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ABSTRACT: In this study, silk fiber was successfully modified
via the application of a nanoscale titania coating using atomic
layer deposition (ALD), with titanium tetraisopropoxide (TIP)
and water as precursors at 100 °C. Scanning electron microscopy,
X-ray energy dispersive spectroscopy, X-ray photoelectron
spectroscopy, transmission electron microscope, and field
emission scanning electron microscope results demonstrated
that uniform and conformal titania coatings were deposited onto
the silk fiber. The thermal and mechanical properties of the TiO,
silk fiber were then investigated. The results showed that the
thermal stability and mechanical properties of this material were
superior to those of the uncoated substance. Furthermore, the
titania ALD process provided the silk fiber with excellent
protection against UV radiation. Specifically, the TiO,-coated
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silk fibers exhibited significant increases in UV absorbance, considerably less yellowing, and greatly enhanced mechanical

properties compared with the uncoated silk fiber after UV exposure.
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1. INTRODUCTION

Silk is a natural protein filament that contains 18 amino acids.
This material is known as the “queen of fibers” for its inherently
elegant sheen, soft and smooth texture, excellent mechanical
strength, high hygroscopicity, and its regeneration proper-
ties.' > However, the protein nature of silk also yields inherent
disadvantages, such as brittleness, yellowing, and even
degradation caused by UV irradiation.””® The latter is one of
the most important defects affecting the end use of silk fiber.
Currently, the textile industry has developed to the extent that
it requires not only functional textile products with basic
comfort and fashionableness, but also materials with added
features. For example, textiles with anti-UV protection, self-
cleaning capabilities, and antibacterial properties have high
added value and are therefore in demand.” Thus, the
production of silk fiber with superior properties for broad
applications is highly desirable.

In order to improve the UV-protection functionality of textile
fibers, considerable effort has been expended on fabricating
anti-UV  textile fibers. Organic—inorganic nanocomposites
produced using in situ photoinitiation and disassembled
TiO,-clay composites with polymer have been prepared as
UV-protection materials;® however, this method is unsuitable
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for application to natural fibers. Instead, coating the fabric with
nanofunctional materials is one of the most effective methods
to overcome intrinsic deficiencies and to introduce new
properties to the final product. Previously, T. Lin et al.” have
applied organic UV absorber-intercalated layered double
hydroxides (LDHs) to cotton fabrics, yielding a dual-function
coating with superhydrophobicity and UV-blocking character-
istics. This was achieved using electrostatic layer-by-layer self-
assembly technology. Finally, a 4-fold increase in the UV-
protection ability of cotton fabrics was obtained. Through a
titania sol—gel process, N. Abidi et al*'® have reported
successful titania-nanosol coating of cotton fabrics, which
imparted cotton fabric with excellent self-cleaning and
improved UV-protection properties. L. Wang et al.'' have
applied a ZnO@SiO, core—shell nanorod to cotton textiles in
order to obtain superhydrophobic and ultraviolet-blocking
properties. Similarly, M. Montazer et al."* have fabricated self-
cleaning, antibacterial, and anti-UV wool and polyester fiber
with nano-TiO, through enzymatic pretreatment. In a report by
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G. Li et al,’ TiO, and TiO,@Ag nanoparticles were assembled
on silk fiber through covalent linkages, including enediol
ligand—metal oxide bonding, resin dehydration, and the
acylation of silk. UV-protection properties and antibacterial
capability were then realized. Q. Li et al."* presented a process
to synthesize single-phase anatase titanium dioxide nano-
crystallites at room temperature imparting cotton fabric with
self-cleaning and UV protection properties.

While these studies have exhibited some success, in many
cases the methods outlined above damage the textile fiber,
thereby degrading its inherent advantages. In other cases, the
procedure is too cumbersome, or the adhesion between the
coating and fiber is weak. An alternative approach to textile
coating is to utilize chemical reactions within the silk fiber to
form a uniform and conformal nanolayer in a relatively gentle
environment. Atomic layer deposition (ALD) has recently
emerged as a powerful technique for conformal coating on
materials with outstanding advantages including excellent
uniformity, precise thickness control, and high adhesion.'*™"¢
In the ALD process, the deposition of the two precursors is
independent of the substrate composition and geometry;
therefore, this technique has been widely used in various
applications, including the wear-resistant coating of micro-
electromechanical devices,'” optical and electric matrix
modification,'® efficient synergisitic microwave absorbers,'”*’
and the UV protection, wetting, toughness enhancement, and
biocompatibility improvement of polymer fiber materials in
particular.”' 7** To the best of our knowledge, few studies have
been conducted on the production of anti-UV silk fiber with
TiO, using the ALD technique.

In the present study, we deposited TiO, coating onto silk
fiber to function as a UV absorber, using the ALD technique.
The morphology, microstructure, thermal properties, mechan-
ical properties, and UV protection of the TiO,-coated silk fiber
were characterized.

2. EXPERIMENTAL SECTION

2.1. Materials. The silk fibers used in this study had a linear
density of 2.0—2.5 dtex and were purchased from Tongxiang Home
Textile, Ltd. (Zhejiang, China). Prior to ALD, the silk fibers were
degummed as follows: The silk fibers were first boiled in 0.06g/L
soapy water (sodium carbonate solution) for 30 min and then washed
in distilled water. These steps were repeated twice, and the fibers were
then dried at 60 °C in an oven. For the ALD coating, titanium
tetraisopropoxide (TIP) was purchased from Strem Chemicals, Inc,,
while deionized water (I degree, specific resistance is 10—16 MQ cm at
25 °C) was produced by Molgeneral (Molecular).

2.2. TiO, ALD Coatings on Silk Fiber. The ALD process was
conducted in a hot-wall closed chamber-type ALD reactor utilizing N,
as a precursor carrier and purge gas. Prior to ALD processing, the
prepared silk was placed in the ALD reactor and dried at 100 °C for 10
min in vacaum (20 Pa) with a steady N, gas stream (20 sccm). TiO,
deposition was performed by introducing alternating doses of TIP and
H,O0. To produce adequate vapor pressures, the TIP temperature was
maintained at 60 °C, while the H,O was fixed to room temperature.
The delivery line from the precursor container to the reactor chamber
was maintained at 100 °C, and the typical deposition temperature used
in this study was 100 °C. A single TiO, ALD cycle was conducted
according to the following sequence: TIP dose/N, purge/H,0O dose/
N, purge. The ALD pulse, exposure, and purge times for the TIP were
0.2, 15, and 30 s, respectively, while those for the H,O were 0.05, 15,
and 30 s, respectively. In this study, silk fibers with four depositions,
100, 200, 400, and 800 cycles of TiO,, were prepared.

The schematic process of TiO, ALD on silk fibers is shown in
Figure 1. One ALD process cycle includes two half reactions: TIP
reacts with the —OH surface, and water reacts with the —OCH(CHj;),
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Figure 1. Schematic process of TiO, ALD on silk fibers.

surface. This occurs through sequential saturation exposures of the
TIP and water, which are separated by N, purging steps. Then, the
—OH surface is reproduced, and the ALD cycle is repeated, facilitating
the layer-by-layer growth of the TiO, coating on the silk fiber.

2.3. UV Treatment of Silk Fiber. The uncoated and TiO, coated
silk fibers were exposed to the UV light for 1 h. The distance to the
UV light was fixed at 20 cm. UV ray intensity meter (TN-
2340,TAINA, China) was used to measure the intensity of UV
irradiation on silk fiber. The UV intensity on silk fiber was 19 000 W/
cm?, which was far more than the intensity of sunshine.

2.4. Sample Characterization. Morphologies and structures of
silk fibers were investigated using a scanning electron microscope
(SEM) (JSM-7001F, JEOL Ltd., Japan) with an operating voltage of
20 kV. The elemental composition of samples was analyzed using an
X-ray energy dispersive spectroscopy (EDS) detector (QX200,
Bruker) attached to the SEM.

The crystal structures of samples were characterized by means of X-
ray diffraction (XRD) on a D/MAXRB diffractometer with Cu Ka
radiation (150.154 nm) at a generator voltage of 40 kV and a generator
current of 40 mA.

Transmission electron microscope (TEM) (Tecnai G2 F30) was
used to investigate the conformality, uniformity, and thickness of TiO,
layers on silk fibers, with an accelerating voltage of 200 kV. Cross-
sectional TEM samples were prepared by embedding silk fiber in resin.
The embedded samples were then sectioned by microtome and
attached to Cu grids using an adhesive.

Field emission scanning electron microscope (FESEM) (Quanta
250 FEG-INCA) was also used to investigate the ALD layer, with an
accelerating voltage of 10 kV. The cross-section sample was fabricated
using a focused ion beam (FIB) to cut a thin film along the radial
direction of silk fiber. In order to protect the silk fiber, a carbon layer
was plated on the silk fiber before using FIB.

X-ray photoelectron spectroscopy (XPS) (Kratos AXIS Ultra XPS)
was used to investigate the chemical composition on the silk fiber
substrates. XPS measurements were operated at 15 kV using a
monochromated Al source that can give an energy resolution of 1 eV
with a dwell time of 200 ms. The scans was carried out from 1197 to
—3 eV to collect XPS spectra. High-resolution detail scans were
performed around peaks of interest.

Thermogravimetry analysis (TGA) was carried out using a TG 209
F1 (NETZSCH Instruments Co., Ltd.) thermogravimetric analyzer
from room temperature to 900 °C with a heating rate of 10 °C/min in
N,.

UV—vis spectrophotometer (Lambda 35, PerkinElmer) was used to
test the absorbance spectra of silk fiber with and without TiO, ALD
coatings.

The optical photographs of the silk fibers with and without TiO,
ALD coatings after UV treatment were measured by a digital camera
(Canon, EOS 70D).

The mechanical properties of silk fibers were measured with a
universal materials testing machine (Instron 5566) at 20 °C and
relative humidity of 63% at a gauge length 10 mm and strain rate of 10
mm/min. Specimens including silk fiber treated with different TiO,
ALD cycles before and after UV exposure were cut into at a length of
50 mm. The stress—strain curves for the specimens were obtained
from the recorded load deformation curves. The tensile stress, strain to
failure, and fracture work values are the average of 20 measurements.

DOI: 10.1021/acsami.5b05868
ACS Appl. Mater. Interfaces 2015, 7, 21326—21333


http://dx.doi.org/10.1021/acsami.5b05868

ACS Applied Materials & Interfaces

Research Article

3. RESULTS AND DISCUSSION
Figure 2 shows the SEM images and EDS curves of control

uncoated silk fibers and silk fibers coated with 800 cycles of
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Figure 2. SEM images and EDS curves of (a) control uncoated silk
fibers and (b) 800-cycle TiO,-coated silk fibers.

TiO, at 100 °C. The surfaces of the control silk fiber (Figure
2a) and ALD-coated silk fiber (Figure 2b) are identical, which
is consistent with the previous finding that the ALD process can
prepare conformal film on a substrate.'* The EDS curves
confirm that the Ti is present on the ALD-coated silk fiber
surfaces.

In order to confirm that the TiO, ALD film was coated on
the silk, the uncoated and ALD-coated fibers were calcined in a
muffle at 600 °C for 5 h. Eventually, the uncoated silk fiber was
completely burned away, while the ALD-coated fiber retained
the silk fiber structure. It has been su§gested the titania replica
fiber can be obtained in this manner.” Figure 3 shows the SEM
image (Figure 3a) and XRD pattern of a TiO, replica (Figure
3b) where the 800 cycles of TiO, film were deposited at 100 °C
and the silk fiber was removed by air-annealing at 600 °C for §
h, and XRD patterns of the ALD-coated fibers (Figure 3c). As
shown in Figure 3a, these fibers retained the original fibrous silk
morphology with silk body removal, and it is apparent that the
titania replicas have hollow interiors. Further, it can be seen
from Figure 3b that the sample exhibits a well-crystallized
anatase crystalline phase (space group (SG): I4,/amd; JCPDS
No. 21-1272), and no peaks for other impurities, which
indicates that anatase has been produced. The XRD results
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Figure 3. (a) SEM image and (b) XRD pattern of a TiO, replica
where the 800 cycles of TiO, film were deposited at 100 °C and the
silk fiber was removed by air-annealing at 600 °C for S h, and (c) XRD
spectra of uncoated (0 cycle) and 100-, 200-, 400-, 800-cycle TiO,-
coated silk fibers.

confirm that the ALD coating on the silk fiber was TiO,. The
XRD spectra of TiO,-coated silk fiber treated with different
cycles are shown in Figure 3c. The results show that there are
no typical diffraction peaks for anatase or rutile TiO, on the
TiO,-coated silk fiber. With a combination of the XRD results
and the ALD temperature (100 °C) used in this paper, the
original TiO, before calcinations was an amorphous film.

To further investigate the conformality, uniformity, and
thickness of TiO, ALD layers on silk fibers, a TEM image of
800-cycle TiO,-coated silk fiber is shown in Figure 4a. The
cross-sectional image shows a conformal and uniform coating
of the silk fiber surface. The thickness is ~200 nm. However,
there are still some discontinuities of the TiO, layer, which
should be attributed to fracture during the TEM preparation.
As silk fiber is an elastomer, it would deform in the process of
curing or microtome cutting, which caused these discontinuities
of the TiO, layer before TEM measurement. Therefore, the
cross-section of ALD coatings on 400-cycle TiO,-coated silk
fiber is shown in Figure 4b. It is clear that a conformal and
uniform film ~100 nm in thickness can be observed in FESEM
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Figure 4. (a) TEM image of 800-cycle TiO,-coated silk fiber and (b)
FESEM image of 400-cycle TiO,-coated silk fiber.

images. These results suggest that the conformal and uniform
nanoscale ALD coatings could be deposited on silk fibers
successfully.

The thickness of the ALD film also indicated that the growth
rate of the ALD film was approximately 2.5 A/cycle. For the
conditions used here, the growth rate was greater than the 1 A/
cycle rate measured for TiO, films grown on silicon under the
same conditions. Generally, during each deposition cycle on a
silk fiber substrate, the precursor, reagent, and reaction
products must follow a higher tortuous path through the
substrate in order to reach or be removed from the growth
surface. In addition, any molecules remaining in the fiber matrix
after the gas purge step can cause excess growth in the
subsequent cycle, compared with the case of planar silicon.”®
However, the results demonstrate that the growth rate observed
in this study is acceptable for nanoscale uniform and conformal
ALD film to be obtained.

To further investigate the chemical composite of the ALD
coatings, XPS spectra were collected for uncoated silk fiber and
coated silk fiber samples that underwent different numbers of
ALD cycles. The survey scan in Figure S confirms the presence
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Figure 5. XPS survey scans for uncoated (0-cycle) and 100-, 400-cycle
TiO,-coated silk fibers.

of C, N, and O in the uncoated silk fiber, while C, O, and Ti
elements are found in the ALD-coated silk fibers. High-
resolution detail scans (Figure 6) were performed around peaks
of interest, specifically, O 1s, N 1s, C 1s, and Ti 2p.

Figure 6a shows a high-resolution spectrum of the O Is
signal. For an untreated silk fiber, this signal is consistent with
the expected peak position for absorbed water, C=0, or C—O
bonds at 531.5 eV.””** For the ALD-coated silk fiber, a signal
becomes visible at 530 eV, corresponding to the O 1s from the
TiO, surface layer.””*°

The N 1s spectrum is shown in Figure 6b. The uncoated silk
fiber exhibits a large N 1s feature. However, the N 1Is signal has
almost disappeared after the ALD process, which is consistent

with the fiber surface being coated by the TiO,.The N 1s peak
at 399.5 eV is due to the N—O and N—C bonds.”"

The XPS spectrum of the C 1s peak is shown in Figure 6c.
The C Is fine scan contains two distinct peaks: an intense peak
at 284.5 eV, which is associated with the C—C bonds, and a
small peak at 288.5 eV that corresponds to C=0 or C—O
bonds.””*> The different peak intensities of the TiO,-coated
silk may be ascribed to the different absorbency of TIP.

Figure 6d shows a detailed spectrum of the Ti 2p signal. It
can be seen that two clear Ti 2p peaks emerge for the ALD-
coated silk, which are not present for the uncoated fiber. These
two peaks are at 458.5 and 464 eV, and are therefore assigned
to Ti 2p;/, and Ti 2p,,,, respectively, which are typical XPS
spectra of Ti*".>> As expected, the more ALD cycles of TiO,
that are performed, the stronger the obtained peak intensity.
The XPS data thus reinforce the finding that TiO, coatings
were successfully deposited onto the silk fiber using ALD.

The thermogravimetric (TG) and derivative thermogravim-
etry (DTG) curves of the uncoated silk fiber and TiO,-coated
silk fiber are shown in Figure 7. Further, the thermal analysis
data from Figure 7 are listed in Table 1. The TG curves of the
uncoated and TiO,-coated samples exhibit similar temperature
ranges with the following three mass-loss processes: (1) 30—
205 °C, which is the initial stage mass loss, which is attributed
to the loss of the absorbed moisture from the silk fiber; (2)
205—390 °C, which is the major decomposition stage, which
indicates silk fiber decomposed into small molecules; (3) 390—
900 °C, which is the third stage, and is primarily caused by char
decomposition of the silk fiber. However, the mass loss
between the uncoated and TiO,-coated silk fibers differs, and
also decreases as the TiO, ALD cycle increases, as shown in
Figure 7 and Table 1. In particular, the mass loss of the silk
fiber coated with 800 cycles of TiO, deposition is 10.1% greater
than that of the uncoated samples, which is clearly due to the
TiO, coated on the silk fiber. The two peaks of the DTG curves
in Figure 7 correspond to the moisture loss and decomposition
of the silk fiber. The DTG curves and Table 1 indicate that the
fastest mass loss temperature of the TiO,-coated samples is
higher than that of the uncoated sample, and the temperature
increases as the TiO, ALD cycle increases. For the 800-cycle
TiO,-coated silk fiber, the fastest mass loss temperature of the
uncoated silk fiber is increased from 304.5 to 312.0 °C. This
may be attributed to the high melting temperature of the TiO,
ALD coatings, which indicates that the thermal properties of
TiO,-coated silk fibers are more stable than those of uncoated
silk fiber.

Combining the SEM, EDS, XRD, XPS, and TG analysis
results, we can confirm the successful deposition of TiO, film
on the silk fiber, and the thickness of the TiO, film increases as
the ALD cycle number is increased.

The UV absorbance spectra of the uncoated and TiO,-coated
silk fibers and photographs of these fibers after UV exposure are
shown in Figure 8. As shown in this figure, the UV absorbance
(280—400 nm) of the TiO,-coated silk fiber is higher than that
of the uncoated silk fiber, and coating-cycle-dependent
absorbance is observed for the TiO,. Moreover, it can be
seen that the characteristic absorbance peak of the TiO,-coated
silk fiber exhibits a bathochromic shift effect, and the intensity is
higher than that of the uncoated silk fiber in the UV region.
This is because both the silk fiber and TiO, ALD coating have
the effect of absorbing UV irradiation; also, the TiO, ALD
coatings have considerably stronger UV absorption. These
results indicate that the TiO, coatings can effectively absorb the

DOI: 10.1021/acsami.5b05868
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Figure 6. High-resolution detail scans of (a) O 1s, (b) N 1s, (c) C 1s, and (d) Ti 2p for uncoated (0 cycle) and 100-, 400-cycle TiO,-coated silk

fibers.
0.4 0.8
100
20 40.2
0.6
80 40.0 §
(! {-0.2 S
s 1) -g 0.4
3 60 loa - » Photos of uncoated and TiO, coated sil
S ol — 0 = | o fiber after UV exposure
= [ — 100 < 2L —100
a0l — 200 0.6 —200
— 400 08 o
30— goo 0.0 1 ) ! L L 1 1
20 200 250 300 350 400 450 500 550 600

1 1 1 1 1 1 1 _1_0
200 300 400 500 600 700 800 900

Temperature (°C)

Figure 7. TG and DTG curves of uncoated (0-cycle) and 100-, 200-,
400-, 800-cycle TiO,-coated silk fibers.

Table 1. Thermal Analysis Data from TG and DTG Curves
of Uncoated and TiO, Coated Silk Fiber”

100 cycles 200 cycles 400 cycles 800 cycles
silk fiber uncoated TiO, TiO, TiO, TiO,
mass 719 68.3 67.7 65.6 61.8
loss (%)
T,.. (°C) 304.5 310.5 3115 3115 312.0

“Note that T, is the fastest mass loss temperature.

UV irradiation, thus preventing direct exposure of the silk fiber
to the UV radiation. From the photographs of silk (Figure 8), it
can be seen that the high-intensity UV treatment caused a
dramatic change in the color of the uncoated silk fiber, resulting
in a dark yellow hue. The silk fiber coated with 100-cycle TiO,
also exhibits visible yellowing, which suggests that the thickness
of the ALD coating is insufficient to protect the silk fiber from
discoloration due to UV irradiation. However, the silk fiber

21330

Wavelength (nm)

Figure 8. UV absorbance spectra of uncoated (0-cycle), 100-, 200-,
400-, 800-cycle TiO,-coated silk fibers and photographs of these fibers
after UV exposure.

coated with 200-, 400-, and 800-cycle ALD coating exhibits a
relatively white color. These color changes indicate the TiO,
ALD coating can decrease the yellowing of the silk fiber after
UV treatment.

Knowledge of the material mechanical properties is
important for evaluating the performance of the silk fiber
under practical application. Average values for the tensile stress,
strain-to-failure, and work-of-fracture of both the uncoated and
coated silk fibers are shown in Table 2. The uncoated silk fiber
exhibits a tensile stress of 0.26 GPa and 18.27% strain-to-failure,
whereas these values are slightly higher for the TiO,-coated silk
fiber. The work-of-fracture effectively illustrates the toughness
and durability of the fiber. Compared to the uncoated silk, with
a work-of-fracture of 0.28 cN/dtex, the 400-cycle TiO,-coated
silk exhibits an increase to 0.41 cN/dtex. Hence, taking
sampling errors into account, the mechanical properties of the
silk fibers are, in general, slightly increased by the ALD process.

DOI: 10.1021/acsami.5b05868
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Table 2. Mechanical Properties of Silk Fiber before UV
Exposure

tensile strain to fracture work
silk fiber stress (GPa) failure (%) (cN/dtex)

uncoated 0.26 + 0.08 18.27 + 2.83 0.28 + 0.11

100-cycle 0.30 + 0.08 19.92 + 3.11 0.35 £ 0.10
TiO,

200-cycle 0.28 + 0.07 20.37 + 4.01 0.31 + 0.04
TiO,

400-cycle 0.31 + 0.0 23.34 + 3.75 0.41 + 0.06
TiO,

800-cycle 0.29 + 0.08 18.84 + 4.25 032 £ 0.13
TiO,

The mechanical properties of the silk fiber after high-
intensity UV exposure were examined in order to explore the
UV-protection ability of the TiO, ALD coating (Table 3).

Table 3. Mechanical Properties of Silk Fiber after UV
Exposure

tensile strain to fracture work
silk fiber stress (GPa) failure (%) (cN/dtex)
uncoated 0.08 + 0.02 1.27 + 0.30 001 +0
100-cycle 0.16 + 0.04 4.11 + 0.67 0.04 + 0.01
TiO,
200-cycle 0.22 + 0.05 7.19 £ 1.02 0.09 + 0.02
TiO,
400-cycle 0.28 + 0.09 8.85 + 1.13 0.16 + 0.07
TiO,
800-cycle 0.16 + 0.03 4.32 + 091 0.04 + 0.01
TiO,
0.3
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Figure 9. Stress—strain curves of uncoated (0 cycle) and 100-, 200-,
400-, 800-cycle TiO,-coated silk fibers after UV exposure.

Figure 9 shows the typical stress—strain curves of uncoated and
TiO,-coated silk fiber after UV exposure. It can be seen in
Table 3, after exposure to UV radiation for 1 h, that the tensile
stress decreases to 0.08 GPa, the strain-to-failure decreases to
1.27%, and the work-of-fracture decreases to 0.01 cN/dtex.
Thus, a sharp decrease can be seen in the mechanical properties
of the uncoated silk fiber following the UV treatment. However,
in comparison with the uncoated silk fiber, the TiO,-coated silk
samples exhibit a remarkably higher tensile stress and strain-to-
failure after the UV treatment. Even in the case of the silk fiber
coated with 100-cycle TiO,, the resistance to the UV radiation
is pronounced, resulting in increases in tensile stress and strain-
to-failure of 100% and 127%, respectively, compared to the
uncoated control fibers. In particular, the tensile strength,
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strain-to—failure, and work-of-fracture of the 400-cycle TiO,-
coated silk fiber increase 2.5-fold (from 0.08 to 0.28 GPa), 6.0-
fold (from 1.27% to 8.85%), and 15-fold (from 0.01 to 0.16
cN/dtex) compared with the uncoated silk fiber after UV
exposure, respectively. Although the mechanical properties are
smaller than those of the silk fiber before UV exposure, the
results clearly indicate that the TiO, ALD coating can
effectively protect the mechanical properties of silk fiber from
UV irradiation.

The macromolecular chain of the silk fiber consists of amino
acid through the condensation of peptide bonds. When the silk
fibers are exposed to UV radiation, a photochemical reaction
occurs between the amino acid and radiation. This causes the
UV radiation to be absorbed by the silk fiber. However, the
photochemical reaction results in the destruction of the
peptide, the degradation of the molecular chain, and significant
degradation of the mechanical properties. In addition, the
reaction intermediate causes yellowing of the silk fiber. The
ALD process creates tight nanoscale coatings with strong
chemical bonds between layers, unlike the coatings assembled
through physical adhesion by traditional methods; thus, strong
interactions between the silk fiber and TiO, layer are formed.
Nano-TiO, is one of the most important UV shielding agents,
and has effective shielding capacity against UVA and UVB. As
shown in Figures 8 and 9, the yellowing resistance and
mechanical properties of TiO,-coated silk fibers are significantly
better than those of the uncoated material, when the silk fibers
are exposed to the UV radiation. This can be ascribed to the
fact that the TiO, ALD coatings absorb and reflect the UV
radiation. Furthermore, the UV-protection properties are
gradually enhanced as the number of ALD cycles is increased
to 400. However, the mechanical properties of 400-cycle TiO,-
coated silk fiber are better than the 800-cycle TiO,-coated silk
fiber after UV exposure. In order to investigate this
phenomenon, the high-resolution SEM images of 400-cycle
TiO,-coated and 800-cycle TiO,-coated silk fiber were
characterized. As shown in Figure 10, it can be seen that

Figure 10. SEM images of (a) 400-cycle TiO,-coated silk fiber and (b)
800-cycle TiO,-coated silk fiber.

there are some microscopic cracks on the surface of 800-cycle
TiO,-coated silk fiber but not on that of 400-cycle TiO,-coated
silk fiber. As the cycle number of TiO, increases to 800, the
TiO, film thickness is over thick, and the film becomes brittle.
Thus, it is easy for microscopic cracks to emerge in the TiO,
film during the ALD process of fiber moving and vibrating
under the airflow. When the 800-cycle TiO,-coated silk fiber is
exposed to UV, part of the UV radiation could pass through
these microscopic cracks and photocatalytically degrade the silk
proteins, which causes the decrease of mechanical properties of
the TiO,-coated silk fiber. Therefore, the thickness of the 400-
cycle deposited TiO, layer is sufficient to facilitate the UV
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protection, and a further increase in the thickness of the ALD
coating is, therefore, unnecessary.

4. CONCLUSIONS

In summary, we successfully deposited the TiO, coating onto
silk fiber via an ALD approach. SEM, TEM, and FESEM images
revealed that uniform and conformal coatings were achieved on
the silk fiber, and the chemical nature of the TiO, ALD coating
was confirmed through XRD, EDS, and XPS analysis. The
increase of the fastest mass loss temperature indicated by the
TG and DTG measurements suggest superior thermal stability
of theTiO,-coated silk compared to that of the uncoated fiber,
and the decrease in mass loss indicated by the TG in response
to increased ALD cycle number indicates that the ALD process
yields typical ALD growth behavior. The excellent UV
protection properties of the TiO, ALD-coated silk fiber are
manifest in the superior UV absorbance, minimal yellowing,
and greatly enhanced mechanical properties, compared to the
uncoated silk fiber after UV exposure. On the basis of these
findings, it can be concluded that the deposition of nanoscale
TiO, film on silk fiber through ALD is a very promising
approach to modifying silk for enhanced UV protection.
Furthermore, this method can be extended and used to deposit
a wide range of coatings on fiber for use in various applications.
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