gd,
Mo)-codoped BiVO4 films, as reported by Newhouse et al.[28] The

Figure 1. Photocurrent–voltage curves of BiVO4 (black) and 1%
Gd─BiVO4 (red) in 2 M KPi with (solid lines) and without 0.5 M Na2SO3

as a hole scavenger (dashed lines) under backside AM 1.5 illumination.
The dark current is shown by the dotted gray line.
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photocurrents of (Gd,Mo)-codoped BiVO4 was enhanced when
compared to the single doping with Gd or Mo, which was attrib-
uted to the lower hole effective mass. More recently, they also
reported that an enhancement can also be obtained by codoping
with Gd and W, although not as large as codoping with Gd and
Mo.[29] We speculate that the reason for this difference is related
to the difference in the preparation method. First, inkjet printing
was used in their study versus spray pyrolysis in our study. The
range of the dopant concentration investigated is also different.
Finally, Newhouse et al. maintained the stoichiometry of Bi and
V (i.e., Bi:V¼ 1:1),[29] but in this study we adjust the Bi and V
precursor concentration to accommodate for the W and Gd
dopants, such that (BiþGd):(VþW) ¼ 1:1. Although undoubt-
edly interesting, it is clear that codoping introduces more com-
plexity toward understanding the main role of Gd, which is
beyond the scope of the current work. Throughout the remainder
of this study, we therefore focus only on Gd-doped BiVO4 films,

since monodoping BiVO4 with Gd has been shown unambigu-
ously to be effective in various reports.

To investigate the cause behind the photocurrent improve-
ment, we calculated the catalytic efficiency (also often called
“charge injection efficiency”) from the photocurrent–voltage
curves in the absence and presence of Na2SO3 as hole scavengers
in the electrolyte. The method has been described in previous
reports,[16,33,34] and the determination of catalytic efficiency is
explained in Supporting Note S2, Supporting Information.
The calculated catalytic efficiencies for BiVO4 and 1%
Gd–BiVO4 are shown in Figure S2, Supporting Information.
At potentials higher than �1.1 VRHE, a slight increase of the cat-
alytic efficiency was observed with 1% Gd doping. However, this
enhancement is minor compared to the photocurrent increase,
suggesting that bulk modifications are the main reason instead.

To investigate the optical absorption of the films, UV–vis spec-
troscopy measurements were performed on the undoped BiVO4

and 1% Gd–BiVO4 films deposited on quartz sub-
strates. The UV–vis absorption spectra and the photographs of
the measured samples are shown in Figure 3a. No significant
difference in the absorptance can be observed; the 1%
Gd–BiVO4 shows slightly lower absorptance at wavelengths
lower than 475 nm, but such a difference is within the
sample-to-sample variation. The optical bandgap energy (Eg)
can be obtained by the Tauc equation[35]

ðαhνÞ1=n ¼ Aðhv� EgÞ (1)

where α is the absorption coefficient, h is Planck’s constant, ν is the
light frequency, A is the proportional constant, and n is 1/2 or 2 for
direct or indirect allowed transition, respectively. For Tauc analysis
in this study, the α in Equation (1) was approximated using the
Kubelka–Munk function (F) of the film’s transflectance (TR):[36]

F ¼ ð1� TRÞ2
2TR

(2)

The Tauc plots for direct and indirect bandgaps are shown in
Figure 3b,c, respectively. Again, no changes can be observed
between the direct or indirect bandgaps of BiVO4 and 1%
Gd–BiVO4, indicating that Gd incorporation does not affect
the optical properties of our spray-deposited BiVO4.

Figure 2. AM 1.5 photocurrent at 1.23 VRHE under backside illumination
for BiVO4 films with various Gd-dopant concentrations. The error bars
represent the variation from measurements of three duplicate samples.
The photocurrent–voltage curves for each Gd concentration are shown
in Figure S1a, Supporting Information.

Figure 3. a) Optical absorption of BiVO4 and 1% Gd─BiVO4 films on quartz. The inset shows photographs of the (left to right) blank quartz substrate,
BiVO4, and 1% Gd─BiVO4 on quartz. Tauc plots for b) direct and c) indirect bandgap analysis of BiVO4 and 1% Gd─BiVO4 films.
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The fact that no significant catalytic or absorption changes
could be observed upon Gd doping suggests that the improved
photoelectrochemical properties are related to the enhancement
of the charge separation efficiency. A possible factor that may
increase the charge separation efficiency is an increase of con-
ductivity due to higher carrier concentration. This is, however,
unlikely to be the case as Gd is an isovalent dopant and we will
discuss later that the process of introducing Gd into our BiVO4

should not be compensated for with any electronic or ionic
defects. We therefore evaluate the charge transport properties
of both undoped and 1% Gd–BiVO4 by performing TRMCmeas-
urements. Briefly, both films are excited with a nanosecond laser
pulse (photon energy hν > bandgap), resulting in the formation
of free electrons and holes, which are then detected as a change
in the microwave power reflected from the samples. This change
corresponds to the change of photoconductance (ΔG), which is
then monitored as a function of time (i.e., transient). The relative
comparison of the peak transient can be used to evaluate the
charge carrier mobility, and the charge carrier lifetime can be
obtained from the transient decay.[35,37]

Figure 4a shows the transient photoconductance responses,
normalized to the absorption (FA) and photon flux (I0), for the
undoped and 1% Gd–BiVO4 films. The measurements were per-
formed under backside 350 nm laser pulse illumination (i.e., hν
� 3.5 eV> Eg of BiVO4), and the I0 was 4.3� 1013 pulse�1 cm�2.
Upon Gd doping, the peak ΔG/(FAI0) transient increases by a fac-
tor of 1.5, which indicates an improvement of the charge carrier
mobility. In contrast, the transient decay does not seem to be
affected. This can be seen clearly from Figure 4b, in which
the transient photoconductance of each sample is normalized
against the peak value (i.e., ΔG/ΔGmax). Both transients overlap
with each other, which indicates that the charge carrier lifetime
of BiVO4 is unaffected by Gd doping. This also suggests that the
charge transport mechanism is likely to be the same in both
films. Similar effects to the transient peak and decay can also
be observed for other excitation wavelengths (see Figure S3,
Supporting Information). Overall, the higher mobility and con-
stant lifetime with Gd doping result in an extended charge carrier
diffusion length, which can explain the enhanced charge separa-
tion and observed photocurrent improvement.

2.2. Influence of Gd Incorporation on the Chemical,
Morphological, and Structural Nature of Spray–Deposited
BiVO4

We now investigate the underlying chemical, morphological,
and structural changes associated with the introduction of
Gd into our BiVO4, which may be responsible for the improve-
ment of the carrier mobility. The presence of Gd in the
Gd-doped BiVO4 films is first confirmed by performing X-ray
photoelectron spectroscopy (XPS). Bi 4f, V 2p, O 1s, and Gd
4 d core-level spectra of undoped BiVO4, 1% Gd–BiVO4, and
3% Gd–BiVO4 films are shown in Figure 4,5, Supporting
Information. Although the Gd 4 d spectra are rather noisy
due to the low concentration, Gd can be detected in the Gd-
doped films, and the introduction of Gd does not introduce
any changes to the Bi 4f, V 2p, or O 1s spectra. This is not sur-
prising, since the isovalent substitution of Bi with Gd (i.e., Gd�Bi)
does not require any ionic or electronic compensations. Based
on the XPS spectra, we found that the Gd atomic concentration
in the films matches relatively well with the amount introduced
into the spray precursor solution. A Gd atomic concentration of
1.3% and 2.9% was calculated for the 1% Gd–BiVO4 and 3%
Gd–BiVO4 films, respectively.

The Gd incorporation was then evaluated for any influences in
the morphology of the BiVO4 films. Figure 5 shows the top-view
scanning electron micrographs of undoped BiVO4, 1% Gd–
BiVO4, and 3% Gd–BiVO4 films. Similar interconnected irregu-
lar grain features can be observed from all films, and the grain
size is slightly increased with increasing Gd doping concentra-
tions: 183� 58 nm for undoped BiVO4, 218� 57 nm for 1% Gd–
BiVO4, and 289� 96 nm for 3% Gd–BiVO4. An increase in grain
size would reduce the amount of grain boundary scattering, and
this has been demonstrated to be the cause for an increase in
charge carrier mobility and photocurrent.[38,39] However, the con-
tinuous increase of grain size with increasing Gd concentration
does not agree with the presence of the photocurrent maximum
for the 1% Gd concentration. This suggests that the cause behind
the enhanced charge carrier mobility and photoelectrochemical
performance in our films is unlikely to be related to the
morphology change.

Figure 4. a) Transient photoconductance, ΔG/(FAI0), signals and b) normalized photoconductance, ΔG/ΔGmax, recorded for BiVO4 (black) and 1%
Gd─BiVO4 (red) under backside 350 nm laser pulse illumination with a photon flux, I0, of 4.3� 1013 pulse�1 cm�2.
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Finally, the influence of Gd doping on the crystal structure of
BiVO4 films is investigated by performing X-ray diffraction and
Raman spectroscopy measurements. Figure 6a shows the graz-
ing incidence X-ray diffraction patterns for undoped BiVO4, 1%

Gd–BiVO4, and 3% Gd–BiVO4 films. Reference diffraction pat-
terns of monoclinic and tetragonal scheelite BiVO4 are also
shown. The distinction between the tetragonal and monoclinic
scheelite is that the local environments of V and Bi ions are more
notably distorted in the monoclinic versus tetragonal structure.
As a result, two different V─O bond lengths are present in mono-
clinic scheelite, whereas there is only one V─O bond length in
tetragonal scheelite.[40] All our BiVO4 films show diffraction
peaks that match well with those of monoclinic scheelite
BiVO4 without any impurity phases. In contrast to other
reports,[26,27] we do not observe a transition from monoclinic
to tetragonal scheelite in our BiVO4 films with Gd doping, which
will be discussed later. Figure S6, Supporting Information,
shows that the (121) peak position slightly shifts to a higher
2θ angle upon Gd doping. This shift is consistent with the notion
of substituting Bi3þ ions (ionic radius ¼ 1.17 Å) with Gd3þ ions
(1.05 Å),[41] which has also been shown in a report of Gd-doped
Bi2O3 powder.[42]

A closer look at the {110} and {240} X-ray diffraction peaks
(Figure 6b,c) reveals that the monoclinic peak splits further apart
with higher Gd concentration, suggesting increased distortion of
the crystal lattice with Gd incorporation in our films. To confirm
this observation, Raman spectroscopy was performed to shed
light on the short-range order and the V─O bond lengths in
our films. The Raman spectra are indicated in Figure 7 and
the positions of the assigned Raman bands are given in
Table S1, Supporting Information. All the Raman peaks agree
with those described in previous reports on monoclinic scheelite
BiVO4.

[28,29,43,44] Consistent with the XRD results, the structural
change from monoclinic scheelite to tetragonal scheelite, which
can be identified by the merging of peaks belonging to the sym-
metric bending mode δsðVO3�

4 Þ and asymmetric bending mode
δasðVO3�

4 Þ into one,[28,29,44] is not observed with Gd incorporation
into our films (see Figure 7b). Instead, as the discontinuity in the
dashed lines shows, δsðVO3�

4 Þ and δasðVO3�
4 Þ slightly shift to

higher wavenumber with Gd incorporation. The same shift to
higher wavenumber is also observed for the symmetric and
asymmetric V─O stretching mode (νs(V─O) and νas(V─O); see
Figure 7c). Based on the empirical relationship reported by
Hardcastle et al.,[45,46] the V─O bond lengths can be calculated
using the following equation

ν ¼ 21349 expð�1.9176RÞ (3)

where is the Raman stretching frequency in cm�1 (symmetric
and asymmetric) and R is the V─O bond length in angstrom.

Figure 5. Top-view scanning electron micrographs for a) BiVO4, b) 1% Gd─BiVO4, and c) 3% Gd─BiVO4 films deposited on FTO substrates.

Figure 6. a) X-ray diffractograms for undoped BiVO4, 1% Gd─BiVO4, and
3% Gd─BiVO4 films on FTO substrates. The FTO peaks are indicated with
a star (*). The characteristic peak splitting of monoclinic scheelite is
shown in the range of b) 2θ¼ 18�–19.5� and c) 2θ¼ 46�–48�. The dashed
vertical lines with offset are shown to highlight the further splitting of the
peaks with Gd doping in our BiVO4.
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The calculated V─O bond lengths are tabulated in Table S1,
Supporting Information. The values obtained (�1.69 and
�1.77 Å) are in very good agreement with those observed previ-
ously for BiVO4,

[40,47] and the incorporation of Gd into our BiVO4

films induces a slight decrease in the V─O bond length. Indeed,
decreased V─O bond length has been shown to correlate with the
increased photocatalytic performance of BiVO4.

[48,49] It was
reported that a shorter V─O bond length in the VO3�

4 tetrahedron
provides a stronger packed structure and a greater degree of dis-
tortion of the VO3�

4 tetrahedron, which correlates with the dis-
tortion of the Bi─O polyhedron by the lone-pair electron of
Bi3þ in the local structure of BiVO4. A higher degree of distortion
of the local structure therefore increases the overlap between the
Bi 6s and O 2p orbitals, which enhances the photogenerated hole
mobility and the overall photocatalytic activity for O2

evolution.[48,49] We therefore attribute the same effect to our
Gd-doped BiVO4; the shorter V─O bond length in the VO3�

4
tetrahedron provides a higher degree of local structural
distortion in monoclinic scheelite BiVO4. The optimal degree
of distortion is obtained for the 1% Gd–BiVO4 film, which
enhances the charge carrier mobility as observed in our
TRMCmeasurements as well as the resulting photoelectrochem-
ical performance.

Finally, we discuss the possible reason for the difference in
observation between our Gd-doped BiVO4 films and those
reported in the literature.[26,28,29] Whereas reports in the litera-
ture suggest that Gd incorporation induces a transition from
monoclinic to tetragonal, we instead show that this is not the case
in our spray-deposited BiVO4 films. One possible reason is that
we maintain a relatively low Gd dopant concentration in our
study. Another possible reason, which we believe is more likely,
is related to the different synthesis procedures, specifically in the
way that stoichiometry is maintained in the resulting Gd-doped
BiVO4. In studies reported in the literature, a Bi:V ratio of 1:1 was
maintained in the Gd-doped films. This can be represented by a
dissolution reaction of Gd2O3 into the lattice of BiVO4, as shown
in the Kröger–Vink notation[50]

Gd2O3 !2BiVO4 2Gd�Bi þ 2V=====
V þ 3O�

O þ 5V••
O (4)

The introduction of Gd is compensated for by the formation of

vanadium and oxygen vacancies (V=====
V and V••

O). These vacancies
may affect the crystal structure as well as the photoelectrochem-
ical performance of the resulting BiVO4. An alternative defect
chemical reaction can be written in the presence of excess oxygen
during dissolution, but the formation of vanadium vacancies
remains

Gd2O3 þ
5
2
O2ðgÞ þ 10e= !2BiVO4 2Gd�Bi þ 2V=====

V þ 8O�
O (5)

In our study, however, we did not maintain the Bi:V ratio to be
1:1. Instead, we kept the (BiþGd):V ratio as 1:1. This is typically
written as a codoping process in the defect chemical equation;
i.e., excess V was introduced along with the Gd-doping

Gd2O3 þ V2O5 !2BiVO4 2Gd�Bi þ 2V�
V þ 8O�

O (6)

As shown previously, using this method, the introduction of
Gd as dopant is not accompanied by the formation of any vacan-
cies. We therefore speculate that the formation of these vacancies
is the driving force for the transition from the monoclinic to
tetragonal phase shown in the literature. Overall, this compari-
son underlines the importance of controlling the stoichiometry
in the doping process of complex metal oxides.

3. Conclusion

In summary, we successfully introduced Gd as dopants in
spray-pyrolyzed BiVO4 films. Gd doping enhances the AM 1.5
photocurrent density, and 1 at% Gd is found to be the optimal
concentration, resulting in a twofold improvement of the photo-
current density. Time-resolved microwave conductivity data sug-
gest that the photocurrent improvement is caused by the increase
of charge carrier mobility, which in turn results in better charge
separation. Detailed structural analysis of the films via X-ray dif-
fraction and Raman spectroscopy measurements reveal that Gd
doping introduces further distortion of the monoclinic lattice by
the reduction of the V─O bond lengths. This distortion has been
correlated to the increase of photogenerated hole mobility,[48,49]

which is consistent with our TRMC results. Finally, by

Figure 7. a) Raman spectra of undoped BiVO4, 1% Gd─BiVO4, and 3%
Gd─BiVO4. Specific regions depicting the b) bending modes and
c) stretching modes are also shown. The dashed lines in (b) and (c)
and their discontinuity highlight the shift of the peaks toward higher
wavenumber.
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comparing these findings with previous literature reports on
Gd-doped BiVO4, we propose alternative defect reactions associ-
ated with introducing Gd into monoclinic BiVO4, and highlight
the delicate nature of doping in ternary metal oxides.

4. Experimental Section

Spray Pyrolysis of BiVO4 and Gd–Doped BiVO4 Thin Films: BiVO4 and
Gd-doped BiVO4 film photoanodes were prepared by spray pyrolysis,
which is a low-cost, facile, and scalable process for depositing BiVO4 thin
films.[51,52] The BiVO4 precursor solution was prepared by dissolving
0.8mmol of Bi(NO3)3·5H2O (98%, Sigma–Aldrich) in acetic acid and
dissolving 0.8 mmol VO(AcAc)2 (99%, Alfa Aesar) in absolute ethanol.
To prevent premature oxidation by trace amounts of water, triethyl ortho-
formate (TEOF, 98%, Fluka Analytical) was added to the Bi and V solution
(TEOF reacts with water to form ethyl formate and ethanol).[53] The V solu-
tion was then added to the Bi solution, and the mixture was diluted with
excess absolute ethanol to end up with a final precursor concentration of
4 mM. The ratio of acetic acid to ethanol in the final solution was 1:9. For
the deposition of 0.5–3 at% Gd-doped BiVO4 (Bi1�xGdxVO4; x¼ 0.005,
0.01, 0.02, and 0.03), Gd(NO3)3·6H2O (99%, Sigma–Aldrich) was used
as the Gd precursors. Varying amounts of Gd(NO3)3·6H2O were added
to the Bi precursor solution. The V solution was then added to the
(BiþGd) solution, resulting in a mixture containing (BiþGd):V in a 1:1
ratio. TEC 7 FTO-coated glass or quartz was used as the substrate, which
was cleaned by three successive 15 min ultrasonic cleaning treatments in
acetone, absolute ethanol, and deionized water. The substrate tempera-
ture during spray was maintained at 450 �C. The spray deposition was car-
ried out using an automated spray setup with a Quickmist air atomizing
spray nozzle (1/4QMJAU–NCþ SUQR-200) driven by an overpressure of
nitrogen gas. The nozzle-to-substrate distance was kept at 20 cm. Each
spray cycle consisted of 5 s of spray time and 55 s of delay time to allow
solvent evaporation. The precursor solution (180mL) was sprayed onto
the heated substrate with a spray rate of 1–1.5 mL per spray cycle. For
films deposited on FTO-coated glass substrates, a thin SnO2 layer was
spray deposited onto the FTO substrate prior to the BiVO4 deposition
using 5mL of 0.1 M SnCl4 solution in ethyl acetate, to prevent the recom-
bination of electrons and holes at the FTO/BiVO4 interface according to
the previously reported procedure.[9] As a final step, all of the samples were
annealed at 450 �C for 2 h with a heating rate of 5 �C min�1 in air to further
improve the crystallinity.

Characterization: UV–vis spectroscopy was performed using a Lambda
950 spectrophotometer (Perkin Elmer) equipped with an integrating
sphere. TRMC measurements were performed using a home-built setup
described in more detail previously.[8,37,54] In short, the BiVO4% and 1%
Gd–BiVO4 films deposited on quartz were placed in a microwave cavity
cell. During the measurements, a change in the microwave power was
reflected by the cavity upon nanosecond excitation pulses of a diode-
pumped Q-switched Nd:YAG laser (coupled with a wavelength tunable
optical parametric oscillator, OPO) at a wavelength of 350, 410, and
450 nm. X-band microwaves were generated by a voltage-controlled
oscillator (SiversIMA VO3262X). XPS was conducted with a monochro-
matic Al Kα source (1486.74 eV, SPECS FOCUS 500) and a hemispherical
analyzer (SPECS PHOIBOS 100) to study the composition and the oxida-
tion state of the elements. The data were calibrated using the carbon peak
at 284.5 eV. Field-emission scanning electron microscopy (FESEM) was
performed using a LEO GEMINI 1530 instrument from ZEISS operated
with an acceleration voltage of 5 kV. The crystal structure of all samples
was studied by X-ray diffraction using a Bruker D8 diffractometer with a Cu
Kα radiation (λ¼ 1.54184 Å) at 40 kV and 40mA. Grazing incidence con-
figuration was used with an incident angle of 1.0�. The diffraction patterns
were recorded in the range of 2θ¼ 10�–60� at a step size of 0.0225�.
Raman spectroscopy was performed using a Horiba HR800 spectrometer
equipped with a HeNe laser (λ ¼ 632.8 nm) as the excitation source.

Photoelectrochemical Measurements: Photoelectrochemical measure-
ments were performed in a three-electrode configuration at room

temperature, with a platinum wire as the counter electrode, an Ag/
AgCl electrode (XR300, saturated KCl and AgCl solution, Radiometer
Analytical) as the reference electrode, and the BiVO4 as the working
electrode (surface area 0.24 cm2). Electrical contact to the BiVO4

films was provided by a copper wire as well as a conducting electrical
tape connected to the exposed FTO substrate. The electrolyte was 2 M

potassium phosphate buffer (KPi, pH�7), with and without 0.5 M

Na2SO3 as a hole scavenger. Potentials with respect to the reference
electrode (VAg/AgCl) were applied by a potentiostat (EG&G PAR 273 A)
and converted to the reversible hydrogen electrode scale (VRHE) using
the following equation

VRHEðVÞ ¼ VAg=AgClðVÞ þ 0.059� pHþ V0
Ag=AgCl (7)

where V0
Ag=AgCl is the standard potential of the Ag/AgCl reference electrode

(0.199 V at 25 �C). AM 1.5 photocurrent–voltage curves were measured
under backside illumination using a solar simulator (WACOM
WXS–50S–5H, class AAA) with a scan rate of 25mV s�1.
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