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CuBiW,0g (CBTO), with a band gap of 1.9-2.0 eV, responds to a wide region of the electromagnetic
spectrum, which makes it a good candidate for solar-driven photocatalytic energy conversion and water
treatment. We have previously demonstrated a Cu-rich solid state approach that enables the synthesis of
CBTO accompanied by thermodynamically stable Bi,WOg impurity. Here, we describe an improved
synthesis protocol with decreased impurity and synthesis time, and the first demonstration of CBTO as
a functional material using photocatalytic Cr(vi) photoreduction as a probe reaction. Transient absorption
spectroscopy (TAS) was performed to investigate the ultrafast dynamics of the charge carriers after
photoexcitation. The presence of two populations of photoexcited carriers was found, including short-
lived free carriers with ~10 ps lifetime and long-lived shallowly-trapped carriers with ~1 ns lifetime.
Together with carrier mobilities measured in our previous study, the new TAS results indicate that the
long-lived charges have diffusion lengths similar to the CBTO particle size and were likely responsible for
the majority of the photocatalytic activity. High activity of CBTO for Cr(vi) photoreduction (~100%
reduction of 5 mg L™t of Cr(v)) in 15 minutes) was demonstrated, which clearly establishes the promise of
this novel oxide for visible light-driven photocatalytic applications. Radical quenching experiments
indicate that both "OH radicals and O, radicals are produced by CBTO and are involved in the
photoreduction of Cr(v). Repeated photocatalysis tests and analysis of the surface after the reaction
show that CBTO is a stable and potentially reusable catalyst. Insights gained from correlating the
synthesis conditions, carrier dynamics, and reactive species suggests that CBTO prepared with the
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We have previously shown that the quaternary complex

1. Introduction . : ; :
oxide, CuBiW,0g (CBTO), is a good solar absorber material

Copper-containing complex oxides are promising candidates
for light-driven catalysis such as photocatalytic pollutant
removal/degradation = and  photoelectrochemical  water
splitting.’™* Development of sustainable catalysts with strong
optical absorption in the visible range is important for efficient
energy conversion and environmental remediation.
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(absorption coefficient of 10* cm™" for 700 nm light) with
moderate charge transport,”> which makes CBTO a favourable
catalyst for visible-light-induced reactions. However, due to the
complexity of the material, studies on CBTO are scarce. Besides,
CBTO synthesis is challenging in terms of maintaining Cu in
the +1-oxidation state and preventing Cu loss by diffusion
during the growth. In our earlier work, we mitigated these
challenges by repeating the solid-state synthesis several times
within a sealed copper box at 600 °C* which is a slightly modi-
fied version of the procedure described by Klevtsov and Per-
epelitsa.* However, even after the repeated thermal annealing
steps, persistent Bi,WO, impurity phase formed along with
CBTO due to the thermodynamic stability of Bi,WOs. In addi-
tion, CBTO growth was hindered at elevated temperatures (>600
°C) where Bi,WOg becomes the dominant product. Hence, there

This journal is © The Royal Society of Chemistry 2022
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is still a need for improving the synthesis protocol to decrease
the amount of impurity and effectively evaluate the potential of
pure CBTO in photocatalytic reactions. While our previous
synthesis approach utilized Cu,O as the Cu() source, an alter-
native synthetic route for CBTO was described by Kriiger and
Miiller-Buschbaum in 1992, which utilizes Cu,WO, as the Cu()
source.” They generated single crystals of CBTO at 950 °C with
this ternary oxide precursor in a heterogenous product mixture
of other phases. In the present study, this alternative CBTO
synthesis is revisited with some modifications. Unlike the
previously-used Cu,O precursor, which has a tendency to reduce
or disproportionate to Cu and result in a loss of Cu by diffusion,
as reported in our previous work,> the new synthesis employs
Cu,WOy, in which the association of oxo moieties with tung-
state groups decreases the propensity of this precursor to
reduce or disproportionate, leading to better retention of Cu in
the desired stoichiometric quantity and more predictable
synthetic chemistry. With the optimized process, contrary to the
earlier work, CBTO can be produced at higher temperatures (up
to 800 °C) with much less Bi,WO, phase appearing. Another
advantage of the new process is the considerable decrease in
synthesis time. In addition, we have characterized photo-
catalytic properties of CBTO using Cr(vi) reduction reaction as
a probe and as an environmentally-relevant process. This is the
first demonstration of any application of CBTO as a functional
material.

Chromium is reported to be the second most abundant
inorganic contaminant in the United States and present in
drinking water in all states.'*'* Hexavalent Cr(vi) is a highly toxic
(carcinogenic and mutagenic) metal threatening human health
and aquatic life seriously even at trace amounts, and has been
listed among the 8 highly toxic metals in the US Resource
Conservation and Recovery Act.”*™” Hence removal of Cr(vi)
from drinking water is extremely important and urgent. To date,
the best remediation strategy has been reduction to less toxic,
insoluble Cr(u) species. In this regard, photocatalytic Cr(vi)
reduction is attracting interest as an eco-friendly, sustainable,
energy saving, fast and cheap technology. With excellent band
gap for visible light absorption (E, = 1.9-2.0 eV) and
a conduction band energy (CB) of ~—0.69 eV (vs. NHE), p-type
CBTO is envisioned to be effective in Cr(vi) photoreduction
(Ecr(wycr(u) = 1.33 eV vs. NHE) (Fig. 1). On the other hand, while
the valence band (VB) energy of ~1.3 eV (vs. NHE) may not be
suitable for one electron water oxidation (E-opm,0 = 2.73 €V vs.
NHE) and/or hydroxyl ion oxidation (Eoy—,on = 1.99 eV vs.
NHE); the oxidation half-reaction can occur by four electron
oxidation of water (Eo 3,0 = 1.23 eV vs. NHE) and/or oxidation
of organic acids, which are typically present in wastewater, or
are added for the purpose of this photocatalytic remediation. In
this paper, we report photocatalytic activity of CBTO for Cr(vi)
reduction and the influence of catalyst loading, pH, and pres-
ence of organic acids on the photocatalytic reduction activity.
Through the determination of the major active species involved
in the photocatalytic processes; we establish the mechanism for
the relevant photoreduction/oxidation reactions.

To gain additional insight into the behaviour of the photo-
excited carriers, we applied transient absorption spectroscopy
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Fig. 1 Schematic illustration of the CBTO band structure, photoin-
duced charge carrier separation, and the photocatalytic Cr(vi) reduc-
tion reaction mechanism.

(TAS). TAS is a pump-probe technique for characterizing the
transient changes in the optical absorption spectrum following
the photoexcitation. The decay kinetics of the photogenerated
charge carriers can be studied by monitoring these transient
changes to understand the timescales of the charge recombi-
nation and trapping processes. Here, we report the time-
resolved absorption characteristics of CBTO for the first time
and discuss the ultrafast dynamics of the photogenerated
charge carriers.

2. Experimental
2.1 Materials

All reagents were used as received without further purification
unless stated otherwise. Argon (Industrial Grade, 99.995%,
Praxair & Ultrapure Grade, 99.999% Airgas) was used for all
tube-furnace calcinations. Copper foil (99.9%, 0.254 mm &
0.127 mm thick) and tert-butyl alcohol (TBA, ACS, 99+) were
purchased from Alfa Aesar. Copper metal powder (99.999%
trace metals basis), copper(u) oxide (CuO, 99.999% trace metals
basis), tungsten(vi) oxide (WO3, 99.995% trace metals basis),
bismuth(im) oxide (Bi, O3, 99.999% trace metals basis), citric acid
(CA, ACS reagent, =99.5%), 1,5-diphenylcarbazide (DPC,
reagent Ph. Eur., =98.0%), silver nitrate (ACS reagent, =99.0%),
and p-benzoquinone (BQ, reagent grade, =98.0%) were
purchased from Sigma-Aldrich. Ethanol (absolute, 200 proof,
99.5%, ACS Reagent Grade) was purchased from Acros
Organics. Saturated potassium chloride was purchased from
VWR. Sulfuric acid (Certified ACS Plus), nitric acid (ACS Certi-
fied), sodium hydroxide (ACS Certified), and acetone (HPLC
Grade) were purchased from Fisher Scientific. Deionized water
was generated using a Hydro Service and Supplies water
deionizer. Coors high-alumina combustion boats (5 mL) and
crucibles were purchased from Sigma-Aldrich. Sonication
treatments were performed in a Branson Bransonics 1800 son-
icator. Agate jar and balls for the ball-milling of powders were
purchased from MicroNano Tools/Micromolding Solutions Inc.
and were used with a PBM-04 Planetary Ball Mill. A Lindberg
Blue M box furnace and Lindberg Blue M Mini-Mite one-zone
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tube furnace from Thermo Scientific were used for solid-state
syntheses.

2.2 Synthesis of CBTO

To realize Cu,WO, based synthesis of CBTO, Cu,WO, was
freshly prepared by a 2-step solid-state route as depicted in
Fig. 2. Please see ESIf for the details of the synthesis and
characterization of the precursor (Fig. S1 and S2%). For CBTO
synthesis, Cu,WO, (0.5 mmol), Bi,O; (0.5 mmol), and WO; (1.5
mmol) were ground to a uniform pinkish-yellow powder by
mortar and pestle. The powder mixture was transferred into
a folded box of copper foil which was then purged with argon for
10-15 minutes before being folded closed with pliers and
placed in a high-alumina combustion boat. The boat was ther-
mally treated at 600 °C (9 hours), 700 °C (30 minutes and 2.5
hours), or 800 °C (10 minutes, 30 minutes, 2 hours, 4 hours and
6 hours) under an argon atmosphere (300 cm® min ") in a one-
zone tube furnace. The resulting loose crystalline dark red-
brown powder was collected from the copper box by opening
the box, inverting it, and tapping (Fig. S3at), while any well-
adhered material that was deposited on the inner surface of
the box was left behind to minimize contamination with copper
metal. The dark coloured crystals were powdered by grinding
with an agate mortar and pestle before structural characteriza-
tions. Post synthesis, ~700 mg of CBTO powder was pre-ground
by mortar and pestle for 5 minutes and suspended in ~40 mL
ethanol. The suspension was ball-milled for 12 hours at
300 rpm, reversing the direction of rotation every two hours.
Following the milling treatment, the powder was collected from
the colloidal suspension, dried, and used for the photocatalytic
reactions. The ball-milled suspension (without drying) was
directly used for drop-casting to prepare films on quartz
substrates for transient absorption measurements.

2.3 Characterization

Powder X-ray diffraction (XRD) measurements were performed
using a PANalytical Empyrean X-ray diffractometer using Cu K-
o (45 kV, 40 mA) and Cr K- (30 kV, 55 mA) radiation with Ni-
B and V-B post-diffracted beam filters, respectively. For consis-
tency all spectra were converted to Cu K-oo 26 values and

Cuo wo,

WO,
12h @ 800 °C 8h @ 650 °C 4h @ 800 °C
Ar flow
Ar flow Cii Bk

cuwo, '+ CuBiW,0;

Fig.2 Scheme summarizing the optimized synthetic protocols (Vesta
was used for crystal structure visualization).
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reported herein as such. The morphology of the powders was
characterized by scanning electron microscopy (SEM, JEOL
7000F, 5 kV). All the samples were excited by white light from
a 300 W Xe lamp (model 6258, Oriel) and the UV-vis absorbance
spectra were recorded by an Ocean Optics spectrometer (Model
USB2000+Rad, Ocean Optics). Raman spectroscopy was per-
formed with an excitation laser operating at 532 nm and an
Olympus 100x magnification lens. Surface composition of the
photocatalyst before and after the photocatalytic reaction was
measured by X-ray photoelectron spectroscopy (XPS, Thermo K-
Alpha). The transient absorption measurements were obtained
by a HARPIA-TA ultrafast transient absorption spectrometer
(Light Conversion). The pump-probe signal was generated by
a 40 W ytterbium laser (Carbide, Light Conversion). 450 nm
pump pulses with fluence of 76.4 pJ cm > were generated
through an OPA (Orpheus, Light Conversion), and the probe
pulses were generated by white light continuum generation
through a sapphire crystal. The temporal response was ~150 fs.
The pump photon energy of 2.76 eV ensured excitation across
the band gap. A white-light continuum between 1.45 and
2.40 eV was used as a probe. The difference in absorption AA
was detected by an Andor spectrograph and a silicon photo-
diode, which allowed for detection of the difference in absorp-
tion for a single wavelength for every delay time.

2.4 Assessment of photocatalytic Cr(vi) reduction activity

A Cr(vi) stock solution (50 mg L™ " based on Cr) was prepared by
dissolving a suitable amount of K,Cr,0; in deionized water and
diluting as needed. To study the photoreduction of Cr(vi) to
Cr(m), varying amounts of the photocatalyst (1-16 mg) were
added to 40 mL Cr(vi) solution (5 mg L") at pH 2 (adjusted by
adding 1 M HNOj;) containing 10 mM citric acid (CA) in a glass
beaker. A VWR SympHony B10P pH meter, which was calibrated
daily, was used to measure the pH. Before illumination, the
suspension was ultrasonically mixed for 30 min and then
magnetically stirred for 30 min in the dark to establish an
adsorption-desorption equilibrium between Cr(vi) and the
photocatalyst. Afterwards, the test solutions were irradiated by
a 300 W Xe lamp fitted with a UV filter under magnetic stirring.
Photocatalytic tests were performed under 100 mW c¢m ™2 irra-
diation. At regular intervals, 2 mL of the test solution was
withdrawn and centrifuged at 3500 rpm for 10 min to remove
the suspended catalyst. The concentration of Cr(vi) in the
aqueous solution was determined by measuring the absorption
maxima at A = 540 nm using the DPC method.*'® The %
photoreduction percentage (PRP) was calculated using the
following formula:

Ay — A

PRP(%) = L% 100 (1)

0
where A, represents the initial absorbance at time 0 after the
treatment in dark, just before light is switched on and 4; is the
absorbance after photoreduction process at time ¢. For deter-
mination of the possible reactive species during the photo-
catalytic reduction, experiments were repeated with TBA,
AgNO;, and p-BQ instead of CA to capture hydroxyl radical

This journal is © The Royal Society of Chemistry 2022
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("OH),"** electrons (e~ ),** and superoxide radical (O, ),'®*22-26
respectively.

The reusability of CBTO photocatalyst was assessed by per-
forming repeated photocatalytic tests on the same CBTO
suspension without any washing or treatment in between runs.
For the assessment of the 2™¢ photocatalytic test, the 1°* run
with 40 mL of 200 mg L~ " CBTO suspension with 5 ppm Cr(vi)
and 10 mM citric acid was completed without any sampling.
After the 1% run, fresh 5 ppm Cr(vi) and 10 mM citric acid were
added into the suspension. This suspension was mixed for 60
min in the darked, followed by illumination with 100 mW cm >
light for the 2™! photocatalytic test. During the 2" photo-
catalytic test, 2 mL samples were collected at regular intervals to
measure the Cr(vi) concentration. For the assessment of the 3™
photocatalytic test, 1 and 2" runs were performed as
described above without withdrawing any samples during these
tests. Before the 3™ test, fresh 5 ppm Cr(vi) and 10 mM citric
acid was added into the system. This suspension was mixed for
60 min in the dark, followed by illumination with 100 mW c¢m >
light for the 3™ photocatalytic test. During the 3™ photocatalytic
test, 2 mL samples were collected at regular intervals to measure
the Cr(vi) concentration.

3. Results and discussion

3.1 Improved synthesis of complex oxide CBTO utilizing
ternary metal oxide precursor

To test the viability of utilizing a ternary oxide, Cu,WO,, as
a precursor to CBTO, our earlier reported synthesis protocol
(starting with Cu,O precursor) was reproduced and compared.?
Selection of the precursor does not significantly impact the
synthesis at 600 °C. Utilization of the either precursor yields
very similar results at this low temperature (Fig. S47), in which
there is a persistent BiW,0q impurity even after 4 annealing
steps of 9 hours with ball milling between thermal treatments.
However, when the temperature is increased to 700 and 800 °C,
there is a large difference between the reaction products
depending on the precursor used, as can be seen in Fig. 3.
Cu,WO,-based synthesis yields bulk CBTO as the primary phase
even at higher temperatures (700 and 800 °C) and after very
short durations. In contrast, Cu,O-based synthesis results in
formation of Bi,WO4 as the primary phase and the relative
amount of Bi,WOs impurity increases with annealing
temperature.

XRD patterns show that with Cu,WO, precursor, bulk CBTO
forms after only 10 minutes at 800 °C and after 30 minutes at
700 °C as the primary phase in a sealed Cu box along with
secondary impurity phases and the remaining precursors. XRD
reflections of the impurity phases and precursors diminish in
intensity with longer thermal treatments. The intensity ratio of
the most intense reflections for Bi,WOs and CBTO (I wo,/
Icero) decreases from 0.64 (1°° annealing) to 0.20 (4™ annealing)
for the Cu,O-based route (600 °C, 9 h). In comparison, the ratio
is 0.08 for the Cu,WO,-based route after a single, shorter
annealing step (800 °C, 4 h). The reduction in the amount of the
Bi,WO, impurity can be attributed to the presence of pre-
existing Cu-W-O bonds in the Cu,WO, precursor, which

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 XRD diagrams showing Cu,WOQO, based CBTO synthesis at
varying temperatures and durations in Cu rich environment under
argon compared with Cu,O based synthesis.

minimizes the loss of Cu during synthesis. In addition, utili-
zation of the ternary metal oxide introduces Cu/W sources that
are mixed at the atomic level with significantly decreased
diffusion distances, which is expected to lower the nucleation
barrier to form the solid phase CBTO.>™*

Increasing the treatment time further to 6 h did not improve
the conversion of Bi,WOs to CBTO. Hence, the product
prepared using Cu,WO, precursor by the high temperature
protocol with lowest fraction of Bi,WOs (Cu,WO, based route,
800 °C, 4 h) was selected for further characterization. XRD
patterns of different batches show that Cu,WO, based synthesis
is a reproducible technique (Fig. S3b¥).

The morphology and the microstructure of the selected
powders were further characterized by SEM. The as-synthesized
powder is composed of irregularly shaped particles with well-
defined facets (Fig. S5(a and b)t). The particle size is highly
polydisperse with sizes ranging from ~15 um to 100 nm. To
reduce the particle size, the powders were ball-milled before
photocatalytic experiments. After the ball-milling, the range of
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particle sizes was reduced to ~2 pm to 20 nm (Fig. S5(c and d)¥).
Energy dispersive X-ray spectroscopy (EDS) analysis of the ball-
milled CBTO powder was performed for elemental composition
analysis of the synthesized particles. The atomic composition of
the larger crystals as well as smaller particles closely resembles
that of CuBiW,0Og, with slightly higher Cu than expected, as was
found in our previous study (Fig. S61).> This slight variation is
attributed to the presence of Cu®" on the surface, which was also
detected by XPS (Fig. S121) and is likely due to surface oxidation
and formation of CuO on the surface. While the powder displays
atomic composition ratio similar to that of CBTO, some loca-
tions with lower atomic percentage of Cu or Bi than that which
would be expected from CBTO were found. This deviation can
be attributed to the presence of Bi,WOs and CuW,0, impurity.
However, both large and small particles had similar composi-
tions, indicating that the impurity phases are evenly distributed
throughout all the particles. XRD patterns of the ball-milled
powder are also provided in Fig. S7.1 All the following charac-
terizations and experiments were performed with the ball mil-
led powder.

3.2 Optical properties

To evaluate the extent of the visible light absorption, the
absorption spectrum of CBTO dispersed in water was recorded
(Fig. S8at). CBTO displays strong absorption in the entire
visible region extending to the near infrared portion of the
spectrum. The Tauc plots obtained from the UV-visible
absorption spectrum of CBTO are shown in Fig. 4a. The
extrapolated indirect band gap of 1.80 eV is positioned close to
the allowed direct band gap of 1.91 eV. These results are in good
agreement with previously reported theoretical predictions.>
The significant lower energy absorption tail covering 1.3-1.9 eV
range has been previously ascribed to theoretically-predicted
intra-valence band absorption associated with the Cu vacancy

(a) AL B | (c) T T
' Eg=1.91eV_~A5x107 | t,~10ps fﬂo%(ow
3x10° ! ‘ fo
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i E": % %JTV o aa
K - I o0 f 1
- I \ ——1.5eV
02 /' [——19ev|]
0 0 ! 1
-50 0 50 100
Time (ps)
®) (@ e
e t,~1.5ns
%3%%&’% ER
° 0 oo Hser]

& AA(mOD)

N

0 05 1 15 2 25 3 35
Time (ns)

Energy (eV)

Fig. 4 Optical properties of CBTO (a) Tauc plot for determining the
indirect (1.80 eV) and direct (1.91 eV) band gaps. (b) Transient
absorption spectra recorded at different times after excitation with
76.4 nJ cm™2, 450 nm (2.76 eV) optical pulses. Transient absorption
kinetics at 1.5 eV and 1.9 eV over early (c) and long (d) time scales.
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states, as well as to the absorption by surface states and
impurities.

To gain additional insight into the behaviour of the photo-
excited carriers, transient absorption spectroscopy (TAS) was
performed. TAS spectra at various time delays and the dynamic
decay profiles of the associated transitions are given in Fig. 4.
The transient differential absorption spectra show an initial
broad absorption bleach centered at the direct band gap energy
at early times (<10 ps) after excitation (Fig. 4b), resulting from
depopulation of the ground state. At early times (<10 ps)
bleaching is also observed for intra-band absorption with
energy around 1.5 eV. In part, this observed suppression in
absorption results from the spectrally broad absorption bleach
at 1.9 eV. However, since the energy used in the experiments is
sufficient to photoexcite electrons from the deep valence band
levels to the top level of the valence band, this short-lived bleach
likely also features contributions from state-filling at the top of
the valence band (Fig. 4b and c). Then, over short time scales
(~10 ps) the free photoexcited electrons and holes are trapped,
and therefore both transitions recover (Fig. 4c). The lifetime of
these short-lived free carriers is consistent with the lifetime of
the free, mobile photoexcited charge carriers determined by
optical pump-THz probe (OPTP) spectroscopy in our earlier
report,” which also revealed their mobility to be as high as 150
em?® V™' 57, Most of these free carriers recombine or are trap-
ped at defect or impurity states. The photogenerated electrons
may trap at shallow defect states in CBTO, and at Bi,WOs
impurities, since the band gap alignment between CBTO and
Bi,WOs (Fig. S8bT) is favourable for efficient trapping of the
photogenerated electrons at the Bi,WO, conduction band.
Photogenerated holes, on the other hand, likely trap at the band
associated with Cu vacancies in CBTO, which lies within
~0.08 eV of the valence band edge.” As a result, not only does
the intra-valence band absorption recover, but we also observe
the emergence of enhanced broadband photoinduced intra-
valence band absorption centered around 1.5 €V, at similar
time scales (Fig. 4c). This enhancement of intra-valence band
absorption (from states deep in the valence band to states near
the top of the valence band) can be explained by the accumu-
lation of a large photogenerated hole concentration near the
valence band edge.

Analysis of the longer time dynamics (Fig. 4d) reveals that
the trapped photoexcited carriers recombine over ~0.5 ns time
scales, while relaxation of the photoinduced intra-valence band
absorption (1.5 €V) is slower, proceeding with ~1.5 ns decay
time. These lifetimes are consistent with the nanosecond
timescales measured by time-resolved photoluminescence for
this population of carriers. The mobility of this long-lived
population of trapped carriers was measured by Hall effect to
be 0.32 ecm® V™' s, indicating a much slower hopping motion,
as expected for trapped carriers.”

The new insight obtained here is that the lifetime of these
longer-lived slower carriers is of order ~1 ns, resulting in an
expected diffusion length of ~30 nm, compared to ~10 nm for
the short-lived free carriers. The larger diffusion length of the
longer-lived carriers and the good match between this carrier
diffusion length and the size of the small ball-milled CBTO

This journal is © The Royal Society of Chemistry 2022
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particles indicates that these longer-lived carriers in shallow
traps are responsible for the majority of the observed photo-
catalytic activity. Compared to other multi-metal oxides such as
BivO, and CuBi,0,, CBTO exhibits higher carrier mobility and
smaller carrier lifetime, but comparable diffusion lengths.”

3.3 CBTO as a functional material in photocatalytic
applications: Cr(vi) photoreduction

The photocatalytic behaviour of CBTO was evaluated via pho-
tocatalytic Cr(vi) reduction with 10 mM citric acid (CA) present
as a hole scavenger under white light excitation from a Xe
source with a UV filter (100 mW cm™?) at pH 2. 400 mg L™" of
CBTO prepared by Cu,WO,-based synthesis (800 °C, 4 h) almost
completely reduced 5 mg L™" Cr(vi) in 15 minutes under these
conditions, while the same quantity of CBTO prepared by Cu,O-
based synthesis (600 °C, 9 h) required more than 250 minutes to
reduce the same quantity of Cr(vi) (Fig. 5a). This difference in
performance is in line with our previous assertion® that Bi,WOg¢
impurity acts as an efficient trap for the photoexcited carriers in
CBTO due to the band offset between these materials
(Fig. S8bt). Decreasing the amount of Bi,WO, impurity phase
using the Cu,WO,-based synthesis was crucial to enhance the
photocatalytic activity of CBTO. The influence of catalyst
loading on dark adsorption of Cr(vi) and on Cr(vi) photoreduc-
tion efficiency, and the effect of spectral irradiance on Cr(vi)
photoreduction efficiency is given in ESI (Fig. S9 and S10).}
We performed experiments with hole and electron scavengers
to gain insight into the role of electrons and holes in the photo-
catalytic process. Addition of an electron scavenger (silver nitrate)
decreased the rate of photocatalytic reduction of Cr(vi) (Fig. 5b),
while addition of a hole scavenger (citric acid, CA) increased the
rate of photocatalytic reduction of Cr(vi) (Fig. 5a and b). This
indicates that electrons produced by CBTO directly or indirectly
lead to the photoreduction of Cr(vi), while holes provide
a competing pathway for consumption of the electrons by
recombination. In other words, the improvement in the photore-
duction rate of Cr(vi) upon addition of citric acid can be attributed
to the enhanced separation of the photoinduced electrons and
holes due to the consumption of the photogenerated holes by CA
(Fig. 1). The photogenerated electrons and holes are expected to
recombine in ~nanoseconds in the absence of CA (Fig. 4b). Hence,
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Fig.5 Cr(vi) photoreduction with CBTO under excitation with 100 mW
cm~2 light, 40 mL of 5 mg L™ Cr{v)) solution, 10 mm CA, pH = 2 unless
stated otherwise (a) depending on synthesis technique, pH, and (b)
presence of citric acid PRP at 240 min in the presence of different
scavengers (CBTO: 200 mg LY.
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CA enhances the availability of the photogenerated electrons to
participate in the Cr(vi) photoreduction reactions. However, when
the CA concentration exceeds 10 mM, the rate of Cr(vi) photore-
duction decreases (Fig. S8at). This decrease is attributed to the
reduction of the free surface sites for Cr(vi) adsorption.***' The CA
amount was kept constant at 10 mM in the following experiments
so as not to hinder the adsorption of Cr(vi) onto the surface. As
seen in Fig. S8¢c,T about 88% of the initial Cr(vi) was adsorbed onto
the catalyst surface at the catalyst loading of 400 mg L ™" even with
10 mM CA present in the solution.

We also performed radical quenching experiments to gain
insights into which reaction intermediates are involved in the
photocatalytic reduction processes. Specifically, a "OH radical
quencher (tert butyl alcohol (TBA)) and a O, radical quencher
(p-benzoquinone (BQ)) were added.'*?* The photoreduction rate
of Cr(vi) decreases when each of these radical quenchers is
added (Fig. 5b), indicating that both ‘OH radicals and O, ™
radicals are produced by CBTO and are involved in the photo-
reduction of Cr(vi). ‘OH generation through one electron water
oxidation (E-omm,0 = 2.73 €V vs. NHE) and/or hydroxyl ion
oxidation (Eop—om = 1.99 eV vs. NHE) are unlikely to be rele-
vant since the valence band (VB) energy of CBTO (~1.3 eV vs.
NHE) is not sufficiently positive for these reactions to occur.
Another possible pathway is a multistep process through
reduction of molecular oxygen to O, , disproportionation to
H,0, and subsequent reduction to ‘OH, (possible reactions are
listed in Fig. S111) which could also account for the involvement
of the superoxide radicals.

The effect of pH on photoreduction of Cr(vi) was also evalu-
ated, as it is an important parameter for actual wastewater treat-
ment. The photoreduction reaction of Cr(vi) proceeds more slowly
at neutral pH (Fig. 5a), similar to the previous reports of Cr(vi)
photoreduction by other photocatalysts.'****' This is typically
ascribed to the decreased adsorption of Cr(vi) on the catalyst
surface due to the less negative charge of the surface at higher pH,
and also due to the deposition of Cr(OH); precipitate on catalyst
surface at high pH values. In this case, the adsorption of the Cr(vi)
on CBTO was similar at both acidic (58%) and neutral pH (55%)
(at 200 mg L™ catalyst loading). Hence, the increased rate of Cr(vi)
photoreduction at low pH can be attributed to the enhanced
thermodynamic driving force for Cr(vi) reduction reaction at high
[H'] (Fig. S1171)." In addition, the acidic conditions hinder the
passivation of the catalyst surface by Cr(OH); precipitation,
thereby enhancing photoreduction of Cr(vi. XPS analysis
(Fig. S121) of the catalyst before and after the light induced
reactions confirmed the absence of Cr species on the CBTO
surface after photoreaction in acidic pH, indicating that reduced
Cr product does not coat the photocatalyst under this reaction
condition. XPS analysis also shows that features which can be
ascribed to surface impurities such as CuO and Bi,WO, are
removed during the photocatalytic reaction under the present
acidic conditions. On the other hand, features that can be
ascribed to CBTO do not show a change in composition after the
reaction, which points out the stability of CBTO under photo-
catalytic reaction conditions. However, a significant reduction in
the intensity of the Cu, Bi, and W peaks after the reaction was
found, which implies that the surface is coated with some
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material after the reaction. Analysis of the high resolution C 1s
spectra (Fig. S12 and S13+) shows that the surface coating is due to
carbon species associated with citric acid and/or reduced form of
citric acid after the reaction. Some carbon species remain on the
surface even after the used catalyst is washed with water and
ethanol, but their quantity is greatly reduced, and the Cu, Bi
and W peaks from the CBTO surface return to their original
intensity after washing.

The reusability of the catalyst was investigated by performing
three repeated Cr(vi) photoreduction tests with the same CBTO
photocatalyst powder without any treatment or washing of the
CBTO in between tests. Prior to the second and third test, the
same quantities of Cr(vi) and citric acid that were added for the
first test were added into the reactor again. In each test, the
suspension was stirred for 60 minutes in the dark to allow
adsorption equilibrium of Cr(vi) and CA with the CBTO particle
surface to be reached, followed by illumination to drive the
photoreduction of Cr(vi) by CBTO. The fraction of Cr(vi) that was
adsorbed on the CBTO surface in the dark (before photore-
duction) decreased only slightly in the 2"¢ and 3™ tests
compared to the 1°° test. The rate of Cr(vi) photoreduction by
CBTO in the 2™ test was nearly identical to that in the 1° test,
while the rate in the 3™ test is slightly lower (data shown in
Fig. S147). One likely reason for both the slightly lower fraction
of dark Cr(vi) adsorption and slightly lower rate of Cr(vi)
photoreduction in the 2™ and 3™ tests is that, although the
Cr(vi) is almost completely reduced in each test, the CA is not all
consumed. Therefore, since the same amount of fresh CA is
added in each test, the CA concentration in the 2™ test is higher
than in the 1°!, and that in the 3™ test is higher than in the 2",
This results in less adsorption of Cr(vi) and slower photore-
duction of Cr(vi) as shown in Fig. S9,t because CA competes
with Cr(vi) for adsorption onto the CBTO surface. Although we
cannot rule out the possibility that deposition of carbon species
(derived from CA) on the CBTO surface might also account for
some loss in activity, these results suggest that the CBTO pho-
tocatalyst does seem to be reusable. Furthermore, a simple
calculation suggests that a large number of Cr(vi) ions is pho-
toreduced in each test relative to the number of surface atoms of
CBTO, further supporting the reusability of the CBTO photo-
catalyst (see ESIf for calculation).

As compared to the nanostructured Bi, W and Cu-containing
photocatalysts and heterojunction photocatalysts reported in
the recent years, CBTO prepared by the improved protocol
performs favourably in terms of low catalyst loading, short
reaction time to reach 100% Cr(vi) photoreduction for compa-
rable initial Cr(vi) concentration, and low concentration of hole
scavenger needed to achieve fast photoreduction (Table
S17).>1%3934 In general, the CBTO photocatalyst particles show
superior performance compared to other single-material pho-
tocatalyst particles, and comparable performance to hetero-
junction photocatalysts.

4. Conclusions

In conclusion, an improved CBTO synthesis technique over-
coming the pitfalls of previously reported protocols was
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developed. As opposed to a Cu,O-based synthesis route, utili-
zation of ternary oxide precursor, Cu,WOy, facilitates formation
of CBTO at higher temperatures in just one thermal treatment
step with much shorter time, with much less Bi,WO, impurity.
Transient absorption measurements revealed the presence of
both short-lived (~10 ps) free photoexcited charge carriers and
long-lived (~1 ns) photoexcited charge carriers in shallow traps
in the CBTO, with the long-lived carriers having diffusion length
of ~30 nm likely being responsible for most of the photo-
catalytic activity. Experimental data based on Cr(vi) photore-
duction established the high photocatalytic activity of the
complex oxide CBTO for the first time. The experiments
revealed that CBTO can oxidize water and produce superoxide
and hydroxyl radicals under visible light irradiation suggesting
applicability of CBTO in photocatalytic reactions for water
decontamination from organic and inorganic pollutants with
visible light. Given the promising Cr(vi) photoreduction ability
of CBTO with visible light and the reusability of the CBTO
photocatalyst demonstrated through repeated photoreduction
tests in this study, it will be valuable to further investigate the
interaction between CBTO surface, citric acid, and chromium
species to understand and enhance regeneration of the catalyst
for longer term real-world applications. Based on the band
structure of CBTO, formation of heterojunctions will be bene-
ficial to enhance migration of photogenerated holes away from
the VB to facilitate the oxidation half-reaction without the need
for hole-scavenging organic acids and to improve the photo-
catalytic efficiency by increasing electron-hole separation.
Furthermore, the CB energy of CBTO is expected to be in the
range of —0.6 to —0.7 eV vs. NHE, given the measured VB energy
(1.31 eV vs. NHE) and band gap (1.9-2.0 eV) values. Therefore,
the CB and VB of CBTO should straddle the water reduction and
oxidation potentials, opening up the possibility that CBTO may
be able to achieve overall water splitting (hydrogen and oxygen
evolution) if paired with suitable co-catalysts to enhance the
kinetics of these reactions, which may be investigated in the
future.
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