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Abstract:

Alignment of highly anisotropic nanomaterials in a polymer matrix can yield nanocomposites with
unique mechanical and transport properties. Conventional methods of nanocomposite film
fabrication are not well-suited for manufacturing composites with very high concentrations of
anisotropic nanomaterials, potentially limiting the widespread implementation of these useful
nanocomposite structures. In this work, we present a scalable approach to fabricate polymer-
infiltrated nanoplatelet films (PINFs) based on flow coating and capillary rise infiltration (CaRI)
and study the processing-structure-property relationship of these PINFs. We show that films with
high aspect ratio (AR) gibbsite (Al (OH);) nanoplatelets (NPTs) aligned parallel to the substrate
can be prepared using a flow coating process. NPTs are highly aligned with a Herman’s order
parameter of 0.96 and a high packing fraction >80 vol%. Such packings show significantly higher
fracture toughness compared to low AR nanoparticle (NP) packings. By depositing NPTs on a
polymer film and subsequently annealing the bilayer above the glass transition temperature of the
polymer, polymer infiltrates into the tortuous NPT packings though capillarity. We observe larger
enhancement in the modulus, hardness and scratch resistance of NPT films upon polymer
infiltration compared to NP packings. The excellent mechanical properties of such films benefit
from both thermally promoted oxide bridge formation between NPTs as well as polymer
infiltration increasing the strength of NPT contacts. Our approach is widely applicable to highly
anisotropic nanomaterials and allows the generation of mechanically robust polymer
nanocomposite films for a diverse set of applications.

Keywords: anisotropic nanomaterials, flow coating, capillary rise infiltration, ellipsometry,
nanoindentation

1. Introduction

Advances in the synthesis strategies for nanomaterials have led to the development of a broad
range of anisotropic nanomaterials including nanowires, nanotubes, nanorods, nanoellipsoids,
nanodumbbells, nanoplatelets and many more.!?> Anisotropic nanomaterials are versatile building
blocks for advanced functional materials due to their shape and unique optical, electric, magnetic
and mechanical properties.>~® Incorporating a high loading of anisotropic nanomaterials (>50 vol%)
into a polymer matrix yields nanocomposites with unique mechanical and transport properties.!”
For example, polymer nanocomposites with a high volume fraction of 2D nanosheets are
promising candidates as electrodes for energy storage devices due to efficient charge transport and
high mechanical stability.!!'> Highly loaded polymer nanocomposites based on conductive
nanofillers, such as carbon nanotubes (CNTs) and boron nitride (BN) nanoplatelets, achieve high
thermal conductivity by creating percolated pathways for phonon transport.!'3-14
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One of the key challenges in fabricating polymer nanocomposites with anisotropic nanomaterials
is the difficulty associated with handling and processing mixtures of polymer and such nanofillers.
Conventional methods such as melt compounding requires high temperatures to blend nanofillers
and polymer and also suffer from low flowability at high loading levels.!%!'* Solution mixing, in
which nanofillers are dispersed in polymer solutions, generally requires organic solvents and the
resulting composition is limited by the dispersion limit of the nanofillers.!3 These problems are
generally exacerbated when anisotropic nanomaterials are used due to very high viscosity of the
composites even at modest loading levels.!”> Another challenge associated with anisotropic
nanomaterials is that controlled alignment of theses nanomaterials is necessary to fully harness
their unique properties. For example, in organic-inorganic heterojunction photovoltaic devices
based on CdSe nanorods, vertically oriented nanorods can maximize the carrier transport distance
and improve device performance.!® Polymer nanocomposites with direction-dependent thermal
properties have high potential in thermal management applications and also rely on alignment of
nanofillers.!”-18

Scaffold impregnation is an alternative approach to synthesize nanocomposites that overcomes
many of the limitations of conventional methods. In this process, a scaffold is fabricated first and
then subsequently filled by polymer infiltration.!® The resulting nanocomposites are generally
very dense and the process provides good control over filler alignment. Polymer infiltration is a
critical step and can be achieved by several methods such as in-situ polymerization, solution or
melt impregnation. However, in-situ polymerization is limited to certain polymers and can be
strongly affected under nanoconfinement.!® Recently, versatile and scalable techniques based on
capillarity have been developed to prepare polymer nanocomposite films with extremely high filler
fractions.?-23 These techniques can be applied to low glass transition temperature (T,) or high T,
polymers, at room temperature or high temperature to generate polymer-infiltrated nanoparticle
films (PINFs). In a method that we call capillary rise infiltration (CaRI), NP packing/polymer
bilayer films are thermally annealed above the T, of the polymer to induce wicking of the polymer
into the pores of the packing.?’ When the amount of polymer is less than the void volume in the
packing, undersaturated CaRI (UCaRI) films with either homogenous or graded porosity can be
fabricated.?! By varying polymer volume fraction, the elastic modulus, hardness and fracture
toughness of UCaRI films made of TiO, nanoparticles and a glassy polymer, polystyrene, could
be increased up to ~2.5%, ~3.5% and ~9x of the neat NP packing, respectively.?!-?* In addition to
enhancing mechanical properties, PINFs prepared by CaRI have found multiple applications
including thermal management,> oil/water separation,”®?’ and anticorrosive coatings.?® The
simplicity and versatility of CaRI makes it powerful approach for fabricating porous and
nonporous functional nanocomposite films with high mechanical robustness.

Our previous work on CaRI nanocomposites has focused on using spherical and low aspect ratio
(ARZ 6) ellipsoids.?0-21:2429-30 Among a variety of anisotropic nanomaterials, platelet-like particles
are particularly interesting due to their capability to assemble into layered structures and form
composites that mimic the structure of natural composites such as nacre.>! Nacre, the inner layer
of mollusk shells, is composed of 95 vol% of brittle CaCO; aragonite platelets (lateral dimensions
of 5-8 um, thicknesses of 200-900 nm) as ‘bricks’ and 5 vol% of soft biopolymers (10-50 nm) as
‘mortar’.3?3* The intrinsic brick-and-mortar structure along with other nanoscale features (e.g.
nanoasperities and mineral bridges) makes nacre one of the toughest and strongest natural
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materials.33-3¢ Moreover, composites based on platelet-like particles often have attractive transport
properties, including high thermal conductivity,!837 fire-shielding,®®3° and gas barrier
properties.38-40

In this work, we present an approach to fabricate polymer nanocomposite films loaded with high
volume fractions of well-aligned hexagonal nanoplatelets (NPTs) by flow coating and CaRI.
Hexagonal gibbsite (Al(OH);) NPTs are selected as the model particle due to well-defined
dimensions, excellent colloidal stability and liquid crystalline phase behavior.*!43 The assembly
of gibbsite NPTs into films with high alignment have been performed using electrophoretic
deposition,*'#? vacuum filtration** and solution casting®’; however, these methods are not
conducive to scalable manufacturing. Here, we use flow coating, which is a rapid and scalable
method for film deposition,**#7 to prepare highly-oriented, densely-packed films of gibbsite NPTs.
Polymer infiltration into the highly tortuous NPT packing via CaRI is induced by thermally
annealing NPT/polymer bilayers. We characterize the elastic modulus, hardness, fracture
toughness and scratch resistance of these films and demonstrate that polymer-infiltrated NPT films
show excellent mechanical properties. Due to the versatility and scalability of flow coating and
CaRI process, our approach can be applied to various anisotropic nanomaterials and enables the
generation of mechanically robust polymer nanocomposites films for multiple applications.

2. Materials and methods
2.1 Materials

Gibbsite NPTs are synthesized using a previously described hydrothermal method.*® Larger NPTs
are obtained with seeded growth procedure. Concentrated gibbsite NPT suspensions are obtained
by washing as-synthesized suspensions through centrifugation-redispersion cycles at least 6 times
to remove any unreacted precursor and dissolved byproducts. Aluminum sec-butoxide (ASB, 97%)
is purchased from Sigma-Aldrich and hydrochloric acid (HCI, 1N) is purchased from Fisher
Scientific. Polystyrene 8k (Mn = 8000 g mol-!, PDI = 1.10) is purchased from Polymer Source,
Inc. TiO, NPs (2a = 47 + 5nm, 2b = 25 + 4 nm) are synthesized using previously reported sol-gel
method.*

2.2 Fabrication of neat and polymer-infiltrated gibbsite NPT films

Prior to film deposition, Si wafers are cut into approximately 2 cm x 2 cm squares. The wafers are
rinsed with isopropanol and deionized water and dried with nitrogen. Then, the wafers are further
cleaned by oxygen plasma treatment for ~4 mins. Gibbsite NPTs are deposited on the substrate
using a home-built flow coater (Figure S4 and video 1). A glass slide is cleaned with deionized
water and serves as the blade. The cleaned substrate is placed on a computer controlled motorized
stage (Thorlabs) and moves at a constant velocity, v, along the x-axis. The gap height between the
blade and the substrate is set to be 60 um by attaching single-sided tape on the two sides of the
substrate and adjusting the blade such that it is in close contact with the tape. The angle between
the blade and substrate is set to be 25°. During every deposition, an 8 wt% gibbsite NPT
ethanol/water suspension (mass ratio of ethanol to water = 2:1) with a volume of 6 uL is confined
between the blade and the substrate. Substrate velocity v is varied from 1 mm/s to 9 mm/s to control
the thickness of deposited film. To fabricate polymer-infiltrated NPT films, PS films are first
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deposited on the cleaned substrate using a WS-400BZ-6NPP/Lite spin coater from Laurell
Technologies Corporation. The PS solutions are prepared by dissolving PS in toluene and filtered
prior to use. The concentrations of the PS solutions depend on the desired film thickness. To
generate 200-250 nm PS films for ellipsometry studies, a 5—6 wt % PS solution is prepared and
spin-coated at 2000—2500 rpm. For mechanical tests, thick PS films (>500 nm) require spin-
coating a 10 wt % PS solution at 1000—2000 rpm. Then, PS films are oxygen plasma-treated for
five seconds to render the surface hydrophilic, on which gibbsite NPTs are flow-coated once or
multiple times to form bilayer films with desired thickness. For ellipsometry studies, NPT/PS
bilayer films (NPT layer thickness <500 nm) are annealed on a temperature-controlled stage
(Linkam Scientific) at 130 or 150 °C, until the interstices in the NPT layer are completely filled
with PS via capillary rise infiltration. For mechanical tests, thick bilayer films (NPT layer thickness
>2 um) are annealed in an oven, which is set at 180 °C to achieve rapid infiltration. Neat and
polymer-infiltrated TiO, NP films are prepared as previously reported.?”

2.3 Characterization
2.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) images of the gibbsite NPT films and gibbsite NPT/PS
bilayer films before and after polymer infiltration are taken using a FEI-600 Quanta ESEM. Before
imaging, each sample is coated with 4 nm of iridium to prevent charging. The SEM images are
captured at an accelerating voltage of 20 kV, a spot size of 3.0 and working distance around 10
mm.

2.3.2 Atomic force microscopy

AFM images of gibbsite NPT film are collected using a Bruker Dimension Icon AFM with a silicon
tapping-mode probe. Gwyddion software is used to process the images and extract the thickness
of the NPTs (Figure S2).

2.3.3 Zeta potential measurement

Zeta (¢)-Potential of gibbsite NPTs is measured by a Delsa Nano C particle analyzer at 25 °C using
a 0.56 wt% gibbsite aqueous suspension in a clear disposable zeta cell. The Smoluchowski
equation is applied in data analysis.>°

2.3.4 Spectroscopic ellipsometry

The thickness and refractive index of deposited films are measured using spectroscopic
ellipsometry (M-2000 V and Alpha-SE, J.A. Woollam). The raw ellipsometry data ¥(4) and 4(4)
are fit using Cauchy dispersion relations (n(2) = A + B/A, k(4) = 0), where n and k are the real and
imaginary parts of the refractive index. Depending on the sample, either a one-layer (for neat
gibbsite NPT films) or two-layer (gibbsite NPT/PS bilayers) model on the Si substrate with 1 nm
native oxides is used. The PS layer is fit using an isotropic Cauchy model and the gibbsite NPT
layer is fit using an anisotropic Cauchy model to describe the refractive index for the in-plane and
out-of-plane directions of the film. For in-situ ellipsometry studies, samples are placed on a
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temperature-controlled stage (Linkam Scientific) which is connected to the ellipsometer. A
LabVIEW program is used to set the desired temperature, cooling/heating rate and holding time.

2.3.5 UV-vis spectroscopy

The UV-vis spectroscopy (200-800 nm) of neat gibbsite NPT and gibbsite NPT/PS bilayer films
is conducted on a Cary 5000 UV-Vis/NIR spectrophotometer (Agilent Technologies). Samples are
coated on quartz slides and transmission data are obtained by mounting the slides on the holder
such that the films are perpendicular to the beam path.

2.3.6 Grazing incidence wide-angle X-ray scattering (GIWAXS)

GIWAXS characterization of gibbsite NPT films is conducted using a dual source Cu/Mo
environmental X-Ray Scattering instrument (Xenocs Xeuss 2.0 at the DEXS facility, University
of Pennsylvania). A Cu source (1 =1.5406 A) is used and a 1M Pilatus solid state detector is placed
at a distance of 176 mm from the samples. The X-ray exposure time for the samples is 900 s during
which the samples are kept under vacuum to reduce scatter from atmospheric gases. Foxtrot
software is used to convert the two-dimensional (2D) GIWAXS patterns to g-pace, construct one-
dimensional (1D) radial intensity profiles and azimuthal intensity profiles across the main peak
(002). The diffraction pattern of silver behenate (AgBeh) is used to calibrate the sample-to-detector
distance.

2.3.7 X-ray diffraction (XRD)

A powder x-ray diffractometer (XRD) (Rigaku Rigaku D/Max-B diffractometer) is used to analyze
the phase composition of synthesized NPTs.

2.3.8 Nanoindentation, nanoscratch and pillar-splitting fracture test

The elastic modulus, hardness, scratch resistance and fracture toughness of neat gibbsite NPT and
polymer-infiltrated NPT films (>2 pum in thickness) are measured using a Hysitron TI 950
Tribolndenter. A diamond Berkovich tip is used and the area function of the tip is calibrated
through a series of indents on a fused silica sample. Before all measurements, the thermal drift is
stabilized to less than 0.3 nm s'!. For each sample, 25 indentation tests, with 9 partial unloading
cycles each, are performed on a 5 x 5 grid with a spacing of 10 um between the indents. The
maximum loads in the test range from 200-300 uN, resulting in indentation depths from 20-250
nm. The hardness and modulus are determined from the load-displacement curves following the
Oliver—Pharr method’! using Triboscan software. Tests with indentation depths in the range of 50-
190 nm are used for analysis as the area function is well calibrated in this range and the substrate
effect is negligible (indentation depth is <10% of film thickness).>

In the scratch tests, the Berkovich tip is slid at a speed of 0.625 pm s™! over the surface of the film
while applying a compressive load of 500 uN. The tip is aligned in the edge-forward orientation.>?
The length of each scratch line is 10 um. For each sample, 2 different locations and 5 scratches
with a spacing of 10 um are made on each location. The normal displacement and lateral force are
recorded throughout the scratch test.
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The fracture toughness of the films is characterized using a nanoindentation-based pillar-splitting
method.?*** The micropillars are fabricated using a FIB (FEI Strata DB235) with a 30 kV gallium
ion beam. All micropillars are fabricated by first milling cylinders at a 500 pA current, followed
by milling finer concentric cylinders at lower currents (300 pA and 100 pA). The pillar diameters
range from 1.5 to 2.7 um and have aspect ratios (pillar height/pillar diameter) greater than 1 to
relax any possible residual stress on the upper portion of the pillar.>* For each sample, at least five
micropillars are milled and SEM images are taken after the FIB milling to measure the radii of the
micropillars. Then, the samples are tested with a Berkovich indenter under load control. For each
pillar, the indenter is first raster scanned around the pillar to locate the center and it is indented at
the center at a loading rate of 200 ulN/s until a critical load is reached. This critical load is identified
by a jump in displacement in the force-displacement curve. The fracture toughness, K¢, is

calculated as>*
P

Kic=Ymn (D
where P, is the critical load, R is the radius of the pillar and y is a dimensionless coefficient
calculated as follows:?*

a E
Y = 01859 H 2)

Here, £ and H are the elastic modulus and hardness of the films and a is a geometric parameter
(0.016 for Berkovich tip). After nanoindentation, the micropillars are imaged using SEM. If the
tip is not well aligned near the center of the pillar or the pillars detached from the Si wafer, the
data from the test is excluded. The fracture toughness reported for each sample is the average of
at least 4 pillars.

3. Results and Discussion

In this work, we use capillary rise infiltration (CaRI) to generate nanocomposite films with high
volume fraction of nanoplatelets (NPTs). As shown in Figure 1, we use flow coating to assemble
gibbsite NPTs into a densely packed, highly aligned structure atop of a polystyrene (PS) film.
Subsequently, the bilayer film is annealed above the T, of PS to induce infiltration into the NPT
packing and generate a polymer-infiltrated NPT film.

[ K;_,Gibbsite NPTs
9

' AL
[ . 2 - :
Assembly during Capillary Rise Infiltration
+ Flow Coating of Polymer
qu sira|e

Figure 1. Schematic illustration showing the process of fabricating a polymer-infiltrated NPT film by assembly of
gibbsite NPTs and capillary rise infiltration (CaRI) of polymer into the NPT packing.
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3.1 Flow coating of gibbsite NPTs

Gibbsite NPTs with a well-defined hexagonal shape are synthesized using a hydrothermal
method.*® The diameter of NPTs is 213 + 22 nm based on SEM images (Figure S1) and the
thickness of the NPTs is 8.2 +£ 2.3 nm determined from AFM measurement (Figure S2). Figure
S3 shows the XRD pattern of the NPTs which agrees with monoclinic gibbsite (JCPDS 74-1775).43
The synthesized NPTs have a high AR (~26) and their diameter and thickness can be further
increased to 465 + 64 and 18 = 5 nm, respectively, using a seeded-growth method (Figure S1-2).

As illustrated in Figure 2, we use flow coating to assemble gibbsite NPTs. A gibbsite NPT
suspension made of 8 wt% of NPTs in a mixture of water and ethanol is initially confined between
a glass blade and a substrate by capillarity. A liquid film is then drawn out of the suspension by
moving the substrate at a given speed. During solvent evaporation, gibbsite NPTs rapidly self-
orient parallel to the substrate, aided by the strong electrostatic repulsion and isotropic-to-nematic
transition template by the two interfaces.’> When solvent completely evaporates, a dense solid film
is formed with NPTs in a face-to-face stacked state. Figure 2(c) and (d) show the cross-sectional
and top-down SEM images of the flow-coated gibbsite NPT films which confirm that NPTs are
densely packed and aligned parallel to the substrate in an overlapping rearrangement, similar to
discotic-nematic structure.’® No observable aggregates can be seen in the SEM images and across
the entire coating (Figure S4(f)). High uniformity of the film is maintained as thickness increases
or as coating area increases (Figure S4(e-f)). In contrast, spin coating, which is a widely used
technique to prepare nanoparticle films, results in non-uniform films with poor alignment and
aggregates (Figure S5).

() Blade (b)
a (glass slide)
\

Gibbsite NPT suspension

'\"3,
Wet film \ o " Substrate Menlscus o
Dry film : b
k g : Back

eniscus

e Experimental Data

—— Fitting: h;=121v%“°, R?=0.96

2 a4 6 8 10
v (mm/sec)

Figure 2. Schematic of the (a) perspective and (b) side view of flowing coating of gibbsite NPT suspension. (c)
Cross-sectional and (d) top-down SEM image of a gibbsite NPT film deposited on a Si wafer. All scale bars are 500
nm. (e) Dry film thickness %, as a function of substrate velocity v. These films are deposited using a blade at an angle
of 25° and a gap height of 60 um with 6 ul of an 8 wt% gibbsite NPT suspension. Red solid line is a power law fit
to the data.
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Addition of ethanol into gibbsite aqueous suspensions is found to be essential for generating
uniform films via flow coating. Zeta-potential ({) of the purified gibbsite NPTs in deionized water
i1s 32.8 + 1.0 mV, keeping gibbsite stable in solution in both the aqueous and the alcoholic
dispersions. The addition of ethanol lowers the surface tension of the solvent and prevents the
dewetting of receding meniscus from the substrate, especially when coated on a polymer film,
during flow coating. More importantly, ethanol accelerates solvent evaporation and ensures that
the wet film dries at a uniform velocity along the width (supporting video 1). Without addition of
ethanol, the alignment of NPTs is not significantly affected; however, the wet film dries slowly
and thus results in a non-uniform film with thin edges and a thick center (Figure S4(b-d)).

The thickness of films deposited by flow coating depends on multiple factors including blade angle
(Figure S4(h)), gap height, suspension/solution concentration and substrate velocity.*” Here, when
the blade angle, gap height and suspension concentration are held constant, the dry film thickness
(hy) increases with the substrate velocity (v) (Figure 2(e)). This trend agrees well with the Landau-
Levich regime where the substrate velocity is high and the amount of solvent dragged by the
substrate is larger than the amount of evaporated solvent. As substrate velocity increases, the
friction drag pulls out a thicker wet film and leads to a thicker dry film.#’->7 It can also be seen that
h, shows a power-law dependence on v (hg~ v**°). The power-law exponent (0.49) is lower than
the value predicted for Landau-Levich regime (0.67),°” which may be attributed to the shear
thinning effect of gibbsite suspensions.’® A previous study has shown that the exponent can be
smaller than 0.67 for shear-thinning suspensions. >

(a) (b) " o0z
dgp>30.48 nm
L [
=
) 2.0 ¢ o
= E i. \:1:0=0.43 nm
£ 21p .
v L—A—
0,
112 1‘.4 115 A'1 1:8 2:0 2.2
© (d) at
SGIWAXS=1 SGIWAXS=0
= @ L001), (001)
3 - ~ N
& 60 .. .
2 N L
2 40 s i y
2 | * . Scmaxs=-0-5
£ . e
20 + Jih 4
HY W EOM) £
iy Ly

-80 -60 -40 -20 0 20 40 60 80
Azimuthal angle ¢ (degree)

Figure 3. (a) Two-dimensional (2D) GIWAXS pattern of a ~200 nm flow-coated gibbsite NPT film. One-dimensional
(1D) (b) radial intensity profile constructed from (a) and (¢) azimuthal intensity profile across the (002) peak. (d)
Schematics of NPT alignments corresponding to different Sgwaxs.
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GIWAXS measurements are performed to quantify the alignment of gibbsite NPTs in the flow-
coated films. Figure 3(a) and (b) shows a typical 2D GIWAXS pattern and its corresponding 1D
radial intensity profile. The scattering vector g can be decomposed to g, and ¢,,, where ¢. is defined
as the g component perpendicular to the substrate and g, is defined as the ¢ component parallel to
the substrate. g, and g, are expected to be the same because the film is isotropic in the x-y plane
which can be confirmed by ellipsometry and will be discussed later. The scattering pattern shows
strong anisotropy with sharp features near ¢, = 1.30 A™! and ¢,, = ¢. = 1.48 A~!. These peaks
correspond to d-spacing values of two lattice planes: d(z = 0.48 nm and d;;0) = 0.43 nm of
gibbsite NPTs.%° The azimuthal analysis of the primary (002) peak allows us to quantify the
alignment of gibbsite NPTs. After background subtraction, GIWAXS-derived Herman’s order

parameter is calculated based on the scattering near ¢ = 1.3 A ~1 using:¢!
(3(cos” ¢) — 1)

Seiwaxs=——5 (3)
(cos? ¢) 121(6)(cos? ¢) (sin ¢)dep @
CoS =
2 1) (sin ¢)dgp

where ¢ is the azimuthal angle in the reciprocal space with ¢ = 0° defined along ¢., I(¢) is the
angle dependent scattering density. Sgwaxs can vary between -0.5 and 1. S axs close to 1 would
correspond to a sharp peak along ¢, (as shown in Figure 3(a)) and indicate a strong tendency of
(001) lattice planes to stack parallel to the substrate (Figure 3(d)). Sgiwaxs =-0.5 would correspond
to a sharp peak along ¢,, and the preferential orientation of (001) planes perpendicular to the
substrate, whereas S¢;;waxs = 0 represents no preferential (isotropic) orientation. The Sspyaxs for
the flow-coated sample is 0.96, suggesting that NPTs are very well aligned with surfaces facing
the substrate, consistent with SEM images (Figure 2(c)). We also confirm that the high degree of
alignment can be achieved for larger NPT (Diameter = 465 + 64nm) packings (Figure S6, Sgiwaxs
=0.95).

3.2 Capillary rise infiltration of polymer into gibbsite NPT films

Gibbsite NPTs with AR>20 pack very densely in the flow-coated films due to the high degree of
alignment. It is not clear if there are interconnected pores in these dense films that would enable
infiltration of polymer via CaRI. To investigate the possibility of polymer infiltration into the
packings, we use spectroscopic ellipsometry to measure the optical properties and thickness
changes of the films.

Ellipsometry modeling of a ~300 nm thick neat gibbsite NPT film made via flow coating from an
8 wt% suspension is shown in Figure S7 and Table S1. A uniaxial model, where two Cauchy
dispersion relations are used to describe refractive index for the in-plane (n,) and out-of-plane (n,)
directions of the film, can describe the data with high accuracy. The birefringence of gibbsite NPT
films, defined as An = n, — n,,* is used to calculate the packing fraction of gibbsite NPTs (sece
Supporting Information for a more detailed description).*} By averaging measurements on 40 films,
the birefringence of NPT films is determined to be 0.06, corresponding to a packing fraction of
0.84. This is significantly higher than the random close packing of spherical NPs (0.64). The
packing fraction and birefringence of NPT films can also be varied by changing platelet size (see
Supporting Information).
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By flow coating NPTs on a spin-coated PS layer (Mn = 8,000 g mol'), a bilayer film is formed
and subsequently subjected to a heat treatment. We note that while the T, of bulk PS 8k is around
367 K, an increase in the T, of PS 8k undergoing CaRI has been observed due to physical
confinement effect.?%3° Thus, higher temperatures are used to overcome this effect and accelerate
the CaRI process. Figure S9 shows typical in situ ellipsometry raw data (amplitude ratio (y) and
phase shift (A)) of such a bilayer film annealed at 403 K and Table 1 summarizes the fitting result
of the data with a two-layer Cauchy model. Both y and A undergo significant changes during
annealing, indicating substantial changes in the structure of the bilayer. The significant increase in
the refractive index of NPT layer as well as decrease in thickness of PS layer confirm that PS can
indeed infiltrate into NPT packings. Based on the thickness change of PS layer, the volume fraction

of PS in the NPT/PS composite film is calculated to be 0.19 (¢ps = AhPS/thT), close to the

estimation based on the birefringence. The birefringence of the NPT film turns positive upon full
infiltration, in agreement with theoretical predictions (Figure S8(b)).

To study the dynamics of polymer infiltration, gibbsite NPT/PS-8k bilayer films with different
NPT layer thickness are annealed at 423 K and monitored using in situ ellipsometry. When there
is no further increase in the refractive index of NPT layer or decrease in the thickness of PS layer,
infiltration of polymer is completed, and thus the time required to form gibbsite/PS-8k composite
can be determined. Figure 4 shows the linear dependence of composite layer thickness squared,
Leomp* on time, ¢, for the gibbsite NPT/PS-8k system, consistent with previous CaRlI systems that

followed the Lucas—Washburn mode];20-21,29.30
. oRcos 6

1= = (7)
where / is the height of the NPT layer infiltrated by the polymer, o is the surface tension of the
polymer melt, R is the mean pore radius in the NPT packing, 6 is the contact angle of the polymer
melt on the NPT surface, 7 is the tortuosity of packaging, u is the viscosity of the polymer melt,
and ¢ is the annealing time. Based on slope of /.,,,” vs ¢ and using the literature values for other
parameters in the Lucas-Washburn prefactor, the tortuosity T of NPT is estimated to be >26 (see
Supporting Information for a more detailed description). Tortuosity is known to be a function of
porosity, particle dimension and orientation.®? Since the gibbsite NPT packing has a porosity less
than 20 vol% and is composed of well-aligned high AR NPTs in an overlapping rearrangement,

X102

® Experimental data
Linear fit, R? = 0.99

25

00 ® 1 L 1 L 1 1 1
0 50 100 150 200 250 300 350 400
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Figure 4. The composite layer thickness squared, /,,,,” of gibbsite NPT/PS-8k composite as a function of time, ¢,
when gibbsite NPT/PS-8k bilayer films are annealed at 423 K. The blue line shows a linear fit and agrees well with
the Lucas-Washburn equation.

10
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the tortuosity is significantly increased compared to spherical NP packings (7 = 1.95). Such a high
tortuosity suggests that polymer-infiltrated NPT packings would make an ideal gas barrier.5?

Table 1 Thickness, refractive index, and polymer volume fraction for complete infiltration of a
gibbsite NPT/PS-8k bilayer film annealed at 403 K

Gibbsite NPT/PS-8k bilayer

Before annealing After annealing
. NPT layer 272.12
Thickness (nm)
PS layer 242.85 190.69
Refractive index n, 1.472 1.564
of NPT layer@
632.8 nm n, 1.432 1.580
Prs 0.19

Polymer infiltration is also confirmed by SEM images and UV-vis spectra of gibbsite NPT/PS
films. Figure 5 shows the cross-sectional SEM images of a gibbsite NPT (~1.7 um)/PS-8k (~500
nm) bilayer film before and after thermal annealing at 453 K. The outlines of NPTs can be clearly
identified before annealing. In comparison, after annealing, the NPTs are surrounded by PS. The
thickness of NPT layer remains unchanged while the thickness of PS layer decreases due to
infiltration. The volume fraction of PS in the composite layer (0.17) by calculating the decrease in
the PS layer thickness agrees well with the porosity determined by ellipsometry. Due to the
matching of the refractive index between PS (1.588@ 632.8 nm) and gibbsite NPTs (1.568-
1.587)%, such polymer-infiltrated NPT film becomes highly transparent with >80% transmittance
over the entire visible range (Figure S10).

Substrate

Figure 5. Cross-sectional SEM images of a bilayer film composed of a gibbsite NPT layer atop a PS (Mn= 8 000 g
mol!) layer (a) before infiltration and (b) after infiltration. All scale bars are 1 pm.

3.3 Mechanical properties of gibbsite/PS PINFs

11
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The mechanical properties of gibbsite NPT packings before and after PS infiltration are
characterized to study the effect of polymer infiltration via CaRI on mechanical properties.
Furthermore, we compare the mechanical properties of the NPT films with the previously reported
properties of TiO, NP packings to understand the effect of particle shape and packing. The modulus
and hardness of gibbsite NPT (>2um)/PS bilayer films before and after CaRlI are characterized
using quasi-static nanoindentation with a Berkovich tip. The thickness of PS layer is controlled to
be slightly thicker than what would be necessary to fully saturate the NPT layer (i.e. ~20% of NPT
thickness). The reduced Young’s modulus is extracted from the unloading curves using the Oliver
and Pharr method,>! although the film has an anisotropic structure. As shown in Figure 6(a), the

modulus and hardness of neat NPT packings are 6.59 + 0.77 GPa and 0.23 £+ 0.06 GPa, respectively.

Lower modulus and hardness are observed in the packings of larger NPTs which have a lower
packing fraction (0.72, Table S4). These values are lower than packings of TiO, nanoparticles
with major axes of 37.4 £ 6.7 nm and minor axes of 28.8 £ 4.1 nm (E=12.9 + 0.5 GPa, H=0.27 +
0.02 GPa).?! The modulus of NP packing is related to the pore structure, porosity, packing
geometry, NP bonding and the elastic modulus of the NPs.% Although the gibbsite NPT films have
lower porosity (<0.2) than TiO, NP packings (0.45), the modulus of NPT packings is lower than
that of TiO, NP packings, which we believe is due to the significantly lower elastic modulus of
gibbsite (49 + 2 GPa)® compared to that of anatase TiO, (178 + 1 GPa).®” SEM observation of
indented gibbsite NPT packings show that NPTs themselves are deformed and, in some cases,
fracture during indentation (Figure S11), whereas TiO, NPs do not plastically deform but rather
undergo rearrangements during indentation. The reduced Young’s modulus and hardness of NPT
films after polymer infiltration increase to 25.45 + 2.85 GPa and 1.58 + 0.27 GPa, respectively.
The enhancement of modulus and hardness after polymer infiltration is much more significant in
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Figure 6. (a) Reduced Young’s modulus and hardness of neat NPT films and polymer-infiltrated NPT films. (b)
Reduced Young’s modulus and (c) hardness of neat NPTs films as a function of annealing time at 150 °C, 180 °C
and 200 °C.
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NPT packings (3.9 times in £ and 6.9 times in H) than in TiO, NP packings (2.5 times in £ and
3.5 times in H). These values are also superior to the moduli and hardnesses of the recently reported
nacre-like films including graphene oxide/poly (vinyl alcohol) (RGO/PVA),%® graphene
oxide/cross-linking agent (GO/CA)% and glass flake/PMMA composites.”

To further investigate the origin of the observed stiffening and hardening effects upon CaRI, neat
gibbsite NPT films are heat-treated at 150, 180 and 200 °C. Surprisingly, neat NPT films show
appreciable temperature- and time-dependent stiffening and hardening effects as shown in Figure
6(b-c). The modulus and hardness of neat NPT film after annealing at 180 °C for 24 hrs is 1.8 and
2.5 times those of the as-prepared films, respectively. In-situ ellipsometry studies of gibbsite NPT
film at 200 °C and 400 °C indicate that gibbsite NPTs are relatively stable at 200 °C and that they
undergo phase transform only at higher temperature (~230 °C, see Supporting Information for a
more detailed description). Thus, it is unlikely that the stiffening and hardening effects observed
at T <200 °C result from phase transformation of gibbsite. Rather, since the surface of gibbsite
NPTs have abundant -OH groups,’! the stiffening and hardening may be due to thermally promoted
surface dehydroxylation and formation of Al-O-Al bridges between adjacent surface Al-OH
groups. Forming of oxide bridges have been reported in prior studies that probed the mechanical
properties of heat-treated alumina-coated silica NPs,’? stober silica NPs”® and silica surfaces.”
TiO, NP films also exhibit stiffening and hardening effects when heated to 180 °C (Table S3);
however, the changes are relatively less significant. The contact area between NPTs in well-
aligned NPT films are significantly larger than that in packings of AR1 NPs, facilitating the
formation of oxide bridges between NPTs. Thus, the large stiffening and hardening effects
observed in annealed bilayers originate from the formation of oxide bridges and the infiltration of
polymer, both of which strengthen the bonding between NPTs.

13
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Figure 7. (a) Example load-displacement curves from pillar-splitting tests on as-prepared, heat-treated (180°C for 24 hrs) and
polymer-infiltrated NPT films. (b) Fracture toughness of NPT films. SEM images of a FIB-milled micropillar on a heat-treated
neat NPT film (c) before and (d) after pillar-splitting fracture test. Images are acquired at a tilt angle of 40°. The insets are
corresponding top-down SEM images. All scale bars are 2 pm.

The fracture toughness of NPT films is measured with a nanoindentation-based pillar-splitting
method. This method provides several advantages including: (1) simplicity of sample preparation
and testing, (2) minimizing the influence of FIB damage and film residual stress on measurements,
and (3) no required post-test measurements of crack length.3* Representative load-displacement
curves from the pillar splitting tests of as-prepared, heat-treated and polymer-infiltrated gibbsite
NPTs are shown in Figure 7(a). Each curve shows an initial elastic-plastic response until a jump
in displacement that corresponds to unstable crack propagation at a critical load P.. Additional
kinks can also be seen in the force-displacement curves for some pillars (e.g. red and blue curves
in Figure 7(a)), indicating secondary unstable crack propagation events as the tip is indented
further into the pillars. In contrast to previously studied TiO, NP film where there is a large load
drop after crack propagation, the load drop in NPT films is quite small (<100 pN), indicating
increased plasticity.>* The fracture toughness of as-prepared gibbsite NPT films reaches 0.52 +
0.05 MPa-m!?, which is over 7 times that of AR1 TiO, NP films (K;=0.07 MPa-m!?).>* This
value is also higher than fracture toughness of random packings of TiO, ellipsoids (AR=4),75
packings of silica nanospheres’® and NP packings treated with atomic layer deposition.””’® This
comparison clearly demonstrates the advantage of the aligned nanostructure that has been
attributed to high fracture toughness of various composite materials. To propagate cracks along
the loading direction, cracks have to either propagate through the NPTs (platelet fracture, see
supporting Figure S11) or deflect around the NPTs and pull them out.” Both mechanisms result
in greater energy dissipation for crack propagation than is necessary to propagate a crack through
low AR NP packings.

SEM images of the micropillars after indentation are taken to confirm splitting of the pillars and
observe the crack type. As-prepared, heat-treated and polymer-infiltrated NPT films all show
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similar fracture patterns. As shown in Figure 7(c-d), the fractured pieces of indented pillars are
found on the outer circular trench that is milled to allow ample space for the pillar to deform during
nanoindentation. Only a small part of the pillar remains on the substrate. A close look at the
fractured pieces indicates a 3-way splitting, where cracks propagated from the corner of the
indenter to the edge of the pillar due to stress concentration. More than three fractured pieces can
be found for the pillar in Figure 7(d) possibly due to the propagation of secondary crack. The
remaining part of the pillar shows large residual imprint matching the shape of the indenter which
can be better observed for an indented pillar where the fractured debris do not fully separate (Figure
S13). This type of crack indicates significant plasticity in NPT films.?434.80

Interestingly, heat-treated and polymer-infiltrated NPT films both have a fracture toughness of
~0.5 MPa m'? which is similar to that of the neat NPT films. This lack of significant change in the
fracture toughness with infiltration is different than what was observed for polymer-infiltrated
TiO, NP packings.?* We believe high packing fraction of NPTs and more importantly high
alignment of NPTs make it difficult for polymer to infiltrate where the flat faces of NPTs are in
direct contact with each other.?® In this case, fracture energy cannot be dissipated efficiently by
diverting cracks to follow a tortuous path and allowing platelet sliding. Thus, cracks propagate
through the NPTs which we observe under SEM.
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Figure 8. (a) Schematic of the scratch test set-up. (b) SEM images of the resulting grooves on as-prepared NPT film (top) and
polymer-infiltrated NPT film (bottom) after scratch tests. All scale bars are 5 pm. (c) Final scratch depth and normalized lateral
force of as-prepared, heat-treated (180 °C 24 hr) and polymer-infiltrated gibbsite NPT films.

The high hardness of polymer-infiltrated NPT films could make them useful in applications
requiring wear and scratch resistance. We evaluate their scratch resistance by performing constant
load scratch tests using a Berkovich tip in an edge-forward orientation (Figure 8(a)). The normal
load and lateral displacement for the scratch test setup is shown in Figure S14. As observed in the
SEM images of the scratched surfaces (Figure 8(b)), microcracking/chipping are observed in both
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films; polymer-infiltrated NPT films show much narrower grooves compared to un-infiltrated
films. Figure 8(c) shows the final scratch depth obtained by rescanning the surface with the same
tip after each scratch. The scratch depth of NPT films decreases from 172 £ 17 nm to 101 £20 nm
when the NPT is heat treated at 180 °C and further decreases to 54 + 17 nm after polymer
infiltration, indicating enhanced scratch resistance due to oxide bridge formation and polymer
infiltration. Another parameter we use to quantify the scratch resistance is the lateral force divided
by the cross-sectional area of the grooved track, which is a measure of the stress required to deform
and remove materials during scratch. As shown in Figure 8(c), the normalized lateral force
increases by 6 times in NPT films after polymer infiltration. The extent of scratch improvements
observed in polymer-infiltrated NPT films is greater than that observed for polymer-infiltrated
TiO, NP packings (Figure S15). The large enhancement of scratch resistance in NPTs is consistent
with the modulus and hardness increase we observe in nanoindentation tests. We emphasize that
although neat NPT films are relatively weak, soft, and scratch-prone, polymer-infiltration
significantly enhances their mechanical properties, by reinforcing the interactions between the
well-aligned NPTs.

4. Conclusions

In summary, we demonstrate a facile and scalable process to fabricate PINFs with highly aligned
NPTs by combining flow coating and CaRI. The flow coating process allows for the fabrication
of uniform gibbsite NPT assemblies over large areas. The resulting NPT packings consist of well-
aligned NPTs with extremely high packing fraction (>80 vol%). By annealing NPT/polymer
bilayer films above the glass transition temperature of the polymer, polymer is induced to infiltrate
into the interstices of the NPT packing through capillarity, producing PINFs with a brick-and-
mortar structure. By performing detailed nanoindentation and nanoscractch tests, we find the
modulus, hardness and scratch resistance of PINFs are 3.9, 6.9 and 6.0 times those of neat NPT
films, respectively. The significant enhancement in mechanical properties after polymer
infiltration is attributed to the AI-O-Al bond formation and polymer filling the interstices, both
strengthening the interactions between NPTs. Our results demonstrate the benefits of producing
nanocomposite films with a high concentration of well aligned NPTs. A topic for a future study is
to tune the alignment of the NPTs through different processing routes and explore the correlation
between the alignment of the NPTs and the mechanical properties of the films. In addition, while
our study uses gibbsite NPTs as a model anisotropic nanomaterial, other types of anisotropic
nanomaterials can be processed into thin films with different degrees of alignment enabling other
applications in solid lubrication and barrier coatings. In particular, the high tortuosity in the PINFs
makes it an ideal candidate for gas barrier applications. Understanding of the effect of particle
shape, particle alignment and polymer type on the gas barrier properties of PINFs will be the focus
of future investigations.
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