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The global energy demand has driven the development of efficient and cost-effective visible-light-acti-
vated photocatalysts for the synthesis of fine chemicals. However, most high-performance photocatalysts
possess bandgaps exceeding ~3.0 eV, limiting their photocatalytic efficiency under visible light. In this
study, Pd- and Pt-doped WOz nanoparticles were synthesized. Doping induced oxygen vacancies, which
act as electron traps, reducing the bandgap and enhancing visible-light-driven photocatalytic activity. The
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photocatalytic performance was examined using hydroxymethylfurfural and benzyl alcohol as model sub-
strates. The product yields for both substrates in the presence of Pd-doped WO3z nanoparticles exceeded
95%. This work demonstrates a simple strategy for enhancing the solar-energy-driven photocatalytic
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Introduction

Owing to increasing energy demands and depleting fossil fuel
reserves, researchers are focusing on harnessing solar energy
through photocatalysis. Solar energy is a renewable, clean, and
inexhaustible resource."”” Consequently, solar-energy-driven
photocatalysis is a sustainable, green method. Recent research
on photocatalysis has focused on converting a wide range of
molecules into valuable chemicals. Metal oxide nanoparticles
(MO NPs) exhibit excellent photocatalytic activity and stability
and are relatively inexpensive; however, their bandgap (>3.0
eV) significantly limits their visible-light-driven photocatalytic
potential.>*

During a photocatalytic NP reaction, the photocatalyst
absorbs a photon and reaches a high-energy excited state. The
absorbed energy enables electron (ecg) transfer from the
valence band to the conduction band, leaving holes (hyg') in
the valence band.” These hyy" can (i) selectively oxidize useful
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efficiency of metal oxide nanoparticles, promoting sustainable fine chemical synthesis.

molecules such as hydroxymethylfurfural (HMF) and benzyl
alcohol (BA) and (ii) generate highly reactive hydroxyl radicals
(HO’) in an aqueous solution. Similarly, ecg™ can react with O,
to produce superoxides (HOO™™), which are converted into
H,0, in an aqueous solution and ultimately generate HO".®
HMF conversion and BA oxidation have significant environ-
mental, energy-related, and industrial implications. The con-
version of HMF, a key biomass-derived platform chemical, into
valuable biofuels, fine chemicals, and polymers is a sustain-
able solution for mitigating climate change by promoting a cir-
cular economy. The oxidation of BA to benzaldehyde and other
fine chemicals is a common step during the production of
fragrances, flavors, and active pharmaceutical ingredients in
the cosmetics, food, and pharmaceutical industries, respect-
ively. The photocatalytic conversion of HMF and BA addresses
urgent environmental and industrial requirements and pro-
motes greener, more sustainable chemical processes.

Among the various MO NPs, n-type semiconductor photoca-
talysts, such as tungsten oxide (WO;) NPs, have garnered tre-
mendous attention over the past few decades owing to their
advantageous physicochemical properties, including low cost,
chemical inertness, and high exciton binding energy (~60
MeV).”*® Pure WO; NPs exhibit a bandgap of ~3.3 eV, which
achieves a limited light response and absorption efficiency in
the visible spectrum; therefore, we must develop strategies for
optimizing their visible-light-driven photocatalysis. Doping
WO; NPs with precious metal ions such as Pd and Pt would
optimize their bandgaps for visible-light-driven photocatalysis.
Moreover, doping creates abundant oxygen vacancies (Vos) on
the WO; NP surfaces, which produce additional electronic

This journal is © The Royal Society of Chemistry 2025
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charge carriers and promote the oxidation of molecules on the
surface.'™'?

In this study, we doped WO; NPs with Pd and Pt (PdA@WOj3;
and Pt@WO;) and analyzed their morphology, chemical
bonding structure, and electronic structure via high-resolution
transmission electron microscopy (HRTEM), powder X-ray
diffraction (PXRD), Raman spectroscopy, and X-ray photo-
electron spectroscopy (XPS). Subsequently, we assessed their
visible-light-driven photocatalytic performance during the oxi-
dation of HMF and BA."?

Experimental
Preparation of WO; and NM@WO; NPs

To synthesize pristine WO; NPs, two precursor solutions,
sodium tungstate dihydrate (Na,WO,-2H,0; 3.0 g) and HCI
(0.1 M) in 100 mL of distilled deionized water (DDW), were pre-
pared separately and gradually mixed with gentle stirring for
1 h until a yellow precursor was obtained."*

The mixed solution was then placed in an autoclave at
220 °C for 10 h. The produced WO; NPs were filtered and
washed twice with DDW to remove any residues and dried at
90 °C for 48 h. After synthesizing the pristine WO; NPs, we
obtained Pd@WO; and Pt@WO; NPs through the following
procedure. The desired amounts of each noble metal ion
source (5 mol% of PdCl, and PtCl,) were added to the syn-
thesized WO; NPs (1.0 g) and stirred continuously for 3 hours
at 90 °C. The mixed solution was transferred to autoclaves and
heated at 220 °C for 10 h in a convection oven. The produced
NM@WO; NPs were filtered and washed five times with DDW
to remove any residues and dried at 90 °C for 48 h. They were
then washed 10 times with DDW and five times with ethanol,
followed by drying at 95 °C. After synthesis, each sample was
subjected to quantitative analysis of Pd and Pt using X-ray fluo-
rescence (XRF), and the results indicated values close to the
intended amounts, measuring 5.3% and 5.1%, respectively.

Characterization

The morphologies of the samples were observed using a
JEM-ARM200F (JEM-ARM200F (NEOARM), JEOL Ltd, Japan)
equipped with an energy-dispersive X-ray spectrometer. X-ray
diffraction (XRD) patterns for pristine WO;, Pd@WO;, and
Pt@WO; NPs were acquired using a D8 Advance TRIO/TWIN
diffractometer (Bruker, USA) with Ni-filtered Cu Ka radiation
at Sookmyung Women’s University and a D/MAX-2200/VPC
Rigaku at the National Research Facilities and Equipment
Center (NanoBio-Energy Materials Center) at Ewha Womans
University. Quantitative analysis of Pd and Pt on WO; was per-
formed using an X-ray fluorescence spectrometer (Rigaku/
ZSX-Primus IV) (Table S1f). Raman spectra were acquired by
using a custom-made setup and were calibrated using the Si
peak (520.89 cm™) as an internal reference. The light source
used was a 532 nm laser with 1.02 mW power. Ultraviolet—
visible diffuse reflectance spectroscopy (UV-Vis DRS) measure-
ments were performed using a Shimadzu UV-2600i UV-Vis
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spectrophotometer equipped with integrating spheres. The
nitrogen adsorption isotherms of the samples were collected
at 77 K using a BELsorp-Max system (BEL) to measure the
surface area of the three tested WO; NPs. To detect the pres-
ence of Vgs on the surface of the WO; NPs, electron paramag-
netic resonance (EPR; JES-X320, JEOL Ltd) spectra, ranging
from 300 to 400 mT, were obtained at 300 K at a frequency of
9446 MHz, a power of 10 mW, a modulation frequency of 100
kHz, and a width of 0.4 mT. To compare the electronic struc-
tures of the three tested samples, we performed XPS and work-
function analysis at the 8A1 beamline in the Pohang
Accelerator Laboratory. The W 4f, Pt 4f, Pd 3d, and O 1s core-
level spectra were obtained using photon energies of 150, 200,
450, and 600 eV, respectively. The binding energies of the core-
level electrons were compared to that of the clean Au 4f core
level at the same photon energy.

Photocatalytic measurement

The photocatalytic conversion activities of WOz, PdA@WO; and
Pt@WO; NPs were determined using the oxidation of 25 mM
2,5-hydroxymethylfurfural (HMF, Sigma-Aldrich, 99%, 0.315 g)
and 25 mM benzyl alcohol (BA Sigma-Aldrich, 99%, 0.270 g) in
100 mL of DDW." No uncommon hazards are noted. The pre-
pared pristine WO; and the two modified WO; NPs (0.015 g)
were dispersed in distilled water (30 mL) under sonication.
This aqueous suspension was stirred for 2 h to allow the equi-
librium adsorption of HMF and BA on the three WO; NPs. A
300 W Xe arc lamp (Oriel) equipped with a 10 cm IR water
filter and a cutoff filter (4 > 420 nm) was used as the light
source. The photocatalytic conversion activities of HMF and
BA were analyzed using high-performance liquid chromato-
graphy (HPLC-20AD pump, Shimadzu). The oxidation products
of HMF and BA were analyzed via a HPLC-MS (ULTIMATE 3000
RSLC SYSTEM (Thermo) and Q-EXACTIVE ORBITRAP PLUS
MS (Thermo)).

Results and discussion

The HRTEM images in Fig. 1 show the phase distributions and
crystal structures of the three WO3; NPs. The corresponding
fast Fourier transform (FFT) and line profiles were simul-
taneously obtained at the atomic scale (inset of Fig. 1). Fig. 1a
displays a low-magnification TEM image of the WO; NPs
(yellow box). The corresponding FFT pattern indicates a single-
crystal structure. The TEM image confirms a clear lattice fringe
of 0.372 nm, which is consistent with the interplanar spacing
of the (020) plane of WO;. This indicates a highly crystalline
hexagonal WOj; phase (Fig. 1a)."%"”

The interatomic distances on the surfaces of PdA@WO; and
Pt@WO; NPs were determined from their FFT patterns
(Fig. 1b and c, respectively).'® Pd and Pt ions were observed in
the crystalline structures on the WO; NP surfaces. The HRTEM
image of PA@WO; NPs (Fig. 1b, yellow box) shows two distinct
lattice fringes, corresponding to the WO;3; NPs and crystallized
PdO on the WO; NP surfaces. The (002) lattice fringe spacing
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Fig. 1 High-resolution transmission electron microscopy images and
the corresponding fast Fourier transform images of (a) WOs, (b) 5 wt%
Pd@WOs3, and (c) 5 wt% Pt@WOs3 nanoparticles (NPs).

of WO; was 0.382 nm, which is consistent with that of pristine
WO; NPs. The (111) lattice fringe spacing of Pd was 0.249 nm,
which is larger than the (111) interplanar distance in the face-
centered cubic (fcc) Pd structure (0.225 nm). This indicates
that the Pd ions were successfully doped into WO; in the form
of PdO."® Similarly, the HRTEM image of Pt@WO; NPs shows
two lattice fringes (Fig. 1c). The (002) lattice fringe spacing of
WO; was identical (0.381 nm) to that of the pristine WO; NPs.
The Pt (200) lattice fringe spacing was reduced to 0.181 nm,
which is smaller than the (200) interplanar distance of the fcc
Pt structure (0.19 nm).*° These findings suggest that Pt@WO;
and Pd@WO; NPs may exhibit different catalytic properties.
The elemental distribution of the synthesized NPs was exam-
ined using energy-dispersive X-ray spectroscopy. Pd, Pt, W, and
O were homogeneously distributed across the NPs (Fig. S17).

The N, adsorption-desorption isotherms of the NPs were
acquired to determine their Brunauer-Emmett-Teller (BET)
surface areas.”’ The surface areas of WO;, Pd@WO;, and
Pt@WO; NPs were determined to be 26.3, 35.9, and 32.1 m>
g7') respectively. The doped NPs had higher surface areas
(Fig. S27). This could be attributed to the differences in their
ionic radii (W°*, 74 pm; Pt>", 94 pm; and Pd*", 100 pm), which
likely cause surface defects on the WO; NP surfaces upon Pt
and Pd doping.

The crystallinity and crystal planes of the three WO; NPs
were analyzed via PXRD (Fig. 2a).”> All samples exhibited
characteristic 26 peaks at 23.09°, 23.58°, 24.34°, 26.59°, 28.60°,
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Fig. 2 (a) PXRD, (b) UV-Vis DRS spectra, (c) Raman spectra, (d) work
function (¢) measurements, and (e) EPR data of pristine WO3 (black),
Pd@WOs (red), and Pt@WOs (navy blue).

33.25°, 34.15°, and 41.88°, corresponding to the reflections
from the (002), (020), (200), (120), (112), (022), (202), and (222)
planes of WOj3, respectively. These prominent reflection pat-
terns clearly indicate good crystallization (JCPDS No. 83-
0950).>* These patterns are consistent with the formation of
monoclinic WO; (m-WO;).>* The lattice parameters of the unit
cells of pristine WO; were as follows: a = 7.68, b = 7.72, ¢ =
7.75, a = y = 90°, and f = 90.77°. However, the unit cells of
Pt@WO; were slightly larger than those of pristine WO; (a =
8.35,b=7.30,¢c=7.85, a =y =90° and f = 106.1°). In contrast,
the unit cells of PdA@WO; were slightly smaller than those of
pristine WO; (a = 7.59, b = 7.53, ¢ = 5.54, a = y = 90°, and § =
105.1°).>° These results suggest that doping did not induce sig-
nificant phase transitions. The new peaks in the PXRD pat-
terns of PA@WO; (marked *) and Pt@WO; (marked #) were
attributed to PdO and PtO, respectively. However, the for-
mation of these metal oxides on the WO; NP surfaces did not
significantly alter the overall structure of WO;.>® The high-
intensity peaks corresponding to WO; in the PXRD patterns of
Pd@WO; and Pt@WO; NPs slightly shifted to larger angles
owing to metal doping (Fig. S31). This also confirms the pres-
ence of defects on the WOj; surface (i.e., a smaller unit cell).
The Scherrer equation (eqn (1)) was used to determine the
average crystallite size of the NPs based on the peak with the

This journal is © The Royal Society of Chemistry 2025
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highest intensity the

reflection.

(~22.9°), corresponding to [002]

D =0.94/B cos 0 (1)

where D is the crystallite size (nm), A is the wavelength of the
X-ray radiation (0.154 nm), 6 is Bragg’s angle, and B is the full
width at half maximum (FWHM) of the 26 peak. The nanoscale
crystallite sizes are summarized in Table S2.f The crystallite
sizes of the three NPs were in the range of 60.5-63.2 nm.>”

The UV-visible diffuse reflectance spectra (UV-vis DRS) of
the NPs were analyzed using the Kubelka-Munk function,
which is proportional to the absorption coefficient. The
bandgap (E,) was determined using Tauc’s plot in combi-
nation with the Kubelka-Munk function.”® The band gap was
then estimated using Tauc’s equation (eqn (2)), where %n is the
photon energy and A is a proportionality constant.

(F(R)hn)? = A(hn - E) (2)

A plot of (F(R)hn)* versus hn was constructed, and the linear
region was extrapolated to the energy axis to determine the
band gap energy as shown in Fig. 2b. The calculated approxi-
mate bandgaps for WO;, PdA@WO3;, and Pt@WO; NPs were
3.35, 2.13, and 2.79 eV, respectively.>®

The vibrational frequencies of the W-O bonds in WO;,
Pd@WO;, and Pt@WO; NPs were obtained through Raman
spectroscopy (Fig. 2c). All three samples demonstrated W-O-
W-0-W bending modes at 272 and 325 cm ™' (denoted as A
and B), asymmetric O-W-O vibrations at 718 cm™" (denoted as
C), and symmetric O-W-0 vibrations at 807 cm™" (denoted as
D).*® These active vibration modes confirm the presence of a
single, dominant WO; NP phase and are consistent with the
XRD results. However, the peak positions of the PdA@WO; and
Pt@WO; NPs downshifted compared to those of the WO,
NPs.*! This suggests that Pt and Pd doping lowered the W-O
bond stretching energy, which confirms the formation of a
defect structure on the surface of the WO; NPs.*?

The charge transfer between WO; and the doped Pd and Pt
ions in the defect structure was determined via work function
measurements (Fig. 2d).*>* Doping WO; NPs with 5 wt% Pd
and Pt ions shifted the secondary electron edge energies from
5.06 eV to 4.89 and 4.82 eV for Pd@WO; and Pd@WOs;,
respectively. This negative shift in the work function (~0.2 eV)
suggests a smoother charge carrier transfer, whether by light
or electrons. This indicates the higher photocatalytic potential
of the doped WO; NPs.** Electron paramagnetic resonance
(EPR) spectroscopy was performed to confirm the increase in
Vos in the PA@WO; and Pt@WO; NPs (Fig. 2¢).*> The EPR
signal centered at g = 1.9 was attributed to the Zeeman effect
induced by a single electron trapped within the anionic Vos on
the WO; NP surfaces. An EPR signal at g = 1.9 was also
observed for Pt@WO; NPs. The spin quantification calculated
by integrating this signal revealed that Pt@WO; had 1.3 times
the Vos of the WO; NPs.*® Moreover, the PA@WO; NPs exhibi-
ted an EPR signal at g = 1.9. The calculated spin quantification
revealed that PA@WO; NPs had 3 times the Vs of the WO,
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NPs. These results confirm the abundance of Vgs in the
Pt@WO; and PA@WO; NPs compared to that in the WO; NPs.

The bonding configurations of the W and O atoms and the
electronic structural changes induced by the doped Pd and Pt
on the WO, NP surfaces were examined via XPS (Fig. 3).”” The
W 4f core-level XPS profile exhibited two W 4f;,, peaks at 34.8
and 32.3 eV, corresponding to W®" in WO; and W** in the WO;
defects (WO,), respectively (Fig. 3a).>® The WO, peak intensity
was significantly higher for PdA@WO; and Pt@WO; NPs, which
could be attributed to the abundant Vgs on their surfaces.*
However, the PdA@WO; NPs had a higher number of defects
than the Pt@WO; NPs. The O 1s core-level XPS profile showed
three peaks at 530.5, 531.7, and 532.8 eV, corresponding to
WOj, Vs, and —~OH, respectively (Fig. 3b).*° The peak intensity
at 531.7 eV for PA@WO; NPs was higher than those of
Pt@WO; and WO; NPs. This confirms that the PA@WO; NPs
have a higher number of defects and Vs than Pt@WO; NPs.
These results suggest that PA@WO; NPs could exhibit the best
photocatalytic performance among the three WO; NPs.*' The
Pd 3d and Pt 4f core-level XPS profiles are shown in Fig. 3c
and d, respectively. The peaks at 73.2 and 77.5 eV in the Pt
XPS profile of Pt@WO; NPs correspond to Pt** in PtO, while
those at 72.1 and 74.5 eV correspond to PtO, formed because
of Vos. The peaks at 343.5 and 338.0 eV in the Pd XPS profile
of PA@WO; NPs correspond to Pd** in PdO, while those at
341.5 and 335.5 eV correspond to PdO, formed because of the
Vos on the WO; NP surfaces. The formation of PtO and PdO
on the surfaces of the WO; NPs reduced the number of O
atoms on the WO; NP surfaces. However, a higher amount of
PdO, was formed on the PA@WO; NPs than that of PtO, on
the Pt@WO; NPs (Fig. 3c and d). This indicates a higher
number of Vgs on the PA@WO; NPs than on the Pt@WO;
NPs.** This suggests that the PA@WO; NPs have the narrowest
bandgap among the samples and could exhibit the highest
photocatalytic performance.**™*

Fig. 4 shows the X-ray absorption near-edge structure
(XANES) spectra and soft X-ray absorption spectra (XAS) of the

(a) war|(B) O1s
2 J\L —{-&
‘®
E WOs3-x Vos
£ b=

42 40 38 36 34 32 30 536 534 532 530 528
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Fig. 3 (a) W 4f and (b) O 1s X-ray photoelectron spectra of WO3 (black),
Pd@WOs (red), and Pt@WOs NPs (navy blue). (c) Pd 3d and (d) Pt 4f
core-level spectra.
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Fig. 4 (a) Overlaid W Ls-edge X-ray absorption near-edge structure

(XANES), (b) magnified W Lz-edge XANES, (c) Fourier transform extended
X-ray absorption fine structure (EXAFS), and (d) O K-edge spectra of
WOs; (black line), Pd@WOs3 (red), and Pt@WOs NPs (navy blue).

three WO; NPs. W L;-edge XANES was used to study the elec-
tronic transitions from the 2p;/, orbitals to the vacant d orbi-
tals of the WO; NPs.*®*” All NPs exhibited a rising edge peak
at ~10212.5 eV, suggesting that the W®" ions in all three NPs
are the dominant metal ions (Fig. 4a). However, higher peak
intensities were observed for the PA@WO; and Pt@WO; NPs,
indicating an abundance of Vps (Fig. 4b). This difference in
the intensities suggested that the amount of Vs increased in
the order of WO; < Pt@WO; < PA@WO; NPs, which was con-
sistent with the spectroscopic results described above. Fig. 4c
exhibits the Fourier transform (FT) of the W L;-edge EXAFS £’y
data of the NPs in the range of k = 3-11 A™%.*® The peak at
1.749-1.779 A (phase-corrected values) corresponds to the
average bond lengths of the W-O coordination shells in the
WO, octahedron. Very interestinglyy, W-O bonds within
Pt@WO; NPs remained identical to those in the pristine WO;
NPs, while Pd doping noticeably affected the first W-O coordi-
nation shell, leading to an increase of 0.03 A. Fig. 4d shows
the O K-edge XAS spectra of the three WO; NPs. It was found
that the peak intensity originating from the e, orbital
decreased upon doping with Pt>" and Pd*>" ions, while the t,,
signal intensity significantly increased. This result suggested
changes in the electronic structures of the unoccupied states
within WO; NPs and, thereby, alterations in their defect struc-
tures.*® The increase in t,, signal intensity accompanied by a
decrease in e, signal intensity indicated that the changes in
the absorption intensity ratio between e, and t,, orbitals gen-
erated additional defect structures in WO; NPs through a
mixing of tetrahedral and octahedral geometries.

Fig. 5 shows the photocatalytic conversion efficiencies of
HMF and BA in the presence of the three WO; NPs under
visible-light irradiation and the yields of 2,5-furandicarboxylic
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Fig. 5 Photocatalytic conversion activities of pristine WOz, Pd@WOs3,
and Pt@WOs; NPs during the conversion of (a) hydroxymethylfurfural
(HMF) and (b) benzyl alcohol (BA) with and without 5,5-dimethyl-1-pyr-
roline N-oxide (DMPO; gray). Reaction conditions: [catalyst] = 0.5 g L%,
A > 420 nm, and [HMF]y = [BAlg = 25 mM. Yields of (c) 2,5-furandicar-
boxylic acid (FDCA) from HMF and (d) benzaldehyde (BAD) from BA with
increasing time of 420 nm irradiation.

acid (FDCA) and benzaldehyde (BAD) from HMF and BA,
respectively.’®>" When the radical scavenger 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) was used, HMF and BA were not
converted into the desired products under visible-light
irradiation, indicating that the radical scavenger consumed
the generated radical species. Moreover, the WO; NPs did not
convert HMF or BA, presumably because of their large
bandgap. It is also noteworthy that there are no reported cases
of HMF and BA conversion using other transition metal ion-
doped WO; (Table S31). While some transition metals may
exhibit similar defect-engineering properties, Pd and Pt were
chosen due to their superior stability and catalytic perform-
ance under visible light.

However, the PA@WO; and Pt@WO; NPs showed higher
photocatalytic degradation (PCD) of HMF and BA under
visible-light irradiation compared to the WO; NPs. The
Pd@WO; NPs exhibited the highest PCD efficiency, which is
consistent with the XPS and DRS results. This enhanced PCD
efficiency is attributed to the extensive defect structures on the
Pd@WO; NP surfaces. Table 1 summarizes the 24 h PCD pro-
files of HMF and BA for the three WO; NPs under 420 nm
irradiation.

The yields of FDCA (Fig. 5c) are consistent with the PCD
efficiency of HMF (Fig. 5a). The PA@WO; NPs demonstrated
the highest FDCA yield. As the selective oxidation of the -OH
or -CHO groups of HMF to produce FDCA is a key photo-
catalytic conversion reaction, we must identify the functional
groups that participate in the oxidation of HMF in the pres-
ence of WOz, PA@WO;, and Pt@WO; NPs (Fig. S41). In all
three biomass conversion reactions, the -OH group of HMF

This journal is © The Royal Society of Chemistry 2025
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Table 1 Photocatalytic degradation (PCD, C/Cy?) efficiencies of HMF
and BA and yields of FDCA and BAD for WO3z, Pd@WOs3, and Pt@WO3
NPs after 24 h of 420 nm irradiation

WO, PA@WO; Pt@WO;
CIC, of HMF 0.85 + 0.042 0.050 = 0.003 0.23 +0.012
C/C, of BA 0.86 + 0.003 0.030 + 0.002 0.22 +0.011
FDCA (%) 5.0 57 39
BAD (%) 6.0 95 68

“C and C, are the time-dependent and initial concentrations of HMF
and BA.

was selectively oxidized to -CHO, affording 2,5-diformylfuran
(DFF) as the sole intermediate, which was further oxidized to
FDCA, regardless of the variations in the ratio of the two
species (Scheme 1).>>

We analyzed the liquid chromatography-mass spectrometry
profiles of the photocatalytic biomass conversion reactions on the
three WO; NPs and derived a plausible catalytic mechanism. The
Vos on the WO; NP surfaces trap electrons, which react with the
O, present in air-saturated water, affording O, species. Radical
trapping experiments with DMPO confirmed the generation of
0O, species (gray circles in Fig. 5a and b). These O, species
oxidize HMF to DFF and then to FDCA with the assistance of h'.
Both PA@WO; and Pt@WO; NPs showed enhanced oxidation
efficiencies for the conversion of BA to BAD (Fig. 5d). This is
attributed to the higher number of defects on their surfaces.>
Table 1 summarizes the yields of FDCA and BAD from 25 mM
HMF and BA, respectively, over 24 h obtained using the three
WO; NPs under visible-light irradiation.

We observed a linear correlation between In(C/C,) and the
reaction time for the three WO; NPs, indicating pseudo-first-
order kinetics. The calculated first-order rate constants (k)
(Fig. S51) for the HMF PCD for pristine WO;, PA@WOs3, and
Pt@WO; NPs were 0.0067, 0.13, and 0.061 h™", respectively.
The k values of the BA PCD for pristine WOz, Pd@WO3;, and
Pt@WO; NPs were 0.0063, 0.15, and 0.063 h™", respectively.
This indicates that the reaction rates of PdA@WO; NPs are over
17 (for PCD of HMF) and 22 (for PCD of BA) times higher than
those of the WO; NPs. The photocatalytic activity of the three
NPs was sustained (>97%) even after ten cycles (Fig. S61).

The improved photocatalytic activity of WO; NPs under
visible-light irradiation can be partially attributed to the
narrow bandgap of PA@WO; and Pt@WO; NPs, along with an
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increase in Vps. The PA@WO; NPs exhibited higher reactivity
than the Pt@WO; NPs in the photocatalytic HMF conversion
owing to their higher density of Vps. In typical photocatalysts,
charge carriers are generated near the surface due to exciton
formation and subsequent charge separation. Owing to the
short carrier diffusion length, surface defects often serve as
trap states that enhance the photocatalytic reactivity, depend-
ing on the density of Vos and the associated bandgap changes
(Scheme 1).

The different valence states of Pd”* and Pt>" compared to W*"
in the host WO; facilitate the generation of Vos through efficient
charge transfer,>® enhancing photocatalytic oxidation.>> The
Shannon effective ionic radii of W°*, Pd**, and Pt*" were 74 pm,
94 pm, and 100 pm, respectively. This suggests that cation
doping, especially with Pd**, induces lattice strain in the host
WO; NPs, acts as a reducing agent, and generates atomic defects,
altering their electronic structure.”®”” In addition, the different
valence states of the doped cations compared to W®" in the host
WO; indicate the crucial role of Vs in the photocatalytic activity
of the doped WO; NPs. Overall, the PdA@WO; NPs showed the
highest photocatalytic activity.

Conclusions

WOj; NPs intrinsically exhibit very weak catalytic activity under
visible light. In this study, we successfully engineered WO;
NPs by doping with Pd and Pt ions. Atomic-scale analysis con-
firmed the generation of oxygen vacancies Vos. Despite struc-
tural similarity in bulk phases, these defects, induced by local
asymmetries in the electron and hole concentrations, lowered
the semiconductor bandgap and dramatically enhanced photo-
catalytic conversion. The PdA@WO; and Pt@WO; NPs efficien-
tly converted HMF to FDCA and BA to BAD in neutral water as
the formal oxidant under visible light. In particular, the
Pd@WO; NPs exhibited >95% PCD rates for HMF and BA. The
yields of FDCA and BAD were 57% and 95%, respectively. This
study highlights the crucial role of Vps and local electronic
asymmetries in tuning metal oxide photocatalysts. Future
efforts should focus on optimizing the dopant concentration
and exploring alternative transition metal dopants to further
enhance catalytic efficiency. The development of high-perform-
ance, visible-light-driven photocatalysts will advance the utiliz-
ation of solar energy.

cB 0,
WO; E,=3.35 eV < 0"
Pt@WO, E,=2.79 eV
Pd@WO, E,=2.13 eV
EEEE
VB

Scheme 1
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Illustration of the distinct reaction and charge transport mechanisms in photocatalysis by WOz, Pd@WO3, and Pt@WO3 NPs.
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