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Embedding laser generated nanocrystals in BiVO,4
photoanode for efficient photoelectrochemical
water splitting
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Addressing the intrinsic charge transport limitation of metal oxides has been of significance
for pursuing viable PEC water splitting photoelectrodes. Growing a photoelectrode with
conductive nanoobjects embedded in the matrix is promising for enhanced charge transport
but remains a challenge technically. We herein show a strategy of embedding laser generated
nanocrystals in BiVO, photoanode matrix, which achieves photocurrent densities of up to
5.15mAcm=2 at 1.23 Vgye (from original 4.01mA cm—2) for a single photoanode config-
uration, and 6.22 mA cm~2 at 1.23 Ve for a dual configuration. The enhanced performance
by such embedding is found universal owing to the typical features of laser synthesis and
processing of colloids (LSPC) for producing ligand free nanocrystals in desired solvents. This
study provides an alternative to address the slow bulk charge transport that bothers most
metal oxides, and thus is significant for boosting their PEC water splitting performance.
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hotoelectrochemical (PEC) water splitting has been con-

sidered as one of the most promising technologies for

generating hydrogen using sunlight. Since its discovery in
1970s, searching for robust and efficient photoanode materials
has been one of the toughest challenges. III-V semiconductors
have demonstrated solar to hydrogen (STH) conversion efficiency
over 20% while suffering from severe instability in aqueous
solutions as well as cost issues that are incompatible for its
commercialization!2. Metal oxides are relatively cheap and show
much better stabilities than semiconductors like I1I-V and II-V13,
however, they have so far only demonstrated moderate STH
conversion efficiencies (<8%)%-°. One of the major limitations of
metal oxides is their poor charge carrier transport, which is
usually several orders lower than those of III-V or elemental
semiconductors, resulting in low performance that are far below
their theoretical values’~10. Bismuth vanadate (BiVO,), emerging
as a representative metal oxide photoanode material, has recently
attracted intensive interests owing to its suitable band structure
and intrinsic electrical properties!!~13, Nevertheless, BiVO, still
suffers from severe bulk charge carrier recombination under solar
irradiation conditions due to the low carrier mobility (about
0.044 cm2V~—1s~1)12. The reported photocurrent densities of
pure BiVO, are thus much lower than its theoretical value
(7.5 mA cm~2 under AM 1.5G illumination). Developing strate-
gies to design efficient BiVO, photoelectrodes by addressing its
intrinsic drawbacks of poor charge transport has thus been a great
challenge.

Various strategies have been developed for improving the
charge transport in BiVO, photoanodes such as doping!%1°,
heterostructuring!®-18, plasmonics'®?%, and nanostructuring?!.
Among these, metal doping has been used to promote the
intrinsic charge transport based on the strengthened lattice dis-
tortion. Doping with elements such as W is always accompanied
by a sharp decrease of the carrier mobility and carrier lifetime!2.
Mo, however, was reported to be a more efficient electron donor
owing to the generated higher density of states'4 and thus results
in much higher electron mobility and photocurrent density than
that of W22, It can thus be envisaged that a strategy of further
improving the intrinsic charge transport on the success of Mo
doping represents great advances of addressing the intrinsic
charge transport limitations of BiVO,.

Forming heterostructures has been found very effective to
enhance the charge separation, based on which a remarkable
photocurrent density was achieved for a BiVO,/WO; photo-
electrode by taking the advantages of both photo-active materi-
als!®. Similarly, a variety of highly conductive materials such as
carbon quantum dots??, black phosphorus?4, and graphdiyne?>,
were successfully employed to decorate on the BiVO, surface to
enhance the charge transfer. Despite the performance improve-
ments in these rationally designed heterostructures, poor intrinsic
carrier transport still hinders further improvement of the BiVO,
performance. Inspired by the success of forming heterostructures
with highly conductive materials in photoanodes, locating these
materials in the bulk instead of the surface of BiVO, photoanode
may be a promising strategy for improving its bulk charge
transport. However, growing a BiVO, film with these conductive
nanoobjects embedded in the matrix seems to be a challenge since
BiVO, tends to reject extrinsic materials during crystallization.

In present work, we demonstrate a strategy of embedding laser
generated nanocrystals in BiVO, photoanode matrix for
enhanced bulk charge transport. Such embedding was found
unique owing to the advantage of laser synthesis and processing
of colloids (LSPC) for generating well-dispersed nanocrystals in
desired solvents. By taking La:BaSnO; (LBSO) that has carrier
mobility over 300 cm? V—1S~1 (4-5 orders of magnitude higher
than that of Mo:BiVO,)2° as an example, we show in present

work that such a strategy could lead to pronounced improvement
of photocurrent density up to 5.15 mA cm~2 at 1.23 Vg (from
original 4.01 mA cm~2). Embedding of other laser generated
nanocrystals in the photoanode was found to universally enhance
the PEC performance of BiVO,, thus providing an effective
alternative for addressing the charge transport limitations in
metal oxide based photoelectrodes.

Results

Laser generated nanocrystals in BiVO, photoanode matrix.
Figure la schematically illustrates the fabrication of the ligand
free LBSO nanocrystals by LSPC?’, which has so far rarely
involved the synthesis of multinary metal oxides?8. The raw
material of LBSO synthesized by a previously reported method?®
was dispersed by sonication in mixed solvents of water, ethylene
glycol, and glacial acetic acid (see Fig. 1b) that were used in the
precursor of Mo:BiVO, (MBVO) film preparation. As seen in
Fig. 1c and d, the raw LBSO nanoparticles have an average dia-
meter of about 40 nm and cubic crystal phase (PDF card number:
15-0780). The colloidal solution was then illuminated by an
unfocused pulsed laser beam with a laser fluence of 382 m]
pulse™! cm™2 (third harmonic) for 10 min at room temperature.
Subsequently, a transparent colloidal solution that shows Mie-
scattering was obtained (Fig. le). The TEM image shown in
Fig. 1f demonstrates that the size of the laser generated particles
decreases from the original 40 nm to less than 10 nm on average.
Furthermore, high-resolution TEM (HRTEM) shown in insert of
Fig. 1f shows the labeled lattice fringes (0.29 nm) that correspond
to the lattice spacing of the perovskite BaSnO; (110) plane.
Raman spectroscopy (Supplementary Fig. 1) revealed the same
peak positions of the nanocrystals as the raw nanoparticles,
indicating a stable crystal structure of LBSO upon pulsed laser
irradiation. In addition, the laser generated nanocrystals
demonstrated a similar XRD pattern as that of the raw material
(Fig. 1d), as shown in Fig. 1g. We can also observe the obvious
peak broadening in the XRD pattern of the laser generated
nanocrystals, e.g., at around 30.7°, indicating a decrease in crystal
size after laser irradiation. Further calculations from the XRD
pattern based on the Scherrer equation reveal that the laser
generated nanocrystals have an average size of 4.1 nm, which
agrees with that shown in the HRTEM observation (Fig. 1f). In
comparison to the well-known wet chemical synthesis of inor-
ganic nanocrystals, the technique of LSPC has the advantage of
producing nanocrystals without ligand protection that is specifi-
cally favorable for optoelectronic applications?%-31,

We thus tried to introduce the laser generated LBSO
nanocrystals with different concentrations (0.137, 0.274, and
0.548 at.%) (Supplementary Fig. 2) in MBVO films, which is
denoted as LBSO-MBVO-1, LBSO-MBVO-2, and LBSO-MBVO-
3, respectively. The procedures of MBVO photoanode film
fabrication and how laser generated LBSO nanocrystals are
introduced into the photoanode are depicted in Supplementary
Fig. 3. In brief, MBVO films were synthesized according to the
reported method3?, and the LBSO-MBVO films were synthesized
by adding the laser generated LBSO nanocrystals in the MBVO
precursor while keeping other fabrication conditions unchanged.
All films were prepared on fluorine-doped SnO, (FTO) glass
substrates followed by an annealing step in air at 500 °C. As
shown in Fig. 2a and b, the prepared MBVO films exhibit worm-
like nanoporous structure with average diameters below 200 nm.
The film thickness is about 250 nm. TEM and TEM-EDS analyses
(Fig. 2c and Supplementary Fig. 4) reveal the uniform distribution
of the elements Bi, V, O, and Mo throughout the MBVO film.
The HRTEM image shown in Fig. 2d reveals a d-spacing of
0.58 nm, corresponding to the monoclinic BiVO, (020) plane.
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Fig. 1 LBSO before and after LSPC. a Schematic illustration of LSPC. b Optical image of LBSO particles dispersed in the solvent before LSPC. ¢ SEM image
and d XRD pattern of LBSO particles fabricated. e Mie-scattering image of laser generated LBSO colloidal nanocrystals (LBSO-NCs). f TEM and HRTEM
image (insert) of LBSO nanocrystals generated by pulsed laser irradiation. g XRD pattern of LBSO nanocrystals after pulsed laser irradiation. Scale bars:

() 250 nm, (F) 20 nm and insert of (f) 2nm

X-ray diffraction (XRD, Supplementary Fig. 5a) shows that
the crystal structure of the MBVO is not significantly affected
by the incorporation of LBSO nanocrystals, and no obvious
diffraction peaks deviation was found indicating the negligible
influence on the crystal structure of MBVO films. The UV-vis
spectra shown in Supplementary Fig. 5b indicates little
differences between MBVO film and LBSO-MBVO films,
except the slight increase at wavelength shorter than 450 nm,
probably due to the introduced LBSO. Morphologically, the
nanoporous structure of the LBSO-MBVO film becomes much
denser and smaller upon increasing the LBSO concentration.
Too much LBSO incorporation would result in the formation of
an inhomogeneous film (Supplementary Fig. 6). Figure 2e
shows a typical SEM image of the LBSO-MBVO film and
illustrates the obvious decrease in size of the worm-like
structures. The film thickness (Fig. 2f) still remains the same
(about 250 nm), which is reasonable in view of the unchanged
precursor concentrations. The TEM image shown in Fig. 2g
reveals that the LBSO-MBVO film is decorated with nanocrys-
tals with the size of about 5-10 nm, representing a clear
difference with the unmodified MBVO film (Fig. 2¢). Further
characterization reveals that the nanocrystals distributed in the

MBVO lattice background demonstrated obviously different
contrast/lattice-fringes from the matrix (see Supplementary
Fig. 7). As shown in the corresponding FFT-transformation of
the area shown in Fig. 2g (Fig. 2h), the MBVO matrix can be
determined by labeling the (011) and (002) plane and their
angle of 23.3° (see calculation in ‘Methods" section). The
distributed LBSO can be determined by the labeled diffraction
ring that is composed of many prolonged diffraction dots,
which is corresponding to the crystal plane of (110) of LBSO
with the inter-planar distances of 0.29 nm. The polycrystalline
feature from the diffraction ring is also in agreement with their
random distribution in the matrix (see Supplementary Fig. 7).
Figure 2i shows the typical crystal lattice of the MBVO matrix
and the distributed LBSO nanocrystal. The corresponding FFT-
transformations were further carried out in the labeled areas
shown in Fig. 2i to distinguish the crystal lattice between the
matrix and the embedded nanocrystal. The result of the labeled
blue area and red area are shown in Fig. 2j and k, respectively,
which determines the MBVO lattice matrix by labeling the
(040) and (132) plane and their angle of 59.7°, as well as the
lattice of the embedded LBSO by labeling the (110) and (200)
plane with the angle of 45°. In addition, we have also observed
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Fig. 2 Characterizations of MBVO and LBSO-MBVO films. a SEM top-view, b SEM cross-section, ¢ TEM, and d HRTEM image of MBVO films. e SEM top-
view, f SEM cross-section, g TEM image, h FFT-transformation image and i HRTEM image of LBSO-MBVO-2 film. j FFT-transformation image of MBVO
matrix (area labeled in blue in Figure i). k FFT-transformation image of LBSO nanocrystal (area labeled in red in Figure i). | HAADF image and

corresponding EDX-line scanning of LBSO-MBVO-2 film. m TEM-EDS analysis of LBSO-MBVO-2 film. Scale bars: (a, e) 500 nm, (b, f) 250 nm, (¢, g) 20

nm, (d, i) 5nm, (h) 2 1/nm, (j, k) 5 1/nm, () 10 nm and (m) 100 nm

in the edge area of the MBVO matrix the signal rising of the
elemental Ba and Sn in the nanocrystal areas along the EDX-
line scanning (Fig. 21 and Supplementary Fig. 8), which further
implies the embedding of LBSO nanocrystals in MBVO matrix.
TEM-EDS mapping (Fig. 2m) was used to analyze the overall
distribution of LBSO in the MBVO matrix, which confirms that
the LBSO nanocrystals are homogeneously embedded through-
out the MBVO matrix. This is different from the typical core-

shell distribution that is often observed for surface decorated
nanostructures33-35,

As far as we know, there have been rare reports on such well-
embedded nanocrystals in BiVO, matrix. The uniquely well-
dispersed LBSO nanocrystals in the precursor solvent presumably
serves as the nucleus for BiVO, growth, which may explain the
intimate embedding of the LBSO nanocrystals in the MBVO
matrix. It should be noted that generating well-dispersed
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nanocrystals in complicated solvents (Fig. 1f and Supplementary
Fig. 9) would be a challenge for conventional wet chemical
synthesis (CWCS), owing to the limitation of CWCS for
producing ligand-free nanocrystals in desired solvent, as well as
the lack of strategies for producing multinary metal oxide based
nanocrystals. To further demonstrate the unique advantage of
LSPC for embedding the nanocrystals in photoanode, we tried to
sonicate an equivalent amount of raw LBSO particles in the
precursor solvents (the procedure is described in Supplementary
Fig. 10). It turns out that few nanocrystals were found in the
MBVO matrix, and inhomogeneous films with many large LBSO
agglomerates on the surface were obtained. This always resulted
in poorer PEC performance compared to the unmodified MBVO
films (Supplementary Fig. 11). The relatively large average size
(around 40 nm) and easy aggregation of LBSO raw particles in the
mixed solvents (shown in Fig. 1c), even after sonication
treatment, rendered them easily spun away during the film
preparation with a high spinning speed (3000 rpm). We have also
prepared LBSO particles with larger sizes (hundreds of nan-
ometers, Supplementary Fig. 12a) and tried to embed them in the
MBVO matrix. However, due to the high spinning speed (3000
rpm) used for the MBVO film preparation (such speed would
spin away the large particles from the film), very few LBSO
particles were found in the films (Supplementary Fig. 12¢ and d),
which resulted always in unimproved PEC performance (Supple-
mentary Fig. 12b).

PEC water splitting performance of LBSO-MBVO films. To
evaluate how the embedding of LBSO nanocrystals (Fig. 3a)
impacts the PEC water splitting performance of MBVO films, the
PEC measurements were conducted using cyclic voltammetry
(CV) in a three-electrode cell with a scan rate of 10 mV s—! under
AM 1.5G illumination (100 mW cm~2). A 0.1 M Na,SO5 aqueous
solution was used as the electrolyte, buffered with a 1.0 M
potassium phosphate buffer (pH = 7). Figure 3b shows the pho-
tocurrent density-potential (J-V) curves of MBVO and different
LBSO-MBVO champion films. The MBVO photoanode exhibits a
top photocurrent density of 4.01 mA cm~2 at 1.23 Vyyg under
front illumination. After embedding of LBSO nanocrystals into
the matrix, the photocurrent density reaches a top value of 5.15
mA cm~2 at 1.23 Vyyg for the LBSO-MBVO-2 sample. However,
further increasing the concentration of LBSO colloidal solution
results in a decrease of the photocurrent density, which is due
to the poor homogeneity of the films (Supplementary Fig. 6d).
To take an overview of the effect of LBSO nanocrystals on
MBVO PEC performance, the histograms of more than
30 MBVO (deviation of 6.1%, Supplementary Fig. 13) and LBSO-
MBVO films (deviation of 4.6%, Supplementary Fig. 13) are
shown in Fig. 3c. It can be seen that LBSO nanocrystals
embedded MBVO films could reach an average photocurrent
density of 4.76 mA cm—2, while that of unmodified MBVO films
was only 3.77 mA cm~2 at 1.23 Vgyg. Based on LBSO-MBVO-2
film, we further assembled dual photoanodes. Its champion
photocurrent density could reach 6.22mA cm~2 at 1.23 Vgyg
(Fig. 3d), which is among the top in the performance records of
BiVO, based photoanodes (Supplementary Table 1). The pho-
tocurrent densities were also measured in aqueous solution
without the Na,SO; hole scavenger (Supplementary Fig. 14). It
can be seen that the control film can reach 2.07mA cm~2 at
1.23 Vryp, while it increases to 2.38 and 3.23 mA cm~2 for the
LBSO-MBVO-1 and LBSO-MBVO-2 films respectively. When
further increasing the concentration of the LBSO colloidal solu-
tion, the photocurrent intensity of the resulted film (LBSO-
MBVO-3) dropped to 1.87 mA cm™2, which is lower than that of
the control film. It should be mentioned that the tendency of the

photocurrent intensities evolution shown in Supplementary
Fig. 14 is similar with those measured in the electrolyte with
Na,S0Os;. Incident photon-to-current conversion efficiency (IPCE)
measurements were performed at 1.23 Vyyg. The photocurrent
response spans a wavelength region from 300 nm to 500 nm, and
the champion efficiency of LBSO-MBVO-2 film could reach up to
80%. In contrast, the IPCE of the MBVO film is lower than 55%
through the entire responsive region (Fig. 3e).

The bulk charge separation efficiencies can be further
calculated by the photocurrent density and absorbance, and
of LBSO-MBVO-2 films reach up to 87% while that of MBVO
film is only about 65% (Supplementary Fig. 15), indicating the
facilitation of the charge separation by embedding LBSO
nanocrystals. Electrochemical impedance spectroscopy (EIS)
and Mott-Schottky (MS) measurements were used to further
investigate electronic properties in different films. As EIS results
shown in Fig. 3f, by using the equivalent circuit model, we can
easily obtain the Ry and R, value, which represents the series
resistance and charge transfer resistance, respectively>®-37. MBVO
and LBSO-MBVO films exhibit similar R values, while a much
smaller R, of LBSO-MBVO-2 film is obtained (979.5Q)
compared to MBVO films (2199 Q) (Supplementary Table 2),
indicating the enhanced charge transfer by introducing of
LBSO nanocrystals. The most likely explanation is that the
embedded LBSO nanocrystals is probably a better OER catalyst
than the BVO itself. Mott-Schottky (MS) curves (Fig. 3g) reveal
that introducing the LBSO nanocrystals does not change the n-
type feature and flat band potential of MBVO films, but resulted
in much shallower slopes, indicating higher carrier densities. The
values of carrier densities are based on the calculation according
to Equation 8 and listed in Supplementary Table 4, which also
clearly shows multiple increase of carrier densities. It should be
noted that increasing the concentration of LBSO colloidal
solutions results in an increase of the carrier density (Supple-
mentary Fig. 16 and Supplementary Table 4), while the
photocurrent density after incorporation of nanocrystals does
not always increase. This is probably due to the formation of an
inhomogeneous film when adding too much LBSO nanocrystals
(Supplementary Fig. 6).

To further investigate the bulk charge transport property, time-
resolved microwave conductivity (TRMC) of MBVO and LBSO-
MBVO-2 films were measured, and the results are shown in
Fig. 3h and i. The mobility of the sample can be determined from
the peak amplitude of the microwave transient signal, and the
diffusion length can be calculated based on the lifetime obtained
from an exponential fit of the transient. As shown in
Supplementary Table 3, the MBVO and LBSO-MBVO-2 films
showed modest TRMC mobility with only slight variations, which
is out of our expectation that the embedding of LBSO that has
carrier mobility over 300 cm? V—1 S~1 (4-5 orders of magnitude
higher than that of Mo:BiVO,) is more likely capable of
increasing the carriers mobility of the MBVO-LBSO film. This
suggests that the photogenerated carriers in MBVO are not
injected into the LBSO nanocrystals. When plotting the TRMC
mobility as a function of light intensity, the values increase with
increasing photon flux for samples MBVO and LBSO-MBVO-2.
This indicates a large density of traps (“trap filling effect”), which
are similar with the previous observations!2. The large density of
traps indicated by the mobility increase upon increasing photon
flux could be due to the Mo doping, and also could be due to the
embedding of LBSO nanocrystals into the matrix, which
generates much LBSO-BVO interfaces that would trap the
carriers. It should be mentioned that a decreased mobility upon
doping or sample modification does not necessarily imply a
reduced photocurrent!?, but probably hints towards a charge
transport model through polaron hoping characterized by a fast
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Fig. 3 Performance of MBVO and LBSO-MBVO films. a Schematic representation of pulsed laser generated nanocrystals embedded MBVO films. b J-V
curves of different LBSO-MBVO photoanodes under AM 1.5G irradiation. € Photocurrent density distribution of MBVO and LBSO-MBVO films at 1.23 Vipe.
d J-V curves of the LBSO-MBVO-2 dual photoanodes under AM 1.5G irradiation. Insert: schematic of LBSO-MBVO-2 photoanodes with dual configuration.
e IPCE curves at 1.23 Vg and f EIS curves of different LBSO-MBVO photoanodes. g MS curves of MBVO and LBSO-MBVO-2 films. h Time-resolved
microwave conductance signals recorded for MBVO and LBSO-MBVO-2 films using a 410 nm laser pulse with a photon flux of 1.84 x 1014 photons pulse~!
cm~2. i Maximum TRMC signals as a function of incident photons per laser pulse for MBVO and LBSO-MBVO-2 films

trapping, i.e, “loss” in mobility, and enhanced formation of
polarons®®. However, if and how the embedding of LBSO in the
MBVO matrix influence the formation of polarons is still not yet
clear and will be investigated in our future work. As TRMC
results confirm the little variations of carrier mobility and lifetime
upon LBSO embedding, the embedding of LBSO would lead to
enhanced electronic conductivity owing to the increased carrier
densities reflected by the above MS data (Fig. 3g), which is similar
with the cases of W doping in BiVO, film®%129.

Discussion

We further found that embedding nanocrystals in MBVO matrix
is a general strategy for boosting its photoelectrochemical per-
formance. We similarly prepared sub-10-nm WO; and Au
nanocrystals?® in the precursor solvents through the LSPC
(Fig. 4a-c and f-h), and then introduced these ligand-free
nanocrystals into the MBVO photoanode. The embedding
structure was verified by the TEM-EDS characterizations (Sup-
plementary Figs. 17 and 18). Analysis of XRD and UV-Vis of
WO5-MBVO film results indicates almost no change in films
structure upon the nanocrystals embedding (Supplementary
Fig. 19). Analysis of XRD results of Au-MBVO film indicates
almost no change in films structure upon embedding of the

6

nanocrystals, while UV-Vis results show an obvious absorption
increase at a wavelength of about 480 nm (Supplementary
Fig. 20), which is probably due to the plasmonic effect of the Au
nanocrystals. The photoelectrochemical measurements revealed
that embedding WO; and Au nanocrystals in MBVO matrix
could lead to the enhancement of photocurrent density up to 4.86
and 5.05 mA cm~2 at 1.23 Vyyg, respectively (Fig. 4d and i). The
WO;-MBVO and Au-MBVO films also demonstrate obvious
enhancement in IPCE spectra in the wavelength range from 300
nm to 500 nm (Fig. 4e and j). Similarly, the EIS, MS, and TRMC
analysis revealed that embedding of WO; and Au nanocrystals
resulted in the enhancement of the charge transfer, increase of the
charge carrier densities, and little variations on carrier mobility
and lifetime, which are all in agreement with the case of
embedding LBSO nanocrystals into the MBVO matrix (Supple-
mentary Figs. 21 and 22, Supplementary Tables 5-10). These
results thus provide us plenty of room for modulating BiVO,
performance by embedding nanocrystals with tailored physical/
chemical properties.

In summary, we have demonstrated an efficient and general
strategy for boosting BiVO, based photoanode performance by
embedding laser generated nanocrystals in its matrix. Such
embedding was found unique owing to the advantages of LSPC
for producing ligand free nanocrystals in any desired solvents.

| (2019)10:26009 | https://doi.org/10.1038/s41467-019-10543-z | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10543-z

ARTICLE

Potential (V versus RHE)

d | € 100
2 ——— WO,MBVO —e— WO,-MBVO
2 51__ uevo 80 1 —e— MBVO
S 41 S
o2 Dark S 60
c E
g2 S
E < i
g E 2 -
2 1] 20 1
£
o

0 T T T T T 0 T T T T T

02 04 06 08 10 12 300 350 400 450 500 550 600

Potential (V versus RHE) Wavelength (nm)

I % J 100
2 Au-MBVO —o— Au-MBVO
% 51— mBvO 80 —s— MBVO
g(‘ig 4 Dark g 60 |
© O 34 L
=< O J
3 E 24 g 40
8=
2 17 20 1
o

0 T T T T T 0 T T T T T

02 04 06 08 10 12 300 350 400 450 500 550 600

Wavelength (nm)

Fig. 4 Characterizations of WO3 and Au nanocrystals and performance of WO3-MBVO and Au-MBVO films. a Optical image of laser generated WO3
colloidal nanocrystals with the mixed solvents. b Mie-scattering images of laser generated WOs colloidal nanocrystals. ¢ TEM and HRTEM images of laser
generated WOs3 nanocrystals. d J-V and e IPCE curves of MBVO and WOs-MBVO photoanodes. f Optical image of laser generated Au colloidal
nanocrystals with the mixed solvents. g Mie-scattering images of laser generated Au colloidal nanocrystals. h TEM and HRTEM images of laser generated
Au nanocrystals. i J-V and j IPCE curves of MBVO and Au-MBVO photoanodes. Scale bars: (¢, h) 50 nm and insert of (¢, h) 2nm

TRMC results confirm the little variations of carrier mobility and
lifetime upon LBSO embedding. The embedding of LBSO led to
enhanced electronic conductivity owing to the increased carrier
density. The charge transfer was also favorably affected by the
embedding of LBSO nanocrystals. Further exploring of introdu-
cing other laser generated nanocrystals in the BiVO, matrix
indicates such embedding strategy is general to address the slow
bulk charge transport that bothers most metal oxides. The
champion photocurrent density of 6.22 mA cm™2 at 1.23 Vppg
for the LBSO-MBVO photoanodes with a dual configuration as
well as the universal feature of boosting the PEC water splitting
performance via embedding other ligand free nanocrystals sug-
gest that our study will provide an effective alternative to boost
the PEC performance of metal oxide based photoelectrodes.

Methods

Materials. Fuorine-doped tin oxide (FTO) coated glass substrates (~30 Q) were
purchased from Pilkington. Bismuth nitrate pentahydrate (Bi(NO;);-5H,0, >98%),
molybdenum diacetylacetonate dioxide (MoOy(acac),), tri-block copolymer
Pluronic® F-108, ethylene glycol (EG), tungsten(VI) oxide nanopowders (WOs,
~100 nm), and Lanthanum(III) nitrate hydrate (La(NOs);, 99.9%) were obtained
from Sigma-Aldrich and used as received. Vanadium acetylacetone oxygen (VO
(acac),, >99%) and glacial acetic acid (>99.7%) were purchased from Acros
Organics and Fisher Scientific, respectively. Potassium phosphate monobasic
(KH,PO,, >98%), sodium sulfite (Na,SOs, >97%), barium dichloride (BaCl,,
>99.5%), tin(II) chloride (SnCl,, >98%), hydrogen peroxide aqueous solution
(H,05), ammonium hydroxide aqueous solution (NH4OH), and sodium hydroxide
(NaOH) were purchased from Sinopharm Chemical Reagent Co., Ltd. Au plate was
obtained from Zhongnuo Advanced Material (Beijing) Co., Ltd. China. Deionized
water was used with a resistivity of 18.25 MQ-cm.

Preparation of LBSO particles. The fabrication of La:BaSnO; particles was fol-
lowed and improved by a solution process developed by Shin?S. In brief, La:BaSnO5
particles were fabricated by reacting of BaCl,, SnCl, and La(NO3); in an aqueous
solution of H,O, and NH,OH at 50 °C, and followed by vacuum filtration and
sintering at 500 °C for 1 h.

Laser generated nanocrystals synthesis. A Nd:YAG laser (pulse width 10 ns,
repetition rate 10 Hz, beam size 10 mm) was used as the laser source for pulsed
laser irradiation. To fabricate La:BaSnO; (LBSO) nanocrystals, 1, 2, and 4 mg of as-
received LBSO particles were firstly well dispersed in 4 ml solution (ethylene glycol:
glacial acetic acid: deionized water = 3:4:1) by ultrasonic vibration. The mixtures
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were then irradiated by an unfocused laser beam with a laser fluence of 382 m]J
pulscf1 c¢m~2 (third harmonic) for 10 min at room temperature. Similarly, 3 mg of
commercial WOj3 particles were dispersed in 4 ml solution mentioned above and
irradiated by the unfocused laser beam with a laser fluence of 446 m]J pulse~! cm—2
(third harmonic) for 5 min. For Au nanoparticles, the Au plate was first put in the
solution and irradiated by 1064 nm with a laser fluence of 1.08 ] pulse~! cm~2 for
1 min. After that, Au plate was taken out of the solution remaining the solution
being irradiated by 1064 nm with a laser fluence of 955 m]J pulse~! cm~—2 for
another 10 min.

Preparation of MBVO photoanodes. Mo:BiVO, photoanodes were fabricated by
the metal organic decomposition (MOD) process and spin-coating deposition via a
modified method reported by Nair32. Typically, 0.15 M Bi(NOs);-5H,0 as Bi
precursor was dissolved in the solvent containing 1.5 ml ethylene glycol, 2 ml
glacial acetic acid and 0.5 ml deionized water, stirred for 20 min at room tem-
perature. Then 0.3 M VO(acac), as V precursor was added subsequently to the
above solution, stirred for another 1h. The incorporation of 2% Mo into the
solution was realized by dissolving 50 mM MoO,(acac), into ethylene glycol and
taking 240 uL out to add to the solution. The 0.35 g tri-block copolymer F-108 as
structural agent was then added in and stirred for 2 h to make a porous structure.
Finally, a uniform viscous ink for spin coating was obtained. Mo:BiVO, photo-
anodes were deposited on cleaned FTO coated glass substrates at 3000 rpm for 50 s
followed by baking at 250 °C for 5 min and annealing in a box furnace at 500 °C for
1 hour with a heating rate of 3 °C/min. To obtain a desired film with proper
thickness, the spin-coating deposition procedure was repeated thrice. After sin-
tering, 1 M NaOH was used to remove the excess V,Os.

Embedding laser generated nanocrystals in MBVO photoanodes. The
embedding procedure of laser generated nanocrystals in Mo:BiVO, photoanodes is
similar with that of Mo:BiVO, photoanode except the preparation of the pre-
cursors. For the case of LBSO-MBVO, 0.15 M Bi(NO3);-5H,0 was firstly dissolved
in the solution containing 1.125 ml ethylene glycol, 1.5 ml glacial acetic acid and
0.375 ml deionized water, and then 1 ml of laser-treatment LBSO colloidal solution
was added. Then 0.3 M VO(acac), as V precursor was added subsequently to the
above solution, stirred for another 1 hour. The incorporation of 2% Mo into the
solution was realized by dissolving 50 mM MoO,(acac), into ethylene glycol and
taking 240 uL out to add to the solution. The 0.35 g tri-block copolymer F-108 as
structural agent was then added in and stirred for 2 h. 0.137% LBSO-Mo:BiVO,
(LBSO-MBVO-1), 0.274% LBSO-Mo:BiVO, (LBSO-MBVO-2) and 0.548% LBSO-
Mo:BiVO, (LBSO-MBVO-3) (at.%) were obtained by choosing different laser
treated LBSO colloidal solution concentrations. In the similar way, WO;-Mo:
BiVO, (WO3;-MBVO) and Au-Mo:BiVO, (Au-MBVO) were fabricated.

Characterization. The crystal structures of films were characterized using X-ray
diffraction spectra (XRD, X’pert PRO, Panalytical) with Cu Ka (A = 0.15406 nm)
radiation at room temperature. Grazing incidence XRD measurements with
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incidence angle of 1 degree was used. The film morphologies were identified using
a field emission scanning electron microscope (FESEM). High-resolution trans-
mission electron microscopy (HRTEM) was performed in combination with EDS
using a FEI Tecnai F30 microscope equipped with a field emission gun (FEG)
operated at 300 kV, a high angle annular dark field (HAADF) STEM detector and
an Oxford Instruments EDS detector. The absorbance was measured using the
ultraviolet-visible (UV-vis) spectrophotometer (Perkin-Elmer Lambda 35 UV-vis-
NIR). The Raman spectra were obtained using a Renishaw in Via Raman micro-
scope with a 532 nm laser.

Photoelectrochemical measurements. The photoelectrochemical measurements
were all carried out using an electrochemical workstation (CHI660E) and a three-
electrode cell with a flat quartz window to facilitate the light to pass through at
room temperature. The photoelectrodes mentioned in this work were used as
working electrodes while Ag/AgCl electrode and Pt electrode were used as refer-
ence and counter electrodes, respectively. The light source was a Xe 500 W lamp
(CEL-S500, CEAULIGHT) with an AM 1.5G filter (100 mW cm™—2). Typically, the
exposed area of the photoelectrode was 0.26 cm2. 1 M potassium phosphate buffer
with and without 0.1 M Na,SO; aqueous solution (pH = 7) were used as the
electrolyte. J-V curves were recorded in the anodic direction with the potential
range from —0.6 to 0.8 V vs. Ag/AgCl and the scan rate for the measurements was
10 mV s~ 1. The incident photon to current efficiency (IPCE) measurements were
performed using the same three-electrode cell described above. The simulated
illumination source was consisted of a full solar simulator (CEL-S500, CEAU-
LIGHT) and a motorized monochromator (CEL-1S302, CEAULIGHT). An applied
potential of 1.23 Vyyg was supplied by a CHI760E electrochemical workstation and
the power density at every specific wavelength was measured by a CEAULIGHT
CEL-NP2000-2 power meter. Electrochemical impedance spectroscopy (EIS)
spectra were collected under illumination of AM 1.5G simulated solar light (100
mW cm™2) at 1.23 Vggg in 1.0 M potassium phosphate buffer (frequency range:
0.1 Hz-100 kHz). Mott-Schottky (MS) spectra were obtained in the voltage window
of 0~1.23 Vgyg in 1.0 M potassium phosphate buffer (increment: 5 mV, frequency:
1kHz).

Time-resolved microwave conductivity (TRMC) measurements. TRMC mea-
surements were carried out by placing the sample in a microwave cavity cell based
on the setup described elsewhere*!42. The signal of change in the microwave power
(AP/P) was reflected by the cavity upon the sample excitation by a Q-switched Nd:
YAG laser at the wavelength of 410 nm and is correlated to the photoinduced
change in the conductance of the sample (AG), which can be denoted by:

AP/P(t) = —KAG(t) )

where K is the sensitivity factor derived from the resonance characteristics of

the cavity and the dielectric properties of the medium (g, of BiVO, is taken as
68 Fm~1)37. The photoinduced change in the conductance of the sample further
correlates to the product of the charge carrier generation yield (¢) and the sum of
electron and hole mobilities (Zu), which can be obtained by

¢Zu = AG/ (IoﬁeFA) )

where I, is the incident intensity per pulse, e is the elementary charge, B is the ratio
between the inner broad and narrow dimensions of the waveguide, and F, is the
fraction of incident photons absorbed within the sample. The laser pulse intensities
were adjusted by the use of calibrated filters and varied from 10'3 to 10!° photons
cm~2 pulse~ 1.

Calculations. The recorded potentials versus Ag/AgCl (Exg/agc1) Were converted
against reversible hydrogen electrode (RHE) using the Nernst equation?:

Egue = Eag/agal +0.0591 Vx pH + Eig/AgCl (3)

where Exg/agc1 represents the potential vs. Ag/AgCl, the value of Eig /AgCl is 0.197

Vae at room temperature and Egpg represents the potential vs. RHE.
Incident-photon-to-current conversion efficiency (IPCE) values can be
expressed as the following equation®:

IPCE(%) = (]  1240)/ (Ax Py ) x 100% (4)

where ] represents the photocurrent density (mA cm~2), A and Py, are the
incident light wavelength (nm) and the corresponding power density (mW cm~2),
respectively.

Light harvesting efficiency (LHE) can be expressed as equation as follows*3:

LHE = 1 —1072® (5)

where A(A) represents absorbance, A is wavelength. The maximum photocurrent
density (Jmax) can be calculated as follows: For the first step, converting the solar
spectral irradiance at AM 1.5G (NREL, radiation energy (W m—2nm~1) vs.
wavelength (nm)) to the solar energy spectrum in terms of number of photons
(s!'m~2nm™1) vs. wavelength (nm) is necessary. Then, ]y is calculated and
converted from the number of photons above the photo-active range of the BiVO,.

Jabs (assuming 100% APCE) can be expressed using the following equation®3:

Iabs = Imax>< LHE (6)
Nbulk €an be determined by equation as follows:
fpue = J(Na;505) /Tops 7)

where J (Na,SOs3) is the photocurrent density tested in 1 M potassium phosphate
buffer with 0.1 M Na,SO; (pH = 7).

The donor concentration (Ny) is calculated according to the MS curves by the
following equation3”:

Ny = (2/egye) x (d(1/C?)/dv,) ™" (8)

where e (electronic charge) is 1.602 x 10719 C, &, (vacuum permittivity) is 8.854 x
10~12Fm~1, and & (relative permittivity) is 68 Fm~! for BiVO,>". C (the space
charge capacitance, F cm™2), V, (the applied potential, V) and d (1/C?)/dV are
obtained from MS curves.

Crystallite size analysis of XRD patterns used the Scherrer equation:

D = KA/ (Bcos 0) 9)

where D is crystallite size, K is the Scherrer constant (0.89, assuming spherical

particles), A is the X-ray wavelength (0.15406 nm), 0 is the scattering half-angle

(15.344°) and P is the FWHM of the peak in the sample pattern (2.0°).
Calculation of the included angle of BiVO, crystal plane (monoclinic):

cosd = d,d, /sin?B[h,h, /a*Tk kysin’B/b* + 1,1, /c* — (1;h, + L,h, )cosB/ac]|
(10)
where 0 is the included angle; a, b, c and B are crystal lattice parameters; hy, ki, 15,

h,, k; and 1, are specific crystal indices.
Calculation of the included angle of BaSnO; crystal plane (cubic):

(11)

where 0 is the included angle; a, b, ¢, and B are crystal lattice parameters; hy, k;, 15,
h,, k, and 1, are specific crystal indices.

cosf = (hyhy + Ky, + 1)/ /(2 412+ B) (b2 + K + )

Data availability
The authors declare that the data supporting the findings of this study are available
within the article and its Supplementary Information files.

Received: 19 January 2019 Accepted: 17 May 2019
Published online: 13 June 2019

References

1. Oh, ], Deutsch, T. G., Yuan, H.-C. & Branz, H. M. Nanoporous black silicon
photocathode for H, production by photoelectrochemical water splitting.
Energy Environ. Sci. 4, 1690-1694 (2011).

2. Jia, J. et al. Solar water splitting by photovoltaic-electrolysis with a solar-to-
hydrogen efficiency over 30%. Nat. Commun. 7, 13237 (2016).

3. Guo, P. et al. Surface & grain boundary co-passivation by fluorocarbon based
bifunctional molecules for perovskite solar cells with efficiency over 21%. J.
Mater. Chem. A 7, 2497-2506 (2019).

4. Kim, J. H. et al. Hetero-type dual photoanodes for unbiased solar
water splitting with extended light harvesting. Nat. Commun. 7, 13380
(2016).

5. Shi, X. et al. Unassisted photoelectrochemical water splitting exceeding 7%
solar-to-hydrogen conversion efficiency using photon recycling. Nat.
Commun. 7, 11943 (2016).

6. Wang, H. et al. Size-related native defect engineering in high intensity
ultrasonication of nanoparticles for photoelectrochemical water splitting.
Energy Environ. Sci. 6, 799-804 (2013).

7. Jian, ], Jiang, G., van de Krol, R., Wei, B. & Wang, H. Recent advances in
rational engineering of multinary semiconductors for photoelectrochemical
hydrogen generation. Nano Energy 51, 457-480 (2018).

8. Jang, J.-W. et al. Enhancing charge carrier lifetime in metal oxide
photoelectrodes through mild hydrogen treatment. Adv. Energy Mater. 7,
1701536 (2017).

9. Wang, F. et al. Gradient self-doped CuBi,O, with highly improved
charge separation efficiency. J. Am. Chem. Soc. 139, 15094-15103 (2017).

10. Zhang, H. et al. Incorporation of Ag nanowires in CuWO, for improved
visible light-induced photoanode performance. J. Mater. Chem. A 3,
9638-9644 (2015).

11. Walsh, A,, Yan, Y., Huda, M. N,, Al-Jassim, M. M. & Wei, S.-H. Band edge
electronic structure of BiVO,: elucidating the role of the Bi s and V d orbitals.
Chem. Mater. 21, 547-551 (2009).

8 | (2019)10:26009 | https://doi.org/10.1038/s41467-019-10543-z | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Abdi, F. F,, Savenije, T. J., May, M. M., Dam, B. & van de Krol, R. The origin
of slow carrier transport in BiVO, thin film photoanodes: a time-resolved
microwave conductivity study. J. Phys. Chem. Lett. 4, 2752-2757 (2013).
Rettie, A. J. et al. Combined charge carrier transport and photoelectrochemical
characterization of BiVOy, single crystals: intrinsic behavior of a complex
metal oxide. . Am. Chem. Soc. 135, 11389-11396 (2013).

Parmar, K. P. et al. Photocatalytic and photoelectrochemical water oxidation
over metal-doped monoclinic BiVO, photoanodes. ChemSusChem 5,
1926-1934 (2012).

Abdi, F. F. et al. Efficient solar water splitting by enhanced charge separation
in a bismuth vanadate-silicon tandem photoelectrode. Nat. Commun. 4, 2195
(2013).

Pihosh, Y. et al. Photocatalytic generation of hydrogen by core-shell WO,/
BiVO, nanorods with ultimate water splitting efficiency. Sci. Rep. 5, 11141
(2015).

Zhou, L. et al. High light absorption and charge separation efficiency at low
applied voltage from Sb-doped SnO,/BiVO, core/shell nanorod-array
photoanodes. Nano. Lett. 16, 3463-3474 (2016).

Yang, J.-S. & Wu, J.-J. Low-potential driven fully-depleted BiVO,/ZnO
heterojunction nanodendrite array photoanodes for photoelectrochemical
water splitting. Nano Energy 32, 232-240 (2017).

Zhang, L., Herrmann, L. O. & Baumberg, J. J. Size dependent plasmonic effect
on BiVO, photoanodes for solar water splitting. Sci. Rep. 5, 16660 (2015).
Yang, W. et al. Plasmonic Pd nanoparticle- and plasmonic Pd nanorod-
decorated BiVO, electrodes with enhanced photoelectrochemical water splitting
efficiency across Visible-NIR region. Nanoscale Res. Lett. 11, 283 (2016).

Wei, Y., Su, J., Wan, X,, Guo, L. & Vayssieres, L. Spontaneous photoelectric
field-enhancement effect prompts the low cost hierarchical growth of highly
ordered heteronanostructures for solar water splitting. Nano Res. 9,
1561-1569 (2016).

Pattengale, B. & Huang, J. The effect of Mo doping on the charge separation
dynamics and photocurrent performance of BiVO, photoanodes. Phys. Chem.
Chem. Phys. 18, 32820-32825 (2016).

Ye, K.-H. et al. Carbon quantum dots as a visible light sensitizer to
significantly increase the solar water splitting performance of bismuth
vanadate photoanodes. Energy Environ. Sci. 10, 772-779 (2017).

Zhu, M., Sun, Z., Fujitsuka, M. & Majima, T. Z-scheme photocatalytic overall
pure-water splitting on 2D heterostructure of black phosphorus/BiVO, under
visible light. Angew. Chem. Int. Ed. 57, 2160-2164 (2018).

Gao, X. et al. Direct synthesis of graphdiyne nanowalls on arbitrary substrates
and its application for photoelectrochemical water splitting cell. Adv. Mater.
29, 1605308 (2017).

Shin, S. S. et al. Colloidally prepared La-doped BaSnOj electrodes for efficient,
photostable perovskite solar cells. Science 356, 167-171 (2017).

Zhang, D., Gokce, B. & Barcikowski, S. Laser synthesis and processing of
colloids: fundamentals and applications. Chem. Rev. 117, 3990-4103 (2017).
Waag, F. et al. Adjusting the catalytic properties of cobalt ferrite nanoparticles
by pulsed laser fragmentation in water with defined energy dose. Sci. Rep. 7,
13161 (2017).

Neumeister, A., Jakobi, J., Rehbock, C., Moysig, J. & Barcikowski, S.
Monophasic ligand-free alloy nanoparticle synthesis determinants during
pulsed laser ablation of bulk alloy and consolidated microparticles in water.
Phys. Chem. Chem. Phys. 16, 23671-23678 (2014).

Korosi, L. et al. Ultrasmall, ligand-free Ag nanoparticles with high
antibacterial activity prepared by pulsed laser ablation in liquid. J. Chem. 2016,
4143560 (2016).

Zhao, M. et al. Ligand effects on electronic and optoelectronic properties of
two-dimensional PbS necking percolative superlattices. Nano Res. 10,
1249-1257 (2017).

Nair, V., Perkins, C. L., Lin, Q. & Law, M. Textured nanoporous Mo:BiVO,
photoanodes with high charge transport and charge transfer quantum
efficiencies for oxygen evolution. Energy Environ. Sci. 9, 1412-1429 (2016).
Luo, J. et al. Cu,O nanowire photocathodes for efficient and durable solar
water splitting. Nano. Lett. 16, 1848-1857 (2016).

Schipper, D. E. et al. A TiO,/FeMnP core/shell nanorod array photoanode for
efficient photoelectrochemical oxygen evolution. ACS Nano 11, 4051-4059
(2017).

Kim, M.-W. et al. Electrosprayed BiVO, nanopillars coated with atomic-layer-
deposited ZnO/TiO, as highly efficient photoanodes for solar water splitting.
Chem. Eng. ]. 333, 721-729 (2018).

Klahr, B., Gimenez, S., Fabregat-Santiago, F., Hamann, T. & Bisquert, ]. Water
oxidation at hematite photoelectrodes: the role of surface states. J. Am. Chem.
Soc. 134, 4294-4302 (2012).

Wang, S. et al. New BiVO, dual photoanodes with enriched oxygen vacancies
for efficient solar-driven water splitting. Adv. Mater. 30, 1800486 (2018).

38. Ziwritsch, M. et al. Direct time-resolved observation of carrier trapping
and polaron conductivity in BiVO,. ACS Energy Lett. 1, 888-894
(2016).

39. Wang, S., Chen, P., Yun, J.-H., Hu, Y. & Wang, L. An electrochemically
treated BiVO, photoanode for efficient photoelectrochemical water splitting.
Angew. Chem. Int. Ed. 56, 8500-8504 (2017).

40. Ziefuf}, A. R. et al. Laser fragmentation of colloidal gold nanoparticles with
high-intensity nanosecond pulses driven by a single-step fragmentation
mechanism with a defined educt particle-size threshold. J. Phys. Chem. C. 122,
22125-22136 (2018).

41. Kroeze, ]. E,, Savenije, T. ]. & Warman, J. M. Electrodeless determination
of the trap density, decay inetics, and charge separation efficiency of
dye-sensitized nanocrystalline TiO,. J. Am. Chem. Soc. 126, 7608-7618
(2004).

42. Savenije, T. J., Ferguson, A. J., Kopidakis, N. & Rumbles, G. Revealing the
dynamics of charge carriers in polymer: fullerene blends using photoinduced
time-resolved microwave conductivity. J. Phys. Chem. C. 117, 24085-24103
(2013).

43. Kim, T. W. & Choi, K. S. Nanoporous BiVO, photoanodes with dual-layer
oxygen evolution catalysts for solar water splitting. Science 343, 990-994
(2014).

44. Chen, Z. et al. Accelerating materials development for photoelectrochemical
hydrogen production: Standards for methods, definitions, and reporting
protocols. J. Mater. Res. 25, 3-16 (2010).

Acknowledgements

This work was financially supported by the National Natural Science Foundation of
China (Nos. 11811530635, 51872240, 51872179, 51702262, 51672225 and 61805201), the
China Postdoctoral Science Foundation (2018T111094, 2018M643734), the Fundamental
Research Funds for the Central Universities (3102019JC005 and 3102019ghxm004),
Project supported by the Research Fund of the State Key Laboratory of Solidification
Processing (NPU), China (Grant No.2019-QZ-03). H. Wang acknowledges the support
from the 1000 Youth Talent Program of China. We would like to thank the Analytical &
Testing Center of Northwestern Polytechnical University for SEM and TEM
characterizations.

Author contributions

H.W. conceived the concept and directed the research. J.J. and Y.X. designed the project.
J.J., YX. and X.Y. carried out material synthesis. J.J., Y.X., M.F,, H.Y. and D.F. performed
material characterization. W.L. and F.F. performed photoelectrochemical tests. J.J., H-W.
and R.v.d.K. wrote the paper. F.X. and L.J. gave advice on the research. All authors
discussed the results and commented on the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10543-z.

Competing Interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal Peer Review Information: Nature Communications thanks Stephan Barcikowski
and the other, anonymous, reviewer(s) for their contribution to the peer review of
this work.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
=Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:26009 | https://doi.org/10.1038/s41467-019-10543-z | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-019-10543-z
https://doi.org/10.1038/s41467-019-10543-z
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Embedding laser generated nanocrystals in BiVO4 photoanode for efficient photoelectrochemical water splitting
	Results
	Laser generated nanocrystals in BiVO4 photoanode matrix
	PEC water splitting performance of LBSO-MBVO films

	Discussion
	Methods
	Materials
	Preparation of LBSO particles
	Laser generated nanocrystals synthesis
	Preparation of MBVO photoanodes
	Embedding laser generated nanocrystals in MBVO photoanodes
	Characterization
	Photoelectrochemical measurements
	Time-resolved microwave conductivity (TRMC) measurements
	Calculations

	References
	References
	Acknowledgements
	Author contributions
	Competing Interests
	ACKNOWLEDGEMENTS




