&%, PURPOSE-LED

JPhys Materials ¢ PUBLISHING™

PAPER « OPEN ACCESS You may also like

- When adiabaticity is not enough to study

MXene photocatalysts for microplastics topoloical phases in sold-state phvsics:

comparing the Berry and

degradation under simulated solar illumination Aharonov-Anandan phases in 2D

materials

Abdiel de JesUs Espinosa-Champo,

. . . Alejandro Kunold and Gerardo G Naumis

To cite this article: Atta Ur Rehman et al 2025 J. Phys. Mater. 8 045012 !

- Recent advances in conducting polymer
chemiresistive sensors for ammonia gas
detection: materials, characterization, and
applications
Annelot Nijkoops, Manuela Ciocca,
Martina Aurora Costa Angeli et al.

View the article online for updates and enhancements.

- The 2025 roadmap to ultrafast dynamics:
frontiers of theoretical and computational
modeling
Fabio Caruso, Michael A Sentef, Claudio
Attaccalite et al.

This content was downloaded from IP address 161.53.22.193 on 09/03/2026 at 08:53


https://doi.org/10.1088/2515-7639/ae0d00
/article/10.1088/2515-7639/ae11d3
/article/10.1088/2515-7639/ae11d3
/article/10.1088/2515-7639/ae11d3
/article/10.1088/2515-7639/ae11d3
/article/10.1088/2515-7639/ae11d3
/article/10.1088/2515-7639/ae1c70
/article/10.1088/2515-7639/ae1c70
/article/10.1088/2515-7639/ae1c70
/article/10.1088/2515-7639/ae1c70
/article/10.1088/2515-7639/ae1165
/article/10.1088/2515-7639/ae1165
/article/10.1088/2515-7639/ae1165

10P Publishing

W) Check for updates

OPEN ACCESS

RECEIVED
3 June 2025

REVISED
5 August 2025

ACCEPTED FOR PUBLICATION
29 September 2025

PUBLISHED
14 October 2025

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

J. Phys. Mater. 8 (2025) 045012 https://doi.org/10.1088/2515-7639/ae0d00

Journal of Physics: Materials

PAPER

MXene photocatalysts for microplastics degradation under
simulated solar illumination

Atta Ur Rehman'(®, Sin Yi Pang’, Kang Ding Han’©©, Chunyang Dong’, Yingchuan Zhang’, Yanling He’,
Christelle A Not°®, Alan Man Ching Ng’, Jianhua Hao’(, Jasminka Popovi¢®*, Zheng Xiao Guo™*”

and Aleksandra B Djurisi¢"**

! Department of Physics, The University of Hong Kong, Pokfulam, Hong Kong Special Administrative Region of China,

People’s Republic of China

Department of Applied Physics, The Hong Kong Polytechnic University, Hung Hom, Hong Kong Special Administrative Region of
China, People’s Republic of China

Department of Chemistry, National University of Singapore, 21 Lower Kent Ridge Rd, Singapore 119077, Singapore

Department of Chemistry, The University of Hong Kong, Pokfulam, Hong Kong Special Administrative Region of China,

People’s Republic of China

Material characterization and preparation facility, The Hong Kong University of Science and Technology (Guangzhou), No.1 Duxue
Road, Dongchong Town, Nansha District, 511458 Guangzhou, Guangdong Province, People’s Republic of China

Department of Earth and Planetary Science, The University of Hong Kong, Pokfulam, Hong Kong Special Administrative Region of
China, People’s Republic of China

Department of Physics & Core Research Facilities, Southern University of Science and Technology, Shenzhen 518055,

People’s Republic of China

Division of Materials Physics, Ruder Boskovi¢ Institute, Bijeni¢ka 54, 10000 Zagreb, Croatia

Authors to whom any correspondence should be addressed.

E-mail: Jasminka.Popovic@irb.hr, zxguo@hku.hk and dalek@hku.hk

2

W

~

* o

Keywords: MXene, photocatalysis, microplastics

Supplementary material for this article is available online

Abstract

Microplastics (MPs) pollution is a widespread and growing problem. Consequently, there is
significant interest in photocatalytic degradation and/or conversion of MPs, especially in the case
of polyolefins, which are the dominant type of plastic waste and which are difficult to degrade due
to their stable C—C backbones. Thus, complete mineralization of polyolefins, as well as their
conversion to fuel or other chemicals, is highly challenging and requires the development of novel
photocatalyst materials. Here, we investigate an MXene photocatalyst for photocatalytic conversion
of polyethylene (PE) plastics in aqueous solutions with and without NaOH. In the absence of
NaOH, Ti,CT, MXene results in complete mineralization of pristine PE as well as environmental
PE MPs, with CO, as the dominant reaction product. In contrast, with the addition of 5 M NaOH,
hydrogen becomes the dominant product with a high activity exceeding 500 zmol g, .

1. Introduction

Microplastics (MPs), defined as plastic fragments smaller than 5 mm and larger than 1 pm, are ubiquitous
and persistent pollutants, which have been attracting increasing attention due to their potential adverse
environmental impact [1-6]. MPs can be intentionally produced MPs (primary MPs) or created by
fragmentation of larger plastics [1]. As the amount of plastic waste continues to rise with ocean plastics waste
expected to reach 250 Mt in 2025 and exceed the weight of fish by 2050 [1, 6], MPs pollution is also rising.
MPs have already infiltrated the food chain, resulting in concerns for their effect on human health due to
their demonstrated presence in human bodies [4, 5]. In addition, MPs have wide-ranging effects on the
environment and ecosystems, as their accumulation leads to alterations in carbon-dependent soil functions,
which impacts plant growth and heavy metal availability [7, 8]. While the ingestion of MPs typically does not
lead to fatalities due to acute toxicity, the long-term exposure results in chronic toxicity for a variety of
different organisms [1]. In addition, various additives and heavy metal complexes present in commercial
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plastics can also result in significant toxicity as they leach out of MPs in the environment [1]. Due to the
rapidly increasing MPs contamination in the environment and their resistance to degradation, the
development of efficient methods to address MPs pollution is imperative [1].

It is also critically important that the developed methods for tackling MPs pollution involve permanent
transformation of MPs. This is particularly challenging for polyolefin MPs, due to their remarkable stability
owing to their C—C backbone [1]. While physical separation methods used in waste water treatment plants
(WWTPs) can efficiently remove MPs, the reuse of WWTP sludge in agriculture results in the return of
44-300 kt of MPs into the environment in North America alone [1]. The MPs deposited on farmland can be
absorbed by plants or re-enter waterways via runoff and soil erosion [1]. Unlike physical separation methods,
chemical degradation (photocatalysis, catalysis, advanced oxidation processes) and biodegradation can
achieve permanent removal of MPs [1]. Among these methods, photocatalysis is of particular interest since it
is performed under mild conditions (no elevated temperature or pressure needed) (3], and it can be used to
achieve photocatalytic degradation (complete mineralization of MPs into nontoxic products such as CO,
and H,0), as well as photocatalytic conversion/upcycling to produce fuels and/or useful chemicals [1]. While
photocatalytic degradation contributes to CO, emissions, as CO, is most commonly obtained as a major
product of the degradation [6], it can eliminate toxic pollutant MPs and it is suitable for plastics with
different compositions and containing different additives and/or contaminants. Consequently, this process is
uniquely suitable for degradation of mixed MP samples collected from the environment, and there is
considerable interest in achieving complete removal of environmental MPs, in addition to interest in
upcycling. As a result, a number of different photocatalyst materials for degradation and/or upcycling of
waste plastics have been investigated to date [9-35]. However, in a significant majority of those reports,
degradation efficiencies are commonly relatively low, with very few exceptions achieving degradation
efficiencies exceeding 90% [2, 3, 12, 13, 22, 23]. Thus, there is a need for further development of
photocatalysts capable of complete mineralization of MPs.

In addition, due to the increasing interest in the generation of fuels and useful chemicals from MPs
[31-33], it is desirable to develop photocatalysts which could produce useful chemicals instead of CO,,
especially from polyolefin plastics, such as polyethylene (PE) and polypropylene (PP) which represent over
50% of all the plastics produced [33]. Reports on photocatalytic upcycling of various plastics, such as
polylactic acid (PLA), PE terephthalate (PET), polyurethane (PUR), PE, PP, etc, are summarized in table S1.
From table S1, it can be observed that the most commonly considered plastics for upcycling are those
containing C—O backbones such as PLA and PET, while the reports on hydrogen production from PE or PP
degradation have been scarce [24-30]. Thus, we investigated the degradation of PE as a model material under
different conditions in an attempt to adjust the reaction products. Since PE cannot be depolymerized into
short-chain monomers by alkaline pre-treatments, unlike hetero-backbone plastics such as PET, PUR, etc
[31-34], various pretreatment processes and degradation solutions have been reported for PE. In some cases,
no pre-treatments were specified [24, 26], while in others nitric acid at high temperature [25, 27] or alkaline
pre-treatments [29, 30] were used. A very high H, production (of the order of ~17 mmol h=! g.,, ') was
reported for the reaction in 5 M NaOH PE solution under illumination by a 400 W Xe lamp [29], here we
investigated the effects of NaOH on the degradation of PE in aqueous solutions.

As carbon-based materials are promising photocatalysts for photo-reforming of plastics [35], we
investigated the use of MXene photocatalyst Ti,CT, MXene materials produced by optimized HF-free
synthesis process have excellent -O/—OH surface coverage and have been shown to exhibit high hydrogen
evolution rates as electrocatalysts [36]. In general, MXenes have been shown to be highly promising for
various photocatalytic applications, such as water splitting, CO, reduction, and pollutant degradation
[37-40], including H, evolution from photocatalytic degradation of PET using MXene/Zn,Cd, _,S [40], but
they have not been explored for photocatalytic conversion of polyolefins. We find that Ti,CT, MXene
exhibited excellent photocatalytic activity for degradation of PE. In addition, the degradation in alkaline
solutions has resulted in a significant change in the composition of evolved gases as a result of photocatalytic
PE degradation. Compared to other reports on the production of H, from PE degradation, the obtained
activity is not as high as that for high activity material combinations [24, 25, 27, 29], although it is
significantly higher compared to some literature reports [30]. However, unlike previous reports, there is no
use of noble metals such as Pt [25], or toxic metals such as Co and Cd [24, 27, 29]. Furthermore, harsh
pretreatment conditions, such as HNOj3 pretreatment at 180 °C [25, 27], are not used. Thus, while the time
needed for complete degradation under neutral conditions is comparable to the best reported results (Nb,Os
photocatalyst) [12], hydrogen evolution under alkaline conditions is not as high as in the case of
metal-semiconductor [24, 25] or semiconductor heterojunction [27, 29] photocatalysts.

The most interesting aspect of our work is the shift in the composition of the evolved gases from CO,
dominated (0 M) over CH4 dominated (2 M) to H, dominated (5 M). This shift is specific to MXene and it
does not occur for other photocatalysts capable of PE degradation, such as Nb,Os. Thus, we expect that this
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investigation can facilitate further development of novel photocatalysts based on MXene or metal carbide
materials more generally, which would exhibit better yield and stability compared to pure MXene while
retaining the ability to tune the composition of evolved gases while changing pH.

2. Results and discussion

Figure 1 shows XRD patterns, crystal structures and SEM images for the Ti, AIC MAX 211 phase and Ti,CT
MZXene phase, receptively. The MXene phase was obtained by HF-free synthesis from the MAX 211 precursor
using the previously reported procedure [36]. The MAX Ti,AlC phase crystallizes in a P63/mmc space group
with unit-cell parameters a = 3.062(1) A and ¢ = 13.668 A. The structure can be considered as a laminated
composite that consists of edge-sharing TigC octahedral layers along the c-axis with Al layers inserted
between every two carbide sheets. Although the etching process removes the Al layers, and thus destroys the
parent’s long-range hexagonal symmetry, it does not eliminate the layered nature of the MXene. Instead, a
stack of parallel 2D Ti—C-Ti sheets remain and therefore a short-range order along the c-axis is observed
from the 00 1 reflections. As a result of functionalization, the interlayer periodicity of stacked Ti,C-T) sheets
in MXene increased to d = 13.5 A, which is significantly larger than that of MAX (d = 6.86 A). An SEM
image of the MXene phase before delamination is given in figure SI.

To evaluate the photocatalytic activity of MXene, we performed photocatalytic degradation of pure and
environmental PE plastics, as shown in figure 2. The morphology of pure PE particles is shown in figure 3(a),
while the corresponding size distribution is shown in figure S2, indicating an average PE size of 7.7 um. The
experiments performed in water solutions resulted in a 100% mass loss of pristine PE, as illustrated in
figure 2(a). This is consistent with the observed disappearance of plastic particles in the SEM images
(figure 3(b)), where the shape and contrast of particles is consistent with MXene, which is more conductive
compared to plastics and contains sharp edges of thin layers. We can also observe the presence of Ti in the
EDX spectra of detectable particles in figure 3(b), in clear contrast with EDX spectra of PE, as shown in
figure S3. In addition, from EDX mapping of the samples after illumination, shown in figure S4, we can
observe not only the clear presence of Ti in the micron-sized layered aggregates but also a significant increase
in the Ti:C ratio due to decomposition of plastics which contains only carbon, while MXene samples contain
both Tiand C. The observation of 100% mass loss of PE is also consistent with the reduction in particle size
over time determined by dynamic light scattering, as shown in figure S5. The observed decrease in particle
size is similar to observations of photocatalytic degradation of polystyrene nanoparticles [22]. Figure S6
shows the FTIR spectra of the PE before and after 24 h of illumination. Before illumination, only
characteristic PE-specific peaks, corresponding to C—C and C—H vibrations, are observed [23, 41]. After
illumination, we observe a significant decrease in peak intensity, as evidenced from decreased signal to noise
ratio, as well as the appearance of a number of additional weak peaks, which could possibly be attributed to
different C=0 and C=C stretching (1500-2500 cm™!), as well as C-O stretching (1000-1200 cm ™) [41]. In
addition to pristine PE, we have also investigated the photocatalytic degradation of environmental plastics.
Environmental plastic samples were collected in Hong Kong following the previously reported procedures
[23, 42, 43]. A selected piece of plastic (inset of figure S7) was identified as PE from the FTIR spectra, shown
in figure S7. In addition to the characteristic PE peaks, in the environmental PE sample we can observe peaks
corresponding to OH vibrations (3000-3500 cm™1!), as well as C=0O vibrations (1500-1800 cm™!) [41], as
expected for a weathered plastic sample [23]. We observe a similar degradation rate for pristine (figure 2(a))
and environmental PE (figure 2(b)), with ~50% degraded in 24 h. The determined mass loss for
environmental PE could not reach 100% due to the limitation of balance used for mass measurements (a
similar limitation is observed in the same balance for pristine PE, as shown in figure S6). No observable
plastics could be seen by the naked eye in the environmental sample after 48 h, and from comparison of PE
degradation with different balances used for mass loss measurement, we can assume that complete
degradation occurred in this case as well. To further confirm the effectiveness of Ti,CT, MXene for
degradation of environmental MPs, an additional experiment has been conducted, using a sample consisting
of mixed small MPs and a balance with a hanging mass pan. From the results shown in figure 4, we can
observe that complete degradation is achieved. Furthermore, from the FTIR spectrum of this sample and the
observed peaks in the region 2800-3000 cm ™!, we can conclude that the sample contained PP MPs as
additional peaks compared to PE, in agreement with the characteristic peaks of PP [10].

To investigate the species produced during the degradation, experiments were repeated in a closed
photocatalytic reactor, and the gases produced were analyzed by gas chromatography (GC). The obtained
results are shown in figures 5 and 6 and summarized in table S2. We can observe that in the absence of NaOH
(normal conditions for PE degradation in an open reactor in ambient), the major degradation product is
CO,, with small amounts of CO and CH,4. CO; is commonly observed as the main degradation product of
photocatalytic degradation of PE [12, 22].
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Figure 1. XRD patterns, crystal structures and SEM images for (a) Ti,AIC MAX 211 phase and (b) Ti,CTx MXene phase (after
delamination). Experimental x-ray diffraction data are given as black dots, calculated pattern in shown in blue while green
vertical marks represent the position of reflections. The difference curve in given below, in red. Ti atoms are shown as blue balls,
carbon atoms are given in black while the Al is violet.
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Figure 2. Remaining mass as a function of illumination time for (a) model PE plastics and (b) environmental PE plastics. The
experiment was performed at 0 M NaOH.

Figure 3. SEM images of (a) model PE MPs (b) PE +MXene after 48 h of illumination (0 M NaOH).
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Figure 4. (a) Remaining mass as a function of time of illumination for environmental MP sample (b) FTIR spectrum of the
environmental MP sample. Inset shows the photo of the environmental sample. The experiment was performed at 0 M NaOH.
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Figure 5. Production of different gases during photocatalytic degradation of PE with MXene photocatalyst for (a) 5 M NaOH (b)
0 M NaOH. (¢) Production of different gases during illumination of MXene photocatalyst without PE for 5 M NaOH.
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Figure 7. Comparison of different photocatalyst:PE ratios for production of (a) H,, (b) CHy, and (c) CO.

From figures 5 and 6 and table S2, we can observe that CO,; is produced only in the presence of PE, and
the production of CO, disappears under alkaline conditions. While the use of NaOH is not expected to result
in depolymerization of PE, different from PET and PLA, high H, production in the literature has been
reported for alkaline reaction solutions for different photocatalysts, such as Co;04/g—C5N, and brookite
TiO, [28, 29], although for other materials, such as CN,/Ni,P [30], a significantly lower production rate of
the order of 5-6 pzmol g, ~! h™! was reported in 1 M KOH solution. In addition to H, produced under
alkaline conditions, we can also observe the production of CHy4, CO, C,H,, C;H, and C,Hs. The other
products are present in significantly lower quantities than H;, with the amount of CH,4 produced 13 times
lower than that of H,, while for the other gases the product amount is over 200 times lower than that of H,.
From the optimization of the MXene:PE ratio, shown in figure 7, we can observe that the highest amount of
hydrogen is produced at a 1:1 ratio, while the lowest amount of CO is obtained at a 1:3 ratio.

If we examine the gases produced for different reaction times, as shown in figure S9, we can see that H,
production starts to dominate at 24 h. In earlier stages of degradation, CO, can be detected, but its
concentration decreases with increasing illumination time. It has been reported that CO, containing liquid
products rather than gaseous CO, are obtained by photocatalysis of plastics in alkaline medium [30], so the
reduction of CO; in gas phase could be because of its dissolution, possibly combined with participation in
additional reactions as MXene can work as a photocatalyst for CO, reduction [39]. We can also observe that
the concentration of NaOH affects the composition of the evolved gases, as shown in figure S10. After 24 h of
illumination for 2 M NaOH solution, the dominant product is CHy, followed by H, and CO. To clarify the
contributions of the photocatalyst used and alkaline reaction conditions to the evolution of H,, we have
performed an experiment in a 5 M NaOH solution using Nb,O5 nanoparticles. Nb,Os is capable of
degrading different plastics [12], but no hydrogen evolution is observed, as shown in figure S11, and the
overall yield of gas products is small. Thus, we can conclude that the Ti,CT, photocatalyst plays an essential
role in H, evolution from alkaline suspensions of PE, with the MXene capability for both CO, reduction and
water splitting contributing to the unique composition of evolved gases. Furthermore, while we can see
significant production of H, from PE + Ti,CT, and 5 M NaOH, we can also observe that H; is produced in
the absence of PE, as shown in figure 5(c), which is not surprising since MXene can be used for
photocatalytic H, production [37]. In addition, the production of hydrogen, with activity reducing from
7.66 to 1.67 pmol g, ! h™! from 2 h to 25 h, was previously reported in the absence of plastics for the
CN,/Ni,P photocatalyst in aqueous KOH, which was attributed to residue from photocatalyst synthesis
based on an initially higher rate [30]. Nevertheless, production of hydrogen in the absence of substrate
continued for up to 120 h at a rate 0.7 zmol g.,; ~* h™!, with no significant decrease in the rate observed after
48 h [30]. Here, we observe an average rate of 1.87 umol g, ! h™! (determined at 24 h), which is
comparable to the previous report [30]. However, we can also observe the production of CH4 and CO
(figure 5(c)), although in significantly lower amounts compared to the MXene:PE case (figure 5(a)). MXene
containing photocatalysts is also capable of photocatalytic CO, reduction [39], but the most likely source of
carbon is Ti, CT itself as the presence of CO, in water without PE is expected to be very low. Furthermore, it
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is known that MXene can be oxidized in aqueous solutions under UV illumination [37]. Alkaline
environments can be oxidizing, negatively affecting the MXene stability due to its susceptibility to oxidation
[37, 44]. It has been shown that Ti;C, T, MXene oxidizes to TiO; in the presence of oxygen in alkaline
solutions [44]. However, no production of H; is detected from alkaline solutions of PE with P25 TiO,, as
shown in figure S12. We can observe that the amount of evolved gases with TiO, is even lower compared to
PE without photocatalyst, which indicates that if any TiO, is produced, it does not contribute significantly to
photocatalytic PE degradation.

As the changes in both photocatalyst and PE degradation products occur in an alkaline environment, it is
necessary to understand these changes. However, the quantification of degradation of PE in alkaline solutions
is hampered by difficulties in determining the mass loss. Nevertheless, we observe similar sizes of PE particle
aggregates after 24 h of illumination in a closed reactor used for gas product analysis for 0 M and 5 M NaOH,
as shown in figure S13. However, detailed examination of the PE degradation in alkaline solutions still
remains difficult as it is difficult to dry and isolate smaller particles. To understand the reasons for the
difficulties in measuring mass loss in alkaline solutions (higher mass of dried products after degradation), we
examined the degradation products in alkaline solutions. We found that the samples do not completely dry
for a long time (over 72 h at 100 °C in a vacuum oven), as shown in figure S14, and when dried produce large
crystals due to the presence of NaOH and possibly reactions between NaOH and any dissolved CO; as bases
are known to react with dissolved CO, [12, 24]. These reactions could also possibly account for the absence
of CO; in evolved gases from the PE degradation in alkaline solutions. In contrast, samples could be dried for
2 M NaOH solutions at a lower temperature (70 °C), as shown in figure S15. It should also be noted that the
dried samples from alkaline solutions are highly hygroscopic, which imposes additional difficulties in their
characterization in high ambient humidity environments (in ambient humidity of ~65% in our laboratory,
any dried samples from 5 M solutions quickly rehydrate from powder/crystals into gel-like material).

Since the alkaline environment is also expected to result in an increase in surface OH group
concentration, which is known to have a positive impact on CO, reduction [37], FTIR measurements were
used to characterize the effect of alkaline solution on Ti,CT, MXene. The obtained FTIR spectra for MXene
after immersion in 0 M and 5 M NaOH solutions are shown in figure S16. We observe that samples with and
without illumination and without exposure to NaOH (0 M samples) exhibit a broad band in the region
3000-3500 cm ™! corresponding to OH vibrations [41], and two peaks at ~1620 cm ™' and ~1400 cm™!.
There are multiple possible assignments in this spectral region, but from the absence of characteristic peaks
in other spectral regions we can rule out aliphatic C-H vibrations [41]. Consequently, the observed peaks
could possibly correspond to C=0, C=C, and C-O vibrations. The lack of change in FTIR spectra after
illumination for the 0 M sample is consistent with the lack of evolution of any gases under illumination and
indicates that the samples have good photostability without NaOH. However, in the case of the 5 M sample,
we observe significant changes in the FTIR spectra, with a significant increase in OH vibrations, and the
appearance of multiple new peaks in spectral regions where various C=0, C-O, and C-O-C vibrations are
expected to be observed [41]. While FTIR measurements are not quantitative, there is a clear increase in the
intensity of these peaks compared to the broad OH vibrations peak. This indicates that NaOH oxidizes the
surface of MXene, significantly increasing the number of reactive functional groups at the surface, which is
likely responsible for the observed changes in the photocatalytic degradation products for 5 M solutions.
From the SEM images of MXene after immersion in 5 M NaOH with and without illumination, figure S17,
there was no significant change in the size and morphology of the MXene after illumination. However, both
samples (with and without illumination) exhibited different morphology compared to samples before
immersion in alkaline solution. After immersion in 5 M NaOH, wire-like morphologies were observed on
the surface because the concentrated alkali hydrolyzed part of the MXene nanosheets into nanowires [45].

Figure 8 shows the Rietveld refinement analysis that has been performed on dried products obtained
after the reaction with 2 M NaOH after 8 h of illumination, and after drying at 35 °C under vacuum for 10 h.
Rietveld refinement revealed thedried product contains, as expected, MXene catalyst but also a small amount
of rutile TiO, as confirmed from the refined unit-cell parameters of a = 4.61(2) A and ¢ = 2.98(1) A in the
P4,/mnm space group. The presence of rutile indicates that the partial oxidation of MXene took place.
Depending on the drying conditions, as well as MXene and rutile, the dry product can contain «y-polymorph
of sodium carbonate (Na,COs) as confirmed by the refined unit-cell parameters a = 8.94(1) A, b = 5.25(2)
A, and ¢ = 6.02(4) A, with a monoclinic angle 3 ~ 102.2(2) °, which is expected to result from the reaction
between NaOH and dissolved CO; [12, 24]. As no photocatalytic activity for H, production is observed in
pure TiO, samples (P25 consisting of anatase and rutile, figure S12), the production of H, in alkaline
solutions could not be attributed to the TiO, phase. However, it is known that TiO,-Ti;C, T, composites
exhibit good H; evolution performance which is attributed to improved charge separation in TiO,-Ti;C, T,
heterojunctions [37]. Consequently, surface oxidation of MXene in alkaline solutions could contribute to
increased H, production.
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Figure 8. Rietveld refinement of dry products after the reaction in 2 M NaOH, dried at (a) 35 °C and (b) 65 °C for 10 h.
Experimental diffraction data are given as black dots and calculated pattern in shown in blue. Green, cyan and magenta vertical
marks represent the position of reflections of MXene, rutile and sodium carbonate, respectively. The difference curve in given
below, in red.

H,O +h*— OH*+ H"

O +e — O™

0, + e+ 2H"— H,0,

0>+ H,0— *HO, +OH"

OH +h*— OH*

(- CH;z- CHz-)s+ OH— (- *CH - CH;-), + H,O
(-*CH- CHz-)a+ Oy — (- CHz2- *HCOO - CHz -)n

(- CHz - *HCOO - CH; -)y + (- CHa - CHy =)y — (- CH, -
HCOOH - CH; <)o + (- "CH - CHz -)a

(- CH2- HCOOH - CH; -)y — (- CHz - *HCOO - CH; -), +H*
(- CHz- *HCOO - CHz-)h — (- CH2- *HCO - CH; -), + OH"®
CO;+e +H"— *COOH

*COOH + ¢ + H" — CO + H,0

*COOH + ¢ + H" — CO + H,0

H,0,
(-CH, — CH, =), — 2nCO,

Scheme 1. Possible reactions during photocatalytic breakdown of PE.

Finally, to understand the difference in PE degradation in aqueous solutions with and without NaOH, we
characterized the production of reactive oxygen species (ROS) in these cases. It is known that the ROS
production, including species produced, and consequently photocatalytic activity can be affected by the pH
[46, 47]. ROS detection is critical for the understanding of the degradation process, but the free radicals have
very short lifetimes due to their reactivity. Consequently, they are either studied indirectly, by using
scavengers for specific ROS and investigating their effect on the photocatalytic degradation [46, 47], or
directly using spin traps which react with short lived radicals to generate more long lived adducts which can
then be detected using electron paramagnetic resonance spectroscopy (EPR) measurements [46, 48—51].
Spin trap molecules react with ROS produced and a combination of a spin trap and a specific
ROS has a characteristic EPR spectrum which enables the identification of ROS [46, 48, 51] Due
to their different sensitivity to various ROS species, different spin traps can be used to detect different ROS,
or the same spin trap can be used to identify ROS produced based on the characteristic peak
pattern in the EPR spectrum [46, 48, 51]. Here, we performed EPR spectroscopy using
5-(diethoxyphosphoryl)-5-methyl-1-pyrro-line-N-oxide (DEP-MPO) spin trap [48—51], which was reported
to have improved stability for the detection of superoxide ion radicals [49]. Superoxide ions O~ and OH*
radicals have been previously reported to be involved in the photocatalytic breakdown of PE [12, 29]. It was
also previously proposed that photoconversion of PE and water into syngas involved reduction of water by
conduction band electrons into H,, while various radicals produced by reactions involving photogenerated
holes oxidized the plastics into CO,, and CO was produced by reduction of CO, [24]. The proposed
reactions for the breakdown of PE are shown in scheme 1 [12, 24]. While the main reaction in the plastic
degradation is oxidative cleavage of C—C bonds, there are a number of different ROS generated in the process
and products of various reactions can also react among themselves. Consequently, it is expected that different
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Figure 9. EPR spectra of water solutions of MXene photocatalyst with DEPMPO spin trap (a) without and (b) with 5 M NaOH.

proportions of oxidizing radical species, such as OH®, and reducing species, such as O3", would result in
different proportions of reaction products.

From figure 9, we can observe that without NaOH there is no signal without illumination, while with
NaOH even in the dark a weak signal corresponding to DEPMPO-OH?® can be observed, confirming the
reactive nature of 5 M NaOH solutions. With illumination, both with and without NaOH, we can detect
both signals corresponding to DEPMPO-OOH® and DEPMPO-OH?® [48-50]. The signals from
DEPMPO-OOH® and DEPMPO-OH® adducts can be easily distinguished in EPR spectra by the position of
the peaks, and both types of adducts are similarly long-lived, minimizing the possibility of misinterpretation
of the results due to transformation between adducts [48, 49], although with prolonged time some
conversion of DEPMPO-OOH?® adducts to DEPMPO-OH® adducts occurs [50]. We observe that the signal
amplitude is enhanced for 5 M NaOH, and the ratio of DEPMPO-OOH?® and DEPMPO-OH® changes, and
the signal is dominated by DEPMPO-OH?®. In both cases, some additional weak peaks are observed, which
could originate from DEPMPO-H' or alkylperoxyl radicals [48, 51], but these radicals are present at much
lower concentrations compared to dominant O3~ and OH® radical species. It should also be noted that the
initial amplitude and the duration of DEPMPO-OOH?* signal decay is pH dependent [49], but this is not
expected to affect the results since the measurements are completed in a much shorter time than the half-life
of the signal. Thus, EPR measurements indicate that in alkaline solution OH® radical generation is increased,
which would be expected with the abundance of OH". This is also consistent with the report of suppression
of OH*® generation in acidic solutions [46]. While the ratio of DEPMPO-OH® to DEPMPO-OOH?* is also
increased, the signal intensity of DEPMPO-OOH?* is increased compared to 0 M NaOH. Thus, the
enhancement of the OH® radical production in 5 M NaOH leads to increased oxidation of PE, with an
overall increased abundance of different ROS leading to the production of various gases.

In general, the photocatalytic degradation of PE in oxygen rich atmosphere proceeds along the reactions
shown in scheme 1 [12, 24, 52], while in an inert atmosphere H™ can be reduced by conduction band
electrons into H, [52]. However, the reaction atmosphere has not changed for 0 M and 5 M conditions.
Therefore, we can conclude that there are other factors which shift the balance of redox reactions occurring
at the surface so that proton reduction into H, becomes more favorable compared to oxygen reduction to
superoxide ions [53]. It has been proposed that OH® radicals serve as hole scavengers, and this could result in
an excess of photogenerated electrons which can then participate in reduction reactions for hydrogen
production [54]. It has also been shown that the photocatalytic production of hydrogen from sugars is close
to zero in the absence of NaOH, while the rate of hydrogen production increased with increased
concentration of NaOH, which is attributed to the increased rate of OH® production and sugar oxidation
[55]. In addition, an increased mass loss was observed for photocatalyst-PE composite films in the presence
of a base, which was attributed to increased OH® production [56]. Furthermore, isotopic experiments on H,
production during plastic (PET, PLA, PE) degradation using CN,/Ni,P photocatalysts in aqueous KOH
confirmed that H, originated from water and increased hydrogen production with increasing pH could not
be entirely attributed to increased plastic solubility [30]. Thus, we can conclude that the addition of NaOH
increases OH® radical generation from the measured EPR spectra (figure 9 and literature reports [55, 56]),
which increases the consumption of photogenerated holes and consequently results in an excess of
photogenerated electrons. This can shift the balance of reduction reactions to proton reduction and the
production of H; instead of oxygen reduction and the production of superoxide ions, especially at later
stages of the reaction when some oxygen has been consumed in PE oxidation, consistent with the observed
variations in produced gases with illumination time (figure S9). However, we cannot rule out the reactions
between dissolved CO, and NaOH as a reason for reduced CO, production in alkaline solutions, and we
expect that complex reactions occur due to the capability of MXene for photocatalytic degradation of various
organic compounds, water splitting, and CO, reduction.
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Finally, to examine the reusability of MXene photocatalysts, reuse under 0 M conditions was attempted,
as it is obvious that MXene in alkaline 5 M NaOH solutions is not stable from the changes in FTIR
(figure S16) and the fact that CH,4 gas was detected under illumination in the absence of PE. While MXene
under 0 M conditions exhibit good stability for shorter time periods, as evidenced by the lack of change in
FTIR spectra after 6 h for 0 M NaOH (figure S16), it is known that MXene is susceptible to oxidation under
illumination. Therefore, we tested the reusability of MXene, and we can observe that the PE degradation in
the second cycle is lower compared to the first, as shown in figure S18. One possible reason, in addition to the
expected oxidation of MXene in aqueous solution under illumination over time, is impaired mixing of
hydrophobic PE with MXene during the second cycle, as shown in figure S19. As the MXene after drying
sticks to the reaction vessel, it cannot be mixed well with PE as fresh unused MXene powder.

Nevertheless, it is necessary to improve MXene stability for practical applications, in particular in alkaline
media. It has been shown that surface coatings, such as atomic layer deposited (ALD) ultrathin layers, can
inhibit photocorrosion and enhance reusability of different photocatalysts [57-59], including MXene
containing photocatalysts [57]. Thus, further work should include the investigation of ALD-coated MXene
photocatalysts, including the optimization of coating material and coating thickness in order to retain or
enhance photocatalytic activity, retain pH-controlled tunability of evolved gases while improving
photocatalyst stability (especially in alkaline media) and reusability.

3. Conclusion

We found that Ti,CT, MXene is an efficient photocatalyst for photoconversion of PE MPs (pristine and
environmental). Without the addition of NaOH, complete mineralization can be achieved in 56 h, with CO,
as the dominant reaction product. In the absence of PE and NaOH, no gases are produced. In contrast, with
5 M NaOH the production of CO, is completely suppressed, and the dominant reaction product is Hy,
produced at a rate of 25.4 umol g.,c ~! h™!. The involvement of MXene and water in the production of
different gases under illumination in alkaline environment is confirmed by experiments without PE, which
result in hydrogen production rate of 1.87 umol g, ~! h™!. The reaction is expected to lead to eventual
degradation of MXene over time, since CHy gas is also produced. Nevertheless, the possibility of tuning the
composition of evolved gases by changing the solution pH is a particularly interesting aspect of MXene
photocatalysts for PE degradation. Possible approaches to improve MXene oxidation stability include
changing the reaction medium from water to organic solvent, lowering the temperature, or applying surface
protection layers [37].

4. Experimental section

Materials: Model MPs (PE ~5-10 pm) were procured from Henan Alfa Chemicals (Zhengzhou, China).
DEPMPO (Myw = 235.22 Da, Purity > 99%) was obtained from Abcam Limited (Cambridge, UK). Ti,CT,
MZXene was synthesized according to a previously reported procedure [36]. Briefly, Ti;AIC MAX phase
powder (>99% purity, Laizhou Kai Ceramic material Co., Ltd), conductive carbon black (TIMCAL SUPER P
Li™, 40 nm diameter, 62 m? g_1 surface area, TangFeng Tech. Inc.), polyvinyl alcohol (PVA, 1 wt.%), and
hydrochloric acid (HCl) were used as received. The composite electrode was prepared by mixing Ti, AIC and
carbon black at a mass ratio of 95:5 with 1 ml PVA as binder. After grinding and sonicating the 10 mg
mixture for 30 min, electrochemical etching was performed in a three-electrode configuration using 1 M HCI
electrolyte at 0.3 V vs. RHE for 9 h at 50 °C. The etched MXene was collected from the carbon fiber cloth
electrode by ethanol rinsing and brief sonication (~20 s), then purified through multiple steps: sonication at
room temperature for 30 min, centrifugation at 2,000 rpm for 15 min, supernatant collection and
centrifugation at 9,000 rpm for 10 min, followed by repeated ethanol washing and sonication to remove
residual MAX phase and carbon black, yielding approximately 5 mg of purified Ti,CT, MXene sheets.

Environmental samples: Environmental samples were extracted from a water sample collected in Tsing Lung
Tau, with latitude and longitude coordinates (22.35713, 114.03479), located on the southwest coast of the
New Territories in Hong Kong, following previously described procedures for sample collection and
treatment [23, 42, 43]. No shape or polymer sorting was done prior to the degradation process, and the
samples were ground into particles with size of ~2 pm for degradation using ball milling (Retsch, PM400)
[23]. It should be noted, however, that ball milling produces samples which are prone to aggregation, with
particles sticking together. As each environmental sample after ball milling weighed in the range 11-14 mg,
given the small quantity and cohesive nature of the milled material, precise mass measurement of individual
aliquots was challenging. To ensure consistency in the catalyst-to-PE ratio across experiments, the entirety of
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the processed sample was utilized. This approach prioritized maintaining the critical stoichiometric
relationship over exact mass uniformity, thereby preserving the integrity of the experimental design.

Characterization: To characterize Ti,CT, samples. FTIR measurements were carried out by using Vertex 70 v
(Bruker) in transmission mode. KBr was baked for 12 h under vacuum at 120 °C for further use. Ti,CT, 0 M
NaOH was used as received. The illuminated sample (labeled as 0 M + 6 h) was obtained by placing the
Ti,CT, under the simulated solar light (Zolix Instruments CO., LTD) for 6 h. The Ti,CT, with 5 M NaOH
was collected with the following method. The Ti,CT, sample was added into 5 M NaOH solution with 6 h
stirring and then washed and collected by centrifugation and dried under vacuum at 60 °C. Ti,CT, samples
were added into KBr with a concentration of approximately 1% of the KBr (1 mg sample/100 mg KBr) and
pressed into pellets. The FTIR spectra of the plastic samples and the sample:KBr powder pellets (typically

4 mg sample/500 mg KBr) were measured using an FTIR spectrometer PerkinElmer Spectrum Two.

EPR equipped with an X-band microwave (EMXPlus, Bruker) was utilized to detect hydroxyl radicals
(*OH) and superoxide ions (O,°7). The following parameters were used: frequency of 9.847 GHz, time
constant of 0.16 ms and microwave power of 6.325 mW. A 5 mg sample of the liquid spin trap DEPMPO
(purity > 99%) was diluted with 1 ml of deionized water. Subsequently, 400 pl of the DEPMPO solution was
added to a mixture containing 20 mg of Ti,CT, and 5 ml of H,O or 5 M NaOH/H,O. The mixture was then
placed in the dark and exposed to simulated solar light (Zolix Instruments CO., LTD) for 5 min. The reacted
liquid DEPMPO was extracted using a capillary tube and measured. The average particle size was determined
using a ZetaView nanoparticle tracking analyzer (NTA), Particle Metrix PMX 120-Z model. Microplastic
particles were diluted with water and manually injected into the NTA for analysis. The resulting data provide
both the particle size distribution and a corresponding Bell curve.

Morphology and the structural characterization of MXene: Ti,CT, sample was investigated using a scanning
electron microscope (SEM, JEOL Model JSM-6490). Powder x-ray diffraction (XRD) patterns of MXene
were obtained with a Rigaku smart lab 9 kW system (Rigaku, Japan), coupled to a 2D detector and utilizing
Cu Ko radiation (A = 0.154 nm).

Photocatalytic degradation of microplastics: A mixture of 50 mg of catalyst and 10 mg of microplastic was
dispersed in a square cuvette containing 30 ml of deionized water. The mixture was stirred at 350 rpm using
an overhead mechanical stirrer and exposed to simulated solar illumination generated by a Mullar Electronik
Optik solar simulator (Xenon lamp TYP SVX 1450, with the emission spectrum shown in figure S20 and
measured power density of 409 Wm~2) with a horizontal beam. The plastics degradation was estimated by
mass loss. Mass loss at fixed time intervals is a commonly used method to determine plastic degradation.
However, separating microplastic from the solution using filter paper can introduce errors and uncertainties
due to mass loss, as micro/nanoplates may adhere to filter paper. From the color of the filter and the filtered
solution, it is clear that some photocatalyst remains suspended in filtered liquid, while some is mixed with
MPs on the filter (see Note S1). To circumvent this issue, the initial mass of microplastic (M), the initial
mass of photocatalyst (M) and the mass of the square cuvette (M) were measured. After each interval, the
sample was dried in a vacuum oven at 70 °C, cooled down to room temperature, and the total mass (Mr)
was measured. The mass loss of plastic (AM) was then calculated as AM = (Mg + M. + My.)-Mr. The
mass of the photocatalyst for 0 M NaOH remains unchanged as the photocatalyst remains stable under these
conditions (there are no evolved gases from illuminated photocatalyst suspension and no observed mass
loss). It should be noted that the mass loss could not be reliably measured in 5 M NaOH solutions, for several
reasons: (1) change in the photocatalyst mass due to instability in alkaline solutions, (2) change in the mass
of dried solid products due to various surface adsorbates on oxidized surfaces after NaOH exposure and (3)
change in the mass of dried solid products since bases such as NaOH can react with dissolved CO, [12, 24].
The mass was measured using a Mettler Toledo XSR105 with a hanging mass pan, which ensures high
stability and exceptional repeatability. The mass of environmental MP samples was measured using an
analytical semi-micro balance Precisa ES 125SM, as a more precise Mettler Toledo XSR105 balance was not
available at the time. To test the reusability of the photocatalyst, one cycle of degradation with measurements
at 24 h intervals was completed (72 h to reach 0% residual mass). Then, fresh PE particulates (equivalent to
the initial loading mass of 10 mg) were reintroduced into the reaction mixture. Subsequent degradation
kinetics were evaluated at 12 h intervals during the secondary catalytic cycle.

To analyze the evolved gases, a reaction mixture containing (10 mg of catalyst and 10 mg of PE, unless
specified otherwise, see table S2) was prepared in 5 ml of NaOH solution at varying concentrations (5 M,
2 M, or 0 M). After the reaction proceeded in a sealed tube (multichannel photoreactor Photosyn-10,
Shanghai Quanhuan Technology Co., Ltd, with stirring and under illumination with 365-800 nm solar light
at room temperature), the generated gas was collected with a 20 ml syringe and transferred to an aluminum
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gas bag. The gas bag was then connected to a gas (GC) system (Agilent 8860), and the sample was manually
injected into the column. Gas chromatographic analysis produced distinct peaks in both the flame ionization
detector (FID, detection limit 0.1 ppm) and the thermal conductivity detector (TCD, detection limit

100 ppm). The products were identified by comparing the retention times with reference standards, and
quantification was achieved by integrating the area under each peak and applying a previously established
calibration curve.
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