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Abstract

The creation of three-dimensional (3D) structures from two-dimensional (2D) nanomaterial
building blocks enables novel chemical, mechanical or physical functionalities that cannot be
realized with planar thin films or in bulk materials. In this Progress Report, we review the use of
emerging 2D materials to create complex out-of-plane surface topographies and 3D material
architectures. We focus on recent approaches that yield periodic textures or patterns, and present
four techniques as case studies: (i) wrinkling and crumpling of planar sheets, (ii) encapsulation by
crumpled nanosheet shells, (iii) origami folding and kirigami cutting to create programmed
curvature, and (iv) 3D printing of 2D material suspensions. Work to date in this field has primarily
used graphene and graphene oxide as the 2D building blocks, and we consider how these
unconventional approaches may be extended to alternative 2D materials and their heterostructures.
Taken together, these emerging patterning and texturing techniques represent an intriguing
alternative to conventional materials synthesis and processing methods, and are expected to
contribute to the development of new composites, stretchable electronics, energy storage devices,
chemical barriers, and biomaterials.
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1. Introduction

Atomically thin two-dimensional (2D) materials such as graphene can display extraordinary
chemical, physical and mechanical properties, but exploiting these properties for
technological applications often requires nanosheet assembly into higher dimensional
architectures.[1:2] Historically, precision measurements of 2D material chemical and physical
properties have utilized samples prepared by exfoliation techniques or controlled growth
from the vapor phase.[3] The deposition of patterned 2D materials has analogies with thin
film processing in semiconductor fabrication and holds great promise for the direct
integration of 2D materials into integrated circuits.[4] Although top-down patterning
techniques are effective for well-controlled planar patterns at the wafer scale, they may be
less useful for patterning very large areas, creating out-of-plane surface topographies, curved
geometries, or soft materials.[5]

In many cases, 2D materials are produced as dispersed nanosheets of sub-micron to micron-
scale lateral dimension in aqueous solutions or organic solvents, particularly when prepared
using solution-based growth or exfoliation techniques.[6-8] When suspended in a fluid phase,
nanosheets exhibit complex behaviors that include self-avoidance and uniform dispersion
due to electrostatic repulsion, aggregation (to disordered flocs) or (re)stacking to aligned 2D
multilayer flocs, liquid crystal alignment driven by large excluded volume effects associated
with very high aspect ratio and high concentration, interfacial accumulation, and mechanical
deformation by weak electrostatic or van der Waals forces in the liquid phase or at the
liquid-air interface or deposition substrates.[®] Based on the importance of weak forces,
nanosheet assemblies can be regarded as soft materials,[10] and there is a significant
literature on their fundamental behavior as colloids,[10-12] surfactants,[10:13.14] and liquid
crystals.[10.1215-17]1 \while nanosheet assemblies have mechanical properties typical of soft
materials, they retain other characteristic physicochemical properties and functions of the
hard-material 3D parent inorganic crystals from which they originate, such as electronic
bandgaps, thermal and chemical stability.

Historically, studies of the self-organization of 2D materials into bulk 3D architectures has
been carried out using graphene or graphene oxide (GO) and can be broadly classified into
three approaches: (i) stacking to create multilayer films with a significant third dimension,
(ii) association in liquid phases to form 3D gels or foams, or (iii) deposition onto pre-
existing 3D sacrificial templates. Stacking assembly is widely used to make coatings or free-
standing papers used in applications as barriers, separation membranes, or electrodes.[18-21]
Stacking processes may also involve molecular or nanoparticle additives or functional
groups that interrupt alignment to produce engineered porosity or adjust the width of
interlayer gallery spaces in GO films, which have been proposed as molecular sieve
membranes.[22-24] Gelation has been used to convert nanosheet suspensions into
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macroporous 3D hydrogels or organogels, which can be converted to xerogels by simple
drying or low-density aerogels by freeze drying or supercritical drying.[25-28] Gelation can
also be induced by colloidal destablization through salt addition,[*2] through chemical
reduction of GO, which removes functional groups that carry the negative charge involved in
electrostatic repulsion[25:29] or through covalent or non-covalent cross linking[26:27], Finally,
many ordered 3D graphene structures have been fabricated by CVD, electrophoretic
deposition (EPD),[3%-32] or nanosheet deposition from solution onto/into prefabricated 3D
templates, including metal foams,[33] 3D printed metal grids,[34 emulsion droplets,[3°] and
materials with regular porosity such as zeolites,[38] which are subsequently removed by
dissolution or evaporation. These three assembly modes for creating bulk higher-
dimensional architectures have received significant attention in the primary and review
literature,[371 and thus will not be the main focus here.

In this Progress Report, we focus on several emerging approaches to the fabrication of 3D
architectures,” emphasizing the creation of microstructural or textural patterns with defined
length scales by directed assembly and patterning of nanosheet building blocks: (1)
wrinkling and crumpling of 2D material films on flat substrates using mismatched
mechanical deformation; (2) wrapping and crumpling of 2D materials around curved
objects; (3) folding (origami) and cutting (kirigami) using 2D materials; and (4) 3D printing
from 2D nanosheet suspensions (Figure 1). These four techniques for processing and
fabrication may facilitate the application of 2D materials in energy storage, 38
environmental mediation,[3% catalysis,[4%] controlled wetting surfaces,[#1] bioelectronic
interfaces and biomaterial implants.l[42] To date, these patterning techniques have primarily
been implemented using graphene and GO, but they could be utilized with a wide variety of
2D materials. Thus, we conclude with the potential to extend this field to 2D materials
“beyond graphene” and offer our perspectives on future directions.

2. Wrinkling and Crumpling of 2D Material Films on Flat Substrates

2D materials often display complex surface topographies since they are much easier to bend
out-of-plane than stretch in-plane.[43] These morphological surface instabilities can be
thermally-induced equilibrium ripple features exhibited by extended monolayerst44l or can
be programmed by manipulating interfacial conditions, often through some external
stimulus.[3] For instance, continuous graphene monolayers have been grown by chemical
vapor deposition on copper and transferred onto a pre-stretched elastomeric substrate.[46:47]
The subsequent relaxation of the elastomeric substrate and the mechanical mismatch with
the stiff graphene resulted in the formation of out-of-plane surface patterns (Figure 2a). In
particular, the relaxation of initially smooth films (Figure 2b) resulted in regular periodic
wrinkles for uniaxial compression (Figure 2c¢) and disordered crumples for biaxial
compression (Figure 2d). It should be noted that the fabrication and transfer of monolayer
graphene can be laborious and difficult to scale. As an alternative, we and others have

*Note there are many carbon materials whose structures can be conceptually modelled as collections of curved graphene layers, with
or without 5- or 7-membered rings, yet are not fabricated by assembling isolated 2D nanosheet building blocks. Examples include
carbon nanotubes, nanofibers, nanohorns, and carbon onions, and these materials are not covered here. Such materials typically form
through atomic-level assembly, rather than nanosheet assembly, and have been the subject of extensive research and numerous prior

reviews.
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deposited GO nanosheets from solution onto elastomeric substrates,[48-50] which exhibits
decreased mechanical stiffness relative to monolayer graphene.[44] Nevertheless, this
approach yields qualitatively similar surface topographies as well as being facile and
scalable using solution casting and spraying techniques.

These wrinkling and crumpling behaviors have been modeled using classical buckling
theories initially developed for the failure of multilayered composite structures.[31-531 For
small deformations and thick substrates, the characteristic wrinkling wavelength can be
approximated as A = 2/ E; 13E5)Y3, where A is the coating thickness, £; and £ are the
plane strain elastic moduli for the coating and substrate, respectively.[545%] Thus, the
periodicity of the wrinkled architectures can be experimentally tuned by changing the
coating thickness. In the limit of larger deformations, 2D material coatings can detach or
delaminate from the substrate, driving higher amplitude features that deviate from this
classical buckling treatment. Numerical modeling of these behaviors indicate that the onset
of delamination occurs when the strain mismatch energy surpasses the adhesion energy
between the coating and substrate.[8] Experimentally, we have observed that large pre-
strains can result in sawtooth-like architectures with nearly straight slopes and sharp
curvatures at the peaks (Figure 2e, arrow 1 and 2).[43] Moreover, some primary peaks are
observed to collapse onto their neighbors to create high amplitude double ridges (Figure 2e,
arrow 3). We also found that by fixing the sides of the pre-stretched films, the longitudinal
cracks can be reduced by suppressing the transverse Poisson expansion during the wrinkling
process. One metric of surface texturing is the degree of buckling (a), which compares the
integrated surface area with the projected area.[45] Interestingly, this parameter depends on
the substrate pre-strain and Poisson’s ratio of the coating, but not on the film thickness.
Altogether, the wavelengths and amplitudes of these self-organized surface patterns can be
systematically tuned by the substrate thickness, stiffness and pre-strain.

Stress relaxation can also occur through thermal actuation of pre-stressed “shape memory”
polymer substrates.[>”] The thermally activated substrates consist of pre-stretched
thermoplastics (e.g., polystyrene, polyolefin), often known as “shrink film”. In this
approach, heating the samples above the glass transition temperature (~110°C) releases the
pre-strain, causing the substrate to contract. For instance, a polymer-GO composite was
deposited on a shrink film using sequential layer-by-layer deposition, which self-organized
into crumpled architectures with varying complexity with increasing thermal treatment.[58]
Alternatively, monolayer graphene was transferred to a shrink film substrate and formed
uniform arrays of graphene wrinkles or crumples after contraction.[9] The wrinkling
wavelength and crumpling size of surface patterns could be simply controlled by several
processing parameters, including compressive strain and graphene thickness (Figure 2f).
Additional complexity was achieved by selective heating of the substrate using infrared laser
irradiation, which resulted in localized crumpling (Figure 2g,h).

We recently demonstrated more sophisticated hierarchical 2D material architectures by
applying repeated deformation steps, thus surpassing previous wrinkling or crumpling
approaches that result from only a single deformation step.[89] This fabrication approach was
based on the ability to gently detach the GO coating from a contracted thermoplastic
substrate and deposit them intact onto a new substrate. By iterating on this process, we
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formed hierarchical architectures with a multi-generational “lineage” defined by the
programmed sequence of biaxial or unidirectional contraction, where the 1D contraction
step can be aligned parallel or perpendicular to the previous step (Figure 3). This sequential
patterning approach enables the design of feature sizes and orientations across multiple
length scales. Remarkably, the structural features and orientational order were retained
across multiple mechanical deformations, resulting in sequence-dependent surface
topographies with structural “memory” of the earlier deformation modes.

Higher-dimensional architectures are generally advantageous to enhance interfacial
interactions and activity. In supercapacitors, the energy storage capacity scales with the
effective surface area of the electrode, which can be enhanced by the use of surface textured
nanomaterials.[81] As an example, our multigenerational graphene structures display distinct
electrochemical behaviors with increasing surface texturing. The cyclic voltammetry curves
of the CV curves of G, (one-time contraction), G, (two-time), and Gz (three-time) graphene
electrodes were measured and compared with the planar graphene electrode (Gg) in Figure
4a.1801 We found that G5 electrodes achieved two-fold, five-fold, and twenty-fold larger
current densities than G,, G1, and Gg electrodes, respectively. This improvement mainly
originated from the extreme compression of graphene sheets, which increased the areal
density without compromising the electron collection resistance. Similarly, the charge/
discharge rate for lithiumion batteries can be improved by increased contact area between
the fluid electrolyte and solid electrode.[62] Finally, electrochemical biosensors can also
display improved performance when increased surface area facilitates enhanced redox
currents, as well as improving the accessibility of surface-immobilized receptors.[63]
Nevertheless, it should be noted that increased surface areas may also result in unwanted
electrochemical reactions, which may disrupt cycling and diminish device lifetime.

Convoluted graphene structures can be further patterned at the nanoscale by using block-
copolymer lithography, followed by decoration using catalyst nanoparticles (7.e., Pt). The
crumpled structures largely increase the areal density of catalytic Pt particles and also
provide high surface wettability that facilitates H, release from the electrode surface (inset
of Figure 4b). The Pt-graphene crumpled electrodes therefore demonstrate superior catalytic
performance of hydrogen evolution reaction (HER) over planar Pt-graphene electrodes
(Figure 4b).184] These customized crumpling/wrinkling processes have also provided
technological advantages in various applications, including photodetectors(6! and
sensors.[66]

Another exciting property of these highly convoluted 2D material coatings is their
accordion-like flexibility. This property is particularly useful for stretchable electronics,
which should remain intact and function without deterioration even under extreme
deformations. For instance, 2D materials can be utilized as dielectric elastomer actuators
(DEA) which transduce electric fields into large mechanical deformations.[67] These
capacitor-like devices consist of a thin elastomeric (dielectric) spacer sandwiched between
two compliant electrodes. The application of a potential difference across the electrodes
results in an electrostatic force between them, which squeezes the dielectric layer. DEA
reliability is limited by the compliance of the electrode material, which fractures under large
deformations. Instead, wrinkled and partially delaminated graphene electrodes display large
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and rapid actuation (100% area increase) relative to comparable flat electrodes (Figure
4c¢).[4146] This deformability could be further enhanced by forming a mechanical composite
of 2D material with a soft polymer. For instance, microcrumpled GO electrode structures
were fabricated using thermo-mechanical shrinking were then infiltrated with a dilute
silicone elastomer (PDMS).[%8] These GO/PDMS composites demonstrated stable electrical
conductivity and tolerated reversible deformation for up to 500 cycles without failure.

Finally, textured 2D materials are exciting as biomaterials due to their unique surface
chemistry and nanoscale topographies. It has long been recognized that living cells can be
influenced by submicron surface features through “contact guidance”.l891 Moreover,
mammalian cells can adhere preferentially to 2D materials, which may arise due to
enhanced adsorption of biomolecules to the unique surface chemistry.[79 We have recently
investigated how human and mouse fibroblasts adhere to topographically patterned GO
surfaces.[48] On flat GO substrates, both fibroblast types displayed random orientations
(Figure 4d). Instead, on wrinkled GO substrates, fibroblasts aligned preferentially along the
wrinkles and displayed a highly-elongated, bipolar morphology, likely due to mechanical
confinement (Figure 4e). Overall, engineering 2D materials with multiscale topographic
cues and defined surface chemistries represent a promising approach to manipulate cell-
material interactions. More generally, these soft composite structures may be advantageous
for applications involving mechanical deformation, particularly biotic-abiotic interfaces.[”]
Nevertheless, additional characterization of 2D material adhesion to substrates will be
necessary, particularly after prolonged mechanical cycling. Finally, our initial demonstration
of transfer techniques may facilitate scale-up of textured 2D materials for deposition on
unconventional materials, curved surfaces and large areas.

3. Wrapping and Crumpling of 2D Materials around Curved Objects

Microencapsulation in thin solid shells is often advantageous in the pharmaceutical and life
sciences, food technology, cosmetics and cleaning.l72] In particular, 2D materials can be
stacked into ultrathin, mechanically robust coatings with tunable molecular
permeability.[24.73.74] An exciting variation of this approach is to prepare such planar
coatings on 3D geometries to serve as encapsulation shells. In the limit of large cargos with
diameter much larger than the nanosheet width, 2D material films are nearly continuous
since the local curvature is relatively small and the constituent nanosheets are allowed to
adopt essentially planar configurations. As a consequence, these spherical 2D material
coatings display chemical barrier properties comparable to those measured for flat
coatings.[75] Instead, for smaller spherical cargoes, the required positive Gaussian curvature
drives nanosheet buckling(’8] and crumpling to produce porous, permeable shells.[7] The
radius of such a crumpled sphere, R, can be scaled to the unfolded length of a thin sheet L
(on each side) and a fractal dimension D: R~ L%/, where the lower limit D~ 2 corresponds
to a loose packing and the upper limit O~ 3 corresponds to a denser packing.[7”]

Experimentally, crumpled microparticles have been realized by aerosolization of dispersed
GO nanosheets leading to isotropic compression and nanosheet buckling during droplet
drying (Figure 5a).[781 An aqueous dispersion of micrometer sized GO nanosheets was
nebulized into aerosol droplets, which were then passed through a preheated tube furnace
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with nitrogen gas at 800 °C. The rapid evaporation of aerosol droplets leads to capillary
compression on the GO nanosheets and achieves the final structure as a crumpled
microparticle (Figure 5b). The GO sheets could be thermally treated into reduced GO (rGO)
with a corresponding color change from brown to black. The crumpled rGO nanoparticles
were reported to be resistant to aggregation in both solution and dried states, and remained
dispersible.[8]

In the droplet microenvironment, the surface tension acts as a confinement force that drives
compression and irreversible crumpling as the droplet radius decreases.[79:80] The
confinement force increased with decreasing GO thickness and Young’s modulus, which
could be tuned to control microparticle size.[81] The confinement force also increased with
faster evaporation rates, resulting in smaller microparticles.[82] When pristine graphene was
used instead of GO, spray drying resulted in a multifaced, dimpled morphology, suggesting
that the elasticity and surface chemistry were also important for this phenomenon.[83] The
crumpling of pristine graphene nanosheets was reported to be reversed upon rehydration
with an appropriate solvent (e.g., water). Finally, hierarchical microparticles could be
prepared by a two-stage process.[84] First, GO nanosheets were self-assembled into
nanospheres by tuning their electrostatic interactions through the ionic strength of the
solution. These GO nanospheres were then aerosolized, resulting in “super-assembled” GO
clusters. These clusters displayed enhanced thermal stability, while retaining their mass after
oxidation.

We have further investigated the self-assembly mechanism for encapsulation and adapted
this approach for creation of core-shell structures by co-suspending nanoparticle “cargos” in
the feed GO suspension.[85] These aerosol droplets shrank rapidly due to evaporation of the
aqueous phase, resulting in the self-organization of nanoparticles and GO nanosheets
through several stages (Figure 5c¢). First, the GO nanosheets were sparsely located towards
the droplet periphery and dragged inward as the droplet volume is reduced. The rapid drying
process caused a spontaneous segregation of particle types, leading to a core-shell structure
with cargo in the interior and an rGO encapsulation shell at the periphery. After
encapsulating the nanoparticles, these sheets further aggregated with extensive wrinkling
before achieving the final structure as a crumpled and plastically deformed particle that
bears strong resemblance to “collapsed sacks.” This approach has also been used with
precursor solutions of metal ions rather than pre-fabricated nanoparticles.[8¢] As the aqueous
solution evaporated, the metal ions spontaneously nucleated nanocrystals on the internal and
external surface of the crumpled rGO shells (Figure 5d).

These crumpled rGO shells immobilize nanoparticle cargos, but do not function as tight
molecular barriers due to their porous structure, suggesting applications in catalysis as
“nanoreactors” that host controlled chemical reactions in their internal cavities.[87]
Encapsulation in graphene nanoreactors can, in some cases (¢e.g., Cu, Ag), enhance the metal
oxidation rate in aqueous media, which is attributed to the electron transfer from the metal
core to conductive graphene, allowing the reduction of molecular oxygen on the high-area
graphene shell.
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One limitation of the aerosol-assisted crumpling technique is the scalability of the ultrasonic
droplet generation step. An alternative approach utilized iron oxide particles as hard
templates, which were encapsulated by GO and simultaneously chemically etched and
reduced.[88] This treatment resulted in the shrinkage of the outer GO layers into the
crumpled forms (Figure 5e). These crumpled graphene microparticles could be further
assembled into macroporous 3D architectures by solvent casting or compression molding
without the need for binding agents. Alternatively, diphenylalanine peptides were used to
assemble GO nanosheets into peptide-GO core-shell nanowires, and subsequent high-
temperature calcination removed the soft templates and generated hollow graphene
nanotubes with high aspect ratios.[89] Another approach utilized a non-planar aprotic anti-
solvent (hexane), which is incapable of dispersing GO nanosheets due to the lack of
interaction with the oxygen surface groups.[] Instead, the oxygen surface groups form
hydrogen bonds between regions within the GO nanosheets, which results in crumpling
rather than re-stacking of the nanosheets.

The m-1e stacked ridges and strain-hardening properties make the crumpled graphene balls
remarkably stable against aggregation not only in solution but also in solid state. The
flowchart in Figure 6a shows the surface areas of planar GO stacking and crumpled GO
microparticles after various treatments.[”8] The initial planar GO stacking demonstrated a
low specific surface area (<5 m2 g~1), and their subsequent surface areas are extremely
sensitive to their processing history (e.g., thermal treatment, solution processing, high-
pressure compression). In contrast, crumpled GO microparticles have a significantly higher
initial surface area (82 m2 g~1) due to their open structure. They always yielded higher
surface area graphene products regardless of heating rate: (344 m3 g1 for slow heating and
567 m2 g~ for rapid heating). Compared to the graphene sheets, crumpled microparticles
exhibited consistently higher and much more stable surface areas after undergoing
comparable processing.

Crumpled GO microparticles are advantageous for certain technological applications due to
their high surface area, flexibility, internal free volume, and geometry-based resistance to
surface area loss by restacking. In particular, electrodes for battery and supercapacitor
applications require high surface area, short electrolyte transport distances, as well as
mechanical robustness under large volume changes.[9] For instance, the crumpled graphene
microparticles demonstrate higher specific capacitance (150 F g~1) than wrinkled (140 F
g~1) and flat graphene sheets (120 F g~1) (Figure 6b).[92] Moreover, the uniformly
distributed free space inside and between the crumpled particles can facilitate charge
transport, especially at high current density and high mass loading, leading to stable specific
capacitance and rate capability. By co-suspending the monolayer GO with a wide variety of
nanoparticles (€.g., Mn304, SnO5,1861 Co30,,[9%] and Sil94.95]) core-shell nanostructures
have demonstrated improved electrochemical performance in energy storage devices. Also,
these graphene-particle hybrids (e.g., graphene-copper nanoparticles (Cu/G)) can serve as
advanced architectures for heterogeneous catalysis of CO5 reduction and demonstrate
superior catalytic properties over the carbon paper control and also pure Cu foil (Figure
6C).[87]
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Crumpled GO microparticles have also been evaluated for their ability to absorb oil from
aqueous solution and shown to outperform comparable activated carbon and carbon black
particles.[%6] Finally, crumpled graphene microparticles self-dispersed in oil were found to
significantly improve the lubrication properties of polyalphaolefin base oil (Figure 6d).[97]
In particular, even 0.01-0.1 wt.% of crumpled graphene particles remained self-dispersed
and reduced the effective contact area, outperforming fully formulated commercial
lubricants. Overall, the formation of crumpled particles from suspended 2D nanosheets
represents a powerful approach for the creation of freestanding 3D graphene structures with
core/shell architectures. Nevertheless, further work is needed to scale up these techniques,
particularly in generating dispersed droplets and the significant energy cost of evaporating
very dilute suspensions.

4. Folding (Origami) and Cutting (Kirigami) of 2D Materials

Origami can be understood as the shaping of a thin, inextensible sheet into a particular 3D
geometry.[%8] In particular, the difficulty of stretching 2D materials in-plane restricts how
they can be manipulated into curved shapes. Intuitively, inextensible sheets (such as paper or
aluminum foil) can be easily rolled and folded, but are challenging to shape into a dome.
Mathematically, the curvature of a surface can be described by two principal curvatures C;
and G, with a mean curvature (C; + G)/2 and an intrinsic (Gaussian) curvature (C; G).[9]
Continuous 2D material films are difficult to shape into domes with positive Gaussian
curvature, since this would cause a divergent strain.[1% As an example, computational
modeling of a graphene ribbon coated with a thin film of epoxy resin predicted that the
composite would roll up cylindrically after annealing.[10] This global bending motion was
driven by a thin coating of epoxy resin, which would chemically shrink and display
mismatched thermal expansion with the graphene, resulting in one principal curvature that
was extremely large ~0.14 nm~L. Nevertheless, the Gaussian curvature remained zero, since
the other principal curvature (along the axial direction) was zero. Another computational
model investigated the localized folding of a graphene box with hydrogenated edges.[192]
The hydrogenation of a given carbon atom resulted in a local lattice distortion, since the
hydrogen attracts its bonded carbon atom while repelling its neighbors. A line of
hydrogenated carbon atoms could result in localized bending of the graphene sheet. Folding
of a graphene sheet into a box was shown to occur deterministically by applying an electric
field to tune the intermolecular interactions, particularly the adhesion between layers.

Stimuli-responsive folding of multilayered GO was experimentally implemented by
patterning localized regions of hydrophobicity.[103] A flat composite structure was patterned
by sequentially filtering a GO solution, placing a stencil mask, then filtering additional GO-
polydopamine (PDA) solution. Thus, the GO-PDA was spatially localized to specific regions
of the topmost layers. Subsequent treatment with hydroiodic acid (HI) for reduction
rendered the (unprotected) GO hydrophobic, while the (protected) PDA-GO regions
remained hydrophilic. These grafted PDA-GO composite regions displayed increased
propensity to adsorb (desorb) moisture, which resulted in swelling (shrinking) of the films,
respectively, while the rGO regions were unresponsive to moisture. As a consequence of
these spatially patterned material responses, the GO composite structure displayed localized
actuations that resulted in larger scale shape changes. This actuation could also be triggered

Adv Mater. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 10

by illumination with near infrared (NIR) light, which drove an increase in temperature and
decrease in humidity within the GO composite. As a proof of concept, a freestanding
microrobot was implemented that could walk and turn in response to light irradiation.
Further, a self-folding box was demonstrated that could be triggered by NIR illumination for
2 second, then unfolded to a flat structure after illumination was halted (Figure 7a).

Kirigami augments origami by incorporating strategically located arrays of cutouts, which
enables inextensible sheets to be shaped with non-zero Gaussian curvature.[194] Essentially,
these cutouts define localized hinges that can undergo rotational motions to reduce strain.
Kirigami was first demonstrated using a graphene monolayer prepared by a multistep
fabrication process.[10%] First, a graphene monolayer was transferred onto an aluminum-
coated silicon wafer and photolithographically patterned to deposit gold pads. Cutouts were
patterned in selected regions by brief treatment with oxygen plasma, after which the
aluminum film was chemically etched to detach the graphene. The resulting freestanding
structure could be manipulated with a computer-controlled micromanipulator attached to the
gold pad. For instance, pulling the kirigami structure caused the graphene strands to pop out
and deform out of plane (Figure 7b,c). These kirigami structures could undergo large strains,
allowing the spring to be stretched over 240% without any degradation on the electrical
properties (7.e., conductance). The repeated stretching and relaxing the structure over 1000
cycles did not affect its electrical properties. Moreover, these structures could be remotely
actuated by light or magnetic fields.

Kirigami has also been demonstrated in multilayered polymer-GO films, using a similar
photolithographic patterning technique to selectively etch with oxygen plasma.[106] A
different geometric patterns of cutouts was implemented with alternating lines or C-shapes
(Figure 7d,e). Finite element modeling confirmed that the cutouts enabled hinge-like
rotations that reduced the local stresses. These cutouts also enabled these films to undergo
extremely large macroscopic strains without fracture, while retaining good electrical
conductivity. This technique was further demonstrated with other materials, including
polymer-carbon nanotube composites.

An evolution of this kirigami concept has recently been implemented with irregular
geometric cuts to form nearly arbitrary 3D shapes,[107] in contrast with the regular geometric
patterns of cutouts shown previously (e.g., lattice kirigami).[18] In principle, these cutouts
can also be utilized with 2D materials, provided that the freestanding film is homogeneous
on length scales comparable to those of the cutouts. Conventional photolithography
techniques have been shown to be particularly effective at selectively removing regions from
a planar sheet with high spatial resolution. Nevertheless, further work will be needed to scale
up kirigami cutouts beyond wafer scale. Moreover, as 2D materials are folded into
increasingly complex configurations, misfolding and slow folding kinetics may need to be
managed. These issues may potentially be addressed using concepts developed in material
self-assembly, including external constraints and templating,[10%] as well as computational
modeling.[110]
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5. 3D Printing with 2D Nanosheet Suspensions

Additive manufacturing (“3D printing”) is emerging as a powerful route to engineered 3D
microstructures, including well-defined periodic geometries. The resulting porous 3D
structures exhibit functional properties that derive from the programmed geometric
configuration of voids and solids as well as material composition.[!11] The macroscopic
properties of these structures are often dominated by the internal connectivity rather than the
regularity of the microstructure. For instance, the mechanical deformation of a disordered
“cellular” architecture found in foams or aerogels is governed by local bending, and results
in a sharp decrease in stiffness as porosity decreases (scaling with relative density as o? for
an open cell foam).[112] In general, more ordered lattice architectures can be advantageous
since their mechanical deformation is governed by stretching, resulting in a linear
dependence of stiffness on relative density.[113]

Graphene-based materials have potential as structural building blocks for some 3D printed
technologies. Graphene-based carbon solids are electrically conductive, chemically inert,
and can often be engineered for biocompatibility. Assembling nanosheets with preexisting
sp2-carbon networks allows formation of macroscopic carbon bodies without the very high-
temperature processing required by other carbon material synthesis methods. This method
also does not rely on creating or controlling out-of-plane deformation in individual
nanosheets. Typically the pattern length scale in 3D printed objects in sufficiently large that
a single nanosheet experiences a near-planar local environment. Thus unlike the previous
examples, the fabrication challenge is the accurate delivery and deposition of nanosheets
from engineered fluid phases rather than methods to systematically control nanosheet
folding or wrinkling. To deposit a 3D structure with the desired geometry and composition, a
computer-aided design is deconstructed into a particular sequence of motions, through which
the nozzle (or sample) is spatially translated. This technique is highly sensitive to the
viscoelastic properties of the ink, which has to satisfy several key design requirements. First,
the ink should rapidly solidify once extruded from the nozzle. This can occur by formulating
the ink to be shear thinning or to undergo rapid gelation in response to an applied stimulus.
Second, the extruded ink must adhere to the previously deposited structure in order to form a
continuous body. Finally, the solidified ink must be mechanically robust enough to maintain
its shape under the load of the completed structure and the anticipated external stresses.
Dilute aqueous suspensions of GO are ill-suited for direct ink writing, however, because they
behave as low-viscosity Newtonian fluids.[*14] Recent efforts have thus focused on careful
engineering of the ink composition, rheological behaviors, and printing parameters to adjust
the interactions between the 2D nanosheets in the printing suspension.

Several groups have recently demonstrated directed ink writing of GO by tuning the
suspension viscoelasticity. One approach used GO nanosheets functionalized with a pH-
sensitive branched copolymer surfactant (BCS) (Figure 8a).[115] At basic pH, the GO
nanosheets remained dispersed due to electrostatic and steric repulsion from the BCS. As the
pH of the GO/BCS ink decreased with the addition of gluconic-8-lactone (G6L), multiple
non-covalent interactions between BCS functional groups could take place, increasing the
magnitude of the storage modulus to hold up the weight of these freestanding 3D objects
(Figure 8b). Nevertheless, the weak forces of nanosheet association could be disrupted by
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shear, permitting extrusion of the GO/BCS ink, followed by rapid gelation outside the
nozzle. A second method added hydrophilic silica powders to a concentrated GO suspension
in order to enhance shear thinning and increase viscosity (Figure 8c).[116] GO inks were
printed into an isooctane bath which was immiscible with water, keeping the ink hydrated.
Isooctane was also advantageous since it is less dense than water, providing additional
mechanical support to the printed structure. In both these approaches, the 3D printed
structure was subsequently freeze dried to remove water and annealed to reduce GO and
decompose the BCS. Both structures displayed high electrical conductivity and recoverable
elastomeric behaviors without compromising their periodic structure. The latter approach
utilized an additional etching step to remove the silica, resulting in aerogel microstructures
that were of extremely low density.

The addition of polymers to GO suspensions can further enhance the functionality of the
printed structure. For instance, a GO ink was formulated using the biocompatible elastomer
polylactide-co-glycolide (PLG) as a binding agent (Figure 8d).[117] This polymer-GO ink
could be utilized under ambient conditions to print mechanically robust, flexible and
electrically conductive scaffolds. These 3D printed structures were applied as a biomimetic
scaffold to regulate cell adhesion, proliferation, and neurogenic differentiation. With this
ease of fabrication, combined with the selection of printing materials, 3D printed graphene
could be applied toward the design of a wide range of functional electronic, biological, and
bioelectronic medical and nonmedical devices.

It may be desirable to remove these polymeric additives from the final 3D printed
architecture in order to improve their structural and functional performance. However,
pyrolysis of these polymers at high temperatures can often leave amorphous carbon residue,
which can increase the electrical resistance and density of the printed structure. In order to
print a lowviscosity GO suspension without binders or sacrificial additives, a hybrid freezing
method was developed.[118] First, pure water was deposited onto a cooled surface (=25 C),
which solidified into a rigid support structure of ice (Figure 8e). Next, GO ink droplets were
dispersed onto the ice support structure. These liquid droplets partially melted the frozen
support structure and intermixed, while filling in voids through surface tension and gravity.
The deposited solution ultimately freezes and firmly bonds adjacent regions together. These
structures underwent similar postprocessing by freeze drying to remove water, as well as
thermal annealing. One advantage of this approach is intermixing of GO with the ice support
structure results in further dilution, resulting in extremely low density aerogels (Figure 8e).

Beyond simple “logpile” geometries, 2D materials can potentially be integrated into
rationally designed periodic architectures that do not exist naturally. These so-called
“architectured metamaterials” display unnatural pore structures that enable extreme
functionalities not observed at the continuum level.[119] Thus, the exceptional chemical and
physical properties of 2D materials could be enhanced by their macroscopic configuration.
For instance, 3D printed GO aerogels have been shown to be exceptionally lightweight
structures with outstanding mechanical strength. Alternatively, multilayer graphene shows
exceptional mechanical energy adsorption properties and could be utilized as protective
armor against microprojectiles.[¥20] In principle, periodic architectures could be used to
further dissipate and manipulate mechanical energy21] or electromagnetic waves.[122]
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Finally, these high surface area periodic architectures could be used to manipulate fluid
transport for heat exchange and thermal management.[123] One limitation of direct ink
writing techniques is that that the feature sizes are limited by nozzle diameter, typically on
the order of hundreds of microns. Thus, there is some shear-driven alignment of 2D
materials, but this process remains relatively uncontrolled. Finer and more complex
geometries with higher resolution may be feasible through multiphoton lithography or other
direct laser write techniques,[124] as well as alternative synthetic techniques to generate more
anisotropic molecular ordering.[10:17]

6. Outlook: Heterostructures and 2D Materials Beyond Graphene

The pioneering work on graphene in 20041251 inspired the search for other sheet-like
structures, and that search has now produced an extensive library of 2D materials of widely
varying chemistry.[126.127] These 2D materials “beyond graphene” can be regarded as a
versatile tool kit to assemble higher dimensional architectures for a range of next-generation
technologies.[128] In many cases, the synthesis, processing and characterization techniques
previously developed for graphene may be applicable, which should accelerate technology
development.[2129] Major classes of 2D materials now include clays such as laponite and
layered double hydroxides, transition metal oxides, transition metal dichalcogenides and
hexagonal boron nitride (hBN).[130.131] Unlike graphene, many 2D materials have
fundamental monolayers that consist of multiple (2-7) covalently bonded atomic planes,
which increases mechanical stiffness and accommodates more complex chemistries. As a
consequence, 2D materials can display a wide range of electronic properties, behaving as
insulators, semiconductors and even superconductors. Thus, these alternative 2D materials
can potentially circumvent some of the limitations of graphene as a zero band gap
semiconductor.[132] For instance, water disinfection was recently demonstrated using
vertically aligned molybdenum disulfide for the photocatalytic generation of reactive oxygen
species (ROS).[133] The use of few layered sheets resulted in a direct bandgap of 1.55 eV,
which was aligned with the visible light spectrum. Moreover, these nanostructured
architectures increased the density of reaction sites while reducing the distance for electrons
and holes to diffuse to the solid/liquid interface. The addition of copper or gold films further
promoted catalysis and electron-hole pair separation to enhance ROS production. Overall,
this device resulted in >99.999% inactivation of bacteria in 20 min with a small amount of
material.

Programmed stacking of different 2D materials into heterostructures represents an exciting
route towards designer crystal structures with tunable electronic and optical properties,
analogous to molecular beam epitaxy.[134135] Remarkably, these layered structures can be
stabilized even by the relatively weak van-der-Waals interactions between 2D monolayers,
acting in combination with the much stronger covalent in-plane bonding within each
monolayer. As a consequence, these layered architectures can display atomically sharp
interfaces without atomically matched or commensurate lattices. As an example, stacking of
alternating titanate and zinc-chrome layered double hydroxides (Zn-Cr-LDH) into
mesoporous architectures was utilized for photocatalytic production of hydrogen and oxygen
gas from water.[13¢] The highly efficient photocatalytic activity under visible light
illumination was enabled by the good physical contact and electronic coupling between the
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layered components. There has also been substantial progress towards so-called van der
Waals heterostructures, which display device characteristics based on programmed stacking
sequences of monolayer or few layer building blocks.[237:138] These architectures can be
laborious to prepare using transfer processes, and there has been increasing interest in direct
synthesis.[13%] An additional consideration is that these heterostructures are prone to surface
contamination, which becomes trapped between layers. Finally, there has been exciting work
to integrate of 2D materials with other nanomaterials of different dimensionality, including
0D nanocrystals and 1D nanowires, which may enable new structures and functions but also
entail additional processing challenges.[140]

The high surface reactivity of 2D materials can be viewed as a useful feature for materials
deposition, rather than as a nuisance that results in contamination. For instance,
functionalized graphene or GO have often been used for the nucleation and growth of
nanomaterials due to their rich surface chemistry, ease of aqueous processing, and enlarged
interlayer gallery spaces.[24] By stacking GO sheets into multilayer films and introducing
precursors through intercalation, the 2D interlayer gallery spaces can confine and guide the
assembly and conversion of precursors into new 2D material structures after high-
temperature calcination (Figure 9a). This concept has been first demonstrated using thick
GO papers as intercalation templates to synthesize ZnO (Figure 9b),[142.1431 TiO, (Figure
9c), Fe,03 (Figure 9d), and YBayCuz07_g (Y123) (Figure 9e)[144] lamellar structures in a
planar configuration.

We have recently developed a new approach for creating hierarchically patterned metal
oxide architectures using wrinkled and crumpled 3D graphene architectures as intercalation
templates (Figure 9f).[143] For the first time, the complex topographical features can be
transcribed into metal oxides, and even the finest structural features in multi-scale
hierarchical GO templates can be replicated with high fidelity in ZnO, Al,O3, Mn,03, and
CuO films. This generalized approach introduces an indirect synthetic route for creating 2D
metal oxides with crumple- and wrinkle-textures that cannot undergo the direct texturing by
compression. We envision this intercalation templated synthesis will allow many of other
graphene structures with higher dimensions to be replicated with a variety of other material
compositions, even those that are unstable as 2D materials. More generally, direct (non-
templating) processes for producing wrinkled or crumpled textures from 2D material
building blocks beyond graphene remain largely unexplored. These 2D materials differ from
graphene in that they can include multiple atomic layers, and the nanosheet building blocks
prepared by exfoliation, colloidal, or solvothermal methods often have small lateral
dimensions (< 200 nm). There exist tremendous opportunities to explore the phase space of
higher dimensional architectures that can be fabricated with 2D materials, as well as to
elucidate their mechanical behaviors. The recently reported oxidative degradation of
transition metal dichalcogenides under ambient conditions246.147] may also be a challenge
for the long-term stability of such 3D structures. Alternatively, these degradation pathways
may be an asset to be exploited for the creation of degradable scaffolds or removable
templates.

Finally, the extreme confinement of molecular species within interlayer spacings can result
in counterintuitive behaviors, including the formation of discrete molecular monolayers with
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more solid-like or gas-like properties.[148-150] Recent measurements have revealed that these
molecular species are under exceptionally large pressure due to large van der Waals
interactions at small separations.[15] This high pressure (~1 GPa) is sufficient to trigger
chemical reactions that would ordinarily occur with elevated temperature. As a consequence,
several trapped salts such as MgCl,, CuSO,4 and Ca(OHy), react with water to form 2D
crystals of the corresponding metal oxides.[51] Thus, high dimensional patterning of 2D
materials may facilitate new mechanochemical syntheses that are more energy efficient with
reduced chemical waste.[152]

7. Summary

2D materials are ultrathin atomic crystals with extremely large surface area to volume ratios
and novel physicochemical properties not observed in their parent 3D bulk materials. In this
Progress Report, we discuss a selection of emerging methods for assembling and patterning
2D nanosheets into higher-dimensional architectures, which have been primarily inspired by
graphene and GO. First, thin films of tiled 2D nanosheets can be wrinkled and/or crumpled
with defined wavelength by mismatched mechanical deformation on soft elastomeric
substrates. These textured surfaces can be reversibly unfolded under large deformations and
have exciting applications as stretchable electronics and biomaterial interfaces. Second, 2D
materials can be used to encapsulate microscale cargos with thin crumpled shells formed by
isotropic compression during droplet drying. Crumpling prevents restacking and surface area
loss chemically and mechanically robust in solution. Possible applications include
nanoreactors, electrochemical reactors and lubricants. Third, 2D materials can be precisely
shaped into complex 3D objects by folding (origami) and/or cutting (kirigami) operations,
which permit local structural rotation to reduce strain. Cutouts in regular geometric patterns
permit dome-like (Gaussian) curvature and large material deformations not achievable in
space-filling films, and these have been utilized for folding boxes and freestanding
microrobots. Fourth, 2D materials can be 3D-printed into regular lattice architectures
through direct ink writing. The required liquid phase extrusion from a nozzle requires
careful optimization of the nanosheet suspension rheology, often through the addition of
polymers or other binding agents. Macroporous 3D printed architectures have been
demonstrated as ultralow density materials and as scaffolds for neuronal tissue engineering.
Finally, 2D materials can be vertically stacked as van der Waals heterostructures, displaying
atomically layered architectures with electronic and optically coupled behaviors. Their
interlayer spacings can also be used as templates to assemble new materials in 2D
confinement. By combining this templating concept with the first texturing technique
described above (compressive wrinkling), one can fabricate textured metal oxide films that
replicate the original features created by graphene wrinkling. Common to all these examples
is that the shaping of 2D materials is governed by out-of-plane bending relative to in-plane
stretching. In all cases, intermolecular and surface interactions involving 2D nanosheets and
surrounding fluid phases play a critical role in assembly. Traditionally, coating processes
have been optimized for the controlled manipulation of particulate solutions, with particular
consideration of interfacial rheology.[*53] These concepts may facilitate conformal
deposition of 2D materials on large-area or nonplanar substrates through spray
deposition.[154.155] Although these techniques were initially demonstrated with graphene
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and GO, we envision they should be broadly applicable for a wide variety of 2D materials
beyond graphene.

Overall, these physicochemical concepts have motivated the development of innovative
fabrication techniques that may be scalable beyond wafer sizes, curved and complex
geometries, as well as for unconventional materials, although considerable refinement is still
necessary prior to commercial use.[t] Non-planar geometries are particularly useful for
electrochemical applications in energy storage and biosensing, since the increased surface
areas may enhance electrode-electrolyte interactions as well as decreasing path lengths for
transport. Most previous studies have focused on graphene materials and there is tremendous
potential to extend the field to the broader set of inorganic 2D materials. There now exists a
widely available library of nanosheet building blocks, but these have not yet been
systematically exploited using the 3D patterning techniques discussed here. In the future, we
anticipate that higher dimensional architectures built from a diverse set of 2D nanosheet
building blocks will enable important fundamental and applied advances in advanced
materials, energy storage and conversion, as well as biomedical and environmental
technologies.
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Figure 1. Schematic Summary
Creation methods of higher-dimensional 2D materials and the multifunctionality of resulting

surface patterns in various technological applications.
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Figure 2. Wrinkled and crumpled surface patterns created by mechanical deformation
(a) Schematic illustration shows how microscopic patterns of 2D materials (e.g., graphene)

are fabricated via mismatched mechanical deformation.[4€] (b) The SEM image shows the
flat surface morphology of graphene paper at initial compression.[4] (c),(d) As the
elastomeric substrate is deformed uniaxially or biaxially, the graphene film exhibits periodic
wrinkles and disordered crumples, respectively.[46l Reproduced with permission from ref.
46. Copyright 2013, Nature Publishing Group. () SEM images of delaminated wrinkles
with vertical ridges via uniaxial mechanical deformation.[48] Reproduced with
permission[48] from ref. 48. Copyright 2016, Elsevier. (f) Heterogeneous uniaxial wrinkles
via local heating. SEM image of heterogeneous graphene/graphite cross pattern subjected to
70% uniaxial strain.[5% (g) Thin graphene outside the cross pattern exhibits smaller
wrinkles.[59] (h) Thick graphite inside the cross pattern present larger wrinkling features. 5]
Reproduced with permission from ref. 59. Copyright 2015 American Chemical Society.
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Crumpled Wrinkled

Figure 3. Sequential deformation for the fabrication of multigenerational GO structures
The genealogy of multigenerational GO structures from planar coatings (G) to multiscale

structures (G1—G3). Ag indicates the area of initial planar film; A is the area of
multigenerational GO film. Scale bar in the SEM of G coating is 10 um, and scale bars in
G1, Gy, G3 SEM images are all 4 um.[%%] Reproduced with permission from ref. 60.
Copyright 2016, Wiley-VCH.
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Figure 4. Technological advantages of wrinkled/crumpled graphenein various applications
(@) Electrochemical cells: CV curves of multigenerational graphene structures fabricated by

sequential deformation. Hierarchical G structure demonstrates a 20-time higher current
density than planar Gy film.[89] Reproduced with permission from ref. 60. Copyright 2016,
Wiley-VCH. (b) Catalytic electrodes: HER of Pt nanocatalyst/crumpled chemical modified
graphene (CMG) (squares), Pt nanocatalyst/flat graphene (circles), and Pt/C (triangles). The
right inset images demonstrate the ease of H, release from crumpled Pt-graphene
electrode.[54] Reproduced with permission from ref. 63. (c) Actuator: voltage-induced
actuation of a crumpled graphene—elastomer composite. As a voltage is applied (right), the
composite reduces its thickness and expands its area. The area actuation strain is over
100%.146] Reproduced with permission from ref. 46. Copyright 2013, Nature Publishing
Group. (d)(e) Biological functional surfaces: human fibroblast culture on flat and wrinkled
graphene materials results in randomly shaped and highly aligned cells, respectively.[48]
Reproduced with permission from ref. 48. Copyright 2016, Elsevier.
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GO-encapsulated
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Tube Furnace
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Simultaneous Etching and Reduction —>

Figure 5. Crumpled nanosacks fabricated via capillary drying
(a) Schematic illustration represents an evaporation-induced process for the creation of

crumpled nanosacks.[78! (b) SEM images of the final 3D crumpled, ball-like graphene
nanosacks.[”8] Reproduced with permission from ref. 78. Copyright 2011, American
Chemical Society. (¢) Schematic illustration of the assembly of cargo-filled graphene
nanosacks by mixing the nanoparticles with GO dispersion prior to microdroplet drying. The
inset SEM image shows Ag nanoparticles are wrapped with graphene sheets.[85] Reproduced
with permission from ref. 85. Copyright 2012, American Chemical Society. (d) The SEM
image of crumpled graphene-Ag nanocrystal nanosacks fabricated by mixing the GO
dispersion with AgNO3. The crumpling of GO sheets and nucleation of Ag nanoparticles
occur in parallel.[88] Reproduced with permission from ref. 86. Copyright 2012, American
Chemical Society. (e) Scheme of the templated synthesis that starts with the coating of GO
sheets on iron oxide nanoparticles followed by HI etching. The inset SEM image shows the
final crumpled graphene balls.[88] Reproduced with permission from ref. 88. Copyright
2016, Wiley-VCH.
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Figure 6. Superior performance of crumpled graphene microparticlesin various technological
applications

(a) Evolution of the specific surface areas of graphene crumpled balls and graphene planar
stacking after various processing conditions including heating, solution processing, and
mechanical compression.[78] Reproduced with permission from ref. 78. Copyright 2011,
American Chemical Society. (b) Supercapacitor: specific capacitance (F g~1) of the three
graphene samples as a function of mass loading at current density of 0.1 A g=1.192]
Reproduced with permission from ref. 92. Copyright 2013, American Chemical Society. (c)
Catalytic reduction of CO,: catalytic activity of Cu-graphene microparticles for the
electrochemical reduction of CO5 in 0.1 M aqueous KHCO3. The inset plot shows the
activity of the Cu foil and Cu-graphene hybrids normalized by copper mass, showing the
much higher activity of the nanosack system.[87] Reproduced with permission from ref. 87.
Copyright 2015, Royal Society of Chemistry. (d) Wear reduction: variation of coefficient of
friction as a function of time using PAO4 base oil and with 0.1 wt. % crumpled graphene
balls.[97] Reproduced with permission from ref. 97. Copyright 2016, National Academy of
Sciences.
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Figure 7. Graphene origami and kirigami structures
(a) A self-folding graphene origami box driven by light. Time profiles of self-folding

movements of a graphene paper with and without NIR light irradiation.[193] Reproduced
with permission from ref. 103. Copyright 2015, American Association for the Advancement
of Science. (b) Graphene in-plane kirigami spring. Paper model of in-plane kirigami is
shown in the inset. This graphene in-plane kirigami spring is actuated by external
mechanical force. The scale bar for graphene kirigami is 10 pm.[295] (c) Paper model and as-
fabricated graphene kirigami pyramid. The scale bar for graphene pyramid kirigami is 10
um. This graphene out-of-plane spring is actuated by using an infrared laser.[10°]
Reproduced with permission from ref. 105. Copyright 2015, Nature Publishing Group. (d)(e)
SEM images of two examples of microscale kirigami patterns in GO-PVA nanocomposites
after photolithography. The insets show the corresponding kirigami unit cells.[106]
Reproduced with permission from ref. 106. Copyright 2015, Nature Publishing Group.
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Figure 8. Printing in three dimensions
3D printing of 2D materials (e.g., GO) requires precise control of rheology of GO-based

inks. (a) Scheme of GO sheet and branched copolymer surfactant (BCS) in 3D printable
ink.[113] (b) The GO-based ink is pH responsive: when the pH<4, the protonation of
carboxyl groups of BCS leads to the formation of hydrogen bonds with GO sheets, directing
the assembly of GO sheets into a 3D network.[115] Reproduced with permission from ref.
115. (c) Scheme of the preparation of silica-filled GO ink and 3D printing process.[116]
Reproduced with permission from ref. 116. Copyright 2015, Nature Publishing Group. (d)
Schematic illustration of a 3D printing technique using composite ink consisting of GO
sheets and polylactide-co-glycolide. The resulting graphene structure is mechanically robust
and electrically conductive.l127] Reproduced with permission from ref. 117. Copyright 2015,
American Chemical Society. (e) Photo of rapid printing 3D graphene structures by freeze
casting GO suspensions. The freeze cast GO turns into ultralight graphene aerogels after
thermal reduction.[118] Reproduced with permission from ref. 118. Copyright 2016, Wiley-
VCH.
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Figure9. Intercalation templating synthesis for the creation of 2D metal oxideswith higher
dimensions

(a) Schematic illustration of the synthetic routes toward 2D metal oxide nanolayers.[143] As-
templated (b) ZnO,[242] (c) Fe,04[1431 (d) TiO,,[143] and (e) YBayCu307_5 (Y123) layered
structures.[144] Reproduced with permission from ref. 143. Reproduced with permission
from ref. 142. Copyright 2015, Nature Publishing Group. Reproduced with permission from
ref. 144. Copyright 2015, Royal Society of Chemistry. (f) Generalized synthetic routes for
fabricating crumple/wrinkle-textured metal oxides. Pre-textured (wrinkled, crumpled,
hierarchical) GO structures can be utilized as intercalation templates. After removing
graphene-based templates, multiple textured metal oxides (ZnO, Al,03, Mn,03) are
achieved with replicated wrinkled, crumpled, hierarchical structures. The radius of each
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SEM is 20 pm.[243] Reproduced with permission from ref. 145. Copyright 2016, American
Chemical Society.
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