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Single-imprint moth-eye anti-reflective and self-cleaning film
with enhanced resistance

This work presents nanoimprinted moth-eye surface
nanocomposite films exhibiting multifunctional broadband
anti-reflective and photo-induced self-cleaning properties with
improved mechanical resistance. The anti-reflective films are
produced in combined processing steps of titanium dioxide
nanoparticle coating and surface imprinting of moth-eye
nanostructures. Nanoparticle - polymer blending and formation
of reinforced sub-wavelength surface nanocomposite features is
achieved simultaneously.

This methodology represents a practical approach for producing
nanoimprinted surfaces with superior mechanical properties and
multi functionality. The films are suitable for flexible and portable
solar devices.
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Antireflective transparent materials are essential for a myriad of applications to allow for clear vision and
efficient light transmission. Despite the advances, efficient and low cost solutions to clean antireflective
surfaces have remained elusive. Here, we present a practical approach that enables the production of
antireflective polymer surfaces based on moth-eye inspired features incorporating photoinduced self-
cleaning properties and enhanced mechanical resistance. The methodology involves the fabrication of
sub-wavelength moth-eye nanofeatures onto transparent surface composite films in a combined proces-
sing step of nanoparticle coating and surface nanoimprinting. The resulting surfaces reduced the optical
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reflection losses from values of 9% of typical PMMA plastic films to an optimum value of 0.6% in the case
of double-sided moth-eye nanoimprinted films. The composite moth-eye topography also showed an
improved stiffness and scratch resistance. This technology represents a significant advancement not
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1. Introduction

A large number of products require strategies to avoid undesir-
able reflections and glare for example electronic displays,
optics and lighting, solar panels, architectural glazing, store-
fronts, etc. A low cost solution employed today is the appli-
cation of antiglare coatings to eliminate external reflections.
These coatings make use of diffuse scattering to disperse the
reflected light. Diffusion works by reducing the coherence of
the image that is reflected, making it appear unfocused and as
a trade-off, resolution and clarity are reduced.

Anti-reflective (AR) coatings represent a much more
efficient approach. The current AR coating strategies are
based on the multilayer interference and quarter-wave prin-
ciples.” Multilayer interference coatings are produced by inter-
layering non-absorbing, high and low refractive index
materials. While this strategy is very effective and well estab-
lished, it is costly and it is not suitable for low value added
products. Quarter-wave coatings consist of a single quarter-
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limited by scale, for the development of antireflective films for low cost application products.

wave layer of transparent material whose refractive index is the
square root of the substrate’s refractive index. Quarter-wave
coatings are optimized for one single wavelength and one
angle of incidence; hence, they have a very intense reflection
colour and lack broadband antireflective properties.

An additional approach to realize AR optical properties is
by creating a graded refractive index interface by means of
surface texturization at subwavelength dimensions. These sur-
faces are also called moth-eye AR surfaces from where they
were initially inspired.>® Moth-eye AR surfaces impart anti-
reflective properties to an interface not only over a broad spec-
tral range but also over wide angles of incidence.® An
additional important advantage is that they are very low cost
potentially as they do not require additional materials or pro-
cessing steps for production. High aspect ratio moth-eye like
structures can sometimes display self-cleaning behaviour
derived from superhydrophobicity by minimizing the adhesion
of dirt particulates or easing their removal.”

Continuous nanoimprint processing is possibly the techno-
logy most suitable to produce moth-eye AR surfaces at the
industrial scale for low value added products such as architec-
tural windows or solar collectors where high volumes and
large areas are required. In these products, not only reflection
reduction is required, but additional functions, such as trans-
parency, self-cleaning abilities, mechanical strength and dura-
bility will be of clear advantage. The fabrication of effective
moth-eye AR polymer films by nanoimprinting has been

This journal is © The Royal Society of Chemistry 2018
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reported before® ™ by large scale'* and roll to roll'® processes.
However, for the practical implementation of the technology
there are still several issues to resolve. Firstly, it is the fragility
of the sub-wavelength cone-like features needed to produce
moth-eye AR surfaces. In addition, the high transmittance of
AR surfaces can be drastically reduced by the adsorption of
contaminants from the atmosphere and or deterioration over
time primarily due to photodegradation and wear in exterior
environments. "’

Titanium dioxide (TiO,), also known as titania, remains as
one of the most widely used additives for its chemical stability
and properties derived from its semiconductor nature.
Currently, titania micro or nanoparticles are added to paints,
plasters or fabrics to impart properties such as UV-blocking,
mechanical resistance, antimicrobial or self-cleaning
properties.'®*! In organic coatings or paint formulations, TiO,
is employed for its dual function as a photocatalyst and as a
photoabsorber.>* As a photoabsorber, TiO, is an effective UV
radiation screener of wavelengths from 280 nm to 400 nm and
consequently it helps to inhibit polymer photodegradation
and embrittlement due to polymer chain scission.??

As a photocatalyst, with a band gap of 3.2 eV, TiO, (anatase)
absorbs photons with a wavelength of 388 nm and in the pres-
ence of water and oxygen, highly reactive radicals such as
hydroxyl and hydroperoxyl radicals and activated oxygen
species are produced which are capable of causing oxidative
degradation of organic matter including contaminants.>*
These species may also give rise to photocatalytically induced
hydrophilicity that is, the conversion of hydrophobic surface
character to a hydrophilic one upon exposure to UV light.>®
TiO, supported nanoparticles have also found important appli-
cations in heterogeneous photocatalytic decontamination.>®>®
To prevent photocatalytic oxidative degradation in the case of
organic host matrices, several strategies have been developed.
Traditionally this has been avoided by using an inert interlayer
to insulate the photooxidation activity often using a silica®® or
a polysiloxane layer.’® More recently, TiO, functionalization
with silane coupling agents®' or hybrid sol-gel silane coat-
ings®® have emerged as more practical approaches for the
preparation of photocatalytic coatings with reduced impact on
the organic matrices. A more straightforward strategy
employed in outdoor coating formulations is to use a low par-
ticle loading (i.e. <2%) where a compromise between achieving
a sufficient photo-oxidation and UV shielding efficiency for a
weathering resistance during the particular service life can be
achieved.??

There have been a number of reports where graded refrac-
tive index surfaces have been conferred with self-cleaning
ability primarily derived from TiO, photooxidation reactions
together with an enhancement of surface wettability. In this
line of work, Guldin et al. developed anti-reflective coatings
based on a highly porous silica based network produced by
silica sol gel chemistry incorporating TiO, nanocrystals.** The
process required the steps of coating, annealing and plasma
etching of the organic components, which makes processing
complicated and difficult to implement in practice, particu-
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larly on flexible substrates. Moreover, porous AR thin films
may be prone to water absorption, which will give rise to vari-
ations in the RI and degradation of transmittance. Nakata
et al. coated TiO, nanoparticles onto a commercial PET pre-
patterned with moth-eye structures. A strong self-cleaning
effect was achieved based on the hydrophilicity imparted by
TiO, after UV irradiation. However, due to the thick layer of
nanoparticles employed, a marked decrease in the film trans-
parency was observed.”® Kang et al developed a nano-
imprinted TiO, moth-eye layer on perovskite solar cells, report-
ing an improvement in the light harvesting efficiency.
However, due to the high refractive indices of both TiO, layer
and perovskites, the reflection reduction was only moderate.>®
TiO, has also been recently incorporated into a moth-eye
inspired topography made of PDMS to act as a UV filter while
preserving transparency.”’

Due to the high elastic modulus of titania nanoparticles,
the incorporation of the nanoparticles has in addition a
reinforcement effect on polymer matrices.*® However, a low
load and adequate dispersion of nanoparticles within the
polymer matrix is necessary to preserve transparency in optical
films.

Here, we describe a first of its kind approach targeted to
improve the current limitations of polymer based moth-eye AR
surfaces. The methodology involves the fabrication in a single
processing step of AR flexible polymer transparent films by
nanoimprinting sub-wavelength moth-eye features onto a
polymer surface loaded with TiO, nanoparticles. The surface
acquires multiple properties including photoinduced self-
cleaning and enhanced mechanical resistance while improving
the optical transparency compared to the neat flat films. This
methodology could be readily adapted via roll-to-roll to large
area processing for applications such as architectural windows
or flexible solar devices.

2. Experimental
2.1 Synthesis of TiO, nanoparticles

TiO, nanoparticles were prepared following the hydrothermal
synthesis method described by Gritzel.*> For this, 20 ml of
titanium isopropoxide(wv) (Acros Organics) was added to 36 ml
of deionised water and the mixture was stirred for one hour.
The resulting product was filtered and washed three times
with deionised water. The filtered product was placed into a
Teflon-lined titanium autoclave and mixed with 3.9 ml of
0.6 M tetramethylammonium hydroxide (Sigma Aldrich). The
reaction was carried out for 14 hours at 120 °C. Finally, the
resulting colloid was centrifuged two times at 10 000 rpm for
10 min to remove aggregates. The final colloidal aqueous solu-
tion contained a concentration of nanoparticles of approxi-
mately 24 wt% with a mean diameter of 24 nm as measured by
dynamic light scattering (Malvern Zetasizer). Wide angle X-ray
diffraction (WAXD) measurements were performed at the
BM26 beamline of the European Synchrotron Radiation
Facility (ESRF, Grenoble) to confirm the formation of the
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anatase phase of TiO,. The detailed characterization of the
nanoparticles is included in Fig. S1.f

2.2 Preparation of TiO,-polymer substrates

Initially, a poly(methyl methacrylate) (PMMA) (Sigma Aldrich)
solution in toluene (7.5 wt%) was spin-coated (1000 rpm) onto
a PET (Hifi Industrial Film, 125 pm thickness) film disk of
5 cm diameter employed as a carrier. A PMMA layer of about
660 nm was obtained (see Fig. S2t). Next, the aqueous dis-
persion of TiO, nanoparticles was diluted with methanol at
three different concentrations (0.1, 0.5 and 1 wt%) and these
dispersions were spin-coated (3000 rpm) onto the previously
layered PMMA film generating a TiO, nanoparticle film for the
0.5 and 1 wt% dispersions and a discontinuous particle layer
for the case of 0.1 wt% dispersion (see Fig. S37).

2.3 Nano-imprinting of the moth-eye AR TiO, composite
films

The AR structures were created by a thermal nanoimprint
process. Initially, a working mould of polydimethylsiloxane
(PDMS) with the AR moth-eye topography was prepared from a
master nickel anti-reflective mould (HT-AR-02, Temicon). This
was achieved using two layers of PDMS: hard-PDMS (h-PDMS)
(Gelest) and soft PDMS (Sylgard 184, Dow Corning). The
h-PDMS was first mixed and cast onto the master nickel
mould. After a period of 30 min for the filling the cavities, the
mould was spin-coated (1000 rpm for 1 min) in order to obtain
a homogeneous thin layer of h-PDMS. Subsequently, the
h-PDMS was partially cured in an oven for 10 min at 80 °C.
Then the PDMS precursor and initiator mixture were cast on
the partially cured h-PDMS and placed in an oven at 80 °C for
24 hours to cure completely. Finally, the replicated working
mould was peeled off and kept in a clean room environment.

Using the PDMS working mould, the prepared TiO,~-PMMA
surfaces were imprinted at 170 °C at 45 bar of pressure for
5 min (Eitre 3 Nanoimprint Lithography System, Obducat).
The different samples prepared were labelled as P-XT-AR,
where “X” refers to the concentration of the TiO, dispersion
employed.

2.4 Property characterization of AR TiO, composite films

The topography of the imprinted substrates was characterized by
scanning electron microscopy (SEM) (Auriga FIB-SEM system,
Zeiss) and atomic force microscopy (AFM) in tapping mode
(Multimode 8 AFM with a Nanoscope V controller, Bruker).

The specular transmission and total reflection measure-
ments were obtained using a Lambda 650 UV-Vis spectro-
photometer (PerkinElmer) fitted with a 150 mm integrating
sphere.

The photo-catalytic capacity of the AR composite films was
measured through degradation assays of Rhodamine B (RhB)
aqueous solution (5 mg L~'). For this, the AR films were
placed on a Petri dish with 12 ml of RhB solution. The sub-
strates were first stored in darkness for 120 min to reach an
adsorption-desorption equilibrium of RhB. Subsequently, the
substrates were irradiated with UV light (UVASPOT 400/T,
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Honle) providing 80 mW cm ™ of light intensity for periods of
10 min while kept in an ice bath to avoid evaporation caused
by heating. At these intervals, an aliquot was measured with a
spectrophotometer at the peak of maximum absorbance
(554 nm). The results of 4 different experiments were averaged
for each of the 4 different substrates.

The wettability of the prepared substrates was assessed by
measuring the static water contact angle (WCA) using an
optical tensiometer (Attension Theta, Biolin Scientific). The
tests were conducted under sequential 10 min UV irradiation
while the substrates were submerged under a thin layer of
deionised water. After UV exposure, the samples were dried
before WCA measurement. For this, 3 pL droplets of deionised
water were deposited onto the substrates. The static WCAs
were obtained by fitting the drop profile to a Young-Laplace
curve.

Accelerated weathering tests were performed following the
standard norm: ISO 11507 Method A using a weathering
chamber (QUV/basic model, Micom Laboratories Inc.). A cycle
with two steps was selected. During the first step, the samples
are irradiated with UV light (0.71 W m™2) at 60 °C for 4 hours.
The second step consists of water condensation at 50 °C.
These steps were repeated consecutively and the samples were
taken for analysis at four different times: 100 h, 200 h, 400 h
and 600 h.

Evaluation of the artificial weathering effects on the AR
films was carried out by SEM imaging, optical transmittance
measurements and chemical changes detected by infrared
spectroscopy (FT-IR) in attenuated total reflectance mode
(Alpha FTIR, Bruker).

The nanomechanical characterization of the AR nano-
structured surfaces was performed by nanoindentation and
nanoscratch tests using a Hysitron TriboIndenter (TI 950
instrument). A spherical diamond tip with a radius of 10 um
was employed as the indenter probe. Each nanoindentation
test consisted of 20 load-controlled load-hold-unload cycles
unloading to 50% of the maximum load in each cycle until a
maximum total load of 200 pN was reached. A minimum of 10
indentations were performed on each sample. The nano-
scratch testing consisted of scratches of 16 pm in length, using
a constant normal force of 100 pN. Two additional scans with
a low normal force of 2 pN were programmed before and after
each scratch in order to obtain the topography profile of the
scratched line before and after the test to calculate the residual
depth of the scratch.

3. Results and discussion

The production of nanostructured multifunctional AR surface
composite films is carried out using a single thermal nanoim-
print process. PMMA is employed as a base polymeric material
due to its exceptional optical properties, such as low light
absorption and transmittance values higher than 90% in the
visible spectrum. The fabrication method of the composite
nanostructured films is outlined in Fig. 1. Initially, the

This journal is © The Royal Society of Chemistry 2018
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required TiO, nanoparticles were synthesized following the
hydrothermal method described by Gritzel* (see Fig. S1 and
Table S17 for characterization details). The fabrication starts
by layering a PMMA film of 660 nm onto a flexible PET sub-
strate via spin coating of a PMMA solution (Fig. S21 shows the
profilometer profile). Subsequently, a methanol dispersion of
the TiO, nanoparticles is spin-coated onto the PMMA film.
Three different dispersion concentrations were employed (0.1,
0.5 and 1 wt%) in order to determine the impact of the nano-
particle load on the nanoimprinting pattern fidelity as well as
on the final properties of the AR films. The spin coating
process of the TiO, particles produces a monolayer of particles
on the surface of the PMMA substrate with a maximum height
of 33 nm (see AFM images in Fig. S31). In the next step, the
films are imprinted in a thermal process using a PDMS
working mould patterned with the moth-eye topography. After
cooling, the film is de-moulded obtaining the polymer moth-
eye structures filled with polymer dispersed nanoparticles. The

PDMS mold

Nanoimprint Lithography:

View Article Online
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fabrication process is shown in the scheme of Fig. 1a. Double-
sided AR films were also fabricated by imprinting a double-
sided coated substrate placed between two PDMS AR moulds.
The neat PMMA imprinted film is denoted as P-AR and the
imprinted composite films are denoted as P-01T-AR, P-05T-AR,
and P-1T-AR in reference to the initial TiO, dispersion concen-
trations employed. The quality of the replication was assessed
by SEM and AFM imaging. The height of the cone-like features
obtained ranged from 340 nm for the P-AR film to 290 nm for
the P-1T-AR nanocomposite film (see AFM profiles in Fig. S4
and S5t and geometrical parameters in Table S21). This
gradual decrease in the cone height is presumably caused by
the increase in viscosity of the softened polymer with the par-
ticle load impacting the flow of the polymer into the cavities of
the mould during the imprinting process. The AFM and SEM
images in Fig. 1b and ¢ show a moth-eye topography imprinted
on the 0.5 wt% TiO, composite (P-05T-AR); Fig. 1d corres-
ponds to a SEM cross-section image of this film. Both images

Nanocomposite polymer
surface nanostructured

Temperature + Pressure

400 nm
200nm NN ’.‘
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Fig. 1

(a) Scheme of the fabrication process of AR moth-eye nanocones on PMMA-TiO, nanocomposites. (b—d) Morphological characterization of

a P-05T-AR substrate surface, (b) 3D-AFM topography image, (c) SEM image of a tilted sample, (d) SEM image of the cross-section.
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show well-formed cone-like nanostructures with TiO, nano-
particles distributed on the imprinted layer of nanocone tips
as well as on the valleys.

The optical performance of the nanocomposite moth-eye
surfaces was characterized using a spectrophotometer
equipped with an optical integrating sphere. This equipment
allowed determining the total reflectance at an incidence
angle of 8°. The optical performance of the nanocomposites
prepared with different loads of TiO, imprinted on a single
side and on both sides was characterized and compared to a
neat polymer flat surface as a reference. The optical character-
ization results are summarized in Fig. 2. As can be seen, the
moth-eye nanostructures reduced significantly the broadband
reflectance seen on the flat film from values of about 9% to
6% (Fig. 2b). Due to the high refractive index of titania (~2.5),
a reduction in the transmittance and therefore, an increase in
the reflected component was seen as the amount of nano-
particles increased on the films. The P-01T-AR film presented
similar reflectance values to those of the neat film, while these
increased slightly for P-05T-AR and P-1T-AR films signifying
the absorption and scattering effects by the TiO, particles as
the load increased. Nonetheless, these results also reveal that
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a thin monolayer of nanoparticles such that applied on the
surfaces does not deteriorate the optical properties of the AR
films significantly and in fact, all the AR composite films
showed a strong broadband reflectance reduction over the
reference neat PMMA flat film. Remarkably, the total reflec-
tance of P-01T-AR and P-05T-AR films imprinted with moth-
eye features on both sides, reached values below 1% for wave-
lengths in the region of 600 nm, and below 2% in most of the
visible part of the spectrum. The specular transmittance
measurements are shown in Fig. 2a. In this figure, it can be
seen that in accordance with the level of reflection, the trans-
mittance values were above 90% within the range from 400 nm
to 700 nm, which is higher than that of the flat film (~88%).
The extended transmission and reflection spectra
(200-2000 nm) are shown in Fig. S6.f The substrates being
made of two layers of different plastic materials showed the
typical UV absorption in the 300-400 nm range. In addition,
the higher amount of titania in the P-1T-AR substrate pro-
duced a discernible decrease in transmittance below the
425 nm wavelength range, while the transmittance observed
through the P-01T-AR substrate was very close to that of the
neat P-AR substrate. Likewise, the transmission spectra of the
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124 p.o5T-AR

PMMA Flat
—— P-1T-Al

PMMA AR single-sided|

4
5 PMMA AR double-sided

400 450 500 550 600 650 700
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Fig. 2 Characterization of the broadband transmission and anti-reflective properties. (a)Specular transmission spectra. (b) Total reflection spectra.
(c) Photographs demonstrating the reflection reduction caused by the moth-eye structures on P-05T-AR film (right) over a PET film and a PMMA

coated PET film (left).
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substrates P-01T-AR and P-05T-AR imprinted on both sides dis-
played values as high as 98%, indicating that there were practi-
cally no optical losses due to absorption or diffuse scattering
effects by the TiO, nanoparticles.

A consistent decrease in optical transmittance for all
imprinted substrates (with or without titania) in the region
from 435 to 400 nm was also noted. To ascertain the origin of
this drop, the transmittance of substrates with no TiO, par-
ticles and with and without structures were comparatively
measured (see transmission spectra in Fig. S71). These
measurements proved that the optical scattering losses caused
by the moth-eye nanostructures are responsible for the slight
drop in transmittance seen in that region. The thin layer of
well-dispersed TiO, nanoparticles within the polymer matrix
in fact did not impair the optical transparency of the moth-eye
films and this is illustrated by the digital photograph in
Fig. 2c. The photograph shows the high transparency and the
reflection reduction brought about by the moth-eye structures
on the P-05T-AR printed film (right) compared to a non-pat-
terned PMMA film where the reflected image of the ceiling can
be clearly perceived (left).

The photo-induced self-cleaning effect was assessed by
monitoring the degradation of the dye Rhodamine B (RhB)
with UV radiation. For this, the AR substrates prepared with
different TiO, loads were exposed to UV radiation at regular
intervals of 10 min immersed under a thin layer of water to
emulate a humid or wet environment.*® Fig. 3a shows the rela-
tive RhB concentration variation due to photo-catalytic degra-
dation after sequential UV radiation doses. As a control sub-
strate, a neat P-AR film was used (red line). The slight degra-
dation with the exposure time observed for the RhB on this
control can be attributed to the photobleaching induced by
the UV light on RhB. For the imprinted nanocomposite films,
all showed a photocatalytic activity that increased with the
TiO, load and exposure time. As expected, the maximum
degradation was obtained for the P-1T-AR composite. On this
substrate, the RhB was degraded approximately 70% after
70 min of UV exposure. In this period of time, P-01T-AR
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showed 30% degradation only. Tests were carried out to deter-
mine the effect of the thermal imprint process on the photo-
catalytic activity of the TiO, loaded on the three different sub-
strates (see Fig. S81 for the plotted results). The substrates
with 0.5 and 1% TiO, surface load, moth-eye imprinted and
non-imprinted or flat, showed a similar catalytic efficiency.
However, in the case of 0.1% TiO, load, the imprinted AR sub-
strates displayed a marked reduction in photocatalytic
efficiency. This result signifies that in the case of the P-01T-AR
substrate, with more dispersed nanoparticles, the incorpor-
ation of these into the nanocones by the polymer flow during
imprinting is more efficient which is in good agreement with
the height of the nanocones obtained (see profile in Fig. S57).
In the case of higher loads, (0.5% and 1%), the titania par-
ticles form a quasi-continuous film (see AFM images in
Fig. S31) whereby the interaction forces among nanoparticles
are stronger which possibly results in a less efficient inte-
gration of the nanoparticles into the matrix and as a result,
the nanoparticles are less embedded showing similar photo-
catalytic efficiency to the non-imprinted substrates.

To evaluate the photoinduced surface wettability, the
different AR composite films were irradiated with UV light
through a thin water layer and after drying, the wettability of
the substrates was determined through water contact angle
(WCA) measurements at the same regular intervals. Newly
imprinted AR surfaces displayed a WCA of about 135°. This
angle was the same for both the neat or composite AR
surfaces. The consistency found in all the surfaces indicates
that the surface roughness of all the substrates was alike
with nanoparticles embedded into the polymer topography as
confirmed by AFM (Fig. 1b). The WCA on the neat and
P-01T-AR surfaces remained hydrophobic with only a slight
drop in the WCA value. However, the WCA for the P-05T-AR
and P-1T-AR substrates decreased over time after exposure to
UV light and at around 40 min of irradiation, the surfaces
became hydrophilic as shown in Fig. 3b. The initial hydropho-
bicity recovered minimally over a period of months (see
Fig. S91) and only after heating at temperatures above 80 °C,
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(a)Photocatalytic activity for different TiO, loads on the composite substrates with UV radiation time measured as the decrease in concen-

tration of Rhodamine B by photocatalytic decomposition; (b) wettability conversion on the TiO, composite surfaces (hydrophobic—hydrophilic)
measured by changes in contact angle as a function of the UV irradiation time under wet conditions.
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the initial hydrophobicity was restored. These results concur
with the photocatalytic activity observed for the TiO, compo-
sites where the surfaces with higher TiO, load (0.5-1 wt%) sus-
tained a higher degree of photocatalysis. The wettability switch
of TiO, polymer nanocomposite surfaces has been reported
before.”>*' From X-ray photoelectron spectroscopy (XPS)
measurements the switch has been associated with an increase
in the content of Ti-OH on the surface upon UV exposure.*
An accelerated weathering test was programmed in order to
investigate the aging resistance of the different substrates. The
test was performed applying UV radiation, temperature and
humidity cycles following the standard ISO 11507 utilizing a
climate chamber. The morphological changes induced by the
accelerated weathering were determined by SEM. The images
indicate that the P-01T-AR nanostructures remained
unchanged even after 600 h. However, for the P-05T-AR and
P-1T-AR films an appreciable increase in roughness and
exposure of nanoparticles on the surfaces could be seen with
increasing radiation time signifying the loss of the polymer
matrix due to photocatalytic degradation (see Fig. S10f for
SEM images of the surfaces after weathering). These results
underline the need for an optimal content of TiO, nano-
particles to achieve the desired photocatalytic effect with
minimal polymer degradation. The optical quality of the AR
film tested was studied after each weathering cycle by measur-
ing the specular transmittance (see Fig. S117). The substrates
show a decrease in transmittance when the ageing time and
amount of titania nanoparticles increased. The resistance to
wear of the P-01T-AR films with 0.1 wt% of titania nano-
particles is worth remarking, showing values of 88% transmit-
tance after 600 h of weathering. The chemical changes taking
place after the aging process were also evaluated by attenuated
total reflection Fourier transform infrared spectroscopy
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(FTIR-ATR) (Fig. S12f summarizes the FTIR-ATR spectra
obtained). The P-AR and P-01T-AR did not show any appreci-
able chemical change after 600 h of weathering cycles.
However, after 200 h of weathering, the P-05T-AR and P-1T-AR
substrates showed a marked reduction of the PMMA IR bands
indicating a significant degradation of the PMMA matrix
due to photooxidation reactions. The absence of new peaks
corresponding to degraded compounds after weathering
suggests that chain scission and de-polymerization are the
most prevalent degradation mechanisms of PMMA.*?

The mechanical robustness of the AR nanocomposite sur-
faces was characterized by nanoindentation. Nanoindentation
has demonstrated to be a valuable technique for the mechani-
cal characterization of polymer nanocomposites and because
of its high sensitivity to small surface deformations, has also
become a useful tool for the measurement of mechanical pro-
perties of surface nanostructures.*>** Here, nanoindentation
and nanoscratch experiments were specifically designed for
studying the deformation resistance of the imprinted AR nano-
structures to normal and lateral stresses, respectively.
Nanoindentation tests were performed applying incremental
load-unload cycles onto the sample surface using a nanoin-
denter equipped with a 10 pm radius spherical tip until a final
load of 200 puN was applied. This load was preselected from
load-displacement curves where the penetration depths
attained were smaller than the height of the moth-eye nano-
cone structures. Representative load-depth curves obtained for
each of the tested samples are plotted in Fig. 4a. The flat sub-
strate presented initially an elastic response for which the
loading and unloading segments in each loading cycle over-
lapped, while the imprinted samples presented less elastic
recovery with more permanent deformation at lower loads. The
maximum indentation depth at 200 pN was substantially lower
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for the flat sample (x50 nm), than for the P-AR sample
(%120 nm). The addition of TiO, nanoparticles improved con-
siderably the mechanical resistance of the moth-eye imprinted
surfaces due to their higher elastic modulus with a reduction in
maximum depth up to 90 nm. It is worth noting that in all
experiments the maximum indenter depth reached was lower
than the height of nanostructures that ranged from 290 to
340 nm and therefore, the experiments essentially are indicative
of the mechanical behaviour of the nanostructures. Interestingly,
the moth-eye imprinted surfaces with three different TiO, loads
(P-01T-AR, P-05T-AR, P-1T-AR) did not show apparent differences
in the mechanical strength (Fig. 4a), suggesting that the quantity
of nanoparticles that is incorporated inside the nanostructures is
comparable regardless of the initial concentration applied onto
the surface. The contact stiffness did however change with the
load of TiO, nanoparticles. Fig. 4b plots the contact stiffness
obtained from the initial slope of the indentation load-depth
curve in the elastic region, at a penetration of ~10 nm where
plastic deformation is negligible. The stiffness decreased from
2.5 to 1.9 uN nm ™" upon imprinting the moth-eye nanostructures
on the neat PMMA film. This is presumably due to the decrease
in the effective area in contact upon imprinting the surface.
However, the stiffness increased successively with the TiO, par-
ticle loading and reached up to ~2.6 pN nm™"' in the P-1T-AR
substrate. This corresponds to a stiffness enhancement of 37%
over the neat P-AR substrate and a value similar to that of the flat
PMMA surface. Considering that the geometrical parameters of
the nanostructures were equivalent for all the imprinted AR com-
posites, this result indicates that increasing nanoparticle concen-
tration does increase the stiffness owing to the higher nano-
particle loading remaining at the base of the AR nanocones
rather than on the cones themselves, which as seen above,
appears equivalent. Thus, this result confirms the good inte-
gration of the TiO, nanoparticles on the matrix and its reinforce-
ment effect.**

Nanoscratches with a length of 16 pm were performed at a
constant normal force of 100 pN to evaluate the scratch resis-
tance (see the load profile in Fig. S131). The results are pre-
sented in Fig. 4c. The normal force during scratching was
selected to maintain a maximum penetration below the height
of the moth-eye nanostructures. Initially a pre-scan was per-
formed whereby the length of the scratch was first scanned
with a small contact force (2 uN) to acquire the topographical
height profile. Subsequently, the scratch was produced and
afterwards, a post-scan was performed at low contact force to
evaluate the residual scratch depth. The arrows on the plots
indicate the direction of the scans during the experiment (left-
to-right for the pre- and post-scans, right-to-left for the scratch
experiment). The differences between the height profiles of the
pre- and post-scans indicate the permanent residual defor-
mation left by the scratch, while the difference between the
height profiles obtained during scratching and the post-scan
corresponds to the elastic recovery. As can be seen in Fig. 4c,
the flat PMMA surface undergoes a scratch depth of ~35 nm
but it does not suffer any permanent deformation under the
selected working force because the pre and post-scans overlap
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completely (black and blue lines). Imprinting moth-eye fea-
tures on the neat PMMA (P-AR graph) results in a substantially
reduced scratch resistance, with a total scratch depth of
~120 nm, of which, only =30 nm are elastically recovered
leaving a residual scratch depth of ~90 nm. However, loading
the imprinted surfaces with TiO, nanoparticles resulted in a
substantially enhanced scratch resistance with a residual
scratch depth below 60 nm for the P-05T-AR substrate.
Comparable results were obtained for P-01T-AR and P-1T-AR
substrates (see Fig. S14t). Consistent with the results obtained
through the nanoindentation experiments, the scratch tests
support the presumption that the incorporation of the nano-
particles inside the nanostructures is size constrained by the
nanocone volume. SEM images of the scratch regions in
Fig. S157 show a scratch damage limited to the tip of the nano-
cones corroborating the nanoscratch measurements.

4. Conclusions

This paper has presented a practical methodology to produce
broadband anti-reflective and photo-induced cleaning polymer
composite surfaces with improved durability and mechanical re-
sistance. These multifunctional films have been produced on
titania polymer nanocomposite surfaces via nanoimprinting of
an antireflective moth-eye inspired topography. The films pre-
sented excellent optical performance being anti-reflective and
highly transparent while containing a thin titania load.
Additionally all the nanocomposite films presented a self-clean-
ing function derived from photocatalytic activity and photo-
induced hydrophilicity activated by UV light. The accelerated
weathering tests indicated that with 0.1% TiO, loading, the film
matrix does not experience an apparent photo-degradation after
600 h, maintaining higher optical quality. Conversely, a larger
amount of nanoparticles induced the degradation of the PMMA
nanostructure matrix, deteriorating the optical properties after
100 h of accelerated weathering. Hence, considerations have to
be made on the loading quantity of titania nanoparticles based
on the specific application and the desired lifetime. Alternatively,
a polymer matrix more stable towards photo-degradation such as
fluorinated polymers can be used. Nanomechanical tests pro-
vided evidence for an enhanced mechanical robustness of the
nanocomposite AR surfaces to both normal and lateral loadings
with respect to neat AR surfaces. It is perfectly plausible to adapt
the fabrication of the multifunctional AR-TiO, composites to
coating-imprinting sequential roll-to-roll processing method-
ology for large scale and low cost production. Moreover, the
approach presented can be adopted for other polymer/nano-
reinforced systems with added functionalities.
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