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“Bulk nanostructured materials” com-
monly refers to macroscopic dense materi-
als with nanoscale grains.1 This branch of
nanomaterials research was initiated in
metallurgy, where “top-down” processing
techniques, such as extensive plastic
deformation,2 are typically employed to re-
duce the grain sizes of bulk metal pieces
(Figure 1a), leading to significantly en-
hanced mechanical properties.3 In this area,
materials processing is largely based on
thermal and mechanical means, and “nano”
loosely refers to themicrostructural features
smaller than 100 nm. In a parallel branch of
nanomaterials research, where materials
processing strategies are more chemistry-
driven, the structure�property relation-
ships of isolated “nano” entities (loosely
defined as objects with at least one dimen-
sion smaller than 100 nm) have been a
major focus. By now, nanoparticles can be
synthesized with well-defined sizes, shapes,
and surface states.4,5 There is strong interest
in scaling up the syntheses of these nano-
scale building blocks,6,7 and studying them
in “bulk” forms rather than as individual
units. When these nanoscale building
blocks are assembled into superstructures,
new “collective” electronic, optical, mag-
netic, and ionic properties emerge that are

not ascribable to the individual units.8 In
addition, nanomaterials are used in bulk
quantities in applications such as batteries
and ultracapacitors, and often need to be
densely packed to achieve high overall
performance. Close-packed superstructures
and the high density bulk forms of nano-
materials can be treated and studied as bulk
nanostructured materials since they are in-
deed made of nanostructured units.

Bulk Nanostructure Materials: Collective Prop-
erties and Scalable Performance. Colloidal crys-
tals are probably the best known example
illustrating the collective properties that
emerge from the close-packed assembly of
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ABSTRACT The family of two-dimensional (2D) materials, in particular MXenes, can now be greatly expanded

based on a new “double metal” strategy as reported by Anasori, Xie, and Beidaghi et al. in this issue of ACS Nano.

Now that a diverse array of well-defined nanoscale building blocks, especially the 2D systems, has become

available, we are better prepared to think about scaling up nanomaterials in the broader context of materials

science and engineering. In this Perspective, we construct a roadmap for assembling nanoscale building blocks

into bulk nanostructured materials, and define some of the critical challenges and goals. Two-dimensional sheets

are uniquely well-suited in this roadmap for constructing dense, bulk-sized samples with scalable material

performance or interesting emergent properties.
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monodisperse nanoscale building
blocks from solution phase.8 Plas-
monic colloidal crystals9 (Figure 1b)
are a notable new addition to this
group, made from close-packed ar-
rays of plasmonic metal nanocrys-
tals (Figure 1c). The optical prop-
erties of the bulk lattice are strongly
dependent on the distance be-
tween the nanocrystal units, which
can be potentially tuned by the
assembly process. Another example
of an unusual collective property is
observed in a flexible membrane
made by restacking exfoliated ver-
miculite clay sheets (Figure 1e).10

When this membrane is hydrated,

the stacked sheets become the
walls that define massive arrays
of parallel 2D nanofluidic ion chan-
nels.11 When the sheet separation is
smaller than the liquid's Debye
length near its surface, the bulk
lamellar-structured membrane ex-
hibits unipolar ionic transport and
significantly enhanced ionic con-
ductivities.

When nanostructures with better-
than-bulk material performances are
used in bulk form, it is critical that
those extraordinary nanoscale prop-
erties can be scaled to the macro-
scopic level. Many works have aimed
toaddress this challenge. Forexample,

to scale up the properties of carbon
nanotubes, they can be twist-spun to
form continuous yarns with macro-
scopic lengths.12 Such yarns have
been found to have extraordinary
mechanical properties, including
high strength and high toughness,
in addition to their electrical con-
ductivity and thermal stability at
extreme temperatures. Rapid pro-
gress has been made over the past
decade to improve the quality of
the yarns and scale up the produc-
tion.13,14 Carbon nanotube-based
engineering fiber materials15 have
now emerged. In another exam-
ple, graphene-based sheets have

Figure 1. Bulk form of nanomaterials: Top-down and bottom-up. (a) Bulk nanostructured materials were initially demon-
strated with metals processed by extensive plastic deformation, which significantly reduces their grain sizes, leading to
unusualmechanical properties.1,3 The curve illustrates the general trend of an increasing volume fraction of grain boundaries
with decreased grain sizes. On the other hand, discrete nanoscale entities are often assembled into bulk forms for creating
new properties or to be used in applications. Some examples include the following: (b) plasmonic colloidal crystals9 with
vibrant colors, tunable by the assembly of (c) octahedral Ag nanocrystals. Reprinted from ref 9. Copyright 2008 American
Chemical Society. (d) Twisted yarns of carbon nanotubes12 with extraordinary strength and toughness. Reprinted with
permission from ref 12. Copyright 2004 American Association for the Advancement of Science. (e) Lamellar membranemade
of exfoliated clay sheets10 showing unipolar ionic transport and high ionic conductivity. Reprinted with permission from ref
10. Copyright 2015 Nature Publishing Group. (f) Pelletized powders of crumpled graphene balls18with scalable surface area.
(g) Dense yet nanoporous graphene monoliths19 with moldable shapes and extraordinary performance as supercapacitors.
Reprinted with permission from ref 19. Copyright 2013 Nature Publishing Group.
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attracted tremendous interest as
electrode materials for supercapaci-
tors.16 In such devices, the active
materials need to be densely packed
tomaximize bothmass- and volume-
based capacitance. However, this
has proven to be challenging be-
cause graphene-based sheets are
highly prone to aggregation, which
leads to reduced surface area and
degraded device performances as
their mass loading level increases.17

Figure 1f,g illustrates two strate-
gies to overcome this problem and
achieve scalable device perfor-
mance. In the first approach, an
aggregation-resistant form of gra-
phene particles is created, which
resembles crumpled paper balls in
appearance (Figure 1f).18 Crumpling
is achieved by capillary compres-
sion of the flat sheets suspended
in evaporating aerosol droplets.
Particles with such shapes have
weak attractive interactions, and
can maintain relatively high surface
areas while being densified, leading
to scalable supercapacitor perfor-
mance. In the second approach,
high-density graphene monoliths
aremade, also by capillary compres-
sion, through slow drying of pre-
formed hydrogels.19 The resulting
monoliths were found to be nano-
porous, with extraordinary volume-
tric capacitance. By molding the
hydrogel precursor, graphenemono-
liths can be made in many different
shapes (Figure 1g).

Two-Dimensional Building Blocks: The
Tip of an Iceberg. Two-dimensional
sheets are exciting new nanomater-
ials with fascinating properties and
potential applications.20 Graphene
and transitional metal dichalcogen-
ides (TMDC) sheets are being hotly
studied for electronic applications.
The flat, high-aspect-ratio geometry
of 2D nanomaterials suggests that
they should naturally integrate into
planar devices or coating applica-
tions. Compared to other nanomater-
ials, this is a fundamental material-
processing advantage of all 2D
sheets, regardless of their chemical
composition. Therefore, materials
scientists continue to search for,

and even to design, new 2D materi-
als to expand this family ofmaterials
and increase its diversity. In addition
to clays, graphene, and TMDCs,
many other 2D materials have cap-
tured the spotlight, including, but
not limited to, silicene, germanene,
stanene, phosphorene, boronnitride,
metal oxides, and metal hydrox-
ides.20

Recently, a new subset of 2D mate-
rials named “MXenes” was discov-
ered (Figure 2, top).21 They are pre-
pared by etching of the “A” layers
from the layered carbides or carboni-
trides knownasMAXphases, inwhich
M is a transition metal, A is usually a
group III-A or IV-A element (such as
Al, Ga, Si, or Ge), and X is C and/or

N.22 The A layers have higher chemi-
cal reactivity, allowing them to be
selectively etched from the MAX
phases by aqueous hydrofluoric
acid (HF) at room temperature. The
removal of the bridging A atoms
generates weakly bondedMX layers
that can now be readily exfoliated.
After etching, the M atoms on the
outer surface are modified with
functional groups (OH, O, or F).
These unique structural characteris-
tics make MXene both metallic and
hydrophilic, a combination rarely
observed in 2D materials. It is also
possible to use additional surface
functional groups to tune the elec-
trical properties of the MXene
sheets. It has been found that many
types of cations including Hþ, Liþ,
Naþ, Kþ, NH4

þ, Mg2þ, Ca2þ, and
Al3þ, and neutral molecules such
as hydrazine, urea, and dimethyl
sulfoxide can intercalate between
the MXene layers. MXenes have
been found to be promising for
making high-power electrodes for
batteries and supercapacitors, as
well as for sensing and electrochro-
mic applications.22,23 In this issue of
ACS Nano, Anasori, Xie, and Beidaghi
et al. report yet another break-
through. First, using density func-
tional theory (DFT), they predicted

Figure 2. Structure�properties relationship of MXenes (top) and the evolution
from single metal MXenes M3X2 to double metal M0

2M00X2 (bottom) and M0
2M00

2X3
(not shown).
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and then they experimentally veri-
fied two new groups of 2D double
transition metal carbides: M0

2M00C2
and M0

2M00
2C3, in which the inner

M00 layers help to stabilize the 2D
lattice and the outer M0 layers con-
trol the chemical and electrochemical
properties (Figure 2, bottom).24 Two
model systems were created where
M0 and M00 are Mo or Cr, and Ti, re-
spectively. The success of this double
metal strategy suggests that there
are likely many more types of 2D
MXenes waiting to be discovered.
For example, one cannot stop won-
dering whether trimetal, “Janus”
MXenes sheets could exist, where
three different metals occupy three
different layers. These double-metal
MXenes have uncovered the tip of
an iceberg of numerous opportu-
nities for new materials discoveries.

Bottom-Up Assembly to Bulk Nano-
structured Materials: A Roadmap. Bottom-
up processing approaches, such as
consolidation of ultrafine particles,
have been employed in powder
metallurgy to make nanostructured
metals.1 However, since a diverse
array ofwell-definednanoscale build-
ing blocks, especially 2D systems,
have become available, we are now
much better prepared to rethink
bottom-up strategies to assemble
them into bulk-sized, engineering
materials. The roadmap shown in
Figure 3 is an attempt to define the
critical challenges and outcomes
along the pathway toward assem-
bling nanoscale entities into high-
density, bulk-sized, processable engi-
neering materials that can meet the
requirements of modern applica-
tions. Note that bulk-sized aerogels
and foams of nanomaterials with low
densities are also of great interest for
a number of applications. They may
be categorized as bulk nanostruc-
turedmaterialswith low-density form
factors, but we place them beyond
the scope of this discussion. If such
bulk nanostructured materials are
successfully made, there are two
appealing outcomes. We could
have high-performance bulk mate-
rials where the extraordinary prop-
erties of their nanoscale units are

maintained and accessible. We could
also have novel bulk materials with
new useful properties that transcend
those of their individual building
blocks. Note that inmetallurgy, nano-
structured metals need to have high,
near-theoretical density values to
maintain structural integrity and to
exhibit enhancedmechanical proper-
ties. For the new bulk nanostructured
materials at the end of the roadmap,
higher density is certainly needed to
ensure mechanical integrity of the
final products and is likelymore desir-
able in many applications. Of course,
the critical density value is deter-
mined by the material requirements
of specific applications.

There are also a number of chal-
lenges for constructing bulk nano-
structured materials using bottom-
up approaches, which can be sum-
marized as scalability and stability.
Scalability refers to both scalable
synthesis of high-quality processable

nanoscale building blocks,6,7 and
scalable material performance,17

where the properties of the nano-
scale units are still accessible in the
final bulk pieces. Stability of the
building blocks is also important,
because they should not sinter into
large grains or chemically transform
into less useful materials during
processing or application. For ex-
ample, bulk nanostructured Si has
attracted significant interest as a
high-performance electrode ma-
terial for Li ion batteries. However,
an in situ transmission electron mi-
croscopy (TEM) study revealed that
Si nanostructures can be unstable
during charging and discharging,
and subject to abrupt electrochem-
ical sintering, turning into much
larger grains and losing the advan-
tages of being nanostructured.25

Nanomaterials need to pass the fol-
lowing tests to reach their destina-
tion on the roadmap: Can they be
made in sufficient quantities and
qualities? Can they maintain their
properties and deliver comparable
performance when used in bulk
form? Are they sufficiently stable,
in terms of chemical composition,
surface state, and morphology, to
survive the material processing or
assembly steps, and in the target
applications?

In regard to scalability and stabil-
ity, 2D nanomaterials have both
unique advantages and challenges.
Many types of 2D sheets can be
prepared by exfoliating powders of
layered materials, which is already

In this issue of ACS

Nano, Anasori, Xie,

and Beidaghi et al.

predicted and then

experimentally verified

two new groups of 2D

double transition metal

carbides.

Figure 3. A roadmap showing bottom-up assembly route toward new bulk
nanostructured materials, highlighting the challenges of scalability and stability.
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a scalable type of synthesis. The
exfoliation-reassemblyprocess simply
transforms the discrete particles into
a continuous, bulk form of materials
with the same structural units. How-
ever, due to their ease of aggre-
gation, scalable performance, such
as in energy storage applications,
could be challenging. Figure 1f,g
shows two strategies to address this
challenge. Two-dimensional sheets
are capable of forming intimate
face-to-face contact, and they can
bend, wrinkle, or crumple during
assembly. Some can even plastically
deform at the single layer level.26

Therefore, they can construct high-
density bulk samples with tunable
free volumes and porosities. In terms
of stability, if the parent layered
materials are thermodynamically
stable, then we might expect the
exfoliated 2D sheets to be sintering-
resistant and capable of maintain-
ing their single- or few-layer thick-
ness. However, their high surface
area also leads to higher chemical
reactivity than in bulk materials,
which should be addressed for tar-
get applications. Proper encapsula-
tion or surface passivation could
help to mitigate this problem with-
out sacrificing performance. There-
fore, 2D materials are probably the
most promising group of well-
defined nanoscale building blocks
for constructing bulk nanostruc-
tured engineering materials.
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