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Enhanced Photocatalytic Activity of nano WO; via Thermal Plasma
Treatment and Porphyrin Hybridization

Xuan Huy Dao,t2 Huu Khanh Vu,t?< Thi Huyen Nguyen,©d Minh Tan Man,%¢ Thi Giang Nguyen,®<
Nhat Linh Nguyen,” Thanh Tung Nguyen,?¢ Duc Duong La,® Cong Tu Nguyen® and Hoang Tung
Nguyen™®

Surface modification of semiconductor photocatalysts is a frontier strategy for amplifying activity and facilitating advanced
environmental applications. In this study, we demonstrate that tungsten trioxide (WO;) nanoparticles subjected to surface
engineering by DC thermal plasma, followed by hybridization with the Tetrakis (4-carboxyphenyl) porphyrin (TCPP) can yield
a robust inorganic—organic hybrid with significantly enhanced photocatalytic activity in water treatment. The plasma process
optimally tunes particle morphology and introduces abundant surface defects modulating bandgap energies and promoting
superior charge separation, and substantially increasing the reactive surface area. Subsequent TCPP hybridization acts
synergistically, leveraging the strong mt-conjugation and light absorption of porphyrins to extend the photocatalyst's spectral
response and foster interfacial charge transfer. Photocatalytic performance studies show that the hybrid material markedly
outperforms either parent component alone, attaining rapid RhB degradation kinetics under visible light. This result is
attributed to a combination of tailored surface area, engineered defect states, and organic—inorganic interfacial charge

dynamics.

1. Introduction

The use of semiconductor materials in photocatalysis—the
conversion of solar energy into chemical reactions—has
recently gained attention as a potential method for cleaning up
polluted environments and converting renewable energy
sources. Given its non-toxicity, chemical stability, and
advantageous band gap, tungsten trioxide (WOs3) has garnered
considerable interest among these semiconductors.'3
However, its practical applications are often hindered by issues
such as suboptimal light absorption, rapid electron—hole
recombination, and limited active surface areas.*®

Recent advances in plasma technology have opened new
avenues for tailoring the physical and chemical properties of
nanomaterials. Plasma-enhanced strategies can create high
densities of surface vacancies, induce phase transitions, and
alter particle morphologies, with direct consequences for
surface reactivity and photocatalytic function.” The ability to
fine-tune these features through process parameters such as
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plasma power, gas composition, and powder feed rate unlocks
new opportunities for rational surface engineering.

In parallel, organic sensitizers like porphyrins have been widely
studied for their strong visible light absorption and efficient
charge transfer properties.8 When combined with metal oxide
semiconductors, porphyrin molecules can promote enhanced
light harvesting and facilitate charge separation, thereby
boosting photocatalytic efficiency.'2 While hybrid systems
based on TiO, or ZnO have been widely explored,
WOs/porphyrin composites remain largely unstudied, despite
the high potential of combining WO;3; with porphyrin
light-harvesting capability. As far as our knowledge, no
systematic study has investigated the surface modification of
nano-WQOj3 by thermal plasma, nor its subsequent hybridization
with porphyrins for photocatalytic water treatment.

This work addresses these gaps by synthesizing nano-WO03-H,0
via precipitation, subjecting it to DC thermal plasma treatment
under varied feed rates, and subsequently hybridizing the
plasma-modified WO3 with tetrakis(4-carboxyphenyl)porphyrin
(TCPP). The plasma treatment induced phase transformation
and oxygen-vacancy formation, while simultaneously increasing
surface area. When coupled with TCPP, the modified WO3
demonstrated markedly enhanced photocatalytic activity,
achieving up to 95% degradation of Rhodamine B (20 ppm,
20 mL solution) within 90 minutes using only 3 mg of catalyst.
These results highlight that plasma-engineered WO3 surfaces
enable efficient organic—inorganic hybridization, yielding a
synergistic  photocatalyst with strong potential for
environmental remediation.
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Fig. 1: Schematic of (a) WO3-H,0 fabrication and (b) thermal plasma treatment processes

2. Experiment details
2.1. Materials

Sodium tungstate dihydrate (Na;WO0a4-2H,0, 99.5%) and nitric
acid (HNOs, 37% wt.) were purchased from Xilong Scientific Co.,
Ltd. (China). Tetrakis (4-carboxyphenyl) porphyrin (TCPP),
Sodium hydroxide (NaOH) and Hydrochloric acid (HCI) were
purchased from Sigma Aldrich. Distilled water was used for all
preparations.

2.2. Fabrication of WO3.H,0

The precursor WOs3-H,0 material was synthesized via nitric acid
precipitation method as follows. |Initially, 8.25g of
Na;WQ04-2H,0 was dissolved in 25 mL of deionized water while
being stirred continuously for 15 minutes. After complete
dissolution, 20 mL of HNO3 was added dropwise with continued
stirring for another 15 minutes. The solution was then diluted
with deionized water to a total volume of 80 mL, resulting in a
final pH of approximately -1. The mixture was stirred for an
additional 2 hours and subsequently allowed to precipitate for
24 hours. The resulting precipitate was collected by filtration,
washed thoroughly with deionized water, and dried at 80 °C.

2.3. Thermal plasma treatment of WO3-H,0

The material was dried prior to thermal plasma treatment. The
WO3-H;0 nanoparticles were placed in a powder feeder
connected to the reaction chamber, with the inflow rate
controlled by adjusting the vibrating frequency from 60 to 70 Hz
corresponding to the feeding rate from 8 g/min to 1.14 g/min.
Nitrogen gas was employed both as the carrier gas (4 L/min) and
as the main plasma gas, supplied through the upper electrode
at a stable flow rate of ¥80 L/min. The initial pressure inside the
chamber was 615 Torr, with an applied current of 80 A and a
voltage of 229V, resulting in plasma power of approximately
18 kW.

2| J. Name., 2012, 00, 1-3

The thermal plasma treatment process was carried out three
times to investigate the material's changes under different
feeding rates. The plasma-treated samples were labeled P01,
P02, and P03, corresponding to the flow rates of 8 g/min,
4.37 g/min, and 1.14 g/min, respectively.

2.4. Synthesis of WO3/TCPP

WO3/TCPP porphyrins were synthesized via a self-assembly
method (acid—base neutralization). TCPP was first dissolved in
aqueous NaOH to form a clear solution. WO3 samples - including
nano WOs3-H,0, P01, P02, and P03 - were then dispersed into
the TCPP solution and subjected to ultrasonic agitation for 25
minutes to obtain solution A. Hydrochloric acid (HCI) was slowly
added to solution A to neutralize the excess NaOH, adjusting the
pH to approximately 6—7, resulting in solution B. Upon standing,
solution B produced a green precipitate corresponding to the
WO3/TCPP hybrid composite, which was collected and used for
further characterization and photocatalytic evaluation.

2.5. Characterisation methods

The XRD results were used to determine the crystal phase
structure using an X-ray diffraction (XRD) pattern measured
with an X’pert Pro Diffractometer (PANalytical MPD) employing
Cu-Ka radiation with a wavelength of A = 1.54065 A, and a 26
scanning range from 7° to 70°. The obtained XRD patterns were
analyzed using HighScore Plus software in conjunction with the
open-access ICDD database. Raman scattering spectra were
measured using a Renishaw Invia Raman Microscope
spectrometer with a laser source at a wavelength of 514 nm,
enabling the investigation of surface characteristics of the
materials. Diffuse reflectance and absorbance spectra were
recorded using a UV-Vis JASCO 750 spectrophotometer, with a
small amount of powder sample placed in the sample chamber
and measurements taken in the wavelength range of 300-
900 nm. SEM and EDX images were obtained using a Field
Emission Scanning Electron Microscope (FESEM; Hitachi S-
4800), operating at an accelerating voltage of 5kV. X-ray
photoelectron spectroscopy (XPS) was performed using a

This journal is © The Royal Society of Chemistry 20xx
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Thermo K-Alpha+ spectrometer with an Al Ka X-ray source (spot
size 400 um), operating at a pass energy of 150 eV for survey
scans and 50 eV for narrow scans with an energy step size of 0.1
eV and a dwell time of 50 ms under an ultimate vacuum of 5 x
108 mbar.

2.6. Photocatalytic studies

For the photocatalytic experiments, a solar-simulated system
equipped with a 200W SX-TOB LED light source (24,000 Im,
6500 K) was used as the simulated sunlight system. The sample
plane was positioned 20 cm below the lamp and the spectral
distribution is shown in fig. S1. During testing, the photocatalyst
suspension was continuously stirred with a magnetic stirrer to
ensure homogeneous dispersion. The photocatalytic tests were
conducted by placing 20 mL of 20 ppm RhB solution in a 50 mL
beaker and adding 0.5 mL of the hybrid material suspension
(equivalent to 3 mg of material), followed by vigorous stirring.
The mixture was first placed in a dark environment for 10
minutes to achieve equilibrium before irradiation.3 Then, at the
time points of 5, 10, 20, 30, 45, 60, and 90 minutes, 2 mL of the
solution was extracted, filtered, and analyzed using a USB4000
(Ocean optics) UV-Vis spectrophotometer. The RhB
concentration was determined at the maximum absorption
wavelength (Amax) of 553 nm. The photocatalytic performance
was estimated by calculating its efficiency (Equation (1)) based
on the initial absorbance before illumination (Co) and the
absorbance after a selected degradation time (C).

%Degradation ef ficiency = % x 100% (1)

3. Results and discussion
3.1. SEM analysis

The morphology of the nanomaterials before and after thermal
plasma treatment was examined using scanning electron
microscopy as presented in fig. 2(a) and figs 2(b-d), respectively.
Since the activity of nanostructured photocatalysts is closely
related to their shape and size,’* morphological evaluation is

critical. The pristine WOs3-H,0 precursor presented in Fig. 2a

Fig. 2 SEM images of the WO3-H,0 (a) before and after the thermal
plasma treatment as samples (b) P01, (c) P02, and (d) PO3.

This journal is © The Royal Society of Chemistry 20xx
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appeared in sheet-like structures with relatively, uniform
thickness and smooth edges. In compari3eh ¥l YA [preclirsen
the sample treated at the highest feeding rate (designated as
P01) exhibited pronounced changes, the sheets changed to
cubic and round shapes, forming larger clusters interspersed
with smaller nanoparticles as seen in Fig. 2(b), which suggests
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Fig. 3 Particle size analysis using ImageJ of (a) the WO3-H,0 precursor
and the samples (b) P01, (c) P02, and (d) P03.

rapid thermal processing induces partial melting and
restructuring. The P02 sample in Fig. 2(c), with a lower feeding
rate, shows a reduction in the number of larger particles while
resulting in a
decrease in average particle size. This trend continues by
decreasing the feeding rate as seen in Fig. 2(d) for sample P03.
The particle size was quantitatively analyzed using Image)
software and is presented in fig. 3. The WO3-H,O precursor
exhibited the largest average particle size at approximately
115.86 nm, while the P01, P02, and P03 samples showed
progressively smaller sizes of approximately 84.15 nm, 41.82
nm, and 30.44 nm, respectively, as detailed in Fig. 3 (a-d). The
transformation from sheet-like precursor morphology to

smaller nanoparticles increases significantly,

equiaxed nanoparticles, and the progressive size reduction from
P01 to P03, can be attributed to the vaporization—nucleation—
condensation—quenching mechanism inherent to DC thermal
plasma processing. Upon injection into the plasma torch, the
WO3-H,0 precursor particles are exposed to temperatures
exceeding 2000 °C, completely destroying the original lamellar
structure and converting the solid material into tungsten oxide
vapor, from which isotropic nanoparticles subsequently
nucleate and grow upon cooling. At high feed rates (P01), the
elevated vapor concentration promotes frequent nucleus—
nucleus collisions and heterogeneous condensation onto
existing nuclei, resulting in coagulation-driven growth and
larger particles; whereas at low feed rates (P03), the plasma
energy is distributed over fewer particles, reducing vapor
density and interparticle frequency, thereby
generating a greater number of smaller, more uniformly
distributed nuclei.’® To further support these observations, BET

collision

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 EDX spectra of the WO3-H,0 precursor (a) and the samples P01
(b), PO2 (c), and P03 (d)

surface area analysis was performed as presented in fig. S2. The
raw WOs-H,0 precursor exhibited a surface area of 23.1 m%/g,
while plasma-treated samples showed progressively higher
values: 33.6 m2/g (P01), 47.6 m?/g (P02), and 46.4 m?/g (P03).
3.2. Elemental analysis

EDX spectroscopy was employed to analyze the elemental
composition and assess the purity of the prepared samples.
Figs. 4(a-d) present the spectra of the WOs3-H,0 precursor and
the samples P01, P02, and P03 obtained after thermal plasma
treatment. Distinct signals corresponding to tungsten (W) and
oxygen (O) were observed, indicating high purity with only
minor variations in elemental ratios. The calculated O/W ratio
exceeded 3 for all samples and exhibited a slight decrease as the
plasma feed rate was reduced, suggesting progressive oxygen
deficiency induced under more intense plasma exposure.

To clarify plasma-induced oxygen vacancies of the powders, the
high-resolution W 4f spectrum of the plasma-treated P03
sample in fig. 5(a) clearly demonstrate the coexistence of Wé*
and W>*oxidation states. These correspond to the spin—orbit
doublets of tungsten in different oxidation states. The splitting
between the W 4f;;; and W 4fs;; components is ~2.1 eV,
consistent with reported values for WOs3.1® The peaks at 35.85
eV (W 4f75,) and 38.01 eV (W 4fs/,) are assigned to W®* species,
while the lower binding energy peaks at 35.03 eV (W 4f;/,) and
37.06 eV (W 4fs/,) correspond to W>* species. The presence of
W>* indicates partial reduction of tungsten, directly evidencing
plasma-induced oxygen vacancies. These vacancies act as
electron traps, enhancing charge separation and photocatalytic
activity.

Complementary analysis of the O 1s region presented in fig. 5(b)
further supports this conclusion. Two fitted peaks were
observed at 530.61 eV and 53190 eV. The
lower-binding-energy peak at 530.61 eV is attributed to lattice
oxygen bonded to tungsten (O-W), while the
higher-binding-energy peak at 531.90 eV corresponds to
oxygen-deficient regions (O vacancies).

4| J. Name., 2012, 00, 1-3
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Fig. 5 XPS spectra of PO3 for W 4f spectrum (a) and O 1s (b)

In addition to the XPS analysis of P03, the supplementary
photographs of the powders (Fig. S3) provide a clear visual
indication of plasma-induced modifications. The untreated
WOs3-H,0 precursor (a) appears as a bright yellow powder,
consistent with its hydrated orthorhombic phase. After plasma
treatment, the powders progressively change color: P01 (b)
shows a pale green hue, P02 (c) a light blue, and P03 (d) a darker
blue. Such color evolution is widely associated with the
formation of oxygen-deficient tungsten oxides. The
green-to-blue transition reflects partial reduction of Wé*to W>*,
Additional photoluminescence (PL) measurements
(Supplementary Fig. S4) further support the role of
plasma-induced oxygen vacancies. Plasma-treated samples
exhibit stronger visible emission compared to the precursor,
consistent with defect-related radiative recombination centers
introduced by oxygen vacancies.'”

3.3. XRD analysis

This journal is © The Royal Society of Chemistry 20xx
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The crystal phase structure of the material after thermal plasma
treatment was determined via X-ray diffraction (XRD) analysis
(Fig. 6). The results revealed that the precursor WO3-H,0
exhibited an orthorhombic structure, corresponding to
standard card ICDD 01-084-0886. All three samples subjected to
thermal plasma treatment exhibited a monoclinic WO;3;
structure, in accordance with standard card ICDD 01-071-0305.
Three prominent peaks observed at 23.06°, 23.53°, and 24.08°
were assigned to the (002), (020), and (200) planes,
respectively, which are characteristic of the monoclinic WO3
phase.'® 1° The near-identical peak positions and relative
intensities of these patterns across the treated samples indicate
that varying the feed rate did not affect the resulting crystal
structure. It is evident that after plasma treatment, the samples
underwent a complete phase transformation from
orthorhombic WO3-H,0 to monoclinic WOs. The temperature at
the tip of the thermal plasma spray torch in direct contact with
the material is over 2000 °C. The treatment at elevated
temperatures above 2000 °C is likely the primary factor driving
the phase transformation.?®

'WO,.H,0 Othorhombic
ETIN Al L ICDB 01-084-0886

-
= ﬂ
CU- l WO;.H,0
S
>
x P01
n
c
3 P02
£
Aw

- ||| monoclinic
10 20 30 40 50 60 70
2Theta (°)

Fig. 6 XRD patterns of the samples

3.4. Raman scattering analysis

The Raman spectra of the precursor and plasma-treated
materials are presented in fig. 7. For the precursor WOs3-H,0,
the peak at 946 cm™ is indicative of hydrated WOs; and
corresponds to the stretching vibration of the W=0 bond.?!
Following the plasma treatment, the hydrated state of the
material was completely eliminated, as indicated by the
absence of the characteristic peak at 946 cm™. In the plasma-
treated samples, characteristic Raman peaks of WO3 were also
observed. The peaks at 273 cm™ and 716 cm™ are attributed to
the bending vibrations of W-O-W and O-W-O bonds,
respectively, while the peak at 807 cm™ corresponds to the
stretching mode of the W—O—-W linkage within the WO3 crystal
lattice. The peaks at 716 cm™ and 807 cm™ are recognized as
signature features of monoclinic WOs3;, consistent with the
Raman spectrum of pure W0s.22 Furthermore, the changes in
the intensity of the bands at 306, 677, and 716 cm™ suggest
that, in addition to the observed phase transformation, the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Raman spectra of the WO3-H,O precursor and the thermal
plasma-treated samples P01, P02, and P03,

1000

feeding rate during the thermal plasma treatment also
influences the internal bonding structure of the material.
3.5. DRS analysis

To evaluate the optical characteristics of the materials, diffuse
reflectance spectra were also measured as shown in fig. 8(a).
The diffuse reflectance of all three samples after thermal
plasma treatment showed a significant decrease beyond
503 nm for samples P02 and P03, and beyond 512 nm for
sample P01, compared to the WO3-H,O precursor. Furthermore,
samples P02 and P03 exhibited lower reflectance than PO1 in
the wavelength range from 435 nm onward. This indicates that
plasma treatment at lower feed rates enhances the material’s
light absorption capability. This trend suggests that plasma
treatment helps to enhance optical absorption by modifying
surface structure and defect density of the WO3-H,0.
The optical bandgap (Eg) of the samples was estimated from the
diffuse reflectance spectra using the derivative method derived
from the Kubelka-Munk equation:?3

d[In(F(R).hv)] n

d(hv) C hv—Eg (@)

In this equation, F(R) is the reflectance function derived from
the diffuse reflectance coefficient R, hv represents the photon
energy, and E; is the optical bandgap of the material. The values
n=2 and n=1/2 represent indirect and direct electronic
transitions, respectively, as applicable to WOs. The bandgap
energy Eg is determined from the plot of [d[In(F(R).hv)]/d(hv)
] versus hv, where the peak position indicates the transition
energy.
The calculation

results are presented in fig. 8(b). The
orthorhombic WOs3-H,O precursor exhibited a band gap of
2.37 eV, consistent with previously reported values.?* In
comparison, the bandgap of monoclinic WO3 typically falls
within the range of 2.5-2.8 eV.%> After plasma treatment, the
bandgap of the samples increased significantly, reaching 2.78
eV, 2.89 eV, and 2.91 eV for P01, P02, and P03 samples,
respectively, with the bandgap widening progressively as the
feed rate decreased. This blue shift in optical band gap is

J. Name., 2013, 00, 1-3 | 5
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attributed primarily to the plasma-induced phase
transformation from hydrated orthorhombic WO3-H,O to
monoclinic WOs3, together with the introduction of oxygen
vacancies and surface defects, which modify the electronic
structure and optical absorption.2®

3.6. SEM image of the composite material

The WOs3 samples including the WO3-H,O precursor and the
thermal plasma-treated samples were combined with TCPP

. 4 ¥ ! k . ﬁ.. - iy X : "‘|“
Fig. 9 SEM images of the WO3-H,0/TCPP composite (a) and the
PO1/TCPP (b), PO2/TCPP (c), and PO3/TCPP (d) samples.

6 | J. Name., 2012, 00, 1-3
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nanofibers, the resulting composites were examingd,using SEM
as shown in fig. 9. These TCPP nanofiber®iNtéPtWMEWII WO}
nanoparticles, creating a hybrid architecture. Fig. 9(a) displays
the WO3-H,O/TCPP composite prepared from the untreated
precursor, where the particles appear agglomerated and the
presence of TCPP is not clearly discernible. In contrast, the
samples PO1/TCPP and PO2/TCPP are shown in Figs. 9(b-c),
where elongated rod-like structures corresponding to TCPP are
evident, with WO3 nanoparticles attached to their surfaces.
Notably, the P02/TCPP sample features larger TCPP rods
densely decorated with smaller WO3 nanoparticles, exhibiting a
relatively uniform distribution. Fig. 9(d) presents the PO3/TCPP
composite, in which ultra-small WO3 nanoparticles nearly fully
cover the surface of the TCPP rods, rendering the rod-like
morphology less distinguishable. This progressive increase in
WO; coverage correlates with the decreasing particle size
resulting from lower plasma feed rates. These observations
confirm the successful formation of WO3/TCPP hybrid
structures via a self-assembly process, with thermal plasma
treatment playing a key role in tuning nanoparticle size and
surface interaction with TCPP.

3.7. Degradation of RhB

The photocatalytic activity of the prepared samples was
evaluated by monitoring RhB degradation under simulated
sunlight as presented in fig. 10. In this study, RhB was used at a
concentration of 20 ppm, representing a moderately high dye
load that challenges the photocatalytic efficiency of the
materials. The WOs3-H,O precursor exhibited negligible
photocatalytic activity after 90 minutes, confirming its limited
efficiency in dye removal. In contrast, hybridization with TCPP
led to a pronounced decrease in the absorption intensity of RhB
at 553 nm, significantly enhancing photocatalytic efficiency for
both the precursor and plasma-treated WO3 samples. During
the photocatalytic process, the absorption peak exhibits a blue
shift toward shorter wavelengths, which is attributed to the
presence of the organic compound porphyrins, consistent with
previous reports.?’” To decouple the contributions of plasma
treatment and TCPP sensitization to the overall photocatalytic
performance, control experiments were conducted on plasma-
treated WO; samples (P01-P03) without TCPP hybridization,
and the results are presented in Supplementary Fig. S5. Under
visible light irradiation, P01-P03 exhibit a distinctive
adsorption-then-desorption profile: rapid RhB uptake occurs
during the dark period and early irradiation, yielding high
apparent removal, before the adsorbed dye is progressively
released back into solution, with degradation efficiency
returning to near zero by t = 30—90 min. This behavior confirms
that plasma treatment markedly enhances the adsorption
capacity of WO; through increased surface area and oxygen
vacancy-rich surface chemistry, but is insufficient alone to
sustain photocatalytic mineralization. This is in contrast to the
untreated WOs3-H,0 precursor shown in Fig. 10(a), which shows
negligible adsorption and photocatalytic activity. Upon
hybridization with TCPP, however, PO01-P03 composites achieve
sustained and progressively improving degradation efficiencies,
confirming that TCPP sensitization is essential for converting the

This journal is © The Royal Society of Chemistry 20xx
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enhanced surface properties introduced by plasma treatment
into effective and durable photocatalytic performance.

The absorption peak at 553 nm was used to calculate
degradation efficiency as calculated in fig. 11(a) and the
corresponding values after 90 minutes are summarized in
Table 1.

Table 1. Degradation rate and linear fitting parameters

Catalyst Degradation rate Slope
(%)
WO;-H,O/TCP 73.57 0.00403
P
P01/TCPP 93.16 0.02154
P02/TCPP 94.04 0.02362
P03/TCPP 95.41 0.0252

The photocatalytic degradation efficiency of WO3-H,O/TCPP
composite achieved a degradation efficiency of 73.57 % after 90
minutes, representing a substantial improvement over the pure
WOs3:H,0. Even higher efficiencies were observed for
composites derived from plasma-treated nano WOs;, with
PO1/TCPP, P0O2/TCPP, and PO3/TCPP achieving degradation
rates of 93.16%, 94.04%, and 95.41%, respectively. These
results demonstrate that thermal plasma treatment enhances
the photocatalytic performance of WO3/TCPP hybrids by more
than 20% compared to the untreated WO3-H,0 precursor. This
improvement confirms the successful formation of the
composite material and its enhanced color removal efficiency.

Notably, even under high feed rate conditions, where the
thermal plasma induces only a modest reduction in particle size,
the photocatalytic properties of WO3/TCPP composites improve

This journal is © The Royal Society of Chemistry 20xx
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Fig. 11 Effect of treatment time on the RhB removal performances

(a) C/Co plots of RhB solution and (b) In (C/Co) plots rate constant
calculation of photoreactions

treatment are not limited to drastic nanostructural changes, but
can be realized even with relatively mild processing. The
enhancement can be attributed to plasma-induced surface
restructuring and the generation of oxygen vacancies, which
facilitate more efficient charge separation and stronger
interaction with porphyrin molecules. These defect sites act as
active centers for photocatalysis, enabling higher degradation
rates despite only slight changes in particle size. Thus, while
further reductions in feed rate yield progressively smaller
nanoparticles and higher efficiencies, the catalytic activity does
not increase proportionally. This indicates that defect
generation plays a decisive role in performance enhancement.
The dual contribution of particle size reduction and defect
engineering underscores the versatility of thermal plasma
treatment as a strategy for tailoring the photocatalytic
properties of WO3 and related semiconductor materials.
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The degradation kinetics of RhB were further analyzed using
pseudo-first-order reaction models as presented in fig. 11(b).
The photocatalytic degradation process followed
pseudo-first-order kinetics,3® with the corresponding rate
constants summarized in Table 1. Among the tested samples,
the PO3/TCPP composite exhibited the highest rate constant of
0.0252 min!, approximately six times greater than that of the
WO3-H,0/TCPP composite. This kinetic enhancement aligns
with the observed improvements in degradation efficiency and
confirms the superior photocatalytic activity of plasma-
engineered WOs/TCPP hybrids.

Table 2 presents a comparative overview of photocatalytic
degradation efficiencies reported for various WOs-based
materials. Most previously published systems rely on doping or
complex composite strategies to enhance dye degradation. In
contrast, the WO3/TCPP composites synthesized in this study
demonstrate remarkably improved performance under both
visible light and simulated sunlight, highlighting the
effectiveness of thermal plasma treatment as a scalable and
adaptable method for photocatalyst development. Notably, the
catalyst concentration employed in this work (0.15 g/L) is the
lowest among all compared systems, and the dye concentration
(20 ppm) is among the highest, representing a more demanding
set of conditions than most reported studies.To assess the
reusability and structural stability of the best-performing
composite, three consecutive RhB photodegradation cycles
were performed with PO3/TCPP. The UV-Vis absorption spectra
after each cycle are presented in Fig. 12(a), and the
corresponding degradation efficiencies after 90 minutes are
summarized in Fig. 12(b). The catalyst achieved degradation
efficiencies of 95.41%, 94.25%, and 89.22% for cycles 1-3,
respectively, retaining approximately 94% of its initial activity
after three runs and confirming good operational stability. The
modest reduction in efficiency across cycles is attributed to
minor surface restructuring and partial active site blocking
rather than fundamental degradation. To evaluate structural
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Fig. 12 Absorbance spectra of RhB solution after three consecutive
photocatalytic cycles using PO03/TCPP (a) and degradation
efficiencies after 90 minutes for cycles 1-3 (b)

integrity, the surface morphology of PO3/TCPP before and after
three consecutive cycles was examined by SEM, as shown in
Supplementary Fig. S6. The fresh catalyst (Fig. S6a) exhibits a
relatively uniform distribution of WO; nanoparticles decorating
the TCPP rod-like structures. After cycle 1 (Fig. S6b), slight

Table 2. Comparison of RhB photocatalytic degradation of other WO3-based photocatalysts with the investigated WO3/TCPP

RhB fo
Catalysts concentration Catalyst loading Volume (mL) Light source Irrad;‘;:;;)l;l time Degradation (%) Ref.
(ppm)
10 mg / 50 mL
WO;@gC3Ny 10 50 500 W Xe lamp 120 90 28
(0.2 g/L)
(Nb, Ta) doped 9 mg/ 100 mL Visible light
10 100 . 120 90.11 29
WO; (0.09 g/L) (unspecified lamp)
50 mg /200 mL 15 W daylight
WO3/AgBr 5 200 240 86 30
(0.25 g/L) lamp
300 W Xe lamp, A
25 mg/ 100 mL > 400 nm +
NaNbO;/ WO; 10 100 120 73.7 31
(0.25 g/L) ultrasound (180
W, 40 kHz)
Activated
20 50 mL (0.25 g/L) 50 250 W Xe lam 300 88.59 32
Carbon/WO;
3mg/20 mL 200 W LED solar This
WO;3;/TCPP 20 20 . 90 95.41
(0.15 g/L) simulator work
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particle aggregation and surface roughening are apparent,
which become more pronounced after cycle 2 (Fig. S6c). After
cycle 3 (Fig. S6d), the particles appear more compactly
agglomerated, suggesting progressive surface restructuring
during repeated use. Despite these morphological changes, the
overall composite architecture remains recognizable and intact,
consistent with the maintained photocatalytic performance.
These results demonstrate that PO3/TCPP possesses good
photocatalytic stability and structural integrity over multiple
cycles, establishing its suitability for repeated environmental
remediation applications.

Conclusions

This study demonstrates that thermal plasma treatment is a
highly effective strategy for transforming WOs3-H,;0 from its
orthorhombic precursor into a monoclinic phase while
simultaneously reducing particle size. These structural
modifications, combined with the self-assembly of TCPP, result
in the formation of WO3/TCPP nanocomposites with
exceptional photocatalytic performance, achieving up to
95.41% degradation of 20 ppm RhB dye under simulated
sunlight within 90 minutes. The enhanced photocatalytic
efficiency is attributed not only to the reduction in nanoparticle
size but also to the increased defect density, particularly oxygen
vacancies, introduced by high-temperature plasma exposure.
These defects facilitate improved charge separation and
broaden light absorption, contributing significantly to the
overall activity. Furthermore, the systematic variation of feed
rate during plasma treatment reveals a clear correlation
between processing conditions, nanostructural evolution, and
photocatalytic behavior. Notably, even at high feed rates,
where particle size reduction is modest, the plasma-treated
WO3/TCPP composites exhibit substantial performance gains,
underscoring the impact of defect engineering. These findings
establish a versatile and scalable fabrication approach that
integrates plasma processing with porphyrin sensitization,
offering a promising pathway for the development of advanced
photocatalysts in environmental remediation and sustainable
energy applications.
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