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ABSTRACT: The incorporation of porous structures into films and coatings can
transform their properties for applications in optics, separation, electronics, and energy
generation and storage. Packing nanoparticles (NPs) is a versatile approach for fabricating
nanoporous films with a tunable structure and properties. The mechanical fragility of NP
packing-based films and coatings, however, significantly impedes their widespread
utilization. Although infiltrating a polymer into the interstices of these NP packings has
been shown to enhance their mechanical durability, this method completely eliminates the
porosity of the structures, compromising their properties and functionality. This study
presents a new approach to fabricate highly loaded porous nanocomposite films with a
gradient in the refractive index by infiltrating subsaturating amounts of poly(methyl
methacrylate) (PMMA) into disordered packings of hollow silica NPs. We demonstrate
that dual porosity is a critical feature that enhances their antireflection (AR) and
mechanical properties. The hollow cores of NPs prevent a substantial increase in the
refractive index of the resulting films. Moreover, the interparticle voids allow for mechanical reinforcement to occur when the NP
packings are infiltrated with PMMA, making them even more suitable for AR coatings. The refractive index and gradient across the
nanocomposites can be tailored by adjusting the amount of PMMA infiltrated into the NP packing, the shape of hollow NPs, and the
annealing time. The nanocomposite coatings with a continuous gradient in refractive index exhibit excellent AR properties and
enhanced mechanical durability. Combined with the unique structural tunability afforded by the dual porosity, this approach
provides a scalable and effective way to create robust and graded nanoporous structures for various applications.
KEYWORDS: nanoporous, capillary rise, hollow silica nanoparticles, nanocomposites, antireflection coatings, gradient

■ INTRODUCTION
Nanoporous films with precisely engineered structures have
been extensively explored in a wide range of fields, including
optics, separations, electronics, and energy systems owing to
their unique structures and properties.1−9 For example,
nanoporous films with refractive index < 1.3 are extremely
useful as antireflection coatings (ARCs); such a low value of
refractive index cannot be achieved with nonporous materi-
als.10−12 In the area of secondary batteries, nanoporous
structures enable fast ion diffusion and increase the contact
area between the electrode materials, thus improving the
performance of the electrochemical system while also
suppressing the growth of dendrites.7,13−15

Packing nanoparticles (NPs) is a versatile method to
fabricate nanoporous films, which allows the use of various
types of functional NPs yielding films with exceptional
properties and functionality. Furthermore, the pore size and
porosity can be easily controlled simply by adjusting the size
and shape of NPs. Different types of NPs, for example, can be
coated on transparent substrates to provide superhydrophilicity
and antireflection (AR) properties as well as self-cleaning
activity.1,10 In the case of metal NPs, their films exhibit
plasmonic colors depending on the spatial arrangement of the

NPs, which can be controlled by the surface functional groups
and shape of the NPs.16,17 Although nanoporous films based
on packing of NPs offer many benefits, they suffer from one
critical shortcoming; these films are prone to abrasion and
fracture even under a very small load, significantly restricting
their widespread utilization. While previous studies have
shown that the mechanical fragility of NP films can be
mitigated through techniques like high-temperature sintering,
atomic layer deposition, and hydrothermal treatment, control-
ling their structures remains challenging.1,18,19 For instance, in
the fabrication and utilization of ARCs for optical devices,
graded porous structures are highly advantageous in suppress-
ing reflection across a wide range of the visible light spectrum.
However, most studies have generated gradients in films by
sequentially coating multiple different materials onto sub-
strates, which is complex and time-consuming.10,20,21 Such
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multilayered coatings and films are not continuous due to the
presence of interfaces between each layer, which could
potentially degrade their performance.
Infiltrating polymers into a densely packed NP film via the

capillary action of a molten polymer is a powerful way to
drastically enhance its mechanical properties forming a
nanocomposite film with extremely high NP loadings (>50
vol %).22−25 In this method called capillary rise infiltration
(CaRI), a bilayer film, consisting of a polymer layer and a layer
of randomly packed NPs, is heated above the glass-transition
temperature (Tg) of the polymer, which induces the polymer
to infiltrate into the interstices between the NPs. However,
mechanical reinforcement of films comes at the expense of
compromising other important properties. The infiltration of
polymer, in particular, increases the refractive index of the
films, which would be detrimental to optical applications. A
random packing of silica nanosphere possesses a refractive
index of ∼1.3 or smaller, making them ideal for AR
applications; however, complete infiltration of the interstitial
pores by a polymer such as polystyrene (PS) increases the
refractive index to ∼1.5, essentially eliminating AR properties
from the film.23 By infiltrating a subsaturating amount of
polymer, this issue can be addressed while maintaining the
refractive index of the film at a relatively low value.
Furthermore, this approach is likely to enable the construction
of porous structures with a continuous gradient.24

In this study, we show that both the AR and mechanical
properties of ARCs can be enhanced by infiltrating a polymer
into a disordered packing of hollow NPs. Two different types
of pores present in these nanocomposite films, the hollow
cores of NPs (isolated pores) and the interstitial pores of NP
packings (interconnected pores), play distinct roles in
enhancing the optical and mechanical properties of the porous
nanocomposite films. The hollow structure of individual NPs
leads to low-refractive-index coatings that have desirable AR
properties, while the interparticle pores allow the infiltration of
the polymer, which drastically enhances the mechanical
durability of the ARCs. Moreover, the AR properties are
further enhanced by creating a continuous gradient of the

refractive index across the thickness of the coating. The porous
nanocomposite coatings with a continuous gradient are
fabricated by infiltrating subsaturating amounts of poly(methyl
methacrylate) (PMMA) into disordered packings of hollow
silica NPs of two different shapes: nanospheres and nano-
chains. We investigate the effect of particle shape and other
processing parameters such as annealing time and the volume
fraction of the polymer on the graded structure of these films.
We also quantitatively distinguish and determine the porosities
that originate from the isolated and interconnected pores. By
taking advantage of the compositional gradient that develops
during the undersaturated capillary rise infiltration (UCaRI) of
polymers into the NP packings, graded ARCs with broadband
AR properties in the visible spectrum are prepared. We
demonstrate that these ARCs exhibit excellent mechanical
robustness, maintaining their AR properties after multiple
abrasion cycles.

■ RESULTS AND DISCUSSION
We fabricate porous nanocomposite films with a continuous
gradient by preparing a bilayer of 23 nm thick PMMA and 130
nm thick disordered packing of hollow silica nanochains or
nanospheres on silicon (Si) wafers and subsequently inducing
infiltration of PMMA into the interstices of the NP films at 150
°C (>Tg of PMMA = ∼105 °C), as illustrated in Figure 1a; the
volume of PMMA is not sufficient to fully fill the interstitial
voids between the NPs. Our previous study has shown that, in
such a case, the polymer first wicks into the interstices of the
NP packing through capillary rise with a sharp front, and once
the polymer under the NP layer is depleted, the infiltrated
polymer undergoes surface diffusion creating a graded
structure which ultimately evolves into a uniformly porous
polymer-NP nanocomposite film as illustrated in Figure 1a.24

At 150 °C, the fluidized PMMA starts to infiltrate into the NP
layer, showing the PMMA-rich region at the bottom side of the
film after 1 min of heating (Figure 1c). When the film is heated
for 40 min, the PMMA diffused to the top surface of the NP
layer, forming a porous nanocomposite film, as shown in
Figure 1d.

Figure 1. (a) Schematic illustration of the fabrication process of a highly loaded porous nanocomposite film with a continuous gradient
incorporating hollow silica nanochains via UCaRI. Corresponding cross-sectional scanning electron microscopy (SEM) images of the bilayer film
composed of a 130 nm silica NP layer on a 23 nm PMMA layer after (b−d) 40 min of heating at 150 °C. All scale bars are 100 nm.
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The shape of NPs is known to affect the structure, porosity,
and mechanical properties of their disordered packings.26 To
test how the NP shape affects the structure and properties of
ARCs, we synthesized hollow nanospheres and nanochains by
modifying a previously reported method. This method relies
on the condensation of a silica precursor, tetraethyl
orthosilicate (TEOS), in the presence of a polyelectrolyte
template, poly(acrylic acid) (PAA). It has been previously
reported that the amounts of silica precursor and polyelec-
trolyte determine the shell thickness and diameter of spherical
hollow silica NPs, respectively.10,27 However, we find that
varying the concentration of TEOS results in hollow silica NPs
with different shapes, ranging from nanochains to nanospheres.
Figure 2a−c shows the SEM images of hollow silica NPs
synthesized with TEOS concentrations of 71.8, 95.8, and 119.7
mM. At a relatively low TEOS concentration of 71.8 mM,
wormlike chains are generated (Figure 2a). The nanochains
have an average diameter of 30 nm with a narrow distribution
(CV < 6.7%), but their shape is irregular with the aspect ratio
of ∼3.8; some nanochains have pendant particles linked to the
backbone (∼28.2%). With an increased TEOS concentration
of 95.8 mM, we obtain a mixture of nanochains and
nanospheres with diameters of 38 and 74 nm, respectively
(Figure 2b). The aspect ratio of the nanochains slightly
decreases to ∼2.6 compared to those synthesized at the TEOS
concentration of 71.8 mM. When the concentration of TEOS
is further increased to 119.7 mM, fairly uniform nanospheres
with an average diameter of 43 nm are produced (Figure 2c).
When we increase the concentration of PAA from 0.013 to
0.028 mM with the concentration of TEOS kept constant at
119.7 mM, the diameter of the nanospheres is increased
slightly from 43 ± 5 to 48 ± 7 nm (Figure S1).
As-synthesized hollow silica NPs are further characterized

using TEM to investigate their structures. TEM images in
Figure 2d−f clearly show that both nanochains and nano-
spheres have hollow cores stemming from the PAA aggregate
template, which are removed during the rinsing step. The
hollow nanochains have “peapod”-like structures with multiple
spherical hollow cores; some of the cores are connected to

form larger voids (Figure 2d,e). This structure suggests that
these nanochains form through the partial coalescence of
hollow nanospheres. Typically, hollow silica nanospheres are
believed to form when TEOS is homogeneously hydrolyzed on
spherical PAA aggregates in solution.27,28 We believe, at low
TEOS concentrations, a relatively small number of silica nuclei
are generated that only partially cover PAA aggregates. The net
surface charge of such a structure is likely low, inducing
aggregation between these particles and, in turn, leading to the
formation of various peapod-shaped nanochains.
N2 adsorption−desorption isotherm of hollow silica nano-

chains further reveals the well-developed porous structure with
their Brunauer−Emmett−Teller (BET) surface area of 354 m2

g−1 and total pore volume of 0.449 cm3 g−1 at P/P0 = 0.977
(Figure S3a). As shown in Figure S3b, the pore size
distribution curve clearly shows that the NPs have two
different types of pores: the micropores (<2 nm) in the silica
shells and the hollow cores of the NPs (∼30 nm).
Disordered packings of hollow silica NPs are prepared by

spin-coating the NP suspensions on Si wafers. The nanochains
and nanospheres synthesized at TEOS concentrations of 71.8
and 119.7 mM produce uniform films, whereas the mixture of
the nanochains and nanospheres produced at the TEOS
concentration of 95.8 mM results in the formation of
nonuniform films, as shown in Figure S4. The refractive
index of the film made of hollow silica nanochains is lower
(nchain = 1.15) than that of the film made of hollow
nanospheres (nsphere = 1.23), indicating that the anisotropy of
the nanochains (aspect ratio = ∼3.8) induces sparser
packing.26,29 This result is interesting considering that a
previous study showed that solid nanospheres and nano-
ellipsoids with aspect ratios of 1 and 4 generate disordered
packings with an almost identical volume fraction of ∼0.65; the
high degree of shape heterogeneity and the presence of
pendant particles likely contribute to the lower packing density
of these hollow nanochains.
The nanosphere film has an ideal refractive index value to

function as an ARC on glass (nglass = 1.52) and PMMA (nPMMA
= 1.49) substrates (Figure S5). Infiltration of a polymer such as

Figure 2. SEM images of hollow silica NPs with different shapes ranging from nanochain to nanosphere synthesized with different concentrations
of TEOS of (a) 71.8, (b) 95.8, and (c) 119.7 mM. Corresponding transmission electron microscopy (TEM) images of the NPs with TEOS
concentrations of (d) 71.8, (e) 95.8, and (f) 119.7 mM.
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PMMA into the interstices of NP packings, however, increases
their refractive index; thus, the refractive index of PMMA-
infiltrated hollow silica nanosphere film would be a bit too high
to give optimal AR properties. In contrast, the hollow silica
nanochain film makes an ideal coating for constructing
nanocomposite ARCs due to its low refractive index.
Furthermore, the randomly shaped nanochains with high
anisotropy could mechanically interlock with each other when
they are packed, enhancing their mechanical robustness and
durability.26

The disordered packings of hollow silica NPs have structures
that are distinct from those of their counterparts made with
solid NPs. Hollow NP films possess two different types of
voids: isolated pores from the hollow cores of NPs and
interconnected pores from the interparticle voids. Disordered
packings made with solid NPs, in contrast, only have
interparticle voids. Our hypothesis is that the two different
types of pores present in the disordered packings of hollow

NPs would play distinctly important roles in enhancing the
optical and mechanical properties of nanocomposite coatings
for AR applications. Thus, it is critical to differentiate and
quantify the porosity afforded by each pore type. To determine
the volume fractions of two different types of pores as well as
that of silica shell in the disordered packings of hollow NPs, we
take advantage of the fact that PMMA does not infiltrate and
fill the hollow cores of these NPs but fills the interparticle
voids, as illustrated in Figure 3a. We first prepare PMMA-
infiltrated hollow nanochain film of which the interstitial void
is completely filled with PMMA. We find that when ϕPMMA =
0.37, no residual PMMA is left between the PMMA-infiltrated
nanocomposite layer and the substrate upon the completion of
CaRI (150 °C for 40 h). Any values of ϕPMMA greater than this
critical value result in the presence of residual PMMA under
the nanocomposite layer, indicating that the interparticle
porosity of the NP film is 37%.22 To determine the volume
fractions of silica shell and void from hollow cores, the

Figure 3. (a) Schematic illustrations of a PMMA-infiltrated hollow silica nanochain film and neat NP films in air and water with insets showing the
morphology of the film filled with different materials (PMMA, air, and water). Top-down SEM images of bilayers composed of a 130 nm thick
hollow silica nanochain layer atop a PMMA layer with different PMMA volume fractions (ϕPMMA) of (b) 0.10, (c) 0.25, (d) 0.37, and (e) 0.63 after
40 min at 150 °C. (f) Refractive index of the nanocomposites with different ϕPMMA values as a function of distance from substrate. (g, h) Refractive
index of the bilayer film (ϕPMMA = 0.17) at various annealing intervals as a function of distance from substrate; the inset in (h) shows the
corresponding refractive index gradient across the nanocomposite layer as a function of annealing time. The gradient of the nanocomposite layer at
a given time is calculated by dividing the change in the refractive index within the nanocomposite layer by hcomposite (i.e., the absolute value of
graph’s slope of the nanocomposite layer in (h)).
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refractive index of the neat NP film is measured in air and in
water, and a volume fraction-weighted mixing rule is applied
(see Note S1 in the Supporting Information for the detailed
calculation).1,30,31 Water, unlike PMMA, readily fills both the
interparticle voids and the hollow cores of the NPs (Figure
3a). Based on these measurements and calculations, the void
volume fraction of hollow cores of nanochains in the entire
film is 29.3%, and thus the overall porosity of the NP film is
66.5%. The refractive index of the silica shell of nanochain,
determined using the method described in the Supporting
Information, is 1.46, in excellent agreement with the reported
refractive index value of amorphous silica.32−35

Prior studies have shown that incorporating a refractive
index gradient across the thickness of a film is an efficient
method to produce a broadband ARC.21,36,37 To produce such
a structure, we infiltrate subsaturating amounts of PMMA into
the disordered packings of hollow NPs. To control the extent
of UCaRI, we define the volume fraction of PMMA in each
film as = h

hPMMA
PMMA

NP
, where hPMMA and hNP are the

thicknesses of the PMMA layer and hollow silica NP layer,
respectively. PMMA layers with thicknesses of 13, 33, 48, and
82 nm (hPMMA) are prepared by adjusting the spin coating
speed, while the thickness of silica NP layer (hNP) is kept
constant at 130 nm. Upon UCaRI, the film with the lowest
ϕPMMA of 0.10 displays clear outlines of the NPs and the
interparticle voids (Figure 3b), whereas the voids cannot be
discerned with the film that was prepared with ϕPMMA = 0.63
(Figure 3e).
At ϕPMMA = 0.37, 40 min of annealing time is not sufficient

to produce a nanocomposite film with a homogeneous
structure through its thickness, as confirmed by the SEM
image of the top surface of the film, showing several
interparticle voids (Figure 3d). To describe the structure of
these films accurately, we determine the refractive index of the
films through the thickness after 40 min of heating at 150 °C
using the ellipsometer, as shown in Figure 3f; we consider a
simple linear gradient of the refractive index in the polymer-
infiltrated nanocomposite layer. The graded Cauchy model
assumes 10 layers within the Cauchy domain and provides the
gradient in the refractive index within this domain.38−40 All
four nanocomposite films with different ϕPMMA’s exhibit
gradients in the refractive index across the film thickness; the
refractive index of films decreases toward the top surface of the

films (Figure 3f). This implies that the PMMA gradually
spreads within the silica NP layer upon annealing, forming high
loaded (volume fraction of NPs >50%) nanocomposites with a
continuously graded refractive index. The refractive index
values at the top surface of the films are higher than that of
native hollow silica nanochain film (nchain = 1.15), indicating
that small amounts of polymer have reached the top surfaces of
these films between the nanochains, consistent with the top-
down SEM images of the films, as seen in Figure 3b−e. With
increasing ϕPMMA, the overall refractive index of the film
increases as the higher fraction of the interparticle voids is
filled with PMMA (nPMMA = 1.49).
Interestingly, the bilayer with ϕPMMA = 0.63, which has an

oversaturating amount of PMMA, evolves into a graded
structure even though there is a residual PMMA layer under
the nanocomposite layer. Such a structure is different from the
one that has been typically observed when an oversaturating
amount of polystyrene (PS) is infiltrated into a disordered
packing of silica NPs.41 In these cases, a gradient is not formed
throughout the entire infiltration process. During polymer
infiltration, a sharp front divides the infiltrated nanocomposite
layer and the uninfiltrated NP layer until the completion of
CaRI.
To understand the difference in the infiltration behavior of

PMMA and PS into silica NP packings, the structural evolution
of the films at various annealing stages is monitored by
following the change in the refractive index of PMMA, PMMA-
infiltrated nanocomposite, and uninfiltrated NP layers, as
shown in Figure 3g,h. Before annealing, the bilayer consists of
an NP layer (nchain = 1.15) atop a PMMA layer (nPMMA = 1.49)
(Figure 3g). Upon annealing, an almost fully filled nano-
composite layer (the PMMA fraction in the nanocomposite
layer, f PMMA = 0.34) is instantly formed between the PMMA
and NP layers at 0.36 min. At 1.09 min, the nanocomposite
layer exhibits graded refractive index across the entire NP layer
decreasing toward the top surface of film, even before the
PMMA layer is completely depleted; this result again is distinct
from our previous result which showed that PS, which is
known to have relatively weak interactions with silica, starts
surface diffusion on the surface of silica NPs once the residual
PS between the nanocomposite layer and the substrate is
completely consumed.24 The ability of PMMA to diffuse on
the surface of NPs even before the complete consumption of

Figure 4. (a) Refractive index of nanocomposites incorporating nanochains and nanospheres annealed for 40 h as a function of ϕPMMA. The solid
lines represent the estimated values based on ϕPMMA. (b) Water contact angles on the nanochain film and fully annealed nanochain nanocomposites
as a function of ϕPMMA.
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the PMMA layer is likely due to its high affinity toward the
silica surface. PMMA has strong interactions with silica due to
hydrogen bonding between the silanol group of silica and the
ester carbonyl group of methacrylate group.42 The ellipsometry
result in this intermediate stage is supported by the cross-
sectional SEM image of the film (Figure 1c). Subsequently, the
gradient in the nanocomposite layer and the thickness of the
residual PMMA layer decrease gradually until 56.01 min, as
shown in Figure 3h. Finally, after 40 h, a macroscopically
uniform porous nanocomposite is formed (ncomposite = 1.23).
We find that the infiltration rate of PMMA changes when the
PMMA layer is depleted (∼16 min), as indicated by different
slopes at the 16 min mark, as shown in the inset of Figure 3h.
Based on this result, it would take 6.6 h to reach uniform
composition across the nanocomposite layer (i.e., 0 μm−1).
By annealing the nanocomposites with nanochains or

nanospheres with ϕPMMA ≤ 0.37 for 40 h, at which polymer
distributes uniformly throughout the NP packings (i.e.,
gradient across the nanocomposite = ∼0 μm−1), we obtain
macroscopically uniform porous nanocomposite films with the
refractive index ranging 1.19−1.34 and 1.30−1.43, respectively
(Figure 4a). The refractive index of the uniform nano-
composites increases linearly with ϕPMMA, and the values
match well with the estimated refractive indices of the

nanocomposite films based on the relative thicknesses of the
NP and PMMA layers and the interparticle porosity (see Note
S1 in the Supporting Information).
We also confirm the presence of polymer near the top

surface of the nanocomposite films by measuring the water
contact angles (Figure 4b). The water contact angle on the
neat NP film is 16°. The contact angle on a bilayer consisting
of a 130 nm NP layer atop a 23 nm PMMA layer before
annealing is 22°, closely matching that on the neat NP film.
The fully annealed nanocomposites (i.e., annealed for 40 h)
with ϕPMMA > 0.10 exhibit contact angles larger than 74°,
indicating the presence of polymer at or near the top surface of
the films. This value is slightly greater than the contact angle of
water on the neat PMMA film (70°), possibly due to the
roughness of the nanocomposite films. For the nanocomposite
with ϕPMMA = 0.10, the contact angle is 24°, indicating that the
surface of such a nanocomposite is predominantly silica NPs.
The refractive index and thickness of the coating are the

main factors that determine the magnitude of destructive
interference by reflected lights in ARCs. We can control these
variables independently by adjusting the amount of PMMA
infiltrated into the NP layer (i.e., ϕPMMA) and the thickness of
the NP layer which depends on the spin coating speed,
respectively. Taking these factors into account, we produce

Figure 5. (a) Transmittance spectra of different ARCs on glass substrates with the inset showing a digital photograph of light reflections from
nanochain nanocomposite, neat nanochain film, and bare glass (from left to right). Both sides of glass substrates are coated with ARCs. (b)
Transmittance spectra of nanochain nanocomposite ARCs with different annealing times producing graded and uniform structures. (c) Average
visible light transmittance of different ARCs on glass substrates as a function of abrasion cycle, comparing their mechanical durability, and (d) the
corresponding transmittance spectra of the ARCs after 10 abrasion cycles.
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nanocomposite ARCs with ϕPMMA = 0.17 on both sides of a
glass slide using hollow NPs with a thickness of 130 nm (see
Figure S6 in the Supporting Information for a detailed analysis
of the structural evolution of these nanocomposite films with
ϕPMMA = 0.17). Figure 5a shows the transmittance of
nanocomposite ARCs incorporating nanochains or nano-
spheres with an annealing time of 40 min along with the
spectra for glass slides coated with respective NP coatings
without PMMA; these nanocomposite ARCs have graded
structures across the layer, as confirmed by ellipsometry
analysis (Figures 3f and S7). When coated with nanochain and
nanosphere films with refractive indices of 1.15 and 1.23, the
respective films provide average transmittance of 96.5 and
96.6% with maxima of 98.3 and 99.2% at 759 and 767 nm. In
contrast, glass substrates coated with the graded nano-
composite ARCs incorporating nanochains or nanospheres
exhibit remarkedly broader AR properties than those coated
with the NP films with enhanced transmittance of 97.9 and
98.2% with the maxima of 98.6 and 99.1% at 600 and 635 nm,
respectively. With the same ϕPMMA of 0.17, the nanochain
nanocomposite coating outperforms the nanosphere nano-
composite coating due to its lower refractive index (1.23 for
nanochains vs 1.32 for nanospheres). The inset photo in
Figure 5a reveals the visual impact of the ARCs, showing that
these coatings effectively suppress the light reflection from
glass substrates. In particular, the ARC based on polymer-
infiltrated nanochains exhibits the strongest suppression of
light reflection on glass.
To elucidate the effect of graded structure on the AR

performance, we compare the transmittance of the nanochain
nanocomposite ARCs (ϕPMMA = 0.17) annealed for 40 min
and 40 h (Figure 5b). Once the nanocomposite ARCs are fully
annealed for 40 h, transmittance in the low-wavelength region
of 400−600 nm is decreased due to the loss of the graded
structure and thus provides a narrower band with the reduced
average transmittance of 97.9%.
In addition to the excellent optical transmittance, the robust

mechanical durability of ARCs is another important factor that
must be considered for their practical use. We carry out an
abrasion test for different coatings by applying a normal
pressure of ∼1.2 kPa (which is equivalent to the pressure
generated by stacking 9 smartphones on the surface) on top of
a low lint wiper that is placed on the ARC and sliding the
wiper across the surface multiple times. After 10 abrasion
cycles, neat NP coatings of nanochain and nanosphere almost
completely lose their AR properties, exhibiting average
transmittance of 93.8 and 92.5%, respectively, as shown in
Figure 5c,d; the nanochain coating shows less decrease (2.7%)
in transmittance than the nanosphere coating (4.1%), possibly
due to the mechanical interlocking between the NPs.26 The
graded nanocomposite ARC incorporating nanochains and
PMMA (ϕPMMA = 0.17) with an annealing time of 40 min
shows only a minor decrease of 1.3% in the transmittance to
96.8%. Such exceptional mechanical robustness of the
nanocomposite ARC originates from the fact that the
PMMA chains between the interlocked nanochains provide
bridging, enhancing their mechanical durability.25 The NP
coating experiences significant deterioration when a stronger
normal pressure of 10 kPa is applied, exposing the bare glass
due to the complete removal of the NPs (Figure S8). In
contrast, the transmittance of the nanocomposite ARC at 600
nm stays above that of bare glass even after six cycles of

abrasion, demonstrating the mechanical robustness of these
ARCs.
We also compare the optical behaviors of the ARCs across

the UV range (Figure S9). The glass substrate absorbs strongly
in the UV range; thus, the transmittance is very low below 350
nm. In the wavelength range 350−400 nm, the nanochain
nanocomposite ARCs enhance the light transmittance, while
the neat nanochain film exhibits a decrease in performance
compared with bare glass, likely due to scattering. The graded
nanocomposite gives a higher increase in transmittance (3.5%)
from the bare glass than the uniform nanocomposite ARC
(2.4%), indicating that the graded structure can provide broad-
spectrum AR properties, including those in the UV range.
Thermal stability is another critical factor in the practical

applications of ARCs. When heated above the Tg of the
polymer, graded nanocomposite ARCs undergo a transition
into uniformly structured nanocomposites. Thus, the graded
nanocomposite can maintain its structural integrity up to Tg of
PMMA. In contrast, uniform nanocomposite films would
remain stable until the degradation temperature of PMMA
(above ∼240 °C) is reached;43 it is interesting to note that our
recent study has shown that extreme nanoconfinement can
substantially enhance the thermal stability of polymers in these
CaRI films.44,45 The rheology of the polymers (i.e., the
effective viscosity) can also be affected by the confinement. For
unentangled polymers, e.g., confinement can drastically
increase the effective viscosity of the polymer compared to
the same polymer in bulk. In contrast, confinement can also
induce a substantial decrease in the effective viscosity for
highly entangled polymers due to the disentanglement
effect.41,44−46

While this work focuses on the fabrication of ARCs on rigid
glass substrates, our ongoing work focuses on producing ARCs
on flexible substrates and examining how these ARCs respond
to different modes of mechanical loads such as bending.

■ CONCLUSIONS
We have studied the fundamental processing structure−
property relationship of porous nanocomposite films with a
continuous gradient fabricated via UCaRI of PMMA into
disordered packings of hollow silica nanochains and nano-
spheres and showed that these nanocomposite coatings have
excellent broadband AR properties on glass substrates. More
importantly, we show that two different types of pores present
in the disordered packings of hollow NPs play distinct roles in
enhancing the performance of these ARCs. While the hollow
cores of NPs maintain the refractive index of the nano-
composite film at a low value, making them ideal for AP
applications, the interstitial pores enable the infiltrated PMMA
to enhance the mechanical durability of the resulting film. We
demonstrate that a continuous gradient in the refractive index
across the film thickness imbues these ARCs with broadband
AR properties over the visible light spectrum. The refractive
index and gradient of the nanocomposite coatings can be
precisely controlled independently by adjusting the infiltration
amount of PMMA and annealing time to give optimized
conditions for excellent AR properties. Our strategy of using
hollow silica NPs and creating a graded structure via UCaRI
presents a potentially scalable technique for the construction of
graded nanoporous structures in highly loaded nanocompo-
sites with various combinations of polymers and NPs, making
them extremely useful and attractive for a wide range of
applications.
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■ EXPERIMENTAL SECTION
Materials. Tetraethyl orthosilicate (TEOS, 99%) and ammonium

hydroxide solution (28 wt %) are purchased from Sigma-Aldrich. An
aqueous solution of poly(acrylic acid) (PAA) (50 wt %, Mw = ∼5000
g mol−1) is purchased from Polyscience, Inc. PMMA (Mw = 49,500 g
mol−1, PDI = 1.1) is purchased from Polymer Source, Inc. (Canada).
Synthesis of Hollow Silica NPs. Hollow silica NPs with different

shapes are synthesized by a modified Stöber method.27,47 First, PAA
(0.35 g) dissolved in an ammonium hydroxide solution (17.5 mL) is
mixed with ethanol (450 mL), followed by the injection of five
aliquots of TEOS totaling 7.5, 10, and 12.5 mL, corresponding to the
TEOS concentrations of 71.8, 95.8, and 119.7 mM, respectively, at 1
h time intervals under vigorous magnetic stirring at room temper-
ature. After 10 h, light blue colloids containing silica NPs filled with
PAA templates are obtained. The resulting colloids are centrifuged
several times with deionized water and ethanol and then redispersed
in ethanol.
Fabrication of Polymer-Infiltrated Hollow Silica NP Films.

Prior to film deposition, silicon wafers are cut into approximately 1.5
× 1.5 cm2 squares, rinsed with isopropyl alcohol and deionized water,
and subsequently dried with nitrogen. The wafers are oxygen plasma-
treated for 5 min for further cleaning. The PMMA solution (1−2 wt
%) is prepared by dissolving PMMA in toluene. The hollow silica NP
dispersions (4−8 wt %) are sonicated for 2 h, followed by filtering
using syringe filters with a cutoff of 450 nm. To generate
nanocomposite films, the PMMA layer is first deposited onto the
substrates via spin coating (WS-400BZ-6NPP/Lite spin coater,
Laurell Technologies Corporation). Then, the PMMA film is oxygen
plasma-treated for 5 s to render the film surface hydrophilic, on which
the hollow silica NP layer is spin-coated to form a bilayer film. The
thickness of each layer is controlled by changing the rotation speed
(2000−10,000 rpm). The prepared bilayers are thermally annealed in
an oven at 150 °C.
Fabrication of ARCs. ARCs are prepared on glass substrates by

using the aforementioned method. Glass slides are cut into
approximately 3 × 3 cm2 squares and oxygen plasma-treated for 5
min. PMMA layer and hollow silica NP layer are sequentially spin-
coated on both sides of the glass substrates, followed by thermal
annealing in an oven at 150 °C to yield nanocomposite ARCs.
Characterization. PMMA infiltration into the interparticle voids

of the hollow silica NP layer is monitored using spectroscopic
ellipsometry (α-SE, J.A. Woollam Co., Inc.) while the samples are
annealed using a heating stage (Linkam THMS 350 V, U.K.) with a
temperature resolution of 0.1 °C. The ellipsometry data are collected
between λ = 380 and 900 nm at an incident angle of 70° and analyzed
using the CompleteEASE software. The raw ellipsometry data, Ψ(λ)
and Δ(λ), are fit using the Cauchy model (n(λ) = A + B/λ2, k(λ) =
0), where A and B are optical constants, and n and k are the real and
imaginary parts of the refractive index, respectively.22,23 All Cauchy
modeling is performed with low mean square errors (<15). The
thickness and refractive index of the deposited films before and after
annealing are also determined using the ellipsometer.

The size and structure of the samples are examined using a field
emission scanning electron microscope (FE-SEM) (JSM-7500F,
JEOL, Japan) and a high-resolution transmission electron microscope
(HRTEM) (JEM-F200, JEOL, Japan). The statistical analysis is
performed by measuring the size and thickness of a minimum of 50
nanoparticles in SEM and TEM images using ImageJ software. The
transmittance of the samples is characterized in the range of λ = 400−
800 nm using a UV−vis spectrophotometer (Cary 5000, Varian). The
contact angles of water on the film surfaces are determined using a
goniometer (Biolin Scientific, Attention, Sweden). The specific
surface area and pore size distribution are measured by nitrogen
adsorption−desorption isotherms (ASAP2020, Micromeritics) and
calculated by the Brunauer−Emmett−Teller (BET) method.
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