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Photocatalytic primary alcohol oxidation on WO;
nanoplateletst

Kori D. McDonald and Bart M. Bartlett & *

With the aid of direct heating through microwave irradiation in non-agueous media, nanocrystalline
tungsten(vi) oxide is achievable in 30 minutes at 200 °C, faster and at a lower temperature than
conventional synthesis methods. Forming in a platelet morphology, these particles are as small as 20 nm
with a BET surface area of 37 m? g~! WOs. These nanoplatelets are active for the photocatalytic
oxidation of the 1° alcohols benzyl alcohol (rate constant, k of 2.6 x 107> h™%) and 5-(hydroxymethyl)-2-
furfural (k of 0.01 h™%) using 10 mg of WOz with 2 mL of 0.250 M substrate in acetonitrile and a 150 mW
cm™2 460 nm blue LED source. As expected, these rate constants are larger than those observed for
commercially prepared, micron-sized WOs3. XPS analysis shows that during catalysis, the concentration
of W>* on the surface increases, but the nanoplatelets are stable under these reaction conditions. The
overall morphology and size of the particles are retained through the reactions. Moreover, the
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Introduction

Transforming organic substrates into value-added chemicals
has long been researched through forming carbon-carbon and
carbon-nitrogen bonds. Using sources of visible light, these
reactions have improved with the help of many homogeneous
transition metal photocatalysts.”® While these routes prove
feasible for achieving high reactivity, limitations arise as many
known catalysts contain toxic and expensive metals such as
ruthenium or iridium. In addition, their homogeneity, and thus
complex removal, hinders any larger scale utility. As such,
heterogeneous metal oxide catalysts present themselves as an
alternative route to achieving the same reactivity.** Many offer
long-term photostability and easy filtering to prevent the
leaching and loss of expensive metals.

Many metal oxides are highly reactive towards photo-
catalyzed transformations of organic substrates. Among them,
tungsten oxides have emerged as a prominent photocatalyst
capable of performing various energy and environmentally
relevant transformations. Our group and many others have
explored the usefulness of tungsten(vi) oxide (WO;), a well-
studied visible light absorbing semiconductor with a band
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nanoplatelets are recyclable—showing no loss in activity for four reaction cycles.

gap of 2.7-2.8 eV, for its ability to photochemically®” and pho-
toelectrochemically®*® oxidize water and degrade organic dyes.
Using the knowledge gained from these known reactions as
a guide, we are now beginning to explore the controlled oxida-
tion of organic molecules.

In addition to implementing metal oxide catalysts, recent
work has shown that for the same catalyst composition, using
nanoscale particles can lead to improved rates of photocatalytic
reactions.'>*? The rate enhancement can be attributed to the
increase in the specific surface area of the material and the
decrease in electron-hole transport distance photogenerated
charge carriers must diffuse before reaching the particle
surface. Attempts have been made to synthesize many binary
oxides on the nanoscale, though many routes are time
consuming, energy demanding, and require a post-synthesis
heat treatment to achieve a crystalline phase, which often
results in sintering (and thus increased particle size and
potential loss of important morphology).”**® To avoid these
drawbacks, we adapt a known microwave-assisted synthesis of
crystalline monoclinic WO; nanoparticles prepared in benzyl
alcohol solvent."” The direct heating afforded by microwave
irradiation results in faster heating rates and a more homoge-
neous heat distribution in the reaction solution to impart
control over the nucleation and growth of the desired
material.**>*

Moreover, the non-aqueous solvents act as surfactants and
control particle size and shape during heating in microwave
reactions.”»**?¢ Efforts have already been directed towards
forming metal oxides through this combined route, though
directly comparing how the synthesis conditions affect organic
photocatalysis has seldom been explored.

This journal is © The Royal Society of Chemistry 2019
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Herein, we show that under visible light illumination, the
photocatalytic oxidation of benzyl alcohol and 5-
(hydroxymethyl)-2-furfural (HMF) proceeds at faster rates on the
surface of WO; nanoplatelets than on the bulk material. Then,
the HMF substrate shows the promise of WO; for transforming
biomass-derived feedstocks in value-added chemicals.

Experimental section
Materials and methods

Tungsten(vi) chloride (99.9%) was purchased from Strem
Chemicals. Chlorobenzene (99+%, for spectroscopy), and
tungsten(vi) oxide (99.9%) were purchased from Sigma-Aldrich.
Acetonitrile (Certified ACS), dichloromethane (Certified ACS),
ethanol (200 proof), benzyl alcohol (Certified ACS), and 5-
(hydroxymethyl)-2-furfural (98%) were purchased from Fisher
Scientific. Acetonitrile-d; was purchased from Cambridge
Isotope Laboratories. Benzyl alcohol was vacuum distilled and
stored on sieves under N,. All other reagents were used as
received. Nylon syringe filters (25 mm, 0.2 pm membrane) were
purchased from VWR or Macherey-Nagel.

Microwave synthesis

In a typical synthesis, 0.5 mmol of tungsten hexachloride was
added to 10 mL of stirring benzyl alcohol in a glass microwave
vial with an inner volume of 30 mL in an N,-filled glovebox
(Vacuum Atmospheres). The dissolved powder formed a red
solution that proceeded to turn blue with further stirring. The
glass microwave vessel was then sealed with a PTFE-lined cap
and taken out of the glovebox. The microwave experiments were
conducted using an Anton Paar Monowave 400 synthesis
reactor. During microwave heating, stirring was maintained
with a magnetic stir bar in the reaction mixture at 800 rpm. A
movie of the reaction at 10 frames per s is included as Movie
S1.t The organic reaction was induced by automatic adjust-
ments to the microwave power to rapidly heat the solution to
200 °C (Fig. S11). This temperature is held constant for 30
minutes before being quenched with compressed air and
cooled to room temperature. The temperature and pressure are
controlled and maintained by an internal IR thermometer and
pressure sensor, respectively. After microwave irradiation, the
resulting precipitate is collected by centrifugation and thor-
oughly washed with ethanol (2x) and chloroform (2x) under
ambient conditions. Yield: 0.43 mmol WO;, 87% based on
starting WClg. The initial reaction mixture is saved for GC-MS
analysis to observe the organic by-products. The powders were
dried in a vacuum oven (Fisher Scientific) at 60 °C overnight.

Material characterization

Powder X-ray diffraction (XRD) data were collected on a Pan-
alytical Empyrean diffractometer at a power of 1.8 kW (45 kV, 40
mA) with Cu Ka (1 = 1.5418 nm) radiation. The detector was
a X'Celerator Scientific, a position sensitive 1D detector equip-
ped with Bragg-Brentano HD X-ray optic delivering only Ko
radiation. Patterns were collected with a sampling step of 0.020°
and a scan rate of 0.080° s while spinning the sample stage at

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

a rate of 0.25 Hz. Transmission electron microscopy (TEM) was
performed on a JEOL 3011 high-resolution electron microscope
operated at 300 kV. The samples were ground with a mortar and
pestle and then suspended in ethanol. One drop of this
suspension was deposited on a carbon grid. The ethanol was
allowed to evaporate before sample imaging. Gas chromatog-
raphy coupled to mass spectrometry (GC-MS) was performed on
a Shimadzu QP-2010 GCMS quadrupole. Brunauer-Emmett-
Teller (BET) surface area measurements of the catalysts were
obtained on a Quantachrome NOVA4200e. A Varian Cary 5000
spectrophotometer equipped with an external diffuse reflec-
tance accessory was used for UV-vis measurements. These
reflectance data were transformed into absorbance using the
Kubelka-Munk function. Barium sulfate was used as a 100%
reflectance standard. Photoluminescence (PL) spectra were
collected using a Horiba Quanta Master fluorometer with a Xe-
arc lamp as the excitation source. Electron paramagnetic reso-
nance (EPR) spectroscopy was performed using a Bruker EMX
electron spin resonance spectrometer with a Bruker 4102-ST
cavity. X-ray photoelectron spectroscopy (XPS) was performed
on a Kratos Axis Ultra using a monochromatic Al source.
Collected spectra were corrected for charging by referencing the
C(1s) peak to 284.8 eV. All peaks were fitted in Casa XPS with the
Shirley-type background.

Photocatalytic activity tests

All photocatalytic reactions, unless otherwise stated, were
carried out using narrow linewidth blue LEDs (460 nm) with an
irradiance of ~150 mW c¢m~? (1.5-sun). Reactions were run in
4 mL glass dram vials containing 10 mg of catalyst and 2 mL of
250 mM substrate solution in acetonitrile. Reactions were cap-
ped with a rubber septum and kept under an O, atmosphere
using balloons. A fan was used to keep the reaction at room
temperature, measured with thermometer in a control aceto-
nitrile solution (Fig. S2+t). Prior to irradiation, the solutions were
stirred for an hour in the dark to establish an adsorption-
desorption equilibrium before having an aliquot taken out to
determine the initial concentration of substrate in each solu-
tion. To confirm the importance of an O, atmosphere, control
experiments were performed in an N,-filled glovebox (Vacuum
Atmospheres), using the above described LED set-up. Recycla-
bility experiments were conducted in observation of the pho-
tocatalytic oxidation of benzyl alcohol. In each successive cycle,
the reaction solution was illuminated for 24 hours. Afterwards,
the solution was separated by centrifugation and the remaining
powder was washed with acetonitrile (3x) to remove any
residual benzyl alcohol. The powder was finally allowed to dry in
a 60 °C vacuum oven before being used further. Reaction
progression was monitored by GC with a flame ionization
detector on a Trace 1310 GC-FID system with a TG-5MS Amine
column. Argon was used as the carrier gas. Data were collected
with chlorobenzene as an internal standard and were then
converted to first order rate plots. Selectivity data was collected
using 'H NMR spectroscopy with dichloromethane as an
internal standard in acetonitrile-d;. Before NMR analysis, each
reaction was filtered through a nylon syringe filter to remove the
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catalyst. "H NMR data was collected on a Varian MR400 NMR
spectrometer equipped with a Varian 5 mm PFG AutoX Dual
Broadband probe.

Results and discussion
(A) Synthesis, phase, and morphology

Similar to a previously reported example," crystalline WO; is
formed through rapid heating of soluble tungsten hexachloride
in benzyl alcohol solvent at 200 °C for 30 minutes with stirring
under microwave irradiation with no further annealing. This
material is denoted as MW-WOj;. The powder X-ray diffraction
pattern for the as-synthesized powder is shown in Fig. 1a.

All diffraction peaks can be assigned to the monoclinic
phase of WO; (PDF #83-0950). The average domain size was
calculated to be 20 nm with the Scherrer equation using the
(002) reflection. Transmission electron microscopy (TEM)
shows that the particle size is consistent with this domain size,

@ 528 — s

ISASAYH —— PDF # 83-0950
S
©
=
[2]
C
2
£
>
©
X

[ 1 |‘ y TR T B R

I T I T I ! | ! | ! [ !

10 20 30 40 50 60 70 80

Fig. 1 (a) Powder XRD pattern of MW-WO3z nanoplatelets (black) and
reference pattern (red) corresponding to monoclinic WOs. (b) TEM
image of MW-WOs3 nanoplatelets.
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with a platelet morphology of the particles, along with a 5-
10 nm thickness (Fig. 1b). Slight agglomeration from the lack of
stabilizing surfactants is observed, though the individual grains
are clear. Nitrogen sorption isotherms reveal a BET surface area
of 37 m* g~ for the particles, which is notably larger than that
of commercially available nanocrystalline WO; (only 2.6 m?
g

We observe oxide formation from benzyl alcohol, which acts
as solvent and reactant, analogous to results found in previous
solvent assisted syntheses.'”***>* GC-MS analysis (Fig. S3t) per-
formed on the reaction solution after removal of the suspended
particles supports the common mechanisms of halide elimi-
nation and either elimination with benzyl chloride, residual
benzyl alcohol, and dibenzyl ether observed at retention times
5.72 min, 5.95 min, and 10.43 min respectively. The identity of
each by-product was confirmed and referenced by the corre-
sponding mass spectra for each (Fig. S4f). The reaction
proceeds through the mechanisms illustrated in Scheme 1.
Integrating the GC data shows that these two by-products form
in a ratio of 12.6 : 1 dibenzyl ether to benzyl chloride.

(B) Electronic structure before photocatalysis

Our goal is to probe photocatalytic activity on MW-WOj;, and it
is therefore imperative that charge separation and transfer to
the oxidizable substrate are efficient. As such, the charge
separation was observed for the presently studied material.
With the obtained photoluminescence spectra, the movement
of the photogenerated charge carriers is observed. From the
presented spectra in Fig. 2, a prominent blue emission is dis-
played at 460 nm, commonly found for WO; materials.>” This
feature is attributed to the radiative recombination of conduc-
tion band electrons and valence band holes, and the energy of
this transition is close to the observed band gap of the oxide,
2.7 eV (Fig. S51). This data also agrees with the spectra collected
for the commercially available WO;, which shows a similar blue
emission and recombination (Fig. S67).

We further characterized MW-WO; to probe the defect
structure in the synthesized material. To start, EPR spectros-
copy was performed on neat powder, and the spectrum is pre-
sented in Fig. 3. The observed broad resonances with Landé g
factors at 4.22 and 2.02 can be assigned to the presence of W>*
impurities. There is also a very sharp feature centered at g =
2.00, indicative of F* centers in the form of electrons trapped on
oxygen vacancies.”® These defects are those typically found in n-
type WO;.

X-ray photoelectron spectroscopy (XPS) was then used to
confirm surface reduction of tungsten. From the spectrum in

ClsW-O-H + Bn—Cl

fast — —
A ClsW-Cl + Bn—O-H < >—> =W-0-w=
ClW-0-Bn + H-CI
_ _ fast _ —
B =W-0-Bn + Bn-O-W= 2%, =w-0-W= + Bn-O-Bn

Schemel General proposed routes of WClg and BnOH reacting via (A)
halide elimination and (B) ether elimination. The observed by-products
are in green text.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Room temperature photoluminescence spectra for the as-
synthesized MW-WOs particles. Spectra were collected with an exci-
tation wavelength of 340 nm.
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Fig. 3 Room temperature EPR spectra for the as-synthesized MW-
WOs particles.

Fig. 4a of the 4f orbitals on tungsten, the main spin-orbit
coupled °F lines seen at 35 eV and 37.5 eV can be attributed to
W®" in the oxide. However, small shoulders appear at lower
binding energy, which corroborates having reduced W>" in the
material. Integrating the deconvoluted peaks reveals only
a 4.6 mol% W>' content. Such an occurrence is not uncommon,
as seen in our previous report, among others, on the reduction
of tungsten in the synthesis of WO5.> This minimal W** content
is also observed in the commercially available WO; powder with

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) W 4f and (b) O 1s XPS spectra for the as-synthesized MW-
WOs3 particles.

2.6% W>', calculated from the deconvoluted W 4f XPS spectra
(Fig. S71). In MW-WOj, further reduction likely arises from the
known strong reducing power of alcohols under solvothermal
conditions wherein W®" is easily reduced as a small quantity of
benzyl alcohol solvent is oxidized to benzaldehyde, as observed
by GC-MS. Further mechanistic analysis is also revealed in the O
1 s spectra (Fig. 4b). Deconvolution of the O 1s spectra to give
peaks at 530 eV and 531 eV, respectively, and correspond to
W-O-W bonds and W-O-H bonds respectively, indicating
hydroxy termination at the surface of the synthesized material.*

(C) Photocatalytic reactions with 1° alcohols

In looking to address the state of energy-relevant catalytic
conversions, a model substrate that has proven successful in
being oxidized on metal oxides is benzyl alcohol.**** As such, we
note kinetics for photocatalytic benzyl alcohol oxidation to
benzaldehyde as a test case with visible light illumination
according to the proposed balanced chemical equation:

To demonstrate how particle size alters the reaction rate, we
obtained larger particles from a commercial source. The
commercially available particles show an average grain size of
100 nm and a surface area that is much lower, only 2.63 m* g~".
Initial efforts to oxidize benzyl alcohol on MW-WO; proved
successful. When illuminated under O,, a conversion of 16%
was achieved after 3 days of illumination, corresponding to
a rate constant of 2.6 x 10> h™'. When this same reaction is
performed on bulk WO; particles, the rate is much slower. By
GC analysis, the disappearance of benzyl alcohol could not be
measured as well as for the microwave particles (Fig. S87).
However, the appearance of the single product benzaldehyde
could be measured for this process. A trend is still observed in
Fig. 5, wherein the appearance of benzaldehyde is much faster
synthesized particles than on their
commercial counterparts. At the end of the photocatalytic
process there is a 3.5-fold increase in the yield of benzaldehyde
for conversions performed on the smaller microwave synthe-
sized particles than for the WO; of a larger scale (Fig. S9t).
Notable is that the control experiment—carrying out the

o
WO3, CH5CN

_— H *

H,O
hvasonm

for our microwave
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Fig. 5 Benzaldehyde production during the photocatalytic oxidation
of benzyl alcohol on MW-WOs (black squares) and bulk WOs (red
circles) using 460 nm blue LEDs.

reaction under an air-free N,-filled atmosphere—results in no
substrate conversion after 24 hours, showing the need for O, as
a reductant in the reactions. Over the course of the 3 day reac-
tion, the temperature varies from 22-25 °C (Fig. S2%), which is
not different than the variation in room temperature.

This result confirms the expected relationship that smaller
particles with larger surface areas lead to faster photocatalysis.
In addition to an increase in reaction rate as the particle size
decreases, we observe high chemoselectivity for the benzalde-
hyde product (Fig. S107); both catalysts have a selectivity of
>99% benzaldehyde. After the 3 day reaction, the catalyst
stability was also confirmed by recycling the catalyst. Over the
course of five three-day reaction cycles, the recycled catalytic
conversion presented in Fig. 6 shows sustained stability and
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Fig. 6 Recyclability of WOz for photocatalytic oxidation of benzyl
alcohol.
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similar conversion over the first four successive catalytic cycles.
At cycle 5, we observe the same average yield, but a larger vari-
ance in the conversion. We attribute this behavior to changes in
the surface composition of the WO; during photocatalysis (vide
infra).

In the same regime of energy-relevant conversions, initial
test reactions were performed in the oxidation of a common
biomass derived compound. 5-(Hydroxymethyl)-2-furaldehyde
(HMF) is a well-known biomass derived product from sugar-
cane bagasse. As well, unlike the substrates presented above,
there are limited investigations into its further transformations
into value-added chemicals like 2,5-diformylfuran (DFF)**** and
2,5-furandicarboxylic acid (FDCA). As such, we present our
initial finding on the photocatalytic oxidation of HMF into DFF
on the microwave synthesized WO; illuminated by blue LEDs.
Monitored by GC-MS, the first order rate data presented in Fig. 7
shows a conversion rate constant, k of 0.01 h™'. With a much
faster reaction, the direct rate comparison can be made between
our nanoscale particles and the larger particles purchased
commercially. When compared to the bulk, commercial WO,
counterpart we see the same trend as before; the increased
particle size is accompanied by a decrease in observed photo-
catalytic rate. For these commercial particles, the photocatalytic
oxidation of HMF into DFF proceeds with the rate constant, k of
6.3 x 10 *h ™"

(D) Phase, morphology, and electronic structure after
photocatalysis

After photocatalysis, the suspended particles were separated
from the reaction solution by centrifugation, washed with
acetonitrile to remove any surface bound species, and dried
overnight. The X-ray diffractograms remain unchanged from
those of the as-synthesized materials. In addition, TEM imaging
in Fig. 8a reveals a retention of particle morphology with no
observable change in particle size. The platelets are less
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Fig. 7 First order rate plot for the photocatalytic oxidation of HMF on
MW-WOs3 (black squares) and bulk WO3 (red circles) using 460 nm blue
LEDs.
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Fig. 8 (a) TEM images of MW-WOs particles after photocatalysis on

benzyl alcohol. (b) High resolution TEM image of a WO3z nanoplatelet
after photocatalysis.

agglomerated which allows for analyzing the particle size
distribution here. The 23(9) nm x 19(7) nm dimensions are
consistent with the diffraction data in Fig. 1. The single crys-
talline nature of the WO; particles after photocatalysis remains
clear from the TEM image in Fig. 8b. The 0.385 nm lattice
spacing corresponds to the (002) Bragg reflection of WO;. The
lack of particle degradation combined with consistent kinetics
with recycling suggests that WO; synthesized by the described
microwave-assisted method is photochemically stable for
visible-light driven primary alcohol photocatalysis.

Key changes to the material post photocatalysis reside in the
distribution of electrons in W>* and F* center defects. The post-
photocatalysis EPR spectrum reveals an increase in the signals
with g factors attributed to the presence of W>* (Fig. S11%),
suggesting that during photocatalysis, more W°* gets reduced to
W>*. This result is corroborated by XPS analysis (Fig. S121),
where the W>" content increases to 21.7%. This reduction is
likely due to trapping conduction band electrons (formally W>")
that cannot diffuse to the surface in order to participate in the
coupled oxygen reduction reaction needed to complete the
catalytic cycle. Accompanying this increase in W>* content, XPS
analysis of the O(1s) spectrum reveals the emergence of a new
lower binding energy feature ascribed to weaker binding inter-
actions between the oxygen and the W°" cation.?® This weak
binding creates an environment with increased electron density
around the oxygen, and results in a peak shift to lower binding
energy. To corroborate this claim, quantification of the oxygen
content post photocatalysis was performed on this data wherein
it is found that this feature comprises 17.2% of the oxygen in
this material. This is in strong agreement with our presently
reported results showing a 17.1% increase in the W>* content
from the as-synthesized material to the material post photo-
catalysis. We propose that under illumination, F' centers (V;, in
Kroger-Vink notation) which are EPR active, transfer an elec-
tron to the W(5d) conduction band (e/;)) to give a non-EPR active
oxygen vacancy (Vg) with an increase in W>* according to the
reaction: Vo = Vg +el,.

To support this proposed reaction further, we illuminated
WO; in presence of O,, but in the absence of the 1° alcohol
substrate. In agreement, we still see a disappearance of the
sharp EPR signal indicative of an F* center (Fig. $131). With no

This journal is © The Royal Society of Chemistry 2019
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substrate around to oxidize, the photogenerated carriers simply
recombine in this case resulting in no changes to the tungsten
valency or oxygen binding from the material pre-photolysis, as
confirmed by XPS (Fig. S141). Comparatively, the commercial
particles show no major change in W** content, only 0.7% after
photocatalysis by XPS (Fig. S15). Therefore, we conclude that
the improved rates of photocatalysis are not solely due to the
diminished particle size. Rather, the rate improvement also
results from the increased W>" and oxygen vacancy content that
couples the oxidation of the primary alcohol substrate.

Conclusions

We show a fast and low-temperature synthesis of crystalline
WO; nanoplatelets without the need for further heat treatment
or additional surfactants beyond the solvent. By combining
what is known about non-aqueous sol-gel chemistry and
microwave heating techniques, particles on a nanoscale are
easily achieved. Compared to their bulk counterparts, WO;
nanoplatelets show high photocatalytic activity towards the
oxidation of benzyl alcohol and HMF upon illumination by
visible light. The increased surface area affords faster catalytic
rates without sacrificing stability. Though limitations in the
efficiency of visible light absorption are present for WO3;, this
route proves viable for investigating other small oxide photo-
catalysts. As well, these particles present themselves as a strong
candidate for further exploration into the photocatalytic
oxidation of biomass derived substrates into value chemicals.
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