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ABSTRACT

Bismuth vanadate (BiVO,) is a well-known visible light active photocatalyst for the oxygen
evolution reaction (OER). In this study, single-crystal BiVO,4 nanowires were synthesized for the
first time. The nanowires are obtained by recrystallization of BiVO,4 microparticles from NaVOs;
flux in the 550°C — 700°C temperature range. They exhibit an average thickness of 433.4 + 110.6
nm and lengths exceeding 20 pm. X-ray diffraction and electron microscopy confirm that the
nanowires are single crystals of the monoclinic Scheelite structure type with the [010] crystal
direction oriented along the principal wire axis. The nanowires have an optical band gap of 2.41

eV and generate a negative surface photovoltage signal under band gap illumination confirming
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their n-type character. A nanowire suspension in aqueous ferric nitrate solution generates oxygen
under visible light (390 mW/cm?) at a rate of 28.75 umol/h and with an apparent quantum
efficiency of 0.44% at 405 nm. The relatively low photocatalytic activity of the nanowires can be
explained with the absence of a facet-induced charge separation mechanism. Indeed, photolabeling
experiments with silver (+) and manganese (2+) ions demonstrate that both photoholes and
electrons are extracted along the cylindrical nanowire surface. The fiber morphology makes the
BiVO,4 nanowires uniquely suited for the construction of membranes for solar energy conversion

and photocatalysis.

INTRODUCTION

Monoclinic bismuth vanadate (BiVO,) is a popular visible light active photocatalyst for water
oxidation. The material benefits from high chemical stability in neutral or acidic solution and a
band gap of 2.4 — 2.5 eV that enables it to absorb over 10% of the solar spectrum.
Photoelectrochemical water oxidation is enabled by a valence band maximum (VBM) of 2.83 V
vs RHE 3 and photocarrier lifetimes of around 40 ns.®!° However, because the hole diffusion
length is only ~70 nm,' and the water oxidation Kinetics are slow,’ nanostructuring of the
material and the addition of oxygen evolution cocatalysts are required to achieve performance.!!
For example, a NiFe/BiVO,/SnO, photoanode recently achieved a remarkable photocurrent
density of 5.61 mA/cm? at 1.23 V vs. RHE and an IPCE exceeding 90%, as reported by Yang et
al in 2021.12 In 2023, the highest photocurrent density of 6.29 mA/cm? at 1.23 V vs. RHE for
photoelectrochemical (PEC) water oxidation and a near unity incident-photon-to-current

efficiency (IPCE) of 95.8% was attained from a BiVO,/VO, photoanode reported by Liu et al.!3
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These PEC devices are all based on BiVO, films, which allow electron extraction through ohmic
contacts and applied potentials. On the contrary, solar energy conversion with BiVO, particles is
much less efficient.'*22 For example, Okunaka et al. reported in 2016, that BiVO, nanoparticles
(~80 nm) supported with tartaric acid ligands allowed O, evolution with a quantum efficiency of
1.2% with Fe3" as electron acceptor.!# Zhao et al. demonstrated an impressive 71% apparent
quantum efficiency (AQE) at 365 nm for photocatalytic water oxidation with decahedral BiVO,
crystals in the presence of Fe3*.20 Here, charge separation is improved by the electron and hole
selective {010} and {110} facets of the crystals. After loading with Ir and FeCoOy co-catalysts
these crystals achieved a solar-to-hydrogen conversion efficiency of 0.6% (AQE of 12.3% at 420
nm) when employed as a Z-scheme photocatalyst with ZrO,/TaON as the hydrogen evolving

particles.!®

In contrast to other particle shapes,'42* one-dimensional nanostructures (nanowires) are
distinguished because charge transport is improved along the nanowire direction, which offers
advantages for integration into devices.?> However, achieving a BiVO, nanowire morphology
synthetically has proven difficult, and usually requires the use of structure templates,’62” or
special techniques, such as electrospinning.?¥-33 Spontaneous one-dimensional growth is rarely
achieved. In one example, Su, J., et al. reported the fabrication of 1 um tall BiVO, pyramid
arrays on FTO substrates using seed-mediated growth.3* In a separate instance, BiVO, nanowires
on titanium foil were obtained by hydrothermal reaction of ammonium vanadate, Bi(NO3);-5H,0
in the presence of oxalic acid and hexamethylenetetramine.?3% However, the nanowires were

contaminated with residual V,0Os.
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Here we demonstrate the first flux synthesis of single crystal BiVO, nanowires (BiVO, NWs) in
the monoclinic Scheelite phase. The nanowires are obtained by recrystallization of monoclinic
BiVO, microcrystals in NaVOj; flux at 700-550°C. Their structure and morphology are observed
with powder X-ray diffraction (XRD) and electron microscopy and their optical and
semiconducting properties with UV/vis and Surface Photovoltage Spectroscopy. We further
describe the photocatalytic oxygen evolution properties of the nanowires under visible light and
the photolabeling results to observe electron and hole collecting sites. Overall, this study
describes a new method to obtain single crystalline BiVO, nanowires and potential uses in

sustainable energy applications.

RESULTS AND DISCUSSION

The synthesis of BiVO, nanowires (BiVO4 NWs) was performed in a NaVO; flux using BiVO,
microparticles as the reagent (1:10 molar ratio of BiVO, :NaVOs;). The choice of NaVOj; as the
solvent was inspired by W. Eigermann et al., who reported in 1978 the synthesis of elongated
yttrium vanadate (YVO,4) microcrystals from NaVO; melts.3” NaVOs; has a melting point of
630°C, while BiVO4 has a 940°C melting point, but is known to soften at ~700°C.38 Therefore, a
temperature of 700°C was selected to completely dissolve the BiVO, precursors in the NaVO;
flux. The initial BiVO, microparticles were obtained by reaction of Bi,05; and V,05in 0.5 M
HNO;j as described in the experimental section. The particles are faceted crystals with
dimensions in the 0.2 — 1.0 um regime (SEM in Figure S1). The nanowire synthesis is shown in

Figure 1. First, the BiVO,4 was ground together with solid NaVOs; in 1:10 molar ratio and
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transferred to a ceramic (porcelain) crucible with a ceramic cover. The mixture was then heated
to 120 °C at a rate of 5°C/min and held at this temperature for 5 h to remove any residual water.
After that, the mixture was heated further to 700°C at a rate of 5 °C/min and kept at that
temperature for 10 h to completely dissolve the BiVO,. The flux was then cooled slowly from
700 to 550°C at a rate of -1°C /min. Under these conditions, the BiVO, forms a super-saturated
solution and starts to precipitate in the form of nanowires. Growth is expected to stop at ~630°C
due to solidification of the molten NaVOs;. After cooling to room temperature, a yellow frozen
melt is obtained. The crucible containing the solid melt was placed inside of a 100°C 1.0 M
aqueous KOH solution with stirring. After 2 h, the NaVO; is completely dissolved and the

nanowire product can be obtained as a yellow solid by centrifugation.

700 °C, 10h
-1 °C /min
5 °C/min

550 °C\ Natural
cooling
20°C 20 °C

’ ¥ , 700 °C, 10h

/ -
, ’ NaVvO; Flux
BiVO, microparticles BiVO, nanowires

Figure 1. The heating curve and the scheme of the flux-mediated synthesis of BiVO,4 nanowires

(BiVO, NWs).
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According to SEM (Figure 2) the product is composed of nanowires with lengths exceeding 20
um and with an average diameter of 433.4 + 110.6 nm. A typical BiVO4 NW (shown in the
inset) has a smooth lateral surface and a diameter of 374 nm. The elemental composition of Bi,
V, and O was verified by energy dispersive X-ray (EDX) mapping (Figure 3 and S3). Bi, V, and

oxygen are found to be clearly associated with the wires, and Bi and V occur in 1:1 atomic ratio

within experimental error.
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Figure 2. SEM images of the BiVO, nanowires (BiVO4 NWs). The diameter of a typical nanowire

is 374 nm. A distribution of the nanowire diameters is statistically shown in the histogram at the

bottom right.
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We hypothesize that BiVO4 NWs form by nucleation and anisotropic growth inside the saturated
BiVO4/NaVOs; solution. Therefore, proper adjustment of the BiVO, : NaVO3; molar ratio is very
important. For example, only ill-defined BiVO, crystals are obtained after cooling a solution
containing twice the amount of NaVO; flux solvent (BiVO4:NaVO; = 1:20 molar ratio, Figure

S2).

Si Kal Bi Mal

L r— [ e |
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Figure 3. EDX mapping of Bi, V, O, and Si on the BiVO,4 nanowires (BiVO, NWs). The Si signal

is from the Si substrate used for the SEM sample.
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Powder X-ray diffraction patterns (Figure 4) confirm the monoclinic Scheelite crystal structure
of the nanowire product.® In the diffraction pattern of the BiVO,; NWs, the (040) diffraction
peak at 30.6° is significantly intensified compared to the (021) peak, which remains, however,
the major peak in the powdered BiVO, samples. The intensification of the (040) peak indicates
that the BiVO4 NWs preferentially grow along the [010] direction.*® Anisotropic crystal growth
is further supported by the intensification of the (020) peak and the decrease of the (200), (202),
(002), and (402) peaks relative to (021).

The location of some facets on a truncated octahedral BiVO,4 microparticle is shown in the inset

of Figure 4 to better visualize the growth orientation of BiVO, NWs from the precursor.
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Figure 4. XRD of the BiVO, NWs confirming the monoclinic Scheelite crystal structure (JCPDS
No. 14-0688). The intensified diffraction peak at 30.6° indicates preferential growth of BiVO,
nanowires along the [010] direction. The correlated facets are marked on the SEM inset of a

truncated octahedral microparticle.
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Transmission electron microscopy (TEM) was employed to examine the microstructure of
BiVO4 NWs and to gather local surface information. As can be seen from Figure 5, the nanowire
appears smooth on the 500 nm scale, but shows small nanospheres on their periphery, which
become visible at higher magnification. Using phase contrast imaging lattice fringes of the
nanospheres were observed with an interplanar spacing of 0.349 nm, which matches the
dp0»=0.346 nm spacing of (002) planes in a-Bi,O3.#! Therefore, the small particles on the

nanowire surface can be attributed to bismuth oxide.

0.5um

Figure 5. (HR)TEM image (left) and the higher magnification phase contrast images (right) of a
BiVO, nanowire showing approximately spherical shaped nanoparticles at the nanowire surface.
A closeup shows lattice fringes of 0.349 nm, which resemble the 0.346 nm d-spacing of (002)

facets in alpha-Bi,O3.4!
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To dissolve the Bi,O; nanospheres, the nanowires were etched with 1.0 M HNO; for ten minutes
at room temperature. As shown in Figure 6, this treatment removes the spheres from the BiVO,
surface. A selective area electron diffraction (SEAD) pattern recorded for the etched BiVO,
NWs is shown in Figure 6. The SAED pattern was recorded in the <001> zone-axis orientation.
All spots can be indexed to a single lattice of the monoclinic Scheelite crystal structure. This

confirms nanowires are single crystals and grow in the <010> direction.

Figure 6. Bright field amplitude contrast HRTEM images and selected area electron diffraction
(SAED) pattern of a single BiVO4 nanowire after nitric acid etch. White arrows indicate
nanowire growth direction and nanowire surface. Diffraction spots can be indexed to a single

lattice of the monoclinic Scheelite structure (JCPDS No. 14-0688).

10
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Figure 7. Kubelka-Munk diffuse reflectance spectrum of BiVO,4 nanowires (BiVO, NWs). The

inset shows the color of the nanowire aggregates.

A photo and an optical absorption spectrum of the BiVO, NWs are shown in Figure 7. The
material forms a cotton-like powder that appears bright yellow. The absorption edge is found at
514 nm, corresponding to an optical bandgap of 2.41 eV. This value matches the reported 2.4 eV

bandgap for BiVO,.#?

To investigate the ability of the BiVO, NWs to generate a photovoltage under illumination,
surface photovoltage spectra (SPS) were recorded on a drop-cast thin film of BiVO4; NWs on a
fluorine-doped tin oxide (FTO) substrate. The surface photovoltage signal is plotted in Figure 8a
versus the photon energy. It is given by the light induced change of the contact potential
difference (CPD), SPV=CPD(light)-CPD(dark). The signal is negative, indicative of electron
transfer away from the Kelvin probe and towards the FTO. This charge separation direction is

controlled by the electric field in the n-type depletion layer as shown in Figure 8b. The CPD

11
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onset at 2.25 eV slightly below the 2.41 eV optical bandgap, is attributed to excitation from sub-
bandgap defect states such as V4 and O-.** The ACPD reaches its maximum of -0.46 V at 2.59
eV and returns to the baseline > 4.0 eV due to the diminishing Xe arc lamp intensity at this
photon energy. The high photovoltage signal reversibility (88%) suggests minimal hole trapping
at the BiVOy, surface.** Overall, the SPS spectrum confirms the n-type character of BiVO; NWs

and the presence of defect states near the band edges.
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Figure 8. a) Surface photovoltage spectrum (SPS) of BiVO,4 nanowire film on FTO in vacuum.
b) Schematic energy diagram at pH = 0 showing carrier separation in the space charge region of

BiVO, under illumination. The sample is illuminated through the Kelvin Probe (KP).

To evaluate the photocatalytic activity of the BiVO, NWs, water oxidation experiments were
conducted under visible light (A > 400 nm) from a 300 W Xe lamp in a round bottom flask
containing 100 mg BiVO4, NWs and 100 mL of 0.02 M Fe(NOs);. Under these conditions,
Fe(H,0)¢>" serves as an acceptor for photoelectrons from illuminated BiVO4 NWs, 446 allowing

photoholes to accumulate for water oxidation, as illustrated in the energy diagram in Figure 9.

12



Page 13 of 35

Journal of Materials Chemistry A

E vs. NHE
04 hv CB

E lﬁé\ Q /\ .___.-E§e3+/Fe2+= +0.77
+13 . “Eg g+ /ag =+ 080V

: _.‘"ESZ/HZO - +123 V
+23 } “Eftn,0,/Mn2+ = +148V
+3 — e

VB © =
v

Figure 9. Energy band diagram showing carrier transfer in the gas evolution/photodeposition
experiments in Fe(NO;);, AgNOs3, and MnCl, solutions under visible light and at pH = 0. The
reported conduction band edge of BiVOy is 0.35 V vs. NHE (4.79 eV vs. vacuum level) and its

valence band edge is 2.83 V vs. NHE (7.27 €V vs. vacuum level).>#’

As can be seen in Figure 10a, the as-prepared BiVO, NWs evolve some O, (black curve) but
the rate is very low (2.26 umol/h). It was hypothesized that this low activity was due to the
coverage of surface sites by the Bi,03 nanospheres. Indeed, NWs after 5 min etching with HNOj;
give a much higher O, evolution rate (28.75 umol/h), as indicated by the red curve in Figure
10a. This represents a 12.7-fold enhancement, but still is much lower than what is typically
observed with BiVOy, particles under such conditions (Table S1).*®¥ Further etching for 10-40
mins in 1.0 M nitric acid did not result in further enhancement, as shown in Figure S4. Also, the
prolonged etching does lead to surface damage in the form of pits. Some of these pits occur
already 5 min into the HNOj etch, as can be seen in SEM in Figure S5. Lastly, etching of the
nanowires with 1.0 M KOH solution was also attempted, but did not result in increased oxygen

evolution activity (Figure S4).

13
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To investigate the photostability of BiVO, NWs, a 6 hour continuous gas evolution test was
conducted in 100 mL 0.02 M Fe(NO3); solution using a 100 mg sample under Xe lamp
irradiation. The visible light intensity at the flask was reduced to 350 mW/cm? to slow the
consumption of Fe3*, minimizing the impact of Fe3* concentration changes on the oxygen
evolution rate of BiVO4, NWs. The flask was evacuated every 2 hours, and the collective oxygen
amount was plotted against the reaction time to help evaluate curve linearity, as shown in Figure
S6. The higher initial oxygen rate is attributed to the release of surface-adsorbed O, from the
nanowire surface after storage in air. After the first hour, the oxygen evolution rate gradually
stabilized, as indicated by improved linearity, but a slow decline in the oxygen evolution rate
from consumption of Fe3* and production of Fe?" was still observed. Negligible changes in the
optical and morphological properties after the 6 hour test are evidenced by UV-Vis spectra
(Figure S7) and SEM images (Figure S8). These results indicate reasonable photostability of

BiVO4 NWs under oxygen evolution conditions.
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Figure 10. (a) O, evolution of 100 mg BiVO,; NWs in 100 mL 0.02 M Fe(NOs); solution under

visible light (A > 400 nm and 32-36° C). (b) O, evolution with 5 min etched BiVO; NWs in 0.02

14
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M Fe(NOs); (I), 0.05 M AgNOs; (IT), and mechanically ground BiVO, NWs in 0.05 M AgNO;

(III). Photo inset: BiVO4 NWs solid after photodeposition of Ag.

Photocatalytic measurements were repeated under the same conditions with the etched BiVO,
NWs and illumination from a 405 nm LED. The corresponding oxygen evolution trace is shown
in Figure S9. Based on this data, the apparent quantum efficiency of O, evolution is 0.44%
(Calculation details in the experimental section). For comparison, BiVO, nanosheets with large
(040) and small (200) facets achieved an AQE of 4.5% using Fe3* as the electron scavenger
under 440 nm light, as reported by Can Li’s group in 2021.2! The 10 times higher efficiency is
attributed to facet induced charge separation, where (040) facets attract photoelectrons and (200)
facets attract photoholes. Facet-dependent spatial charge separation is a well-established process
for monoclinic BiVO, microparticles,!*2!1224% and also for other photocatalysts, including
La:NaTa0;,% TiO,,’!' SrTi0;,°2°3 and WO; crystals.’*3> As recently seen for SrTiOs single
crystals, the facet selectivity is rooted in differences of the facet work functions, and the charge

transfer barrier heights of the corresponding semiconductor-liquid junctions.>°

A simple way to measure the charge selectivity of facets is by photodeposition of Ag, Au, MnO,,
or PbO, after reaction of the corresponding metal salts with photogenerated electrons or
holes.!??! Accordingly, BiVO4 NWs were illuminated in a 0.05 M AgNOj; solution with light
from a Xe arc lamp and a 0.22 M NaNO, UV filter. Because Ag" is an effective electron
scavenger, O, was formed again, as before with Fe(NOs);. However, O, evolution stopped after
1 hour due to the deposition of silver metal on the nanowires (Figure 9b). The optical

absorption from Ag also changed the yellow BiVO, NWs suspension to green (photo inset).>’

15
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According to SEM images and EDX in Figure 11 and S10, most of the Ag grows on the NWs
surface and not on the nanowire tips. This shows that photoelectrons are extracted mainly along

the NW perimeter.

Ag Lal

lpm

Mn Lal_2

|y — |

2.5um

Figure 11. (a) SEM and EDX mapping of Ag at the lateral surface of BiVO, NWs after
photodeposition of Ag. (b) SEM and EDX mapping of Mn at the lateral surface of BiVO, NWs

after photodeposition of MnOy. Nanoparticles were found on both the lateral and tip surfaces.

In a separate experiment, photohole accumulation sites were identified by photodeposition of
MnO, on BiVO, NWs from an aqueous solution of 0.02 M NalO; and 0.505 mM MnCl,

under >400 nm light from a Xe arc lamp.!° Here, 105" extracts the photoelectrons while Mn?*
captures the photoholes, resulting in the formation of insoluble MnOy. Inspection of the SEM
and EDX data after irradiation for 2 hours (Figure 11b and S11) reveals MnO, nanoparticles at

both lateral surface and tip surfaces. The Ag and MnOy photolabeling results demonstrate the

16
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absence of a facet-dependent charge separation mechanism in these BiVO, NWs. This explains
their low quantum efficiency of 0.44% in comparison to other BiVO, morphologies (Table S1).
Finally, mechanical grinding was explored to increase the NW tip area composed of (040) facets
for potential enhancement in O, evolution. However, the same amount of O, was generated from
photodeposition of Ag (Figure 9b). This confirms again that charges are predominantly
extracted at the nanowire perimeter, as suggested by the photolabeling results above. An
additional factor for the low activity are the large dimensions of the nanowires (average 433 nm
diameter and ~20 um length). These values vastly exceed the electron diffusion length of ~10
nm>? and hole diffusion length of 45-100 nm®3%%5% in BiVOQy,, and as a result, photocarriers
generated near the nanowire center undergo recombination and cannot be extracted. On the other
hand, the measured O, evolution rate of 28.75 umol/h does surpass previously reported rates of
0.075 umol Oy/h for Ni@NiO-loaded W:BiVO, nanofibers (NFs)*? and 13.7 pmol O,/h for
mesoporous undoped BiVO, NF (see Table S1).28 This is attributed to the single crystal
character of the nanowires which suppresses charge recombination and promotes charge transfer.

Higher nanowire OER activity may be achievable by adding a water oxidation cocatalyst.

CONCLUSION

In conclusion, we present a scalable synthesis of single-crystalline BiVO4 NWs of monoclinic
Scheelite structure type. The NWs have an average diameter of 433 + 110 nm and lengths
exceeding 20 um. They grow along the [010] direction, based on powder XRD and SAED data.
As-grown NWs contain Bi,0; nanocrystals on their surface, which can be removed by etching

with 1.0 M HNOs. The NWs have a 2.41 eV optical bandgap and behave as n-type

17
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semiconductors, based on Surface Photovoltage Spectroscopy. Under visible light, etched BiVO,
NWs evolve O, from 0.02 M Fe(NO3); at 28.75 pmol/h, corresponding to an apparent quantum
efficiency of 0.44% at 405 nm. The low activity of the material is due to the absence of a facet
dependent charge separation mechanism, as confirmed by photodeposition experiments with Ag*
ion and Mn?" ion. Additionally, the large NW diameter is above the electron and hole diffusion
lengths, preventing extraction of short-lived carriers. Improved activity may be achievable with
thinner wires and after adding a water oxidation cocatalyst. Thus, the single crystalline
nanowires may enable new applications of BiVO, in photocatalytic membranes (see ref. 27 for

example) and overall water splitting devices.

EXPERIMENTAL SECTION

Bi,03 (99.9%, Acros Organics), V,05 (99.6+%, Acros Organics), NaVO; (96%, Acros Organics),
HNO; (69.2%, Fisher Scientific), AgNO; (99+%, ACS reagent, Thermo Scientific Chemicals),
MnCl,-4H,0 (99+%, Acros Organics), Fe(NO;);-9H,0 (ACS, 98+%, Thermo Scientific
Chemicals) porcelain ceramic crucibles (Fisherbrand) were used as received. Water was purified

to 18 MQcm resistivity by a Nano-pure system.

Flux synthesis of BiVO, nanowires: As the precursor for flux synthesis, BiVO4 microparticles
was first synthesized by a liquid-solid state reaction at room temperature and under ambient
condition using a procedure reported in the literature.®® Briefly, 2.33 g Bi,O3 and 0.91 g V,05 were
mixed in 50 mL of 0.5 M HNOs; and stirred for 2 days at room temperature. The final product was
washed five times in water and left to dry at 70 °C in an oven resulting in a yellow powder that

was obtained in a yield of 95%.

18
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The as-prepared BiVO, microparticles were used as the reagent in the flux method with NaVOj; as
the flux solvent. 0.648 g BiVO4 was mixed and ground with 2.438 g NaVOs; in 1:10 molar ratio
and transferred to a ceramic (porcelain) crucible with a ceramic cover. The mixture of solid salts
was heated to 120 °C at a rate of 5°C/min and held at that temperature for 5 h to remove any residual
water. After that, the mixture was heated to 700°C at a rate of 5 °C/min and kept at that temperature
for 10 h. Finally, the mixture was cooled to 550 °C at a rate of -1 °C/min and then naturally cooled
to room temperature. The resulting yellow solid chunk was immersed in 200 mL of a stirred 1.0
M KOH solution at 100 °C for 2 h to remove all NaVO;. The product was separated by
centrifugation, washed with 1.0 M KOH once more, and then with water for 4 times, and dried in
at 70 °C oven overnight. A nitric acid wash was performed on BiVO, nanowires to remove the
surface Bi,0;, as well as the oxides from the crucible in some cases. For the acid etch, 40 mg
BiVO,4 nanowires were dispersed in 10 mL of 1.0 M HNO; for 5 mins, 10 min, 20 min and 40 min,
followed by washing 3 times with water and drying in a 70 °C oven overnight. Base wash in 10
mL of 1.0 M KOH was done by soaking 40 mg of BiVO4 NWs for 10 min or 40 min to study the

effect of wash time on their photocatalytic activity.

Photodeposition of Ag and MnO, as adapted from Li et al'® with slight modification.
Photodeposition of Ag was done in a 100 mL suspension with 100 mg BiVO, NWs and 0.05 M
AgNO; for 3 hours. Photodeposition of MnO, was performed in a 50 mL aqueous suspension with
25 mg BiVO4 NWs, 0.02 M NalOs, and 0.505 mM MnCl, for 2 hours. The suspensions were
sonicated in a 100 mL round bottom flask for 10 min, and the air was then replaced by purging

with N, for 10 min. [llumination was provided by a 300 W Xe arc lamp equipped with a 0.22 M

19
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NaNO,; long-pass filter (A>400 nm) and an IR water filter. The irradiance was 400 mW/cm? as

measured by a GaAsP detector connected to an International Light NIST traceable photometer.

Powder X-ray Diffraction scans were conducted with a Bruker D8 ADVANCE Powder

Diffractometers, at a wavelength of A = 0.154 nm. The scan rate was set as 0.14 degree/second.

UV-Vis Diffuse Reflectance Spectroscopy was performed on sample films using a Thermo
Scientific Evolution 220 Spectrometer equipped with an integrating sphere. A barium sulfate

standard was used to calibrate the background.

Scanning electron microscopy (SEM) images were recorded using the Everhardt-Thornley
detector of a FEI Scios instrument operating at of 5.0 keV. Qualitative elemental mapping of the

sample was carried out at an acceleration voltage of 20 kV using an Oxford X-Max EDS detector.

Transmission electron microscopy (TEM) was performed with a JEOL 2100F TEM operated at
200 keV. TEM samples were prepared by drop-casting a 0.2 mg/mL suspension of BiVO, NWs

onto carbon supported copper TEM grids, followed by overnight drying at room temperature.

Surface photovoltage spectroscopy (SPS) scans were conducted under vacuum (<1E-4 mbar)
using a gold Kelvin probe (Delta PHI Besocke) as the reference electrode. Samples were

illuminated with monochromatic light from a 300 W Xe lamp filtered through an Oriel Cornerstone
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130 monochromator. NW films were prepared via the following method. First, F-doped tin oxide
(FTO) substrates were sonicated sequentially in acetone, ethanol and nano-pure water for 15 min
and dried in a 70°C oven for 2 h before use. Then a 5 mg/mL of BiVO, NW suspension was
prepared and sonicated for 1 h. 50 puL of this suspension was then drop-coated onto a circular area
on the FTO substrate as defined by a circular tape mask (diameter = 0.70 cm). The film was dried
in air overnight and annealed in air at 400°C for 2 h. The ramping rate is 2.5°C/min for both heating

and cooling.

Photocatalytic water oxidation experiments were conducted in a glass round bottom flask using
a mixture of 100 mg BiVO, nanowires in 100 mL of 0.02 M Fe(NOs); solution. The solution was
stirred magnetically and cooled with a fan to 33 °C as measured contactlessly with an infrared
thermometer. The light from a 300 W Xe-lamp was filtered through a 0.22 M NaNO, long-pass
filter (A>400 nm) and a water near infrared filter. The visible light intensity at the location of the
round bottom flask was ~550 mW/cm? as measured by International Light NIST traceable
photometer. Prior to illumination, the flask was sonicated for 10 minutes and then connected to an
air-tight irradiation setup connected to an SRI GC 8610C gas chromatograph. The 6 hour stability
test was performed under the same parameters, except a visible light intensity of ~350 mW/cm?

was used and vacuum evacuation of the gas space was performed every 2 hours.

Apparent quantum efficiency measurements were conducted as described above in a round
bottom flask with magnetic stirring, except a 405 nm LED light source was used, whose light
intensity at the flask was 622 mW/cm? as measured by an International Light NIST traceable

photometer with a GaAsP detector. The back of the flask was covered with an aluminum foil
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mirror to reduce photon leakage, leaving an elliptical window of 1.900 cm? for the LED. The
apparent quantum efficiency (AQE) was obtained with the following equation and values:

rate of reacted electrons

AQE = —
rate of incident photons
micromoles of 0, evolved per second X 4M 10—° ﬂ Xh Xc XF
0, micromole

P XA XAXe

In the above equation, A = 1.900 cm? is the area of illumination, P = 622 mW/cm? is the light
intensity per square centimeter, A = 405 nm is the wavelength of light, h is the Planck’s constant,

c is the speed of light, F = 96485 C/mol is the Faraday constant, e is the elemental charge.

SUPPORTING INFORMATION

SEM images, EDX data, oxygen evolution data, quantum efficiency data and a comparison with

the reported BiVO4.14,18,20,21,27,28,30,61763
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Data Availability

Data in support of the conclusions of this study is presented in the
manuscript and in the Supporting Information section. This data is
also available from the corresponding authors upon reasonable
request.



