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ABSTRACT

Crumpled graphene particles that are converted and assembled from 2D planar graphene sheets
create a subtle material platform for widespread applications of graphene in a low-cost and
scalable manner. However, such crumpled particles are suffered from small spatial
availabilities in geometry and low strength in mechanical deformation due to the limited
numbers and stabilities of connections among individual deformed graphene. Herein, we report,
in both theoretical analysis and large-scale atomistic simulations, that a crumpled graphene
composite nanoparticle with large accessible space and high-mechanical strength can be
achieved by encapsulating folded carbon nanotubes (CNTs) inside via a solvent evaporation-
induced assembly approach. A unified energy-based theoretical model is developed to address
the kinetic migration of both CNTs and graphene suspended in a liquid droplet and their
crumpling and assembling mechanism into a composite particle by solution evaporation. The
contact probability, surface ridge densities, and geometric size in assembled graphene/CNTs
composite nanoparticles are quantitatively extracted after the complete evaporation of liquid,
and are further correlated with their accessible space including accessible surface area and
volume and mechanical strength. The coarse-grained molecular dynamics simulations are
conducted to uncover structural and morphological evolution of graphene/CNTs composite
nanoparticles with solution evaporation, and the results show remarkable agreement with
theoretical predictions. This study offers a foundation for synthesizing highly connected,
mechanically enhanced, crumpled particles with tunable spatial porous structures by tailoring
graphene and CNTs for applications in functional structures and devices.
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INTRODUCTION

Crumpling multiple pieces of two-dimensional (2D) planar materials such as graphene or
graphene oxide into three-dimensional (3D) architectures provides a new powerful strategy for
obtaining their bulk form meanwhile remaining the large specific surface area and versatile
surface functions of these nanosheets, and has drawn tremendous attention for their widespread
applications in the rational design of high-sensitive electronic devices ', high-power density
electrodes %, electrodes absorbents’®, and high-efficiency gas/liquid filters °. To satisfy the
desirable requirements in specific applications, the surface of 2D materials could be chemically
decorated with functional groups before crumpling and assembling, for example,
functionalized graphene with metal oxides SnO;, Fe>Os, or Co3O4 are crumpled into
composites for use in lithium-ion batteries with enhanced electron transport!'®. Alternatively,
the aerosol-like processing technique has been developed to convert mechanical mixture of
nano-sized particles and graphene solution into crumpled graphene composite architectures
through rapid evaporation ''"'2. For example, crumpled graphene/Si composites have been
synthesized and used in lithium-ion battery with excellent mechanical stability, where the
crumpled graphene provides deformation flexibility for accommodating the volume change of
Si nanoparticles during charge-discharge cycles!*!*. Recently, this aerosol-like processing
technique has also been utilized to crumple graphene and one-dimensional (1D) nanomaterials
mixture into architected composite particles with 3D interconnected structures’. Compared
with individual isolated nanoparticle components, the 1D nanomaterials could bridge
individual crumpled graphene sheets and provide continuous pathways for long-range electron
and thermal conduction across crumpled graphene/nanotube composites', offering great
potential applications in broad areas such as water purification'®, supercapacitors 718,
conductive yarn'®, and strain sensors**-?!. Besides, the 2D geometric nature of graphene could
be used to wrap the 1D nanomaterials intensely, thereby promoting the mechanical strength of

crumpled particles > 7222,

Unlike to rigid nanoparticles that usually do not experience any mechanical deformation
during solution evaporation, the 1D nanomaterials such as nanotubes and nanowires will be

easily deformed, folded, and packed by either crumpling deformation of graphene or dynamic
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liquid compression due to their geometric feature of ultra-large aspect ratio®*. Besides,
dispersion behaviors of 2D and 1D materials in liquid solutions could be dramatically different.
For example, graphene could migrate to the liquid/air interface in solutions>> 232, while the
carbon nanotubes stay inside the liquid 2’!, which is expected to influence the subsequent
crumpling and assembling process and the formation of 3D spatial networking structures of
crumpled composites after complete evaporation of liquid. However, most current studies
either focus on the aerosolization process and properties of graphene/nanotubes composites or
confine the scope to their various applications, and the underlying fundamental crumpling
mechanism is lacking. Thus, the understanding of crumpling mechanism will be of paramount
importance for developing efficient, controllable, and general synthetic methods of crumpled
1D/2D composites for practical applications and will also be critical to correlate 3D networking

structures of crumpled composites with their spatial features and overall mechanical properties.

In the present study, guided by theoretical predictions and large-scale molecular dynamics
simulations, we report a large-accessible space and high-mechanical strength composite
particle comprised of crumpled graphene and folded carbon nanotubes (CNTs) by an
evaporation-induced assembly approach. We propose an energy-based kinetic migration
mechanism of CNTs and graphene mixed solution in a liquid droplet by considering their
electrostatic, van der Waals, and their deformation energies under the confinement of capillary
force at both equilibrium and dynamic process of the liquid evaporation. Besides, our theory
explains the pH-dependent distribution behavior of CNTs and/or graphene. The theoretical
analysis shows that the graphene will prefer to accumulate at the liquid/air interface while the
CNTs will stay inside the liquid droplet during evaporation. We further propose an
encapsulation mechanism of the crumpled graphene/CNTs composite particles and also
successfully predict the morphologies of the crumpled particles, including accessible area, pore
structure, and surface ridge density. Importantly, we develop an intrinsic material parameter
capable of describing the encapsulation state of the composite particles regardless of the types
of graphene and CNTs. Moreover, we develop a virtual spherical van der Waal force field that
allows to mimic dynamic interactions of liquid with both graphene and CNTs without presence

of physical liquid molecules, and establish a coarse-grained molecular dynamics model to
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simulate the crumpling and assembling of CNTs and graphene by liquid evaporation in a large-
scale and time-efficient fashion. With this computational method, we successfully reproduce
the formation of the CNTs-encapsulated crumpled graphene assembled nanoparticles, and fully
elucidate the underlying mechanism of crumpling and assembling graphene and CNTs by
monitoring the structural evolution of their assembled nanoparticles with liquid solution
evaporation. The encapsulation state of graphene over CNTs, accessible spatial area and
volume, 3D interconnected network, crumpled surface ridge density, and overall size of
assembled particles are extracted and show good agreement with theoretical predictions. In
addition, the simulations of uniaxial compression experiments on individual particles show that
the mechanical strength depends on crumpled surface ridge density of assembled particles and

can be quantitatively predicted in theory.

RESULTS AND DISCUSSION

Kinetic Migration Mechanism of CNTs and Graphene in a Liquid Droplet. Figure 1a
illustrates a suspension of mixed graphene and CNTs inside a liquid droplet with radius Rj.
Assume the graphene and CNTs are dispersed uniformly in the region [7,R;], where 7 is the
local radial coordinate originating from the geometric center of the droplet, and [0, 7] represents
the pure liquid region, the total energy of the system at equilibrium is E; = Egjp + Epqw +
Eger + Esurg. Eere 1s the electrostatic energy of the system and can be estimated by the

32-33
, E

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory vaw> Eger, and Egy,.r are van

der Waals energy, mechanical deformation energy, and surface energy of graphene and CNTs,

respectively 2+ 3

, and they all can be theoretically determined (See Supporting Information
S1.1). For example, take R;=150 nm, the total mass concentration of graphene and CNTs in
the liquid droplet, C, =4 mg/mL, the mass fraction of graphene over the total mass,
mgy/m:=50%, and aqueous solution pH=7, Figure 1b shows the normalized total system energy
(Ef — EI=%)/EI=° versus r/R;, where EI=° represents the energy of system uniformly
distributed by graphene or/and CNTs in the entire liquid droplet. Especially, when only CNTs
are suspended in the droplet, (E7 — EF=9)/EI=° shows a monotonous increase with /Ry,

indicating an energy barrier that prevents CNTs from diffusing toward the outmost surface of

droplet. Besides, the larger radius (i.e. chiral number) of CNTs is, the higher the energy barrier
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will be because of an increased bending stiffness. As a result, the CNTs are expected to stay
inside the droplet at equilibrium. By contrast, when graphene sheets are suspended in the
droplet, (Ef — EF=°)/EI=° increases with the increase of r/R; for graphene sheets with
small areas (e.g. n,=80), similar to that of CNTs. For large area graphene (e.g. ny=5), (Ef —
ET=%)/EI=° shows a decrease with the increase of /Ry, indicating that large graphene sheets
prefer to stay on the surface of droplet while small ones will stay inside the liquid droplet,
which agrees well with experimental observations 2>, In addition, the pH of liquid solution
will change the surface charge density of graphene and CNTs % 333¢ (See Figure S1) and
influence the electrostatic as well as the total energy of the system (Figure 1¢)** 53¢,
Consequently, the distribution of graphene and CNTs will vary with the pH of liquid solutions.
For example, at pH=12, there is a large energy barrier preventing graphene sheets from
migrating to the droplet surface. When pH decreases to as low as 4, the energy barrier
diminishes, which energetically leads to the migration of graphene sheets to the outmost surface
of droplet. This pH-dependent behavior provides an option to tune the position of graphene in
the dispersion, similar to observations in experiments®®. For CNTs, regardless of size, there is
always preferable in energy to support their stay inside of droplet. In practice, the size of
graphene sheets in experiments is always beyond hundreds of nanometers®’, therefore, the
graphene sheets usually stay at the surface of droplet while CNTs stay inside the droplet with
a uniform distribution, as observed in experiments®®. Therefore, when all the graphene sheets
have migrated to the surface of droplet either at equilibrium or during the liquid evaporation,

the total area of graphene can be calculated via A_f, = wCV4/py , where

w=mgy/m, Vg =4mR3/3, pg is the mass density of graphene per area, and the surface area of

the droplet is Ay = 4mR3. When AE, > A, the droplet is completely wrapped by graphene,

referred to here as “complete wrapping status”. When A} < Ay, the droplet is partially
wrapped by graphene, referred to here as “partial wrapping status”. Ag = A, corresponds to
the critical transition status of the droplet from “complete-wrapping” to “partial-wrapping” ,
which leads to w = 3p,/C:R4. Figure 1d plots the variation of this critical transition with
mg/m; and C; for different droplet sizes. A low C; will benefit the initial formation of

“partial-wrapping (A5 <A4)” status, and a large droplet size will promote the transition from
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“partial-wrapping (Ag <A,)” to “complete-wrapping (Ag >A,4)” status. This transition will also
hold during the liquid evaporation. For example, when the liquid evaporation occurs, mg/m;
will remain constant while R; will decrease, and thus the total mass concentration C; will
increase, leading to in a transition of the liquid surface from “partial-wrapping (Ag <A,)” to

“complete-wrapping (Ag >A,)” status.

Encapsulation Mechanism of the Crumpled Graphene/CNTs Composite Particles. With
the migration behavior of CNTs and graphene at both equilibrium and liquid evaporation stages,
Figure 2a shows the schematic illustration of crumpling and assembling graphene and CNTs
by liquid evaporation. Assume the droplet is sufficiently large enough, with the liquid
evaporation, graphene sheets will migrate and accumulate to the surface of droplet, and CNTs
stay inside. The continuous evaporation will crumple the graphene on the droplet surface and
pack the CNTs inside the droplet, and a CNTs-encapsulated, crumpled graphene composite
nanoparticle will be eventually formed after the complete evaporation of liquid, similar to the
observations in experiments on the formation of a thin outer layer of graphene coating on the
folded CNTs®. Further analysis shows that the overall size and morphologies of the composite
nanoparticles rely on the competition between the packing of CNTs inside and the crumpling
of graphene on the surface (See Supporting Information S1.2-1.3 and Figures S2 and S3)

and can also be tuned by the mass fraction of graphene (i.e. my/m;) and radius of CNTs.

Assume the radius of crumpled particles by pure graphene and CNTs is Rg and Ry,

respectively, the radius of their composite particles can be defined by R{} =

(Rf,)l_mg /mt(Rg )™ me qp Ry <Ry, the CNTs cannot be completely wrapped by graphene,
and the composite particles will have an “open-cell” structure. If Rg > R{}, CNTs will be fully

encapsulated by graphene, and the composite particles will have a “closed core-shell” structure.

Take Ry=150 nm and C,=4 mg/mL as an example, Figure 2b plots the variation of RY, Rj

and Rz’,‘ with mg/m;. At Rg =R§=Rz’,’, the critical my/m; that leads to an “open-celled” or

“closed core-shell” structure of composite particles can be obtained, and it increases with the

increase of CNTs radius. To further reflect the competition between the packing of CNTs and
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crumpling of graphene, an intrinsic parameter, BjA,/B,L. (Figure 2c), is proposed to
describe the transition of particles morphologies from “open-celled” to “closed core-shell”
status, where B, and Ag are the bending stiffness and total area of graphene, respectively,
and B, and L. are the bending stiffness and total length of CNTs, respectively. The analysis
shows the critical ByAL/B.L,=0.012 for the transition, regardless of the types of CNTs or
mg/m;, which agrees well with our simulation results (See Supporting Information S2.1-2.2
and Figures S4-S6). This transition is also observed in experiments, for example, with the
approximate estimations to available experimental results® (See Supporting Information,
Table S1), B;AL/B.L.is 0.01094 and 0.05472 for “open-celled” and “closed core-shell”
particles, respectively, which shows a reasonable agreement with our theoretical prediction of

the encapsulating transition value B,AL/B.L. = 0.012.

Interconnected 3D Networking Structures and Spatial Properties of Crumpled
Graphene/CNTs Composite Particles. Figure 3a shows the morphology of the crumpled
composite particles from simulations at different mg/m; and diameters of CNTs. The CNTs
and the graphene are highlighted in red and blue, respectively, and the graphene in blue is
further rendered in 50% transparency to facilitate the observations of crumpled and

interconnected spatial 3D structures. To characterize the surface morphology of each crumpled
particle, the radius R,’} in the simulations is calculated (See Supporting Information S2.3

and Figure S7) and their corresponding equivalent sphere is constructed (Figure S8). This
equivalent sphere also allows extracting the surface pore ratio (P,) of the crumpled particle. P.
is defined by dividing the surface area not covered by graphene sheets (pore) over the total
surface area of the crumpled particle (See Supporting Information S2.3 and Figure S9). At
the same time, P, can be calculated based on the radii of particles predicted by our theory and
is P. = I-Ag/Ag, where Ag :47T(Rg )2 and Ag :47T(Rz’,l)2 are the surface area of particles
assembled by pure graphene and hybrid CNTs and graphene, respectively. That is, we will have
p=1-(RJ/ R{,‘)Z, and RJ /Ry reflects the crumpling intensity. P decreases with the increase

of my/m; and small CNTs lead to small P. (Figure S10). Figure 3b plots PB. versus
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(Rg / R{})Z. Good agreement is obtained between the theoretical predictions and simulations.
Especially, at Rg /R,’,1=O, there is no graphene, and P.=100 %; at Rg /R{)‘ >1, the CNTs are

fully encapsulated by graphene, and P.=0; and at 0 < Rg / R,’,‘ <1, the particle surface will be

partially wrapped by graphene. Further, we define a critical pore ratio B¢ = 5% in the
simulations to describe the transition from “open-celled” to “closed core-shell” structure of
composite particles, and the corresponding critical mg/m; can be obtained and is plotted in
Figure 3a, which agrees well with theoretical predictions. Besides, the theoretical analysis
shows Py oc = [(RE)' /™ /(Rg)' ! ’"t]z and RS o« B,LL ., RY o ByAL  (See
Supporting Information S1.4), and therefore the characterization of wrapping status can be

unified by ByA}/B.L.. Figure 3¢ plots P. versus ByAj/B.L%, and a linear relationship is

obtained, independent of CNT sizes, which also agrees well with the theoretical predictions.

Figure 3d shows the variation of the specific accessible surface area A.¢ in crumpled

particles normalized by Ag,,r with mg/m., where Agyr=Ac(1-mg/my)+A;mg/me, A. is

the intrinsic surface area of CNT (e.g. A.=1315 m?/g for single-walled CNT) and Ay isthe

intrinsic surface area of graphene (e.g. A;=2630 m?/g for single-layer graphene)®®. We

should note that both the surface area of graphene/CNT inside and on the surface of the particles
can be accessed in “open-cell” crumpled particles, but only the surface area is accessible in
“closed core-shell” crumpled particles (See Supporting Information S2.3 and Figures S11-
S14). At a low mg/m, the crumpled particle is open and shows a high A.g/Agy,,r. With the
increase of mgy/m;, the crumpled particle becomes a closed core-shell structure and shows a
rapid decrease of A.5/Agyr. Besides, A.s/Agrs shows a strong dependence on the size of
CNTs due to the close relevance to wrapping status by graphene. In theory, we also calculate
the accessible surface areas (See Supporting Information S1.5) and plot them in Figure 3d,
and good agreement between theoretical predictions and simulations are obtained. The further
comparison of the normalized accessible surface area of the particles between our theoretical
prediction and available experimental data® validates our theory (See Supporting Information,

Table S2).
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Figure 3e illustrates the variation of the spatial “pore” volume V.. over the particle
volume Vyarticies Vpore/Vparticies With mg/m;. The pore volume is obtained by examining

the spatial distribution of pore sizes across an entire assembled particle ***! (See Figures S15-

817), and the volume of the overall particle is calculated via Vjgrticie =47r(R{,‘)3/3. Similar to

that of accessible area, only the pores that are accessible to the external molecules/atoms are
taken into account in the calculation of spatial pore volume. At a low mg/m;, the crumpled
particle is open and shows a high V,4re/Vparticie- With the increase of mgy/m,, the crumpled
particle becomes a closed core-shell structure, and Vy,or¢/Vparticie Shows a rapid decrease. In
addition, Vyore/Vparticle Shows a strong dependence on the size of CNTs due to the close
relevance to wrapping status of assembled particles by graphene. Similar to Figure 3d, the
normalized pore volume is also extracted in theory (See Supporting Information S1.6) and

shows good agreement with simulations (Figure 3e).

Surface Morphology, Ridge density, and Mechanical Stiffness of Crumpled
Graphene/CNTs Composite Particles. Figure 4a shows the surface morphology of the
crumpled particles with highlights on the local deformation curvature, where the local
curvature can be calculated from the deformation energy (See Supporting Information S2.3).

1 we will

Further, if the local curvature due to bending deformation is larger than 0.5 nm~™
define such the sharp local deformation as a ridge*?. The equivalent sphere is also given to
reflect the distribution of ridges on the surface of crumpled particles (Figure S18), and where
the total length of ridges in graphene over the entire surface area of the crumpled particle is
defined as the ridge density (D,, in nm™1), and is calculated using the image processing
technique (Figure S19)*2. For the crumpling with a (5,5) CNT at m,;/m,=25%, the ridges only
exist in the localized area due to partial encapsulation of CNTs by crumpled graphene. When
mg/m; increases to 75%, the crumpling of graphene becomes sever with CNTs fully

encapsulated inside, and more ridges appear. Similar results are also observed for the crumpled

particles with large (10,10) and (15,15) CNTs. The equivalent radius of particles and ridge

density (Rh, Dr) are also denoted in Figure 4a. In theory, the ridge density can be obtained
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from the analysis on deformation energy of graphene in the hybrid particles and is characterized
as a function of Rg / R;} (See Supporting Information S1.7), similar to Figure 3b. Figure 4b
shows the comparison of D, between the theoretical predictions and simulation results with

good agreement. More importantly, at Rg /R£‘=O, there is no graphene in the particle, and

D,.=0; at Rg /R{}>1, a large D, is obtained, indicating the packed CNTs inside enhance

crumpling of graphene. Figure 4c¢ further plots the variation of D, with the unified material

parameter ByAL/B.L%, and a good linear relationship is obtained, similar to Figure 3c.

The introduction of surface morphologies to graphene or CNTs usually will lead to a
change of its mechanical properties®’. Especially, high roughness such as local ridges are
expected to enhance deformation resistance of structures to mechanical loadings ***. To
investigate the mechanical performance of the crumpled particles, the compression test on a
single composite particle is conducted (See Supporting Information S2.4 for simulation
model and method and simulation snapshots in Figures S20). Figure Sa plots the force (F)-

displacement (h) curves of graphene/(10,10) CNTs hybrid particle. The Young’s modulus Ezf

1/2 3
)

4E,rr(RR h ) .
HEerr(Rp) (—)2, where v is the Poisson’s

can be obtained with Hertz contact theory via F =
3(1-v2) 2

ratio and is taken 0.3 *°. Note that the E, fr 1s averaged by performing compression
experiments in three directions (Figures S21-S24), and it shows a clear dependence of both
mg/m; and CNTs size. To further understand the effect of surface ridge density on E.ff,
Figure Sb shows the variation of E.ry with D,. E.ss increases linearly with D,, suggesting
that the local curvature could be utilized to enhance the mechanical properties of crumpled
graphene particles and can be adjusted by mixing CNTs in liquid solution. The variation of
E.rs with the unified material parameter BgAf]/BCLtC is also illustrated, and it also shows a

very good linear relationship, similar to Figure 3c.

CONCLUSIONS
In summary, we demonstrate that the graphene and CNTs mixture suspended in a liquid droplet

can be crumpled and assembled into a composite nanoparticle by solution evaporation, and the
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assembled composite nanoparticles exhibit a large-accessible spatial performance and high-
mechanical strength in comparison with that of either crumpling graphene or CNTs only. We
have developed a unified energy-based migration model and show that the graphene will prefer
to migrate and accumulate at the liquid/air interface while the CNTs stay inside the liquid
droplet. This migration model also confirms the formation of CNTs-encapsulated, crumpled
graphene assembled composite nanoparticles by solution evaporation. Further, guided by the
molecular dynamics simulations, we have systemically investigated the crumpling and
assembling of graphene and CNTs by the liquid evaporation and monitored the evolution of
crumpled graphene/CNTs composite particles. The effect of CNTs size and mass fraction of
graphene on the crumpled composite particles, including surface crumpling morphology,
overall size, and the accessible surface area and spatial volume, is elucidated. In particular, the
spatial 3D interconnected contacts between CNTs and graphene are extracted and are also
theoretically correlated with the geometric and mechanical properties of CNTs and graphene
with remarkable agreement. Besides, the crumpled surface roughness, referred to as ridge
density, is quantitatively characterized and its linear relationship with the mechanical strength
of assembled particles is established by conducting uniaxial compression tests. The assembled
composite nanoparticles will help seek structurally spatial wrapping, high accessible surface
area, versatile surface morphologies, and mechanically strong nanoparticles, for potential

applications in functional structures and devices in the fields of thermal transport*’, electronics”,

11, 48 t49

energy absorption'" 48, water treatment*’ and solar cells>®, and could also serve as the unit
building blocks for assembling large-scale quantities of graphene, CNTs and their hybrids. The
fundamental mechanisms elucidated will provide immediate guidance to tune the formation of
crumpled graphene/CNTs composite particles from the overall size to ridge density and could
also be extended to study of crumpling and assembling other materials encapsulated composite
nanoparticles in a broad of low-dimensional nanomaterials such as nanowires, nanoparticles,

and nanofibers through the aerosol-like processing technique.
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Figure 1. Kinetic migration model of CNTs and graphene in a liquid droplet. (a)
Schematics of graphene and CNTs suspended inside a liquid droplet. R; is the radius of
droplet and 7 is the local coordinate originating from the center of the droplet. (b) The
normalized total system energy (Ef — EJ=%)/EJ=° for different sizes of CNTs and graphene
sheets at pH=7. ET=° represents the energy of system uniformly filled by graphene or CNTs
without pure liquid region (r = 0). The geometric shape of graphene is square with the total

area of Ag=37100 nm? and ng is the number of graphene sheets. The total length and radius

of CNTs are 17380 nm and 0.339 nm for (5,5) CNTs, 8700 nm and 0.678nm for (10,10) CNTs,
and 5800 nm and 1.017nm for (15,15) CNTs. (c) Effect of pH on the normalized total system

energy (Ef — EF=9%)/EI=°. (d) Phase diagram of surface status of liquid droplet under the
mass fraction of graphene over the total mass of CNTs and graphene m,/m; and concentration

of graphene/CNTs mixture (C;) at different size of droplet.
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Figure 2. Size and wrapping status of crumpled graphene/CNT composite particles. (a)
Schematics of crumpling graphene/CNTs mixture with the evaporation of liquid solution. At
the early stage of evaporation (stage I and II), the graphene sheets begin to migrate and
accumulate at the liquid/air interface; the CNTs stay inside the droplet and only a small portion
pierces the droplet surface and exposes to air. With the continuous evaporation of liquid (stage
III), the graphene sheets on the liquid surface will be crumpled and assembled, and the CNTs
inside the droplet will be deformed and packed, which eventually lead to the formation of the
CNT-encapsulated crumpled graphene assembled nanoparticles after complete evaporation of

liquid (stage IV). (b) Theoretical prediction on the size of crumpled hybrid particles (R{,‘) at

different mgy/m;. Rg and Ry show the size of crumpled particle with only graphene and

CNTs in an initial droplet liquid, respectively. The radius of the initial droplet R; is 150 nm
and the concentration of graphene/CNTs in droplet solution C; is 4 mg/mL. (¢) Comparison
of pore structures between theoretical predictions and simulation results. B, and Ag are the
bending stiffness and total area of graphene, respectively; B, and L. are the bending stiffness
and total length of CNTs, respectively. The critical BjA%/B.L:=0.012 can be obtained in theory
regardless of CNTs size and C;. At BgAg/BCL’é>0.012, the crumpled composite particles are
“closed core-shell” structure and at ByAL/B.L.<0.012, the crumpled composite particles are
“open-cell” structure.
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Figure 3. Characterization of interconnected spatial networking structures in the
crumpled graphene/CNTs composite particles. (a) Simulation snapshots on spatial
networking structures, size and morphology of the crumpled particles obtained at different
mg/m; and sizes of CNTs. (b) Comparison of theoretical predictions and simulations on the

surface pore ratio (P.) of the crumpled particles with the crumpling intensity Rg /R,’,l. (c)

Variation of P. with the unified intrinsic material parameter Bgqu /B.LE . (d) Specific
accessible surface area of particles (A.y) normalized by the intrinsic specific area of CNTs and
graphene (Agy,r) versus mgy/m; with different sizes of CNTs. (e) Normalized spatial pore
volume of particles (Vo) by the overall volume of composite particles (Vypqrticie) versus
mg/m; with different sizes of CNTs.
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Figure 4. Surface crumpling morphology and local ridge distribution in the crumpled
graphene/CNTs composite particles. (a) Simulation snapshots showing the local surface
curvature distribution in the particles (left) and their equivalent spheres highlighting the size

and ridge distribution (right). The inset bracket “()” in each block represents the radius (R?, in
nm), and ridge density (D,., in nm™1) of the crumpled particle. (b) Comparison of D, between

the theoretical predictions and simulation results with the crumpling intensity ((Rg / Rﬁ)z). (¢)

D, as a function of unified intrinsic material parameter ByA4/B.LL.
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Figure 5. Mechanical performance of individual crumpled graphene/CNTs composite
particles. (a) Force-displacement curves of the crumpled graphene/(10,10)CNT particles with
different mg, /m; along the uniaxial compression z-direction. The insets illustrate the
schematics of molecular dynamics simulation model of uniaxial compression experiments on
a single particle. (b) Correlation of elastic modulus (E,s) with the ridge density (D,) of the
crumpled particles and the unified material parameter ByAL/B.L.. E.r; is the averaged
Young’s modulus by performing uniaxial compression experiments along x, y, and z- directions.
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