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1. Introduction

There is a growing concern about environmental impact of
microplastics (MPs) and their toxicity.[1–3] MPs, which are
defined as plastic particles with sizes in the range from 1 μm

to 5mm, have been found to be widespread
in the environment, including soil, water,
and atmosphere.[1,2] MPs can have direct
negative health impacts or act as a carrier
for other pollutants.[2] While a number of
regulatory measures have been imple-
mented in different countries to limit the
growth of plastic pollution by reducing
plastic consumption,[1] there is a significant
accumulation of plastic pollution in natural
ecosystems.[2] As plastics are difficult to
degrade by natural processes, resulting in
the persistence of plastic pollution,[2] it is
imperative to develop effective technologies
to facilitate environmental remediation and
removal/reprocessing of plastic waste.
There are two possible approaches to elim-
inate MP pollution from the environment,
namely mineralization to nontoxic chemi-
cals (CO2 and water) and upcycling into

fuel and valorized chemicals.[3] Photocatalysis is particularly
promising approach for environmental remediation of MPs,
and it has been used for both mineralization of plastic wastes
as well as photoreforming.[3–6] Consequently, photocatalysis
for environmental remediation of plastic pollution has been
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Microplastic (MP) pollution is ubiquitous in the environment and there is a
significant need for the development of photocatalysts for environmental
remediation of microplastic pollution. Herein, the effect of the structure and
morphology of Nb2O5 nanostructures on their photocatalytic activity for MP
degradation is investigated. Nanostructures with a high fraction of pseudo-
hexagonal TT-Nb2O5 phase are shown to effectively degrade pure polyethylene,
polypropylene, and polyester, as well as MP samples collected from the envi-
ronment. Efficient photocatalytic degradation of the microplastics is attributed to
the unique structure and morphology (TT-Nb2O5 nanoparticles on monoclinic
Nb2O5 rods), which facilitates charge separation and consequently photocatalytic
activity. The Nb2O5 nanostructures with optimal composition and morphology
lead to efficient degradation of not only pure plastic particles with different
compositions (polyethylene, polypropylene, and polyester) in up to 64 h, but
also complete degradation of environmental microplastics in 56 h.
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extensively studied.[4–10] It should be noted that, while photore-
forming to obtain useful chemicals from plastic waste is obvi-
ously of significant interest due to its potential for economic
motivation for plastic waste removal, photocatalytic degradation
under aerobic conditions by nonselective oxidation is still of
significant interest as it converts toxic pollutants (MPs) into non-
toxic product (CO2) which could potentially be further processed
separately. During photocatalytic degradation of MPs, photogen-
erated charge carriers react with water and oxygen to form reac-
tive oxygen species (ROS), which together with photogenerated
holes react with polymer chains, resulting in degradation to
oligomers, monomers, and eventually CO2.

[4,5,9] Thus, one
potential advantage of this process is its lack of selectivity—
nonselective oxidation will degrade any type of organic com-
pounds such as not only different plastics, which makes it
particularly suitable for degradation of plastic pollution collected
from the environment as these plastics may have accumulated
other pollutants due to their tendency to adsorb and concentrate
other pollutants present in the water.[8] Therefore, while photo-
reforming has the potential to be economically feasible, it would
perform best on postconsumer sorted plastic waste which would
not have a significant variation in the composition of starting
chemicals. In contrast, MPs collected from the environment will
exhibit compositional variations (i.e., types of plastics will likely
vary depending on the area of collection), differences in adsorbed
pollutants, and biofilms formed on the surface, etc. Con-
sequently, due to compositional differences of environmental
MPs, degradation as a nonselective oxidation process is expected
to bemore suitable for environmental remediation to ensure deg-
radation of not only MP polymer but also any organic additives or
adsorbed contaminants. In addition, photocatalytic degradation
of MPs can be achieved not only in deionized water but also
in lake and sea water, albeit at a lower degradation efficiency
due to the presence of various ions.[11]

While promising results have been reported for plastics
mineralization,[3–5] reports of complete mineralization of
different plastics remain scarce and the time needed is frequently
long (days or weeks), frequently under UV light rather than
solar illumination.[4–6,9] The literature reports on photocatalytic
plastic degradation are summarized in Table S1, Supporting
Information. Long degradation times and incomplete degrada-
tion are particularly common for plastics with C─C backbones,
such as polyethylene (PE) and polypropylene (PP), which are
chemically inert and commonly take >100 h to degrade to more
than 50%[5–7,12,13] or completely,[14] with very few exceptions
demonstrating complete degradation of MPs,[12,14,15] or demon-
strating ≥50%[16–18] or complete[15] degradation under visible
illumination in less than 100 h. As PE and PP account for
�57% of plastics produced, there is a clear need for the develop-
ment of photocatalysts with simple scalable synthesis and
improved photocatalytic performance for photocatalytic degrada-
tion of polyolefins.

Metal oxide-based photocatalysts have been commonly used
for photocatalytic degradation of MPs,[5–7,11–27] with majority
of the studies conducted on TiO2 as a common photocatalyst,
including TiO2-based heterojunctions and doped TiO2.

[5–7,12–14,16–24]

However, despite intensive research, there is still significant
room for improvement, highlighting the need for the develop-
ment of alternative material systems. For example, while

complete degradation of plastics has been reported with
TiO2-based photocatalysts (Table S1, Supporting Information), this
is typically achieved under UV illumination, while degradation
rates under simulated solar illumination are typically significantly
lower. In contrast, Nb2O5 has been shown to degrade plastics
under solar illumination,[15] which makes it a promising candidate
for photocatalytic applications. In general, niobium oxide is partic-
ularly interesting among various metal oxides, as it is a nontoxic
oxide with a significant oxidation ability and Lewis and Brønsted
acid sites on surface which are located at tetrahedral NbO4 and octa-
hedral NbO6 units, respectively.[28] Consequently, it is of interest
for photocatalytic applications.[28,29] Part of the interest in Nb2O5

is the fact that it can crystallize in a variety of crystal structures,
including hexagonal Nb2O5, pseudo-hexagonal phase TT-Nb2O5,
orthorhombic phase T-Nb2O5, tetragonal M-Nb2O5, and mono-
clinic phase H-Nb2O5.

[28,29] In addition, a variety of nanostructured
morphologies, including particles, rods, and plates can be
readily synthesized.[28] Various photocatalytic applications of
Nb2O5

[15,28–39] have been demonstrated to date, including H2 pro-
duction,[28,30,31] CO2 reduction,[28] selective transformation of
amine and alcohols,[28] and the degradation of pollutants[28,33,35,36]

including plastic degradation and reforming.[15]

For plastic degradation, orthorhombic single unit cell thick
Nb2O5 layers (JCPDS card No. 27-1003) have been shown to
be very effective in degrading different plastics under simulated
solar irradiation, including PE and PP.[15] Nb2O5 layers could
degrade not only pure plastics purchased from a supplier, but
also single-use bags, food containers, and food wrap film, and
the degradation produced not only CO2 but also C2 fuels
although at a low yield.[15] However, other photocatalytic applica-
tions of Nb2O5 have found different optimal crystal structures for
photocatalytic activity. For example, TT-Nb2O5 was found to be
the most active phase for hydrogen evolution,[28] but efficient
hydrogen evolution was also reported for monoclinic rods[30]

and TT/T pseudohexagonal/orthorhombic heterophase junc-
tions.[31] Similarly, for pollutant degradation hexagonal phase,[35]

monoclinic phase[38] and pseudo-hexagonal [TT] phase[33] were
found to be superior to the orthorhombic phase. Con-
sequently, the relationship between crystal structure and photo-
catalytic activity of Nb2O5 is still not fully clear.

Thus, here we investigated the influence of the crystal struc-
ture and morphology of Nb2O5 nanostructures for the photoca-
talytic degradation of microplastics. We have varied the synthesis
conditions to obtain different fractions of various crystal phases
(TT-Nb2O5 and monoclinic phases) and morphologies (nanopar-
ticles, rods, large particles), and we investigated their application
to photocatalytic degradation of MPs. We have used PE as the
model MPs, since PE is a common plastic material with C─C
backbone which is difficult to degrade due to its chemical stabil-
ity.[4] We have found that samples with a high fraction of pseudo-
hexagonal TT-Nb2O5 phase exhibit high photocatalytic activity,
resulting in complete degradation of different MPs (PE, PP,
and polyester (PES)) in 56–64 h depending on the type of plastics.

2. Results and Discussion

Different from common practices to obtain different Nb2O5

phases by varying annealing temperature,[32,34] we prepared
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Nb2O5 nanostructures using different amounts of water added
during the synthesis to vary the structure and morphology of
the samples, while the same low annealing temperature
(250 °C) was used for all the samples. The amount of water added
during the synthesis was systematically varied in order to obtain
samples with different crystal structures, as the addition of water
yielded an appearance of a new crystal phase not obtained in the
samples prepared without water, while the amount of water
added controlled the ratios of the phases present. We have then
tested the photocatalytic activity of prepared samples for degra-
dation of microplastics by measuring the mass loss of MPs[4,6,11]

as a function of illumination time. The size distributions and
SEM images of PE and PP MPs are shown in Figure S1 and
S2, Supporting Information, respectively. PES fibers and envi-
ronmental plastics were subjected to ball milling to obtain frag-
ments with�2 μm size, as described in our previous work.[14] We
can observe that Nb2O5 (prepared with 0mL water) can degrade
all the investigated samples, as shown in Figure 1a. Degradation
times for complete mass loss are similar for all three types of
plastics (PE, PP, and PES fibers). While PES is expected to be
more susceptible to photodegradation compared to PE and PP
polymers with stable C─C backbones, it has unfavorable mor-
phology (long fibers) and requires ball milling for efficient deg-
radation.[14] The plastic degradation rate is dependent on the ratio
of photocatalyst and PE MPs, with slower degradation occurring
for lower Nb2O5:MP ratio, as shown in Figure S3, Supporting
Information. It should be noted, however, that a practical
application of photocatalytic degradation of MPs should include
optimization of reaction conditions, as well as the reactor design.
For the purpose of investigating the effect of photocatalyst prop-
erties on photocatalytic activity, comparisons need to be done
under the same reaction conditions. While higher photocatalyst
to MP ratios are less economically attractive, they allow faster
completion of the experiments and hence further experiments
were performed at higher Nb2O5:MP ratio used in experiments
in Figure 1a. In addition, the reproducibility of degradation was
tested across different batches of Nb2O5 nanostructures, and
excellent reproducibility is obtained, as shown in Figure S4,
Supporting Information. While different batches showed varia-
tions in the ratios of different crystal phases (Figure S5,
Supporting Information and Figure 2a), similar degradation
curves are obtained for samples (Figure S4a, Supporting

Information). Next, to investigate the effect of crystal structure
of the samples across wider range of possible structures, we
tested photocatalytic activity for degradation of PE MPs as a com-
monly used model plastics for Nb2O5 nanostructure prepared
with different amounts of H2O, and the obtained results are
shown in Figure 1b. We can observe efficient degradation of
PE for the sample with 0mL water added during the synthesis,
followed by the sample with 0.5mL. In the case of 1 mL sample,
significantly slower degradation is observed, while the 3mL sam-
ple exhibits negligible photocatalytic activity. The evolved gases
during the degradation of PE were determined by gas chroma-
tography (GC), and obtained results are shown in Figure 1c.
Similar to previous studies, CO2 is the main degradation prod-
uct,[12,15] with a small amount of CO[12,15] also present.

To investigate the reasons for the differences in photocatalytic
activity, comprehensive characterization of the obtained samples
is performed. As Nb2O5 is known to crystallize in a variety of
structures depending on the synthesis conditions,[28,29,39–44]

XRD measurements were performed, and the results of
Rietveld refinement are shown in Figure 2.

Quantitative analysis revealed that crystallization of different
Nb2O5 phases strongly depends on the amount of water during
the synthesis. We can observe that sample prepared without
water dominantly contain hexagonal phase, in literature com-
monly denoted as TT-Nb2O5. However, the structure of TT poly-
morph, often also referred to as “pseudo-hexagonal” phase, was
vastly discussed in the literature but no space group has been
assigned until just recently.[39] Our refinements show that
TT-Nb2O5 crystallize in the P6/mmm space group with refined
unit-cell parameters a= 3.6101(5) Å and c= 3.9478(8) Å, con-
firming the structure as obtained by Košutova et al.[39] It is impor-
tant to notice that TT polymorph is, in fact, an oxygen-deficient
nonstochiometric structure with O/Nb ratio�2.2 (the O/Nb ratio
in stoichiometric Nb2O5 is 2.5). The sample prepared without
water also contains C2/mmonoclinic phase, denoted monoclinic
phase I, with the refined unit cell parameters a= 12.7704(6),
b= 3.8404(6) Å, and c= 3.9874(1) Å, β= 91.6°. The structure
published by Gruehn[40] was used as the structural model for
refinement. It should be noted that this phase is rarely found
isolated, and it commonly occurs in mixtures with other poly-
morphs.[44] As the amount of water increases, we observe that
the amount of hexagonal TT phase decreases, which is also

Figure 1. a) Remaining mass of PE, PP, and PES for Nb2O5 nanostructures prepared with 0mL H2O. b) Remaining mass of PE as a function of simulated
solar illumination time for Nb2O5 nanostructures prepared with different amounts of H2O. c) Percentages of evolved gases detected by GC.
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accompanied by the crystallization of the second distinct mono-
clinic phase. Monoclinic phase II belongs to the C2/c space
group with the refined unit cell parameters a= 12.7410(7),
b= 4.8865(7) Å, and c= 5.5633(5) Å, β= 105.1°, which corre-
sponds to the structure published by Ercit.[41] We can observe
that samples prepared with increasing amount of H2O contain
increasing fraction of monoclinic phases, mainly due to mono-
clinic II phase which is absent for 0 mL sample and its fraction
increases with increasing amount of water at the expense of both
TT and, for water containing samples, monoclinic I phases.
Considering that monoclinic Nb2O5 were previously synthesized
by a hydrothermal process,[30] it is not surprising that the addi-
tion of water during the synthesis could increase the fraction of
monoclinic polymorphs. Thus, from XRD analysis, it is obvious
that all the samples contain multiple crystal phases. The presence
of multiple phases in the samples can be an advantage for
photocatalytic applications, since the existence of heterophase
junctions can facilitate charge carrier separation and conse-
quently photocatalytic activity,[31] and thus photocatalysts exhib-
iting a mixture of phases can exhibit higher photocatalytic activity
compared to pure phase samples.[34]

Additionally, we have investigated the morphology of the
prepared samples by transmission electron microscopy (TEM),
high-resolution transmission electron microscopy (HRTEM),
and selected area electron diffraction (SAED), as shown in
Figure 3. TEM images for all samples show two distinct morphol-
ogies, namely rods and nanoparticles. Additional TEM images
at different magnification levels are shown in Figure S6,

Supporting Information, since the significant size disparity
between small nanoparticles and larger rods makes it difficult
to clearly observe both types of morphologies at the same mag-
nification level. Due to very small size (<20 nm) of commonly
found nanoparticles, HRTEM images shown in Figure 3 (panels c)
are most suitable for observing this morphology.

The d-values, obtained from HRTEM and SAED images of
rods in the case of the sample prepared without water, amount
to 0.282 nm and 0.370 nm which correspond to hkl= 310 and
hkl= 201 of monoclinic I phase, respectively. In the case of sam-
ple prepared with 0.5 mL of water, d value that amounts
to 0.2653 nm is also observed for rods which is attributed to
hkl= 002 of monoclinic phase II. While d values characteristic
for monoclinic Nb2O5 polymorphs are observed in rods in all
samples, nanoparticles are exhibiting d values that are attributed
to the hexagonal Nb2O5; typically d= 0.313 nm that corresponds
to hkl= 010 and d= 0.164 nm that is attributed to hkl= 111.
Thus, the samples exhibit distinct differences in composition
(different polymorphs present), as well as morphology. In sam-
ples exhibiting significant photocatalytic activity, namely
0–0.5 mL, we can observe that they consist of larger rods and
nanoparticles which are in close contact with the rods, which
could possibly play a role in charge separation. For 1mL samples,
there is more separation between the rods and nanoparticles,
while 3 mL sample appears to be a more disordered mixture
of larger structures and nanoparticles. Thus, differences in pho-
tocatalytic activity could originate from crystal structure differen-
ces, morphology differences, or their combined effects.

Figure 2. XRD patterns of Nb2O5 nanostructures prepared with a) 0 mL, b) 0.5 mL, c) 1 mL, and d) 3mL H2O. Experimental data are shown by black line,
calculated pattern by blue line while the vertical teal, red, and orange lines represent hexagonal and monoclinic phases, respectively.

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2025, 6, 2500124 2500124 (4 of 10) © 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

 26884062, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202500124 by C

ochrane C
roatia, W

iley O
nline L

ibrary on [08/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-structures.com


To further investigate the role of differences between the sam-
ples, additional characterization of their composition and optical
properties was performed. As the photocatalytic activity of
Nb2O5 is known to be affected by native defects, in particular oxy-
gen vacancies,[28,32] we performed Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) characterization, and the obtained results are shown in
Figure S7, Supporting Information. In the XPS spectrum of
O1s, lower energy peak at (�529.7–531.7 eV) can be attributed
to lattice oxygen, while the higher energy peak (�532–533 eV)
can be attributed to surface oxygen and/or oxygen vacan-
cies.[29,32,37,38] We can observe that samples exhibiting more pro-
nounced higher energy peak in the XPS O 1s spectrum, namely
0mL and 3mL, also exhibit more pronounced peak in the region
3000–3600 cm�1 which can be attributed to hydroxyl group vibra-
tions,[41] and thus, we can attribute this feature to surface oxygen.
However, there is no obvious relationship between surface
hydroxyl groups and photocatalytic activity of the samples.
Therefore, we examined the optical properties of the samples.
Absorption spectra and sample photos are shown in Figure S8.
We can observe that the absorption of the samples is consistent
with the Nb2O5 bandgap, which is in the range �3.0–3.4 eV.[28]

However, in this case as well there is no clear relationship
between the optical properties and photocatalytic activity, which
is contrary to the expectation that the sample exhibiting higher
absorption in the visible spectral range would exhibit the highest
photocatalytic activity.[32] The sample exhibiting the best photo-
catalytic activity, 0 mL, was pale yellow color and exhibited the
lowest absorption in the visible spectral range. The 0.5–1mL
samples exhibited more significant absorption in the visible
spectral range. As they exhibit lower photocatalytic activity under
simulated solar illumination compared to 0mL sample despite
higher absorption, this indicates higher recombination losses

in these samples. To examine charge carrier dynamics,
time-resolved photoluminescence (TRPL) measurements were
performed, and obtained results are shown in Figure S2b,
Supporting Information.

We can observe the fastest decay of luminescence in 0mL
samples. This could possibly indicate either higher nonrecombi-
nation losses, which are not consistent with the observed high
photocatalytic activity, or improved charge separation. It is
known that niobium oxide heterophase junctions can exhibit effi-
cient charge separation and consequently high photocatalytic
activity, as demonstrated for TT-Nb2O5/T-Nb2O5 junctions for
photocatalytic hydrogen evolution.[31] Charge transfer between
different crystal phases is also responsible for high photocatalytic
activity of model P25 photocatalyst, which consists of a mixture
of anatase and rutile phases of TiO2.

[37] We can observe that while
0mL samples and 3mL samples exhibit similar absorption and
presence of surface oxygen, they exhibit significantly different
TRPL curves, indicating differences in photogenerated charge
dynamics. Those differences can occur due to morphological dif-
ferences, that is, lack of close contact between particles and rods,
preventing the formation of heterophase junctions and charge
separation. Alternatively, the crystal structure differences, that
is, the presence of different phases can also affect charge trans-
fer. For example, samples 0–0.5 mL have similar morphologies,
but significantly different optical properties, and sample 0.5 mL
exhibits lower photocatalytic activity and slower TRPL decay
compared to 0mL sample. One possible explanation is that both
TT-Nb2O5 and monoclinic II crystal phases have wider bandgap
compared to monoclinic I phase, which is consistent with lower
visible light absorption in 0–3mL samples which have lower con-
tent of monoclinic I phase. The photocatalytic activity of the sam-
ples is directly correlated to the content of photocatalytically
active TT-Nb2O5 phase, while the presence of monoclinic II

Figure 3. Representative electron microscopy and diffraction images of Nb2O5 nanostructures prepared with 0, 0.5, 1, and 3mL H2O are given in dark
gray, red, blue, and green panels, respectively. First row in each panel shows TEM images. Rods are highlighted with yellow dashed lines.
a,c) HRTEM images and b,d) corresponding SAED images for two present morphologies: rods (second row) and nanoparticles (third row).
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phase is detrimental to photocatalytic activity of the samples, as it
changes charge carrier dynamics and consequently reduces
photocatalytic activity.

To obtain further insight into charge dynamics in the samples,
transient absorption (TA) measurements were conducted, and
the obtained results are shown in Figure 4 and Figure S9,
Supporting Information. As the samples exhibit significant scat-
tering, the sharp-peak feature present in all samples at �500 nm,
likely originating from slight beam deviation caused by delay
stage movement, is an experimental artifact and should be
ignored. We can also observe that there is no TA signal in the
range 360–400 nm for all the samples, consistent with the fact
that Nb2O5 is a wide bandgap semiconductor (360 nm corre-
sponds to�3.4 eV). Thus, no ground-state bleaching correspond-
ing to valence band (VB) to conduction band (CB) transition is
observed, and two distinct bands in the visible spectra range at
�450–700 nm can be assigned to trap-induced bleaching. These
two levels at �450–700 nm are labeled as “2.75 eV” and
“1.77 eV,” respectively, in a schematic diagram in Figure 5a.
We can observe that the signal corresponding to higher energy
defect state at �450 nm decreases with decreasing content of the
TT-Nb2O5 phase, and the increase in the monoclinic II phase
results in the�700 nm band increase. No direct transfer between

these two defect states is observed. From the tail (100–1000 ps) of
TA kinetics measured at 440–480 nm (Figure S9c, Supporting
Information), we can observe behavior consistent with TRPL
in the range of 100–1000 ps, with the fastest decay obtained
for 0mL sample, while no significant differences are observed
in the kinetics of �700 nm band. (Figure S9d, Supporting
Information). To gain more insight into the role of different
phases in charge carrier dynamics, electronic structure of all
three phases was calculated with density functional theory
(DFT) and obtained results are shown in Figure 5b–d. We can
observe that pseudohexagonal TT-Nb2O5 phase in our calcula-
tions has slightly doped conduction band, different from semi-
conducting monoclinic phases. Occupation of conducting band
of TT-Nb2O5 is not unexpected, since this crystal structure is con-
sidered to be stabilized by impurities (OH, Cl) and oxygen vacan-
cies,[43,44] and in our calculations, we have used idealized
structure with formula Nb4O9.

From the obtained TA results, we conclude that the population
of two defect bands (“2.75 eV” and “1.77 eV” in Figure 5a) is
strongly dependent on the sample composition, with decrease
in TT-Nb2O5 content and an increase in monoclinic II phase con-
tent resulting in decreased population of level “2.75 eV” and
increased population of level “1.77 eV” band. Due to low energy

Figure 4. Transient absorption spectra of Nb2O5 films prepared from Nb2O5 nanostructures synthesized with different amounts of water a) 0 mL,
b) 0.5 mL, c) 1mL, and d) 3mL.
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of 1.77 eV nm band, charge carriers trapped at this level likely
cannot participate in the redox reactions involved in photocata-
lytic degradation of MPs. As we know that TT-Nb2O5 phase con-
tains significant states in the gap (Figure 5b), and from TA
results defect states can be directly populated by absorption of
low-energy photons. As the �450 nm correlates well with
TT-Nb2O5 phase content and photocatalytic activity, we can con-
clude that the 2.75 eV band likely originates from TT-Nb2O5 and
it is responsible for photocatalytic degradation of microplastics
under simulated solar illumination. In contrast, 1.77 eV band
is photocatalytically inactive, and it can originate either from
defect states in monoclinic II phase, or charge transfer across
the heterophase junction.

As the photocatalytic degradation of microplastics involves oxi-
dative cleavage of C─C bonds,[15] a number of possible reactions
occur, involving the generation of different radical species, and
ultimately ending in the production of CO2. The degradation
reactions for photocatalytic degradation of PE proposed in the
literature are summarized in Equation (1–14).[15,45,46]

H2Oþ hþ ! •OHþHþ (1)

O2 þ e� ! O•�
2 (2)

O•�
2 þ e� þ 2Hþ ! H2O2 (3)

H2O2 þ 2e� þ 2Hþ ! 2H2O (4)

O•�
2 þH2O! •HO2 þ OH� (5)

OH� þ h� ! •OH (6)

ð�CH2 � CH2�Þn þ •OH ! ð�•CH� CH2�Þn þH2O (7)

ð�•CH2 � CH2�Þn þ O2 ! ð�CH2 � •HCOO� CH2�Þn (8)

ð�CH2 � •HCOO� CH2�Þn þ ðCH2 � CH2�Þn
! ð�CH2 �HCOOH� CH2�Þn þ ð�•CH� CH2�Þn

(9)

ð�CH2 �HCOOH� CH2�Þn
! ð�CH2 � •HCOO� CH2�Þn þHþ (10)

ð�CH2 �HCOOH� CH2�Þn
! ð�CH2 � •HCO� CH2�Þn þ •OH

(11)

ðCO2 þ e� þHþ ! •COOHÞ (12)

ð•COOHþ e� þHþ ! COþH2OÞ (13)

ð�CH2 � CH2�Þn ����!
•OH,O2 2nCO2 (14)

Therefore, as the first step in the degradation of PE involves
the production of reactive oxygen species (Equation (1–6)) which
requires favorable energy level alignment between photocatalyst
and redox potentials of the reactions involved,[15] it is not unex-
pected that the excitation of lower energy state (1.77 eV) would

Figure 5. a) Schematic diagram of the transient absorption processes
involving defect states. Band structure and projected density of states
for b) TT-Nb2O5, c) Monoclinic I, and d) Monoclinic II. Energy of 0 eV
corresponds to the Fermi level.

Figure 6. a) Remaining mass of environmental plastics as a function of simulated solar illumination time for Nb2O5 nanostructures prepared with 0mL
H2O. b) FTIR spectrum of the environmental plastic sample. Inset shows photo of the sample.
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not result in high production of reactive oxygen species and con-
sequently would yield poor photocatalytic activity.

Finally, we have applied the best-performing sample (0 mL) to
the photocatalytic degradation of environmental MPs, which
were collected from marine environment. The environmental
MP sample was identified to be weathered PP, as shown in
Figure 6, as the measured FTIR peaks correspond well to
characteristic peaks of PP due to C─H and C─C vibrations at
�2951 cm�1, 2918 cm�1, 2867 cm�1, 2837 cm�1, 1454 cm�1,
1375 cm�1, 1167 cm�1, 997 cm�1, and 973 cm�1.[20] As PP
MPs are one of the major MP pollutants in aquatic systems,[8,16]

due to their high production rate, common use in packaging, as
well as protective equipment during the pandemic,[16] it is
expected to find PP pieces among environmental MP samples.
We can observe that environmental MPs can be efficiently
degraded by Nb2O5 photocatalyst in 56 h. Faster degradation
compared to pure PP (Figure 1a) can occur due to differences
in particle size as well as weathered surface of environmental
MPs, which offers additional sites for oxidative attack leading
to photocatalytic degradation.

3. Conclusion

We have prepared Nb2O5 nanostructures with different crystal
structures and investigated their photocatalytic activity for micro-
plastic degradation. The high content of TT-Nb2O5 phase was
associated with high photocatalytic activity, and photocatalytic
activity decreased with increasing content of monoclinic
phase II with C2/c space group which occurred concurrently with
the reduction of TT-Nb2O5 content. The decrease in photocata-
lytic activity with the increasing content of monoclinic phase II
with C2/c space group can be attributed to a decrease in popula-
tion of higher energy defect states (�2.75 eV) and an increase in
population of lower energy defect states (�1.77 eV) which do not
contribute to photocatalytic plastics degradation. The samples
with the highest photocatalytic activity predominantly consist
of TT-Nb2O5 nanoparticles in close contact with nanorods with
C2/m monoclinic phase, which likely facilitates charge separa-
tion. For samples with optimal composition, complete degrada-
tion of pure microplastics samples (PE, PP) and environmental
microplastics samples (PP) could be achieved under simulated
solar illumination within 56–64 h. This makes Nb2O5 a promis-
ing candidate for photocatalytic environmental remediation of
microplastics pollution.

4. Experimental Section

Materials: Niobium chloride (NbCl5≥ 99.9%, metal basis) was
purchased from Aladdin Scientific. Benzyl alcohol (99%), PE, and PP were
purchased from Henan Alfa Chemicals, China. PES was obtained from
Dingwang Co., Ltd. Environmental plastic samples were collected from
a water source in Tsing Lung Tau (22.35713, 114.03479), situated on
the southwest coast of the New Territories in Hong Kong, as previously
described.[14,47,48] No shape or polymer sorting was conducted prior to the
degradation process. Environmental samples and PES samples were
ground into particles �2 μm in size using a ball mill (Retsch, PM400)
to facilitate degradation.[14]

Photocatalyst Synthesis: 600mg of NbCl5 was added into 60mL of ben-
zyl alcohol, and the mixture was subjected to sonication until complete

dissolution of NbCl5, resulting in a yellowish solution. Subsequently,
varying volumes of water (0, 0.5, 1, or 3 mL) were added to the solution,
followed by further sonication. The prepared mixture was then transferred
to a 100mL Teflon-lined autoclave and heated in a muffle furnace at 250 °C
for 3 days. The resultant gel-like product was transferred into centrifuge
tubes and repeatedly washed with acetone. The precipitates were dried
in a vacuum oven at 70 °C overnight and then ground into a fine powder
for subsequent characterization and testing.

Characterization: The XPS spectra of O 1s were obtained using a PHI
VersaProbe 4, with a pass energy of 112 eV and an energy resolution of
0.1 eV. The FTIR measurements were conducted using a Vertex 70 V spec-
trometer. Before measurement, KBr powders were baked under vacuum at
12 °C for 12 h for further use. The concentration of Nb2O5 in KBr is 1% by
weight. One milligram of Nb2O5 powder was mixed with 100mg of KBr
powder and pressed for 60 s to form a pellet for measurement. The FTIR
analysis of polypropylene was conducted using a Vertex 70 V (Bruker) in
attenuated total reflectance mode. The sample was measured without any
pretreatment, as collected. HRTEM and SAED were performed using an
FEI F30 at 300 kV. Nb2O5 powder samples were added to ethanol, and the
mixture was uniformly dispersed to form a suspension using ultrasound
for 30min. The suspension was deposited onto copper grids and dried
under vacuum for 1 h for measurement. Ultraviolet absorption (UV-vis)
spectra were obtained using an Agilent Cary 60 UV-Vis spectrometer
(Agilent Technologies, USA). Photoluminescence (PL) spectra were
acquired with an FLS1000 Photoluminescence Spectrometer (Edinburgh
Instruments Ltd., UK) employing Xenon lamp excitation at 325 nm, while
a 375 nm laser diode was used as the excitation source for time-resolved
PL (TRPL) measurements on the same equipment. Transient absorption
(TA) measurements were performed on spin-coated Nb2O5 films on
quartz substrates (spin coating at 1000 rpm from a water suspension
of Nb2O5 powder at a concentration of 20 mgml�1). TA was performed
using a home-built setup comprising a femtosecond laser source
(Coherent Legend) and an optical parameter amplifier (OPA, OperaSolo).
The fundamental emission from the laser had a center wavelength of
800 nm, pulse duration of�100 fs, and a repetition rate of 1 kHz. The laser
beam was split into two, with one beam directed into the OPA to generate
the pump pulse which was centered at 300 nm with an intensity of
25 μJ cm�2 and frequency chopped at 500 Hz. The other part was used
to generate a broadband continuum light in 350–700 nm range as the
probe beam. A motorized stage was used in the optical path of the probe
beam to achieve up to 1 ns time delay with femtosecond resolution. The
probe beam was focused on the sample using a 150mm lens at a normal
incidence angle, resulting in a 150 μm spot size as measured by an optics-
free CCD. The pump beam was directed onto the sample at an angle of 10°
from the normal incidence. To ensure sufficient spatial overlap with the
probe beam, the pump beam diameter was set to 1.5 mm via a pinhole.
The differential transmission spectrum of the probe pulse (ΔT/T) was
calculated as ((Tpump ON � Tpump OFF)/Tpump OFF). Shot-by-shot trans-
mission of the probe beam was collected by an Acton Spectrapro 275 spec-
trometer equipped with a 150 lnmm�1 grating and a silicon line CCD. The
instrumental response function was 150 fs.

Calculations: Starting points for calculations were the XRD crystal
structures for different polymorphs. For TT-Nb2O5, we have constructed
2� 2� 1 supercell and removed one oxygen atom with partial occupancy
to obtain ratio O/Nb of 2.25, similar to the experimental one.

The density functional theory (DFT) calculations of electronic structure
of Nb2O5 were carried out with the VASP code. The Perdew–Burke–
Ernzerhof (PBE) approximation was adopted to describe the exchange
and correlation functional. An energy cutoff of 520 eV was used for the
plane wave basis set. The atomic positions were optimized using a
convergence threshold of 10�5 eV for energy between two ionic steps.

Photocatalytic Degradation of Microplastics: A mixture of 50 mg of cata-
lyst and 10mg of microplastic was dispersed in a 25mL beaker containing
10mL of deionized water. The mixture was sonicated under simulated
solar illumination (1 Sun, AM 1.5 G). The degradation of the plastics
was assessed by measuring mass loss over fixed time intervals, which
is a commonly used method for determining plastic degradation.
However, using filter paper to separate microplastics from the solution
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can introduce errors and uncertainties due to the adhesion of micro/
nanoparticles to the filter paper. To avoid this issue, the initial mass of
the microplastic (M0), the initial mass of the photocatalyst (Mpc), and
the mass of the beaker (Mb) were measured. After each interval, the
sample was dried in a vacuum oven at 70 °C, cooled to room temperature,
and the total mass (MT) was measured. The mass loss of the plastic (ΔM)
was then calculated as ΔM= (M0þMpcþMb) � MT. Mass measure-
ments were conducted using a Mettler Toledo XSR105 balance with a
hanging mass pan, ensuring high stability and exceptional repeatability.
To collect the gaseous products from the photocatalytic conversion of
polyethylene (PE), the reaction was conducted in a closed system using
a multichannel photoreactor (Photosyn-10, Shanghai Quanhuan
Technology Co., Ltd.). Specifically, 20 mg of catalyst, 10 mg of microplas-
tics (MPs), and 5mL of H2O were added to a 25mL quartz tube. The
mixture underwent ultrasonication for 10min, followed by stirring under
365–800 nm solar light at room temperature for 24 h. The gaseous
products were collected using a 20mL syringe and then transferred to
an aluminum foil gas bag. The gas samples were manually transferred
from the gas bag to a GC system (Agilent 8860) equipped with both a
thermal conductivity detector and a flame ionization detector for analysis.
The gaseous products were identified by matching their retention times
with reference standards and quantified by analyzing the area under
the curve using a pre-established calibration curve.
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(supporting). Jasminka Popović: formal analysis (equal); investigation
(supporting); visualization (supporting); writing—original draft (support-
ing); writing—review and editing (supporting). Aleksandra B. Djurišić:
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