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4 as a green additive for
biodegradable poly(butylene adipate-co-
terephthalate) film with enhanced UV shielding and
mechanical properties†

Maolin Zhang, a Yining Zhang,a Qi Liu,a Wen-Qing He*ab and Jialei Liu *a

Typical small organic dyes exhibit excellent UV absorption capabilities and are commonly used as additives

to shield plastic films from photoaging. However, their tendency to decompose easily and migrate rapidly

within a polymer matrix limits their service life. Herein we prepared g-C3N4 nanosheets and fabricated g-

C3N4/PBAT films to investigate the effects of g-C3N4 on UV shielding and plasticizing of a biodegradable

PBAT film. Photophysical characterizations revealed that an improved UV light barrier performance was

achieved on g-C3N4/PBAT films compared to pure PBAT. Furthermore, the photoaging results show that

g-C3N4 can stably exist in the PBAT matrix, enabling the aged g-C3N4/PBAT films to maintain their

effective UV shielding ability, whereas the aged benzophenone (UV-0)/PBAT film shows a substantial

decrease in UV light absorption due to the photodecomposition of UV-0. Additionally, g-C3N4 acted as

a reinforcing material for PBAT, as evidenced by the approximately 1.5-fold increase in longitudinal tear

strength and 1.6-fold increase in tensile strength of g-C3N4/PBAT films compared to pure PBAT.

Remarkably, even after 100 hours of photoaging, the aged g-C3N4/PBAT films retained their favorable

mechanical properties. This study highlights the potential of g-C3N4 as a new type of UV shield additive

for future practical applications in protecting biodegradable plastic from photoaging.
Introduction

Synthetic polyolen plastics, such as polyethylene and poly-
propylene, have become indispensable in various facets of
modern society. One can nd polyolen plastic in the elds of
packaging, construction, automotives, agriculture, and many
more.1 In agriculture, polyolen plastics are mainly used as
a mulching and greenhouse lm, which largely promotes agri-
cultural efficiency by regulating the growth environment of
crops, including sunlight, temperature, gas, and water.2 Of
them, in China, mulching lm contributed 57.3% of agricul-
tural plastic in 2019 according to the data from the China Rural
Statistics Yearbook. Even now, the demand for the mulching
lm is still growing. Although we gain many benets from
mulching lm, the current management strategies for spent
mulching lm are not sustainable, raising the concern of plastic
pollution in the agricultural ecosystem.3 The increasing aware-
ness of the related environmental and health threats motivates
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researchers to seek solutions. One approach is to replace the
persistent polyolen plastics with aliphatic and aliphatic–
aromatic polyester plastics, such as poly(lactic acid) (PLA),
polycaprolactone (PCL), PHA poly(hydroxy alkanoates) (PHA),
and poly(butylene adipate-terephthalate) (PBAT). These mate-
rials offer biodegradability and hydrolysis of ester bonds to non-
toxic substances.4,5 Among them, PBAT shows its advantages of
affordability, ductility, and processability over the other three,
leading to its widespread commercialization and market
growth.6 However, like other biodegradable plastics, PBAT has
the drawback of poor photostability when exposed to sunlight,
resulting in the deterioration of mechanical properties, which
calls for further modication to realize anti-photoaging.7

To enhance the photostability and further elongate the func-
tional lifespan of PBAT and other plastics, strategies like adding
UV absorbers have been introduced and demonstrated as an
effective way to protect the plastic from photo degrading.8–10

Typically, commercially available organic chromophores like
benzophenone,11,12 benzotriazole,8,13–15 triazine,16 and their
derivatives were well-developed as commercialized organic UV
absorbers.17 These absorbers offer UV blocking across the entire
UV light spectrum. However, the low molecular weight of these
UV absorbers usually brings a high mobility within the polymer
matrix, resulting in a short protection time. Moreover, these UV
absorbers are synthesized from petroleum and show negative
RSC Adv., 2024, 14, 3611–3616 | 3611
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effects on the environment when leaked out. In view of this, great
efforts have been devoted to increasing their stability by modi-
fying them with a steric group or graing them onto a polymer
backbone. However, the tedious synthetic procedures render
them uneconomical. Besides, inorganic metal oxide semi-
conductors, such as TiO2,18 ZnO,19 and CeO2 (ref. 20) were also
investigated as plastic UV absorbers. Whereas, their limited UV
absorb ability, photocatalytic effect, and poor compatibility with
the polymer matrix are still far from the demand for the appli-
cation. To meet the demand for PBAT anti-photoaging, devel-
oping a new type of UV absorber is highly necessary.

In recent decades, graphene with high thermal stability,
chemical stability, and good mechanical properties have
garnered signicant attention as a gas barrier or reinforcement
for polymer composites.21,22 In addition, graphene or graphene
oxide was developed as the UV shield to protect polymer from
photoaging due its UV light absorption and reecting proper-
ties.23,24 Similarly, graphitic carbon nitride (g-C3N4) is another
type of two-dimensional materials, also got investigated in the
eld of reinforcement additive for polymer matrix.25–28 In
compared with graphene or graphene oxide, g-C3N4 has better
good UV-Vis light absorption ability (a moderate band gap of
2.7–2.8 eV).29 Furthermore, g-C3N4 can be prepared from inex-
pensive resources, such as melamine, urea, and cyanamide,
through one-pot pyrolyzing method, endowing it with an “earth-
abundant” nature. While the production of graphene or gra-
phene oxide from graphite usually need tedious and/or
environment-unfriendly methods. Given the above characteris-
tics of g-C3N4, we hypothesized that, as green materials, g-C3N4

has the potential to serve as a new type of anti-photoaging
additive for PBAT. To the best of our knowledge, no reports
about g-C3N4 being used as a PBAT anti-photoaging additive.
Herein, as a proof-of-concept experiment, g-C3N4 nanosheets
were rst prepared by pyrolyzing a mixture of melamine and
NH4Cl under the N2 atmosphere at 550 °C, with a mass ratio of
1 : 4. Subsequently, two types of g-C3N4 nanosheet-doped PBAT
lms with different loading amounts of g-C3N4 were prepared
using the casting lm method. Pure PBAT and 2,4-dihydrox-
ybenzophenone (UV-0)/PBAT lm was also prepared for
comparison. Experiment results show that the doped g-C3N4

nanosheets effectively shield UV light, similar to UV-0. However,
the g-C3N4/PBAT lms possess enhanced mechanical properties
and long-term photostability compared to UV-0/PBAT lms.

Experimental section
Regents and equipment

All chemicals were commercially available unless mentioned
otherwise. Melamine (98%), NH4Cl (98%), 2,4-dihydrox-
ybenzophenone (99%), and talc powder were purchased from
Tianjin Heowns Chemical Technology Co., Ltd. Poly(butylene
adipate-terephthalate) (PBAT) was purchased from the Jinhui
Zhaolong High-tech Co., Ltd, Shanxi, China. Casting lm
machine 1611-25/30CV was purchased from Labtech Engi-
neering Co., Ltd. Pelletizer 1604-120/VS was purchased from
Engineering Co., Ltd. Tubular furnace (BTF-1200C-S) was
purchased from the Anhui BEQ Equipment Technology Co.,
3612 | RSC Adv., 2024, 14, 3611–3616
Ltd. Tensile test machine (model STC-50 kg) was purchased
from Jinan Labthink electromechanical Technology Co., Ltd.
Xenon Aging Test Chamber (model BGD 860) was purchased
from BIUGED Laboratory Instruments Co., Ltd.

Preparation of g-C3N4. g-C3N4 used in this work was prepared
based on a previous study with aminormodication.30 In detail,
5 g melamine, and 20 g NH4Cl were uniformly mixed in an agate
mortar and transferred the mixture to a crucible with a cover.
Then the crucible was put to a tubular furnace and heated to
550 °C in a nitrogen atmosphere with a ramping rate of 2 °
C min−1 for 4 h. Aer cooling to room temperature, a light
yellow powder was obtained in a 50% yield.

Preparation of lms PBAT, UV-0 (0.25)/PBAT, UV-0 (0.5)/
PBAT, g-C3N4 (0.25)/PBAT, and g-C3N4 (0.5)/PBAT. Taking pure
PBAT lm as an example, 1 kg of the purchased PBAT precur-
sors were rst evenly mixed with 20 g talc powder by the vertical
mixer. Then the mixture was loaded on the pelletizer for
pelletizing, the temperature was set at 180 °C and the screw
speed was 170 rpm. The PBAT master batch was obtained by
granulating. By using the PBAT master batch, PBAT lm was
prepared in a casting lm machine, the temperature was set at
160 °C, and the screw speed was 40 rpm. In a similar procedure,
lms UV-0 (0.25)/PBAT, UV-0 (0.5)/PBAT, g-C3N4 (0.25)/PBAT,
and g-C3N4 (0.5)/PBAT were also prepared, the difference is
that 2.5 g or 5 g of UV-0 or g-C3N4 was added to the mixture
before pelleting.
Characterization

The morphologies of the prepared g-C3N4 were analyzed by an
FEI Talos F200X transmission electron microscopy (TEM) at an
operating voltage of 200 kV. The surface morphologies of the
prepared lms in this work were investigated by a ZEISS Gemini
300 scanning electron microscopy (SEM) with an acceleration
voltage of 30 kV. Before collecting, the lms were frozen in
liquid nitrogen and coated with gold. X-ray diffraction (XRD)
patterns were recorded by Bruker D8 focus powder diffractom-
eter with a monochromator Cu Ka source operated at 40 kV and
30 mA. Thermogravimetric analysis (TGA) of the prepared lms
was carried out by an STA 449 F3/F5 thermal analyzer from 25 to
600 °C at a heating rate of 10 °C min−1 in the N2 atmosphere.
The ultraviolet-visible diffuse reectance spectrum (UV-Vis
DRS) was measured on a UH4150 Spectrophotometer (Inte-
grating Sphere) in the 200–800 nm range. Fourier transforms
infrared (FT-IR) spectroscopy was collected on a Nicolet IS10
FTIR spectrometer in the 400–4000 cm−1 range by using the KBr
disk method. The thickness and mechanical properties of the
prepared lms were analyzed by an Auto Tensile Tester (Lab-
think, China, model: STC-50 kg). UV light-resistant properties of
the prepared lms were studied on a Xenon Aging Test
Chamber (BIUGED, China, model: BGD 860) with a UV-340
lamp and a water spray system. The photoaging parameters
are as follows: the relative chamber humidity is 100%; the
chamber and blackboard temperature were set to 36 and 40 °C,
respectively; the lamp output power was xed at 43% of the
maximum power of 750 W; irradiance does is 0.34 W m−2; the
test time is 100 h.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Characterizations of the prepared g-C3N4 nanosheets and the
prepared g-C3N4 doped PBAT lms

The crystallinity and morphology of the as-prepared g-C3N4

were characterized by XRD and TEM. As shown in Fig. 1a, two
diffractions 2q peaks at 12.9° and 27.7° are characteristic of
(100) plans parallel to the c-axis and typical layer stacking of
conjugated aromatic (002) planes, respectively.31 The TEM
images of the prepared g-C3N4 in Fig. 1b and S1† reveal the
crinkly structure of the g-C3N4 nanosheets, with rough surfaces
attributed to the gaseous template effect during high-
temperature calcination. Subsequently, the light absorption
properties of the prepared g-C3N4 were investigated by using
UV-Vis DRS. As revealed in Fig. 1c, the prepared g-C3N4 exhibits
light absorption in the wavelength range from 210 to 460 nm,
covering the whole UV spectrum. Notably, the absorption
coefficient of the g-C3N4 nanosheets exceeds 60% in the range of
310 to 400 nm, indicating their excellent UV light absorption
capability. Accordingly, the band gap was estimated to be
2.85 eV by using the Tauc plot method, in agreement with the
previous report.32 Based on the above results, the prepared g-
C3N4 nanosheets hold signicant potential as an anti-aging
additive for PBAT.

To see the applicability of the prepared g-C3N4 in PBAT,
a calculated amount of g-C3N4 was weighted and incorporated
into the PBAT lm matrix by casting lm method. For
comparison, pure PBAT lms and UV-0 doped PBAT lms were
also prepared using the same procedure. The average thickness
of the resulting lms is 28.64 mm for PBAT lm, 26.82 mm for
UV-0/PBAT, 26.53 mm for UV-0/PBAT, 26.80 mm for g-C3N4 (0.25)/
PBAT, and 27.60 mm for g-C3N4 (0.5)/PBAT, respectively. Digital
photos of the prepared lms can be found in Fig. S2.† In
comparison, the presence of UV-0 or g-C3N4 in PBAT lm brings
a deep yellow color and no obvious particles to the naked eye,
indicating the successful incorporation of the UV absorber. To
get a closer look at the prepared lm, scanning transmission
microscopy (SEM) was used to characterize the surface of the
Fig. 1 (a) XRD patterns, (b) TEM image, (c) UV-Vis diffuse reflectance
spectra, and (d) the corresponding Tauc plot of the prepared g-C3N4.

© 2024 The Author(s). Published by the Royal Society of Chemistry
prepared g-C3N4-based PBAT lms. As is shown, the surface of
the pure PBAT lm is smooth (Fig. 2a and b) while the g-C3N4

doped ones (Fig. 2c–f) are much more rough with visible cracks.
These surface irregularities and cracks likely resulted from the
aggregation of g-C3N4 nanosheets.

Then, FTIR spectra of the prepared lms were collected in
Fig. S3.† As displayed, all the prepared lms exhibit similar
typical PBAT peaks, and no obvious differences were observed
due to the low loading amount and/or a better uniform distri-
bution of the UV-0 and g-C3N4. For instance, the peak at
2951 cm−1 is assigned to the CH3 and CH2 stretch, the sharp
peak at 1714 cm−1 originates from C]O stretching, and the
peaks at 1101 cm−1, 1267 cm−1, and 726 cm−1 could be ascribed
to the aromatic acid, –CH2–, and C–O group, respectively.33 The
thermal degradation properties of the prepared lms were also
investigated under a nitrogen atmosphere (Fig. 3a and b). It can
be seen that all the investigated lms in this work exhibit
similar onset degradation temperatures of 332.5 °C, the fastest
degradation temperature is 415 °C. The presence of UV-0 or g-
C3N4 in the PBATmatrix at this loading level has very little effect
on the degradation properties of PBAT when considering the
measurement error.
Photophysical properties of the prepared g-C3N4 doped PBAT
lms before aging and aer aging

The UV-Vis absorption properties of the prepared lms were
analyzed by UV-Vis DRS. As shown in Fig. 4a, the reference pure
PBAT shows its intrinsic strong UV absorption ability in the
range of 200–314 nm, attributed to the absorption of the
aromatic group in the PBAT backbone. While in the range of
320–400 nm, it exhibits almost no absorption. For the lms UV-
0 (0.25)/PBAT, UV-0 (0.5)/PBAT, g-C3N4 (0.25)/PBAT, and g-C3N4

(0.5)/PBAT, an additional broad absorption band in the range of
314–400 was observed which were come from the doped UV
absorbers, indicating the successful introduction of UV-0 or g-
C3N4 into the PBAT matrix. The absorption intensity of UV-0 or
Fig. 2 SEM images of films (a and b) pure PBAT, (c and d) g-C3N4

(0.25)/PBAT, and (e and f) g-C3N4 (0.5)/PBAT.

RSC Adv., 2024, 14, 3611–3616 | 3613
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Fig. 3 (a) TGA curves and (b) DTG curves of films PBAT, UV-0 (0.25)/
PBAT, UV-0 (0.5)/PBAT, g-C3N4 (0.25)/PBAT, and g-C3N4 (0.5)/PBAT,
respectively.

Fig. 4 (a) UV-Vis absorption spectra and (b) light transmittance rate
spectra of the prepared films before photoaging. (c) UV-Vis absorption
spectra and (d) light transmittance rate spectra of the prepared films
after photoaging.

Fig. 5 (a) Longitudinal tear strength; (b) longitudinal tensile strength;
(c) longitudinal elongation at break of the prepared films; (d) lateral tear
strength; (e) lateral tensile strength; (f) lateral elongation at break of the
prepared films. Numbers 1, 2, 3, 4, and 5 in the x-axis represent the
investigated films PBAT, UV-0 (0.25)/PBAT, UV-0 (0.5)/PBAT, g-C3N4

(0.25)/PBAT, and g-C3N4 (0.5)/PBAT, respectively. Solid line: before
photoaging. Dash line: after photoaging. Error bars show the standard
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g-C3N4 contained PBAT lms was increased linearly with the
increase of UV absorber loading amount. In comparison, at the
same doping amount level, PBAT lms with UV-0 show a higher
absorption intensity than those doped with g-C3N4 due to their
difference in UV absorption density in the PBAT substrate. To be
noted, the g-C3N4 doped PBAT lms show an absorbance edge
as far as 420 nm because of the visible light absorption capacity
of g-C3N4. To further prove the good UV shielding ability of g-
C3N4 doped PBAT lms, the transmittance property of the
prepared lms was also studied. As shown in Fig. 4b, pure PBAT
has the highest transmittance rate, with a transmittance level of
40–60% even in the UV range of 300–400 nm. However, the
introduction of UV absorbers resulted in a signicant light-
blocking effect. For instance, the visible light transmittance
rate decreases at least 10% of the lm UV-0 (0.25)/PBAT over the
whole visible light range, and less than 15% of UV light below
320 nm could penetrate the lm. When the loading amount of
UV-0 increases to 0.5 wt%, lm UV-0 (0.5)/PBAT can shield
almost all the UV light below 350 nm and more than 80% of the
UV light in the range of 350–400 nm. The g-C3N4 doped PBAT
lms, also show a good ability to block the light in the UV region
but less than the UV-0 one because of the lower number of UV
absorption units, consistent with the UV-Vis absorption results.
In the range of visible light, the g-C3N4 doped PBAT lms
showed a stronger light-blocking effect than the UV-0 lms due
to the particle reecting the effect of the large g-C3N4 nano-
sheets. These results demonstrate that g-C3N4 can serve as a UV
3614 | RSC Adv., 2024, 14, 3611–3616
absorber similar to traditional UV-0 and has great potential to
be a new type of UV absorber for biodegradable plastics.

To prove the g-C3N4 doped PBAT lms have the potential for
practical application in a real environment. The prepared lms
were aged in an aging chamber for 100 h. Subsequently, the UV-
Vis absorption and light transmittance ability of the aged lms
were studied again. As shown in Fig. 4c, the absorption intensity
in the range of 200–310 nm of pure PBAT lm was largely
decreased when compared with the freshly prepared one,
indicating the molecular structure of PBAT was damaged due to
UV light oxidation. In the case of UV-0-based PBAT lm, we can
see that the absorption band in the range of 310–400 nm almost
disappeared, which means that UV-0 absorbers were unable to
withstand such harsh conditions and became damaged,
resulting in a loss of protection for PBAT. In stark contrast, g-
C3N4-based PBAT lms still show a similar UV shielding ability
to that of the freshly prepared lms, proving g-C3N4 possesses
an ability of long service time as a UV absorber. The good UV
shielding performance of g-C3N4 was further conrmed by
comparing the light transmittance rate of the aged lms. As
revealed in Fig. 4d, the UV band light transmittance rate of the
two aged UV-0-based PBAT lms increased relative to the before-
aging ones, while g-C3N4 contained ones exhibited no big
difference before and aer aging.
Mechanical properties of the prepared g-C3N4 doped PBAT
lms before aging and aer aging

To see the effect of UV absorbers on the mechanical properties
of the prepared PBAT lms, we analyzed the tear strength,
tensile strength, and elongation at the break of the freshly
prepared (solid line) and those subjected to photooxidation
aging (dash line). Initially, longitudinal studies were conducted
on the lms in this study. As is revealed in Fig. 5a–c, the
mechanical properties are all UV absorber dependent, the
introduction of UV-0 into the PBAT matrix brings a decrease of
both tear and tensile strength and an enhancement of elonga-
tion at break, and this trend becomes much more distinct
relative to pure PBAT when more UV-0 was loaded. Conversely,
a reverse trend was observed for g-C3N4. In detail, the g-C3N4
deviation from three different tests.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(0.25)/PBAT and g-C3N4 (0.5)/PBAT have a tear strength of 15.24
and 15.48 N, respectively, which is almost 1.5 times that of pure
PBAT. The tensile strength for pure PBAT is 34.9 MPa, then
improved to the level of 56.0 MPa for both g-C3N4 (0.25)/PBAT
and g-C3N4 (0.5)/PBAT. These results indicate that g-C3N4

shows the merits of a nanoller for the reinforcement of poly-
meric materials, consistent with the reported works.26 These
enhancements could be explained by, the presence of g-C3N4,
the traction force during the casting lm process drives the
crystallinity and non-crystallinity zone align along the tensile
direction more efficiently. The decrease of the properties of
elongation at break from 142 for pure PBAT to 94.7 for g-C3N4

(0.25)/PBAT (g-C3N4 (0.5)/PBAT is 100) could be attributed to the
nanoller effect of g-C3N4, resulting in more brittle PBAT lms.
Aer aging, as expected, all the aged lms show a decline of tear
strength and tensile strength to some extent, but muchmore for
pure PBAT and g-C3N4-based PBAT lms than for UV-0-based
ones. Although a reduction of mechanical properties was
observed in g-C3N4-based PBAT lms, its value was still higher
than the pure PBAT lm without photoaging. In Fig. 5c, the plot
shows the elongation at break properties for all the aged lms,
which are much larger than the original values. This phenom-
enon could be explained by the aging process deteriorating the
polymer backbones of PBAT and reducing the crystallinity of the
studied lms, followed by an improved elongation at break.
Furthermore, the lateral mechanical properties of the above-
mentioned lms were also investigated (Fig. 5d–f). In contrast
to the longitudinal properties, the presence of UV-0 in the PBAT
matrix leads to an increase in mechanical properties in all
aspects when compared to pure PBAT. In the case of g-C3N4, the
highest mechanical properties were achieved in the PBAT lm
with the loading amount of 0.25 wt%, followed by a declining
trend with a loading amount set at 0.5 wt%. Likewise, all the
aged lms show a reduction of lateral mechanical properties
aer the aging process, but PBAT lms with 0.5 wt% UV-0 are of
the least due to their strong UV shielding ability.

Conclusions

In conclusion, g-C3N4 doped PBAT lms have been successfully
prepared by the casting lm method. Pure PBAT and typical UV
absorbers-based UV-0/PBAT lms were prepared in the same
way as the reference. UV-Vis absorption and light transmittance
experiments show that g-C3N4/PBAT lm can effectively absorb
the incoming UV light relative to pure PBAT, g-C3N4 was found
to play a similar role as a UV-0 absorber. The photo-aging results
show that the UV shielding ability of the aged UV-0/PBAT lms
was largely decreased compared to fresh-prepared ones. In
contrast, the aged g-C3N4/PBAT lm still exhibited good UV
absorption ability, highlighting the high stability of g-C3N4

compared to UV-0. Moreover, the merits of good mechanical
properties of g-C3N4 are also manifested in the PBAT matrix, as
the g-C3N4/PBAT composite lms exhibited improved mechan-
ical properties to some extent compared to pure PBAT and UV-0/
PBAT lms. This enhancement is particularly signicant
considering the poor mechanical properties of PBAT, which
hinder its practical applications. It is worth noting that the
© 2024 The Author(s). Published by the Royal Society of Chemistry
improved UV shielding ability and mechanical properties of the
g-C3N4/PBAT composite lm studied in this work may not be as
pronounced due to the relatively low loading amount and/or
lack of elaborate modication of pristine g-C3N4. However,
through this work, at least, the application of g-C3N4 to protect
biodegradable plastic substrates was demonstrated. The
advantages of g-C3N4 are successfully utilized. Undoubtedly, it
is anticipated that more efficient g-C3N4-based UV shielding
additives will be explored in the future through surface engi-
neering or forming a hybrid composite with other materials.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the Key Research and Development
Task Project of Xinjiang Uygur Autonomous Region
(2022B02033), the National Key Research and Development
Program of China (No. 2021YFD1700700), the Agricultural
Science and Technology Innovation Program of the Chinese
Academy of Agricultural Sciences (2023), the Key Program for
Science and Technology of CNTC (110202202030), and Inter-
national Cooperation and Exchanges Project of National
Natural Science Foundation of China and the Royal Society (No.
42311530066).

References

1 X. Zhao, B. Boruah, K. F. Chin, M. Đokić, J. M. Modak and
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