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Nature of Nitrogen Incorporation in BiVO4 Photoanodes
through Chemical and Physical Methods

Rowshanak Irani, Ibbi Y. Ahmet, Ji-Wook Jang, Sean P. Berglund, Paul Plate,
Christian Höhn, Roman Böttger, Sebastian W. Schmitt, Catherine Dubourdieu,
Sheikha Lardhi, Luigi Cavallo, Moussab Harb, Peter Bogdanoff, Roel van de Krol, and
Fatwa F. Abdi*

In recent years, BiVO4 has been optimized as a photoanode material to produce
photocurrent densities close to its theoretical maximum under AM1.5 solar
illumination. Its performance is, therefore, limited by its 2.4 eV bandgap.
Herein, nitrogen is incorporated into BiVO4 to shift the valence band position to
higher energies and thereby decreases the bandgap. Two different approaches
are investigated: modification of the precursors for the spray pyrolysis recipe
and post-deposition nitrogen ion implantation. Both methods result in a slight
red shift of the BiVO4 bandgap and optical absorption onset. Although previous
reports on N-modified BiVO4 assumed individual nitrogen atoms to substitute
for oxygen, X-ray photoelectron spectroscopy on the samples reveals the
presence of molecular nitrogen (i.e., N2). Density functional theory calculations
confirm the thermodynamic stability of the incorporation and reveal that N2

coordinates to two vanadium atoms in a bridging configuration. Unfortunately,
nitrogen incorporation also results in the formation of a localized state of
�0.1 eV below the conduction band minimum of BiVO4, which suppresses the
photoactivity at longer wavelengths. These findings provide important new
insights on the nature of nitrogen incorporation into BiVO4 and illustrate the
need to find alternative lower-bandgap absorber materials for photoelectro-
chemical energy conversion applications.

1. Introduction

The environmental impact of burning fos-
sil fuels to meet the ever-increasing world
energy demand is a primary consideration
in the development of future energy sys-
tems. The most abundant source of renew-
able energy is the sun, which provides
enough energy to completely replace fossil
fuels. However, the intermittency of sun-
light (i.e., caused by diurnal and seasonal
cycles, weather conditions) necessitates an
effective means to store the energy. The
conversion of solar energy into chemical
energy carriers (i.e., solar fuels) has been
recognized as one of the most promising
ways to store large amounts of energy for
long periods while ensuring compatibility
with the current energy infrastructure.
One of the simplest and most direct
pathways toward solar fuels is photoelec-
trochemical (PEC) water splitting.[1] This
process produces hydrogen, which can
be used either directly as a chemical
fuel or as a feedstock for the production
of other chemicals (e.g., hydrocarbons,
ammonia).
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In PEC water splitting systems, semiconducting photoelectro-
des are immersed in an aqueous electrolyte. Upon light absorp-
tion, charge separation takes place in the bulk of the material,
followed by water oxidation/reduction at the surface of the photo-
electrodes. For efficient solar water splitting, potential photoelec-
trodematerials should be able to absorb a broad region of the solar
spectrum and efficiently transfer the photogenerated electrons and
holes to the semiconductor/electrolyte interface to drive the hydro-
gen and oxygen evolution half-reactions. Metal oxide semiconduc-
tors have been of particular interest as photoelectrode materials
due to their comparatively good stability in aqueous solutions,
abundance of their constituent elements, often favorable band
positions for the water oxidation and/or reduction reactions,
and the low-cost techniques that can be used to synthesize these
materials. In particular, monoclinic scheelite bismuth vanadate
(BiVO4) has attracted widespread attention. It is a moderate
bandgap semiconductor (�2.4–2.5 eV) with suitable band posi-
tions for water oxidation and a fairly negative photocurrent onset
potential[2–4]. Recent efforts on identifying the performance limi-
tations and implementing appropriate optimization strategies
have resulted in significant improvement of the AM1.5 photocur-
rent of BiVO4; the highest reported photocurrent already exceeds
90% of the theoretical maximum (based on the bandgap of
BiVO4).

[5] The performance is, therefore, primarily limited by light
absorption so that a major photocurrent improvement can only be
achieved by reducing the bandgap.

Various empirical methods have been reported to alter the band
positions, and thus the bandgap, ofmetal oxide semiconductors.[6–9]

In the case of BiVO4, doping strategies have been extensively
explored to alter the charge carrier transport properties, but
few attempts have been made to reduce the bandgap by doping
or alloying. Photoexcited holes in the valence band have more-
than-enough overpotential to oxidize water, whereas the conduc-
tion band potential is close to the redox potential for hydrogen
evolution E(H2/H

þ). Bandgap reduction through modification
of the valence band position is, therefore, preferred. This would
extend light absorption toward longer wavelengths while main-
taining a modest photocurrent onset potential.[10–14] The valence
band edge of BiVO4 mainly consists of oxygen 2p atomic orbitals
with additional contribution from bismuth 6s orbitals.[15] To shift
the valence band upward and decrease the bandgap, oxygen can
be substituted with elements whose atomic orbitals are located at
higher energies. For example, nitrogen or sulfur can be incorpo-
rated into BiVO4; N 2p and S 3p orbitals are expected to narrow
the bandgap. [9,10,16–18] Approaches for reducing the bandgap of
BiVO4 via cation substitution (V substitution with Sb or Bi sub-
stitution with Mn or Fe) have also been reported. [7,19–21]

In this study, we introduce nitrogen into the BiVO4 lattice using
two methods. In the first method, nitrogen was introduced during
the deposition procedure by addition of ammonium nitrate to the
spray pyrolysis precursor solution (chemical method). In the second
method, nitrogen was introduced after the deposition of BiVO4 via
nitrogen ion implantation (physical method). We will show that in
both cases nitrogen is present in the form of dinitrogen (N2) and
this enhances the optical absorption at photon energies below
2.4 eV. The PEC response, however, does not improve. By combin-
ing the experimental results with density functional theory (DFT)
calculations, we show that this can be understood from the changes
in the electronic structure of BiVO4 upon nitrogen incorporation.

2. Results and Discussion

2.1. Structural and Optical Properties

BiVO4 films deposited by spray pyrolysis are typically annealed in
air,[22] but all the nitrogen-incorporated BiVO4 films in this study
were annealed in pure N2 to avoid loss of nitrogen during anneal-
ing. We therefore first compared the influence of post-deposition
annealing in air and N2 on the structural and optical properties of
unmodified BiVO4. The X-ray diffraction (XRD) patterns of pris-
tine BiVO4 samples annealed at 460 �C for 2 h in air and N2 are
shown in Figure S1a, Supporting Information. All XRD peaks
could be matched with the standard monoclinic scheelite phase
of BiVO4 (PDF 00-014-0688) and no other phases were found.
The optical absorption spectra of both samples are also practically
identical, as shown in Figure S1b, Supporting Information. This
is different from the report of Kim et al. on N2-annealed
BiVO4,

[10] in which nanoporous BiVO4 films synthesized electro-
chemically showed a shift of the absorption onset upon anneal-
ing in N2. Clearly, N2 annealing does not lead to incorporation of
nitrogen in our spray-pyrolysed BiVO4, despite the higher tem-
perature used in our study (460 �C) as compared with their report
(350 �C). We speculate that this is caused by the difference in
morphology, crystallinity, and surface chemical properties
between the spray-pyrolysed and electrodeposited BiVO4; further
study beyond the scope of the current work is needed to unravel
the exact cause.

2.1.1. Chemical Incorporation of Nitrogen

Figure 1 shows the XRD patterns for the nitrogen-incorporated
BiVO4 films via the chemical method. For brevity, these films will
be designated as N:BiVO4 (chem.) throughout the remainder of the
article. The as-deposited film shows all of the main XRD peaks for
the monoclinic scheelite BiVO4 phase as well as several additional
small peaks. Upon post-deposition annealing in N2 for 2 h at
460 �C, the monoclinic BiVO4 phase is maintained and two of
the additional small peaks remain at 2θ angles of �27� and 28�,
which can be assigned to VO2 (PDF 00-009-0142). We speculate
that this is caused by the facile reaction between ammonium
and bismuth nitrate, leaving some of the vanadium in the same
reduced state as in the precursor (V4þ in vanadyl acetylacetonate).
The morphologies of the pristine BiVO4 and N:BiVO4 (chem.)
films, both annealed in N2, are shown in Figure 1b,c. The morpho-
logy of the N:BiVO4 (chem.) film is less regular, but the average
particle sizes of the pristine BiVO4 and N:BiVO4 (chem.) are
similar at 0.20� 0.07 μm and 0.18� 0.1 μm, respectively. The
high-resolution transmission electron microscopy (HR-TEM)
image of the N:BiVO4 (chem.) film shows a clear lattice fringe
spacing of 0.36 nm (Figure S2, Supporting Information), which
corresponds to the (200) plane of BiVO4.

[23]

Tauc analysis was performed to determine the bandgap of the
films. Figure 2 shows the direct and indirect Tauc plots (using
the Kubelka–Munk function) for pristine BiVO4 and N:BiVO4

(chem.). The direct bandgap is not affected by nitrogen incorpo-
ration, but a shift of the indirect bandgap can be observed from
2.55� 0.05 eV for pristine BiVO4 to 2.49� 0.05 eV for N:BiVO4

(chem.). We note that this small shift is in the same order
as the one demonstrated in nitrogen-incorporated BiVO4
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through N2 annealing by Kim et al.[10] Despite the small shift in
the indirect bandgap, the N:BiVO4 (chem.) film was significantly
darker (more brown) in visual appearance—see inset of Figure 2
for the photographs of BiVO4 and N:BiVO4 (chem.). This may be
caused by the absorption tail observed for energies between
1.8 and 2.4 eV (see Figure 2 and Figure S3, Supporting
Information). This presumably indicates the presence of
defects or disorder, yielding localized states in the bandgap
(i.e., Urbach tail). [24,25]

The optical absorption spectra shown in Figure S3, Supporting
Information, also show that the N:BiVO4 (chem.) films have
lower absorptance at wavelengths lower than 500 nm as compared
with the pristine films. This is due to the fact that the N:BiVO4

(chem.) films are thinner (Figure S4, Supporting Information).
Although the same amount of precursor was used for the prepa-
ration, the addition of ammonium nitrate increases the volatility
of the precursor solution during high-temperature spray deposi-
tion, which results in a lower deposition rate.

2.1.2. Physical Incorporation of Nitrogen

As an alternative to the chemical incorporation of nitrogen, a
physical incorporation approach via nitrogen ion implantation

was also explored. We first simulated the penetration depth
and concentration of nitrogen ions inserted to the BiVO4 lattice
as a function of the applied ion energy and fluence using the
Stopping and Range of Ions in Matter (SRIM) program. The
results obtained from the simulation are shown in Figure 3a,b,
respectively. Based on these curves, we prepared nitrogen ion-
implanted BiVO4 films using an ion energy of 40 keV and a flu-
ence of 1016 cm�2. This should lead to an N concentration above
1020 cm�3 for a depth of up to 150 nm (40 kV data in Figure 3a and
1016 cm�2 data in Figure 3b), which corresponds to an average
nitrogen-to-bismuth ratio of�0.4. For conciseness, thesemodified
films are designated as N:BiVO4 (phys.). Figure 4a shows the XRD
peaks of the N:BiVO4 (phys.) samples, both as implanted and after
post-deposition annealing in N2. Compared with the pristine
sample (Figure S1, Supporting Information), the as-implanted
N:BiVO4 (phys.) has a much lower crystallinity. This is also evident
from the scanning electron microscopy (SEM) image (Figure 4b),
in which the individual grains are less clearly defined than in pris-
tine BiVO4 (Figure 1b). Partial amorphization due to damage from
high-energy ion implantation has indeed been shown in many
reports.[26,27] Post-deposition annealing of the films in N2 helps
restore the crystallinity (Figure 4a), which is also evident from the
SEM micrographs (Figure 4b,c). The morphology of N:BiVO4

(phys.) consists of elongated particles similar to the pristine

Figure 2. Indirect and direct bandgaps of a) the pristine and b) chemically incorporated nitrogen BiVO4 samples (all annealed in N2 at 460 �C for 2 h).
Insets show the photographs of the samples.

Figure 1. a) XRD pattern of the as-deposited and post-deposition annealed (in N2 at 460 �C for 2 h) chemically incorporated N:BiVO4 films. SEM images
of b) pristine BiVO4 and c) N:BiVO4 (chem.) films. Both films were annealed in N2 at 460 �C for 2 h.
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BiVO4 (Figure 1b), albeit with a larger grain size and less sharply
defined grain boundaries. Films with a higher ion fluence
(1017 cm�2) were also prepared, but the resulting films show irre-
versible damage, and post-deposition annealing treatment could
not recrystallize the films (Figure S5, Supporting Information).

The absorption spectra of the pristine BiVO4 and N:BiVO4

(phys.) films are shown in Figure 5a. The as-implanted N:BiVO4

(phys.) film shows no distinct absorption features that are typical
for monoclinic BiVO4. This is due to the extensive damage from
ion implantation (vide supra). Post-implantation annealing in

Figure 3. Concentration depth profiles obtained from Monte Carlo simulations using the SRIM program for nitrogen within the BiVO4 samples for ion
implantation at a) a constant ion fluence of 1016 cm�2 and varying energies and b) constant ion energy of 40 keV and varying ion fluencies. The x-axis is the
depth (d) from the surface of the BiVO4 samples.

Figure 4. a) XRD patterns of the physically incorporated N:BiVO4 films, as-implanted and after annealing in N2 at 460 �C for 2 h. SEM images of b) the
as-implanted and c) post-implantation annealed films in N2 are also shown.

Figure 5. a) Optical absorptance spectra of pristine BiVO4 and N:BiVO4 (phys.) films, as implanted and after post-implantation annealing in
N2 (460 �C, 2 h). b) Indirect and direct bandgaps of the physically incorporated N:BiVO4 sample. The film was annealed at 460 �C in N2 for 2 h.
The inset shows a photograph of the sample.
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N2 successfully brings back the typical monoclinic BiVO4 absorp-
tion features, with the addition of an absorption tail that extends up
to �700 nm. This results in a change in the visual appearance
of the N:BiVO4 (phys.) films, see the inset of Figure 5. Tauc analy-
sis was performed (Figure 5b), and the indirect bandgap shifts
from 2.55� 0.05 eV for the pristine BiVO4 to 2.50� 0.05 eV for
the N:BiVO4 (phys.). The direct bandgap also shifts toward a
slightly lower value, from 2.67� 0.05 eV in the pristine BiVO4

to 2.60� 0.01 eV in N:BiVO4 (phys.).

2.2. Chemical Nature of Incorporated Nitrogen in N:BiVO4

Films

To confirm that the changes in the optical absorption above are
truly caused by the incorporation of nitrogen, we performed
X-ray photoelectron spectroscopy (XPS) analysis of the pristine
BiVO4, N:BiVO4 (chem.), and N:BiVO4 (phys.) films. The N 1s
core-level spectra are shown in Figure 6a. Indeed, while the pris-
tine BiVO4 shows no XPS signal for nitrogen (despite the post-
deposition annealing in N2), a clear nitrogen peak at �400 eV
can be observed for both the chemically and physically modified
N:BiVO4. Several studies have reported the N 1s XPS spectra in
the literature: a peak at 396–398 eV can be assigned to nitrogen at
regular lattice sites (nitrogen–metal bonds), whereas a peak at
400–402 eV can be assigned to molecular nitrogen.[28–31] The lat-
tice and molecular nitrogen peak positions are highlighted by the
pink and green regions in Figure 6a, respectively. Based on this,
we conclude that nitrogen is present in the molecular form (i.e.,
as N2) in our N:BiVO4 films.

We note that our observed peak is slightly different than the one
reported by Choi and coworkers in their study on N2-annealed

nanostructured BiVO4 samples.[10] There, a significantly broader
peak for nitrogen between 397 and 402 eV was reported. This
peak can be assigned to a mixture of mostly molecular N2 and
a small amount of bonding nitrogen that substitutes for lattice
oxygen.[29,30,32] The presence of nitrogen in its molecular form
(N2) seems unusual in a solid-state lattice but has also been
reported for, e.g., ZnO[33] and WO3. Mi et al. reported the
trapping of N2 in the WO3 lattice in the form of xN2·WO3

(x¼ 0.034–0.039), resulting in an extension of the absorption
and photoactivity of WO3.

[34] The computational results from
their study suggested that the red shift in optical absorption is
caused by both the deformation of the host lattice (WO3) and
weak electronic interaction between trapped N2 and the WO3

matrix.
Bi 4f core-level spectra of the films are shown in Figure 6b. No

changes are observed upon the incorporation of nitrogen in BiVO4,
for both chemical and physical incorporation. Based on the N 1s
and Bi 4f peaks, the N:Bi ratio was estimated to be 0.4 and 0.1 for
the N:BiVO4 (chem.) and N:BiVO4 (phys.) films, respectively. For
the N:BiVO4 (phys.) film, the N:Bi ratio obtained by XPS is about
four times smaller than the estimate obtained from the SRIM
simulations (Figure 3). As XPS is a surface-sensitive technique, this
discrepancy may be caused by a gradient in nitrogen concentration
between the surface and the bulk. Alternatively, some nitrogenmay
leave the BiVO4 lattice during the post-implantation annealing step.
It is nevertheless clear that nitrogen is indeed incorporated in the
films and responsible for the observed change in optical absorp-
tion. Figure 6c shows the V 2p spectra for the pristine BiVO4,
N:BiVO4 (chem.), and N:BiVO4 (phys.) films. From the V 2p peaks,
it is clear that the incorporation of nitrogen is accompanied by the
formation of V4þ, which is consistent with the observation of XRD
peaks for VO2 in Figure 1a.

Figure 6. a) N 1s, b) Bi 4f, and c) V 2p core-level XPS spectra of pristine, chemically, and physically nitrogen-incorporated BiVO4. All samples were
post-annealed in N2 at 460 �C for 2 h.
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2.3. Photoelectrochemical Characterization

After successfully introducing nitrogen into the BiVO4 lattice by
both physical and chemical methods, we investigated the photo-
activity of our films by measuring their incident photon-to-current
conversion efficiency (IPCE). The measurements were performed
in a 0.1 M KPi buffer (pH �7) with 0.5 M Na2SO3 added as a hole
scavenger with an applied potential of 1.23 V vs reversible hydro-
gen electrode (RHE). Figure 7 shows the IPCE values at different
wavelengths for the pristine BiVO4, N:BiVO4 (chem.), and N:BiVO4

(phys.) films. For the pristine BiVO4 film, IPCE values of �60%
were obtained for the wavelength range of 350–420 nm. The onset
of the IPCE is slightly above 500 nm, which agrees well with the
bandgap of BiVO4. The N:BiVO4 (chem.) film shows lower IPCE
values, which is attributed to the lower thickness of the film (see
Figure S4, Supporting Information). Multiplication of the IPCE
spectrum of the N:BiVO4 (chem.) film with a factor of�1.5 results
in an almost overlapping spectrum with that of the pristine BiVO4

film (inset, Figure 7) and shows no sign of a shift in absorption
onset. Finally, the as-implanted N:BiVO4 (phys.) film shows no
photoactivity (i.e., zero IPCE) for all wavelength ranges due to

the poor crystallinity caused by ion beam damage. After annealing
in nitrogen, the IPCE spectrum of the N:BiVO4 (phys.) film over-
laps with that of the pristine BiVO4 film; no shift of the onset of the
IPCE was observed. This shows that post-implantation annealing
not only improves the crystallinity but also recovers the photoactiv-
ity. An XPS measurement of the film after the PEC measurement
reveals that nitrogen is still present in N:BiVO4 (Figure S6,
Supporting Information). The AM1.5 photocurrents of the samples
show no significant difference—except for the thickness-related
effect of the N:BiVO4 (chem.) sample, as also observed in the
IPCE—and no shift of the onset potential is observed with the
incorporation of nitrogen (Figure S7, Supporting Information).
Overall, our measurements revealed that there is no change in
the IPCE onset for the films prepared by both techniques, despite
clear evidence that nitrogen is present in the films. The exact
cause of this is discussed in the next section.

2.4. Density Functional Theory Calculation

To confirm and further explain the experimental results earlier,
DFT analysis was performed. We first investigated the likelihood
of nitrogen incorporation into BiVO4 in the molecular form
(i.e., N2) from the thermodynamic point of view. One N2 molecule
was inserted into the 2� 1� 2 monoclinic supercell structural
model containing 16 Bi, 16 V, and 64 O atoms (see Figure 8)
to obtain a N:Bi ratio of�0.1, mimicking the obtained experimen-
tal results. Various possible N2 structural configurations inside the
BiVO4 lattice were explored covering different orientations and
coordination numbers. The configurations converged after full
optimization to only three distinct but energetically degenerate
structures (i.e., the same lowest electronic energy). This indicates
the feasibility of N2 incorporation in different positions inside the
lattice. The relaxed structures revealed the three main N2 coordi-
nation environments that can exist: bridging between 1) two
V sites (Figure 8b), 2) two Bi sites (Figure 8c), or 3) one Bi site
and one V site (Figure 8d).

As the three configurations of N:BiVO4 earlier are energetically
degenerate, the thermodynamic stability was investigated only for
one configuration, which is the one where N2 bridges between two
V atoms. Each N is coordinated to the nearest V located in a VO4

tetrahedral environment with a N–V distance of 2.27 Å and a con-
stant N–N bond length of 1.13 Å. The computed lattice parameters
indicated a minimal distortion of N:BiVO4 as compared with the

Figure 7. Incident photon-to-current conversion efficiency (IPCE) versus
wavelength curves of pristine BiVO4, chemically, and physically prepared
N:BiVO4 samples. The measurements were done at 1.23 V vs RHE in 0.1 M

potassium phosphate buffer (pH �7) with 0.5 M of sodium sulfite electro-
lyte. The inset shows no change in the IPCE onset for the N:BiVO4 (chem.)
sample. All samples were annealed in N2 at 460 �C for 2 h, except for the
as-implanted physically prepared samples that were not photoactive.

Figure 8. Optimized ball and stick model structure of a) pristine BiVO4 and N:BiVO4 (BiVO4N0.125) with incorporated N2 bridging between b) two V,
c) two Bi, and d) one V and one Bi. Magenta: Bi, gray: V, red: O, blue: N. An unobstructed view of the N2 coordination in (b–d) is shown in Figure S8,
Supporting Information (reduced stick model).
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pristine material (Table S1, Supporting Information). This implies
that the incorporation of the N2 molecule in the BiVO4 lattice does
not break the lattice symmetry, nor does it change the position of
the neighboring atoms. The thermodynamic stability of N:BiVO4

was studied through DFT calculations using molecular nitrogen
N2 in the gas phase as a nitrogen source and following the
experimental conditions. The thermodynamic diagram shown in
Figure 9 was built by plotting the formation energy of N:BiVO4

as a function of the nitrogen chemical potential (ΔμN), which
represents a more or less oxidizing environment. The N:BiVO4

structure is thermodynamically less stable than BiVO4 at low N2

pressure (under N-poor conditions), whereas it becomes competi-
tive with BiVO4 under standard conditions (i.e., formation energy
<0.1 eV near N2 atmospheric pressure) andmore stable at high N2

pressure (under N-rich conditions). This shows that it is indeed not
surprising that molecular nitrogen can be introduced in the BiVO4

lattice under N-rich experimental conditions (physical/chemical
incorporation followed by annealing in pure N2 atmosphere).

Electronic density of states (DOS) calculations for the various
configurations were performed to determine the most likely con-
figuration of molecular nitrogen in BiVO4; the results are shown
in Figure 10. Note that the absolute value of the bandgap of
BiVO4 is overestimated using our calculation method (see 4
Experimental Section), but we focus on the relative differences
between the various configurations in this study. In all cases,
the electronic behaviors of the valence band and conduction band
states are similar, except for the configuration where the
N2 bridges between two V atoms (Figure 10b). For this configu-
ration, a new empty electronic state appears at �0.1 eV below the
original conduction band minimum (CBM). This leads to a nar-
rower bandgap of N:BiVO4 by �0.1 eV (see Figure 10b) and con-
sequently a slight shift of the onset of the dielectric function to
lower energy by the same amount (see Figure S9, Supporting
Information) as compared with the pristine material. This is
in a good agreement with the bandgap shift observed in our
experiments (Figure 2 and 5). The two other possible structural
configurations obtained for N:BiVO4 (incorporated N2 bridging
between two Bi sites or between one Bi and one V site) did not
show any change in the bandgap with respect to the pristine
material (see Figure 1c,d). Raman spectroscopy of the N:BiVO4

(chem.) sample (Figure S10, Supporting Information) indeed
shows the presence of the V–N bond[35] and the absence of a
Bi—N bond, in agreement with the configuration in which
N2 bridges between two V atoms. To further confirm this, the
3D electron density maps of the valence and conduction band

Figure 9. DFT-based formation energy of BiVO4N0.125 (solid red line) as a
function of ΔμN using dinitrogen (N2) in gas phase as the N source at
T¼ 700 K. The dashed black line (zero formation energy) represents
the pristine BiVO4.

Figure 10. Total/partial electronic DOS obtained using the HSE06 functional for a) pristine BiVO4 and N:BiVO4 with different configurations: N2 bridging
between b) two V sites (see Figure 9b), c) two Bi sites (see Figure 9c), or d) one Bi site and one V site (see Figure 9d). Color legend: total DOS in black;
DOSs projected onto Bi 6s orbitals in purple, onto V 3d orbitals in grey, onto O 2p orbitals in red, and onto N 2p orbitals in blue.
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electronic states of N:BiVO4 (with N2 bridging between two
V sites) were computed and are shown in Figure 11. The valence
band maximum (VBM) is predominantly composed of a strong
contribution of oxygen p-orbitals distributed homogenously
throughout the lattice along with weak contributions from
bismuth s-orbitals and vanadium d-orbitals (see Figure 11a).
The CBM mainly consists of a major contribution of d-orbitals
localized on V distributed homogenously throughout the crystal
lattice together with minor contributions from O 2p-orbitals and
Bi p-orbitals (see Figure 11b). This interpretation is consistent
with previous DFT reports.[2,36] The rather delocalized character
of the VBM and CBM electronic states is expected to lead to a good
migration of the photogenerated holes and electrons to the surface.
For the newly generated empty state (�0.1 eV below CBM),
however, the electron is localized mainly on the incorporated N2

and the two linked reduced V species (see Figure 11c). This state
may act as an effective electron trap and/or recombination center,
which explains the absence of a sub-bandgap photoresponse in the
IPCE spectrum. All of these computed results are in good agree-
ment with the experimental observations, and we conclude that
the incorporated N2 most likely bridges between two V atoms
(Figure 8b) in our experimentally obtained N:BiVO4 samples.

3. Conclusion

In summary, two different approaches of nitrogen incorporation
in BiVO4 thin films have been investigated. The first is via the
modification of the spray pyrolysis precursor solution (chemical
method) and the second is through nitrogen ion implantation
(physical method). The high-energy ion-implantation process
damages the crystal structure of the film, but it can be restored
with a simple post-implantation annealing in a nitrogen environ-
ment. Both the chemical and physical methods lead to a darker
appearance of the BiVO4 films, and UV–Vis analysis shows a
slight reduction in the bandgap and the presence of an absorption
tail up to �700 nm. XPS data confirm that nitrogen is indeed
incorporated in the BiVO4 lattice. The position of the N 1s peak
suggests that nitrogen is present in the molecular form (i.e., N2),
and thermodynamic DFT calculations confirm the structural like-
lihood of this configuration. Molecular nitrogen is bonded with
two vanadium atoms in the lattice, which introduces a new empty
state �0.1 eV below the CBM. The localized nature of this state
suggests that it may act as an electron trap and/or recombination
center, which would suppress the photoactivity. Indeed, our

incident photon-to-current conversion efficiency (IPCE) measure-
ment shows no sub-bandgap photoresponse upon nitrogen incor-
poration with both chemical and physical methods. Although not
shown in this article, other methods of incorporating nitrogen into
our spray-deposited BiVO4 thin film (e.g., high-temperature
annealing in NH3, N2 plasma treatment) also result in no exten-
sion in the spectral range of photoactivity. Therefore, other strate-
gies to reduce the bandgap of BiVO4 (e.g., incorporation of other
elements such as sulfur,[16] antimony,[20] or selenium[37]), which
also effectively extend the onset of photoactivity, need to be explored
further, for example, with combinatorial and high-throughput
methodologies.[38,39] Alternatively, novel complex metal oxides
with similar properties to BiVO4, but a smaller bandgap (ideally
1.8–1.9 eV) need to be developed.

4. Experimental Section

Deposition of BiVO4 Thin-Film Photoanodes: BiVO4 thin films were depos-
ited on commercial fluorine-doped tin oxide (FTO)-coated glass substrates
(15 Ω□

�1, TEC-15, Pilkington) using a low-cost and facile spray pyrolysis
technique.[16,22,40,41] Substrates were cleaned by three successive ultrasonica-
tion steps in 10 vol% Triton X-100 solution (Sigma-Aldrich), acetone, and eth-
anol, each for 15min. The precursor solution was prepared by dissolving
Bi(NO3)3·5H2O (98%, Alfa Aesar) in acetic acid (99.8%, Sigma-Aldrich)
and absolute ethanol (VWR Chemicals), whereas VO(AcAc)2 (99%, Acros
Organics) was dissolved separately in absolute ethanol. The amount of Bi
and V precursors was adjusted so that each concentration in the final solution
was 4mM, and the ratio of the acetic acid and absolute ethanol in the final
100mL solution was 1:9. The solutions were ultrasonicated for 15min sepa-
rately, mixed subsequently, and finally ultrasonicated again for 15min. The
solution was sprayed using a Quickmist air-atomizing spray nozzle (1/
4QMJAU-NCþ SUQR-200) onto the substrates, which were placed on a
hot plate. The distance between the spray nozzle and the hot plate was
20 cm. A pulsed spray mode was used: 5 s spray followed by 53 s delay to
allow for solvent evaporation. To deposit each film, 100 or 200 cycles were
applied, and the deposition rate was �1 nm per cycle. The hot plate temper-
ature was kept constant at 450 �C during deposition. Prior to the deposition
of BiVO4, a thin interfacial layer of SnO2 (5mL solution of 0.1 M SnCl4 [98%,
Aldrich] in ethyl acetate [99.8%, VWR Chemical]) was first deposited as a hole-
blocking layer[42] on the FTO substrates at 425 �C using the same pulsed
spray mode. An unmodified reference sample was prepared by post-deposi-
tion annealing of the BiVO4 film in air at 460 �C for 2 h. As all the nitrogen-
incorporated samples were post-annealed in N2, a control BiVO4 sample was
also prepared by post-deposition annealing in pure N2 at 460 �C for 2 h.

Nitrogen Incorporation into BiVO4: Chemical Method. For nitrogen
incorporation by the chemical method, NH4NO3 (95%, Alfa Aesar)
was dissolved in 20mL of ethanol and added into the BiVO4 precursor
solution described earlier. Various concentrations (16, 32, 40mM) were

Figure 11. Electron density maps for a) the VBM, b) the CBM, and c) the new generated empty state obtained at the DFT/HSE06 level for the most
relevant predicted BiVO4N0.125 with incorporated N2 bridging between two V sites. Color legend: Bi in purple, V in gray, O in red, and N in blue. Sticks
represent the bond between atoms. N atoms and their vanadium bridging neighbors are shown with balls. Isovalue is 0.003 au.
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used, but due to the volatility of the precursor upon decomposition the
amount of nitrogen in the deposited BiVO4 film differs from the amount
in the precursor solution. To prevent premature hydrolysis of NH4NO3,
40 μL and 2mL of triethyl orthoformate (TEOF, 98% Merck) were
also added to the Bi and V precursor solutions, respectively. This step
was not done for the standard BiVO4 deposition because no NH4NO3

was added. Finally, the as-deposited films were annealed in pure N2

at 460 �C for 2 h.
Nitrogen Incorporation into BiVO4: Physical Method. For nitrogen incor-

poration by the physical method, Nþ ion implantation was done at the Ion
Beam Center (IBC) within the Helmholtz-Zentrum Dresden-Rossendorf.
The ion implantation was conducted at room temperature with ion ener-
gies between 20 and 40 keV and ion fluences between 1015 and 1017 cm�2.
The penetration depth of the nitrogen ions in the BiVO4 thin-film samples,
at various ion energies and fluencies, was estimated from Monte Carlo
simulations using the SRIM program.[43] A value of 6.1 g cm�3 was used
as the density of BiVO4.

[44] To improve the crystallinity of the films after the
ion implantation process, they were annealed at 460 �C in pure N2 for 2 h.

Nitrogen Incorporation into BiVO4: Material Characterization. A Bruker D8
diffractometer with Cu Kα radiation at 40 kV and 40mA was used for XRD
measurements. SEM images were taken using a LEOGEMINI 1530. UV–Vis
measurements were conducted using a PerkinElmer Lambda 950 spectro-
photometer equipped with an integrating sphere. Tomeasure transflectance
(the sum of transmittance and reflectance), the films were placed inside the
integrating sphere with a center mount sample holder positioned at a�7.5�

offset from the incident light. As some films showed a certain degree of
scattering, the Kubelka–Munk function (F) was used to determine the
absorption.[7,45] The Kubelka�Munk function is given by Equation (1)

F ¼ ð1� TRÞ2
2TR

(1)

where TR is the transflectance of the film. The bandgap was then deter-
mined from Tauc analysis, by plotting the value of (Fhν)n (n¼ 0.5 and 2
for indirect and direct transitions, respectively) versus the incident photon
energy (hν) and extrapolating the linear part of the plot to the baseline. XPS
measurements (SPECS PHOIBOS 100) were performed using monochro-
matic Al Kα radiation (hν¼ 1486.74 eV, SPECS FOCUS 500 monochroma-
tor). The pass energy was set to 30 and 10 eV with step sizes of 0.5 and
0.05 eV for the survey and fine spectra, respectively. The binding energies
were calibrated with the adventitious carbon C1s peak at 284.5 eV. Fitting of
the peaks was done using XPSPEAK software, and a Shirley background
subtraction was done for all spectra. For Raman measurements, a
HORIBA LabRam HR Evolution spectrometer was used for backscattering
configuration, equipped with a 325 nm continuous wave (CW) laser source.
Excitation and signal collection were performed via a 40�NUV objective
and the acquired Raman spectra were analyzed with a silicon charge-cou-
pled device (CCD) camera with 1800 linesmm�1 grating blazed at 400 nm.
Measurements were executed at an incident power of 1mW with an inte-
gration time of 2� 120 s. Raman spectra were smoothed by adjacent aver-
aging of 7 points (1 point¼ 1.5 cm�1). A background correction was further
applied to remove an underlying broadband photoluminescence emission
which the samples showed upon excitation with the blue laser at 325 nm.
Transmission electron microscopy (TEM) was performed using a Philips
CM12. The applied acceleration voltage was kept constant at 120 kV. For
high resolution, LaB6 cathode and Super TWIN lens were used (0.30 nm
point and 0.14 nm line resolution). The camera was a 2k� 2k CCD from
Gatan (Orius SC 830).

Nitrogen Incorporation into BiVO4: Photoelectrochemical Characterization.
PECmeasurements were performed in a three-electrode configuration using
a custom Teflon cell.[1] The electrolyte was 0.1 M potassium phosphate
buffer (KPi, pH �7) prepared by mixing 8.21 g of potassium phosphate
monobasic (KH2PO4, 99.5%, Merck) and 8.67 g of potassium hydrogen
phosphate trihydrate (K2HPO4.3H2O, 99%, Merck) in 1 L of Milli-Q water
(18.2MΩ cm). 0.5 M of sodium sulfite (Na2SO3, 99%, Merck) was added as
a hole scavenger. The potential of the working electrode (i.e., BiVO4 or
N:BiVO4 samples) was controlled by a potentiostat (EG&G 283,
Princeton Applied Research). A Pt wire was the counter electrode, and an

Ag/AgCl electrode (XR300, saturated KCl solution, Radiometer Analytical)
was used as the reference electrode. Potentials with respect to Ag/AgCl
potential were converted into the RHE scale using Nernst equation

VRHE ¼ VAg=AgCl þ 0.0591� pHþ V0
Ag=AgCl (2)

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

(0.199 V at 25 �C). Monochromatic back-side illumination (i.e., light arriving
from the substrate side) was provided by coupling a Xe lamp (LOT, LSH302)
with an Acton Research monochromator (SP2150) and long-pass filters
(3mm thick, Schott). The intensity of the monochromatic light was
measured using a calibrated photodiode (PD300R-UV diode read by a
Nova II controller, Ophir). The following equation was applied to calculate
the incident photon-to-current conversion efficiency (IPCE) values

IPCEðλÞð%Þ ¼ 1240ðVnmÞ � JpðλÞðmA=cm�2Þ
λðnmÞ � IλðλÞðmW=cm�2Þ � 100 (3)

where Jp(λ) is the measured photocurrent density and Iλ(λ) is the incident
light power density for each wavelength (λ).

Nitrogen Incorporation into BiVO4: DFT Calculation. The clinobisvanite
phase of BiVO4 (C2/c space group) is modeled by a 2� 1� 2 supercell
containing 16 functional units (Bi16V16O64) or 96 atoms. For N:BiVO4,
based on experimental XPSmeasurements revealing a N:Bi ratio of around
0.1, one neutral molecule of nitrogen (N2) was inserted into the lattice.
Several possibilities of N2 incorporation were investigated based on the
type and number of bonded species to the N2 dimer. One group of con-
figurations consisted of N2 bridging between two Bi sites, two V sites, or
one Bi site and one V site from the same layer. The other group consisted
of bridging N2 to two Bi sites, two V sites, or one Bi site and one V site
from two adjacent layers. Other insertion sites were neglected, as they are
equivalent due to the high-symmetry lattice of BiVO4.

Pristine and N:BiVO4 structures were optimized using the periodic DFT,
as implemented in the Vienna Ab initio simulation package (VASP)
program,[46,47] along with the Perdew–Burke–Ernzerhof (PBE) exchange-
correlation functional[48] and the projected-augmented plane-wave (PAW)
approach[49]. The valence electron configurations adopted in the PAW
potentials were 6s26p3 for Bi, 3p63d44s1 for V, 2s22p4 for O, and 2s22p3

for N. The kinetic cut-off energy for the plane-wave expansion and charge
augmentation was set to 400 eV. The atomic positions and cell parameters
were fully relaxed so that the Hellmann–Feynman forces on the atoms, the
stress on the cell, and the energy change per atom were less than
0.01 eV Å�1, 0.02 GPa, and 1� 10�5 eV, respectively. The size of the
Monkhorst–Pack k-point mesh[50] for sampling the Brillouin zone was
set to 3� 3� 3. Thermodynamic stability calculations were applied to
the optimized structures by mimicking the experimental condition adopted
for synthesis. The considered reaction used the dinitrogen N2 in the gas
phase as an incorporation agent as follows

BiVO4 þ
x
2
N2ðgÞ ! BiVO4Nx (4)

Following this, the formation energy was calculated using the following
expression

Eformð1Þ ¼ Etot½BiVO4Nx � � Etot½BiVO4� �
x
2
:Etot½N2� � x:ΔμN (5)

The total energies of BiVO4 and N:BiVO4 materials in their lowest-energy
configuration were described by Etot½BiVO4� and Etot½BiVO4Nx � where
x¼ 0.125. Etot½N2� represents the total energy of N2 molecule in the gas
phase. The thermal part of the nitrogen chemical potential (ΔμN) depends
on temperature (T ) and partial pressure (p) through the enthalpy (h) and
entropy (s) corrections as described in the following equation

ΔμN ¼ hN2
ðTÞ � T:sN2

ðTÞ þ RTln
�
pðN2Þ
p0

�
(6)

The zero-point vibrational energy as a function of T and p was included
into the thermal corrections of N2. It was computed with the DMol
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program[51] using the PBE exchange-correlation functional and the double
numerical basis set with polarization (DNP)[52]. Here, ΔμN was varied as a
function of p(N2) at T¼ 700 K, which is close to the experimental condi-
tions. For pristine BiVO4, the reference formation energy was set to 0 eV
to compare the relative stability of the N:BiVO4 material. This approach
has been proven to be successful in matching the experimental observa-
tions while investigating the thermodynamic stability of H-doped BiVO4

[53]

and S-doped BiVO4
[16] materials used in photocatalysis and photoelectro-

chemistry.
The electronic structure calculations of these materials were conducted

using DFT using the screened coulomb hybrid Heyd–Scuseria–Ernzerhof
(HSE06) exchange-correlation functional,[54–56] as implemented in VASP,
based on the optimized geometries obtained at the PBE level. The tetrahe-
dronmethod with Blöchl corrections was used for Brillouin-zone integration.
HSE06 functional is used here to overcome the well-known limitation of gen-
eralized gradient approximation (GGA) functional as it underestimates the
experimental bandgap values.[57–59] It is worth mentioning that the focus in
this study is on the relative shift rather than the absolute value of the
bandgap. Optical absorption calculations of those structures were conducted
by applying the sum-over-empty states (SOS) method as implemented in
VASP along with HSE06. Simulated optical absorption spectra were deduced
from the imaginary part of the frequency-dependent complex dielectric func-
tion, taking into account the summation of all possible electronic transitions
from occupied to empty levels and calibrated by the momentum matrix
elements, giving the probability of each transition.[60]
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