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ABSTRACT: The durable application of polylactide (PLA) under atmospheric /
conditions is restricted by its poor ultraviolet (UV) stability. To improve the UV e
stability of polymers, titanium dioxide (TiO,) is often used as a UV light capture W ﬁ_ M;{”

agent. However, TiO, is also a photocatalytic agent, with detrimental effects on VLH

the polymer properties. To overcome these two conflicting issues, we used the T “fv :
following approach. TiO, nanoparticles were first coated with silicon dioxide — M?iv

(Si0,) (with a SiO, shell content of 5.3 wt %). Subsequently, poly(p-lactide) | UV ”}iv » :
(PDLA) was grafted onto TiO,@SiO, nanoparticles, approximately 20 wt %, via L M??N N?‘ I

a ring-opening polymerization of p-lactide to obtain well-designed double-shell
TiO,@Si0,-g-PDLA nanohybrids. These double-shell nanoparticles could be

z

well dispersed in a poly(rL-lactide) (PLLA) matrix making use of the : e
K PLLA ““?A/ TiO,@Si0,-g-PDLA ® Conteat of anofie (\\1’1a/

stereocomplexation between the two enantiomers. In our concept, the inner )
SiO, shell on the TiO, nanoparticles prevents the direct contact between TiO,
and the PLLA matrix and hence considerably restricts the detrimental
photocatalytic effect of TiO, on PLLA degradation. Additionally, the outer PDLA shell facilitates an improved dispersion of
these nanohybrid particles by interfacial stereocomplexation with its enantiomer PLLA. As a consequence, the PLLA/TiO,@SiO,-g-
PDLA nanocomposites simultaneously possess excellent UV-shielding property, high(er) tensile strength (>60 MPa), and superior
UV resistance, for example, the mechanical properties remain at a level of >90% after 72 h of UV irradiation. In our view, this work
provides a novel strategy to make advanced PLA nanocomposites with improved mechanical properties and excellent UV resistance,
which enables potential application of PLA in more critical areas such as in durable packaging and fiber/textile applications.

KEYWORDS: PLA, TiO,, interfacial stereocomplexation, double-shell structure, UV resistance

1. INTRODUCTION properties.”*™'* Such deterioration would strongly influence
the safety and service life of the corresponding products and
thus limit the practical applications of PLA materials.
Therefore, fabricating UV-resistant PLA materials has been
of interest in both academia and industry.

Nano-sized titanium dioxide (TiO,) has inherent photo-
catalytic activity and UV-shielding properties.">™** Numerous
studies have been performed on blending PLA with TiO,
nanoparticles to prepare UV-shielding nanocomposites.”*~”
Zhuang et al.*® designed PLA/TiO, nanocomposites by in situ
polymerization and achieved high strength and UV-shielding
property. However, the degradation rate of PLA increased with
the TiO, content because the photocatalytic activity of TiO,
could result in decomposition of the PLA matrix. Free radicals

In recent years, the development of bio-based and biocompo-
stable materials has drawn increasing attention because of the
environmental and sustainability concerns. Polylactide (PLA)
materials including poly(L-lactide) (PLLA) and poly(p-lactide)
(PDLA) have become popular in the area of green packaging
and medical devices because of its compostability and
biocompatibility. Besides, many other advantages of PLA,
that is, its high strength, being bio-based, and ease of
processability, made it a potential candidate for replacing
traditional petroleum-based plastics.'~° In the meantime, some
shortcomings such as high brittleness, poor heat and ultraviolet
(UV) stability, and lack of functionality also limited the
application range of PLA materials. Lots of studies have been
carried out, resulting in PLA materials with good toughness or
functionalities such as conductivity, antibacterial activity, and
self—healing.7_ll However, the aging and degradation issues of
PLA under UV irradiation have not been investigated yet in
great detail. The photolysis of PLA follows the Norrish type II
decomposition mechanism with main chain scission to form
short(er) molecules, leading to the deterioration in mechanical
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Scheme 1. Preparation of (1) TiO,@SiO, Nanoparticles, (2) TiO,@SiO,-g-PDLA Nanohybrids, and (3) PLA/TiO,@SiO,-g-
PDLA Nanocomposites
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(2) Preparation of TiO,@Si0O,-g-PDLA

with high reactivity could be generated by TiO, after absorbing 2. EXPERIMENTAL SECTION

UV light, which will attack the neighboring polymer chams1 12 2.1. Materials. Poly (lactide) (PLLA, M, = 180 kDa, PDI =
the PLA matrix, and consequently, lead to decomposition.3 ? 1.42) was purchased from Zhejiang Hisun Biomaterials Co., Ltd. p-
In addition, the poor compatibility between inorganic Lactide (99% purity) was provided by Nantong Jiuding Biological
nanoparticles and the matrix is always one of the major issues Engineering Co., Ltd. Nano TiO, (>99.8%, ~40 nm) was purchased

from Shanghai Macklin Biochemical Co., Ltd. Sodium hexameta-
phosphate [(NaPO,),, CPJ, tetraethyl orthosilicate (TEOS, AR),
ethanol (AR), toluene (C4H;CH;, AR), methanol (CH;0H, AR),

for high-performance PLA nanocomposites. The agglomer-
ation of nanoparticles usually results in poor mechanical

properties, for example, low(er) strength and toughness. Thus, ammonia (NHyH,O, AR), and chloroform (CHCL, AR) were
extra modification is required to avoid aggregation and achieve provided by Sinopharm Group Chemical Reagent Co., Ltd. Stannous
a fine dispersion of nanoparticles. Nakayama et al®? prepared caprylate (Sn(Oct),, AR) from Shanghai Aladdin Reagent Co., Ltd.
PLA/TiO, nanocomposites via solution-casting, and an was used as the catalyst for the ring-opening polymerization of p-

lactide.
2.2. Experiments. 2.2.1. Preparation of TiO,@SiO, Nano-
particles. TiO,@SiO, nanoparticles were obtained by the hydrolysis

improved dispersion of TiO, was achieved after the
modification of TiO, with a carboxylic acid and a long-chain

alkyl amine. However, limited interfacial adhesion was created of TEOS on the surface of TiO,. The specific synthesis process was as
due to lack of interfacial bonding and consequently poor follows. NanoTiO, (1 g), deionized water (150 mL), and (NaPOs)4
mechanical properties. It was found that interfacial stereo- (50 mg) were transferred into a beaker and dispersed ultrasonically

complexation was proved to be an effective way to in situ for 30 min. Then, ethanol with 25 mL of NH;-H,O and 25 mL of

create a strong affinity between two different components TEOS were ad#ed separately to the beaker under stirring. Aﬁér the
) ) . 10 addition, the mixture was kept for 5 h at room temperature. Finally,
accompanied by much better dispersion of nanofillers.

TiO,@SiO, nanoparticles were obtained after purification with

To summarize, it is still challenging to make robust PLA deionized water.
nanocomposites in combination with both excellent mechan- 2.2.2. Preparation of TiO,@SiO,-g-PDLA Nanohybrids. PDLA was
ical and UV-resistant performances. To achieve this target, grafted onto the surface of TiO,@SiO, nanoparticles by ring-opening

polymerization of b-lactide forming TiO,@SiO,-g-PDLA nano-
hybrids. The procedure is as follows: p-lactide (20 g), TiO,@SiO,
(1 g), and Sn(Oct), (0.6 g) were brought into contact with each other

specifically in the PLA/TiO, nanocomposites, the poor affinity
and the nondesirable photocatalytic effect of TiO, have to be

solved. to react in a three-necked flask (nitrogen) at 120 °C for 24 h. The

In this work, we addressed an effective route to make UV- nanohybrids were recovered by precipitation in cold methanol and
stable PLLA/TiO,@SiO,-g-PDLA nanocomposites. The pho- then washed and centrifuged with chloroform to remove the
tocatalytic effect of TiO, was restricted within the particles by remaining p-lactide and free PDLA. Ti0,@Si0,-¢-PDLA nanohybrids
designing a double-shell-structured TiO,@SiO,-g-PDLA nano- were then dried in a vacuum oven at 60 °C.

2.2.3. Preparation of PLLA/TiO,@SiO,-g-PDLA Nanocomposites.
PLLA/TiO,@SiO,-g-PDLA nanocomposites and the corresponding
films were prepared via a solution-casting method using chloroform as

hybrids, where the SiO, inner shell could effectively prevent
the free radicals from attacking the PLLA matrix. Meanwhile,

the outer PDLA shell increases the interfacial adhesion a solvent. The content of TiO,@SiO,-g¢-PDLA nanohybrids was
between the nanohybrids and the PLLA matrix via strong designed as 0.5—5 wt %. For comparison, PLLA and PLLA/TiO,
physical bonding, that is, the so-called stereocomplexation. nanocomposites were prepared in the same way as reference. The

preparation routes of TiO,@SiO,, TiO,@SiO,-g-PDLA nanohybrids,
and the PLA nanocomposites are illustrated in Scheme 1.
2.3. Characterization. 2.3.1. Fourier-Transform Infrared Spec-

Therefore, this work provides a new strategy to make robust
PLA nanocomposites with superior UV resistance, which may

expand its application range in more advanced packaging and troscopy. An FT-IR spectrometer (Nicolet 6700, USA) was used to
fiber/textile fields. analyze the TiO,, TiO,@SiO,, and TiO,@Si0,-g-PDLA nanohybrids
49091 https://dx.doi.org/10.1021/acsami.0c14423
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Figure 1. (a) FTIR spectra and (b) photocatalytic activities of TiO, and TiO,@SiO, nanoparticles.
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Figure 2. (a) FT-IR spectra of TiO,, TiO,@SiO,, and TiO,@SiO,-g-PDLA nanohybrids, (b) images of the (A) TiO,/PDLA physical mixture and
(B) TiO,@SiO,-g-PDLA nanohybrids in chloroform for 72 h; (c) XRD patterns and (d) TGA curves of TiO,, TiO,@SiO,, and TiO,@SiO,-g-

PDLA nanohybrids.

in an attenuation total reflection mode. The scanning range was 400—
4000 cm™ with a resolution of 4 cm™.

2.3.2. Photocatalytic Activity. A Rhodamine B solution (5 mg/L)
without nanoparticles and a solution containing TiO, (20 mg) and
TiO,@SiO, (20 mg) nanoparticles were irradiated with an UV lamp
for 8 h (wavelength: 360 nm, power: 300 W). Every hour, S mL of
rhodamine B was taken to obtain the supernatant by centrifugation.

2.3.3. UV-Visible Spectrophotometry. The UV absorption values
of rhodamine B solution exposed to UV irradiation for different times
were measured using a UV-—visible spectrophotometer (UV-—vis)
(TU-1901, China) with a wavelength scanning range of 200—800 nm.
The relative content (I) of rhodamine B after irradiation is calculated
using the following formula

At
I==1 % 100%
0

where A and A, represent the UV absorption values of rhodamine B
solution irradiated by UV light for 0 and t h, respectively. The results

49092

were used to assess the photocatalytic activities of TiO, and TiO,@
SiO, nanoparticles.

2.3.4. Atomic Force Microscopy. TiO, and TiO,@SiO,-g-PDLA
were ultrasonically dispersed in chloroform (0.5 mg/mL) separately.
The resultant TiO, and TiO,@SiO,-g-PDLA suspensions (5 uL)
were then deposited on the surface of a silicon wafer. The
morphology of TiO, and TiO,@SiO,-g-PDLA nanohybrids was
characterized by AFM (MultiMode 8 AFM system, Germany) in the
peak force quantitative nanomechanical properties test (QNM) mode.

2.3.5. Thermogravimetric Analysis. The thermal decomposition
behaviors of TiO,, TiO,@SiO,, TiO,@SiO,-g-PDLA nanohybrids,
and PDLA were studied from 30 to 600 °C (10 °C/min) in a N,
atmosphere through thermogravimetric analysis (TGA) (1100SF,
Switzerland).

2.3.6. X-ray Diffraction Spectroscopy. Before testing, TiO,,
TiO,@SiO,, and TiO,@SiO,-g-PDLA nanohybrids were annealed
at 90 °C for 2 h, and the PLLA, PLLA/TiO,, and PLLA/TiO,@SiO,-
g-PDLA nanocomposites were heated to 200 °C to hold for 3 min and

https://dx.doi.org/10.1021/acsami.0c14423
ACS Appl. Mater. Interfaces 2020, 12, 49090—49100
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Figure 3. TEM images (on the same scale) of (a) TiO,, (b) TiO,@SiO,, and (c) TiO,@SiO,-g-PDLA nanohybrid particles.

then cooled to 30 °C at a cooling rate of 10 °C/min. Then, an X-ray
diffraction spectroscope (Bruker AXS D8, Germany) was used to
observe the crystal structure of the samples with scan angles from § to
90° at a scanning speed of 3°/min.

2.3.7. Transmission Electron Microscopy. TiO,, TiO,@SiO,, and
TiO,@Si0,-g-PDLA nanohybrids were ultrasonically dispersed in
chloroform (0.5 mg/mL) separately. Then, the suspensions (S uL)
were dropped onto a copper mesh. After volatilization of chloroform,
the morphology of TiO,, TiO,@SiO,, and TiO,@SiO,-g-PDLA was
observed with a transmission electron microscope (200 kV, JEOL-
JEM-2100, Japan).

2.3.8. Mechanical Properties. The tensile properties of PLLA
nanocomposites irradiated with an UV lamp (300 W) were measured
using a tensile tester (Instron 5967, USA) at room temperature
according to GBT529-2008 standard at a crosshead speed of 10 mm
min~!. Five measurements of each sample were performed and the
averaged values are presented.

3. RESULTS AND DISCUSSION

3.1. Structural Analysis of TiO,@SiO,-g-PDLA Nano-
hybrids. TiO, nanoparticles were coated with a SiO, shell
through hydrolysis and condensation reactions of TEOS.
Figure la shows the FT-IR spectra of TiO, and TiO,@SiO,
nanoparticles, indicating the chemical structure of nano-
particles before and after coating. Compared with the FT-IR
spectrum of TiO,, TiO,@SiO, shows new visible FT-IR peaks
at 1229, 1071, and 941 cm™. According to the literature, the
absorption peaks at 1229 and 1071 cm™" correspond to the
stretching vibrations of Si—O—Si,”* and the absorption peak at
941 cm™! corresponds to the stretching vibrations of Ti—O—
Si.> These results indicate that SiO, is chemically bonded to
the surface of TiO, nanoparticles. In addition, the influence of
the SiO, layer on the photocatalytic activity of nanoparticles
was also studied, as shown in Figure 1b.

The photocatalytic activities of TiO, and TiO,@SiO,
nanoparticles were evaluated by tracing the relative content
of rhodamine B in solution, as mentioned in the Experimental
Section. As can be inferred from Figure 1b, the relative content
of rhodamine B in rhodamine B/TiO, solution sharply
decreases with UV irradiation time, and the value is even
less than 10% after 8 h of UV irradiation. On the contrary, the
rhodamine B content in the neat rhodamine B solution and in
rhodamine B/TiO,@SiO, solution remains as high as 90%
after UV irradiation. In other words, the presence of TiO,
nanoparticles significantly accelerated the decomposition of
rhodamine B because of its inherent photocatalytic activity. In
detail, the electron (eg) of TiO, nanoparticles would absorb
energy from UV light and jump from the valence band to the
conduction band, leaving a hole in the valence band (hj).
Electrons in the conduction band react easily with O, to form
*0,, while the holes react easily with H,O to form *OH. Then,
the organic matter can be decomposed into H,O and O,

Si0, teu
g Casted film
evaporation > \F?%E;\
casting Tj‘i\skén’,\\
PDLA chains

Figure 4. AFM images (on the same scale) of (a/a’) TiO, and (b/b’)
TiO,@Si0,-g-PDLA nanohybrids in the (a/b) peak force error mode
and (a’/b’) modulus mode. (c) Schematic diagram of dispersion of
TiO,@Si0,-g-PDLA nanohybrids before and after casting.

during the contact with *O, and *OH with high chemical
activity.” Obviously, TiO,@SiO, nanoparticles did not exhibit
obvious photocatalytic effects after coating with the SiO, layer,
which can prevent the contact between TiO, and rhodamine B,
that is, preventing the active O, and *OH attacking the
organic matter nearby (e.g, rhodamine B). FT-IR and
photocatalytic activity tests indicate that the chemically
bonded SiO, ensures a low photocatalytic activity of the
TiO,@SiO, nanoparticles.

Furthermore, TiO,@SiO,-g-PDLA nanohybrids were pre-
pared through a ring-opening polymerization of p-lactide on
the surface of TiO,@SiO, nanoparticles. FT-IR, XRD, and
TGA analyses are used to characterize the chemical and
physical structures of the TiO,@Si0,-g-PDLA nanohybrids, as
shown in Figure 2.

https://dx.doi.org/10.1021/acsami.0c14423
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Figure 5. TEM images of (a) PLLA/TiO, and (b) PLLA/TiO,@SiO,-g-PDLA nanocomposites; AFM peak force error images of (a’) PLLA/TiO,
and (b’) PLLA/TiO,@Si0,-g-PDLA nanocomposites; and AFM modulus images of (a”) PLLA/TiO, and (b”) PLLA/TiO,@SiO,-g-PDLA
nanocomposites. The content of nanofillers is 2 wt % in all nanocomposites.
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Figure 6. WAXD patterns of PLLA/TiO,@SiO,-g-PDLA nano-
composites with different TiO,@SiO,-g-PDLA contents.

Figure 2a shows the FT-IR spectra of TiO,, TiO,@SiO,,
and TiO,@SiO,-g-PDLA nanohybrids. The chemical structure
of TiO,@SiO, has been discussed above. Obviously, in the FT-
IR spectrum of TiO,@SiO,-g-PDLA nanohybrids appear new
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Figure 8. FTIR spectra of PLLA, PLLA/TiO,, and PLLA/TiO,@
SiO,-g-PDLA nanocomposites with different UV irradiation times.

peaks at 2800—3000 cm™' owing to the symmetric and
asymmetric stretching vibrations of the C—H bond and a peak
at 1189 cm™ corresponding to the stretching vibrations of the
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Figure 7. (a) UV absorption value and (b) transmittance at 350 nm as a function of nanofiller content in PLLA/TiO, and PLLA/TiO,@SiO,-g-

PDLA nanocomposites.

49094

https://dx.doi.org/10.1021/acsami.0c14423
ACS Appl. Mater. Interfaces 2020, 12, 49090—49100


https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14423?fig=fig8&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c14423?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

50 um 50 um

50 um 50 um

50 um 50 um

Figure 9. SEM images of the surface of (a/a’) PLLA, (b/b’) PLLA/
TiO, (2 wt %), and (c/c’) PLLA/TiO,@SiO,-g-PDLA nano-
composites before (ab,c) and after UV irradiation (a’,b’,c’).

C—0 bond.*® In addition, the new peak at 1750 cm™! confirms
the carbonyl stretching vibrations of PDLA chains on the
surface of TiOz@SiOz—g—PDLA.37 These new peaks indicate
that PDLA was successfully grafted onto theTiO,@SiO,
nanoparticles. Moreover, the grafting reaction could be visually
observed from the dispersion of nanohybrids in the solvent.”
The images of a physical mixture of TiO,@SiO, and PDLA
(A) and of TiO,@SiO,-g-PDLA nanohybrids (B) in chloro-
form are shown in Figure 2b. Apparently, the bottom layer
observed in bottle (A) is TiO,@SiO, because of its insolubility
and higher density, while TiO,@SiO,-g-PDLA nanohybrids
could be effectively stabilized in chloroform by the grafted
PDLA chains. Combined with FT-IR results, it verified the
successful preparation of TiO,@SiO,-g-PDLA nanohybrids.
This conclusion is also consistent with the XRD results, as
shown in Figure 2¢. Compared with TiO,, TiO,@SiO, has a
weaker X-ray diffraction signal due to the surface coating of the
SiO, layer. It has to be noted that TiO,@SiO,-g-PDLA
nanohybrids show a new diffraction peak at 16.5°, which
corresponds to the (200)/(110) crystal plane of grafted PDLA
molecules.’

Furthermore, TGA measurements are used to characterize
the coating and grafting degrees quantitatively, as shown in
Figure 2d. TiO, does not show a significant weight loss below
1000 °C, while TiO,@SiO, shows a weight loss corresponding
to the SiO, layer until 700 °C. This is attributed to the loss of
physically adsorbed water, reduction of O—H on the surface of
TiO,@SiO,, and the decomposition of the residual organic
groups (—CH;CH,) of the TEOS." Convincingly, the TiO,@
SiO,-g-PDLA nanohybrids show an obvious weight loss
corresponding to the grafted PDLA in a temperature range
of 260—400 °C. According to the differences in weight loss
behavior,"' the grafting degrees of the SiO, layer and PDLA
chains are estimated as 5.3 and 20.5 wt %, respectively.

3.2. Morphology of the Double-Shell Structures of
TiO,@Si0,-g-PDLA Nanohybrids. The morphology of
TiO,, TiO,@SiO,, and TiO,@SiO,-g-PDLA nanohybrids
was at first studied by TEM, as shown in Figure 3. It can be
inferred from Figure 3a that the TiO, nanoparticles show an
irregular shape with a size between 50 and 100 nm and a clear
boundary. Compared with TiO,, the TiO,@SiO, particles
show an obvious core—shell morphology with an average shell
thickness of 8 nm (Figure 3b). The TiO,@SiO, nanoparticles
in Figure 3 look larger than pristine TiO, because of two
reasons. First, the size of TiO, nanoparticles actually were not
uniform and the size distribution of TiO, nanoparticles was
broad. Therefore, the image is also associated with the location
to taken (Figure S1). Second, the larger nanoparticles of
TiO,@SiO, or TiO,@Si0,-g-PDLA nanoparticles (Figure
3b,c, orange square region) are actually stacks of the
corresponding nanoparticles, and the size of a single-grafted
nanoparticle is still around or below 100 nm (Figure 3, see the
indication by white arrows). Interestingly, a double-shell
structure is observed in the case of TiO,@SiO,-g-PDLA
nanohybrids showing an outer layer with an irregular shape as
well, as shown in Figure 3c. In addition, the TEM image was
taken after evaporation of the chloroform (see the Exper-
imental Section), and during evaporation, the TiO,@SiO,-g-
PDLA nanohybrids would gradually agglomerate/precipitate.

In combination with the preparation method and the above
chemical structural analysis (FT-IR and XPS results), the inner
shell is identified as SiO,, which is responsible for blocking the
photocatalytic activity of TiO,, while the outer shell is
attributed to the deposited PDLA chains which are responsible
for the better compatibilization with the PLLA matrix, to be
discussed below. The irregular shape of the deposited PDLA
layer also indicates random initiating sites and grafting
reactions of the PDLA.

AFM was used to further study the morphology of TiO, and
TiO,@SiO,-g-PDLA nanohybrids. As shown in Figure 4a,
TiO, nanoparticles were distributed in a separate manner on a
silicon wafer substrate, and the size of TiO, is between 50 and
100 nm with a clear boundary. This morphology is consistent
with the TEM results (Figure 3a). The surface of TiO,@SiO,-
g-PDLA nanohybrids in Figure 4b is rougher than that of TiO,
due to the random distribution of PDLA chains on the surface,
in line with the TEM images in Figure 3c.

Using the so-called modulus mode, different components
can be easily distinguished by AFM, for example, the brighter
phase in the images of Figure 4a’/b’ indicates a relatively
higher modulus component, and vice versa. It can be seen from
Figure 4a’/b’ that the TiO, nanoparticles with the clear
boundary are much brighter, and thus, possess a higher
modulus compared with the silicon substrate. However, the
TiO,@SiO,-g-PDLA nanohybrids show a similar modulus with
the silicon substrate because of the double-shelled structure,
that is, SiO, and PDLA. Interestingly, all the TiO,@SiO,-g-
PDLA nanohybrids are surrounded and interconnected by a
low-modulus component (the dark phase in Figure 4b’), which
is not observed in the peak force error mode (Figure 4b). It
convincingly shows that the interpenetrated component with a
low(er) modulus corresponds to the grafted PDLA phase
considering the inherent moduli of TiO,, SiO,, and PDLA.
Because of a dynamic reason, the grafted PDLA chains could
not “stand” on the top or bottom of the nanoparticles after
evaporation of the solvent, but the grafted PDLA chains were
collapsed and absorbed to some extent on the substrate, as
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Figure 11. Schematic diagram of the UV resistance mechanism of PLLA nanocomposites, where Q and E represent the emitted heat and

electromagnetic energy, respectively.

schematically illustrated in Figure 4c. Consequently, the
TiO,@8Si0,-g-PDLA nanohybrids exhibit a moderate modulus
of the SiO, shell on the top (closer to the substrate), while a
low(er) modulus of the PDLA shells was observed on the side.
As also discussed in the Transmission Electron Microscopy
section, the entanglement of PDLA chains makes the
nanoparticles easier to be interconnected. These features
ensure the interaction/entanglement of the grafted PDLA with

49096

the PLLA matrix in PLLA/TiO,@SiO,-g-PDLA nanocompo-
sites.

3.3. Micromorphology of PLLA/TiO,@SiO,-g-PDLA
Nanocomposites. The morphology of PLLA/TiO, and
PLLA/TiO,@SiO,-g-PDLA nanocomposites was studied by
TEM and AFM in the mode of peak force QNM properties, as
shown in Figure S.
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As can be inferred from Figure Sa, the TiO, nanoparticles
are aggregated, while the TiO,@Si0,-g-PDLA nanohybrids are
uniformly dispersed in the PLLA matrix in Figure Sb, which is
also confirmed by the AFM results in Figure 5a”/b”. In the
peak force error images, the surface of the PLLA/TiO,
nanocomposite (Figure Sa’) is coarser in comparison with
the PLLA/TiO,@Si0,-g-PDLA nanocomposite (Figure Sb’).
Combined with the modulus images in Figure Sa”/b”, it can be
distinguished that the bright phase represents TiO, and
TiO,@Si0,-g-PDLA nanohybrids with a high(er) modulus,
while the dark phase corresponds to the PLLA matrix with a
low(er) modulus. The better dispersion of TiO,@SiO,-g-
PDLA nanohybrids may result from the strong intermolecular
interaction between the grafted PDLA chains and the PLLA
matrix, that is, stereocomplexation. The stereocomplexation
between the PLLA matrix and the TiO,@SiO,-g-PDLA
nanohybrids can be confirmed by wide-angle XRD (WAXD)
measurements, as shown in Figure 6. All X-ray patterns exhibit
diffraction peaks at 26 = 16.8 and 19°, which are assigned to
the (200)/(110) and (203) planes of PLLA homocrystals (hc),
respectively. The two diffraction peaks in the PLLA/TiO,@
SiO,-g-PDLA nanocomposites are stronger compared with
PLLA, indicating that the TiO,@SiO,-g-PDLA nanohybrids
acting as nucleators could enhance the crystallization of PLLA.
As expected, new diffraction peaks at 20 = 12.2, 21, and 23.8°
are observed for PLLA/TiO,@SiO,-g-PDLA nanocomposites,
which correspond to the characteristic diffraction of (110),
(300)/(030), and (220) planes of PLA stereocomplex
crystallites (sc), respectively.® Moreover, measurements of
PLLA nanocomposites were performed and are shown in
Figure S2. During the heating process, a cold-crystallization
peak (T..) and a melting peak (T,,..) at around 164 °C are
observed for all the samples corresponding to the homo-
crystallites of PLLA. In the meantime, an additional melting
peak at around 223 °C was detected only for the PLLA/
TiO,@Si0,-g-PDLA nanocomposites, indicating the formation
of sc. These WAXD and differential scanning calorimetry
(DSC) results proved the stereocomplexation between the
PLLA matrix and the TiO,@SiO,-g-PDLA nanohybrids, and
the in situ-formed sc crystallites could further promote the
crystallization of the PLLA matrix and the interfacial adhesion
between the PLLA matrix and the TiO,@SiO,-g-PDLA
nanoparticles and would enhance the mechanical properties
of the PLLA nanocomposites.

It is also noticed from the AFM modulus images (Figure
5a”/b”) that the modulus of the TiO,@SiO,-g-PDLA
nanohybrids is lower than that of the TiO, aggregates due to
the grafted PDLA molecules. The lower modulus of the
TiO,@SiO,-g-PDLA nanohybrids is ascribed to the “softer”
PDLA shell outside of the nanohybrids and the finer
embedment of the nanohybrids in the PLLA matrix. To
summarize, the double-shelled TiO,@SiO,-g-PDLA nano-
hybrids have a finer and more homogeneous dispersion than
those of TiO, nanoparticles in the PLLA nanocomposites
because of the interfacial stereocomplexation.

3.4. UV Shielding and UV Resistance of PLLA/TiO,@
SiO,-g-PDLA Nanocomposites. A UV—vis near-infrared
spectrophotometer was used to study the UV-shielding
behavior of the PLLA nanocomposites with different types of
nanofillers. Figure 7a shows the UV absorption values of the
PLLA nanocomposites at 350 nm as a function of the
nanofiller content. It can be seen that the UV absorption values
of both PLLA/TiO, and PLLA/TiO,@SiO,-g-PDLA nano-

composites increased monotonically with the increase of the
nanofiller content. This is ascribed to the excellent UV
absorbing property of TiO, nanoparticles. TiO, could absorb
energy from UV light and then emitted as heat or
electromagnetic radiation,"* and thus, the UV-absorbing
performance of the PLLA nanocomposites are enhanced with
the TiO, content. In addition, the UV absorption values of the
PLLA/TiO,@SiO,-g-PDLA nanocomposite are much higher
than those of the PLLA/TiO, nanocomposite with the same
nanofiller content. The better UV absorption performance of
the PLLA/TiO,@SiO,-g-PDLA nanocomposite is also due to
the fine and uniform dispersion of TiO,@SiO,-g-PDLA
nanohybrids which generates larger specific surface areas.
The UV transmittance of the material can be calculated
according to the Lambert—Beer law A = —log T** (where A
and T represent the light absorbance and light transmittance,
respectively) and the results are shown in Figure 7b. In general,
the less the UV light transmittance of the material, the better
its UV shielding performance. Obviously, 99.0% of the UV
light for the PLLA/TiO,@SiO,-g-PDLA nanocomposite was
shielded, whereas 96.7% of the UV light was shielded for
PLLA/TiO, when the contents of nanofillers were both 1.0 wt
%. Consequently, the PLLA/TiO,@SiO,-g-PDLA nanocom-
posite has a better UV-shielding property.

As discussed earlier, it is challenging to make UV-shielding
PLA along with a UV-resistant performance which, however, is
one of the main objectives of this work. Therefore, the UV
resistance of the PLLA was evaluated by exposing it to UV
irradiation. According to the literature, the decomposition
reaction of PLA under UV light conforms to the Norrish II
decomposition mechanism, that is, the breaking of the C—C
bond and the formation of an alkene (or a ketone).**™*° The
chemical structures of PLLA, PLLA/TiO,, and PLLA/TiO,@
SiO,-g-PDLA nanocomposites were analyzed by FT-IR
spectroscopy as a function of UV irradiation time (0, 36, and
72 h, respectively), as shown in Figure 8. It can be seen that
PLLA, PLLA/TiO,, and PLLA/TiO,@SiO,-g-PDLA nano-
composites all showed new infrared absorption peaks at 1590
and 3360 cm™' after UV irradiation, which corresponded to
the stretching vibration of the C=C bond and the O—H bond
in carboxyl groups, respectively.*® In addition, the intensity of
FT-IR peaks corresponding to the C=C and O—H bonds of
PLLA and PLLA/TiO, nanocomposites increased with UV
irradiation time. Moreover, under the same UV irradiation
time, the intensity of these two peaks of the PLLA/TiO,
nanocomposite is stronger than that of the PLLA, indicating
that TiO, accelerated the degradation of PLLA due to its
photocatalytic activity. This phenomenon is consistent with
the decomposition behavior of rhodamine B in Section 3.1.
However, in the case of PLLA/TiO,@SiO,-g-PDLA nano-
composites, the two peaks are not so visible and the intensity
did not change significantly with irradiation time, indicating an
unobvious degradation of the PLLA matrix.

Moreover, SEM was used to detect the surface morphology
of PLLA, PLLA/TiO,, and PLLA/TiO,@SiO,-g-PDLA nano-
composites before and after UV irradiation for 72 h, as shown
in Figure 9. The surface of PLLA is smooth before irradiation,
and it becomes rough with cracks after 72 h of UV irradiation
(Figure 9a/a’). Meanwhile, the surface of the PLLA/TiO,
nanocomposite is much rougher with obvious cracks after the
same amount of irradiation (Figure 9b’) because the presence
of TiO, promoted the degradation of the PLLA matrix.
Compared with PLLA and PLLA/TiO, nanocomposites, the
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surface of the PLLA/TiO,@SiO,-g-PDLA nanocomposite only
changed slightly after UV irradiation for 72 h. Therefore, it can
be concluded from the above FT-IR and SEM results that the
PLLA/TiO,@SiO,-g-PDLA nanocomposite possesses excel-
lent UV resistance in comparison with neat PLLA.

3.5. Mechanical Properties of PLLA Nanocomposites
Affected by UV Irradiation. Figure 10 shows the mechanical
properties of PLLA, PLLA/TiO,, and PLLA/TiO,@SiO,-g-
PDLA nanocomposites before and after UV irradiation for 36
and 72 h. It is shown that the tensile strength of PLLA/TiO,
nanocomposites increased by 8 MPa when the content of TiO,
increased from 0 to 2 wt % before UV irradiation, while an
increase by 18 MPa was observed in the case of PLLA/TiO,@
Si0,-g-PDLA nanocomposites (black pillars in Figure 10a/b).
However, the tensile strength of PLLA nanocomposites
decreased with the addition of 5 wt % TiO,@SiO,-g-PDLA
nanoparticles. This is because TiO,@SiO,-g-PDLA could
aggregate at a higher TiO,@SiO,-g-PDLA content (5 wt %),
which may sacrifice its reinforcement efficiency. Obviously, the
addition of nanoparticles reinforced the PLLA matrix, and the
reinforcing effect of the TiO,@SiO,-g-PDLA nanohybrids is
more significant because of the greatly improved compatibility
via interfacial stereocomplexation. This advantage is also
observed from the elongation at break of the nanocomposites
(black pillars in Figure 10a’/b’).

After UV irradiation for 72 h, the drop percentage in the
tensile strength of PLLA, PLLA/TiO, (2 wt %), and PLLA/
TiO,@Si0,-g-PDLA (2 wt %) nanocomposites was 27, 36,
and 8%, respectively. Even after UV irradiation for 72 h, the
PLLA/TiO,@SiO,-g-PDLA nanocomposite still showed high-
er tensile strength than neat PLLA before irradiation. The
elongation at break of nanocomposites after UV irradiation for
72 h shows the same trend. Moreover, the PLLA/TiO,-g-
PDLA composites were prepared and the mechanical behavior
as a function of UV irradiation time, that is, 0, 36, and 72 h,
can be seen in Figure S3a. It shows that the tensile strength
and elongation at break of PLLA/TiO,-g-PDLA nano-
composites before UV irradiation were 57.3 MPa and 8.0,
respectively, which decreased by 38 and 60% after UV
irradiation for 72 h. As the grafted PDLA basically has the
same physical and chemical characters as the PLLA matrix, the
UV-resistant behavior of the PLLA/TiO,-g-PDLA nano-
composite was comparable to that of the PLLA/TiO,
nanocomposite (Figures 10 and S3b) although the grafted
PDLA is beneficial to interfacial adhesion. Consequently, the
UV resistance of PLLA/TiO,@SiO,-g-PDLA nanocomposites
was investigated by using untreated TiO, as a reference. The
differences in mechanical properties after UV irradiation for
the PLLA and PLLA nanocomposites are due to the UV
resistance of the PLLA nanocomposites with different types of
TiO, nanoparticles, and it is well consistent with the FT-IR
and SEM results in Figures 8 and 9. Therefore, the TiO,@
SiO,-g-PDLA nanohybrids with double-shelled structures can
significantly reinforce the PLLA matrix under both normal and
UV irradiation conditions.

It has been proved that TiO, can induce the photocatalysis
reaction in active oxygen species, that is, *O, and *OH by
oxidative or reductive reductions under UV conditions,>>*”*®
which has been proven by using the electron spin resonance
technique in the literature.*” These active oxygen species can
further lead to a degradation reaction by attacking polyester
chains such as PLA, and consequently, accelerate chain
cleavage. This reaction mechanism has been proven in the

polyester/TiO, system as well.*>** As shown in Figure 11,

when the UV light is irradiated on the PLLA/TiO,@SiO,-g-
PDLA nanocomposite, it cannot easily penetrate the whole
nanocomposite because of the excellent UV-shielding property
of the nanocomposite (Figure 7). It can be thought that the
degradation of PLLA under UV irradiation only occurs on the
surface. The difference is that in PLLA/TiO, nanocomposites,
TiO, nanoparticles come in direct contact with the PLLA
matrix, and the free radicals with high activity (*O, and *OH)
generated by UV light will directly attack the PLLA, leading to
the degradation of PLLA on the whole. However, in the
PLLA/TiO,@SiO,-g-PDLA nanocomposites, the radicals are
blocked by the inter-SiO, shell, which cannot directly attack
the PLLA matrix. The energy of UV light absorbed by TiO,@
SiO,-g-PDLA nanohybrids has eventually dissipated as the heat
or electromagnetic energy. Therefore, the PLLA/TiO,@SiO,-
g-PDLA nanocomposites exhibit not only excellent UV-
shielding property but also superior UV resistance.

4. CONCLUSIONS

A novel strategy is demonstrated in this work to design PLLA/
Ti0,@Si0,-g-PDLA nanocomposites with improved mechan-
ical strength, excellent UV-shielding property, and UV
resistance. The double-shell structured TiO,@SiO,-g-PDLA
nanohybrids, with an inner SiO, shell weight of 5.3 wt % and
an outer PDLA shell of 20.5 wt %, were prepared by hydrolysis
of TEOS and ring-opening polymerization of D-lactide,
successively. The SiO, shell prevents nondesirable chemical
reactions between the TiO, nanoparticles and the PLLA
matrix, and the PDLA shell can easily interact with the PLLA
matrix and facilitates the uniform dispersion of nanohybrids,
thus leading to not only higher mechanical properties
(increased the tensile strength by 49%) but also an
enhancement in UV shielding and UV resistance of PLLA
simultaneously. Therefore, this work provides a novel strategy
to make advanced PLLA-based nanocomposites with potential
in the application of durable packaging and special fiber/textile
applications, and so forth.
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