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The lightweight and high-strength functional nano-

2
composites are important in many practical applications. Natural g\ =57
biomaterials with excellent mechanical properties provide inspira- P A
tion for improving the performance of composite materials. O\ "—Qw SONRC
Previous studies have usually focused on the bionic design of the N Connection High-strength
material’'s microstructure, sometimes overlooking the importance | PoVmer Nanofiller N nanocomposies

of the interphase in the nanocomposite system. In this Perspective,
we will focus on the construction and control of the interphase in
confined space and the connection between the interphase and the
macroscopic properties of the materials. We shall survey the
current understanding of the critical size of the interphase and
discuss the general rules of interphase formation. We hope to raise
awareness of the interphase concept and encourage more
experimental and simulation studies on this subject, with the aim of an optimal design and controllable preparation of polymer
nanocomposite materials.
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nanofillers, anisotropic nanofillers provide another knob to
tune: namely, the length of the nanorods and the shape of the
nanoplates. Nature is a master at utilizing anisotropic
components to build composite structures with superior
properties.6

The literature on polymer nanocomposites is enormous, and
there are excellent reviews and books on this subject.””"* In
this Perspective, we aim to focus on the interphase in polymer
nanocomposites, which we believe is the basis of under-
standing the underlying mechanism of improved material
properties of nanocomposites. Our paper is organized as
follows: in the second section, we provide a general
introduction about the interphase and its characteristics,
both in equilibrium and in dynamics, with a special focus on
the thickness of the interphase. This section will take a
microscopic point of view, as we discuss the simple system of
flat surfaces and polymers near the surface. In the third section,
we come back to the polymer nanocomposite and discuss the
relaxation between the average distance between nanofillers
and the thickness of the interphase. In the fourth section, we
discuss the three-dimensional arrangement of the nanofillers,

Polymer nanocomposites are defined as composite materials
with one or more nanofillers distributed inside a polymer
matrix. The general idea is to combine the proccessability of
the polymers and superior material properties of the
nanofillers, in the hope of producing composite materials
with significantly improved macroscopic properties."”

One emerging concept from the nanocomposites is the
dramatic increase in the interface formed between the
nanofillers and the polymers when at least one characteristic
size of the fillers is reduced to a nanometer scale. For fillers
with a spherical shape, the interface area increases by a factor
of 10° when the radius is reduced from micrometer to
nanometer.”” This dramatic increase in the interface area
amplifies the interaction between nanofillers and polymer
chains, and polymers located near the interface make a
profound contribution to the macroscopic material properties
of the nanocomposites.” Here, we broadly define the polymer
components near the nanofiller surface that possess properties
different from those of the bulk polymer as the interphase.

Many different types of nanofillers can be incorporated into
the polymer matrix. Spherical nanoparticles provide the
simplest system for the nanocomposites, while anisotropic
nanofillers, such as nanorods (carbon nanotubes, cellulose
nanocrystalline) and nanoplates (clay, graphene, and its
derivatives, MXene, etc.), emerge as major players in polymer
nanocomposites. Although the interface area depends on the
volume fraction and only the smallest dimension of the
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Figure 1. Formation and transfer mechanism of the interfacial phase in nanocomposites. In nanocomposites, the polymer chains can adsorb on the
surface of nanoparticles due to various interactions, which greatly limit chain motion. The adsorbed chains form many “loop” structures, which
provide effective sites for entanglement with the surrounding polymer chains. The interphase is formed by infiltration of the surrounding chain into
the adsorbed chain. The relaxation of polymer chains in the bulk is influenced by the entanglement transfer of the interphase, which improves the

macroscopic mechanical properties of nanocomposites.

with a focus on the nature-inspired materials. We conclude
with a short perspective at the end.

Adding a small amount of colloidal nanoparticles into polymer
melts is known to significantly improve the mechanical,
electrical, and optical properties, and these properties of such
a hybrid are much better than those of its constituents
individually. This clearly indicates that the nanocomposite
properties cannot be viewed as a simple average over the
properties of its constituents. The improvement in the material
properties arises from the interphase formed between the
nanofillers and bulk polymers, where the chain dynamics are
different from those of the bulk.” Priestley et al. enabled the
first direct visualization of the interfacial adsorption layer
around the nanoparticles using TEM and investigated a
correlation between the interfacial layers of different structures
and their glass transition temperature (Tg).13 However, a
quantitative measurement of the polymer dynamics in the
interphase of a nanocomposite system remains challenging,
due to the dispersity of the nanofiller properties.'* Therefore,
here we focus on the chain dynamics near a flat substrate.
Comprehensive understanding of this model system could
provide a simple way to gain insights into the chain dynamics
in the interphase of real nanocomposites.

In nanocomposites, there are multiple interactions between
polymer chains and the surface of nanofillers, including
chemical, physical, long-range, and short-range interac-
tions."* ™' The nanofiller surface will be covered by a number
of monomers, whose position is fixed by the polymer/
nanofiller surface interaction (Figure 1). When the polymer
chains begin to adsorb to the nanofiller surface, the chain
accumulation near the surface is still sparse and has an excess
free volume, which accelerates the movement of the
chains."”~*" Napolitano et al. quantified the effective local
free volume at the interface, on the basis of the decrease in the
dielectric polarization of probe molecules allowed to diffuse at
the adsorbed layers.'” They found that the glass transition
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temperature (Tg) in an ultrathin film was inversely propor-
tional to the interfacial free volume. The free volume can
eventually disappear after prolonged annealing. At thermody-
namic equilibrium, polymer chains are already stabilized
against desorption when the enthalpy decrease caused by the
interaction between polymer chains and the substrate is higher
than the entropy decrease caused by the conformational
restriction.”””* The number of adsorption points of the chains
on the substrate is approximately N2 (N is the degree of
polymerization).”*** The adsorption of chains is irreversible
on the experimental time scale, because desorption of the
whole chain requires a simultaneous desorption of all adsorbed
segments.%’27

The mobility of polymer chains adsorbed on the substrate is
greatly limited, and their coefficient of thermal expansion is
extremely low. Napolitano et al. showed that the dielectric
relaxation strength of the molecular chain of the adsorption
layer was almost zero and the T, value was very high.”*~*
Koga et al. monitored the diffusion of the adsorption layer of
polystyrene (PS) by neutron reflection and found that there
was no diffusion after heat treatment at 443 K for 3 days,
indicating that the movement ability was greatly limited. The
adsorption layer is also called a “dead layer”.”’ However, it
should be mentioned that adsorbed layers are not totally
immobile under certain circumstances.’> >’ The surface-
bound chains in solution are not irreversibly adsorbed and
can diffuse and exchange on the surface even in the limit of
strong adsorption.”” Granick et al. proposed a simple kinetic
model of polymer desorption and adsorption at a planar
surface and confirmed the model prediction by measurin%
polystyrene desorption through polyisoprene overlayers.”
They also found that the desorption of PMMA was linear in
an elapsed time of over 6 h with rate on the order of 1%/h in a
PMMA or pure CCl, solution.’® Moreover, at high enough
annealing temperatures, exchange kinetics of the bound
polymers can also appear. Jimenez et al. observed almost no
long-term reorganization of the bound poly(2-vinylpyridine)
layer (BL) at 150 °C (~ Tgpovp + 50 °C) but a notable
reduction in the BL thickness at 175 °C.>” In addition, the
bound polymer fraction decreases as a function of annealing
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Figure 2. Structure control and propagation distance of the interphase. (a) Effect of equilibration time on interphase thickness. The interphase
thickness increases with an increase in heat treatment time and then tends to a plateau. (b) Control of interphase thickness by adjusting the
adsorbed chain structure. The interphase thickness increases with an increase in the molecular weight of the polymer chain. Meanwhile, the
interphase thickness can be changed by adjusting the adsorbed chain conformation. (c) Long-range effects of the interphase. Up to now, most
literature has reported that the propagation distance is in the range of 3—11R,.

time and decreases more rapidly at higher temperatures and for
lower molecular weights.”® Cangialosi et al. directly observed
the desorption of polymer melts by fast scanning calorimetry
and showed that the adsorbed layers were heated at a constant
rate up to high temperatures where desorption takes place
spontaneously.”

The polymer chains adsorbed on the substrate can form
many “loop” structures, which provide an effective site for
entanglement with the surrounding polymer chains.”"™* As
the surrounding chains penetrate into the loop structure, an
interphase between the adsorption chain and the free chain is
formed, as shown in Figure 1.¥* The chain A is entangled
with the adsorbed chain to form a “loop” structure, and then
the chain B is entangled with the chain A.*® The interphase
effect can be transmitted internally through the chain
entanglements of the interphase, which affects the relaxation
behavior of polymer chains in the bulk.*” The most typical
example is that the mechanical and thermal properties of
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nylon-6 are significantly improved by adding a 5% volume ratio
of clay.**

Structure Control of the Interphase

The formation of a stable interphase does not occur
immediately after the polymer chains make contact with the
substrate (Figure 2a). For weakly polar systems, such as PS,
the time scale of adsorption is even more than 10 orders of
magnitude of the segmental relaxation time.*” Durning et al.
monitored the adsorption behavior of PMMA chains on a
quartz substrate using neutron reflection and proposed that
their adsorption kinetics was the same as that of small
molecules.’® The thickness of the adsorption layer is a function
of the adsorption time, and the functional form takes the
exponential type

hads(t) = ht:O + Ah(l - e—t/r) (1)

https://doi.org/10.1021/jacsau.1c00430
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where h,,(t) is the thickness of the adsorption layer at time ¢,
hiy is the initial thickness, Ah is the maximum thickness that
the adsorption layer can increase, and 7 is the characteristic
adsorption time. Without consideration of the specificity of
polymer chains, this equation describes well the adsorption
behavior of many conventional polymers, such as PS and
polyethylene terephthalate (PET) chains on metal aluminum
substrates and PS chains on silicon dioxide substrates.”*""

However, the premise for the application of eq 1 is that the
conformation of each polymer chain adsorbed on the substrate
is the same. In general, this is not the case. The chains first
adsorbed to the substrate take a more flat conformation and
can be anchored to the substrate through a large number of
contact sites.”> With an increase in adsorbed chains, the
contact sites available for late-arriving chains will inevitably
decrease, resulting in different adsorption conformations of
later risers in comparison to the early risers.”® On the basis of
this mechanism, Ligoure et al. proposed to decompose the
adsorption process of polymer chains on the substrate into two
stages.” At the beginning of adsorption where the adsorption
sites are abundant, the chains can be easily adsorbed, and the
thickness of the adsorption layer increases linearly with time.
In the second stage, most adsorption sites have been occupied,
which prevents further adsorption. In this case, the chain
adsorption requires a large conformational adjustment, and
even partial desorption of the original adsorption chains. The
adsorption rate slows down obviously, and the adsorption layer
thickness increases logarithmically with time. This model is
verified in the adsorption process of a substrate in contact with
a dilute polymer solution.”® Koga et al. studied the thickness of
the interphase (h,4;) and the adsorption layer (hy,,) (flattened
layer), which finally achieved elute equilibrium with the
thermal annealing time of the PS film.*” With an increase in
annealing time, both h,4 and hg,, increased rapidly. As the
annealing time was further increased, however, differences
between h,y, and hg,, became evident. hg, remained
unchanged, while 4, increased slowly.

The thickness of the interphase is also closely related to the
molecular weight of the polymer chains (Figure 2b). Durning
et al. studied the interphase of PMMA with thermal annealing
(165 °C > T,) on quartz substrate by using neutron
reflectance.”” The results showed that the final thickness of
the interphase (h,4,) could be scaled to hy, &~ N °° after long-
term thermal annealing, where N is the degree of polymer-
ization. A similar trend was reported by Housmans et al. in PS
on Si substrates, indicating that the polymer chains with N
segments still maintain the reflective random walk statistics
near the substrate.”® Fujii and co-workers studied the
adsorption of PS on a Si—H and SiO, substrate, where the
interaction between polymer chains and the substrate was
considerably weaker than that of PMMA on the quartz
substrate.” Interestingly, the thickness of the interphase also
showed strong molecular-weight dependence. Napolitano et al.
studied the adsorption kinetics of PS with different molecular
weights at different temperatures. The results showed that, for
PS with the same molecular weight, increasing the annealing
temperature can accelerate the adsorption rate but the
maximum adsorption layer thickness (h,4) is independent of
the annealing temperature: the thickness only increases with an
increase in molecular weight. The thickness of the interphase is
defined as hy4, = aR; with a in the range of 0.5-0.8."

Meanwhile, the conformation of the adsorption chain can
affect the thickness of the interface layer through a topological
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interaction between the structures in the adsorption chain (i.e.,
loops) and those in the adjacent unadsorbed chains. This
emphasizes the importance of the adsorption chain con-
formation to the long-range interfacial effects. According to the
research results reported by Koga et al, the chains in the
tightly bound adsorbed layers mainly adopt the closely
arranged loop conformation, which possesses high-densi
segment—solid contacts to obtain a large enthalpy gain.40’4l’56
This observation enables a precise design of the adsorbed
layers. Zuo et al. proposed to adjust the thickness of the
interphases by adjusting the adsorbed conformation of
polymer chains (Figure 2a).”” They incorporated p-hydrox-
ystyrene (HS) randomly into the polystyrene chains, where HS
formed strong hydrogen bonds with the silica and essentially
anchored to the substrate, while the styrene segment extended
outward to form a loop conformation. By adjustment of the
content of HS in the random copolymer, the extension of the
adsorption chain loops can be adjusted. The adsorbed chains
with larger loops can be easily topologically tangled with
neighboring free chains to form molecular motion coupling,
improving the interphase thickness.

As was mentioned above, the adsorbed chains can form long-
range interactions through the chain entanglements in the
interphase, which affect the chain relaxation behavior of the
polymer bulks. Therefore, it is of great practical significance to
study the propagation distance of interfaces with different
structures (thicknesses and interactions between the chain and
substrate) for the construction of high-performance nano-
composites.

For a PMMA/SiO, substrate, a strong hydrogen bond
interaction between PMMA and SiO, substrate can easily
form, resulting in a large transfer distance. Priestley, Forrest,
Inoue, and Dion et al. used different methods to measure the
propagation distances of PMMA on a SiO, substrate are 250,
180, 80, and 60 nm, respectively.”*"®' For a system with weak
interactions, the propagation distance of the substrate is
extremely short, such as in a PS/SiO, substrate; the
propagation distance is about 20 nm.®> As the interaction is
further weakened, the substrate even has no effect on the
mobility of the polymer chains, as in the PMMA/AI substrate
system.

Essentially, the strength of the interaction affects the
thickness of the interphase. The relationship between the
thickness of interphases and the propagation distance was
analyzed. The results showed that the thickness of the
interphase was positively correlated with the propagation
distance. As the interphase increases, the propagation distance
increases. Siretanu et al. normalized different molecular
weights using the root-mean-square end-to-end distance (R,)
and found that the propagation distance was 1.5R, (~4Rg).47
Up to now, most of the literature has reported that the
propagation distance is in the range of 3—11R, (Figure 2¢).%

However, in the region of a gradual transition from the
interphase to the bulk, the motion ability of polymer chains is
not static but is a gradient distribution, which is important for
understanding the nature of the interphase effect and the long-
range transfer. Due to the lack of experimental methods and
techniques, there have been few reports on the gradient of the
motion ability of chains near the interphase. Xu et al.
investigated the effect of adsorbed layer thickness (h,4,) on
the gradient distribution of chain mobility near the interphase

https://doi.org/10.1021/jacsau.1c00430
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Figure 3. Size effects of the interphase in nanocomposites. (a) Schematics of the different regimes for size effects of the interphase. (b) Effect of
interparticle separation distance on the T, values of nanocomposites. These data are gathered from refs 14 and 74—78. (c) Relaxation times of
nanoparticles (7) and the storage modulus (G’) in the nanocomposites obtained determined at @ = 0.1 rad/s. Reprinted with permission from refs

72 and 73. Copyright 2017 and 2018 American Physical Society.

by using the stepwise crystallization behavior of a polyethylene
terephthalate (PET) film.®* The results showed that there were
three critical thicknesses (h*, hy*, h,*) for the effect of the
chain motion of PET films. At the first thickness (h*
13.6h,4; + 0.62R,), the mobility of surface chains begins to be
inhibited by the substrate, and the surface crystallization

temperature increases. At the second thickness (hy,* = 7.0h,4;
+ 0.62Rg), the crystallization arrives there. At the third
thickness (h,* = 4.2h,4), chain motion is almost completely
inhibited and the film cannot crystallize.

Macroscopic properties are optimized when the size of the
interphase matches the averaged separation between the
nanofillers. According to the above content, it can be found
that the interphase has a certain propagation distance, and its
effect on the chain movement presents a gradient distribution.
This size effect of the interphase also exists in nanocomposites,
which controls the macroscopic properties of nanocomposites.

284

The size effect of the interphase in nanocomposites can be
studied by adjusting the common parameter, which is the
relative amount of polymers and fillers. In nanocomposites
with spherical nanoparticles randomly dispersed in the
polymer melt, the separation distance (d)®® between particles
can be calculated from the random distribution of the spheres

1/3
] L
(2)

where dyp is the diameter of the nanoparticle and ¢ is the
volume fraction of the nanoparticle. When the separation
distance approaches the chain size (~2Rg), the interphases
between adjacent nanoparticles start to overlap, and polymer
bridginﬁg was observed in both experiments and simula-
tions.”””" The bridging effect causes nanoparticles to
ultimately form a network analogous to that of a colloidal
gel (Figure 3a). The stress of the linear viscoelasticity for
polymer nanocomposites, which can be quantitatively
predicted using a parameter-free model, is the sum of the

2

Th\p

d=dNP[
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nanocomposite films with the filling amount of nanofillers.

contributions of the polymer matrix and the nanoparticle
network.”” Sokolov et al. suggested that the strong enhance-
ment in the mechanical properties of polymer nanocomposites
was caused by the superposition of chain packing and
stretching in the interphase and polymer bridging.*®

Senses et al. used X-ray photon correlation spectroscopy to
investigate the nanoscale motion of nanoparticles in poly-
(ethylene oxide) melts with the change in the nanoparticle
fraction (interparticle separation distance) and established a
relationship between the nanoparticle relaxation behavior and
the mechanical properties of the melt (Figure 3¢).”* At ¢yp =
2.5% (d/ 2R, > 1), isolated nanoparticles showed the behavior
of simple diffusion. For a polymer nanocomposite with ¢yp =
25%, which was at the limit of d/ZRg & 1, the nanoparticle
relaxation becomes extremely slow and exhibits hyperdiffusive
behavior. The relaxation time of nanoparticle motion increased
by orders of magnitude, and the mechanical property of the
nanocomposite was significantly reinforced, due to the fact that
polymer chains were bridged with nanoparticles to form a
network. As ¢yp = 42% (d/ 2R, < 1), the nanoparticle motion
was not further slowed down, while the storage modulus (G')
increased by 3 orders of magnitude. The reason is that all
polymer chains are practically in direct contact with the
particle surface in the case of such a high ¢yp value, and the
particles experience the same viscoelastic environment. Starr et
al. used a molecular simulation to study the effect of the
interparticle separation distance on the chain segment
relaxation and T, value of polymer nanocomposites (Figure
3b).”* Clearly, several related length scales need to be
considered: namely, the interparticle separation, d, and the
thickness of the interphase, h. When the interphases on
adjacent nanoparticles overlap (d/h < 1), the interphase effect
is most significant. At d/R; < 1, the interphase also plays an
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important role through the chain bridging effect. In contrarst,
at d/2R, < 1, the bridging effect is not evident in relatively
short chains.

The influence of the interphase effect on the T, value in
different regimes of composites is systematically counted in
Figure 3b."*7*~7% In the d/ 2R, > 1 regime, there is no dynamic
coupling between polymer chains in the interphase and the
polymer matrix, resulting in extremely little T, change. In the
d/2R; < 1 regime, the bridging effect of the interphase restricts
the chain segment motion, leading to a slight increase in the T,
value. In the d/h < 1 regime, the nanoparticle concentration is
high enough to overlap the adjacent interphases, where T,
reaches the largest value in this state.

In addition, when the NPs with their tightly bound polymer
layers begin to overlap, the system dynamics lose any obvious
connections to those of the polymer chains that bridge the
nanoparticles. System dynamics are gel-like in this regime, but
the temperature dependence of the system relaxation still
follows the Williams—Landel—Ferry (WLF) relation reminis-
cent of the polymer chains. The storage modulus in the
intermediate-frequency region exhibits a power law response
with the approximate scaling G’ &~ @2, practically independent
of the polymer molar mass. This behavior turns into a particle-
dominated Arrhenius-like dependence at even higher loadings:
that is, where the d value is comparable to the Kuhn length of
the chains.”” It is worth mentioning that this spatial
distribution of nanoparticles can be utilized to strongly
enhance the mechanical properties of semicrystalline polymers
by assembling nanoparticles simultaneously into three scales in
the polymer-rich regime, as achieved in the case of nacres (a
hybrid composed of 95% inorganic aragonite and 5%
semicrystalline polymer). This assembly strategy can create
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Figure S. Design strategies of nanofiller structure inspired by natural products. (a) Alignment: tooth enamel and mother of pearl/nacre. Twisting:
Arapaima gigas scale and conch shells. (b) Nanocomposites with binary combinations of nanofillers. Reprinted with permission from refs 8, 81, and
92. Copyright 2017 Wiley-VCH and 2016 Royal Society of Chemistry.

high-modulus materials that retain the attractive high tough-
ness and low density of semicrystalline polymers.*

The size effect of the interphase also exists in layered
nanocomposites. The typical example is the nacre’s brick and
mortar layered structure, which endows it with high
mechanical properties.”' ~** Among them, the brick refers to
a calcium carbonate plate with a thickness of about 200—900
nm and a lateral thickness of 5—8 ym formed by the orderly
arrangement of calcium carbonate nanocrystals, and the mortar
with a thickness of about 10—50 nm refers to a blend with
flexible proteins and polysaccharides. The layer spacing of
calcium carbonate nanosheets in nacre is narrow enough to
enable the interphase to form bridging effects with the natural
polymer, which can greatly improve the strength and
toughness of the composites. Zhao et al. used the shear flow
generated by the reaction solution in the process of
superspreading to realize a highly oriented arrangement of
nanosheets and synchronously realized rapid in situ fixation of
an oriented structure through rapid cross-linking, which can
prepare layered nanocomposite films (Figure 4).°° The
nanocomposite films showed ultrahigh mechanical properties
with a tensile strength of 1215 + 80 MPa and a Young’s
modulus of 198.8 + 6.5 GPa, as shown in Figure 4b. In order
to reveal the intrinsic mechanical strengthening mechanism,
the effect of the filling amount of nanomaterials was
systematically investigated. The results showed that, with an
increase in the filling amount of nanosheets, the layer spacing
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decreased and the glass transition temperature of the films
increased (Figure 4c,d). Interestingly, the strength and
modulus of the films had a nonmonotonic dependence on
the filling amount, increasing with the filling amount up to
25.2% followed by a drop at higher filling amounts. The reason
is that the motion limitation of interlayer polymer chain
segments becomes more significant with the gradual reduction
of nanosheet spacing. When the nanosheet spacing was
reduced to the near state of about 2.6 nm, the limited
movement of the chain segments reached a maximum, due to
the overlap of the nanosheet interphases.

The nonmonotonic dependence of the mechanical proper-
ties on the nanofiller fraction is unique for anisotropic
nanofillers. The maximum point might be correlated to the
structural transition from a discontinuous to a continuous
interphase.*® This was suggested by Brinson et al, who
investigated graphene/PMMA composites and found that the
glass transition temperature remained constant after the
graphene weight ratio exceeded 5%. Similar experimental
evidence can also be found in PVA/MMT composites. Kotov
et al. prepared PVA/MMT composites by means of a layer by
layer assembly.””"® By adjustment of the volume percentage of
the nanosheets, when the volume percentage was 16%, the
strength of the composite reached its maximum value. As the
nanosheet content was further increased, the overall strength
tended to decrease. For anisotropic nanofillers, it is important
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to identify the critical fraction of the nanofillers where the
mechanical properties are optimized.

We have focused on the aspect that the interphases between
the nanofillers and the polymer matrix make a profound
contribution to the material properties. The spatial orientation
or oganization of the nanofillers will undoubtedly affect the
three-dimensional structure of the interphase, resulting in
better control of the macroscopic properties. There has been a
series of studies on polymer-grafted spherical nanoparticle self-
assembly forming different spatial distributions (interphase
structure), enhancing the mechanical properties of nano-
composites.”” ™" Kumar et al. controlled the nanoparticle
spatial distribution through judicious choices of the brush and
matrix parameters.”” The melt with percolating particle clusters
displayed “gel-like” mechanical behavior at particle loadings
lower than those with uniform particle dispersion. This result
showed that mechanical reinforcement was clearly enhanced
when the particles, the strongest element in the nano-
composite, formed extended structures within the polymer
melt that retained their mechanical integrity under large
deformations through entanglement interactions between the
particles.”” The situation is quite different for the glassy state.
In this case, the best mechanical response is obtained when the
NPs are well dispersed and where there is good entanglement
between the grafted polymer chains and the background
polymer matrix.”’ The results for the melt state are in accord
with the idea that the preferred structure of the interphase
(including the nanofillers) is continuous. However, which type
of structure can realize the optimal mechanical properties
remains an open question. Here we identify a few strategies to
design nanofiller structures with superior material properties,
with an emphasis on the inspiration from material properties,
with inspiration from nature and the anisotropic nanofillers
(Figure S). Hopefully an understanding of the nanofiller
arrangement could provide some hints as to the optimal
interphase structure.

From a simplified view, one might expect that the uniform
dispersion of the nanofillers would lead to the optimization of
the material properties, but in general this is not the case for
anisotropic nanofillers. For nanorods and nanoplates, both
their spatial arrangement and orientation order need to be
precisely controlled. In many scenarios, a hierarchically
organized structure of the nanofillers is often required for
the optimal material properties.

For nanocomposites composed of nanorods or nanoplates, it is
well accepted that good alignment of the nanofillers is the
prerequisite to achieve excellent mechanical properties. Natural
tooth enamels consist of short parallel ceramic rods organized
in layers with soft proteins filling the gap (Figure Sa). Inspired
by this structure, enamel-mimic columnar nanocomposites
with superior material properties was constructed, including
high stiffness, good damping, and light weight.”> The
interphase between the stiff nanorods and the soft polymer
matrix contributes to this unusual combination of properties. It
is interesting to note that tooth enamel prefers short nanorods,
so that the continuous polymer phase has comparable
periodicities in direction along the nanorods and the direction
parallel to the nanorods.
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Mother of pearl/nacre is another example of utilizing the
alignment of nanofillers to realize outstanding mechanical
properties (Figure Sa). In nacre, nanoplates of CaCO; and
biopolymers form a brick and mortar structure. The literature
on nacre-mimic nanocomposites is rich, and this subject has
been reviewed by several authors.”®' The general consensus is
that better mechanical properties require a high degree of
alignment and efficient stress transfer in the interphase region.
Similarly to previous case of tooth enamel, a small aspect ratio
of the nanoplates results in more ductile materials without too
much sacrifice of the stiffness.”

For anisotropic nanofillers, long-range orientation ordering is
difficult to achieve. Arapaima gigas scales provide an alternative
idea for the spatial organization of nanorods.”* The twisted
plywood structure is composed of many layers of nanorods:
the nanorods in the same layer are parallel-aligned, but the
alignment directions in adjacent layers deviate by a small angle
(Figure Sa). Chen et al. utilized brush-coating to produce
scale-mimic plywood nanocomposites. They found nano-
composites with a small deviation angle (10 or 20°) exhibited
outstanding fracture toughness and crack resistance, which can
be contributed to the high-energy dissipation of the twisted
crack propagation.

A similar strategy also applies to the plate composite. The
inspiration comes from conch shells, whose cross-lamellar
structure enables a 10 times improvement in toughness over
nacre.® Using additive manufacturing, Gu et al. produced a
three-layer macroscopic composite with an alternating
orientation (Figure Sa). The mechanical tests showed that
adding the second level of a cross-lamellar layer could improve
the impact performance by 85% with respect to the stiff
constituent. The layered structure with a different plate
orientation is responsible for the impact resistance of conch-
shell-mimic materials, due to the waving pathways of crack
propagation.

Previous examples utilized only one type of nanofiller. It might
be interesting to use a combination of different types of
nanofillers, as different nanofillers could work in synergy to
improve the material properties. Prasad et al. attempted binary
combinations of nanodiamond, few-layer graphene, and single-
walled nanotubes to reinforce PVA melts. As demonstrated by
a nanoidentation measurement, nanocomposites with two
types of nanofillers show improvement in the stiffness and
hardness in comparison to nanocomposites of single type of
nanofiller.” Using a combination of different nanofillers might
open up new ways of designing advanced materials (Figure

sb).

From a previous discussion, we have argued that a continuous
interphase might be an ideal structure for the mechanical
enforcement of nanocomposite materials. For any realistic
nanocomposite materials, it is often required that not only the
mechanical properties but also some other macroscopic
properties need to be optimized for specific applications. For
example, to create nanocomposite materials, both the
mechanical properties and the conductivity should be
optimized. The requirement of multifunction (besides the
mechanical properties) often creates a strict burden on the
nanofillers, because quite often the nanofillers are tasked to
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provide both the mechanical reinforcement and other material
properties such as the conductivity.

For macroscale composites, where the bulk contributions
from different components dominate while the interface effect
is small, there are suggestions for cross-property optimization.
For example, if a binary mixture of components A and B is
used, component A provides one property (say mechanical
strength) and component B contributes to another property
(say mechanical toughness). Torquato et al. suggested that, in
order to simultaneously optimize both properties of the
composite, the two components should both be simultaneously
continuous.”® Although this proposal is for a macroscale
composite and neglects the interphase, it suggests that the
creation of multifunctional composites requires exquisite
control over the spatial distribution of the nanofillers. Through
the introduction of the continuous interphase concept, we
hope to provide a paradigm shift of the nanocomposite design:
now the burden of mechanical enforcement (strength and
toughness) is placed on the continuous interphase (and the
polymer phase), while the nanofillers can be chosen to
optimize other macroscopic properties.

In addition, on the basis of improving the mechanical
properties of nanocomposites by adjusting the interphase
structure, how to fabricate nanocomposites continuously on a
large scale is also a problem that should be considered and
solved for practical applications. Several emgirical strategies
have been developed, such as layer by layer,”””® casting,””"*’
vacuum filtration,"® ™'%® and use of magnetic fields.'O#195
However, some defects of these methods limit their practical
application. On the one hand, it is impossible to fabricate
composites with long-range orientation in a large-scale
production. On the other hand, for a multicomponent
nanomaterial system, the agglomeration of nanofillers in the
preparation process cannot be avoided. Recently, Zhao et al.
have presented a method of continuous large-scale preparation
based on the superspreading shear-flow-induced alignment of
nanosheets at an immiscible hydrogel/oil interface, which
applies to the fabrication of layered nanocomposite films from
a wide range of polymers and 2D nanofillers.*> We foresee that
the new generation of nanocomposites with high mechanical
properties by adjustment of the interphase structure will
further expand and provide more innovative applications.
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