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ABSTRACT. The performance of semiconductor materials in solar water splitting and other
applications is strongly influenced by the structure-related dynamics of charge carriers in these
materials. In this study, we assessed the trapping, recombination, and surface reactions of
photogenerated and electrically-injected charges on specific facets of the promising visible active
photocatalyst BiVO4 by using single-particle photoluminescence (PL) spectroscopy. Evaluation
of the electric potential-induced PL properties and the PL response to charge scavengers revealed
that the visible PL bands observed during visible laser irradiation originate from radiative
recombination between holes trapped at the intraband states above the valence band and mobile
(free or shallowly trapped) electrons. Furthermore, the trapped holes are preferentially located on
the lateral {110} facets of the BiVO, crystal, while the electrons are uniformly distributed over
the crystal. The methodology described in this study thus provides us with a unique opportunity
to explore whether or not the crystal faces affect the charge carrier dynamics in the

photocatalysis and the photoelectrocatalysis.
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Semiconductor-based solid photocatalysts have been extensively investigated and developed
for use in the production of clean and renewable chemical fuels from water or carbon dioxide,
the degradation of organic/inorganic pollutants, etc.'” In general, the performance of such
photocatalysts is not only governed by the bulk composition but also largely by the
physicochemical properties of the respective surfaces possessing different atomic arrangements
and coordination. It is thus anticipated that the efficiency and selectivity of photocatalytic
chemical reactions can be controlled by exposing specific facets of the crystals with controlled

morphology.*’

The question of whether certain crystal facets favor reduction or oxidation has been evaluated
for the design of efficient photocatalysts. In 2002, Ohno et al. demonstrated that Pt particles are
deposited via the photoreduction of Pt*" only on the {101} facets of anatase TiO,, whereas PbO,
particles were formed by photooxidation of Pb*" mostly on the {001} facets.®” From these
studies, it can be inferred that the {101} and {001} facets respectively act as preferable reduction
and oxidation sites. The crystal-face dependency is proposed to be derived from the difference in
the potential energy levels of the conduction band (CB) and valence band (VB) of the two facets,
leading to spatial separation of the electrons (¢") and holes (h") in a crystal. Recently, Li and co-
workers found that the photo-deposition of reduction and oxidation cocatalysts respectively took
place selectively on the {010} and {110} facets of BiVO, crystals.® They attributed this
phenomenon to a slight difference in the energies of the CB and VB of the {010} and {110}
facets, which was supported by density functional theory (DFT) calculations. In addition to the
aforementioned studies, several groups have reported outcomes that are indicative of crystal-

face-dependent photocatalysis on Cu,0,’ a-Fe,03,'° AgsPO,,' and BiOCL.'?



Despite significant efforts to develop solid photocatalysts with specific shapes, the crystal face
effects remain poorly understood. One of the potential difficulties in investigating this complex
problem is the identification and characterization of the chemical reactions taking place on the
crystal surfaces under various operating conditions. In-situ microscopic observation is a very
powerful tool for exploring the structural and kinetic features of (photo)catalysis, which are
always hidden in the ensemble average; the advantages of in-situ microscopy are derived from
the high sensitivity, selectivity, and spatial resolution."””"” For instance, using aqueous-phase
atomic force microscopy (AFM), Mul et al. found that the photo-deposition of Pt nanoparticles
on platelike WOs crystals takes place preferentially on the specific facets with intrinsic surface
charges rather than those with photogenerated charges.'® Tachikawa et al. studied the spatial
distribution of the photocatalytic sites on anatase TiO, crystals using a wide-field microscope
and redox-responsive fluorogenic probes.'”?® They discovered that the reduction reaction
proceeds on the lateral {101} facets of the crystal, whereas oxidation occurs primarily on the
{001} planes, which is generally consistent with the above-mentioned results obtained by the
selective metal deposition method. Very recently, Zhu et al. revealed that the surface
photovoltage signal intensity on the {011} facet of BiVO,4 was 70 times stronger than that on the
{010} facets, which is caused by anisotropic photoinduced charge transfer between different
facets of a single crystal.”! However, the underlying fundamental issues, including face-specific
charge migration and trapping, have not been satisfactorily resolved under actual operating
conditions. Such information would provide an avenue for rational design of new and more
efficient photocatalysts with controlled morphology and preferentially exposed facets, such as

TiO, mesocrystals and their composites with functional nanomaterials.**>°



Herein, we provide experimental evidence of the crystal-face dependence of the charge carrier
dynamics on BiVOy, along with a detailed analysis of the mechanisms. Monoclinic scheelite
BiVO, has attracted particular interest as a promising photoanode material for solar water
splitting because its band gap of 2.4-2.5 eV (absorption edge: 500-520 nm) and valence band
edge of ca. 2.5 V vs. the reversible hydrogen electrode (RHE) provide a strong driving force for
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water oxidation by photogenerated h' under visible-light irradiation.”” Spatially and temporally

3034 was utilized to explore the nature

resolved photoluminescence (PL) spectroelectrochemistry
and spatial distribution of the trap states inherent in individual BiVOy crystals for the first time
(Figure la). The PL emission from semiconductors is a particularly useful probe for crystal
structure, particle size, and defect state evaluation because the peak positions in the spectrum and
the lifetimes are strongly dependent on these structural characteristics.”>*® These microscopic
techniques thus enable us to ascertain the location of the luminescent active sites that are related
to the trapping probability of the photo- and electrically-generated charge carriers on the specific

facets, which is presumably dependent on the electronic energy levels of the facets and

heterogeneous distribution of the effective trapping sites.

The as-synthesized BiVO, microcrystals with truncated tetragonal bipyramid morphology (see
Figure la and the scanning electron microscope (SEM) image in Figure S1) have a monoclinic
scheelite structure that can be verified from their powder X-ray diffraction (XRD) pattern and
UV-visible diffuse reflectance spectrum (Figure S2 and S3). Figure 1b presents an example of
single-particle PL. measurements of a BiVOy crystal deposited on an indium tin oxide (ITO)-
coated cover glass during photoirradiation with a continuous wave (CW) 405 nm laser. The PL
intensity is inhomogeneous over the crystal, suggesting heterogeneous spatial distribution of the

emissive sites. The visible emission from BiVOy is assigned to the radiative recombination of e



and h" trapped at the crystalline defects (Vide infia). As shown in Figure lc (black line), the
broad PL emission from the target sample is a superposition of narrower peaks and has a
maximum at around 670 nm (ca. 1.85 eV), which is intermediate between the values reported by
Long et al. (600 nm at room temperature)’’ and Sasaki et al. (715 nm at 25 K).>® Furthermore,
the spectral features obtained at the same location of the crystal are not dependent on the
excitation wavelengths (405 and 488 nm) used to excite the e from the VB to the CB. Recent
DFT calculations and X-ray spectroscopy have shown that the upper part of the VB is dominated
by O 2p states with a small contribution from the Bi 6p and V 3d states, and the lower part of the
CB is composed primarily of electronic states associated with V 3d.*>*" Therefore, it can be
deduced that the photogenerated h” effectively migrate and are trapped at the trap sites located

above the VB under visible light irradiation (4 > 400 nm) (Figure S4).
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Figure 1. (a) Illustration of the sample and experimental setup for single-particle
spectroelectrochemistry. (b) PL images of a single BiVOy4 crystal on the ITO substrate in
aqueous solution of Na;SO4 (0.2 M, pH 6.0) under 405 nm laser irradiation without an applied
potential and with applied potentials of +2.05 and —0.45 V vs. RHE. The PL intensity was
integrated over all wavelengths. Scale bars are 1 pm. (¢) Applied potential dependence of the PL
spectra of the same BiVO, crystal under 405 nm laser irradiation. (d) Applied potential
dependence of the PL intensity changes obtained for the different locations of a BiVOj crystal. /
is the integrated intensity over all wavelengths. The black lines and arrows indicate the potential

at which PL (£},-) is enhanced or quenched.

Single-particle spectroelectrochemistry was utilized to explore the nature of the luminescent

defects present in single BiVO, crystals (Figure la). In a typical cyclic voltammetry (CV)



experiment, the potential of the working electrode (i.e., ITO) was linearly scanned at a scan rate

of 0.1 Vs~ with simultaneous measurement of the PL images or spectra of single particles.

Figure 1b shows typical PL images of a single BiVOy crystal acquired without an applied
potential (£) and with E of +2.05 and —0.45 V vs. RHE. An applied voltage of +2.05 V caused a
small increase in the PL intensity, whereas significant PL quenching (ca. 40%) was observed
upon application of £ =—0.45 V. Similar responses were observed under 488 nm laser irradiation,
whereas no PL at all was detected in the absence of laser irradiation. Figure 1d further illustrates
the potential dependence of the PL intensity, captured at the crystal edge and center positions
(see squares enclosed by broken lines in Figure 1b), which correspond to lateral {110} and basal
{010} facets, respectively. The position and morphology of the BiVOj crystals were determined
from the optical transmission and SEM images,'’ and the facets were indexed from transmission
electron microscope (TEM) images and selected area electron diffraction (SAED) patterns
(Figure S5). The intensity trajectories seem to follow the potential cycle with specific time lags
and exhibit two peaks of opposite sign at extreme potentials of +2.05 and —0.45 V vs. RHE.
Interestingly, as shown in Figure 1d, the PL enhancement is more pronounced on the lateral
{110} facets of the crystal at an applied voltage of >1.7 V vs. RHE. A similar tendency was
observed for other crystals (Figure S6). From these results, it can be inferred that the lateral
{110} facets are preferentially oxidized relative to the basal {010} facets. We further confirmed
a superior oxidation ability of the {110} facets using a fluorescence dye probe, 3'-p-
hydroxyphenyl fluorescein (HPF), as demonstrated in the Supporting Information (Figure S7).**
The facet-dependence observed here is qualitatively consistent with the results of selective

photo-deposition of metal ions,® spatially-resolved surface photovoltage spectroscopy,”’ and



DFT calculations.*' On the other hand, almost uniform PL quenching over the entire crystal was

induced by potentials of less than —0.1 V vs. RHE.

Here, we introduce two parameters, i.e., £y and Al/l, where E and / denote the applied
potential and the PL intensity, respectively to explore the responsivity of Al (=1 — Iy) to E;,- and
the spatial uniformity of the responses. The potentials at which enhancement and quenching of
the PL were initiated are defined as E; and E-, respectively, and were determined for individual
crystals. As seen in Figure 2a, the histograms of £ for the basal and lateral facets indicate broad
distributions with peaks at +1.71 (£ 0.01) and +1.62 (£ 0.02) V vs. RHE, respectively. The
difference (ca. 0.1 eV) of the mean E. values is about 4 times larger than the thermal energy
(0.025 eV) at room temperature and is considerably smaller than the difference (0.42 eV) of the
VB edge between the two facets, which was obtained by DFT calculations.® In contrast, the mean
E_values (0.00 (£ 0.01) V vs. RHE) determined from both facets were almost the same (Figure

2b).

A more striking difference was seen in the PL intensity changes using an applied voltage of
+2.05 V vs. RHE (Al/ly). As shown in Figure 2c, the mean Al/l, value of the lateral facets is
nearly 2 times on average larger than that of the basal facets, whereas the mean Al/l, values
were almost identical for both facets at £ = —0.45 V vs. RHE (Figure S8). This result supports
the previous observation that the effective h” trapping sites are preferentially located on the
{110} facets. The intensity of the spectral peaks increased or decreased during the potential cycle
without any change in the spectral features (red and blue lines in Figure Ic), implying that

identical trap sites are involved in the potential-induced PL process.
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Figure 2. (a,b) Histograms of E; (a) and E- (b) determined for individual BiVOy crystals. The
number of the analyzed crystals is 31. The black lines indicate the Gaussian distribution fitted to
the histograms. Corrected R” are 0.81 and 0.93 for £ and 0.88 and 0.89 for E- on the lateral and
basal facets, respectively. (c) Histograms of Ali/Iy determined for individual BiVOy crystals. Al
is obtained from I, — [y, where I, is the PL intensity at £ = +2.05 V vs. RHE and /j is the PL
intensity without potential. The number of the analyzed crystals is 27. The black lines indicate
the Gaussian distribution fitted to the histograms. The maxima were determined to be 11.3 (£
0.5) and 6.5 (+ 0.4) % for the lateral and basal facets, respectively. Corrected R are 0.97 and
0.99 for Ali/Iy on the lateral and basal facets, respectively. (d) Histograms of A//y determined
for individual BiVOy crystals in the absence or presence of electron scavengers. The /- values

were obtained at £ =—-0.45 V vs. RHE.
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The CB edge of BiVO4 (Ecg) was ca. —0.05 V vs. RHE, as calculated from the reported flat-
band potential (—0.6 + 0.1 V vs. Ag/AgCl at pH 5.8).* From this evaluation, it can be deduced
that the potential application of —0.45 V vs. RHE leads to the accumulation of ¢ in the CB of
BiVO,. From the Ecp and the bandgap of BiVO, (2.34 eV, Figure S3), the VB edge (Evs) was
readily calculated as +2.29 V vs. RHE. The determined mean £, value of ca. +1.7 V vs. RHE (=
+1.3 V vs. NHE or +1.1 V vs. Ag/AgCl) thus indicates that the photogenerated h" are trapped at
intraband states with energies of ca. 0.7 eV above the Evg. Considering the PL peak energy of ca.
1.8 eV (1 = 670-690 nm), it can be deduced that trapped h" recombine free or shallowly-trapped

c.

The PL quenching induced by an applied negative potential was also evaluated. As
demonstrated in Figure 2b, the average £ value was determined to be ca. 0 V vs. RHE (= —0.35
V vs. NHE or —0.55 V vs. Ag/AgCl), which is comparable with the CB edge of ca. —0.05 V vs.
RHE, again supporting the assignment of the PL spectra. To clarify the origin of the PL
quenching, electron scavengers such as oxygen (1.3 mM) and NalO; (50 mM) were added to the
electrolyte solutions and the PL responses of individual crystals were monitored during the
potential cycle. As shown in Figure 2d, PL quenching was significantly suppressed in the
presence of electron scavengers, while the scavengers had no significant effect on the PL
enhancement induced by positive potential (Figures S9 and S10). These results are reasonable
because the Ecp is more negative than the reduction potential of molecular oxygen (—0.33 V vs.
NHE, O, + ¢ — 0,)* and that of I0; (0.67 V vs. NHE, 4H" + (2/3)I0; + 4¢ — (2/3) +
2H,0) in aqueous solution.** An alternative path for consumption of the e, involving molecular
oxygen, was proposed as follows: O, + H  + ¢ — *0,H.* 105 should act as a better electron

scavenger due to its larger driving force and higher concentration than O,, but the result in
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Figure 2b is contrary to this expectation. The isoelectric point of BiVOy4 was reported as 4.56*
and a zeta potential of BiVO, aqueous dispersion was —31.4 mV at pH = 6,* thus suggesting that

the adsorption of 105 is partially inhibited due to the negatively charged surface of BiVO,.

Furthermore, slow PL decay was observed after discontinuing application of the pulsed
negative potential (Figure 3a). The PL decay time decreased from 2.1 s to 0.86 s, as determined
from single-exponential fitting, upon altering the environment from an Ar-saturated solution to
an Op-saturated ([O2] = 1.4 mM) solution; this strongly supports our conclusion that mobile (or
trapped) e are captured by oxygen molecules in the electrolyte solution. Transient visible-NIR-
IR absorption measurements previously revealed that free electrons in TiO, react with molecular
oxygen in air-saturated methanol ([O,] = 2.1 mM) within microseconds to milliseconds.*® This
result is reasonable in light of the fact that a carrier mobility of BiVOy4 (0.044 cm® V' s7') is
lower by a few orders of magnitude than those of typical metal oxides (e.g., TiO,, WO3, Cu,0).*
The much slower electron transfer on BiVOy is also probably due to its lower CB potential
compared with that of TiO, (Ecg = —0.58 V vs. NHE at pH 7).”° Because of the poor reduction
ability of BiVO,, addition of sacrificial electron acceptors such as Ag' is needed for efficient
photocatalytic reactions.*!

Furthermore, as shown in Figure 3b, relatively short-lived PL signals with a lifetime of 0.6 +
0.2 s were observed following application of a pulsed positive potential. Recently, water
oxidation on BiVO4 occurred at a rate constant of 1.3 s ! based on analysis of the transient

+52

absorption decay kinetics of trapped h'.”* It is thus presumable that the observed PL decay in

less than a second is closely related to water oxidation by excess trapped h".
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Figure 3. PL intensity changes observed for single BiVO, crystals with pulsed potentials of
—0.45 (a) and +2.05 V (b) vs. RHE. The bold solid lines indicate single-exponential curves fitted

to kinetic traces.

A schematic diagram illustrating the charge transfer processes is proposed in Figure 4. The h"
trapping occurs preferentially on the lateral {110} facets of the crystal under visible irradiation,
resulting in the radiative recombination with the photogenerated e (Figure 4a). The increase in
the number of the injected trapped h" by the positive voltages will result in the enhancement of
the PL intensity because of the increased prompt radiative recombination with the
photogenerated e . In addition to this process, trapped h™ are consumed to produce oxygen
molecules from water with a time constant of ca. 0.6 s. In contrast, electrically-injected e are
uniformly distributed over the crystal and recombine with trapped h" or react with molecular
oxygen. A possible explanation for the PL quenching at the negative potentials relative to the CB

53,54

edge is the filling of the CB with e (the so-called Burstein—Moss effect), which is generally

observable as bleaching of the ground-state absorption in the optical absorption spectrum.”>’
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Similar PL quenching upon application of negative potentials was recently observed for TiO,
nanoparticles.”® However, the reflectance change at 405 nm of the BiVO,-coated ITO electrode
with and without a potential of —0.45 vs. RHE was within 1%, thus excluding the Burstein-Moss
effect as a dominant mechanism. Another possible mechanism is related to non-radiative
recombination between excess e and h'. The substantial number of ¢ in the CB and/or non-
luminescent trapping sites enhance non-radiative recombination with h" in the VB, which might
be competitive with the h” trapping at the surface states, thus resulting in the PL quenching
(Figure 4b). It has been suggested that the accumulated e in the CB increases the charge
recombination rate, thus decreasing the efficiency of the water oxidation reaction.” Since BiVOy,
is an indirect semiconductor, the band-to-band recombination should be non-radiative in terms of

energy and momentum conservation.*’
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Figure 4. Schematic diagram showing the energy band structure of BiVO, and related charge

transfer processes under positive (a) and negative (b) potentials.

In conclusion, we have investigated the reaction dynamics of the photo- and electrically-
generated charges on the specific crystal facets of BiVO4 by analysis of the PL emission from
individual crystals. Potential-induced PL imaging allowed us to assess the spatial distribution
and kinetics of excess charges that are responsible for solar water splitting. The specially and
temporary resolved single-particle spectroelectrochemical technique should function as a
complementary tool for characterizing semiconductor solid photocatalysts and studying the

underlying mechanisms of (photo)catalytic reactions under various operating conditions.
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EXPERIMENTAL METHODS

Synthesis of BiVO,. BiVOy crystals were synthesized by a hydrothermal reaction as described
elsewhere.® In a typical procedure, the precursors, NH;VO; (36 mmol) (Wako) and
Bi(NO3)3-5H,0 (36 mmol) (Wako), were dissolved in 300 mL of 2.0 M nitric acid solution; the
pH of the solution was then adjusted to 2.0 with ammonia solution under stirring until an orange
precipitate was formed. After aging for about 2 h, the orange precipitate at the bottom of the
beaker was transferred to a Teflon-lined stainless steel autoclave and hydrothermally treated at
200 °C for 24 h. After cooling the autoclave to room temperature, a yellow powder was separated

by centrifugation, washed with distilled water more than 3 times, and then dried at 60 °C in air.

Characterization. SEM measurements were carried out on JEOL JSM-5500 operated at 20 kV.
TEM measurements were carried out on Hitach H-800 operated at 200 kV. Powder XRD
measurements were carried out on Rigaku Ultima IV with Cu K, source. Steady-state UV—
visible diffuse reflectance spectra were measured using a UV—visible spectrophotometer (V-770,

JASCO). All experimental data were obtained at room temperature.

Single-Particle PL Measurements. For the single-particle PL measurements, borosilicate cover
glasses or ITO-coated cover glasses (100 nm thickness, 10 Q cm*) were purchased from
Matsunami Glass and cleaned by sonication in a 20% detergent solution (Cleanace, As One) for
6 h, followed by repeated washing with running water for 10 min. Finally, the cover glasses were
washed with distilled water. An aqueous suspension of BiVO4 was cast on the cover glass by
spin coating at 2000 rpm for 50 s, followed by annealing the BiVOy-coated cover glass at 90 °C
for 1 h in order for the particles on the glass not to peel off during the immersion in the solution.
The good physical contact between the crystals and ITO was confirmed by optical transmission

and PL images. The experimental setup was based on a Nikon Ti-E inverted fluorescence

16



microscope. The 405-nm CW laser (OBIS 405LX, Coherent; typically 12 uW at the glass
surface) was used to excite the BiVO,. The emission images were recorded on an electron-
multiplying charge-coupled device (EMCCD) camera (Evolve 512, Roper Scientific) at a rate of
10 or 30 frames s ' wusing the open source microscopy software Micro-Manager
(https://www.micro-manager.org/). A suitable dichroic mirror (Di02-R405, Semrock) and a
longpass filter (BLPO1-458R, Semrock) were used to improve the signal-to-noise ratio. All
experimental data were obtained at room temperature. The data were analyzed using the open
source image software Imagel (http://rsb.info.nih.gov/ij/) and Origin 2015 (OriginLab). Single-
particle electrochemical measurements were carried out using electrochemical analyzer (model
608E, ALS) with a standard three-electrode configuration. The cell configuration is illustrated in
Figure la. The cyclic voltammetric data were collected by taking Ag/AgCl as the reference
electrode at room temperature. The data can be converted to reversible hydrogen electrode

(RHE) scale according to the Nernst equation (Erug = Eag/agct + 0.195 + 0.059pH).

Supporting Information. Additional results of ensemble and single-particle experiments. This

material is available free of charge via the Internet at http://pubs.acs.org.
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